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ABSTRACT 
G protein-coupled receptors (GPCRs) are versatile chemical sensors, which transmit the 

signal of an extracellular binding event across the plasma membrane to the intracellular side. 

This function is achieved via the modulation of highly dynamical equilibria of various 

conformational receptor states. Here we have probed the effect of pressure on the conformational 

equilibria of a functional thermostabilized β1-adrenergic GPCR (β1AR) by solution NMR. High 

pressure induces a large shift in the conformational equilibrium (midpoint ~600 bar) from the 

preactive conformation of agonist-bound β1AR to the fully active conformation, which under 

normal pressure is only populated when a G protein or a G protein-mimicking nanobody (Nb) 

binds to the intracellular side of the β1AR∙agonist complex. No such large effects are observed 

for an antagonist-bound β1AR or the ternary β1AR∙agonist∙Nb80 complex. The detected 

structural changes of agonist-bound β1AR around the orthosteric ligand binding pocket indicate 

that the fully active receptor occupies an ~100 Å3 smaller volume than its preactive form. Most 

likely, this volume reduction is caused by the compression of empty (non-hydrated) cavities in 

the ligand binding pocket and the center of the receptor, which increases the ligand receptor 

interactions and explains the ~hundredfold affinity increase of agonists in the presence of G 

protein. The finding that isotropic pressure induces a directed motion from the preactive to the 

fully active GPCR conformation provides evidence of the high mechanical robustness of this 

important functional switch. 
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INTRODUCTION 
G protein-coupled receptors (GPCRs) are important drug targets, which mediate the 

majority of cellular responses to a wide variety of extracellular stimuli across the membrane.1 In 

recent years, a large number of crystal structures have provided detailed static pictures of diverse 

GPCRs in complex with many ligands.2-8 Strikingly, the crystal structures of antagonist- or 

agonist-bound receptors are very similar (Figure 1A,B),9 although their conformational states 

should encode their functional difference. Thus e.g. the RMSD of backbone and all heavy atoms 

positions between structures of the β1-adrenergic receptor (β1AR) in complex with an antagonist 

(Figure 1A) and an agonist (Figure 1B) are only 0.6 Å and 1.0 Å, respectively. Apparently more 

subtle differences such as changes of hydrogen bond patterns, individual sidechain contacts or 

conformational dynamics must be the cause of this functional difference. Substantial structural 

changes in crystal structures are only observed for ternary agonist･receptor complexes with a G 

protein or a G protein-mimicking nanobody bound to the intracellular effector side, in which 

transmembrane helices 5 and 6 (TM5,6) move by up to 14 Å outward from the transmembrane 

7-helix bundle (Figure 1C),10,11 corresponding for β1AR to an RMSD relative to the agonist 

complex of 2.1 Å and 2.4 Å for backbone and all heavy atom positions, respectively. 

Evidence from NMR, EPR, fluorescence and molecular dynamics simulations indeed 

indicates that the static pictures provided by crystallography are incomplete. Rather GPCRs are 

highly dynamic and sample several conformations in any particular functional state.4,12-20 

Notably agonist-bound receptors appear in a dynamical equilibrium between a preactive and a 

fully active state, where the latter is only populated when G proteins (or mimics) bind to the 

intracellular side.14,17,21 Either one of these states may consist of an equilibrium of further 

conformational substates, which is modulated by particular ligand properties such as G protein 

efficacy, thereby determining the signaling level.22 We denote in the following as fully active 

the conformation or state that is most compatible with the ternary agonist-G protein (or mimic) 

complex. The binding of the G protein effector to the preactive agonist complex also increases 

the agonist affinity by ~100 fold,11,17,23,24 which is a hallmark of the allosteric coupling between 

the intracellular effector side and the extracellular orthosteric ligand binding pocket. It has been 

hypothesized that the affinity increase is due to the closing of a lid on top of the ligand binding 

pocket25 or to a general reduction of the size of the ligand binding pocket.26 
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Figure 1. Pressure-dependent 1H-15N TROSY spectra (1 bar: black, 2500 bar: red) of 15N-valine labeled β1AR 

in complex with the antagonist cyanopindolol (A), the agonist isoprenaline (B), and in the ternary complex 

with isoprenaline and the G protein-mimicking Nb80 (C). Resonances are marked with assignment information 

(asterisks denote tentative assignments). Pressure-induced chemical shift changes of assigned residues are 

designated by colored arrows (cyan: normal hydrogen bond compression, orange: moderate other changes, 

magenta: significant changes). The respective residues are shown in the crystal structures of the corresponding 

β1AR complexes (PDB codes 4bvn, 2y03 and 6h7j) as spheres with the same colors. Grey spheres represent 

unassigned residues. 

 

We hypothesized that the variations in affinity between the different receptor states could 

involve different packing densities of the receptor-ligand interface and the interacting water. 

Thus the volume occupied by the GPCRs in their different functional states may be an essential 

thermodynamic quantity. The volume difference ∆𝑉#$  between two states 1 and 2 can be 

explored by the variation of pressure P, which to first order shifts their free energy difference 

∆𝐺#$ = ∆𝐸#$ + 𝑃∆𝑉#$ − 𝑇∆𝑆#$	 (∆𝐸#$  and ∆𝑆#$  are respective internal energy and entropy 

differences) and population ratio 𝑤# 𝑤$ = exp	(−∆𝐺#$ 𝑘𝑇)⁄⁄ , favoring the state with the smaller 

volume at higher pressure.27 The population changes can be probed at atomic resolution by 
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NMR.27-30 This has revealed details of pressure-induced protein unfolding28-31 and local 

conformational equilibria at active sites of folded proteins.32-37 However, so far no example of a 

pressure-induced global structural transition between two well-defined functional states of a 

folded protein has been reported. 

Here we have investigated the conformational equilibria of the β1-adrenergic receptor (β1AR) 

in its principal functional states by solution NMR under the variation of pressure. We find that 

moderate pressure shifts the agonist-bound receptor from its preactive to the fully active 

conformation, which is normally reached only in the ternary agonist･G protein effector complex. 

Thus the fully active conformation of the agonist･GPCR complex including the interacting water 

is significantly more compact than the preactive conformation, providing a rationale for the 

increased agonist affinity and insights into the mechanism of allosteric transmembrane coupling 

in GPCRs. 

RESULTS 
Pressure induces the fully active conformation of agonist-bound β1AR 

Pressure-induced conformational changes of the β1AR were followed by 1H-15N TROSY 

spectra (Figure 1) recorded on a detergent-solubilized 15N-valine labeled, thermostabilized β1AR 

mutant17 in complexes with the antagonist cyanopindolol and the agonist isoprenaline, as well 

as in a ternary complex with isoprenaline and the G protein-mimicking nanobody 80 (Nb80).10 

This β1AR mutant retains full functionality for agonist-induced G protein binding due to the 

reversion of two stabilizing mutations towards the native form (A2275.58Y and L3437.53Y, 

superscripts indicate Ballesteros-Weinstein numbering38). Of its total 28 valines, 19 have been 

assigned mainly by point mutations to 1H-15N resonances in the cyanopindolol, 20 in the 

isoprenaline, and 9 in the isoprenaline·Nb80 complex, respectively.17 

For β1AR in complex with the antagonist cyanopindolol, the 1H-15N chemical shift changes 

induced by the pressure increase from 1 to 2500 bar are very moderate (Figure 1A) with weighted 

average changes ∆𝛿78 < 0.2 ppm (Figure S1) indicating only minor conformational changes. 

Almost all amide 1H resonances, which could be followed unambiguously, experience downfield 

shifts (cyan arrows) as expected from the compression of the respective hydrogen bonds under 

pressure.33 It is also noted that the linewidths of resonances are virtually unchanged between 1 

and 2500 bar. Therefore the rotational correlation times are similar and major changes of the size 

and organization of the detergent micelle can be excluded. 

In contrast to the antagonist complex, the pressure-induced chemical shift changes for the 

agonist isoprenaline complex are much more pronounced (Figure 1B, S1), whereas again 

linewidths are largely unchanged. In particular, valines located around the ligand binding pocket 
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(V952.57, V1223.33, V1724.56, V202ECL2, V3146.59) behave in an unusual way (magenta arrows): 

their amide 1H chemical shifts move considerably upfield corresponding to an expansion of their 

H-bonds and also the 15N shifts of residues V1223.33, V202ECL2 and V3146.59 change strongly, 

indicating a distortion of the backbone. Thus the ligand-binding pocket of the agonist complex 

is clearly much more compressible than for the antagonist complex. 

Fewer assignments are available for the agonist isoprenaline·Nb80 complex in the fully 

active conformation. The assigned residues are mainly located at the extracellular face of the 

receptor (V1032.65, V202ECL2, V3146.59, V320ECL3) and around the ligand binding-pocket 

(V892.52, V952.57, V1223.33, V1724.56, V2986.43). When the pressure is raised, their resonances 

change only very moderately and exhibit the usual amide 1H downfield shift corresponding to 

H-bond compression (Figure 1C, cyan arrows). Hence similar to the antagonist complex, the 

ligand-binding pocket is not very compressible in the ternary complex. Unfortunately, no 

resonance assignments are available for valines at the intracellular side of this complex (Figure 

1C gray spheres). However, since some of the unassigned resonances move noticeably under 

pressure in this complex, the intracellular side of the ternary complex appear more susceptible 

to pressure. 

It is very striking to compare the spectra of agonist isoprenaline complex and the ternary 

agonist isoprenaline·Nb80 complex at 1 and 2500 bar (Figure 2). The spectra strongly differ at 

1 bar corresponding to the difference of the preactive and the fully active conformations. 

However, at 2500 bar the spectra of both complexes are almost identical. In particular, all 

assigned resonances within the extracellular half of the agonist isoprenaline complex (V892.52, 

V952.57, V1032.65, V1223.33, V1724.56, V202ECL2, V3146.59, V320ECL3) fall exactly into the 

positions of the respective resonances of the ternary complex. Therefore under pressure, the 

entire exterior region of the agonist-bound receptor, including its ligand binding pocket, adopts 

the same fully active conformation as in the ternary complex. It is notable that also most (~13) 

of the remaining unassigned resonances are in very similar positions. Since many of these 

resonances are from residues within the intracellular half of the receptor, it can be concluded that 

also within this half of the receptor the conformations are similar. Therefore pressure alone can 

switch the preactive to the fully active conformation in most parts of the receptor even in the 

absence of the G protein mimic. 
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Figure 2. Comparison of isoprenaline·β1AR (black) and isoprenaline·β1AR·Nb80 (orange) 1H-15N TROSY 

spectra at 1 bar and 2500 bar. Resonances are marked with assignment information. Significant resonance 

shifts are highlighted by dashed magenta lines. Resonances that could be assigned at 2500 bar are indicated 

and represented as spheres in the crystal structures on the right: PDB 6h7j (active, dark colors) and PDB 2y03 

(preactive, light colors). 

Determination of volume difference ∆𝑉9: between fully active and preactive conformation 

To determine the volume difference ∆𝑉9: = 𝑉9 − 𝑉:  between the fully active and the 

preactive conformation of the agonist isoprenaline complex, we followed its 1H-15N valine 

resonances continuously from 1 to 2500 bar (Figure 3, S2). Separate resonances visible for the 

two conformations at pressures from 1 to 900 bar show that these are in slow exchange on the 

chemical shift time scale with exchange times >~5 ms. Taking the intensity ratio of these 

resonances as a measure of the population ratio 𝑤9 𝑤:⁄ , an approximately linear dependence of 

their free energy difference on the pressure is observed for the three well detectable residues 

V1724.56, V202ECL2, and V3146.59 (Figure 3B). The linear fit provides an averaged free energy 

difference ∆𝐺9:; = ∆𝐸9: − 𝑇∆𝑆9: in the absence of pressure of 1.4 +/- 0.4 kT and an averaged 

volume difference ∆𝑉9: of -96 +/- 18 Å3.  
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Figure 3. Quantitative analysis of the pressure-induced structural transition. A) Selected region of the 1H-15N 

TROSY spectra showing the resonance of V202ECL2 (located at the entrance of the orthosteric pocket) in the 

isoprenaline·β1AR complex at different pressures. Black and red resonances correspond to the preactive and 

fully active state, respectively. Since the individual spectra were recorded on different samples, the total 

intensities of preactive and fully active state resonances are not identical across for the different pressure 

points. B) Free energy difference ∆𝐺9: = 𝑘𝑇 ∙ ln?𝑤: 𝑤9⁄ @ = 	∆𝐺9:; + 𝑝∆𝑉9:  derived from the resonance 

intensity ratios as a measure of the population ratios of the preactive and fully active state 𝑤: 𝑤9⁄  for residues 

V1724.56, V202ECL2, and V3146.59. Parameters ∆𝐺9:; = ∆𝐸9: − 𝑇∆𝑆9: and ∆𝑉9: obtained from a straight line 

fit are indicated. C) Structures of the β1AR complex with antagonist cyanopindolol (2vt4), the agonist 

isoprenaline (2y03), and isoprenaline and Nb80 (6h7j) together with determined void volumes (shown as 

spheres, Table S1). 
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solution increases maximally by 0.15 from 1 bar to 1250 bar. Such small changes are not 

expected to significantly change the populations of titratable groups within the β1AR micelle. As 

a control we have also measured the spectra of β1AR in complex with the agonist isoprenaline 

at pH 7.5 and 8.5 (Figure S3). The population of the fully active state as calculated from the 

average of V172, V202 and V314 intensities even decreases very slightly from 0.21 +/- 0.10 at 

pH 7.5 to 0.14 +/- 0.03 at pH 8.5. Therefore the slightly increased bulk pH can be safely excluded 

as the reason for the population increase of the fully active conformation from ~20 % at 1 bar to 

> ~83 % at 1250 bar indicated by Figure 3.  

Possible causes of the pressure-induced transition and comparison to crystallographic voids 

These results show that indeed the volume of the fully active state of the binary agonist 

isoprenaline·β1AR complex including interacting water and detergent molecules is considerably 

smaller than that of the preactive state. Possible causes are a higher packing density of the 

receptor itself, of its internal or surface hydration (including interactions of charged groups), or 

of the surrounding detergent micelle, which we discuss in the following. 

A priori, pressure effects on the organization of the detergent cannot be excluded since the 

molar reaction volume of micelle formation is relatively large (~28 Å3 for decylmaltoside)40 and 

pressure changes in particular the packing of the acyl chains.41 However, since only the binary 

agonist complex, but not the antagonist complex nor the ternary agonist-Nb80 undergoes the 

pressure-induced transition, the receptor interior of the binary agonist complex must react 

differently to any such reorganization of the detergent and the resulting forces. Pressure-induced 

changes of charged groups within the receptor may also play a role, with histidines being the 

most likely candidates due to their pK in the neutral range. β1AR contains only two histidines: 

H1804.64 at the extracellular end of TM4 and H2866.31 at the intracellular end of TM6. Both are 

oriented towards the water and are not expected to undergo significant changes related to 

receptor activation. Furthermore, the reaction volume for the histidine sidechain protonation is 

only -3.3 Å3.42,43 For these reasons, changes in the ionization states of histidines are unlikely to 

explain the observed β1AR transition with a reaction volume of -96 Å3. 

In an effort to rationalize this reaction volume by variations in packing density within the 

various β1AR complexes we analyzed the existing crystal structures for voids (Figure 3C, Table 

S1). While quantitative agreement of the crystallographic void volume differences to the 

measured reaction volume is not expected from such an analysis, since cryogenic cooling of 

crystals shrinks proteins and remodels the conformational distributions of protein side chains,44 

the analysis nevertheless revealed large rearrangements of the voids during function. Three 
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regions of voids can be distinguished: (i) the orthosteric binding pocket at the extracellular side, 

(ii) the center of the receptor below the orthosteric pocket, and (iii) the intracellular G protein 

binding pocket. All these functional sites of the receptor undergo significant structural changes 

during the transition from the preactive to the fully active state. The hydration state of the voids 

is largely unknown since only few tightly bound water molecules (4-6 for β1AR) are observed 

in the crystal structures. However, both orthosteric and G protein binding pocket form large 

crevices accessible to water, and MD simulations indicate the presence of water molecules.45,46 

The volume of the orthosteric ligand pocket shrinks from 327 Å3 in the preactive to 251 Å3 

in the fully active conformation of the crystal structures. This reduction by 76 Å3 can explain 

part of the pressure-derived volume difference ∆𝑉9: provided that a considerable part of the void 

in the preactive state is non-hydrated. Otherwise any filling water molecules would just move to 

the bulk in the active state, thereby occupying the same or an even larger volume (see below). 

Indeed, non-polar cavities smaller than ~80 Å3 are predicted to be non-hydrated47 and completely 

empty cavities larger than 100 Å3 have been observed previously within proteins.48,49 Therefore 

the possibility of a larger non-hydrated region within the orthosteric pocket of the preactive state 

should not be ruled out. 

The central region of the receptor contains a number of smaller voids with a total volume of 

30 Å3 in the preactive state, which is reduced to 12 Å3 in the fully active state. This is 

accompanied by a slight downward motion of the ligand isoprenaline by about 1-2 Å towards 

the center of the receptor (Figure 3C). Presumably these voids in the central region are much less 

accessible to water (no crystallographic water molecules are detected in these cavities) and 

contribute to the pressure effect. 

In contrast to the orthosteric pocket, the intracellular G protein binding pocket widens in the 

fully active state (Figure 3C) to accommodate helix α5 of the G protein. A volume difference 

between these states cannot be determined reliably, since the pocket has a wide opening towards 

the intracellular space with no well-defined boundary for both the preactive and the fully active 

state. This makes it unlikely that large non-hydrated voids exist in this cavity in the preactive 

conformation, which could be compressed during the transition to the active conformation. 

Crystallographic observations of conserved water molecules in several GPCRs in combination 

with molecular dynamics simulations45,46 indicate that the transition to the active state increases 

the hydration of this crevice. The exact hydration increase is unclear, since only few tightly 

bound water molecules are observable. This additional hydration may contribute to the observed 

volume reduction, because the average volume of a water molecule involved in protein hydration 

(22.9 Å3 buried, 24.5 Å3 surface water) as observed by crystallography50 is smaller than the 
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volume of a bulk water molecule (29.7 Å3). However, this reduction of the water volume is 

compensated to some extent by the larger volume of surface-exposed protein residues as 

compared to residues in the protein interior.50 Therefore, if the volume change ∆𝑉9: resulted only 

from a transfer of bulk to hydration water, then the active receptor would have to coordinate at 

least 16 (≈96 Å3/(29.7 Å3 - 24 Å3)) water molecules more than the preactive receptor. The 

observed hydration increase in recent MD simulations was significantly smaller.46 As such, the 

effect from an increased hydration surface on the whole receptor and in particular within the G 

protein binding pocket is unlikely to explain the full extent of volume reduction in the active 

state. 

Interestingly, the crystal structure of β1AR in complex with the antagonist cyanopindolol has 

very similar void volumes as the agonist complex with isoprenaline (359 Å3 orthosteric pocket, 

35 Å3 central region, Figure 3C, Table S1). The cyanopindolol complex does not show a 

pressure-induced structural transition to a compressed orthosteric pocket. Similar to many other 

antagonists, cyanopindolol has a larger head group than agonists such as isoprenaline. 

Apparently, the interactions of this larger head group with adjacent protein residues hinder the 

compression of the entire orthosteric pocket, thereby giving a mechanical rationale for the 

inhibitory function of antagonists with large head groups. 

DISCUSSION 
The higher compactness of the fully active state explains the affinity increase towards the 
agonist  

The pressure-dependent equilibrium between preactive and fully active state has important 

implications for the thermodynamics of ligand binding and the underlying allosteric 

mechanisms. At normal pressure already 20 % of the orthosteric pocket is in the fully active state 

as evidenced from the V1724.56, V202ECL2, and V3146.59 resonances (Figure 3). This indicates a 

conformational selection rather than an induced fit mechanism for this state, when the G protein 

(mimic) binds. We previously found that the pK for the agonist isoprenaline increases from 4.36 

to 6.32 when Nb80 binds to the receptor in isolated insect cell membranes,17 which is a highly 

characteristic feature of the allosteric coupling across the receptor. The higher compactness of 

the receptor in the fully active state and the concomitantly increased interactions between agonist 

and receptor provide a simple rationale for this affinity increase. 

Pressure induces a directed motion of the receptor 

It is astonishing that the application of pressure alone induces a well-defined transition from 

the preactive conformation of the agonist-bound receptor to a conformation that resembles the 

fully active ternary agonist·G protein mimic·receptor complex both in the vicinity of the 
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extracellular orthosteric pocket as well as (judged by the similarity of unassigned resonances) at 

its intracellular side. Thus a large part of the receptor undergoes this transition as a whole and 

not as individual unconnected parts. Instead of such a directed movement, one could rather have 

expected a non-directed random compression at several receptor sites leading to similar minor 

spectral changes as observed for the antagonist-bound receptor. The directed, pressure-induced 

transition indicates that the mechanical switch to the fully active conformation is very robust. 

The reduction of a considerable void volume is an essential part of this mechanical switch. 

Albeit smaller volume reductions may come from the increased hydration of the G protein 

binding pocket, the largest reductions most likely stem from voids in the orthosteric pocket and 

the center of the preactive agonist-bound receptor. Some of these voids must be non-hydrated 

(‘dry’), such that the transition to the fully active conformation reduces the volume. Hence this 

part of the structural transition will occur without entropic or enthalpic contributions from 

hydration as shown previously for a completely dry ligand binding pocket in thermolysin.49 

Indeed the free energy for hydrating such hydrophobic pockets is large enough to significantly 

destabilize proteins.51 Dry pockets are very selective for hydrophobic interactions,49 which 

would increase the mechanical robustness of the switch to the fully active state. The 

disappearance of voids in the center of the receptor below the ligand and the concomitant small 

motion of the ligand towards this center also provides a possible explanation for the pressure-

induced directed motion: pressure compacts the orthosteric pocket and thereby pushes the ligand 

towards empty voids in the center of the receptor. 

Conclusion 

In summary we have shown that pressure induces a directed, functionally highly relevant 

transition from the preactive to the fully active conformation of a G protein binding-competent, 

thermostabilized β1AR. This gives evidence of the mechanical robustness of this structural 

switch, which involves the filling of a considerable non-hydrated void volume. The specific 

nature of such dry voids as opposed to water-filled cavities may have important consequences 

for the functional interactions that drive the switch and may also offer possibilities for specific 

interventions via particularly strong hydrophobic interactions.49 Currently experiments are 

ongoing to determine the exact nature of this void in the β1AR. Very likely many functional 

transitions of other complex proteins are accompanied by sizeable volume changes, which can 

be studied at atomic resolution by pressure-dependent NMR spectroscopy. 
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Experimental Section 
Sample Preparation 

Expression of the 15N-valine-labeled turkey β1AR construct TS-β1AR(A227Y/L343Y) in 

baculovirus-infected Sf9 cells, purification, assignments and binding of ligands and exchange 

between ligands were carried out as described previously.17 The plasmid for Nb80 was a 

generous gift by Jan Steyaert and the Nb80 protein was purified according to the described 

procedure.10 

NMR samples were prepared with typical receptor concentrations of 100-200 μM in 20 mM 

Tris-HCl, 100 mM NaCl, ~20 mM decylmaltoside (DM), 0.02 % NaN3, 5 % D2O (10 % for high-

pressure experiments), pH 7.5 and 1 mM of cyanopindolol or 2 mM for isoprenaline solution, 

following a concentration step with a 50 kDa molecular weight cut-off centrifugal filter 

(Amicon) from ~15 μM receptor solubilized in 0.1 % DM. 20 mM sodium ascorbate was added 

to isoprenaline complex samples to prevent oxidation of the ligand. For formation of the ternary 

complex, a 1.2 molar equivalent of Nb80 was added to the isoprenaline·β1AR complex. 

NMR experiments  

NMR experiments were performed on Bruker AVANCE 21.2 T (900 MHz) spectrometer 

equipped with a TCI cryoprobe at a temperature of 304 K. 1H-15N TROSY experiments were 

recorded as 80 (15N) x 1024 (1H) complex points and acquisition times of 16 ms (15N) and 42 ms 

(1H). For optimal sensitivity, the 1H-15N transfer time was reduced to 3.0 ms using a 1 s interscan 

delay. Typical total experimental times were 48 h. For high-sensitivity at 1 bar, measurements 

were performed with sample volumes of 250 μl in 5-mm diameter Shigemi tubes. 

High-Pressure NMR experiments were carried out using a commercial high-pressure NMR 

cell (Daedalus Innovations LLC) with an inner diameter of 3 mm and an active volume of 120 μl. 

The tube was rated to 2,500 bar and used in an aluminium alloy static pressure cell connected to 

a high-pressure generator (High Pressure Equipment Company) via a pressure line. The line and 

the pressure generator were filled with extra low-viscosity paraffin wax (Sigma-Aldrich id 

95369). Samples of 250 μl volume were placed in the high-pressure NMR tube, overlaid with 

paraffin wax and subsequently connected to the pressure line. 1H-15N TROSY experiments were 

recorded at 300, 625, 900, 1250 and 2500 bar for the isoprenaline complex and at 2500 bar for 

cyanopindolol and ternary complexes. 

All NMR spectra were processed with NMRPipe52 and evaluated with CcpNmr Analysis.53 

Referencing of the chemical shifts was obtained relative to the 1H resonance of water and 

corrected for pressure and temperature effects as described previously.30 Weighted 1H-15N 

chemical shift differences ∆𝛿78were calculated as ∆𝛿78 = BC(∆𝛿𝐻)$ + E∆F8
G
H
$
I /2. 
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Analysis of crystal structures 
RMSDs of atom positions between various β1AR crystal structures were calculated 

comprising the 7 transmembrane helices and the extracellular loop 2 (ECL2), i.e. residues 39-

65, 78-103, 113-140, 158-178, 188-193, 206-235, 283-313, 325-343. 

Voids in the crystal structures were quantified using the program Hollow 1.2.54 with a grid 

spacing of 1.0 Å and a sphere size of 4 Å for the definition of the outer receptor surface. Water, 

lipid molecules, and the G protein ligand mimic were removed before the analysis. Table S1 lists 

the detected void volumes in various crystal structures of β1AR. Water and lipid molecules were 

removed before the void calculation. 

Supporting Information 
The Supporting Information is available free of charge on the ACS Publications website 

at DOI:XXX 

Supplementary Figures S1-S2 showing further NMR evidence of the pressure dependence of 

β1AR (PDF) and Table S1 listing calculated void volumes for various β1AR crystal structures. 
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