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ABSTRACT

Vanilloid phytochemicals (VPs), which contain the 4-hydroxy-3-methoxybenzyl
group, have consistently been shown to alleviate pain. All four of the adenosine receptor
(AR) subtypes mediate pain and have been targeted by pharmacologists to generate new
therapeutics for pain. However, despite the fact that both VPs and ARs are connected to
pain relief, only a few studies have described the interaction between VPs and ARs.
Furthermore, the few studies that have been done have all been performed in vivo, with
no assessment of binding affinity and receptor activation in vitro. In this study,
photochemical methods were used to generate a novel isomer of curcumin called cis-
trans curcumin (CTCUR), and the interactions of CTCUR with each of the four AR
subtypes were measured. Cell survival assays were performed to measure toxicity.
Competitive binding assays, confocal fluorescence microscopy, and docking analysis
were performed to measure binding affinity. Finally, cAMP immunoassays were
performed to measure receptor activation. Binding assay results indicated that CTCUR
has K values of 306 nM, 400 nM, 5,107 nM, and 6,722 nM at AR subtypes A1, Az, A2a,
and Azg, respectively. These values suggest that CTCUR is selective for Gi-linked ARs
over Gs-linked ARs. Docking studies likewise indicated that CTCUR interacts more
strongly with the Gi-linked subtypes. Data from cAMP immunoassays at all four subtypes
suggest that CTCUR is an agonist of ARs. Docking indicated that CTCUR binds to the
toggle switch domain of ARs, which likewise suggests agonistic activity. Thus, this study
provides the first in vitro and in silico data that support the hypothesis that ARs may

serve as a mechanism of action for the antinociceptive effect of VPs.
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I. INTRODUCTION

A. Vanilloid Phytochemicals

A variety of plants from both the monocot and eudicot clades produce compounds
that contain the 4-hydroxy-3-methoxybenzyl group (Figure 1A). This family of
compounds can be collectively referred to as the “vanilloid phytochemicals,” (VPs) and
many members of this family have medicinal value [1,2]. The family derives its name
from vanillin (Figure 1A), a compound from the pods of certain orchids that gives flavor
to foods like ice cream. Vanillin has a healing effect on some brain diseases, including
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, and depression [3].
Vanillin also has an antinociceptive effect, as demonstrated in mice with acetic acid-
induced pain [4]. Unlike vanillin, some VPs are well known for being pungent [5]. One
such compound is capsaicin (Figure 1B), which causes the burning sensation from chili
peppers. Capsaicin combats postherpetic neuralgia and other forms of neuropathic pain
[6]. Research in rats suggests that one way capsaicin exerts its antinociceptive effect is by
activating glutamatergic neurons in the periaqueductal gray matter [7]. Another pungent
VP is 6-gingerol (Figure 1C), which causes the slight burning sensation from ginger
rhizomes [5,8]. 6-Gingerol has anti-cancer properties [8] and reduces both acetic acid-
induced and formalin-induced pain [9]. Two other VPs are important to introduce
because we have studied them in our lab previously [10], and the present study is a
continuation of those studies. One is incarvillateine (Figure 1D), which comes from the
asterid Incarvillea sinensis and can inhibit formalin-induced pain [11,12]. The other is

ferulic acid (Figure 1E), which is named for the giant fennel (Ferula communis) [13] but



can be found in the cell walls of a wide variety of plants, including grasses, sugar beets,
and spinach [13,14]. Ferulic acid has several medicinal effects, including rescue of
insulin levels in diabetes, protection of liver cells from toxicity, protection of skin cells
from carcinogenesis due to ultraviolet light [15], and inhibition of neuropathic pain [16].
In summary, VPs have medicinal effects on multiple organ systems, and there is a strong
connection between VPs and pain relief. In this study, we explored the potential of VPs

as pain therapeutics.

B. Pain

Several cellular signaling pathways are involved in the transmission of pain. For
example, three members of the transient receptor potential (TRP) family play a prominent
role in mediating pain sensation at the peripheral level where the noxious stimulus is first
detected [17]. TRPALI is important for the detection of painful mechanical stimuli [18]
and pain-inducing chemicals like formalin and hydrogen peroxide [19]. TRPV1 plays a
major role in mediating the pain response to heat [19], and TRPMS is involved in the
pain response to cold [17]. Another relevant protein family is the voltage-gated sodium
channels (VGSCs), which are necessary for action potential generation in all human
neurons. Although the involvement of VGSCs as a family is unsurprising, what is more
noteworthy is that some VGSCs play more of a role in pain transduction than others. For
example, VGSC subtype Nay 1.8 is especially abundant at free nerve endings and is
especially important for repetitive neuronal firing. Both of these traits make Nay 1.8
important for pain transduction, as demonstrated in Nay 1.8 knockout mice. Such mice

did not respond to painful stimuli as much as wild-type mice, and this was true regardless



of whether the painful stimulus was thermal, mechanical, or chemical [20]. Some
mediators of inflammatory pain include the cyclooxygenase (COX) enzymes, which in
the context of tissue damage are responsible for converting arachidonic acid into
prostanoid molecules like prostaglandin E>, which can bind to prostanoid receptors and
generate pain signals. The well-known anti-inflammatory drugs aspirin, ibuprofen, and
acetaminophen all work by inhibiting COX enzymes [21]. In the central nervous system,
glutamate receptors, such as N-Methyl-D-aspartate (NMDA) receptors and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, are involved in the
transmission of pain signals [22]. NMDA receptors in the spinal cord that have the NR2B
subunit are especially critical in relaying pain signals [23]. Finally, experiments with
knock-out mice have demonstrated that 6, k, and p opioid receptors are all involved in the
body’s ability to inhibit pain signals [24]. Opioid receptors, which are part of the large
family of G-protein-coupled receptors (GPCRs) [24], perform this inhibitory action at
both the peripheral and central levels [25]. The complex nature of pain signaling helps to
explain why, despite decades of research on the formulation of analgesic medications,
chronic pain remains one of the most serious clinical problems facing the biomedical
community.

According to the International Association for the Study of Pain, chronic pain is
defined as “pain without apparent biological value that has persisted beyond the normal
tissue healing time,” which is normally interpreted to be three months [26—28], although
sometimes six months is used [28]. The most common sites for chronic pain include the

back, legs, neck, shoulders [29], knee, hip [30], orofacial region, and head (“head” in this



case means the phenomenon of “headache,” which is separate from orofacial pain) [31].
Chronic pain affects roughly 30% of the global population, over 2.3 billion people [26].
The prevalence of chronic pain varies substantially by country, with estimates varying
from 8.7% (Singapore) to 60.4% (Ukraine). Contrary to what one might predict, chronic
pain prevalence does not correlate with human development index [29]. An example of
a country on the lower end of the prevalence spectrum is the United States, where daily
chronic pain is estimated to affect 11.2% of adults or 25.3 million people [27]. A survey
of fifteen European countries plus Israel found a moderately low prevalence of chronic
pain, 19% of adults [28]. Other countries with a moderately low prevalence include India,
Canada, and South Africa, with chronic pain rates of 18.3% to 19.3% of adults
[26,30,32]. In contrast, Brazil has a moderately high prevalence at 39% [33].

From the mid-1990s until recently, the principal pharmacologic treatment for
chronic pain was administration of opioids, such as hydrocodone, propoxyphene,
codeine, oxycodone, morphine, tramadol, and fentanyl [34,35]. However, between 1999
and 2007, the number of deaths related to opioid drugs rose throughout the world and
more than tripled in the USA [36]. In response, studies have been initiated to discover
new analgesics with a lower risk of addiction. Among the non-opioid receptor families,
the adenosine receptors have shown promise as a target for analgesics [37-42].

C. Adenosine Receptors

Adenosine is a nucleoside that has several functions, chief of which is the

preservation of metabolic homeostasis. Nervous, cardiovascular, immune, respiratory,

urinary, and gastrointestinal systems all benefit from the protection afforded by adenosine



receptor (AR) signaling [43]. The International Union of Pharmacology has described
four receptors for adenosine (A1, Aoa, A2, and Asz), all of which are GPCRs. Like other
GPCRs, each AR is an integral membrane protein (IMP) whose salient structural feature
is seven a helices that span the membrane. The type of G protein to which an AR is
coupled varies by subtype. A1AR and A3AR are coupled to inhibitory G proteins (Gi),
which depress cAMP levels, while A2aAR and A>gAR are coupled to stimulatory G
proteins (Gs), which elevate cAMP levels [44]. The four receptor subtypes differ
substantially from each other both in their distribution and in their physiological effects
[43] and are therefore usually studied separately [45]. To date, only one of the subtypes
has a selective ligand that is approved for clinical use, namely A2aAR, whose agonist
regadenoson (Lexiscan) is used in perfusion imaging of the heart. The only other AR
ligand approved for clinical use is a non-selective agonist, namely adenosine itself
(Adenocard, Adenoscan), which is used for treatment of supraventricular tachyarrythmia
[46]. Although there are currently only two AR ligands approved for clinical use, the ARs
have been the subject of more than three hundred studies [as reviewed by Borea et al. in
43]. All four AR subtypes have been investigated for their potential as targets for

analgesic drugs [6-9].

A1ARs are widely distributed within the human brain, with especially high
concentrations in the hippocampus, striatum, and cortex [47]. They are also found in the
human heart [48,49], kidney [50], and pancreas [51]. A1ARs are distributed throughout
the neural pathways that transmit pain signals, from sensory nerve endings to the dorsal

horn of the spinal cord to supraspinal sites [52]. Of the four AR subtypes, A1AR is the



most important for the antinociceptive action of endogenous adenosine [53]. Moreover,
A1ARs are part of the signaling pathway that mediates the antinociceptive effect of
morphine [54]. Accordingly, A1AR has received substantial attention as a potential drug
target. Binding of agonistic molecules to A1AR is associated with pain relief [55,56],
implying that A1AR is antinociceptive. The principal barrier to the development of
A1AR-targeted analgesics is the concern over side effects [42]. Adenosine itself is
prescribed as a heart-slowing drug, and A1AR is the subtype that mediates this action
[57]. In patients with an overactive heart, slowing heart rate is beneficial, but this action
represents a dangerous side effect in patients with normal heart rates. Even though this
cardiovascular action may be mitigated through the use of allosteric modulators of A1AR
[53], there is still risk.

A2aARs are found primarily outside the CNS [40], especially on leukocytes and
in the cells of blood vessel walls [43]. Moreover, the majority of A2aARs that are
involved in pain pathways are those outside the CNS [58]. A2aAR knockout mice show a
reduced ability to feel pain, implying that peripheral A2AARs are pro-nociceptive [58].
This hypothesis was confirmed through the testing of a synthetic A2AAR antagonist,
which was analgesic [39]. The role of A2aARs in the CNS is less clear. For example,
sleep deprivation is associated with higher pain sensitivity, and this effect is thought to be
partially mediated by A>,aARs within the nucleus accumbens [59]. However, another
study of injections of A2AAR ligands into the spinal cord found that an A2AAR agonist
relieved pain, implying that A>aARs in the spinal cord are antinociceptive [60]. Since

A2aARs are also found in blood vessel walls, the possibility of cardiovascular side effects



must be considered [42]. In fact, A2AAR agonists lower blood pressure [61], and it can be
inferred that A>AAR antagonists administered as pain medications might raise blood
pressure, a concerning side effect.

A2BARs are widely distributed outside the CNS, including cells of the intestines,
lungs, and immune system [43]. The distribution of A2sARs in the CNS is limited [40],
although they are present on glial cells [43]. In mice tested for their pain response to a hot
plate, five AosAR antagonists all showed an analgesic effect [62]. Thus, A2gARs are pro-
nociceptive, like their peripheral A2aAR counterparts. Not only are A2sARs pro-
nociceptive, evidence suggests that A>sAR plays a greater role than any of the other four
receptor subtypes in the perception of pain related to systemically elevated adenosine.
Antagonists of all four subtypes were tested on mice, but only the A>gAR antagonist
reduced the hyperalgesia [63]. An important limitation of A>sARs is that most of their
effect on pain is exerted through immune cells [63]. As a result, A,sARs represent an
excellent therapeutic target for inflammatory pain. However, their utility in the treatment
of other chronic pain conditions is limited.

In situ hybridization studies in rats have found that A3ARs are widely distributed
in the brain, particularly in the striatum, olfactory bulb, nucleus accumbens,
hippocampus, hypothalamus, thalamus, and cerebellum. Outside the CNS, A3ARs are
found at especially high densities in the spleen, lung, uterus, and testis [64]. The
administration of A3AR agonists has been shown to correlate with reduced pain [42,65—
67]. Thus, A3ARs are antinociceptive, like their AjAR counterparts. Some evidence

suggests that pain relief from A3AR activation results from modification of the release of



the inhibitory neurotransmitter y-aminobutyric acid (GABA) [68]. Other evidence
suggests that the mechanism is A3AR modulation of serotonergic and adrenergic neurons
at the interface between the spinal cord and the medulla oblongata [42]. In any case, one
of the most useful traits of A3AR agonists is that they block the pain induced by
chemotherapy drugs without hindering the anti-cancer effect [38]. A3AR agonists
accomplish this, in part, by improving the health of spinal glial cells by inhibiting
NADPH oxidase [69]. Also useful is the fact that A3AR agonists relieve pain without the
concerning cardiovascular side effects observed with A;AR and A>aAR ligands [68,70].
A3AR agonists have been tested in clinical trials for rheumatoid arthritis [71],
hepatocellular carcinoma [72], and psoriasis [73] and have in all cases been demonstrated
to be safe. Finally, experiments with mice in withdrawal from morphine show that A3;AR
agonists can lessen withdrawal symptoms, indicating that even if A3AR cannot replace
opioids, they may be a good adjunct therapy to opioids [54]. Because of their wide
distribution, strong evidence of antinociceptive activity, and lack of negative side effects,
A3AR is the most promising candidate as a target for analgesics out of the four subtypes

[70].

D. Interaction of Vanilloid Phytochemicals with Adenosine Receptors

Thus far, we have established the two main foundations of the current project,
namely that there is 1) a strong connection between VPs and the treatment of pain and 2)
a strong connection between ARs and the treatment of pain. Based on these two facts, we
hypothesized that ARs might play a role in mediating the antinociceptive action of VPs.

Data consistent with this hypothesis are found in previous studies, which have



demonstrated that the antinociceptive action of the VP incarvillateine is probably
mediated by ARs [10,12]. Accordingly, we initially attempted to study incarvillateine in
this project, but we had difficulties purifying it. We then decided to study curcumin
(CUR), a VP that bears a structural resemblance to incarvillateine in that it also has two

vanillyl moieties (Figures 1 and 2).

E. Curcumin and cis-trans Curcumin

CUR comes from the herb Curcuma longa, which grows in Asia. Clinical trials
have repeatedly demonstrated that CUR is an effective anti-cancer and anti-inflammatory
agent [74-76], and clinical data also support the efficacy of CUR in the treatment of
neurodegenerative diseases, liver disease, cardiovascular disease, diabetes, psoriasis,
alcohol intoxication, and other diseases [74—76]. The principal barrier to the use of CUR
as a medication is its low bioavailability. CUR is poorly absorbed by the digestive
system, and what little is absorbed is rapidly metabolized to give products, such as ferulic
acid. These facts limit the biodistribution of CUR and limit its serum concentration in
particular, thus drastically reducing its effectiveness [77]. This limitation has been
partially overcome through a variety of techniques in recent years. Some researchers
complexed curcumin with cyclodextrin and thereby achieved reductions in the size of
lung tumors [78]. Others created micelles that are enriched with curcumin, which can be
absorbed via the microfold cells of the intestine [79]. The most attractive answer to the
CUR bioavailability problem, however, has been nanoparticles. Over four hundred
studies have investigated the efficacy of nanoformulations of CUR [as reviewed by

Yallapu et al. in 80], and one such study successfully used CUR nanoparticles to reduce



levels of inflammatory cytokines and reduce fibrosis in a mouse model of liver disease
[81]. In short, solutions to the poor bioavailability of CUR that has hindered its
translation into clinical use are being actively pursued.

CUR is effective in the treatment of autoimmune inflammation [82] and
postoperative pain [83]. Previous work has demonstrated that CUR exerts its
antinociceptive effects in part by acting as a COX pathway inhibitor [84] and a TRPV1
antagonist [85]. Based on evidence that ARs are responsible for the antinociceptive
action of incarvillateine, we hypothesized that they might have a role in the
antinociceptive action of CUR as well, alongside COX and TRPV1. However, some of
our preliminary assays indicated that CUR may not bind well to ARs. We then became
interested in the AR interactions of a synthetic vanilloid compound we had created as part
of a separate study. The compound was created by using cavitand-mediated
photoisomerization to change one of the two non-aromatic, carbon-carbon double bonds
in CUR (highlighted in Figure 2) from trans to cis, while leaving the other one trans. The
[UPAC name of the compound is (1E,62)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-
1,6-diene-3,5-dione. We gave the compound a common name, “cis-trans curcumin”
(CTCUR) (shown in Figure 3). Our preliminary studies indicated that CTCUR bound to

ARs, and we decided to elucidate the binding and receptor activation of CTCUR further.

F. Statement of Hypothesis

In summary, our study fills important gaps in the scientific literature in two ways.
First, we are discovering information about the pharmacological action of CTCUR, a

novel stereoisomer of CUR. Second, we are discovering generalizable information about

10



the interaction of VPs with ARs. This knowledge could aid in the treatment of chronic
pain. Accordingly, our central hypothesis has been that CTCUR may alleviate pain by

activating A1AR or A3AR, or by inhibiting A2aAR or A>gAR.
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Figure 1. Chemical structures of A) vanillin (PubChem CID 1183) with the 4-hydroxy-3-
methoxybenzyl group—also called a vanillyl group— circled in red, B) capsaicin
(PubChem CID 1548943), C) 6-gingerol (PubChem CID 3473), D) incarvillateine
(PubChem CID 9875096), and E) ferulic acid (PubChem CID 445858).
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Figure 2. Chemical structure of curcumin (PubChem CID 969516) with the two non-
aromatic, carbon-carbon double bonds highlighted with blue arrows. The isomerization
process used in this study altered one of these double bonds, leaving the other unchanged.

13



II. MATERIALS AND METHODS
A. Chemical Synthesis

CTCUR synthesis was achieved through photochemical cavitand-mediated
isomerization. Relative to structurally similar cinnamic acids, CUR is resistant to
photoisomerization. This resistance is most likely due to excited state proton transfers
that occur when the molecule is in its enol form. This obstacle was overcome through the
cavitand-mediation approach. CUR (50 mg) was added to water (20 mL) containing one
equivalent of y-cyclodextrin. The mixture was stirred with heating at 70 °C for 1 h. The
cooled solution was further stirred for 3 h during which a chalky slurry of the inclusion
complex resulted. The resulting mixture was irradiated for 48 h in a photochemical
irradiation chamber (Ace Glass Inc., Vineland, NJ, USA; product no. 7836-20) with a
medium pressure mercury vapor lamp (Ace Glass Inc., Vineland, NJ, USA; 450 W;
121.92 mm arc length; product no. 7825-34). The irradiated mixture was de-complexed
by adding water (50 mL) to the slurry and stirring with ethyl acetate (50 mL). The
organic layer was isolated and dried over anhydrous magnesium sulfate, then the solvent
was removed under vacuum. The mixture was subjected to gravity chromatography on a
silica gel column with 0.1% formic acid in dichloromethane. The yellow-colored CTCUR
was isolated in 8% yield. The presence of CTCUR was confirmed by proton nuclear
magnetic resonance (\H NMR) and gas chromatography—mass spectrometry (GCMS).

The gas chromatography column was Agilent HP-5 (5%-phenyl)-
methylpolysilane nonpolar. The initial temperature was 100 °C; the initial time was 1

min; the heating rate was 10.0 °C/min; the final temperature was 300 °C; and the final
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time was 5 min. Retention time of CTCUR was 6.8 min. 'H NMR (CDCls, 400 MHz)
data were as follows: 8.08 ppm (m, 1H); 7.98 ppm (d, 1H); 7.66 ppm (d, 1H); 7.40 ppm
(t, 1H); 7.11 (m, 2H); 7.05 (s, 1H); 6.94 ppm (d, 1H); 6.48 ppm (d, 1H); 6.32 ppm (d,
1H); 3.98 (s, 3H); 3.93 (s, 3H). Mass spectrometry data were as follows, in the

format m/z (relative %, ion): 367 (5, M"), 351 (3, M" - OH), 245 (5, M" - Ar-OMe), 191
(100, M" - CH=CH-CO), 177 (90, M" - CH>), 149 (30, - CO), 123 (10, M" - CH=CH).

B. Cell Culture

For the Gs-linked receptors, two human embryonic kidney-293 (HEK-293) cell
lines transfected with human A>AAR and human A>gAR, respectively, were purchased
from Perkin Elmer (Waltham, MA, USA). Cells were cultured in Eagle’s minimum
essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS). For the
Gi-linked receptors, two Chinese hamster ovary-K1 (CHO-K1) cell lines transfected with
human A;AR and human A3AR, respectively, were purchased from Perkin Elmer
(Waltham, MA, USA). Cells were cultured in Ham’s F12 medium supplemented with
10% FBS. For all four cell lines, the first two passages after thawing were cultured
without antibiotic to allow recovery from thawing stress, then all subsequent passages
were cultured with 400 ug/mL geneticin (Thermo Fisher Scientific, Waltham, MA, USA)

to select for transfected cells.
C. Competitive Binding Assays

Cells were seeded at 30,000 cells per well onto a black-walled 96-well plate with

transparent well bottoms and were allowed to incubate for approximately two days. Once
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confluence was achieved, wells were treated with either A) media only, B) media + test
compound at 10 M, C) media + fluorescent compound at 60 nM, or D) media +
fluorescent compound at 60 nM + test compound at varying concentrations. The test
compound was either CUR or CTCUR, and the fluorescent compound was CA200623
CellAura fluorescent adenosine agonist, a derivative of 5’-N-Ethylcarboxamidoadenosine
(NECA) (HelloBio, Princeton, NJ, USA). After a 2 h incubation, cells were washed twice
with 1X phosphate-buffered saline (PBS). Dulbecco's modified Eagle's medium (DMEM)
with no phenol red indicator was then added (100 pL per well) to prevent desiccation
during reading. The plate was read with a Synergy H1 microplate reader (BioTek,
Winooski, VT, USA) in top read mode. To generate a binding curve from competitive
binding assay (CBA) data, a percent fluorescence change was calculated for each
treatment (eq. 1-3). These values were in turn used to calculate the inhibitory constant

(Kj) (see section H, Statistical Analysis, below).

Control fluorescence = (fluorescence of CA200623) — (fluorescence of media)
Equation 1.
Treatment fluorescence = (fluorescence of CTCUR + CA200623) — (fluorescence of CTCUR)

Equation 2.

Treatment fluorescence
% fluorescence change = Controlfl * 100%
ontrol fluorescence

Equation 3.

During this project, attempts were made to optimize the protocol described above.

It was discovered that white-walled plates with opaque well bottoms produce superior
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results compared to black-walled plates with transparent well bottoms. Furthermore, it
was discovered that washing once with 1X PBS produces superior results compared to
washing twice. Thus, it is recommended that future studies employ white-walled plates

and wash once.

D. Docking Studies

Preparation of protein structures

The X-ray crystal structures of AjAR (Protein Data Bank ID: SUEN) [86] and
A2aAR (Protein Data Bank ID: 5SNM4) [87] were retrieved from the RCSB Protein Data
Bank. Both proteins were prepared in the Molecular Operating Environment (MOE) [88],
and the side chain and ligand atoms were optimized, first with the main chain atoms fixed
in order to reduce steric repulsion and at the same time to minimize the perturbation to
the main chain structure. After that, the whole structure was optimized using Assisted
Model Building with Energy Refinement (AMBER) force field. There were no crystal
structures of A2sAR and A3AR. Thus, homology models for A2sAR and A3AR were built
using the Homology Model module in MOE, using human A»sAR sequence (GenBank:
AAAS51598.1) and human A3AR sequence (GenBank: CAA54288.1) as query sequences,
respectively. The template structure to build the homology models was A2aAR crystal
structure SNM4. After the homology model were built, structural alignment to the
template SNM4 was carried out in MOE to evaluate the quality of the model proteins.
The model proteins were optimized first with main chain atom fixed and then further

optimized with all atoms being relaxed. The homology models of A2BAR and A3AR were
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aligned to SNM4, and the ligand in SNM4 was adopted to the homology model proteins
to help identify the binding pocket for docking studies.

The MOE optimized proteins (A1AR, A2aAR, ABAR, and A3AR) were imported
to Maestro 12.4 and were subsequently prepared using the Protein Preparation Wizard in
the Schrédinger software suite 2020.2 [89]. In the Protein Preparation Wizard, the side-
chain structures of glutamine and asparagine were allowed to flip to maximize H-bond
interactions. Proteins were subjected to 500 iterations of energy minimization with
backbone atoms being restrained using the Optimized Potentials for Liquid Simulations
(OPLYS) force field in the MacroModel module in the Schrodinger software [89].
Preparation of ligand structures

To study the binding selectivity between AR subtypes, compounds A, B, and
KW3902 (NAX) were built as controls, along with CTCUR in its EZ-keto form (Figure
3). All ligands were built in MOE [88] and were optimized using a Merck Molecular
Force Field 94 (MMFF94) using default settings. The optimized ligands were then
exported to Maestro for docking studies. All imported ligands in Maestro were further
minimized using the OPLS force field in the MacroModel module in the Schrodinger
software [89].

Glide docking procedures

Grid files for each of the four proteins were generated using the Glide Grid
Generation protocol with the bound ligands as centroids. Ligands were docked to each of
the grid files, which defined the binding pockets of respective proteins. During the

docking process, the scaling factor for receptor van der Waals for the nonpolar atoms was
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set to 0.8 to allow for some flexibility of the receptor, and an extra-precision method was
used to calculate the docking scores. All other parameters were set to default. The
binding affinity was expressed in terms of change in free energy (AG). The more negative
the AG, the more favorable the interaction of the complex. In order to compare AG values
derived from docking with K; values derived from CBAs, K; values were converted to AG

values (eq. 4).

AG = RT InKi keal
B i (mol)

Equation 4.

E. Confocal Fluorescence Microscopy

Cells were seeded onto 12-well glass-bottom plates (Cellvis, Mountain View, CA,
USA). For the HEK-293 lines, cells were seeded at 700,000 cells per well. For the CHO
lines, seeding density was reduced to 375,000 cells per well because that is consistent
with the seeding density we used for CBAs. Seeding at 375,000 cells per well in a 12-
well plate is roughly equivalent to seeding at 30,000 cells per well in a 96-well plate. In
either case, the cells were incubated for two days to reach confluence. On the day images
were collected, cells were treated with either A) media only, B) CTCUR at 1 uM, C)
CA200623 at 60 nM, or D) CA200623 at 60 nM + CTCUR at 1 uM. Our microscopy
protocol was a modification of a previously published one [90]. Cells were incubated for
1.5-2.0 h, washed with 1X PBS, immersed in DMEM with no phenol red indicator, and
viewed with a 60 oil immersion objective and an Olympus FV3000 laser scanning

confocal microscope (Olympus, Tokyo, Japan). For the HEK-293 cell lines, we washed
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twice with 1X PBS. For the CHO-K1 cell lines, we washed once with 1X PBS, because
our attempts to optimize CBAs had demonstrated that washing once yields superior
results compared to washing twice. For the HEK-293 lines, images were acquired at a
resolution of 512 by 512 pixels. For the CHO-K1 lines, images were acquired at a
resolution of 640 by 640 pixels, because it was decided that the slightly longer
acquisition time was justified in order to obtain better images (compared to 512 by 512
pixels). For the media-only and CTCUR-only treatments, a single location within the well
was imaged. For the CA200623-only and the CA200623/CTCUR combination
treatments, three representative locations within the well were imaged. At each location,
a stack of images at 0.5 um intervals in the z-axis were acquired. All images were
processed using CellSens Dimension Desktop V1.18 (Olympus). A constrained iterative
deconvolution was performed on each stack of images. To reduce bias in selecting
individual images out of the stacks, we employed the following method. First, each stack
of images was reviewed to see how many images were usable for analysis. The
uppermost usable image was called the “upper boundary,” and its number within the
stack was noted. That number was divided by the total number of images within the stack
to yield the “upper boundary as fraction.” The same was done with the lowermost usable
image in the stack to yield the “lower boundary as fraction.” After this process was
completed on all stacks, the results were averaged to yield the “average upper boundary
as fraction” and the “average lower boundary as fraction.” We expected the best image to
be the one halfway between the upper boundary and the lower boundary. Thus, we

averaged the “average upper boundary as fraction” and the “average lower boundary as
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fraction” to yield the “average best image as fraction.” The “average best image as
fraction” was 62% for our Axp cells, 65% for our Aza cells, 64% for our A cells, and
61% for our As cells. Finally, for each stack we selected one image for analysis by
multiplying the “average best images as fraction” by the total number of images in that
stack.

Quantitative analysis was done with ImagelJ [91] using a modification of a
protocol from the Queensland Brain Institute [92]. The freehand selection tool in ImageJ
was used. The background fluorescence level was determined by measuring the mean
gray value (MGV) of the media-only image. For each selected image from the CA200623
only and the CA200623/CTCUR combination treatments, nine cells were selected to be
analyzed. One was the cell at the middle of the image, four were the cells midway
between the middle of the image and each of the four corners of the image, and four were
the cells midway between the middle of the image and the four midpoints of the four
edges of the image. The corrected mean gray value (CMGYV) for each cell was calculated

according to equations 5 and 6.

CTCF = (Integrated density) — (Area of selected cell) * (MGV of background fluorescence)

Equation 5. CTCF is corrected total cell fluorescence. MGV is mean gray value.

CTCF

CMGV = Area of selected cell

Equation 6. CMGYV is corrected mean gray value. CTCF is corrected total cell
fluorescence.
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F. Cytotoxicity Assays

Cytotoxicity assays were performed using previously described methods [93]. In
brief, cells were seeded at 8,000 cells per well in 96-well plates, and after overnight
incubation, they were treated with different concentrations of CUR or CTCUR for 2 h
(the same time point used for binding assays). The compounds were dissolved in DMSO
at a concentration of 0.1 M and diluted for assays as required. Cell survival was measured
using PrestoBlue dye (Thermo Fisher Scientific, Waltham, MA, USA) per
manufacturer’s instructions, and fluorescence was measured at 560 nm/ 590 nm
(excitation/emission) using a Synergy H1 microplate reader and Gen5 software (BioTek,
Winooski, VT, USA). Percent change was calculated relative to the average for control

cells (no treatment).

G. Cyclic Adenosine Monophosphate Immunoassays

Cells were seeded at 50,000 cells per well in a 96-well plate and allowed to
incubate overnight. After running our first twenty cyclic AMP assays, we reduced this
seeding density down to 35,000 cells per well to ensure that the cells would still be in log
phase when they were treated the next day (i.e., to ensure that the cells would not reach
confluence overnight). After the overnight incubation, cells were treated with test

compounds or control solutions and allowed to incubate for 2 h.

To test for antagonism in the Gs-linked cell lines, 600 nM NECA was used as a
control agonist, and CTCUR was added to see if it would decrease the agonistic activity

of NECA. To test for agonism in the Gi-linked cell lines, 50 uM forskolin was used as a
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control stimulator of adenylate cyclase, and CTCUR was added to see if it would activate
the Gi-linked receptors and mitigate the effect of forskolin. Note that the forskolin was
added at the 1 h 45 min mark, such that cells were only incubated with the forskolin for
15 min. After incubation was complete, the lysing of the cells and the remaining parts of
the assay were performed according to the manufacturer’s protocol (ab138880 cAMP
Direct Immunoassay Kit, Abcam, Cambridge, UK). The plate was read with a Synergy

H1 microplate reader (BioTek, Winooski, VT, USA).

Attempts were made to test for agonism in the Gs-linked cell lines by adding CTCUR
alone, without NECA. However, these tests for agonism were run before our cyclic AMP
assay procedure was optimized. Specifically, samples for these tests were diluted 1:10
before analysis, unlike later tests, in which we did not dilute the samples. Because the
baseline concentration of cyclic AMP in the cells being studied was ~5-15 nM, diluting
1:10 reduced the concentration to ~0.5-1.5 nM, which is at the limit of detection for the
kit being used (see above). Data from these tests for agonism are therefore inaccurate and
were excluded from later analyses. We did not test for antagonism in the Gi-linked cell
lines due to the difficulty of those experiments, which were beyond the scope of this

project.

H. Statistical Analysis

For each CBA dataset, the inhibitory constant was calculated according to the
Cheng-Prusoft equation [94] (eq. 7). For fluorescence microscopy, the CMGVs from the

CA200623-only and the CA200623/CTCUR combination treatments were compared with
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unpaired t-tests. If the assumptions of the t-test were violated, a Mann-Whitney test was
used. For cyclic AMP assays, treatments were compared via ordinary one-way ANOVA
with Tukey’s multiple comparisons test. If the assumptions of the ANOV A were violated,
a Kruskal-Wallis test with Dunn’s multiple comparisons test was used. K; calculations,
tests to compare treatments, and tests to assess the normality and homoscedasticity of
datasets, were all performed with Prism 8.4.3 (GraphPad, San Diego, CA, USA). For all

analyses, p < 0.05 was considered significant (o = 0.05).

ICso

[L]
1-|'rd

Ki=

Equation 7. K is the inhibitory constant. ICs is the test compound concentration when

half of binding is inhibited. [L] is the concentration of the fluorescent compound. Kq is

. _r . fl tligand]* tor]¥
the dissociation constant of the fluorescent ligand, equal to [uorescent ligand]” [receptor]

[ligand—recep  complex]
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KW3902 (NAX) EZ-keto

Figure 3. Structures of compounds A, B, and KW3902 (NAX), which were used as
controls, and CTCUR in its EZ-keto form.
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II1. RESULTS
A. Adenosine Receptor Subtype A1

CUR showed a reduction in cell survival for AjAR-transfected CHO cells at 100
uM (37% survival compared to control, Figure 4C). Data from 100 uM treatments of
CUR was therefore excluded from binding analysis. The K; from the resulting dataset
was 1.55 X 10" M (Figure 4A). CUR also showed moderate toxicity at 10 uM (58%
survival compared to control), and we therefore excluded the 10 uM CUR data as well.
However, doing so resulted in a K; of 2.22 X 10* M, the lowest K; value observed in this
study. Given the weak affinity of CUR for the other three AR subtypes (Figures 8A, 12A,
16A), this low value is probably inaccurate. It was therefore concluded that measuring a
K for CUR at A1AR is not possible using our methodology. Measuring a K; in this case
would require introducing a correction factor into the K; calculation to account for cell

death.

CTCUR showed no reduction in cell survival from 1 nM through 100 uM (Figure
4D). Binding assays indicate that the K; of CTCUR at A;AR is 3.06 X 107 M (Figure
4B). Confocal microscopy results corroborate this finding. A Mann-Whitney U test of the
CMGVs of cells viewed through the microscope indicated that CTCUR at 1 uM
significantly blocked the binding of CA200623 to A1AR-transfected CHO cells (p <
0.0001, Figure 5). Docking studies indicate that CTCUR binds to A1AR at the
extracellular end of transmembrane helix 3, the extracellular linking region between

helices 4 and 5, and the extracellular end of helix 6 [86] (Figure 6). Docking indicated a
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AG for CTCUR at A1AR of -10.217 kcal/mol, which implies 13% stronger binding
compared to our experimental AG value, which was -8.89 kcal/mol. The experimental
AG value was derived from the K; value reported above. Immunoassay results also
support the hypothesis that CTCUR binds to AjAR. Forskolin + 10 uM CTCUR
produced a 27.5 nM reduction in cAMP concentration compared to the forskolin control
(Figure 7). Since A1AR is Gi-linked, the observed reduction in cAMP concentration in

response to CTCUR suggests that CTCUR acts as an agonist at AjAR.
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Figure 4. (A) Binding curve showing competition of CUR with a fluorescent AR ligand
(CA200623) at A1AR (n = 3, Kj not measurable). (B) Binding curve showing competition
of CTCUR with a fluorescent AR ligand (CA200623) at A1AR (n =3, K;=306 nM). (C)
Survival curve for AjAR-transfected CHO cells treated with CUR (n=3). Survival was
reduced to 58% at 10 uM and to 37% at 100 uM. (D) Survival curve for A;AR-
transfected CHO cells treated with CTCUR (n = 5). There was no reduction in cell
survival. (A-D) Bars indicate standard deviation.
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Figure 5. Competitive binding assay of CTCUR and a fluorescent AR ligand
(CA200623) at A1AR viewed through a confocal microscope. White circles highlight
individual cells. For the CA200623 treatment, two wells were selected, three image
stacks were collected from each well, and nine cells were selected from each image stack.
The same was done for the CA200623 + CTCUR treatment. Each dot within the
corrected mean gray value scatterplot represents one cell. Each cluster of dots
corresponds to the treatment indicated above it (**** indicates p < 0.0001).
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Figure 6. Computer model of the interaction between CTCUR and amino acids of A1AR.
AG = -10.217 kcal/mol.

30



4001

v 300-
=
=
N’
= *
<
-~
100+ ir.‘
0- T T
Forskolin - - + + + +
log [CTCUR] (M) - 6 - -7 6 -5

Figure 7. Test for agonistic activity of CTCUR at A1AR (B, n = 3). Forskolin was
administered at 50 uM to directly activate adenylate cyclase and thereby elevate cAMP
levels. Since A1AR is Gi-linked, reduction in cAMP levels indicates agonism of the
receptor. Asterisks indicate significant difference from both the media control (-, -) and
the CTCUR control (-, -6). * indicates 0.01 <p < 0.05, ** indicates p < 0.01. Bars
indicate standard deviation.
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B. Adenosine Receptor Subtype A3

CUR showed moderate reduction in cell survival at 100 uM (65% survival
compared to control, Figure 8C), and 100 uM results were therefore excluded from
binding analysis. CUR did not show any appreciable binding to A3AR (K; > 10,000,000
nM, Figure 8A). CTCUR showed no reduction in cell survival from 1 nM through 100
uM (Figure 8D). Binding assays indicate that the K; of CTCUR at A3AR is 4.00 X 10" M
(Figure 8B). Confocal microscopy results did not confirm this finding. The average
CMGYV of cells treated with 60 nM CA200623+1 uM CTCUR was 11,315, which is
higher than the average CMGYV for cells treated with 60 nM CA200623 alone, namely
8,846 (Figure 9). This elevation in CMGV implies that CTCUR fluoresced at 657 nm, the
same wavelength at which CA200623 fluoresces. However, our competitive binding
assay results have consistently shown that cells treated with 10 uM CTCUR do not
fluoresce at 657 nm any more than cells treated with media. We therefore conclude that
these microscopy results for A3AR are inaccurate. Examination of the morphology of the
cells provided a potential explanation for this error. The cells in the CA200623-only
wells displayed the expected CHO cell morphology. Each cell was roughly an oval, and
the membranes of the respective cells tended to be separated from each other. The cells in
the CA200623+CTCUR wells, however, were abnormal. The membranes of the
respective cells were meshed together, giving the overall image a web-like appearance,
much like the pattern that is typically seen with HEK-293 cells (Figures 9, 13, and 17).
Although this difference in morphology explains the discrepancy in the CMGYV results,

the difference in morphology itself is more difficult to explain. The cells were plated at
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the same time and at the same density, and therefore should have displayed a consistent
morphology. Docking studies indicated that CTCUR binds to A3AR at the extracellular
end of transmembrane helix 3, the center and extracellular end of helix 6, the
extracellular linking region between helices 6 and 7, and the extracellular end of helix 7
[95] (Figure 10). Docking indicated a AG for CTCUR at A3AR of -10.934 kcal/mol,
which implies 20% stronger binding compared to our experimental AG value, which was
-8.73 kcal/mol (derived from the K; we obtained from our binding assays). A Kruskal-
Wallis test of the receptor activation data found a significant difference between the
groups in general (p = 0.032), but the follow-up Dunn’s test did not find any significant
differences between particular pairs of groups (Figure 11). There was a 23.84 nM
reduction in cAMP concentration in response to the forskolin + 10 uM CTCUR treatment
compared to the forskolin control. Although not statistically significant, this result is
consistent with the receptor activation results for AjAR, and it thus supports the

hypothesis that CTCUR acts as an agonist of ARs.
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Figure 8. (A) Binding data showing competition of CUR with a fluorescent AR ligand
(CA200623) at AsAR. No curve is shown because the data are statistically equivalent to a
flat line (n = 3, K; > 10,000,000 nM). (B) Binding curve showing competition of CTCUR
with a fluorescent AR ligand (CA200623) at A3AR (n = 3, Ki=400 nM). (C) Survival
curve for AsAR-transfected CHO cells treated with CUR (n = 3). Survival was reduced to
65% at 100 uM. (D) Survival curve for A3AR-transfected CHO cells treated with
CTCUR (n = 6). There was no reduction in cell survival. (A-D) Bars indicate standard
deviation.
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Figure 9. Competitive binding assay of CTCUR at A3AR viewed through a confocal
microscope. White circles highlight individual cells. For the CA200623 treatment, two
wells were selected, three image stacks were collected from each well, and nine cells
were selected from each image stack. The same was done for the CA200623 + CTCUR
treatment. Each dot within the corrected mean gray value scatterplot represents one cell.
Each cluster of dots corresponds to the treatment indicated above it.
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Figure 10. Computer model of the interaction between CTCUR and amino acids of
A3AR. AG =-10.934 kcal/mol.
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Figure 11. Test for agonistic activity of CTCUR at A3AR (B, n = 3). Forskolin was
administered at 50 uM to directly activate adenylate cyclase and thereby elevate cAMP
levels. Since A3AR is Gi-linked, reduction in cAMP levels indicates agonism of the
receptor. Bars indicate standard deviation.
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C. Adenosine Receptor Subtype A2a

In competition assays, the fluorescence values from 100 pM treatments of CUR
tended to be abnormally high. These values were therefore excluded. CUR showed no
appreciable binding to A2aAR (K; > 10,000,000 nM, Figure 12A). CTCUR at 100 uM
showed a moderate reduction in cell survival in AxaAR-transfected HEK-293 cells (68%
survival compared to control, Figure 12C). However, we chose to include the data for
100 uM CTCUR at A2aAR to maintain consistency with our analysis of the other three
subtypes, since 100 pM CTCUR did not reduce cell survival in any of the other three cell
lines. The K; for CTCUR at A>aAR when the 100 pM data are included is 5.11 X 10° M
(Figure 12B). If the 100 uM data are excluded, then the calculated K; is about ten times
higher, namely 6.18 X 10> M. Quantitative analysis of the images from confocal
microscopy indicated that the average CMGYV of the cells treated with only CA200623
was 4,155, while the average CMGYV of cells treated with both CA200623 and 1 uM
CTCUR was 3,647. A Mann-Whitney U test indicated that this difference is not
significant (p > 0.99), but the direction of the difference is consistent with the idea that
CTCUR was able to outcompete CA200623 and bind to A2aAR (Figure 13). Docking
studies indicated that CTCUR binds to A2aAR at the cytoplasmic ends of transmembrane
helices 5, 6, and 7 [87] (Figure 14). Docking indicated a AG for CTCUR at A>aAR of -
9.6 kcal/mol, which implied 25% stronger binding compared to our experimental AG
value, which was -7.2 kcal/mol (derived from the K; we obtained from our binding
assays). An ANOVA of the receptor activation results indicated no significant differences

among treatments (p = 0.63, Figure 15). Interestingly, though, the trend in the results is
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the opposite of the one we had expected to find. We were testing to see whether CTCUR
could act as an antagonist, blocking the activity of NECA and thus decreasing cAMP
production. However, the trend suggests the opposite. The NECA + 10 uM CTCUR
treatment induced a 2.0 nM increase in cAMP concentration relative to the NECA
control. Since A2AAR is Gs-linked, this trend suggests that CTCUR may act as an agonist

of AxaAR.
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Figure 12. (A) Binding data showing competition of CUR with a fluorescent AR ligand
(CA200623) at A»aAR. No curve is shown because the data are statistically equivalent to
a flat line (n = 3, K; > 10,000,000 nM). (B) Binding data showing competition of CTCUR
with a fluorescent AR ligand (CA200623) at A2AAR (n =3, K;= 5,110 nM). (C) Survival
curve for AxaAR-transfected HEK-293 cells treated with CTCUR (n = 4). Survival was
reduced to 68% at 100 uM. (A-C) Bars indicate standard deviation.
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Figure 13. Competitive binding assay of CTCUR at A>aAR viewed through a confocal
microscope. White circles highlight individual cells. For the CA200623 treatment, two
wells were selected, two image stacks were collected from each well, and nine cells were
selected from each image stack. The same was done for the CA200623 + CTCUR
treatment. Each dot within the corrected mean gray value scatterplot represents one cell.
Each cluster of dots corresponds to the treatment indicated above it.
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Figure 14. Computer model of the interaction between CTCUR and amino acids of
A2AAR. AG =-9.6 kcal/mol.
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Figure 15. Test for antagonistic activity of CTCUR at A2aAR (B, n=3). NECA is an
AR agonist. Since A2aAR is Gs-linked, NECA binding elevates cAMP levels. Reduction
in cAMP levels indicates competition with NECA. Bars indicate standard deviation.
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D. Adenosine Receptor Subtype A2s

In competition assays, the fluorescence values from 100 pM treatments of CUR
tended to be abnormally high. These values were therefore excluded. CUR showed weak
binding to A2AR, with a Kjof 5.70 X 107 M (Figure 16A). CTCUR showed no
reduction in cell survival from 10 nM through 100 pM (Figure 16C). Binding assays
indicate that the K; of CTCUR at A;gAR is 6.72 X 10°® M (Figure 16B). Confocal
microscopy results corroborate this finding. A two-tailed, unpaired t-test of the CMGV
values of cells viewed through the microscope indicated that CTCUR at 1 pM
significantly blocked the binding of CA200623 to AzAR-transfected HEK cells (p =
0.040, Figure 17). Docking studies indicated that CTCUR binds to A>sAR at
transmembrane helices 6 and 7 and at the cytoplasmic linking region near transmembrane
helix 5 [96] (Figure 18). Docking indicated a AG for CTCUR at A>gAR of -7.3 kcal/mol,
which differs by only 3% from our experimental AG value of -7.1 kcal/mol (derived from
the K; we obtained from our binding assays). This close agreement between the AG
values obtained from both in vitro and in silico constitutes strong evidence that CTCUR
binds to A>sAR with a K in the micromolar range. Kruskal-Wallis and Dunn’s tests of
the receptor activation data showed that the only significant differences between groups
were those between the NECA+ 10 uM CTCUR treatment and the media control (p =
0.015) and between the NECA+ 10 uM CTCUR treatment and the CTCUR control (p =
0.010) (Figure 19). The NECA + 10 uM CTCUR treatment induced a 3.3 nM increase in

cAMP concentration relative to the NECA control. Since A2sAR is Gs-linked, the
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increase in cAMP production in response to CTCUR implies that CTCUR acts as an

agonist of AopAR.
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Figure 16. (A) Binding curve showing competition of CUR with a fluorescent AR ligand
(CA200623) at A2BAR (n =2, K;= 5,700,000 nM). (B) Binding curve showing
competition of CTCUR with a fluorescent AR ligand (CA200623) at A2gAR (n = 3,

Ki= 6,720 nM). (C) Survival curve for A;gsAR-transfected HEK cells treated with
CTCUR (n = 3). There was no reduction in cell survival. (A-C) Bars indicate standard
deviation.

46



Media CTCUR CA200623 CA200623+
CTCUR

5000 Xk
o°
g L 3
= 4000+ ° ]
® [ J )
> ®ooo | |
203000- —:‘—.o— nE
< .0..0.
] ® [ ]
£ ... -.:- ™
—
Q@
(5]
£ 1000+
(=]
(&)
0-

Figure 17. Competitive binding assay of CTCUR at A>gAR viewed through a confocal
microscope. White circles highlight individual cells. For the CA200623 treatment, two
wells were selected, two image stacks were collected from each well, and nine cells were
selected from each image stack. The same was done for the CA200623 + CTCUR
treatment. Each dot within the corrected mean gray value scatterplot represents one cell.
Each cluster of dots corresponds to the treatment indicated above it (* indicates p =
0.040).
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Figure 18. Computer model of the interaction between CTCUR and amino acids of
AzBAR. AG = -7.3 kcal/mol.
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Figure 19. Test for antagonistic activity of CTCUR at A2gAR (B, n =2). NECA is an AR
agonist. Since A2BAR is Gs-linked, NECA binding elevates cAMP levels. Reduction in
cAMP levels indicates competition with NECA. * indicates significant (p < 0.05)
difference from both the media control (-, -) and the CTCUR control (-, -6). Bars indicate
standard deviation.
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E. Summary Tables

Table 1. Binding affinities of CUR and CTCUR in the context of other important AR
ligands. Values are K; (nM) at the human versions of each AR subtypes.

Compound* Al Az Ao Aop
CTCUR 306 400 5,107 6,722
CUR - >10,000,000 >10,000,000 5,700,000
Adenosine 100? 290? 310? 15,000°
NECA 14° 6.2° 20° 2,400°
Regadenoson >16,460° - 1,269°¢ >100,000°¢
Tecadenoson 2d 2274 6,390¢ 25,800¢
Caffeine 44,900¢ 13,300¢ 23,400¢ 10,400¢
Theophylline 6,920" 22,300" 6,700" 9,070"

a [97], b [98], ¢ [99], d [100] e [62], f[101]

* Adenosine is an endogenous agonist and prescription drug. NECA is an agonist used in
AR research. Regadenoson is an agonist used for heart imaging. Tecadenoson is an
A1AR- selective agonist that has been investigated as a drug for supraventricular
tachycardia[102]. Caffeine is an antagonist whose pro-wakefulness effects are due to
interaction with A2AAR [103] . Theophylline is an antagonist used in AR research.
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Table 2. Summary of results from the four methods used to measure the interaction of
CTCUR with the four AR subtypes. This information was used to assess the selectivity of
CTCUR among the subtypes.

Method Ai As Aoa Azg

Ki 306 400 5,107 6,722
(nM)

Visual binding Confirms No No Confirms
(microscopy) binding difference difference binding
AGocking -10.217 -10.934 -9.6 -7.3
(kcal/mol)

Cellular signaling Suggests No No Suggests
(cAMP) agonism difference  difference agonism
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IV. DISCUSSION

The principal discovery of this study is that CTCUR, a vanilloid compound, binds
to all four AR subtypes, with inhibitory constants ranging from 300 nM to 7 uM. Based
on our survey of the extant AR literature, this study constitutes the first time that the
binding affinity of a vanilloid compound for any AR subtype has been quantified.
CTCUR binding is supported by both in vitro assays (Figures 4B, 8B, 12B, 16B) and in
silico docking studies (Figures 6, 10, 14, 18). In the cases of AjAR and A,sAR, CTCUR
binding is also strongly supported by microscopy data (Figures 5 and 17). The second
main conclusion of this study is that CTCUR acts as an agonist of ARs, which is
indicated by changes in intracellular levels of cAMP, a downstream signaling molecule to
AR binding (Figures 7, 11, 15, 19). Agonist activity was observed in all four subtypes,

although the evidence is stronger for AjAR and A>sAR compared to A3AR and AxaAR.

The binding affinities of CTCUR are compared to those of some established AR
ligands in Table 1. For example, the affinity of CTCUR for A1AR is similar to that of
adenosine itself, the difference being approximately three-fold. The similarity of affinity
for AsAR between CTCUR and adenosine is even closer, the difference being less than
two-fold. When compared to the K; values at A2aAR for regadenoson (A2aAR agonist)
and the caffeine (A2aAR antagonist), CTCUR has a K; at A2aAR that falls within the
range of the other two. Finally, CTCUR has a K; at A2BAR that is stronger than that of
any of the other compounds shown, except for NECA (Table 1). Thus, it is reasonable to
hypothesize that CTCUR might have a biologically relevant effect, since its affinity for

ARs is comparable to that of biologically active compounds.
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With respect to CTCUR’s activity for the four receptor subtypes, three important
observations can be made: (1) Both K; data and AG data support CTCUR being selective
for the two Gi-linked subtypes (A1AR and A3AR) over the two Gs-linked subtypes
(A2aAR and A>sAR) (Table 2). The selectivity ratio for Gs-linked/Gi-linked is
approximately 17. (2) Kj, microscopy, and receptor activation data all support CTCUR
being selective for A1AR over A3AR (Table 2). The AG data, which showed stronger
binding to A3AR, were the exception. However, the difference between the AG values for
A1AR and A3AR was only 7%, which means that this exception is not enough to overrule
the trend from the other three methods. (3) In contrast, the data for the two Gs-linked
subtypes are ambiguous. The K; and AG data suggest stronger interaction with A>aAR,
while the microscopy and cAMP data suggest stronger interaction with A>gAR (Table 2).
In summary, our data suggest that of the four AR subtypes, CTCUR has the greatest
affinity for A1AR. However, the A1AR selectivity ratios for CTCUR are small (1.3, 16.7,
and 22.0 for Asz/A1, Axa/A1, and Azp/A1, respectively) compared to the ratios for other
A1AR-selective compounds. For example, the As/A; selectivity ratio for tecadenoson is

114 (Table 1).

Having established that CTCUR binds to ARs, the next relevant question is
whether CTCUR binds to the orthosteric site or to an allosteric site. A study involving the
mutation of individual residues of A>sAR found that W247, V250, and S279 were
especially important for the biding of nucleoside agonists [96]. Our docking data show
that the vanillyl moiety of CTCUR binds to all three of these key residues and thus shows

a binding pattern similar to that of adenosine itself (Figure 18). The data for A1AR
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corroborate this conclusion. The orthosteric site of AjAR was discovered in 2018 and
was defined in terms of the eleven amino acids that are within 4 A of adenosine when it is
bound. The eleven residues are V87, T91, F171, E172, M180, W247, 1L250, N254, 1274,
T277, H278 [104]. CTCUR is predicted to interact with ten of these eleven (Figure 6),

indicating that when CTCUR binds A1AR, it occupies the orthosteric site.

ARs are part of the rhodopsin-like family of GPCRs [105], and as such it is
thought that the W residue within the C/S W X P domain of transmembrane helix 6 (that
is, W247) is important for AjAR activation [86,105,106], though some data contradict
this hypothesis [96]. Docking predicts that the vanillyl moiety of CTCUR interacts with
this same C/S W X P domain in all four receptor subtypes (W247 in Figure 6, W243 in
Figure 10, W351 in Figure 14, W247 in Figure 18), thus one would expect that CTCUR
acts as an agonist of ARs. Our cAMP immunoassay data from all four subtypes were
consistent with this expectation. Relative to the positive control for each assay, treatment
with 10 uM CTCUR induced a 23% decrease in cAMP levels for A1AR (Figure 7), a
10% decrease for A3AR (Figure 11), a 19% increase for A2aAR (Figure 15), and a 23%
increase for A2sAR (Figure 19). These changes in cAMP concentration are comparable to
those seen in a study of AR-transfected CHO cells treated with adenosine. Adenosine
treatment decreased forskolin-induced cAMP production in cells transfected with A1AR
and A3AR but increased cAMP production in cells transfected with A>aAR and A>gAR
[107]. Compared to 10 uM CTCUR, 10 uM adenosine produced greater decreases in
cAMP levels (> 50% decrease relative to forskolin control) but smaller increases in

cAMP levels (< 0.1 nmol increase relative to baseline) [107].
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Cytotoxicity assays indicated that CTCUR is less toxic compared to its parent
compound, CUR (Figures 4C&D, 8C&D, 12C, 16C). Neither compound reduced cell
survival between 1 nM and 1 puM. But at 100 pM, CUR was more toxic than CTCUR.
For A2AAR and A>sAR cells, CUR was sufficiently toxic at 100 uM that coherent CBA
results could not be obtained. For AjAR and A3AR cells, consistent CBA results could be
obtained at 100 uM, but cytotoxicity assays showed reduction in cell survival to 51% of
control (average of A1AR and A3AR data) (Figures 4C and 8C). In contrast, CTCUR
showed no reduction in cell survival at 100 uM for three of the four cell lines (Figures
4D, 8D, 16C). Some toxicity was observed in A2aAR cells treated with 100 uM CTCUR
(68% of control survival) (Figure 12C), but this toxicity was not as severe as the toxicity
observed for 100 uM CUR (51% of control survival). It should be noted that the primary
purpose of these cytotoxicity assays was to act as a control for the CBAs, ensuring that
any reduction in fluorescence observed was due to competition rather than cell death. As
such, the treatment time was set to mimic that of a CBA, namely 2 h. This short treatment
time means that the relevance of these results to in vivo toxicity must be interpreted with
caution, and that preference should be given to data from clinical trials in which the
effects of prolonged exposure are measured. Clinical trials in patients with knee
osteoarthritis [108,109] and major depressive disorder [110] have shown that CUR is
safe for humans when administered at 1 g per day. One clinical trial with cancer patients
demonstrated that even 8 g of CUR per day for three months does not produce any toxic
effects [111]. This is true because 8 g administered orally translates to a maximum serum

concentration of 1.8 uM, well below the 100 uM at which CUR is toxic [111].
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As mentioned previously, our competitive binding assay results consistently
indicated that cells treated with 10 uM CTCUR did not fluoresce at 657 nm any more
than cells treated with media. Based on this, our protocol for analyzing images obtained
from microscopy only involved a correction for the background fluorescence coming
from media and cells. There was no additional correction for background fluorescence
from CTCUR. However, the microscopy images show, to varying extents, that 1 uM
CTCUR fluoresced more than the media control (Figures 5, 9, 13, 17). An Olympus
representative whom we contacted regarding this issue indicated that this trend was most
likely observed because the detection range for the microscope was broader than the
detection range for the microplate reader used for CBAs. Thus, the possibility that
fluorescence from CTCUR may have affected the microscopy results must be considered.
If fluorescence from CTCUR was detected from the microscope, then the reduction in
fluorescence observed as a result of CTCUR binding would be smaller compared to the
reduction that would have been observed if no fluorescence from CTCUR was detected.
Therefore, the fact that there was a significant difference between treatment groups
observed for A1AR (Figure 5) and A>sAR (Figure 17) is true even if fluorescence from
CTCUR was a confounding variable. Including a correction for fluorescence from

CTCUR would only have made the groups even more significantly different.

When viewing our results in the context of the extant literature on the receptor
pharmacology of VPs, the most noteworthy connection is that our results are consistent
with those of a study that indicated that the VP incarvillateine binds to ARs [12].

Contradicting our results, though, is another study which indicated that the vanilloid
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moiety of incarvillateine was not important for its antinociceptive properties, suggesting
that instead the cyclobutane and monoterpene alkaloid moieties are more important [112].
Next, it is important to note that the antinociceptive effects of VPs are sometimes
mediated by TRPV1, as demonstrated in studies of CUR [85] and capsaicin [7]. It is
generally accepted that the vanillyl moiety is important for the binding of these
compounds to TRPV1 [113], and docking studies have confirmed that the vanillyl moiety
plays a key role in the binding of capsaicin to TRPV1 [114]. A comparison of the binding
of CTCUR to ARs with the binding of other VPs to TRPV1 is therefore warranted. For
example, the interaction of capsaicin with TRPV1 has an ECsoof 712 nM [115]; the
interaction of CUR with TRPV1 has an ICso of 67 nM [85]; and the interaction of 6-
Shogaol with TRPV1 has an ECso0of 200 nM [116,117]. Since there is a rough
correspondence among ECso, ICso, and K values, these data mean that the inhibitory
constant for the interaction of VPs with TRPV1 generally falls between 10 nM and 1 uM.
In contrast, the inhibitory constant for the interaction of CTCUR with ARs (determined
by this present study) is about one order of magnitude weaker, ranging from 100 nM to
10 uM (Table 2). Finally, within the literature on unmodified CUR there is one study that
examined AR interactions. The study examined mouse models of epileptic seizure and
found that the anti-seizure effect of unmodified CUR is mediated by A1AR [118]. Our
study found that unmodified CUR generally does not bind to ARs (Figures 4A, 8A, 12A,
16A). However, in the case of A1AR, a K; was not able to be calculated due to
cytotoxicity. It seems plausible, therefore, to hypothesize that unmodified CUR does bind

to A1AR, but not to the other AR subtypes.
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Besides the benefits of modulating ARs in the context of relieving pain, these
receptors have medicinal applications across several organ systems, which have been
extensively reviewed [43]. For example, A1AR agonism in the heart can suppress
atrioventricular node activity [102] and sinoatrial node activity [119], and thereby correct
tachycardia. A2aAR agonism is also beneficial in the heart, where A>aAR activity exerts
an anti-inflammatory effect. In hypertensive rats with experimentally induced myocardial
infarctions, the administration of the A2aAR agonist LASSBi0-294 prevents fibrosis and
tumor necrosis factor a secretion [120]. A2BAR agonism is beneficial in the pancreas and
liver, where A>AR activation helps to maintain a healthy response to insulin. In mice
that were fed a high fat diet to induce metabolic dysfunction, administration of the
A2BAR agonist BAY 60-6583 lowered plasma glucose and plasma insulin levels,
improved insulin sensitivity, and restored proper levels of insulin receptor substrate 2.
This evidence suggests that A2sAR agonists could be used to treat type 2 diabetes [121].
Finally, because A3AR is overexpressed in cancer cells, A3AR agonists are effective in
combating cancer of the skin, prostate, colon, and liver [122]. A3AR agonists can also
work in the immune system to calm inflammation, as shown by the success of the A3AR-
selective agonist piclidenoson in ameliorating rheumatoid arthritis [123]. This brief
survey of AR pharmacology demonstrates that an AR ligand can have vastly different
effects depending on which subtype it binds to and which organ system it is present in.
Improving subtype selectivity and improving localization of drug delivery are therefore

important considerations in the effort to translate AR ligands into effective medications.

58



One limitation of the current study is that only transfected cells were used. Future
work could include binding studies of CTCUR to primary glial cells isolated from animal
models. Another limitation was our inability to calculate a K; for unmodified CUR at
A1AR, and future work could address this by controlling for cell death in the K;
calculation. Future binding studies could also measure the interaction of other VPs with
ARs, giving priority to compounds that have established antinociceptive behavior, such
as incarvillateine and capsaicin. Another limitation was that the cAMP immunoassay data
collected in this study were not sufficient to assess the strength of the agonistic activity of
CTCUR relative to the agonistic activity of adenosine. Future cAMP assays could include
both adenosine and CTCUR so that the two can be compared directly. It should be noted
that, from the perspective of pain medicine, weak agonistic activity is sometimes better
than strong agonistic activity. Previous work with partial A1AR agonists has shown that
they can effect analgesia without causing the cardiovascular side effects associated with
full agonists [37,124]. Finally, the prediction from this study that CTCUR might induce
analgesia could be confirmed via administration of CTCUR in a rodent model. If
analgesia is observed, then CTCUR could be co-administered with an A1AR-selective
antagonist, then with an A3AR-selective antagonist. If either antagonist prevents the
analgesic effect, then the interaction of CTCUR with ARs will be confirmed in vivo,

adding to the in vitro and in silico evidence from this study.

In summary, given that VPs are known to have a therapeutic effect on pain, and
given that ARs are known to mediate pain, it is unfortunate that almost no literature exists

on the interaction of VPs with ARs. Our hypothesis was that CTCUR, a VP, might
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alleviate pain by activating A1AR or A3AR, or by inhibiting A2AAR or A2gAR. Since
CTCUR is selective for AjAR and A3AR over A2aAR and AxsAR, and since CTCUR

displays agonistic activity, we fail to reject our hypothesis.
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