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challenges related to selectivity and efficacy. This study presents high-resolution cryo-electron microscopy
structures of SSTR1 complexed with Lan or Pas, revealing the distinct mechanisms of ligand-binding and
activation. These structures illustrate unique conformational changes in the SSTR1 orthosteric pocket
induced by each ligand, which are critical for receptor activation and ligand selectivity. Combined with
the biochemical assays and molecular dynamics simulations, our results provide a comparative analysis
of binding characteristics within the SSTR family, highlighting subtle differences in SSTR1 activation by
Lan and Pas. These insights pave the way for designing next-generation therapies with enhanced efficacy
and reduced side effects through improved receptor subtype selectivity.
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1. Introduction

Somatostatin (SST) is a cyclic peptide the body produces to
control hormone release. It is secreted by the central nervous
system, gastrointestinal tract, and the islets of Langerhans of the
pancreas. Endogenous SST has 2 active forms that vary in con-
stituent amino acids: SST14 and SST28'. By activating somato-
statin receptors (SSTR), SST can inhibit the secretion of various
hormones such as growth hormone, corticotropin, and ghrelin.
Further, SST regulates glucose metabolism by controlling the
pancreatic release of insulin and glucagon. The agonistic effect of
SST can affect innate and adaptative immune responses via con-
trolling immune cell proliferation and cytokine release”. Further,
SST can inhibit cell cycle progression and DNA synthesis by
stimulating the non-transmembrane tyrosine phosphatase SHP-1
and SHP-2**,

SSTR belongs to class A GPCRs, which are widely expressed
throughout the human body, with 5 distinct subtypes identified in
mammals: SSTR1, SSTR2A/B, SSTR3, SSTR4, and SSTR5’.
When bound to SST, SSTR1 couples with Gi proteins, triggering
downstream signaling pathways, which are essential for hormone
expression and release®.

Heterogeneous SSTR expression is observed in neuroendo-
crine tumors (NET)’. Thus, targeting SSTR with recombinant SST
or somatostatin analogs (SSA) is an attractive therapeutic strategy.
Theoretically, recombinant SST has an anti-proliferative effect on
cancers that express high levels of SSTR. However, the short half-
life of endogenous SST in circulation limits its clinical utility®. As
a result, synthetic SSA with greater stability are being developed
for therapeutic use. Currently, there is no selective SSA. All
synthetic SST analogs developed so far can bind to all five SSTR
subtypes. Their therapeutic effects are primarily mediated through
SSTR2 and SSTRS. Lanreotide (Lan) is one of the first-generation
SSA designed for the treatment of acromegaly as the acromegalic
somatotroph cells showed frequently high expression of SSTR2°.
The second-generation somatostatin analog, pasireotide (Pas),
preferentially binds to SSTRS than SSTR2'°.

SSTR2 and SSTRS are commonly overexpressed in various
human tumors, making them frequent targets for cancer therapies.
In contrast, SSTR1 exhibits a unique expression pattern, occurring
preferentially in specific tumor types. Notably, ductal pancreatic
carcinomas and primary hormone-sensitive prostate cancers show
a higher prevalence of SSTR1 expression''. This distinct distri-
bution of SSTR1 in certain malignancies highlights its potential as
a specific therapeutic target for these particular cancer types.
While synthetic SSA like Lan and Pas can bind to SSTR1, their
affinity is significantly weaker compared to the endogenous
SST14'. Specifically, Lan affinity to SSTR1 is nearly 200 times
lower than that of SST14, demonstrating a substantial reduction in
binding strength. Pas, although showing improved affinity for
SSTR1 compared to Lan, still exhibits a tenfold decrease in
binding strength relative to SST14'%. This marked difference in
affinity highlights a therapeutic gap in our current cancer treat-
ment regime. Thus, developing a new SSA that can selectively and
potently target SSTR1 has become a pressing need.

In this study, we utilized cryo-electron microscopy to elucidate
the structures of SSTR1 in complex with Lan or Pas. These
structural insights are vital for comprehending the unique drug-
binding properties of SSTR1, potentially guiding the discovery of
novel drugs for cancers that predominantly express SSTRI.
Furthermore, the atomic-level details will offer valuable infor-
mation to enhance current SSTR-targeted therapies and may
improve selectivity for specific cancer types.

2. Materials and methods

2.1.  Constructs of SSTR1, DNGi, GG1, Gy2 and scFvi6

The human SSTRI gene was synthesized by Sangon Biotech
(Shanghai) Co., Ltd., and cloned into the pFastbacl vector
(Gibco), which contains an N-terminal Flag tag and a C-terminal
10xHis tag, with an HRC 3C protease cleavage site sequence
inserted between the tag and the protein sequence. To enhance
expression levels, a bacteriorhodopsin-like protein (BRIL)
sequence from the tropical sponge Lantern bell, a homolog of
bacteriorhodopsin, was used at the N-terminus. A dominant-
negative human Gai subunit (DNGi) and scFv16 were cloned into
the pFastbacl vector (Gibco), while the human G@1 and human
G2 subunits were cloned into the pFastBac-Dual vector (Gibco).
All proteins were expressed using the cloned isolate sf9 cells
derived from the parental Spodoptera frugiperda cell line.

2.2.  Expression and purification of SSTRI—DNGi complex

The Bac-to-Bac system was utilized to express the SSTR1—-DNGi
complex. Plasmids containing SSTR1 and the three G protein sub-
units were transformed into DH10Bac cells, which harbor a baculo-
virus shuttle vector and a helper plasmid that facilitate site-specific
recombination of pFastBac with bMON14272 to generate high-
molecular-weight bacmids. Subsequently, the bacmid was trans-
fected into sf9 cells using FuGENE HD Transfection Reagent
(Promega, Madison, WI, USA), and PO virus was harvested after 96 h
of culture. 100 pL. of each of the 3 PO viruses were then inoculated into
50 mL of sf9 cells at a density of 2 million cells/mL and cultured for
60 h to harvest the P1 virus. The purified P1 viruses of SSTR1, DNGi,
and GB1/G~y2 were co-expressed at a volume ratio of 10:10:1in2 L of
sf9 cells at a concentration of 4 x 10° cells/mL, and cells were
collected 48 h later.

The harvested cells were snap-frozen in liquid nitrogen and
lysed in a buffer containing 10 mmol/L HEPES pH 7.4, 1 mmol/L
EDTA, 1 mg/mL iodoacetamide, 1 mmol/L Lan/Pas. After
centrifugation at 39,191 x g for 30 min, the cell membrane pellet
was collected. The membranes were then resuspended in a buffer
formulated with 20 mmol/L HEPES pH 7.4, 100 mmol/L. NaCl,
2.5 pg/mL leupeptin, 0.16 mg/mL benzamidine, 1 mg/mL
iodoacetamide, 10 mmol/L CaCl,, 10% glycerol, 10% n-dodecyl-
B-p-maltopyranoside (DDM), and 1 mmol/L Lan/Pas adjusted to
pH 7.0, and incubated at 4 °C for 2 h. After centrifugation at
48,384 x g, the supernatant containing the SSTR1—DNGi
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complex was incubated with anti-FLAG M1 affinity resin at 4 °C
for 1 h.

After incubation, the mixture was allowed to stand for 5 min
before being centrifuged at 484 x g for 5 min at 4 °C to collect the
resin bound to the SSTR1—DNGi complex. A gradient buffer
exchange was performed using Buffer A containing 20 mmol/L
HEPES pH 7.0, 100 mmol/L NaCl, 1% n-dodecyl-@3-p-maltopyr-
anoside, 0.1% cholesterol hemisuccinate (CHS), 2 mmol/L CaCl,,
and 1 mmol/L Lan/Pas and Buffer B containing 20 mmol/L
HEPES pH 7.0, 100 mmol/L NaCl, 1% lauryl maltose neopentyl
glycol (LMNG), 0.1% CHS, 2 mmol/L CaCl,, and 1 mmol/L Lan/
Pas. The chromatography column was subsequently washed with
20 mmol/L HEPES pH 7.0, 100 mmol/L NaCl, 0.1% LMNG,
0.01% CHS, 0.01% glyco-diosgenin (GDN), 2 mmol/L CaCl,, and
1 mmol/L Lan/Pas. Elution was performed using a buffer
composed of 20 mmol/L HEPES pH 7.0, 100 mmol/L. NaCl,
0.003% LMNG, 0.001% GDN, 0.004% CHS, 1 mmol/L Lan/Pas,
200 pmol/L flag peptide, and 5 mmol/L EDTA.

The eluate was incubated with 20 pL of 10 mg/mL scFv16 at
4 °C for 12 h, followed by size-exclusion chromatography using a
Superose 6 increase 10/300 column GL (Cytiva, Uppsala, Swe-
den) with a running buffer of 20 mmol/L HEPES pH 7.0,
100 mmol/L NaCl, 0.003% LMNG, 0.001% GDN, 0.004% CHS,
and 1 mmol/L Lan/Pas to separate the complex from unassembled
proteins. The protein obtained from chromatographic purification
was concentrated to 5 mg/mL for cryo-EM sample preparation.

2.3.  Cryo-EM sample preparation and data acquisition

A 3 uL aliquot of the SSTR1-DNGi—Lan—scFv16 or
SSTR1—DNGi—Pas—scFv16 complex was applied to gold grids
(UltraAuFoil/QuantiFoil, 300 mesh, R1.2/1.3, Quantifoil Micro
Tools GmbH, Jena, Germany) or amorphous alloy grids (300
mesh, R1.2/1.3, Zhenjiang Lehua Electronic Technology Co.,
Ltd., Zhenjiang, China), which had been glow-discharged with air
for 40 s at 15 mA using the Glow Discharge Cleaning System
(easiGlow, Ted Pella, Redding, CA, USA). The grids were then
blotted for 4 s with a blotting force of 0 using the Vitrobot Mark
IV (ThermoFisher Scientific) and rapidly plunged into liquid
ethane. The prepared grids were stored in liquid nitrogen. Cryo-
EM imaging was performed using a 300 kV Titan Krios Gi3
microscope at the Kobilka Cryo-EM Center, The Chinese Uni-
versity of Hong Kong, Shenzhen, China. Data collection for
SSTR1—Lan was conducted at 0.83 A, and for SSTRI-Pas at
0.85 A, with image data recorded using the SerialEMS5 software.
The defocus value range for the cryo-EM used in this study was
from —1.0 to —2.0 pm. The electron dose of SSTR1-Pas was
53.60 e/A% and SSTR1—Lan was 53.50 e/A”.

2.4.  Cryo-EM data processing

The cryo-EM data was analyzed by cryoSPARC (v4.4.1). For
SSTR1—Pas, a total of 3250 movies were imported. Following
patch motion correction and CTF estimation, 3186 micrographs
were generated, yielding 2,969,804 particles. After multiple
rounds of 2D classification, 1,413,155 particles were selected for
3D classification. This process resulted in a map with a resolution
of 279 A from 722,906 particles, as shown in Supporting
Information Fig. S1. For SSTR1—Lan, 3951 movies were im-
ported and processed using a similar workflow as SSTR1—Pas.
After five rounds of 2D classification, 1,406,862 particles were
taken forward for 3D classification. Additionally, we applied local

refinement to further improve the results. A final map with a
resolution of 3.37 A was obtained from 217,201 particles, as
shown in Supporting Information Fig. S2.

2.5.  Model building and refinement

The atomic model was built on the cryo-EM density map, utilizing
the available structures of DNGi from SSTR2—SST14 (PDB
7XMR), GG1, Gvy2, scFv16 from SSTR2—Lan (PDB 7T10), and
the AlphaFold-predicted SSTR1 structure. Firstly, the initial
models were docked into the electron density maps using UCSF
ChimeraX, adjusting their positions to align with the actual den-
sities. Subsequently, the models were modified and adjusted using
WinCoot (v0.9.8.95). The models were then refined in Phenix
(v1.20.1—-4487) to optimize topology and spatial conformation.
After validation using RCSB PDB MolProbity, the refined struc-
tural files and electron density maps were deposited in the Protein
Data Bank (PDB) and the Electron Microscopy Data Bank
(EMDB). The SSTRI1—Pas and SSTRI1—Lan structures are
available under PDB codes 91K8 and 9IK9, with corresponding
electron density maps deposited in the EMDB under accession
codes EMD-60650 and EMD-60651.

2.6.  Molecular docking

To determine the precise binding conformation of Lan to SSTRI,
we performed molecular docking using the Glide module in
Schrédinger Maestro (v13.8). We first prepared the receptor pro-
tein using the Protein Preparation Wizard, which was employed to
add missing side chains and loops and to adjust protonation states.
We then neutralized Lan using the LigPrep tool and defined a
docking grid within the receptor’s binding pocket. After
completing these preparations, we conducted the docking analysis
and selected the conformations (Conf) with the highest docking
scores.

2.7.  Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed for
confl-bound, conf2-bound, and conf3-bound SSTRI1 to evaluate
the stability of different conformations binding to SSTR1. The
membrane builder module in CHARMM-GUI server'® was used
to prepare the simulation inputs. The ligand—protein complexes
were embedded into a membrane bilayer composed of POPC
molecules, and the position was based on the OPM database'”.
Then, the complex was solvated with TIP3P solvent and
0.15 mol/L NaCl. CHARMMS36 forcefield'” was used for the
protein, lipids, and ions. CHARMM general force field
(CGenFF)'® was used for agonists. All MD simulations are
performed using GROMACS-2019.4"". Energy minimization
was firstly performed on prepared systems for 5000 steps by the
steepest descent algorithm, and then a 125 ps NVT simulation at
310 K was generated for the solvent equilibration using the
Berendsen thermostat with heavy atoms restrained at 10.0 kcal/
mol-A2 The equilibration was processed for an additional 5
cycles, during which the harmonic restraints were 5.0, 2.5, 1.0,
0.5, and 0.1 kcal/mol-A2. The equilibration was applied at
310 K and 1 atm for 1 ns in NPT ensemble, using the Berendsen
thermostat and barostat. Finally, the production simulations were
run at 310 K and 1 atm in the NPT ensemble for 500 ns with a
time step of 2 fs, using the Nosé—Hoover Langevin thermostat
and the Parrinello—Rahman barostat. A cutoff of 12 A was used
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for the van der Waals and short-range electrostatic interactions.
Long-range electrostatic interactions were treated by the particle
mesh Ewald algorithm'®. The covalent bonds containing
hydrogen atoms were constrained using the LINCS algorithm'®.
Three independent MD simulations were conducted for each of
the 3 systems. The trajectories were recorded at 10 ps intervals
and subsequently analyzed using the MDAnalysis library?’. Root
Mean Square Deviation (RMSD) calculations were performed
using the Ca atoms of the all-helical regions for alignment, and
the heavy atoms of the ligand for the RMSD evaluation. The
binding-free MM/PBSA method in gmx_MMPBSA?' was used
to calculate the binding-free energy. For each trajectory, the last
400 ns of each simulation will be used. The lower RMSD and
more negative binding free energy indicate better maintenance
of structural integrity and a more stable complex with the
receptor.

2.8, SSTRI expression level determination

HEK 293T cells were seeded in a 24-well plate one day before
transfection. Plasmid transfection was performed with pcDNA3.1
vector encoding SSTR1 or its mutants. After 24 h incubation, the
transfected cells were collected and resuspended in HBSS buffer
containing 5% BSA for 30 min on ice. The cells were then
incubated on ice for 30 min with DYKDDDDK Epitope Tag Alexa
Fluor 488-conjugated antibody (Cat #1C8529G, R&D SYSTEMS,
Minneapolis, MN, USA). The fluorescence associated with the
antibody—receptor complex on the cell surface was quantified by
flow cytometry (CytoFLEX, Bechman Couter, Brea, CA, USA).

2.9.  cAMP inhibition assay

A Forster resonance energy transfer (FRET)-based Exchange
protein directly activated by cAMP (Epac) sensor was used to
measure cellular cAMP levels®?. The sensor was combined by the
donor mTurquoise2 N-terminally fused to Epac-SH187, and the
double acceptor tandem of cpl73Venus was fused to the
C-terminus®®. The Epac sensor (mTurquoise2—Epac—SH187
—cpl173Venus—cpl173Venus) described above was cloned to the
pcDNA3.1 vector.

HEK 293T cells were seeded in a 6-well plate 1 day before
transfection. Plasmid transfection was performed with a mixture
of pcDNA3.1 vector encoding SSTR1 or its mutant and pcDNA3.1
vector encoding Epac sensor with a ratio of 1:2. After 48 h in-
cubation, the transfected cells were collected and resuspended in
HBSS buffer containing 5 mmol/L HEPES, 0.5 mmol/L. IBMX
and 0.1% BSA. Next, the cells (50 pL) were added to 96-well
black clear bottom plate at 50,000 cells per well, and 25 pL
different concentrations of the agonists (Pas or Lan) were added to
the plate and incubated at 37 °C for 30 min. Then 25 pL of for-
skolin were added to the plate at a final concentration of 2.5 pmol/
L and incubated at 37 °C for 30 min. The intracellular cAMP level
was measured using a FlexStation III (Molecular Devices, San
Jose, CA, USA) by detecting fluorescence emission intensity at
485 and 535 nm following excitation at 430 nm. The FRET signal
was calculated as the normalized ratio of fluorescence emission at
485 nm divided by emission at 535 nm.

2.10.  Statistical analysis

The collected data were analyzed with Prism 10 (GraphPad, San
Diego, CA, USA). For generating dose—response curves, the

calculated signals were fitted to a three-parameter sigmoidal
concentration—response curve. Data points were presented as
mean =+ standard error of mean (SEM) of maximal luminescence
ratio, and maximal cAMP levels of dose—response curves of Gi
protein dissociation, and cAMP inhibition, respectively. At the
same time, the parameters span, which equals to Top deducted by
Bottom, was considered as efficacies. The calculated potencies
and efficacies were normalized to those of the wild-type (WT)
SSTR1 performed in parallel. One-way analysis of variance
(ANOVA) with Dunnett’s correction was applied in multiple
comparisons to the WT group. The P-values less than 0.05 were
considered statistically significant.

3. Results

3.1.  Cryo-EM structures of SSTRI—DNGi complexes

Lan and Pas share similar core structures, characterized by a (-
turn formed by (p-Trp)—Lys motifs. While both Lan and Pas can
bind to various members of the SSTR family with differing af-
finities, their affinity for SSTRI1 is suboptimal (Fig. 1A). To
investigate the binding mode of SSAs on SSTRI1, we first co-
expressed and purified wild-type human SSTR1, the dominant-
negative form of human Gail (DNGi), human GB1, and human
Gv2 in sf9 cells. Next, we added Lan and Pas as agonists during
the protein purification step. Finally, we introduced the antibody
scFvl6 to stabilize the purified SSTRI1—Lan/Pas—DNGi
complexes.

To understand the SSTRI1 activation and selectivity of
Lan and Pas, we determined the cryo-EM structures of
SSTR1—DNGi—scFv16 bound to agonists Lan and Pas at global
resolutions of 3.37 and 2.79 A, respectively (Table 1, Fig. 1IB—G).

To investigate the conformational changes of SSTR1 induced
by the ligands, a comparative analysis was conducted between the
ligands-bound SSTR1 and the SSTRI1—APO structures from
AlphaFold. The binding of Lan to the SSTR1 orthosteric pocket
triggers a series of conformational changes: the upper segment of
TM2 constricts towards the receptor core, TM3 shifts downward
after ligand binding, and the upper part of TM5 moves closer to
TM6, while the lower part of TMS shifts outward by 2.3 A.
Influenced by these changes in TMS, the lower half of TM6 ex-
tends outward by 12.5 A, creating space at the bottom of SSTR1
for G protein coupling. Additionally, a slight rotation of TM7
brings the associated helix 8 closer to TM6 (Fig. 2A).

Upon Lan binding, two key residues, DI137%3? and Y3137'43,
shift toward the ligand to form hydrophilic and salt bridge in-
teractions (Fig. 2B). Several hydrophobic residues also rotate to
create a binding pocket that accommodates Lan hydrophobic
framework (Fig. 2C). During activation, residues on ECL2 and
ECL3 undergo conformational changes, with N209"“™ shifting
closer to the hydrophilic residues of ligand compared to
APO—SSTRI1 (Fig. 2D). In the orthosteric pocket, Lan forms a
Cys2—Cys7  disulfide  bridge. D30053 experiences
dipole—dipole interactions and van der Waals forces from the
disulfide bridge, causing D300 shift toward Lan (Fig. 2E).

Although synthetic SSAs are designed to target SSTRs for
therapeutic purposes, their affinity to SSTR1 is generally lower
than that of the endogenous ligand SST14. Currently, there is no
available binding model of SST14 with SSTR1. Therefore, we
utilized the SSTR4—SST14 (PDB 7XMT) model, which belongs
to the same somatostatin receptor family 2 (SRIF2) subfamily, for
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Figure 1  Structural analysis of the SSTR1—DNGi—Gp1vy2—scFv16 complex. (A) Comparative analysis of Lan and Pas sequences and 2D
structures, highlighting (p-Trp)—Lys as a key binding site that influences affinity profiles across the SSTR family. (B) Cryo-EM density maps of
SSTR1—Pas. (C) Structural representation of the SSTR1—Pas complex. (D) Molecular structure of Pas (pink). (E) Cryo-EM density maps of
SSTRI1—Lan. (F) Structural representation of the SSTR1—Lan complex. (G) Molecular structure of Lan (blue).
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Table 1  Cryo-EM data collection, refinement and validation
statistics.
Data collection and SSTR1-DNGi  SSTR1—DNGi
processing —scFvl6—Pas  —scFvl6—Lan
Magnification 105,000 105,000
Voltage (kV) 300 300
Electron exposure 53.50 53.6
(e /A)
Defocus range (pm) —1.0to —2.0 —1.0to —2.0
Pixel size (A) 0.83 0.85
Symmetry imposed Cl1 Cl
Initial particle 2,969,804 2,091,230
images (no.)
Final particle 722,906 217,201
images (no.)
Map resolution (1&) 2.79 3.37
FSC threshold 0.143 0.143
Refinement
Model resolution (A) 2.82 3.37
Map sharpening —86.3 —125.2
B factor (10\)
Model composition
Nonhydrogen atoms 8418 8526
Protein residues 1110 1121
B Factors (108)
Protein 81.67 69.21
r.m.s deviations
Bond lengths (A) 0.004 0.003
Bond angles (°) 0.602 0.646
Validation
MolProbity score 1.73 1.99
Clashscore 7.98 9.54
Ramachandran plot
Favored (%) 95.77 92.11
Allowed (%) 4.23 7.89
Disallowed (%) 0 0

comparison. This model exhibits significant structural similarities
to the SSTR1—Lan/Pas complexes obtained in our study. SST14
shares a highly similar backbone with Lan/Pas, significant dif-
ferences in binding have been observed in extracellular loop 2
(ECL2) of SSTR4. Specifically, N199%““? forms a stable
hydrogen bond with SST14. In contrast, the corresponding residue
in SSTR1, N2095“™2, does not engage in a similar interaction with
Lan or Pas. The polar interactions in ECL2 may serve as a pro-
tective mechanism, potentially preventing the premature release of
SST14 upon receptor activation (Fig. 3A and B).

3.2.  Ligands recognition of SSTRI

Determining the precise orientation of Lan in SSTR1 orthosteric
pocket is challenging due to its cyclic structure. To identify the
correct pose of Lan in the binding pocket, we employed molecular
docking and molecular dynamic simulations (MD) to predict the
pose with the highest affinity and stability.

Using the molecular docking module in Schrodinger Maestro
Glide, we obtained three possible binding conformations
(Supporting Information Fig. S3B, S3D, S3F, S3G). Since Glide
calculations do not account for the fundamental thermodynamics of
binding free energy, we further validated these 3 models using MD
simulations. The best pose (Conf1) showed superior stability, with a
root mean square deviation (RMSD) of 4.40 A and the least
structural deviation during the simulation period (Fig. S3A—S3F).

Conf1 also showed the lowest binding free energy of —53.37 kcal/
mol, which was significantly lower than the binding free energies of
other poses (8.64 and —16.01 kcal/mol) (Supporting Information
Figs. S3H and S4). In contrast, Pas has characteristic phenol mo-
tifs Tyr(4-Bzl) that enable precise docking of its structure into the
EM map within the SSTR1 orthosteric pocket.

The orthosteric ligand pocket for Lan and Pas within SSTR1
exhibited similar conformations. The pocket is located in the
transmembrane region formed by TM2—3, TM5—7, ECL2, and
ECL3. Residues within 5 A of the ligand are identified as crucial
for receptor—ligand interactions. The lysine side chain nitrogen on
Lan and Pas forms a salt bridge with D137°% on TM3 and a
hydrogen bond with Y313"4* on TM7 simultaneously. Hydro-
phobic interactions contributed by L114*%°, 1.220%3° and
F223°3% are also involved in stabilizing Lan/Pas in the ligand
binding pocket (Fig. 4A and B).

To validate the impact of these residues in the ligand binding
pocket, a Forster resonance energy transfer (FRET)-based Epac
sensor was used to measure changes in cellular cAMP levels of
wild-type and mutated SSTR1 constructs. To assess the signifi-
cance of the shortlisted receptor—ligand interaction sites, we
generated corresponding mutants and transfected them into HEK
293T cells. We examined various transfection conditions to
generate transfectants with similar expression levels of SSTR1
(both wild-type and mutants) on the HEK 293T cell surface
(Supporting Information Fig. S5 and Table S1).

The dose—response curves revealed that the pICsy of Lan and
Pas is 6.53 and 8.00, respectively (Supporting Information
Fig. S6), indicating that Pas has a stronger affinity for SSTR1
than Lan. Alanine mutations at the hydrophilic residues
D137** and Y3137* in SSTR1 almost completely abolished
cAMP inhibition induced by both Lan and Pas (Fig. 4C and E).
Similarly, the alanine mutation at F223°3® significantly impaired
SSTR1 activation by both ligands, with a more pronounced effect
on Pas. Mutations at N209¥““? and D300%™* also reduced the
potency of both Lan and Pas (Fig. 4C and E).

For Lan, the Q2916‘55 mutation eliminated SSTR1 activation,
while the L114*°° mutation resulted in an approximately 80%
decrease. The L220°>° mutation had no impact on Lan binding
strength or efficiency. For Pas, the Q291%° mutation caused a
two-order magnitude reduction in cAMP inhibition efficiency. The
L114*° mutation did not affect Pas binding, whereas the L220>°
mutation significantly reduced Pas activation efficiency of SSTR1
by nearly tenfold (Fig. 4D and F).

3.3.  Comparison of SSTRI1/SSTR2—Lan

Lan and Pas are pan-SSTR SSA. However, they exhibit the
weakest affinity for SSTR1 compared to SSTR2, SSTR3, and
SSTRS (Fig. 1A). M14133% is a conserved residue in SRIF2
(SSTR1 and SSTR4), while in SRIF1 (SSTR2, SSTR3, and
SSTRS), the corresponding residue is glutamine (Q). Lan, a first-
generation SSA, shows affinity for nearly all SSTR subtypes. To
elucidate the differences in binding modes that result in Lan
subtype selectivity, we compared its receptor—ligand interactions
with SSTR1 (low affinity) and SSTR2 (high affinity) (PDB 7XAV)
(Fig. 5A). Given that our primary focus is on analyzing the
binding differences of Lan in SSTR1 and SSTR2, we mainly focus
on the analysis of SSTR1—Lan in this section.

Trp4—Lys5 on Lan plays a critical role in receptor—ligand
interactions. The nitrogen atom of the Lys side chain forms a salt
bridge with D137°3? and a hydrogen bond with Y3134 in
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Figure 2  Comparison between SSTR1—Lan and APO—SSTR1. (A) Analysis of transmembrane helix conformational differences between the
activated state of SSTR1 (white) and SSTR1—APO (blue). (B) Structural comparison of the ligand-binding pockets in SSTR1—Lan (white) and
the AlphaFold-predicted inactive state of SSTR1 (blue). Upon activation by Lan (gray), the Cy of D137°3? in SSTRI shifts 1.7 A relative to
SSTR1—APO. The OH group of Y3137** in SSTR1 demonstrates a 1.1 A movement relative to SSTR1—APO. (C) Significant residue alterations
involved in hydrophobic interactions following Lan binding to SSTR1. TM2 in SSTRI transitions 3.3 A into the receptor core, while the upper
segment of TMS shifts 1.9 A in the direction of TM6. (D) Ilustration of conformational changes in SSTR1 N209%“"? before and after activation.
(E) Conformational modifications in SSTR1 ECL3 and D3005™® post-activation. The positioning of ECL3 remains relatively consistent before
and after activation. D3005™? reorients toward the ligand and establishes van der Waals interactions with the Lan disulfide bond.

Figure 3  Comparison of ligand interactions in SSTR receptor models. (A) Comparison of N209%“? in SSTR1—Lan (white) and N1995“? in
SSTR4—SST14 (dark green). N199%"? in SSTR4—SST14 forms a hydrogen bond with SST14 (purple), while N2095™2 in SSTR1—Lan lacks
this interaction (grey). (B) Comparison of N2095L2 jn SSTR1—Pas (blue) with N19952 in SSTR4—SST14 (lemon green). N1995°2 forms a

hydrogen bond with SST14 (rose red), whereas N209%€L2 in SSTR1—Pas shows no such interaction (cyan).

SSTRI1 (Fig. 5A). Moreover, the hydrophobic interaction between
F>* and the indole ring of Trp4 on Lan is consistently observed in
both SSTR1 and SSTR2 (Fig. 5C). These interactions are char-
acteristic of SSA binding within the SSTR1 and SSTR2.

In the SSTR2—Lan model, Q126>°, located deep in the binding
pocket, establishes a hydrophilic interaction with Lan (Fig. 5B).
This interaction is absent in our SSTR1—Lan model, which has
M1413% instead. Mutating M141°¢ on SSTR1 to Q141°3°
increased the potency for both Lan and Pas at least tenfold (Fig. 4D
and F). These findings suggest that M141%2° is a crucial residue
contributing to the subtype selectivity of the SSTR1.

In SSTR2, N276%° on TM6 is a crucial residue that stabilizes
Lan in the orthosteric ligand binding pocket. However, in our
SSTR1 model, the corresponding residue (Q291°3%) does not
interact with the Lan (Fig. 5D). Intriguingly, our cyclic AMP

assays revealed that mutating Q2915 to alanine significantly
reduced receptor activity in response to Lan. These findings
suggest that Q291%% may influence Lan-receptor interactions
through indirect mechanisms.

ECL3 is thought to play a role in ligand selectivity for SSTR.
Replacing SSTR2 ECL3 (Ala—Ile—Ser—Pro) with SSTR1 ECL3
completely abolishes receptor activity in response to the natural
ligand SST14%*. In our model, SSTR1’s distinct ECL3 composi-
tion enables unique dipole—dipole interactions with the disulfide
bridge formed by Lan itself (Fig. SE).

3.4.  Structure features of SSTRI—Lan and SSTRI1—Pas

Pas was developed to address the limitations of first-generation
SSAs like Lan, such as drug resistance and side effects (Fig. 1A).
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Figure 4  Analysis of cAMP responses following SSTRI1 site-directed mutagenesis. (A) Schematic representation of the SSTR1—Pas ligand-
binding pocket identified through cryo-EM structural analysis. (B) Detailed illustration of the SSTR1—Lan ligand-binding pocket determined via
cryo-EM structural analysis and molecular dynamics (MD) simulations. (C), (E) Dose—response profiles demonstrating cAMP inhibition
following SSTR1 activation by Pas (C) and Lan (E). (D) Quantitative assessment of calculated potency pICs, values. (F) Efficacy fold changes in
mutants relative to WT in cAMP inhibition assays. (For all dose—response curves, data points represent for mean + SEM with simultaneous
curve-fitting of n = 12 replicates. Statistical comparisons were performed with one-way or two-way analysis of variance (ANOVA). Compared to
potency and efficacy of Pas bound to WT SSTRI1, ND, not-determined; *P < 0.05, **P < 0.01, and ***P < 0.001 were considered as
significantly different. Compared to potency and efficacy of Lan bound to WT SSTR1, *P < 0.05, #P < 0.01, and P < 0.001 were considered
as significantly different. The transparent bars, symbols, and error bars represent the mean, individual value, and SEM, respectively, of at least 3
independent experiments each performed in quadruplicate.

While Pas demonstrates an improved affinity for several SSTR ~ N209%°™2 F223*3¢ (Q291%, and Y3137+ (Fig. 6A—C, E, and
subtypes, its affinity for SSTR1 remains suboptimal. Compared to G, Supporting Information Tables S2 and S3).

Lan, Pas exhibits only a marginal improvement in SSTR1 potency Hydrophobic interactions play a crucial role in stabilizing SSA
(Fig. 6A and H, Fig. S6). The ligand pocket for Lan and Pas are within the transmembrane pocket. The hydrophobic groups of Lan
similar. Key ligand-interacting residues include D137%%, and Pas interact with the hydrophobic residues within the SSTR1
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Figure 5

Comparative analysis of SSTR1—Lan and SSTR2—Lan structures. (A) Structural comparison illustrating the differential positioning

of Lan when bound to SSTR1 (dark gray) versus SSTR2 (magenta). Lan achieves deeper penetration in the SSTR2—Lan complex compared to
SSTR1—Lan, with quantifiable differences in the positioning of Trp4 Ca and the free amine of Lys5, which are situated 2.1 and 1.4 A deeper,
respectively. (B) Detailed illustration of Lan Lys5 binding interactions with SSTR1 and SSTR2 residues, demonstrating consistent interactions
between the ligand and residues D*3? and Y’ across both receptors. M141°2%/Q126>%¢ is identified as a key determinant influencing Lan
selectivity between the SRIFI and SRIF2 subfamilies. (C) F°~® exhibits consistent functionality in both receptor subtypes. (D) Structural
comparison of the selectivity-determining residues SSTR1—Q291%° and SSTR2—N276%. (E) Structural comparison of ECL3 conformations in

SSTR1—Lan and SSTR2—Lan complexes.

binding pocket. For example, these interactions occur between the
phenol group of Y313"4% the indole group of the Trp side chain, and
the Lys side chains on Lan and Pas, and the residue L114%%° on
SSTRI1. Interestingly, our study shows that mutating L114>° to
alanine specifically affects the hydrophobic interactions of Lan with
SSTR1 (Fig. 4C—F). From our SSTR1—Pas model, there is an
additional hydrophobic moiety in Pas, Tyr(4-Bzl), which contributes
to the stabilization of Pas in this universal ligand binding pocket
(Fig. 6F).

Another significant hydrophobic interaction occurs between
the phenyl ring of Phe in Pas or Tyr in Lan and L220>* on TMS5.
Mutation of L220°% on SSTR1 impacts Pas activity while leaving
Lan activity unaffected (Figs. 4C—F, 6D, 6FF). We have also
attempted to obtain a complex of octreotide, another first-
generation SSA drug, with SSTR1. However, due to its lower
potency compared to Lan, we have not yet successfully acquired
structural data on the interaction between SSTR1 and octreotide
(Supporting Information Fig. S7).

4. Discussion

Somatostatin analogs (SSAs) are effective drugs for cancer
treatment®°, While SSTR2, SSTR3, and SSTR5 readily bind
SSAs, SSTR1 shows lower affinity due to its distinct trans-
membrane structure®’®, Given that SSTR1 overexpression might

be associated with specific cancer types (such as prostate cancer)
and have prognostic value, an in-depth understanding of how SSA
interacts with SSTR1 is vital for developing more effective tar-
geted therapies”®. Comparative analysis of amino acid sequences
across all SSTR subtypes demonstrated high conservation among
SSTR family members (Supporting Information Fig. S8). Conse-
quently, we sought to investigate the ligand-binding mechanism
through structural analysis.

As a first-generation somatostatin analog (SSA), Lan effec-
tively inhibits neuropeptide and growth hormone secretion, mak-
ing it valuable for clinical interventions targeting somatostatin
receptors (SSTRs). Clinical research has demonstrated the efficacy
of Lan in managing both neuroendocrine and non-endocrine
neoplasms®. In terms of receptor affinity, Lan exhibits a pro-
nounced preference for the SRIF1 receptor family, particularly
SSTR2. It displays lower potency for SSTR3 and SSTRS, while its
affinity for SSTR1 is markedly reduced. Previous reports have
shown that Lan’s affinity for SSTR1 is substantially lower than
that of the endogenous ligand SST14, with an ICs, value 193-fold
higher'2.

Comparative results show that the ligand binding interface
formed by TM3 is a crucial determinant of Lan potency. Q126>
of SSTR2 corresponds to a position homologous to M141°¢ in
SSTR1. Within SSTR2, Q126°3¢ is positioned deeply in the
orthosteric binding pocket, where its polar amino acid side chain
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Figure 6 Comparison of SSTR1—Lan and SSTR1—Pas binding pockets. (A) This comparative analysis reveals the structural differences
between SSTR1—Lan (white) and SSTR1—Pas (blue) binding pockets, with notable conformational variations in key residues: L144*%° D137332,
M141336 1.220°3°, F223°38, Q2916‘55, and Y3137, (B) Structural comparison demonstrating the positioning of residues D1 37°32, Y3137, and
M141*3 in both SSTR1—Lan and SSTR1—Pas complexes. (C) Conformational analysis of F223°2% across both models, illustrating how this
residue creates a hydrophobic pocket that accommodates the ligands’ indole moiety. (D) The diagram shows the interaction differences of residue
1.220°2% in SSTR1 with Pas and Lan, where only Pas binding is affected by this residue. (E) While D291% maintains identical conformations in
both models, its functional impact is more pronounced for Lan interactions compared to Pas. (F) L144*% serves as a critical residue that forms a
hydrophobic pocket accommodating Lan Lys4, while primarily influencing the Tyr(4-Bzl) side chain positioning in Pas. (G) N2095"2 establishes
interactions with the hydrophilic functional groups of Tyr(4-Bzl)—Phe in both Pas and Lan complexes. (H) Comprehensive visualization of
binding conformations for Pas (cyan) and Lan (gray).

facilitates hydrogen bond formation with Lan®'. Conversely, in Within SSTR2, polar N276% establishes stable interactions with
SSTRI1, this polar interaction is eliminated due to the substitution of Lan. Research has demonstrated that substitution of N276%°% on
the polar residue Q126® with the hydrophobic residue M1413-°, SSTR2 with Q276 suppressed calcium mobilization linked to

N276%% (SSTR2) and Q291%% (SSTR1) represent another SSTR?2 activation®'. Despite Q291%% on SSTR1 possessing a
critical residue influencing Lan affinity across SSTR subtypes. longer polar side chain relative to its SSTR2 equivalent, our
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SSTR1—Lan model did not reveal any hydrogen bond interaction
involving Q2915

For both SAAs, the §-turn configuration formed by tryptophan
and lysine residues appears to be an important determinant for
binding affinity, with this structural motif potentially contributing to
receptor—ligand interactions. Future drug development efforts might
consider exploring the polar interactions between the ligand’s lysine
moiety and both D137 and Y3137*? residues. Such modifications
could potentially be achieved through the introduction of functional
groups that form polar interactions along the lysine side chain.
Furthermore, structural adjustments of the (-turn to potentially
enhance interaction with SSTR1 M141>® might be worth investi-
gating as a strategy to possibly improve overall potency.

Pas, a second-generation somatostatin analog, was developed
and introduced into clinical practice’. Despite Pas significantly
enhancing potency for SSTR1, its affinity for this receptor compared
to Lan remains approximately 10-fold lower than that of the
endogenous ligand somatostatin’'>*2. It should be noted that Pas
treatment is associated with adverse events, including diabetes™.
Pas exhibits strong binding affinity for SSTRS receptors in
pancreatic (-cells, thereby inhibiting GLP-1 secretion and conse-
quently elevating blood glucose levels**. Therefore, future drug
development efforts should focus on enhancing Pas binding speci-
ficity for SSTR1 while reducing its affinity for SSTRS.

In our SSTR1—Pas model, D137*? again plays a pivotal role in
stabilizing ligand in the orthosteric pocket of SSTR1. D137%%? in-
teracts with Pas within a hydrophobic pocket formed by L114*%°,
M141°¢, Y3137 and the Trp indole group on the ligand. Notably,
Tyr(4-Bzl) inserts into this pocket, occupying additional space and
further stabilizing the hydrophobic pocket structure.

Based on structural comparisons between SSTRS and SSTR1, we
propose that 2 potential modifications to the “Trp—Lys” fragment of
Pas might be worth exploring: extension of the Lys side chain and
incorporation of aromatic groups. We hypothesize that an extended
Lys side chain could potentially enhance polar interactions with
D137°3% and Y3137, Additionally, introducing an aromatic ring
might facilitate Met-aromatic interactions with SSTR1 M141°-¢
while potentially strengthening w—r stacking with SSTR1 F223°-%,
which might improve Pas potency toward SSTR1. In our models, the
G protein-binding domains in SSTR1—Lan and SSTR1—Pas com-
plexes revealed no substantial structural differences between these
interfaces (Supporting Information Figs. S9 and S10).

5. Conclusions

In conclusion, our study has provided structural insights into the
interactions between SSTR1 and two SSA, Pas and Lan. These
findings could contribute to our understanding of SSTR1 activa-
tion mechanisms and ligand binding specificity. The elucidated
structures offer a foundation for the rational design of next-
generation SSTR1-targeted therapeutics with enhanced specificity
and affinity.
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