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and inflammatory tissue injury. Here we report that fMet-Leu-Phe-Cys (fMLFC), a peptide agonist of
FPR1, prevents recycling of internalized FPR1 and diverts it to the late endosome and lysosome for
degradation. In contrast, FPR1 bound to the classic ligand fMLF interacts with RAB11 and SNX17, facil-
itating its recycling back to the cell surface. We determined a cryo-EM structure of fMLFC-bound FPR1
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—Gi complex. Alanine substitutions of key residues that interact with fMLFC (F102A, T177A, F178A)
improved FPR1 recycling. Using a FIAsH—NanoBRET-based FPR1 biosensor, the fMLFC-induced re-
ceptor conformational change was found to be different from the fMLF-induced conformational change.
fMLFC stimulation reduced FPR1 cell surface expression, along with reduced acute lung injury in LPS-

treated mice. Our findings suggest that fMLFC is a chemical knockdown agent that promotes targeted
protein degradation and reduces FPR1-mediated inflammation.

© 2026 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

G protein-coupled receptors (GPCRs), also known as seven
transmembrane receptors, are primarily located on the cell surface
to sense extracellular signals. When stimulated by an agonist,
changes in receptor conformation lead to the activation of various
intracellular signaling proteins, including heterotrimeric G pro-
teins, G protein-coupled receptor kinases (GRKs), and §-arrestins,
thereby triggering distinct downstream signaling cascades'™.
Ligand-bound receptor internalization is a broadly existing
cellular phenomenon. Most internalized GPCRs enter recycling
vesicles and return to the cell surface for a new cycle of activa-
tion®”. The RAB proteins are small GTPases that localize to
specific intracellular compartments and orchestrate receptor
internalization and recycling®®. For example, RAB4 and RAB11
are located in recycling endosomes for the regulation of receptor
recycling'®'*. RABS5 localizes to early endosomes and serves as a
marker for the early endosome. RAB7 is found in late endosomes.
Furthermore, additional proteins known as sorting nexins (SNXs)
are implicated in the recycling pathway'>. Within this group of
SNXs, SNX3 and SNX17 have been reported to play pivotal roles
in regulating the recycling behavior of proteins'®'®. Another route
leads the internalized receptor to lysosomal degradation'®2*, Ly-
sosomes are acidic compartments capable of degrading intracel-
lular proteins®2®. The internalized receptor enters the early
endosomes, then transfers to the late endosomes that fuse with
lysosomes for protein degradation.

Various genetic approaches exist for downregulating the
expression level of target proteins, including small interfering
RNA (siRNA), short hairpin RNA (shRNA) and microRNA
(miRNA). However, these technologies still face challenges in
terms of improving their selectivity, stability, and safety pro-
files?”?%. In order to address these limitations, chemical knock-
down methods are employed for protein downregulation. Small
molecules®®3! or intracellular antibodies (intrabodies)>>? spe-
cifically designed to target certain proteins offer potential solu-
tions to overcome the challenges associated with genetic
knockdown technologies. The majority of small molecule-based
knockdown  strategies use proteolysis-targeting  chimera
(PROTAC) technology®**. An intrabody, defined as an antibody
fragment, exhibits the capacity to bind to a specific target protein
and subsequently inhibits its functional activity. Intrabodies are
categorized into 2 distinct types: cytosolic intrabodies and endo-
plasmic reticulum (ER)-retained intrabodies. In the context of
intrabody technology, a vector harboring the cDNA encoding the
intrabody is transfected into cells to facilitate the expression of the
intrabody, thereby enabling inhibition of functions of the target
protein. For ER intrabodies'®3®, an ER retention sequence

(KDEL) is fused to the C-terminus of the intrabody, effectively
preventing its secretion along with the bound target protein.

Formyl peptide receptor 1 (FPRI), a member of class A
GPCRs, is predominantly localized on the plasma membrane of
neutrophils but also found in lower abundance in other cells,
including endothelial and epithelial cells. FPR1 exhibits signifi-
cant involvement in a multitude of diseases, including lung injury,
inflammation, glioblastoma, and breast cancer>’>°. Various ap-
proaches have been devised for the characterization of FPR1*0*%,
FPRI1 recognized N-formylated peptides produced in bacteria or
mitochondria as a molecular pattern. Among these formyl pep-
tides, fMet-Leu-Phe (fMLF) is the first characterized and most
often used peptide originating from E. coli with full agonistic
activities*. Upon activation by fMLFE, FPRI triggers various
biological activities such as calcium flux, superoxide generation,
and cell migration**. FPR1 also internalizes into cells and recycles
to the cell membrane for another round of activation. Although
FPRI internalization has long been observed*, its recycling
mechanism remains unclear. In a previous study, we found that a
cystine-modified formyl peptide, fMet-Leu-Phe-Cys (fMLFC),
exhibited properties different from those of fMLF, such as higher
potency in both the Ca>* mobilization assay and the competitive
binding assay®. In the present study, Cryo-EM (for solving the
fMLFC—FPR1—Gi complex structure) and FPR1 biosensor (for
FPR1 conformational change) were used together with confocal
imaging of proteins involved in receptor trafficking to investigate
the mechanism of fMLFC-induced loss of cell surface FPR1. Our
results showed that fMLFC can be used as a cell surface FPR1
knockdown agent to abrogate transmembrane signaling and alle-
viate acute lung injury in a mouse model. fMLFC, therefore, has
potential for further development as a therapeutic for inflamma-
tory diseases.

2. Methods and methods
2.1. Materials

fMLFC and fMLFIIK—FITC were synthesized at ChinaPeptides,
Shanghai, China. The siRNAs targeting SNX3 and SNX17 uti-
lized in this study were obtained from RiboBio, located in
Guangzhou, China. Alexa Fluor 647-labeled mouse anti-human
fMLP receptor (Clone 5F1, RUO) was obtained from BD Bio-
sciences, San Jose, CA, USA. fMLF, chloroquine (CQ), 1,2-
ethanedithiol (EDT), horseradish peroxidase (HRP), isoluminol
(ISO), cytochalasin B, hexadecyltrimethylammonium bromide
(CTAB), 3,3',5,5-tetramethylbenzidine, and 4-nitrophenyl N-
acetyl-B-p-glucosaminide were obtained from Sigma—Aldrich, St.
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Louis, MO, USA. FLIPR calcium 5 reagent was purchased from
Molecular Devices, San Jose, CA, USA. Coelenterazine H was
purchased from Promega, Madison, WI, USA. TC-FIAsH II In-
Cell Tetracysteine Tag Detection Kit was purchased from Invi-
trogen, Carlsbad, CA, USA.

2.2.  Cell culture

HeLa cells (ATCC, CCL-2) were grown in DMEM containing
10% fetal bovine serum (FBS) and 1% PS. FPR1 stable expressed
RBL-2H3 cells (RBL FPR1, ATCC CRL-2256) were maintained
in DMEM supplemented with 20% FBS and 250 pg/mL G418.
HL-60 cells (ATCC CCL-240) were grown in RPMI 1640 medium
containing 20% FBS, 1% PS. For differentiation, HL-60 cells
were maintained in HL-60 culture medium containing 1.3%
DMSO at a density of 5 x 10° cells/mL and cultured for 5 days to
achieve differentiated HL-60 (dHL-60). The differentiation me-
dium was changed every other day.

2.3.  Plasmid construction

The plasmids containing complete coding sequences of human
RAB4 S22N, RAB4, RAB11 S25N, and RAB11 were generously
provided by Professor Guangpu Li (University of Oklahoma
Health Sciences Center, USA). pcDNA3.1 mRuby2 and
pcDNA3.1 Clover were from Invitrogen (Carlsbad, CA, USA).
Plasmid containing the complete coding sequences of Nanoluc
was acquired from Promega, Madison, WI, USA. The FPR1
biosensor, utilizing FIAsH NanoBRET technology, was designed
to incorporate the tetracysteine tag (amino acid sequence:
CCPGCQC) into three distinct intracellular loops (ICLs) of FPR1
(FPR1-FIAsH-ICL1-NanoLuc: between amino acid residues T56
and H57. FPR1—FIAsH—ICL1—NanoLuc: between amino acid
residues T133 and Q134. FPR1-FIAsH-ICL1-NanoLuc: between
amino acid residues L233 and 1234) by overlap PCR, and then the
C terminus of FPR1 containing the CCPGCC tag was fused with
Nanoluc. cDNA of RAB7, RAB4 S22N, RAB4, RABS5, RAB11
S25N, RABI11, SNX17, SNX3, and Clover were subcloned into
the PCDNA3.1 plasmid. Clover linked to the N-terminal of the
target protein and formed Clover RAB7, Clover RAB4 S22N,
Clover RAB4, Clover RABS5, Clover RABI11 S25N, Clover
RABI11, Clover SNX17, Clover SNX3. The cDNA of FPR1 was
subcloned into the pcDNA3.1 Clover and pcDNA3.1 mRuby2
vectors, resulting in 2 constructs, FPR1-mRuby2 and FPRI-
Clover, respectively. All plasmids were verified by DNA
sequencing.

2.4.  Transfection with plasmid and siRNA

HeLa cells were transfected or co-transfected with different
plasmids using Lipofectamine 3000 (Invitrogen) according to the
reagent protocol when cells were grown to 80% confluency. The
transfection efficiency was about 70%. Then cells were incubated
at 37 °C with 5% CO, for 24 h for different assays. For trans-
fection of different kinds of siRNA (Target SNX3%C:
5'-AACAAGGGCUGGAGCAGUUUAJTAT-3', Target SNX17*:
5'-CUGGCUUUUGAAUACCUCAJATAT-3'), HeLa cells were
cultured to 40% confluency and then transfected with Lipofect-
amine 3000 without using P3000 reagent during the siRNA
dilution step. The final concentration of siRNA in the cell culture
medium was adjusted to 50 nmol/L. The cells were cultured at
37 °C with 5% CO, for 48 h. Subsequently, the cells were

transfected with FPR1—GFP and further incubated at 37 °C with
5% CO, for an additional 24 h before conducting various assays.

2.5.  qPCR analysis

The HeLa FPR1-GFP cells that were transfected with siRNA were
lysed by the TRIzol Reagent (Thermo Fisher Scientific, Waltham,
MA, USA) to extract total RNA. 500 ng RNA was used for cDNA
synthesis using PrimeScript RT Master Mix (Takara Bio, Otsu,
Japan). The cDNA, Sequence-specific primers (SNX17 forward
primer: 5-GGTCAACGTGCTAACTTCAGA-3’, SNXI7reverse
primer: 5-GCTCCATCCTCTTTTTCTCGAAC-3'; B-actin for-
ward primer: 5-AGAGCTACGAGCTGCCTGAC-3', B-actin
reverse primer: 5-AGCACTGTGTTGGCGTACAG-3’; SNX3
forward primer: 5'-CCAAGCCGCAGAACCTGAAT-3/, SNX3
reverse primer: 5'-GACCCTGATTTCGTAAGTGGTG-3') and
SYBR premix Ex taq II (Takara Bio) were used for mRNA level
detection using ViiA 7 Real-Time PCR System (Thermo Fisher
Scientific).

2.6.  Flow cytometry

For FPRI1 recycling assay, HeLa FPRI1-GFP cells (transient
transfected with FPR1-GFP), dHL-60 cells, RBL FPR1 cells,
RAW?264.7 cells or HeLa cells co-transfected with FPR1 mRuby?2
and RAB plasmid (Clover RAB4 S22N, Clover RAB4 WT, Clover
RAB11 S25N, Clover RAB11 WT) or HeLa FPRI-GFP trans-
fected with different siRNA (si Negative control (siNC), siSNX17
and siSNX3) were harvested, washed with PBS and resuspended in
the culture medium. fMLFC (5 pumol/L) or fMLF (5 pumol/L) were
added to the medium and incubated for 1 h at 37 °C to induce
FPR1 internalization. To quantify membrane FPR1, 2 distinct
fluorescent probes were used: A human-specific anti-FPR1 anti-
body (Alexa Fluor 647 Mouse Anti-Human fMLP receptor) for
the detection of human FPR1, and an FITC-labelled peptide
(fMLFIK—FITC) that binds to mouse FPR1 (FPR1). After in-
cubation, FPR1 or FPR1-bound fluorescence was measured by
flow cytometry. Total FPR1 (membrane plus cytoplasmic) was
assessed by constitutively expressing a GFP-tagged FPR1
construct and recording global GFP fluorescence signal by flow
cytometry. For measurement of receptor cycling, the cells were
transferred to ice and washed 3 times with PBS. Subsequently, the
cells were resuspended in prewarmed cell culture medium and
incubated for 1 h at 37 °C to allow the receptor to be recycled. The
receptor on the cell membrane was labeled by fMLFIIK—FITC or
FPR1 antibody (Alexa Fluor 647 Mouse Anti-Human fMLP re-
ceptor). The receptors on the cell surface were quantified by flow
cytometry (BD Accuri C6, BD Biosciences). Quantification of cell
surface FPR1 was conducted by setting unstimulated cells as
100%, and the receptor quantity of treatment groups was calcu-
lated as a percentage of the control group, as Eq. (1):

Cell surface FPR1 (%) = (The receptor number of the treatment
group/The receptor number of the control group) x 100 (1)

For the calculation of the absolute number of cells or mole-
cules bound, the specific activity of the labeled ligand or antibody
is known, and collected data is compared with BD CellView
calibration beads, which enables automated calibration of the flow
cytometer.
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For FPR1 degradation assay, HeLa FPR1-GFP cells were pre-
incubated for 1 h and kept in the presence of 1 pmol/L cyclo-
heximide (CHX, YEASEN, Shanghai, China) then the cells were
treated with lysosomal inhibitor chloroquine (CQ, 30 pumol/L),
MG 132 (100 nmol/L) and bafilomycin A1 (BAF, 100 nmol/L) for
9 h at 37 °C in the presence of 5 pmol/L fMLFC. Then the cells
were washed with PBS. The total number of FPR1 was detected
with the green fluorescence intensity of GFP by flow cytometry.

2.7.  Confocal microscopy

For the FPR1 recycling assay, HeLa cells were seeded onto glass
coverslip in a 24-well plate, co-transfected with RAB plasmid and
FPR1 mRuby2, and incubated for 24 h, or transfected with siRNA
and FPR1-GFP as described above. The cells were then treated
with 5 umol/L fMLFC or fMLF for 1 h at 37 °C to induce FPR1
internalization. The cells were washed with PBS for 2 times to
remove fMLFC and fMLF and incubated with complete medium
for 1 h to allow the FPRI1 to recycle to the cell membrane. The
cells were then washed with PBS and fixed with 4% para-
formaldehyde (PFA) at room temperature for 10 min. The siRNA-
treated cells were stained with 2 pg/mL Hoechst for 10 min at
room temperature and detected by confocal microscopy (LEICA
TCS SP8).

For the FPR1 degradation assay. HelLa cells were co-
transfected with FPR1 and Clover RAB7, Clover RABS, and
mCherry LAMP1 for 24 h at 37 °C. The cells were treated with
5 umol/L fMLF or fMLFC for 9 h at 37 °C. Then cells were
visualized by confocal microscopy as described above. The im-
ages were taken with a 40 x oil objective. The excitation wave-
length of GFP and Clover was 488 nm, and the emission
wavelength was 500—525 nm. The excitation wavelength of
Hoechst was 405 nm, and the emission wavelength was
410—490 nm. For mRuby2 and mCherry, the excitation wave-
length was 552 nm, and the emission wavelength was
565—650 nm. Colocalization level of FPR1 and SNX protein or
RAB protein was estimated using the function of Image J Plugins
(colocalization finder). For each data point, 3 fixed areas of the
same size were chosen from the image of interest, and light
density was determined using red and green channels, respec-
tively. Pearson’s correlation coefficient (Rr) was then calculated
and plotted.

2.8.  FIAsH NanoBRET-based biosensor assay

This assay utilized bioluminescence resonance energy transfer
(BRET) technology. HeLa cells were transfected with FIAsH
NanoBRET-based  FPR1 biosensor  (FPRI1-FIAsH-ICLI-
Nanoluc, FPR1-FIAsH-ICL2-Nanoluc or FPR1-FlAsH-
ICL3-Nanoluc) for 24 h at 37 °C. The cells were stained with
FIAsH-EDTj; at a concentration of 1 pmol/L containing 2 pmol/L
1,2-ethanedithiol (EDT) for 1 h at 37 °C. Then, wells were washed
with PBS 3 times. The cells were seeded in the 96-well white
opaque plate at a density of 1 x 10° cells/well, after which the
cells were incubated with 5 pmol/L Coelenterazine H for 5 min at
37 °C. The BRET ratio was recorded after stimulation with
5 pmol/L fMLF or fMLFC by the envision plate reader
(PerkinElmer Life Sciences, Hopkinton, MA, USA). The BRET
ratio was defined by Eq. (2):

BRET ratio = Emission 515 nm/ Emission 460 nm. 2)

2.9.  BRET assay

For the Nanoluc Venus BRET system, HEK 293T Cells were
seeded in a 24-well plate, co-transfected with FPR1-Nanoluc
plasmid and Venus-RAB 11 plasmid (ratio of 1:3), and incu-
bated for 24 h. Then the cells were harvested and resuspended
in the culture medium. fMLFC (5 pmol/L) or fMLF (5 pumol/L)
were added to the medium and incubated for 1 h at 37 °C to
induce FPRI1 internalization. Subsequently, the cells were
resuspended in prewarmed cell culture medium and incubated
for 1 h at 37 °C to allow the receptor to be recycled, after which
the cells were incubated with 10 pmol/L furimazine for 5 min at
37 °C. The BRET ratio was recorded by an Envision plate
reader (PerkinElmer Life Sciences). The BRET ratio was defined
by Eq. (3):

BRET ratio = Emission 535 nm/ Emission 460 nm. 3)

For the Nanoluc Halo tag BRET system, HEK 293T Cells were
seeded in a 24-well plate, co-transfected with FPR1-Nanoluc
plasmid and Halo tag-SNX17 plasmid (ratio of 1:3), and incubated
for 24 h at 37 °C. Then the cells were harvested and incubated
with 100 nmol/L Halo tag 618 ligand for 16 h at 37 °C. fMLFC
(5 pmol/L) or fMLF (5 pmol/L) were added to the medium and
incubated for 1 h at 37 °C to induce FPRI1 internalization. Sub-
sequently, the cells were resuspended in prewarmed cell culture
medium and incubated for 1 h at 37 °C to allow the receptor to be
recycled, after which the cells were incubated with 10 pmol/L
furimazine for 5 min at 37 °C. The BRET ratio was recorded by
the Envision plate reader (PerkinElmer Life Sciences). The BRET
ratio was defined by Eq. (4):

BRET ratio = Emission 615 nm/ Emission 460 nm. 4)

For FPR1 FPR2 dimerization, HEK293 cells were transfected
with FPR1-EYFP and FPR2-Nanoluc constructs for 24 h at 37 °C.
Then cells were treated with 10 pmol/L furimazine for 5 min
fMLF (5 pmol/L), fMLFC (5 umol/L), or PBS were added to the
cell solution, and the BRET ratio was recorded. The BRET ratio
was defined by Eq. (3).

2.10.  Ligand binding

RBL-FPR2 cells were harvested and suspended to 1 x 10 cells/
mL in HBSS buffer containing 0.5% BSA. The cell solutions were
pre-incubated with 5 pmol/L. fMLFC or 100 nmol/L Wpep
(WKYMVm) on ice for 30 min, followed by the addition of
200 nmol/L Wpep-FITC (WKYMVm-FITC) for 1 h on ice. Then
the cells were washed with 1 mL PBS and resuspended in HBSS
buffer, and MFI of FITC was measured by flow cytometry.

2.11.  Chemotaxis assay

Cell migration assay was performed using a 24-well chemotaxis
chamber (Transwell, pore size 3 pum, Corning, New York, NY,
USA). The dHL-60 cells (2 x 10° cells/mL, 100 puL) were sus-
pended in RPMI 1640 medium containing 0.1% BSA and added to
the top chambers. fMLF (10 nmol/L) was mixed with different
concentrations of fMLFC, then added to the bottom chambers.
After incubation for 2 h at 37 °C. The cells that migrated to the
bottom chambers were counted by hemocytometer.
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2.12.  Superoxide generation

dHL-60 cells were harvested by centrifugation and resuspended in
HBSS buffer containing 0.5% bovine serum albumin (BSA) at
5 x 10’ cells/mL. The dHL-60 cells were incubated with 40 U/mL
of horseradish peroxidase (HRP) and 100 pmol/L isoluminol
(ISO) for 5 min at 37 °C in the dark. Then, 200 pL aliquots of cell
solution were added into the 96-well plate (a white, flat-bottom
tissue culture-treated plate) and assayed for chemiluminescence
(CL) at 37 °C in an envision multimode plate reader (PerkinElmer
Life Sciences). The CL counts per second (cps) were recorded for
around 50 s before and 6 min after stimulation with different
concentrations of fMLF and fMLFC.

2.13.  Protein expression vector design

For protein expression, human FPR1 was constructed into the
pFastBac vector for expression. The coding sequence of FPR1 was
fused with an N-terminal HA signal peptide followed by a FLAG
tag, an HRV 3C protease cleavage site (LEVLFQGP), and the
thermostabilized apocytochrome b562 RIL (BRIL) fusion protein.
Human dominant negative Gail (DNGuail), generated by site-
directed mutagenesis to incorporate mutations A326S and
G203A of Gail, was cloned into the pFastBac vector. Gy2 and
N-terminal 6 x His-tagged GB1 were cloned into the pFastBac-
dual vector. The coding sequence of scFvl6 was fused with a
GP67 signal peptide at the N-terminus and an 8 x His tag at the
C-terminus, and then cloned into the pFastBac vector.

2.14.  Expression and purification of the
JMLFC—FPRI—Gi—scFv16 complexes

The baculoviruses of FPR1, G@1, Gvy2, and DNGail were
generated by using the Bac-to-Bac baculovirus expression system
in Sf9 cells, as described previously*®. When the cell density
reached 3.5 x 10° cells/mL (total 2.5 L), 3 types of baculoviruses
(FPR1, GB1v2, DNGuail) were co-expressed in Sf9 insect cells at
the ratio of 1:2:4 (total volume of baculoviruses: 26 mL). After
infection for 60 h, the cells were collected by centrifugation at
2000 x g for 15 min and kept frozen at —80 °C for complex
purification usage.

For the purification of fMLFC—FPR1—Gi—scFv16 complexes,
cell pellets were resuspended in 300 mL lysis buffer (10 mmol/L
Tris pH 7.5, 2.5 pg/mL leupeptin and 160 pg/mL benzamidine,
1 mmol/L EDTA, 3 pmol/L fMLFC and 1 mg/mL iodoacetamide)
for 30 min at RT. The lysate was spun for 15 min at 18,000 x g,
and then pellet was homogenized in 200 mL solubilization buffer
(20 mmol/L HEPES pH 7.5, 10% glycerol, 100 mmol/L NaCl,
0.1% cholesteryl hemisuccinate (CHS), 1% dodecylmaltoside
(DDM), 2.5 pg/mL leupeptin and 160 pg/mL benzamidine, 2 mg
scFv16, 25 mU/mL apyrase, 3 pmol/L fMLFC, 1 mg/mL iodoa-
cetamide) using a Dounce homogenizer and a tight pestle. The
sample was stirred for 2 h at 4 °C and then spun 30 min at 18,000
X g to remove insoluble debris. The solubilized fraction was
incubated with 1.7 mL anti-FLAG affinity resin (GenScript
Biotech, Piscataway, NJ, USA) and stirred at 4 °C for 2 h. The
resin was manually loaded onto a gravity-flow column and washed
with FLAG wash buffer (W1: 20 mmol/L HEPES pH 7.5, 0.01%
CHS, 0.1% DDM, 2 mmol/L CaCl,, 100 mmol/L NaCl, 3 pmol/L
fMLFC. W2: 20 mmol/L. HEPES pH 7.5, 0.02% CHS, 0.2% lauryl
maltose neopentyl glycol (LMNG), 100 mmol/L NaCl, 3 pumol/L
fMLFC, 2 mmol/L CaCl,) by mixing W1 and W2 buffer in the

following ratios: 5 mL:5 mL, 2 mL:8 mL, 1 mL:9 mL,
0.5 mL95 mL, 0 mL:10 mL, respectively. The
fMLFC—FPR1—Gi—scFv16 complexes were eluted with 10 mL
elution buffer (20 mmol/L. HEPES pH 7.5, 0.002% CHS, 0.01%
LMNG, 100 mmol/L NaCl, 5 mmol/L EDTA,3 pumol/L fMLFC,
0.2 mg/mL FLAG peptide). The eluted complex was concentrated
to 400 pL in an Amicon Ultra-15 Centrifugal Filter Unit (Milli-
pore, Burlington, MA, USA) and further purified through a
Superose 6 Increase 10/300 GL (GE Healthcare Life Sciences,
Marlborough, MA, USA) equipped in an AKTA Fast Protein
Liquid Chromatography (FPLC) system with running buffer
(20 mmol/L HEPES pH 7.5, 0.01% LMNG, 100 mmol/L NaCl,
0.002% CHS, 3 umol/L fMLFC). Eluted fractions consisting of
fMLFC—FPR1—Gi—scFv16 complexes were pooled and
concentrated before being flash frozen in liquid nitrogen and
stored at —80 °C.

2.15.  Expression and purification of scFvi6

The antibody fragment scFv16 was purified as a secretory pro-
tein®®. Briefly, Trichoplusia ni Hi5 insect cells were cultured to a
density of 3.5 x 10° per milliliter (mL) and infected with the virus
of scFv16 at a ratio of 1:50. After 60 h, the supernatant was
collected and loaded onto a Ni-NTA resin column. The column
was further washed with 20 mmol/L HEPES (pH 7.5), 20 mmol/L
imidazole, and 500 mmol/L NaCl and then eluted with 20 mmol/L
HEPES (pH 7.5), 250 mmol/L imidazole, and 100 mmol/L NaCl.
The eluted protein was concentrated and loaded onto a Superose 6
Increase 10/300 GL (GE Healthcare Life Sciences). Finally, the
concentrated scFv16 was flash frozen and stored in liquid nitrogen
until further use.

2.16.  Cryo-electron microscopy (cryo-EM) sample preparation
and data collection

For fMLFC—FPR1—Gi—scFv16 complex, amorphous alloy film
(CryoMatrix nickel titanium alloy film, Zhenjiang Lehua Elec-
tronic Technology Co., Ltd.) was glow-discharged at Tergeo-EM
plasma cleaner. 3 pL purified complex sample (5 mg/mL) was
applied onto the grid and then blotted for 3 s with blotting force of
0 and quickly plunged into liquid ethane cooled by liquid nitrogen
using Vitrobot Mark IV (Thermo Fisher Scientific). Cryo-EM data
were collected by a 300 kV Titan Krios Gi3 microscope (Thermo
Fisher Scientific). The raw movies were recorded by a Gatan K3
BioQuantum Camera at a magnification of 105,000, and the pixel
size is 0.83 A. Inelastically scattered electrons were excluded by a
GIF Quantum energy filter (Gatan, Pleasanton, CA, USA) using a
slit width of 20 eV. The movie stacks were acquired with the
defocus range of —1.2 to —2.0 um with a total exposure time of
2.5 s, fragmented into 50 frames (0.05 s/frame). The semi-
automatic data acquisition was performed using SerialEM. A
total of 3182 image stacks were collected in 30 h.

2.17.  Image processing and model building

Data processing was performed using cryoSPARC 3.3.1 (Structura
Biotechnology Inc., Toronto, Canada). The image stacks were first
subjected to patch motion correction and patch CTF estimation.
2,285,002 particles were auto-picked and then subjected to 2D
classification, and 1,250,339 particles were selected for ab initio
reconstruction. After 2 rounds of heterogeneous refinements, a
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final set of 866,469 particles was subject to non-uniform refine-
ment and local refinement, yielding a map at 3.03 A.

The coordinates of FPRI1, Gil, and scFvl6 from
fMLF—FPR1—-Gi (PDB ID: 7WVU/7EUO) were used as tem-
plates. All models were docked into the EM density map using
UCSF Chimera version 1.12, followed by iterative manual
building in Coot-0.9.2 and refinement in Phenix-1.18.2. The final
model statistics were validated by Phenix-1.18.2. Structure figures
were generated by Chimera or PyMOL (Schrodinger, Inc., New
York, NY, USA). The data-collection and structure-refinement
statistics are shown in Supporting Information Table S1.

2.18.  Animals

Male C57BL/6 mice (8 weeks of age, 20—25g) were used for this
study. All experiments were approved by the local ethical au-
thorities (see below).

2.19.  Mouse model of LPS-induced acute lung injury

Twenty-four male mice (8 weeks of age, 20—25 g) underwent
general anesthesia. The mice were intratracheally inoculated with
2 mg/kg LPS for 6 h to induce acute lung injury. The animals were
randomly separated into groups to receive fMLFC (4 mg/kg) via
the tail vein injection 1 h before the induction of lung injury
(fMLFC—LPS group). The mice were divided into four groups:
sham, fMLFC only (4 mg/kg, tail vein injection), LPS only
(intratracheal inoculation), and fMLFC—LPS. Mouse blood was
collected by cardiac puncture, and lungs were removed under
anesthesia after 6 h. The left lung was fixed in 4% polyoxy-
methylene for histologic examination. The right lung was used for
myeloperoxidase (MPO) activity detection.

2.20.  Mouse neutrophil surface FPRI detection

Mouse blood was collected, and the erythrocytes were removed by
hypotonic lysis with red blood cell lysis buffer (Biolegend, Fell,
Germany), and the remaining cells were resuspended in PBS.
Mouse neutrophils were isolated using Percoll (GE Healthcare
Life Science). The Mouse formyl peptide receptor (FPR1) on the
neutrophil cell membrane was labeled by 250 nmol/L
fMLFIK—FITC for 1 h on ice. Then the FPR1 on the cell surface
was quantified by flow cytometry.

2.21.  Mpyeloperoxidase activity assay

Mouse lungs were homogenized in 0.5 mL PBS. After centrifu-
gation at 13,000x g for 30 min at 4 °C, the pellet was resuspended
in 1 mL PBS containing 0.5% hexadecyltrimethylammonium
bromide (CTAB) and treated with 2 cycles of freeze, thaw, and
sonication. After centrifugation at 13,000 x g for 20 min at 4 °C,
the  supernatant was incubated with 16  mmol/L
3,3',5,5 -tetramethylbenzidine and 15 mmol/L H,O,, and absor-
bance at 655 nm was measured for 5 min. MPO activity based on
lung tissue protein concentrations was calculated as the changes in
absorbance over time. One unit of MPO activity was defined as the
change of absorbance of 1.0 per minute. MPO activity was
normalized by tissue weight.

2.22.  Histopathology examination

The lung tissues were fixed in 4% polyoxymethylene for 1 day and
embedded in paraffin blocks before being cut into 5-pum-thick
sections. Tissue sections were stained using hematoxylin and
eosin. Images were obtained under a light microscope.

2.23.  Statistical analysis

All results are presented as mean =+ standard error of mean (SEM).
One-way ANOVA with Turkey test was used for data analysis.
P < 0.05 was considered statistically significant. The Prism
software (ver. 9.3.1., GraphPad, San Diego, CA) was used for data
processing.

3. Results
3.1.  fMLFC downregulates cell surface FPRI

Like other GPCRs, FPR1 typically recycles back to the cell sur-
face after agonist-induced receptor internalization. In designing
derivatives of the classic formyl tripeptide fMLF for chemical
conjugation by adding a C-terminal cysteine, we observed that
FPR1 stimulated with this agonist (fMLFC, Fig. 1A) failed to
recycle back to the cell surface. To determine FPR1 recycling
behavior after treatment with fMLFC, we first confirmed the
observed behavior in three types of cells: HeLa FPR1—GFP,
transient transfect cells expressing FPR1 with a C-terminally
fused GFP; RBL FPRI1, a stable cell line expressing FPR1; and
HL-60 cells differentiated with DMSO (1.3%, 5 days) to become
neutrophil-like (dHL-60) cells’' Based on flow cytometric anal-
ysis of FPR1 that remained on the cell surface 1 h after agonist
stimulation, both fMLF and fMLFC induced FPR1 internalization,
but more FPR1 was internalized with fMLFC (84%—96%) than
fMLF (<60%; Fig. 1B—D), consistent with the higher potency of
fMLFC compared with fMLF in chemotaxis (Supporting
Information Fig. S1A) and superoxide production (Fig. S1B).
The 1 h stimulation time was chosen after conducting time course
experiments showing FPR1 internalization appeared 15 min
following agonist stimulation and continued to 60 min and
beyond. An additional hour was given for the internalized FPR1 to
recycle, and a significant difference was observed between fMLF-
and fMLFC-treated cells (Fig. 1B—D). Similar results were ob-
tained from confocal microscopy measurement of FPRI1 inter-
nalization and recycling (Fig. 1E), in which the fMLFC-stimulated
cells showed little recycling of the GFP-fused FPR1. In addition to
the neutrophil-like dHL-60 cells, the RAW 264.7 mouse macro-
phage cell line exhibited similar behavior in FPRI1 recycling
(Supporting Information Fig. S2A). In another experiment,
fMLFC was found to be unable to efficiently compete with
WKYMVm for binding of FPR2 (Fig. S2B). These results indicate
that fMLFC produced stronger internalization of FPR1 but failed
its recycling. Several agonist concentrations were tried, and FPR1
internalization was observed with fMLF as low as 100 nmol/L
(Fig. S1C). To ensure maximal possible receptor internalization, a
higher dose of 5 umol/L was used throughout the study. In all
doses tested, fMLFC exhibited higher potency than fMLF.
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Figure 1

Effect of fMLFC on FPRI recycling. (A)Structure of fMLF and fMLFC. (B) HeLa FPR1—GFP, (C) RBL FPRI stable cell line, (D)
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dHL-60 (differentiated HL-60) cells were treated with 5 pmol/L fMLF or fMLFC for 1 h at 37 °C to induce FPR1 internalization. In the FPR1
recycling group (fMLF REC and fMLFC REC), the cells were washed with PBS and resuspended in complete medium and incubated for 1 h at
37 °C for FPRI1 recycling. The cell surface FPR1 was detected with the FPR1 antibody in the APC channel by flow cytometry. Data are presented
as mean = SEM (n = 4 independent experiments). **P < 0.01. (E) HeLa FPR1—GFP cells were treated with 5 pmol/L fMLF or fMLFC for 1 h
at 37 °C to induce FPR1 internalization. In the FPRI recycling group (fMLF REC and fMLFC REC), the cells were washed with PBS and
resuspended in complete medium and incubated for 1 h at 37 °C for FPR1 recycling. Nuclei were stained with 2 png/mL Hoechst (blue), and FPR1
was tagged with GFP (green). The experiments were performed on the confocal microscope with a 40 x oil objective. Scale bar = 25 pm.

3.2.  Effect of RAB proteins on FPRI recycling

Located in recycling endosomes, the small GTPases RAB4 and
RABI11 play an important role in receptor recycling®®. Wild type
(RAB11 WT and RAB4 WT) and dominant negative mutants
(RAB11 S25N and RAB4 S22N) were used to study the effect of
RABI11 and RAB4 in FPR1 recycling. The dominant negative
forms of the RAB proteins were locked in the GDP-bound state
and therefore could not be activated™ . Confocal microscopy
and flow cytometry were used in the study of RAB for its
involvement in FPR1 recycling (Fig. 2A—D). HeLa cells were co-
transfected with expression vectors coding for WT RAB4 or WT
RABI11 along with the FPR1 expression vector, and the cells were
stimulated with fMLF or fMLFC for 1 h to allow receptor endo-
cytosis. As shown in Fig. 2A, WT RAB4 colocalized with FPR1 in
fMLF-stimulated cells, and less in fMLFC-stimulated cells. The
S22N mutation abrogated RAB4 colocalization with FPR1
(Fig. 2B). For RAB11, the WT form colocalized with FPRI
following stimulation with fMLF but not fMLFC (Fig. 2C), and
the colocalization of WT RAB11 with FPR1 was abrogated with
the S25N mutation (Fig. 2D). The colocalization data were

quantified based on Pearson’s correlation coefficient (Rr) as shown
in Fig. 2E, Rr quantitatively assesses the co-localization of 2
fluorescent proteins. These results demonstrate the involvement
of RAB4 and RABI11 in the FPR1 recycling pathway, with RAB11
playing a more critical role. The participation of RAB11 in FPR1
recycling was also confirmed using flow cytometry, which mea-
sures cell surface expression of FPR1 after 1 h stimulation with
fMLF and 1 h recycling. As shown in Fig. 2F, the S25N mutation
of RABI11 negatively affected FPR1 recycling. Taken together,
normal FPR1 recycling requires RAB11, and failure to associate
with RAB11 might have contributed to the abrogated recycling of
FPR1 in fMLFC-stimulated cells. Because of the low-level cor-
relation with fMLFC, subsequent studies have shown in Figs. 2F.
Fig. 3B and C showed only the results from fMLF-stimulated
cells, in which the difference in RAB mutations and SNX
knockdown could be detected.

3.3.  Involvement of sorting nexins in FPRI recycling

To investigate the impact of sorting nexin 3 (SNX3) and sorting
nexin 17 (SNX17) on FPR1 recycling, siRNA targeting SNX17
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Figure 2  Effect of RAB protein on FPR1 recycling. (A—D) Confocal microscopic images showing colocalization of FPR1 and WT RAB4 (A),
S22N RAB4 (B), WT RABI11 (C), and S25N RAB11 (D) I h after stimulation with fMLF or fMLFC. FPR1 is shown in red (mRuby2) and RAB in
green (Clover), and the overlaid colocalization (yellow) is marked by arrows. Scale bar = 25 and 3 pum. (E) Fluorescence colocalization analysis
of (A—D). Pearson’s correlation coefficient (Rr) for colocalization of FPR1 mRuby2 and Clover RAB protein was calculated with the Image J
software plugin (Colocalization Finder). (F) Cell surface FPR1 expression based on flow cytometry. HeLa cells expressing mRuby2-labeled FPR1
and Clover-labeled RAB4/RAB11 were treated with 5 pmol/L fMLF for 1 h at 37 °C to induce receptor internalization. In the fMLF REC
(recycling) group, the cells were incubated for another 1 h at 37 °C to allow for FPR1 recycling. Cell surface FPR1 was expressed in a bar chart.
(G) Schematic diagram of the BRET assay using Nanoluc-tagged FPR1 and Venus-tagged RAB11. (H) HEK293T cells expressing FPR1—Na-
noluc and Venus—RAB 11 were stimulated with 5 pmol/L fMLF or fMLFC for 1 h and then treated with the NanoLuc substrate furimazine for
5 min. BRET ratio was recorded at 460 and 515 nm. Data are presented as mean £ SEM (n
**P < 0.01.

4 independent experiments). *P < 0.05,

(siSNX17) and SNX3 (siSNX3) were transfected into HeLa cells
for knockdown of protein expression (Fig. 3A, showing 86% and
62% decrease in mRNA levels of siSNX3 and siSNXI7,

respectively). At the end of the recycling period, the FPR1
remaining on the cell surface was significantly lower in the
siSNX17-treated group than in the control group and the siSNX3-
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Figure 3  Effect of SNX3 and SNX17 on FPR1 recycling. (A) HeLa cells were transfected with siRNA (siNC as a negative control, siSNX3 and
siSNX17) for 48 h at 37 °C to knockdown the SNX expression before transfection with FPR1—GFP. The mRNAs of both siSNX3 and siSNX/7
were significantly reduced. (B) Cell surface FPR1 expression with control (siNC) and specific sSiRNA knockdown, after agonist (5 umol/L fMLF
or fMLFC) stimulation for 1 h and recovery for another hour. Cell surface FPR1 expression was significantly reduced in cells receiving siSNX17
as detected by flow cytometry. (C) Confocal microscopic images showing the effect of siRNA knockdown on FPRI recycling (1 h), after
stimulation with 5 umol/L fMLF or fMLFC for 1 h at 37 °C to induce FPR1 internalization. Nuclei were stained with Hoechst (blue), and FPR1
was tagged with GFP (green). Scale bar = 25 pm. (D, E) Colocalization of FPR1 and SNX3 (D) or FPR1 and SNX17 (E) in confocal microscopic
images. The cells expressing FPR1 mRuby?2 and Clover SNX protein were treated with 5 pumol/L fMLF or fMLFC for 1 h at 37 °C to induce FPR1
internalization, and then allowed for FPR1 recycling for 1 h. The green channel was SNX protein (Clover) and the red channel was FPR1
(mRuby?2). Colocalization is indicated by yellow (overlay of red and green). Scale bar = 25 pm and 3 pum. (F) Fluorescence colocalization
analysis. Pearson’s correlation coefficient (Rr) for colocalization of FPR1 mRuby?2 and Clover SNX protein was calculated with Image J software
plugin (Colocalization Finder). (G) Schematic diagram of the BRET assay using Nanoluc-tagged FPR1 and HaloTag—SNX17 (Promega). (H)
HEK?293T cells transfected to express FPR1—Nanoluc and HaloTag—SNX17 were incubated with the HaloTag ligand 618 (the 618 ligand) and
then stimulated with either fMLF or fMLFC (5 pmol/L fMLF or fMLEC for 1h). The NanoLuc substrate furimazine was then added, and the
BRET ratio was recorded at 460 and 615 nm. Data are presented as mean = SEM (n = 4 independent experiments). **P < 0.01.
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treated group (Fig. 3B). The results suggested that SNX17
contributed to FPR1 recycling. Additional evidence was obtained
from confocal microscopy experiments, showing that FPR1 was
mainly localized on plasma membranes in the control group and
siSNX3-treated group at the end of the recycling period. However,
in cells treated with siSNX/7, FPR1 remained mostly inside the
cells (Fig. 3C), suggesting that siRNA knockdown of SNXI7
expression compromised FPR1 recycling to the cell surface. To
further investigate the interaction of FPR1 with SNX3 and
SNX17, HeLa cells were co-transfected to express FPR1 mRuby2
and Clover SNX3 or Clover SNX17 for confocal microscopy
(Fig. 3D and E). There was no clear colocalization between FPR1
and SNX3 in the fMLF- and fMLFC-treated groups (Fig. 3D). The
value of Rr also suggested that the colocalization level between
FPR1 and SNX3 was low. There was no significant difference
between fMLF and fMLFC in colocalizing with SNX3, as the Rr
values in the fMLF- and fMLFC-treated groups were very close
(0.34 and 0.37, respectively; Fig. 3F). There was clear colocali-
zation between FPR1 and SNX17 in the fMLF-treated group
(arrows in Fig. 3E), and the Rr value was 0.72 (Fig. 3F). In
comparison, the colocalization level of FPR1 and SNX17 was low
in the fMLFC-treated group (Fig. 3E), and the Rr value was only
0.36 (Fig. 3F). These results are consistent with the findings of
flow cytometry (Fig. 3B) and together show that stimulation with
fMLF but not fMLFC can engage SNX17 for receptor recycling.

3.4. fMLFC induced lysosomal degradation of FPRI

The above results showed a drastic difference between fMLF and
fMLFC in FPR1 recycling, with compromised receptor recycling
to the cell surface following fMLFC stimulation. To determine
whether the internalized FPR1 was degraded after treatment with
fMLFC, the lysosomal inhibitor chloroquine (CQ) was used to
investigate the fate of internalized FPR1. The results suggested
that fMLFC induced degradation of about 26% of total FPR1
compared with fMLF (16%). CQ inhibited fMLFC-induced FPR1
degradation (Fig. 4A). To validate this result, colocalization of
FPR1 with different degradation pathway markers was determined
using confocal microscopy. In the lysosome degradation pathway,
the target protein first enters the early endosome, then the late
endosome, and the lysosome. RABS5, RAB7, and LAMPI1 are
markers of the early endosome, late endosome, and lysosome,
respectively’’ . All these proteins were fused with fluorescence
proteins for confocal microscopy. There was a high level of
colocalization between RABS and FPRI1 after treatment with
fMLF and fMLFC (Fig. 4B). The Rr value (0.74 in the fMLF-
treated group and 0.70 in the fMLFC-treated group) also sup-
ported the colocalization of RABS with FPR1 (Fig. 4E). However,
colocalization of FPR1 with RAB7 and LAMP1 in the fMLFC-
treated group was much higher than in the fMLF-treated group
(Fig. 4C and D). The Rr value in the fMLFC-treated group was
also higher than that in the fMLF-treated group (Fig. 4E). Inhi-
bition of proteasome (by MG132) and disruption of autophagy
(bafilomycin) did not significantly rescue FPR1 degradation
(Fig. S2C). These results demonstrated that in fMLF-stimulated
cells, FPR1 entered the early endosome, where it interacted with
RABI11 and SNX17 before recycling back to the cell surface. In
fMLFC-treated cells, FPR1 also entered the early endosome, but
most of the receptors subsequently entered the late endosome and
lysosome for degradation instead of recycling back to the cell
surface.

3.5.  Cryo-EM structure of the fMLFC—FPRI—Gi—scFvi6
complex

To determine the structural difference between fMLF and fMLFC
in FPR1 binding, the fMLFC—FPR1—Gi complex was prepared
(Supporting Information Figs. S3 and S4) and its structure was
determined by cryo-EM to an overall resolution of 3.03 A (Fig. 5A
and B, Table S1). The antibody fragment scFv16 was used for
stabilization of the fMLFC—FPR1—Gi complex. The ligand-
binding pocket of FPR1 was surrounded by transmembrane
(TM) helices 2, 3, 5, and 6, with minor involvement of TM7
(Fig. 5A and B). fMLFC assumes a pose with its N-terminus
inserted into the binding pocket, similar to that of fMLF (PDB
accession number 7EUO*®). The fMLF-interacting residues in the
FPR1 structural model include F81, V105, D106, L109, F110,
V113, R201, R205, W254, Y257, Q258, and T265 (Fig. 5C). In
the fMLFC—FPR1—Gi structural model, in addition to the above-
mentioned residues on FPR1, the cysteine in the C-terminus of
fMLEFC interacts with F102, T177 and F178 (Fig. 5D). Following
FPR1 structural analysis, alanine substitution of these residues
(F102A, T177A and F178A) was conducted to confirm their
functional interaction with fMLFC. Results from receptor recy-
cling assay showed that alanine substitution of these residues
(F102A, T177A and F178A) increased recycling of the FPRI1
mutants to the cell surface (Fig. SE). These results indicate that the
additional contacts of FPR1 for fMLFC may contribute to its
higher potency than fMLF and the resulting phenotype of FPR1
recycling.

3.6. fMLFC induced characteristic changes in FPRI
conformation

Different conformational changes of a receptor underline different
cellular activities®®. Therefore, it was further postulated that
fMLFC could induce conformational changes of FPR1 that differ
from those induced by fMLF. To test this hypothesis, fluorescent
biosensors were prepared by fusion of a NanoLuc protein to the C
terminus of FPR1 with simultaneous insertion of a FIAsH-binding
motif (Cys—Cys—Pro—Gly—Cys—Cys) into the three individual
ICLs (Fig. SF, schematic of FPRI1-FIAsH-ICL3-NanoLuc
biosensor). The agonist-induced conformational changes could be
measured based on changes in the distance between the FIAsH-
binding motif and the Nanoluc, as reflected in changes in the in-
tensity of BRET. Stimulation with fMLFC resulted in robust
BRET between the inserted FIAsH binding motif and the
NanoLuc (Fig. 5G and H), suggesting a conformational change
with an increased distance between the three ICLs and the
C-terminus of FPRI. Although the intensity change was the
smallest with the ICL1 biosensor, the BRET ratio of fMLFC/
fMLF was the highest, indicating maximal change in receptor
conformation induced by fMLFC treatment. Of interest, fMLF
induced little BRET in the FPR1-FIAsH-ICL1-NanoLuc biosensor
(Fig. 5G and H). These results demonstrated that fMLFC can
induce different conformational changes of FPR1 compared with
fMLF, thus leading to different downstream signaling.

3.7. Correlation of FPRI conformational change with its
recycling

The correlation of FPR1 recycling with receptor conformational
changes induced by fMLF and fMLFC was investigated. Using the
BRET proximity assay, we determined the affinity of FPR1, in one
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FPR1 degradation pathways. (A) fMLFC induced FPR1 degradation. HeLa cells expressing FPR1—GFP were pre-incubated with

1 umol/L cycloheximide for 1 h, and then were added 5 pmol/L fMLF or fMLFC with or without 30 pmol/L lysosomal inhibitor chloroquine (CQ)
for another 9 h of incubation at 37 °C. Then, the remaining FPR1—GFP was detected based on green fluorescence by flow cytometry. (B—D),
colocalization of FPR1 with the early endosome marker RABS (B), the late endosome marker RAB7. (C) And the lysosome marker LAMPI1 (D),
These markers were fluorescent-tagged fusion proteins as marked and co-transfected with FPR1 for 24 h at 37 °C. The experiments were per-
formed on a confocal microscope. Scale bar = 25 and 3 pm. (E) Fluorescence colocalization analysis. Pearson’s correlation coefficient (Rr) for
colocalization of FPR1 and RAB5, RAB7 or LAMP1 were calculated with Image J software plugin (Colocalization Finder). Data are presented as

mean = SEM (n = 4 independent experiments). **P < 0.01.

of the conformations induced by fMLF or fMLFC, for SNX17 and
RABI11. The human FPR1 was attached in its C-terminus with a
NanoLuc, the SNX17 was tagged with the HaloTag and RAB11
was fused to the Venus fluorescent protein (Figs. 3G and 2G).
After stimulation with 5 pmol/L fMLF or fMLFC, BRET was
measured, and the ratios (615/460 nm for HaloTag, 515/460 nm
for Venus) were compared (Figs. 3H and 2H). With both con-
structs, fMLF recruited more SNX17 and RAB11 than fMLFC,
indicating more efficient recycling of the receptor.

3.8.  fMLFC ameliorated inflammatory lung injury in LPS-
treated mice

In acute lung injury, neutrophil infiltration into lung tissue results
in lung vascular injury®'. FPR1 is expressed at high levels on the
neutrophil cell surface and contributes to neutrophil recruitment to
the site of inflammation®®. At higher concentrations of chemo-
attractants, including formyl peptides, FPR1 mediates superoxide
generation and granule enzyme release, which contribute directly

to acute lung injury®. As mentioned above, fMLFC treatment
decreases cell surface expression of FPR1. Therefore, it is of in-
terest to determine whether fMLFC could influence inflammatory
tissue injury in mice. An LPS-induced acute lung injury model
was used to test this hypothesis. In mice receiving tail vein in-
jection of fMLFC, neutrophil cell surface expression of mouse
FPR1 was significantly reduced (Fig. 6A). Intratracheal adminis-
tration of LPS led to acute lung injury, and neutrophils were the
first type of cells recruited to the injury site®®. Neutrophil infil-
tration could be measured by tissue MPO contents, which come
mostly from neutrophils but can come from macrophages to a
lesser extent in acute lung injury. The LPS-induced elevation of
MPO activity was seen in the mouse model (Fig. 6B), but
diminished in the lung tissue from mice pretreated with fMLFC
(Fig. 6B). The histology of the mouse lung sections after LPS
treatment for 6 h revealed neutrophil infiltration (Fig. 6C). Again,
fMLEFC pretreatment reduced neutrophil infiltration and restored
lung tissue architecture compared with the LPS-only group. Of
interest, tail vein injection of fMLFC alone increased neutrophils
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Figure 5

IcL1  IcL2  IcL3

Cryo-EM structure and conformational changes of fMLFC-bound FPR1. Cryo-EM density map (A) and structural model (B) of the

fMLFC—FPR1—Gi—scFv16 complex in side view. Overall structure of fMLF—FPR1—Gi—scFv16 complex (C) and fMLFC—FPR1—Gi—scFv16
complex (D) from side view (Left) and key interaction residues (Inset at Right). (E) Effects of key residue mutation on FPR1 recycling. HeLa cells
were transfected with FPR1 mutants (F102A, T177A, F178A) predicted to interact with fMLFC. The cells were treated with 5 pmol/L fMLFC for
1 h, and mutant FPR1 recycling was measured for another h. Cell surface FPR1 was detected using flow cytometry. (F) Schematic of FIAsH
NanoBRET-based FPR1 biosensor (FPR1-FIAsH-ICL3-NanoLuc). (G) Conformational changes of FIAsH NanoBRET-based FPR1 biosensors in
response to fMLF and fMLFC. HeLa cells were transfected with FPR1-FIAsH-ICL1-NanoLuc, FPR1-FIAsH-ICL2-NanoLuc, FPR1-FlAsH-ICL1-
NanoLuc incubate for 24 h. Then cells were treated with 1 umol/LL F1IAsH dye for 1 h and then incubated with 5 nmol/L. Coelenterazine H for
5 min fMLF (5 umol/L), fMLFC (5 pmol/L), or PBS were added to the cell solution, and the BRET ratio was recorded. (H) BRET ratio of
fMLFC/BRET ratio of fMLF from the (G). Data are presented as mean + SEM (n = 4 independent experiments). *P < 0.05, **P < 0.01; n.s., no

significance.

in the lung tissue section (Fig. 6C) since fMLFC is a strong
chemoattractant and its presence in pulmonary tissue following
tail vein injection may attract neutrophils at the beginning.
However, overall MPO level in the lung tissue was not signifi-
cantly changed in the fMLFC-only group (Fig. 6B), and fMLFC-

induced FPRI internalization eventually reduced available FPR1
on the cell surface, thereby reducing neutrophil proinflammatory
responses. This effect was demonstrated in vitro in dHL-60 cells.
The cells preincubated with fMLFC for 1 h lost responsiveness to
subsequent fMLF stimulation in the superoxide production assay
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Figure 6

fMLFC-LPS

fMLFC ameliorates lung injury in LPS-treated mice. The mice were divided into four groups: sham, fMLFC only (4 mg/kg, tail vein

injection), LPS only (2 mg/kg, intratracheal inoculation, 6 h), and fMLFC—LPS (4 mg/kg fMLFC tail vein injection for 1 h, then 2 mg/kg LPS
intratracheal inoculation for 6 h). (A) Mouse neutrophil surface FPR1 detection. The FPR1 on the neutrophil cell membrane was labeled with
250 nmol/L fMLFIIK—FITC for 1 h on ice. Then the FPR1 on the cell surface were quantified by flow cytometry. (B) MPO activity. (C)
Photomicrograph of hematoxylin-eosin-stained lung sections by light microscopy, Scale bar, 100 um. Data are presented as mean + SEM from 6

mice in each group. *P < 0.05, **P < 0.01.

(Fig. S2D). These results indicate that fMLFC can ameliorate
acute lung injury by reducing cell surface expression of FPR1 in
phagocytes.

4. Discussion

In the present study, we have identified a formyl peptide, fMLFC,
that effectively reduces cell surface FPR1 expression by pre-
venting its recycling after endocytosis. Additionally, fMLFC has
been found to inhibit dHL-60 cell migration and reduce neutrophil
infiltration in a mouse model of acute lung injury.

The formylated tripeptide fMLF was identified as an E. coli-
derived agonist for FPR1%*. In our study, a cysteine was added to
the C-terminus of fMLF for drug conjugation. The resulting
fMLEC is about one order of magnitude more potent than fMLF in
the Ca®" mobilization assay and displays higher affinity for FPR1
in the competitive binding assay*’. However, in a competitive
binding assay, fMLFC did not effectively compete with
WKYMVm for FPR2 binding. No dimerization was found be-
tween FPR1 and FPR2 upon stimulation with fMLF or fMLFC
(Fig. S2E). The present study was based on our observation that
FPR1 failed to recycle back to the cell surface after fMLFC
treatment. The phenomenon of distinct intracellular fates caused
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by different ligands has been reported for other receptors. For
instance, the glucose-dependent insulinotropic polypeptide re-
ceptor (GIPR) was constitutively internalized and recycled to the
cell surface. GIPR was observed to undergo a change from a fast
recycling pathway to a slow trans-Golgi network pathway after
being stimulated with glucose-dependent insulinotropic poly-
peptide®. Similarly, ultraviolet light C and cisplatin were found to
alter the intracellular traffic routes of the EGF receptor. Instead of
degrading or recycling back to the plasma membrane, the EGF
receptor accumulated in a lysobisphosphatidic acid-rich
compartment after ultraviolet light C and cisplatin treatment®®.
Aminooxypentane-RANTES (AOP-RANTES, a modified CC
chemokine RANTES) rapidly caused a 90% decrease in cell
surface expression of CCRS in lymphocytes, monocytes, and
macrophages due to inhibition of recycling of the internalized
CCRS, whereas RANTES did not®”.

In the present study, RAB4, RAB11, SNX3, and SNX17 were
investigated for their roles in FPR1 recycling'*'"*’. Several ap-
proaches were taken, including null mutations of the small
GTPase and siRNA-mediated knockdown of the SNXs. The
combined use of confocal microscopy and flow cytometry led to
the identification of RAB11 and SNX17 as participating factors
for FPR1 recycling in the fMLF-treated group. Colocalization of
FPR1 with RAB11 was abrogated when a null mutation (S25N)
was introduced into RABI11, consistent with its role in FPRI
recycling to the cell surface. siRNA-dependent knockdown of
SNX17, but not SNX3, affected FPR1 recycling in fMLF-
stimulated cells. In contrast, fMLFC stimulation negatively
affected FPR1 colocalization with SNX17. These findings provide
mechanistic insights into the reduction in FPR1 recycling after
fMLFC stimulation.

Degradation of GPCRs such as FPRI1 contributes to loss of
receptor on the cell surface of neutrophils and other types of cells,
including endothelial and epithelial cells®®. In this study, the re-
sults showed that FPRI1 enters 2 different intracellular traffic
routes after being treated with fMLF and fMLFC. FPR1 could
enter the early endosome in both fMLF- and fMLFC-treated cells,
as evidenced by receptor colocalization with the early endosome
marker RABS. The intracellular traffic routes then diverge with
the fMLF-treated receptor entering the recycling pool, where it
interacts with RAB11 and SNX17. Conversely, in the fMLFC-
treated group. FPR1 enters the late endosome (colocalized with
late endosome marker RAB7) and lysosome (colocalized with the
lysosome marker LAMP1) for degradation. The significant loss of
cell surface FPR1 in the fMLFC-treated group suggests that most
of the internalized FPRI is retained intracellularly, with only a
small fraction entering the lysosome degradation pathway. In our
study, the use of MG132 and bafilomycin did not effectively
prevent FPR1 degradation.

Previous studies have shown that GPCRs can enter into an
unresponsive state following agonist stimulation, a phenomenon
termed desensitization®®. GPCR desensitization is associated with
GRK-dependent phosphorylation and G-arrestin binding’®, which
are generally applicable to GPCRs, including FPR17'. Desensiti-
zation may be attributable, at least in part, to the loss of cell
surface receptors due to agonist-induced internalization’?. The
structural determinants for downstream pathways remain unclear
at present. We therefore sought to determine the structure of
fMLFC-bound FPR1 in the active state (Gi protein-coupled). Our
structural model showed common features shared between the
fMLF- and fMLFC-bound FPRI1, including strong interaction of

the formyl-Met with the D106/R201/R205 triad*®. However, the
C-terminal cysteine forms additional contacts with F102/T177/
F178, and the correlation of these interactions with receptor
recycling was confirmed in cells expressing the alanine-
substituted mutants. This finding provides a clue to the struc-
tural basis for the different trafficking pattern of the internalized
FPR1 when it binds fMLFC. Extending this result, we constructed
FIAsH nanoBRET biosensors to detect conformational changes
induced by fMLF and fMLFC. Our results showed that the
fMLFC-induced FPR1 conformational change differs from that
induced by fMLF, supporting the notion that agonist-induced
FPR1 conformational change underlines the fate of the internal-
ized receptor. Indeed, our BRET proximity assay has shown that
the fMLF-stimulated receptor associates favorably with the
recycling-related proteins SNX17 and RAB11, while the fMLFC-
stimulated receptor lags. These findings provide an underlying
mechanism by which fMLF induces FPR1 conformational
changes and a strong association with the SNX17 and the small
GTPase RAB11.

In summary, the present study employs multiple experimental
approaches to characterize the fMLF- and fMLFC-stimulated
FPR1 internalization, its recycling, and lysosomal degradation.
The study has potential application value to the control of
inflammation, in which neutrophil infiltration and activation play a
role. This study is limited by presently unidentified factors that
link receptor conformational change to the choice of different
recycling routes for the internalized FPR1. Moreover, adminis-
tration of fMLFC after establishment of the acute lung injury
model would have more practical value in clinical treatment and
should be explored in the future. Further studies will be required
to delineate the pathways and mechanisms that determine the fate
of the internalized receptor, which may better guide the devel-
opment of therapeutic approaches based on targeted removal of
cell surface receptors.

5. Conclusions

The present study has identified fMLFC as a potential chemical
knockdown reagent for reducing cell surface FPR1. Our findings
indicate that fMLFC decreases the interaction of FPR1 with
recycling-related proteins (RAB11 and SNX17) while increasing
its interaction with degradation-related proteins (RAB7 and
LAMPI1). As a result, fMLFC reduces cell surface FPR1 and in-
duces the degradation of a portion of FPR1 through lysosomes.
Furthermore, a solved cryo-EM structure of fMLFC—FPRI1
complex has revealed that the cystine on the C-terminus of fMLFC
interacts with additional amino acids (F102A, T177A, and F178A)
in the binding pocket of FPRI1, thus contributing to conforma-
tional changes that may lead to interaction of FPR1 with
degradation-related proteins and impede its interaction with
recycling-related proteins. We have shown that fMLFC can alle-
viate LPS-induced acute lung injury in a mouse model, suggesting
potential therapeutic application of fMLFC in treating inflamma-
tory diseases, in which neutrophil infiltration plays a role.

Ethical statement
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Data and code availability

The Cryo-EM structure of fMLF—FPR1—Gi complex has been
deposited in the PDB with the accession code PDB: 7EUO. The
PDB code of fMLFC—FPR1—Gi complex Cryo-EM structure is:
9KFT.
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