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ABSTRACT: Dopamine D1 receptor (D1R) plays key roles in
health and disease. D1R is broadly expressed throughout the brain
and body and is dynamically activated in response to endogenous
dopamine, making it difficult to target this receptor with sufficient
precision. We previously developed a robust light-activatable,
tetherable agonist for D1R, wherein a temporally precise
photoswitch (the P compound) binds to a genetically encoded
membrane anchoring protein (the M protein) in specific brain
locations and cell types. Here we extended our approach by
developing a complementary antagonist P compound that could be
used to block specific populations of D1R in the brain with precise
timing. Together, we have generated a robust toolkit for
interrogating D1R function in the brain with unprecedented
precision.

■ INTRODUCTION
The neuromodulator dopamine plays key roles in health
(movement, reward, motivation, aversion, vasodilation) and
disease (Parkinson’s disease, schizophrenia, addiction, hyper-
tension) via its actions on five G protein-coupled dopamine
receptors.1−7 Dopamine receptors are divided into two
subfamilies, the Gs/olf-coupled D1-like receptors (D1R, D5R)
and the Gi/o/z-coupled D2-like receptors (D2R, D3R, D4R).
Considerable effort has gone toward developing small
molecule dopamine receptor ligands for the treatment of
disease. For example, D1-like receptors are putative targets for
treatment of central nervous system (CNS) disorders such as
Parkinson’s Disease, and they have been targeted peripherally
for hypertension.8−12 However, D1-like receptors are broadly
expressed throughout the body, including outside the nervous
system, and are activated with complex temporal dynamics,
making it difficult to identify precisely which receptor
populations must be targeted to maximize therapeutic efficacy
and avoided to minimize adverse side effects.

Existing methods for interrogating the function of D1-like
receptors lack precision. Most conventional small molecule
drugs cannot differentiate between D1R and D5R due to the
high degree of homology in the orthosteric dopamine binding
site.13 In addition, these agents are freely diffusible so they
cannot be used to target specific cell types and tissues. Genetic
approaches (knockin, knockout, overexpression) are molecu-
larly and spatially specific but are long lasting, which limits our
understanding of the temporal dynamics of receptor activation

and are prone to compensatory changes in gene expression.
Chemogenetic (DREADDs) and optogenetic (opto-XRs)
techniques can be used to engage signaling with cellular and
spatiotemporal specificity, but these tools are ectopically
overexpressed unnatural proteins that lack biochemical
selectivity for dopamine and potentially overdrive the
system.14,15

We have had a long-standing interest in developing chemical
tools to interrogate complex receptor systems and deconvolve
the contribution of individual receptor subtypes in specific cells
to neural circuit function.16,17 In an approach called photo-
pharmacology, a photochromic ligand can be rendered
biologically active or inactive under the action of light.18 In
its simplest conception, a photoreactive protecting group can
be removed under irradiation with light to reveal the
biologically active ligand that remains active until it is removed
by diffusion. For example, photocaged dopamine can enable
timed dopamine release by light.19−21 Alternatively, a ligand
can also be equipped with a permanent photochromic unit that
is incorporated into its scaffold. For example, azobenzene-
based photoswitches can be reversibly toggled between a cis-
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and trans-configuration, with one form ideally being bio-
logically inactive and the other being active.18 However, these
compounds diffuse out of the illuminated target area,
undermining spatial precision. Moreover, while light can
provide spatial focus to tissues and tissue areas of interest for
switching the ligand to an active or available state, dopamine
receptors are expressed in different cell types within the same
brain area.

We recently solved the problems of diffusion and cell-
specificity using an approach called membrane-anchored
photoswitchable orthogonal remotely tethered ligand (MP),
which has two components (Figure 1).22−24 The first
component is a photoswitchable ligand (the P compound)
that is linked to a reactive substrate (e.g., benzylguanine) via a
flexible linker (Figure 1A). The second component is a
genetically encoded membrane-anchoring protein (the M
protein) that contains a self-labeling protein-tag (e.g., SNAP-
tag) that is compatible with the reactive substrate, which is
selectively expressed in the cell type of interest (Figure 1B).
After the P compound attaches to the M protein in a
chemically specific covalent labeling event, the MP complex
redistributes in the cell membrane, where it encounters the
target receptor, thereby placing the P within reach of the
receptor ligand binding site so that the ligand is able to bind in
a light-gated manner (Figure 1B).

We recently developed D2-like receptor selective agonist
and antagonist MPs that are tethered via chloroalkane to a
HaloTag M protein (MP-D2ago and MP-D2block, respec-
tively).24 We also developed a D1-like receptor agonist MP
that can be tethered via benzylguanine to a SNAP-tagged M
protein.16,23 This compound, MP-D1ago, is based on the ligand
PPHT and operates as a bistable photoswitch that is active in
the trans-configuration under blue light and inactive in the cis-
configuration under near-UV light. Using this trans-active MP-
D1ago system, we found that the acute activation of D1R in the
dorsal striatum of mice promotes movement initiation and
reinforces antecedent patterns of cortical brain activity.16,25

In this study, we set out to develop a light-mediated D1-like
receptor antagonist MP to complement our existing dopamine
receptor MP toolkit. We designed compounds that conjugate
to SNAP-tag, enabling future multiplexed experiments wherein
SNAP-M for D1-like receptors and Halo-M for D2-like
receptors can be controlled independently. Here, we report
the development of a thermally bistable D1R receptor-specific
tethered antagonist (MP-D1block) that completes a set of
tethered ligands to activate or inactivate dopamine recep-
tors.16,23,24 This new MP will provide the chemical basis to
study cell-specific D1R action in vivo.

Figure 1. Design of a photopharmacological system to control a GPCR such as D1R in a cell type-specific and spatiotemporal manner. (A) The
chemical component (the P compound) is comprised of a SNAP-tag reactive benzylguanine linked via a flexible polyethylene (PEG)-linker to a
photoswitchable ligand. (B) Specific cells are genetically modified to express the membrane anchored protein (M), a SNAP-tag anchored to the cell
membrane via a single-pass transmembrane segment anchor. After application of the P compound to M protein-expressing cells, the covalent MP
complex is formed. The P reaches from the M to the receptor and reversibly binds in response to a specific wavelength of light.
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Figure 2. Design of a D1R MP blocker. (A) Dopamine and conformationally restricted D1R partial agonists and antagonists sharing a common
tetrahydro-1H-3-benzazepine scaffold. (B) Tool compounds based on D1R antagonist SKF83566 (such as SKF83566-Fluorescein) indicate that
the elongation of the phenyl ring in the para-position is tolerated without compromising potency. This site is suitable for the incorporation of
azobenzene connected to a PEG linker and benzylguanine (BG) at that position for the design of a D1R tool for proximity photopharmacology.

Figure 3. Multistep chemical synthesis of P-D1block12 and P-D1block24. (A) Synthesis of PEGylated D1R antagonist intermediates 12 and 13
harboring a photoswitchable azobenzene moiety. (B) Assembly of the tool compounds P-D1block12 and P-D1block24 by connecting intermediates 12
and 13 and to benzyl guanine carboxylic acid (BG-COOH).
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■ RESULTS AND DISCUSSION
D1R can be blocked by synthetic small molecule inhibitors
based on a tetrahydro-1H-3-benzazepine scaffold (Figure 2).
One of the first reported D1-like selective partial agonists was
the catechol benzazepine SKF38393 (Figure 2A).26−28 With
this scaffold, the biologically active conformation of dopamine
is mimicked by constraining the amine into a seven-membered
ring.29 The substitution pattern on the aryl moiety was
subsequently optimized, leading to the discovery of the D1R
full agonist drug fenoldopam (Figure 2A), which has an
additional chlorine substituent and a phenol instead of a
phenyl group.30 Within these benzazepine derivatives, the
benzylic stereocenter is important, with the S-enantiomer
being virtually inactive.31−33 The exchange of one catechol
hydroxy group to a halogen and N-Methylation led to the
development of D1-like receptor selective antagonists such as
aryl-bromide variant SKF83566.34 Further modifications on
the benzazepine scaffold include the rigidification of the
pendant phenyl with an ethane bridge onto the azepine moiety,
yielding D1R antagonist ecopipam (Figure 2A), which is
currently under clinical investigations for several CNS
disorders.12

A series of tetrahydro-1H-3-benzazepine based-D1R tool
compounds were previously developed to visualize and study
dopamine receptors in cells. Here, the appendant phenyl group
on the tetrahydro-benzazepine was elongated with a short
linker to connect to large residues, such as fluorescein and
BODIPY (Figure 2B) without compromising their ability to
bind D1R.35−37 We identified the phenyl group as ideal
azologization motif for the development of D1R antagonist P
compound, as the phenyl can be extended with an azobenzene
and linked to the PEG linker to the benzylguanine, the
substrate for the SNAP-tag in the M protein.38 Recent cryo-
EM structures of a D1R-Gs complex bound to benzazepine
agonists confirm that the phenyl lies at the solvent accessible
top region of the orthosteric site in the seven transmembrane
domain of the D1R, further supporting this proposed design of
a D1R antagonist P compound.39

Synthesis of P-D1block12 and P-D1block24. To set the stage
for the installment of the azobenzene unit, we first prepared
the known aniline 8 following literature reported methods
(Figure 3A):35 To this end, commercial bromoketone 1 was
converted to epoxide 2 in excellent yield by reduction with
NaBH4, followed by treatment with base. Epoxide opening of 2
with 4-methoxyphenylethylamine installed racemic phenyl-
ethanolamine derivative 4 that was cyclized to tetrahydro-1H-
3-benzazepine 5 using polyphosphoric acid at 100 °C. In an
Eschweiler−Clarke reaction, methylation of the secondary
amine 5 was achieved in good yield. Resolution of 6-rac using
a chiral tartaric acid derivative yielded the biologically active R-
enantiomer 6 in >99% ee, as determined by chiral HPLC. The
sign of the optical rotation matched literature reported values,
and absolute configuration was assumed based on literature
precedence.40

Bromination followed by Raney-Nickel reduction furnished
the desired aniline 8 in overall good yields that underwent
Baeyer−Mills reaction with freshly prepared nitroso-phenyl-
ethyl Boc-amine 9 in acceptable yields. Boron tribromide
effected methoxy deprotection of 10, but also resulted in Boc-
deprotection. For purification purposes, we protected the
primary amine with Boc2O to yield 11 that was stable and
could be purified on SiO2. Boc-deprotection of 11 with TFA

provided a primary amine as the connecting point for
introduction of the long flexible linker.

For our tethered photopharmacological approach, PEG-
linkers have proven to be suitable as they are soluble,
monodisperse, commercially available in different lengths,
and biocompatible. Reaction of the crude primary amine in a
TSTU-mediated peptide coupling with FmocNHPEG[n]-
CH2CH2COOH yielded photoswitchable D1R antagonists
with the desired flexible linker. We chose to use PEG[12] and
PEG[24], lengths that have previously successfully spanned the
distance between orthosteric GPCR binding site and proximal
M protein-bearing reactive tag.17,24 Piperidine effected Fmoc-
deprotection to unveil primary amines 12 (PEG[12]) and 13
(PEG[24]) that were then coupled to the SNAP-tag substrate
benzyl guanine (BG-COOH) by TSTU-mediated peptide
coupling (Figure 3B).41 Finally, the desired remotely tethered
D1R antagonists (R)-P-D1block12 and (R)-P-D1block24 were
obtained. The procedure starting from 6 was performed using
pure (R)-intermediate. Additionally, an (S)-configured sample
of 6 with 56% ee was used to generate (S)-P-D1block(12).

Photophysical Characterization of P-D1block(n). We
then characterized the photophysical properties of P-
D1block24 by UV−vis and NMR spectroscopy to confirm
classic azobenzene behavior in response to light (Figure 4). P-

D1block12 was assumed to perform on par to P-D1block24, as no
change in the chromophore unit has occurred. Full thermally
relaxed trans-P-D1block24 has an absorption maximum of 338
nm in DMSO (Figure 4A). After irradiation with 370 nm light
for 10 min, cis-enriched P-D1block24 absorbs visible light
maximally at 436 nm and can be switched back into its trans-
enriched form under irradiation with 460 nm light (10 min).
P-D1block24 can be switched reversibly without fatigue using
alternating 370 nm/460 nm light irradiation (Figure 4B). We

Figure 4. Photophysical characterization of P-D1block24. (A) UV−vis
absorption spectra of dark-adapted (100% trans) P-D1block24 in
DMSO (20 μM), and after preirradiation with 370/460 nm for 10
min. (B) Reversible switching of P-D1block24 without fatigue in
DMSO (20 μM) under 370/460 nm irradiation. (C) Photostationary
state (PSS) of P-D1block24 in DMSO (20 μM, 24 °C), after
preirradiation with 360/420 nm for 10 min. Determination of the
photostationary state was achieved by LCMS by separation of isomers
and integration of the Abs at the isosbestic point of cis- and trans-
isomers at the respective elution solvent mixtures. (D, E) P-D1block24
was determined to be thermally stable in 10% DMSO (t1/2 = 100 h)
and 100% DMSO in PBS (t1/2 = 11.8 h) at 37 °C, detection of the
Abs was performed at 340 nm after preirradiation of the samples for
10 min at 360 nm.
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determined the photostationary state by preirradiating a 20 μM
solution of P-D1block12 in DMSO at ambient temperature for
10 min and physically separating the sample into its cis- and
trans-P-D1block24 isomers by LCMS to measure their ratio by
peak integration. Under 360 nm, 25% trans-isomer remains, at
420 nm, 9% cis-isomer remains (Figure 4C). The thermal
relaxation half-life of the cis-isomer was determined in DMSO
and 10% DMSO in PBS to confirm the bistable nature of the
tool compound with a τ of 100.2 and 11.8 h, respectively
(Figure 4D).

Functional Analysis of MP-D1block. Next, we measured
the effect on D1R of the P-D1block(n) compounds when
tethered to the M protein (MP-D1block). To determine D1R
function, we used a whole-cell patch clamp electrophysiology
assay in HEK293T cells that employs the G protein-activated
inwardly rectifying K+ (GIRK) channel as an effector
(Supplementary Figure 1). Cells were coexpressed with D1R,
GIRK, a modified G protein Gαis13 that allows D1R to couple
to GIRK, and the M protein (Supplementary Figure 1).
Following labeling with a P-D1block(n) compound, cells were
exposed to alternating 460 nm light and 370 nm light in the
absence and presence of dopamine, which activates D1R and
promotes an inward current via GIRK.

We first tested the effect of (S)-P-D1block12 tethered to the
M protein on D1R. Dopamine-induced current decreased
slightly in response to 370 nm light, an effect that was reversed
in response to 460 nm light (Figure 5A,D). In contrast, when
tethered to the M protein, its enantiomer (R)-P-D1block12
robustly inhibited dopamine-induced current (Figure 5B,D).
Together, these results indicate that (R)-P-D1block12 tethered
to the M protein is a robust photoantagonist of D1R in its cis-
configuration and is inactive in its trans-configuration. The

ability of (S)-P-D1block12 to weakly inhibit D1R is likely due to
the presence of (R)-P-D1block12 in the sample (56% ee).
Overall, this is consistent with earlier evidence that (R)-
tetrahydro-1H-3-benzazepines being better binders of D1R
than their (S)-enantiomers.31,32 Next, we tested the effect of
extending the PEG linker from 12 to 24 PEGs. We observed
(R)-P-D1block24 to have enhanced photoblock (Figure 5C,D),
with the potency of dopamine reduced by ∼ 216-fold in the cis-
configuration (Figure 5E).

According to Schild analysis, this level of inhibition aligns
with that expected from a ∼ 430 nM concentration of the
parent compound SKF83566 (Ki = 2 nM).36,42 Consistent with
the thermal stability of (R)-P-D1block24, only a short pulse of
light was required to inhibit (370 nm) or disinhibit (460 nm)
dopamine-induced receptor activation (Figure 5F).

■ CONCLUSION
Together with our previous work, we have successfully
completed a robust chemical toolbox of photoswitchable
agonist and antagonist P compounds that can rapidly activate
or prevent the activation of endogenous D1R and D2R.16,24 By
engineering a photochromic azobenzene unit into a dopamine
receptor ligand, a specific wavelength of light toggles the P
compound into a bioactive configuration that binds to the
receptor orthosteric site and a different wavelength of light that
reverses the compound back to its binding-incompatible
inactive configuration. The P compound is restricted to a
desired cell type and location via covalent attachment to a
genetically encoded membrane-anchored self-labeling protein
tag (the M protein). On the membrane of that cell, the MP
complex interacts with the target receptor via random collision
on the cell surface. Here, we report the development of a novel
light-controllable, reversible, and cell type-specific D1R
antagonist (MP-D1block) based on a tetrahydro-1H-3-benza-
zepine scaffold.

We have previously developed a robust D1R MP agonist
(MP-D1ago) and demonstrated that its photoactivation in
striatal direct-pathway medium spiny neurons (dMSNs)
increases movement initiation and reinforces anteceding
cortical patterns.16,25 This agonist tool enables selective and
precisely timed activation of D1R in living animals and is
therefore able to reveal whether a receptor in a particular cell is
suf f icient for a specific behavior. In parallel, the herein reported
tool MP-D1block could provide complementary results if used
to block endogenous dopamine from activating D1R and to,
thereby, reveal whether the receptor is necessary for the
behavior. Together, the insights from studies using either MP-
D1ago or MP-D1block could provide a comprehensive view of
the functional role of D1R in the brain.

The MP-D1 toolkit will enable studies of individual receptor
contributions within the dopaminergic signaling system. The
current experimental setup requires two light sources to
reversibly switch the system between the active and inactive
cis- and trans-states. Future iterations could leverage
azobenzene variants that are single-wavelength activated and
fully self-relax back to the inactive trans-state as shown in
previously reported MP-D2 tools.24 By requiring only one light
source, the experimental setup is streamlined and the
experimental applicability is broadened. In addition, MP-D1
and MP-D2 currently both require blue light and thus cannot
be controlled independently in the same sample, limiting our
understanding of the synergistic effects of D1-like and D2-like
receptors in the brain.16,24,43 To address this, far-red

Figure 5. MP-D1block photoblocks D1R. (A) When tethered to the M
protein, (S)-P-D1block12 weakly blocks D1R in its cis-configuration,
which is likely due to the presence of the (R)-configured enantiomer
in the sample (56% ee; 22% (R)-content). (B−D) (R)-P-D1block24
tethered to the M protein more effectively inhibits D1R than (S)-P-
D1block12 or (R)-P-D1block12 tethered to the M protein in response to
370 nm light. (E) (R)-P-D1block24 tethered to the M protein decreases
the potency of dopamine at D1R, consistent with competitive
antagonism. (F) Consistent with its bistability, (R)-P-D1block24
tethered to the M protein elicits sustained inhibition of D1R in the
dark following a short pulse of 370 nm light (gray bar), a process that
is reversed with a short pulse of 460 nm light (blue bar).
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azobenzene variants could be incorporated into either MP-D1
or MP-D2.44 Finally, the MP system relies on a genetically
encoded protein to achieve cell type- and spatial specificity,
which may limit its versatility in certain models. Incorporating
immunochemical strategies into future designs could enhance
use across to a wider range of biological systems without
genetic modification.

When released, dopamine coactivates multiple dopamine
receptors at once. Based on conventional behavioral
pharmacology studies in rodents, dopamine receptor coac-
tivation has been suggested to synergistically control down-
stream behaviors such as movement.43,45 However, because
conventional D1R agonists and antagonists bind this receptor
throughout the body, it is unclear which dopamine receptor
populations in which cell types drive these effects. By
employing orthogonal SNAP-tag labeling for our D1R MPs
and HaloTag labeling for our D2R MPs, we can now
selectively and simultaneously target multiple dopamine
receptors, offering unique insight into dopamine action in
the brain.

D1R is an attractive but historically intractable target for
treating Parkinson’s Disease and other CNS disorders. This is
in part because existing drug scaffolds have poor physiochem-
ical properties, but also because these drugs broadly affect
D1Rs across the brain and body. In addition, existing methods
lack cellular and spatiotemporal precision, hindering identi-
fication the D1R populations that need to be targeted to treat
disease. Our D1R MPs offer a unique opportunity to
systematically target specific D1Rs in the brain and periphery
and uncover their clinical potential. Furthermore, MP and
related technologies could potentially be used in the clinic to
treat disease with unprecedented precision, maximizing
therapeutic efficacy and minimizing off-target effects.
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