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ABSTRACT

The Dy dopamine receptor is linked to a variety of neuropsychi-
atric disorders and represents an attractive drug target for the
enhancement of cognition in schizophrenia, Alzheimer disease,
and other disorders. Positive allosteric modulators (PAMs), with
their potential for greater selectivity and larger therapeutic
windows, may represent a viable drug development strategy, as
orthosteric D4 receptor agonists possess known clinical liabili-
ties. We discovered two structurally distinct D, receptor PAMs,
MLS6585 and MLS1082, via a high-throughput screen of the
NIH Molecular Libraries program small-molecule library. Both
compounds potentiate dopamine-stimulated G protein- and
B-arrestin-mediated signaling and increase the affinity of dopa-
mine for the D¢ receptor with low micromolar potencies. Neither
compound displayed any intrinsic agonist activity. Both com-
pounds were also found to potentiate the efficacy of partial
agonists. We tested maximally effective concentrations of each

PAM in combination to determine if the compounds might act at
separate or similar sites. In combination, MLS1082 + MLS6585
produced an additive potentiation of dopamine potency beyond
that caused by either PAM alone for both B-arrestin recruitment
and cAMP accumulation, suggesting diverse sites of action. In
addition, MLS6585, but not MLS1082, had additive activity with
the previously described D4 receptor PAM “Compound B,”
suggesting that MLS1082 and Compound B may share a
common binding site. A point mutation (R130Q) in the D;
receptor was found to abrogate MLS1082 activity without affecting
that of MLS6585, suggesting this residue may be involved in the
binding/activity of MLS1082 but not that of MLS6585. Together,
MLS1082 and MLS6585 may serve as important tool com-
pounds for the characterization of diverse allosteric sites on the
D, receptor as well as the development of optimized lead
compounds for therapeutic use.

Introduction

There is great interest in identifying small-molecule ligands
for G protein-coupled receptors (GPCRs), as nearly 50% of all
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FDA-approved drugs target these important receptor proteins
(Eglen, 2007). Unfortunately, many of these drugs are not very
selective and exhibit problematic or limiting side effects owing
to undesirable off-target signaling. A therapeutically impor-
tant subclass of GPCRs is that activated by dopamine (DA), a
crucial neurotransmitter in both the central nervous system
and the periphery (Sibley and Monsma, 1992; Rankin et al.,
2010). In mammals, five distinct DA receptor (DAR) subtypes
exist and are divided into two subfamilies on the basis of their
structure, pharmacology, and signaling properties (Sibley and
Monsma, 1992; Beaulieu and Gainetdinov, 2011). The D1-like
DARs (D1R and D5R) are coupled to Gag/, s proteins and
activate adenylyl cyclase, resulting in increased intracellular

ABBREVIATIONS: BRET, bioluminescence resonance energy transfer; Compound B, Cmpd B, rel-(9R,10R,12S)-N-(2,6-dichloro-3-methylphenyl)-
12-methyl-9,10-dihydro-9,10-ethanoanthracene-12-carboxamide; DA, dopamine; DAR, dopamine receptor; DETQ, 2-(2,6-dichlorophenyl)-1-
((1S,3R)-3-(hydroxymethyl)-5-(2-hydroxypropan-2-yl)-1-methyl-3,4-dihydroisoquinolin-2(1H)-yl)ethan-1-one; DHX, dihydrexidine; DMSO, dimethyl
sulfoxide; GPCR, G protein-coupled receptor; ICL2, second intracellular loop; PAM, positive allosteric modulator; PBS, phosphate-buffered saline;

PFC, prefrontal cortex; RLUs, relative luminescence units.
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cAMP levels. In contrast, the D2-like DARs (D2R, D3R, and
D4R) are coupled to Gaj, proteins, which inhibit adenylyl
cyclase activity and also modulate K*- and Ca®"-channel
activities. Dysfunction of the central nervous system dopami-
nergic system is involved in the etiology and/or therapy of
many neuropsychiatric disorders, which are treated with
drugs that either stimulate or block DAR subtypes, making
these receptors key therapeutic targets.

The most highly expressed DAR subtype is the D1R, which
is found in high abundance in various regions of the mamma-
lian forebrain, including the striatum, cerebral cortex, hippo-
campus, and the olfactory bulb. Physiologically, it plays a
crucial role in regulating movement, cognition, learning and
memory, as well as reward and reinforcement. As such, the
D1R provides an attractive drug target for the treatment
of several disorders including the decline of cognition and
memory, both hallmarks of Alzheimer disease, schizophrenia,
and Parkinson disease. Seminal work by Goldman-Rakic and
others have shown that an optimal level of D1-like receptor
activity in the prefrontal cortex (PFC) is required for ideal
performance in learning and memory tasks (Cai and Arnsten,
1997; Castner and Goldman-Rakic, 2004; Goldman-Rakic
et al., 2004; Nakako et al., 2013). Either too little or too much
D1R stimulation (the latter can occur with high levels of DA
release during stress) impairs PFC function (Arnsten and
Dudley, 2005; Arnsten and Li, 2005; Vijayraghavan et al.,
2007). These observations have led to the “inverted U”
hypothesis of the relationship between D1R stimulation and
normal physiologic functioning of the PFC (Arnsten et al.,
2009), suggesting that “fine-tuning” D1R stimulation may be
effective for enhancing cognition. Notably, the Measurement
and Treatment Research to Improve Cognition in Schizophre-
nia (MATRICS) program evaluated a range of molecular
targets for enhancing cognition and rated the DIR in the
PFC as the most promising target (Tamminga, 2006). Addi-
tionally, animal tests have confirmed the positive effects of
D1R stimulation on working memory and cognitive function
(Goldman-Rakic et al., 2004).

One approach for optimizing D1R stimulation is the devel-
opment of compounds that enhance dopamine activity, with-
out directly activating the receptor itself. Such compounds,
termed positive allosteric modulators (PAMs), may bind to
sites on the receptor separate from the orthosteric binding
site. PAMs may enhance endogenous ligand activity through
augmenting agonist potency, efficacy, or both. PAMs may
confer advantages over traditional orthosteric agonists; for
instance, PAMs may have fewer off-target side effects, as they
bind to less conserved regions of a receptor. Likewise, PAMs
may also exhibit decreased or no receptor desensitization
compared with orthosteric agonists (May et al., 2007; Gjoni
and Urwyler, 2008). Importantly, allosteric compounds can
also function as “stabilizers” of signaling pathways, as they
exert their effects by enhancing the activity of endogenous
neurotransmitters without overwhelming the underlying
neuronal tone. Taken together, development of D1IR PAMs
may be an attractive approach for developing therapeutic
compounds as well as tools to further advance our under-
standing of D1R signaling. Indeed, D1R PAMs have been
described recently by other groups (Lewis et al., 2015;
Svensson et al., 2017; Bruns et al., 2018).

To discover novel D1IR PAM molecules, we employed a
high-throughput screening paradigm to interrogate the

NIH Molecular Libraries Screening Center Network small-
molecule library. Here, we report the discovery and charac-
terization of two structurally distinct positive allosteric
modulators of D1R signaling, MLLS1082 and ML.S6585. These
compounds have no inherent agonist activity but potentiate
both G protein- and B-arrestin-mediated signaling stimu-
lated by both the endogenous ligand dopamine and other
D1R agonists. Further, using functional additivity as well as
mutational approaches, we obtained evidence that MLS1082
and MLS6585 probably bind to diverse receptor sites. Over-
all, our current studies describe novel D1R PAM compounds
and also provide evidence for multiple allosteric sites on
the D1R.

Materials and Methods

Materials. Original screening quantities of MLS1082 and MLS6585
were obtained from the Molecular Libraries Screening Center
Network Library. Compounds were subsequently purchased from
MolPort (Riga, Latvia) for follow up triage studies. All other chemicals
were obtained from MilliporeSigma (St. Louis, MO) unless otherwise
indicated within the Methods. All tissue culture media and compo-
nents were obtained from Mediatech, Inc./Corning Inc. (Manassas,
VA). Finally, ML.S1082, ML.S6585, and Compound B were synthesized
in-house at the KU Specialized Chemistry Center, as described in
the supplemental section (Supplemental Methods). Some batches of
Compound B were also synthesized at Monash University. Identi-
cal results were obtained with all batches of compounds from all
suppliers.

Calcium Mobilization Assay. HEK293T cells were stably trans-
fected with human D1R and Ga;s protein using the Flp-In T-REx
expression system (Thermo Fisher Scientific, Waltham, MA). Cells
were first stably transfected with the human D1R in pcDNA3.1+ and
selected with G418. Colonies were validated by radioligand binding
for D1R expression. Cells were then stably transfected with Gais
protein in G15/pIREShygro (Clonetech, Mountain View, CA) vector
that imparted hygromycin resistance and subsequently selected
with hygromycin. G15 expression was validated from individual
colonies using the Ca?" mobilization assay. Cells lines giving the
most robust calcium response were selected for screening assays.
D1R-stimulated calcium mobilization was measured using methods
similar to those previously published by our laboratory (Chun et al.,
2013). For high-throughput screening, D1R-G15 cells (4000 cells/well
and 3 ul/well) were added directly to the culture media and plated
in 1536-well, optical, clear-bottomed, black-walled plates (Greiner
Bio-one, Monroe, NC). The following day, cells were incubated for
60 minutes at room temperature in the dark with Fluo-8 NW calcium
dye in the presence of an extracellular signal quencher (Screen Quest
Fluo-8 NW Calcium Assay Kit; AAT Bioquest, Inc., Sunnyvale, CA),
as recommended by the manufacturer. The plates were then treated
with 40 uM test compound and read kinetically in real time (every
0.6 seconds) both before compound addition and for 2 minutes after
compound addition. Compound additions were done in unison using
an onboard 1536-pintool simultaneously with continuous reading
at an excitation wavelength of 480 nm and an emission wavelength
of 540 nm on an FDSS 7000 (Hamamatsu, Bridgewater, NJ). For
potentiation assays, cells were first treated with test compound as
described above followed by a second addition of an EC5( concen-
tration of DA (~300 nM) to give a small response that allows for
measurement of the potentiation of the dopamine response. In this
paradigm both agonist activity and potentiation could be examined in
a single read. Data were recorded and quantified as maximum minus
minimum (max-min) relative fluorescence units within the assay
window using FDSS software. Hit compounds were defined as
compounds that significantly (>3 SD) potentiated the ECy response
of DA and were chosen for further study.
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cAMP Accumulation Assay. Assays were performed on D1R-
HEK293 cells stably expressing the human D1R (Codex Biosolutions,
Gaithersburg, MD). HEK293 cell lines were maintained in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine serum,
100 IU/ml penicillin, 100 wg/ml streptomycin, 1 mM sodium pyruvate,
and 250 pg/ml G418, and incubated at 37°C, 5% CO,, and 90%
humidity. For the assay, cells were seeded in 384-well black, clear-
bottomed plates at a density of 5000 cells/well, 10 ul/well. After 18- to
24-hour incubation at 37°C, 5% CO,, and 90% humidity, the media
was removed and replaced with 5 ul/well phosphate-buffered saline
(PBS). Cells were then treated with 2.5 ul of varying concentrations
of compound diluted in <3% dimethylsulfoxide (DMSO) in PBS
containing 25 uM 4-(3-butoxy-4-methoxybenzyl)imidazolin-2-one
(Ro 20-1724), 1 uM propranolol, 0.2 mM sodium metabisulfite, and
incubated for 30 minutes at 37°C, 5% COs, and 90% humidity. cAMP
was measured using the DiscoverX HitHunter kit (DiscoverX,
Fremont, CA) according to the manufacturer’s recommendations.
Briefly, antibody and working solution were added to each well
according to the manufacturer’s protocol and incubated in the dark
at room temperature for 60 minutes. Following incubation, enzyme
acceptor reagent was added to the plates and luminescence [as relative
luminescence units (RLUs)] was measured (FDSS/uCell; Hamamatsu
Photonics K. K., Hamamatsu, Japan) following a 3-hour incubation in
the dark at room temperature. Data are represented as a percentage
of the control maximum dopamine-stimulated cAMP signal.

B-Arrestin Recruitment Assay. Agonist-mediated recruitment
of B-arrestin-2 to all five dopamine receptor subtypes was determined
using the DiscoverX PathHunter complementation assay (DiscoverX
Inc.), as previously described by our laboratory (Free et al., 2014;
Conroy et al., 2015). Briefly, CHO-K1 cells stably expressing either
human D1R, D2R, D3R, D4R, or D5R, as indicated, were seeded in
cell plating media (DiscoverX) at a density of 2625 cells/well and
7.5 ul/well in 384-well black, clear-bottomed plates. Following 18- to
24-hour of incubation, the cells were treated with the indicated
concentrations of compound in PBS buffer containing <2% DMSO and
0.2 mM sodium metabisulfite and incubated at 37°C for 90 minutes.
DiscoverX reagent was added to cells according to the manufacturer’s
protocol, followed by a 60-minute incubation in the dark at room
temperature. Luminescence was measured on a Hamamatsu FDSS/
uCell reader (Hamamatsu) and data were collected using the FDSS
software. Data were collected as RLUs and normalized to a percentage
of the control luminescence seen with a maximum concentration of
dopamine, with zero percent being RLUs produced in the absence of
any compound.

Radioligand Binding Assays. Radioligand binding competition
assays were conducted with slight modifications as previously de-
scribed by our laboratory (Chun et al., 2013). HEK293 cells stably
transfected with human D1R (Codex Biosolutions, Inc.) were dissoci-
ated from plates using Earle’s balanced salt solution lacking calcium
and magnesium, and intact cells were collected by centrifugation at
1000g for 10 minutes. Cells were resuspended and lysed using 5 mM
Tris-HCl and 5 mM MgCl; at pH 7.4 at 4°C. Cell lysate was pelleted by
centrifugation at 30,000g for 30 minutes and re-suspended in 50 mM
Trizma + 5 mM MgCl, at pH 7.4. Cell membrane preparations (100 ul,
containing ~25 ug protein) were incubated for 90 minutes at room
temperature with the indicated concentrations of MLS1082 or MLS6585
in the presence or absence of dopamine and 0.5 nM [°H]-SCH23390 in
a final reaction volume of 250 ul. Non-specific binding was determined
in the presence of 4 uM (+)-butaclamol. Bound ligand was separated
from free by filtration through a PerkinElmer Unifilter-96 GF/C
96-well micro-plate using the PerkinElmer Unifilter-96 Harvester,
washing three times, 1 ml per well in ice-cold assay buffer. After
drying, 50 ul of liquid scintillation cocktail (MicroScint PS; Perkin
Elmer, Waltham, MA) was added to each well, plates were sealed,
and analyzed on a PerkinElmer Topcount NXT.

Data Analysis. Binding-interaction studies with allostericligands
were fitted to the following allosteric ternary complex model (May
et al., 2007), eq. (1):
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Where Y is percentage (vehicle control) binding; B,.x is the total
number of receptors; [A], [B], and [I] are the concentrations of
radioligand, allosteric modulator, and the orthosteric ligand, respec-
tively; Ka, Kg, and Kj are the equilibrium dissociation constants of the
radioligand, allosteric modulator, and orthosteric ligand, respectively.
o’ and « are the binding cooperativities between the allosteric ligand
and [PH]-SCH23390 and the allosteric modulator and the agonist
dopamine, respectively. Saturation binding experiments were used
to determine the value of pKj for [*H]-SCH23390 (pKs = 9.30, Kx =
0.5nM). Values of @ (or @’) > 1 denote positive cooperativity; values <1
(but >0) denote negative cooperativity, and value = 1 denotes neutral
cooperativity. For compound MLS6585, a near complete inhibition of
[H]-SCH23390 binding by the allosteric modulator was observed,
which is consistent with a very high level of negative cooperativity. In
this case to allow fitting of the data, loga’ was fixed to —3 to reflect this
high negative cooperativity. For compound MLS1082, no displace-
ment of [*H]-SCH23390 binding was observed, which is consistent
with neutral cooperativity (loga’ = 0). The dissociation constant of
dopamine (K7) was not fixed in these analyses but rather determined
for each separate experiment.

Concentration-response curves for the interaction between the
allosteric ligand and the orthosteric ligand in the B-arrestin re-
cruitment assays were globally fitted to the following operational
model of allosterism and agonism (Leach et al., 2007), eq. (2):

Em (TA[A] (KB + CYB[B]) + TB [B]KA)H
([A]JKp + KaKp + [B]Ka + a[A][B))" + (74[A](Kp + aB[B]) + 75[B]Ka)"
2

E=

Where E,, is the maximum possible cellular response; [A] and [B] are
the concentrations of orthosteric and allosteric ligands, respectively;
K, and K3 are the equilibrium dissociation constant of the orthosteric
and allosteric ligands, respectively; 7o and T are operational mea-
sures of orthosteric and allosteric ligand efficacy, respectively; « is the
binding cooperativity parameter between the orthosteric and alloste-
ric ligand; B denotes the magnitude of the allosteric effect of the
modulator on the efficacy of the orthosteric agonist and n denotes the
transducer slope that describes the underlying stimulus-response
coupling of the ligand-occupied receptor to the signal pathway. This
parameter was constrained to be shared between all curves within a
fitted dataset for each interaction study. In many instances, the
individual model parameters of eq. (2) could not be directly estimated
via the nonlinear regression algorithm by analysis of the functional
data alone owing to parameter redundancy. To facilitate model conver-
gence, therefore, we fixed the equilibrium dissociation constant of each
ligand to that determined from the binding assays. For all compounds no
agonism was observed so log g was fixed to —3.

Bioluminescence Resonance Energy Transfer Assays. Ex-
periments were performed in HEK239 cells transiently transfected
with D1R-RLuc8 and B-arrestin-mVenus [B-arrestin biolumines-
cence resonance energy transfer (BRET)] or Gas-mVenus + B1 + y2
(Gs BRET) using the polyethylenimine transfection method. Briefly,
4 x 10° cells/plate were seeded on 10-cm dishes and incubated
overnight. Appropriate amounts of DNA were combined with 3 ug/ul
polyethylenimine per microgram of DNA in nonsupplemented DMEM
and incubated with the cells overnight. Experiments were performed
48 hours post-transfection. On experiment day, cells were collected
and resuspended in Dulbecco’s phosphate-buffered saline with Ca®*
and Mg?" + 0.2 mM sodium metabisulfite + 5.5 mM glucose. Cells
were plated in 96-well white, solid-bottomed plates (Greiner Bio-One)
and incubated at room temperature for 45 minutes. Coelenterazine H
(5 uM; NanoLight Technology, Pinetop, AZ) was added to the cells and
incubated for 5 minutes at room temperature protected from light,
followed by incubation with the indicated concentration of compounds
for 5 minutes in >3% DMSO. Luminescence and fluorescence signals
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were measured using a PHERAstar plate reader (BMG LABTECH,
Cary, NC). BRET ratio was calculated by dividing the fluorescence
signal by the luminescence signal for each well and normalized to a
percentage of the control BRET ratio with a maximum concentration
of dopamine, with zero percent being the BRET ratio produced in the
absence of any compound.

Internalization Assay. Agonist-mediated D1R internalization
was assessed using the PathHunter Total GPCR Internalization
Assay system (Eurofins DiscoverX, Inc., Fremont, CA), which
utilizes an U20S cell line stably expressing the D1R tagged with a
Prolink tag, and an enzyme acceptor tag fused to an endosomal
marker protein. Trafficking of the tagged receptor to the endo-
somes results in complementation of the two enzyme fragments
and a subsequent chemiluminescent signal. The assay was con-
ducted according to the manufacturer’s recommendation as de-
scribed in Conroy et al. (2015).

Statistical Analysis. Data were analyzed using GraphPad Prism
6.01 (GraphPad Software, Inc., La Jolla, CA). All results are normal-
ized to dopamine control. Maximum efficacies are expressed as mean
+ S.E.M. Affinities and potencies are expressed as geometric mean
[95% confidence interval (CI)]. Statistical significance was determined
using two-tailed Student’s ¢ tests when two groups were compared and
one-way analysis of variance (ANOVA) with Bonferroni post-test
when multiple groups were compared, with P < 0.05 used as the cutoff
for statistical significance.

Results

High-Throughput Screening. To identify novel, positive
allosteric modulators (PAMs) of the dopamine D1 receptor
(D1R), we performed a high-throughput screen of the entire
Molecular Libraries Probe Production Centers Network small-
molecule library, comprising more than 400,000 compounds.
For the primary screen, an HEK293 cell line that coex-
presses the human D1R along with Ga;5 was engineered.
G5 has been documented to link many GPCRs, including
the D1R, to phospholipase C-mediated Ca®" signaling path-
ways (Offermanns and Simon, 1995). We found that DA
stimulation of our D1R-G;5 stable cell line robustly and
reproducibly elevated intracellular Ca2* levels as measured
by a fluorescent readout (data not shown). Although cAMP is
the primary signaling pathway for the D1R, we used a CaZ"
assay for the screen owing to robustness of the signal, ease
of use in high-throughput screen, and cost value. Potentiation
screens were conducted using a two-add, two-read protocol by
which a single concentration of library compound was added,
followed by the addition of an ECyg concentration of DA with
continual reading of the fluorescence signal in real time.
Primary hits were identified as compounds that resulted in
a potentiation of the Ca®" fluorescence signal produced by

Fig. 1. Structures of lead compounds
MLS1082 and MLS6585.

\ /

MLS6585

the ECy concentration of DA without any intrinsic agonist
activity. Approximately 1000 primary hits were selected on
the basis of efficacy and chemical diversity and were sub-
sequently validated by repetition of the primary Ca%* assay
using full concentration-response curves in D1R-G;5-containing
cells or parental cells lacking the D1R. Importantly, all hit
compounds were validated in an orthogonal, D1R-mediated
cAMP assay to confirm potentiation of an endogenous signal-
ing pathway. This hit validation process winnowed the
primary hit compounds from approximately 1000 down to
96 lead compounds. These lead compounds underwent exten-
sive counter-screening and triage experiments resulting in the
final selection of two structurally distinct lead PAMs,
MLS1082 and MLS6585 (Fig. 1), for further study.

MLS1082 and MLS6585 Potentiate B-Arrestin- and G
Protein-Mediated D1R Signaling. The two lead com-
pounds were initially characterized in B-arrestin recruitment
and cAMP accumulation assays to quantify D1R signal
potentiation. B-arrestin recruitment to GPCRs is canoni-
cally associated with termination of receptor signaling;
however, there is now appreciation that GPCRs, including
the D1R, can activate downstream signaling pathways via
B-arrestin recruitment (Urs et al., 2011). For these exper-
iments, we used the DiscoverX B-arrestin-D1R complemen-
tation assay to measure B-arrestin recruitment in response
to DA stimulation (Fig. 2). The ability of MLS1082 and
MLS6585 to potentiate the DA response was determined by
addition of a single, high concentration (50 uM) of each
compound. Addition of MLS1082 in the B-arrestin assay
increased the potency of DA by ~7-fold and the efficacy by
~20% (Fig. 2A). MLS6585 also increased DA’s potency and
efficacy by ~8-fold and ~34%, respectively (Fig. 2B). Neither
compound promoted recruitment of B-arrestin to the D1R in
the absence of dopamine, indicating that these compounds
have no intrinsic agonist efficacy (Fig. 2, A and B). These
data demonstrate that both compounds are potentiators of
DA-stimulated D1R mediated B-arrestin recruitment.

We next examined the ability of the PAMs to potentiate
DA-stimulated cAMP accumulation, the primary G protein-
mediated signaling mechanism of the D1R. In the presence of
a single, high concentration (50 uM) of MLLS1082, the potency
of DA for stimulating cAMP accumulation was increased
by ~3-fold without a change in efficacy (Fig. 2C). Likewise,
addition of MLS6585 (50 uM) to the assay increased the
potency of DA by ~6-fold with no change in efficacy (Fig. 2D).
The lack of efficacy potentiation (compared with the B-arrestin
recruitment assays) may be attributable to a ceiling effect
in the cAMP assays. To determine if the PAMs have any
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Fig. 2. Stimulation of B-arrestin recruitment and cAMP accumulation by dopamine is potentiated by a single, high concentration of MLS1082 or
MLS6585. B-arrestin recruitment and cAMP accumulation were measured following stimulation by the indicated concentrations of dopamine either
alone (DA) or in the presence of 50 uM of either ML.S1082 or MLS6585. Each PAM was also examined in the absence of DA, as indicated. (A) MLS1082
increased dopamine’s potency for recruiting B-arrestin (ECso [95% CI]: DA = 1.5 uM [0.66-3.4]; DA + MLS1082 = 0.22 uM [0.09-0.58], P = 0.009), and
efficacy (Emax = S.E.M.: DA = 98.6% * 2.6%; DA + MLS1082 = 118% * 2.6%, P = 0.013). (B) MLS6585 increased dopamine’s potency for recruiting
B-arrestin (ECsq [95% CI]: DA = 1.24 uM [0.78-2.0]; DA + MLS6585 = 0.15 uM [0.08-0.29], P = 0.0001), and efficacy (Emax + S.E.M. DA = 100% *+ 2.1%;
DA + MLS6585 = 134.8% *+ 2.6%, P = 0.024). Neither PAM displayed any measurable agonist activity in the B-arrestin recruitment assay. (C) MLS1082
increases dopamine’s potency for cAMP accumulation (EC5q [95% CI]: DA = 0.16 uM [0.08-0.29]; DA + MLS1082 = 0.04 M [0.02—-0.08], P = 0.0006) with
no increase in efficacy (Emax + S.E.M.: DA = 98.7% = 1.5%; DA + MLS1082 = 109.4% = 1.6%, P = 0.35). (D) MLS6585 increases dopamine’s potency
for cAMP accumulation (EC5q [95% CI]: DA = 0.1 uM [0.05-0.21]; DA + MLS6585 = 0.03 «M [0.01-0.05], P = 0.0001) with no increase in efficacy (Emax =+
S.E.M.: DA =98.7% *+ 1.5%; DA + MLS6585 = 99.4% * 1.6%, P = 0.56). Neither MLS1082 nor MLS6585 demonstrated any agonist activity for cAMP
accumulation. Data are displayed as a percentage of the maximum control stimulation seen with dopamine, mean = S.E.M., n = 5 of experiments run in

quadruplicate.

intrinsic agonist activity in the cAMP assay, they were
examined in the absence of DA, but no measurable agonist
activity was observed with either compound (Fig. 2, C and D).
These findings indicate that both compounds are PAMs at
D1R-mediated G protein signaling as detected using cAMP
accumulation.

Since both compounds showed potentiation of cAMP accu-
mulation, we sought to ensure that this was occurring at the
level of the D1R. To address this, we investigated the effects of
the PAMs on activation of adenylyl cyclase by forskolin, which
is a direct activator of this enzyme, in cells lacking the D1R
(Supplemental Fig. 1). Stimulation via forskolin results in a
robust cAMP accumulation; however, neither MLS1082 (50 uwM)
nor MLS6585 (50 uM) potentiated either the potency or efficacy
of forskolin. Further, neither PAM demonstrated any measur-
able cAMP accumulation on its own. Together, these data indi-
cate that, in addition to B-arrestin potentiation, MLS1082
and MLS6585 also potentiate G protein-mediated signaling,
and this occurs at the level of the D1R.

PAMs Increase Dopamine’s Potency and Efficacy for
D1R Signaling. PAMS can act by altering the signaling
potency or efficacy of an endogenous ligand, or by altering the
affinity of the endogenous ligand to bind to its receptor, or
both. To understand the mechanisms underlying the activity
of these compounds, we used radioligand binding assays to

measure DA’s ability to compete with a radiolabeled antago-
nist (PH]-SCH23390) for binding to the orthosteric site of the
D1R. Initially, however, we determined if either PAM had any
direct effects on [*H]-SCH23390 binding. Figure 3A shows
that MLS1082 had minimal effects on [FH]-SCH23390, de-
creasing binding by ~17% at a high (50 uM) concentration.
However, MLS6585 had a greater effect, decreasing [*H]-
SCH23390 binding by ~66% at a 50 uM concentration.
Notably, both MLS1082 and MLS6585 lack a positively
charged nitrogen at physiologic pH, a critical feature of all
orthosteric monoaminergic receptor ligands (Michino et al.,
2015), suggesting that they probably would not be orthosteric
ligands of the D1R. Given these observations, and consid-
eration of the allosteric ternary complex model (May et al.,
2007), MLS6585 may function as a negative allosteric modu-
lator (NAM) of [*H]-SCH23390 binding, perhaps by stabilizing
the active state of the D1R, which favors agonist binding versus
antagonist binding (Canals et al., 2012). Notably, allosteric
modulators can exhibit “probe dependency,” whereby they
may affect the binding and/or efficacy of diverse orthosteric
ligands in different ways (Christopoulos, 2014).

We next measured DA’s ability to displace [*H]-SCH23390
binding in the presence of increasing concentrations of
MLS1082 or MLS6585 (Fig. 3, B and C). DA alone fully
competed with [*H]-SCH23390 with a Ki of 0.7 = 0.04 uM.
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Fig. 3. MLS1082 and MLS6585 increase dopamine affinity as measured using
[*H]-SCH23390 binding assays. Data are represented as a percentage of the
control specific [*H]-SCH23390 binding in the absence of competitor, mean *
SEM., N = 3. (A) MLS1082 decreases [*H]-SCH23390 binding by 17.2% *
3.4% at the highest concentration tested (50 wM); MLS6585 had a greater
effect, decreasing [PH]-SCH23390 binding by 65.8% *+ 4.4% at 50 uM. Un-
labeled SCH23990 was used a positive control. (B) Increasing concentrations of
MLS1082 significantly shifted the dopamine competition curve by ~3-fold
leftward indicating an increase in dopamine affinity in the presence of
MLS1082 (Ki [95% CIJ; DA Ki = 0.71 uM [0.49-1.2]; + 30 uM MLS1082 =
0.26 uM [0.08-0.84], P = 0.03). (C) Increasing concentrations of MLS6585
significantly shifted the dopamine competition curve ~7-fold leftward (DA Ki +
30 uM MLS6585 = 0.13 uM [0.04-0.45], P = 0.03. Higher concentrations of
MLS6585 reduce [*H]-SCH23390 binding as shown in (A).
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However, in the presence of increasing concentrations of
MLS1082, DA’s affinity for the D1R increased by ~3-fold with
no effect on maximum [*H]-SCH23390 binding (Fig. 3B).
MLS6585 showed a larger potentiation, increasing DA’s affinity

~T-fold. As discussed above, we also observed a decrease in
[®H]-SCH23390 binding in the DA + MLS6585 binding
conditions owing to the negative interaction of MLS6585 with
the SCH23390 scaffold (see Fig. 3A). Curve-shift data were fit
to the allosteric ternary complex model (May et al., 2007) to
estimate the affinity of each PAM for the D1R in the absence of
the endogenous ligand (Kb) as well as the binding coopera-
tivity between the PAM and dopamine («), with « < 1 in-
dicating negative cooperativity, « = 1 consistent with neutral
cooperativity, and « > 1 indicating positive cooperativity.
For MLS1082, the model estimated an affinity for the D1R
in the submicromolar range (pKb = 6.27 = 0.19, Kb =
0.54 uM) and an @ of 3.09 (loga = 0.49 * 0.07) that equates
to the maximal fold shift in DA affinity that we observed.
MLS6585 had a lower affinity compared with MLS1082
but still in the low micromolar range (pKb = 5.27 = 0.03, Kb =
5.37 uM) but a greater « of 6.61 (loga = 0.82 = 0.11). These
data suggest that MLLS6585 may have a slightly greater effect
on DA affinity for the D1R than MLS1082, suggesting that
the two PAMs may be acting via separate mechanisms of
potentiation.

The B-arrestin recruitment assay was employed to deter-
mine the effect of the PAMs on the efficacy of dopamine. Here,
B-arrestin recruitment to the D1R was determined in the
presence of an increasing concentration of each PAM, ranging
from 0.1 to 100 uM (Fig. 4). Increasing concentrations of
MLS1082 or MLS6585 progressively shifted the DA dose-
response curve to the left and increased maximum efficacy in a
concentration-dependent manner. These data were used in
conjunction with the outputs from the allosteric ternary
complex model described above to assess the effect of the
PAMs on dopamine’s efficacy using an operational model of
allosterism (Leach et al., 2007). In addition to estimates of
modulator affinity (Kb) and cooperativity with dopamine
affinity (), this model also allows estimation of a factor, 3,
as a measure of the modulatory effect of a compound upon the
efficacy of the orthosteric agonist, with 8 values <1 indicating
negative modulation, 8 = 1 indicating neutral modulation,
and B values >1 indicating positive modulation. The model
reported very similar affinities of the two PAMs for the
D1R. For MLS1082, Kb was determined to be 0.46 uM
(pKb = 6.34 * 0.08) and for MLS6585, the analysis reported
a Kb of 5.4 uM (pKb = 5.27 *= 0.24). By fixing values of
cooperativity with dopamine affinity («) to those determined
in the binding studies, we determined that both PAMs had B
factors greater than one, indicating a positive modulatory
effect on dopamine efficacy [(logB (8)): MLS1082 = 0.41 +
0.06 (2.57); MLS6585 = 0.32 = 0.1 (2.09)]. Taken together,
this series of experiments indicate the PAMs potentiate the
affinity and efficacy of dopamine at the D1R, with MLS6585
having a greater effect on dopamine’s affinity than MLS1082.
Both compounds have affinities for the D1R in the low
micromolar range, with MLS1082 having a slightly higher
affinity than MLS6585. Neither compound displayed appre-
ciable allosteric agonism in this assay.

MLS1082 and MLS6585 Potentiate DA-Induced D1R
Internalization. Given that the PAM compounds potenti-
ated DA-induced recruitment of B-arrestin to the D1R, we
thought that it would be informative to examine receptor
internalization, the natural sequela of B-arrestin-GPCR in-
teractions. For this series of experiments, we used U20S cells
that are stably transfected with both the D1R fused to a small
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Fig. 4. MLS1082 and MLS6585 increase dopamine’s potency and efficacy
as measured in B-arrestin recruitment assays. Increasing concentrations
of MLS1082 (A) or MLS6585 (B) were used to potentiate dopamine-
stimulated B-arrestin recruitment. The maximum shift potentiated
by MLS1082 was a 4.96 + 0.29-fold increase in the EC5, for dopamine
(P < 0.001 vs. DA control, paired Student’s ¢ test) and an Emax value of
121.7% * 12.9% (P = 0.017 vs. DA control, paired Student’s ¢ test).
MLS6585 potentiated the ECsq for dopamine by 9.7 = 3.4-fold (P = 0.045
vs. DA control, paired Student’s ¢ test) and showed an Emax increase of
122.4% = 11.4% (P = 0.0093 vs. DA control, paired Student’s ¢ test). Data
are displayed as a percentage of the maximum control stimulation seen
with dopamine, mean = S.E.M., n = 6-8 of experiments run in quadrupli-
cate. Insets illustrate the concentration-dependence effects of each PAM on
the DA EC50 and Emax values, showing that the PAMs appear more potent
at increasing DA efficacy than potency for this signaling output.

fragment of B-galactosidase and a complementing fragment
of B-galactosidase that is fused to an endosomal marker
protein. When the receptor is internalized into endosomes,
B-galactosidase is complemented and provides a luminescent
signal upon addition of substrate (Conroy et al., 2015).
Figure 5 shows that DA produces a robust internalization of
the D1R when added to the cells. Cotreatment with MLS1082
results in a 6-fold increase in the potency of DA for promoting
D1Rinternalization as well as a 20% increase in the maximum
response (Fig. 5). Cotreatment with MLS6585 produced
similar results, increasing the potency of DA by 6-fold, although
no increase in Emax was observed (Fig. 5). These results
are largely in agreement with those observed for B-arrestin
recruitment and cAMP accumulation and further support
the notion that MLS1082 and MLS6585 are PAMs of
the D1R.

MLS1082 and MLS6585 Potentiate the Activity of
Synthetic Agonists. We next wanted to investigate the
ability of the PAM compounds to potentiate the activity of
D1R agonists other than DA. Initially, we tested dihydrex-
idine (DHX), a well characterized agonist with high efficacy at
the D1R (Lovenberg et al., 1989; Mottola et al., 1992). Figure 6
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Fig. 5. MLS1082 and MLS6585 potentiate dopamine-induced D1R in-
ternalization. Receptor internalization was measured using the DiscoverX
GPCR internalization assay as described in Materials and Methods. Cells
were treated with the indicated concentrations of dopamine for 3 hours in
the absence or presence of 50 uM MLS1082 (+50 uM 1082), or 50 uM
MLS6585 (+ 50 uM 6585). Both MLS1082 and MLS6585 potentiated DA’s
potency for inducing receptor internalization (EC5q [95% CI]: DA =2.79 uM
[1.4-5.6], DA + MLS1082 = 0.53 «M [0.16-1.8], P = 0.004), DA + MLS6585 =
0.46 uM [0.15-1.45], P = 0.04). Further, MLLS1082 increased DA’s efficacy
for internalization (P = 0.04), but MLS6585 showed no potentiation of
efficacy (Emax = S.E.M.: DA =97.4% = 4.7%, DA + MLS1082=113.5% =
2.8%, DA + MLS6585 = 97.2% *+ 3.0%). Statistical comparisons via
Student’s ¢ test, n = 5.
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shows that DHX stimulates robust recruitment of B-arrestin
to the D1R. Further, MLS1082 promotes a 3-fold shift in the
EC5¢ for DHX with a 30% increase in DHX’s efficacy for this
response. Likewise, the addition of MLS6585 to the assay
increased the potency of DHX by 4-fold with a 30% increase
in the maximum response. These results indicate that, in
addition to exhibiting positive allostery with the endogenous
agonist dopamine, ML.S1082 and MLS6585 can also potenti-
ate the activity of nonendogenous synthetic agonists.

When examining efficacy potentiation of a full agonist it
may be possible to underestimate the degree of potentiation
owing to ceiling effects from any given assay. However,
potentiation of partial agonists may provide a larger window
to examine efficacy potentiation as, by definition, partial
agonists do not maximally activate the signaling output. To
investigate this, we first used fenoldopam (SKF82526) and
apomorphine, partial agonists with low to moderate efficacy to
stimulate B-arrestin recruitment in the presence or absence of
50 uM MLS1082 or MLS6585 (Fig. 7, A and B). In the absence
of any PAM, the Emax of fenoldopam was 48% of the DA
Emax. MLS1082 increased the Emax of fenoldopam to 70%,
whereas MLS6585 increased the fenoldopam Emax to 87%
(Fig. 7A). Apomorphine alone exhibited an Emax of 29%,
whereas in the presence of MLS1082 or MLS6585, the Emax
values increased to 54% and 81%, respectively (Fig. 7B). These
efficacy increases are significantly higher than the increases
seen with dopamine (Figs. 2 and 4). Importantly, like their
effects on dopamine, the PAMs caused an increase in the
potencies of fenoldopam (MLS1082: 5-fold, MLS6585: 4-fold)
(Fig. 7A) and of apomorphine (MLS1082: 7-fold, MLS6585:
4-fold) (Fig. 7B).

Second, we examined the G protein-biased agonist SKF38393
(Conroy et al., 2015) (Fig. 7C). As we previously observed (Conroy
et al., 2015), we were not able to detect significant B-arrestin
recruitment by this compound. However, when cotreated with
our PAM compounds, SKF38393 gained efficacy, stimulating
B-arrestin recruitment as a weak partial agonist (Fig. 7C). We
interpret these results as the PAMs promoting an increase in



1204

Luderman et al.

150

-~ Dihydrexidine
- +50 uM 1082
1004 -+ + 50 uM 6585

-

50

10 10

Dihydrexidine [M]

Fig. 6. MLS1082 and MLS6585 increase the efficacy and potency of the
D1R agonist dihydrexidine. B-arrestin recruitment was measured follow-
ing stimulation by the indicated concentrations of dihydrexidine in the
absence or presence of 50 uM MLS1082 (+50 uM 1082) or MLS6585
(+50 uM 6585). DA was run as a control in every experiment and the data
were plotted as the percentage of the maximum DA response observed.
Both MLS1082 and MLS6585 increased the efficacy and potency of
dihydrexidine: (EC5¢ [95% CI]) dihydrexidine = 73.3 nM [42.8-125.2],
dihydrexidine + MLS1082 = 20.9 nM [9.7-45.5], P < 0.0001, dihydrexidine +
MLS6585 = 18.6 nM [11.3-30.6], P < 0.0001; (Emax *= S.E.M.) dihydrex-
idine = 70.5% * 2.5%; dihydrexidine + MLS1082 = 95.3% =+ 3.8%, P <
0.001; dihydrexidine + MLS6585 = 96.9% = 3.2%, P < 0.001. Data are
displayed as a percentage of the maximum control stimulation seen with
dopamine, mean *= S.E.M., and statistical comparisons are via paired two-
tailed Student’s ¢ test, n = 5.
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SKF38393 activity that is below the threshold of detection in
our assay as opposed to the PAMs imparting efficacy to a
compound completely lacking in agonist activity. Last, we
examined SKF77434, a compound with low efficacy for stimu-
lating D1R-mediated cAMP accumulation (Conroy et al., 2015)
(Fig. 7D). In the absence of the PAMs, SKF77434 stimulated
cAMP accumulation to about 25% of the maximum DA re-
sponse. MLS1082 and MLS6585 potentiated the maximum
efficacy for SKF77434 stimulation of cAMP accumulation to
56% and 48%, respectively. Although MLS1082 and MLS6585
tended to increase the ECsq for SKF'77434, this did not reach
statistical significance (Fig. 7D). Notably, the PAM-induced
increase in efficacy for the partial agonists appears signifi-
cantly larger than that for DA. Taken together, these results
show that ML.S1082 and MLS6585 are effective potentiators
of agonist efficacy at the D1R.

Receptor Selectivity of MLS1082 and MLS6585. We
next evaluated MLS1082 and MLS6585 for potential activity
at other dopamine receptor subtypes and one other catechol-
amine receptor. Interestingly, we found that both compounds
exhibit PAM activity at the closely related D5R, which, along
with the D1R, compose the D1-like receptor subfamily.
Supplemental Fig. 2 and Supplemental Table 1 show that
both MLS1082 and MLS6585 potentiate the potency and
efficacy of DA-induced recruitment of B-arrestin to the D5R.
Neither compound, however, exhibits intrinsic agonist efficacy.
In contrast, using the B-arrestin recruitment assay, we found
that MLS1082 and MLS6585 were completely devoid of PAM
activity at the D2R, D3R, D4R, or the Bs-adrenergic receptor
(Supplemental Fig. 3; Supplemental Table 1). These data
suggest that MLLS1082 and MLS6585 have selectivity for the
D1-like dopamine receptor family.

MLS1082 and MLS6585 Act at Different Allosteric
Sites on the D1R. Because the two PAMS described in this
study have structural and activity differences, we asked if

the compounds might act at different binding sites on the
D1R. As an initial approach to this question, we repeated the
B-arrestin recruitment and cAMP accumulation assays de-
scribed above and characterized the ability of the PAMs to
potentiate the DA response alone or in combination. We
hypothesized that additive results from using the PAMs in
combination support the notion that separate binding sites
may exist, whereas nonadditive results could suggest that the
compounds bind to the same site or that there is a ceiling effect
such that maximum potentiation is achieved by either com-
pound. B-arrestin recruitment (Fig. 8A) or cAMP accumula-
tion (Fig. 8B) were stimulated with increasing concentrations
of DA with or without maximally effective concentrations
(50 uM) of MLS1082, MLS6585, or MLLS1082 and MLS6585
in combination. In the B-arrestin recruitment experiments,
MLS1082 or MLLS6585 increased the potency for DA by 4- and
7-fold respectively (Fig. 8A), whereas the combination of
MLS1082 and MLS6585 increased the potency for DA by
43-fold, which was 11- and 6-fold greater than the EC5q shifts
seen with either PAM alone. Likewise, in the cAMP accu-
mulation assays, MLS1082 or MLS6585 increased the po-
tency for DA by 3- and 4-fold respectively (Fig. 8A), whereas
the combination of MLS1082 and MLS6585 increased the
potency for DA by 14-fold, which was 5- and 4-fold greater
than the EC54 shifts seen with MLLS1082 or MLS6585 alone,
respectively. Taken together, these data suggest that the
MLS1082 and MLS6585 probably act at two separate
allosteric sites on the D1R to potentiate signaling activity by
dopamine.

Similar experiments were performed using a compound
(“Compound B”) previously described as exhibiting D1IR PAM
activity (Lewis et al., 2015) (Fig. 9A). For these experiments,
DA-stimulated B-arrestin recruitment was measured with
and without maximally effective concentrations of MLL.S1082,
MLS6585, Compound B, or in combination. When tested
alone, MLLS1082 or Compound B increased the potency for DA
by 6-fold, whereas the combination of MLS1082 and Com-
pound B increased the potency for DA by 8-fold, which was not
significantly different from the potentiation observed using
each compound alone (Fig. 9B). In contrast, MLLS6585 or
Compound B increased the potency for DA by 11-fold and
6-fold, respectively, whereas the combination of MLS6585 and
Compound B increased DA’s potency by 30-fold, which was
3- and 5-fold greater than the ECsq shifts seen with ML.S6585
or Compound B alone, respectively (Fig. 9B). These results
suggest that MLLS1082 and Compound B share a common
allosteric site on the D1R, which is different from the site that
is modulated by MLS6585.

R130Q DI1R Point Mutation Selectively Abolishes
MLS1082 Activity. Compound B was initially described as
exhibiting PAM activity for the human but not rat D1R (Lewis
et al., 2015). In that the study, the authors noted that there
was a sequence difference at position 130 of the D1IR—
arginine in the human but glutamine in the rat. Interestingly,
mutating the rat D1R sequence to match that of the human
(Q130R) resulted in a gain of PAM activity of Compound B for
the rat D1R. This further lead to the hypothesis that residue
130 isinvolved in Compound B binding (Lewis et al., 2015). We
used this information to determine if residue R130 is involved
in the activity of either of our PAMs. Using mutagenesis,
we changed R130 in the human D1R to Q and measured the
ability of our PAMs to potentiate DA-stimulated responses.
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Fig. 7. MLS1082 and MLS6585 potentiate the activity of D1R partial agonists. 8-arrestin recruitment or cAMP assays were performed in concentration-
response curve format using known partial agonists of the D1R in either the presence or absence of the indicated PAM compounds at 50 uM concentration.
DA was run as a control in every experiment and the data were plotted as the percentage of the maximum DA response observed. (A) MLS1082 and
MLS6585 increased both the efficacy and potency of the partial agonist fenoldopam. Emax + S.E.M. (% DA response): fenoldopam = 47.7% * 1.6%;
fenoldopam + MLS1082 = 70.8% *+ 2.1%, P < 0.05; fenoldopam + MLS6585 = 87.4% =+ 2.7%, P < 0.0001. EC5, [95% CI]: fenoldopam = 37.9 nM [22.5-63.8];
fenoldopam + MLS1082 = 7.5 nM [4.7-11.9], P < 0.0001; fenoldopam *+ MLS6585 = 8.6 nM [5.3-13.9], P = 0.0002. (B) MLLS1082 and MLS6585 increased
both the efficacy and potency of the partial agonist apomorphine. Emax + S.E.M.: apomorphine = 28.6% * 2.2%; apomorphine + MLS1082 = 54.3% =+
3.2%, P < 0.01; apomorphine + ML.S6585 = 80.8% = 2.7%, P < 0.0001. EC5q [95% CI]: apomorphine = 0.1 uM [0.04—0.26]; apomorphine + ML.S1082 = 0.014
uM [0.007-0.027], P = 0.0006; apomorphine + 6585 = 0.024 uM [0.015-0.036], P = 0.001. (C) The G protein-biased agonist SKF38393 exhibited no
measurable agonist activity for B-arrestin recruitment but gained efficacy upon concurrent treatment with the PAM compounds. Emax + S.E.M.:
SKF38393 + MLS1082 = 24.1% =+ 1.3%; SKF38393 + MLS6585: 28.7% *+ 1.3%. EC50 [95% CI]: SKF38393 + MLS1082 = 0.12 uM [0.05-0.29]; SKF38393 +
MLS6585 = 0.14 1M [0.08-0.27]. (D) MLS1082 and MLS6585 potentiated the efficacy of SKF77434-stimulated cAMP accumulation. Emax + S.E.M.:
SKF77434 = 24.7% =+ 2.0%; SKF77434 + MLS1082 = 56.8% * 2.9%, P < 0.0001; SKF7743 + MLS6585 = 48.3% =+ 2.6%, P < 0.01. Neither PAM affected
SKF77434 potency, however. EC5q [95% CI|: SKF77437 = 0.06 uM [0.01-0.03], SKF77434 + MLS1082 = 0.03 uM [0.01-0.07], SKF77434 +
MLS6585 = 0.02 uM [0.01-0.05]. Statistical comparisons were determined for Emax values using one-way ANOVA testing, and Student’s ¢ test

for potency values, n = 6-8.

For these experiments, we used BRET assays to measure
DA-stimulated B-arrestin recruitment or Ga, engagement
with the D1R. No differences between wild-type and R130Q
D1R were observed for the DA control responses in either
assay (Fig. 10). As in previous results, both MLS1082
and MLS6585 potentiated DA’s potency for stimulating
B-arrestin recruitment to the wild-type D1R by 4-fold and
5-fold, respectively (Fig. 10A). MLS1082 and MLS6585
also increased DA’s efficacy, although this effect was not
as pronounced as that seen with the DiscoverX B-arrestin
assay, suggesting that the BRET assay may be more effi-
ciently coupled. In contrast to the wild-type D1R, MLS1082
was without effect using the R130Q D1R, whereas MLS6585
still potentiated DA’s potency for this mutant receptor by
5-fold—identical to that of the wild-type D1R (Fig. 10B).
With respect to the D1R-Gs BRET assays, both MLS1082
and MLS6585 potentiated the potency of DA for stimulating
this response by 3- and 5-fold, respectively using the wild-
type D1R (Fig. 10C). In contrast, using the R130Q mutant
D1R, MLS1082 was inactive at potentiating DA-stimulation
of D1R-Gs interactions, whereas MLS6585 enhanced DA’s
potency by 6-fold (Fig. 10D). These results suggest that
MLS1082 and MLS6585 are potentiating the D1R through
two separate sites of action and that amino acid residue

R130 may be involved the PAM activity of ML.S1082 but not
MLS6585.

Discussion

Using high-throughput screening, we have identified two
positive allosteric modulators of the D1 dopamine receptor.
These PAMs have dissimilar chemical structures, although
neither possess a nitrogen atom that is predicted to be pro-
tonated at physiologic pH. This is a hallmark of all positively
charged dopaminergic ligands, which interact with a highly
conserved Asp residue [Asp3.32 in the Ballesteros-Weinstein
numbering system (Ballesteros and Weinstein, 1995)] present
in the orthosteric binding sites of biogenic amine receptors
(Michino et al., 2015). Thus, these PAMs probably will not
bind to the orthosteric site of the D1R. Both PAMs were found
to potentiate agonist stimulation of two signaling arms of the
D1R, namely cAMP accumulation and B-arrestin recruitment.
Although no signaling bias, at least qualitatively, was observed
using the PAM compounds, other D1R signaling pathways
(p-ERK, etc.) remain to the be examined. Both PAMs were also
found to potentiate the activity of dihydrexidine, a well
characterized synthetic D1R agonist with high functional
efficacy.
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Fig. 8. MLS1082 and MLS6585 show additive potentiation of B-arrestin
recruitment and cAMP accumulation. B-arrestin and cAMP assays were
performed as described in Materials and Methods. Potentiation of the DA
response with either 50 uM MLS1082 or 50 uM MLS6585, or both, was
performed as described in Figs. 2 and 4. (A) MLS1082 or MLS6585
potentiated the potency (ECso) for DA-stimulated B-arrestin recruitment
by 4- and 7-fold, respectively (EC5q [95% CI]: DA = 2.6 uM [1.3-5.0]; DA +
MLS1082 =0.68 uM [0.35-1.3], P =0.011; DA + MLS6585 = 0.38 uM [0.19—
0.74], P = 0.003; fold shift EC5o vs. DA control, MLS1082: P = 0.029,
MLS658: P =0.016). The two PAM combination (50 uM MLS1082 + 50 uM
MLS6585) increased the potency by 43-fold vs. DA alone and by 11- and
6-fold vs. DA+MLS1082 or DA+MLS6585, respectively (EC5¢ [95% CIJ:
DA + MLS1082 + MLS6585 = 0.05 uM [0.02-0.15], P = 0.0022; ML.S1082
alone vs. combo P = 0.005; MLS6585 alone vs. combo P = 0.008). (B) Both
MLS1082 and MLS6585 potentiated the potency for DA-stimulated cAMP
accumulation by 3- and 4-fold, respectively (ECso [95% CI]: DA = 0.13 uM
[0.07-0.25], DA + MLS1082 = 0.05 M [0.01-0.2], P = 0.035, DA + MLS6585 =
0.031 M [0.017-0.06], P = 0.005). Combination of the two PAMS potentiated
the potency of dopamine by 14-fold with no effect on efficacy (EC5o [95% CII:
DA + MLS1082 + MLS6585 = 0.0092 uM [0.0043-0.02], P = 0.0002 vs.
control, 1082 vs. Combo P = 0.008; 6585 vs. Combo P = 0.006). Statistical
comparisons via Student’s ¢ test, n = 3-5.

We found that both PAMs also potentiated DA-induced D1R
internalization, which might be expected given the observed
enhancement of B-arrestin recruitment to the D1R. Although
both PAMs increased the potency for DA-stimulation of cAMP
accumulation and B-arrestin recruitment, each PAM also
appeared to increase the efficacy for DA in the B-arrestin
assays but not in the cAMP or Gs BRET assays. This may be
an inherent property of the PAMs or, more probably, is owing
to a ceiling effect in the G protein-coupled assays, which are
more amplified than the B-arrestin assays. Notably, neither
PAM exhibited agonist efficacy at either cAMP accumulation
or B-arrestin recruitment, appearing instead to exhibit pure
PAM properties for these two signaling outputs.

To investigate the mechanism(s) of the PAM compounds, we
first examined their ability to enhance DA binding to the D1R
using radioligand binding competition assays. Interestingly,
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Fig. 9. Combination experiments suggest that MLL.S1082 and Compound
B act at the same site on D1R, which is separate from that of MLS6585.
B-arrestin recruitment was measured following stimulation with dopa-
mine in the absence (DA) or in the presence of 50 uM MLS1082 (+ 50 uM
1082), 50 uM MLS6585 (+ 50 uM 6585), 100 uM Compound B (+ 100 uM
Cmpd B), or a combination of the three compounds. (A) Structure of
Compound B. (B) MLS1082 and Compound B both potentiate DA’s potency
(ECs0 [95% CI]: DA = 4.19 uM [2.4-7.5]; DA + MLS1082 = 0.68 uM [0.36—
1.3], P =0.004; DA + Compound B = 0.56 uM [0.22-1.4], P = 0.01). Addition
of MLS1082 and Compound B together caused the same level of
potentiation as either compound alone (ECsy [95% CI]: DA + MLS1082 +
Compound B = 0.5 uM [0.29-0.86]). (C) MLS6585 and Compound B both
potentiated DA’s potency for B-arrestin recruitment (EC5q [95% CI]: DA =
4.19 uM [2.4-7.5]; DA + MLS6585 = 0.39 uM [0.27-0.54], P = 0.0002); DA +
Compound B = 0.56 uM [0.22-1.4], P = 0.01). Addition of MLS6585 and
Compound B together resulted in a greater potentiation of DA’s potency
than either compound alone (EC5q + S.E.M.: DA + MLS6585 + Compound
B=0.09 uM [0.02-0.46], P = 0.004). Statistical comparisons via paired two-
tailed Student’s ¢ test, n = 5.

at high concentrations MLS6585, but not MLL.S1082, partially
inhibited the binding of the orthosteric antagonist [°H]-
SCH23390, suggesting weak negative cooperativity with this
radioligand (Fig. 3A). As previously described, allosteric
modulators can exhibit probe-dependency for their modula-
tory effects on ligand-receptor interactions (Christopoulos, 2014;
Gentry et al., 2015). Using curve-shift analyses, MLS1082 was
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Fig. 10. R130Q mutation abolishes MLS1082 but not MLS6585 PAM activity. Dopamine-stimulated B-arrestin recruitment and G protein (Gay)
engagement were measured using BRET assays as described in Materials and Methods. Briefly, cells were transfected with either the wild-type D1R or
the R130Q mutant along with the indicated biosensor. Cells were then stimulated with the indicated concentrations of dopamine alone (DA) or in the
presence of 50 uM MLS1082 (+ 50 uM 1082) or 50 uM MLS6585 (+ 50 uM 6585). (A) Both MLS1082 and MLS6585 potentiated DA’s potency for B-arrestin
recruitment to the wild-type D1R (EC5q [95% CI]: DA = 1.76 uM [0.69-4.5]; DA + MLS1082 = 0.45 uM [0.2-1.0], P < 0.001; DA + MLS6585 = 0.43 uM
[0.21-0.86], P < 0.001). Further, both ML.S1082 and MLS6585 increased DA’s efficacy (Emax = S.E.M.: DA =99.9% =+ 1.2%; DA + MLS1082 = 132.7% =+
2.2%; DA + MLS6585 = 114.5% =+ 1.6%, P < 0.01). (B) With the mutant R130Q receptor, MLS6585, but not MLLS1082, potentiated DA’s potency (EC5q [95%
CI]: DA = 1.67 uM [0.79-3.5]; DA + MLS1082 = 1.23 uM [0.44-3.5]; DA + MLS6585 = 0.38 M [0.19-0.75], P < 0.0001). Further, MLS1082 did not
potentiate DA’s efficacy for activating the R130Q mutant (Emax = S.E.M.: DA =98.4% =+ 5.2%; DA + MLS1082 = 105.4% = 2.9%); however, ML.S6585 did
potentiate the Emax (DA + MLS6585 = 111.3 = 3.1, P < 0.03). (C) With the wild-type receptor, both MLS1082 and MLS6585 enhanced DA’s potency for
stimulating D1R-Gs interactions (EC5q [95% CI]: DA = 0.37 uM [0.24-0.57]; DA + MLS1082 = 0.12 uM [0.09-0.16], P = 0.0001; DA + MLS6585 (0.07 uM
[0.04-0.12], P = 0.001). MLS1082 also promoted a measurable increase in DA efficacy, whereas MLS6585 did not (Emax + S.E.M.: DA = 100.3% = 2.1%;
DA+MLS1082 = 109.4% =+ 2.2%; DA+MLS6585 = 101.7% * 3.4%). (D) With the mutant R130Q receptor, ML.S6585, but not MLL.S1082, enhanced DA’s
potency (EC5o [95% CI]: DA = 0.39 uM [0.25-0.6]; DA + MLS1082 = 0.23 uM [0.17-0.31]; DA + MLS6585 = 0.069 uM [0.05-0.11], P < 0.0001). Further,
neither compound increased DA’s efficacy at the R130Q receptor (Emax = S.E.M.: DA = 100.3% * 49%; DA+MLS1082 = 98.2% * 4.8%; DA+MLS6585 =

Dopamine [M]

107.3% =* 5.3%). Statistical comparisons via paired two-tailed Student’s ¢ test, and one-way ANOVA; n =5 or 6.

found to promote a dose-dependent 3-fold potentiation in the
ability of DA to compete for [*H]-SCH23390 binding, whereas
MILS6585 promoted a 7-fold increase in affinity (Fig. 3, B and C).
Fitting the curve-shift data to the allosteric ternary complex
model (May et al., 2007) revealed a Kb of 0.54 uM for MLS1082
and an « factor of 3.09, whereas MLS6585 exhibited a Kb of 5.37
uM but a greater « factor of 6.61. Thus, MLL.S1082 appeared to
possess greater potency but less efficacy than MLS6585 for
increasing DA affinity for the D1R.

Functional curve-shift analyses were also performed with
the B-arrestin recruitment assay and analyzed using the
operational model of allosterism and agonism (Leach et al.,
2007). In these experiments, both PAMs produced a dose-
dependent increase in DA potency (4- and 7-fold) and efficacy
(20%—-25%) (Fig. 4). These experiments yielded very similar
D1R affinities of the two PAMs as was determined in the
binding assays. For MLL.S1082, the Kb was 0.46 uM, and for
MLS6585, the Kb was 5.4 uM. Both PAMs exhibited g factors
greater than one, indicating a positive modulatory effect upon
dopamine efficacy. For MLS1082 the B factor was 2.57,
whereas for MLS6585 the 8 factor was 2.09. Notably, although
the ability of these PAMs to potentiate DA activity at the
D1R is not extraordinarily high (potency shift <10-fold), their
PAM activity may actually be close to that desired for a clinical
therapeutic. As discussed above, cognitive impairment in disease
states has been associated with low levels of D1R activity in
the prefrontal cortex; however, too much D1R stimulation

(e.g., associated with stress) can lead to decreased cognition
(an inverted U relationship) (Goldman-Rakic et al., 2004;
Arnsten and Dudley, 2005; Arnsten and Li, 2005; Vijayraghavan
et al., 2007). Thus, the desired attribute for a procognitive
therapeutic might be one that will moderately potentiate
D1R activity without producing an overshoot that could
result in decreased cognition. Further experiments in ani-
mals, and eventually in man, will be required to fully test this
hypothesis.

Interestingly, when we examined the ability of the PAM
compounds to potentiate the activity of D1R partial agonists
for stimulating B-arrestin recruitment or cAMP accumulation,
we observed a similar shift in agonist potency compared with
DA; however the increase in efficacy was much larger. Similar
results were observed by Livingston and Traynor (2014), in
which PAMs of the u-opioid receptor increased the efficacy of
agonists in a way that was correlated with their intrinsic
activity. Overall, these results are in agreement with a two-
state model of receptor activation, in which the degree of
positive cooperativity exhibited by an allosteric modulator is
correlated with the coupling efficiency of the orthosteric ligand
and signaling output (Canals et al., 2012).

Given the diverse structures of MLS1082 and MLS6585,
we wondered whether they might be binding to the same or
different allosteric sites on the D1R. As an initial assessment,
we performed additivity experiments using maximally effec-
tive concentrations of each PAM. Strikingly, we found that the
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potentiating effects of both PAMs were additive in nature,
which was true for both cAMP accumulation and B-arrestin
recruitment assays. Such results are difficult to explain
without invoking the existence of two allosteric sites on the
D1R that independently mediate the actions of these diverse
PAMS. In such a model, simultaneous occupancy of the two
allosteric sites on the receptor can promote an even greater
stabilization of the active signaling state(s) of the D1R than
that achievable by either PAM alone.

As discussed above, a D1R PAM, Compound B, was recently
described that is active in potentiating agonist stimulation of
primate D1Rs but not rodent D1Rs (Lewis et al., 2015). Using
a human/rat chimeric receptor approach coupled with muta-
genesis, these authors identified residues within the second
intracellular loop (ICL2) region that were necessary for the
activity of Compound B and responsible for the species differ-
ences identified. Specifically, residue R130 was delineated in
the human receptor that is a glutamine residue in the rodent
receptor. Notably, changing the rodent sequence to human
(Q130R) in the rat D1R imparted PAM activity to Compound B
(Lewis et al., 2015). Interestingly, we also found that ML.S1082
lacked PAM activity at the rat D1R, whereas MLS6585 was
equally effective as a PAM in both the human and rat D1Rs
(data not shown). These results suggested that MLLS1082 and
Compound B might share a similar binding site or require
similar residues for their activity. Perhaps not surprisingly,
we found that the PAM activities of MLLS1082 and Compound
B were nonadditive, whereas those of ML.S6585 and Com-
pound B were completely additive. Further, analysis of a
human R130Q mutant D1R showed that this mutation ren-
dered MLS1082 inactive, whereas the PAM activity of ML.S6585
was not affected. Taken together, these results support the
hypothesis that MLS1082 and Compound B function through
the same allosteric site on the D1R, which probably involves
R130 within the ICL2 of the receptor, and that this differs
from the site mediating the effects of MLS6585.

Notably, we found that both MLS1082 and MLS6585
exerted PAM activity at the closely related D5R. Although the
site mediating the effects of MLLS6585 remains unclear, it is
interesting to note that the D5R possesses an arginine residue
(R147) in the ICL2 region that is aligned with the R130
residue in the D1R that may compose the binding site for
MLS1082. Thus, the D1R and the D5R may possess a conserved
allosteric site within the ILC2 region, at least for the MLS1082
and Compound B scaffolds. Such a finding is not without
precedent, as Livingston et al. (2018) have recently provided
evidence for a conserved allosteric site across all three tradi-
tional opioid receptor subtypes (u, 8, and k). From a therapeutic
standpoint, potentiation of both the D1R and D5R may prove
advantageous, as both subtypes may contribute to the en-
hanced cognition seen through stimulation of D1-like recep-
tors in the prefrontal cortex (Cai and Arnsten, 1997; Castner
and Goldman-Rakic, 2004; Goldman-Rakic et al., 2004; Nakako
et al., 2013).

Interestingly, another structurally distinct PAM for the
D1R has recently been reported, referred to as DETQ (Svensson
et al., 2017; Bruns et al., 2018). Like Compound B and
MLS1082, DETQ is inactive as a PAM at rodent D1Rs but is
active in potentiating agonist stimulation of the human D1R.
Although this group has not reported additivity or mutational
experiments, it would not be surprising to find that ML.S1082,
Compound B, and DETQ all function through the same

allosteric site on the D1R. Interestingly, although Compound
B and DETQ each possess a dichloro-substituted phenyl ring
in their structure (Lewis et al., 2015; Svensson et al., 2017),
this moiety is absent in MLS1082. Obviously, further structure-
activity-relationship information will be needed as well as a
clear delineation of the allosteric binding site for the MLS1082/
Compound B/DETQ series of scaffolds to understand how
these compounds interact with the D1R. Notably, a human
D1R knock-in mouse was created to evaluate DETQ in vivo
(Svensson et al., 2017; Bruns et al., 2018). One potential
limitation of this mouse model is that the human D1R was
found to express at only 50% of the normal D1R levels in wild-
type mice. Nonetheless, these authors have generated encour-
aging data showing that DETQ can potentiate D1R-mediated
behaviors (particularly motor activity) in the “humanized”
mouse, although effects on learning, memory, or cognition
have not yet been reported (Bruns et al., 2018).

In summary, we have identified two novel PAMs of the D1R
and provided evidence that they bind to diverse sites on the
D1R. It is probable that the MLS1082 scaffold binds to an
intracellular allosteric site, potentially involving the ICL2
region, that mediates the effects of previously identified D1R
PAM compounds DETQ and Compound B. At present, the
receptor site mediating the allosteric effects of the MLS6585
scaffold is unknown. The current identification of multiple
allosteric sites on the D1R may provide opportunities for
developing a diverse allosteric pharmacology (PAMs, negative
allosteric modulators, and silent allosteric modulators) for
this receptor subtype as well the prospect for moving novel
lead compounds into the clinic.
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