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A B S T R A C T

α1-Adrenergic Receptors (ARs) are G-protein Coupled Receptors (GPCRs) that regulate the sympathetic nervous
system via the binding and activation of norepinephrine (NE) and epinephrine (Epi). α1-ARs control various as-
pects of neurotransmission, cognition, cardiovascular functions as well as other organ systems. However, thera-
peutic drug development for these receptors, particularly agonists, has been stagnant due to unwanted effects on
blood pressure regulation. We report the synthesis and characterization of the first positive allosteric modulator
(PAM) for the α1-AR based upon the derivation of the α1A-AR selective imidazoline agonist, cirazoline. Compound
3 (Cmpd-3) binds the α1A-AR with high and low affinity sites (0.13pM; 54 nM) typical of GPCR agonists, and
reverts to a single low affinity site of 100 nM upon the addition of GTP. Comparison of Cmpd-3 versus other
orthosteric α1A-AR-selective imidazoline ligands reveal unique properties that are consistent with a type I PAM.
Cmpd-3 is both conformationally and ligand-selective for the α1A-AR subtype. In competition binding studies,
Cmpd-3 potentiates NE-binding at the α1A-AR only on the high affinity state of NE with no effect on the Epi-bound
α1A-AR. Moreover, Cmpd-3 demonstrates signaling-bias and potentiates the NE-mediated cAMP response of the
α1A-AR at nM concentrations with no effects on the NE-mediated inositol phosphate response. There are no effects
of Cmpd-3 on the signaling at the α1B- or α1D-AR subtypes. Cmpd-3 displays characteristics of a pure PAM with no
intrinsic agonist properties. Specific derivation of Cmpd-3 at the R1 ortho-position recapitulated PAM charac-
teristics. Our results characterize the first PAM for the α1-AR and holds promise for a first-in-class therapeutic to
treat various diseases without the side effect of increasing blood pressure intrinsic to classical orthosteric agonists.
1. Introduction

A large number of pharmaceuticals are designed to target G-protein
Coupled Receptors (GPCRs) because of their cell surface availability, low
molecular weight, signal amplification properties, and well-defined
biological activities. Most current pharmaceuticals bind to the orthos-
teric site, defined as the binding site for the endogenous agonist(s), such
as norepinephrine (NE) or epinephrine (Epi) for the adrenergic receptor
(AR) family. The orthosteric site is typically highly conserved in the
amino acids forming the binding pocket between GPCR family members.
However, the large number of subtypes in a GPCR family and common
pathways in binding and activation allows for potential adverse side ef-
fects of ligands by also targeting other closely-related receptor subtypes
and off-target sites.

A newer class of drugs called allosteric modulators are rapidly being
developed to enhance specificity with reduced side effects by binding to
The Cleveland Clinic Foundation

27 October 2022; Accepted 15 N
vier B.V. This is an open access ar
noncompetitive unique sites on the receptor distinct from the orthosteric
site (Christopoulos and Kenakin, 2002). Allosteric modulators commonly
alter the characteristics of drug-bound receptor binding and signaling.
Allosteric modulators are categorized as negative allosteric (NAM),
positive allosteric (PAM) or silent/neutral (SAM) allosteric modulators.
PAMs enhance while NAMs inhibit ligand activity through either efficacy
and/or potency but only when an orthosteric ligand is bound to the re-
ceptor at the same time (Christopoulos, 2014). Therefore, an “off” re-
ceptor stays inactive when the orthosteric ligand is absent even if the
PAM/NAM is circulating in the body, a property that would potentially
diminish side effects.

For GPCRs, a large number of allosteric modulators have already been
described and developed and is highly represented by the class A GPCR
superfamily with many in clinical trials (Wold et al., 2019). The α1A-AR
subtype is a class A GPCR together with two-other closely related sub-
types (α1B, α1D) plus six other more distantly-related subtypes (β1, β2, β3,
, Cleveland, OH, 44195, USA.
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α2A, α2B, α2C). PAMs and NAMs have been previously described for the
β-AR (Ahn et al., 2017, 2018). In contrast, only NAMs but no PAMs have
been described for the α1-and α2-ARs (Leppik et al., 2000; Leppik and
Birdsall, 2000; Sharpe et al., 2003; Campbell et al., 2017).

We have previously shown in vivo and in vitro that the α1A-AR subtype
is expressed in key cognitive centers of the brain, is both cardiac and
neuroprotective, and activation of this receptor can increase lifespan,
treat heart failure, increase cognition, synaptic plasticity, long term
potentiation, and adult neurogenesis in normal WT mice (Rorabaugh
et al., 2005; Papay et al., 2006; Gupta et al., 2009; Doze et al., 2011;
Collette et al., 2014; Shi et al., 2016; Perez, 2020, 2021a). Our initial goal
was to design highly-selective novel α1A-AR brain-penetrant partial ag-
onists using the imidazoline backbone of the mildly-selective α1A-AR
agonist cirazoline to use in preclinical studies. Previous studies have
suggested that imidazoline-based agonists such as cirazoline demonstrate
greater selectivity for the α1A-AR over α1B- or α1D- ARs, or α2-ARs (Min-
neman et al., 1994; Whitlock et al., 2008) and with weaker effects on
blood pressure than phenethylamine-based agonists (Blue et al., 2004;
Musselman et al., 2004; Bishop, 2007), reducing unwanted cardiovas-
cular side effects of α1-AR agonists. We postulated that the weaker blood
pressure effects of α1A-AR selective imidazolines was due to their ability
to bias-signaling towards cAMP when compared to phenethylamine-type
agonists (Evans et al., 2011; da Silva Junior et al., 2017) which are more
strongly coupled to inositol phosphate (IP) signaling. IP signals activate
calcium release and the contraction of vascular smooth muscle (Kiowski,
1990; Kiowski et al., 1989; O-Uchi et al., 2008; Ottolini et al., 2019). One
of our compounds, cmpd-3, and related derivations described herein, has
resulted in the development of the first described PAMs for the α1A-AR
receptor through a unique ligand-bias and signaling selectivity that is
expected to enhance therapeutic utility.

2. Materials and methods

Compound synthesis. Synthetic schemes and details of the target
compound synthesis are reported in the Supplemental Information (S1).
Cirazoline HCl (>99% purity) was purchased from Tocris (Avonmouth,
Bristol, UK) and RO115-1240 HCl (Dabuzalgron, >98% purity) was
purchased from The BioTek (Segundo, Ca). All compounds were
confirmed for structure and purity (>98%) by HPLC, 1H-NMR, and Mass
Spectrometry (MS).

Radioligand Binding studies. Assays were performed in duplicate in
HEM buffer, in a total assay volume of 1000 μl. Radioligand binding
assays are composed of 5–10 μg of membranes as previously described
(Perez et al., 1991), harvested from Rat �1 fibroblast cells
stably-expressing α1-AR subtypes. Binding studies were performed in
HEM buffer composed of 20 mMHEPES, pH 7.4, 1.4 mM EGTA, 12.5 mM
MgCl2, pH to 7.4) and supplemented with 0.018% ascorbic acid, 0.005%
BSA, 10 μM propranolol, and 0.1 μM rauwolscine and was preincubated
first with membranes containing ARs for 4 h at 25 �C to achieve equi-
librium conditions. The radioligand was then added, either 100–600 pM
125I-(2-{[β-(4-Hydroxyphenyl) ethyl]aminomethyl}-1-tetralone hydro-
chloride) (HEAT) or 3H-Norepinephrine (42 nM) and incubated with
various doses of unlabeled compound or ligand with shaking at 25 �C for
an additional hour. To convert all the conformations to a single
low-affinity site in certain experiments, 0.5 mMGTP is added to the
binding buffer. Binding data is analyzed using Graphpad Prism.

cAMP assay. Rat-1 fibroblasts expressing a single α1-AR subtype are
washed and re-plated into 24-well plates in Dulbecco's Modified Eagle
Medium (DMEM) media without serum at approximately 2.4 x 104 cells/
well. Cells are allowed to rest till the next day in a CO2 incubator at 37 �C.
The cells are washed twice with DMEM (no serum), then 1 ml of DMEM is
added to each well. Cells are pre-incubated for 2 h at 37 �C in a CO2
incubator with 10 μM propranolol, 0.1 μM rauwolscine, and the test
compound, followed by 100–200 μM of 3-isobutyl-1-methylxanthine
(IBMX) and either NE or Epi for an additional 2 h at 37 �C in a CO2
incubator. NE or Epi are added either in a dose response (1 dose per well)
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or at a fixed concentration (PAM assay; 10�4 M) in addition to the test
compound at either one or multiple concentrations. The reaction is
concluded by aspirating the media and adding 0.1M HCl. The mixture is
incubated for 20 min at room temperature. The cells are scraped and
suspended until homogenous. The mixture is centrifuged at 1000 g for
10 min and the supernatant assayed the same day according to a man-
ufacturer's cAMP kit (Cayman Select Cyclic AMP EIA kit #501040).

Total inositol phosphate assay. Cells expressing a single α1-AR sub-
types are washed and re-plated into 6-well plates containing DMEM
media at approximately 5 x 104 cells/well. Cells are allowed to rest till
the next day in a CO2 incubator at 37 �C. Two μl of 3H-inositol (at 1 μCi/
mL, PerkinElmer NET 114 005 MC) is added to each well and incubated
overnight in a CO2 incubator at 37 �C. The cells are washed twice with
DMEM (no serum), then 2 ml of DMEM (no serum) is added to each well.
LiCl (10 mM, final) is added to each well and incubated for 1 h in a CO2
incubator at 37 �C. NE or Epi are added either in a dose response (1 dose
per well) in addition to the test compound at either one or multiple
concentrations. The cells are further incubated for 1 h at 37 �C in a CO2
incubator. The cells are assayed for total inositol phosphates (IP) as
previously described using anion-exchange chromatography (Perez et al.,
1993).

p-CREB activity. Rat-1 fibroblasts expressing the α1A-AR were plated
into 6-well dishes at a concentration of 2.8 x 106 cells and placed in a 37
�C/5% CO2 incubator overnight. The following day the cells were
washed twice with DMEM (no serum or additives). DMEMwas added and
the cells incubated for 1 h in the incubator. Propranolol (10 μM final,
Sigma P-0884) and rauwolscine (0.1 μM final, Tocris 0891) were added
to all wells and test wells also received Compd-3 (10�8 M, final) and
incubated for an additional 2 h. NE (10�4 M final, Sigma A9512) was
added to each well followed by IBMX (500 μM, Sigma I-5879) and
incubated for 45 min, then washed once with 2 ml PBS. To assessed p-
CREB, cells were lysed with 0.3 ml cold lysis buffer consisting of M-PER
mammalian protein extraction reagent (Pierce #78501) containing 1X
Halt protease & phosphatase inhibitor mix (Pierce #78441), 1X Protease
Inhibitor Cocktail set III (Calbiochem 539134), 10 mM β-glycer-
ophosphate, 10 mM sodium fluoride, 1 mM sodium vanadate, and 2 mM
sodium pyrophosphate. The cells were scraped on ice and transferred to
microfuge tubes. Tubes were centrifuged at 18,000 RCF at 4 �C for 20
min. The supernatant was transferred into new microcentrifuge tubes, an
aliquot taken for protein quantitation (Pierce Micro BCA Protein Assay
Kit #23235), and the samples stored at �20 �C.

100 μg lysate was boiled in a total of 40 μl sample buffer for 5 min
containing 100 mM dithiothreitol (Sigma D9163) in 62.5 mM Tris, pH
6.7, 2% SDS, 10% glycerol and 0.04% bromophenol blue, followed by
SDS-PAGE using a 10% Tris HCl gel (Biorad Mini-PROTEAN TGX gel
#4561034). The gel was transferred using BioTrace pure nitrocellulose
(Pall 66485) in Tris glycine buffer without SDS but containing 20%
methanol. The nitrocellulose was blocked with 5% BSA in PBST for 1 h at
room temperature, washed 3 � 5 min with PBST, and then incubated
overnight at 4� with rabbit phospho-CREB antibody (pSer133, Cell
Signaling #9198) at 1:1000 in 5% BSA in PBST. The membrane was
washed 3 � 5 min before incubating with 1:10,000 goat anti-rabbit IgG
HRP in 5% BSA in PBST for 1 h at room temperature. After washing 5� 5
min, the membrane was incubated with 5 ml of each component of the
HyGlo Chemiluminescent HRP Antibody Detection Reagent (Denville).
After quantification, the blots were stripped and incubated with rabbit
GAPDH (Cell Signaling, #2118) at 1:1000 dilution. The bands were
quantified using the Image Studio Digits Version 4.0 program associated
with the Li-Cor digital scanner model C-DIGit, normalized to GAPDH
levels, and graphed using Prism software. P-CREB is identified at 43 kDa,
and a phosphorylated form of the CREB-related protein ATF-1 also cross
reacts (29 kDa, Cell Signalling #9191).

Statistics. Statistical testing was performed using an ANOVA and the
Turkey's or Bonferroni's post hoc multiple comparison test to determine
significant differences or a student's t-test. Significance was determined
at p < 0.05.



Fig. 2. Cmpd-3 binding at the α1A-AR. Competition binding performed in
membranes isolated from Rat-1 fibroblasts expressing the α1A-AR and using the
radiolabeled antagonist, 125I-HEAT. In the presence of 0.5 mM GTP, Cmpd-3
showed an affinity of 30 nM for the α1A-AR (blue squares) but with incom-
plete inhibition of 125I-HEAT, suggesting allostery. The orthosteric ligands,
phentolamine (black circles), cirazoline (green triangles) and RO115-120 (pink
diamonds) completely inhibited 125I-HEAT. N ¼ 3–6 independent experiments
performed in duplicate. Data was analyzed in GraphPad Prism using the one-site
competitive binding algorithm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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3. Results

Cmpd-3 design and synthesis. Cmpd-3 was designed based upon the
structure of cirazoline, an α1A-AR agonist with 10-50-fold selectivity
against the α1B- and α1D-AR subtypes (Hwa et al., 1995). This structure
was chosen for derivatization because of its ability to bias cAMP signaling
(Evans et al., 2011; da Silva Junior et al., 2017). We previously identified
a number of residues in the α1A-AR agonist binding pocket and the type of
modifications needed in α1A-AR ligands to increase selectivity (Hwa
et al., 1995, 1996, 1996, 1996; Waugh et al., 2000, 2001; McCune et al.,
2004; Perez, 2007). In particular are the aliphatic hydrophobic groups at
the R1 ortho-position on the aromatic ring and the N- and S- substituents
of sulfonamide at the R2 position (as denoted in Fig. 1). Because of our
desire to design only partial agonists which would also lead to a weaker
blood pressure effect, the R2 position contained a methyl-sulfonamide.
One of the initial compounds we synthesized (Cmpd-3) displayed selec-
tive binding towards the α1A-AR and was further characterized.

Cmpd-3 demonstrates α1A-AR binding selectivity. We first deter-
mined equilibrium conditions of Cmpd-3 (10�5 M) in its competitive
binding of 125I-HEAT (data not shown) at the α1A-AR. This was deter-
mined to be 1 h. As allosteric interaction can alter binding kinetics,
further binding incubations were performed for 4 h to be sure equilib-
rium conditions were achieved as recommended by Hulme and Treve-
thick (2010). Cmpd-3 binds the α1A-AR subtype with an approximate
affinity of 100 nMwhen 0.5 mMGTP is added to the buffer and could not
fully inhibit the binding of the radiolabeled antagonist, 125I-HEAT
(Fig. 2). When GTP is removed from the binding buffer, Cmpd-3 displays
two binding affinity sites, typically seen with GPCR agonists, a high af-
finity site of 0.13 pM and a low affinity site of 54 nM (Fig. 3). The
inability of Cmpd-3 to fully inhibit the radioligand 125I-HEAT suggested
that this compound could be an allosteric modulator. The ability of the
orthosteric α1-AR antagonist, phentolamine, and agonists, cirazoline and
RO115-1224 (Fig. 1), to fully inhibit I125-HEAT binding, demonstrate
distinctive orthosteric effects (i.e. full inhibition) even though there are
similarities in structure to Cmpd-3 (Fig. 2). Cmpd-3 did not display any
binding towards the α1B-AR subtype (Fig. S2) and low affinity binding at
the α1D-AR (Ki ¼ 30 μM) (Fig. S3) showing a 1000-fold difference in
Fig. 1. Select Cmpd-3 derivations. (A) Structure of lead Compound 3 (Cmpd-3) and
compound (i.e. cirazoline), the α1A-AR agonist, RO115,1240 and key derivations. The
and R3 regions. * indicate PAMs.

3

binding selectivity between the subtypes. As imidazolines that are se-
lective for the α1A-AR also can bind to α2-ARs, but display antagonistic
and not agonistic function, we analyzed the ability of Cmpd-3 to inhibit
the α2A-AR using 3H-RX821002 on membranes isolated from Cos-1 cells
stably-expressing the α2A-AR. Cmpd-3 displayed orthosteric binding at
key substituents (R1-3) for structure-function analysis. (B) Structures of starting
different chemical structures substituted from Cmpd-3 are shown in the R1, R2,



Fig. 3. Cmpd-3 displays high and low affinity sites in Rat-1 fibroblasts
expressing the α1A-AR. Competition binding performed in membranes isolated
from Rat-1 fibroblasts expressing the α1A-AR using the radiolabeled antagonist,
125I-HEAT. When competition binding is performed without GTP, Cmpd-3
shows 2-binding sites, typically seen with agonists at GPCRs. A high affinity
site of 0.13 pM and a low affinity site of 54 nM. N ¼ 7 independent experiments.
Data was analyzed in GraphPad Prism using the two-site competitive bind-
ing algorithm.

Fig. 4. Cmpd-3 has no intrinsic basal activity at either (A) cAMP or (B) IP
signaling in Rat-1 fibroblasts expressing the α1A-AR. Cmpd-3 (blue circles),
Cmpd-10 (green squares), Cmpd-12 (purple triangles), Cmpd-13 (pink di-
amonds), and Cmpd-14 (blue triangles) do not show any basal activity. NE
(10�4 M) alone (orange squares), Cirazoline (10�5 M) alone (grey triangles),
RO115-1240 (10�5 M) alone (black triangles), and media alone (grey circles)
serve as controls to illustrate full and partial agonists. N ¼ 3–4 independent
experiments performed in duplicate. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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α2A-ARs and fully inhibited 3H-RX821002, similar to the control α2-AR
antagonist, rauwolscine, but with a much lower affinity of 130 mM
(Fig. S4). A screen of 39 other class A GPCRs performed by the Psycho-
active Drug Screening program (Besnard et al., 2012) reveal no other
significant binding to other GPCRs except the 5-HT7A which had a Ki of
6 μM, still a 1000-fold lower affinity than at the α1A-AR.

Cmpd-3 PAM activity is receptor, ligand, and signal-biased; poten-
tiation of NE-mediated but not Epi-mediated cAMP. PAMs can alloste-
rically stabilize the active conformation of a receptor enhancing
downstream signal transduction in a manner similar to G-proteins
(Langmead, 2011). A very common property of allosteric modulators is
not only can they be specific for a receptor subtype but they can also
impart signaling- and ligand-biased effects (Wootten et al., 2013). This
was also the case for Cmpd-3. Cmpd-3 is not an agonist and is a pure
PAM. It cannot stimulate inositol phosphate or cAMP second messengers
by itself in a dose-response and was distinctively different from cirazoline
and RO115-1224 which were both partial agonists at the α1A-AR (Fig. 4).
However, Cmpd-3 at nM concentrations potentiated the cAMP-mediated
response of NE in the presence of the β-blocker, propranolol and rau-
wolscine, an α2-AR blocker (Fig. 5A), but did not affect the
cAMP-mediated response of Epi (Fig. 5B). Also confirming Cmpd-3's
specificity for the α1A-AR subtype only, there was no effect of Cmpd-3 on
the NE or Epi-mediated cAMP response of either the α1B- or α1D-AR
subtype (Fig. S5). Cirazoline and RO115-1224 displayed rightward
curve-shifting effects consistent with a competitive partial agonist at both
the NE- or Epi-mediated cAMP response (Fig. 5C–F) with cirazoline
having greater intrinsic activity than RO115-1224 at the cAMP response.
While Gq-coupling to IP signaling is considered the main signaling
pathway for α1-ARs, the ability of cirazoline and particularly,
RO115-1224, a demonstrated highly-selective agonist for the α1A-AR
(Blue et al., 2004) to effect NE-mediated cAMP in the presence of a β-AR
blocker indicates a true α1-AR coupling to this pathway.

To assess if Cmpd-3 also had allosteric effects on another α1A-AR
mediated signal, we determined the ability of Cmpd-3 to alter the total
inositol phosphate signal of NE or Epi. There was no effect of Cmpd-3 on
either the NE or Epi-mediated IP signal at the α1A-AR (Fig. 6AB) or on the
4

α1B- or α1D-AR subtypes (data not shown). Cirazoline and RO115-1224
again displayed rightward curve-shifting effects consistent with a
competitive partial or full agonist behavior at both the NE- or Epi-
mediated IP response (Fig. 6C–F). Overall, these results indicate that
Cmpd-3 is a PAM that is specific for the α1A-AR subtype and is both ligand
and signal-biased.

Cmpd-3 potentiates the phosphorylation of p-CREB. To confirm ef-
fects of Cmpd-3 on the NE-mediated cAMP signal, we next assessed the
phosphorylation levels of the cAMP response element-binding protein
(CREB) at Ser133. p-CREB activity activates many gene targets in
response to higher cAMP levels, particularly in NE-mediated memory
formation and its retrieval (Kabitzke et al., 2011; Huang et al., 2017;
Bartolotti and Lazarov, 2019). In corroboration with potentiated cAMP
levels, Cmpd-3 (10�8 M) also significantly potentiated NE-mediated
p-CREB levels even when β- and α2-AR receptors were blocked (Fig. 7).

Cmpd-3 stabilizes high affinity state. Since Cmpd-3 potentiated only
the NE-specific cAMP signal, we next assessed whether Cmpd-3 altered
the binding characteristics of NE at the α1A-AR. In the absence of GTP, NE



Fig. 5. Cmpd-3 potentiates the NE-mediated (A)
but not the Epi-mediated (B) cAMP signaling in
Rat-1 fibroblasts expressing the α1A-AR. Cmpd-3
(red diamonds, 10�8 M; green squares, 10�9 M; blue
hexagons,10�10 M; gold triangles, 10�7 M; purple
stars, 10�6 M) increases the Emax of the cAMP
signaling when added to NE (A) but not Epi (B)
compared to NE or Epi alone (black circles). Cirazo-
line (C–D) nor RO 115–1240 (E–F) (green squares,
10�5 M; blue triangles, 10�6 M) displayed rightward
shifting competitive effects when added to NE or EPI
(alone, black circles). Cirazoline or RO 115–1240
alone (red diamonds). N ¼ 3–7 independent experi-
ments performed in duplicate. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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displays two binding sites of high and low affinity (KiH�8.5; KiL�5) with
15% of the receptor in the high affinity state conformation. The presence
of Cmpd-3 (10�5 M) increased the fraction of receptor in the high affinity
state (55%). In contrast, the same dose (10�5 M) of cirazoline fully-
inhibited the binding of NE in a competitive manner (Fig. 8A). There
was no effect of Cmpd-3 on the binding profile of Epi (Fig. 8B). There
were similar effects on NE-binding when cmpd-14 was used. To confirm
effects of Cmpd-3 to stabilize the high affinity site of NE, Cmpd-3 could
dose-dependently increase the binding of radiolabeled 3H-NE to the α1A-
AR when a constant amount of 3H-NE was added equaled to the high
affinity state of NE (42 nM) (Fig. 9). The binding effect of Cmpd-3 also
saturated, typical of allosteric modulators. Together with the signal as-
says, these studies indicate that Cmpd-3 stabilizes the NE-mediated
active state conformation of the α1A-AR leading to potentiation of
signaling but also a conformation that favors the formation of cAMP.

PAM assay development in primary and transfected cell lines. A
PAM assay has been developed that shows the dose-dependency, Emax,
and potency (EC50) of Cmpd-3's response to NE-mediated cAMP poten-
tiation in transfected Rat-1 fibroblasts (Fig. 10A), transformed human
neuroblastoma SK-N-MC cell line (Fig. 10B), or primary mouse car-
diomyocytes (Fig. 10C). In this assay, the concentration of NE is held
constant at its Emax (10�4 M) (Fig. 10, red line). Cmpd-3 is then added in
5

a dose-response (Fig. 10, blue line). Any signal above the red line is
potentiation. For Cmpd-3, the Emax is potentiated by 35–60% over NE's
maximum response alone. The signal stays elevated (i.e. ceiling effect),
common with PAMs, then begins to wane at higher concentrations of
Cmpd-3, suggesting desensitization (Hellyer et al., 2019) or competitive
binding to the orthosteric site. The potency of Cmpd-3 to potentiate the
NE-mediated cAMP response is consistent with the high affinity site of
Cmpd-3 binding to the α1A-AR (Fig. 3). The different values for Emax and
EC50 depend upon the cell line used and the amount of receptor reserve,
where low receptor reserve shifts the curve to the right as shown in
primary adult cardiomyocytes (Fig. 10B). However, when receptors are
vastly overexpressed (1000þ-fold over endogenous G-proteins levels),
we could not detect PAM activity as most of the receptors are uncoupled
from the G-protein.

Cmpd-3 structure-function. To assess some of the key structural de-
terminants of PAM activity, we also analyzed derivatives with changes in
the ortho- or para-substituent groups. Extending the carbon chain in the
ortho-isopentyl group (Fig. 1, Cmpd-10), or adding an additional methyl
to form a tert-butyl group (Fig. 1, Cmpd-14) retained PAM activity, while
substituting fluorine for carbon in Cmpd-14 (Fig. 1, Cmpd-13), lost PAM
activity (Fig. 11). Modification of the sulfonamide S-methyl of Cmpd-3 to
iso-propane (Fig. 1, Cmpd-12) also lost PAM activity. Adding a para-



Fig. 6. Cmpd-3 does not affect the NE-mediated
(A) nor the Epi-mediated (B) inositol phosphate
signaling in Rat-1 fibroblasts expressing the α1A-
AR. Cmp-3 (green circles,10�5 M; blue circles,10�7

M) when added to NE (A) or Epi (B) does not affect
inositol phosphate signaling compared to NE or Epi
alone (black circles). Cmpd-3 alone (red diamonds).
(C) Cirazoline (green squares,10�7 M; blue tri-
angles,10�8 M), or (D) Cirazoline (green
squares,10�8.5M; blue triangles,10�9 M), or (E, F)
RO115-1240 (green squares,10�5 M; blue tri-
angles,10�7 M) displayed effects consistent with a
partial or full agonist when added to NE or EPI (alone,
black circles). Cirazoline or RO 115–1240 alone (red
diamonds). N ¼ 3–4 independent experiments per-
formed in duplicate. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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chloro to Cmpd-3, mimicking RO115-1224, also lost PAM activity (data
not shown). Cmpds-12 and -13 displayed competitive effects on NE-
mediated cAMP at higher concentrations similar to cirazoline (Fig. 11).

4. Discussion

We have developed the first series of novel small molecular weight
compounds that are PAMs at the α1A-AR. These compounds were first
derivatized from the imidazoline agonist, cirazoline. Imidazoline ago-
nists display better brain penetrance, inherent α1A-AR selectivity, and
biased signaling to cAMP pathways compared to α1A-AR phenethylamine
agonists, such as methoxamine (Evans et al., 2011; da Silva Junior et al.,
2017). These PAMs are selective for the α1A-AR subtype, displaying poor
or absent binding and/or signaling effects at the α1B- or α1D-AR subtypes
(Figs. S2–4). A high affinity binding site (pM) is consistent with agonistic
G-protein allosteric behavior and sub nM potency seen in signal trans-
duction PAM assays (Fig. 10) and with nM Emax observed in vivo on
cognitive and memory effects (Perez, 2021b; in preparation). The high
affinity Ki measurement we observed (0.13 pM) are obtained from al-
gorithms and based upon shallow curves and may not be absolute.
Allosteric modulators such as cmpd-3 can have additional allosteric
6

effects depending upon the ligand used, the amount of receptor
pre-coupled to G-protein (based upon the degree of overexpression), and
with possible interactions with the lipid environment (Szlenk et al.,
2021) that can alter observed affinity.

Cmpd-3 was studied extensively and found also to be both ligand and
signal-biased, a common property of PAMs (Kenakin, 2005; Valant et al.,
2012). They effect both the binding and signaling properties of the
NE-bound receptor but have no effects on the Epi-bound receptor.
Cmpd-3 is a pure PAM and does not display any basal agonist activity, yet
Cmpd-3 biased and potentiated cAMP signaling (Fig. 5) and the
cAMP-mediated transcription factor p-CREB (Fig. 7), without effects on
the IP response (Fig. 6). NE mediates the cognitive effects of ARs through
cAMP signaling utilizing both α1-and β-ARs (Ferry et al., 1999a,b; Hat-
field and McGaugh, 1999) and through p-CREB activity (Kabitzke et al.,
2011; Huang et al., 2017).

While the IP response is the canonical second messenger activated by
the α1-AR through Gq coupling, cAMP signaling has been documented
and particularly biased with α1A-AR selective imidazolines (Evans et al.,
2011; da Silva Junior et al., 2017), through either a PKA-dependent (Lin
et al., 1998; Markou et al., 2004; Gallego et al., 2005; Scarparo et al.,
2006; Sugimoto et al., 2011), PKC-dependent (Thonberg et al., 2002), or



Fig. 7. Cmpd-3 increases NE-mediated phosphor-
ylation of CREB in the presence of α2-and β-AR
blockers. (A) Western blot analysis of pSer133-CREB
levels in rat-1 fibroblasts transfected with the α1A-AR.
Cells were preincubated for 2 h with β-AR inhibitor,
propranolol (10 μM) and the α2-AR inhibitor rau-
wolscine (0.1 μM), with or without the addition of
Cmpd-3 (10�8 M) in the presence of 500 μM IBMX.
Cells were stimulated by NE (10�4 M) for an addi-
tional 2 h before subjected to SDS-PAGE. The trans-
ferred blot was probed with rabbit p-CREB antibody
(pSer133, Cell Signaling #9198) at 1:1000, then
1:10,000 goat anti-rabbit IgG HRP in 5% BSA in PBST.
The blot was stripped and incubated with rabbit
GAPH antibody (Cell Signaling # 2118) as a loading
control. (B) The bands were quantified using the
Image Studio Digits Version 4.0 program associated
with the Li-Cor digital scanner model C-DIGit,
normalized to GAPDH, and graphed using Prism
software. P-CREB is identified at 43 kDa, and a
phosphorylated form of the CREB-related protein
ATF-1 also cross reacts (29 kDa). pRepresentative gel.
N ¼ 12, from 3 independent experiments performed
in quadruplet. *P < 0.008.

Fig. 8. Cmpd-3 stabilizes the high affinity binding
site of NE but not Epi. Competitive binding was
performed in membranes isolated from Rat-1 fibro-
blasts expressing the α1A-AR and using 125I-HEAT as
the radiolabel and in the absence of GTP to display
two-site binding typical of GPCR agonists. A)
Competition binding of NE at the α1A-AR (black cir-
cles) or in the presence of Cmpd-3 (10�5 M)(blue
squares) or cmpd-14(10�5 M)(red triangles). Same
dose of the allosteric partial agonist, cirazoline (10�5

M), binds to orthosteric site as NE and completely
competes off NE binding (green triangles). (B)
Competition binding curve of Epi at the α1A-AR (black
circles) competing off the radiolabel antagonist 125I-
HEAT with a 10�5 M dose of Cmpd-3 (blue squares) or
cmpd-14 (red diamonds). N ¼ 4–8 independent ex-
periments performed in duplicate. Data was analyzed
in GraphPad Prism using the one or two-site compet-
itive binding algorithm. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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indirect pathways (Harley et al., 2006) depending upon the cell type. In
fact, we demonstrated that Cmpd-3 potentiates a major downstream
effector of NE-mediated cAMP signaling, p-CREB (Fig. 7). In addition, as
the IP response activates PKC which is not altered by Cmpd-3, it is un-
likely that CREB phosphorylation was increased via PKC.

Radioligand binding studies also confirm the allosteric interaction of
Cmpd-3. A saturating concentration of the orthosteric agonist cirazoline
(10�5 M) can compete at the same binding site as NE, causing complete
inhibition of the radiolabel 125I-HEAT. In contrast, Cmpd-3 at the same
concentration as cirazoline did not compete but increased the fraction of
7

receptor in the high affinity state (Fig. 8), suggesting that cmpd-3 sta-
bilizes or promotes the active-state conformation. These results were
confirmed when a dose response of Cmpd-3 increased the binding of a 42
nM concentration of 3H-NE (Fig. 9), which would only occupy the high
affinity site of NE at the α1A-AR. There was no effect of Cmpd-3 on the
binding properties of Epi. Interestingly, there was increased binding of
125I-HEAT when either cmpd-3 or cmpd-14 was added to the NE-bound
receptor (Fig. 8A). Comparison to Epi-binding curves (Fig. 8b) in-
dicates that the effect is NE-specific. The increase in 125I-HEAT binding
was NE-bound receptor specific and could be due to allosteric effects on



Fig. 9. Cmpd-3 dose-dependently potentiates the binding of 3H-NE at its
high affinity site. Binding experiments were performed in membranes isolated
from Rat-1 fibroblasts expressing the α1A-AR and using the radiolabeled agonist,
3H-NE at a single dose of 42 nM, its high affinity site. Cmpd-3 dose-dependently
increased the amount of 3H-NE bound to the α1A-AR with a potency of 0.1 nM.
N ¼ 7 independent experiments performed in duplicate.

Fig. 10. Cmpd-3 can potentiate the NE-mediated cAMP response in trans-
fected Rat-1 fibroblasts (A), human SK-N-MC, a transformed neuroblas-
toma cell line (B) or primary mouse cardiomyocytes in a PAM assay (C). To
show PAM effects of potency and Emax, the concentration of NE is held constant
at its Emax (10�4 M) (red line). Cmpd-3 is then added in a dose-response (blue
line). Any signal above the red line is potentiation. Cmpd-3 potentiates the NE-
mediated cAMP response with a potency of 0.1 pM in neuroblastoma cells (A) or
0.5 nM in primary cardiomyocytes (B). Media alone (yellow squares). The shift
to the right in the primary cells is due to endogenous receptor density. N ¼ 4(C);
6(B); 13(A) independent experiments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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receptor expression, stability, or on 125I-HEAT binding. There is prece-
dent for altered receptor surface expression in the literature with allo-
steric modulators upon prolonged exposure (May et al., 2005; Sinner
et al., 2019) as our binding assays are 5 h long. As alternate explanation is
that the cmpd-3/NE complex may have an allosteric and conformational
effect on 125I-HEAT binding kinetics. Nevertheless, these results suggest
that Cmpd-3 stabilizes the high-affinity G-protein bound state of NE (i.e.
presumably by increasing residence time) (Cao et al., 2021), leading to
the increased in signal transduction but with a conformation that is
biased towards cAMP. While a ceiling effect of Cmpd-3, typical of PAMs
(Wootten et al., 2013; Christopoulos, 2014), was seen in binding (Fig. 9),
the PAM signaling assay (Fig. 10) showed inhibition at high concentra-
tions which suggests a desensitization of the signal. Alternately, high
concentrations of the PAMmight begin to bind at the orthosteric binding
site, leading to competitive effects.

While Cmpd-3 is novel, it does share some structural similarities to
RO115-1240 and cirazoline (Fig. 1). However, neither RO115-1240 nor
cirazoline displayed any PAM characteristics, both having intrinsic
agonist activity and demonstrate competitive effects with NE or EPI,
consistent with a partial or full agonist at the α1A-AR. There are two types
of PAMs currently described in the literature (type I & type II) (Hackos
and Hanson, 2017; Allegretti et al., 2016; Targowska-Duda et al., 2018).
Type I PAMs can enhance maximum activity without altering EC50 and
are conformationally driven while type II PAMs act by shifting the EC50 to
higher affinity with little effect on maximum activity. There are also
mixed type I/II PAMs. Cmpd-3 appears to be consistent as a Type I PAM
via potentiation of the cAMP maximal response without altering the af-
finity of the receptor.

Through structure-function analysis, we were able to discern some
patterns of the structural determinants for PAM activity at the α1A-AR.
The R1 position (Fig. 1A) was previously shown to impart α1A-AR agonist
selectivity when occupied by aliphatic hydrophobic groups (Hwa et al.,
1995). The R2 position through hydrogen bonding imparts signaling
efficacy at the α1A-AR with little effect on binding (Hwa and Perez, 1996)
but cirazoline is a noted exception. While the R3 position in the α1A-AR
can accommodate bulk which contributes to binding selectivity, it is not a
major contributor (McCune et al., 2004). We hypothesized that the
interaction and packing of R1 and R2 accounts for the PAM activity as
8



Fig. 11. Cmpds-3,-10,-14 display PAM effects of NE-mediated cAMP
potentiation in Rat-1 fibroblasts expressing the α1A-AR. To show PAM ef-
fects of potency and Emax, the concentration of NE is held constant at its Emax
(10�4 M) (red triangles). Various Cmpds are then added in a dose-response. Any
signal above the red line is potentiation, below the red line is competitive in-
hibition. Cmpds-3, 10 and 14 display PAM effect while Cmpds-12 and 13 display
competitive inhibition similar to the orthosteric partial agonist cirazoline. NE þ
Cmpd-3 (black circles), NE þ Cmpd-10 (blue circles), NE þ Cmpd-12 (pink
triangles), NE þ Cmpd-13 (orange diamonds), NE þ Cmpd-14 (purple squares),
NE þ cirazoline (green triangles). N ¼ 3–6 independent experiments performed
in duplicate. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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increasing the carbon length or hydrophobic bulk in the R1 as in
Cmpds-10 and 14 result in PAM activity, but substitution of fluorine for
carbons in the R1 isobutane of Cmpd-13 abolishes PAM activity (Fig. 1).
Likewise, substitution of the R2 methyl sulfonamide to iso-propyl in
Cmpd-12 also abolished PAM activity. Interestingly, simply adding a
chlorine substituent at R3 to Cmpd-3, similar to RO115-1240, also
abolished PAM activity (Cmpd-7). We speculate that since chlorine is
electron withdrawing on an aromatic ring, the hydrogen bonding and
resulting binding effects of Cmpd-3's R2 methyl-methane sulfonamide
may have been changed that reduced its affinity for the allosteric binding
pocket. Further structure-function analysis is required to substantiate
this.

Cmpd-3 and its analogs are the first PAMs described for the α1-AR
family. There have been negative allosteric modulators previously re-
ported for the α1-and α2-ARs (Leppik et al., 2000; Leppik and Birdsall,
2000; Sharpe et al., 2003; Campbell et al., 2017). PAMs have been
described for the GPCR adrenergic-related, β2-AR (Ahn et al., 2018) as
well as many other more distantly-related GPCRs (Canals et al., 2012;
Chan et al., 2008; Kruse et al., 2013). Because of signal-selectivity for
only the cAMP signaling of NE at the α1A-AR, with no intrinsic activity
nor effects on the IP signal, it is hypothesized that there will be no effect
of Cmpd-3 on blood pressure. This hypothesis has been substantiated in
part from our prior genetic phenotype, in vivo (Perez, 2021b). Cmpd-3
(2.6 mg/kg, q.d., PO) at either 3 months or 6 months of dosing failed
to change systolic blood pressure in 3XTG mice but statistically increased
long-term potentiation and cognitive behavior (Perez, 2021b). Without
effects on blood pressure, Cmpd-3 and its analogs may provide a superior
therapeutic strategy to treat Alzheimer's Disease (Perez, 2020, 2021a,b)
and/or heart failure (Perez, 2020, 2021a,c).

In summary, we have characterized the first discovery of a PAM for
9

the α1A-AR. These PAMs displays high selectivity and cAMP signal-bias
for the α1A-AR but only with the NE-bound conformation. Its ability to
modulate NE but not Epi binding and only cAMP signaling would target
effects in the brain, lessen or eliminate blood pressure and other side
effects, making it a desirable therapeutic for neurological diseases.
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