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Abstract 

One third of all medicines act at G protein-coupled receptors (GPCRs). However, the 

identification of new therapeutic GPCR targets is limited by a fundamental property of GPCRs: 

their propensity to couple to different G protein alpha subunits (Gα) leading to multiple 

downstream cellular effects. This is especially the case for adenosine A1 receptors (A1Rs), the 

activation of which results in unwanted cardiorespiratory effects, severely limiting their clinical 

potential. We have discovered that the novel A1R agonist, BnOCPA, unlike typical A1R 

agonists, has a unique and highly selective Gα activation preference. Moreover, we found that 

BnOCPA is a potent and powerful analgesic without causing bradycardia, hypotension or 

respiratory depression. BnOCPA thus demonstrates a hitherto unknown Gα-selective 

activation of the native A1R, sheds new light on the fundamentals of GPCR signalling, and 

reveals new possibilities for the development of novel therapeutics based on the far-reaching 

concept of biased agonism. 

Abbreviated summary: 

We describe the selective activation of an adenosine A1 receptor-mediated intracellular 

pathway that provides potent analgesia in the absence of cardiorespiratory depression, paving 

the way for novel medicines based on the far-reaching concept of biased agonism. 
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Main text: G protein-coupled receptors (GPCRs) are the targets of many FDA-approved drugs 

(1). However, the promiscuity with which they couple to multiple intracellular signalling 

cascades leads to unwanted side effects, and limits both the range of GPCRs suitable for 

drug-targeting, and the number of conditions for which treatments could be developed (2). The 

four GPCRs for the purine nucleoside adenosine have particularly suffered as drug targets 

due to their promiscuous coupling, despite their potential for treating many pathological 

conditions including cancer, cardiovascular, neurological and inflammatory diseases (3-5). For 

example, activation of the widely-distributed adenosine A1 receptor (A1R) with currently 

available agonists elicits multiple actions in both the central nervous system (CNS), such as 

the inhibition of synaptic transmission and neuronal hyperpolarization, and in the 

cardiorespiratory system through slowing the heart (bradycardia), reducing blood pressure 

(hypotension) and affecting respiration (dyspnea) (5-8). These multiple effects severely limit 

the prospects of A1R agonists as life-changing medicines, despite their potential in a wide 

range of clinical conditions including pain, epilepsy and cerebral ischemia (5, 9-11). 

The therapeutic limitations of promiscuous GPCR coupling may be overcome through the 

development of biased agonists – compounds that selectively recruit one intracellular 

signalling cascade over another (12, 13). While this has most frequently been expressed in 

terms of Gα vs β-arrestin signalling (14), other forms of bias exist, including between individual 

Gα subunits (12). However, the challenge remains in translating Gα signalling bias observed 

in vitro to tangible, and physiologically-relevant, selectivity at native receptors in vivo (2, 15). 

Accordingly, while the potential to selectively drive the G protein coupling of A1Rs has been 

described in several in vitro studies (16-19), to date no A1R-specific agonist has been reported 

that can elicit Gα biased agonism at native A1Rs in intact physiological systems. Achieving 

such an aim would highlight the fundamental importance of agonist bias in general, and 

moreover, specifically unlock the widespread clinical potential of A1R agonists. 
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The novel A1R agonist BnOCPA uniquely discriminates between pre- and postsynaptic 

actions of A1Rs in the intact mammalian CNS. 

The possibility that biased agonists exist for the native A1Rs found in intact physiological 

systems was revealed during the CNS profiling of novel, potent and selective A1R agonists we 

described previously (20). During these studies we identified one particular agonist, BnOCPA 

(Fig. 1A; compound 6 in ref (20)), which displayed properties that were not consistent with 

those of prototypical A1R agonists such as adenosine, CPA and NECA. In accordance with 

the effects of standard A1R agonists, BnOCPA potently inhibited excitatory synaptic 

transmission in rat hippocampal slices (Fig. 1B to F and fig. S1A to D), an effect attributable 

to activation of presynaptic A1Rs on glutamatergic terminals (7) (Fig. 1B; fig. S1E, F). However, 

in stark contrast to adenosine and CPA, BnOCPA did not activate postsynaptic A1Rs (Fig. 1B) 

to induce membrane hyperpolarisation, even at concentrations 15 times the IC50 for synaptic 

transmission (Fig. 1G, H).  

Since there are no reported structural differences between pre- and postsynaptic A1Rs that 

would prevent BnOCPA binding, we reasoned that, if BnOCPA bound to postsynaptic A1Rs, 

but without efficacy, it might behave in a manner analogous to a receptor antagonist in 

preventing activation by other A1R agonists, a property that has been predicted and observed 

for biased agonists at other receptors (12). To test this, we pre-applied BnOCPA then applied 

CPA (in the continued presence of BnOCPA). Remarkably, the co-application of CPA and 

BnOCPA resulted in a significant reduction of the effects of CPA on membrane potential (Fig. 

1H; fig. S2A, B). In addition, membrane hyperpolarisation induced by the endogenous agonist 

adenosine was reversed by BnOCPA (fig. S2C). To test whether BnOCPA blocked K+

channels mediating postsynaptic hyperpolarisation, or in some other way non-specifically 

interfered with G protein signalling, we applied the GABAB receptor agonist baclofen to CA1 

pyramidal neurons. BnOCPA had no effect on membrane hyperpolarisation produced by 

baclofen (fig. S2D, E), confirming that the actions of BnOCPA were specific to the A1R. These 

observations, of a lack of effect of BnOCPA on postsynaptic membrane potential, likely 
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explained why, in a model of seizure activity with prominent postsynaptic depolarisation that 

promotes neuronal firing, (low Mg2+/high K+), BnOCPA had little effect (Fig. 1I, J). In contrast, 

equivalent concentrations of CPA completely suppressed neuronal firing (Fig. 1I, J). 

BnOCPA demonstrates unique Gα signalling bias. 

To investigate the molecular basis for the unprecedented properties of BnOCPA, we 

generated a recombinant cell system (CHO-K1 cells) expressing the human A1R (hA1R). 

BnOCPA was a potent (IC50 0.7 nM; Table 1) full agonist at the hA1R and bound to the receptor 

with an affinity equal to that of CPA and NECA, and higher than that of adenosine (Fig. 2A, B; 

table S1). Using individual pertussis toxin (PTX)-insensitive variants of individual Gi/o subunits 

transfected into PTX-treated cells (17, 20) we observed that adenosine, CPA, NECA and the 

novel unbiased agonist HOCPA (20) coupled to a range of Gi/o subunits, and in particular Goa 

(Fig. 2C to E; Table 1; table S1; fig. S3 & S4). In stark contrast, BnOCPA had a distinctive and 

highly selective Gα subunit activation profile and discriminated between the two Go isoforms 

in being unable to activate Goa (Fig. 2C to E; Table 1; table S1; fig. S3, S5). We hypothesised 

that BnOCPA should therefore reduce the actions of adenosine on the inhibition of cAMP 

accumulation via Goa. This was indeed the case (Fig. 2F) and had parallels with the 

antagonising effects of BnOCPA on membrane potential in the CNS (Fig. 1G, H). We excluded 

the possibility that the actions of BnOCPA and the prototypical A1R agonists were mediated 

via β-arrestins using a BRET assay for β-arrestin recruitment (fig. S6). We observed no β-

arrestin recruitment at the A1R using either BnOCPA, CPA or adenosine (fig. S6), observations 

that are consistent with those previously reported for A1Rs (21-25). The lack of β-arrestin 

recruitment is likely due to the lack of serine and threonine residues in the A1R cytoplasmic 

tail, which makes the A1R intrinsically biased against β-arrestin signalling (14, 26). 

The data from whole-cell patch-clamp recordings showed that BnOCPA did not influence 

neuronal membrane potential (Fig. 1G, H), while experiments in recombinant hA1Rs showed 

that BnOCPA did not activate Goa (Fig. 2C, E). We thus predicted that A1Rs in the 

hippocampus, where Go is highly expressed (27-29), particularly at extra-synaptic sites (30), 
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should act via Goa to induce membrane hyperpolarisation. To test this we injected a series of 

previously validated interfering peptides (31) against Goa and Gob into CA1 pyramidal cells 

during whole-cell voltage clamp recordings. Introduction of the Goa interfering peptide caused 

a significant attenuation of the adenosine-induced outward current (Fig. 2G, H), whereas 

neither the scrambled peptide nor the Gob peptide had any effect on current amplitude (Fig. 

2G, H). Thus, membrane potential hyperpolarisation occurs mainly through A1R activation of 

Goa. The data from recombinant receptors demonstrating the inability of BnOCPA to activate 

Goa (Fig. 2C, E) thus explains why BnOCPA did not cause membrane hyperpolarisation, and 

indeed prevented or reversed the hyperpolarisation induced by CPA or adenosine, 

respectively (Fig. 1G, H; fig. S2A, C).  

The signalling bias displayed by BnOCPA is reflected in non-canonical binding modes 

and a selective interaction with Gα subunits 

To understand better the unusual signalling properties of BnOCPA and the highly specific Gα 

coupling, we carried out dynamic docking simulations to study the basic orthosteric binding 

mode of BnOCPA in an explicit, fully flexible environment using the active cryo-EM structure 

of the A1R (PDB code 6D9H; Movie S1). We compared BnOCPA to the unbiased agonists 

adenosine and HOCPA, and an antagonist (PSB36) of the A1R (Fig. 3A-C). BnOCPA engaged 

the receptor with the same fingerprint as adenosine (32) (Fig. 3A) and HOCPA, (Fig. 3B, Movie 

S2). Further explorations of the BnOCPA docked state using metadynamics revealed 

interchangeable variations on this fingerprint (namely modes A, B, and C; Fig. 3D - F; fig. S7) 

that could be distinguished by the orientation of the BnOCPA-unique benzyl (Bn) group. 

Having established the possible BnOCPA binding modes, we examined the respective 

contribution of the orthosteric agonists, the G protein α subunit α5 (C-terminal) helix (GαCT), 

and the Gα protein subunit (33, 34) to the empirically-observed G protein selectivity displayed 

by BnOCPA (Table 1, Fig. 2A-D, fig S3, S5). 

Simulations in the absence of G protein. Firstly, following Dror et al., (35) we compared the 

dynamics of the BnOCPA-bound A1R with the corresponding dynamics of the receptor (36, 
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37) bound to either HOCPA (Fig. 3B), the A1R antagonist PSB36 (Fig 3C), or the apo receptor, 

our hypothesis being that there may be ligand-dependent differences in the way that the 

intracellular region of the receptor responds in the absence of the G protein. In these 

simulations the G protein was omitted so that inactivation was possible and so that the results 

were not G protein-dependent. The BnOCPA binding modes A-C were interchangeable during 

MD simulations (Methods Table 1) but were associated with distinctly different dynamics, as 

monitored by changes in a structural hallmark of GPCR activation, the N7.49PXXY7.53 motif (38) 

(fig. S8). Given the high flexibility shown by the BnOCPA benzyl group during the simulations 

and its lipophilic character, we hypothesized and simulated a further binding (namely Mode D) 

not explored during MD. This conformation involves a hydrophobic pocket underneath ECL3 

(Fig 3G) which is responsible for the A1/A2A selectivity (32). Superimposition of the four 

BnOCPA binding modes (A-D) reveals the highly motile nature of the benzyl group of BnOCPA 

(Fig. 3H) under the simulated conditions. 

Quantification of the N7.49PXXY7.53 dynamics revealed that HOCPA, BnOCPA mode A, 

BnOCPA mode C and the apo receptor show a similar distribution of the RMSD of the 

conserved N7.49PXXY7.53 motif (Fig. 3I; fig. S8). In contrast, the non-canonical BnOCPA binding 

modes B and D were responsible for a partial transition of the N7.49PXXY7.53 backbone from 

the active conformation to the inactive conformation (fig. S8) in a manner analogous with the 

antagonist PSB36 (Fig. 3J). Overall, the simulations revealed mode D as the most stable 

BnOCPA pose (6.8 µs out 9 µs simulated starting from this configuration – Methods Table 1), 

while mode B accounted for 3.6 µs out of 21 µs.  

Dynamic Docking of GαCT. To simulate the agonist-driven interaction between the A1R and 

the G protein, the α5 (C-terminal) helix (GαCT) of the G protein (Gi2, Goa, Gob) was 

dynamically docked to the HOCPA and BnOCPA-bound active A1R structure (again lacking G 

protein; Movie S3). This allowed us to evaluate the effect of different GαCT on the formation 

of the complex with A1R to test the hypothesis that, of Goa, Gob and Gi2, only the GαCT of 
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Gob would fully engage with the BnOCPA-bound active A1R, in line with the empirical 

observations of G protein selectivity summarized in Table 1. Fig. 4A shows that the GαCT of 

Gob docked to the A1R via a metastable state (MS1) relative to the canonical state (CS1; 

Movie S3), regardless of whether HOCPA or BnOCPA was bound. Fig. 4B,C show that the 

CS1 geometry corresponds to the canonical arrangement as found in the cryo-EM A1R:G 

protein complex, whereas state MS1 resembles the recently reported non-canonical state 

observed in the neurotensin receptor, believed to be an intermediate on the way to the 

canonical state (39). In contrast, Fig. 4D-F show that the GαCT of Goa and Gi2 docks to the 

A1R to form metastable states MS2 and MS3. MS2 is similar to the β2-adrenergic 

receptor:GsCT fusion complex (40), proposed to be an intermediate on the activation pathway 

and a structure relevant to G protein specificity. In this case however, it appears to be on an 

unproductive pathway. 

MD simulations on the full G protein. To test the hypothesis that the non-functional 

BnOCPA:A1R:Goa complex showed anomalous dynamics, we increased the complexity of the 

simulations by considering the Gα subunit of the Goa and Gob protein bound to the 

A1R:BnOCPA (mode B or D) complex or the Gob protein bound to A1R:HOCPA (a functional 

system). The most visible differences between Goa (Movie 4) and Gob (Movie 5) comprised 

the formation of transient hydrogen bonds between the α4-β6 and α3-β5 loops of Goa and 

helix 8 (H8) of the receptor (table S2). Similar contacts are present in the non-canonical state 

of the neurotensin receptor:G protein complex (39). Overall, Goa interacted more with TM3 

and ICL2 residues (Fig. 4G, H), while TM5 and TM6, along with ICL1, were more engaged by 

Gob (Fig 4G, H). Interestingly, R2917.56 and I2928.47, which are located under the N7.49PXXY7.53

motif, showed a different propensity to interact with Goa or Gob. In this scenario, it is plausible 

that a particular A1R conformation stabilized by BnOCPA (as suggested by the simulations in 

the absence of G protein, Fig 3I-J) may favor different intermediate states during the activation 

process of Goa and Gob. 
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In vivo physiological validation of BnOCPA-mediated signalling bias 

Given BnOCPA’s clear differential effects in a native physiological system (Fig. 1), strong Gα 

bias (Fig. 2), unique binding characteristics (Fig. 3) and selective Gα interaction (Fig. 4) we 

hypothesised that these properties might circumvent a key obstacle to the development of A1R 

agonists for therapeutic use - their powerful effects in the cardiovascular system (CVS) where 

their activation markedly reduces both heart rate and blood pressure (41). As these CVS 

effects are likely through Goa, which is expressed at high levels in the heart (42, 43) and plays 

an important role in regulating cardiac function (27), the lack of effect of BnOCPA on Goa (Fig. 

2C, E; fig S5) predicted that BnOCPA would have minimal effects on the CVS. 

In initial experiments we screened BnOCPA for its effects on heart rate using an isolated frog 

heart preparation. In contrast to adenosine and CPA, BnOCPA had no effect on heart rate, 

but markedly reduced the bradycardia evoked by adenosine (fig. S9A). Thus, BnOCPA 

appears not to activate A1Rs in the heart, but instead behaves like an antagonist in preventing 

the actions of the endogenous agonist. These observations have parallels in BnOCPA 

inhibiting or reversing the postsynaptic hyperpolarisation induced by typical A1R agonists (Fig. 

1G, H; fig. S2), and in preventing the inhibition of cAMP accumulation by adenosine (Fig. 2F). 

Such antagonist-like behaviour may be explained by BnOCPA causing unique A1R 

conformations unlike those of conventional agonists (Fig. 3I, J), and driving non-canonical 

interactions with Goa (Fig. 4). 

To investigate the effects of BnOCPA in an intact mammalian system, we measured the 

influence of BnOCPA on heart rate and blood pressure in urethane-anaesthetised, 

spontaneously breathing adult rats. As expected, both resting heart rate and arterial blood 

pressure were significantly reduced by adenosine and CPA (Fig. 5A to D). In complete 

contrast, BnOCPA had no effect on either heart rate (Fig. 5A, C) or blood pressure (Fig. 5B, 

D). Moreover, when co-applied with adenosine, BnOCPA abolished the bradycardia induced 

by adenosine, indicating its ability to bind to the A1R at the dose applied (Fig. 5A, C; fig. S9B). 

The rapid early effects of adenosine on blood pressure, likely due to bradycardia, were blocked 
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by BnOCPA, but the slower component was unaffected by BnOCPA (Fig. 5B, D; fig. S9B). 

Volumes of saline equivalent to the drug injections had no effect on either heart rate or blood 

pressure and there was no waning in the effects of adenosine responses with repeated doses 

(fig. S9C, D). Thus, BnOCPA does not appear to act as an agonist at CVS A1Rs, but instead 

antagonises the bradycardic effects of A1R activation on the heart. Since adverse effects on 

respiration (dyspnea) limit the use of systemic A1R agonists (5), we additionally examined the 

effects of BnOCPA on respiration. In urethane-anaesthetised, spontaneously breathing adult 

rats, intravenous injection of the selective A1R agonist CPA caused significant respiratory 

depression (Fig. 6A to D). In stark contrast, BnOCPA had no appreciable effect on respiration 

(Fig. 6A to D).  

BnOCPA is a potent analgesic 

These observations, of a lack of effect of BnOCPA on the CVS and respiration, prompted an 

investigation into a potential application of A1R agonists that had previously been severely 

curtailed by adverse cardiorespiratory events (5): A1R agonists as analgesics. To test 

BnOCPA’s potential as an analgesic, we used a rat model of chronic neuropathic pain (spinal 

nerve ligation) a feature of which is mechanical allodynia whereby the affected limb is rendered 

sensitive to previously innocuous tactile stimuli. Both intravenous (Fig. 6E) and intrathecal 

(Fig. 6F) BnOCPA potently reversed mechanical allodynia in a dose-dependent manner but 

had no depressant effects on motor function that might be mistaken for true analgesia (fig. 

S10). Thus, BnOCPA exhibits powerful analgesic properties at doses devoid of 

cardiorespiratory effects and at several orders of magnitude lower than the non-opioid 

analgesics pregabalin and gabapentin (44).  
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Discussion 

Biased agonists at GPCRs offer great potential for the selective activation of desirable 

intracellular signalling pathways, while avoiding, or indeed blocking those pathways that lead 

to adverse or unwanted effects (2). While this, and the potential to exploit previously 

unattractive drug targets such as the A1R, have been appreciated, translation of in vitro

observations, particularly of Gα bias, to native receptors in vivo has been problematic (2, 15). 

Here we have shown that translation of in vitro Gα signalling bias to an intact physiological 

system is possible. Moreover, this has occurred in the context of the A1R, an attractive, but 

notoriously intractable drug target by virtue of the profound cardiorespiratory consequences 

of its activation.  

Having identified BnOCPA as a biased agonist for the A1R in vitro, we have discovered that 

native A1Rs can be induced to selectively activate specific Gα subunits, and that BnOCPA has 

unique properties in doing so when compared with other A1R agonists. This effect is evident 

at both recombinant and native A1Rs in both the CNS and CVS. Moreover, these properties 

of BnOCPA were observed at A1Rs expressed by three different species: amphibian, rat, and 

human. While BnOCPA induced A1R coupling to Gα subunits activated by prototypical A1R 

agonists such as adenosine and CPA, it did not activate Goa. This likely reflects BnOCPA’s 

non-canonical binding profile at the A1R, which had profound implications for the interaction 

with the GαCT in terms of different binding pathways and intermediate states, and in the 

different intra- and intermolecular hydrogen bond patterns and contacts observed in the 

simulations of the A1R in complex with either Goa or Gob. These differences are likely to 

underlie the ability of the BnOCPA-bound A1R to selectively trigger Gob activation.  

The unique and unprecedented bias displayed by BnOPCA has physiological importance 

since it is able to inhibit excitatory synaptic transmission without causing neuronal membrane 

hyperpolarisation, bradycardia, hypotension or dyspnea. BnOCPA thus overcomes 

cardiovascular and respiratory obstacles to the development of adenosine-based therapeutics 
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that have plagued the field since their first description nine decades ago (46). As a first, but 

significant, step towards this, we demonstrate that BnOCPA has powerful analgesic properties 

in an in vivo model of chronic neuropathic pain, a condition for which the current treatments 

are either severely lacking in efficacy or, in the case of opioids, come with unacceptable 

respiratory depression, tolerance, dependence and abuse potential. We have thus shown for 

the first time that native A1Rs can be induced to signal via distinct Gα subunits to mediate 

differential physiological effects, and have identified a novel molecule capable of doing so. We 

have also explored molecular mechanisms by which this could occur, and demonstrated pain 

as one potential and wide-reaching therapeutic application. Such discoveries are of 

importance in both understanding GPCR-mediated signalling, and in the generation of both 

new research tools and therapeutics based on the untapped potential of biased agonists. 
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Table 1 

Agonist IC50 (nM)
Gα subunits 

Gi1 Gi2 Gi3 Goa Gob Gz 

Adenosine 3.5 

CPA 0.5 

NECA 0.2 

BnOCPA 0.7 

HOCPA 0.8 

Summary of Gα activation by selective A1R agonists; Green boxes indicate activation; Grey 

boxes indicated no activation. Indicative IC50 values for inhibition of cAMP production in CHO-

K1 cells derived from the mean pIC50 values reported in table S1. Data taken from: Adenosine, 

CPA, BnOCPA Fig.2, fig. S3; NECA, fig. S3; HOCPA, fig. S4. 
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Fig. 1. BnOCPA discriminates between pre- and postsynaptic A1Rs in the CNS 
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Fig. 1. BnOCPA discriminates between pre- and postsynaptic A1Rs in the CNS 

(A), Chemical structures of adenosine, CPA and its derivative, BnOCPA (20). (B), Diagram 

illustrating pre- and postsynaptic A1Rs at hippocampal synapses, their physiological effects 

upon activation, and the panels in Figure 1 where these effects can be seen. (C) Increasing 

concentrations of the A1R agonist CPA reduced the field excitatory postsynaptic potential 

(fEPSP), an effect reversed by the A1R antagonist 8CPT (2 µM). The graph plots the 

normalised negative slope of the fEPSP, an index of the strength of synaptic transmission, 

over time. Inset, superimposed fEPSP averages in control (largest fEPSP) and becoming 

smaller in increasing concentrations of CPA. Scale bars measure 0.2 mV and 5 ms. (D), 

Concentration-response curve for the inhibition of synaptic transmission by CPA (IC50 = 11.8 

± 2.7 nM; n = 11 slices). (E), Increasing concentrations of BnOCPA reduced the fEPSP, an 

effect reversed by 8CPT (2 µM). Inset, superimposed fEPSP averages in control and in 

increasing concentrations of BnOCPA. Scale bars measure 0.1 mV and 2 ms. (F), 

Concentration-response curve for the inhibition of synaptic transmission by BnOCPA (IC50 = 

65 ± 0.3 nM; n = 11 slices). (G), CPA (300 nM) hyperpolarised the membrane potential while 

BnOCPA (1 µM) had little effect. Scale bars measure 4 mV and 30 s. (H), Summary data for 

membrane potential changes. The mean hyperpolarisation produced by CPA (300 nM; 7.26 ± 

0.86 mV, n = 7 cells) was significantly different (one-way ANOVA; F(2,23) = 70.46; P = 1.55 x 

10-10) from that produced by BnOCPA (300 nM - 1 µM; 0.33 ± 0.14 mV, n = 10 and 5 cells, 

respectively; P = 8.26 x 10-11) and for CPA (300 nM) applied in the presence of BnOCPA (300 

nM; 2.75 ± 0.48 mV, n = 4 cells, P = 2.89 x 10-5; fig. 2a for an example trace). (I), In an in vitro

model of seizure activity, represented as frequent spontaneous spiking from baseline, CPA 

(300 nM) reversibly blocked activity while BnOCPA (300 nM) had little effect. Scale bars 

measure 0.5 mV and 200 s. (J), Summary data for seizure activity expressed in terms of the 

frequency of spontaneous spiking before, during and after CPA or BnOCPA. CPA abolished 

seizure activity (n = 4) whereas BnOCPA did not significantly reduce seizure frequency (n = 

6). Data represented as mean ± SEM; Two-way RM ANOVA (BnOCPA vs CPA slices): F(1, 
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3) = 186.11, P = 8.52 x10-4 with the following Bonferroni post hoc comparisons: BnOCPA vs 

Control; P = 1; CPA vs control; P = 0.010; BnOCPA vs CPA; P = 0.027. Averaged data is 

presented as mean ± SEM. ns, not significant; , P < 0.05; , P < 0.02; , P < 0.0001.  
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Fig. 2. Differential G protein activation profile of BnOCPA compared to prototypical A1R 

agonists.
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Fig. 2. Differential G protein activation profile of BnOCPA compared to prototypical A1R 

agonists. 

(A), The binding of adenosine, CPA and BnOCPA to the human (h) A1R was measured via 

their ability to displace [3H]DPCPX, a selective antagonist for the A1R, from membranes 

prepared from CHO-K1-hA1R cells. The data indicate that CPA and BnOCPA bind with equal 

affinity to the A1R, while adenosine has a reduced affinity (n = 5 - 19 individual repeats). (B),

cAMP levels were measured in CHO-K1-hA1R cells following co-stimulation with 1 μM 

forskolin and each compound (1 pM - 1 μM) for 30 minutes. This identified that all are full 

agonists. Adenosine displays a 10-fold reduced potency compared to CPA and BnOCPA (n = 

4 individual repeats). (C), cAMP accumulation was measured in PTX-pre-treated (200 ng/ml) 

CHO-K1-hA1R cells expressing PTX-insensitive Goa following co-stimulation with 1 μM 

forskolin and each compound (1 pM - 1 μM) for 30 minutes (n = 6 individual repeats). The data 

demonstrates that BnOCPA does not activate Goa. (D), as for (C), but cells were transfected 

with PTX-insensitive Gob. Adenosine, CPA and BnOCPA all inhibit cAMP accumulation 

through coupling to Gob (n = 6 individual repeats). (E), Summary of maximal A1R-stimulated 

inhibition of cAMP by adenosine, CPA and BnOCPA in CHO-K1-hA1R cells expressing either 

Goa (left) or Gob (right) obtained from data in panels (C) and (D). (F), Adenosine’s ability to 

inhibit cAMP accumulation via its activation of Goa was inhibited by BnOCPA in a 

concentration-dependent manner and with a Kd of 113 nM (n = 4 individual repeats). (G), 

Example current traces produced by adenosine (10 µM) in control conditions, in the presence 

of intracellular Goa peptide (100 µM), scrambled Goa peptide (SCR; 100 µM) and Gob peptide 

(100 µM). Scale bars measure 50 pA and 100 s. (H), Summary data of outward current 

experiments. The mean amplitude of the outward current induced by adenosine (43.9 ± 3.1 

pA, n = 8 cells) was significantly reduced (one-way ANOVA; F(3,27) = 13.31, P = 1.60x 10-5) 

to 20.9 ± 3.6 pA (n = 10 cells, P = 5.35 x 10-5) in 100 µM Goa peptide. Neither the scrambled 

peptide (43.4 ± 2.4 pA, n = 7 cells, P = 1) nor the Gob peptide (37. 4 ± 2.2 pA, n = 6 cells, P = 
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1) significantly reduced the amplitude of the adenosine-induced outward current. Averaged 

data is presented as mean ± SEM. ,  P < 0.0001 
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Fig. 3. Molecular dynamics simulations reveal that BnOCPA binding modes can drive 

both agonist- and antagonist-like intracellular conformations of the A1R. 
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Fig. 3. Molecular dynamics simulations reveal that BnOCPA binding modes can drive 

both agonist- and antagonist-like intracellular conformations of the A1R. 

(A), Adenosine binding pose: N2546.55 (Ballesteros-Weinstein superscript enumeration) is 

engaged in key hydrogen bonds, while important hydrophobic contacts are shown as cyan 

transparent surfaces (F171ECL2 and I2747.39). (B), On the basis of structural similarities and the 

dynamic docking (Movie S2), HOCPA was predicted to bind with a geometry analogous to 

adenosine; the cyclopentyl group makes further hydrophobic contacts with L2536.54, as shown 

by simulation. (C), The xanthine scaffold of the antagonist PSB36 makes hydrogen bonds with 

N2546.55 side chains and hydrophobic contacts with F171ECL2 and I2747.39. (D), BnOCPA 

agonist-like binding Mode A (Movie S1): the benzyl group orients towards the ECL2 and 

makes hydrophobic contacts with I175ECL2 (and M1775.35) side chains. (E), BnOCPA 

antagonist-like binding Mode B: the benzyl group orients towards the top of TM5/TM6 and 

makes hydrophobic contacts with L2586.59 side chain. (F), BnOCPA agonist-like binding Mode 

C: the benzyl group orients towards the top of TM7 and makes hydrophobic contacts with 

Y2717.36 side chain. (G) Binding orientation of BnOCPA in antagonist Mode D: the benzyl 

group orients under ECL3 and occupies the hydrophobic pocket defined by L2536.54, T2576.58, 

T2707.35, and L2697.34. Key hydrogen bonds with N2546.55 and T2777.42 are shown as dotted 

lines; main hydrophobic contacts are highlighted as cyan transparent surfaces. (H)

Extracellular view of the A1R showing the four BnOCPA binding modes A (cyan), B (magenta), 

C (green), and D (red) as randomly extracted from the MD simulations. (I, J), Root-mean-

square deviation (RMSD) distributions considering the inactive N7.49PXXY7.53 motif on the 

distal part of TM7 as reference. (I), HOCPA (blue broken line), BnOCPA Mode A (cyan curve), 

BnOCPA Mode C (green curve) and the apo receptor (dark green broken line) have a common 

distribution centring around the active confirmation of the A1R (orange broken line; fig. S7), 

whereas (J), PSB36 (black broken line), BnOCPA Mode B (magenta curve) and BnOCPA 

Mode D (red curve) RMSD values have the tendency to move closer to the inactive 

N7.49PXXY7.53 geometry (leftward shift of the curves towards broken grey line at x = 0)
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Figure 4. Binding differences between the terminal helix 5 (GαCT) of cognate and non-

cognate Gα subunits and Goa and Gob during dynamic docking to the biased BnOCPA-

A1R and unbiased HOCPA-A1R complexes. 
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Figure 4. Binding differences between the terminal helix 5 (GαCT) of cognate and non-

cognate Gα subunits and Goa and Gob during dynamic docking to the biased BnOCPA-

A1R and unbiased HOCPA-A1R complexes. 

(A, B, C) Dynamic docking of the Gob GαCT (last 27 residues) performed on the BnOCPA-

A1R (black) and the HOCPA-A1R (magenta) complex, respectively. (A) Frequency distribution 

of the RMSD of the last 15 residues of GαCT (alpha carbon atoms) to the Gi2 GαCT 

conformation reported in the A1R cryo-EM structure 6D9H (the 3.6Å resolution of which is 

indicated by the dashed grey line): the two most probable RMSD ranges, namely canonical 

state CS1 and metastable state MS1, can be observed. (B, C) Two side views of 

representative MD frames of the most populated α5 clusters from the states CS1 and MS1. 

The last 15 residues of Gob GαCT in the CS1 states of both BnOCPA (black) and HOCPA 

(magenta) resemble the experimental Gi2 bound state (PDB code 6D9H - cyan). The 

alternative highly populated MS1 state is characterized by a binding geometry similar to the 

non canonical Gi intermediate state reported in the neurotensin receptor structure 6OSA 

(orange). (D, E, F) Dynamic docking of the Goa (red) and Gi2 (blue) GαCT (last 27 residues) 

performed on the BnOCPA-A1R complex. (D) Frequency distribution of the RMSD of the GαCT 

last 15 residues (alpha carbon atoms) to the Gi2 GαCT conformation reported in the A1R cryo-

EM structure 6D9H (the resolution of which, 3.6Å, is indicated by the dashed grey line): the 

two most probable RMSD ranges are labelled as MS2 and MS3. (E, F) Two side views of 

representative MD frames of the most populated GαCT clusters from the states MS2 and MS3; 

the Goa (red) and Gi2 (blue) last 15 residues in the state MS2 overlap well with the putative 

Gs intermediate state (PDB code 6E67 - green). In the alternative highly populated state MS3, 

the GαCT helix orients in unique conformations that differ from those previously described. 

(G, H) For each residue the interaction plotted on the backbone is the difference between the 

Goa and Gob occupancies in the presence of orthosteric BnOCPA (% of MD frames in which 

interaction occurred). BnOCPA/A1R/Goa had the tendency to more interact with ICL2, TM3 

TM7, and H8 (red), while BnOCPA/A1R/Gob formed more contacts with TM5 and TM6 (blue).
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Fig. 5. BnOCPA does not affect heart rate or blood pressure  
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Fig. 5. BnOCPA does not affect heart rate or blood pressure 

(A), Examples of heart rate (HR) and (B), blood pressure traces from a single urethane-

anaesthetised, spontaneously breathing rat showing the effects of adenosine (1 mg·kg-1), 

BnOCPA (8.3 µg·kg-1) and CPA (6.3 µg·kg-1). Adenosine, BnOCPA and CPA were given as a 

350 µL·kg-1 IV bolus. The intravenous cannula was flushed with 0.9% saline (grey diamonds) 

to remove compounds in the tubing. The overshoot in HR following adenosine applications is 

likely the result of the baroreflex. Insets are expanded HR and blood pressure responses to 

adenosine (black trace, boxed region in A and B) and BnOCPA (blue trace and boxed region 

in A and B). Scale bars measure: HR, 200 BPM and 6 s; blood pressure, 40 mm Hg and 6 s. 

(C, D), Summary data for 4 experiments. Data from each rat is shown as a different symbol. 

Means (± SEM, light grey bars) are connected to indicate the sequential nature of treatments 

across the four preparations. One-way RM ANOVA for: (C), HR, Greenhouse-Geisser 

corrected F(2.33, 7.00) = 68.27, P = 2.07 x10-5; (D), mean arterial blood pressure (MAP), 

Greenhouse-Geisser corrected F(1.84, 5.52) = 10.51, P = 0.014; with the following Bonferroni 

post hoc comparisons: The resting HR of 432 ± 21 BPM was significantly reduced to 147 ± 12 

BPM (~66 %, P = 2.76 x10-11) by adenosine. BnOCPA  had no significant effect on HR (~6%, 

442 ± 20 vs 416 ± 21 BPM; P = 1) but prevented the bradycardic effects of adenosine (P = 

2.71 x10-9 vs adenosine) when co-injected (mean change 51 ± 4 BPM; ~12 %; P = 0.67). CPA 

significantly decreased HR (from 408 ± 17 to 207 ± 29 BPM; ~50 %, P = 1.85 x10-8), a 

decrease that was not significantly different to the effect of adenosine (P = 0.12), but was 

significantly different to the effect of both BnOCPA (P = 9.00 x 10-9) and adenosine in the 

presence of BnOCPA (P = 6.69 x10-7). The resting MAP (86 ± 9 mm Hg) was significantly 

reduced by adenosine (~47 %, 46 ± 4 mm Hg; P = 0.001). BnOCPA had no significant effect 

on its own on MAP (88 ± 11 vs 85 ± 13 mm Hg; P = 1) and did not prevent adenosine in 

lowering MAP to a value similar to adenosine on its own (51 ± 4 mm Hg; P = 1 vs adenosine; 

P = 0.012 vs BnOCPA alone). CPA significantly decreased MAP (from 83 ± 8 to 51 ± 5 mm 

Hg; P = 0.017), a decrease that was not significantly different to the effect of adenosine in the 
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absence or presence of BnOCPA (P = 1 for both). ns, not significant; , P < 0.02; ,  P < 

0.001; ,  P < 0.0001. 
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Fig. 6 BnOCPA is a potent analgesic without causing respiratory depression 
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Fig. 6 BnOCPA is a potent analgesic without causing respiratory depression 

(A), examples of tracheal airflow, respiratory frequency (f), tidal volume (VT) and minute 

ventilation (VE) from a single urethane-anaesthetised, spontaneously breathing rat showing 

the lack of effect of BnOCPA on respiration and the respiratory depression caused by CPA. 

BnOCPA and CPA were given as a 350 µL·kg-1 IV bolus at the times indicated by the vertical 

broken lines (BnOCPA, 8.3 ug/kg, blue; CPA, 6.3 µg·kg-1, red). Grey diamonds indicate 

spontaneous sighs. Scale bars measure: 180 s and: airflow, 0.5 mL; f, 50 breaths per minute 

(BrPM); VT, 0.25 mL; VE, 50 mL/min. (B, C, D), Summary data for 8 anaesthetised rats. Data 

from each rat is shown before and after the injection of BnOCPA (blue squares and broken 

lines) and CPA (red circles and broken lines) together with the mean value for all animals 

(solid lines) for f, VT and VE, respectively. One-way RM ANOVA: For: B, f, Greenhouse-Geisser 

corrected F(1.20, 8.38) = 30.4, P = 3.48 x 10-4; C, VT, F(3, 21) = 15.9, P = 1.25 x 10-5, and D, 

VE, Greenhouse-Geisser corrected F(1.19, 8.34) = 15.77, P = 0.003, with the following 

Bonferroni post hoc comparisons: Following BnOCPA, f (149 ± 12 BrPM), VT (1.0 ± 0.1 mL), 

and VE (152 ± 26 ml/min) were not altered (P = 1) compared to resting values f (149 ± 12 

BPM), VT (1.0 ± 0.1 mL), and VE (152 ± 26). In contrast to CPA, which reduced f (108 ± 10 

BrPM), VT (0.8 ± 0.1 mL), and VE (99 ± 19 ml/min) compared to resting values f (143 ± 11 

BrPM; p = 4.05 x 10-6), VT (1.1 ± 0.1 mL; P = 2.58 x10-5), and VE (155 ± 28; P = 5.52 x 10-5). 

Whilst the control resting values before administration of BnOCPA and CPA were not different 

to one another (P = 1). The effects of CPA were significantly greater than BnOCPA for f (P = 

4.48 x 10-7), VT (P = 1.15 x10-4), and VE (P = 1.16 x10-4). Horizontal significance indicators 

above the data show differences between resting values and following IV administration of 

either BnOCPA (blue line) or CPA (red line). Vertical significance indicators show differences 

between the effects of BnOCPA and CPA. (E, F), BnOCPA alleviates mechanical allodynia in 

a spinal nerve ligation (Chung) model of neuropathic pain when administered via an 

intravenous (IV; E) or intrathecal (IT; F) route. Prior to surgery (pre-surg) animals had similar 

sensitivity to tactile stimulation as assessed by Von Frey hair stimulation. Spinal nerve ligation 

subsequently caused hypersensitivity to touch (mechanical allodynia) as evidenced by the 
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reduction in the tactile pressure necessary to elicit paw withdrawal (paw withdrawal threshold; 

PWT) at 1 week after surgery. PWT reaches a similar nadir across all groups prior to vehicle 

or BnOCPA infusion (pre-dose). Administration of BnOCPA significantly increased PWT in the 

limb ipsilateral to the site of injury, in a dose-dependent manner (one-way ANOVA (pre-dose, 

1, 2 and 4 hrs) for IV BnOCPA: F(3,80) = 37.3, P = 3.44 x 10-15; for IT BnOCPA (3,76) = 47.0, 

P = 0). Fisher LSD post-hoc comparisons showed significant differences at: IV 3 ug/kg at 1, 2 

and 4 hrs, P = 0.044, 0.008 and 0.019, respectively, and 10 ug/kg at 1, 2 and 4 hrs, P = 1.37 

x 10-8, 6.81 x 10-14 and 3.23 x 10-4, respectively; IT 1 nmol at 1 and 2 hrs, P = 0.001 and 4.16 

x 10-5, respectively, and 10 nmol at 1, 2 and 4 hrs, P = 9.52 x 10-11, 1.42 x 10-11 and 1.41 x 10-

8, respectively. Averaged data (n = 6 per treatment, except for 1 nmol BnOCPA, n = 5) is 

presented as mean ± SEM. ns, not significant; , P < 0.05; , P < 0.02; ,  P < 0.001; , 

P < 0.0001.
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