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 29 

Abstract 30 

G-Protein Coupled Receptors (GPCRs) transmit signals across the cell membrane via 31 

an allosteric network from the ligand-binding site to the G-protein binding site via a series of 32 

conserved microswitches. Crystal structures of GPCRs provide snapshots of inactive and 33 

active states, but poorly describe the conformational dynamics of the allosteric network that 34 

underlies GPCR activation. Here we analyse the correlation between ligand binding and 35 

receptor conformation of the α1A-adrenoceptor, known for stimulating smooth muscle 36 

contraction in response to binding noradrenaline. NMR of 13CεH3-methionine labelled α1A-37 

adrenoreceptor mutants, each exhibiting differing signalling capacities, revealed how 38 

different classes of ligands modulate receptor conformational equilibria. 13CεH3-methionine 39 

residues near the microswitches revealed distinct states that correlated with ligand efficacies, 40 

supporting a conformational selection mechanism. We propose that allosteric coupling 41 

between the microswitches controls receptor conformation and underlies the mechanism of 42 

ligand modulation of GPCR signalling in cells.  43 

  44 

 45 

 46 
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 48 

Introduction 49 

G-protein coupled receptors (GPCRs) are integral membrane proteins sharing a common 50 

seven-helix transmembrane domain (TMD). Conformational changes to the TMD are 51 

required to transmit the extracellular stimuli intracellularly to activate signalling pathways. 52 

Over the past 20 years X-ray crystal structures, and more recently cryo-EM structures, have 53 

revealed a plethora of structural details on how functionally different ligands interact with 54 

GPCRs and the conformational changes they induce. Most structures solved to date are of 55 

GPCRs in inactive states, bound to inverse agonists or antagonists (Manglik and Kruse, 56 

2017). A few have been crystalized with agonist alone (Manglik and Kruse, 2017), with 57 

resultant structures similar to antagonist bound inactive states. Complexes of GPCRs with 58 

active-state-stabilising nanobodies, engineered mini G proteins, Gα C-terminal peptide or 59 

heterotrimeric G proteins appear necessary to stabilise agonist bound GPCRs in active states 60 

for X-ray and cryo-EM structure determination (Carpenter and Tate, 2017). Using these tools, 61 

several active state GPCR structures have been solved (Carpenter and Tate, 2017; Garcia-62 

Nafria and Tate, 2019; Manglik and Kruse, 2017), revealing conserved conformational 63 

changes that occur upon receptor activation. These include rearrangements in the ligand 64 

binding site and a large outward movement at the cytoplasmic side of transmembrane (TM) 65 

helix 6 (TM6) to accommodate G protein binding. While providing a wealth of structural 66 

detail of static receptor conformations, these structures generally do not provide insight into 67 

GPCR signalling complexities such as basal receptor activity, partial agonism and biased 68 

agonism.  69 

To address this shortfall, spectroscopic techniques, supported by molecular dynamic 70 

simulations, have given insight into the conformational dynamics that underlie the activity of 71 

a few diffusible ligand-activated GPCRs  including β2 adrenergic receptor (β2-AR) (Bokoch 72 
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et al., 2010; Eddy et al., 2016; Horst et al., 2013; Kofuku et al., 2012; Kofuku et al., 2014; 73 

Liu, 2012; Manglik et al., 2015; Nygaard et al., 2013), β1 adrenergic receptor (β1-AR) (Isogai 74 

et al., 2016; Solt et al., 2017), adenosine A2A receptor (A2AR) (Clark et al., 2017; Eddy et al., 75 

2018; Ye et al., 2018; Ye et al., 2016), µ opioid receptor (µOR) (Okude et al., 2015; Sounier 76 

et al., 2015), leukotriene B4 receptor (BLT2)(Casiraghi et al., 2016), and the M2 muscarinic 77 

acetylcholine receptor (M2R) (Xu et al., 2019). By far the most studied receptor in this regard 78 

is β2-AR, for which 13CεH3-methionine labelling NMR (Bokoch et al., 2010; Kofuku et al., 79 

2012; Kofuku et al., 2014; Nygaard et al., 2013), 19F NMR(Eddy et al., 2016; Horst et al., 80 

2013; Liu, 2012; Manglik et al., 2015) and electron paramagnetic resonance (EPR) (Manglik 81 

et al., 2015) have been applied to characterise the conformational signatures of this receptor 82 

when bound to various ligands and a G protein mimetic nanobody. These studies reveal that 83 

GPCRs are highly dynamic, sampling inactive and active conformational states, and are 84 

thought to predominantly function via a conformational selection mechanism (Shimada et al., 85 

2018). Such a mechanism posits that a GPCR constantly samples various inactive and active 86 

conformations, all existing in equilibrium. Ligands preferentially bind to particular receptor 87 

states, depending on their pharmacological characteristics, thus shifting the conformational 88 

equilibrium towards these preferred states and modulating the signalling output of the system. 89 

The extracellular orthosteric ligand binding site in adrenoceptors is connected to the 90 

intracellular G protein binding site through a series of conserved microswitches (Ahuja and 91 

Smith, 2009; Deupi and Standfuss, 2011; Trzaskowski et al., 2012) (Figure 1): a central 92 

transmission switch (also called the connector region, CWxP motif or PIF motif (Latorraca et 93 

al., 2017)), the NPxxY switch, and the intracellular G protein binding site, characterized by 94 

the DRY motif (or switch). How these microswitches coordinate the transmission of the 95 

extracellular signal is not clear, but molecular dynamics (MD) simulations and NMR data 96 

have led to a mechanistic description of “loose allosteric coupling” (Latorraca et al., 2017).  97 
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 98 

 99 

Figure 1. Methionine residues in α1A-AR. (a) The location of six methionines on a cartoon 100 

representation of α1A-AR. Methionine sidechains are highlighted as red sticks. Bound adrenaline and 101 

G protein are coloured in green and purple respectively. (b-d) Homology models of α1A-AR-A4 in the 102 

inactive state (blue; modeled on the X-ray crystal structure of inactive β2-AR, pdb id: 5jqh) and 103 

active state (pink; modeled on the X-ray crystal structure of active β2-AR, pdb id: 3sn6) are 104 

superimposed showing inferred conformational changes that occur in the ligand binding pocket (b), 105 

transmission switch (c) and G protein binding site (d). 106 

 107 

This mechanism refers to each microswitch as conformationally independent from the others, 108 

that is an active DRY motif state is not significantly dependent on an active state in the 109 

transmission switch. That said, an active state in the transmission switch does increase the 110 

probability of the DRY motif (and thus the receptor) to sample active states (thus, loose 111 

allosteric coupling) (Latorraca et al., 2017). Put simply, the conformational changes that 112 

occur in the microswitches are thought to drive the overall equilibrium state of the receptor 113 
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system. Despite recent work, it is not well understood how the binding of ligands such as 114 

inverse agonists influence the microswitch state equilibria to decrease basal receptor activity.  115 

α1-adrenoceptors (α1-ARs) comprise three Gq-coupled GPCR subtypes (α1A-, α1B- and 116 

α1D-AR) that bind and sense the endogenous catecholamines, adrenaline and noradrenaline, 117 

to modulate a range of physiological processes. In the periphery, postsynaptic α1-AR 118 

stimulation by catecholamines mediates smooth muscle contraction, thus α1-AR antagonists 119 

and inverse agonists are clinically prescribed to treat hypertension and benign prostatic 120 

hyperplasia (BPH) (Akinaga et al., 2019). α1-ARs are also widely expressed in the central 121 

nervous system (CNS), but the lack of subtype-selective antibodies and ligands limits the 122 

understanding of their role in neuroplasticity and neurodegeneration (Perez and Doze, 2011). 123 

Currently there are no available crystal structures of an α1-AR family member, which limits 124 

the rational design of more selective compounds to probe the physiological role of α1A-AR in 125 

the CNS. 126 

Recombinant α1A-AR expresses poorly and the resultant protein is particularly 127 

unstable when purified in detergent (Scott and Pluckthun, 2013), which has hindered 128 

biochemical studies of this GPCR. Recently, we engineered an α1A-AR variant, α1A-AR-A4, 129 

that can be expressed in Escherichia coli (E. coli) and exhibits improved stability when 130 

purified in detergents (Yong et al., 2018). When expressed in COS-7 cells α1A-AR-A4 131 

exhibits no signalling efficacy in response to adrenaline stimulation (Yong et al., 2018). In 132 

the present study, α1A-AR-A4 was labelled with 13CεH3-methionine at the five naturally 133 

occurring methionine residues, providing NMR probes to assess how inverse agonists, partial 134 

agonists and full agonists influence receptor conformational equilibria. Three of these 135 

methionines are excellent probes of the ligand-binding site and the microswitches proposed to 136 

be markers of signal transmission: Met2926.55 (superscript denotes GPCRdb numbering 137 

(Isberg et al., 2015)) is located in the ligand binding site; Met1153.41 is proximal to the 138 
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transmission switch (Ile1143.40, Pro1965.50, Leu1975.51, Phe2816.44, Trp2856.48); and Met2035.57  139 

sits above the tyrosine of the DRY motif (Asp1303.49, Arg1313.50, Tyr1323.51). Using the 140 

inactive α1A-AR variant, α1A-AR-A4, and by reverse mutation to an active receptor (α1A-AR-141 

A4-active) we show that for Met1153.41 and Met2035.57 the chemical shifts and line-widths of 142 

the 13CεH3 groups are dependent on ligand efficacy (from strong inverse agonist to full 143 

agonist), suggesting that α1A-AR activation proceeds primarily through a conformational 144 

selection mechanism.  145 

 146 

Results 147 
13CεH3 methionine labelling and NMR signal assignment 148 

α1A-AR-A4 is a thermostabilised variant of the human α1A-AR that contains 15 amino acid 149 

substitutions over wild type (WT) human α1A-AR (Supplementary Figure 1). Excluding 150 

Met1, α1A-AR-A4 possesses six methionine residues, five of which are naturally occurring 151 

(Met1153.41, Met1454.44, Met2035.57, Met248ICL3, Met2926.55) and one, Met802.58, is a 152 

thermostabilising mutation previously selected for (Yong et al., 2018) (Supplementary Figure 153 

1). Homology models of α1A-AR (Figure 1) built on in inactive- and active-states of X-ray 154 

structures of β2-AR show that three of these methionines were particularly interesting as 155 

conformational probes as they are located either within the adrenaline binding site 156 

(Met2926.55), immediately adjacent to the highly conserved Ile1143.40 of the transmission 157 

switch (Met1153.41), or sitting above Tyr1253.51 of the DRY motif within the G protein 158 

binding site (Met2035.57). These homology models of α1A-AR suggest that each of these 159 

regions undergo significant local rearrangements between inactive to active conformations 160 

(Figure 1).  161 

α1A-AR-A4 was expressed and labelled with 13CεH3-methionine using an adapted E. 162 

coli methionine biosynthesis pathway inhibition protocol that we have previously used to 163 
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generate 13CεH3-methionine-labeled neurotensin receptor 1 (NTS1) samples labelled with 164 

96% incorporation efficiency(Bumbak et al., 2019; Bumbak et al., 2018). Using this method 165 

α1A-AR-A4 expressed well and could be purified, solubilized in n-dodecyl β-D-166 

maltopyranoside (DDM), with a yield of (0.5-1 mg/L culture). 40-60 µM samples of 13CεH3-167 

methionine-labeled α1A-AR-A4 were subsequently used to record 2D 1H-13C SOFAST-168 

heteronuclear multiple quantum coherence (HMQC) spectra in the apo state, and in the bound 169 

states for prazosin (full inverse agonist), WB-4101 (partial inverse agonist), phentolamine 170 

(partial inverse agonist), silodosin (or KMD-3213, neutral antagonist), oxymetazoline (partial 171 

agonist) and adrenaline (full agonist) (Figure 2 and Supplementary Figure 2). Individual 172 

13CεH3-methionine resonances were assigned by expressing and analysing α1A-AR-A4 M80L, 173 

α1A-AR-A4 M115I, α1A-AR-A4 M203L, α1A-AR-A4 M248I and α1A-AR-A4 M292I mutants 174 

in the same way. 1H-13C SOFAST-HMQC spectra enabled clear assignment of mutated 175 

methionines as the remaining five resonances in these spectra showed only small chemical 176 

shift differences in the presence of the mutation (Supplementary Figure 3). The 13CεH3-177 

methionine of the apo state of α1A-AR-A4 showed clear single resonances for each methyl 178 

with no significant heterogeneity, in contrast to many previously studied GPCRs (Casiraghi 179 

et al., 2016; Kofuku et al., 2012; Nygaard et al., 2013; Okude et al., 2015; Solt et al., 2017; 180 

Xu et al., 2019), (Figure 2). Met1454.44 and Met248ICL3 exhibited intense signals with 1H and 181 

13C chemical shifts of the methyl group indicative of solvent exposed, unrestrained methyl 182 

groups. Met248ICL3, located within ICL3 (Figure 1a), showed strong signal intensity most 183 

likely due to the mobility of this loop and exposure to the bulk solvent. Met1454.44 is at the C-184 

terminal intracellular end of TM4, predicted to be exposed on the surface of the helix (Figure 185 

1a) and thus also highly mobile. Met802.58 was not unambiguously assigned (Supplementary 186 

Figure 3a,f) as it either is significantly broadened and difficult to resolve in all receptor states 187 

or may overlap with Met1454.44 and under some conditions with Met2926.55 (Supplementary 188 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 7, 2019. ; https://doi.org/10.1101/866475doi: bioRxiv preprint 

https://doi.org/10.1101/866475
http://creativecommons.org/licenses/by/4.0/


9 
 

Figure 3e). The remaining methionines, Met1153.41, Met2035.57 and Met2926.55, were readily 189 

assigned (Supplementary Figure 3b,c,e,g,h,j) and exhibited resolved chemical shifts for the 190 

13CεH3 that were sensitive to the bound ligand (Figure 2b-d).  191 

 192 

 193 

Figure 2. 1H-13C SOFAST-HMQC spectra of α1A-AR-A4. (a) Overlay of 2D 1H-13C SOFAST-194 

HMQC spectra for [13CεH3-Met] α1A-AR-A4 collected in the apo state (red) and bound to prazosin 195 

(black, inverse agonist), WB-4101 (yellow, inverse agonist), phentolamine (purple, inverse agonist), 196 

silodosin (blue, neutral antagonist), oxymetazoline (cyan, partial agonist) and adrenaline (green, full 197 

agonist). (b) Close-up of the Met2926.55 resonance. (c) Close-up of the Met2035.57 resonance. (d) 198 

Close-up of the Met1153.41 resonance. Spectra were acquired on ~50 µM α1A-AR-A4 dissolved in 199 

0.02-0.1% DDM micelle, pH 7.5 and 25 °C. 200 

 201 
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Based on homology models, Met2926.55 projects into the orthosteric ligand binding 202 

pocket (Figure 1a) and mutational studies support a role for this residue in ligand binding 203 

(Hwa et al., 1995). Thus, the 13CεH3 chemical shifts of Met2926.55 likely reflect a direct 204 

interaction with chemical groups of each ligand. Interestingly, the resonance intensities of 205 

Met2926.55 increased in the presence of antagonists and inverse agonists relative to the apo 206 

state (Figure 2b), indicating that binding of these ligands reduces conformational dynamics in 207 

the orthosteric binding site. Met1153.41 and Met2035.57 are distant from the orthosteric site, but 208 

both the chemical shifts and linewidths of their 13CεH3 groups were sensitive to ligand 209 

binding (Figure 2c,d), likely reflecting receptor conformational changes in the transmission 210 

switch and G protein-binding site respectively (Figure 1c,d). The 1H chemical shift of the 211 

methyl of Met2035.57 was shifted upfield from typical small-peptide positions (2.1 ppm) to 212 

1.58 ppm in agreement with our models, which predict ring-current induced effects from 213 

Tyr1253.51 of the DRY motif (Supplementary Figure 4). Met2035.57 therefore serves as a 214 

probe of conformational change within this region. Indeed, the resonances of the 13CεH3 of 215 

Met2035.57 exhibited a significant linear chemical shift change depending on which ligand 216 

was bound, demonstrating that allosteric coupling between the ligand binding site and the G 217 

protein-binding site is retained in the inactive α1A-AR-A4 in solution. Such a linear chemical 218 

shift change is also expected for ligands modulating receptor state via conformational 219 

selection. We postulate that the Met2035.57 signal reflects the average, equilibrium signal, 220 

between inactive and active states undergoing fast exchange. Inverse agonists preferentially 221 

bound to inactive states, shifting the Met2035.57 equilibrium to an upfield position (inactive 222 

state) compared to apo state receptor, which can sample active-like states to a certain degree.  223 

We were interested to see if an opposite trend could be observed for receptor agonists, 224 

which we hypothesised would shift the position of the Met2035.57 resonance downfield. For 225 

α1A-AR-A4 however, the binding of the full agonist adrenaline to α1A-AR-A4 resulted in 226 
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complete line broadening of the Met1153.41 and Met2035.57 resonances despite the promotion 227 

of a distinct chemical shift for Met2926.55 in the binding site. Binding of the partial agonist 228 

oxymetazoline resulted in substantial broadening of Met2035.57 and Met2926.55, but not 229 

Met1153.41. The loss of these chemical shifts upon agonist binding was likely due to the 230 

significantly weaker agonist affinities at α1A-AR-A4 compared to unmutated, WT α1A-AR, as 231 

a result of the F312L stabilizing mutation (Yong et al., 2018). Thus, NMR experiments were 232 

repeated on α1A-AR-A4 (L312F), for which agonist affinities were largely restored to that of 233 

WT α1A-AR (Supplementary Figure 5 and Supplementary Table 1) (Yong et al., 2018). 234 

 235 

Agonist induced chemical shifts of Met1153.41 and Met2035.57 resonances 236 

Despite the reduced thermostability of α1A-AR-A4 (L312F) (Yong et al., 2018), we were able 237 

to 13CεH3-methionine-label and record 1H-13C SOFAST-HMQC spectra for this receptor in 238 

the apo state and bound to adrenaline (full agonist), phenylephrine (full agonist), A-61603 239 

(full agonist), and oxymetazoline (partial agonist) in addition to the inverse agonists and 240 

neutral antagonists tested on α1A-AR-A4 (Figure 3a). Overall the 1H-13C SOFAST-HMQC 241 

spectra of the apo, antagonist and inverse agonist bound states of α1A-AR-A4 (L312F) were 242 

similar to those of α1A-AR-A4. Again, single resonances for the 13CεH3-methionine groups of 243 

α1A-AR-A4 (L312F) were observed for all ligands. The chemical shifts of Met2926.55 induced 244 

by each ligand in α1A-AR-A4 (L312F) were slightly different to those of α1A-AR-A4, most 245 

likely due to orthosteric binding site changes after the L312F reversion. Inverse agonist 246 

binding increased the intensity of the Met2926.55 resonance in α1A-AR-A4 (L312F), as was 247 

seen with α1A-AR-A4; whereas the neutral antagonist silodosin significantly decreased the 248 

peak intensity and the partial agonist oxymetazoline and full agonist A-61603 highly 249 

broadened the resonance of Met2926.55 in α1A-AR-A4 (L312F) (Supplementary Figure 6). 250 
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 251 

Figure 3. Ligand efficacy-dependent chemical shifts of Met1153.41 and Met2035.57 resonances. (a) 252 

Overlay of 2D 1H-13C SOFAST-HMQC spectra for [13CεH3-Met] α1A-AR-A4 (L312F) in the apo state 253 

(red) and bound to ligands: prazosin (black, inverse agonist), WB-4101 (orange, inverse agonist), 254 

phentolamine (purple, inverse agonist), silodosin (blue, neutral antagonist), oxymetazoline (cyan, 255 

partial agonist), phenylephrine (magenta, full agonist), A-61603 (maroon, full agonist), adrenaline 256 

(green, full agonist). (b) Close-up of the Met1153.41 resonance in α1A-AR-A4 (L312F). (c) Close-up of 257 

the Met2035.57 resonance in α1A-AR-A4 (L312F). The spectra for adrenaline, A-61603 and 258 

phenylephrine are plotted at a level 1.8-times lower than the main figure. (d) Normalized peak 259 

intensities of Met1153.41 and Met2035.57 of α1A-AR-A4 (L312F) show differences between agonists, 260 

antagonists and partial agonists. Ligands are coloured as listed above. Spectra were acquired on ~50 261 

µM α1A-AR-A4 (L312F) dissolved in 0.02-0.1% DDM micelle, pH 7.5 and 25 °C. 262 

 263 
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The recovered agonist affinity for α1A-AR-A4 (L312F) allowed the measurement of 264 

1H-13C SOFAST-HMQC spectra where we were confident of full receptor-agonist saturation. 265 

Binding of the full agonist adrenaline to α1A-AR-A4 (L312F) produced a similar Met2926.55 266 

chemical shift to that seen with α1A-AR-A4 (Figure 3a), and also weak peaks were now 267 

observed for Met1153.41 and Met2035.57 (Figure 3b,c), which were completely broadened in 268 

adrenaline-bound α1A-AR-A4. Importantly, the binding of all agonists, adrenaline, 269 

phenylephrine and A-61603 to α1A-AR-A4 (L312F) induced distinct chemical shift and line 270 

broadening changes to Met1153.41 and Met2035.57 compared to neutral antagonists and inverse 271 

agonists (Figure 3b,c). The agonist-induced Met1153.41 resonances cluster together potentially 272 

indicative of an active transmission switch conformation (Figure 3b). Binding of the partial 273 

agonist oxymetazoline induced a chemical shift of Met1153.41 falling between the inverse 274 

agonist and full agonist clusters, consistent with partial agonists promoting a weaker shift in 275 

the inactive-active transmission switch state equilibrium. The linear change in Met2035.57 276 

chemical shift position upon inverse agonist binding seen with α1A-AR-A4 was retained in 277 

α1A-AR-A4 (L312F), but as hypothesised, agonist binding promoted opposite, downfield 278 

resonance shifts in the 13C dimension along the same vector (Figure 3c). This change in 279 

13CεH3-methionine chemical shift in the 13C dimension reflects a change in the χ3 dihedral 280 

angle. The 13C chemical shift dependence of this angle is about 19 ppm for trans and 16 ppm 281 

for ±gauche (Butterfoss et al., 2010). For the apo and antagonist states the chemical shift of 282 

18.25 to 18.5 ppm suggests a trend toward trans, whereas in the full-inverse agonist state the 283 

resonance shifts up-field to 17.7 ppm, indicative of an averaging between gauche and trans. 284 

Consistent with our homology models (Supplementary Figure 4) for full agonist a further 285 

downfield shift between 19 to 19.25 ppm infers an increase in the trans conformer. 286 

Interestingly, the partial agonist oxymetazoline induced a small upfield 13Cε shift of 287 

Met2035.57, similar to the inverse agonist phentolamine. The fact that full agonists induced 288 
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Met2035.57 chemical shifts to move in the opposite direction to inverse agonists suggests an 289 

equilibrium shift away from inactive to active conformational states of the DRY motif. 290 

Furthermore, the resonance intensities of both Met1153.41 and Met2035.57 in α1A-AR-A4 291 

(L312F), relative to the ligand-insensitive Met1454.44 resonance, were weakened upon agonist 292 

binding compared to the intensity increases seen with antagonists and inverse agonists 293 

(Figure 3d). The intensities of Met1153.41 and Met2035.57 upon binding of the partial agonist 294 

oxymetazoline fell in between the antagonist- and agonist-induced intensities. The behaviour 295 

of the 13CεH3 of Met1153.41 and Met2035.57 is consistent with the current concept that agonists 296 

increase conformational heterogeneity in GPCRs, where agonists increase microsecond 297 

timescale transitions to active receptor states, to increase the probability of engaging and 298 

activating effector proteins (Kofuku et al., 2012; Manglik et al., 2015; Nygaard et al., 2013; 299 

Shimada et al., 2018; Solt et al., 2017; Ye et al., 2016). 300 

 301 

Chemical shift changes of Met2035.57 correlate with ligand efficacy. 302 

In mammalian cells, α1A-AR exhibits basal activity in the absence of bound ligands(Zhu et 303 

al., 2000). Such basal activity is unaffected by the binding of neutral antagonists but is 304 

reduced by the binding of inverse agonists to the receptor. In the case of α1A-AR, by probing 305 

the ability of various antagonists to reduce the signalling of a constitutively active receptor 306 

mutant, the rank order of inverse agonist efficacies has been found to be: prazosin (strongest); 307 

WB-4101; phentolamine (weakest); and silodosin being a neutral antagonist (Zhu et al., 308 

2000). To understand how the NMR signals of Met2035.57 in α1A-AR-A4 (L312F) relate to 309 

receptor conformational equilibria, the changes to the chemical shifts for the 13CεH3 of 310 

Met2035.57 were plotted against the previously published relative efficacy values for the 311 

inverse agonists, revealing a strong linear correlation (R2 = 0.99, Figure 4a). To test if this 312 

correlation is retained when probing inverse agonism at the wild-type α1A-AR, we determined 313 
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 314 

Figure 4. Correlation between the chemical shift positions of the 13CεH3 in Met2035.57 and 315 

inverse agonists efficacy. (a) Linear regression analysis of the average chemical shift differences 316 

(Δδ) for the 13CεH3 of Met2035.57 in α1A-AR-A4 (L312F) when bound to prazosin (black circles), WB-317 

4101 (orange circles), and phentolamine (purple circles) compared to silodosin (blue circles) and the 318 

published efficacy of each ligand in reducing the signaling of a constitutively active mutant of α1A-AR 319 

(Zhu et al., 2000). Published data were extracted using WebPlotDigitizer 320 

(https://automeris.io/WebPlotDigitizer). Testing the resultant equation against the null hypothesis of a 321 

slope of zero resulted in a P value of < 0.0001 (b) NanoBit G protein activity assay demonstrating 322 

inverse agonism of prazosin, WB-4101, phentolamine and silodosin at WT α1A-AR-expressing COS-7 323 

cells. Each of these inverse agonist experiments were repeated in three independent biological 324 

replicate experiments, with the mean ± SEM of the resultant luminescence plotted for each timepoint. 325 

To demonstrate the response from an agonist, A-61603 treatment was performed in two independent 326 

biological replicate experiments. Each biological replicate comprised three technical replicates 327 

measured in parallel. The grey shaded region indicates where the area under each biological replicate 328 

curve was calculated for (c). (c) Linear regression analysis of the average chemical shift differences 329 

(Δδ) for the 13CεH3 of Met2035.57 in α1A-AR-A4 (L312F) and the increase in luminescence seen in the 330 

NanoBit assay for each inverse agonist and neutral antagonist. Ligands are coloured as listed above 331 
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and the P value testing against a slope of 0 was 0.011 (d) Linear regression analysis of the average 332 

chemical shift differences (Δδ) for the 13CεH3 of Met2035.57 in α1A-AR-A4 (L312F) and the affinities 333 

of each inverse agonist and neutral antagonist. Ligands are coloured as listed above and the P value 334 

testing against a slope of 0 was 0.89. In (a), (c) and (d) Δδ are plotted for two independent titrations of 335 

prazosin and silodosin, and single experiments for WB-4101 and phentolamine. Average chemical 336 

shift differences (∆δ) were normalised using the equation ∆δ=[(∆δ1H)2+(∆δ13C/3.5)2]0.5 and error were 337 

calculated by the formula [∆δ1H*R1H+∆δ13C*R13C/(3.5)2]/∆δ, where R1H and R13C are the digital 338 

resolutions in ppm in the 1H and 13C dimensions respectively (Kofuku et al., 2012). 339 

 340 

the relative inverse agonist efficacies of these ligands using a NanoBiT split luciferase assay 341 

(Inoue et al., 2019). In this assay the 18 kDa Large BiT (LgBiT) fragment was fused to the N-342 

terminus of Gαq and the 1.3 kDa Small BiT (SmBiT) was fused to the N-terminus of Gγ2. 343 

When co-expressed with Gβ1, the formation of a Gαq(LgBiT)-Gβ1-Gγ2(SmBiT) heterotrimer 344 

results in bright luminescence. GPCR-induced stimulation of this G protein complex causes 345 

dissociation of the heterotrimer and thus reduction in luminescence output, whereas inhibition 346 

of basal GPCR activation would be predicted to increase luminescence output. COS-7 347 

African green monkey kidney cells stably expressing wild-type (WT) α1A-AR were 348 

transfected with Gαq(LgBiT), Gβ1 and Gγ2(SmBiT) encoding expression plasmids, incubated 349 

with luminescence substrate, and then treated with various α1A-AR ligands while monitoring 350 

cellular luminescence. A-61603 induced α1A-AR activation led to heterotrimer dissociation of 351 

the Gαq(LgBiT)-Gβ1-Gγ2(SmBiT) complex and thus a reduction in luminescence output 352 

(Figure 4b). Inverse agonists on-the-other-hand reduced basal activation of α1A-AR, 353 

maintaining the Gαq(LgBiT)-Gβ1-Gγ2(SmBiT) complex leading to increase luminescence 354 

output from the cells (Figure 4b). The specificity of these responses was probed by 355 

conducting the same experiments on COS-7 cells not expressing α1A-AR (Supplementary 356 

Figure 7a-c). The observed changes in luminescence after α1-AR ligand treatments were 357 
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specific to α1A-AR expressing cells except for WB-4101, which induced a short (5 min) 358 

increase in luminescence in the control cells (Supplementary Figure 7a). To exclude this non-359 

specific effect the net luminescence change for each sample group was calculated as the area 360 

under the luminescence curves between 5 and 10 min after ligand addition. A strong linear 361 

correlation was found between the chemical shift changes for the 13CεH3 of Met2035.57 in α1A-362 

AR-A4 (L312F) and the net luminescence increase generated by each inverse agonist over 363 

the five-minute period in the WT α1A-AR-expressing cells (R2 = 0.72, Figure 4c). 364 

Importantly, the Met2035.57 chemical shift positions of α1A-AR-A4 (L312F) did not correlate 365 

with the affinity of these antagonists for α1A-AR (Figure 4d), demonstrating that the 366 

differences in chemical shift were not due to varying receptor occupancy. Furthermore, no 367 

correlation was seen between the 13CεH3 Met2035.57 chemical shift changes of α1A-AR-A4 368 

(L312F) and the net luminescence changes in COS-7 cells not expressing WT α1A-AR 369 

(Supplementary Figure 7b). Critically, the correlation between chemical shift changes of 370 

13CεH3 Met2035.57 in α1A-AR-A4 (L312F) and WT α1A-AR-specific luminescence increases in 371 

the NanoBiT assay remained when the analysis window was extended to include the full 10 372 

minutes after ligand addition (Supplementary Figure 7d). 373 

 374 

Improving signalling competency in α1A-AR-A4 375 

When expressed in COS-7 cells, α1A-AR-A4 is incapable of stimulating cellular increases in 376 

IP1 in response to adrenaline binding, or activation of a cyclic adenosine monophosphate 377 

(cAMP) response element (CRE) reporter gene after treatment with another α1-AR agonist, 378 

phenylephrine (Yong et al., 2018). To ensure biological relevance of our NMR studies we 379 

thus sought α1A-AR-A4 back-mutants that were able to stimulate canonical signalling 380 

pathways in mammalian cells upon agonist treatment. Seven thermostabilising mutations 381 

within the TMD of α1A-AR-A4 were back-mutated (Y67N, M80L, A127G, F151W, K322N, 382 
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L327P and Y329S) as single changes or in combinations, and screened for phenylephrine and 383 

oxymetazoline induced signalling with an IP1 assay in transfected COS-7 cells 384 

(Supplementary Figure 8a). While the back-mutant, α1A-AR-A4 (Y67N, M80L, K322N, 385 

L327P, Y329S) was able to facilitate significant oxymetazoline-induced cellular 386 

accumulation of IP1 compared to α1A-AR-A4 and WT α1A-AR (Supplementary Figure 8a) it 387 

expressed poorly in bacteria. The back-mutant α1A-AR-A4 (Y67N, K322N), termed α1A-AR-388 

A4-active, however was able to stimulate IP1 accumulation in response to both phenylephrine 389 

and oxymetazoline treatment (Supplementary Figure 8a) and it expressed well in bacteria. 390 

Importantly, α1A-AR-A4 contains the N322K-stabilising mutation in the NPxxY 391 

switch(Trzaskowski et al., 2012), which is hypothesised to form a stabilizing salt bridge with 392 

Asp722.50 to lock the NPxxY switch in an inactive and stable state. We thus expected that 393 

reversion of this mutation (K322N) would restore the function of the NPxxY switch and the 394 

signalling activity of α1A-AR-A4. Interestingly, the Y67N mutation was required on top of 395 

K322N to restore signalling activity in α1A-AR-A4-active. N672.45 is distant from the NPxxY 396 

switch and its importance is not clear.  397 

Using an intracellular calcium mobilisation assay, α1A-AR-A4-active was able to be 398 

activated by the full agonists adrenaline and A-61603, as well as the partial agonists 399 

oxymetazoline and PF-3774076 (Supplementary Figure 8b-e). The affinity of QAPB for α1A-400 

AR-A4-active was retained upon purification of the receptor in DDM (Supplementary Figure 401 

9a). Competition binding assays revealed however, that the affinities of agonists for α1A-AR-402 

A4-active (Supplementary Figure 9b and Supplementary Table 1) were weaker than WT α1A-403 

AR due to the F312L stabilizing mutation, but stronger than at α1A-AR-A4 (Yong et al., 404 

2018).  When purified in DDM α1A-AR-A4-active was significantly less stable than α1A-AR-405 

A4 (Supplementary Figure 9c) and thus back-mutation of F312L to recover agonist potency 406 

was not pursued as it was deemed unlikely that the resultant receptor would be stable enough 407 
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for NMR experiments.  408 

 409 

 410 

Figure 5. 1H-13C SOFAST-HMQC spectra of α1A-AR-A4-active. (a) Overlay of 2D 1H-13C 411 

SOFAST-HMQC spectra of [13CεH3-Met] α1A-AR-A4-active bound to prazosin (black, inverse 412 

agonist), WB-4101 (yellow, inverse agonist), phentolamine (purple, inverse agonist) and silodosin 413 

(blue, neutral antagonist). (b) Close-up of the Met2035.57 resonance. (c) Overlay of 2D 1H-13C 414 

SOFAST-HMQC spectra of [13CεH3-Met] α1A-AR-A4-active bound to prazosin (black, inverse 415 

agonist), silodosin (blue, neutral antagonist), oxymetazoline (cyan, partial agonist), PF-3774076 416 

(magenta, partial agonist), A-61603 (maroon, full agonist), and adrenaline (green, full agonist). (d) 417 
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Close-up of the Met1153.41 resonance. (e) Linear regression analysis of the average chemical shift 418 

differences (∆δ) for the 13CεH3 of Met2035.57 in α1A-AR-A4-active when bound to prazosin (black 419 

circles), WB-4101 (orange circles), and phentolamine (purple circles) compared to silodosin (blue 420 

circles) and the increase in luminescence seen in the NanoBit assay with α1A-AR-A4-active 421 

expressing COS-7 cells treated with the same antagonist (from Supplementary Figure 11a). Testing 422 

the resultant equation against the null hypothesis of a slope of zero resulted in a P value of 0.0041 (f) 423 

Linear regression analysis of the average chemical shift differences (∆δ) for the 13CεH3 of Met1153.41 424 

in α1A-AR-A4-active when bound to oxymetazoline (cyan circles), PF-3774076 (pink circles), A-425 

61603 (dark red circles), adrenaline (green circles) and silodosin (blue circles) and the efficacy of 426 

each agonist in triggering Ca2+ mobilization in α1A-AR-A4-active expressing COS-7 cells (from 427 

Supplementary Figure 8b-e). Testing the resultant equation against the null hypothesis of a slope of 428 

zero resulted in a P value of 0.0154 In (e) and (f) Δδ are plotted for two independent titrations of 429 

prazosin, silodosin and oxymetazoline, and single experiments for other ligands. In (a-d) spectra were 430 

acquired on ~50 µM α1A-AR-A4-active dissolved in 0.02-0.1% DDM micelle, pH 7.5 and 25 °C. 431 

Average chemical shift differences (∆δ) were normalised using the equation 432 

∆δ=[(∆δ1H)2+(∆δ13C/3.5)2]0.5 and errors were calculated by the formula 433 

[∆δ1H*R1H+∆δ13C*R13C/(3.5)2]/∆δ, where R1H and R13C are the digital resolutions in ppm in the 1H and 434 

13C dimensions respectively (Kofuku et al., 2012). 435 

 436 

α1A-AR-A4-active was labelled with 13CεH3-methionine and 2D 1H-13C SOFAST- 437 

HMQC spectra acquired as above (Figure 5a,c). Overall the ligand-perturbed chemical shifts 438 

of the 13CεH3-methionine resonances in α1A-AR-A4-active were similar to those in α1A-AR-439 

A4 and α1A-AR-A4 (L312F), except for several key differences with the Met1153.41 and 440 

Met2035.57 resonances. We acquired spectra of four independent preparations of apo α1A-AR-441 

A4-active (four biological replicates) and found that in the absence of bound ligand the data 442 

were not easily reproduced (Supplementary Figure 10a). The well resolved Met2035.57 varied 443 
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between an intense peak, two peaks of similar intensity, or a peak of weak intensity. 444 

Met1153.41 persisted as a split peak, although the two components varied in intensity. 445 

Importantly, in the presence of the most potent inverse agonist, prazosin, the resonances of 446 

Met1153.41 and Met2035.57 were single peaks, and regardless of sample preparation, exhibited 447 

the same chemical shifts. The 13CεH3 Met1153.41 resonance, as perturbed by prazosin, aligned 448 

approximately with the upfield component of the resonance for apo α1A-AR-A4-active 449 

(Supplementary Figure 10b). In contrast, upon titration with the neutral antagonist, silodosin, 450 

the peaks of Met1153.41 also collapsed to a single resonance with identical chemical shifts, 451 

but now aligned best with the downfield component of apo α1A-AR-A4-active 452 

(Supplementary Figure 10b). For the two partial inverse agonists, WB-4101 and 453 

phentolamine, the 13CεH3 resonance of Met1153.41 was a single resonance, positioned midway 454 

between the ‘prazosin’ (upfield) and ‘silodosin’ (downfield) peaks (Figure 5d). These trends 455 

for ligand-efficacy were present in α1A-AR-A4 and α1A-AR-A4 (L312F), but were not as 456 

distinct as now observed for α1A-AR-A4-active, and notably the apo states for α1A-AR-A4 457 

and α1A-AR-A4 (L312F) did not show two discrete peaks for Met1153.41. Such apo state 458 

sample-to-sample heterogeneity may suggest the presence of misfolded contaminants, but 459 

upon the addition of prazosin or silodosin each of these samples gave identical spectra 460 

(Supplementary Figure 10a), supporting the binding competency of the α1A-AR-A4-active 461 

samples. The diversity of apo state spectra likely reflects diversity of conformational states of 462 

similar free energy. The addition of agonist again resulted in , a single resonance for 13CεH3 463 

Met1153.41 that shifts upfield in 1H and downfield in 13C (Figure 5d). The trend in shifts of 464 

these resonances, however, suggests they follow in a linear manner evolving from the 465 

downfield (basal) signal of the apo state and reflects the selection of the active-like state. 466 

A major difference between the spectra of α1A-AR-A4 and α1A-AR-A4-active, 467 

however, was significantly increased line broadening of the Met2035.57 signal of α1A-AR-A4-468 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 7, 2019. ; https://doi.org/10.1101/866475doi: bioRxiv preprint 

https://doi.org/10.1101/866475
http://creativecommons.org/licenses/by/4.0/


22 
 

active in the apo state (Supplementary Figure 10a) and when bound to antagonists (Figure 5b). 469 

This broadening suggests that the DRY motif near the G protein-binding site of α1A-AR-A4-470 

active is more dynamic compared to α1A-AR-A4, consistent with a receptor that more readily 471 

transitions between inactive and active-receptor states. Importantly, similar to α1A-AR-A4 472 

and α1A-AR-A4 (L312F) variants, the 13CεH3 of Met2035.57 shows an efficacy-dependent 473 

linear 13CεH3 chemical shift change in the presence of inverse agonist and neutral antagonist, 474 

trending to an upfield 13C position (χ3 of ±gauche) for the more potent inverse agonist 475 

(Figure 5a,b). Unexpectedly, the addition of silodosin (neutral antagonist) resulted in a 476 

significant 13C downfield shift to near 19.5 ppm consistent with a trans χ3 angle for 477 

Met2035.57. Furthermore, similar to α1A-AR-A4, the Met2035.57 13CεH3 resonance of α1A-AR-478 

A4-active was near completely broadened in the presence of agonists. 479 

NanoBiT G protein activity assays were performed on COS-7 cells expressing α1A-480 

AR-A4-active to determine relative inverse agonist efficacies. The inverse agonists reduced 481 

basal Gq activity in α1A-AR-A4-active in a similar way to WT α1A-AR expressing cells 482 

(Figure 4a and Supplementary Figure 11a). The net luminescence change induced by each 483 

inverse agonist at α1A-AR-A4-active expressing cells correlated well, in a linear fashion, with 484 

the 13CεH3 chemical shift changes of Met2035.57 that each ligand induced at purified α1A-AR-485 

A4-active, when analysed over two separate time periods (Figure 5e and Supplementary 486 

Figure 11b). Interestingly, the agonist-induced chemical shift changes of 13CεH3 Met1153.41 487 

showed a linear correlation with the efficacy of each agonist in Ca2+ mobilization assays on 488 

α1A-AR-A4-active expressing COS-7 cells (Figure 5f) although the partial agonist PF-489 

3774076 was a notable outlier. Overall these cell-based assays with the ligand efficacy-490 

correlated chemical shift changes of Met1153.41 and Met2035.57
 clearly demonstrate that a 491 

conformational selection mechanism underlies receptor function in cells.  492 

 493 
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494 
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Discussion 495 

Recent spectroscopic studies have demonstrated that different classes of GPCR ligands 496 

distinctly alter the population of receptor states within the GPCR conformational 497 

equilibrium(Shimada et al., 2018). GPCR conformational changes are driven by defined 498 

structural changes in the microswitches (Ahuja and Smith, 2009; Deupi and Standfuss, 2011; 499 

Latorraca et al., 2017; Trzaskowski et al., 2012) (Figure 1) and, thus, how particular ligands 500 

affect the GPCR microswitch states likely underlies their pharmacological output as inverse, 501 

partial, full or biased agonists. Observing these effects, however, remains challenging. α1A-502 

AR was one of the first GPCRs to be cloned and pharmacologically characterised (Cotecchia 503 

et al., 1988) and is clinically targeted with agonists as nasal decongestants and antagonists for 504 

hypertension and BPH. Despite the importance of this receptor there are currently no three-505 

dimensional structures of α1A-AR, reflecting the inherent instability of this protein. Here, we 506 

demonstrate that prototypical ligands modulate the conformational equilibrium, as measured 507 

at the microswitches, of α1A-AR in defined and predictable ways by 13CεH3-methionine 508 

labelling α1A-AR variants and monitoring the 1H and 13C chemical shifts of these methyl 509 

resonances in the presence of ligands of different efficacy,.  510 

It is well accepted that the NMR signals of methionine methyl groups are sensitive to 511 

the local environment and the conformation of the methionine side chain (Kofuku et al., 2012; 512 

Nygaard et al., 2013). Many of the conclusions made in this study rely on Met1153.41, a probe 513 

for the conformation of the transmission switch, and Met2035.57 as a probe of the DRY motif 514 

that signifies intracellular TMD rearrangements for G-protein binding. In our model of α1A-515 

AR, Met2035.57 sits over Tyr1253.51 of the DRY motif but is distant from Arg1243.50 which is 516 

expected to undergo significant rotameric changes within this motif (Carpenter and Tate, 517 

2017) (Figure 1d). Met1153.41 is sequential to the Ile1143.40 in TM3 but it points away and is 518 

distant to transmission switch residue Phe2816.44 located on TM6 that is expected to undergo 519 
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significant rotameric changes (Figure 1c). While in the thermostabilized inactive α1A-AR-A4 520 

mutant the residues of the transmission switch and DRY motif are retained, the asparagine of 521 

a third microswitch, the NPxxY motif, is mutated to lysine, which likely forms a salt bridge 522 

with Asp722.50 to lock this switch in an inactive state. The transmission switch and NPxxY 523 

motif are proximal to each other and therefore Met1153.41, while distant to NPxxY, is likely 524 

to be sensitive to conformational changes involving both switches. In the reported active-state 525 

GPCR structures, three conserved residues (Arg3.50 of the DRY motif, Tyr7.53 of the NPxxY 526 

motif and Tyr5.58) adopt near identical positions and connect these microswitches through 527 

water-mediated hydrogen bonds(Carpenter and Tate, 2017; Manglik and Kruse, 2017). 528 

Furthermore, in our model of active α1A-AR which is based on structures of β2-AR, 529 

Arg1243.50 of the DRY motif is in contact with Tyr3267.53 of the NPxxY motif (Figure 1d).  530 

In our NMR experiments for all ligands the 13CεH3 group of both Met1153.41 and 531 

Met2035.57 show significant directional chemical shift and line-width changes that are 532 

correlated with ligand efficacy, not affinity. As a distinct peak is observed for the addition of 533 

each ligand the chemical shift likely reflects an average population exchanging on a fast to 534 

intermediate timescale. The chemical shift differences, however, reflect a shift in the 535 

equilibrium, and specifically for the 13CεH3 of Met2035.57, from a χ3 of a gauche-trans 536 

average (inverse agonist) towards a trans (agonist) average (Figure 6a). An NMR study using 537 

15N-labelled, thermostabilised β1AR observed substantial ligand efficacy-correlated backbone 538 

chemical shift changes for V2265.57, which is in the same position as Met2035.57 in α1A-AR 539 

(Isogai et al., 2016). The authors speculated that these changes were caused by TM5 bending 540 

towards the active receptor state (Isogai et al., 2016), an idea that may also apply to α1A-AR 541 

and other GPCRs. Here, the linear chemical shift changes of Met2035.57, and to a lesser 542 

degree Met1153.41, in response to ligands of different efficacy is strong evidence that agonists 543 

activate α1A-AR via a conformational selection mechanism. The line broadening of 544 
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Met1153.41 and Met2035.57 upon agonist binding supports an efficacy-driven shift in dynamics, 545 

and thereby the equilibrium of conformational states, communicated allosterically by the 546 

microswitches and sensed by these methionine residues (Figure 6). 547 

 548 

 549 

Figure 6. How ligands modulate the conformational landscape of the α1A-AR microswitches. (a) 550 

Cartoon representations of α1A-AR in the inverse agonist-bound, apo, and agonist-bound states. The 551 

three probe methionines, Met2926.55 (binding site), Met1153.41 (transmission switch) and Met2035.57 552 

(DRY microswitch) are highlighted with red sticks and the labeled methyl group in green. The arrows 553 

labeled χ3 illustrate the ligand induced changes to the equilibrium between the trans (t) and gauche (g) 554 

χ3 dihedral angle of Met2035.57. Other arrows indicate how different ligands alter the conformation 555 

equilibria of Met2926.55, Met1153.41 and TM6. Hypothetical free energy landscape diagrams of the 556 

three microswitches in (b) the inactive α1A-AR-A4 receptor compared to (c) α1A-AR-A4-active. (A) 557 

indicates the proposed inactive states, (B) represents basal states, and (C) represents active states of 558 

the microswitches. 559 
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For our signalling incompetent receptors, α1A-AR-A4 and α1A-AR-A4 (L312F), the 560 

NPxxY microswitch has been mutated (N322K) in a way that would bias the NPxxY switch 561 

towards inactive states (K322 - D72 salt bridge). A consequence of this mutation is that for 562 

α1A-AR-A4 (L312F) the DRY motif probe, Met2035.57, gives relatively intense chemical 563 

shifts in the apo and antagonist-t-bound states (conformational equilibrium biased towards 564 

inactive states) (Figure 6b). On restoration of the NPxxY microswitch in α1A-AR-A4-active 565 

however, the Met2035.57 chemical shifts broaden and shift towards the agonist bound position 566 

(as defined for α1A-AR-A4 (L312F)), even with neutral antagonist bound. Therefore, 567 

restoring the NPxxY microswitch enables the DRY motif of α1A-AR-A4-active to more 568 

readily sample active-like states. The full trans (19.5 ppm in 13C) populated by silodosin 569 

indicates that we may observe the full-active state, although previous studies showed that the 570 

full-active state is only populated in the presence of both agonist and nanobody (Manglik et 571 

al., 2015; Nygaard et al., 2013; Solt et al., 2017; Sounier et al., 2015; Xu et al., 2019). Our 572 

two methionine probes, Met1153.41 and Met2035.57, retain similar ligand-induced behaviour in 573 

α1A-AR-A4-active compared to α1A-AR-A4 and α1A-AR-A4 (L312F), where the latter are 574 

both essentially inactive. The chemical shift and line-broadening trends of Met1153.41 and 575 

Met2035.57 suggest that the transmission switch and DRY motif, in the presence of an inactive 576 

NPxxY motif, can independently adopt conformations representative of active and inactive 577 

states. To fully adopt the conformational signatures of an active receptor, a functional NPxxY 578 

motif is required (in α1A-AR-A4-active) thus increasing the dynamics of the transmission 579 

switch and DRY motif, suggesting that the interdependence of the three microswitches is a 580 

consequence of their dynamic nature, and that this is required for full receptor function.  581 

While the striking linear chemical shift dependence for the 13CεH3 of Met2035.57 on 582 

ligand efficacy is consistent with a smooth change in equilibria from inactive to active, linear 583 

trends for 13CεH3 of Met1153.41 were less clear. In the inactive variants α1A-AR-A4 and α1A-584 
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AR-A4 (L312F) the resonance for apo, inverse agonist and neutral antagonist shows little 585 

variation, but clear chemical shift changes and broadening are observed for agonists. The 586 

most distinct changes for the 13CεH3 of Met1153.41 were for α1A-AR-A4-active, where in the 587 

apo-state two peaks were consistently observed, suggesting slow exchange (> millisecond) 588 

between two distinct states, to which we attribute to restoring the NPxxY microswitch. On 589 

the basis of chemical shift, we propose that the upfield peak of apo α1A-AR-A4-active 590 

represents fully inactive receptor (state A in Figure 6), expected for full inverse agonists, and 591 

the downfield peak with a basal state receptor that is stabilized by the neutral antagonist (state 592 

B in Figure 6). This downfield ‘basal’ peak shows approximate linear efficacy-dependent 593 

chemical shift changes with agonist titrations. Therefore, the 13CεH3 of Met1153.41 reflects 594 

three states, (inverse agonist) inactive, an intermediate (basal) and active states (state(s) C in 595 

Figure 6), where the latter progressively shift from partial to full agonist states. Interestingly, 596 

in a 13CεH3-methionine labelled study on the M2R, Met1123.41, which is equivalent to 597 

Met1153.41 in α1A-AR, did not display efficacy-dependent chemical shift changes. In the 598 

presence of ligands, however, M2R Met1123.41 was resolved as two separate resonances, 599 

consistent with a slow exchanging microswitch(Xu et al., 2019) and may highlight some 600 

differences between how different rhodopsin family GPCRs function. 601 

In this NMR study, by starting with a signalling incompetent variant of α1A-AR and 602 

subsequently restoring signalling activity through back mutations, we were able to study the 603 

functional dynamics of the key GPCR microswitches and how different ligands modulate 604 

this. Our NMR data for the transmission and DRY microswitches revealed ligand efficacy-605 

dependent changes to the microswitch conformational equilibria, supporting a conformational 606 

selection mechanism for α1A-AR modulation. This and the agonist-driven line broadening for 607 

both microswitches suggest similar mechanistic actions on the different microswitches, 608 

supporting ligand-driven allosteric communication between the microswitches. MD 609 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 7, 2019. ; https://doi.org/10.1101/866475doi: bioRxiv preprint 

https://doi.org/10.1101/866475
http://creativecommons.org/licenses/by/4.0/


29 
 

simulations (Dror et al., 2011) of β2-AR suggest that these microswitches behaved 610 

independently of each other, with only loose allosteric coupling. While this may be true over 611 

the relatively short timescales of MD, we believe that over the course of an NMR experiment 612 

such loose allosteric coupling culminates in significant coupled shifts to the microswitch 613 

conformations and that this is likely how ligands modulate GPCR signalling in cells.  614 

 615 

Data Availability 616 

All data that support the conclusions are included in the published paper and its 617 

supplementary information, or are available from the authors on request. 618 
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 646 

Methods 647 

α1A-AR constructs  648 

The α1A-AR-A4 variant is a thermostabilised human α1A-AR, containing 15 stabilising 649 

mutations (Yong et al., 2018). Met802.58 in the spectra was introduced through the 650 

stabilisation process in lieu of the naturally occurring amino acid leucine. As compared to 651 

wild type, the carboxyl termini of the α1A-AR-A4 variant was modified by truncation at 652 

Ser351 and addition of a deca-His tag to facilitate purification (Supplementary Figure 1). For 653 

expression, the α1A-AR variants sequences were sub-cloned into the pQE30 derived vector, 654 

pDS15, with a maltose-binding protein (MBP) and a methionine-free monomeric ultra-stable 655 

green fluorescent protein (-Met-muGFP) (Scott et al., 2018) attached respectively to the N- 656 

and C-termini of the receptor via HRV 3C protease cleavage sites. For the purpose of 657 

Kingfisher binding assays, α1A-AR variants were sub-cloned into a similar vector, pDS11, in 658 

which muGFP was replaced with mCherry since the excitation and emission wavelengths of 659 

fluorescent QAPB were overlapping with those of GFP. The final sequence of α1A-AR-A4 660 
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after purification (with residues left from HRV 3C cleavage) is: 661 

GPGSVFLSGNASDSSNSIQPPAPVNISKAILLGVILGGIILFGVLGNILVILSVACHRHLH662 

SVTHYYVVYLAVADLLLTSTVMPFSAIYEVLGYWAFGRVFCNIWAAVDVLCCTASI663 

MGLCIISIDRYIAVSYPLRYPTIVTQRRALMALLCVFALSLVISIGPLFGWRQPAPVDE664 

TICQINEEPGYVLFSALGSFYLPLAIILVMYCRVYVVAKRESRGLKSGLKTDKSDSEQ665 

VTLRIHRKNAPAGGSGMASAKTKTHFSVRLLKFSREKKAAKTLGIVVGCFVLCWLPF666 

FLVMPIGSFFPDFKPSETVFKIVLWLGYLNSCIKPIIYLCYSQEFKKAFQNVLRIQCLCR667 

KQSASHHHHHHHHHHGTRSLRGGLEVLFQ 668 

In the α1A-AR-A4 (L312F) variant one stabilising mutation L312 was reversed to 669 

phenylalanine to improve the affinity of ligands compared to α1A-AR-A4. α1A-AR-A4-active 670 

(Y67N, K322N) is a signalling competent variant in which the two stabilizing mutations Y67 671 

and K322 were reverted to the wild-type asparagines. α1A-AR-A4 was used for NMR 672 

assignment, where each methionine was substituted to either leucine or isoleucine. All 673 

mutations were introduced through site-directed mutagenesis using PrimeSTAR DNA 674 

polymerase (TaKaRa).  675 

  676 

α1A-AR expression 677 

All α1A-AR variants were expressed in E. coli C43 (DE3) cells (Lucigen, Middleton, WI). For 678 

13CεH3-methionine labelled expressions, 5 mL LB pre-culture containing 100 mg/L ampicillin 679 

and 1% (w/v) glucose was inoculated with a single colony of C43 cells freshly transformed 680 

with the expression plasmid and incubated at 37 °C, 225 rpm for approx. 8 h. 2 mL of the LB 681 

day culture was centrifuged (1700 rcf, 22 °C, 5 min) and the pellet was used to inoculate 100 682 

mL of a defined minimal medium (M1 medium) (Bumbak et al., 2018) as overnight pre-683 

culture. 10 mL of the overnight pre-culture was used to inoculate 500 mL of M1 medium in 2 684 

L flasks. The expression cultures were incubated at 37 °C, 225 rpm to reach OD600 of 0.6, at 685 
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which point 50 mg/L 13CεH3-methionine (Cambridge Stable Isotopes) was added along with 686 

100 mg/L of each lysine, threonine, phenylalanine, and 50 mg/L of each leucine, isoleucine 687 

and valine. The flasks were transferred to 20 °C and left shaking for 15 min prior to inducing 688 

protein expression with 250 µM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 689 

overnight expression (15-18 h, 20 °C, 225 rpm), the culture was harvested by centrifugation 690 

(2600 rcf, 4 °C, 15 min). The final pellet was snap frozen in liquid nitrogen and stored at -80 691 

°C. For unlabelled expression 5 mL of LB pre-culture was used to inoculate 500 mL 2YT 692 

medium containing 100 mg/L ampicillin and 0.4% (w/v) glucose. At OD600 of 0.6 the culture 693 

was chilled on ice for 2 min prior to inducing protein expression with 250 µM IPTG 694 

overnight expression and harvesting were carried out as described above. 695 

 696 

α1A-AR purification 697 

The frozen cell pellet was thawed at room temperature for 30 min. 10 mL pellet was gently 698 

resuspended in 40 mL ice-cold solubilisation buffer [25 mM HEPES, pH 7.5, 200 mM NaCl, 699 

10% glycerol, 1% DDM (Anatrace), 0.12% CHS (cholesterol hemi succinate, Anatrace), 700 

0.6% CHAPS (Sigma), 50 mg lysozyme, 5 mg Dnase, one tablet of EDTA free complete 701 

protease inhibitor cocktail (Roche), 0.2-0.4 mM PMSF (phenylmethylsulfonyl fluoride)] and 702 

incubated on a turning wheel for 30 min at 4 °C. The cell membranes were then disrupted by 703 

sonication device (Diagenode Bioruptor Plus, high power, 10s on/20s off for 30 cycles) 704 

followed by another 1 h incubation at 4 °C on the turning wheel. The cell debris was removed 705 

by centrifugation (12,000 rcf, 4 °C, 40 min) and the supernatant was filtered using a 45 µm 706 

Durapore syringe filter (Merck Millipore). The cleared cell lysate was incubated with 3 mL 707 

Talon metal affinity resin pre-equilibrated with 45 mL equilibrium buffer (20 mM HEPES, 708 

pH 7.5, 300 mM NaCl, 10% glycerol, 0.05% DDM). After 1.5 h incubation at 4 °C, the resin 709 

retaining the receptor was washed three times with washing buffer 1 (20 mM HEPES, pH 7.5, 710 
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500 mM NaCl, 10% glycerol, 0.05% DDM) and then the full-length protein was eluted by 30 711 

mL elution buffer (20 mM HEPES, pH 7.5, 300 mM NaCl, 10% glycerol, 0.05% DDM, 250 712 

mM Imidazole). The eluate was concentrated down to 0.5-1 mL using a 100 kDa cut-off 713 

centrifugal filter device (Amicon Ultra, Millipore). Imidazole was removed by using a PD10 714 

desalting column (GE Healthcare). Cleavage of fusion proteins from the receptor was carried 715 

out overnight at 4 °C by adding 100 mM Na2SO4, 1 mM TCEP and 300 pmol GST-tagged 716 

HRV 3C protease (made in house).  717 

The cleaved mixture was incubated for 1 h with 2 mL of pre-equilibrated Talon resin. 718 

The resin was washed using 30 mL washing buffer 2 (20 mM HEPES, pH 7.5, 300 mM 719 

NaCl, 10% glycerol, 0.05% DDM, 30 mM Imidazole) and the receptor was eluted by 20 mL 720 

elution buffer. The eluate was concentrated down to 450 µL by 30 kDa cut-off centrifugal 721 

filter device (Amicon Ultra, Millipore) and it was loaded onto a Superdex 200 10/300 722 

increase column (GE healthcare) equilibrated with SEC buffer (50 mM sodium phosphate, 723 

pH 7.5, 100 mM NaCl, 0.02% DDM). Size exclusion chromatography (SEC) was carried out 724 

at a flow rate of 0.5 mL/min. The peak fractions containing receptor were pooled and 725 

concentrated down to 100 µL using a 30 kDa cut-off centrifugal filter device (Amicon Ultra, 726 

Millipore). The sample buffer was exchanged twice to NMR buffer (50 mM sodium 727 

phosphate, pH 7.5, 100 mM NaCl, 99.9% D2O). Yields were generally between 0.5-1 mg 728 

receptor per litre of expression culture. Protein concentration was measured by BCA protein 729 

assay (Pierce, ThermoFisher). 730 

 731 

NMR spectroscopy 732 

NMR samples were prepared to 130 µL at 40-60 µM receptor in a 3 mm Shigemi NMR tubes 733 

(Shigemi Inc, Allison Park, PA). Ligands were added at saturating concentrations that were 2 734 

mM adrenaline for α1A-AR-A4 and α1A-AR-A4 (active), 400 µM prazosin, and 1 mM of other 735 
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ligands to all mutants (supplementary Table 1). Adrenaline was supplemented with 1 mM of 736 

the anti-oxidant ascorbic acid. Samples containing low affinity agonists (phenylephrine and 737 

adrenaline) were recycled via competition with high affinity ligands, exchange was judged 738 

via the chemical shift of the Met2926.55 resonance. Experiments on α1A-AR-A4 and α1A-AR-739 

A4-L312F, apo and all ligands were performed at least twice on independent receptor 740 

samples (biological replicates), except WB-4101 and phentolamine which were acquired 741 

once. Experiments on apo α1A-AR-A4-active and bound to prazosin, silodosin, and 742 

oxymetazoline were performed at least twice on independent receptor samples, and for other 743 

ligands were performed once. 744 

All NMR spectra were collected at 25 °C on an 800-MHz Bruker Avance II 745 

spectrometer equipped with a triple resonance cryoprobe. 2D 1H-13C SOFAST-HMQC 746 

(Schanda et al., 2005) spectra were recorded by excitation with a 2.25 ms PC9 120 degree 1H 747 

pulse and refocusing with a 1 ms r-SNOB shaped 180 degree 1H pulse. The spectral widths 748 

were set to 12 ppm and 25 ppm for 1H and 13C dimensions respectively. For the spectra 749 

recorded for α1A-AR-A4 variant (Figure 2 and Supplementary Figure 3), 1024 x 128 complex 750 

points were recorded with a 25% Poisson-gap sampling schedule and 2048 scans; an 751 

acquisition time of 8.5 h. For the other spectra, 1024 x 200 complex points were recorded 752 

with either traditional or 60% Poisson-gap sampling schedule and 368 scans resulting in 753 

acquisition times of 10 h and 6 h respectively. Spectra were reconstructed with compressed 754 

sensing using qMDD and processed using NMRpipe (Delaglio et al., 1995) where data were 755 

multiplied by cosine bell functions and zero-filled once in each dimension. Spectra were 756 

analysed in NMRFAM-Sparky(Lee et al., 2015) (Goddard, T.D. and Kneller, D.G, University 757 

of California, San Francisco).  758 

The average chemical shift differences, ∆δ, were normalised using the equation 759 

∆δ=[(∆δ1H)2+(∆δ13C/3.5)2]0.5. The error values were calculated by the formula 760 
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[∆δ1H*R1H+∆δ13C*R13C/(3.5)2]/∆δ, where R1H and R13C are the digital resolutions in ppm in 761 

the 1H and 13C dimensions respectively (Kofuku et al., 2012). 762 

 763 

Saturation and Competition binding assays 764 

1 nmol purified full-length α1A-AR variant (mCherry attached) was resuspended in 10 mL 765 

assay buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 0.02% DDM) and immobilized onto 766 

200 µL of Dynabeads (Streptavidin T1) for 30 min at 4 °C. 100 µL of the suspension 767 

containing beads with immobilized receptor was aliquoted to a 96-DeepWell plate from 768 

which the beads transferred to another 96-DeepWell plate containing 100 µL ligand solution 769 

using a KingFisher Flex magnetic particle processor. For saturation binding, immobilized 770 

receptors in each well were incubated with 100 µL assay buffer containing increased 771 

concentration (0, 3.125, 6.25, 12.5, 25, 50, 100, 200 nM) of QAPB (Quinazoline Piperazine 772 

Bodipy) for 2 h at 22 °C.  Nonspecific binding was determined by repeating the experiment 773 

in the presence of 10 µM of prazosin. For competition binding, immobilized receptors were 774 

incubated with 100 µL of assay buffer containing 10 nM QAPB with the addition of ligands 775 

at various concentrations, as shown in the Supplementary Figures 5 and 8, for 2 h at 22 °C. 776 

Immobilised receptors were subsequently washed with 200 µL of assay buffer and 777 

resuspended in 100 µL assay buffer. 90 µL of the final beads solution was transferred to a 96-778 

well Greiner Bio-One nonbinding black plate. Fluorescence of bound QAPB was measured 779 

using a POLARstar OMEGA plate reader (BMG Labtech, Ortenburg, Germany) and 780 

normalised to mCherry fluorescence which was detected simultaneously. Data represent the 781 

mean ± standard deviation (SD) of three independent biological replicate experiments each 782 

performed in duplicate technical measurements. To compare ligand binding affinities at α1A-783 

AR-A4 (L312F) and α1A-AR-A4-active of to α1A-AR-A4, raw data from our previously 784 
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published paper (Yong et al., 2018), were reanalysed and presented in Supplementary Table 785 

1. 786 

 787 

Thermostability assay 788 

1 nM purified full-length α1A-AR-A4 or α1A-AR-A4-active (mCherry attached) was prepared 789 

in base buffer (20 mM HEPES, 100 mM NaCl, 0.1% DDM). To measure thermostability of 790 

receptors in the apo-state, 100 µL of receptor solution was aliquoted into 24 wells of a 96-791 

well PCR plate. 10 of the 12 duplicates were heated in gradient temperatures for 30 min and 792 

the two remaining duplicates were left at 4 °C for normalisation. After thermo-treatment, the 793 

receptors were transferred to a KingFisher 96-DeepWell plate containing 2 µL paramagnetic 794 

Dynabeads per well (streptavidin T1, ThermoFisher Scientific). The following few steps were 795 

automatically performed by using a KingFisher 96 magnetic particle processor. The receptor 796 

was firstly incubated with magnetic beads for 30 min at 4 °C. Then, magnetic beads were 797 

transferred to another 96-DeepWell plate containing 100 µL ligand solution (20 mM HEPES, 798 

100 mM NaCl, 0.1% DDM, 100 nM QAPB). The non-specific binding was determined by 799 

competing QAPB with 100 µL prazosin. After 1.5 h incubation, immobilised receptors were 800 

subsequently washed with 200 µL of assay buffer and resuspended in 100 µL assay buffer. 90 801 

µL of the final beads solution was transferred to a 96-well Greiner Bio-One nonbinding black 802 

plate. Fluorescence of bound QAPB was measured using a POLARstar OMEGA plate reader 803 

(BMG Labtech, Ortenburg, Germany) and normalised to mCherry fluorescence which was 804 

detected simultaneously. To measure the thermostability of α1A-AR variants in the presence 805 

of ligand, receptors were preincubated with 100 nM QAPB for 1 h on ice prior to be heated at 806 

varying temperatures. The remaining steps were carried out as described for apo state 807 

thermostability assay. Data represent the mean ± SD of three independent biological replicate 808 

experiments each performed in duplicate technical replicate measurements. 809 
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 810 

IP1 assay 811 

Gαq/11 signalling assays were carried out using the IP-One HTRF® Assay Kit (Cisbio 812 

Bioassays, France) measuring inositol phosphate (IP1) using the manufacturer’s protocol. 813 

COS-7 cells were seeded at 25,000 cells per well in a 96-well plate and incubated overnight 814 

at 37 °C and 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Gaithersburg, 815 

USA) supplemented with 10% FBS (Scientifix Life, Melbourne, Australia), 1% L-Glutamine 816 

(Gibco) and 1% penicillin/streptomycin (Gibco). Cells were transfected with pcDNA3.1 817 

constructs of WT or mutant α1A-ARs using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) 818 

at 0.25 µg DNA per well. 24 h later, cells were stimulated with ligands for 2 h at 37 °C in 40 819 

µL of Stimulation Buffer, then frozen at -80 °C. 14 µL of thawed sample were transferred to 820 

a white HTRF® 384-well Optiplate (PerkinElmer, Waltham, USA), incubated with 821 

development reagents in the dark for 1 h with shaking, and analysed by time-resolved 822 

fluorescence using a POLARstar OMEGA plate reader (BMG Labtech, Ortenburg, 823 

Germany). Data were analysed against the kit’s standard curve. Data represent mean ± SD of 824 

three independent biological replicate experiments each performed in triplicate technical 825 

replicate measurements, unless otherwise stated in the figure legends. 826 

 827 

NanoBiT G Protein Activity Assay 828 

COS-7 cells grown in 10% fetal bovine serum (FBS), 1% L-Glutamine, 1% 829 

penicillin/streptomycin DMEM media were seeded at 250,000 cells per well on a six-well 830 

plate. Cells were then transiently co-transfected in the six-well plate, with 0.1 μg Gαq-LgBiT 831 

(GNAQ-11S) DNA, 0.5 μg Gβ-untagged (GNB1) DNA, 0.5 μg Gγ-SmBiT (114-GnG2) 832 

DNA, 0.2 μg Guanine Release Factor (RIC8A) DNA and 0.5 μg α1A-AR (or respective AR 833 

mutants) DNA using Lipofectamine 2000 transfection reagent as per the manufacturer’s 834 
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instructions. The next day the cells were resuspended in Phenol-Red-free (PRF) DMEM 835 

media containing 10% FBS, 1% L-Glutamine, 1% penicillin/streptomycin, 25 mM HEPES 836 

and seeded at 50,000 cells per well to a white 96-well plate and incubated overnight. On the 837 

day of the assay, plates were pre-incubated with 10 μM Furimazine for 1 hour. Following 838 

incubation, raw luminescence counts in each well were measured every 12 sec over the 839 

course of the assay using a POLARstar Omega plate reader (BMG Labtech). Cells were 840 

treated with either vehicle or a saturating concentration of each ligand (50 nM for A-61603 841 

and 100 nM for antagonists). Luminescence counts were plotted against time, with the final 842 

pre‐incubation reading assigned as the zero‐time point (time of vehicle/ligand addition). A 843 

baseline correction was then performed by subtracting the luminescence counts in the 844 

vehicle-treated samples from the ligand-treated samples which resulted in a time-course plot 845 

of ligand-induced luminescence counts. Initial raw luminescence counts were used as a 846 

readout of G protein expression levels. Data represent the mean ± standard error (SEM) of 847 

three independent biological replicate experiments each performed in triplicate technical 848 

replicate measurements, unless otherwise stated in the figure legends. 849 

 850 

Intracellular Ca2+ Mobilization Assays  851 

COS-7 cells were seeded in 10 cm culture dishes at 3x106 cells per dish and allowed to grow 852 

overnight at 37 °C, 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) supplemented 853 

with 10% FBS, 1% L-Glutamine and 1% penicillin/streptomycin (Life Technologies, 854 

California, USA). The next day the cells were transfected with 30 µg of receptor DNA 855 

construct (pcDNA3.1 expression vector containing WT or mutant α1A-ARs) using 60 µl of 856 

Lipofectamine 2000 (Invitrogen) transfecting reagent per dish. The following day, cells were 857 

transferred to 96-well culture plates (5x104 cells per well) and allowed to grow overnight. On 858 

the day of the experiment cells were washed twice with Ca2+ assay buffer [150 mM NaCl, 2.6 859 
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mM KCl, 1.2 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, 2.2 mM CaCl2, 0.5% (w/v) 860 

BSA, and 4 mM probenecid, pH 7.4] and incubated in Ca2+ assay buffer containing 1 mM 861 

Fluo-4-AM for 1 h in the dark at 37 °C and 5% CO2. After two washes with Ca2+ assay buffer, 862 

fluorescence was measured for 1.5 min upon the addition of ligands in a Flexstation 3 863 

(Molecular Devices, Sunnyvale, CA) using an excitation wavelength of 485 nm and emission 864 

wavelength of 520 nm. Data were normalized to the peak response elicited by 3 µM 865 

Ionomycin (Life Technologies). Data represent the mean ± SD of three independent 866 

biological replicate experiments each performed in triplicate technical replicate 867 

measurements, unless otherwise stated in the figure legends. 868 

 869 

Homology Modelling 870 

Homology models of inactive- and active-state α1A-AR were built with I-TASSER (Zhang et 871 

al., 2015) using crystal structures of β2-AR as the templates. For inactive state models, the 872 

structure of β2-AR bound to the antagonist carazolol and the inactive-state stabilizing 873 

nanobody, Nb60 (PDB ID: 5JQH) (Staus et al., 2016) was used as a template. For the active 874 

state models, the crystal structure of a β2-AR-Gs protein complex bound to the agonist BI-875 

167107 (PDB ID: 3SN6) (Rasmussen et al., 2011) was used as a template. The N- and C- 876 

terminal regions as well as the ICL3 regions, which have no sequence similarity to the 877 

template, were deleted from the model. Energy minimisation was performed using Minimize 878 

tool in Maestro version 11.7.012 (Schrödinger, Inc.) under OPLS 2005 (Siu et al., 2012) 879 

forcefield. 880 

 881 

882 
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Supplementary Figures and Tables 
 
 
 

 
 
Supplementary Figure 1. Secondary structure diagram of human α1A-AR-A4. 
Methionine residues and thermostabilisation mutations are labelled in blue and red, 
respectively. Two thermostabilisation mutations (N67Y, N322K) labelled in both red and 
green were reverted back to natural residues in making signaling competent construct α1A-
AR-A4-active (Y67N, K322N). Residue labelled in grey is critical for ligand binding, α1A-
AR-A4 (L312F) construct was made to rescue affinities of agonists tested in this study. 
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Supplementary Figure 2. Chemical structures of ligands used in this study.  
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Supplementary Figure 3. Assignment of 13C methyl labelled methionine residues in α1A-
AR-A4. Five methionine residues in α1A-AR-A4 were individually mutated to either Leucine 
or Isoleucine, M80L (a,f); M115I (b,g); M203L (c,h); M248I (d,i); M292I (e,j). The 1H-13C 
SOFAST HMQC spectra of five α1A-AR-A4 mutants were collected in apo state (a-e, purple) 
and prazosin-bound state (f-j, red). Spectra of all mutants overlay with the spectrum of α1A-
AR-A4 in the apo or prazosin-bound state (black).  
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Supplementary Figure 4. The local environment of Met2035.57 and its χ3 dihedral angle. 
The methyl group of Met2035.57 sits on top of Tyr1253.51 of the DRY motif as shown in the 
α1A-AR-A4 homology models, and is expected to experience a ring current effect from 
Tyr1253.51. (a) In the inactive state of α1A-AR-A4 model (green), the distance between the 
methyl of Met2035.57 and the ring of Tyr1253.51 is 4.2Å. The χ3 dihedral angle of Met2035.57 
is -74.6º, which means the χ3 in the inactive state is averaging between gauche and trans 
conformers. (b) In the active state of α1A-AR-A4 model (cyan), the distance between the 
methyl of Met2035.57 and the ring of Tyr1253.51 is 4.4Å. The χ3 dihedral angle of Met2035.57 
is -177.4º, which means the χ3 in the active state is in a near trans conformer. 
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Supplementary Figure 5. Characterisation of ligand affinity to α1A-AR-A4 (L312F). 
QAPB competition binding for 2 hours at 22 °C against purified α1A-AR-A4 (L312F) with A-
61603 (maroon, solid circles), adrenaline (green, solid squares), oxymetazoline (cyan, solid 
triangles), silodosin (blue, open circles), WB-4101 (orange, open squares) and phentolamine 
(purple, open triangles). 
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Supplementary Table 1. Measured affinities of ligands utilised in the present study.a  
 

 α1A-AR WT α1A-AR-A4 α1A-AR-A4 
(L312F) 

α1A-AR-A4-
active 

QAPB KD 
(nM) 

N.D 11.6 ± 2.01 30.3 ± 21.2 29.2 ± 15.1 

 Ki
b Ki Ki Ki 

Adrenaline 3.3 ± 0.4 µM2 >1.0 mM1 2.7 ± 0.5 µM 0.4 ± 0.1 mM 
Phenylephrine 6.2 ± 1.5 µM2 ~0.6 mM1 41.9 ± 26.6 µM1 1.6 ± 0.6 mM 
A-61603 ~79.4 nM3 113.5 ± 47.2 

µM1 
0.4 ± 0.2 µM 18.4 ± 18.9 µM 

Oxymetazoline 6.7 ± 0.9 nM4 52.8 ± 8.0 µM 65.7 ± 24.4 nM 9.7 ± 6.4 µM 
PF-3774076 ~83.0 nM5 N.D N.D 19.4 ± 12.9 µM 
Silodosin 0.036 ± 0.010 

nM4 
N.D 8.4 ± 1.9 nM N.D 

Phentolamine 2.7 ± 0.1 nM4 N.D 3.9 ± 2.0 nM N.D 
WB-4101 0.21 ± 0.03 nM4 N.D 7.6 ± 3.4 nM N.D 
Prazosin 0.17 ± 0.02 nM4 57.0 ± 11.8 

nM1 
7.5 ± 3.8 nM1 N.D 

 
a Data are presented as mean Ki ± SD and mean KD ± SD, except for the data cited from the 
literature which are mean Ki ± SEM and mean KD ± SEM. Three independent biological 
replicate experiments (n=3) were done for all data. N.D, not determined. bThese Ki were 
measured on cells overexpressed with WT human α1A-AR. Ki of ligands on α1A-AR-A4, α1A-
AR-A4 (L312F) and α1A-AR-A4-active were determined with purified receptors using 
Kingfisher binding assay (see methods). For some ligand-receptor pairings, full displacement 
in competition binding assays was not observed, and thus only approximate Ki values could 
be estimated (indicated with ~) 
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Supplementary Figure 6. 1H-13C SOFAST-HMQC spectra of α1A-AR-A4 (L312F). 
Individual NMR spectrum for [13CεH3-Met] α1A-AR-A4 (L312F) collected in the apo-state 
(red) and bound to prazosin (black, inverse agonist), WB-4101 (yellow, inverse agonist), 
phentolamine (purple, inverse agonist), silodosin (blue, neutral antagonist), oxymetazoline 
(cyan, partial agonist), phenylephrine (magenta, full agonist), A-61603 (maroon, full agonist), 
and adrenaline (green, full agonist). 
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Supplementary Figure 7. Controls for NanoBit G protein activity assay. (a) NanoBit G 
protein activity assay on empty vector (pcDNA3.1/Zeo) transfected COS-7 cells treated with 
the same concentrations of prazosin, WB-4101, phentolamine and silodosin as in Figure 4b. 
The grey shaded region indicates where the area under the curve measurements were taken 
for (b). (b) Linear regression analysis of the average chemical shift differences (Δδ) for the 
13CεH3 of Met203 in α1A-AR-A4 (L312F) and the increase in luminescence seen between 5 – 
10 min after treatment in the NanoBit assay on empty vector (pcDNA3.1/Zeo) transfected 
COS-7 cells. A P value of 0.2663 was obtained when testing against the null hypothesis of a 
slope of 0 (c) Linear regression analysis of the average chemical shift differences (Δδ) for the 
13CεH3 of Met203 in α1A-AR-A4 (L312F) and the increase in luminescence seen for the first 
10 min after treatment in the NanoBit assay on empty vector (pcDNA3.1/Zeo) transfected 
COS-7 cells. Ligands are coloured as listed above and a P value of 0.6754 indicated slope not 
deviating significantly from 0. (d) Linear regression analysis of the average chemical shift 
differences (Δδ) for the 13CεH3 of Met203 in α1A-AR-A4 (L312F) and the increase in 
luminescence seen for the first 10 min after treatment in the NanoBit assay on COS-7 cells 
transfected with wild-type α1A-AR (as in Figure 4b-c). A P value of 0.0071 suggested a 
significantly non-zero slope. Ligands are coloured as listed above. In (b), (c) and (d) Δδ are 
plotted for two independent titrations of prazosin and silodosin, and single experiments for 
WB-4101 and phentolamine. Average chemical shift differences (∆δ) were normalised using 
the equation ∆δ=[(∆δ1H)2+(∆δ13C/3.5)2]0.5 and errors were calculated by the formula 
[∆δ1H*R1H+∆δ13C*R13C/(3.5)2]/∆δ, where R1H and R13C are the digital resolutions in ppm in 
the 1H and 13C dimensions respectively. 
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Supplementary Figure 8. Functional signalling assays performed on α1A-AR-A4 active 
and other mutants. (a) Measurement of agonist (phenylephrine and oxymetazoline) induced 
accumulation of IP1 in COS-7 cells transfected with WT α1A-AR, α1A-AR-A4 and mutants 
that were made with reverted mutations on α1A-AR-A4. Y67N, M80L, A127G, F151W, 
K322N, L327P and Y329S are the predicted critical back mutations that were screened to 
recover the signaling ability of α1A-AR-A4. All of α1A-AR-A4 back mutants containing 
Y67N and K322N (highlighted with bold and underlined) displayed accumulation of IP1 
signal upon agonist activation. α1A-AR-A4 (Y67N, K322N) is labelled as α1A-AR-A4-active. 
In this screening assay some mutants were only measured in one biological replicate 
experiment (α1A-AR-A4 (M80L,K322N,L327P,Y329S; α1A-AR-A4 (K322N,L327P,Y329S); 
α1A-AR-A4 (Y67N,M80L,K322N); α1A-AR-A4 (M80L,K322N); α1A-AR-A4 
(Y67N,K322N); α1A-AR-A4), with the others measured in two independent biological 
replicate experiments, with data plotted as mean ± SD of replicate measurements. (b-e) 
Measurement of adrenaline (b), A-61603 (c), oxymetazoline (d) and PF-3774076 (e) induced 
Ca2+ mobilization in COS-7 cells transfected with α1A-AR (blue, solid circles), α1A-AR-A4 
(black, solid squares) and α1A-AR-A4 active (red, open circles). Data represent the mean ± 
SD from three independent biological replicate experiments, each measured as three technical 
replicates. 
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Supplementary Figure 9. Characterisation of α1A-AR-A4-active. (a) Saturation binding of 
QAPB to purified α1A-AR-A4 active. (b) QAPB competition binding for 2 hours at 22 °C 
against purified α1A-AR-A4 active with A-61603 (maroon, solid circles), phenylephrine (pink, 
solid squares), adrenaline (green, solid triangles), oxymetazoline (black, open circles), PF-
3774076 (purple, open squares). (c) Thermostability assay performed on α1A-AR-A4 in the 
apo state (black solid circles and dash line), QAPB-bound state (black open circles and solid 
line) and α1A-AR-A4-active in the apo state (red solid squares and dash line), QAPB-bound 
state (red open squares and solid line).  
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Supplementary Figure 10. 1H-13C SOFAST-HMQC spectra of α1A-AR-A4-active. (a) 
Four separate expressions and purifications of α1A-AR-A4-active were conducted and data 
acquired for apo- (red), prazosin (black) and silodosin (blue), phentolamine (purple) and WB-
4101 (orange). (b) Expansions and overlay of the region where the 13CεH3 of Met115 

resonates. 
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Supplementary Figure 11. Correlation between the chemical shift position of Met2035.57 
in α1A-AR-A4-active and inverse agonists efficacy. (a) NanoBit G protein activity assay 
demonstrating inverse agonism of prazosin, WB-4101, phentolamine and silodosin at α1A-
AR-A4 active expressing COS-7 cells. The grey shaded region indicates where the area under 
the curve measurements were taken to make Figure 5e. (b) Linear regression analysis of the 
average chemical shift differences (∆δ) for the 13CεH3 of Met203 in α1A-AR-A4-active and 
the increase in luminescence seen over the first 10 minutes in the NanoBit assay for each 
antagonist. A P value of 0.0002 suggested that the slope was significantly different from zero. 
In (b) Δδ are plotted for two independent titrations of prazosin and silodosin, and single 
experiments for WB-4101 and phentolamine. Average chemical shift differences (∆δ Met 
203) were normalised using the equation ∆δ=[(∆δ1H)2+(∆δ13C/3.5)2]0.5 and errors were 
calculated by the formula [∆δ1H*R1H+∆δ13C*R13C/(3.5)2]/∆δ, where R1H and R13C are the 
digital resolutions in ppm in the 1H and 13C dimensions respectively. 
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