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Yeast‑based directed‑evolution 
for high‑throughput structural 
stabilization of G protein‑coupled 
receptors (GPCRs)
M. Meltzer1, T. Zvagelsky1, U. Hadad2, Niv Papo3,4* & Stanislav Engel1*

The immense potential of G protein‑coupled receptors (GPCRs) as targets for drug discovery is not fully 
realized due to the enormous difficulties associated with structure elucidation of these profoundly 
unstable membrane proteins. The existing methods of GPCR stability‑engineering are cumbersome 
and low‑throughput; in addition, the scope of GPCRs that could benefit from these techniques is 
limited. Here, we present a yeast‑based screening platform for a single‑step isolation of GRCR variants 
stable in the presence of short‑chain detergents, a feature essential for their successful crystallization 
using vapor diffusion method. The yeast detergent‑resistant cell wall presents a unique opportunity 
for compartmentalization, to physically link the receptor’s phenotype to its encoding DNA, and 
thus enable discovery of stable GPCR variants with unprecedent efficiency. The scope of mutations 
identified by the method reveals a surprising amenability of the GPCR scaffold to stabilization, 
and suggests an intriguing possibility of amending the stability properties of GPCR by varying the 
structural status of the C‑terminus.

Being the largest protein family (~ 800 members), G protein coupled receptors (GPCRs) are the principal con-
duits of information from the extracellular matrix to cytosol. Dysregulation and malfunctions of approximately 
100 GPCRs are known to associate with various human  diseases1, including inflammation, infertility, metabolic 
and neurological disorders, viral infections and  cancer2–5. Because of their druggability, i.e. therapeutic effect 
achieved by binding of small-molecule compounds, and membrane localization that facilitates their accessibility 
to drugs, GPCRs represent a target of upmost importance in contemporary drug  discovery6.

Structure-based drug design (SBDD), in which the design of new drugs is guided by structural data from 
protein–ligand complexes, remains one of the most efficient approaches in modern drug  discovery7. In GPCR, 
however, the SBDD is hampered by the paucity of structural data due to the notorious difficulties associated with 
the expression, isolation (in a functional form) and structural elucidation of these profoundly unstable proteins. 
Currently, less than a hundred unique GPCR structures, solved by either X-ray crystallography or cryo-electron 
microscopy (cryo-EM), are available at the PDB, while the vast majority of GPCRs, some of potential importance 
to drug discovery, have not yet been structurally  characterized8.

Although significant progress has been achieved in GPCR structural determination using cryo-EM, X-ray 
crystallography remains the best-suited approach for high-throughput structural elucidation typical of SBDD 
projects, which due to their iterative character may require hundreds of structures to be  solved9. Structure 
determination and model construction using cryo-EM may take weeks, compared to hours using X-ray crys-
tallographic data, in which a molecular replacement could be used to expedite the determination of receptor 
structures bound to different  ligands9,10. In addition, the resolution of the cryo-EM GPCR structures is typically 
between 3.0 and 3.5 Å, whereas the local resolution can vary greatly within different regions of the map,  and it is 
typically better at the GPCR-G protein interfaces and worse around the orthosteric ligand-binding  pockets8,9,11, 
the latter of main interest for SBDD.
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The quality of the sample remains the most critical factor in high-resolution structural determination by both 
X-ray crystallography and cryo-EM9. The number of cryo-EM images required and the resolution achieved cor-
relate with sample quality and benefit significantly from protein stabilization and removal of flexible  loops9,12. 
As a consequence, most cryo-EM high-resolution GPCR structures were obtained in the presence of accessory 
proteins, such as nanobodies or modified G proteins, playing stabilizing  role11,13,14. Thus, structural engineering 
of GPCR to improve their stability and thus sample quality may benefit GPCR structural elucidation by both 
X-ray crystallography and cryo-EM8.

Although the main technique of GPCR crystallization remains lipidic cubic phase (LCP), vapor diffusion 
crystallography—because of its simplicity and amenability to automatization—holds great potential for SBDD, 
which requires a large number of structures to be  determined15. In contrast to LCP, in which a receptor, after 
extraction with a detergent, is reconstituted into lipid bilayer, in vapor diffusion method the crystallization takes 
place directly in detergent  micelles16. Detergents with long alkyl chains (> C12) such as n-dodecyl β-d-maltoside 
(DDM), which produce large micelles and thus mimic the membrane environment relatively well, have been 
successfully used for GPCR isolation in a functional  form17. The long-chain detergents, however, occlude a sig-
nificant portion of the hydrophilic surfaces forming lattice contacts in membrane protein crystals, interfering 
with crystallization. In contrast, detergents with short alkyl chains (< C9), such as n-octyl-β-d-glucoside (OG), 
whose micelles are small, leave a significant portion of the protein’s hydrophilic surfaces exposed, thus favoring 
crystallization. Unfortunately, excessive exposure to solvent combined with a highly dynamic nature of short-
chain detergents resulting in their penetration into the core of the transmembrane  domain18, are destabilizing 
to receptor’s structure. Such incompatibilities could be reconciled through GPCR engineering to improve its 
structural stability in the presence of short-chain detergents.

Over the years, the methods of GPCR stability engineering have evolved from an alanine-scan mutagenesis of 
E. coli-expressed receptors to improve  thermostability19–23, to a directed evolution in E. coli24 or  yeast25 to increase 
the level of receptor expression. The latter approach assumes correlation between the level of plasma membrane 
expression of properly folded receptors and their structural stability. This assumption, however, is not inclusive, 
and expression-guided sorting may only increase the probability of identifying stable  variants20, failing to reveal 
the entire sequence space associated with receptor stability present in the library. To overcome the limitation 
of expression-guided sorting, a technique called CHESS, in which clone selection was actuated directly by the 
receptor’s stability properties, was  developed24,26. In the CHESS, bacterial cells expressing a library of GPCR 
variants are chemically coated with a synthetic polymer to yield detergent-resistant capsules. By treating the 
capsules with a short-chain detergent, membrane proteins are solubilized, and due to their ability to maintain 
binding of a fluorescent ligand,  detergent-resistant variants are isolated by library sorting using  FACS24. The 
major drawback of the CHESS method, besides the cumbersome character of the encapsulation procedure, is 
a limited scope of GPCRs amenable to engineering. In fact, bacteria is a notoriously inefficient host for GPCR 
production, and up to date only few GPCRs have been successfully expressed in E. coli27. Moreover, without the 
posttranslational modifications (PTM) critical to receptors’  functioning28–30 and absent in prokaryotes, there is a 
possibility that structural stabilization would trap the  E. coli-expressed receptor in an unnatural conformation; 
drug screening against such target may select compounds, whose behavior toward the native receptor under the 
physiological conditions (in either potency, efficacy or selectivity) would be unpredictable.

To overcome the drawbacks of the existing approaches and provide effective solution for the growing needs 
of drug discovery, we devised a yeast-based single-step directed-evolution methodology for high-throughput 
isolation of GPCR variants stable in the presence of short-chain detergents. The method takes advantage of the 
yeast’s natural cell wall to link the receptor’s phenotype (resistance to detergent) to its genotype (mutation(s) 
responsible for the phenotype). The proposed methodology is expected to benefit the field of GPCR drug discov-
ery by facilitating the development of receptor variants amenable to high-throughput structural elucidation by 
X-ray crystallography. Improved sample quality achieved with stabilized receptors may also facilitate structural 
elucidation via alternative approaches, such as cryo-EM.

Results
Here, we describe the YDDS (Yeast Direct Detergent Screening), a yeast-based directed-evolution approach, in 
which the selection of GPCR variants is facilitated by their ability to maintain the native fold and thus binding of 
a fluorescent ligand in the presence of short-chain detergents. In contrast to bacteria, the yeast’s protein synthesis, 
maturation, quality control (QC) and membrane trafficking machineries, including ER folding chaperones, and 
enzymes assisting disulfide bond formation and glycosylation, support the production of membrane receptors 
in a functional  form31,32. More importantly, in yeast the presence of a detergent-resistant cell wall offers a unique 
compartmentalization opportunity to link the phenotype of receptor variants expressed (resistance to a detergent) 
with their encoding DNA, thus affording the identification of stable GPCR variants with unparalleled efficiency.

Setup of screening system. As a model GPCR, we used human adenosine A2a receptor (A2aR), for 
which structurally stable variants have been developed by using conventional  methods19,20,33. Thus, the YDDS 
could be compared to the existing methods in terms of the efficiency with which structure-stabilizing mutations 
are identified. Using A2aR-eGFP fusion, we and  others34–36 demonstrated that A2aR is expressed and trafficked 
to the plasma membrane of S. cerevisiae yeast, although a significant fraction of the overexpressed receptor 
appears to retain in ER (Fig. 1A,B).

In the YDDS, the ability of the cell wall to maintain its mechanical integrity in the presence of a short-chain 
detergent, such as OG, is critical to confine the receptor—OG micelles and encoding plasmid DNA inside the 
cells. At the same time, free diffusion of a fluorescent ligand across the cell wall to reach membrane receptors is 
requisite. Using S. cerevisiae yeast expressing A2aR-WT, we demonstrated that the yeast cell wall is impermeable 
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to molecules as small as CA200623 (925 Da), a fluorescent analog of adenosine receptor agonist NECA (Fig. 1D). 
However, cells that were exposed briefly (1 min) to 1% OG prior to CA200623 addition produced a strong 
fluorescent signal (Fig. 1E), which was absent in control cells, which did not express A2aR-WT (Fig. 1F). This 
indicates that the brief exposure to 1% OG was sufficient to perforate the cell wall, providing CA200623 with an 
access to membrane A2aR, while it was not harsh enough to denature A2aR-WT, which maintained its ability 
to bind the ligand. The integrity of the plasma membrane, however, appears to be compromised by the treat-
ment, possibly resulting in membrane fragmentation, as could be inferred from the confocal microscope images 
demonstrating a homogeneous distribution of the fluorescent signal throughout the cell volume (not limited to 
plasma membrane) (Fig. 1E). The notion that cell membrane was irreversibly damaged by the brief exposure to 
1% OG is consistent with the inability of the cells to recover after the treatment (Supplementary Fig. S1).

In contrast to the brief exposure to 1% OG, a prolonged (> 2 h) incubation with 2% OG resulted in a complete 
loss of the fluorescent signal in A2aR-WT expressing yeast (Fig. 1G), indicating membrane dissolution and the 
formation of A2aR-OG micelles, in which A2aR, as expected for the WT receptor, was  denatured20. The dead cell 
carcasses thus formed, however, retained the overall shape and mechanical integrity of untreated cells (Fig. 1H, 
white field). The ability of the cell wall to maintain its mechanical properties in the presence of OG was also 
evident by the fluorescent confocal microscope imaging of yeast expressing A2aR-eGFP, in which the prolonged 
treatment with 2% OG resulted in a redistribution of eGFP fluorescent signal (resistant to OG treatment) from 
plasma membrane to cytosol (Fig. 1B,C), suggesting the formation of A2aR-eGFP—OG micelles. Both micelles 
and receptor-encoding plasmid DNA remained confined within the cell carcasses (accessed by sequencing of 
the plasmid DNA extracted from the cell carcasses). FACS could thus be used to isolate clones that express A2aR 
variants, whose overall fold and ligand-binding ability remained intact in the presence of short-chain detergents 
(Fig. 2). In our further experiments, we used A2aR without eGFP-tag, because A2aR-eGFP fusion failed, for as 
yet unknown reasons, to bind fluorescent A2aR ligand (not shown).

To validate the system, we expressed a known thermostable A2aR variant, namely GL26, harboring a com-
bination of four independent thermostabilizing mutations identified by an alanine-scan  mutagenesis19. After 
permeabilization, the A2aR-WT and GL26-expressing cells were preincubated with 20 nM CA200623 for 1 h, 
followed by 4 h incubation in the presence of 2% OG (and 20 nM CA200623), and after washing, analyzed by 
flow cytometry. As shown in Fig. 3A,B, unlike A2aR-WT, GL26-expressing yeast retained a significant measure 
of fluorescence after OG treatment, resulting in an almost complete separation of A2aR-WT and GL26 cell 

Figure 1.  Detergent-resistant cell wall of yeast enables physical linkage between the phenotype and genotype 
of membrane-expressed A2aR. (A,B) Fluorescent confocal microscope images of yeast expressing WT-A2aR-
eGFP (C-term) fusion. Some receptors appear to be trapped in ER. (C) A2aR-eGFP-expressing cells after 4 h 
incubation with 2% OG. The plasma membrane is dissolved and eGFP fluorescence is scattered throughout 
the cell volume. ER-retained receptors are visible. (D) Confocal microscope images of intact yeast expressing 
A2aR-WT (without eGFP) incubated for 1 h with 20 nM fluorescent A2aR agonist CA200623. Intact cells 
are impermeable to the ligand. (E) As in (D), only incubation with CA200623 was performed after yeast 
permeabilization by a brief (1 min) exposure to 1% OG. Membrane-expressed A2aR is properly folded and able 
to bind the fluorescent ligand. (F) Cells not expressing A2aR were treated as in (E). (G) As in (E), followed by 
4 h incubation with 2% OG (in the presence of CA200623). The fluorescent signal is lost as a result of A2aR-WT 
denaturation. (H), Yeast cells treated with 2% OG for 4 h maintained their shape and mechanical integrity 
(white field).
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Figure 2.  Workflow of YDDS. The evolution of a GPCR starts with a random mutagenesis of the receptor 
sequence using an error-prone PCR. A yeast library of GPCR variants is then generated by homologous 
recombination. GPCR-expressing cells are permeabilized and incubated with a fluorescent ligand (in red), 
followed by the treatment with a short-chain detergent (OG) to solubilize the plasma membrane and receptor. 
Subsequently, cells, which express receptor variants stable in the presence of OG are isolated by FACS and 
genotyped.

Figure 3.  OG-resistant and unstable A2aR variants could be separated by flow cytometry of yeast. 
Permeabilized yeast expressing A2aR-WT (A) or thermostable GL26 mutant (B) were preincubated for 1 h with 
20 nM CA200623, followed by 4 h incubation in the absence (red) or presence (purple or green) of 2% OG and 
CA200623, and after washing, analyzed by flow cytometry. Cells not expressing A2aR were used as control (light 
blue). (C) Fluorescence peaks corresponding to A2aR-WT (A) and GL26 (B) expressing cells treated with 2% 
OG are superimposed. Representative confocal microscope images of the samples analyzed by FACS are shown 
at the bottom.
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populations on the basis of their residual fluorescence intensity (Fig. 3C). Thus, residual fluorescence could be 
used to separate yeast populations expressing OG-resistant and unstable (WT-like) A2aR variants by FACS.

Library construction and screening. We next generated a library of A2aR variants (1 ×  107 clones), to 
harbor random mutations at a rate of 3–6 amino acid substitutions per clone, using an error-prone PCR and the 
complete receptor sequence as template. The mutation rate was chosen based on the results of the previous A2aR 
stabilization studies, indicating the requirement of a combination of multiple independent mutations to achieve 
a significant degree of structural  stability19,20. The flow cytometry analysis of A2aR library-expressing yeast, per-
meabilized and treated—after CA200623 binding—with 2% OG (as described above), revealed the presence of a 
unique cell population, absent in A2aR-WT-expressing yeast, whose fluorescence profile matched that of GL26-
expressing cells (Fig. 4A). Since yeast were not viable after OG treatment, the plasmid DNA isolated from the 
fluorescent population (~ 1% of the total number of cells sorted) was used as template for PCR-amplification of 
the receptor-encoding region, which was then reintroduced into yeast by a homology recombination to yield the 
YDDS library, a sub-library enriched in OG-resistant A2aR variants. The stability properties of A2aR variants 
expressed in seventy-five randomly selected clones from the YDDS library were analyzed by CA200623 binding 
in the presence of 2% OG (Supplementary Fig. S2). The encoding DNA isolated from the clones with the highest 
residual fluorescence (Fig. 4B) were sequenced, and the amino-acid sequence alignment is shown in Supplemen-
tary Fig. S3, with the mutation positions summarized in Supplementary Table S1.

Figure 4.  YDDS retrieves A2aR variants with various stability profiles. (A) Permeabilized yeast expressing 
A2aR-WT, GL26 mutant or library of A2aR mutants were preincubated with 20 nM CA200623 for 1 h, treated 
with 2% OG for 4 h (see “Methods”), and analyzed by FACS. FL4-APC channel was used to detect CA200623 
fluorescence, while FL1-FITC channel (negative control) was added for the dot plot generation. Cells not 
expressing any receptor were used as control. The red square outlines the unique cell population present 
in the A2aR library, which remained fluorescent after OG treatment. (B) Encoding DNA isolated from the 
OG resistant cell population present in the A2aR library (red square in (A)) was reintroduced into yeast by 
a homology recombination, followed by the OG resistance analysis of randomly selected clones using flow 
cytometry, as described in (A). Eighteen clones with the highest residual florescence after OG treatment, RF 
(geometric MFI across the population, relative to that of A2aR-WT), were selected for further analyses. The 
RF values reported are the mean ± SE of three independent experiments performed in triplicate. An unpaired 
parametric t-test was used to evaluate the significance of the differences between A2aR-WT and OG resistant 
variants. Statically significant differences were found between all the groups compared, * p < 0.005. (C) The 
Pearson correlation analysis detects no correlation between the extent of thermostabilization (ΔappTm) 
determined by the whole-yeast thermostability assay and RF. The A2aR-WT and GL26-expressing yeast are 
indicated as blue and red dots, respectively. To construct the plot, the mean values of ΔappTm and RF of three 
independent experiments were used.
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Functional characterization of A2aR variants resistant to OG. A saturation ligand binding assay 
was performed to assess the effect of the structure-stabilizing mutations revealed by the YDDS on the level of 
A2aR membrane expression and affinity to CA200623 agonist. The analysis of the OG resistant variants, includ-
ing GL26, (Fig. 4B) revealed that their apparent affinity to CA200623 agonist was similar to that of A2aR-WT 
(Fig. 5A,C,E and Table 1). Similar results were reported by Lebon et al., indicating that mutations stabilizing 
E. coli-expressed A2aR in an agonist (NECA)-bound conformation failed to increase significantly the recep-
tor’s affinity to  agonists19, as it would be expected for the receptor stabilized in a fully activated conformational 
 state37,38. These observations may reflect the paradigm, according to which the formation of the agonist-recep-
tor-G protein ternary complex is required for the receptor to assume a fully activated  state39. The lack of G 
protein complement for GPCRs expressed in either prokaryote or yeast may be accountable for the inability of 
the screening methods to identify receptor variants stabilized in the fully activated state (rather than in an inter-
mediate state along the activation pathway). GPCR co-expression with a corresponding G protein may constitute 
a strategy to overcome such limitation.

Another notable observation was that OG resistance did not result in an increased plasma membrane expres-
sion of A2aR variants. As a measure of receptor expression we used the fluorescence signal obtained at saturating 
concentrations of CA200623 (Fig. 5A,C,E and Table 1). The result suggests that correlation between the level 
of membrane expression and structural stability is not a universal phenomenon for GPCRs. It is possible that 
A2aR-WT transport to the plasma membrane already operates at its maximal capacity, a result of the saturation 

Figure 5.  Expression, affinity to agonist and thermostability of OG resistant A2aR variants retrieved by YDDS. 
(A,C,E) Permeabilized yeast expressing OG resistant A2aR variants were incubated for 1 h with the indicated 
concentrations of CA200623, and after washing, analyzed by flow cytometry. A three-parameter logistic 
regression  model32 was used to analyze the experimental data. (B,D,F) Yeast expressing OG resistant A2aR 
variants were heated for 30 min at the indicated temperatures, cooled, permeabilized and incubated for 1 h with 
20 nM CA200623 in the presence of 1% DM, and after washing, analyzed by flow cytometry. Data were analyzed 
by a non-liner regression using Boltzmann sigmoidal function. Data from one representative experiment of 
three independent experiments is presented as the mean ± SD of three technical replicates.
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of certain element(s) of the transport machinery, which are different from the QC system of ER, whose role is 
to prevent structurally unstable species from reaching the  membrane40. Thus, membrane expression of A2aR in 
the given system could not be further improved by increased structural stability of the receptor. The results are 
consistent with the findings by Magnani et al., demonstrating the lack of correlation between thermostability of 
A2aR variants and the level of their membrane expression in E. coli20. Combined, the results stress the notion 
that expression-guided selection might not be a universal strategy for GPCR stability screening, and properties 
that are directly related to structural stability should be used instead.

Having said that, however, a certain precaution should be used in interpreting the results of the ligand binding 
experiments employing yeast cells permeabilized as described above. The permeabilization by a brief (1 min) 
exposure to 1% OG appears to impair the integrity of the plasma membrane (Fig. 1E), raising the possibility that 
ER membrane may also be affected by the treatment. In this case, ER-retained receptors, whose ligand-binding 
sites face ER lumen, may participate in ligand binding, resulting in an inaccurate quantitation of plasma mem-
brane receptors. We, however, consider such possibility unlikely. As seen in Fig. 1B,C, the harsh treatment with 
2% OG for 4 h did nor scatter the clusters of A2aR-eGFP fusion receptors retained in ER, indicating that the 
treatment did not fragment ER membrane. We, therefore, assume that a much milder treatment with 1% OG 
for 1 min, which we used for yeast wall permeabilization, does not compromise the integrity of ER membrane.

Thermostability is a parameter conveniently employed to envisage GPCR behavior in the presence of 
harsh  detergents19,20. The mechanism of protein denaturation inside detergent micelles, however, is poorly 
 understood18,41. Even thermal and chemical (by urea or guanidinium chloride) denaturations, considered 
 related42, exhibit distinct thermodynamic  profiles43, emphasizing the notion that different methods of dena-
turation should not be treated as similar as a matter of convenience, but instead, considered within a frame-
work of effects, such as electrostatic and solvophobic, which dominate protein interactions with its immediate 
 environment43. Here, we used A2aR variants retrieved by the YDDS to analyze correlation between receptor 
stability in the presence of short-chain detergents and thermostability.

Thermostability is usually assessed in receptors solubilized by a mild detergent, such as DM (n-decyl-β-d-
maltopyranoside) or DDM (n-dodecyl-β-d-maltoside), and optionally purified by  chromatography19,44,45. To 

Table 1.  Functional characterization of OG resistant A2aR variants retrieved by YDDS. a The level of receptor 
expression was estimated by ligand binding at saturating concentrations of CA200623  (Bmax). The  Bmax ± SE 
values were calculated from the data shown in Fig. 5A,C,E by a nonlinear regression, as described in the 
Methods. b The level of receptor expression relative to that of A2aR-WT, folds. c As a measure of apparent 
affinity we used ligand concentration at the receptors’ fractional occupancy of 0.5  (EC50), estimated from 
the sigmoid concentration–response curves (Fig. 5A,C,E) using a three-parameter logistic regression 
 model32.  LogEC50 were reported as the mean ± SE of three independent experiments performed in triplicate. 
d Apparent  Tm  (appTm) determined by the whole-yeast thermostability assay was defined as a temperature at 
which CA200623 binding measured at 22 ºC is reduced by 50%, and was reported as the mean ± SE of three 
independent experiments performed in triplicate. e Receptor thermostabilization (ΔappTm) was defined as 
 appTm (A2aR variant) −  appTm (A2aR-WT). f RF was defined as a residual fluorescence measured in cells 
incubated with 20 nM CA200623 and treated with 2% OG. The values are relative to RF of A2aR-WT, and are 
expressed as the mean ± SE of three independent experiments performed in triplicate.

A2aR variant Expression,  Bmax ±  SEa Expression,  foldb logEC50 ±  SEc appTm ±  SEd ΔappTm
e RF ± SE,  foldf

WT 35,541 ± 1111 1.00 −8.01 ± 0.06 53.9 ± 0.6 0.0 1.0 ± 0.07

GL26 37,625 ± 664 1.06 −8.39 ± 0.04 67.7 ± 0.4 13.8 3.8 ± 0.19

c2 40,003 ± 1289 1.13 −8.21 ± 0.07 66.0 ± 0.8 12.1 2.4 ± 0.16

c7 38,859 ± 1001 1.09 −7.78 ± 0.04 71.5 ± 0.7 17.6 4.6 ± 0.17

c9 39,208 ± 655 1.10 −8.60 ± 0.04 63.3 ± 0.3 9.4 3.7 ± 0.10

c13 40,703 ± 707 1.15 −8.40 ± 0.04 72.4 ± 0.2 18.5 3.0 ± 0.17

c14 42,728 ± 651 1.20 −8.66 ± 0.03 72.5 ± 0.5 18.6 4.1 ± 0.26

c28 37,924 ± 1161 1.07 −7.84 ± 0.05 68.9 ± 0.6 15.0 2.9 ± 0.23

c30 33,098 ± 818 0.93 −8.07 ± 0.05 71.7 ± 0.6 17.8 2.6 ± 0.07

c32 35,403 ± 520 1.00 −8.22 ± 0.03 68.4 ± 0.4 14.5 5.3 ± 0.23

c45 28,931 ± 654 0.81 −7.95 ± 0.04 81.8 ± 0.4 27.9 2.6 ± 0.10

c47 34,607 ± 898 0.97 −8.33 ± 0.05 77.3 ± 0.5 23.4 6.2 ± 0.08

c48 27,918 ± 379 0.79 −8.90 ± 0.03 73.6 ± 0.7 19.7 2.7 ± 0.14

c60 36,322 ± 815 1.02 −8.65 ± 0.05 54.4 ± 1.2 0.5 4.1 ± 0.15

c61 29,034 ± 702 0.82 −7.93 ± 0.04 49.8 ± 0.8 -4.1 3.5 ± 0.25

c62 43,305 ± 652 1.22 −8.77 ± 0.04 65.9 ± 0.9 12.0 4.1 ± 0.22

c65 38,688 ± 1038 1.09 −8.14 ± 0.05 61.9 ± 1.0 8.0 2.9 ± 0.29

c69 36,390 ± 1183 1.02 −8.60 ± 0.07 72.5 ± 0.5 18.6 3.2 ± 0.13

c71 44,651 ± 1482 1.26 −7.80 ± 0.06 55.9 ± 0.6 2.0 3.9 ± 0.09

c73 47,582 ± 956 1.34 −7.59 ± 0.03 59.7 ± 0.6 5.8 4.5 ± 0.09
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simplify the analysis, we employed a whole-yeast thermostability assay, which does not require membrane solu-
bilization and receptor isolation/purification. In the method, intact A2aR-expressing yeast are heated to a desired 
temperature for 30 min, cooled and permeabilized by a brief exposure to 1% OG. The permeabilized yeast are 
then incubated at 22 ºC for 1 h with 20 nM CA200623 in the presence of 1% DM, and after washing, the residual 
fluorescence is evaluated by flow cytometry. For A2aR-WT, the apparent  Tm  (appTm), a temperature at which 
ligand binding measured at 22 ºC is reduced by 50%, determined by the whole-yeast thermostability assay was 
53.9 ºC, which is ~ 31 ºC higher than that measured by the conventional method (23 ºC)20 (Fig. 5B and Table 1). 
Such difference may stem, at least partially, from the stabilizing effect of the native environment of lipid bilayer 
during heating. The gain in thermostability (ΔappTm) for GL26 mutant relative to A2aR-WT determined by the 
whole-yeast assay was 13.8 ºC, as compared to 21.5 ºC measured by the conventional  method19,20 (Fig. 5B and 
Table 1). For all OG resistant A2aR variants (Fig. 4B), the  appTm was determined using the whole-yeast assay 
(Fig. 5B,D,F) and calculated ΔappTm values were compared to the extent of the variants’ resistance to OG. Since 
all the OG resistant A2aR variants exhibited similar levels of membrane expression and affinity to CA200623 
(Fig. 5A,C,E and Table 1), as a measure of OG resistance we used the residual fluorescence (RF) of the cells 
incubated with 20 nM CA200623 and treated with 2% OG (Fig. 4B). No significant correlation was detected 
between the level of A2aR variant thermostabilization (ΔappTm) and OG resistance, Fig. 4C. For instance, highly 
thermostable variant c45 was only moderately resistant to OG (Figs. 4B, 5D and Table 1), while thermostabil-
ity of fairly OG resistant c61 variant was even lower than that of A2aR-WT (Figs. 4B, 5F and Table 1). These 
observations support the notion that different methods of evaluating structural stability are not equivalent, 
stressing the importance of using screening strategies, in which clone selection is carried out directly based 
on the desired property, which in our case was stability in the presence of short-chain detergents required for 
vapor diffusion crystallography. This would increase the probability of identifying high-quality receptor vari-
ants, and reduce the costs and time associated with the development of candidates suitable for crystallization 
and structural elucidation.

Discussion
Here, we presented the YDDS, a yeast-based screening platform for a single-step isolation of GRCR variants stable 
in the presence of short-chain detergents. The unique property of yeast—a detergent resistant cell wall—physi-
cally links the receptor’s phenotype with its encoding genetic material. Combined with the advantages of the 
eukaryotic protein synthesis and transport machineries, the methodology offers a fast, and efficient alternative to 
the existing approaches of GPCR structural stabilization, most of which employing a selection criterion related 
to the receptor’s property of interest (crystallizability) only circumstantially.

The repertoire of A2aR mutations revealed by the YDDS in association with OG resistance provides impor-
tant insights into the structural basis of GPCR stability. In contrast to the previous studies focused on A2aR 
 thermostability19,20, we used the resistance to short-chain detergents—a prerequisite for successful vapor diffusion 
crystallization—as a primary criterion for clone selection. Having said that, out of 38 previously reported posi-
tions, where Ala/Leu substitutions improved thermostability of agonist-bound A2aR, 12 were recaptured by the 
YDDS, including 6 out of 16 positions with the highest stabilizing  effect19,20 (Fig. 6A, Supplementary Fig. S3 and 
Supplementary Table S1). Not all the previously described positions were retrieved in the present study, which 
could be explained by the actual screening of only a fraction of the original A2aR library (by FACS), and also by 
an insufficient sampling of the enriched YDDS library for sequencing (only seventy-five randomly selected clones 
were sequenced). Combining the YDDS with a massive parallel sequencing would enable the entire sequence 
space associated with receptor stability in the presence of short-chain detergents to be revealed. In addition, 
the YDDS uses a different criterion for clone selection (OG resistance) compared to that of the previous work 
(thermostability)19,20, which—as we showed above (Fig. 4C)—are not equivalent.

Although caution should be exercised in interpreting the YDDS mutagenesis data, as not all the mutations 
occurring in the OG resistant clones might indeed contribute to the desired phenotype (a comprehensive reverse 
mutagenesis study is required to assess the contribution of individual mutations and their various combinations 
to OG resistance), the YDDS identified a multitude of A2aR positions which were not described previously. A 
large number of positions with a potential structure-stabilizing effect suggests that the GPCR scaffold might not 
be intrinsically unstable, but had rather evolved to accommodate a great measure of conformational flexibility 
and structural dynamics essential for receptor functioning. In particular, conformational dynamics is essential for 
GPCR activity, the process in which the receptor assumes a conformation(s) capable of coupling to and activat-
ing the intracellular effector protein(s)46. Structural instability might be incorporated via the so-called stability 
"cold spots", residues whose side-chains interfere with tight packing of local structures. The removal of such cold 
spots, e.g., by substitution to alanine, may resolve sterical clashes, improve local packing, and increase stability 
of the protein as whole. Consistent with this view is the notion that the enthalpic component resulting from the 
decreased intra-molecular tension and improved inter-residue contacts appears to contribute a significant por-
tion of the free energy of stabilization in the thermostable GPCR  mutants47–49. The existence of the cold spots 
is evidenced by the fact that alanine-scan mutagenesis was capable of conferring structural stabilization upon 
 GPCRs19,20. Moreover, local structural perturbations introduced by the cold spot(s), and their destabilizing effect 
on the global protein structure, might be counterbalanced (at least partially) by a limited number of stabilizing 
mutations placed at various influential positions throughout the GPCR scaffold. The YDDS method is capable 
of exposing such positions, since, in contrast to Ala scan, which mostly removes sterical clashes, it operates by 
introducing novel functionalities into the existing molecular background, thus more completely utilizing the 
existing or creating new interaction potential. A remarkable example of such compensatory mutations is provided 
by variant c7 retrieved by the YDDS, in which a single N34K substitution renders A2aR resistant to OG, and also 
confers it a substantial measure of thermostability exceeding that of GL26 mutant (containing a combination of 
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four independent Ala/Leu  substitutions19) (Table 1, Supplementary Fig. S3 and Supplementary Table S1). The 
N34 residue is located in the intracellular end of the transmembrane helix 1 (TM1), and it is H-bound to E294 in 
the intracellular end of the TM7, Fig. 6B. The TM1 and TM7, the most remote helices in the primary sequence, 
come to a close proximity in the barrel-like structure of the folded receptor’s transmembrane domain (TMD), 
with their interface contacts contributing to the stability of the entire fold (Fig. 6B). This idea is consistent with 
the large number of structure-stabilizing mutations identified by the YDDS in the TM1 of A2aR (Fig. 6A and 
Supplementary Fig. S3 and Supplementary Table S1). The N34K substitution replaces the H-bond between N34 
and E294 with a much stronger salt-bridge, further stabilizing the TMD fold (Fig. 6B). This example demon-
strates that a single but strategically placed substitution may overcome the excessive conformational entropy of 
the GPCR scaffold, rendering it thermostable and resistant to short-chain detergents.

The vast majority of GPCRs have been crystalized with their C-terminus truncated. In addition to improved 
expression, C-terminus removal increases structural stability and homogeneity of receptor preparations, there-
fore improving crystal  quality50–52. The deletion of the C-terminus, however, diminishes hydrophilic surfaces, 
commonly observed to form lattice contacts in membrane protein crystals, and could be considered counter-
productive for crystallization  efforts53. However, a large portion of the GPCR C-terminus (> 60% of residues on 
average throughout the family) has been shown to be intrinsically  disordered54. This lack of ordered structure 
explains the beneficial effects of the C-terminus removal on receptor crystallizability. The intrinsically disor-
dered regions (IDR) are known to undergo context-dependent transition between the unstructured and struc-
tured states, triggered by extrinsic factors such as interactions with folded proteins, alteration in local charge 
distribution due to pH changes, redox state, and  PTM46,54–57. The GPCR C-tail has been proposed to utilize 
such induced-folding mechanism to mediate specific interactions with a multitude (more than 40) of cytosolic 
effector proteins, including promotion of  oligomerization58,59. Over 400 PTM sites were reported to occur in the 
C-terminus region of human GPCRs, including phosphorylation, ubiquitination, methylation and acetylation; 
these PTM may function as interaction switches within the IDR, coordinating cellular responses and contributing 

Figure 6.  A2aR scaffold is highly amenable to stabilization. (A) The snake-plot of A2aR-WT highlights the 
positions of stabilizing mutations. In yellow—positions of Ala/Leu substitutions conferring thermostability 
upon the agonist-bound  receptor12. In blue—positions of substitutions occurring in OG resistant A2aR variants 
identified by the YDDS (this study). In red, position identified by both studies. (B) A single N34K substitution 
in c7 variant confers OG resistance and thermostability upon A2aR. The A2aR structure (PDB: 4UG2) is 
shown in cartoon representation. The TMH1 and TMH7 are colored in green and yellow, respectively. (C) 
The C-terminus of A2aR is intrinsically disordered. The ANCHOR2 plot shows the probability (indicated by 
ANCHOR2 score) of the given A2aR-WT residue being part of a disordered binding region (default settings 
were used)34.
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to cell decision-making54,60–63. A particularly long C-terminus of A2aR (> 120 residues) was shown to act as 
docking site for kinases, β-arrestin, α-actinin, ARNO, USP4, translin-associated protein-X, and also contribute 
to the formation of heteromeric complexes with  D2-dopamine receptor and the metabotropic glutamate recep-
tor-564. Our analysis of the A2aR structure using ANCHOR2  program65, predicted that the A2aR C-terminus 
(aa. No. > 300) is, with a high probability, an IDR expected to undergo a disorder-to-order transition triggered 
by exogenous factors (Fig. 6C). We therefore hypothesized that mutations in the C-terminus may induce, alike 
PTM, tail transition into a folded  state61–63,66–68, which in turn may improve the stability properties of the entire 
receptor. From 18 OG resistant variants analyzed (Fig. 4B), 14 contained mutations in the C-terminus, span-
ning the entire putative IDR from position 304 (C-term part of the cytoplasmic Helix 8) to 412 (Fig. 6A,C and 
Supplementary Fig. S3 and Supplementary Table S1). The replacement or, instead, introduction of proline or 
glycine residues, a sequence alteration expected to affect local structure profoundly, accounted for one-third of 
all the substitutions occurring in the A2aR C-terminus. The impact of the C-terminus conformational state on 
the stability properties of the entire receptor was demonstrated in variants c48 and c73, each of which harbors 
only two substitutions (both substitutions in the C-terminus), sufficient to confer OG resistance upon A2aR. The 
substitution of two proline residues (P313S and P354A) accounted for OG resistance and marked thermostabil-
ity of c48 variant (Table 1 and Supplementary Fig. S3 and Supplementary Table S1). Whereas it remains to be 
tested whether C-terminus-mediated structural stabilization is sufficient to facilitate GPCR crystallization, the 
paradigm may offer a practical alternative to commonly exercised strategies of mounting hydrophilic surfaces 
and decreasing excessive flexibility by fusing the receptor with a well-folded auxiliary protein, or by interacting 
it with a specific nano- or  antibody50.

The prerequisite for the YDDS is the availability of a fluorescent ligand, either small-molecule or peptide 
capable of equilibrating across the perforated cell wall of yeast. Such ligands are currently available for a wide 
variety of  GPCRs69–74, and the list is constantly growing. The proposed methodology is not limited to GPCRs 
and could be employed to improve structural stability of other membrane proteins, such as ion channels, which 
are also important drug targets and difficult to crystallize.

Methods
A2aR expression in yeast. The pITy-MC-His10 and pITy-MCeGFP-His10 expression vectors encoding for 
A2aR-WT and A2aR-WT-eGFP, respectively, were a kind gift of Dr. Anne S. Robinson (University of Dela-
ware, Newark, USA). These vectors contained a synthetic pre-pro leader sequence (KVLIVLLAIFAALPLA-
LAQPVISTTVGSAAEGSLDKR) preceding the receptor sequence, whose addition was shown to be critical 
for efficient A2aR expression in  yeast34. The expression was driven by Gal1-10 promotor. The plasmids were 
transformed into S. cerevisiae yeast EBY100 strain using electroporation as  described75. After transformation, 
cells were grown overnight in 5 ml YPD media [2% peptone (BD Becton Dikinson, USA), 2% glucose (Sigma-
Aldrich, Israel), 1% yeast extract (Gibco, USA)] at 30 °C (290 rpm), and A2aR expression was induced by trans-
ferring the cells (at  OD600 = 0.5) to YPG induction media [2% peptone, 2% galactose (Sigma-Aldrich, Israel), 
1% yeast extract]. For screening experiments, A2aR-WT encoding sequence (including the N-terminal pre-pro 
leader sequence) was subcloned into a high-copy episomal pYES2 vector (encoding for URA3 gene) for galac-
tose-inducible protein expression (a kind gift of Dr. Maya Schuldiner, Weizmann Institute of Science, Israel). 
To afford the use of URA3 marker for transformant selection, S. cerevisiae BY4741 strain (MATα his3Δ1 leu2Δ0 
met15Δ0 ura3Δ0) 76 was selected for further experiments.

The yeast A2aR library was created using a homologous recombination by transforming BY4741 yeast 
with a linearized pYES2 vector and the product of A2aR error-prone PCR (see A2aR library construction), as 
 described75,77. The cells were grown at 30 °C overnight in 5 ml synthetic complete (SC) medium containing 4% 
glucose (290 rpm), and protein expression was induced by transferring cells (at  OD600 = 0.5) to SC medium 
containing 4% galactose.

Confocal microscopy analyses. Yeast expressing A2aR-eGFP fusion were grown to  OD600 = 1.0, centri-
fuged at 2,500 × g for 3 min, and after washing imaged using Inverted Axio Observer Z1 Confocal Laser Scan-
ning Microscope (Zeiss, Germany) and 40 × Water, 1.2 NA, DIC objective (Ex: 488 nm and Em: 511 nm). In 
experiments involving binding of CA200623 fluorescent ligand to A2aR-expressing yeast, Ex: 638 nm and Em: 
657 nm filters were used.

Ligand binding and OG resistance assays. The 200 μl of BY4741 yeast grown to  OD600 = 1.0 were pel-
leted by centrifugation at 2500×g for 3 min, and after washing permeabilized by incubation at 22 °C for 1 min in 
phosphate buffered saline (PBS) in the presence of 1% OG (n-Octyl-β-d-glucopyranoside, Carl Roth, Germany) 
with shaking (600 rpm), followed by two washing steps with PBS. The permeabilized yeast were incubated at 
22 °C for 1 h in PBS (1% DMSO) in the presence of the indicated concentrations of CA200623 (Abcam, UK), 
a fluorescent analog of nonspecific adenosine receptor agonist NECA, with shaking. After incubation, the cells 
were washed three times with PBS (1% DMSO), and incubated at 22 °C for additional 1 h in PBS (1% DMSO) 
(with shaking) to enable efficient removal of unbound ligand from the cells. After three additional washing steps 
with PBS, the cells were analyzed by flow cytometry using BD FACSCanto™ II Flow Cytometry System (BD 
Biosciences, USA) and APC (allophycocyanin) fluorescent channel (Ex: 638 nm, Em: 657 nm) for CA200623 
detection. Each experimental condition was analyzed in triplicate. Geometric mean fluorescence intensity (MFI) 
was calculated using FlowJo software (Tree Star Inc., USA). Nonspecific binding was determined at each ligand 
concentration using A2aR non-expressing cells and the values were subtracted from the total binding. Saturation 
ligand binding data were analyzed by a non-linear regression using a three-parameter logistic function imple-
mented in Prism6 software (GraphPad, USA).
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To determine the extent of OG resistance of A2aR variants, BY4741 yeast were permeabilized as described 
above and incubated at 22 °C for 1 h in PBS (1% DMSO) in the presence of 20 nM CA200623. The cells were then 
incubated for additional 4 h at 22 °C in the presence of 2% OG and 20 nM CA200623 with shaking (600 rpm). 
After three washings steps + 1 h incubation with PBS (1% DMSO), total and non-specific binding were analyzed 
by flow cytometry, as described.

A2aR library construction and sorting by flow cytometry. The A2aR library (1 ×  107 clones) carrying 
3–6 random amino acid substitutions per sequence was generated by Gene Universal (USA), using error-prone 
 PCR78 and the entire A2aR-WT sequence as template. The library was cloned into pYES2 vector and expressed 
in BY4741 yeast. After permeabilization, the cells were preincubated at 22 °C for 1 h with 20 nM of CA200623, 
followed by 4 h incubation with 2% OG in the presence of 20 nM CA200623, as described above. After washing, 
the cells were sorted by FACSAria™ III cell sorter (BD, USA), using APC channel (Ex: 638 nm, Em: 657 nm) for 
CA200623 detection and a neutral FITC channel (Ex: 488 nm, Em: 511 nm) for dot plot construction.

Functional characterization of OG resistant clones. The sorted cells (dead cell carcasses) from the 
previous step (about 1% of the total number of cells analyzed by FACS) (~ 500 μl) were centrifuged at 2500×g 
for 3 min, and after washing solubilized by boiling in 10 μl NaOH (0.02 M) for 15 min, and after centrifugation, 
2 μl supernatant was used to amplify the receptor-encoding sequence by PCR. The PCR product and a linearized 
pYES2 vector were transformed into BY4741 yeast to generate a sub-library enriched in OG resistant A2aR 
variants (the YDDS library) by homologous recombination. Structural stability of A2aR variants expressed in 
75 clones randomly selected from the YDDS library were verified by CA200623 (20 nM) binding assay in the 
presence of 2% OG using flow cytometry, as described above. The encoding DNA of A2aR variants, whose OG 
stability was thus confirmed, were amplified in bacteria and submitted to Sanger sequencing.

For the whole-yeast thermostability assay, BY4741 yeast expressing A2aR-WT or OG resistant variants were 
incubated for 30 min at the indicated temperatures (22–100 °C) in PBS, followed by 30 min incubation at 22 ºC. 
The cells were then permeabilized with 1% OG, and incubated at 22 ºC for 1 h in PBS (1% DMSO) in the pres-
ence of 20 nM CA200623 and 1% n-decyl-β-d-maltopyranoside (DM), with shaking (600 rpm). After repetitive 
washings steps including 1 h incubation with PBS (1% DMSO), the cells were analyzed by flow cytometry, as 
described above. Nonspecific ligand binding was measured by using A2aR non-expressing cells and subtracted 
from the total binding. Data were analyzed by a non-liner regression using Boltzmann sigmoidal function 
implemented in Prism6 software.

Statistical analyses. Statistical analyses of the presented data were performed by using Prism6 software 
(GraphPad, USA).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 24 January 2022; Accepted: 10 May 2022

References
 1. Hutchings, C. J., Koglin, M. & Marshall, F. H. Therapeutic antibodies directed at G protein-coupled receptors. MAbs 2, 594–606. 

https:// doi. org/ 10. 4161/ mabs.2. 6. 13420 (2010).
 2. Vassart, G. & Costagliola, S. G protein-coupled receptors: Mutations and endocrine diseases. Nat. Rev. Endocrinol. 7, 362–372. 

https:// doi. org/ 10. 1038/ nrendo. 2011. 20 (2011).
 3. Seifert, R. & Wenzel-Seifert, K. Constitutive activity of G-protein-coupled receptors: Cause of disease and common property of 

wild-type receptors. Naunyn Schmiedebergs Arch. Pharmacol. 366, 381–416. https:// doi. org/ 10. 1007/ s00210- 002- 0588-0 (2002).
 4. Schoneberg, T. et al. Mutant G-protein-coupled receptors as a cause of human diseases. Pharmacol. Ther. 104, 173–206. https:// 

doi. org/ 10. 1016/j. pharm thera. 2004. 08. 008 (2004).
 5. Dorsam, R. T. & Gutkind, J. S. G-protein-coupled receptors and cancer. Nat. Rev. Cancer 7, 79–94. https:// doi. org/ 10. 1038/ nrc20 

69 (2007).
 6. Hauser, A. S., Attwood, M. M., Rask-Andersen, M., Schiöth, H. B. & Gloriam, D. E. Trends in GPCR drug discovery: New agents, 

targets and indications. Nat. Rev. Drug Discov. 16, 829–842. https:// doi. org/ 10. 1038/ nrd. 2017. 178 (2017).
 7. Congreve, M., de Graaf, C., Swain, N. A. & Tate, C. G. Impact of GPCR structures on drug discovery. Cell 181, 81–91. https:// doi. 

org/ 10. 1016/j. cell. 2020. 03. 003 (2020).
 8. Waltenspühl, Y., Ehrenmann, J., Klenk, C. & Plückthun, A. Engineering of challenging G protein-coupled receptors for structure 

determination and biophysical studies. Molecules https:// doi. org/ 10. 3390/ molec ules2 60514 65 (2021).
 9. García-Nafría, J. & Tate, C. G. Cryo-electron microscopy: Moving beyond X-ray crystal structures for drug receptors and drug 

development. Annu. Rev. Pharmacol. Toxicol. 60, 51–71. https:// doi. org/ 10. 1146/ annur ev- pharm tox- 010919- 023545 (2020).
 10. Rucktooa, P. et al. Towards high throughput GPCR crystallography: In meso soaking of adenosine A2A receptor crystals. Sci. Rep. 

8, 41. https:// doi. org/ 10. 1038/ s41598- 017- 18570-w (2018).
 11. Zhang, X. et al. Evolving cryo-EM structural approaches for GPCR drug discovery. Structure 29, 963-974.e966. https:// doi. org/ 

10. 1016/j. str. 2021. 04. 008 (2021).
 12. Liao, M., Cao, E., Julius, D. & Cheng, Y. Single particle electron cryo-microscopy of a mammalian ion channel. Curr. Opin. Struct. 

Biol. 27, 1–7. https:// doi. org/ 10. 1016/j. sbi. 2014. 02. 005 (2014).
 13. Nguyen, A. H. & Lefkowitz, R. J. Signaling at the endosome: Cryo-EM structure of a GPCR-G protein-beta-arrestin megacomplex. 

FEBS J. 288, 2562–2569. https:// doi. org/ 10. 1111/ febs. 15773 (2021).
 14. Zhang, X. et al. Differential GLP-1R binding and activation by peptide and non-peptide agonists. Mol. Cell 80, 485-500.e487. 

https:// doi. org/ 10. 1016/j. molcel. 2020. 09. 020 (2020).

https://doi.org/10.4161/mabs.2.6.13420
https://doi.org/10.1038/nrendo.2011.20
https://doi.org/10.1007/s00210-002-0588-0
https://doi.org/10.1016/j.pharmthera.2004.08.008
https://doi.org/10.1016/j.pharmthera.2004.08.008
https://doi.org/10.1038/nrc2069
https://doi.org/10.1038/nrc2069
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1016/j.cell.2020.03.003
https://doi.org/10.1016/j.cell.2020.03.003
https://doi.org/10.3390/molecules26051465
https://doi.org/10.1146/annurev-pharmtox-010919-023545
https://doi.org/10.1038/s41598-017-18570-w
https://doi.org/10.1016/j.str.2021.04.008
https://doi.org/10.1016/j.str.2021.04.008
https://doi.org/10.1016/j.sbi.2014.02.005
https://doi.org/10.1111/febs.15773
https://doi.org/10.1016/j.molcel.2020.09.020


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8657  | https://doi.org/10.1038/s41598-022-12731-2

www.nature.com/scientificreports/

 15. Bertheleme, N. et al. Unlocking the secrets of the gatekeeper: Methods for stabilizing and crystallizing GPCRs. Biochim. Biophys. 
Acta 1829, 2583–2591. https:// doi. org/ 10. 1016/j. bbamem. 2013. 07. 013 (2013).

 16. Birch, J. et al. The fine art of integral membrane protein crystallisation. Methods 147, 150–162. https:// doi. org/ 10. 1016/j. ymeth. 
2018. 05. 014 (2018).

 17. Lee, S. et al. How do branched detergents stabilize GPCRs in micelles?. Biochemistry 59, 2125–2134. https:// doi. org/ 10. 1021/ acs. 
bioch em. 0c001 83 (2020).

 18. Lee, S. et al. How do short chain nonionic detergents destabilize G-protein-coupled receptors?. J. Am. Chem. Soc. 138, 15425–15433. 
https:// doi. org/ 10. 1021/ jacs. 6b087 42 (2016).

 19. Lebon, G., Bennett, K., Jazayeri, A. & Tate, C. G. Thermostabilisation of an agonist-bound conformation of the human adenosine 
A(2A) receptor. J. Mol. Biol. 409, 298–310. https:// doi. org/ 10. 1016/j. jmb. 2011. 03. 075 (2011).

 20. Magnani, F., Shibata, Y., Serrano-Vega, M. J. & Tate, C. G. Co-evolving stability and conformational homogeneity of the human 
adenosine A2a receptor. Proc. Natl. Acad. Sci. USA 105, 10744–10749. https:// doi. org/ 10. 1073/ pnas. 08043 96105 (2008).

 21. Serrano-Vega, M. J., Magnani, F., Shibata, Y. & Tate, C. G. Conformational thermostabilization of the beta1-adrenergic receptor 
in a detergent-resistant form. Proc. Natl. Acad. Sci. USA 105, 877–882. https:// doi. org/ 10. 1073/ pnas. 07112 53105 (2008).

 22. Shibata, Y. et al. Thermostabilization of the neurotensin receptor NTS1. J. Mol. Biol. 390, 262–277. https:// doi. org/ 10. 1016/j. jmb. 
2009. 04. 068 (2009).

 23. Robertson, N. et al. The properties of thermostabilised G protein-coupled receptors (StaRs) and their use in drug discovery. 
Neuropharmacology 60, 36–44. https:// doi. org/ 10. 1016/j. neuro pharm. 2010. 07. 001 (2011).

 24. Scott, D. J. & Pluckthun, A. Direct molecular evolution of detergent-stable G protein-coupled receptors using polymer encapsulated 
cells. J. Mol. Biol. 425, 662–677. https:// doi. org/ 10. 1016/j. jmb. 2012. 11. 015 (2013).

 25. Schutz, M. et al. Directed evolution of G protein-coupled receptors in yeast for higher functional production in eukaryotic expres-
sion hosts. Sci. Rep. 6, 21508. https:// doi. org/ 10. 1038/ srep2 1508 (2016).

 26. Waltenspühl, Y., Jeliazkov, J. R., Kummer, L. & Plückthun, A. Directed evolution for high functional production and stability of a 
challenging G protein-coupled receptor. Sci. Rep. 11, 8630. https:// doi. org/ 10. 1038/ s41598- 021- 87793-9 (2021).

 27. Wiseman, D. N. et al. Expression and purification of recombinant G protein-coupled receptors: A review. Protein Expr. Purif. 167, 
105524. https:// doi. org/ 10. 1016/j. pep. 2019. 105524 (2020).

 28. Patwardhan, A., Cheng, N. & Trejo, J. Post-translational modifications of G protein-coupled receptors control cellular signaling 
dynamics in space and time. Pharmacol. Rev. 73, 120–151. https:// doi. org/ 10. 1124/ pharm rev. 120. 000082 (2021).

 29. Lemos Duarte, M. & Devi, L. A. Post-translational modifications of opioid receptors. Trends Neurosci. 43, 417–432. https:// doi. 
org/ 10. 1016/j. tins. 2020. 03. 011 (2020).

 30. Goth, C. K., Petäjä-Repo, U. E. & Rosenkilde, M. M. G protein-coupled receptors in the sweet spot: Glycosylation and other post-
translational modifications. ACS Pharmacol. Transl. Sci. 3, 237–245. https:// doi. org/ 10. 1021/ acspt sci. 0c000 16 (2020).

 31. Feyder, S., De Craene, J. O., Bar, S., Bertazzi, D. L. & Friant, S. Membrane trafficking in the yeast Saccharomyces cerevisiae model. 
Int. J. Mol. Sci. 16, 1509–1525. https:// doi. org/ 10. 3390/ ijms1 60115 09 (2015).

 32. Young, C. L. & Robinson, A. S. Protein folding and secretion: mechanistic insights advancing recombinant protein production in 
S. cerevisiae. Curr. Opin. Biotechnol. 30, 168–177. https:// doi. org/ 10. 1016/j. copbio. 2014. 06. 018 (2014).

 33. Dore, A. S. et al. Structure of the adenosine A(2A) receptor in complex with ZM241385 and the xanthines XAC and caffeine. 
Structure 19, 1283–1293. https:// doi. org/ 10. 1016/j. str. 2011. 06. 014 (2011).

 34. O’Malley, M. A. et al. Progress toward heterologous expression of active G-protein-coupled receptors in Saccharomyces cerevisiae: 
Linking cellular stress response with translocation and trafficking. Protein Sci. 18, 2356–2370. https:// doi. org/ 10. 1002/ pro. 246 
(2009).

 35. Niebauer, R. T. & Robinson, A. S. Exceptional total and functional yields of the human adenosine (A2a) receptor expressed in the 
yeast Saccharomyces cerevisiae. Protein Expr. Purif. 46, 204–211. https:// doi. org/ 10. 1016/j. pep. 2005. 09. 020 (2006).

 36. O’Malley, M. A., Lazarova, T., Britton, Z. T. & Robinson, A. S. High-level expression in Saccharomyces cerevisiae enables isolation 
and spectroscopic characterization of functional human adenosine A2a receptor. J. Struct. Biol. 159, 166–178. https:// doi. org/ 10. 
1016/j. jsb. 2007. 05. 001 (2007).

 37. Murphree, L. J., Marshall, M. A., Rieger, J. M., MacDonald, T. L. & Linden, J. Human A2A adenosine receptors: High-affinity 
agonist binding to receptor-g protein complexes containing Gβ4. Mol. Pharmacol. 61, 455–462. https:// doi. org/ 10. 1124/ mol. 61.2. 
455 (2002).

 38. Luthin, D. R., Olsson, R. A., Thompson, R. D., Sawmiller, D. R. & Linden, J. Characterization of two affinity states of adenosine 
A(2a) receptors with a new radioligand, 2-[2-(4-amino-3-[125I]iodophenyl)ethylamino]adenosine. Mol. Pharmacol. 47, 307–313 
(1995).

 39. Mahoney, J. P. & Sunahara, R. K. Mechanistic insights into GPCR-G protein interactions. Curr. Opin. Struct. Biol. 41, 247–254. 
https:// doi. org/ 10. 1016/j. sbi. 2016. 11. 005 (2016).

 40. Dong, C., Filipeanu, C. M., Duvernay, M. T. & Wu, G. Regulation of G protein-coupled receptor export trafficking. Biochim. Biophys. 
Acta 1768, 853–870. https:// doi. org/ 10. 1016/j. bbamem. 2006. 09. 008 (2007).

 41. Otzen, D. E. Protein unfolding in detergents: Effect of micelle structure, ionic strength, pH, and temperature. Biophys. J. 83, 
2219–2230. https:// doi. org/ 10. 1016/ S0006- 3495(02) 73982-9 (2002).

 42. Ramprakash, J. et al. Comparison of the chemical and thermal denaturation of proteins by a two-state transition model. Anal. 
Biochem. 374, 221–230. https:// doi. org/ 10. 1016/j. ab. 2007. 10. 005 (2008).

 43. Farruggia, B. & Picó, G. A. Thermodynamic features of the chemical and thermal denaturations of human serum albumin. Int. J. 
Biol. Macromol. 26, 317–323. https:// doi. org/ 10. 1016/ S0141- 8130(99) 00054-9 (1999).

 44. Alexandrov, A. I., Mileni, M., Chien, E. Y. T., Hanson, M. A. & Stevens, R. C. Microscale fluorescent thermal stability assay for 
membrane proteins. Structure 16, 351–359. https:// doi. org/ 10. 1016/j. str. 2008. 02. 004 (2008).

 45. Ashok, Y., Nanekar, R. & Jaakola, V.-P. Defining thermostability of membrane proteins by western blotting. Protein Eng. Des. Sel. 
28, 539–542. https:// doi. org/ 10. 1093/ prote in/ gzv049 (2015).

 46. Latorraca, N. R., Venkatakrishnan, A. J. & Dror, R. O. GPCR dynamics: Structures in motion. Chem. Rev. 117, 139–155. https:// 
doi. org/ 10. 1021/ acs. chemr ev. 6b001 77 (2017).

 47. Lee, S., Bhattacharya, S., Grisshammer, R., Tate, C. & Vaidehi, N. Dynamic behavior of the active and inactive states of the adenosine 
A2A receptor. J. Phys. Chem. B 118, 3355–3365. https:// doi. org/ 10. 1021/ jp411 618h (2014).

 48. Lee, S., Bhattacharya, S., Tate, C. G., Grisshammer, R. & Vaidehi, N. Structural dynamics and thermostabilization of neurotensin 
receptor 1. J. Phys. Chem. B 119, 4917–4928. https:// doi. org/ 10. 1021/ jp510 735f (2015).

 49. Vaidehi, N., Grisshammer, R. & Tate, C. G. How can mutations thermostabilize G-protein-coupled receptors?. Trends Pharmacol. 
Sci. 37, 37–46. https:// doi. org/ 10. 1016/j. tips. 2015. 09. 005 (2016).

 50. Munk, C. et al. An online resource for GPCR structure determination and analysis. Nat. Methods 16, 151–162. https:// doi. org/ 10. 
1038/ s41592- 018- 0302-x (2019).

 51. Kean, J., Bortolato, A., Hollenstein, K., Marshall, F. H. & Jazayeri, A. Conformational thermostabilisation of corticotropin releasing 
factor receptor 1. Sci. Rep. 5, 11954. https:// doi. org/ 10. 1038/ srep1 1954 (2015).

 52. Heydenreich, F. M., Vuckovic, Z., Matkovic, M. & Veprintsev, D. B. Stabilization of G protein-coupled receptors by point mutations. 
Front. Pharmacol. https:// doi. org/ 10. 3389/ fphar. 2015. 00082 (2015).

https://doi.org/10.1016/j.bbamem.2013.07.013
https://doi.org/10.1016/j.ymeth.2018.05.014
https://doi.org/10.1016/j.ymeth.2018.05.014
https://doi.org/10.1021/acs.biochem.0c00183
https://doi.org/10.1021/acs.biochem.0c00183
https://doi.org/10.1021/jacs.6b08742
https://doi.org/10.1016/j.jmb.2011.03.075
https://doi.org/10.1073/pnas.0804396105
https://doi.org/10.1073/pnas.0711253105
https://doi.org/10.1016/j.jmb.2009.04.068
https://doi.org/10.1016/j.jmb.2009.04.068
https://doi.org/10.1016/j.neuropharm.2010.07.001
https://doi.org/10.1016/j.jmb.2012.11.015
https://doi.org/10.1038/srep21508
https://doi.org/10.1038/s41598-021-87793-9
https://doi.org/10.1016/j.pep.2019.105524
https://doi.org/10.1124/pharmrev.120.000082
https://doi.org/10.1016/j.tins.2020.03.011
https://doi.org/10.1016/j.tins.2020.03.011
https://doi.org/10.1021/acsptsci.0c00016
https://doi.org/10.3390/ijms16011509
https://doi.org/10.1016/j.copbio.2014.06.018
https://doi.org/10.1016/j.str.2011.06.014
https://doi.org/10.1002/pro.246
https://doi.org/10.1016/j.pep.2005.09.020
https://doi.org/10.1016/j.jsb.2007.05.001
https://doi.org/10.1016/j.jsb.2007.05.001
https://doi.org/10.1124/mol.61.2.455
https://doi.org/10.1124/mol.61.2.455
https://doi.org/10.1016/j.sbi.2016.11.005
https://doi.org/10.1016/j.bbamem.2006.09.008
https://doi.org/10.1016/S0006-3495(02)73982-9
https://doi.org/10.1016/j.ab.2007.10.005
https://doi.org/10.1016/S0141-8130(99)00054-9
https://doi.org/10.1016/j.str.2008.02.004
https://doi.org/10.1093/protein/gzv049
https://doi.org/10.1021/acs.chemrev.6b00177
https://doi.org/10.1021/acs.chemrev.6b00177
https://doi.org/10.1021/jp411618h
https://doi.org/10.1021/jp510735f
https://doi.org/10.1016/j.tips.2015.09.005
https://doi.org/10.1038/s41592-018-0302-x
https://doi.org/10.1038/s41592-018-0302-x
https://doi.org/10.1038/srep11954
https://doi.org/10.3389/fphar.2015.00082


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8657  | https://doi.org/10.1038/s41598-022-12731-2

www.nature.com/scientificreports/

 53. Rasmussen, S. G. F. et al. Crystal structure of the human β2 adrenergic G-protein-coupled receptor. Nature 450, 383–387. https:// 
doi. org/ 10. 1038/ natur e06325 (2007).

 54. Venkatakrishnan, A. J. et al. Structured and disordered facets of the GPCR fold. Curr. Opin. Struct. Biol. 27, 129–137. https:// doi. 
org/ 10. 1016/j. sbi. 2014. 08. 002 (2014).

 55. Mészáros, B., Simon, I. & Dosztányi, Z. Prediction of protein binding regions in disordered proteins. PLoS Comput. Biol. 5, 
e1000376. https:// doi. org/ 10. 1371/ journ al. pcbi. 10003 76 (2009).

 56. Fonin, A. V., Darling, A. L., Kuznetsova, I. M., Turoverov, K. K. & Uversky, V. N. Multi-functionality of proteins involved in GPCR 
and G protein signaling: Making sense of structure–function continuum with intrinsic disorder-based proteoforms. Cell. Mol. Life 
Sci. 76, 4461–4492. https:// doi. org/ 10. 1007/ s00018- 019- 03276-1 (2019).

 57. Tovo-Rodrigues, L., Roux, A., Hutz, M. H., Rohde, L. A. & Woods, A. S. Functional characterization of G-protein-coupled recep-
tors: A bioinformatics approach. Neuroscience 277, 764–779. https:// doi. org/ 10. 1016/j. neuro scien ce. 2014. 06. 049 (2014).

 58. Bockaert, J., Marin, P., Dumuis, A. & Fagni, L. The ‘magic tail’ of G protein-coupled receptors: An anchorage for functional protein 
networks. FEBS Lett. 546, 65–72. https:// doi. org/ 10. 1016/ S0014- 5793(03) 00453-8 (2003).

 59. Nguyen, K. D. Q. et al. Homo-oligomerization of the human adenosine A2A receptor is driven by the intrinsically disordered 
C-terminus. Elife 10, e66662. https:// doi. org/ 10. 7554/ eLife. 66662 (2021).

 60. Van Roey, K., Gibson, T. J. & Davey, N. E. Motif switches: Decision-making in cell regulation. Curr. Opin. Struct. Biol. 22, 378–385. 
https:// doi. org/ 10. 1016/j. sbi. 2012. 03. 004 (2012).

 61. Bah, A. & Forman-Kay, J. D. Modulation of intrinsically disordered protein function by post-translational modifications. J. Biol. 
Chem. 291, 6696–6705. https:// doi. org/ 10. 1074/ jbc. R115. 695056 (2016).

 62. Darling, A. L. & Uversky, V. N. Intrinsic disorder and posttranslational modifications: The darker side of the biological dark matter. 
Front. Genet. https:// doi. org/ 10. 3389/ fgene. 2018. 00158 (2018).

 63. Gao, J. & Xu, D. Correlation between posttranslational modification and intrinsic disorder in protein. Pac. Symp. Biocomput. 2012, 
94–103 (2012).

 64. Zezula, J. & Freissmuth, M. The A2A-adenosine receptor: A GPCR with unique features?. Br. J. Pharmacol. 153, S184–S190. https:// 
doi. org/ 10. 1038/ sj. bjp. 07076 74 (2008).

 65. Erdős, G. & Dosztányi, Z. Analyzing protein disorder with IUPred2A. Curr. Protoc. Bioinform. 70, e99. https:// doi. org/ 10. 1002/ 
cpbi. 99 (2020).

 66. Vacic, V. et al. Disease-associated mutations disrupt functionally important regions of intrinsic protein disorder. PLoS Comput. 
Biol. 8, e1002709. https:// doi. org/ 10. 1371/ journ al. pcbi. 10027 09 (2012).

 67. Lemma, V. et al. A disorder-to-order structural transition in the COOH-tail of Fz4 determines misfolding of the L501fsX533-Fz4 
mutant. Sci. Rep. 3, 2659. https:// doi. org/ 10. 1038/ srep0 2659 (2013).

 68. Dembinski, H. et al. Predicted disorder-to-order transition mutations in IκBα disrupt function. Phys. Chem. Chem. Phys. 16, 
6480–6485. https:// doi. org/ 10. 1039/ c3cp5 4427c (2014).

 69. Emami-Nemini, A. et al. Time-resolved fluorescence ligand binding for G protein-coupled receptors. Nat. Protoc. 8, 1307–1320. 
https:// doi. org/ 10. 1038/ nprot. 2013. 073 (2013).

 70. Stoddart, L. A., White, C. W., Nguyen, K., Hill, S. J. & Pfleger, K. D. Fluorescence- and bioluminescence-based approaches to study 
GPCR ligand binding. Br. J. Pharmacol. 173, 3028–3037. https:// doi. org/ 10. 1111/ bph. 13316 (2016).

 71. Vernall, A. J., Hill, S. J. & Kellam, B. The evolving small-molecule fluorescent-conjugate toolbox for Class A GPCRs. Br. J. Pharmacol. 
171, 1073–1084. https:// doi. org/ 10. 1111/ bph. 12265 (2014).

 72. Stoddart, L. A., Kilpatrick, L. E., Briddon, S. J. & Hill, S. J. Probing the pharmacology of G protein-coupled receptors with fluores-
cent ligands. Neuropharmacology 98, 48–57. https:// doi. org/ 10. 1016/j. neuro pharm. 2015. 04. 033 (2015).

 73. Cooper, A., Singh, S., Hook, S., Tyndall, J. D. A. & Vernall, A. J. Chemical tools for studying lipid-binding Class A G protein-coupled 
receptors. Pharmacol. Rev. 69, 316–353. https:// doi. org/ 10. 1124/ pr. 116. 013243 (2017).

 74. Kiselev, E. et al. Design, synthesis, pharmacological characterization of a fluorescent agonist of the P2Y(1)(4) receptor. Bioorg. 
Med. Chem. Lett. 25, 4733–4739. https:// doi. org/ 10. 1016/j. bmcl. 2015. 08. 021 (2015).

 75. Chao, G. et al. Isolating and engineering human antibodies using yeast surface display. Nat. Protoc. 1, 755–768. https:// doi. org/ 
10. 1038/ nprot. 2006. 94 (2006).

 76. Brachmann, C. B. et al. Designer deletion strains derived from Saccharomyces cerevisiae S288C: A useful set of strains and plasmids 
for PCR-mediated gene disruption and other applications. Yeast 14, 115–132. https:// doi. org/ 10. 1002/ (sici) 1097- 0061(19980 130) 
14:2% 3c115:: Aid- yea204% 3e3.0. Co;2-2 (1998).

 77. Meilhoc, E., Masson, J. M. & Teissié, J. Bio/technology. Vol. 8. 223–227. (Nature Publishing Company, 1990).
 78. Cadwell, R. C. & Joyce, G. F. PCR. Methods Appl. 2, 28–33 (1992).

Acknowledgements
We thank Dr. Orna Avidan for her help in the preparation of this manuscript.

Author contributions
S.E. conceived the original idea, planned experiments, analyzed the data, provided resources, and wrote the 
manuscript; N.P. planned experiments, analyzed the data, provided resources, and contributed to manuscript 
writing; M.M. planned and performed experiments, analyzed the data, and contributed to manuscript writing; 
T.Z. performed experiments; U.H. preformed experiments, analyzed the data. All authors provided critical 
feedback and helped shape the research, analysis and manuscript.

Funding
This work was partially supported by the multidisciplinary grant from the Health and Engineering Departments 
of Ben-Gurion University of the Negev, Israel.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 12731-2.

Correspondence and requests for materials should be addressed to N.P. or S.E.

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

https://doi.org/10.1038/nature06325
https://doi.org/10.1038/nature06325
https://doi.org/10.1016/j.sbi.2014.08.002
https://doi.org/10.1016/j.sbi.2014.08.002
https://doi.org/10.1371/journal.pcbi.1000376
https://doi.org/10.1007/s00018-019-03276-1
https://doi.org/10.1016/j.neuroscience.2014.06.049
https://doi.org/10.1016/S0014-5793(03)00453-8
https://doi.org/10.7554/eLife.66662
https://doi.org/10.1016/j.sbi.2012.03.004
https://doi.org/10.1074/jbc.R115.695056
https://doi.org/10.3389/fgene.2018.00158
https://doi.org/10.1038/sj.bjp.0707674
https://doi.org/10.1038/sj.bjp.0707674
https://doi.org/10.1002/cpbi.99
https://doi.org/10.1002/cpbi.99
https://doi.org/10.1371/journal.pcbi.1002709
https://doi.org/10.1038/srep02659
https://doi.org/10.1039/c3cp54427c
https://doi.org/10.1038/nprot.2013.073
https://doi.org/10.1111/bph.13316
https://doi.org/10.1111/bph.12265
https://doi.org/10.1016/j.neuropharm.2015.04.033
https://doi.org/10.1124/pr.116.013243
https://doi.org/10.1016/j.bmcl.2015.08.021
https://doi.org/10.1038/nprot.2006.94
https://doi.org/10.1038/nprot.2006.94
https://doi.org/10.1002/(sici)1097-0061(19980130)14:2%3c115::Aid-yea204%3e3.0.Co;2-2
https://doi.org/10.1002/(sici)1097-0061(19980130)14:2%3c115::Aid-yea204%3e3.0.Co;2-2
https://doi.org/10.1038/s41598-022-12731-2
https://doi.org/10.1038/s41598-022-12731-2
www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8657  | https://doi.org/10.1038/s41598-022-12731-2

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Yeast-based directed-evolution for high-throughput structural stabilization of G protein-coupled receptors (GPCRs)
	Results
	Setup of screening system. 
	Library construction and screening. 
	Functional characterization of A2aR variants resistant to OG. 

	Discussion
	Methods
	A2aR expression in yeast. 
	Confocal microscopy analyses. 
	Ligand binding and OG resistance assays. 
	A2aR library construction and sorting by flow cytometry. 
	Functional characterization of OG resistant clones. 
	Statistical analyses. 

	References
	Acknowledgements


