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SUMMARY

Solvatochromic compounds have emerged as valuable environment-sensitive probes for biological
research. Here we used thiol-reactive solvatochromic analogs of the green fluorescent protein (GFP) chro-
mophore to track conformational changes in two proteins, recoverin and the A2A adenosine receptor
(A2AAR). Two dyes showed Ca2+-induced fluorescence changes when attached to recoverin. Our best-per-
forming dye, DyeC, exhibited agonist-induced changes in both intensity and shape of its fluorescence
spectrum when attached to A2AAR; none of these effects were observed with other common environ-
ment-sensitive dyes. Molecular dynamics simulations showed that activation of the A2AAR led to a
more confined and hydrophilic environment for DyeC. Additionally, an allosteric modulator of A2AAR
induced distinct fluorescence changes in the DyeC spectrum, indicating a unique receptor conformation.
Our study demonstrated that GFP-inspired dyes are effective for detecting structural changes in G pro-
tein-coupled receptors (GPCRs), offering advantages such as intensity-based and ratiometric tracking,
redshifted fluorescence spectra, and sensitivity to allosteric modulation.

INTRODUCTION

From in vivo imaging to single-molecule tracking, the green fluorescent protein (GFP) has become an indispensable tool for many biological

studies.1 The GFP chromophore, 4-hydroxybenzylidene-dimethylimidazolinone (HBDI, Figure 1), is spontaneously formed through the spe-

cific cyclization of three amino acid residues located in the center of theGFP b-barrel. Structurally modified synthetic analogs of the GFP chro-

mophore represent a diverse class of benzylidene imidazolones (BDIs) that found many applications as versatile labels due to their excep-

tional fluorescent properties, small size, and easy synthesis.2 Similar to GFP, where the high fluorescence yield of HBDI is supported by

the protein microenvironment, the transition of some BDI derivatives from water to less polar solvents results in a substantial increase in their

fluorescence quantum yield (FQY). Such compounds have been extensively tested as fluorogenic environmentally sensitive dyes.3–6 In live-cell

imaging, BDI derivatives have been used to stain bacteria7 or various organelles in eukaryotic cells.8–12 Fluorogenic BDI derivatives have found

extensive application in RNA aptamer-based fluorescent sensors, facilitating the monitoring of transcription and RNA trafficking in cells13 or

cell-free systems,14 as well as the detection of proteins or intracellular metabolites.15 BDI-based sensors have also been utilized to track pro-

tein misfolding and aggregation.16

Ligand-induced conformational changes in proteins are commonly investigated using environmentally sensitive labels.17–23 Typically, in

this approach, thiol-reactive derivatives of the dyes are attached to cysteine residues (either intentionally introduced or naturally present)
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Figure 1. Dye structures and their emission spectra in various solvents

(A–D) Changes of the emission fluorescence spectra for free DyeA (A), DyeB (B), DyeC (C), and DyeD (D) in solvents with different polarity and viscosity. The

excitation wavelengths were 410 nm (DyeA), 430 nm (DyeB), 380 nm (DyeC), and 420 nm (DyeD). Complete results and additional information for the tested

dyes are provided in Table S1.

(E) The HBDI fluorescent core is shown in the center and four dyes as its derivatives; the maleimide groups, responsible for cysteine interaction, are colored in

blue; the fluorescent core modifications are colored in red.
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located in the vicinity of functionally labile protein elements. In successful constructs, the fluorescence properties of the label serve as indi-

cators of protein activation or inhibition. These studies shed light on themolecular mechanisms of protein activation and, in some cases, facil-

itated the design of biomolecular sensors for a wide variety of metabolites.19,24–29 Despite the wide range of applications, GFP-inspired labels

have not been previously utilized for this purpose. In this study, we demonstrate that these labels can serve as environmentally sensitive

probes to monitor conformational changes in G protein-coupled receptors (GPCRs).

GPCRs constitute the largest class of membrane proteins in humans that regulate critical physiological processes, e.g., vision, taste, neuro-

transmission, and inflammation. More than one-third of drugs approved by the United States Food and Drug Administration (FDA) have

GPCRs as their primary targets.30 Most of these drugs target the primary extracellular binding site that naturally accommodates endogenous

ligands, i.e., the orthosteric ligand-binding pocket. The ligand binding causes structural changes propagating across the receptor toward the

intracellular side and enables coupling to its cognate G proteins or other intracellular partners. In the absence of ligands, most GPCRs exhibit

a certain level of activity known as basal signaling.Orthosteric ligands can directly control GPCR activity: agonists increase the basal signaling,

antagonists occupy the ligand-binding site but do not affect the receptor’s activity, and inverse agonists decrease the basal signaling.31 The

affinity and efficacy of orthosteric ligands can be affected by allosteric modulators that bind to spatially distinct sites on GPCRs andmodulate

their function.32–35 Notably, some allosteric modulators can affect the receptor’s activation on their own.34–38

The A2A adenosine receptor (A2AAR), one of the most studied GPCRs, is a promising target for drugs against cancer, chronic pain, sleep

disorders, depression, and Parkinson’s disease.39 It regulates cardiovascular system and inflammation throughout the body and modulates

the neurotransmission of glutamate and dopamine in the brain.40,41 A2AAR has often been used as a prototypical receptor for the develop-

ment of biophysical techniques for studying other GPCRs.42–46

Here we assessed four GFP-inspired fluorophores for their potential to serve as environmentally sensitive labels to report on conforma-

tional changes in proteins. For this, we attached a maleimide group to them for cysteine labeling and studied their spectral properties in sol-

vents with varying polarity and viscosity. The best of them were then employed to label two proteins: bovine recoverin (Rec) and A2AAR. We

used Rec as a convenient model protein to evaluate the performance of environmentally sensitive labels. This choice is justified by the pres-

ence of a sole cysteine residue and the considerable conformational changes induced upon activation by Ca2+. Next, using the best-perform-

ing dye attached to A2AAR, we investigated effects of various ligands, including antagonists, agonists, and an allosteric modulator, on its
2 iScience 27, 110466, August 16, 2024
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fluorescence and observed reliable and distinctive changes. Furthermore, we compared this new dye with other dyes, previously used for

detecting ligand-induced changes in GPCRs and found that none of them surpassed the performance of the new dye. Finally, we conducted

molecular dynamic (MD) simulations of A2AAR labeled with the dyes to gain structural insights into the observed changes.
RESULTS

Synthetic thiol-reactive GFP-inspired fluorophores show solvatochromism

To follow conformational changes in proteins using GFP-inspired fluorophores, we selected BDI derivatives that previously showed solvato-

chromic properties. It has been reported that the FQY of 4-nitrile and 2,5-dimethoxy derivatives of a BDI benzylidene fragment with the ab-

sorption maxima in the UV range depends on the solvent.47,48 Since fluorophores with redshifted absorption spectra are preferred in

many quantitative fluorescence-based measurements due to their lower phototoxicity, background autofluorescence, and scattering, we

used their BDI derivatives, which have shown a redshifted absorption together with a remarkable solvatochromism of their emission

maxima and high FQY.3 Therefore, we selected two 4-nitrile (Figure 1, DyeA and DyeB) and two 2,5-dimethoxy (Figure 1, DyeC and DyeD)

benzylidene derivatives of redshifted BDI compounds and complemented them with a maleimide group to enable covalent binding to

cysteine residues.

To assess the solvatochromism of the maleimide-conjugated compounds, we investigated their fluorescence properties in solvents with

different polarities ranging fromwater to pentadecane (Figure 1, Table S1). Similarly to the original compounds, all four dyes showed notable

changes in their fluorescence emission spectra depending on the solvent. We observed that FQYs of the 4-nitrile benzylidene compounds

(DyeA andDyeB) strongly dependon the solvent polarity, while thewavelengths of their emissionmaxima vary by <10 nm in different solvents.

At the same time, the 2,5-dimethoxy benzylidene compounds (DyeC and DyeD) showed solvent-dependent changes in both FQY and the

wavelength of their emission maxima.
Fluorescence of GFP-inspired dyes highlights Ca2+-dependent conformational changes in Rec

To select dyes suitable for tracking ligand-induced structural changes in proteins, we used a water-soluble protein Rec. Rec is a 23 kDamem-

ber of the neuronal calcium sensor family,49 which participates in regulation of phototransduction and light adaptation of retinal photorecep-

tors.50 Rec has two calcium binding sites, and the interaction with calcium ions results in substantial changes in its structure.51 Rec contains a

single cysteine residue, which is conveniently located in the protein loop subjected to structural changes upon activation.52 The emission

spectrumof the Alexa 647 label bound to this cysteine was shown to undergo substantial changes depending on the calcium concentration.19

All these results and considerations make Rec a perfect test object to validate whether our modified BDI fluorescent labels can report struc-

tural changes in a protein.

We labeled Rec with each of the four synthesizedmaleimide dyes. The absorption spectra of labeled Rec (Figure S1A) showed high label-

ing efficiencies for DyeA, DyeB, and DyeC (�90%–100%), while DyeD had a low labeling efficiency (<5%) and, therefore, was excluded from

further experiments. The low labeling efficiency is probably related to the low water solubility of DyeD that was originally observed for its

parent compound (5d compound in Smirnov et al.3).

We measured fluorescence emission spectra of the labeled Rec in Ca2+-bound and Ca2+-free states (Figure 2). Rec-DyeB and Rec-DyeC

displayed pronouncedCa2+-induced changes in their fluorescence spectra. Similarly to previously characterized solvatochromic properties of

DyeB, Rec-DyeB showed a higher emission intensity in the presence of calcium; however, its emission maximum was also redshifted by

>50 nm, while the emission wavelength of free DyeB did not exhibit a solvatochromic behavior. On the other hand, Rec-DyeC showed a

50 nm redshift of the emission maximum as expected from the solvatochromic behavior of the free dye, but without any changes in the fluo-

rescence intensity. We further tested the labeling specificity for our best-performing dye, DyeC, and observed that the efficiency of non-spe-

cific labeling of the cysteine-free Rec mutant RecC39D was negligible (<5%, Figure S1A), suggesting that C39 was the only labeled amino acid

in the wild-type (WT) protein.
Fluorescence of DyeC highlights conformational changes in A2AAR induced by agonists and an allosteric modulator

To track ligand-induced conformational changes in a GPCR, we labeledA2AARwith DyeB andDyeC. For this purpose, we introduce a cysteine

residue L2256.27C (superscripts indicate Ballesteros–Weinstein numbering54) at the intracellular tip of the transmembrane helix 6 (TM6) to

serve as a labeling site. A large-scale movement of the intracellular part of TM6 is one of the hallmarks of activation in class A (rhodopsin-

like) GPCRs,55 including A2AAR.
56 Similar label placements at the intracellular tip of TM6 were used in previous fluorescence-based57,58

and F19-NMR43,59,60 studies.

The WT A2AAR (A2AARWT) contains 6 native unpaired cysteines buried in the receptor core, which are available for labeling when the re-

ceptor is purified in micelles.61 To attach dyes only to the genetically introduced cysteine residues, we labeled A2AARL225C in isolated crude

membranes, as described previously.58,61 This approach enables selective cysteine labeling on the intracellular receptor surface without the

necessity of removing native cysteines. After labeling, A2AARL225C was purified and reconstituted in lipid nanodiscs (NDs). The labeling effi-

ciency was estimated as 80% for A2AARL225C-DyeC and <5% for A2AARL225C-DyeB (Figure S1B); therefore, DyeB was excluded from further

experiments. Similar to DyeD, DyeB demonstrated low solubility in water, which correlates with its diminished labeling efficiency. Increased

hydrophobicity can induce dyes’ precipitation or non-specific binding to cell membranes, thereby diminishing the pool of dye molecules

available for labeling.
iScience 27, 110466, August 16, 2024 3



Figure 2. Ca2+-induced conformational and spectral changes of Rec labeled with DyeA, DyeB, and DyeC

(A–C) The Ca2+-induced response of Rec with three BDI-derived labels (DyeA, DyeB, and DyeC). Blue curves correspond to samples in the presence of 100 mM

CaCl2, and red curves correspond to calcium-free samples with 100 mM of chelator EGTA. The protein concentration was maintained at 10 mM. Excitation

wavelengths were 440 nm, 460 nm, and 410 nm for DyeA, DyeB, and DyeC, respectively.

(D) Structural rearrangements of labeled Rec induced by calcium ions. The structures of the calcium-free and calcium-bound forms are based on PDB IDs 1IKU

and 1JSA, respectively.51,53 DyeC attached to the single native cysteine (C39) in Rec is shown in yellow, and the myristoyl group at the N terminus of Rec is shown

in black. Rec is colored in a gradient from red on its N terminus to cyan on the C terminus.

ll
OPEN ACCESS

iScience
Article
As a negative control for labeling specificity, we also tried labeling A2AARWT with DyeC. The A2AARWT-DyeC sample showed a very low but

detectable fluorescence signal indicating a small percentage of non-specific labeling (<10%, Figure S1B). However, the fluorescence emission

spectrum of A2AARWT-DyeC did not change upon the addition of A2AAR ligands (Figure S1D), and, therefore, we concluded that the non-

specifically labeled A2AAR did not contribute to the observed spectral changes described in the following.

To test the response of DyeC to A2AAR activation, we measured its fluorescence emission spectra (Figure 3B) in the apo state, as well as in

complex with two agonists (NECA and adenosine) and two antagonists (ZM241385 and SCH58261). The A2AAR-DyeC emission spectra

showed a similar response to both agonists, while the antagonists did not change the emission spectra compared to the apo state. The ag-

onists increased the integrated fluorescence intensity by �20%, which we quantified as the integrated fluorescence intensity of the emission

spectrum (Figure 3C). Furthermore, the agonists induced a red shift of�5 nm in the emissionmaximumand resulted in a steeper left shoulder

in the spectrum. To quantify this change, we used the ratio between the intensities of the main emission peak at 520 nm and the blue-shifted

shoulder peak at 460 nm (I520/I460). The ratio I520/I460 changed from �1.7 for the apo and antagonist-bound receptor to �2.0 for the agonist-

bound receptor (Table S2). Thus, DyeC allowed tracking of the conformation changes in A2AAR based on changes in both the fluorescence

intensity and the shape of the spectrum.

To test whether ligand-induced changes in A2AARL225C-DyeC fluorescence spectra were due to conformational changes of the receptor

and not due to direct interactions between DyeC and ligands, we conducted displacement experiments of agonist NECA with the excess of

antagonist ZM241385, and vise versa (Figure S2). NECA and ZM241385 are both highly specific orthosteric A2AAR ligands (with nanomolar

Kd’s
63). The fact that the effect of NECA can be fully reversed by an excess of ZM241385, and vice versa, indicates that both ligands can

displace each other from the orthosteric site and have no direct interactions with DyeC.

After establishing the response to orthosteric agonists and antagonists, we used A2AARL225C-DyeC to characterize structural changes in

A2AAR induced by one of the most potent allosteric ligands, 5-(N,N-hexamethylene)-amiloride (HMA, Figure 3B). Previous docking simula-

tions suggested that HMA binds to a conserved intramembrane sodium-binding site that is spatially distinct from the orthosteric binding

site in A2AAR, where all other ligands used in this study bind.64 Previous functional studies showed that HMA increases the dissociation

rate (koff) for A2AAR antagonists, but not agonists.65,66 At the same time, HMAwas shown to displace both antagonists and agonists in compe-

tition assays.64,65,67 In our experiments, the shape of the fluorescence emission spectrum for theA2AARL225C-DyeC complexwith HMAdiffered

significantly from that for the receptor bound to other orthosteric ligands used in this study. The emission spectrum in the presence of HMA

showed a higher relative intensity of the blue-shifted shoulder peak at 460 nm than the spectra recorded in the presence of either agonists or

antagonists. The integrated fluorescence intensitymeasured in the presence of HMAwas statistically indistinguishable from that observed for

the agonist-bound A2AAR. These results imply that the allosteric ligand HMA stabilizes a distinct conformation of A2AAR, which is different
4 iScience 27, 110466, August 16, 2024



Figure 3. Structural and spectral changes of A2AARL225C-DyeC induced by various ligands

(A) Schematic representation of structural changes caused by agonists and the allosteric modulator HMA in A2AARL225C-DyeC. Structures of the active and

inactive A2AAR are sketched from PDB IDs 6GDG and 3RFM, respectively.45,62 Agonist binding results in an outward shift of the intracellular part of the TM6.

The structural effects of the allosteric modulator HMA remain unknown.

(B) Emission spectra of A2AARL225C-DyeC bound to antagonists (ZM241385 and SCH58261), agonists (NECA and adenosine), allosteric modulator (HMA), and in

the apo state.

(C) Variation of the integrated intensity of A2AARL225C-DyeC bound to different ligands. The integrated intensity is quantified as the area under the fluorescence

emission spectrum from 430 to 700 nm.

(D) Variation of the intensity ratio I520/I460 for different ligands. Each condition in C and D was measured at least 9 times with protein from at least three

independent purifications; each protein sample was mixed with the ligand independently. The data represent the mean G SD. The protein concentration

was maintained at 10 mM; all ligands were added at a saturating concentration of 100 mM. The significance level is given according to the ordinary one-way

ANOVA with the post hoc Tukey HSD test: **p < 0.005, *p < 0.05, ns, not significant..
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from the conformations of both inactive apo or antagonist-bound A2AAR and active agonist-bound A2AAR. Thus, we demonstrated that the

employment of the A2AARL225C-DyeC fluorescent sensor can report on conformational changes induced by A2AAR ligands with different

modes of action.
DyeC outperforms other dyes for the detection of conformational changes in A2AAR

Bimane is the most commonly used dye for detecting GPCR structural changes (Table S3), while cyanine and certain rhodamine dyes are

recognized for their environmental sensitivity and have previously demonstrated responsiveness to GPCR activation.68–73 Here, we have

compared the performance of DyeC with four environmentally sensitive dyes: two cyanine dyes (Cy3 and sulfo-Cy5), rhodamine dye

(tetramethylrhodamine-5, TMR-5), and bimane (monobromobimane). Similarly to DyeC, we labeled A2AARL225C in crude membranes, puri-

fied, and reconstituted it in ND. The labeling efficiency was estimated as �40%, �25%, �30%, and �66% for A2AARL225C with sulfo-Cy5,

Cy3, TMR-5, and bimane, respectively (Figure S1C). The ability of the labeled receptors to bind agonist and antagonist was confirmed via

the low-volume differential scanning fluorimetry nanoDSF assay74 (Figures S3A–S3D). However, the fluorescence emission spectra of sulfo-

Cy5, Cy3, and TMR-5, attached to A2AARL225C, showed no response to the addition of the A2AAR ligands (Figures S4A–S4C). Meanwhile, bi-

mane showed�7%decrease in the integrated intensity (�10%decrease in the emission intensity) and no spectral shift after the addition of the

A2AAR agonist (Figure S4D).
MD simulations of A2AARL225C-DyeC reveal the behavior of the label during receptor activation

The most pronounced conformational change in A2AAR upon activation by agonists is a substantial outward displacement of the intracellular

segment of TM6.56 Given that DyeC is located within this region of the protein, we attribute the increase in fluorescence intensity and the

redshift in emission maximum caused by agonists to the activated conformation of TM6. In order to rationalize fluorescence changes

observed upon A2AAR activation, we conducted MD simulations of A2AARL225C-DyeC embedded in a lipid membrane in both the active
iScience 27, 110466, August 16, 2024 5
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and inactive receptor states. Since obtaining adequate structural ensembles of labeled conformers in unbiased MD simulations still repre-

sents a serious computational challenge,75 which is additionally complicated by the presence of a lipid bilayer, we employed an efficient

enhanced sampling technique, known as metadynamics.76,77 This approach allowed us to estimate free-energy surfaces of DyeC attached

to A2AARL225C and predict its preferred spatial positions in the active and inactive states of the receptor.

The estimated free-energy surfaces revealed a remarkable difference in the predominant orientation of DyeCbetween the active and inac-

tive conformations of A2AAR (Figures 4A and 4B). In the active state, regions with low free energy values were observed near the protein-lipid

interface, where DyeC appears plunged into lipid headgroups. In contrast, the low-free-energy regions in the inactive state were located at

the receptor surface, where the label is located in the vicinity of intracellular tips of protein helices remaining largely in the aqueous

environment.

We further conducted unbiased molecular simulations without applying any external forces to evaluate the mobility of the DyeC label in

the uncovered free-energy minima for both active and inactive receptor states. The dynamics of DyeC is slower when the receptor is in the

active conformation, as indicated by higher values of the autocorrelation function (ACF) calculated for the vector describing the dye orien-

tation (Figure 4E). In the A2AAR active conformation, DyeC is immersed in the lipid head group region or trapped between TM5 and TM6

helices, while in the inactive receptor, DyeC is more exposed to the solvent (see Figures 4C and 4D).

These MD results enabled us to propose a mechanistic explanation for the changes in the spectral properties observed upon A2AAR acti-

vation. Upon receptor activation, DyeCmoves from an aqueous environment in the inactive state to the head group region of the lipid bilayer

in the active state (compare Figures 4A and 4B). This region has higher polarity due to the presence of chargedphosphate and choline groups.

This change in the dye environment may be the reason for the red shift of the fluorescence emission maximum, which is consistent with the

observed dependence of the DyeC emissionmaximum on the solvent logP (Figure 4F, compared with the consensus logP prediction =�2.65

obtained using the SwissADME service80 for the zwitterionic phosphocholinemoleculemimicking the POPC head group). Additionally, in the

active state, DyeC experiences greater confinement due to its encapsulation into the G-protein-binding cavity or interaction with TM6

(compare Figures 4D and 4C), resulting in lower ACF values (Figure 4E). This confinement invokes a restriction of the intramolecular rotation

(RIR) of DyeC, a phenomenon known to enhance FQY inGFP-derived chromophores.81 A concomitant increase in fluorescence intensity could

also be induced by the higher viscosity of the surrounding lipid environment, which can be up to 5 orders of magnitude greater than that of

bulk water,82–84 further promoting RIR.
DISCUSSION

In this study we utilized solvatochromic dyes inspired by the GFP chromophore to label Rec and A2AAR and measured their responses to li-

gands. Two out of four dyes (DyeB andDyeC) exhibitedCa2+-dependent changes in their emission spectra when attached to the nativeC39 of

Rec. Considering the structural similarity between Rec and other neuronal calcium sensors, DyeB and DyeC can be implemented for moni-

toring conformational changes of these proteins, including those involved in cardiac arrhythmia; Alzheimer’s, Parkinson’s, and Huntington’s

diseases; and proliferation of cancer cells.85 DyeC showed themost significant spectral change and was selected for A2AAR labeling.We spe-

cifically attached DyeC to the intracellular tip of TM6 of A2AAR containing a single point mutation (L2256.27C) using a crude-membrane-label-

ing procedure. We embedded the labeled A2AAR into ND to mimic a membrane-like environment. These measures improved the structural

integrity of the receptor and minimized potential artifacts. Overall, our approach compared favorably with previously reported methods

involving environmentally sensitive dyes (Table S3), where receptors were extensively mutated (up to six point mutations) or/and solubilized

in detergents.

A2AARL225C-DyeC exhibited a 20% increase in the integrated fluorescence intensity and a 5-nm redshift in the fluorescence emission

maximum in response to the interaction with full agonists (NECA and adenosine) but showed no response to the interaction with antagonists

(ZM241385 and SCH58261). Both the integrated fluorescence intensity and the I520/I460 ratio can be effectively used for quantitative descrip-

tion of the observed spectral changes. The latter ratiometric approach has the advantage that the readout does not depend on the receptor

concentration. It can be also useful when analyzing the effects of allosteric ligands, such as HMA, which has a unique impact on the shape of

the DyeC fluorescence spectra and can be distinguished from that caused by agonists. These spectral effects can be distinguished through

ratiometric analysis but not by integrated fluorescence intensity. The distinctive shape of the emission spectrum implies that structural

changes in A2AAR induced by HMA differ from those caused by orthosteric agonists. This finding aligns with a previous NMR study,43 which

showed that HMA increases the population of a state distinct from those stabilized by NECA.

Significantly, all measurements were performed using a microvolumes plate reader, yet they still yielded statistically significant results.

Therefore, GFP-inspired dyes hold significant potential in the development of high-throughput ligand-screening methods for both allosteric

and orthosteric ligands of GPCRs. Meanwhile, the usage of DyeC may be limited due to two main factors. Firstly, DyeC has low brightness,

which imposes requirements on the protein amount. Secondly, its blue excitation wavelength may create additional challenges, particularly

for in vivo applications.

In terms of the magnitude of agonist-induced changes in the fluorescence intensity and the emission maximum wavelength, DyeC is

competitive to other environmentally sensitive labels that have been previously employed to monitor GPCR activation (Table S3). Previous

GPCR activation studies using fluorescent labels have been predominantly focused on the b2-adrenergic receptor (b2AR) that exhibits

agonist-induced structural changes similar to A2AAR.
86 Dyes of diverse chemical compositions and properties have been employed to label

b2AR at positions analogous or proximate to the labeling site at the intracellular tip of TM6 used in our study. We experimentally compared

DyeC with several selected dyes: cyanine dyes (Cy3 and sulfo-Cy5), commonly known as environment-sensitive dyes, and a rhodamine dye
6 iScience 27, 110466, August 16, 2024



Figure 4. Molecular dynamics simulations of A2AARL225C-DyeC

(A and B) Isosurfaces (yellow) delineate the low-free-energy regions (at +25 kJ/mol level relative to the global free energy minimum) explored by the proximal

carbon atom of the dimethoxybenzene ring of DyeC label in the active (A) and inactive (B) states in metadynamics simulations. The A2AARL225C helices are labeled

from TM1 to H8 (TM6 is colored in red), the G-protein binding site is labeled in the active state.

(C andD) Positions of the dimethoxybenzene ring of the DyeC label in the active (C) and inactive (D) complexes throughout the unbiased (i.e., without any external

forces applied) MD simulations shown every 0.1 ns as orange/yellow dots, respectively. Each system was simulated for 1,000 ns in two replicates. The positions of

the lipid head groups are schematically indicated by the gray dotted line.

(E) Autocorrelation functions (ACFs) calculated for a vector describing the DyeC label position in the unbiased simulations shown in (C) and (D). Higher values of

ACF suggest slower reorientational dynamics of the label. Results for two replicates in the active/inactive states are shown in orange/yellow.

(F) Correlation between fluorescence emission maximum of DyeC in different solvents and their partition coefficient, logP. The logP values were obtained from

the PubChem/Chemeo databases78,79 and provided in Table S1. The inverse correlation implies that the translocation of DyeC into the region of the polar head

groups of lipids, as observed in the simulations of the active state, leads to a red shift in the fluorescence emission maximum.
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(TMR-5) – the brightest dyes (with ε > 100 M�1,cm�1,103) showed the greatest ligand-induced changes in fluorescence for the b2AR (�20-

�60%), and bimane—the most used dye for b2AR—showed a 50% intensity change and a 15-nm spectral shift in the presence of agonists

(Table S3). For A2AAR labeled at a similarly located cysteine, Cy3, sulfo-Cy5, and TMR-5 showed no ligand-induced changes in fluorescence.

Bimane exhibited�10% change in fluorescence intensity with no spectral shift, while DyeC showed a change of�20% in intensity and a 5-nm

spectral shift (Figure S4). Additionally, bimane has an emission spectrum with the maximum at a shorter wavelength (�450 nm compared to

515 nm for DyeC) and a lower extinction coefficient (�5,000 M�1cm-1 [Manglik et al87] compared to 14,000 M�1cm�1 for DyeC). Thus, in the

case of A2AAR,DyeCnot only surpasses other dyes but also exhibits a redshifted spectrumand a higher extinction coefficient compared to the

next best dye, rendering it a more preferable option for GPCR labeling in certain applications.

The notable differences in behavior between the labels attached to A2AAR in this study and previous findings on b2AR may stem from

various sources, warranting further experimental exploration. One plausible explanation is the use of different membrane-mimicking systems

across studies, which can influence receptor activation. Additionally, the activation mechanisms of these two receptors may have inherent

differences, as elucidated by NMR studies.43,88 While the apo form of b2AR appeared to remain fully inactive, with activated states emerging

only upon agonist introduction, active states were already observed in the apo form of A2AAR, with agonist addition amplifying their fraction.

This difference in receptor activation may reduce the fluorescence contrast between the apo and agonist-bound forms in the case of A2AAR.
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Consequently, while cyanine and rhodamine dyes demonstrated efficacy with b2AR in previous studies, they did not respond to agonist-

induced activation of A2AAR in this work, and bimane showed lower change in fluorescence intensity.

Cy3 attached to the intracellular tip of TM7 was also previously used to monitor A2AAR activation at a single-molecule level70 where rare

transitions to a short-lived highly fluorescent state were observed in the agonist-bound receptors. Approximately a 15% agonist-induced in-

crease in the integrated fluorescence intensity is expected from the single-molecule data, indicating that conformational changes of TM7

have stronger effect on Cy3 fluorescence than the changes around TM6 utilized in our study. Notably, this quantitative comparison is compli-

cated by the selection bias inherent in single-molecule experiments.

Our MD simulations revealed that the observed changes in the DyeC fluorescence spectrum can be explained by the relocation of the

fluorescent label to a more confined conformational space with a more hydrophilic environment upon receptor activation. This effect is

caused by the agonist-induced outward movement of the DyeC-labeled intracellular tip of TM6, representing a common feature of the acti-

vation mechanism in class A GPCRs.89 Considering these observations, we propose that our approach could be applied to other GPCRs

enabling future research on their conformational dynamics. The specific spectral changes of DyeC upon activation of other GPCRs may be

influenced by the unique details of their activation, warranting further experimental investigation to fully understand its performance across

different receptors.
Limitations of the study

It can be challenging to identify the exact mechanism responsible for the superior sensitivity of DyeC to the conformational changes in A2AAR

due to several influencing factors. Different dyes display distinct mechanisms of fluorogenicity and assume varied poses when attached to a

protein, depending on multiple factors such as their charges, hydrophobicities, and properties of the linkers. Previous experiments on high-

throughput protein mutagenesis and labeling demonstrated that a dye showing high sensitivity to conformational changes in one labeling

position can be outperformed by another, formerly less sensitive dye, when attached to another labeling position.90
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(2013). Universal aptamer-based real-time
monitoring of enzymatic RNA synthesis.
J. Am. Chem. Soc. 135, 13692–13694.

15. Strack, R.L., Song, W., and Jaffrey, S.R.
(2014). Using Spinach-based sensors for
fluorescence imaging of intracellular
metabolites and proteins in living bacteria.
Nat. Protoc. 9, 146–155.
16. Liu, Y., Wolstenholme, C.H., Carter, G.C.,
Liu, H., Hu, H., Grainger, L.S., Miao, K.,
Fares, M., Hoelzel, C.A., Yennawar, H.P.,
et al. (2018). Modulation of fluorescent
protein chromophores to detect protein
aggregation with turn-on fluorescence.
J. Am. Chem. Soc. 140, 7381–7384.

17. Meinild, A.-K., Hirayama, B.A., Wright, E.M.,
and Loo, D.D.F. (2002). Fluorescence studies
of ligand-induced conformational changes
of the Na(+)/glucose cotransporter.
Biochemistry 41, 1250–1258.

18. Hibbs, R.E., Talley, T.T., and Taylor, P. (2004).
Acrylodan-conjugated cysteine side chains
reveal conformational state and ligand site
locations of the acetylcholine-binding
protein. J. Biol. Chem. 279, 28483–28491.

19. Gensch, T., Komolov, K.E., Senin, I.I.,
Philippov, P.P., and Koch, K.-W. (2007).
Ca2+-dependent conformational changes
in the neuronal Ca2+-sensor recoverin
probed by the fluorescent dye Alexa647.
Proteins 66, 492–499.

20. Schauer-Vukasinovic, V., Cullen, L., and
Daunert, S. (1997). Rational design of a
calcium sensing system based on induced
conformational changes of calmodulin.
J. Am. Chem. Soc. 119, 11102–11103.

21. Simard, J.R., Getlik, M., Grütter, C.,
Schneider, R., Wulfert, S., and Rauh, D.
(2010). Fluorophore labeling of the glycine-
rich loop as a method of identifying
inhibitors that bind to active and inactive
kinase conformations. J. Am. Chem. Soc.
132, 4152–4160.

22. Rasheed, M., Richter, C., Chisty, L.T.,
Kirkpatrick, J., Blackledge, M., Webb, M.R.,
and Driscoll, P.C. (2014). Ligand-dependent
dynamics of the active-site lid in bacterial
dimethylarginine dimethylaminohydrolase.
Biochemistry 53, 1092–1104.
iScience 27, 110466, August 16, 2024 9

http://refhub.elsevier.com/S2589-0042(24)01691-2/sref1
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref1
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref1
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref1
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref2
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref3
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref4
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref5
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref6
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref7
https://doi.org/10.1002/asia.202200383
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref9
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref10
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref11
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref12
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref12
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref12
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref12
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref12
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref13
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref13
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref13
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref14
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref14
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref14
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref14
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref15
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref15
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref15
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref15
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref15
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref16
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref17
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref17
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref17
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref17
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref17
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref18
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref18
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref18
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref18
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref18
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref19
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref20
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref20
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref20
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref20
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref20
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref21
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22
http://refhub.elsevier.com/S2589-0042(24)01691-2/sref22


ll
OPEN ACCESS

iScience
Article
23. Gorraitz, E., Hirayama, B.A., Paz, A., Wright,
E.M., and Loo, D.D.F. (2017). Active site
voltage clamp fluorometry of the sodium
glucose cotransporter hSGLT1. Proc. Natl.
Acad. Sci. USA 114, E9980–E9988.

24. Zeng, H.-H., Thompson, R.B., Maliwal, B.P.,
Fones, G.R., Moffett, J.W., and Fierke, C.A.
(2003). Real-time determination of
picomolar free Cu(II) in seawater using a
fluorescence-based fiber optic biosensor.
Anal. Chem. 75, 6807–6812.

25. Salins, L.L.E., Goldsmith, E.S., Ensor, C.M.,
and Daunert, S. (2002). A fluorescence-
based sensing system for the environmental
monitoring of nickel using the nickel binding
protein from Escherichia coli. Anal. Bioanal.
Chem. 372, 174–180.

26. Namiki, S., Sakamoto, H., Iinuma, S., Iino,
M., and Hirose, K. (2007). Optical glutamate
sensor for spatiotemporal analysis of
synaptic transmission. Eur. J. Neurosci. 25,
2249–2259.

27. Kitajima, N., Takikawa, K., Sekiya, H., Satoh,
K., Asanuma, D., Sakamoto, H., Takahashi,
S., Hanaoka, K., Urano, Y., Namiki, S., et al.
(2020). Real-time in vivo imaging of
extracellular ATP in the brain with a hybrid-
type fluorescent sensor. Elife 9, e57544.
https://doi.org/10.7554/eLife.57544.

28. Donaldson, T., Iozzino, L., Deacon, L.J.,
Billones, H., Ausili, A., D’Auria, S., and
Dattelbaum, J.D. (2017). Engineering a
switch-based biosensor for arginine using a
Thermotoga maritima periplasmic binding
protein. Anal. Biochem. 525, 60–66.

29. Goguen, B.N., Loving, G.S., and Imperiali, B.
(2011). Development of a fluorogenic sensor
for activated Cdc42. Bioorg. Med. Chem.
Lett. 21, 5058–5061.

30. Hauser, A.S., Chavali, S., Masuho, I., Jahn,
L.J., Martemyanov, K.A., Gloriam, D.E., and
Babu, M.M. (2018). Pharmacogenomics of
GPCR Drug Targets. Cell 172, 41–54.e19.

31. Cristalli, G., Lambertucci, C., Marucci, G.,
Volpini, R., and Dal Ben, D. (2008). A2A
adenosine receptor and its modulators:
overview on a druggable GPCR and on
structure-activity relationship analysis and
binding requirements of agonists and
antagonists. Curr. Pharm. Des. 14,
1525–1552.

32. Wootten, D., Christopoulos, A., and Sexton,
P.M. (2013). Emerging paradigms in GPCR
allostery: implications for drug discovery.
Nat. Rev. Drug Discov. 12, 630–644.

33. Conn, P.J., Christopoulos, A., and Lindsley,
C.W. (2009). Allosteric modulators of
GPCRs: a novel approach for the treatment
of CNS disorders. Nat. Rev. Drug Discov.
8, 41–54.

34. Keov, P., Sexton, P.M., and Christopoulos,
A. (2011). Allosteric modulation of G
protein-coupled receptors: a
pharmacological perspective.
Neuropharmacology 60, 24–35.

35. May, L.T., Leach, K., Sexton, P.M., and
Christopoulos, A. (2007). Allosteric
modulation of G protein-coupled receptors.
Annu. Rev. Pharmacol. Toxicol. 47, 1–51.

36. Slosky, L.M., Caron, M.G., and Barak, L.S.
(2021). Biased Allosteric Modulators: New
Frontiers in GPCR Drug Discovery. Trends
Pharmacol. Sci. 42, 283–299.

37. Conn, P.J., Lindsley, C.W., Meiler, J., and
Niswender, C.M. (2014). Opportunities and
challenges in the discovery of allosteric
modulators of GPCRs for treating CNS
disorders. Nat. Rev. Drug Discov. 13,
692–708.
10 iScience 27, 110466, August 16, 2024
38. Christopoulos, A., and Kenakin, T. (2002). G
protein-coupled receptor allosterism and
complexing. Pharmacol. Rev. 54, 323–374.

39. Chen, J.-F., Eltzschig, H.K., and Fredholm,
B.B. (2013). Adenosine receptors as drug
targets–what are the challenges? Nat. Rev.
Drug Discov. 12, 265–286.

40. Ohta, A., and Sitkovsky, M. (2001). Role of
G-protein-coupled adenosine receptors in
downregulation of inflammation and
protection from tissue damage. Nature 414,
916–920.

41. Morelli, M., Di Paolo, T., Wardas, J., Calon,
F., Xiao, D., and Schwarzschild, M.A. (2007).
Role of adenosine A2A receptors in
parkinsonian motor impairment and l-
DOPA-induced motor complications. Prog.
Neurobiol. 83, 293–309.

42. Jaakola, V.-P., Griffith, M.T., Hanson, M.A.,
Cherezov, V., Chien, E.Y.T., Lane, J.R.,
Ijzerman, A.P., and Stevens, R.C. (2008). The
2.6 angstrom crystal structure of a human
A2A adenosine receptor bound to an
antagonist. Science 322, 1211–1217.

43. Ye, L., Van Eps, N., Zimmer, M., Ernst, O.P.,
and Prosser, R.S. (2016). Activation of the
A2A adenosine G-protein-coupled receptor
by conformational selection. Nature 533,
265–268.

44. Weinert, T., Olieric, N., Cheng, R., Brünle, S.,
James, D., Ozerov, D., Gashi, D., Vera, L.,
Marsh, M., Jaeger, K., et al. (2017). Serial
millisecond crystallography for routine
room-temperature structure determination
at synchrotrons. Nat. Commun. 8, 542.

45. Garcı́a-Nafrı́a, J., Lee, Y., Bai, X., Carpenter,
B., and Tate, C.G. (2018). Cryo-EM structure
of the adenosine A receptor coupled to an
engineered heterotrimeric G protein. Elife
7, e35946. https://doi.org/10.7554/eLife.
35946.

46. Yen, H.-Y., Hoi, K.K., Liko, I., Hedger, G.,
Horrell, M.R., Song, W., Wu, D., Heine, P.,
Warne, T., Lee, Y., et al. (2018). PtdIns(4,5)P2
stabilizes active states of GPCRs and
enhances selectivity of G-protein coupling.
Nature 559, 423–427.

47. Lee, C.-Y., Chen, Y.-C., Lin, H.-C., Jhong, Y.,
Chang, C.-W., Tsai, C.-H., Kao, C.-L., and
Chien, T.-C. (2012). Facile synthesis of
4-arylidene-5-imidazolinones as synthetic
analogs of fluorescent protein
chromophore. Tetrahedron 68, 5898–5907.

48. Deng, H., Yu, C., Gong, L., and Zhu, X.
(2016). Self-Restricted Green Fluorescent
Protein Chromophore Analogues: Dramatic
Emission Enhancement and Remarkable
Solvatofluorochromism. J. Phys. Chem. Lett.
7, 2935–2944.

49. Burgoyne, R.D. (2007). Neuronal calcium
sensor proteins: generating diversity in
neuronal Ca2+ signalling. Nat. Rev.
Neurosci. 8, 182–193.

50. Zang, J., and Neuhauss, S.C.F. (2018). The
Binding Properties and Physiological
Functions of Recoverin. Front. Mol.
Neurosci. 11, 473.

51. Ames, J.B., Ishima, R., Tanaka, T., Gordon,
J.I., Stryer, L., and Ikura, M. (1997). Molecular
mechanics of calcium-myristoyl switches.
Nature 389, 198–202.

52. Timr, �S., Kadlec, J., Srb, P., Ollila, O.H.S.,
and Jungwirth, P. (2018). Calcium Sensing
by Recoverin: Effect of Protein
Conformation on Ion Affinity. J. Phys. Chem.
Lett. 9, 1613–1619.

53. Tanaka, T., Ames, J.B., Harvey, T.S., Stryer,
L., and Ikura, M. (1995). Sequestration of the
membrane-targeting myristoyl group of
recoverin in the calcium-free state. Nature
376, 444–447.

54. Ballesteros, J.A., and Weinstein, H. (1995).
[19] Integratedmethods for the construction
of three-dimensional models and
computational probing of structure-function
relations in G protein-coupled receptors. In
Methods in Neurosciences Methods in
neurosciences (Elsevier), pp. 366–428.

55. Fredriksson, R., Lagerström, M.C., Lundin,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli strain BL21-CodonPlus�(DE3)-

RIL-X

Agilent Cat# 230265

Chemicals, peptides, and recombinant proteins

KMnO4 Sigma-Aldrich Cat# 60470

Myristic acid Sigma-Aldrich Cat# 8.00399

isopropyl b-D-1-thiogalactopyranoside Sigma-Aldrich Cat# PHG0010

Tris-HCl Sigma-Aldrich Cat# T3253

MgCl2 Sigma-Aldrich Cat# 8.14733

EDTA Sigma-Aldrich Cat# 4005-OP

EGTA Sigma-Aldrich Cat# 03777

PMSF Sigma-Aldrich Cat# PMSF-RO

DTT Sigma-Aldrich Cat# D0632

CaCl2 Sigma-Aldrich Cat# 499609

NaCl Sigma-Aldrich Cat# S9888

HEPES Sigma-Aldrich Cat# RDD035

DMSO Sigma-Aldrich Cat# 472301

X-tremeGENE�HPDNATransfection Reagent Roche Cat# XTGHP-RO

Transfection Medium Exression System Cat# 95-020-020

AEBSF Gold Biotechnology Cat# A-540

E-64 Cayman Chemical Cat# 10007963

Leupeptin Cayman Chemical Cat# 14026

KCl Sigma-Aldrich Cat# P9541

theophylline Sigma-Aldrich Cat# T0800000

sulfo-Cy5 maleimide Lumiprobe Cat# 13380

Cy3 maleimide Lumiprobe Cat# 11080

TMR-5 maleimide Lumiprobe Cat# 17180

monobrombimane Sigma-Aldrich Cat# B4380

Glycerol Sigma-Aldrich Cat# 356352-M

DDM Sigma-Aldrich Cat# D4641

CHS Sigma-Aldrich Cat# C6013

Imidazole Sigma-Aldrich Cat# I2399

ATP Sigma-Aldrich Cat# A26209

POCP Avanti Polar Lipids Cat# 850855C

POPG Avanti Polar Lipids Cat# 840457P

Ni-NTA Agarose Qiagen Cat# 30210

TALON resin Clontech Cat# 031716

Bio-Beads SM-2 Biorad Cat# 1523920

ZM241385 Cayman Chemical Cat# 20447

NECA Tocris Cat# 16-911-0

Adenosine Tocris Cat# 36-245-0R

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SCH58261 Tocris Cat# 22-701-0

HMA Sigma-Aldrich Cat# A9561

CDCl3 Sigma-Aldrich Cat# 151823

DMSO-d6 Sigma-Aldrich Cat# 151874

SDS Sigma-Aldrich Cat# 436143

DyeA This article N/A

DyeB This article N/A

DyeC This article N/A

DyeD This article N/A

Deposited data

MD custom script This paper https://github.com/porekhov/A2a_GFP_core_

dyes

Raw data for MD This paper; Mendeley Data https://doi.org/10.17632/67G48NMRWD.1

Recombinant DNA

pFastBac1 vector Invitrogen Cat# 10360010

pET11d vector Novagen Cat# 69439

Software and algorithms

Prism v9.4.1 GraphPad https://www.graphpad.com/

MODELLER Webb and Sali91

CHARMM-GUI Jo et al.92

GROMACS Abraham et al.93

ORCA v4.0 Neese94

AMBER https://ambermd.org/

PR.ThermControl software NanoTemper

Other

F254 glass-backed plates Merck Cat# 105738

700 MHz Bruker Avance NMR Bruker N/A

800 MHz Bruker Avance III NMR Bruker N/A

SMP 30 apparatus Stuart Scientific Cat# SMP30

micrOTOF II instrument Bruker N/A

ESI Tuning Mix Agilent Cat# G1969-85000

Phenyl Sepharose column Cytiva Cat# GE17-1082-01

HiTrap Q FF column Cytiva Cat# GE17-5156-01

Luna C18 reversed-phase column Phenomenex N/A

10 kDa MWCO Amicon Ultra centrifugal filter

unit

Merck Millipore Cat# UFC8010D

Stirred Cell Model 8003 Millipore Cat# 5125-M

10 kDa MWCO regenerated cellulose filter Millipore Cat# PLGC04710

Breathe-Easy membranes Greiner BioOne Cat# Z380059

Shel Lab incubator Shel Lab N/A

Innova 44 New Brunswick N/A

vent-cap flasks Corning

BD Accuri C6 BD Biosciences N/A

30 kDa MWCO Amicon Ultra filter Merck Cat# UFC8030

Hei-VAP Ultimate ML/G1 Heidolph N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Dry Oil-Free Deep Vacuum System ChemStar� N/A

100 kDa MWCO Amicon Ultra filter Merck Cat# UFC8100

Mini-Protean IV system Bio-Rad Cat# 1658000

Prometheus NT.48 capillaries NanoTemper Cat# PR-C002

Prometheus NT.48 Nano-DSF instrument NanoTemper N/A

Synergy H4 Agilent BioTek N/A

Take3 Microvolume Plate Agilent BioTek Cat# 27671
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Valentin Borsh-

chevskiy (borshchesvkiy@gmail.com).
Materials availability

Schemes of synthesis of the DyeA, DyeB, DyeC, and DyeD are available in the methods section.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� All original code has been deposited at https://github.com/porekhov/A2a_GFP_core_dyes and is publicly available as of the date of

publication. The resulting topologies, starting configurations, and trajectories are available in the Mendeley Data.95 Accession

numbers are listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHODS DETAILS

Synthesis of dyes

Commercially available reagents of highest purity were used without additional purification. Merck Kieselgel 60 was used for flash chroma-

tography. Thin-layer chromatography was performed on silica gel 60 F254 glass-backed plates (Merck). Visualization was enabled by staining

with KMnO4 and illumination with UV light (254 or 312 nm).

NMR spectra were recorded on a 700MHz Bruker AvanceNMR at 303 K and a 800MHz Bruker Avance III NMR at 333 K. Chemical shifts are

reported relative to the residue peaks of CDCl3 (7.27 ppm for 1H and 77.0 ppm for 13C) or DMSO-d6 (2.51 ppm for 1H and 39.5 ppm for 13C).

Melting points were measured on an SMP 30 apparatus (Stuart Scientific). High-resolution mass spectra (HRMS) were recorded on a Bruker

micrOTOF II instrument using electrospray ionization (ESI). The measurements were carried out in a positive ion mode (interface capillary

voltage - 4500 V) or in a negative ion mode (3200 V); mass range from m/z 50 to m/z 3000; external or internal calibration was done with

ESI Tuning Mix (Agilent). A syringe injection was used for solutions in acetonitrile, methanol, or water (flow rate 3 mL/min). Nitrogen was

applied as a dry gas; interface temperature was set at 180�C.

Synthetic procedures

Preparation of (Z)-4-(4-benzylidene-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acids (Figure S5A).
14 iScience 27, 110466, August 16, 2024
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The corresponding aromatic aldehyde (12 mmol) was dissolved in MeOH (50 mL) and mixed with 4-aminobutanoic acid (1.35 g, 13 mmol),

triethylamine (2.8mL, 20mmol) andMS 4 Å (5 g) and 3 Å (5 g). Themixturewas stirred for 5 days at room temperature. Themixturewas filtered;

MS were washed with MeOH (23 10 mL). The solvent was evaporated and ethyl((methoxy)amino)acetate (2.4 g, 15 mmol) was added to the

residue. The mixture was stirred for 4 days at room temperature, solvents were evaporated and the product was purified by column chroma-

tography (CH2Cl2-iPrOH-AcOH, 100/5/0.5).
(Z)-4-(4-(4-cyanobenzylidene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (Figure S5B)

Yellow solid (1.92 g, 54%); mp= 176–179�S; 1HNMR (700MHz, DMSO-d6) d ppm 12.10 (br. s., 1 H), 8.38 (d, J = 8.4 Hz, 2 H), 7.90 (d, J = 8.4 Hz, 2

H), 7.02 (s, 1 H), 3.61 (t, J = 7.2 Hz, 2 H), 2.41 (s, 3 H), 2.27 (t, J = 7.2 Hz, 2 H), 1.79 (quin, J = 7.2 Hz, 2 H); 13C NMR (176 MHz, DMSO-d6) d ppm

173.8, 169.8, 166.2, 140.9, 138.6, 132.3, 132.0, 122.0, 118.7, 111.3, 39.5, 30.7, 23.8, 15.4; HRMS (ESI) m/z: 298.1189 found (calcd for C16H16N3O3
+,

[M + H]+ 298.1186).
(Z)-4-(4-(2,5-dimethoxybenzylidene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (DyeC acid, Figure S5C)

Yellow solid (2.51 g, 63%); mp = 148–151�S with decomposition; 1H NMR (700 MHz, DMSO-d6) d ppm 12.10 (br. s., 1 H), 8.39 (s, 1 H), 7.26 (s, 1

H), 7.23–7.28 (m, 2 H), 3.83 (s, 3 H), 3.74 (s, 3 H), 3.59 (t, J = 7.2 Hz, 2 H), 2.38 (s, 3 H), 2.26 (t, J = 7.2 Hz, 2 H), 1.78 (quin, J = 7.2 Hz, 2 H); 13C NMR

(176MHz, DMSO-d6) dppm173.8, 170.0, 163.8, 153.0, 152.9, 138.3, 122.9, 117.6, 117.1, 117.0, 112.2, 56.1, 55.4, 39.3, 30.7, 23.9, 15.4; HRMS (ESI)

m/z: 333.1452 found (calcd for C17H21N2O5
+, [M + H]+ 333.1445).

Preparation of 4-(4-((Z)-benzylidene)-2-((E)-styryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acids (Figure S5D)

To the solution of (Z)-4-(4-benzylidene-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (1 mmol) in pyridine (5 mL) piperidine

(0.01 mL) and corresponding aldehyde (5 mmol) were added. The mixture was refluxed for 24 h and the solvent was evaporated. The residue
iScience 27, 110466, August 16, 2024 15
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was dissolved with mixture EtOAc (200 mL) and AcOH (1 mL), washed brain (23 10 mL) and dried over Na2SO4. The solvent was evaporated

and the product was purified by column chromatography (CH2Cl2-MeOH, 100/5).
4-(4-((Z)-4-cyanobenzylidene)-2-((E)-styryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (DyeA acid, Figure S5E)

Yellow solid (275mg, 71%);mp= 194–197�S; 1HNMR (700MHz, DMSO-d6) dppm12.29 (br. s., 1 H), 8.48 (d, J = 8.2 Hz, 2 H), 8.15 (d, J = 15.6 Hz,

1 H), 7.87–7.93 (m, 4 H), 7.45–7.52 (m, 3 H), 7.33 (d, J = 15.6 Hz, 1 H), 7.08 (s, 1 H), 3.81 (t, J = 7.3 Hz, 2 H), 2.32 (t, J = 7.0 Hz, 2 H), 1.80 (quin, J =

7.2 Hz, 2 H); 13C NMR (176 MHz, DMSO-d6) d ppm 174.1, 169.8, 162.1, 142.0, 141.5, 139.0, 134.9, 132.3, 132.3, 130.5, 129.0, 128.6, 122.0, 118.8,

113.4, 111.2, 38.9, 30.6, 24.5; HRMS (ESI) m/z: 386.1510 found (calcd for C23H20N3O3
+, [M + H]+ 386.1499).
4-(4-((Z)-4-cyanobenzylidene)-2-((E)-4-methoxystyryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (DyeB acid,

Figure S5F)

Orange solid (310 mg, 81%); mp = 217–220�S; 1H NMR (700MHz, DMSO-d6) d ppm 8.46 (d, J = 8.2 Hz, 2 H) 8.11 (d, J = 15.6 Hz, 1 H), 7.86–7.90

(m, 4 H), 7.20 (d, J = 15.6 Hz, 1 H), 7.04 (d, J = 8.8 Hz, 2 H), 7.01 (s, 1 H), 3.84 (s, 3 H), 3.79 (t, J = 7.3 Hz, 2 H), 2.27 (t, J = 7.0 Hz, 2 H), 1.78 (quin, J =

7.2 Hz, 2 H); 13C NMR (176 MHz, DMSO-d6) d ppm 169.9, 162.5, 161.4, 142.0, 141.7, 139.2, 132.3, 132.1, 130.6, 127.6, 120.9, 118.9, 114.5, 114.5,

110.9, 110.6, 55.4, 39.0, 31.3, 24.8; HRMS (ESI) m/z: 416.1609 found (calcd for C24H22N3O4
+, [M + H]+ 416.1605).
4-(4-((Z)-2,5-dimethoxybenzylidene)-2-((E)-2-(pyridin-4-yl)vinyl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acid (DyeD

acid, Figure S5G)

Orange solid (290mg, 69%); mp= 254-257�S; 1HNMR (700MHz, DMSO-d6) d 12.21 (br. s., 1 H), 8.67 (d, J = 5.9 Hz, 2 H), 8.54 (s, 1 H), 7.93 (d, J =

15.8 Hz, 1 H), 7.79 (d, J = 5.9 Hz, 2 H), 7.54 (d, J = 15.6 Hz, 1 H), 7.42 (s, 1 H), 7.03–7.08 (m, 2 H), 3.86 (s, 3 H), 3.79–3.84 (m, 5 H), 2.31 (t, J = 7.1 Hz, 2
16 iScience 27, 110466, August 16, 2024
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H), 1.80 (quin, J = 7.2 Hz, 2 H); 13C NMR (201 MHz, DMSO-d6) d ppm 174.0, 169.8, 159.2, 153.4, 153.0, 150.3, 141.9, 138.7, 137.5, 123.1, 122.0,

119.2, 118.4, 118.3, 116.3, 112.4, 56.1, 55.3, 38.8, 30.4, 24.5; HRMS (ESI) m/z: 422.1719 found (calcd for C23H24N3O5
+, [M + H]+ 422.1710).

Preparation of 4-(4-((Z)-benzylidene)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)butanamide
(Figure S5H)

To the solution of 4-(4-((Z)-benzylidene)-2-((E)-styryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)butanoic acids (0.1 mmol) in acetonitrile (2 mL)
1-(2-aminoethyl)-1H-pyrrole-2,5-dione hydrochloride (20 mg, 0.114 mmol), HBTU (40 mg, 0.106 mmol) and DIPEA (0.075 mL, 0.4 mmol)

were added. The mixture was stirred for 12 h at room temperature. The mixture was dissolved with CHCl3 (200 mL), washed with a saturated

solution of NaHCO3 (63 50), HCl (1%, 30 mL) and brain (23 50 mL) and dried over Na2SO4. The solvent was evaporated and the product was

purified by column chromatography (CH2Cl2-MeOH, 100/5).

4-(4-((Z)-4-cyanobenzylidene)-2-((E)-styryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)

butanamide (DyeA maleimide, Figure S5I)

Yellow solid (38 mg, 75%); mp = 153–157�S; 1H NMR (700 MHz, DMSO-d6) d ppm 8.48 (d, J = 8.4 Hz, 2 H), 8.14 (d, J = 15.6 Hz, 1 H), 7.98 (t, J =

5.9 Hz, 1 H), 7.90–7.94 (m, 4 H), 7.46–7.53 (m, 3 H), 7.36 (d, J = 15.8 Hz, 1 H), 7.08 (s, 1 H), 6.94 (s, 2 H), 3.76 (t, J = 7.2 Hz, 2 H), 3.45 (t, J = 5.8 Hz, 2

H), 3.19 (q, J = 5.9 Hz, 2 H), 2.08 (t, J = 7.2 Hz, 2 H), 1.77 (quin, J = 7.2 Hz, 2 H); 13C NMR (176 MHz, DMSO-d6) d ppm 171.6, 171.0, 169.8, 162.2,

142.0, 141.6, 139.0, 134.9, 134.4, 132.3, 132.3, 130.5, 129.0, 128.7, 122.0, 118.8, 113.5, 111.2, 38.2, 37.1, 36.9, 31.7, 24.8; HRMS (ESI) m/z:

508.1989 found (calcd for C29H26N5O4
+, [M + H]+ 508.1979).
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4-(4-((Z)-4-cyanobenzylidene)-2-((E)-4-methoxystyryl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)-N-(2-(2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)ethyl)butanamide (DyeB maleimide, Figure S5J)

Orange solid (33 mg, 61%); mp = 181-184�S; 1H NMR and 13C NMR – see Figure S6; HRMS (ESI) m/z: 538.2089 found (calculated for

C30H28N5O5
+, [M + H]+ 538.2085).

The structure of this compound was analyzed by two-dimensional NMR spectroscopy. The compound is represented in solution by two

isomers in approximately 1:1 ratio. However, these isomers easily passed into each other in solution and the ratio could change with time. To

elucidate the structure of both isomers, we performed full chemical shift assignment based on the HSQC, COSY, 13C- and 15N-HMBC spectra

and measured the heteronuclear vicinal H-C J-couplings, using the PIP-HSQCMBC experiment.96

According to the NMR data, this compound is present in solution as a mixture of Z and E isomers across the C10-C20 double bond. The

major state corresponds to the Z-isomer, which is supported by the large magnitude of H10-H2’ 3J-coupling (15.6 Hz), corresponding to

the trans orientation of protons. In theminor state, the same J-coupling equals 13.0 Hz, which corresponds to the cis orientation. Themaximal

chemical shift difference between the two states is observed for the double bond protons H10 andH2’, and exceeds 0.8 ppm for both of them.

(Z)-4-(4-(2,5-dimethoxybenzylidene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-

1-yl)ethyl)butanamide (DyeC maleimide, Figure S5K)

Yellow solid (24 mg, 53%); mp = 125–128�Swith decomposition; 1H NMR and 13C NMR see Figure S7; HRMS (ESI) m/z: 455.1915 found (calcu-

lated for C23H27N4O6
+, [M + H]+ 455.1925).

The structure of this compound was analyzed by two-dimensional NMR spectroscopy. The compound is represented in solution by two

isomers in approximately 1:2 ration (E and Z). However, these isomers easily passed into each other in solution and the ratio could changewith

time. To elucidate the structure of both isomers, we performed full chemical shift assignment based on theHSQC, COSY, 13C- and 15N-HMBC

spectra and measured the heteronuclear vicinal H-C J-couplings, using the PIP-HSQCMBC experiment.96

DyeC maleimide exists as two Z-E isomers across the C6-C4 double bond. The major form is the Z-isomer, which follows directly from the

value of C6H-C5 J-coupling (4.8 Hz), which is indicative of the cis arrangement of the C6 proton and C5 carbon. In contrast, the corresponding

J-coupling in the minor configuration of DyeC maleimide equaled 9.9 Hz, implying the trans arrangement of the proton and carbon and

E-configuration of the double bond. This is supported by the chemical shift differences between the states, which are at most pronounced

for the C6 carbon and exceed 10 ppm.
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4-(4-((Z)-2,5-dimethoxybenzylidene)-2-((E)-2-(pyridin-4-yl)vinyl)-5-oxo-4,5-dihydro-1H-imidazol-1-yl)-N-(2-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl)ethyl)butanamide (DyeD maleimide, Figure S5L)

Orange solid (22 mg, 41%); mp = 204-207�S; 1H NMR (700 MHz, DMSO-d6) d ppm 8.69 (d, J = 6.1 Hz, 2 H), 8.53 (t, J = 1.7 Hz, 1 H), 7.99 (t, J =

6.2 Hz, 1 H), 7.92 (d, J = 15.8 Hz, 1 H), 7.82 (d, J = 5.9 Hz, 2 H), 7.59 (d, J = 15.6 Hz, 1 H), 7.42 (s, 1 H), 7.05 (d, J = 1.7 Hz, 2 H), 6.95 (s, 2 H), 3.86 (s, 3

H), 3.83 (s, 3 H), 3.75 (t, J = 7.4 Hz, 2 H), 3.46 (t, J = 5.8 Hz, 2 H), 3.20 (q, J = 5.8 Hz, 2 H), 2.07 (t, J = 7.3 Hz, 2 H), 1.76 (quin, J = 7.3 Hz, 2 H); 13CNMR

(201 MHz, DMSO-d6) d ppm 171.7, 171.0, 169.7, 159.3, 153.4, 153.0, 150.3, 142.0, 138.7, 137.5, 134.4, 123.0, 122.1, 119.2, 118.5, 118.4, 116.2,

112.5, 56.2, 55.3, 39.0, 37.1, 36.9, 31.7, 24.9; HRMS (ESI) m/z: 544.2198 found (calcd for C29H30N5O6
+, [M + H]+ 544.2191).
Rec and RecC39D expression, purification and labeling

DNA constructs

The genetic construct for bacterial expression of Rec fromBos taurus (UniProt ID P21457) was prepared by inserting corresponding cDNA into

a pET11d vector (Novagen, USA) between NcoI and BamHI restriction sites under the control of the T7 phage promoter as previously

described.97 The construct for the expression of the cysteine-free Rec mutant C39D (RecC39D) was obtained by site-directed mutagenesis us-

ing the bovine Rec gene in a pET-11d plasmid as a template as previously described.98

Rec and RecC39D expression

Rec and RecC39D were produced in Escherichia coli strain BL21-CodonPlus(DE3)-RIL-X (Agilent, USA) co-transformed with a pBB131 plasmid,

carrying a gene for the N-myristoyl transferase-1 from Saccharomyces cerevisiae (UniProt ID P14743). To obtain themyristoylated form of Rec,

cells were cultivated for 5 h (250 rpm, 37�C) in the presence ofmyristic acid (20mg/L) added to themedium immediately prior to the induction

of the expression with 0.5 mM isopropyl b-D-1-thiogalactopyranoside. Rec/RecC39D-containing fractions were obtained by exposing cells to

repetitive freeze-thaw cycles in lysis buffer (50 mM Tris-HCl, pH = 7.5, 5 mMMgCl2, 1 mM EDTA, 0.1 mM PMSF, 3 mMDTT) and treatment of

the resulting suspension with lysozyme (25–50 mg/mL, 20 min, on ice) with subsequent centrifugation (12,000 3g, 20 min, 4�C).

Rec and RecC39D purification

For the primary isolation of Rec and RecC39D, the obtained fractions were mixed on ice with calcium chloride (3 mM), loaded onto a Phenyl

Sepharose column (Cytiva, USA), equilibrated with a buffer (20 mM Tris-HCl, pH = 7.5, 2 mM CaCl2, 2 mM MgCl2 and 1 mM DTT), and the

target proteins were eluted with the same buffer containing 1 mM EGTA instead of CaCl2. For the final purification and concentration of re-

coverin forms, the EGTA fractions were loaded onto a HiTrap Q FF column (Cytiva, USA) equilibrated with a buffer (20 mM Tris-HCl, pH = 7.5,

1 mMDTT), and the proteins were eluted using a linear salt gradient from 0 to 1MNaCl. After the purification, Rec and RecC39D were dialyzed

against a storage buffer (20mMTris-HCl, pH = 7.5, 1mMDTT), aliquoted, and stored at�80�C (Figure S8A). The degree of Recmyristoylation

in the obtained preparations was determined by analytical HPLC using Luna C18 reversed-phase column (Phenomenex) in the acetonitrile-

water system and was more than 95% (Figures S8B and S8C). The final yield was 25–30 mg of the Rec/RecC39D per liter of bacterial culture.

Rec labeling

Rec samples were transferred to a labeling buffer (50 mM HEPES, pH = 7.0, 5 mM EGTA) using 10 kDa MWCOAmicon Ultra centrifugal filter

unit (MerckMillipore, USA), and concentrated to 0.5 mg/mL. 20-foldmolar excess of each of the dyes (DyeA, DyeB, DyeCor DyeD) dissolved in

DMSOwas then added to Rec preparation, yielding the final DMSO concentration of 6% (v/v). The mixture was incubated for 16 h at 4�C with

constant rotation on an orbital shaker (15 rpm) in the dark. The unbound fluorescent labels were washed out with a Rec-washing buffer (50mM

HEPES pH = 8.0) in a Stirred Cell Model 8003 (Millipore), with a 10 kDa MWCO regenerated cellulose filter (Millipore). The protein concen-

tration and labeling efficiency were calculated from the absorption spectra as described below (see ‘‘Labeled proteins absorption and emis-

sion measurements’’).
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A2AAR expression, purification, and labeling

DNA construct

The nucleotide sequence of the human ADORA2A gene encoding A2AAR (2–316 aa) (UniProt ID C9JQD8) was obtained from the cDNA

Resource Center (cdna.org, #ADRA2A0000) and modified for expression in Spodoptera frugiperda. The final gene construct was comple-

mented from the 50-terminus by nucleotide sequences of the hemagglutinin signal peptide (MKTIIALSYIFCLVFA), FLAG tag (DYKDDDDK),

linker (AMGQPVGAP), and from the 30-terminus by the 103His-tag nucleotide sequence and inserted into a pFastBac1 vector (Invitrogen)

via the BamHI(50) and HindIII(30) restriction sites. The L2256.27C mutation was introduced by PCR. A snake-plot representation of the protein

construct is shown in Figure S9A.

A2AAR expression

A high-titer recombinant baculovirus (>109 viral particles per mL) for A2AAR expression in insect cells (Sf9) was obtained following a modified

Bac-to-Bac system protocol (Invitrogen). Recombinant baculoviruses were generated by transfecting 2.5 mg of a transfer bacmid into Sf9 cells

(2.5 mL at a density of 106 cells/mL) using 3 mL of X-tremeGENE HP DNA Transfection Reagent (Roche) and 100 mL Transfection Medium

(Expression Systems). The cell suspension was incubated for 4 days with shaking using a Shel Lab incubator at 27�C and 300 rpm in

24-deep well U-bottom plates covered with Breathe-Easy membranes (Greiner BioOne). A P0 viral stock was isolated by centrifugation at

2000 3g for 5 min, and used to produce a high-titer baculovirus stock (P1): 40 mL of cells at 2 3106 cells/mL density were infected with

2.5 mL supernatant, and grew for 72 h with shaking at 27�C and 120 rpm (Innova 44, New Brunswick). Sf9 cells at a cell density of 2–3 3106

cells/mL were infected with the P1 virus at the multiplicity of infection equal to 5. Expression was performed with shaking at 27�C and

120 rpm (Innova 44, New Brunswick), in 1 L vent-cap flasks (Corning). Cells were harvested by centrifugation at 2,000 3g for 10 min, after

48 h post infection, and stored at �80�C until further use. Cell counts, viral titers and expression levels were measured by flow cytometry

on a BD Accuri C6 (BD Biosciences).

A2AAR purification and labeling

The biomass obtained from 1 L of cell culture was thawed on ice with 200 mL of a protease inhibitor cocktail (500 mM AEBSF (Gold Biotech-

nology), 1 mM E�64 (Cayman Chemical), 1 mM leupeptin (Cayman Chemical), 150 nM aprotinin (AG Scientific)) in a low-salt buffer (10 mM

HEPES pH = 7.5, 10 mM MgCl2, 20 mM KCl) to 100 mL (scaled if necessary). The mixture was homogenized in a high-tight 100 mL Potter

douncer on ice, centrifuged for 20 min at 4�C and 220,000 3g. The supernatant was discarded, and the pellet was resuspended in 100 mL

of a high-salt buffer (10 mM HEPES pH = 7.5, 10 mM MgCl2, 20 mM KCl, 1 M NaCl) supplemented with 100 mL protease inhibitor cocktail,

centrifuged for 30 min at 4�C and 220,000 3g. The resuspension and centrifugation were repeated one more time.

Fluorescent labeling and all further procedures were carried out at 4�C in the dark or under a dim red light and with constant rotation on an

orbital shaker (15 rpm) during any incubation.

The washed membranes obtained from 1 L of cell culture were resuspended in 20 mL of a labeling buffer (20 mM HEPES pH 7.0, 10 mM

MgCl2, 20mMKCl, 4mM theophylline, 50 mL protease inhibitor cocktail), mixedwith a dye solution (2mg of sulfo-Cy5maleimide (Lumiprobe),

2 mg Cy3 maleimide (Lumiprobe), 2 mg TMR-5 maleimide (Lumiprobe), 4 mg of DyeB, 2 mg of bimane, or 4 mg DyeC, dissolved in 60 mL of

DMSO), and incubated for 16 h. After labeling, membrane fractions were pelleted by ultracentrifugation at 220,0003g for 30min and washed

three times with the high-salt buffer to remove unbound fluorescent labels.

The labeled membranes were homogenized in 50 mL of solubilization buffer (50 mM HEPES pH = 7.5, 800 mM NaCl, 5% v/v glycerol,

0.5/0.1% w/v DDM/CHS (Sigma), 4 mM theophylline (Sigma), 50 mL protease inhibitor cocktail). Receptor solubilization was carried out for

4 h. The insoluble debris was eliminated then by centrifugation for 1 h, 650,000 3g, while the target protein remained in the supernatant.

The supernatant was incubated with 500 mL of a TALON resin (Clontech) for 16 h.

The resin was washed with 10 column volumes (CV) of wash buffer 1 (50 mMHEPES pH = 7.5, 800 mMNaCl, 10% v/v glycerol, 25 mM imid-

azole, 0.1/0.02%w/v DDM/CHS, 10 mMMgCl2, 8 g/mol ATP (Sigma), 4 mM theophylline), then 5 CV of wash buffer 2 (50 mMHEPES pH = 7.5,

800 mMNaCl, 10% v/v glycerol, 50 mM imidazole, 0.05/0.01% w/v DDM/CHC, and 4 mM theophylline). The receptor was eluted with 3 CV of

elution buffer (25 mM HEPES pH = 7.5, 800 mM NaCl, 10% v/v glycerol, 220 mM imidazole, 0.01/0.002% w/v DDM/CHS, and 4 mM theoph-

ylline). The eluted receptor was desalted from imidazole using a size-exclusion PD10 column (GE Healthcare) equilibrated with the desalt

buffer (25 mM HEPES pH = 7.5, 800 mM NaCl, 0.01/0.002% w/v DDM/CHS).

The labeled and purified receptor was concentrated using a 30 kDa MWCO filter (Merck, Amicon Ultra) to 10–15 mM. Receptor purity and

homogeneity were assessed by SDS-PAGE and analytical size-exclusion chromatography (SEC) accordingly (Figures S9B–S9D).

A2AAR reconstitution into ND

The Membrane Scaffold Protein 1D1 (MSP1D1) for ND was expressed in the Escherichia coli strain BL21(DE3) using a gene (nucleotide

sequence was taken from McLean M.A. at al.99 and synthesized de novo, Genescript) with an N-terminal 63His-tag and a TEV-protease

site cloned into a pET28a vector between the NcoI and HindIII restriction sites (Table S3). MSP1D1 was purified using IMACNi-NTA Agarose

(Qiagen) with further cleavage of 63His-tag by TEV protease. The lipid mixture of POPC:POPG (Avanti Polar Lipids) in chloroform was pre-

pared at amolar ratio 7:3. The lipid filmwas dried under a gentle nitrogen gas stream, followed by removal of the solvent traces under vacuum
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first with the use of a rotary evaporator (Hei-VAP Ultimate ML/G1, Heidolph) and then with deep vacuum oil-free pump (ChemStar Dry Oil-

Free Deep Vacuum System) overnight, next day solubilized in 100 mM sodium cholate (Sigma) and stored at �80�C until further use.

The purified A2AAR (WT or L225S6.27) in DDM/CHS micelles was mixed with MSP1D1 and the POPG:POPC lipid mixture at a molar ratio

A2AAR:MSP1D1:lipids = 1:5:50. The final sodium cholate concentration was maintained in the range of 25–30 mM, the typical final receptor

concentration was 0.5⎼0.6 mg/mL. After 1 h pre-incubation, themixture was incubated overnight with wet Bio-Beads SM-2 (0.14 g of beads for

1 g of detergent were washed inmethanol and equilibrated with 25mMHEPES, pH = 7.5, 150 mMNaCl). The next morning, a fresh portion of

Bio-Beads for an additional 4 h incubation was added, beads were discarded and the supernatant containing reconstituted into ND A2AAR

was incubated for 4 h with 250 mL of Ni-NTA resin (Qiagen) for separating from empty ND. The protein was eluted in the elution buffer (25 mM

HEPES pH = 7.5, 150 mM NaCl, 150 mM imidazole), and then desalted from imidazole using size-exclusion PD-10 column equilibrated with

desalt ND buffer (25 mM HEPES pH = 7.5, 150 mM NaCl).

A2AAR reconstituted into ND was concentrated using a 100 kDa MWCO filter (Merck, Amicon Ultra) to 10–15 mM. Labeling efficiency was

calculated from the absorption spectrum measured as described below (see ‘‘Concentration and labeling efficiency calculations’’).

SDS-PAGE, SEC and nanoDSF

The samples were subjected to SDS-PAGE using a Mini-Protean IV system (Bio-Rad) with polyacrylamide gel (5% concentrating gel with

AA:bisAA ratio of 29:1 and 15% resolving gel with 19:1 AA:bisAA ratio). The protein was loaded in the amount of 5 mg of receptor per

lane previously mixed with a loading buffer (25 mM Tris pH = 6.8, 25% v/v glycerol, 0.25% SDS, bromophenol blue) without preheating

and stained after separation with Coomassie Brilliant Blue R-250.

Analytical size-exclusion chromatography was performed on a Dionex Ultimate 3000 instrument (Thermofisher) equipped with a Nanofilm

Sec 250 (Sepax technologies, cat# 201250-4625) gel filtration analytical column. The column was equilibrated with chromatographic buffer:

0.05/0.01% w/v DDM/CHC, 25 mM HEPES pH = 7.5, 500 mMNaCl, 20 mMMgCl2, 2% v/v glycerol. For ND, no detergents were added in the

chromatographic buffer. The flow rate was 0.35 mL/min, protein absorption was detected at 280 nm, and 40 mL of the sample was injected.

For the low-volume differential scanning fluorimetry (nanoDSF), protein samples containing 2 mM of A2AAR (labeled with sulfo-Cy5 mal-

eimide, Cy3 maleimide, TMR-5 maleimide, or DyeC) and 100 mM of the ligand (ZM241385, NECA) or without a ligand for the apo state

were prepared with the total volume of 15 mL. After 20 min the incubation at 4�C, the 10 mL of the mixtures were loaded in standard grade

PrometheusNT.48 capillaries (Nanotemper) and subjected to a linear increase in the temperature from 25�C to 90�C at a 1�C/min rate using a

Prometheus NT.48 Nano-DSF instrument (NanoTemper Technologies). The temperature-dependent changes in the intrinsic fluorescence

were measured at the emission wavelengths of 350 nm with excitation wavelengths of 280 nm. The data for the first derivative were offset

and normalized so that the maximum of the derivative corresponded to 1 and the minimum to 0. The Tm values were determined as the max-

ima of the first derivatives of the fluorescence intensities using the PR.ThermControl software (NanoTemper Technologies).
Free dye absorption and emission measurements

Free dye absorption and emission measurements UV-VIS spectra of free dyes were recorded on a Varian Cary 100 (Agilent Varian) spectro-

photometer. Fluorescence excitation and emission spectra were recorded on a Cary Eclipse (Agilent Technologies) fluorescence spectropho-

tometer. The fluorescence quantum yields were calculated according to the procedure described in the literature100 with the use of Coumar-

ine 153 as a standard. The quantum yield was calculated by the formula:

Fx = Fst 3
Fx

Fst
3
fst
fx
3

nx
2

nst
2

(Equation 1)

where F is the area under the emission peak, f is the absorption factor (see below), n is the refractive index of the solvent, F is the fluores-

cence quantum yield, the subscript x corresponds to the dye of interest, the subscript st – for standards.

f = 1 � 10�A (Equation 2)

where A is the absorbance at the excitation wavelength.

The molar extinction coefficient was calculated by the formula:

ε =
A

cl
(Equation 3)

where A is the absorbance maximum, c is the molar concentration, l is the pathlength.
Absorption and emission measurements of labeled proteins

All absorption and emission measurements for both labeled A2AAR and Rec were carried out at 25�C on a Synergy H4 (Agilent BioTek) plate

reader with Take3 Microvolume Plates; 2.5 mL of sample was added in each microspot. After measurements, the spectrum of the buffer was

measured in each microspot and subtracted from the sample spectra. All obtained data were analyzed using the GraphPad Prizm 9.4.1

software.
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Concentration and labeling efficiency calculations

Protein concentrations were calculated from absorption at 280 nm using the molar extinction coefficients of 24,075 M�1cm�1 (Rec),

51,880 M�1cm�1 (A2AAR), 18,200 M�1cm�1 (MSP1D1) and the light pathlength of 0.05 cm.

Labeling efficiencies for proteins with DyeA, DyeB, DyeC, DyeD, sulfo-Cy5, Cy3, TMR-5, and bimane were estimated by measuring their

absorbance at 420, 440, 400, 390, 646, 552, 550 and 390 nm using the extinction coefficients of 19,000 M�1cm�1 3, 21,000 M�1cm�1 3, 14,000

M�1cm�1 3, 15,000 M�1cm�1 3, 250,000 M�1cm�1, 150,000 M�1cm�1, 84,000 M�1cm�1, and 5,000 M�1cm�1 respectively.

Labeled Rec emission measurements

1 mM CaCl2 and 1 mM EGTA were added separately to the labeled protein in Rec-washing buffer (50 mM HEPES pH = 8.0) with final con-

centrations of 100 mM for CaCl2 or EGTA in a total volume of 9 mL: Rec concentration was equal between two protein samples labeled

with same dye and varied in a range of 2–10 mM for samples labeled with different dyes. After 20 min of incubation at 4�C in the dark, fluo-

rescence emission spectra of Rec with DyeA, DyeB, and DyeC were then measured with excitation at 440 nm, 460 nm, and 410 nm, respec-

tively, and a 9 nm emission bandwidth.

Labeled A2AAR emission measurements

Ligands (ZM241385 (Cayman Chemical), SCH58261 (Tocris), Adenosine (Tocris), HMA (Merck) or NECA (Tocris)) were dissolved in DMSO to

make 100 mM stock solutions. Then 1 mM and 100 mM stock solutions of ligands in the desalt ND buffer were prepared. The samples with

labeled A2AAR (WT or L2256.27C) and 100 mMof a ligand (or no ligand for apo sample) were prepared in the desalt ND buffer in a final volume

of 9 mL. The final protein concentrations were consistent across different ligandswithin the same run of themeasurements, but varied between

2 and 10 mM for different receptor batches.

After 20min incubation at 4�C in the dark, emission spectra of A2AARwith sulfo-Cy5, Cy3, TMR-5, DyeB, DyeC, and bimaneweremeasured

with excitation at 630 nm, 530 nm, 520 nm, 460 nm, 410 nm, and 390 nm respectively, and a 9 nm emission bandwidth.

Emission spectra for protein samples labeled with sulfo-Cy5, Cy3, TMR-5, and bimane were recorded with six technical repeats in one pro-

tein purification. Emission spectra for protein samples with DyeB and DyeC from at least three different protein purifications were recorded

with at least three technical repeats for each purification. To compensate for differences of protein concentration and labeling efficiencies

between different purification batches, all measured fluorescence spectra were normalized to the maximum of the fluorescence spectra of

A2AARL225C-DyeC with NECA measured in the same run and averaged over at least three technical replicas.

Displacement experiments

Two experiments were conducted to demonstrate the reversibility of conformational changes upon ligand displacement. In the beginning of

each experiment, three samples of apo A2AARL225C-DyeC in the desalt ND buffer were prepared, 1 mg of receptor in each. The initial volumes

of 8.1 mL, 7.8 mL and 6.9 mL were selected to amount to equal final volumes of 9 mL after all further additives. The first experiment was carried

out to replace NECA with ZM241385. 0.9 mL of 100 mM NECA were added to each of the three A2AARL225C-DyeC samples. After 20 min in-

cubation at 4�C, an emission spectrum using excitation at 410 nm was measured for the first sample containing 10 mM of NECA. Then

0.27 mL of 1 mM ZM241385 were added to the remaining two samples. After 20 min incubation at 4�C, the emission spectrum of the second

sample containing 10 mM of NECA and 30 mM of ZM241385 was measured. Finally, 0.9 mL of 1 mM NECA was added to the remaining third

sample to final cumulative concentration of 30 mM of ZM241385 and 110 mM of NECA. The emission spectrum of the third sample was

measured after 20 min incubation at 4�C. In the second experiment, the same steps were repeated, but the order of adding ZM241385

and NECA was opposite. The final protein concentration was 2 mM in each measured sample.
Molecular dynamics simulations

Protein models were prepared using the structure of a thermostabilized A2AAR in complex with ZM241385 (PDB ID: 3PWH,62) and the struc-

ture of A2AAR in complex with mini-Gs (PDB ID: 5G53,101) for inactive and active states, respectively. The thermostabilized mutations were

mutated back to the native amino acids and the missing regions were added using MODELLER.91 All ionizable amino acids were modeled

in their standard ionization state at pH = 7.

TheDyeC label was attached to the position L2256.27C by aligning its backbonemoiety with the corresponding group of the original amino

acidmutated to cysteine. Both active and inactive proteinmodels were embedded in a lipid bilayer consisting of POPC and solvated using the

CHARMM-GUI server.92 The final models contained 203 POPC lipids, 21,674 water molecules, 86/95 Na+/Cl� ions in the active state (97,334

atoms in total, box dimensions 9.09 3 9.09 3 11.48 nm), and 205 POPC lipids, 25,406 water molecules, 98/107 Na+/Cl� ions in the inactive

state (108,682 atoms in total, box dimensions 8.73 3 8.73 3 14.04 nm).

For each state, we produced two simulation replicates starting from two alternative orientations of DyeC (Figure S10) to overcome the

problem of slow DyeC flipping from one side of the TM5-ICL3-TM6 fragment to the other side. In order to generate the two alternative start-

ing conformations with the fluorescent label oriented on the opposite sides of the TM5-ICL3-TM6 fragment (i.e., pointing toward and out-

wards the protein center), we run short steered MD simulations with the moving harmonic potential (force constant of 1000 kJ/mol/nm2)

applied to one of the carbon atoms of the dimethoxybenzene ring pulling it away from the protein center-of-mass with the constant velocity

of 10�4 nm/ps. These steered simulations were conducted until the label flipped across ICL3 (�30 ns) and resulted in four starting
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conformations, i.e., two alternative label conformations for each state, active and inactive. The startingmodels were subjected to the standard

CHARMM-GUI equilibration comprising a steep descent minimization followed by several short equilibration simulations,�2 ns in total, with

the harmonic restraints applied to the protein and lipids.

After equilibrating the starting models according to the protocol described above, we performed metadynamics MD simulations to es-

timate the three-dimensional free energy surfaces for the fluorescent label in the active/inactive states. Metadynamics is an enhanced sam-

pling technique, which allows to reconstruct free energy profiles/surfaces along selected collective variable(s) by adding numerous repulsive

potentials or ‘‘hills’’ (typically, Gaussian-shaped) to the total potential of the system forcing the latter to explore its configurational space faster

and broader.76,77 We have chosen three projections of the vector connecting the Ca atom of the labeled cysteine residue with the proximal

carbon atom of its dimethoxybenzene ring onto the three Cartesian axes as the collective variables biased in the metadynamics simulations

since they provide a straightforward and efficient way to describe the general orientation of the fluorescent label. Gaussian hills with the width

of 0.1 nm and the height of 0.25 kJ/mol were added every 0.5 ps. The grid was used to efficiently store the accumulated hills. Each metady-

namics simulation was run for 500 ns. The convergence of the simulations was estimated by calculating the volume explored by the label using

the custom script available at https://github.com/porekhov/A2a_GFP_core_dyes. The cumulative explored volume plotted as a function of

simulation time is shown in Figure S10.

Throughout the equilibration andmetadynamics simulations, positional restraints were applied to Ca atoms of the transmembrane region

of A2AAR as well as to the intracellular segment of TM6 encompassing the labeling position 225 and its neighboring amino acids to preserve

the protein state and to prevent fluctuations of the label’s Ca atom, which was used as the reference point for calculation of the collective

variables. Apart from it, we also applied dihedral restraints (force constant of 1000 kJ/mol/rad2) to the backbone atoms of the solvent-exposed

protein regions in the a-helical conformation.

Since the relocation of the fluorescent label from one side of the TM5-ICL3-TM6 fragment to the opposite side is a relative slow process

particularly hindered by the restraints applied to the protein backbone and limiting the thorough sampling of label orientations, we run dupli-

cate metadynamics simulations for each state starting from two alternative conformations of the label obtained as noted above.

Additionally, four unbiased simulations (i.e., without any external forces applied to a system) were run to estimate mobility of the DyeC

label in the active and inactive A2AAR states starting from two alternative label orientations similar to the metadynamics simulations (see

above). Each simulation was carried out for 1000 ns. The autocorrelation function was calculated as a measure for the mobility of fluorescent

label using the rotacf tool in GROMACS according to the following expression, ACF(t) = <v(t),v(t+t)>t, where v is a vector describing the

orientation of the fluorescent label and defined by Ca and the proximal carbon atom of the dimethoxybenzene ring of DyeC.

AllMD simulationswere performedbyGROMACS version 2022.393 with the PLUMEDplugin, version 2.8.1102 allowing formetadynamics. A

time step of 1–2 fs was used for equilibration simulations (3 3 125 ps with the 1-fs time step followed by 3 3 500 ps with the 2-fs time step),

while all productionmetadynamics and unbiased simulations were performedwith a 5 fs time step allowedby repartitioning themass of heavy

atoms into the bonded hydrogen atoms103 and the LINCS constraint algorithm.104 Production simulations were run in NVT ensemble with

v-rescale thermostat (tT = 1.0 ps, Tref = 303.15 K), van derWaals interactions were treated using the cut-off scheme, electrostatics – using PME.

The Amber99SB-ILDN force field was used for the protein, lipids, and ions105 along with the TIP3P water model. The topology for the fluo-

rescent label was obtained usingAntechamber106 with somedihedral parameters adopted from.107 Conformation of the label was preliminary

optimized at the DFT level with B3LYP functional and Def2-SVP/Def2/J basis set in Orca.94
QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of the integrated intensities and I520/I460

The data in Figures 3C and 3D represent the mean G SD. The protein concentration was maintained at 10 mM, all ligands were added at a

saturating concentration of 100 mM. The significance level is given according to the ordinary one-way ANOVA with the post hoc Tukey HSD

test: **p < 0.005, *p < 0.05, ns – not significant. The number of repeats for each ligand is provided in Table S2. The statistical analysis was

performed using Prism 9.4.1 software (GraphPad).
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