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A B S T R A C T   

Conventional approaches to study ligand-receptor interactions using solution-state NMR often involve laborious 
sample preparation, isotopic labeling, and receptor reconstitution. Each of these steps remains challenging for 
membrane proteins such as G protein-coupled receptors (GPCRs). Here we introduce a combinational approach 
integrating NMR and homogenized membrane nano-discs preparation to characterize the ligand-GPCR in-
teractions. The approach will have a great potential for drug screening as it benefits from minimal receptor 
preparation, minimizing non-specific binding. In addition, the approach maintains receptor structural hetero-
geneity essential for functional diversity, making it feasible for probing a more reliable ligand-GPCR interaction 
that is vital for faithful ligand discovery.   

1. Introduction 

Conventional cell-based high throughput drug screening is increas-
ingly driven by the integration of virtual computation-assisted and 
structure-based screening components using online open platforms like 
ZINC [1], SwissDock [2], and Enamine REAL [3]. In pursuit of these 
predicted “hits”, the faithfulness of probed ligand-receptor interactions 
in the validation step is key to identifying desirable candidates. It re-
mains challenging to precisely predict true ligands due to the intrinsic 
limitations of resolved or simulated structures that typically do not 
incorporate the conformational heterogeneity and functional diversity 
of receptors to a sufficient degree (e.g., because of homogenization/ 
averaging and thermo-stabilization processing in structure determina-
tion) [4–9]. As a result, computation-based approaches, such as mo-
lecular dynamics (MD) simulations and virtual drug screening by 
docking, are limited when structural snapshots are used as the screening 
models, not to mention that structures often contain missing loops or 
even entire domains. Recent progress towards de novo construction of 
complete GPCR structures using modeling and simulation has been 
progressed [10,11], but validation is still required regarding the accu-
racy and representability of these modeling structures. Therefore, 

approaches that can retain structural heterogeneity and functional di-
versity of the receptors are in great demand. To that end, the develop-
ment of an efficacious and practical NMR approach that can characterize 
molecular interactions between ligands and receptors in a (close-) native 
environment will be revolutionary in determining ligand pharmaco-
phores and greatly facilitate faithfulness of screened and designed 
therapeutic agents. 

Conventionally, large quantities of the purified receptors are 
required to assess their interactions with candidate ligands when NMR is 
applied. This typically raises the unsurmountable difficulty for three 
main reasons, especially for membrane proteins such as GPCRs, because 
they are most often extracted from a native membrane environment and 
reconstituted into a detergent or high-density lipoprotein (HDL) system 
such as maltose neopentyl glycol-3 (MNG-3) or membrane-scaffolding 
proteins MSP1ΔH1 or MSP1ΔH5 [12]. First, this environmental 
change could result in functional and structural reduction and introduce 
discrepancies in the biophysical characteristics [13–17]. Towards this 
end, an authentic in-cell environment would be ideal and the effort has 
been made for membrane-bound receptors using STD magic-angle 
spinning (MAS) solid-state NMR [18]. Unfortunately, the direct appli-
cation of in-cell NMR for membrane proteins for drug screening is still 
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conceptual due to limitations of solid-state NMR spectroscopy, though 
significant progress has been made for cytosolic proteins in recent years 
[19–22]. Second, 13C/15N isotopic labeling is often required for eluci-
dating specific interactions, posing additional challenges for eukaryotic 
expression systems. Third, the preparation of sufficiently high quantities 
of the receptors for NMR investigations is a practical predicament that is 

not easily overcome. Therefore, a strategy that can simplify the sample 
preparation steps is of great benefit. 

To address these shortcomings, an efficacious, convenient, and 
economically feasible tactic is demanded using the in-situ receptors. 
Saturation transfer difference (STD) [18,23] and Carr-Purcell-Meiboom- 
Gill (CPMG) [24–27] pulse sequences are utilized when investigating 

Fig. 1. WaterLOGSY spectra in determining the binding and orientation of compound adenosine bound to the MNG-3 reconstituted A1R receptors. (A) 1H NMR for 
adenosine compound in the MNG-3 reconstitution buffer, in which t2pul pulse sequence was used with a 180◦ in front of 90◦ pulse. (B) WaterLOGSY experiments of 
compound adenosine in the MNG-3 reconstitution system in the absence of the A1R receptors. (C) WaterLOGSY experiments of compound adenosine in the MNG-3 
reconstitution system at the presence of the A1R receptors. (D) Superimposed spectra of WaterLOGSY experiment with and without A1R receptors. (E) The numbering 
of the adenosine and its orientation bound to the A1R receptor. 

Fig. 2. WaterLOGSY experiments as a function of membrane dilution factors. (A) WaterLOGSY experiments as a function of reference membrane dilution factors 
from 0 to 20. (B) WaterLOGSY experiments as a function of the A1R-embedded membrane dilution factors from 0 to 20. It was evident that the non-specific 
WaterLOGSY NOE effects could be minimized at the dilution factor of 10. 
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molecular interactions; however, a certain quantity of the receptors is 
required for these approaches, and this remains challenging for mem-
brane proteins like GPCRs [28,29]. WaterLOGSY [30,31], in contrast, 
has great potential because it not only exhibits a better signal/noise (S/ 
N) ratio due to simultaneous saturation of multi-sources of cross corre-
lations, including bulk water, exchangeable groups, and indirect NOEs 
of 1H–C groups [32], but also requires less quantity of receptors. 
Therefore, this work aims at exploiting a direct, easy-to-manipulate 
WaterLOGSY for in-membrane GPCRs, an advance that provides a 
direct way of characterizing ligand-GPCR interactions in the native 
membrane environment with minimal sample preparation. Our lab 
recently established a high-yield preparation system for a class A 
GPCR—adenosine A1 receptor (A1R) [33] that is highly related to 
neurodegenerative and cardiac vascular diseases. This provides us an 
opportunity of using the purified A1R receptors and STD experiments as 
references to validate the feasibility of using WaterLOGSY to study the 
in-membrane ligand-receptor interactions. 

Fig. 3. WaterLOGSY spectra as a function of the A1R concentrations reconstituted in the MNG-3. (A) Control spectrum of MNG-3 buffer plus DMSO that is used for 
dissolving the adenosine. (B) 1H NMR of adenosine compound in the MNG-3 buffer. (C) WaterLOGSY spectra as a function of different concentrations of the 
A1R receptors. 

Fig. 4. Dynamic light scattering measurements for the receptor embedded 
yeast cell membranes. 

Fig. 5. Schematic flowchart of a high-throughput in-membrane NMR platform in assisting target drug screening for GPCRs. (A) using the MD simulation to construct 
GPCR model and perform docking to screening the virtual ligands. (B) Prepare the high yield expressed GPCR membranes. (C) The compound hits from the MD can be 
applied for the large-scale screening using in-membrane WaterLOGSY. (D) NMR data analyses for promising ligand identifications including bindings and their 
orientations to the pocket. 
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2. Materials and methods 

2.1. Gene manipulation and receptor preparation 

The human A1 receptor was cloned into pPIC9K with a N-terminal 
Flag tag and a C-terminal His-tag using an in-house established protocol 
[25,33]. The proteins were expressed using Pichia pastoris (ATCC® 
28,485™; Invitrogen, CA, USA). After 60 h methanol induction in 
BMMY medium [1% (w/v) yeast extract, 2% (w/v) peptone, 1.34% (w/ 
v) YNB without amino acids, 0.00004% (w/v) biotin, 0.5% (w/v) 
methanol, 0.1 M phosphate buffer at pH 6.5, 0.04% (w/v) histidine and 
3% (v/v) DMSO, 10 mM theophylline] at 20 ◦C, cells were disrupted by 
Microfluidizer LM20 in breaking buffer (50 mM HEPES, pH 7.4, 100 mM 
NaCl, 2 mM EDTA, 10% glycerol, 100 μM theophylline). The lysed cell 
pellets were centrifuged at 9720 ×g for 30 min to remove all debris and 
keep the released membrane fraction parts. The receptors were solubi-
lized from the membrane fraction in 1% MNG-3 (lauryl maltose neo-
pentyl glycol) and 0.02% CHS (cholesteryl hemisuccinate), with 4 mM 
theophylline. The insoluble material was removed by centrifugation at 
1980 ×g for 5 min and the supernatant was incubated with TALON af-
finity chromatography resin (Takara–Clontech) overnight in the pres-
ence of 100 mM imidazole. The GPCRs were eluted in the elution buffer 
(50 mM HEPES pH 7.4, 100 mM NaCl, 0.05% MNG-3, 0.002% (w/v) 
CHS, 300 mM imidazole) and subsequently concentrated to ~2 mg/mL 
using an Amicon centrifugation concentrator [29,34]. 

2.2. Yeast cell membrane preparation 

At the end of fermentation, the cell pellets were collected after 
centrifugation at 4000 ×g for 15 min at 4 ◦C and then washed once with 
50 mM HEPES, pH 7.4, 100 mM NaCl buffer. The cell pellets were 
resuspended into Receptor Lysis Buffer (50 mM HEPES buffer, 10% 
glycerol, 100 mM NaCl, 2.5 mM EDTA) using the ratio of cell pellets to 
buffer equal to 1:4. The cell pellet suspensions were disrupted by 
Microfluidizer high shear fluid processor (20,000 psi, 3 cycles) while 
keeping them cool. The disrupted cell pellets were centrifuged at 9720 
×g for 30 min at 4 ◦C to discard unbroken cells and cellular debris. The 
supernatants were the prepared yeast cell membrane (YCM). 

2.3. Radioligand binding assay for adenosine A1 receptor 

Membrane aliquots 5 μL were incubated in a total volume of 50 μL 
assay buffer (50 mM HEPES at pH 7.4, 100 mM NaCl) with different 
concentrations of [3H] DPCPX at 20 ◦C for 120 min. Nonspecific binding 
was removed by saturating with 10 μM cold ligand DPCPX. The graph 
shows the effective specific bindings in which the non-specific binding 
has been removed. Incubation was terminated by rapid filtration per-
formed on Whatman GF/C filter in a Millipore XX2702550 12 Position 
Vacuum Filtration Sampling Manifold and washed with buffer (50 mM 
HEPES at pH 7.4, 100 mM NaCl). The filter-bound radioactivity was 
determined by LS 6500 Multi-Purpose Scintillation Counter. A minimum 
of three independent experiments was performed, and the values were 
pooled to generate the mean curves. 

2.4. NMR experimental sample preparation and pulse sequences 

2.4.1. Membrane samples 
NMR samples for membranes typically consisted of 270–300 μL 

volumes of the cell membrane in 50 mM HEPES buffer, 10% glycerol, 
100 mM NaCl, 2.5 mM EDTA, doped with 10% D2O and different con-
centration ligands prepared in DMSO as needed. 

2.4.2. Receptor samples 
NMR samples for receptors typically consisted of 270–300 μL vol-

umes of receptors in 50 mM HEPES buffer, 0.1% MNG-3, 0.02% CHS, 
100 mM NaCl, doped with 10% D2O and different concentration ligands 

prepared in DMSO as needed. 

2.4.3. NMR experiments 
All NMR experiments were performed on a 600 MHz Varian Inova 

spectrometer. 5 mm diameter NMR tubes with a sample volume of 
270–300 μL were used. Solutions were buffered using a 50 mM HEPES 
buffer corrected to pH 7.4 and 10% glycerol. The sample preparation is 
exemplified as follows: The compound (solution in DMSO‑d6), 30 μL 
D2O was added to 240 μL membrane in an Eppendorf tube. The resulting 
solution was spun to ensure full mixing and transferred to a 5 mm Shi-
gemi NMR tube. For 1H NMR, the H2O signal was suppressed using the 
saturation pulse incorporated into a t2pul sequence with a 180◦ pulse 
before the 90◦ pulse for a better baseline. The pw was set to 23.0 μs at the 
power level of 58 db. For the STD experiment [18,23], the on-resonance 
radiation was set to 7.50 ppm while off-resonance frequency was 14.00 
ppm where the proton signal of H2O was set to 4.76 ppm. For the 
WaterLOGSY experiment [30,31], the mix time was set to 1.0 ms for all 
spectra presented in the manuscript. 

2.5. Dynamic light scattering (DLS) 

Samples were centrifuged at 2000 ×g for 5 min. The resulting su-
pernatant was passed through 0.22 μm syringe filters and diluted 10 to 
100-fold. DLS measurements were performed with a Zetasizer Nano S 
(Malvern Instruments, Worchestershire, UK) containing a 3-mW He–Ne 
laser (λ = 633 nm). All measurements were taken at room temperature 
in a half-volume glass cuvette. Each correlation function was collected 
using signal acquisition times of 180 s. DLS autocorrelation functions 
were converted into particle-size distributions using the “general 
modes” algorithm provided with the Zetasizer Nano S. The particle di-
ameters represent those for spherical particles diffusing at the same rate 
as the suspended membrane fragments. 

3. Results and discussions 

As aforementioned, to demonstrate WaterLOGSY application for in- 
membrane GPCR, we started with a well-established GPCR system 
(A1R) in the lab [33], whose structure in complex with ligand adenosine 
[35] is available as a structural reference. The receptor functionality in 
the MNG-3 reconstituted and native membrane systems were evaluated 
and compared using a radioligand binding assay [33] as shown in 
Fig. S1. It was clearly seen that the functionality of A1R was highly 
dependent on the receptor environment as the binding affinity exhibited 
an order-of-magnitude discrepancy in these two different systems. The 
difference between Kd values in the membrane and the reconstituted 
receptor was consistent with previous studies [36,37]. However, note 
that there could be some aggregation occurring in the MNG-3 recon-
stituted receptors because these types of reconstitution systems often 
present some stability uncertainty, despite it being one of the most 
popular systems in studies of the membrane proteins. Of note, the pro-
cedures with respect to the preparations of the receptors in the MNG-3 
are presented in the flowchart (Fig. S2), in which the membrane used 
in this study refers to the supernatant cell membrane after a low-speed 
centrifugation (8000 ×g) and before the step of the ultracentrifugation 
(100,000 ×g). 

As shown in Fig. 1, two WaterLOGSY spectra with and without the 
A1R receptors, along with a 1H NMR experiment were acquired in order 
to determine the ligand binding and its orientation to the orthosteric 
pocket using the effective and negative NOE signals. A decrease of 
proton signal in the presence of the receptors (Fig. 1C) in reference to 
that at the absence of the receptors (Fig. 1B) is in proportion to the depth 
of the proton towards the binding pocket (Fig. 1D and Fig. 1E). Of note, 
as shown in Fig. 1B, though there was no interaction occurrence be-
tween the receptors and ligand in the receptor absence sample, a strong 
negative NOE was still observed for the proton 10. This was attributed to 
the magnetization transfer occurred for exchangeable (acidic) ligand 
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protons such NH2- due to their dynamic interchange with water protons 
regardless of their interactions with the receptors [30,31,38]. Thus, 
these types of WaterLOGSY signals should not be counted in determining 
the ligand-receptor interactions and for the ligand binding orientation 
determination. Accordingly, the solvent exposure of each proton in the 
spectra could be evaluated, in which proton 1′ was relatively buried into 
the binding pocket in comparison to other protons while proton 2 was 
the most solvent exposed. We validated these using a saturation transfer 
difference (STD) experiment as shown in Fig. S3. In contrast to Water-
LOGSY, a stronger proton signal implies the proton of interest is more 
buried into the binding pocket in the STD experiment. Meanwhile, in the 
MNG-3 reconstituted A1R receptor experiments, except for the NH2- 
group, all other proton NMR signals in the receptor absent WaterLOGSY 
experiment were positive and exhibited a same intensity pattern as the 
1H NMR because no non-specific binding was observed. With this in 
mind, we hypothesized that negative NOE signals would be detected for 
the empty membrane WaterLOGSY experiments. These negative NOE 
signals can be diminished by membrane dilution to minimize or redact 
the non-specific bindings between ligand and membrane/non-target 
proteins while in the high-yield receptor expressed membrane the 
negative NOE signals are still able to be detected. 

We therefore moved on to apply WaterLOGSY in a native yeast cell 
membrane (YCM) from Pichia pastoris, a routinely GPCR expression 
system in our lab, using the MNG-3 reconstituted WaterLOGSY spectrum 
as the reference. To minimize the possible undesirable interactions be-
tween ligand and non-target proteins in membrane, membrane dilution 
experiments were performed. As shown in Fig. 2, it was clear that non- 
target NOE transfers could be minimized when the dilution factor 
reached 10 at which point the receptor-embedded membrane still 
exhibited strong WaterLOGSY negative NOE effects because the target 
receptors were enriched in the native membrane. Alternatively, the 
effective negative NOE could be obtained through WaterLOGSY spectral 
subtraction between the A1R membrane and reference membrane 
(Fig. S4) without dilution step. Both dilution and spectral subtraction 
strategies indicate the same binding pattern of adenosine to the A1R 
receptor. The WaterLOGSY spectra show that the orientation of the 
adenosine binding to the in-membrane receptor was identical to that in 
the detergent MNG-3 when non-specific binding was minimized or 
eradicated using either membrane dilution or spectral subtraction stra-
tegies. Specifically, the protons 1′, 2, and 8 showed identical intensities 
in proportion compared to those obtained in the MNG-3, indicating the 
feasibility of using the in-membrane receptor as research target directly. 

Our research indicates that it is feasible to use homogenized mem-
brane studying the ligand-in-membrane receptor interaction. One of the 
obvious advantages is 250 μL homogenized YCM (after micro-
fludization) was used in place of the 250 μL purified and reconstituted 
receptors. It is still extremely challenging to use the reconstituted GPCRs 
for drug screening as it is literally impossible to make 250 μL of the 
purified receptors for a vast majority of GPCRs at the μM level. We 
propose to use in-membrane GPCRs directly, which provides an avenue 
for screening drugs with minimal sample preparation. From a practical 
perspective, we were curious about what minimal concentration of 
membranes would be required for in-membrane WaterLOGSY data 
acquisition. As aforementioned in Fig. 2, 10× diluted membrane still 
allowed us to detect strong WaterLOGSY NOE signals arising from the 
ligand-A1R interactions while minimizing the non-specific bindings. 
Radioligand binding assay indicated the receptor concentration was 
around 10 nM at 10-fold dilution. This makes it possible to perform 1000 
WaterLOGSY experiments with only 250 mL cell culture. In comparison, 
a series of WaterLOGSY spectra were also acquired as a function of 
concentration of the purified A1R receptors (Fig. 3). In the latter case, at 
least 15 μM of the purified A1R was required to observe a decent 
WaterLOGSY signal, making it challenging for a vast majority of GPCRs 
to even make one NMR sample from a 6 L cell culture. This dramatic 
difference can be attributed to the affinity discrepancy of the ligand to 
reconstituted and in-membrane receptors as shown in Fig. S1, resulting 

in magnetization cross-relaxation differ for ligand-receptor interactions 
in two settings. Further, we tested several non-binders of the A1R re-
ceptor using 10× diluted A1R in YCM. As shown in Fig. S5, the non- 
binders could be well determined through either their positive NOEs 
(4-Fluorophenylalanine), resulting from non- specific interactions due to 
random interactions between ligands and the receptor, or in absence of 
obvious NOE signals CTAP and 3-fluorotyrosine while specific ligand- 
receptor interaction will be presented as negative NOEs on the spec-
trum. Finally, dynamic light scattering measurements were performed to 
characterize the size of the membrane fragments in which the in- 
membrane receptors were embedded. As shown in Fig. 4, the experi-
ments revealed that the size of the fractionalized membranes was in the 
range of 228.1 ± 160 nm. 

How to faithfully probe the interaction between ligand and mem-
brane protein is the key to identifying a genuine ligand with desired 
pharmacology. Typically, solubilization and reconstitution are needed 
for the receptors in a mimic environment, and it is still an open question 
whether detergent or high-density lipoproteins-based mimic systems 
can adequately recapitulate in vivo transmembrane signaling for 
different kinds of receptors. In addition, the need for large quantities of 
receptors is the likely culprit prohibiting the use of NMR approaches for 
GPCR drug screening applications. 

Our research presented here demonstrates the application of NMR 
spectroscopy to probe the ligand-receptor interaction using homoge-
nized native membranes enriched with target receptors with potential 
applications for drug screening by circumventing the large-quantity 
receptor purification. This research further advances the study of 
intermolecular interactions from a traditional reconstituted system to a 
native membrane system with a high-throughput potential (Fig. 5) from 
the sample preparation perspective. As one can think that the in- 
membrane NMR approach can also be used for assisting computa-
tional screening to select the docking models. Considering recent 
breakthroughs in using machine learning such as AlphaFold [39] and 
RoseTTAFold [40], it is reasonable to expect that we are at the brink of 
being able to perform large-scale, reliable drug screening against novel 
targets whose structures have not been experimentally resolved. The 
work presented in this study will be crucial in assisting the validation of 
such predictions. 

4. Conclusion 

In summary, we developed a simple yet powerful strategy by merg-
ing the high sensitivity of WaterLOGSY NMR pulse sequence and a 
succinate native membrane preparation procedure that maintains the 
functional and structural heterogeneity of membrane proteins such as 
GPCRs. This strategy facilitates using solution-state NMR in preliminary 
GPCR drug screening through probing a native ligand-receptor inter-
action using homogenized membrane enriched with target receptors, 
complementing cell-based screening. Broad application to any mem-
brane protein of interest is anticipated, though further research is 
needed regarding how to perform a large-scale set using an automated 
NMR. 
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