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Allostery enables long-range communication between distant 
sites on a molecule, and underlies the regulation of a wide 
range of biomolecular functions, but its biophysical under-

pinnings remain poorly understood. Allosteric communications 
are thought to be primarily mediated by intraprotein networks of 
coupled residues (that is, allosteric residues) physically connecting 
distant protein regions1,2. Long-range structural couplings promote 
long-distance communication through the propagation of even 
small changes in local structure and dynamics3–6. Coupled allosteric 
residues display correlated motions and can be identified by molec-
ular dynamics (MD) simulations7–9. Allosteric sites are functionally 
very sensitive to mutations10, enabling the modulation of protein 
function even between closely related protein sequences11. Hence, 
predicting how receptor sequences and structures encode specific 
allosteric responses remains particularly challenging.

GPCRs12 represent the largest family of membrane-embedded 
allosteric proteins that receive external stimuli in the form of light, 
hormones, odorants, neurotransmitters or peptides; and allosteri-
cally transduce these stimuli across the membrane to initiate intra-
cellular signaling pathways13–15. In the largest family (class A) of 
GPCRs, signal transductions involve a few highly conserved alloste-
ric sites (called microswitches) that undergo consensus structural 
changes triggering receptor activation16–18. However, these alloste-
ric sites are not in direct contact and their conserved mechanism 
of action does not explain the large diversity of allosteric signal 
transduction responses displayed by class A GPCRs19,20. How the 
conserved microswitches are physically connected throughout the 
receptor structure and define the allosteric pathways that control 
selective signal transductions remains poorly understood.

Better understanding and engineering allostery in receptors 
would greatly benefit not only the study of receptor structure, 
function and pharmacology but also the design of new biosens-
ing receptors for synthetic and cell biology applications. Empirical 

approaches for screening stabilized mutants have been developed to 
facilitate structure determination21. However, the thermostabilized 
receptors often no longer exhibited the native ligand-induced signal 
transduction responses, highlighting the challenges in understand-
ing the determinants regulating receptor stability and function22–24. 
Protein engineering techniques that reprogram conformational sta-
bility and long-range allosteric coupling have not yet been reported.

Here, we developed a computational protein design approach 
linking protein conformational stability, dynamics, ligand bind-
ing and allosteric regulation of protein activity to rationally design 
receptors with reprogrammed signaling activities. We validated 
this approach by engineering the GPCR, dopamine D2 receptor 
(D2), whose active state structure is unknown, with reprogrammed 
constitutive and ligand-induced G protein activation. We report 
designed D2 variants with considerably enhanced potency and sig-
naling responses to the native ligand agonist dopamine and the non-
native ligand serotonin. We also predicted the effects of more than 
100 known mutations on the signaling activities of several GPCRs. 
The approach is general and should prove useful for designing 
new membrane receptor biosensors. Last, our study revealed new 
insights into the role of allosteric pathways in the regulation and 
evolution of GPCR signaling functions.

Results
Computational design framework of GPCR signaling. To imple-
ment our approach, we took advantage of the rich experimental 
structural information on GPCRs, the prediction of allosteric resi-
dues by MD simulations and theoretical allosteric models linking 
protein conformational stability, ligand binding and long-range 
structural coupling to the regulation of receptor activation. Using 
this knowledge, we developed a general design approach combin-
ing protein structure, dynamics and allostery to engineer protein 
signaling functions described in detail below.
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GPCR structures are composed of three main regions: the extra-
cellular ligand binding pocket, the intracellular G protein binding 
domain and the ‘transmission’ transmembrane (TM) region that 
connects the two binding regions and allows them to communi-
cate13,14 (Fig. 1a). GPCRs typically switch from inactive to active 
state conformations on activating agonist ligand and G protein 
binding. Receptor activation involves large intracellular reorien-
tations of transmembrane helices (TMH) TMH6 and TMH7 and 
smaller scale movements of individual amino-acids (we define these 
residues as microswitches) across the entire TM domain (Fig. 1a). 
As identified by MD simulations, many microswitches display cor-
related motions, are organized in sparse allosteric networks that 
couple the extracellular and intracellular domains of the receptor 
across long-distance7–9, and are defined as allosteric microswitches 
in our study. By changing conformations during receptor activation, 
microswitches form new sets of contacts in distinct receptor func-
tional states. Therefore, microswitches can selectively fine-tune the 
stability or the long-range structural coupling within each receptor 

conformation, which can be used to design protein signaling func-
tions as outlined below.

While protein allostery can involve multiple functional confor-
mations, the regulation of protein signaling can be described, to a 
first approximation, using the allosteric two-state model (ATSM) 
that provides a theoretical framework linking protein stability, ligand 
binding and allosteric coupling to the receptor activity13 (Fig. 1b–e  
and Supplementary Fig. 1). In this model, the receptor occupies two 
main functional states: an inactive (R) and an active (R*) state in 
which the ligand and G protein binding site conformations are the 
most coupled. In absence of ligand, most native GPCRs primarily 
occupy the more stable inactive state (that is, KR < 1, where the apo 
equilibrium constant, KR = [R*]/[R], see Fig. 1b) and therefore dis-
play low constitutive activity25 (Fig. 1c, left). Extracellular ligands 
often display different affinities for the inactive and active confor-
mations of the ligand binding site and can therefore regulate recep-
tor function by stabilizing distinct receptor states25. The ability of 
a ligand to selectively stabilize a receptor state is at the origin of 
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Fig. 1 | Rational design of GPCR allosteric regulation. a, Left and right, B2AR inactive (gray) and active (blue) state X-ray structures bound to inverse 
agonist and agonist ligands, respectively. The red arrow depicts schematically the structural coupling connecting the extracellular ligand binding pocket 
and the intracellular G protein binding domain. Middle, amino-acid microswitches are highlighted for three local TM regions with their movements 
indicated by curved red arrows. b, ATSM describing the regulation of receptor activity by ligand binding. c–e, Effects of ligand binding, protein stability  
and allosteric coupling on receptor activity according to the ATSM. c, Effects of agonist ligand binding on receptor activity. Inactive and active receptor  
G protein binding site conformation occupancies are indicated in gray and blue pie fractions, respectively. Left, in the absence of an agonist, the G protein 
binding site mostly occupies the inactive conformation. Right, the agonist-bound ligand site preferentially couples to the active conformation of the  
G protein binding site, increasing active state occupancy and enhancing receptor intracellular activity. d, Increasing the stability of the active relative to 
that of the inactive state conformation (that is, increase KR) enhances the receptor activity even in absence of ligand (that is, constitutive). e, Increasing 
the allosteric coupling of the ligand agonist enhances the stabilization by the ligand of the G protein binding site active conformation and the intracellular 
response (that is, activity) of the receptor to agonist binding. In this example, KR and therefore the receptor constitutive activity remain unchanged.
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the allosteric effect and measured by the allosteric coupling alpha 
(that is, α​, where α​KR = [AR*]/[AR], see Fig. 1b), which is related 
to the structural coupling as described below and in the methods. 
For example, agonists preferentially interact with the ligand bind-
ing active conformation (that is, α​ > 1) that is most coupled to the 
active conformation of the G protein binding site. Consequently, 
agonist binding preferentially stabilizes the receptor active state, 
leading to increased receptor activity and intracellular signaling 
(Fig. 1c, right). The reverse scenario occurs with inverse agonists 
(Supplementary Fig. 1).

According to the ATSM, receptor activity can be modulated 
through three distinct mechanisms (Fig. 1d–e and Supplementary 
Fig. 1d–k). (1) Increasing the stability of the active compared to 
that of the inactive ligand-free structures (that is, increase KR) will 
enhance the receptor activity even in the absence of ligand agonist 
(that is, constitutive activity) (Fig. 1d). (2) Modifying the allosteric 
coupling (α​) of a ligand will shift the receptor response to ligand 
binding. As demonstrated previously26 and herein (Methods), this 
can be achieved by altering the long-range structural coupling 
between the ligand and G protein binding sites in selective recep-
tor conformations. For example, optimizing the structural coupling 
of the agonist-bound ligand site with the active but not with the 
inactive conformation of the G protein binding site will increase the  
G protein binding site active conformation stability and occupancy 
on agonist binding. Therefore, it will enhance the allosteric coupling 
(α​), the recruitment of G protein by the receptor and the intracel-
lular receptor activity stimulated by the agonist (Fig. 1e). Additional 
regulatory effects can be engineered by manipulating stability (KR) 
and allosteric coupling simultaneously (Supplementary Fig. 1g–k). 
(3) Altering the ligand binding affinity (KA, where KA = [AR]/[A]
[R]) will affect the ligand concentration triggering receptor activa-
tion (that is, ligand potency, half-maximal effective concentration 
(EC50) or inhibitory concentration (IC50), Supplementary Fig. 1)27. 
In our study, we reprogrammed constitutive and ligand-induced 
receptor activities through the first two above-mentioned mecha-
nisms. As described below, these functional properties can be ratio-
nally engineered through the design of two specific classes (that is, 
stability and allosteric) of microswitches.

So far, roughly 5% of GPCRs have been structurally character-
ized, thus limiting the application of rational structure-based protein 
design. Therefore, we developed a general structure prediction and 
design method, which is in principle applicable to GPCRs and other 
membrane receptor classes (Supplementary Fig. 2). First, ligand-
free and ligand-bound inactive and active GPCR conformations 
were modeled by homology to existing structures using the software 
packages RosettaMembrane and IPHoLD27,28 (Supplementary Fig. 2, 
left). Then, we mutated in silico multiple TM positions to all pos-
sible 20 amino-acids, and selected microswitches that shift the sta-
bility or the structural coupling of specific receptor conformations 
(Supplementary Fig. 2, right). For example, receptors with increased 
constitutive activity can be engineered through stability micro-
switches making more stabilizing contacts in the active versus the 
inactive ligand-free conformations. On the other hand, receptors 
with enhanced signaling response to the agonist can be engineered 
through allosteric microswitches increasing the structural coupling 
of the ligand-bound site to the active G protein site conformation 
while decreasing that to the inactive G protein site conformation.

The contribution to the receptor stability of a microswitch is cal-
culated by the scoring function RosettaMembrane and depends on 
the number and strength of short-distance hydrophobic and polar 
atomic contacts with neighboring residues29,30. Since allosteric pro-
tein responses are most sensitive to mutations of coupled residues10, 
we approximate the structural coupling by the interactions between 
the highly coupled allosteric microswitches. Depending on the 
microswitches’ locations, structural couplings involve local or long-
range interactions (Methods). Local interactions are calculated 

through short-range atomic contacts scored by RosettaMembrane30. 
Long-range interactions are calculated by the correlated move-
ments of coupled allosteric microswitches. Long-range structural 
coupling between microswitches is stronger when the correlation 
in their motions is higher. Perturbations in correlated movements 
are rapidly calculated by normal mode analysis (NMA)31. NMA 
is an efficient simulation technique that can capture important 
functional motions in proteins and has been extensively applied to 
study the sequence, structure and dynamic origins of protein allo-
stery31,32 (Methods). The combination of techniques implemented 
in our approach enables the efficient scanning of billions of possible 
combinations of designed microswitches modulating stability and 
long-range structural coupling, which would be intractable using 
classical MD simulations.

Below, we first describe the validation of our approach by engi-
neering D2 variants with reprogrammed signaling properties. We 
then further validate the approach by predicting known mutational 
effects on the signaling activities of diverse GPCRs.

Design of D2 signaling. D2 is involved in many central neurobio-
logical functions and associated with numerous diseases including 
Parkinson’s, Alzheimer’s and schizophrenia. Engineered D2s with 
reprogrammed signaling properties would provide new molecules 
to better study downstream signaling and behavioral outcomes for 
example. We modeled D2 in the inactive and active states from the 
homolog dopamine D3 receptor (D3) and beta2 adrenergic receptor 
(B2) structures, respectively (Methods). D2 shares high sequence 
identity in the TM region (>​40%) with these homologs. In other 
receptors sharing lower TM sequence identity with B2, allosteric 
residues overlapped with those of B2 (refs. 7,8) (Methods). This  
suggests that the positions of allosteric residues can be mapped onto 
D2 using information derived from MD simulations of B2 (ref. 7).  
This mapping is then substantially improved using structural  
details of the D2 models enabling reliable calculations of receptor 
conformational stability and structural coupling (Methods). We 
validated the selected designed D2 variants using in vitro G protein 
Gi activation, fluorescence measurements and intracellular signal-
ing assays33 (Methods).

Distinct effect of a stability or allosteric microswitch. Since allo-
steric protein properties are most sensitive to changes in coupled 
residues, we first tested the accuracy of our approach by mutating 
single allosteric residues in TM regions distant from the ligand and 
G protein binding sites. For example, our calculations indicated that 
three microswitches with distinct effects on stability or structural 
coupling could be designed at the residue Thr 5.54 (Ballesteros–
Weinstein notation34, which corresponds to D2 position 205). Ile 
5.54 was designed as a selective stability microswitch, making more 
optimal contacts in the active than in the inactive conformation as 
compared to the native Thr without affecting the structural cou-
pling with other allosteric residues (Fig. 2a–c and Supplementary 
Table 1). Consequently, it should selectively stabilize the active state 
even in the absence of ligand. Consistent with the predictions, we 
observed an increased constitutive activity with a maximal agonist-
induced activity similar to wild-type (WT) (Fig. 2a). Conversely, 
Met 5.54 and Val 5.54 were designed as selective allosteric micro-
switches inducing no effects on the relative stability of the receptor 
conformations (that is, similar local contacts in both inactive and 
active states) but perturbing the structural couplings (Fig. 2d–i and 
Supplementary Table 1). Met 5.54 selectively increased the struc-
tural coupling between the agonist and the G protein binding site 
in the active state and should therefore enhance the intracellular 
response to ligand agonists (that is, increase the allosteric coupling α​)  
(Fig. 2f). Conversely, Val 5.54 selectively increased the structural 
coupling between the agonist and the G protein binding site in 
the inactive state and should decrease the intracellular response 
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to ligand agonists (that is, decrease the allosteric coupling α​)  
(Fig. 2i and Supplementary Fig. 1a,f). As predicted, both micro-
switches had no measurable effects on the receptor constitutive 
activity. Met 5.54 increased receptor activity in vitro by up to 100% 
in response to the weak agonist serotonin while Val 5.54 substan-
tially decreased receptor activity in response to both dopamine and 
serotonin (Fig. 2d,g). To achieve these opposite effects, Met 5.54 
and Val 5.54 perturbed distinct subnetworks of allosteric residues, 
consistent with alternative allosteric pathways coupling the extra-
cellular and intracellular sites in the inactive and active receptor 
conformations7 (Supplementary Fig. 3).

These results suggested that our approach is sensitive enough 
to predict the effects of mutations on distinct receptor signaling 

properties, setting the stage for more extensive protein engineer-
ing efforts. Unlike site-directed and deep mutagenesis approaches 
that often probe only one substitution at a time22, structure-based 
computational design can scan through an astronomical number 
of combinations of mutations to create large changes in sequence, 
structure and function. We assessed whether D2 variants with a 
wide diversity of signaling properties could be designed through 
new networks of microswitches.

Designed D2 receptors stabilized in the active state. Engineering 
D2 stabilized in an activated form would accelerate the structural 
characterization of intrinsically unstable active states that often 
requires formation of a ternary complex between the receptor, 
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Fig. 2 | Design of single microswitches modulating stability or long-range structural coupling. a–i, Three microswitches at position 205 (5.54), T5.54I 
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**P < 0.05; two-sided unpaired t-test. See detailed statistics in Supplementary Table 1). Left, constitutive (time course); right and bottom, agonist induced 
(dose response) as a percentage of maximal dopamine induced D2 WT activity. b,d,f, Comparison between local contacts (stability) of active and inactive 
D2 conformations. g,h,i, Changes in dynamic coupling from WT (differences in correlated motions of amplitude >​0.02 measured by NMA, see Methods) 
induced by the designed microswitch are highlighted by a colored line (red and blue for coupling increase and decrease, respectively). The selected state 
(that is, inactive, gray or active, blue) is the most perturbed by the mutation. The allosteric residues are indicated as spheres on the structure, colored 
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ligand agonist and downstream effectors35–38. Highly constitutively 
activated receptors would also foster the study of the allosteric prop-
erties underlying inverse agonism and the discovery of potent long 
sought-after receptor inhibitors (inverse agonists).

To achieve high conformational stability, we designed stability 
microswitches in four regions (R1, R2, R3 and R4) spanning the 
entire TM domain (Fig. 3a). As assessed by functional assays, fluo-
rescence spectroscopy and structure modeling, each designed region 
partially activates the receptor by adopting specific local active con-
formations in absence of ligands or Gi (Fig. 3 and Supplementary 
Table 2). Fluorescence spectra were recorded for a fluorophore 
monobromobimane coupled to the intracellular end of TMH6 that 
undergoes the largest conformational changes on receptor activa-
tion36 (Fig. 3b). As observed for the B2, by shifting the receptor to 
the active state conformation, binding of agonist, Gi or both leads 
to quenching of monobromobimane coupled to WT D2 (ref. 39) 
(Fig. 3c). The level of spectral change corroborates the extent of 
active state stabilization and receptor activation induced by ligand 
or G protein binding (Fig. 3c, right). Therefore, if designed micro-
switches partially mimic the ligand effects on receptor structure and 
activity, then ligand binding to the designed receptor should result 
in reduced spectral changes compared to WT (Methods).

On the extracellular side of TMH6 and TMH7 forming part 
of the ligand binding site (region R1), we designed three micro-
switches shifting R1 toward the active conformation without sub-
stantially perturbing long-range structural couplings (Fig. 3d and 
Supplementary Table 3). Consequently, the conformational changes 
were efficiently propagated over a long-distance, stabilizing the 
intracellular active conformation and increasing the receptor con-
stitutive activity without preventing the downregulation by the 
inverse agonist spiperone. Smaller fluorescent changes on agonist 
binding compared to WT suggest that the designed microswitches 
partially mimic the agonist-induced conformational shifts corrobo-
rating our structural models (Supplementary Fig. 4). Deeply buried 
in the lipid membrane, the R2 region connects the extracellular and 
intracellular sides of TMH5 and TMH6, but R2 only partially over-
laps with the highly conserved ‘transmission’ region in rhodopsin-
like GPCRs16 (Fig. 3e). Carefully designed microswitches shifted 
the region toward the active conformation without substantially 
perturbing the long-range structural couplings, despite multiple 
mutations at allosteric residues (positions 5.51 and 5.54). Consistent 
with the predictions, the R2 variant displayed increased constitutive 
activity from WT but was fully switched off on spiperone binding. 
Agonist and Gi binding to the R2 variant displayed a unique com-
bination of fluorescent spectral shifts, consistent with specific resi-
due movements designed at the TMH5–TMH6 helical interface as 
predicted by our structural models (Supplementary Fig. 4). The R3 
region undergoes the largest conformational changes on receptor 
activation and also comprises the highest number of allosteric resi-
dues among the designed regions (Fig. 3f). The microswitches we 
engineered in the R3 region induced the largest conformational sta-
bility and structural coupling changes of all variants (Supplementary 
Tables 2 and 3). Fluorescence spectroscopy, modeling and Gi acti-
vation measurements confirmed that the region is locked in an 
active conformation that partially activates the receptor and does 
not respond to inverse agonist binding (Fig. 3f and Supplementary 
Fig. 4). R4 is the region closest to the Gi intracellular binding site 
and incorporates the highly conserved NPxxY motif. We designed 
microswitches to rewire the interaction networks between TMH2 
and TMH7, shifting the local R4 region toward the active conforma-
tion (Fig. 3g). One of the microswitches at the conserved allosteric 
residue Y7.53 also decreased the structural coupling in the inactive 
state, leading to a loss in inverse agonist potency. As revealed by 
the reduced spectral changes on Gi binding and our modeling, the 
microswitches stabilize R4 in a conformation partially mimicking 
the Gi-bound WT receptor (Fig. 3g and Supplementary Fig. 4).

We then analyzed the structural coupling properties of the 
designed R1–4 variants using NMA to understand the origin of 
their distinct responses to spiperone. We observed a strong cor-
relation between the loss in ligand potency/efficacy and the frac-
tion of allosteric networks affected by the designed microswitches 
(Supplementary Fig. 5).

Allosteric microswitches reprogram D2 ligand sensing. 
Following our successful allosteric microswitch design at the posi-
tion 5.54 (Fig. 2), we designed other predicted allosteric residues 
with the goal of reprogramming D2 into a biosensor with altered 
signaling responses to diverse ligands (Fig. 4a). We focused on sites 
most distant from both ligand and G protein binding sites to pri-
marily induce long-range allosteric effects. We scanned all possible 
amino-acid substitutions and selected those that were predicted to 
least affect constitutive activity. We selected a representative sub-
set of 15 designed point mutations for experimental validation 
that covered all TMHs bearing allosteric sites (with the exception 
of TMH4 and TMH7), and were predicted to differently modulate 
ligand responses (Supplementary Table 4). Signaling responses were 
measured for the native potent agonist dopamine and the nonna-
tive serotonin that activates D2 WT only very weakly. Except for 
two mutations, the experimentally observed effects were correctly 
predicted using our calculations of long-range structural coupling 
(Methods, Supplementary Table 4 and Supplementary Fig. 6). 
Similar to T5.54 M, we identified three sites on TMH6 (6.41, 6.44, 
6.47) that significantly enhanced the potency of dopamine (Fig. 4b).  
These gain of function mutations increased also the signaling 
responses to serotonin, which reached the same efficacy with D2 
F6.44I as with 5HT1AR WT, a GPCR naturally evolved to sense 
and respond to serotonin (Fig. 4b). Despite the high sensitivity 
of D2 F6.44I for serotonin, the ligand potency for that D2 variant 
remained well below that for 5HT1AR WT, indicating that ligand 
efficacy and potency can be optimized differently. Our calculations 
predicted also neutral mutations that did not modify the potency of 
dopamine (Fig. 4c). Last, in addition to T5.54V (Fig. 2), we identi-
fied three sites on TMH3, 5 and 6 that significantly decreased the 
potency and efficacy of dopamine (Fig. 4d). Mutations I3.40T and 
I3.40L substantially increased the structural coupling of the ago-
nist to the inactive G protein binding site, consistent with reduced 
responses to dopamine (Supplementary Fig. 6). Our calculations 
suggest that the native amino-acid isoleucine at position 3.40, which 
is highly conserved among class A GPCRs, is optimal for coupling 
ligand agonists to Gi. Overall, we observed that all the designed D2 
with enhanced sensitivity to dopamine had also higher sensitivity to 
serotonin, suggesting that both ligands share similar allosteric path-
ways to couple to Gi.

Designed microswitches define multiple allosteric paths. To 
design biosensors with very high sensitivity to ligands, we com-
bined all gain of function mutations and created double mutant D2 
variants. We observed a wide spectrum of effects ranging from a 
nearly complete loss of signaling responses to additive effects on 
ligand potency and efficacy (Fig. 4e). For almost all double mutants, 
our structural coupling calculations predicted correctly the classes 
of effects (that is, gain, neutral and loss of function) (Supplementary 
Table 4), which strongly depend on the relative location of the 
designed microswitches. Loss of function coincided with very close 
proximity between the allosteric mutations, which were structur-
ally incompatible. Nonantagonizing mutations that were only three 
residues apart displayed no additivity and, at best, behaved simi-
larly to the highest gain of function single point mutant (Fig. 4f,g).  
Variants incorporating the most distant pairs of mutations 
(5.54/6.47, 6.41/6.47) displayed significant additivity in serotonin 
potency and efficacy (Fig. 4h,i), including the T5.54M-C6.47L 
variant that responded to serotonin very similarly to the native  
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serotonin 5HT1AR receptor. C6.47 is a key connector between 
TMH6 and TMH7 while T5.54, L6.41 and F6.44 mainly connect 
TMH5 with TMH6, indicating that individual designed micro-
switches can modulate the structural coupling between the extra-
cellular and intracellular sites through either the TMH5-6 or the 

TMH6-7 interfaces. Additive effects occur when distant muta-
tions enhance structural coupling of distinct TMH interfaces and 
strongly suggest the existence of two allosteric subpathways involv-
ing TMH5-6 and TMH6-7 dynamically coupled interactions that 
can be independently optimized (Supplementary Fig. 7).
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New model of GPCR regulation and evolution. Overall, our results 
provide new fundamental insights into the molecular mechanism of 
GPCR allosteric signaling and evolution. So far, the classical pre-
eminent model of class A GPCR signaling primarily involved a few 
highly conserved allosteric microswitches (that is, DRY ionic lock 
on TMH3, PIF transmission switch on TMH5,6, W toggle switch on 
TMH6 and NPxxY motif on TMH7, Fig. 5a) that trigger consensus 
structural changes in the receptor during activation16–18 (Fig. 5b). 
Mutation to alanine of most of these sites led to severe loss in ligand-
induced receptor signaling, indicating that the native switches are 
close-to-optimal for signal transduction (Fig. 5c)40. However, these 
motifs are not in direct contact and their connections throughout 
the receptor structure that define the allosteric signal transduc-
tion pathways have remained elusive. Most importantly, a molecu-
lar mechanism of signal transduction involving only a few highly  

conserved and close-to-optimal signaling switches does not explain 
the large spectrum of signaling responses displayed by GPCRs.

Here, we deconstructed the determinants of signal transduction 
and uncovered two new classes of microswitches that modulate 
specific receptor signaling properties. Unlike the above-mentioned 
consensus microswitches, they exhibit a large diversity in sequence 
conservation and structural movements and could not be easily 
detected (Fig. 5d,e,g). The class of ‘stability’ microswitches that 
we now call ‘conformational selectors’ were identified in regions 
undergoing the largest movements on receptor activation (Fig. 5e).  
By forming distinct contacts in different conformations, they 
selectively control the time spent by the receptor in each state. 
Engineering these sites reprograms selectively the receptor con-
formational stability and constitutive activity (Fig. 5f). The class of 
‘allosteric’ microswitches that we now call ‘allosteric propagators’  
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usually do not display major structural changes between states  
(Fig. 5g) but are dynamically coupled and can propagate signals over 
long-distances. As such, they represent key regulators of allosteric 
signaling function. Engineering these sites can modulate selectively 
the responses to ligands by enhancing or decreasing the receptor 
allosteric sensing properties (Fig. 5h).

From this expanded molecular description emerges a model of 
evolution of allosteric regulation where sparse conserved allosteric 
sites are connected through a network of allosteric propagators that 
control their coupling and can modulate the strength and direc-
tion of the allosteric communication pathways (Fig. 5i). Conserved 
microswitches are often close-to-optimal for signal transduction 
as most amino-acid substitutions at these sites are deleterious. 
Consistent with a high level of sequence conservation, they corre-
spond to highly constrained sites with low potential for evolvability 
and signaling diversity (Fig. 5j). By contrast, ‘allosteric propagators’ 
appear farther away from signaling optimality as several designed 
mutants enhanced signaling functions. Consistent with a lower 
level of sequence conservation, they provide key sites for evolution 
of a wide range of allosteric signaling responses in class A GPCRs 
by modulating the coupling and pathways between the conserved 
microswitches. Evolutionary coupling between residues in GPCRs 
were found to maintain ligand responses to those of native recep-
tors11. By contrast, our findings indicate that physical coupling can 
drive the evolution of a wide range of receptor signaling properties 
for generating functional diversity.

Prediction accuracy and limitations of the method. To assess the 
broad use of the computational approach, we calculated its predic-
tion accuracy. Because the designed receptors were selected for 
experimental validation based on calculated criteria only (Methods), 
they represent true blind predictions and a stringent dataset for 
validating our approach. We performed qualitative and quantita-
tive comparisons between calculated and measured properties 
(Methods). Qualitatively, the direction of the changes in constitu-
tive and ligand-induced activities from WT were correctly predicted 
for 81 and 82% of the designs, respectively (Supplementary Fig. 8, 
see Methods). Changes in ligand-free receptor energies and calcu-
lated long-range allosteric couplings quantitatively correlated fairly 
well with changes in constitutive activities (Pearson correlation 
coefficient r = 0.68) and in ligand potency (r = 0.54), respectively 
(Supplementary Fig. 9, see Methods). To expand the validation of 
the approach, we predicted the signaling effects of 109 known muta-
tions on several GPCRs. The prediction accuracy on these addi-
tional datasets (r varying between 0.55 and 0.69) was comparable to 
that observed with our designs (Supplementary Figs. 10 and 11, see 
Methods). These results indicate that the computational approach 
has strong qualitative and fair quantitative predictive power, similar 
to structure-based predictions of mutational effects on protein sta-
bility by Rosetta41.

Nevertheless, the predictions are not yet quantitatively very accu-
rate, which currently precludes a complete mechanistic understand-
ing of every design’s success or failures. Since the approach relies on 
the ability to predict the effects of mutations on protein structures, 
which remains challenging when modeling protein conformations by 
homology to existing structures, structure prediction inaccuracies are 
likely a main factor behind the lack of precise quantitative predictions.

Despite its approximation, the two-state model seems to be suffi-
cient to reprogram the receptor constitutive activity and the activity 
induced by a particular ligand. However, GPCRs can adopt multiple 
conformational states and more complex design scenarios involv-
ing multiple extracellular ligands, allosteric modulators and/or dis-
tinct intracellular signaling partners would necessitate a multi-state 
approach. In addition to accurate structure predictions, the success 
of our approach relies also on the ability to design residue–residue 
interactions that are distinct in different states to achieve selective 

functional effects. Therefore, if no structural information from 
close homologs is available on these states and/or if their conforma-
tions are too similar, the current implementation may not be accu-
rate enough for such complex multi-state design scenarios.

Discussion
We developed a method for designing allosteric functions in mem-
brane receptors. The method first predicts allosteric sites and path-
ways in receptor structures using MD simulations. It then combines 
multi-state design and normal mode calculations to de novo design 
residue microswitches modulating receptor conformational stabil-
ity or long-range coupling between allosteric sites that reprogram 
specific allosteric signaling properties.

Using this approach, we designed dopamine D2 receptors dis-
playing an unprecedented spectrum of signaling activities with a 
success rate higher than 80% (Supplementary Fig. 8, see Methods). 
We were able to repurpose the D2 receptor to trigger potent signal-
ing responses on sensing the noncognate ligand serotonin, which 
constitute, to our knowledge, the first GPCR-based biosensor engi-
neered by computational structure-based protein design. We also 
reliably predicted the effects of more than 100 mutations on the sig-
naling activity of diverse rhodopsin class GPCRs (Supplementary 
Figs. 9 and 10, see Methods), which represents the largest bench-
mark of its kind. Our method requires only the structures of 
homolog proteins, and does not rely on evolutionary or functional 
information11,42,43. Therefore, any protein with available structural 
homologs may be targeted and, in principle, de  novo design of 
allosteric proteins can be envisioned with the technique. Overall, 
the computational approach provides an effective mean to design 
receptor stability and function that largely outperforms random 
mutagenesis approaches in efficiency and success rate.

Our study reveals fundamental new insights into the mechanisms 
of regulation and evolution of GPCR signaling with the existence of 
two unforeseen ‘conformational selectors’ and ‘allosteric propagators’ 
classes of microswitches that perform largely distinct signaling func-
tions (Fig. 5). Unlike the highly conserved allosteric microswitches 
that have been the focus of most studies so far, these microswitches 
have higher potential for evolvability and provide the backbone for 
coding signaling diversity such as the modulation of constitutive 
activity, ligand efficacy and potency as demonstrated in our study 
and likely signaling bias as well. Our results also uncovered the exis-
tence of topologically distinct allosteric subpathways that function 
quasi-independently in the TM core of the D2 receptor. Their cou-
pling can be modulated separately and they can act synergistically 
to achieve optimal intracellular effector activation. This particular 
allosteric network design offers a number of advantages for coding 
large spectrum of signaling response strengths, fine-grained tuning 
responses to ligands potentiating distinct signal transduction routes, 
while providing inherent robustness during evolution. In conclu-
sion, while allosteric pathways in the transmembrane and intracel-
lular regions were largely viewed as conserved routes preserving 
consensus long-range communications and signaling functions in 
GPCRs, our study reveals that they actually constitute a critical back-
bone for driving the evolution of signaling and functional diversity, 
which redefines our understanding of GPCR allostery.

Overall, our strategy should prove particularly useful for design-
ing new regulatory pathways and repurposing membrane receptors 
as biosensors to a vast array of chemical molecules. Foreseeable 
applications of our method include the de novo design of allosteric 
biosensors and signaling receptors to reprogram cellular functions 
that is at the heart of current engineering approaches for synthetic 
biology and cancer immunotherapeutic applications.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary information,  
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Methods
Mutagenesis and expression of receptors. Quickchange PCR mutagenesis was 
performed on DRD2 gene (isoform 1 of DRD2 (http://www.uniprot.org/uniprot/
P14416.fasta)) in pcDNA3.1(+) from the complementary DNA library. Sequenced 
mutant plasmids were transiently transfected using lipofectamine into human 
embyronic kidney 293T (HEK293T) cells. Briefly, 5 ×​ 106 cells were plated on 
10 cm tissue culture plates and grown overnight. This was followed by transfection 
with lipofectamine 2000 and 15 μ​g of DNA per plate. After 24 h, transfection 
medium was replaced with standard growth medium (DMEM supplemented with 
l-glutamine (2 mM), penicillin (100 mg ml−1), streptomycin (100 mg ml−1) and fetal 
bovine serum (10%)) and cells were grown for an additional 24 h before collection.

Membrane preparation. Membranes were prepared from transfected cells using 
sucrose gradient centrifugation as previously described44. Briefly, cells from 10 cm 
plates were collected by cell scraper with PBS solution. Cells were pelleted and 
resuspended in cold hypotonic buffer (1 mM Tris-HCL, pH 6.8, 10 mM EDTA, 
protease inhibitor cocktail). Cells were forced through a 26-gauge needle three 
times. The cell lysate was layered onto a 38% sucrose solution in buffer A (150 mM 
NaCl, 1 mM MgCl, 10 mM EDTA, 20 mM Tris-HCl, pH 6.8, protease inhibitor 
cocktail) in SW-28 ultracentrifuge tubes. Cells were centrifuged at 15,000 r.p.m. 
at 4 °C for 20 min, followed by collection of the interface band with an 18-gauge 
needle. The collected solution was transferred to Ti-45 ultracentrifuge tubes 
and the volume brought up to 50 ml with buffer A. The sample was spun at 
40,000 r.p.m. at 4 °C for 30 min. The membrane pellets from each 10 cm plate was 
resuspended in 0.5 ml buffer A and stored at −​80 °C in 100 μ​l aliquots.

D2 purification. D2 variants were partially purified from thawed membrane 
preparations immediately before assaying via anti-HA agarose beads. Membrane 
preparations were solubilized with 1% n-dodecylmaltoside (DDM) for 1 h at 4 °C, 
and loaded onto anti-HA agarose beads for 1 h at 4 °C. The beads were washed 
with tris-buffered saline (TBS) with 0.1% DDM wash buffer three times and 
hemagglutinin-tagged receptor variants were eluted with hemagglutinin peptide 
(1 mg ml−1 in TBS with 0.1% DDM).

The interpretation of designed mutational effects based on the comparison 
between receptor activities assumes that the different samples of D2 receptor 
variants have the same level of purity and contains similar fraction of active 
receptors. To stringently validate this hypothesis, the levels of purity and activity in 
all samples of receptor variants after detergent solubilization and purification were 
measured. Purity of affinity purified D2DR samples was assessed by coomassie-
stained SDS–PAGE along with western blots for all receptor variants. All bands 
observed in the final sample preparations used for the assays were quantified by 
densitometry. All samples consisted mostly of D2 monomers with very similar 
levels of purity; that is, ranging from 92 to 95%.

To quantify the fraction of active receptor for each variant, the ability of the 
receptors to bind the ligand agonist dopamine, which should occur only when 
the receptor is folded and active, was assessed. Specifically, the maximal amount 
of bound ligand dopamine per receptor quantity was measured from radioligand 
binding experiments performed with purified D2 samples and with the same 
batch of tritium labeled ligand across experiments. The analysis indicated that all 
purified variants contained a fraction of folded and active receptor that was not 
significantly different from WT (that is, maximal difference was 8%).

Expression and purification of the G protein Gi. Genes coding Gi2 subunits were 
cloned into pFastbacI followed by transformation into DH10α​ cells. Recombinant 
bacmid DNA was isolated and transfected in Sf9 insect cells with Cellfectin II. 
The transfected cells were grown at 28 °C for 72 h followed by centrifugation in 
15 ml Falcon tubes to pellet cell debris. The supernatant was saved as P1 viral 
stock. Virus was amplified by infecting Sf9 cells with P1 viral stock solution at a 
two-fold multiplicity of infection (MOI) and cultured for 72 h before collection. 
This amplification process was repeated to generate a high-titer P3, which was 
used for infection and protein expression. P3 stock was used to infect Sf9 cells at 
an MOI greater than four and gathered 48–60 h post-infection. Cells were washed 
three times in ice-cold PBS and resuspended in homogenization buffer (10 mM 
Tris-HCl, 25 mM NaCl, 10 mM MgCl2, 1 mM EGTA, 1 mM DTT, protease inhibitor 
cocktail, 10 μ​M GDP, pH 8.0). Gi2 was purified and reconstituted as described 
previously45. Antibodies were purchased from Santa Cruz Biotechnology.

In vitro G protein activation assays. Receptor variants were assayed for their 
ability to induce guanine nucleotide exchange by the G protein Gi2. To measure 
constitutive activity the reaction mixture consisted of 4 μ​M Gi2, 20 μ​M of 
[35S]-GTPγ​S mix, 50 mM Tris-HCl, pH 7.2, 100 mM NaCl, 4 mM MgCl2, 1 mM 
dithiothreitol. D2 concentrations were ~10 nM per sample as estimated from 
absorbance at 280 nm of the anti-HA agarose purified samples. For all samples 
used for reactions, western blots were performed to further assess receptor 
quantity using monoclonal anti-HA antibody (Thermo Scientific). Reactions were 
started by adding 150 μ​l partially purified receptor samples to 300 μ​l of reaction 
mixture and incubating on ice over a period of time from 0–30 min for timecourse 
measurements. To measure ligand-induced D2 activities, increasing amounts 
of dopamine or spiperone were added to the reaction mixtures. Maximal ligand 

efficacies were obtained with final ligand concentrations of 20 μ​M and 1 μ​M for 
dopamine and spiperone, respectively. Reactions were stopped by filter binding 
onto Millipore nitrocellulose filters or Whatman fiberglass filters pretreated 
with polyethylenimine. Filters were washed three times with ice-cold TBS before 
incubation with scintillation fluid. Radioactivity counts were measured on a 
Beckman LS6000 scintillation counter. Mock-transfected samples (using an 
empty pcDNA vector) and WT receptor were assayed in every experiment as 
internal controls. Background binding measured by mock-transfected samples 
was subtracted and activities of receptor variants were normalized relative to 
WT receptor via densitometry analysis of western blots using ImageJ software. 
Statistical significance of differences in constitutive or ligand-induced activities 
was assessed by unpaired two-sided t-tests. Nonlinear curve-fitting was performed 
for each dose response dataset using GraphPad Prism 6. Measurements were taken 
from distinct samples.

Trp channel activation cell-based assay. HEK293 cells stably expressing TrpC4β​ 
channel were kindly provided by M.X. Zhu and were transiently transfected 
with D2 design variants as described below. FMP2 FLIPR membrane potential 
assays (Molecular Devices) were performed as previously described46. Briefly, 
the assay uses a fluorescent probe that reacts to cations and is coupled with a 
nonpermeable quencher. Activation of TrpC4β​ causes influx of cations leading 
to the translocation of the fluorescent probe away from the quencher, resulting 
in increased fluorescence. TrpC4β​ has been described to be downstream of 
Gi activation and serves as a reporter for D2 activation. Stable HEK293 cells 
were cultured in DMEM supplemented with 10% FBS and 1% G418 (selection 
antibiotic) for use with FLIPR membrane potential assay kits (Molecular Devices). 
On the day of transfection, cells stably expressing TrpC4β​ were plated (1.5 ×​ 105 
cells per well) onto 96-well clear, flat-bottom plates precoated with poly-d-lysine 
(Sigma). Cells were transfected with lipofectamine 2000 and the appropriate D2 
constructs using optimized DNA quantity for the FLIPR assay (1 ng DNA per 
well for D2 WT, 0.5 μ​l lipofectamine per well) and grown for 24 h before assaying. 
A duplicate plate was transfected and grown for assessment of receptor cell 
surface expression determined by ELISA using anti-HA antibody as described 
previously47. For each variant, DNA titration experiments were performed to 
determine the DNA quantity required to match the surface expression of D2 WT. 
Background signal was removed by subtracting fluorescence signals from mock-
transfected cells. Cells were treated with either dopamine or serotonin to measure 
activation to each of these ligands. Nonlinear curve-fitting was performed for each 
dose response dataset using GraphPad Prism 6. Measurements were taken from 
distinct samples.

Characterization of D2 conformations by fluorescence spectroscopy. Following 
a previously described approach to measure local conformational shifts in 
the prototypical GPCR B2 (ref. 39), the monobromobimane fluorescent probe 
was conjugated to D2 variants via cysteine thiol conjugation. D2 variants were 
modified to remove exposed cysteine residues close to or inside loop regions 
(C20A.C132S.C272S.C281S) (note that C272S and C281S are in ICL3, which 
was not modeled, and therefore follow the gene numbering: measurements were 
taken from distinct samples) as well as add a cysteine residue to the intracellular 
helical tips of either TMH6 (Q188C) or TMH5 (L180C) for site specific labeling. 
Controls were performed to verify that these modified receptors bound ligands 
and activated Gi2 as the original ones. Receptor variants were expressed and 
purified as described above. Affinity purified receptor variants were mixed with 
monobromobimane at the same molarity and incubated on ice for 4–8 h in the 
dark. The fluorophore-labeled receptor was separated from unconjugated bimane 
using a desalting column (HiTrap, GE Health Sciences). Monobromobimane 
conjugated receptors were incubated with various ligands and effectors (4 uM 
Gi2 and/or 1 μ​M norapomorphine and/or 1 μ​M spiperone) for 15 min at room 
temperature. Residual GTP and GDP in all reaction mixtures were hydrolyzed 
with apyrase (25 U ml−1). Receptor concentrations were ~2 nM per sample. The 
fluorescence spectrum was measured on Molecular Devices Flexstation3 plate 
reader with excitation at 370 nm and emission measured from 420–530 nm at 
1 s nm−1. The peaks of maximal fluorescence intensities for various D2 variants 
and conditions were compared using unpaired two-sided t-tests calculated with 
the GraphPad Prism software.

Relationship between fluorescence spectra and local active conformations 
occupancy. The following model provides the rationale explaining why ligand 
binding to a designed receptor results in reduced spectral changes compared to 
WT if the designed microswitches partially mimic the ligand effects on receptor 
structure and activity (Fig. 3). Such effects can be formally expressed as follows:

Let us define Δ​SL
WT as the change in maximal spectrum intensity due to 

structural change of the WT receptor reaching 100% active state conformation 
occupancy on ligand agonist binding.

ΔSLWT ¼ SWT � SLWT ð1Þ

with SWT and SL
WT, the maximal spectrum intensities of the ligand-free and ligand-

bound WT receptors, respectively.
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If designed mutations shift the receptor toward X% active state conformation 
occupancy (X < 100) by partially mimicking the effects of ligand binding, this will 
result in the corresponding spectral shift:

ΔSDES ¼ SDES � SWT ð2Þ

with SDES and SWT being the maximal spectrum intensities of the ligand-free 
designed and WT receptors, respectively. Since the designed mutations only 
partially mimic ligand binding effects, 0 < Δ​SDES < Δ​SL

WT.
If ligand binding further shifts the designed receptor toward 100% active state 

conformation occupancy,

ΔSLDES ¼ SDES � SLDES ð3Þ

with SDES and SL
DES being the maximal spectrum intensities of the ligand-free and 

ligand-bound designed receptors, respectively.
Since both ligand-bound WT and designed receptors reach 100% active state 

conformation occupancy, SL
DES = SL

WT, then Δ​SL
DES can be expressed using  

equations (1) and (2):

ΔSLDES ¼ ΔSDES þ ΔSLWT ð4Þ

Since Δ​SDES > 0, Δ​SL
DES < Δ​SL

WT, which demonstrates that, if a designed 
mutation mimics ligand binding, then ligand binding to that designed receptor will 
result in a smaller spectral change compared to that observed for the WT.

Homology modeling of D2 WT inactive and active conformations. Modeling of 
the D2 WT ligand-free inactive and active conformations. The closest structurally 
characterized homologs available were used as templates to model the inactive 
and active state conformational ensembles adopted by the D2 WT sequence 
isoform 1 of D2 (http://www.uniprot.org/uniprot/P14416.fasta). The inactive state 
conformations were modeled starting from the X-ray structure of the antagonist 
bound dopamine D3 receptor (DRD3, PDB 3PBL) sharing 48% sequence identity 
with D2. The active state conformations were modeled from the active state GPCR 
structures of two distant homologs: opsin (23% sequence identity with D2) bound 
to Gt (PDB 3CAP, 3DQB) and B2 (26% sequence identity with D2) in complex 
with ligand agonist and heterotrimeric Gs (PDB 3SN6). Models of D2 inactive and 
active states were generated without bound ligand or G protein using the homology 
mode of RosettaMembrane as described in ref. 28. From the above-mentioned 
simulations, ensembles of low energy models were clustered and centers of the 
most populated clusters were selected as templates for each ligand-free state (R and 
R*, see Fig. 1b) in the design calculations of stability microswitches. Specifically, 
two inactive and six active state models of D2 WT were selected.

Modeling of the D2 WT ligand-bound inactive and active conformations. Ligand-
bound D2 models (for example, AR and AR*, see Fig. 1b) were generated by 
performing ligand docking simulations onto the selected inactive and active state 
ligand-free D2 models obtained as described above. Specifically, ligands were 
docked onto D2 models as follows.

The ligand conformer libraries were generated using Omega (OpenEye 
Inc.) with default parameters from Rosetta’s automatic RosettaLigand setup (for 
example, ewindow 10.0; rms 0.5; Rosetta v.3.2). Ligand docking was performed 
using a combination of Monte Carlo moves, sidechain repacking and gradient-
based minimization with the Rosetta all-atom potential developed for protein–
ligand docking. Receptor backbone and sidechain torsions along with ligand 
torsions, position and orientation were optimized simultaneously27,48. All ligand-
bound receptor models for a given state (that is, inactive or active) were gathered 
together and the 5% lowest-energy models were selected and ranked based on 
the binding energy with the ligand. The selected ligand-bound models were then 
clustered based on structural similarity of the bound ligand conformation. The 
representative model of the largest cluster was selected corresponding to the 
ligand-bound model of the D2 receptor in a given state; that is, ligand-bound D2 
inactive and ligand-bound D2 active state conformations.

Modeling of the ligand-free conformations of the D2 local region designed 
variants. To model the apo conformations (that is, in the absence of ligand and 
Gi) adopted by D2 variants designed in local regions (Supplementary Fig. 4), 
we extensively relaxed fully inactive and active conformations of the designed 
receptors. We used a structure relaxation protocol that samples all backbone and 
sidechain degrees of freedom without constraints enabling the polypeptide chain to 
explore an unrestricted conformational space. This protocol allows each designed 
local region to identify the lowest-energy conformations even if it involves 
significant conformational changes from the starting template structure. Around 
10,000 independent simulations were performed for each variant. The 10% lowest-
energy structures were clustered and the center structure of the largest family of 
structures was selected as the representative model in Supplementary Fig. 4.

Computational design of microswitches. For computational design of  
stability microswitches perturbing the apo (ligand-free) equilibrium, see the 
Supplementary Note.

For computational design of allosteric microswitches perturbing structural 
couplings, see the Supplementary Note.

Qualitative prediction accuracy for designed D2 receptors. Apo equilibrium 
shifts. To calculate the percentage of successfully predicted mutations, we adopted 
the following criteria. Designed variants predicted to shift the apo equilibrium 
(Δ​Δ​Gapo) toward the active state by more than two Rosetta Units were defined 
successful if they displayed higher constitutive activity than WT by more than two-
fold (see Supplementary Fig. 8 and Tables 1 and 2).

Allosteric coupling shifts. To calculate the percentage of successfully predicted 
mutations, we adopted the following criteria. We gathered measured mutational 
effects on ligand-induced signaling responses into three categories: enhanced 
response (that is, gain of function) if ligand efficacy and/or potency were 
significantly increased from WT; similar response (that is, neutral) if ligand 
efficacy and/or potency were not significantly altered from WT; weakened 
response (that is, loss of function) if ligand efficacy and/or potency were 
significantly decreased from WT. On the prediction side, we gathered calculated 
mutational effects on the allosteric coupling into three categories: enhanced 
coupling (that is, gain of function) if the total change in dynamic couplings 
calculated by NMA according to equation (6 from the Supplementary Note)  
(Δ​GC

DES – Δ​GC
WT, see Supplementary Note) were >​0.25; similar coupling  

(that is, neutral) if the total change in dynamic couplings were within |0.25|; 
weakened coupling (that is, loss of function) if the total change in dynamic 
couplings were <–0.25. A prediction was defined successful if the class of effect on 
the predicted allosteric coupling matched the class of effect on the measured ligand 
efficacy and potency.

Quantitative relationship between predictions and experiments for both 
designed D2 receptors and benchmark of known GPCR mutations. Apo 
equilibrium shifts. As described in Supplementary Fig. 1, the ATSM provides 
a mathematical framework for relating the calculated energetic and dynamic 
properties of the designed receptors to the measured allosteric activities 
(Supplementary Figs. 9 and 10). Without ligand stimulus, the constitutive  
activity (CA in equation (5)) is directly related to the fraction of ligand-free 
active state receptor (f(R*)) in the active state, which can be calculated from the 
equilibrium constant of the ligand-free receptor in the inactive and active state KR 
and therefore from the free energy difference between both states Δ​Gapo by solving 
the following equations:

CA ¼ KR= 1þ KRð Þ ð5Þ

ΔGapo ¼ �RT ln CA= 1� CAð Þð Þ ð6Þ

However, since Rosetta energies cannot be rigorously converted into physical 
free energies in kcal per mol, we cannot precisely calculate KR and the Boltzmann 
distribution f(R*) from our calculated energy differences. To circumvent that 
problem, one could in principle fit the data using equation (6) describing the 
exact Boltzmann distribution model but with a free parameter in lieu of the 
energy scaling factor RT. However, as shown in Supplementary Fig. 11, datasets 
covering a large range of constitutive activities (for example, from 5 to 95% of the 
maximal receptor activity) are necessary to reliably fit the Boltzmann distribution 
model but none of our GPCR mutant datasets cover such range in activities (see 
Supplementary Figs. 9 and 10). Fortunately, as shown in Supplementary Fig. 11, 
the relationship between constitutive activity and Δ​Δ​Gapo is quasi-linear within 
the range of measured receptor activities. To a first approximation, such a linear 
relationship enables a direct quantitative comparison between experimental 
activities and Δ​Δ​Gapo energies that is independent of the energy units.

Allosteric coupling shifts. As described in Supplementary Fig. 1, the ATSM relates 
the allosteric coupling α​ to the ligand potency EC50 as follows:

EC50 ¼ 1þ KRð Þ=KAð1þ αKRÞ ð7Þ

with KA being the intrinsic receptor ligand affinity. Our ligand docking 
simulations and receptor energy calculations indicate that the WT and  
receptors designed with altered allosteric ligand responses have very similar KA and 
KR. Therefore, the ratio between EC50 between two receptor variants X and  
Y simplifies to:

EC50X=EC50Y ¼ ð1þ αYKRYÞ=ð1þ αXKRXÞ ð8Þ

Since α​KR » 1 for a full agonist such as dopamine13, equation (8) simplifies to:

EC50X=EC50Y ¼ αY=αX ð9Þ

Then equation (6 from the Supplementary Note) can be rewritten as follows:

RTðpEC50X � pEC50YÞ ¼ �RTlogðαX=αYÞ ¼ ΔΔGC ð10Þ
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Therefore, we expect a linear relationship between changes in structural 
coupling Δ​Δ​GC and changes in ligand potency EC50. Δ​Δ​GC are the changes in 
dynamic couplings calculated by NMA as described above.

Benchmark of known mutational effects on receptor signaling activities. Delta 
opioid, rhodopsin, dopamine and B2 receptors were selected for the benchmark 
because large experimental datasets generated with consistent experimental 
methods were available for these receptors43,44,49–53.

The following criteria were applied to select the datasets and mutations. Only 
mutations of residues in the TMH region or helix 8 were considered to focus on 
long-range allosteric effects and avoid mutations that may directly affect ligand or 
G protein binding. Mutations involving proline residues were not considered as 
they often disrupt TMH structures. For the prediction of allosteric effects affecting 
ligand potency, mutations inducing large effects on constitutive activities were not 
considered since equation (10) relating directly EC50 shifts to allosteric coupling 
shifts would not be valid.

Since the fully induced activities were not available for all mutant receptors, 
constitutive activities were normalized to the fully induced WT activity (at 
saturating ligand concentration with a full agonist). We further normalized given 
activities based on receptor expression (either receptor cell surface expression or 
total expression), where such data were available43,50. Activity data for rhodopsin 
mutations were not normalized.

Our benchmark totalizes 109 mutations across four different receptors (D2, B2, 
delta opioid receptor, rhodopsin) that involves mutations at 40 unique sites and 26 
unique combinations of sites.

Available X-ray structures were used for modeling the inactive and active states 
of opsin (3DQB, 3C9L) and B2 (3SN6, 2RH1) and for modeling the inactive state 
of the delta opioid receptor (4N6H). Homology models were generated for the 
dopamine receptor and for the active state of the delta opioid receptor as described 
above. Ligand-free receptor energies and long-range couplings were calculated 
as described above for the designed receptors; that is, by RosettaMembrane and 
NMA, respectively.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Code availability
Protein modeling and design applications (IPHoLD, RosettaMembrane) are 
available in the latest version of the Rosetta software package (https://www.
rosettacommons.org/software) or at https://doi.org/10.5281/zenodo.3460811. 
Bio3D is available at: http://thegrantlab.org/bio3d/index.php.

References
	44.	Han, M., Smith, S. O. & Sakmar, T. P. Constitutive activation of opsin by 

mutation of methionine 257 on transmembrane helix 6. Biochemistry 37, 
8253–8261 (1998).

	45.	Graber, S. G., Figler, R. A. & Garrison, J. C. Expression and purification of 
functional G protein alpha subunits using a baculovirus expression system. J. 
Biol. Chem. 267, 1271–1278 (1992).

	46.	Miller, M. et al. in TRP Channels (ed. Zhu, M. X.) 1–20 (Boca Raton, FL, 
CRC Press/Taylor & Francis, 2011).

	47.	Young, M. et al. Computational design of orthogonal membrane receptor-
effector switches for rewiring signaling pathways. Proc. Natl Acad. Sci. USA 
115, 7051–7056 (2018).

	48.	Davis, I. W. & Baker, D. RosettaLigand docking with full ligand and receptor 
flexibility. J. Mol. Biol. 385, 381–392 (2009).

	49.	Befort, K., Zilliox, C., Filliol, D., Yue, S. & Kieffer, B. L. Constitutive 
activation of the delta opioid receptor by mutations in transmembrane 
domains III and VII. J. Biol. Chem. 274, 18574–18581 (1999).

	50.	Cavalli, A., Babey, A. M. & Loh, H. H. Altered adenylyl cyclase 
responsiveness subsequent to point mutations of Asp 128 in the third 
transmembrane domain of the delta-opioid receptor. Neuroscience 93, 
1025–1031 (1999).

	51.	Decaillot, F. M. et al. Opioid receptor random mutagenesis reveals a 
mechanism for G protein-coupled receptor activation. Nat. Struct. Biol. 10, 
629–636 (2003).

	52.	Han, M., Lin, S. W., Minkova, M., Smith, S. O. & Sakmar, T. P. Functional 
interaction of transmembrane helices 3 and 6 in rhodopsin. Replacement of 
phenylalanine 261 by alanine causes reversion of phenotype of a glycine 121 
replacement mutant. J. Biol. Chem. 271, 32337–32342 (1996).

	53.	Han, M., Lin, S. W., Smith, S. O. & Sakmar, T. P. The effects of amino acid 
replacements of glycine 121 on transmembrane helix 3 of rhodopsin. J. Biol. 
Chem. 271, 32330–32336 (1996).

Acknowledgements
We thank R. Sharma for setting up some NMA calculations, T. Wensel and his laboratory 
for sharing experimental protocols and members of the Barth laboratory for helpful 
discussion. This work was supported by funding from EPFL and the Ludwig Institute for 
Cancer Research, partially supported by a grant from the National Institute of Health (no. 
1R01GM097207), and by a supercomputer allocation from XSEDE (no. MCB120101) to P.B.

Author contributions
P.B. designed the studies. P.B., K.-Y.M.C. and D.K. performed the calculations. K.-Y.M.C. 
and D.K. performed experiments on D2. P.B., D.K. and K.-Y.M.C. analyzed the data. P.B. 
wrote the manuscript.

Competing interests
P.B. declares the following patent application: patent applicant, Ecole Polytechnique 
Fédérale de Lausanne. Name of inventor(s), Patrick Barth. Application number, EP 
19189259.5. Status of application, priority year. Specific aspect of manuscript covered in 
patent application, methods and protein variants.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41589-019-0407-2.

Correspondence and requests for materials should be addressed to P.B.

Reprints and permissions information is available at www.nature.com/reprints.

Nature Chemical Biology | www.nature.com/naturechemicalbiology

http://www.pdb.org/pdb/search/structidSearch.do?structureId=3DQB
http://www.pdb.org/pdb/search/structidSearch.do?structureId=3C9L
http://www.pdb.org/pdb/search/structidSearch.do?structureId=3SN6
http://www.pdb.org/pdb/search/structidSearch.do?structureId=2RH1
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4N6H
https://www.rosettacommons.org/software
https://www.rosettacommons.org/software
https://doi.org/10.5281/zenodo.3460811
http://thegrantlab.org/bio3d/index.php
https://doi.org/10.1038/s41589-019-0407-2
https://doi.org/10.1038/s41589-019-0407-2
http://www.nature.com/reprints
http://www.nature.com/naturechemicalbiology







	Computational design of G Protein-Coupled Receptor allosteric signal transductions

	Results

	Computational design framework of GPCR signaling. 
	Design of D2 signaling. 
	Distinct effect of a stability or allosteric microswitch. 
	Designed D2 receptors stabilized in the active state. 
	Allosteric microswitches reprogram D2 ligand sensing. 
	Designed microswitches define multiple allosteric paths. 
	New model of GPCR regulation and evolution. 
	Prediction accuracy and limitations of the method. 

	Discussion

	Online content

	Fig. 1 Rational design of GPCR allosteric regulation.
	Fig. 2 Design of single microswitches modulating stability or long-range structural coupling.
	Fig. 3 Designed microswitches stabilize distinct local active state structures.
	Fig. 4 Designed allosteric microswitches reprogram ligand sensing and signaling responses.
	Fig. 5 A high-resolution mechanism for the regulation and evolution of GPCR allosteric signaling properties.




