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Abstract

Family A G protein-coupled receptors (GPCRs) control diverse biological processes and are of
great clinical relevance. Their archetype rhodopsin becomes naturally light sensitive by binding
covalently to the photoswitchable tethered ligand (PTL) retinal. Other GPCRs, however, neither
bind covalently to ligands nor are light sensitive. We sought to impart the logic of rhodopsin to
light-insensitive Family A GPCRs in order to enable their remote control in a receptor-specific,
cell-type-specific, and spatiotemporally precise manner. Dopamine receptors (DARs) are of
particular interest for their roles in motor coordination, appetitive, and aversive behavior, as well
as neuropsychiatric disorders such as Parkinson’s disease, schizophrenia, mood disorders, and
addiction. Using an azobenzene derivative of the well-known DAR ligand 2-(A-phenethyl-A-
propyl)amino-5-hydroxytetralin (PPHT), we were able to rapidly, reversibly, and selectively block
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dopamine D1 and D2 receptors (D1R and D2R) when the PTL was conjugated to an engineered
cysteine near the dopamine binding site. Depending on the site of tethering, the ligand behaved as
either a photoswitchable tethered neutral antagonist or inverse agonist. Our results indicate that
DARs can be chemically engineered for selective remote control by light and provide a template
for precision control of Family A GPCRs.
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INTRODUCTION

Heptahelical G protein-coupled receptors (GPCRs) constitute the largest superfamily of
membrane proteins.! GPCRs are activated by diverse stimuli (e.g., hormones, odorants, or
neurotransmitters) and regulate a wide variety of biological processes via heterotrimeric G
protein and arrestin signaling proteins. The Family A GPCRs make up the majority of the
GPCR superfamily (~85%) and represent targets of 25-30% of all available medications.?
Recent genetic and structural advancements have substantially enhanced our understanding
of this receptor family.2 However, because of the high degree of similarity between related
Family A GPCRs as well as their heterogeneous expression across diverse cell types
throughout the body, it has been difficult to selectively target and thus uncover the roles of
individual receptors /in vivo.

A major challenge in neuroscience has been to elucidate the physiological and behavioral
roles of neuromodulator-binding Family A GPCRs that regulate synaptic and circuit function
in the central nervous system. Dopamine (DA) and its five receptors (DARS) are particularly
notable, as they control critical functions such as locomotion, learning, and memory.# DARS
are divided into two subfamilies based on sequence homology and function. Whereas D1-
like receptors (D1/D5) couple to Ggoir, D2-like receptors (D2/D3/D4) couple to Gijojz.2
These G proteins have opposing actions on adenylyl cyclases, which catalyze the synthesis
of the secondary messenger cyclic AMP (cCAMP). Changes in cAMP directly and indirectly
modulate an array of downstream proteins, including kinases,? ion channels,’-11 and
transcription factors.12 DARs can directly control downstream proteins such as G protein-
coupled inwardly rectifying potassium channels (GIRKSs) via GBy subunits.13:14 DARs also
recruit arrestins,1>:16 which terminate G protein signaling and facilitate G protein-
independent signaling.1” Although DARs within a given sub-family couple to similar
downstream signaling transducers, they diverge functionally by interacting with unique
accessory proteins via their intracellular loops and C-termini (e.g., dopamine receptors 1 and
5, D1R and D5R, can interact directly with NMDA and GABAa 19 receptors, respectively)
and have distinct cellular localization patterns.20
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Deciphering the roles of individual DARSs /in vivo has implications not only for
understanding the synaptic and neural circuit actions of DA but also the mechanisms
underlying debilitating disorders such as Parkinson’s disease,2! schizophrenia,2? addiction,
23 ADHD, 24 obsessive compulsive disorder,2> and Tourette’s syndrome.2® However, current
tools that are used to target DARs suffer from substantial limitations. A rich
pharmacological toolkit of DAR agonists (full, partial) and antagonists (neutral antagonists,
inverse agonists) has been developed over more than half a century.2”28 Nevertheless, there
are few ligands that selectively bind individual DARs due to the high degree of similarity in
their orthosteric binding sites (OBSs) that bind DA.2° Of note, there are no ligands that
selectively bind D1R over D5R or D2R over D3R/D4R.2? In any case, diffusible ligands are
not cell-type-specific and thus cannot differentiate between a DAR that has distinct and, in
some cases, opposing roles in neighboring neurons or brain regions.20 Therefore, it is
impossible to disambiguate the roles of individual DARs using a classical pharmacological
approach.

Alternatively, genetic approaches, i.e., the overexpression, knockdown, or knockout of
individual proteins, can be used to control individual DARS in specific cell types.3°
However, these modifications affect receptor function over long time scales, which limits
our understanding of the temporal aspects of DAR activation and can result in confounding
compensatory effects on neuronal physiology.

Optogenetic and pharmacogenetic tools, such as optoXRs31-33 and RASSLs3*/DREADDs,
35 respectively, have been developed to cell-type-specifically interrogate GPCR function in
vivo with greater temporal control than traditional genetic approaches. For example, a
chimeric receptor, consisting of a partial sequence of D1R as well as the naturally light-
sensitive components of rhodopsin (opto-D1R), was used to remotely activate D1R-
mediated signaling /n vivo.36 However, although such tools represent a powerful means to
engage GPCR-dependent processes, they are non-native proteins that lack critical aspects of
DARs, including their endogenous ligand binding site that binds DA, and/or receptor
elements that control signaling, localization, and trafficking. Furthermore, they cannot be
used to block DARs from being activated by DA, which is required for establishing which
receptors are necessary for mediating specific DA-dependent processes. Thus, current opto-
and pharmacogenetic tools may provide an incomplete, and possibly inaccurate, view of
DAR function in vivo.

To address these limitations, we sought to engineer DARS that can be activated or blocked /n
vivo in a receptor-specific, cell-type-specific, and spatiotemporally precise manner. To
develop such tools, we pursued a strategy implemented previously that utilizes azobenzene-
containing, photoswitchable tethered ligands (PTLs) to optically control various ion
channels.37-42 For example, we developed ionotropic glutamate receptors (iGIuRs) that can
be controlled with light (LiGIURS) in vitro3"4344 and in vivo.*> At a cysteine introduced
adjacent to the glutamate binding site, LiGIUR reacts covalently with the maleimide of
maleimide—azobenzene—glutamate (MAG). The azobenzene transitions from a #rans-to-c/s
configuration and vice versa in response to UV and visible light, respectively, altering the
position of glutamate with respect to its receptor binding site. The channel can be either
activated or blocked depending on where MAG is tethered. Unlike the opto- and
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pharmacogenetic tools described above,31:3% these light-gated receptors are near-native
proteins with only a single point mutation.46:47

We recently extended this approach to metabotropic GluRs (LimGIuRs),*8 which are Family
C GPCRs. In contrast to iGIuRs and mGIuRs, which have large extracellular “venus flytrap”
domains that bind glutamate, DARSs bind DA within the upper third of the transmembrane
bundle.#® Whether light-insensitive Family A GPCRs, such as DARSs, are amenable to
optical control using azobenzene-containing PTLs was hitherto unknown, although previous
studies indicate that synthetic, non-photoswitchable covalent ligands can bind and activate or
block this class of receptors.59-53 Furthermore, we showed recently that untethered
azobenzene-containing photochromic ligands (PCLs) can photoswitch Family A GPCRs
including opioid®* and muscarinic acetylcholine receptors.5® Moreover, the archetypical
Family A GPCR rhodopsin obtains its sensitivity to light by binding covalently to retinal,
making retinal a natural PTL.%6

In this study, we used a tetherable azobenzene conjugated to the synthetic DAR agonist 2-
(N-phenethyl- N-propyl)amino-5-hydroxytetralin (PPHT) to develop light-gated DARS
(LiDARSs; Figure 1) of D1R and D2R (LiD1R and LiD2R). These tools have the potential to
enhance our understanding of DAR function /n vivo and inform the development of
therapeutics with enhanced efficacy and decreased side effects for DA-associated disorders.

Synthesis of a Photoswitchable Tethered Dopamine Receptor Ligand, MAP

To develop light-gated receptors, we first set out to conjugate a DAR ligand to the cysteine-
conjugating photoswitch, maleimide-azobenzene. The catechol of DA (Figure S1) is
sensitive to oxidation in aqueous solution6 as well as metabolism Jn vivo,>” making it
undesirable as a parent compound for a DAR PTL. Instead, we used PPHT (Figure S1), a
rigidified aminotetralin analogue of DA that contains only one hydroxyl as well as A-propyl
and A-phenylethyl groups that enhance metabolic stability and affinity toward DARs.58-63
In addition, the A-phenylethyl group was previously chemically modified for the
development of fluorescent tracers of DARs,54 suggesting that PPHT may tolerate the
incorporation of azobenzene at this position without impairing its activity at DARs. Thus,
we synthesized maleimide—azobenzene-PPHT (MAP; Figure 1B) as well as its non-
covalent analogue azobenzene-PPHT (AP).

The synthesis of MAP (1; Scheme 1) starts with permethylation of dihydroxy naphthalene (3
to 4) that was followed by birch reduction using sodium in ethanol. The resulting methyl
enol ether (5) was cleaved during acidic workup and tautomerized to the corresponding
tetralone. Reductive amination with propylamine gave rise to aminotetraline (6). Reductive
amination using freshly prepared homobenzylic aldehyde (7) installed the photoswitch into
the molecule (8). For further functionalization, the nitro group was then reduced to the
corresponding aniline (9). Deprotection of the methyl ether (10) and amide bond formation
accomplished the synthesis of MAP. AP (2) was synthesized (Supplementary Scheme 1)
with good overall yield through two sequential reductive aminations using amine 11 and
propionic aldehyde.
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Structure—Activity Relationship Analysis of MAP at DARs

We evaluated the effects of azobenzene and maleimide—azobenzene addition (AP and MAP,
respectively) to a close analogue of PPHT, 4-amino-PPHT®4 (Figure S1), at D1R and D2R
using previously established bioluminescence resonance energy transfer (BRET)-based,
DAR-mediated G protein activation assays. Gg-activation downstream of D1R was measured
indirectly using the cAMP sensor YFP-Epac-Rluc (CAMYEL; Figure S2A).%° In response
to a Gg-mediated enhancement in cAMP, a conformational change in the cAMP-binding
protein Epac results in a decrease in RET between Renillaluciferase (Rluc) and YFP. Gj;-
activation downstream of D2R was measured directly by assessing agonist-induced
conformational changes within the G protein (Figure S2B).66 Ga,j; was fused with Renilla
luciferase 8 at position 91 of the a-helical domain (Ga.j;-Rluc8) and GB; and Gy, were
fused to a split mVenus (V1-Gp; and V2-Gy5) at their N-termini. Receptor activation
induces a conformational change and/or the dissociation between Gaj; and GP17y», resulting
in decreased RET.

In these assays, 4-amino-PPHT was a potent and robust agonist of D1R and D2R relative to
DA (Figure 2). We assessed the activity of #rans-AP and trans-MAP using preparations of
these compounds that were unexposed to light. Both compounds activated D1R and D2R
with similar or slightly reduced efficacy compared to 4-amino-PPHT (Figure 2B,E).
However, the azobenzene of AP significantly decreased its potency relative to 4-amino-
PPHT (248- and 52-fold at D1R and D2R, respectively; Figure 2C,F). The potencies of AP
and MAP were not significantly different, indicating that maleimide did not further decrease
agonist activity (Figure 2C,F).

Photochemical Properties of MAP

We characterized the photochemical properties of AP and MAP using UV/vis spectroscopy.
Both compounds were efficiently converted from their frans- to c/s-configuration by
irradiation with 360 nm light and vice versa by 460 nm light (Figure S3A). Both compounds
could efficiently be switched over several cycles without any loss of activity (Figure S3B).
Furthermore, consistent with the photochemical properties of azobenzenes lacking any
strong auxochromic groups, the c/s-configuration of these compounds is sufficiently stable
toward thermal relaxation ( 77/, > 1 h; Figures S3B), and thus the compounds are considered
bistable.

Photoswitching Properties of an Untethered Analogue of MAP, AP

We next evaluated the light sensitivity of AP modulation of DARs. Untethered, azobenzene-
containing PCLs have been used to rapidly and reversibly control a variety of biological
molecules with light,%768 albeit with off-target effects associated with untethered ligands
and slower kinetics than their tethered counterparts. In iGIuRs, the ability of PCLs to
photoswitch their receptor targets was predictive of the success of tethered variants that were
designed from them.89 We compared G protein activation by AP that was not exposed to
light and was therefore in the rans configuration (#rans-AP) to G protein activation by AP
that had been exposed to 360 nm light and was therefore largely in the c¢is configuration (¢/s-
AP; Figure 3A). cis-AP was ~1.5- and ~3-fold more potent at D1R and D2R, respectively
(two-tailed paired ttest, £=0.005 and 0.003, respectively; Figure 3B,C). Similarly, cis-AP
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was ~4-fold more potent than frans-AP in a BRET-based, D2R-mediated arrestin recruitment
assay®6 (Figure S2C; Figure 3D), which measures D2R-mediated translocation of arrestin3
to the plasma membrane. The enhancement of AP’s potency in these functional assays could
result from increased affinity and/or efficacy. To address this, we evaluated AP binding to
D2R in a homogeneous time-resolved fluorescence resonance energy transfer (HTRF)
binding assay’? and found that cis-AP displayed ~3-fold higher affinity than trans-AP for
D2R (two-tailed unpaired ftest, P=0.017; Figure 3E). Thus, the c/s-isomer of AP isa
higher affinity agonist than the trans-isomer.

MAP as a Photoswitchable Tethered Ligand of D1R

Based on the functionality and isomer dependence of action of AP, we pursued MAP as a
PTL of D1R. We hypothesized that, while the untethered AP is an agonist, tethered MAP
could behave as an agonist or antagonist, depending on where it was tethered and thus its
orientation within the D1R orthosteric binding site (OBS). The OBS of D1R, like in all
aminergic Family A GPCRs, is formed by TMs 3, 5, 6 and 7, and is “capped” by the second
extracellular loop (EL2).”! DA binds to this site via an interaction between its catechol and a
cluster of aromatic residues in TM6, as well as a salt bridge between its protonated amine
and an aspartate in TM3 (D963-32 according to Ballesteros—Weinstein numbering’2). In
addition, the two hydroxyls of DA form hydrogen bonds with three TM5 serines (5198542,
$199543 and S202546), interactions that promote receptor activation.”3 Based on this, an
interaction between MAP and the aromatic cluster and/or D963-32, but not the TM5 serines,
would be expected to result in antagonism, whereas all three interactions are required for
agonism.

Guided by a homology model of D1R based on a crystal structure of the Family A GPCR,
B2-adrenergic receptor (B2AR),’* we individually mutated to cysteine 15 residues in D1R,
which cluster in TM2, EL1, EL2, or TM7. These sites were chosen because they are
predicted to be accessible to solvent and encompass the majority of the surface area
surrounding the entryway to the OBS. To evaluate photoswitching, we used D1R-mediated
activation of the G protein activated inward rectifier potassium (GIRK) channel. D1IR
cysteine mutants were individually co-expressed with GIRK1 and GIRK2 subunits (to form
the GIRK1/2 heterotetrameric channel) as well as with a chimeric G protein consisting of
Ga; that contains the terminal 13 residues of Gas (Gais13),” which enables the Gs-coupled
D1R to activate GIRK. Following incubation and washout of MAP, transfected cells were
patch-clamped in whole-cell configuration and exposed to alternating 360 and 460 nm light,
interconverting MAP between its cis-and trans-isomers, respectively. There was no effect on
wildtype (WT) D1R, which does not contain an introduced cysteine anchoring site for MAP
(Figure S4B), indicating that our washout conditions efficiently removed untethered MAP.

MAP most robustly photoswitched D1R(1183C), which contains a cysteine in EL2 (Figure
4A). This mutant localized to the plasma membrane like WT (Figure S5A) and was activated
by DA with similar potency to WT D1R (pECsp = 6.2 and 6.4, D1R(1183C) and WT D1R,
respectively; Figure S5B). In addition, the synthetic D1-like receptor partial agonist
SKF3839376 similarly activated WT D1R and D1R(1183C) (Figures S5C-E). Thus, the
introduction of cysteine at position 1183 did not substantially alter receptor function.

JAm Chem Soc. Author manuscript; available in PMC 2018 May 09.
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Following incubation and washout of MAP (30 &M for 60 min), transition from 360 to 460
nm light resulted in a reversible reduction (by 41 + 3%, 7= 9) in inward-current evoked by a
saturating concentration (10 1M) of DA (Figure 4B), indicating that frans-MAP is a D1R
antagonist when tethered to 1183C. The magnitude of photoblock at this mutant is
comparable to that observed for a previously reported photoblocked metabotropic glutamate
receptor 2 (LimGIluR2-block).*8 Voltage ramps showed that the MAP photoblocked current
is inwardly rectifying, consistent with the antagonism of the D1R activation of GIRK
channels (Figure 4C). The kinetics of onset and offset of MAP photoblock were similar
(Tonset= 6.0 S, Toffset = 5.7 S; Figure 4D). Both the photoblock and its reversal persisted in the
dark after the light flash, consistent with bistability of MAP (Figure 4E), as has been shown
for azobenzene PTLs of glutamate receptors.#248.77 The magnitude of photoblock decreased
with increasing concentrations of DA, in accordance with a competitive interaction between
DA and MAP (Figure 4F).

Although MAP photoblocked DA-induced activation of D1R(1183C), it had no effect on
basal inward-current (Figure 4B). This was in striking contrast to the effects of MAP on
D1R(G88C), which contains a cysteine in EL1 (Figure 5A). The transition from 360 to 460
nm light (c/s- to trans-MAP) reduced the DA-evoked current, but also reduced the basal
inward current (35 + 4% and 15 + 4% of maximal DA-evoked current, respectively, 7= 5;
Figure 6B). The photoblock of basal inward current was repeatable (Figure 5C) and bistable
(Figure 5D), consistent with the photochemical properties of MAP. The effect of MAP in its
trans-configuration on both basal and agonist-induced current suggested that it may be an
inverse agonist that reduces constitutive receptor activity. To address this possibility, we
tested whether WT D1R, D1R(1183C), and D1R(G88C) exhibit constitutive activity by
measuring changes in basal inward current in response to a saturating concentration of the
D1-like receptor inverse agonist LE300.78 LE300 similarly reduced inward current in cells
expressing WT D1R, D1R(1183C), and D1R(G88C) (Figure 5E-G), indicating that they
each have constitutive activity, consistent with basal current photoblock being of this
constitutive activity. If this interpretation is correct and MAP is, indeed, an inverse agonist,
its photoeffect on basal current would be reduced by LE300. This prediction was borne out
(Figure 5H). However, LE300 did not completely abolish the effect of MAP on basal current
of D1R(G88C) (Figure 5H), suggesting that MAP is a more robust inverse agonist than
LE300.

MAP photoswitched mutants of D1R with cysteines in EL1 or EL2, and to a lesser degree
TM2 and TM7 (Figure 6). DA-mediated activation of all photoswitchable D1R mutants was
blocked in response to 460 nm light, indicating that frans-MAP inhibits D1R when tethered
to the receptor.

MAP as a Photoswitchable Tethered Ligand of D2R

Although both D1R and D2R bind and are activated by DA, they are only ~40%
homologous in their TM domains’® and have no similarity in their ELs. This dissimilarity
suggests that MAP could have distinct effects at these receptors. We first evaluated MAP at
WT D2R, which unlike D1R contains a native cysteine deep within its OBS (C1183-36). We
previously found this cysteine to be sensitive to covalent modification by selected methyl
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thiosulfate (MTS) compounds based on their charge.8% We determined the effects of MAP,
MTSEA, and MTSES on WT D2R by measuring DA-induced G protein activation following
incubation and washout. Consistent with our previous results, whereas negatively charged
MTSES had no effect on D2R activation, positively charged MTSEA completely abolished
receptor activity (Figure S6A). Notably, MAP had little effect, suggesting lack of
accessibility of C118 to this relatively bulky reagent. Consistent with this, following
incubation and washout of WT D2R in MAP, exposure to DA still activated GIRK channels
(Figure S6B,C), and channel activity was not photoswitched by alternating exposure
between 360 and 460 nm light (Figure S6C).

Fourteen D2R residues located near the OBS, based on a homology model that used the
crystal structure of D3R4 (Figure 7B) were mutated to cysteine to introduce the MAP
conjugation site. The largest photomodulation of D2R was seen when MAP was tethered to
1184C in EL2. The transition from 360 to 460 nm light photoblocked (by 49 + 8%, n = 6) the
GIRK current evoked by 10 1M DA (Figure 7A,C). Here too, as seen in D1R above, basal
GIRK current was reduced by 460 nm light (Figure 7A), suggesting that frans-MAP is an
inverse agonist. Consistent with this, spiperone, a robust inverse agonist of D2R,81 also
reduced inward current both in cells expressing WT D2R or D2R(1184C) (Figures S8).

Aside from the ability to conjugate to MAP and endow the receptor with photocontrol, the
1184-to-cysteine mutation did not alter the function of D2R: localization of D2R to the
plasma membrane was normal (Figure S7A), and there was no change in sensitivity to DA
(pPEC5p = 6.3 and 6.0 for WT and mutant, respectively; Figure S7B) or activation by the
synthetic D2-like agonist quinpirole (Figures STC-E).

Interestingly, MAP operated as a trans-inverse photoagonist when attached to cysteines to
either EL1 or EL2 of D2R (Figure 7A). This is in contrast to its effects at D1R, whereby
MAP was a neutral antagonist or inverse agonist when tethered to cysteines in EL1 or EL2,
respectively (Figures 4 and 5).

DISCUSSION

In this study, we developed a DAR PCL (AP) and PTL (MAP) based on the synthetic
agonist PPHT. MAP attached to an introduced cysteine near the OBS yielded photoblock of
both D1R (“LiD1R”) and D2R (“LiD2R"), providing what to our knowledge is the first
means to remotely control full-length DARSs in a receptor subtype-specific, cell-type-
specific, and spatiotemporally precise manner. Because MAP can be directly anchored to a
given DAR, off-target effects at other DARs and non-DAR proteins are avoided. Thus, MAP
is a reversible and selective ligand of individual DARs. Moreover, because these tools are
controlled with light, they can be used to rapidly regulate individual DARs on time scales
that are relevant to native dopaminergic signaling in the brain.82

A major goal of this study was to use MAP to selectively photoblock DARs. Photoblockade
is a powerful means to determine whether a receptor of interest is necessary for specific
physiological or behavioral processes /in vivo. Photoactivation, on the other hand, can be
used to determine whether it is sufficient. Like 4-amino-PPHT and AP, MAP activated D1R
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and D2R in its untethered form. In contrast, when tethered to a receptor, MAP either had no
effect or photoblocked the receptor at the variety of cysteine attachment positions that we
tested. This is not a surprise given that photoantagonism could arise from a variety of
geometries that improperly position the ligand in the OBS, whereas photoagonism demands
proper docking. Indeed, only one out of eight attachment sites for the mGIuR2 photoswitch,
MAG, produced photoactivation.*8

The distinction between photoagonism and photoantagonism could be due to subtle
differences in the anchoring site of the PTL from one residue to its neighbor in three-
dimensional space, as well as differences in the PTL’s length and bond angles. A non-
photoswitchable, covalent agonist of D2R was developed recently,?0 suggesting that it may
be possible to achieve photoagonism at DARs. Toward this end, further chemical
modifications of MAP may result in photoagonism, e.g., by adjusting the linker length
between PPHT and azobenzene and/or azobenzene and the maleimide (Figure 1B), thus
altering how MAP is positioned within the OBS. Alternatively, the position and number of
hydroxyls in aminotetralins are known to dictate efficacy at DARs, and it is possible that
MAP is limited as a photoagonist because it has only a single hydroxyl.51:62 Thus, an
additional hydroxyl could enhance photoagonism, albeit at the cost of the metabolic stability
of the compound.

Interestingly, we found MAP to be either a photoswitchable tethered neutral antagonist
(PTNA) or photoswitchable tethered inverse agonist (PTIA) at D1R, depending on where it
is tethered. GPCRs like DARs are dynamic ensembles of inactive and active conformations.
83 1t has been proposed that neutral antagonists occlude the binding of agonists but do not
shift the equilibrium between active and inactive states, whereas inverse agonists stabilize
inactive states and reduce constitutive activity.84 Crystallographic studies of Family A
GPCRs suggest that chemically related neutral antagonists and inverse agonists bind
similarly within the OBS and stabilize receptor states with only minor structural differences.
51 Similarly, MAP may adopt subtly distinct binding poses within the OBS, depending on
where it is tethered, allowing it to be behave as a neutral antagonist or inverse agonist.

Remarkably, despite the low overall degree of homology between D1R and D2R, MAP most
robustly photoblocked these receptors when tethered to cysteines in EL2 (1183C and 1184C,
respectively), and to a lesser degree EL1. Although EL2 is highly divergent in sequence
between D1R and D2R, it commonly serves as a “lid” over the OBS. This combined with
the fact that EL2 is relatively conformationally dynamic® may allow MAP greater freedom
to access the OBS than if tethered to the TM domain. EL2 acts as a lid over the OBS of a
variety of Family A GPCRs,! suggesting that it may represent a common target for
controlling other receptors in this family using PTLs.

The ability to photoblock DARs is of great clinical interest. Notably, all antipsychotics are
blockers of D2R-like receptors. 86:87 However, because these medications are nonselective
for D2R-like receptors and are diffusible, it has been challenging to identify which of these
D2-like receptors (D2R, D3R, or D4R) is responsible or to determine which cells expressing
the receptor(s) play a role in efficacy and side effects. LiD2R offers the possibility of
blocking D2R in a cell-type-specific manner, allowing us to mimic selected effects of
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antipsychotic medications in isolation. Moreover, antipsychotics have varying degrees of
inverse agonism at D2R, and it is unclear if and where in the brain this is relevant to clinical
efficacy.88 LiD2R variants that operate as inverse photoagonists may help to resolve this
issue.

Several approaches have developed recently to interrogate GPCR function /n vivo, including
DREADDs? and opto-XRs.31-33 Opto-XRs are of particular interest because, like the light-
gated receptors developed here, they can be precisely controlled with light. Although opto-
XRs cannot be used to block receptors from being activated by their endogenous ligands,
they can be targeted to specific cell types and activated in an inducible-manner. Interestingly,
Siuda et al. developed biased mutants of opto-B2AR that selectively activate only a subset of
signaling proteins downstream of this receptor (i.e., G proteins versus arrestins).33
Considerable effort has gone toward uncovering the roles of distinct signaling pathways
downstream of DARs,> and a number of biased DAR mutants have been developed.89:90
Given that mutations in these receptors are not involved in ligand binding, they can likely be
integrated into LiDARs, which would enable signaling-pathway-specific and
spatiotemporally precise control of near-native DARS.

CONCLUSION

Family A GPCRs are subdivided into groups of structurally related receptors, making it
difficult in particular cases to target individual receptor subtypes. Considerable medicinal
chemistry efforts have gone toward developing subtype-selective drugs, with varying degrees
of success.2? However, our understanding of the physiological and clinical roles of a given
receptor will require not only receptor-specific but also cell-type-specific and
spatiotemporally precise control over its function. The success of LiDARs indicates that
Family A GPCRs are amenable to rapid, cell-type- and receptor-specific control using PTLs.
Thus, we anticipate that our approach will also work for difficult-to-target Family A GPCRs,
including but not limited to the neuromodulator-binding opioid, serotonin, and cannabinoid
receptors.

EXPERIMENTAL SECTION

General Experimental Details

All reactions were carried out with magnetic stirring and, if moisture- or air-sensitive, under
nitrogen or argon atmosphere using standard Schlenk techniques in oven-dried glassware
(140 °C oven temperature). External bath temperatures were used to record all reaction
temperatures. Low temperature reactions were carried out in a Dewar vessel filled with
acetone/dry ice (=78 °C) or distilled water/ice (0 °C). High temperature reactions were
conducted using a heated silicon oil bath in reaction vessels equipped with a reflux
condenser or in a sealed flask. Tetrahydrofuran (THF) was distilled over sodium and
benzophenone prior to use. Dichloromethane (CH,Cly), triethylamine (EtzN), and
diisopropylethylamine (DIPEA) were distilled over calcium hydride under a nitrogen
atmosphere. All other solvents were purchased from Acros Organics as “extra dry” reagents.
All other reagents with a purity >95% were obtained from commercial sources (Sigma-
Aldrich, Acros, Alfa Aesar, and others) and used without further purification.
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Flash column chromatography was carried out with Merck silica gel 60 (0.040-0.063 mm).
Analytical thin layer chromatography (TLC) was carried out using Merck silica gel 60 F254
glass-backed plates and visualized under UV light at 254 nm. Staining was performed with
ceric ammonium molybdate (CAM) or by oxidative staining with an aqueous basic
potassium permanganate (KMnQO,) solution and subsequent heating.

NMR spectra (*H NMR and 13C NMR) were recorded in deuterated chloroform (CDCl3) or
deuterated methanol (d3-MeOH) on a Bruker Avance 111 HD 400 MHz spectrometer
equipped with a CryoProbe, a Varian VXR400 S spectrometer, a Bruker AMX600
spectrometer, or a Bruker Avance 111 HD 800 MHz spectrometer equipped with a CryoProbe
and are reported as follows: chemical shift & in ppm (multiplicity, coupling constant Jin Hz,
number of protons) for IH NMR spectra and chemical shift &in ppm for 13C NMR spectra.
Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, g = quartet,
quint = quintet, br = broad, m = multiplet, or combinations thereof. Residual solvent peaks
of CDCl3 (8H =7.26 ppm, 6C = 77.16 ppm) and d4-MeOH (&H = 3.31 ppm, 6C = 49.00
ppm) were used as an internal reference. NMR spectra were assigned using information
ascertained from COSY, HMBC, and HSQC experiments.

High-resolution mass spectra (HRMS) were recorded on a Varian MAT CH7A, or a Varian
MAT 711 MS instrument by electron impact (EI) or electrospray ionization (ESI) techniques
at the Department of Chemistry, Ludwig-Maximilians-Universitat Munich.

Infrared (IR) spectra were recorded from 4000 to 600 cm™1 on a Perkin Elmer Spectrum BX
Il instrument. For detection a Smiths DetectioN DuraSampl /R 1l Diamond ATR sensor was
used. Samples were prepared as a neat film or a thin powder layer. IR data in frequency of
absorption (cm™1) is reported as follows: w = weak, m = medium, s = strong, br = broad, or
combinations thereof.

All yields are isolated, unless otherwise specified.

OH 3
M32502
aceta ne
OH (94%) /

Dimethylsulfate (43.3 mL, 468 mmol) was added to a suspension of potassium carbonate
(75.5 g, 548 mmol) and 1,6-dihydroxynaphthalene (25 g, 156 mmol) in acetone (250 mL).
The mixture was heated at 70 °C for 3.5 h, cooled to room temperature, and filtered. The
solvent was evaporated under reduced pressure, and the resulting residue was redissolved in
ethyl acetate. The solution was washed with a solution of sodium hydroxide (1 M) and brine
and dried over magnesium sulfate. Evaporation of the solvent /n vacuo and purification of
the resulting residue by flash column chromatography (EtOAc:-pentane = 0:100-20:80, R¢=
0.7 (EtOAc:pentane 20:80)) gave 1,6-dimethoxynaphthalene 4 (27.6 g, 147 mmol, 94%) as a
colorless solid.

Data for 4: 1H NMR (400 MHz, CDCls): & (ppm) = 8.17 (dt, /= 8.8, 0.8 Hz, 1H), 7.38-7.31
(m, 2H), 7.15-7.10 (m, 2H), 6.70 (dd, J= 6.9, 1.7 Hz, 1H), 3.99 (s, 3H), 3.92 (s, 3H). 13C
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NMR (100 MHz, CDCls3): & (ppm) = 158.2, 155.8, 136.0, 126.8, 123.8, 120.9, 119.4, 117.6,
105.8, 102.1, 55.6, 55.4. IR (ATR): Vinayx (cm™1) = 2997 (w), 2966 (w), 2836 (W), 1929 (w),
1625(m), 1599 (m), 1581 (s), 1510 (w), 1468 (w), 1451 (s), 1430 (s), 1372 (s), 1386 (W),
1372 (s), 1254 (m), 1220 (vs), 1199 (m), 1165 (m), 1143 (m), 1098 (m), 1070 (m), 1026
(vs), 988 (m), 935 (m), 871 (m), 839 (m), 828 (s), 782 (vs), 748 (S), 727 (M), 695 (mM).
HRMS (EI): calcd for Cq,H1,0, [M]* 188.0837, found 188.0819.

\0 \0

Na

O =
EtOH

o~ (62%)

Sodium (33.69 g, 1.47 mol) was added portionwise to a solution of 1,6-
dimethoxynaphthalene 4 (27.6 g, 147 mmol) in ethanol (400 mL) at 50 °C, and the mixture
was then stirred at 80 °C for 2.5 h. After cooling down to room temperature the mixture was
acidified with concentrated hydrochloric acid to pH = 1, heated at 80 °C for 30 min, and
stirred at room temperature overnight. The solution was diluted with water (230 mL) and
extracted with CH,Cl,. The organic phase was washed with a solution of sodium chloride
(10%) and brine and dried over magnesium sulfate. Evaporation of the solvent /n vacuo and
purification of the resulting residue by flash column chromatography (EtOAc:pentane =
0:100-10:90, R¢= 0.5 (EtOAc:pentane 10:90) gave 3,4-dihydronaphthalenone 5 (15.94 g,
90.47 mmol, 62%) as a yellow oil.

0

Data for 5: 1H NMR (400 MHz, CDCls): & (ppm) = 7.16 (t, J= 7.9 Hz, 1H), 6.76 (dd, J=
8.2, 1.0 Hz, 1H), 6.70 (dd, /= 7.6, 1.0 Hz, 1H), 3.83 (s, 3H), 3.52 (s, 2H), 3.06 (t, /= 6.8
Hz, 2H), 2.48 (dd, /= 7.4, 6.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): & (ppm) = 210.4,
156.2, 134.8, 127.3, 124.8, 120.2, 108.2, 55.2, 44.4, 44.4, 37.6, 37.6, 20.8. IR (ATR): Viax
(cm™1) = 2957 (w), 2904 (w), 2838 (W), 1713 (vs), 1587 (s), 1471 (s), 1441 (m), 1403 (W),
1344(w), 1299 (w), 1263 (vs), 1237 (m), 1197 (w), 1172 (w), 1087 (vs), 1076 (s), 1025 (w),
977 (w), 963 (m), 849 (m), 778 (s), 745 (m), 724 (M), 695 (m). MS (EI): calcd for C11H1202
[M]* 176.08, found 176.03.

o o

propylamine
NaBH(OAc)3

DCE
o] (80%) NH

g

Propylamine (2.1 mL, 25.54 mmol) and NaBH(OAc)3 (6.50 g, 30.66 mmol) were
sequentially added to a solution of 3,4-dihydronaphthalenone 5 (3.00 g, 17.02 mmol) in
DCE (100 mL), and the reaction was stirred at room temperature overnight. The solvent was
removed under reduced pressure, and the resulting residue was portioned between EtOAc
and aqueous NaHCOs solution. The organic phase was washed with brine, dried over
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magnesium sulfate, and concentrated under reduced pressure to yield secondary amine 6
(2.99 ¢, 13.62 mmol, 80%) as a colorless oil.

Data for 6: 1H NMR (400 MHz, d;-MeOH): & (ppm) = 7.07 (t, J= 7.9 Hz, 1H), 6.69 (dd, /=
13.6, 7.9 Hz, 2H), 3.79 (s, 3H), 2.98 (ddddd, J=27.8, 20.8, 17.7, 5.4, 2.6 Hz, 3H), 2.81-
2.69 (m, 2H), 2.57 (ddd, /= 30.0, 16.8, 8.0 Hz, 2H), 2.16 (ddt, /= 11.9, 5.7, 2.9 Hz, 1H),
1.69-1.48 (m, 3H), 0.99 (t, J= 7.4 Hz, 3H). 13C NMR (100 MHz, d4-MeOH): & (ppm) =
158.6, 136.7, 127.6, 125.5, 122.4, 108.3, 55.6, 54.9, 49.4, 36.2, 29.1, 23.3, 23.2, 12.0. IR
(ATR): vinax (cm™) = 2936 (m), 2875 (w), 2835 (m), 2792 (M), 2734 (m), 2537 (w), 2445
(w), 1587 (s), 1468 (vs), 1438 (s), 1395 (w), 1382 (w), 1346 (w), 1312 (w), 1284 (w), 1258
(vs), 1094 (s), 1068 (m), 1036 (m), 987 (m), 954 (m), 914 (w), 892 (w), 876 (w), 832 (w),
765 (vs), 709 (m), 694 (m). HRMS (EI): calcd for C14H,NO* [M+H]* 220.1696, found
220.1696.

Q;
=

H N
~, = LI
0 ~ MO;
" i)
M
NaBH{DAC), Sy )
HH — I
1 DeE =
[56%) H‘

DMP (8.33 g, 21.06 mmol) was added to a solution of (£)-2-(4-((4-
nitrophenyl)diazenyl)phenyl) ethan-1-ol (1.90 g, 7.02 mmol) in CH,Cl,, and the reaction
was stirred at room temperature for 3 h. The mixture was washed with aqueous Na,S,03
solution, water, and brine, dried over magnesium sulfate, and evaporated to dryness. The
resulting residue was redissolved in DCE (100 mL), secondary amine 6 (700 mg, 3.19
mmol) and NaBH(OACc)3 (2.23 g, 10.53 mmol) were sequentially added, and the reaction
mixture was stirred at room temperature overnight. The solvent was removed under reduced
pressure, and the residue was portioned between EtOAc and aqueous NaHCOg solution. The
organic phase was washed with brine, dried over magnesium sulfate, and concentrated under
reduced pressure. Purification of the resultant residue by flash column chromatography
(MeOH:CH>Cl, = 3:97, R¢=0.3) gave azobenzene 8 (1.49 g, 3.16 mmol, 99%) as a red
solid.

Data for 8: IH NMR (400 MHz, CDCls): & (ppm) = 8.42-8.38 (m, 2H), 8.06-8.02 (m, 2H),
7.94-7.90 (m, 2H), 7.43-7.38 (m, 2H), 7.11 (t, J= 7.9 Hz, 1H), 6.72 (dd, J= 7.6, 1.0 Hz,
1H), 6.67 (d, /= 8.1 Hz, 1H), 3.83 (s, 3H), 3.01 (dddd, /= 10.8, 8.6, 5.5, 2.7 Hz, 2H), 2.87
(s, 5H), 2.81-2.71 (m, 1H), 2.62-2.49 (m, 3H), 2.07 (ddd, /= 14.5, 4.6, 2.0 Hz, 1H), 1.63-
1.48 (m, 3H), 0.92 (t, J= 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl5): & (ppm) = 157.4,
156.0, 151.0, 148.7, 146.6, 138.1, 130.0, 126.3, 125.4, 124.9, 123.6, 123.5, 121.8, 107.1,
56.7,55.4, 52.8, 52.6, 36.3, 32.5, 25.9, 24.0, 22.4, 12.1. IR (ATR): vinax (cm™1) = 2931 (m),
2836 (w), 1738 (vw), 1602 (w), 1586 (m), 1521 (s), 1499 (w), 1468 (m), 1438 (w), 1416
(vw), 1360 (vs), 1259 (m), 1218 (w), 1143 (m), 1106 (m), 1093 (m), 1071 (m), 1008 (w),
963 (w), 908 (w), 858 (s), 766 (W), 754 (w), 729 (s), 710 (w), 688 (w). HRMS (EI): calcd for
CogH33N40O3 * [M+H]* 473.2547, found 473.2543.
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A suspension of azobenzene 8 (500 mg, 1.06 mmol) and sodium sulfide (2.33 mg, 2.12
mmol) in 1,4-dioxane (50 mL) and water (50 mL) was stirred at 90 °C overnight. The
reaction was cooled to room temperature, diluted with aqueous NaOH (1 M), and extracted
with EtOAc. The organic phase was washed with water and brine, dried over magnesium
sulfate, and concentrated under reduced pressure. Purification of the resultant residue by
flash column chromatography (MeOH:CH,Cl, = 2:98, R¢= 0.2) gave aniline 9 (341 mg,
0.770 mmol, 73%) as a red solid.

Data for 9: 'H NMR (400 MHz, CDClg): & (ppm) 7.80 (t, J= 8.3 Hz, 4H), 7.32 (d, J= 8.2
Hz, 2H), 7.10 (t, J= 7.8 Hz, 1H), 6.73 (dd, J= 8.3, 6.5 Hz, 3H), 6.66 (d, /= 8.1 Hz, 1H),
4.03 (s, 2H), 3.81 (s, 3H), 3.12-2.94 (m, 2H), 2.94-2.71 (m, 6H), 2.68-2.44 (m, 3H), 2.08
(dt, J= 13.7, 4.2 Hz, 1H), 1.68-1.46 (m, 3H), 0.91 (t, J= 7.3 Hz, 3H). 13C NMR (100 MHz,
CDCly): & (ppm) = 157.3, 151.4, 149.5, 145.7, 143.2, 138.1, 129.5, 126.3, 125.3, 125.1,
122.4,121.8, 114.8, 107.0, 67.2, 56.8, 55.3, 52.8, 35.9, 32.4, 25.9, 24.0, 22.3, 12.1. IR
(ATR): Vinax (cm™1) = 3336 (), 2933 (m), 2837 (vw), 2508 (W), 2246)vw), 2212 (vw),
1623 (w), 1586 (m), 1516 (m), 1468 (m), 1438 (w), 1378 (vw), 1346 (vw), 1260 (m), 1216)
(vw), 1180 (vw), 1128 (vw), 1094 (m), 1071 (m), 96.2 (vw), 907 (s), 826 (m), 768 (m), 700
(vs). HRMS (EI): calcd for CogHasN4OF [M+H]* 443.2805, found 443.2811.

N : Nﬂzs
/\/Q/ dioxane/H ;O
80 °C

(73%)

@:JP/\ﬁg

N : BBra
CH .Cla
(B5%)

%N@"*ﬁ |

BBr3 (1 M in CH,Cl», 3.18 mL, 3.18 mmol) was added to a solution of aniline 9 (704 mg,
1.59 mmol) in CH,Cl, (30 mL) at —=78 °C, and the reaction was stirred 1 h at the same
temperature and 1 h at room temperature. The reaction mixture was diluted with MeOH (5
mL) and aqueous NaHCO3 solution and extracted with EtOAc. The organic phase was
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washed with brine, dried over magnesium sulfate, and concentrated under reduced pressure.
Purification by flash column chromatography (MeOH:CH,Cl, = 2:98 to 6:94, R¢=0.6
(MeOH:CH5CI, = 6:94)) gave phenol 10 (440 mg, 1.03 mmol, 65%) as a red solid.

Data for 10: 'H NMR (400 MHz, CDCl3): & (ppm) 7.81 (t, J= 7.6 Hz, 4H), 7.31 (d, J= 8.0
Hz, 2H), 6.99 (t, J= 7.8 Hz, 1H), 6.73 (d, /= 8.3 Hz, 2H), 6.68 (d, J= 7.6 Hz, 1H), 6.58 (d,
J=7.9 Hz, 1H), 4.04 (s, 2H), 3.09-2.73 (m, 8H), 2.59 (ddd, J= 23.4, 10.2, 5.8 Hz, 3H), 2.12
(dd, J=12.5, 5.5 Hz, 1H), 1.70-1.47 (m, 3H), 0.92 (t, /= 7.3 Hz, 3H). 13C NMR (100 MHz,
CDCl3): 6 (ppm) = 153.7, 151.4, 149.5, 145.6, 143.0, 138.9, 129.5, 126.5, 125.1, 123.3,
122.5,121.6,114.8,112.1, 56.8, 52.7, 52.6, 35.5, 32.2, 25.8, 23.8, 21.9, 12.1. IR (ATR):
Vimax (€m™1) = 3370 (w), 2313 (w), 3027 (W), 2930 (m), 2870 (w), 1907 (vw), 1726 (vw),
1619 (m), 1598 (vs), 1505 (m), 1463 (s), 1428 (m), 1404 (w), 1374 (w), 1341 (w), 1297 (m),
1275 (s), 1138 (vs), 1083 (m), 1065 (m), 1012 (m), 949 (w), 836 (s), 751 (vs), 711 (m),
666(w). HRMS (EI): calcd for Co7H33N4O [M+H]* 429.2649, found 429.2645.

Oxalyl chloride (0.05 mL, 0.610 mmol) and DMF (1 drop) were added sequentially to a
solution of 2-maleimidoacetic acid (73 mg, 0.469 mmol) in CH,Cl, (5 mL), and the reaction
mixture was stirred for 2 h at room temperature. The solvent was evaporated /n vacuo, and
the resulting residue was redissolved in THF (3 mL). The solution was added dropwise to an
ice-cooled solution of phenol 10 (67 mg, 0.156 mmol) and DIPEA (0.10 mL, 0.610 mmol)
in THF (3 mL), and the reaction was stirred for 30 min at room temperature. The solvent
was evaporated under reduced pressure, and the resulting residue was purified by flash
column chromatography (MeOH:CH,Cl, = 3:97, R¢= 0.25) to give Mal-Azo-PPHT (41

mg, 0.072 mmol, 46%) as a red solid.
S
N
Hy a

NI
I /©/
Nz
@a\ /\/Q/ k i
—_—
H‘ THF

H"

Data for 1: 1H NMR (400 MHz, CDCls): & (ppm) 8.00 (s, 1H), 7.86 (d, J= 8.4 Hz, 2H),
7.80 (d, /J=8.0 Hz, 2H), 7.62 (d, /= 8.5 Hz, 2H), 7.31 (d, J= 8.0 Hz, 2H), 6.98 (t, /= 7.7
Hz, 1H), 6.79 (s, 2H), 6.67 (d, /= 7.6 Hz, 1H), 6.58 (d, /= 7.9 Hz, 1H), 5.56 (s, 1H), 4.37
(s, 2H), 3.04-2.70 (m, 8H), 2.62-2.50 (m, 3H), 1.61 (tt, /= 12.1, 6.2 Hz, 1H), 1.50 (p, /=
7.4 Hz, 2H), 0.89 (t, J= 7.3 Hz, 3H).13C NMR (100 MHz, CDCl3): & (ppm) = 170.3, 164.5,
153.6, 151.1, 138.5, 134.7, 129.7, 126.5, 124.3, 124.0, 123.1, 122.9, 122.7, 121.8, 121.7,
120.1, 112.1, 56.7,52.7, 52.6, 41.4, 35.9, 32.3, 25.8, 23.8, 22.2, 12.1. IR (ATR): vax (cm
~1) = 2933(m), 1741(s), 1595 (vs), 1560 (s), 1501 (m), 1464 (m), 1408 (s), 1301 (s), 1253

JAm Chem Soc. Author manuscript; available in PMC 2018 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Donthamsetti et al.

Page 16

(s), 1156 (s), 1012 (w), 846 (s), 771 (m), 676 (w). HRMS (ESI): calcd for C33H36N504™ [M
+H]* 566.2762, found 566.2763.

NHz
" fi /@/\/ 1) NaHB(OAG)3
N 2) CH3CH;CHO,
] NaHB(OAc);
87%

i:oq,@@

2

NaHB(OACc)3 (103 mg, 0.46 mmol) was added to a solution of amine 11 (73 mg, 0.32 mmol)
and 5-hydroxytetralone (50 mg, 0.31 mmol) in DCE (2 mL), and the resulting suspension
was stirred at room temperature overnight. The reaction mixture was portioned between
EtOAc and aqueous NaHCOg solution, and the organic phase was further washed with
aqueous NaHCOgs solution, a solution of sodium chloride (10%), and brine. The solution
was dried over Na,SO,4 and concentrated under reduced pressure, yielding the crude
alkylation product as an orange oil, which was immediately transferred to the next step.

The freshly prepared secondary amine (described above) was redissolved in DCE (1.5 mL)
and treated with propionaldehyde (25 yL, 0.34 mmol) followed by NaHB(OAC)3 (103 mg,
0.46 mmol). After 5 h, the reaction was quenched and worked up as described above,
yielding the crude product tertiary amine. Medium-pressure chromatography (Biotage, 25 g
SiO, column, EtOAc:hexanes = 10:90-100:0, R~ 0.6 EtOAc:hexanes = 1:1) afforded AP 2
as an orange oil (110 mg, 0.27 mmol, 87% over 2 steps).

Data for 2: 1H NMR (600 MHz, CDCls3): 6= 7.94-7.89 (m, 2H), 7.89-7.83 (m, 2H), 7.54—
7.49 (m, 2H), 7.49-7.44 (m, 1H), 7.37-7.32 (m, 2H), 6.99 (t, /= 7.8, 1H), 6.68 (d, /= 7.7,
1H), 6.60 (d, /=7.9, 1H), 5.40 (s, 1H), 3.06-2.87 (m, 3H), 2.85 (s, 4H), 2.82-2.66 (m, J=
28.9, 15.2, 9.4, 1H), 2.63-2.53 (m, 3H), 2.13-2.07 (m, 1H), 1.68-1.57 (m, 1H), 1.57-1.47
(m, 2H), 0.91 (t, /= 7.3, 3H). 13C NMR (100 MHz, CDCl3): (151 MHz, CDCl3) 6= 153.46,
152.72, 151.07, 144.48, 138.37, 130.72, 129.52, 129.04, 126.40, 122.94, 122.83, 122.73,
121.68, 111.97, 56.58, 52.62, 52.54, 35.81, 32.24, 25.70, 23.60, 22.08, 11.93. IR (ATR):
Vimax (€m™1) = 3043 (w), 2931 (m), 1585 (s), 1499 (w), 1484 (w), 1464 (s), 1373 (m), 1340
(m), 1277 (s), 1221 (w), 1154 (m), 1104 (w), 1070 (w), 1012 (m), 919 (w), 836 (m), 808
(w), 766 (vs), 712 (w), 687 (vs). HRMS (ESI): calcd for Cy7H3oN30™ [M+H]* 414.2545,
found 414.2537.

Homology Modeling and Docking

DAR homology models were generated using Bioluminate (Schrodinger, Inc.).1 Models of
D1R and D2R were based on p2-adrenergic receptor (B2AR) and D3R, respectively, because
of the high relative degree of homology between these receptors. The amino acid sequence
of D1R was first aligned to B2AR in BLAST,% and the TM segments were then structurally
aligned with the crystal structure of B2AR bound to the inverse agonist carazolol (PDB:
2RH1). The sequence of D2R was aligned to D3R as described previously,*° and the
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homology model was generated based on a crystal structure of D3R bound to the antagonist
eticlopride (PDB: 3PBL). The three extracellular loops of either D1R or D2R were refined
using extended sampling. For docking DA into either D1R or D2R, DA was first prepared
using LigPrep (Schrodinger, Inc.) and docked with extra precision (XP) using Glide.?3 The
hydroxy! groups of the three TMS5 serines (Ser>42, Ser>43, and Ser>46) in D1R or D2R that
contribute to the OBS were allowed to rotate during the docking procedure. As expected, the
protonated amine and hydroxyls of DA were oriented toward Asp®32 in TM3 and the TM5
serines, respectively. All molecular representations of D1R or D2R were prepared using
Chimera, which was developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco (supported by NIGMS P41-
GM103311).

Molecular Biology and Heterologous Expression

For the BRET-based assays used in this study, HEK293T cells were seeded onto 10 cm
plates and transfected with a 1:1 ratio of DNA:polyethylenimine (linear, MW 25 000;
PolySciences, Inc.). Human D1R and the short isoform of human D2R were cloned into the
expression vector pcDNA3.1 with a signal peptide to enhance receptor expression.?* For the
BRET-based D1R-mediated CAMP accumulation assay, we transfected pcDNA3.1 plasmids
encoding D1R (5 1g) and CAMYELS®S (6 1g; ATCC). For the BRET-based D2R-mediated G
protein activation assay, we transfected pcDNA3.1 plasmids encoding D2R (2 1g) and
human Ga; with Renilla luciferase 8 (Rluc8) inserted at position 91 (Gaj;-91-Rluc8; 0.2
19)%° and mVenus fragments V1 and V2 fused to human GB; and human G, respectively
(V1-B1 and V2-y5; 1 and 7 ug, respectively).9 For the D2R-mediated arrestin recruitment
assay, we transfected D2R (2 14), Rluc8-arrestin3-Sp1l (0.25 1g), mem-linker-citrine-SH3 (5
1m), and GRK2 (5 11).%7

For the HTRF-based D2R binding assay, D2R was cloned into pcDNA5/FRT/TO
(Invitrogen) with a signal peptide and SNAP-tag added to its N-terminus.’® HEK293 cells
were stably transfected with this plasmid using the Flp-in T-Rex system (Invitrogen).

For electrophysiological studies, cysteine mutations were introduced into D1R or D2R using
the QuickChange mutagenesis kit (Agilent). Human Ga;, human chimeric Gaig3,’> human
GIRKZ1, human GIRKZ2, or tdTomato was cloned into pcDNA3.1. HEK293T cells, sparsely
seeded onto 18 mm coverslips, were transiently transfected overnight with GIRK1, GIRK?2,
and tdTomato (as a marker of transfection) with Lipofectamine 2000 (Invitrogen) at a ratio
of 7:7:1 (total DNA of 1.5 yg per coverslip). Each coverslip was also transfected with either
0.7 g of D1R and 0.35 1g Gaijs13 or 0.1 g D2R and 0.1 (g Gajs.

Resonance Energy Transfer (RET) Assays

All RET studies were performed in HEK293 or HEK293T cells that were maintained in
DMEM (Invitrogen) with 10% fetal bovine serum at 37 °C under 5% CO». For the BRET
studies, HEK293T cells were transiently transfected with the plasmids described above.
Cells used in the G protein activation and arrestin recruitment assays were prepared and
assayed as described previously in detail %97 Briefly, cells were washed, harvested, and
resuspended in PBS containing 5 mM glucose at room temperature. Cells (~40 tg of protein
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per well according to a BCA protein assay kit, ThermoScientific) were distributed into a 96-
well microplate (Wallac, PerkinElmer Life, and Analytical Sciences). After incubation with
coelenterazine H (5 ¢M) (Dalton Pharma Services) for 8 min, different ligands were injected
and incubated for 2-10 min. Just prior its addition to cells, AP was switched to the cis
configuration (¢is-AP) by illumination with a hand-held UVGL-15 UV-lamp (power output:
~ 1 mW/mm?; irradiance: 365 nm; UVP, LLC) for 1 min. Using a Pherastar FS plate reader
(BMG Labtech), BRET! signal was determined by quantifying and calculating the ratio of
the light emitted by mVenus (510-540 nm) over that emitted by Rluc8 (485 nm).

For experiments used to determine whether MAP binds covalently to WT D2R, MTS
reagents or MAP were incubated for 1 h at room temperature with transfected HEK293T
cells expressing D2R, Gaj;-91-Rluc8, V1-B4, and V2-y,. To avoid inactivation of the Ga,j;
by either the MTS reagents or MAP, residue C351 was mutated to an isoleucine.

The HTRF-based binding assay was described previously in detail.”® Briefly, 10 000 cells
per well were seeded into black 96-well plates (Greiner) pretreated with 50 g/mL poly-D-
lysine. Cells were induced with 1 pg/mL tetracycline in growth medium 24 h after seeding.
Forty-eight hours after seeding, cells were incubated with 100 nM Tag-Lite Lumi4 (CisBio)
in growth medium for 1 h and washed three times with Tris-Krebs buffer (20 mM Tris, pH
7.4; 118 mM NaCl; 1.2 mM KH2PO4; 1.2 mM MgS0O4; 4.7 mM KCI; 1.8 mM CaCl2).
Twenty nanomoles of NAPS (A-azidophenethylspiperone)-DY-647 (Cishio), along with
various concentrations of test ligand in a total volume of 200 sl Tris-Krebs/0.1% bovine
serum albumin buffer, were added to each well, and plates were incubated for 2 h at room
temperature. cis-AP-containing wells were illuminated every 5 min for 30 s with a hand-held
UVGL-15 UV-lamp (1 mW/mm? at 365 nm) to maintain the compound in the cis
configuration. Following this incubation period, preparations were excited at 337 nm
(excitation of Tag-Lite Lumi4), and emission was measured at 620 nm (emission for Tag-
Lite Lumi4) and 665 nm (emission for DY-647) on a Pherastar FS plate reader. We measured
400 /s readings after a 50 /s delay to avoid short-life fluorescence background from the
signal.

Electrophysiology

HEK?293T cells were maintained in DMEM (Invitrogen) with 10% fetal bovine serum on
poly-L-lysine-coated coverslips. Cells were patch-clamped in whole-cell configuration 16—
24 h after transfection in high potassium solution containing 120 mM KCI, 25 mM NacCl, 10
mM HEPES, 2 mM CaCl,, and 1 mM MgCl,, pH 7.4. Glass pipettes with a resistance of 3—
7 MQ were filled with intracellular solution containing 140 mM KCI, 10 mM HEPES, 3 mM
NayATP, 0.2 mM Nay,GTP, 5 mM EGTA, and 3 mM MgCl,, pH 7.4. Cells were voltage
clamped to —60 or —80 mV using an Axopatch 200A (Molecular Devices) amplifier.

All pharmacological compounds were applied using a gravity-driven perfusion system.
[llumination was applied to the entire field of view using a Polychrome V monochromator
(TILL Photonics) through a 20x objective (4 mW/mm? at 460 nm or 0.5 mW/mm? at 360
nm). pClamp software was used for both data acquisition and control of illumination. For
bistable switching, the shutter was manually turned on or off at specific time points. To
conjugate MAP to WT and cysteines mutants of D1R or D2R, cells were incubated with 30
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LM MAP for 60 min in the dark at 23-27 °C in standard extracellular cell buffers. These
conditions are comparable to those used to label other engineered light-gated receptors with
maleimide-azobenzene photoswitches. 4877

Statistics and Data Analysis

Data were analyzed using GraphPad Prism (GraphPad), Clampfit (Axon instruments), or
Origin (OriginLab) software. For dose-response curves, data were normalized to vehicle
(0%) and dopamine (100%), and nonlinear regression analysis was performed using the
sigmoidal dose—response function in GraphPad Prism. To calculate the percentage
photoblock of DA by MAP, the DA-induced current under 460 nm light (frans-MAP.pp)
was divided by DA-induced current under 360 light (¢is-MAP.pa), subtracted from one, and
multiplied by 100. Basal current under 360 nm light (¢/s-MAP_pa) was used as the baseline.
This is described below as eq 1:

trans — MAP
DA L 100 (1)

% photoblock = 1 — —
cis — MAP_

To calculate inverse photoagonism as a percentage of maximal DA activation, the current
under 460 nm light (frans-MAP_pa) was subtracted from c/s-MAP_pp, divided by c/s-MAP
+DA, and multiplied by 100. This is described below as eq 2:

cis — MAP_p,, — trans — MAP_p,
cis — MAP_p,

inverse agonism = A % 100 2

Statistical analyses were performed using Graphpad Prism. All values reported are mean +
SEM.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Design of a photoswitchable tethered ligand (PTL) to control DARs with light. (A)

Schematic of a dopamine receptor (DAR) bound covalently to a PTL. (B) Azobenzene and
maleimide (blue) incorporated into the DAR ligand PPHT (orange). Maleimide—
azobenzene-PPHT (MAP) photoisomerizes from its #rans-to-cis isomer and vice versa in
response to UV and blue light, respectively.
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Figure2.
Incorporation of azobenzene but not maleimide into PPHT decreases agonist potency at D1R

and D2R. Representative dose—response curves for dopamine (DA), 4-amino-PPHT, trans-
AP, and trans-MAP in (A) a D1R-dependent cAMP accumulation assay and (D) a D2R-
dependent G protein activation assay. Dose—response curves are representative of three
independent experiments performed in triplicate. £yax Values for these compounds are
summarized for D1R (B) and D2R (E). The potencies of these compounds (pECsggs) are
summarized for D1R (C) and D2R (F) (**p < 0.001, ns = not significant, one-way ANOVA,
Tukey’s posthoc comparison test). Error bars indicate SEM.
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Figure 3.
Characterization of the photochromic ligand (PCL) azobenzene-PPHT (AP) at D1R and

D2R. (A) AP photoisomerizes from its trans-to cis-isomer and vice versa in response to UV
and blue light, respectively. (B) In a D1R-dependent cAMP accumulation assay, AP exposed
to UV light (cis-AP) was slightly more potent (~1.5-fold) than when not exposed to light
(trans-AP). Shown are representative dose—response curves for three independent
experiments performed in triplicate. Error bars indicate SEM. (C) In a D2R-dependent G
protein activation assay, ¢/s-AP was ~3-fold more potent than frans-AP. Shown are
representative dose-response curves for three independent experiments performed in
triplicate. Error bars indicate SEM. (D) In a D2R-mediated arrestin recruitment assay, cis-
AP was ~4-fold more potent than #rans-AP. Shown are representative dose-response curves
for three independent experiments performed in triplicate. Error bars indicate SEM. (E) In a
D2R binding assay, cis-AP had ~3-fold higher affinity for D2R than #rans-AP.
Representative binding curves for two independent experiments performed in duplicate. A
decrease in the maximal binding indicates the displacement of the fluorescent D2R
antagonist NAPS-DY-647 by AP. Error bars indicate SEM.
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Figure 4.
MAP is a neutral antagonist at D1R(1183C). (A) Ribbon representation of a D1R homology

model bound to protonated DA (red). Amino acid 1183 in EL2 is shown in green above the
OBS that binds DA. (B) When MAP is attached to 1183C, photoswitching between 360 nm
(gray bars) and 460 nm light (blue bars) had no effect. However, current evoked by DA was
photoblocked in response to 460 nm light. (C) Representative trace of currents induced by
DA under 360 nm light (gray) or 460 nm light (blue). Ramp currents were subtracted from
baseline ramps taken in the absence of DA under 360 nm light. Currents show inward
rectification typical of GIRK current. Inset shows close overlap between the normalized
traces. (D) The kinetics of the onset and offset of photoblock at D1R(1183C) by MAP were
not significantly different (n.s. = not significant, two-tailed, unpaired ¢test). Error bars
represent SEM. (E) Photoblock of D1R(1183C) by MAP is bistable. A brief flash of 460 nm
light (blue bar) induced a decrease in dopamine-evoked current that was sustained in the
dark for ~30 s until it was reversed by a brief flash of 360 nm light (gray bar). (F) The
magnitude of photoblock of D1R(1183C) by MAP decreases with increasing concentrations
of DA. Error bars represent SEM for n= 3-9 cells per concentration of DA.

JAm Chem Soc. Author manuscript; available in PMC 2018 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Donthamsetti et al. Page 27

B - I . Clllll.ll'll
10 uyM DA MW"M N
25 pA 50pA 50pA
30s
© n .
1uMLesoo T 10M DA mieso & & H 1 M LE300
T o0 — Y
5
"\ 3z r ]
- | A
2340 |
23
fea| 111
|2oo pA WT 150 pA G88C = l:_s PA
: 20 60s

Figure5.
MAP is an inverse agonist at D1IR(G88C). (A) Ribbon representation of a D1R homology

model bound to protonated DA (red). Amino acid G88 in EL1 (shown in blue and
highlighted by an arrow) is adjacent to the OBS that binds DA. (B) When MAP is attached
to G88C, photoswitching from 360 and 460 nm light decreases both basal and DA-evoked
inward current. (C) Photoswitching of the basal current is repeatable. (D) Photoswitching of
the basal current is bistable. (E) Basal inward current is reduced in response to LE300 in
cells expressing wildtype D1R. (F) Basal inward current is reduced in response to LE300 in
cells expressing D1R(G88C). (G) Summary of the effects of LE300 on basal inward current
in cells expressing WT D1R, G88C, and 1183C. Error bars represent SEM for n= 3-4 cells
per receptor (not significant, one-way ANOVA). (H) LE300 partially attenuated the ability
of MAP to photoblock the basal inward current in cells expressing D1R(G88C).
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Figure®6.
MAP photoblocks D1R. (A) A surface representation of a D1R homology model. Fifteen

residues surrounding the DA binding site of D1R were individually mutated to cysteines.
These sites were located on the extracellular face of TM2 (orange), EL1 (blue), EL2 (green),
or extracellular face of TM7 (cyan). Protonated DA is shown bound to the OBS of D1R
(red). (B) Summary of photoblock at cysteine mutants of D1R by MAP. Error bars represent
SEM for 7= 3-9 cells per cysteine mutant.
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Figure 7.
MAP photoblocks D2R. (A) When MAP is attached to 1184C, photoswitching from 360 and

460 nm light decreases both basal and DA-evoked current. (B) A surface representation of a
D2R homology model. Fourteen residues surrounding the dopamine binding site of D2R
were individually mutated to cysteines. These sites were located on the extracellular face of
TM2 (orange), EL1 (blue), EL2 (green), or extracellular face of TM7 (cyan). Protonated
dopamine is shown bound to the orthosteric binding site (OBS) of D2R (red). (C) Summary
of photoblock of cysteine mutants of D2R by MAP. Error bars represent SEM for n=3-7
cells per cysteine mutant.
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Scheme 1.
Synthesis of Maleimide—Azobenzene—-PPHT (MAP)
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