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SUMMARY

Crystal and cryo-EM structures of the glucagon-like peptide-1 receptor (GLP-1R)
and glucagon receptor (GCGR) bound with their peptide ligands have been ob-
tained with full-length constructs, indicating that the extracellular domain
(ECD) is indispensable for specific ligand binding. This article complements these
data with studies of ligand recognition of the two receptors in solution. Paramag-
netic NMR relaxation enhancement measurements using dual labeling with fluo-
rine-19 probes on the receptor and nitroxide spin labels on the peptide ligands
provided new insights. The glucagon-like peptide-1 (GLP-1) was found to interact
with GLP-1R by selective binding to the extracellular surface. The ligand selec-
tivity toward the extracellular surface of the receptor was preserved in the trans-
membrane domain (TMD) devoid of the ECD. The dual labeling approach further
provided evidence of cross-reactivity of GLP-1R and GCGR with glucagon and
GLP-1, respectively, which is of interest in the context of medical treatments
using combinations of the two polypeptides.

INTRODUCTION

Glucagon-like peptide-1 (GLP-1), a peptide hormone containing 31 residues is derived from the tissue-spe-

cific posttranslational processing of the proglucagon peptide and inhibits gastric emptying and gut

motility through vagal afferents and conveys an anorectic signal to the brain that ultimately reduces

food intake.1–3 GLP-1 functions through activation of the GLP-1 receptor (GLP-1R), a G protein-coupled re-

ceptor (GPCR) that is expressed in pancreas, lungs, heart, kidneys, hypothalamus, and stomach. GLP-1R is a

class B GPCR and comprises an N-terminal extracellular domain (ECD) and a seven-transmembrane

domain (TMD). GLP-1R[TMD] structures in complexes with allosteric modulators, and full length GLP-1R

structures in complex with a peptide agonist were solved with X-ray crystallography.4–6 There are also

cryo-EM structures of GLP-1R bound with peptide and non-peptide agonists, positive allosteric modula-

tors, and G proteins.4–16

The available structures of GLP-1R have provided snapshots of different activation states and showed that

the binding of polypeptide hormone ligands is associated with the ECD. Previous study suggests that acti-

vation of GLP-1R is strictly dependent on the presence of ECD.17 GLP-1R requires the ECD for activation

even when high concentration of native peptide is present or when peptide hormones are artificially teth-

ered to the TMD or to the membrane.17 Physiological ligands had previously been thought not to interact

with the GLP-1R[TMD], because no GLP-1R GLP-1 complexes have been detected in the absence of the

ECD. Therefore, the question whether TMD alone can interact with GLP-1 and provide selectivity remained

unknown. Questions regarding overlaps (‘‘cross-talk’’) in the interactions among GLP-1R, the glucagon re-

ceptor (GCGR), GLP-1, and glucagon (GCG) have been raised and have become major subjects of interest

in research on medical treatments using combinations of the two polypeptide hormones.18

Here, we employed a dual labeling approach by placing 19F probes and nitroxide spin labels on the recep-

tor and the peptide ligands, respectively. 19F-NMR has long been used to characterize weak protein–ligand

interactions under equilibrium conditions, owing to its high NMR sensitivity and minimal background.19–23

In addition, paramagnetic relaxation enhancement (PRE), which is highly sensitive and distance dependent,

has been exploited as an NMR method for measuring distances and identifying intermolecular binding

partners.24–28 In this study, we made use of the background-free high resolution of the 19F-NMR signals
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Figure 1. Selective interactions of the glucagon-like peptide-1 (GLP-1) with the GLP-1R and GLP-1R[TMD]

(A) Cryo-EM structure of GLP-1R (ECD in gray; TMD in light blue) in complex with GLP-1 (green; PDB:5VAI). The locations

of four engineered cysteine labeling sites on the extracellular surface of GLP-1R[TMD] are identified in blue, the locations

of three natural cysteines on the intracellular surface of GLP-1R[TMD] are identified in black, and four paramagnetic spin

labeling sites in GLP-1 are identified in red.

(B) Chemical reaction used to covalently link the nitroxide spin label, MTSL, to the cysteine residues of GLP-1. MTSL:

S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate.

(C) Amino acid sequences of GLP-1, four GLP-1 variants containing engineered cysteines, and two control peptides, RP1

and RP2, with randomized sequences. Engineered cysteines labeled with MTSL are indicated by red letters.

(D and E) Dual-labeling PRE (paramagnetic relaxation enhancement) experiments with 19F-labeled full length GLP-1R.

Three engineered 19F labeling positions on the extracellular surface (A200TETC, L290TETC and E364TETC) and two natural
19F labeling positions (TETC174 and TETC341) on the intracellular surface of GLP-1R were monitored. MTSL-labeled

peptide (100 mM) was added to different TET-labeled GLP-1R variants, which were reconstituted in LMNG/CHS micelles.
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Figure 1. Continued

The 1D 19F-NMR spectra were recorded at 298 K on a 600 MHz spectrometer operating at a 19F resonance frequency of

564 MHz: (D) Addition of GLP-1[S8C-MTSL]; (E) Addition of GLP-1[G31C-MTSL]. Asterisk peak represents nonspecific

labeling. FL: full length.

(F and G) Dual-labeling PRE experiments with the GLP-1R[TMD]. Three engineered 19F labeling positions on the

extracellular surface (A200TETC, L290TETC, and E364TETC) and two natural 19F labeling positions (TETC174, TETC341) on the

intracellular surface of GLP-1R[TMD] were monitored. Spin-labeled GLP-1 (100 mM) was added to the TET-labeled

proteins, which were reconstituted in LMNG/CHS micelles. Same experimental conditions and presentation were used

for (D) and (E): (F) Addition of GLP-1[S8C-MTSL]; (G) Addition of GLP-1[G31C-MTSL]. The following code is used to

present the spectra in the panels (D) to (G): blue, 19F-NMR signals without the addition of a paramagnetic ligand; red,
19F-NMR signals after the addition of the MTSL-labeled peptide; green, 19F-NMR signals after further addition of ascorbic

acid to reduce nitroxide radicals. See also Figures S1 and S2 and Table S1.
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in the GPCRs and the strong relaxation enhancement because of the nitroxide spin labels in the peptide

ligands to characterize weak transient protein–ligand interactions.
RESULTS

Selective ligand binding to the extracellular surface of GLP-1R is preserved in the

transmembrane domain (TMD)

Our previous studies indicated that three intracellular native cysteines [C1742.44, C3295.59, and C341;

numbers in superscript refer to the Wootten numbering system for class B GPCRs29] are subject to 2,2,2-

trifluoroethanethiol (TET) labeling30 and can therefore serve as probes of the intracellular surface of

GLP-1R. Four singly engineered cysteine residues (A2002.70C, L218C, L2904.66C, and E3646.53C) were intro-

duced for 19F-labeling as reporters of the extracellular surface of GLP-1R (Figure 1A). SDS-PAGE and

analytical size exclusion chromatography (aSEC) showed that GLP-1R variants reconstituted into lauryl

maltose neopentyl glycol/cholesterol hemisuccinate (LMNG/CHS; 5:1) micelles were in good protein yield

(0.8–1.0 mg per liter biomass) and homogeneity (Figures S1A and S1E).

Nitroxide spin labels were introduced to GLP-1 to study its interaction with GLP-1R. Site-directed spin

labeling was performed by replacing discrete residue positions S8C, G16C, A24C, and G31C on GLP-1,

and then labeling with S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfono-

thioate (MTSL; Figures 1A–1C). Mass spectrometry (MS) verified the high efficiency of spin-labeling on

these peptides (Table S1).

1D 19F-NMR spectra of GLP-1R[A200TETC] and GLP-1R[L290TETC] showed a single peak, whereas the spec-

trum of GLP-1R[E364TETC] showed two peaks possibly because of nonspecific labeling (Figures 1D and 1E).

GLP-1R[TETC174, TETC341] showed two separated 19F-NMR signals corresponding to C174 and C341,

respectively.30 In a typical 19F-NMR experiment, spin-labeled peptides were added to 19F-labeled GLP-

1R, and the concentrations of the receptor and MTSL-labeled peptide were 15–20 and 100 mM, respec-

tively. The 19F-NMR signal of A200TETC, L290TETC, and E364TETC on the extracellular surface dropped

on the addition of spin-labeled GLP-1, whereas the signals of TETC341 and TETC174 on the intracellular sur-

face remained almost the same (Figures 1D and 1E). In addition, the partial recovery of 19F-NMR signals was

observed after the addition of 500 mMascorbic acid to quench nitroxide radicals (Figures 1D and 1E). These

results showed that spin-labeled GLP-1 exclusively affected 19F-NMR signals on the extracellular surface of

GLP-1R, but no effect on the intracellular surface signals was detected.

In addition, spin-labeled random peptides were used as non-binder controls in determining whether

other spin-labeled peptidic materials can cause signal variations (Figure 1C). Decreases in the intensities

of 19F-NMR signals on the extracellular surface after the addition of RP1[C31-MTSL] were smaller than those

observed after the addition of spin-labeled GLP-1 (Figures S2A, 1D and 1E). No effects on the intracellular
19F-NMR signals were observed (Figure S2A). These experiments indicated that GLP-1R’s extracellular sur-

face exhibited greater selectivity to GLP-1 than to other random peptides.

We further performed spin radical 4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy (TEMPOL) titration to

explore the solvent exposure of 19F-labels on the intracellular and extracellular surfaces of the receptor.

The 19F-NMR signals of L290TETC, TETC329, TETC174 and TETC341 gradually decreased with increasing

TEMPOL concentration (Figure S2B), suggesting the similar solvent-accessibility of the extracellular and

intracellular surfaces. A higher concentration (�3 mM) of TEMPOL led to a significant drop in 19F-NMR
iScience 26, 106918, June 16, 2023 3
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signal intensity, suggesting a strong PRE effect (Figure S2B). Low concentrations (<200 mM) of free radicals

caused a minor decrease (<2%) in 19F-NMR signal intensity, suggesting that the nonspecific interactions of

free radicals with the 19F-probes were minimal.

To investigate whether this selectivity is a property provided by ECD, we further expanded our study to

the interaction of GLP-1 with GLP-1R in the absence of ECD (Figures 1F and 1G). The 1D 19F-NMR

spectra of GLP-1R[TMD, A200TETC], GLP-1R[TMD, L290TETC], GLP-1R[TMD, E364TETC], and GLP-1R

[TMD, TETC174, TETC341] all showed a single peak with similar chemical shift as 19F-NMR signals on

GLP-1R but with smaller line width (Figures 1F and 1G). The 19F-NMR signals of A200TETC, L290TETC,

and E364TETC on the extracellular surface dropped significantly on the addition of spin-labeled GLP-1

variants, compared with the almost unchanged intercellular surface signals of TETC341 and TETC174

(Figures 1F and 1G). We therefore concluded that the TMD devoid of the ECD shows specific interactions

of the extracellular surface with GLP-1. Compared with the intracellular surface, the affinity of extracel-

lular surface toward GLP-1 or even a random peptide may reflect the general biophysical or biochemical

properties of the receptor.

Ligand binding selectivity to the extracellular surface is maintained in different membrane

mimetics

The ligand binding selectivity of the extracellular surface of GLP-1R[TMD] was next studied in different

membrane mimetics: n-dodecyl-b-D-maltopyranosid/cholesterol hemisuccinate (DDM/CHS; 5:1) and

nanodiscs (MSP1D1, POPC/POPS ratio of 7:3). SDS-PAGE and aSEC of GLP-1R[TMD, L290TETC] and

GLP-1R[TMD, TETC174, TETC341] indicated high protein yields and good homogeneity (Figures S1C,

S1D, S1G, and S1H). The 1D 19F-NMR spectra of GLP-1R[TMD, L290TETC], GLP-1R[TMD, TETC329], and

GLP-1R[TMD, TETC174, TETC341] titrated by TEMPOL indicated that the extracellular and intracellular sur-

faces had similar accessibility in LMNG/CHS micelles, DDM/CHS micelles and nanodiscs (Figures 2A–2C

and S3D). In the nanodiscs, TEMPOL showed weaker interaction with GLP-1R[TMD] than that in detergent

micelles (Figures 2A–2C and S3D), suggesting that the surface of GLP-1R[TMD] is relatively less exposed in

the phospholipid bilayer than in the detergent micelles.

In the DDM/CHS micelles, MTSL-labeled GLP-1s selectively broadened the 19F-NMR peaks on the extra-

cellular surface of GLP-1R[TMD], whereas the intracellular surface signals were less affected (Figures 2E

and S3B). Although the effects of 19F-PRE were much weaker in the nanodiscs, GLP-1 still exclusively

affected the NMR signal from the extracellular surface (Figures 2F and S3C). The weaker effects coin-

cided with what we observed in the TEMPOL titration experiments. The bilayer conformation of nano-

discs was possibly much more robust than that of detergent micelles, thus MTSL-labeled peptides

and TEMPOL were hindered from getting close to the 19F-probes. In conclusion, regardless of the mem-

brane mimetics, GLP-1 bound exclusively to the extracellular surface of GLP-1R[TMD] (Figures 2D–2F

and S3).

GLP-1R interactions with polypeptide ligands are weak and reversible

Chemical shift perturbation is generally used to characterize ligand binding effect. The experiment was

performed by monitoring 19F chemical shift changes in response to the titration of the spin labeled ligands.

None of the four 19F-probes near the orthosteric binding pocket showed chemical-shift changes in

response to the addition of unlabeled GLP-1(Figure S3A). This results suggest the interaction between

GLP-1 and GLP-1R[TMD] is too weak to cause significant chemical shift perturbation. Paramagnetic relax-

ation enhancement NMR was further used to confirm the finding. A step-by-step titration of GLP-1[G31C-

MTSL] into GLP-1R[TMD, L290TETC] and GLP-1R[TMD, TETC174, TETC341] showed that the resonance of

L290TETC dropped continuously as the concentration of spin labeled peptide increased, whereas the reso-

nance of TETC174 and TETC341 was less affected (Figures 3A and 3B). The resonance of L290TETC could not

be saturated even on the addition of 20 times concentration of the ligand (Figure 3A), suggesting the weak

interaction between GLP-1 with GLP-1R[TMD] in the detergent micelles.

To verify whether unlabeled GLP-1 can replace the receptor bound labeled GLP-1, competitive binding ex-

periments were employed with the addition of equivalent concentration of unlabeled GLP-1. Results

showed that the 19F-NMR signal of TETC290 was partially recovered when unlabeled GLP-1 was added

(Figures 3C and 3D), indicating that the binding of unlabeled and labeled GLP-1 to the extracellular surface

of the receptor is reversible.
4 iScience 26, 106918, June 16, 2023



L290TETC L290TETC

TETC174

TETC341

-65 -66 -67 -65 -66 -67 -65 -66 δ(19F) [ppm]

A

B

C

D

E

F

TETC341

TETC174

-65 -66 -67 

++ ascorbic acid
+GLP-1[G31C-MTSL]

Apo in LMNG/CHS

++ ascorbic acid
+GLP-1[G31C-MTSL]

++ ascorbic acid
+GLP-1[G31C-MTSL]

Apo in Nanodiscs

Apo in DDM/CHS

TEMPOL titration
 in LMNG/CHS

TEMPOL titration
 in DDM/CHS

TEMPOL titration
 in Nanodiscs

Figure 2. Solvent accessibility of the GLP-1R[TMD] intracellular and extracellular surface areas and comparison of

GLP-1 interactions with GLP-1R[TMD] in different detergent micelles and nanodiscs

(A–C) Influence of increasing TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidinooxy) concentrations (0, 0.1, 0.2, 0.4, 0.8,

1.2, 2, and 3 mM) on the extracellular surface 19F-NMR signals of GLP-1R[TMD, L290TETC] and intracellular surface
19F-NMR signals of GLP-1R[TMD, TETC174, TETC341] solubilized in different membrane mimetics: (A) In LMNG/CHS

micelles; (B) In DDM/CHS micelles; (C) In nanodiscs. Color code used to present the spectra in the panels (A) to (C): blue,
19F-NMR signals without the addition of TEMPOL; red, 19F-NMR signals after the addition of intermediate TEMPOL

concentrations (0.1, 0.2, 0.4, 0.8, 1.2, and 2 mM); black, 19F-NMR signals after the addition of 3 mM TEMPOL.

(D–F) Dual-labeling PRE experiments with 19F-labeled GLP-1R[TMD] in different membrane mimetics. One engineered
19F labeling position on the extracellular surface GLP-1R[TMD, L290TETC] and two natural 19F labeling positions on the

intracellular surface GLP-1R[TMD, TETC174, TETC341] were monitored. GLP-1[G31C-MTSL] (100 mM) was added to

different TET-labeled proteins. The 1D 19F-NMR spectra were recorded: (D) in LMNG/CHS micelles; (E) in DDM/CHS

micelles; (F) in nanodiscs. Same 19F-NMR experimental conditions and color code were used as in Figure 1. See also

Figure S3.
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Different nitroxide spin label locations in the polypeptide ligands affect its interactions with

GLP-1R[TMD]

We further evaluated the effects of discrete peptide labeling position on the selectivity of the extracellular and

intracellular surface of the receptor (Figure 1C). Overall, the ligand selectivity of the extracellular surface of the

receptor wasmaintained regardless of peptide labeling position (Figures 4A–4D). DifferentMTSL labeling posi-

tiononGLP-1did causedifferent degreesof 19F-NMRsignal droponGLP-1R[TMD]. TheC-terminal labeledpep-

tide GLP-1[G31C-MTSL] showed the strongest effect among all peptides (Figure 4D), suggesting GLP-1R[TMD]

interact with the C-terminal of peptide stronger than N-terminal. According to the previously structural studies,

N-terminal of GLP-1 is buried in the orthosteric binding pocket in TMDwhereas the C-terminal of GLP-1 bind to

the ECD of in full length GLP-1R. Our results suggest that GLP-1 may adopt different binding modes in GLP-1R

andGLP-1R[TMD] in solution. In full-lengthGLP-1R, the interactionbetweenC-terminal ofGLP-1with ECDmain-

tained thepeptide in a canonical position. In the absenceECD,C-terminal of adopted flexible conformation and

caused the stronger PRE on the extracellular surface of TMD.

By contrast, RP1[C31-MTSL] and RP2[C8-MTSL] led to similar signal drops on the extracellular surface of

GLP-1R[TMD] (Figure S4), suggesting that nonspecific peptide interaction is irrelevant to labeling position.

Compared the 19F-NMR spectra of different labeling positions in GLP-1R[TMD] variants, the position of

E364C was less affected by MTSL-labeled polypeptide ligands, suggesting the large distance between

E364C and GLP-1. This result was consistent with the cryo-EM structural information that E364 is farther

from GLP-1 than the other three extracellular positions.4–16
iScience 26, 106918, June 16, 2023 5
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Figure 3. Weak and reversible interactions between GLP-1 and GLP-1R[TMD]

(A and B) Titration of GLP-1[G31C-MTSL] to GLP-1R[TMD] variants solubilized in LMNG/CHS micelles. Different

concentrations of GLP-1[G31C-MTSL] (0, 20, 40, 80, 160, 320 mM) were added to the different TET-labeled proteins: (A) On

the extracellular surface GLP-1R[TMD, L290TETC]; (B) On the intracellular surface GLP-1R[TMD, TETC174, TETC341]. Same
19F-NMR experimental conditions and presentation as for Figure 1. Color code used to present the spectra in the panels

(A) and (B): blue, 19F-NMR signals without addition of paramagnetic ligand; red, green, purple, yellow, orange represents
19F-NMR signals after addition of 20, 40, 80, 160, 320 mM GLP-1[G31C-MTSL], respectively.

(C and D) Competition binding of MTSL-labeled GLP-1 and unlabeled GLP-1 with GLP-1R[TMD] in LMNG/CHS micelles.

300 mM MTSL-labeled ligands were added to TET-labeled GLP-1R[TMD, L290TETC] and 1D 19F-NMR spectra were

recorded: (C) Addition of GLP-1[S8C-MTSL]; (D) Addition of GLP-1[G31C-MTSL]. Subsequently, 300 mMGLP-1 was added

and a second spectrum was recorded. Same 19F-NMR experimental conditions and presentation as for Figure 1. Color

code used to present the spectra in the panels (C) to (D): blue, 19F-NMR signals without addition of a paramagnetic ligand;

red, 19F-NMR signals after addition of theMTSL-labeled peptide; brown, 19F-NMR signals after further addition of 300 mM

GLP-1.See also Figure S3.
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Cross-reactivity of GLP-1R and GCGR with GLP-1 and GCG

To determine whether the selectivity discovered with GLP-1R is of relevance for class B GPCRs in general,

we next extended our study to GCGR and conducted the aforementioned key 19F-NMR experiments. The

GCGR[TMD] constructs were previously described, and extracellular C2874.65 and intracellular C1712.44 can

be readily labeled and used as reporters (Figure 5A).30

A mutated version of GCG N28D (GCG*) was used in resolving the solubility issue near the physiological

pH.31 Engineered cysteines on GCG* (F6C, S16C, F22C, and T29C) were next labeled with MTSL, and the

products were verified by MS (Figure 5B and Table S1).

Two 19F-NMR peaks of identical intensity located at �65.4 and �66.2 ppm were assigned to TETC287 and
TETC171, respectively (Figures 5C–5F). Nitroxide spin-labeled GCG peptides decreased the intensity of
TETC287 signal on the extracellular surface of GCGR[TMD], whereas the signal of TETC171 on the
6 iScience 26, 106918, June 16, 2023
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Figure 4. Interactions of GLP-1R[TMD] variants with spin-labeled GLP-1

(A–D) Dual-labeling PRE experiments with 19F-labeled GLP-1R[TMD] in LMNG/CHS micelles. Four engineered
19F labeling positions on the extracellular surface (A200TETC, L218TETC, L290TETC and E364TETC) and two natural
19F labeling positions (TETC174, TETC341) on the intracellular surface of GLP-1R[TMD] were monitored. 100 mM MTSL-

labeled peptide was added to the different TET-labeled proteins. The 1D 19F-NMR spectra were recorded: (A) Addition

of GLP-1[S8C-MTSL]; (B) Addition of GLP-1[G16C-MTSL]; (C) Addition of GLP-1[A24C-MTSL]; (D) Addition of GLP-1

[G31C-MTSL]. Some figures in Figures 4A and 4D are same with Figures 1F and 1G for convenient comparison. See also

Figure S4.
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intracellular surface remained unchanged (Figures 5C–5F). Selectivity toward the GCGR extracellular sur-

face was further confirmed in the single labeled variants, GCGR [TMD, TETC287] and GCGR [TMD,
TETC171] (Figures S5I and S5J). This selectivity of the peptidic ligands toward the extracellular surface of
ECD

GCGR TMD

C287

C171

T29

F22
S16

F6

I

VIII

V
VI VII

GCG*[F6C-MTSL] HSQGTCTSDYSKYLDSRRAQDFVQWLMDT
GCG*[S16C-MTSL] HSQGTFTSDYSKYLDCRRAQDFVQWLMDT
GCG*[F22C-MTSL] HSQGTFTSDYSKYLDSRRAQDCVQWLMDT
GCG*[T29C-MTSL] HSQGTFTSDYSKYLDSRRAQDFVQWLMDC

A

GCG
TETC287

TETC171

B

-64 -66 -68 

TETC287
TETC171C

δ(19F) [ppm]-64 -66 -68 

D

E F

GCG HSQGTFTSDYSKYLDSRRAQDFVQWLMNT
GCG* HSQGTFTSDYSKYLDSRRAQDFVQWLMDT

   Apo GCGR[TMD]
   + GCG*[F6C-MTSL]
    ++ ascorbic acid

Apo GCGR[TMD]
+ GCG*[S16C-MTSL]
 ++ ascorbic acid

Apo GCGR[TMD]
+ GCG*[F22C-MTSL]
 ++ ascorbic acid

Apo GCGR[TMD]
+ GCG*[T29C-MTSL]
 ++ ascorbic acid

HAEGTFTGDVSSYLEGQAAKEFIAWLVKGRGGLP-1

Figure 5. Selective interactions of GCG with GCGR[TMD]

(A) Cryo-EM structure of GCGR (ECD in gray, TMD in light blue) in complex with GCG (green) (PDB: 6LML). The locations

of two natural cysteine labeling sites of the GCGR[TMD] are identified in black, and four paramagnetic spin labeling sites

in GCG* are identified in red. GCG*: GCG[N28D].

(B) Amino acid sequences of GCG, GCG*, and four GCG* variants. Engineered cysteines to be labeled with MTSL are

indicated by red letters.

(C–F) Dual-labeling PRE experiments with 19F-labeled GCGR[TMD]. Two natural cysteine labeling positions on the

extracellular and intracellular surface were monitored. MTSL-labeled peptide (100 mM) was added to GCGR[TMD], which

was reconstituted in LMNG/CHS micelles. The 1D 19F-NMR spectra were recorded: (C) Addition of GCG*[F6C-MTSL]; (D)

Addition of GCG*[S16C-MTSL]; (E) Addition of GCG*[F22C-MTSL]; (F) Addition of GCG*[T29C-MTSL]. Same 19F-NMR

experimental conditions and color code were used as in Figure 1. See also Figures S1 and S5 and Table S1.
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the receptor was preserved in GLP-1R and GCGR in the absence of ECD, suggesting it may be an inherent

property of the transmembrane domains of GPCRs.

Of interest, spin-labeled GCG* specifically attenuated the 19F-NMR signals on the extracellular surface of

GLP-1R[TMD] similar to spin-labeled GLP-1 (Figures 6A and S5A–S5D). The selective binding of GCG to the

extracellular surface was also observed for full-length GLP-1R (Figures S5E and S5F). In GCGR[TMD], MTSL-

labeled GLP-1 caused PRE effects similar to that of the MTSL-labeled GCG*, suggesting that GLP-1 can

also bind to GCGR[TMD] as GCG* (Figures S5G and S5H). These results provided clear-cut evidence of

the cross-reactivity of GLP-1R and GCGR with their natural ligands.
DISCUSSION

GPCRs are activated or modulated by a very large set of diverse ligands with chemotypes ranging from

small-molecule neurotransmitters, lipids, metabolites and ions, to peptides and small proteins that pro-

trude far beyond the ‘‘classical’’ binding site.32 NMR studies in solution using dual labeling with 19F and

nitroxide spin labels revealed selective binding of polypeptide hormones to the extracellular surface of

the GLP-1R and GCGR TMDs devoid of the ECD (Figures 6A and 6B). Compared with the intracellular bind-

ing pocket, which interacts with G-protein, GRK and arrestin, the extracellular loops may play an important

role in the diverse signaling ability of the GPCRs. To further explore the molecular mechanism that govern

the ligands’ selective binding to the extracellular surface of the receptors, we compared the GLP-1R[TMD]
A B

C D

Figure 6. Selective binding of different polypeptide ligands for the extracellular surface of GLP-1R[TMD]

(A) PRE effects of MTSL-labeled peptides on the extracellular and intracellular surfaces of the GLP-1R[TMD] in LMNG/CHS

micelles. Average peak intensity ratios of the 19F-NMR signals before and after the addition of MTSL-labeled GLP-1s

(green), GCG*s (purple), and RP1 (blue) were calculated according to the data in Figures S5A–S5E andS6A–S6D,

respectively. RP: random peptide. Data is represented as meanG SD of three separate experiments. (B) Model of GLP-1R

[TMD] interacting with different types of molecules. Peptide ligands interact selectively with the extracellular surface of

GLP-1[TMD]. Small molecules (e.g., TEMPOL) affect both surfaces equally.

(C and D) Comparison of the unstructured loop regions of nine different GLP-1R structures. The models were built based

on the crystal and cryo-EM structures with the PDB IDs 7LCI, 7LCK, 6X1A, 6X18, 6X19, 6B3J, 6ORZ, 7C2E, and 5VEW, using

SWISS-MODEL (https://swissmodel.expasy.org/): (C) Extracellular view; (D) Intracellular view.
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structural models which was made based on the available crystal and cryo-EM structures5,8,10,11,13,15

(Figures 6C and 6D). Although the transmembrane helices of the TMD superimposed well, the comparison

revealed long flexibly disordered extracellular loops (ECLs) with respect to the intracellular loops (ICLs).

The current study therefore suggests that the plasticity of extracellular surface should govern the initial

stage of ligands recognition and facilitate the ligand binding. The exploitation of these ECL regions

may offer the greatest opportunities for developing receptor-specific drugs in the future.

The dual labeling approach is extremely rewarding in detecting the weak, transient intramolecular interac-

tions in solution and can be readily applied to the studies of other membrane proteins. The method also

was used for the study of the cross-reactivity of GLP-1R and GCGR with their natural ligands. The therapeu-

tic utility of integrating hormones into a single molecular entity that offers a unique potential for the treat-

ment of diseases.33 Day et al. showed that when full GLP-1 agonism was augmented with an appropriate

degree of GCGR activation, body fat reduction could be substantially enhanced without any overt adverse

effects.34 Finan B et al. demonstrated that the chemical hybridization of GCG and thyroid hormone can

optimize the therapeutic effect for metabolic disease.35 A double-blind, randomized phase 2 study showed

that the dual GIP and GLP-1 receptor agonist, LY3298176, had significantly better efficacy with regard to

glucose control and weight loss than dulaglutide.36 LY3298176 (Tirzepatide) was later approved by FDA,

for the treatment of adults with type 2 diabetes, making it the first and only GIP and GLP-1 receptor agonist

for this indication. The ‘‘cross interaction’’ between these two class B GPCRs and their peptide ligands gave

us a new molecular perspective on drug design.
Limitations of the study

The presently used dual labeling of the ligand-receptor system with 19F-NMR probes and nitroxide radicals

provides novel access to the class B GPCR-ligand interactions in solution. Despite its great potential, the

method has its limitations: The labeling itself may perturb the intermolecular interactions, and the micelles

selected for solubilizing the GPCR may also affect the results. In addition, the resolution of structural infor-

mation is limited because of the dependence on long-range interactions between the 19F spins and the

paramagnetic radicals.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli cells DH5a TIANGEN Cat#CB101

E. coli cells DH10Bac 2nd Lab Cat#DL1071

E. coli cells Top10 TIANGEN Cat#CB104

E. coli cells BL21-Gold (DE3) TransGen Cat#CD601-01

Chemicals, peptides, and recombinant proteins

n-dodecyl-beta-D-maltopyranoside (DDM) Anatrace Cat#D310

Laurly Maltose Neopentyl Glycol (LMNG) Anatrace Cat#NG310

Cholesterol hemisuccinate (CHS) Sigma Cat#C6512-25G

2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) Sigma Cat#42773-500mg

2-Oleoyl-1-palmitoyl-sn-glycero-3-phospho-L-serine sodium salt (POPS) Sigma Cat#51581-100mg

4,4’-dithiodipyridine (4-DPS) Sigma Cat#143057-5G

NNC0640 Wuxi AppTec Cat#EW6341-19-P1

2,2,2-Trifluoroethanethiol (TET) Sigma Cat#374008-10G

Hexafluoroacetone trihydrate Alfa Aesar Cat#L10777.06

4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy (TEMPOL) Alfa Aesar Cat#A12497.03

S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate (MTSL)

Santa Cruz Cat#SC-208677A

Ascorbic acid Aladdin Cat#A103534-100g

3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) Aldrich Cat#178837-1G

Phusion HF DNA Polymerase New England Biolabs Cat#M0503S

Dpn1 New England Biolabs Cat#R0176L

Protease Inhibitor Cocktail Bimake Cat#B14003

TALON Superflow Metal Affinity Resin TAKARA Cat#635670

Bio-Beads SM-2 Adsorbent Media Bio-Rad Cat#152-3920

GLP-1[S8C] Genscript C2906DD130-1

GLP-1[G16C] Genscript C4509DD230-4

GLP-1[A24C] Genscript C4509DD230-5

GLP-1[G31C] Genscript C2906DD130-2

GCG*[F6C] Genscript C2906DD130-3

GCG*[S16C] Genscript C4509DD230-6

GCG*[F22C] Genscript C2906DD130-4

GCG*[T29C] Genscript C4509DD230-7

RP2[C8] Genscript C873UEH260

RP1[C31] Genscript C773LFA290-1

GLP-1 Genscript C5725BK080

Experimental models: Cell lines

Insect: Sf9 Expression Systems Cat#11496015

Oligonucleotides

Primer: GLP-1R-C329S-Forward: TTCGTGAGGGTCATCTCTATTGTT

GTGAGTAAGCTG

This paper N/A

(Continued on next page)
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Continued
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Primer: GLP-1R-C329S-Reverse: CTTACTCACAACAATAGAGAT

GACCCTCACGAAGAT

This paper N/A

Primer: GLP-1R-A200C-Forward: TTCATTAAGGACG

CTTGCCTGAAATGGATGTACTC

This paper N/A

Primer: GLP-1R-A200C-Reverse:

GTACATCCATTTCAGGCAAGCGTCCTTAATGAACA

This paper N/A

Primer: GLP-1R-L218C-Forward:

TGGGACGGACTCTTGAGCTACCAAGATAGTCTCTC

This paper N/A

Primer: GLP-1R-L218C-Reverse:

GAGACTATCTTGGTAGCTCAAGAGTCCGTCCCACT

This paper N/A

Primer: GLP-1R-L290C Forward:

GGAATCGTCAAGTACCTGTACGAGGATGAAGGTTG

This paper N/A

Primer: GLP-1R-L290C-Reverse:

ACCTTCATCCTCGTACAGGTACTTGACGATTCCCC

This paper N/A

Primer: GLP-1R-E364C-Forward:

CTGTGTACGCACGAGGTTATTTTCGCTTTCGTGAT

This paper N/A

Primer: GLP-1R-E364C-Reverse:

CACGAAAGCGAAAATAACCTCGTGCGTACACAGCA

This paper N/A

Primer: GCGR-C171S-Forward: CTGTCCAAACTCCAC

AGCACTAGAAACGCCATCCA

This paper N/A

Primer: GCGR-C171S-Reverse: GATGGCGTTTCTAGTG

CTGTGGAGTTTGGACAGGC

This paper N/A

Primer: GCGR-C287S-Forward: ATTGTCGCTAACTACA

GTTGGCTTTTGGTTGAGGG

This paper N/A

Primer: GCGR-C287S-Reverse: CTCAACCAAAAGCCAA

CTGTAGTTAGCGACAATT

This paper N/A

Primer: GCGR-C401V-Forward: GTGGCCGTACTGTACG

TTTTTCTGAACAAGGAAGT

This paper N/A

Primer: GCGR- C401V-Reverse: TTCCTTGTTCAGAAAAA

CGTACAGTACGGCCACGA

This paper N/A

Recombinant DNA

pFastbac1-GLP-1R[TMD] This paper N/A

pFastbac1-GLP-1R[TMD,C174S,C341S,C329S,A200C] This paper N/A

pFastbac1-GLP-1R[TMD,C174S,C341S] This paper N/A

pFastbac1-GLP-1R[TMD,C174S,C341S,C329S,L218C] This paper N/A

pFastbac1-GLP-1R[TMD,C174S,C341S,C329S,L290C] This paper N/A

pFastbac1-GLP-1R[TMD,C174S,C341S,C329S,E364C] This paper N/A

pFastbac1-wtGCGR[TMD] This paper N/A

pFastbac1-wtGCGR[TMD,C171S,C401V] This paper N/A

pFastbac1-wtGCGR[TMD,C287S,C401V] This paper N/A

pFastbac1-wtGCGR[TMD,C287S,C171S] This paper N/A

Software and Algorithms

TopSpin 3.6.1 Bruker BioSpin www.bruker.com

PyMOL 2.2.3 Schrödinger www.pymol.org

OriginPro 2019 OriginLab www.originlab.com

Adobe Illustrator CC 2018 Adobe www.adobe.com
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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, Dongsheng Liu (liudsh@shanghaitech.edu.cn).

Materials availability

This study did not generate new or unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

A pET-28a vector containing the MSP1D1 gene construct was transformed into BL21-Gold (DE3) compe-

tent cells for growth and expression. Cultures were grown at 37 �C.

For GLP-1R and GCGR, recombinant baculoviruses were generated by transfecting recombinant bacmids

into Spodoptera frugiperda (Sf9) cells, using X-tremeGENE HP DNA Transfection Reagent (Roche, Basel,

Switzerland) and Transfection Medium (Expression Systems, Davis, CA, USA). Recombinant baculoviruses

were amplified using the Bac-to-Bac system (Invitrogen, Carlsbad, CA, USA). Cultures were grown at 27 �C.

METHOD DETAILS

GPGR constructs

The original humanGLP-1R, GLP-1R[TMD] andGCGR[TMD] constructs used in this study were derived from

previous study.30 In brief, the original GLP-1R[TMD] construct contains six mutations, including an engi-

neered disulfide bond (I3175.47C-G3616.5�C) linking helices V and VI and four other mutations (S271A,

G318I, K346A, C347F). This construct also contains truncations at the amino and carboxy termini, a hemag-

glutinin (HA) signal sequence, FLAG tag, N-terminal 103 histidine tag, and Escherichia coli apocytochrome

b562RIL (BRIL), followed by a tobacco etch virus (TEV) protease cleavage site. To place probes on the extra-

cellular surface, C174, C329 and C341 on the intracellular surface were mutated to Ser using the

QuikChange site-directed mutagenesis method. Then four point mutations (A200C, L218C, L290C, and

V364C) near the orthosteric binding site on extracellular surface were introduced using the QuikChange

site-directed mutagenesis method to prepare the 19F-NMR amenable samples. Residues from 24 to 127

(ECD domain) were added to N-terminal of TMD to build full length GLP-1R construct using standard

QuikChange method. The human GCGR[TMD] construct (residue 123-432) contains a N-terminal HA signal

sequence, Flag tag, and BRIL, followed by a 103 histidine tag, and a PreScission protease (PPase) cleav-

age site.

Expression, purification and 19F-labeling of GLP-1R and GCGR in detergent micelles

GPCRs were expressed using the Bac-to-Bac system (Invitrogen) in Spodoptera frugiperda (Sf9) cells for

48 h. Insect cell pellets were thawed and washed repeatedly twice in hypotonic buffer (10 mM HEPES

pH 7.5, 10 mM MgCl2, 20 mM KCl) and three times in high osmotic buffer (1 M NaCl, 10 mM HEPES (pH

7.5), 10 mMMgCl2, 20 mM KCl). The washed membrane was suspended in the hypotonic buffer with inhib-

itor cocktail and incubated with 1 mM cysteine-activating reagent 4,40-dithiodipyridine (4-DPS, Sigma) at 4
�C for 1 h. Afterward, excess 4-DPS was removed by washed once again in the high osmotic buffer. Recep-

tor-containing membranes were again suspended in the hypotonic buffer and incubated with 1 mM TET at

4�C for 1 h (Sigma). The membranes were then solubilized with 500 mMNaCl, 50 mMHEPES (pH 7.5), 1 mM

4-DPS, 1% (w/v) LMNG (Anatrace), and 0.2% (w/v) CHS (Sigma-Aldrich) at 4�C for 3 h. The supernatant was

isolated by ultracentrifugation and incubated with TALON IMAC resin (Clontech) and 20 mM imidazole at

4�C overnight. The resin was washed with 15 column volumes of washing buffer 1 (50 mM HEPES, pH 7.5,

500 mM NaCl, 30 mM imidazole and 0.01% [w/v] LMNG, 0.002% [w/v] CHS) and 10 column volumes of

washing buffer 2 (25 mM HEPES, pH 7.5, 500 mM NaCl, 20 mM imidazole and 0.001% [w/v] LMNG,
14 iScience 26, 106918, June 16, 2023

mailto:liudsh@shanghaitech.edu.cn


ll
OPEN ACCESS

iScience
Article
0.0002% [w/v] CHS). Subsequently, the resin was resuspended with 2 column volumes of washing buffer 2 in

the presence of protease (PPase for GCGR, TEV protease for GLP-1R, molar ratio of 1:20) and incubated at

4�C overnight. The protein was collected from the flow-through of the resin washing buffer 2. Finally, the

collected protein was concentrated and exchanged into 20 mM sodium phosphate buffer (pH 7.6), 100 mM

KCl, 1 mM EDTA, 20 mM hexafluoroacetone trihydrate, 100 mM sodium 3-(trimethylsilyl)propane-1-

sulfonate (DSS) with a 50 kDa cutoff concentrator (Millipore) for NMR experiments. The protein yield and

monodispersity were tested by analytical size exclusion chromatography (aSEC). GLP-1R[TMD] in n-do-

decyl-b-D-maltopyranoside (DDM/CHS) micelles, GLP-1R and GCGR[TMD] in LMNG/CHS micelles were

prepared using the aforementioned method but 200 mMNNC0640 was added to stabilize the protein dur-

ing the purification process.

Analytical SEC is used to calculate the final protein yield. aSEC column was prepared and specified for char-

acterization of purified GPCR in mixed micelles. The column was first washed with SEC running buffer

(25 mM HEPES, pH 7.5, 500 mMNaCl, 2% Glycerol, 0.05% LMNG, 0.01% CHS) at 0.5 mL/min until the curve

being flat. Bovine Serum Albumin (BSA) samples at different amount (1 mg, 5 mg, 25 mg, etc.) were loaded to

make the standard calibration curve (peak height or peak area versus BSA quantity). Then GPCR samples

were loaded into aSEC column at ta flow rate of0.5 mL/min. The total GPCR expression yield were calcu-

lated from the A280 absorbance based on the standard BSA calibration curve.

Expression and purification of MSP1D1

The preparations of membrane scaffold protein (MSP) 1D137 for nanodiscs were performed using the same

procedure as described before.30 A pET-28a vector containing the MSP1D1 gene construct was trans-

formed into BL21-Gold (DE3) competent cells for growth and expression. The cell cultures were induced

with 1 mM IPTG when the OD600 reached 0.6–0.8. The cells were harvested and resuspended in lysis buffer

(20 mM PBS, 1% Triton X-100, 1 mMPMSF, pH 7.4). After sonication, the lysate was cleared and loaded onto

Ni2+ NTA-agarose resin. The Ni2+ columnwas then washed sequentially with the following buffer: (a) 40mM

Tris/HCl, 0.3 M NaCl, 1% Triton X-100, pH 8.0; (b) 40 mM Tris/HCl, 0.3 M NaCl, 50 mM cholate, 20 mM imid-

azole, pH 8.0; and (c) 40 mM Tris/HCl, 0.3 M NaCl, 50 mM imidazole, pH 8.0. Last, MSP1D1 was eluted and

buffer-exchanged or dialyzed using a 7 kD cutoff membrane. Subsequently, TEV protease (molar ratio of 1 :

20) was added to the dialyzed protein and incubated at 4�C overnight. The protein was then loaded again

onto a Ni2+ column and collected from the flow-through. Finally, the protein was concentrated with 10 kD

cutoff concentrators and stored at �80�C.

GPCRs purification and 19F labeling in nanodiscs

The preparations of GLP-1R[TMD] in nanodiscs were performed using the same procedure as described

before.30 In brief, the proteins were labeled with TET, using the in-membrane chemical modification

(IMCM) method and then purified with TALON IMAC resin in LMNG/CHS micelles.23 Then MSP1D1, 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-

serine (POPS) were added to reach a receptor : MSP1D1 : POPC : POPS molar ratio of 1 : 5 : 245 : 105.

This was followed by overnight removal of the detergents with biobeads at 4 �C. After ultracentrifugation,
the supernatant was purified again using the Ni2+ column to remove the empty nanodiscs. Subsequently,

TEV protease was used to cleave the N-terminal fusion partners from the receptors. The Ni2+ column was

then used again to obtain the final product.

MTSL-labeling of polypeptide ligands

The peptide variants with engineered cysteines were synthesized and commercially obtained (GenScript).

The peptide variants were dissolved in sterile water and incubated with twice concentrationMTSL at 4�C for

2 h. After centrifugation at 14000g for 30 min, the supernatant was subjected to high-performance liquid

chromatography (HPLC)-C18 reverse phase column (ZORBAX StableBond 300C18, 9.4 3 250 mm, 5 mm,

Agilent) on the Shimadzu LC-20A HPLC system (Shimadzu Corporation, Kyoto, Japan). The collected pu-

rified peptides were lyophilized and stored for future use.

Mass spectrometry of polypeptide ligands carrying nitroxide spin labels

All liquid chromatography (LC)-MS experiments were performed on Agilent 6230 Accurate-Mass TOF

(time-of-flight) LC-MS system. TOF was operated with an orthogonal electrospray source in positive ion

mode. The mobile phase was programmed as 0.1% formic acid/acetonitrile (80:20, v/v) at the beginning
iScience 26, 106918, June 16, 2023 15
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and 60:40 at 20 min. The drying gas (nitrogen) temperature was set at 350�C, flow at 10 L/min, nebulizer

pressure at 50 psi and capillary voltage (Vcap) at 4000 V. The fragmentor voltage was 100 V. The ions of

m/z 121.050873 and 922.009798 were used as references. Purine and fluorine compound solutions were

always introduced into the ion source, and real-time mass adjustment was performed.
NMR experiments

NMR samples of GLP-1R, GCGR and variants thereof were prepared with 20 mM sodium phosphate buffer

(pH 7.6), 100 mM KCl, 1 mM EDTA, 20 mM hexafluoroacetone, 100 mM sodium 3-(trimethylsilyl)propane-1-

sulfonate (DSS) and 10% D2O. Subsequently, MTSL-labeled peptides were added or titrated directly to the

receptor samples. For a typical 19F-NMR experiment, the concentrations of the receptors and MTSL-

labeled peptide were 15–20 mMand 100 mM, respectively. Ascorbic acid was added to a final concentration

of 500 mM to quench the nitroxide spin label. 19F-NMR spectra were recorded on a Bruker AVANCE III HD

600 MHz spectrometer equipped with a TCI 1H/19F-13C-15N triple resonance cryoprobe with shielded

z-gradient coil. The 19F chemical shifts were calibrated using the internal reference hexafluoroacetone at

�82.2 ppm. The 1D 19F-NMR experiments were recorded at 298 K with a data size of 8 k complex points

and an acquisition time of 144 ms. Prior to Fourier transformation, 1D 19F-NMR datasets were zero-filled

in the time domain to twice the measured size, and the expanded free induction decays were multiplied

using an exponential function with a 30 Hz line-broadening factor.
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