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Abstract Bombesin receptor subtype-3 (BRS3) is an orphan G protein-coupled receptor (GPCR) that

plays critical roles in energy homeostasis, glucose metabolism, and insulin secretion. Recent structural

studies have elucidated BRS3 signaling mechanisms using synthetic ligands, including BA1 and

MK-5046. However, the molecular basis of BRS3 activation by bioactive natural compounds and their

derivatives, particularly those derived from traditional Chinese medicine, remains unclear. Here, we pre-

sent high-resolution cryogenic electron microscopy (cryo-EM) structures of the human BRS3—Gq com-

plex in both unliganded and active states bound by two herb-derived compounds (DSO-5a and oridonin),

at resolutions of 2.9, 2.8, and 2.9 Å, respectively. These structures display distinct ligand recognition pat-

terns between DSO-5a and oridonin. Although both compounds bind to the orthosteric pocket, they

differentially engage the interaction network of BRS3, as demonstrated by mutagenesis studies assessing

calcium mobilization and inositol phosphate 1 (IP1) accumulation. These findings enhance our under-

standing of BRS3 activation and provide valuable insights into the development of small-molecule

BRS3 modulators with therapeutic potential.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bombesin receptor subtype-3 (BRS3), an orphan G protein-

coupled receptor (GPCR) predominantly expressed in the hypo-

thalamus and pancreatic ß-cells1,2, plays pivotal roles in regulating

energy homeostasis, glucose metabolism, and insulin secretion3-5.

Through adaptive evolution, placental mammalian BRS3 has un-

dergone positive selection, acquiring constitutive Gs, Gq, and G12

signaling activity independent of ligand binding6. Studies

involving BRS3-deficient mice have confirmed its essential

function in maintaining energy balance. Activation of BRS3-

expressing neurons in the hypothalamus by various stimuli leads

to region-specific physiological responses. For instance, BRS3

activation in the dorsomedial hypothalamus increases energy

expenditure and sympathetic tone without affecting food intake,

whereas activation in the paraventricular nucleus reduces food

intake without impacting energy expenditure7. Additionally, BRS3

agonists have been shown to stimulate insulin secretion from

pancreatic ß-cells, highlighting BRS3 as a potential drug target for

metabolic diseases8. However, the molecular mechanisms under-

lying BRS3 signaling remain elusive.

Traditional Chinese medicine (TCM) has long served as a

valuable and rich source of bioactive substances9. Recent studies

discovered two compounds derived from TCM, DSO-5a and ori-

donin, as novel BRS3 agonists10,11. DSO-5a is a representative

optimized derivative of shikonin, an enantiomer extracted and

characterized from the roots of Lithospermum erythrorhizon

(Fig. 1A)11-13. It has been demonstrated to upregulate the perox-

isome proliferator-activated receptor-gamma (PPAR-γ)

activity and enhance the extracellular signal-regulated kinase 1/2

(ERK1/2) phosphorylation through BRS3 signaling11. Unlike

previously reported BRS3 agonists that often affect both central

and peripheral systems14, DSO-5a selectively activates peripheral

BRS3 to regulate blood glucose effectively while minimizing

central side effects11,14. Oridonin, a diterpenoid isolated from

Isodon rubescens (Fig. 1B)15, exhibits broader pharmacological

properties, including hypoglycemic16, anti-inflammatory17,18, and

anti-cancer effects19. It was later identified as a BRS3 ligand10.

The cryogenic electron microscopy (cryo-EM) structures of BRS3

bound by two synthetic compounds, BA1 (a pan bombesin re-

ceptor agonist) and MK-5046 (a BRS3-specific agonist), were

reported recently, providing valuable insights into ligand recog-

nition by BRS320.

In this study, we present high-resolution cryo-EM structures of

the human BRS3—Gq complex in both unliganded and active

states bound by DSO-5a and oridonin at resolutions of 2.9, 2.8,

and 2.9 Å, respectively. These structures offer valuable insights

into the distinct ligand recognition patterns and BRS3 activation

mechanisms by Chinese herb-derived agonists.

2. Methods

2.1. Cell culture

Spodoptera frugiperda (Sf9) and Trichoplusia ni (High Five™)

insect cells (Expression Systems, Davis, CA, USA) were cultured

in ESF 921 insect cell culture medium (Expression Systems) at

27 ◦C and 120 rpm (Infors HT, Bottmingen, Switzerland).

HEK293T cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM, Life Technologies, Carlsbad, CA, USA) sup-

plemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad,

CA, USA) at 37 ◦C in 5% CO2 humidified incubator

(ThermoFisher Scientific, Waltham, MA, USA).

2.2. Construct

For expression of the unliganded BRS3—Gq and DSO-

5a—BRS3—Gq complexes, a hemagglutinin (HA) signal peptide

was added to the N terminus of the human BRS3 (residues

1—399). In the oridonin—BRS3—Gq complex, an additional

BRIL21 sequence was introduced. To ensure complex stability and

homogeneity, the NanoBiT tethering strategy was employed22,23,

in which the C terminus of BRS3 was directly attached to the

LgBiT subunit (Promega, Madison, WI, USA), followed by a

tobacco etch virus (TEV) protease cleavage site and a 8 × His tag

or a double maltose binding protein (MBP) tag (Supporting In-

formation Fig. S1A). The C terminus of rat Gß1 was linked to

peptide 86 subunit22,23 (also named as HiBiT, Promega) with a 15-

amino acid polypeptide (GSSGGGGSGGGGSSG) linker. An

engineered Gαq construct24 was utilized for expression and puri-

fication of the unliganded BRS3—Gq and DSO-5a—BRS3—Gq
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complexes. For the oridonin—BRS3—Gq complex, a modified Gαq

construct was generated based on mini-Gs/q7125, which carries

two dominant-negative mutations (G203A and A326S)26 to

decrease nucleotide binding affinity and facilitate Gαßγ complex

stability. The N-terminal 1—18 amino acids and the α-helical

domain of the mini-Gs/q71 were substituted with the correspond-

ing sequences of the human Gαi1 to enable binding to the antibody

fragments scFv1627,28. The antibody fragment scFv16, containing

an N-terminal GP67 secretion signal peptide, was used to stabilize

the nucleotide-free BRS3—Gq complex. The constructs were

cloned into both pcDNA3.1 and pFastBac vectors for functional

assays in mammalian cells and protein expression in insect cells,

respectively.

2.3. Nanobody 35

Nanobody 35 (Nb35) with a C-terminal 6 × His-tag was

expressed in the periplasm of E. coli BL21 (DE3) and purified by

nickel affinity chromatography as previously described29. Briefly,

the Nb35 gene was transformed into BL21 (DE3) and grown in a

TB culture medium with 100 μg/mL ampicillin, 2 mmol/L MgCl2,

and 0.1% (w/v) glucose at 37 ◦C, 180 rpm (Jinghong, Shanghai,

China). Then the expression was induced by adding 1 mmol/L

IPTG when OD600 reached 0.7—1.2. After overnight incubation at

28 ◦C and 180 rpm, the cell pellet was collected by centrifugation

and stored at − 80 ◦C until use. The HiLoad 16/600 Superdex 75

column (GE Healthcare, Chicago, IL, USA) was used to separate

the monomeric fractions of Nb35 with a running buffer (pH 7.5)

containing 20 mmol/L HEPES and 100 mmol/L NaCl. The puri-

fied Nb35 containing 30% (v/v) glycerol was flash-frozen by

liquid nitrogen and stored at − 80 ◦C until use.

2.4. Expression and purification

The Bac-to-Bac Baculovirus Expression System (Invitrogen,

Carlsbad, CA, USA) was used to generate high titer recombinant

baculovirus for BRS3-LgBiT, Gαq, Gß1-HiBiT, Gγ2 and scFv16.

P0 viral stock was produced by transfecting 5 μg recombinant

bacmids into Sf9 cells (2.5 mL, density of 1 million cells per mL)

for 96 h incubation and then used to produce P1 and P2 baculo-

viruses. The BRS3-LgBiT, Gαq, Gß1-HiBiT, Gγ2 and scFv16

were co-expressed at multiplicity of infection (MOI) ratio of

1:1:1:1:1 by infecting Sf9 (for the unliganded BRS3—Gq and

DSO-5a—BRS3—Gq complexes) or High Five cells (for the ori-

donin—BRS3—Gq complex) at a density of 3 million cells per mL

with P2 baculovirus (viral titer >90%). The culture was harvested

Figure 1 Cryo-EM structures of the unliganded, DSO-5a-bound and oridonin-bound BRS3—Gq complexes. (A, B) Origin and chemical

structures of DSO-5a (A) and oridonin (B). (C, D) Cryo-EM density map (C) and corresponding structure model (D) of the unliganded (left),

DSO-5a-bound (middle) and oridonin-bound (right) BRS3—Gq complexes.
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by centrifugation 48 h post-infection, and cell pellets were stored

at − 80 ◦C until use.

The cell pellets were thawed and lysed in a buffer containing

20 mmol/L HEPES, pH 7.5, 100 mmol/L NaCl, 10% (v/v) glyc-

erol, 10 mmol/L MgCl2, 1 mmol/L MnCl2, and 100 μmol/L TCEP

(Sigma—Aldrich, St. Louis, MO, USA) supplemented with EDTA-

free protease inhibitor cocktail (TargetMol, Boston, MA, USA) by

dounce homogenization. The unliganded BRS3—Gq complex

formation was initiated by the addition of 10 μg/mL Nb35 and 25

mU/mL apyrase (New England Bio-Labs, Beverly, MA, USA).

For the DSO-5a—BRS3—Gq and oridonin-BRS3-Gq complex

formation, additional 50 μmol/L DSO-5a (Supporting Information

Fig. S2)11 and 1 mmol/L oridonin (ChemFaces, Wuhan, China)

were added, respectively.

For the oridonin—BRS3—Gq complex, the subsequent solubi-

lization, purification and gel filtration steps followed the same

protocol as described for the BA1—BRS3—Gq complex, main-

taining 1 mmol/L oridonin throughout the purification process20.

For the unliganded BRS3—Gq and DSO-5a—BRS3—Gq com-

plexes, after incubation at room temperature (RT) for 1.5 h, the

membrane was solubilized in the buffer above supplemented with

0.5% (w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace,

Maumee, OH, USA) and 0.1% (w/v) cholesterol hemisuccinate

(CHS, Anatrace) for 2 h at 4 ◦C. The supernatant was isolated by

centrifugation at 65,000×g for 30 min and incubated with Ni NTA

Beads 6FF (Smart-Lifesciences, Changzhou, China) for 2 h at

4 ◦C. The resin was then collected by centrifugation at 600×g for

10 min and washed in gravity flow column (Sangon Biotech,

Shanghai, China) with five column volumes of wash buffer [pH

7.5, 20 mmol/L HEPES, 100 mmol/L NaCl, 10% (v/v) glycerol,

5 mmol/L MgCl2 and 1 mmol/L MnCl2] containing 30 mmol/L

imidazole, 25 μmol/L TCEP, 0.1% (w/v) LMNG, 0.02% (w/v)

CHS and 10 μmol/L ligand. A subsequent wash was conducted

with fifteen column volumes of wash buffer containing 60 mmol/L

imidazole, 25 μmol/L TCEP, 0.03% (w/v) LMNG, 0.01% (w/v)

glyco-diosgenin (GDN, Anatrace), 0.008% (w/v) CHS and

10 μmol/L ligand.

The protein was then eluted with five column volumes of wash

buffer containing 300 mmol/L imidazole, 25 μmol/L TCEP, 0.03%

(w/v) LMNG, 0.01% (w/v) glyco-diosgenin (GDN, Anatrace),

0.008% (w/v) CHS and 10 μmol/L ligand. The flow-through was

collected and concentrated with a Amicon Ultra centrifugal filter

(molecular weight cut-off of 100 kDa, Merk Millipore, Billerica,

MA, USA) and then subjected to a Superdex 200 Increase 10/

300 GL column (GE Healthcare) with a running buffer (pH 7.5)

containing 20 mmol/L HEPES, 100 mmol/L NaCl, 10 mmol/L

MgCl2, 100 μmol/L TCEP, 10 μmol/L ligand, 0.00075% (w/v)

LMNG, 0.00025% (w/v) GDN and 0.0002% (w/v) CHS. The

fractions of the monomeric complex were collected and concen-

trated to 10 mg/mL for electron microscopy examination.

2.5. Cryo-EM data acquisition

The purified sample (3 μL) was applied to glow-discharged holey

carbon grids (Quantifoil R1.2/1.3, 300 mesh), and subsequently

vitrified using a Vitrobot Mark IV (ThermoFisher Scientific) set at

100% humidity and 4 ◦C. For the unliganded BRS3—Gq and DSO-

5a—BRS3—Gq complexes, cryo-EM images were collected on a

Titan Krios microscope (FEI, ThermoFisher Scientific) equipped

with a Gatan energy filter and K3 direct electron detector and

performed using serialEM. The microscope was operated at

300 kV accelerating voltage and a calibrated magnification

of × 81,000 corresponding to a pixel size of 1.071 Å. An accu-

mulated dose of 80 electrons per Å2 was fractionated into a movie

stack of 36 frames, with a defocus range of − 1.2 to − 2.2 μm. A

total of 3519 images for the unliganded BRS3—Gq complex and

6683 images for the DSO-5a—BRS3—Gq complex were collected.

For the oridonin—BRS3—Gq complex, the data were collected on

a Titan Krios microscope equipped with a Falcon4 direct electron

detector (ThermoFisher Scientific) at 300 kV with a magnification

of × 165,000, corresponding to a pixel size of 0.73 Å. A total of

8180 movies were collected using EPU Software, with a total dose

of 50 e—/Å2 over 2.5 s exposure on each EER format movie. Each

movie was divided into 36 frames during motion correction.

2.6. Cryo-EM data processing

For the unliganded BRS3—Gq complex, the micrographs were

processed using cryoSPARC v.4.4.121 with patch motion correc-

tion to restore the correct information of the original cryo-EM

images (Supporting Information Fig. S3). The contrast transfer

function (CTF) parameters were estimated using patch CTF esti-

mation. Template picking referenced from the cryo-EM map of

the GRP14-27—GRPR—Gq (EMDB code: EMD-34414)30 yielded

4,216,264 particle projections, which were subjected to two

rounds of two-dimensional (2D) classification to discard false

positive particles or particles categorized in poorly defined classes,

producing 2,160,205 particle projections. The ab-initio recon-

struction and hetero refinement were applied to divide particles

into five subsets, a selected subset of 1,156,480 particle pro-

jections was subjected to further processing. To improve the

density quality of specific regions, this subset of particle pro-

jections was subjected to three-dimensional (3D) auto-refinement

with a mask on the complex, which was subsequently subjected to

another round of 3D classifications with a mask on the ECD. After

the last round of non-uniform (NU) refinement, the final map of

the unliganded BRS3—Gq complex has an indicated global reso-

lution of 2.93 Å by the 0.143 criteria of the gold-standard Fourier

shell correlation (FSC), based on a dataset of 693,649 particles.

For the DSO-5a—BRS3—Gq complex (Fig. S3), 6683 movies

were motion corrected and CTF estimated, and 7,422,677 particles

were auto-picked by template picker referenced to the unliganded

BRS3—Gq map we obtained. After two rounds of 2D classifica-

tion, four rounds of 3D classification and hetero refinement, and

one round of NU refinement and local refinement, 238,182 par-

ticles were used to generate a map with an indicated global res-

olution of 2.83 Å at an FSC of 0.143. For datasets of the

oridonin—BRS3—Gq complex, the similar strategy was employed

(Fig. S3). After NU refinement, 179,257 particles were recon-

structed to a 2.94 Å map at an FSC of 0.143.

2.7. Model building and refinement

The cryo-EM structure of the GRP14-27—GRPR—Gq (PDB code:

8H0Q)30 was employed as the initial structure template for

modeling the unliganded form, DSO-5a-bound and oridonin-

bound BRS3—Gq complexes. The initial models were fitted to

the EM density map using the UCSF Chimera 1.17.331,32, fol-

lowed by interactive rounds of manual adjustment and automated

refinement in COOT 0.9.8.9233 and Phenix 1.2134, respectively

(Supporting Information Fig. S4). The final refinement statistics

were validated using the module comprehensive validation (cryo-

EM) in Phenix 1.21. Structural Figures were prepared in UCSF

Chimera 1.17.3, UCSF ChimeraX v1.0 and PyMOL 2.5.8 (https://
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pymol.org/2/). The final refinement statistics are provided in

Supporting Information Table S1.

2.8. IP1 accumulation assay

Accumulation of IP1 was measured using the IP-One HTRF kit

(Cisbio, Codolet, France). Briefly, HEK293 cells were seeded onto

12-well plates and cultured for 16 h before transfection. BRS3

constructs were transiently transfected into the cells using

FuGENE HD transfection reagent (Promega, Madison, WI, USA).

After 24 h, cells were harvested, resuspended in IP1 stimulation

buffer, and then distributed into 384-well assay plates (4900 cells/

7 μL/well). An equal volume (7 μL) of IP1 Stimulation Buffer 2

containing a given ligand was added to each well, followed by

incubation at 37 ◦C for 1 h. Intracellular IP1 levels were then

measured using the IP-One HTRF kit (PerkinElmer, Waltham,

MA, USA) on an EnVision multiplate reader (PerkinElmer)

following the manufacturer’s instructions.

2.9. Calcium mobilization assay

Calcium mobilization in response to DSO-5a and oridonin was

determined using HEK293T cells transfected with the human

BRS3. Cells were seeded onto 6-well plates, cultured overnight

until reaching 80% confluence, and then transfected with WT or

mutant BRS3 plasmids using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s protocol. After 24 h, transfected

cells were reseeded into black, clear-bottom 384-well plates at

20,000 cells per well in 25 μL of DMEM with 10% FBS. The next

day, cells were loaded with Calcium 6 dye (Molecular Devices,

San Jose, CA, USA; diluted in HBSS containing 20 mmol/L

HEPES, pH 7.4) and incubated at 37 ◦C in darkness for 2 h.

Compound solutions (5 × final concentration in HBSS with

20 mmol/L HEPES and 0.1% BSA, pH 7.4) were added using the

FLIPR Penta system (Molecular Devices). Baseline fluorescence

was recorded for 10 s (1 read/s), followed by compound addition

and fluorescence measurement for 50 s (1 read/s). The maximum

fold-change in fluorescence was calculated as the ratio of the peak

fluorescence (within 50 s post-addition) to the average baseline

fluorescence, and data were normalized to the percentage of

maximal stimulation in WT BRS3 receptor-transfected cells.

2.10. Cell surface expression

The cell surface expression of each BRS3 mutant was assessed by

fluorescence-activated cell sorting (FACS) analysis. The mutant

constructs were cloned into pcDNA3.1 vector (Invitrogen) with an

N-terminal FLAG tag. HEK293T cells were seeded onto 6-well

plates and transfected following the same protocol as described in

the calcium mobilization assay. After 24 h of transfection, cells

were washed with PBS and detached using 0.2% (w/v) EDTA in

PBS. Subsequently, cells were blocked with PBS containing 5%

BSA (w/v) at RT for 15 min, followed by incubation with

monoclonal PE anti-DYKDDDDK Tag antibody (Biolegend, San

Diego, CA, USA) at a 1:100 dilution in PBS containing 5% BSA

for 1 h at 4 ◦C. After incubation, cells were washed three times

with PBS containing 1% BSA (w/v) and resuspended in PBS.

Fluorescence intensity was quantified using a Guava® easyCyte™
flow cytometer (Cytek Biosciences, Fremont, CA, USA). Data

were analyzed and normalized to the WT BRS3 expression levels

(Supporting Information Table S2).

2.11. Molecular dynamics (MD) simulation

MD simulations were performed by Gromacs 2021.435. The MD

simulation of the DSO-5a ―bound BRS3 was built based on the

cryo-EM structure and prepared by the Protein Preparation Wizard

(Schrödinger 2023-2)36. The protein chain termini were capped

with acetyl and methylamide. All titratable residues were left in

their dominant state at pH 7.0. To build MD simulation systems,

the complexes were embedded in solvated with 0.15 mol/L NaCl

in explicit TIP3P waters using CHARMM-GUI Solution

Builder37. The CHARMM36m force field38 was adopted for

protein and salt ions. The parameter of DSO-5a was generated

using the CHARMM General Force Field (CGenFF)39. The Par-

ticle Mesh Ewald (PME) method was used to treat all electrostatic

interactions beyond a cut-off of 12 Å and the bonds involving

hydrogen atoms were constrained using LINCS algorithm40. The

complex system was first relaxed using the steepest descent en-

ergy minimization, followed by slow heating of the system to

310 K with restraints. The restraints were reduced gradually over

10 ns. Finally, restrain-free production run was carried out for

each simulation, with a time step of 2 fs in the NPT ensemble at

310 K and 1.0 bar using the V-rescale thermostat and the isotropic

Parrinello-Rahman barostat41, respectively. Similar simulation

procedure and analysis were adopted for the MD simulations of

unliganded NMB-bound, DSO-5a-bound, and oridonin-bound

BRS3 complex. The interface areas of agonist-receptor were

calculated by FreeSASA using the Sharke-Rupley algorithm with

a probe radius of 1.2 Å.

2.12. Statistical analysis

All functional study data were analyzed using Prism 10

(GraphPad, San Diego, CA, USA) and presented as

mean ± standard error of mean (SEM) from at least three inde-

pendent experiments. Concentration-response curves were evalu-

ated with a three-parameter logistic equation. The significance

was determined with one-way ANOVA or Kruskal—Wallis test,

and P < 0.05 was considered statistically significant.

3. Results

3.1. Structure determination

To prepare high-quality BRS3—Gq complexes, the thermo-

stabilized apocytochrome b562RIL (BRIL) and the NanoBiT

tethering strategy were employed (Fig. S1A)21-23. The

BRS3—Gq complexes were assembled by co-expressing and

subsequently purified as monodispersed peaks via size exclusion

chromatography (SEC) demonstrating good homogeneity. SDS-

PAGE analysis confirmed the presence of all the expected com-

ponents (Fig. S1B—S1D). After sample preparation, cryo-EM data

collection, and analysis, three-dimensional (3D) consensus density

maps were reconstructed, achieving overall resolutions of 2.9, 2.8

and 2.9 Å for the unliganded, DSO-5a-bound and oridonin-bound

BRS3—Gq complexes, respectively (Fig. S3 and Table S1).

These cryo-EM maps enabled near-atomic modeling for most

regions of the complexes, except for the stalk between trans-

membrane helix 1 (TM1) and the N terminus of BRS3 (Fig. S4).

Both DSO-5a and oridonin were clearly resolved in the cryo-EM

maps, allowing for precise structural modeling of the backbones

and side chains of most residues (Fig. 1). Structural superposition

Differential activation of BRS3 by herbal derivatives 5235



revealed that the three receptor structures exhibited highly similar

overall conformations, with Cα root-mean-square deviation

(RMSD) values ranging from 0.79 to 1.22 Å, indicating that

both compounds stabilize the active conformation in a similar

manner.

3.2. Unliganded architecture

The cryo-EM structure of the unliganded BRS3—Gq complex was

determined without the intentional addition of exogenous ligands

(i.e., ‘unliganded’), although unintentional ligand introduction

from the experimental system cannot be excluded. Despite the

absence of an added agonist, the overall resolution of 2.9 Å is

comparable to those of DSO-5a-bound and oridonin-bound

BRS3—Gq complexes. Notably, the G protein and the lower half

of the transmembrane domain of BRS3 exhibit relatively higher

resolution features, whereas the extracellular half of BRS3 ap-

pears more dynamic (Fig. S3). The cryo-EM structure of the

unliganded BRS3 closely resembles those of MK-5046-bound,

DSO-5a-bound, and oridonin-bound BRS3, with Cα RMSD

values of 0.94, 0.94, and 0.96 Å, respectively (Supporting Infor-

mation Fig. S5). The intracellular regions are highly similar,

suggesting minimal conformational change in the G protein-

binding interface. Of note, in contrast to the DSO-5a-bound and

oridonin-bound BRS3—Gq complexes, the cryo-EM densities for

Nb35 or scFv16 were not observed, indicating weak binding of

these two proteins in the unliganded state (Fig. 1C and D).

3.3. Recognition of DSO-5a

Structural superimposition reveals that the binding of DSO-5a is

well overlapped with that of MK-5046, with a Cα RMSD of

1.28 Å (Fig. S5). In comparison with the unliganded structure,

DSO-5a induces a modest outward shift of TM2 and TM7, with

displacements of 1.6 and 3.0 Å, as measurement by the Cα atoms

of Y1082.65 and M3077.29, respectively (Fig. 2). DSO-5a adopts a

“Y”-shaped conformation and binds at the bottom of the BRS3

orthosteric binding pocket, situated within the upper half of the

transmembrane domain, forming extensive polar and nonpolar

contacts (Fig. 2A and B)20.

Specifically, the dimethyl shikonin backbone of DSO-5a forms

both polar and stacking interactions with residues in TM3

(R1273.32), TM5 (Q2145.35 via hydrogen bond and H2175.38 via

stacking), TM6 (Y2916.55 via stacking) and S205ECL2. R1273.32

flips upward and engages in cation—π interactions with both the

shikonin backbone and furan moiety of DSO-5a (Fig. 2C).

Mutating R1273.32 to alanine completely abolishes DSO-5a-

induced Ca2+ mobilization as well as IP1 accumulation (Fig. 2D

and Supporting Information Fig. S6, and Supporting Information

Table S3). A similar loss of signaling was observed with the

Y2916.55A mutation, further highlighting their key roles in DSO-

5a agonism. Mutations in other residues involved in polar in-

teractions with DSO-5a significantly affect BRS3 signaling. In the

Ca2+ mobilization assay, mutations Q2145.35A and H2175.38A

result in a decrease in both the potency (EC50, by 7.9- and 3.2-

fold, respectively) and efficacy [Emax, decreasing from 100% in

wild-type (WT) to 46.85% and 39.70%, respectively] of DSO-5a

(Fig. 2D and Table S3). Similarly, in the IP1 accumulation

assay, the same mutations cause a significant decline in potency

(EC50, by 3.7- and 2.3-fold, respectively) and efficacy (Emax,

decreasing from 100% in WT to 50.32% and 72.96%, respec-

tively; Fig. S6 and Table S3). Besides, DSO-5a establishes

hydrogen bonds with S205ECL2. Consistently, the S205ECL2A re-

duces DSO-5a-induced signaling (Fig. 2D, Fig. S6, and Table S3).

In addition, the furan and ß,ß-dimethyl-γ-butylene groups of

DSO-5a contribute notable contacts to receptor activation. The

furan moiety forms hydrogen bonds with N2876.51 and R3167.39,

and mutations N2876.51A and R3167.39A significantly reduce

DSO-5a-induced Ca2+ mobilization and IP1 accumulation

(Fig. 2D and Fig. S6, and Table S3). Extensive hydrophobic

contacts are observed with residues in TM2 (L962.53 and

C1002.57), TM3 (L1283.33 and V1313.36), TM4 (E1824.60), TM5

(F2255.46) and TM6 (W2846.48, N2876.51 and H2886.52). Among

these, mutations C1002.57A and F2255.46A markedly attenuate

DSO-5a (100 μmol/L)-induced signaling, reducing Ca2+ mobili-

zation to 58.97% and 18.84%, and IP1 accumulation to 63.35%

and 21.92%, respectively, compared to WT BRS3 (100%). Mu-

tations in other residues (L962.53A, L1283.33A, L1313.36A,

E1824.60A, W2846.48A and H2886.52A) nearly abolish DSO-5a-

induced IP1 accumulation. Notably, calcium mobilization and

IP1 accumulation assays exhibited congruent trends across all

mutants, reinforcing the robustness of these structure—function

relationships (Fig. 2D and Fig. S6, and Table S3).

The cell surface expression of BRS3 mutants was measured

using a FLAG-tag-based flow cytometry assay (Table S2). Four-

teen mutants retained substantial surface expression (>70% of

WT), indicating that their impaired signaling likely arises from

direct effects on ligand recognition or receptor activation rather

than deficient membrane localization. Two mutants (C2215.42A

and F3207.43A) exhibited moderate surface expression levels

(67.94% and 55.71% of WT, respectively). Three muta-

nts―F2255.46A, H2886.52A, and R3167.39A―showed statistically

significant reductions in surface expression (45.34 ± 2.52%,

38.22 ± 3.54%, and 35.57 ± 3.18% of WT, respectively), with

attenuated signaling likely reflecting a combination of diminished

surface expression and altered ligand affinity or efficacy.

3.4. Recognition of oridonin

Unlike the covalent binding observed with cysteine residues in

various target proteins, such as CRM1, PHGDH, and HSP7042-44,

oridonin, does not form covalent bonds with BRS3 but is stabilized

within the orthosteric pocket through non-covalent interactions, as

shown in our high-resolution cryo-EM structure (Fig. 3A). Oridonin

adopts a compact three-dimensional structure, consisting of four all-

carbon rings and an oxygen-containing bridge ring (Fig. 3B).

Structural analysis revealed that E1824.60 and Y2916.55 form an

intramolecular hydrogen bond, positioning their sidechains above

oridonin and thereby constraining its location within the pocket.

Additionally, the hydroxyl group at the C7 position of oridonin forms

a hydrogen bond with the sidechain amino group of N2876.51 and

engages in a polar interaction with the imidazole ring of H2886.52,

further stabilizing its binding (Fig. 3B). Due to aberrant signals being

observed in the IP1 accumulation assay with oridonin, only calcium

mobilization measurement was employed to study the impact of

mutations on BRS3 receptor activity. The N2876.51A mutation

significantly attenuates oridonin-induced Ca2+ mobilization,

reducing Emax from 100% in WT to 28.63%, whereas the H2886.52A

nearly abolishes this response (Fig. 3D and Supporting Information

Table S4). The hydrophobic residues within the binding pocket

contribute notable contact with oridonin. Specifically, the lower re-

gion of the binding site aligns with hydrophobic residues, including

L962.53, L1283.33, V1313.36, F2255.46, and F3207.43 (Fig. 3C). The

Ca2+ mobilization assay further confirmed that oridonin recognizes
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and binds to BRS3 through interactions with these hydrophobic

residues (Fig. 3D). Unlike DSO-5a, oridonin does not interact with

ECL2, suggesting distinct stabilization mechanisms.

3.5. Activation mechanism

Structural comparison of BRS3—Gq complexes bound by DSO-5a,

oridonin, MK-5046 (PDB code: 8Y53) and BA1 (PDB code:

8Y52)20, alongside the unliganded structure, demonstrates that

BRS3 exhibits a classic active conformation. This is evidenced by

the large outward movement of the intracellular halves of TM6,

induced by the kink, and the opening of the intracellular crevice,

facilitating G protein coupling (Fig. 4)20. All four agonists occupy

the orthosteric ligand-binding pocket, each establishing a distinct

interaction pattern with the extracellular regions of all TMs,

except for TM1. For example, oridonin establishes relatively

Figure 2 Structural and functional analysis of DSO-5a interaction with BRS3. (A) Superimposition of the unliganded and DSO-5a-bound

BRS3 structures. (B) Two-dimensional (2D) diagram of ligand—receptor interaction for DSO-5a. The amino acids of BRS3 residues are high-

lighted to indicate positive charge (blue), negative charge (red), polar (cyan), and hydrophobic (green). (C) Structural representation of the

interaction between DSO-5a and BRS3. Residues involved in DSO-5a (magenta) recognition are shown as sticks and colored green for the DSO-

5a-bound BRS3 and orange for the unliganded BRS3 as a reference. Polar contacts are shown as black dashed lines. (D) Effects of BRS3 mutation

within the DSO-5a-binding pocket on Ca2+ mobilization. BRS3-mediated responses are expressed as percentage: Ca2+ mobilization (%WT) �

(fluorescence of mutation)/(fluorescence of WT) × 100. Data are presented as mean ± SEM of at least three independent experiments.
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fewer receptor contacts, while BA1 extends fully along the

binding pocket, even making contacts with ECLs (Fig. 4A and B).

Compared to the MK-5046-bound and BA1-bound BRS3—Gq

complexes, the extracellular portion of TM3 in the unliganded and

DSO-5a-bound BRS3—Gq complexes shifts outward, while the

extracellular part of TM7 moves inward, indicating the ligand-

binding pocket adapts specifically to recognize different ligands.

Despite the absence of an orthosteric ligand, the unliganded

BRS3—Gq structure closely resembles the four active-state BRS3

structures, particularly the DSO-5a—BRS3—Gq complex (Cα

RMSD: 0.92 Å), suggesting an intrinsic conformational plasticity

primed for Gq coupling (Fig. 4A—C). These alignments are also

reflected at the residue level, especially for activation motifs

(Fig. 4D—G). The D3.49R3.50Y3.51 and N7.49P7.50xxY7.53

(N7.49P7.50FAL7.53 in BRS3) motifs are two highly conserved and

critical for receptor activation and G protein coupling in class A

GPCRs (Fig. 4F)45,46. The pre-activated conformation of the

unliganded hBRS3—Gq complex provides a structural basis for the

Figure 3 Structural and functional analysis of oridonin interaction with BRS3. (A) Superimposition of the unliganded and oridonin-bound

BRS3 structures. (B) 2D diagram of ligand—receptor interaction for oridonin. The amino acids of BRS3 residues are highlighted to indicate

positive charge (blue), negative charge (red), polar (cyan), and hydrophobic (green). (C) Structural representation of the interaction between

oridonin and BRS3. Residues involved in oridonin recognition are shown as sticks. (D) Effects of BRS3 mutation within the oridonin-binding

pocket on Ca2+ mobilization. BRS3-mediated responses are expressed as percentage: Ca2+ mobilization (%WT) � (fluorescence of muta-

tion)/(fluorescence of WT) × 100. Data are presented as mean ± SEM of at least three independent experiments.
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constitutive Gq signaling activity observed in placental mammals,

as demonstrated in prior functional studies6. In the five complexes,

they are nearly superimposed, except for D1443.49 that adopts a

downward conformation in the unliganded and DSO-5a-bound

complexes (Fig. 4G). Mechanistically, agonist binding (synthetic

and natural ligands) displaces W2846.48, exerting downward force

on F2806.44 within the P5.50-V3.40-F6.44 triad (Fig. 4D and E). This

propagates conformational changes to the D3.49R3.50Y3.51 motif

(Fig. 4G), triggering intracellular Gq engagement. Despite struc-

tural similarities, DSO-5a and oridonin differentially engage

transmembrane domain (TMD) residues, suggesting ligand-

specific stabilization of the active state. These findings unify the

activation pathway of BRS3 across chemically diverse agonists,

underscoring its structural adaptability while maintaining func-

tional agonism.

Functional assays revealed that DSO-5a exhibits higher po-

tency than oridonin (pEC50 � 6.92 vs. 5.08 in calcium mobili-

zation; see Supporting Information Tables S3 and S4, Figs. 2D and

3D). This functional disparity aligns with our cryo-EM structures:

DSO-5a engages BRS3 via a more extensive interface (918 Å2 vs.

668 Å2 for oridonin) and establishes a richer network of polar and

stacking interactions across TMs 2—7, whereas oridonin’s binding

is driven largely by hydrophobic contacts with fewer hydrogen

bonds involving TM6 residues. These observations provide a

Figure 4 Molecular basis of BRS3 activation. (A) Structural comparison of ligand-binding poses across the DSO-5a-bound, oridonin-bound,

MK-5046-bound and BA1-bound BRS3—Gq complexes. (B) Close-up views of the orthosteric binding pocket in the unliganded, DSO-5a-bound,

oridonin-bound, MK-5046-bound and BA1-bound BRS3—Gq structures. (C) Cytoplasmic (left) and extracellular (right) views of the BRS3

conformations in distinct agonist-bound state. (D—G) Conformational changes in key micro-switches upon receptor activation, including the

toggle switch F6.44—W6.48—F7.43 (D), P5.50—V3.40—F6.44 motif (E), N7.49P7.50xxL7.53 motif (F) and D3.49R3.50Y3.51 motif (G) across the unliganded

and agonist-bound states.
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mechanistic basis for the different binding affinities and efficacies

of the two agonists. When looking at other reported agonists

(Supporting Information Table S5), BA1, a synthetic nine-amino

acid bombesin analog and pan-bombesin receptor agonist20, ex-

hibits the most extensive interactions (27 pocket residues; interface

area: 2030 Å2). In contrast, MK-5046, a nonpeptide BRS3-selective

agonist, maintains high potency (pEC50 � 9.3 in IP1 accumulation

assay)20 despite its smaller interface area (824 Å2), achieved

through critical polar and stacking interactions with residues

including W2846.48, H2886.52, Y2916.55, and H3167.39. These

structural and functional distinctions highlight opportunities for

optimizing ligand efficiency through further comparative studies.

To further explore the stability and dynamics of the ligand-

binding poses, we conducted molecular dynamics (MD) simula-

tions of the unliganded BRS3 receptor and its complexes with

DSO-5a and oridonin (Supporting Information Figs. S7 and S8).

All systems remained stable during the simulations, as evidenced

by consistent RMSD and stable root-mean-square fluctuation

(RMSF) profiles (Fig. S7A and S7B). Ligands retained stable

occupancy within the binding pocket throughout the trajectories

(Fig. S7C and S7D), as supported by stable contacts with pocket

residues such as L962.53, R1273.32, V1313.36, N2876.51, and

Y2916.55 (Fig. S7E and S7F). Notably, differences in

ligand—receptor binding modes influenced receptor conforma-

tional dynamics, particularly the relative movements of the

extracellular ends of TM1, TM2, and TM7 (Fig. S8). In the

unliganded state, interhelical distances (TM1—TM2 and

TM2—TM7) were lowest during the 500—1000 ns MD simulation

window, reflecting a contracted binding pocket due to the absence

of agonist binding. Conversely, DSO-5a binding induced the

largest separation among these helices, consistent with an

expanded pocket. Intriguingly, despite its smaller size compared to

the peptide ligand neuromedin B (NMB), oridonin bound deeper

within the pocket and selectively maintained the TM1—TM2

separation, but not TM1—TM7 and TM2—TM7 (Fig. S8E—S8G).

3.6. G protein coupling

As shown in Fig. 5A, the α5 helix of Gαq aligns closely between the

unliganded and DSO-5a-bound BRS3—Gq complexes and inserts

into the cytoplasmic cavity of the receptor TMD. This insertion

establishes multiple polar contacts including one hydrogen bond

between R2666.30 in BRS3 and D233 in the α5 helix. Meanwhile,

there is an additional hydrogen bond between D1443.49 and Y243

only observed in the DSO-5a—BRS3—Gq complex, due to the

distinct orientation of the sidechains of D1443.49 (Fig. 5B).

Furthermore, the Gαq αN helix in the DSO-5a—BRS3—Gq

complex shifts by 2.6 Å towards Gß (measured at the Cα atoms of

A7), compared to the unliganded form (Fig. 5C and D). Conse-

quently, the ICL2 residue R155ICL2 interacts closely with the αN

Figure 5 G protein coupling of BRS3 across the unliganded and agonist-bound states. (A) Structural alignment of the unliganded, DSO-5a-

bound and oridonin-bound BRS3—Gq complexes. (B, C) Structural comparison of the α5 helix (B) and αN helix (C) of Gαq across the three

BRS3—Gq complexes. Polar contacts are shown as black dashed lines. (D) Overall comparison of the αN helix of Gαq in the three complexes.
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helix in Gαq, allowing for the formation of a salt bridge between

E154ICL2 and R32 in the αN helix of Gαq, as observed in the

unliganded structure (Fig. 5C)47. Meanwhile, S158ICL2 rotates

downward to form a hydrogen bond with R24 in the αN helix.

Both contacts are absent in the DSO-5a—BRS3—Gq complex,

implicating ligand-induced conformational rearrangements in

ICL2.

4. Discussion

BRS3, a GPCR involved in energy homeostasis and glucose

metabolism, has been structurally characterized in both unli-

ganded and active states bound by two Chinese herb-derived ag-

onists, DSO-5a and oridonin. High-resolution cryo-EM structures

offer novel insights into ligand recognition and receptor activa-

tion. Although DSO-5a and oridonin bind to the same orthosteric

pocket as synthetic agonists like MK-5046 and BA1, they interact

with distinct receptor residues, highlighting the conformational

flexibility of BRS3 in recognizing different ligands. Specifically,

DSO-5a stabilizes an active conformation through polar and

stacking interactions, akin to synthetic agonists, whereas oridonin

induces a unique binding mode, predominantly involving hydro-

phobic contacts. The structural observations are supported by

mutagenesis results, which link specific receptor residues to ligand

efficacy and receptor activation. Together, these findings expand

our understanding of how BRS3 can be modulated by bioactive

natural products and their derivatives, offering a structural

framework for translational applications.

The unliganded BRS3 structure adopts a pre-activated

conformation that closely resembles the agonist-bound state,

suggesting an intrinsic conformational plasticity that primes the

receptor for Gq coupling48. This pre-activation may drive BRS3’s

high constitutive activity, which is physiologically critical for

BRS3’s role in regulating energy balance, regulate body temper-

ature, energy expenditure, and heart rate6,7. Ligand binding trig-

gers specific rearrangements in the TMs and the repositions of key

residues such as D1443.49, R155ICL2 and S158ICL2. Regardless of

the presence of a ligand, receptor activation follows defined

movements, involving the displacement of W2846.48, progressing

through the D3.49R3.50Y3.51 and N7.49P7.50xxY7.53 motifs via the

P5.50—V3.40—F6.44 triad and the hydrophobic patch20, finally BRS3

can stably engage with the Gq. This pre-activated state may

explain the basal activity of BRS3.

Recognition of DSO-5a and oridonin by BRS3 highlights how

Chinese herb-derived agonists utilize distinct pharmacophores to

induce receptor activation. DSO-5a, a dimethyl shikonin oxime

derivative, adopts a “Y”-shaped conformation within the BRS3

orthosteric pocket, similar to MK-504620. It forms extensive polar

and nonpolar interactions with residues in TMs 2—7, as well as

ECL2. In contrast, oridonin, a diterpenoid, adopts a compact

structure and predominantly interacts through hydrophobic con-

tacts, with fewer hydrogen bonds involving residues in TM6.

These binding modes underscore the molecular specificity

with which Chinese herb-derived compounds modulate BRS3

activity. Their distinct receptor—ligand interaction patterns align

with their pharmacological profiles in calcium mobilization as-

says, where DSO-5a demonstrates significantly higher potency

(pEC50 � 6.92) compared to oridonin (pEC50 � 5.08). The high-

resolution cryo-EM structure provides a framework for optimizing

oridonin’s potency by guiding strategic modifications to its

functional groups, such as enhancing polar interactions at key

interfacial residues while preserving its natural core scaffold.

The cryo-EM structure of BRS3 in complex with DSO-5a

provides critical insights for rational drug design, integrating

mutagenesis data and structure—activity relationship (SAR)

studies of synthesized derivatives11. Taken the furanyl moiety of

DSO-5a for example, it engages cation—π interactions with

R1273.32 and π—π stacking with W2846.48, forms hydrogen bonds

with N2876.51 and R3167.39, while its hydrophobic contacts with

L962.53 and V1313.36 further stabilize binding. SAR studies

confirm that aromatic substitutions at this site retain agonist po-

tency in the IP1 assay: replacing furanyl (DSO-5a,

pEC50 � 8.422) with phenyl (DSO-5h, pEC50 � 8.320) preserves

activity, whereas bulkier or polar groups [e.g., isovaleryl (DSO-5l,

pEC50 � 7.280), 2-pyridyl (DSO-5c, pEC50 � 7.833), or satu-

rated 2-tetrahydrofuranyl (DSO-5b, pEC50 � 6.871)] reduce the

potency, likely due to steric clashes or disrupted interactions.

Similarly, modifications to the phenyl rings of DSO-5h, such as

adding methyl (DSO-5i, pEC50 � 7.088) or electron-withdrawing

carbonyl groups (DSO-5j, pEC50 � 6.507), diminish the activity,

reflecting the limited cavity volume in this region. Notably, the

dimethyl groups of DSO-5a occupy the TM3—TM5 cleft near

H2175.38 and the TM6 interface proximal to N2876.51, but neither

forms polar contacts, suggesting opportunities to enhance agonism

by introducing hydrogen-bond donors or acceptors at these posi-

tions. Our findings collectively highlight strategies for optimizing

BRS3 modulators: preserving critical interactions at the furanyl-

shikonin site, minimizing steric bulk in constrained regions, and

leveraging underutilized polar interfaces near TM3—TM5 and

TM6 for functional group engineering. Future studies combining

structural-guided design with medicinal chemistry could refine

agonist specificity and potency for developing new therapeutics

against metabolic disease.

5. Conclusions

In summary, this study provides detailed structural insights into

the molecular recognition and activation mechanisms of BRS3 by

DSO-5a and oridonin, two TCM-derived ligands. These findings

not only deepen our understanding of the activation mechanism of

BRS3 but also lay the foundation for the discovery of novel BRS3-

targeted therapeutic agents from natural resources.
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