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Saturation transfer difference NMR 
on the integral trimeric membrane 
transport protein GltPh determines 
cooperative substrate binding
Jenny L. Hall1, Azmat Sohail2, Eurico J. Cabrita3, Colin Macdonald1, Thomas Stockner2, 
Harald H. Sitte2, Jesus Angulo4 & Fraser MacMillan1*

Saturation-transfer difference (STD) NMR spectroscopy is a fast and versatile method which can 
be applied for drug-screening purposes, allowing the determination of essential ligand binding 
affinities (KD). Although widely employed to study soluble proteins, its use remains negligible 
for membrane proteins. Here the use of STD NMR for KD determination is demonstrated for two 
competing substrates with very different binding affinities (low nanomolar to millimolar) for an 
integral membrane transport protein in both detergent-solubilised micelles and reconstituted 
proteoliposomes. GltPh, a homotrimeric aspartate transporter from Pyrococcus horikoshii, is an 
archaeal homolog of mammalian membrane transport proteins—known as excitatory amino acid 
transporters (EAATs). They are found within the central nervous system and are responsible for fast 
uptake of the neurotransmitter glutamate, essential for neuronal function. Differences in both KD’s 
and cooperativity are observed between detergent micelles and proteoliposomes, the physiological 
implications of which are discussed.

L-glutamate is the primary excitatory neurotransmitter in the mammalian central nervous system. Excitatory 
amino acid transporters (EAATs) are membrane proteins that play an important role in regulation of the gluta-
mate concentration within the synaptic cleft of glutamatergic neurons, thereby terminating synaptic transmis-
sion. Efficient uptake prevents a build-up of high extracellular glutamate levels leading to excitotoxicity (one 
of the hallmark features of Amyotrophic lateral sclerosis (ALS)), and also allows glutamate to be recycled1. 
Substrate transport by EAATs is energised by the co-transport of up to three Na+ ions and one proton. The 
counter-transport of one K+ ion completes the putative transport cycle2,3. In addition, EAATs exhibit uncoupled 
chloride-conductance, making them anion-selective ion channels4. Various neurological diseases are linked to 
their dysfunction in glutamatergic synapses, including ALS, stroke, epilepsy and Huntington’s disease1.

GltPh, a bacterial homolog of mammalian glutamate transporters from Pyrococcus horikoshii was the first 
member of the Solute Carrier 1 (SLC1) family of membrane transporters to have been crystallized while very 
recently a first crystal structure of human EAAT1 was determined facilitating extrapolation of results obtained 
for GltPh to its human counterparts5–8. GltPh is often used to investigate structure–function relationships of 
the SLC1 transporter family via spectroscopic techniques including electron paramagnetic resonance (EPR) 
spectroscopy and single molecule fluorescence resonance energy transfer (smFRET)9. It shares approximately 
35% amino acid sequence identity with human EAATs; and importantly, many of the amino acids involved in 
ion and substrate binding are conserved, making it an excellent model system10. The outward-occluded state, 
captured as the first crystal structure of GltPh, revealed a homotrimer assembly with a bowl-shaped extracellular 
basin whose surface is hydrophobic and reaches halfway down the trimer’s height (Fig. 1)6–8.

Each protomer consists of a trimerisation domain involved in stabilising subunit interactions, and a trans-
port domain, containing the substrate and sodium ion binding sites. Further crystal conformations have been 
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solved in the outward-open10, inward-occluded11,12, as well as intermediate13 conformations, revealing large-scale 
translational movement upon substrate binding and transport. The substrate binding site (Fig. 1) is formed by the 
tips of the two re-entrant loops (HP1 and HP2) and unwound regions of transmembrane (TM) helices 7 and 810.

Whilst membrane proteins such as GltPh account for one-third of all proteins encoded by the genomes of 
most organisms14, they continue to prove challenging for structural and mechanistic studies. This difficulty 
extends to include medium to high throughput determination of substrate and inhibitor binding affinities, 
essential for drug target screening. Until now methods such as fluorescence-based assays10,15,16, isothermal titra-
tion calorimetry12,15,17 and uptake experiments18 have been utilised in the determination of substrate KM and KD 
values in both detergent-solubilised and membrane-reconstituted protein environments. Such methods have 
yielded results that vary considerably with Na+ concentration, clearly highlighting GltPh’s sodium dependency 
for substrate binding. KD values for L-aspartate vary from 2–380 nM depending on Na+ concentration (200 mM 
and 10 mM respectively), while for the much weaker binding ligand, L-glutamate, they vary between 120–250 μM 
in 200 mM Na+.

Here we present a novel approach for the determination of KD values for both L-aspartate and L-glutamate 
using saturation transfer difference (STD) NMR spectroscopy19. STD NMR is a sensitive method for ligands of 
medium to weak affinity, relying on the exchange between bound and free states of the ligand (KD values typically 
ranging from high nM to low mM). During the STD NMR experiment, resonances of the receptor molecule 
are selectively saturated, and this saturation rapidly spreads via spin diffusion throughout the protein. A ligand 
which binds to this protein (for between 0.1 to 100 ms) will receive saturation to some of or all its protons, with 
those in closest proximity to the protein receiving the most20. When the ligand dissociates, this saturation is 
transferred to the bulk solution, where a reduction in ligand NMR signal intensity is observed. The difference 
between a spectrum without saturation (reference spectrum), and the saturated experiment gives rise to the STD 
spectrum, in which only signals of ligand molecules that interacted with the protein are observed21. The work 
presented here significantly extends the application of STD NMR to membrane proteins and demonstrates its 
use as an alternative, fast method for determination not only of KD values for weakly binding ligands but also for 
very tightly binding ligands, not previously thought accessible through STD NMR. In addition to demonstrating 

Figure 1.   (Top) left: Cartoon representation of a single GltPh protomer with bound aspartate (sticks) and two 
Na+ ions (blue spheres). HP1, TM7, HP2 and TM8 containing ligand binding residues are shown in yellow, 
orange, red and violet respectively. (Top) right: extracellular view of GltPh with trimerisation domains shown 
in green and transport domains in blue. Individual protomers are separated by straight lines, whilst transport 
domains are separated from trimerisation domains by curved lines. (Bottom) a cartoon representation of the 
GltPh fold highlighting the residues involved in substrate binding. The protein images were prepared using 
PyMOL (The PyMOL Molecular Graphics System; https​://www.pymol​.org).

https://www.pymol.org
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that these two ligands share the same binding site, negative cooperativity for the trimeric GltPh in a near native 
proteoliposome-reconstituted environment is observed.

Current STD NMR literature reporting the direct observation of substrate binding and interaction with 
membrane proteins is limited to a very small number of systems. Previous examples have included the basic 
observation of a protein–ligand interaction in whole cells22–25, cell membranes26 and in proteins reconstituted 
into proteoliposomes27 and nanodiscs28. Only very recently have the first examples of STD NMR-based analysis 
of ligand binding to detergent-solubilised proteins been reported29–32. There is only one previous report of using 
STD NMR for a ligand KD determination to a membrane protein which employed an as-yet unspecified and 
unpublished fitting routine, whereby an STD NMR effect was measured as a function of ligand concentration 
for a receptor embedded into a proteoliposome27.

The three protomers within the trimeric GltPh each have one substrate binding site and they have been previ-
ously proposed to function independently33–36. Using STD NMR we have directly determined the affinity of the 
weak binding ligand L-glutamate for GltPh in both detergent micelles and proteoliposomes, whilst binding of 
the high affinity ligand L-aspartate was identified using a competition-based STD NMR experiment.

Results and discussion
1H-NMR spectra of GltPh were measured in the presence of L-glutamate both in detergent (Fig. 2a top) and 
reconstituted into proteoliposomes (Fig. 2b top). Spectra of detergent-solubilised samples are dominated by 
strong signals from detergent protons (see Supporting Information). The γ-protons of L-glutamate have reso-
nances occurring at 2.05 ppm, whereas β-protons appear at 1.8 ppm, both in a spectral region devoid of inter-
ferences from these strong detergent signals (Fig. 2a). STD NMR signals from γ- and β-protons of L-glutamate 
are observable in the presence (middle) but not in the absence (bottom) of Na+. We observe a similar Na+ 
dependence for GltPh in detergent micelles and in reconstituted proteoliposomes, which is in accordance with 
previously published data showing that binding and transport of substrate only occurs in the presence of Na+. 
The STD NMR spectra of detergent-solubilised GltPh also reveal signals arising from detergent molecules as a 
result of two mechanisms: on–off exchange with the protein/detergent macromolecular assembly in solution, and 
direct saturation through the on-resonance radio frequency. A lack of ligand STD signal in the absence of Na+, 
however, clearly provides evidence that the ligand only receives its saturation when bound to the protein. Any 
build-up of saturation is limited by relaxation (R1 = 1/T1) of saturated ligand protons in the free state; protons 
with a longer T1 accumulate more saturation in the bound state and decay more slowly in solution and hence 
their relative STD intensity is higher. Since proton relaxation rates are sensitive to molecular tumbling in solu-
tion which can be affected by the presence of detergent micelles or proteoliposomes, we determined proton T1 
values for L-glutamate under both conditions (Figure S6). The fitted data shown in Figure S6 indicate that the 
T1 values remain the same under both conditions (Table S1).

The method for KD determination requires monitoring of ligand STD NMR signals as a function of the 
ligand concentration, via ligand titration to a large excess. A GltPh STD NMR spectrum in the presence of Na+ 
is recorded initially without L-glutamate. Subsequently, the ligand is titrated incrementally, and further STD 
NMR spectra are recorded. The experimentally observed STD effect is analysed through conversion to the STD 
amplification factor (STD-AF) using Eq. (1)20

where (I0−ISAT) represents the ligand signal intensity in the STD NMR spectrum, I0 is the ligand peak intensity 
in an off-resonance 1H-NMR spectrum (reference) and ([L]Total/[P]Total) is the ligand excess relative to a fixed 
and constant protein concentration.

The STD-AF for each titration point was determined for both the γ-protons at 2.028 ppm and β-protons 
at 1.809 ppm and plotted against the concentration of L-glutamate. The resulting hyperbolic curve (using the 
γ-protons) has an expected decrease in slope at higher ligand concentrations, eventually reaching a plateau 

(1)STD − AF =
I0 − ISAT

I0
×

[L]Total
[P]Total

Figure 2.   Selected spectral region of the reference 1H NMR (top) and corresponding STD NMR spectrum 
of GltPh incubated with 0.5 mM L-glutamate in the presence (middle) and absence (bottom) of 100 mM Na+ 
ions; (a) detergent solubilised GltPh (~ 20 μM) and (b) GltPh (~ 20 μM) reconstituted into proteoliposomes 
(800 MHz, 5 °C, 2 s saturation time). Full spectra can be found in the Supporting Information.
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caused by saturation of the GltPh binding site (Fig. 3). To utilise this STD-AF for KD determination, an equation 
analogous to the Langmuir isotherm is used (Eq. 2). Here, αSTD is the maximum STD-AF and [L] is the total 
concentration of free ligand. 

Determination of the KD is simplified when [L] = [L]Total, which is true under the experimental conditions 
used in STD NMR experiments since [L]Total >  > [P]Total. The STD-AF will increase with increasing [L]Total until a 
maximum value is reached. At this point, [L]Total >  > KD and the protein binding sites are fully occupied37. Strictly 
speaking in the case of GltPh, since the ligand can bind from both sides of the transporter and STD is more 
sensitive to the off rates, then our data is reporting on an apparent KD, instead of a KM, because the glutamate 
on/off rates are still an order of magnitude faster than transporter isomerization which is linked to the transport 
event (i.e. KM).

αSTD and KD for L-glutamate are determined by fitting the observed experimental curve using Eq. (2), and the 
resulting KD values for L-glutamate are 414 and 1034 μM for detergent-solubilised and proteoliposome-recon-
stituted GltPh respectively (Fig. 3) using the γ-protons (very similar results of 458 μM and 984 μM respectively 
were obtained if the β-protons were used). These values are higher than those previously observed in detergent 
micelles (between 120–250 μM)10,16, however it must be noted that the sodium ion concentration used here is half 
of that used in those previous studies. It is also known that due to fast protein–ligand rebinding in solution, KD 
values obtained from STD NMR are always greater than, or equal to, the true thermodynamic value38. In order 
to combat such over-estimations, a more involved protocol can be employed in which initial growth rates of each 
STD amplification factor are determined and used for calculation of binding isotherms for KD determination; 
this application however is not suitable for somewhat unstable membrane proteins38. It is therefore expected that 
the values determined here likely reflect the upper limits of ligand KD’s.

STD NMR is of limited use for the direct determination of KD values of high-affinity ligands (i.e. KD’s < μM) 
since tight ligand binding results in low koff rates, thus precluding the saturation of the bound ligand being effec-
tively transferred into solution and thus no STD NMR effect is observed. No STD NMR effect from L-aspartate 
(in the presence of Na+) is observed for GltPh which is clearly consistent with its expected much higher binding 
affinity.

To overcome such a limitation, a competition experiment may be performed where detection of high-affinity 
ligand binding is identified via observation of a reduction in the STD NMR signal of a weakly binding so-called 
‘reporter’ ligand39. Using such a competitive displacement approach we determined an upper limit for the KD 
values of the biologically more relevant, high-affinity GltPh substrate L-aspartate in both detergent-solubilised 
and proteoliposome-reconstituted environments. In contrast to the initial experiment a titration of L-aspartate 

(2)STD − AF =
∝STD[L]

KD + [L]

Figure 3.   STD amplification factor as a function of L-glutamate concentration for GltPh in detergent micelles 
(top) and proteoliposomes (bottom). The solid line represents the best fit according to Eq. (3).
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is performed on a sample containing a large excess of L-glutamate (1.5 mM) relative to both its previously deter-
mined KD and the protein concentration. Upon subsequent titration with L-aspartate, a reduction of the STD 
NMR effect arising from the L-glutamate reporter ligand is observed. The reduction implies the specific displace-
ment of L-glutamate, most probably from the same binding pocket, by the higher affinity ligand L-aspartate. In 
Fig. 4 the STD effect for L-glutamate, determined by comparison of the reference and STD spectra, and then 
normalised (%), is recorded against a titration of L-aspartate resulting in a hyperbolic curve which can be fitted 
directly using Eq. (3)40,41. Here, A is a proportionality constant, KDglu

 the dissociation constant measured for 
L-glutamate and L0 its fixed concentration, I0 is the total concentration of L-aspartate and KDasp is its dissocia-
tion constant. 

By fitting the experimental titration data (Fig. 4) KD values for L-aspartate of 42 nM and 13 nM for deter-
gent-solubilised and proteoliposome-reconstituted GltPh were determined respectively. These are comparable 
to previously estimated values, also in the nM range10,12,15–18. A comparison of the KD values determined in 
detergent and proteoliposomes reveals interesting insight into the protein function. The observed values for the 
weakly binding ligand, L-glutamate, are comparable in magnitude but vary slightly from those observed previ-
ously. The concentration of sodium ions used here is lower than used in most previous cases10,16, which might 
explain the slightly higher KD values determined here. Indeed, to test this hypothesis a further set of STD NMR 
measurements were carried out as a function of Na+ concentration, using detergent-solubilised WT GltPh in the 
presence of a fixed, excess concentration of L-glutamate. The STD effect increases with excess Na+ concentration 
(Figure S7) which can be explained by an decrease in KD in accordance with previous biochemical data15, further 
highlighting the sensitivity of this particular technique to the system at hand. This serves as an additional control 
for the Na+ dependency of substrate binding.

For the tightly binding L-aspartate ligand there is little difference in the observed KD values between protein 
environments, however upon closer inspection of the titration data in Fig. 4 a distinct difference can be seen. 
The value of A used in Eq. 3 to fit the experimental data is different for detergent and proteoliposomes. Whereas 
in detergent the tightly binding ligand fully displaces the L-glutamate (A = 100), in proteoliposomes this value 
is only 67 suggesting that L-aspartate is not able to fully displace the L-glutamate in GltPh reconstituted into 
proteoliposomes. To further understand this observation, data from both competition experiments were nor-
malized and subsequently fitted to a standard Hill equation (Fig. 4 bottom) as described by Eq. (4), where n is 
the Hill coefficient.

(3)%bound ∝ −A×

[
KDglu

L0
][

I0
KDasp

]

1+ [
KDglu

L0
][1+ ( I0

KDasp
)]

+ 100

Figure 4.   Competition binding of L-aspartate in the presence of excess L-glutamate (1.5 mM) in GltPh. (Top) 
Normalised STD effect (%) as a function of L-aspartate concentration for GltPh in detergent micelles (left) 
and reconstituted proteoliposomes (right). The solid line represents the best fit according to Eq. (3). (Bottom) 
Normalised data fitted to a standard Hill equation (Eq. 4), resulting in Hill coefficients of 1.06 and 0.69 in 
detergent micelles (left), and reconstituted proteoliposomes (right) respectively.
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The Hill coefficient calculated in detergent micelles was 1.063, indicative of typical non-cooperative, inde-
pendent ligand binding in the trimeric GltPh. In proteoliposomes, however the Hill coefficient obtained was only 
0.69. A Hill coefficient significantly less than 1 is typical of binding events which exhibit negative cooperativity, 
where binding of substrate to one binding site makes binding of another substrate less likely. This result suggests 
some interplay between the protomers within the trimeric GltPh when it is reconstituted into a proteoliposome. 
In this case ligand binding could be associated with an actual transport process across the proteoliposome 
membrane leading to a difference in environment on either side of the membrane, as would be expected under 
physiological conditions.

Using the STD NMR method presented here, a constant protein concentration is maintained throughout 
the entire experiment. Determination of the apparent KD does thus not rely on accurately knowing the protein 
concentration, which is often difficult to obtain for membrane proteins. The STD NMR approach therefore 
presents a simpler route for KD estimation as compared with other methods commonly used10,12,15–18. Indeed, if 
we deliberately use a wrong estimation of the protein concentration (by a factor of two) to perform the calcula-
tions there is no difference in the KD determined using this method. The two essential factors are to maintain a 
protein concentration below the expected range of the KD of the reporter ligand (weak binder) and also to ensure 
that the protein concentration is kept constant. Thus, this is the first simple and quick analytical estimation of a 
ligand KD to a membrane protein using STD NMR. Further, this method was expanded to include an accurate 
KD estimation for a tightly binding ligand normally not accessible with STD-NMR, as well as the observation of 
important functional differences of a membrane protein reconstituted in different membrane mimetics, making 
this technique much more universally applicable.

This simplified approach is now being applied to other membrane proteins for both ligand and inhibitor 
studies. In less favourable cases where interferences from the strong detergent signals are present, perdeuterated 
detergent molecules could be used or double difference techniques (STDD NMR) applied23. One further alter-
native is to perform similar studies on membrane proteins encapsulated in novel membrane protein scaffolds 
(SMALPS) or indeed in whole cells42. Such experiments are currently being performed in our lab.

In summary, we have demonstrated a fast, STD NMR-based protocol for the determination of ligand binding 
constants across at least four orders of magnitude for membrane proteins. This experimental approach can be 
applied to both detergent-solubilised and proteoliposome-reconstituted proteins leading to important physiologi-
cally relevant information. Further, with improved spectrometer performance and sensitivity such competition 
STD NMR techniques could lead to important new applications such as lead discovery in which compound 
libraries are screened against a range of drug targets to identify both high- and low-affinity ligands. Analogues 
may then be rapidly rank-ordered, and structure–activity relationships derived that can be used to optimise such 
NMR “hits” into viable drug leads. Hence, the STD NMR approach described here could ultimately be considered 
as a powerful additional screening tool for future structure-based and fragment-based drug design (SBDD and 
FBDD respectively) especially in these and other key membrane protein systems.

Materials and methods
Plasmids.  GltPh (wild type) inserted into pBAD24 plasmid was created by Eric Gouaux (Oregon Health and 
Science University, USA) and supplied by Harald H. Sitte and Thomas Stockner (Medical University of Vienna, 
Vienna, Austria)18.

Expression and purification of GltPh in detergent.  Plasmids including wild type (WT) GltPh were 
used to transform chemically competent TOP10 Escherichia coli bacterial cells (1 ng.μL−1, 100 mL). Cells were 
grown in LB medium up to an optical density of 0.7–0.8 at 600 nm (37 °C, 190 rpm). Protein production was 
induced by addition of 0.2% L-arabinose and cell harvesting was carried out after 3 h of incubation (30  °C, 
190 rpm). Cells were pelleted by centrifugation (Thermo Scientific Sorvall RC6 Plus) at 6000 rcf for 8 min. The 
cells were re-suspended in lysis buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 5 mM MgCl2) with DNAse, PMSF, 
lysozyme and glycerol, and lysis was performed using a high pressure EmulsiFlex system at 10,000 psi. Removal 
of all cellular debris was carried out via centrifugation (6000 rcf, 10 min). The resulting supernatant was then 
subjected to ultracentrifugation (176,000 rcf, 2 h) and the membrane pellet was re-suspended in lysis buffer. 
n-Dodecyl-ß-D-Maltoside Detergent (DDM) was added to a final concentration of 1%. The solution was left 
for 90 min at 4 °C with gentle agitation, after which the total detergent concentration was diluted to 0.5% and 
insoluble protein/protein aggregates were isolated via ultracentrifugation (176,000 rcf, 15 min).

For protein binding and purification, imidazole (pH 8.0) was added to a final concentration of 10 mM, and 
the solution was incubated with TALON Metal Affinity Resin overnight at 4 °C, under mild agitation. Washes 
1 and 2 were carried out in 40 and 5 column volumes of buffer A (20 mM HEPES pH 7.5, 200 mM KCl, 0.075% 
DDM) supplemented with 10 mM and 20 mM imidazole respectively. Protein was eluted in 3 column volumes 
of buffer A supplemented with 500 mM imidazole. The purity of the eluted protein was analysed via SDS-PAGE 
gel electrophoresis. The eluted protein was exchanged to buffer B (20 mM HEPES pH 7.5, 100 mM KCl, 0.075% 
DDM) and afterwards concentrated using Amicon Ultra-15 Centrifugal Filter Units (100 kDa MWCO). The 
protein concentration was calculated by measuring the optical absorbance at 280 nm and using the molar 
extinction coefficient of WT GltPh. The purified protein was kept in 20% glycerol, aliquoted, flash frozen and 
stored at − 80 °C.

(4)y =
1

[(

KD
[L]

)n
+ 1

]
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WT GltPh in buffer B with 20% glycerol was washed using a PD-10 desalting column prior to NMR experi-
ments, to remove glycerol and other small molecule impurities. Buffers C (20 mM potassium phosphate pH 7.5, 
100 mM NaCl, 0.075% DDM) and D (20 mM potassium phosphate pH 7.5, 100 mM KCl, 0.075% DDM) were 
prepared in D2O. Washed WT GltPh was prepared in buffer C via buffer exchange using an Amicon Ultra-4 
Centrifugal Filter Unit (100 kDa MWCO), with a final protein concentration of 19.5 μM. Buffer exchange was 
repeated 4 times for maximum efficiency. Washed WT GltPh was additionally prepared in buffer D, to a con-
centration of 22.7 μM, ready for control NMR experiments in the absence of Na+ ions.

Reconstitution of GltPh into liposomes.  For reconstitution experiments WT GltPh was exchanged into 
buffer E (20 mM potassium phosphate buffer pH 7.5, 100 mM KCl, 0.075% DDM) and concentrated to approxi-
mately 50 μM. Escherichia coli polar lipid extract (Avanti Polar Lipids Inc.) and 1,2-dioleoyl-sn-glycero-phos-
phocholine (DOPC) (Avanti Polar Lipids Inc.) were mixed in a 1:3 ratio. The mixture was dried under a constant 
steady stream of argon to form a thin lipid film. The dried lipid mixture was then resuspended in degassed buffer 
F (20 mM potassium phosphate buffer pH 7.5, 100 mM KCl) to a final concentration of 20 mg.mL−1. The lipid 
suspension was subjected to 5 freeze–thaw cycles using liquid nitrogen, thawing at room temperature, result-
ing in the formation of large multilamellar vesicles (LMVs). The mixture was extruded through polycarbonate 
membranes with a pore size of 400 nm (Avanti Polar Lipids Inc.) to form large unilamellar vesicles (LUVs). 
The liposomes were diluted to a lipid concentration of 4 mg.mL−1 using buffer G (20 mM potassium phosphate 
buffer pH 7.5, 100 mM KCl, 25% glycerol). Liposomes were destabilised by dropwise addition of Triton X-100 
(10% w/v), adding 150 μL in total per 5 mL of liposomes. WT GltPh in buffer E was added to the destabilised 
liposomal mixture at 20 μg protein per mg of lipid and left to agitate gently for 30 min. Detergent was removed 
by stepwise addition of Bio-Beads SM-2. The proteoliposome mixture was incubated and gently mixed with four 
successive additions of 200 mg Bio-Beads SM-2 per 5 mL of proteoliposome mixture, which were then removed 
by filtration. Liposomes were concentrated by centrifugation at 140,000 × g for 2 h at 4 °C. Buffers H (20 mM 
potassium phosphate pH 7.5, 100 mM NaCl) and I (20 mM potassium phosphate pH 7.5, 100 mM KCl) were 
prepared in D2O. Liposomes were resuspended in either buffer H or I to a final lipid concentration of approxi-
mately 40 mg.mL−1. Proteoliposomes (PL-WT GltPh) were used immediately for NMR experiments, and not 
flash frozen between times.

Empty liposomes were also prepared in the same manner and at the same lipid concentration, however 
steps involving liposome destabilising, protein addition and removal of detergent using Bio-Beads SM-2 were 
removed in this protocol. These served as control samples. The external buffer H was used for resuspension of 
the liposomes in the final step.

NMR spectroscopy.  The NMR spectra were recorded at 278 K with D2O as solvent, on an Ultra- Compact 
800 MHz Bruker Avance III NMR spectrometer equipped with an inverse triple resonance (H/C/N) z-gradient 
probe head. STD NMR experiments were carried out by a pseudo 2D pulse sequence including spoil pulses to 
destroy residual magnetization during the relaxation delay (two trim pulses of 2.5 and 5 ms, followed by a 3 ms 
gradient pulse on the Z-axis). For selective saturation of GltPh, cascades of 49 ms Gaussian-shaped pulses (field 
strength of 90 Hz) were used with a 1 ms delay between successive pulses. Total saturation time for STD meas-
urements was 2 s with a recycling delay of 2 s in experiments consisting of 512 scans. The saturation time of 2 s 
was selected as a compromise between sensitivity and accuracy on KD determination, as a long full initial-slope 
STD NMR approach38 is not appropriate for relatively fast-degrading membrane proteins. Selective saturation of 
the protein was achieved by setting the on-resonance frequency at 0.6 ppm, to produce efficient saturation of the 
aliphatic side chains of the protein. This saturating radio frequency indeed also directly hit on the most up-field 
proton signal of the detergent molecules, contributing to a very efficient saturation of the whole system. Potential 
saturation transfer effects arising from non-specific interactions of the ligands with the detergent could be ruled 
out by negative results of STD NMR experiments of the protein–ligand system in the absence of Na+. For the 
reference (off-resonance) spectrum, the irradiation frequency was shifted to 40 ppm.

In the case of detergent solubilised WT GltPh, a series of STD NMR experiments were first carried out using 
WT protein in buffer C and increasing L-glutamate concentrations ranging from 0 to 5 mM (example NMR 
spectra in Figure S2). A control STD NMR measurement was then undertaken using detergent solubilised WT 
GltPh in buffer D (without Na+ ions) supplemented with 0.5 mM L-glutamate (Figure S1). Finally, a series of 
STD NMR experiments were taken following a competition-based titration of L-aspartate (ranging from 0 to 
1 μM) into WT GltPh in buffer C supplemented with 1.5 mM L-glutamate.

For PL-WT GltPh, the first set of STD NMR experiments were carried out using proteoliposomes in external 
buffer H and increasing L-glutamate concentrations ranging from 0 to 5 mM (Figure S5). Two control STD NMR 
experiments were also undertaken, using (1) empty liposomes in external buffer H (Figure S3) and (2) PL-WT 
GltPh in external buffer I (Figure S4), each supplemented with 1.5 mM L-glutamate. Finally, a series of STD NMR 
experiments were taken following a competition-based titration of L-aspartate (ranging from 0 to 2 μM) into 
PL-WT GltPh in buffer H supplemented with 1.5 mM L-glutamate. Bruker Topspin (version 3.5) was employed 
for processing the NMR spectra and determination of peak integrals for STD-AF calculations as described in 
reference 21. All figures, except Fig. 1, were prepared using Matlab. The KD determination was performed using 
the curve fitting tool in Matlab.

Spin–lattice relaxation times (T1) were determined using the inversion-recovery method43 for (a) 1.5 mM 
L-glutamate in buffer C, and (b) 1.5 mM L-glutamate added to empty liposomes in external buffer H. For these 
experiments, spectra of 16 K data points were obtained for 16 and 12 delay time (τ) values in cases (a) and (b) 
respectively, ranging from 1 ms to 5 s. Initial quick T1 estimation was performed for all samples in order to set 
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the appropriate relaxation delay, which was set to 5 s in all samples. T1 values were obtained by fitting the data 
(Figure S6, table S1) to the following equation:

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