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Molecular recognition of formylpeptides and

diverse agonists by the formylpeptide receptors
FPR1 and FPR2
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The formylpeptide receptors (FPRs) mediate pattern recognition of formylated peptides
derived from invading pathogens or mitochondria from dead host cells. They can also sense
other structurally distinct native peptides and even lipid mediators to either promote or
resolve inflammation. Pharmacological targeting of FPRs represents a novel therapeutic
approach in treating inflammatory diseases. However, the molecular mechanisms underlying
FPR ligand recognition are elusive. We report cryo-EM structures of G;-coupled FPR1 and
FPR2 bound to a formylpeptide and G;-coupled FPR2 bound to two synthetic peptide and
small-molecule agonists. Together with mutagenesis data, our structures reveal the mole-
cular mechanism of formylpeptide recognition by FPRs and structural variations of FPR1 and
FPR2 leading to their different ligand preferences. Structural analysis also suggests that
diverse FPR agonists sample a conserved activation chamber at the bottom of ligand-binding
pockets to activate FPRs. Our results provide a basis for rational drug design on FPRs.
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ARTICLE

he human formylpeptide receptor (FPR) family comprises

of three members, FPR1, FPR2 (also named FPRL1), and

FPR3!. They were initially discovered and characterized as
pattern recognition G protein-coupled receptors (GPCRs) to
recognize peptides with N-terminal formyl methionine, which are
derived from invading pathogens or host mitochondria as
pathogen- or damage-associated molecular patterns (PAMPs and
DAMPs)!=>. FPR1 and FPR2 share a high sequence similarity®,
yet they display different preferences of formylpeptides. FPRI is a
high-affinity receptor for many short formylpeptides such as the
prototypical formylpeptide fMLF (N-formyl-Met-Leu-Phe), while
FPR2 prefers longer peptides or peptides with specific sequences
such as the phenol-soluble modulin (PSM) family of formylated
peptide toxins produced by Staphylococcus aureus®>7. For-
mylpeptides act on FPR1 and FPR2 to induce multiple pro-
inflammatory events including chemotaxis of neutrophils and
macrophages and generation of inflammatory cytokines and
oxygen species>. FPRs and other closely related chemotactic
GPCRs such as chemokine receptors and the complement C5a
peptide (C5aR) belong to the y-subgroup of rhodopsin-like Class
A GPCRs®. With few exceptions, all of them primarily signal
through G proteins of the heterotrimeric G;/, family.

In the past two decades, numerous studies have found that FPR1
and FPR2, especially FPR2, exhibit unusual functional promiscuity.
They can recognize a variety of chemically distinct endogenous
ligands including proteins and lipids besides formylpeptides and
play multifaceted roles in inflammation®3%10, Accordingly, recent
studies have uncovered important roles of FPRs in host defense,
inflammation-related cardiovascular and neuronal diseases, and
cancers that are not related to formylpeptide recognition!!~1>. For
example, FPR1 has been proven to recognize a non-formylated
bacterial protein to function as the host cell surface receptor for the
causative pathogen of plague, Yersinia pestis'®. FPR2 can also be
activated by a host-derived non-formylated protein, serum amyloid
A (SAA), to induce acute type-2 inflammation!”. In addition, FPR2
can sense multiple peptides and lipid ligands to selectively activate
anti-inflammatory or pro-resolving pathways to induce the reso-
lution of inflammation and tissue protection (15). Those FPR2
ligands include annexin Al (ANXALI), a lipid-binding protein
involved in the anti-inflammatory action of glucocorticoids, and a
group of bioactive lipids known as the specialized pro-resolving
lipid mediators (SPMs)!8-23. In addition, ANXALI can also signal
through FPR1. The ANXAI1-FPR1 signaling axis is important for
the chemotherapy-induced anti-tumor immune responses4. It has
been proposed that FPR2 can be targeted by ligands generated at
different stages of inflammation to switch on or resolve inflam-
mation in order to maintain a balanced inflammatory response
(17). Biased FPR2 agonists that can actively resolve inflammation
represent a novel therapeutic frontier for various inflammatory
pathologies including asthma and cardiovascular diseases!>21:2%:26,
To this end, several synthetic FPR2 agonists including peptides and
small molecules have been developed and evaluated in pre-clinical
and clinical settings20-27-29,

Previous studies suggested that functionally distinct ligands act
on FPR2 at different regions to induce ligand-specific con-
formational changes3?. We have reported a cryo-electron
microscopy (cryo-EM) structure of the FPR2-G; signaling com-
plex with a synthetic peptide agonist, WKYMVm, which revealed
a heart-shaped ligand-binding pocket of FPR2. A crystal structure
of engineered FPR2 with WKYMVm has also been reported3!. To
investigate the molecular mechanism underlying ligand recogni-
tion and activation of FPRs, we determined cryo-EM structures of
the human FPR2-G; complex with three agonists, fMLFII as a
formylpeptide3?, CGEN-855A as a synthetic anti-inflammatory
peptide33, and Compound 43 (C43 hereafter) as a synthetic non-
peptide FPR agonist’»3°, as well as a cryo-EM structure of the

human FPR1-G; complex with fMLFII (Supplementary Fig. la).
These structures together with mutagenesis studies provide
unprecedented molecular insights into how formylpeptides and
non-formylpeptide agonists act on and activate FPRs.

Results

Cryo-EM structure determination and overall structures. We
assembled nucleotide-free complexes of Gi-coupled FPR1 and
FPR2 with different agonists (Supplementary Fig. 1b-d). To fur-
ther stabilize the complexes, we also added an antibody fragment,
scFv16, binding to the interface between G; and Gg*® (Supple-
mentary Fig. 1b-d). The structures of FPR2-G; complexes with
fMLFII, CGEN-855A, and C43 were determined to global reso-
lutions of 3.1, 2.9, and 3.0 A, respectively, and the structure of the
fMLFII-bound FPR1-G; complex was determined to 3.2 A (Fig. 1,
Supplementary Fig. 2 and 3, Supplementary Table 1). fMLFII is a
potent formylpeptide agonist for both FPR1 and FPR232. CGEN-
855A is a non-formylated peptide agonist of FPR2 with 21 amino
acids, which showed high selectivity for FPR2 over FPR133. It has
shown promising anti-inflammatory and tissue-protective effects
in an animal model of myocardial infarction3”. C43 is a potent
small-molecule agonist of both FPR1 and FPR23. It was initially
suggested to be anti-inflammatory34, but studies showing con-
tradictory results were reported later3®. Nevertheless, C43 is
chemically similar to two newly developed non-peptide FPR2
agonists, Compound 17b%> and BMS-98623538 (Supplementary
Fig. la), which showed pro-resolving and cardiac protective
effects in multiple studies. To assemble the FPR1 and FPR2
complexes, we used a dominant-negative version of human Gg;
with mutations to decrease nucleotide-binding®, rat Gg, and
bovine G,,, similar to that in our previously reported structure of
the WKYMVm-FPR2-G; complex40,

We modeled FPR2 residues from G21 to L317 in all three
structures and FPRI residues from G21 to L316 based on the
cryo-EM density. The density maps of fMLFII in both FPR1 and
FPR2 structures are clear enough to allow modeling of all five
residues (Fig. 1a, d). For CGE-855A, only the C-terminal 8 amino
acids from GInl4 to Met21 (residues in the peptide ligands are
referred to by three-letter names, and residues in FPR1 and FPR2
are referred to by one-letter names hereafter) were modeled in the
structure to fit the density (Fig. 1b). The relatively high-resolution
map of FPR2-C43 allows us to unambiguously define the binding
pose of C43 (Fig. 1c). In addition, we modeled palmitic acid
molecules to fit the clear density observed near the intracellular
loop 2 (ICL2) in both structures of fMLFII-bound FPR1 and
FPR2 (Supplementary Fig. 4a, b).

Conserved Gi-coupled modes for FPR1 and FPR2. The overall
structures of the FPR1 and FPR2 signaling complexes are very
similar to each other, suggesting a highly conserved mechanism
of Gj-coupling. Indeed, the intracellular regions of FPRI1 and
FPR2 can be well-aligned, and no significant differences are
observed in the receptor and G protein interaction profile for
FPR1 and FPR2 (Fig. 2a). This was not unexpected since residues
at the core region of the 7 transmembrane helices (7-TMs) and
the cytoplasmic region including intracellular loops 1-3 (ICL1-3)
are highly conserved in these two receptors?0.

Structural comparison with the Gj-coupled neurotensin
receptor 1 (NTSR1) at two conformational states*! suggested
that our structures of the FPRI1- and FPR2-G; complexes
represent the canonical state (Supplementary Fig. 4c). As
observed in other GPCR and G protein complexes, the
C-terminal half of a5 of G,; inserts into the cytoplasmic cavities
of FPR1 and FPR2 to form the major interaction sites (Fig. 2b, c).
Residues 1344, L348, L353, and F354 of G; form a hydrophobic
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Fig. 1 Overall structures of the G;-coupled FPR1 and FPR2 complexes. a-d Upper panels show cryo-EM density maps of the FPR2-G; complexes with
fMLFII (@), CGEN-855A (b), C43 (c), and the FPR1-G; complex with fMLFII (d). Lower panels show structural models of the four complexes and ligand

density maps.

FPR1: fMILFIT b

¢ FPR2: fMILFII
FPR2: CGEN-855A
FPR2: C43

Fig. 2 Conserved G;-coupling mode for FPR1 and FPR2. a Structural superimposition of the FPR1- and FPR2-G; complexes based on the alignment of FPR1
and FPR2. The lower panel shows the structural alignment of the cytoplasmic regions of FPR1 and FPR2 in four structures. b, ¢ Detailed interactions
between the two FPRs and G; viewed from two angles. FPR1 and FPR2 are colored in slate and blue, respectively. Gy, Gp, and G, are colored in cyan, sand,
and light blue, respectively. Hydrogen bonds are shown as black dashed lines.

cluster with nearby residues of FPR1 and FPR2 including the
ICL3 residue M233 in FPR2 and L233 in FPR1 (Fig. 2b, ¢). In
both receptors, R1233-°0 (superscripts represent Ballesteros-
Weinstein numbering#?) in the conserved DR3-°0Y/F/C motif
mediates a hydrogen bond network with the side chains of

receptor residues Y64243 and Y221°°% and the main-chain
carbonyl of C351 of G, (Fig. 2b, c). Besides the cytoplasmic
cavities, ICL2s in FPRI1 and FPR2 is also involved in direct
interactions with Gy The ICL2 residues P130 and V131 in both
receptors form another hydrophobic cluster with G; residues
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L194, F336, 1343, and 1344, while polar residues Q134, N135, and
T138 in ICL2 form multiple hydrogen-bonding interactions with
aN of G (Fig. 2b, c). In addition, both receptors engage in direct
polar interactions with Gg (Fig. 2b, c).

Recognition of formylpeptides by FPR1 and FPR2 and recep-
tor activation. In our structures, the formylpeptide fMLFII
inserts into the binding pockets of FPR1 and FPR2 in an extended
conformation similar to that of the non-formylpeptide
WKYMVm#. The N-formyl methionine residue of fMLFII is
buried inside the 7-TM buddle, overlapping with the C-terminal
d-methionine residue of WKYMVm (Supplementary Fig. 5a-d).
Such an ‘N-terminus-inside’ binding pose of fMLFII is consistent
with our previous docking study?’. The side chain of the
N-formyl methionine inserts into a narrow chamber at the bot-
tom region of the ligand-binding pocket in both structures
(Fig. 3a), forming a hydrophobic cluster with highly conserved
residues 1109336, F1103%7, V113349, and W254648 in FPR1 and
FPR2 (Fig. 3b, c). Among these residues, V340 together with P>->0
and F44 constitute a conserved ‘core triad’ motif that has been
suggested to participate in the allosteric conformational pro-
rogation in the activation of several Class A GPCRs such as the
B,-adrenergic receptor (B2AR)*3 and p-opioid receptor (MOR)*4,
Rearrangement of W%48 and FO44 has been observed in the
activation of many Class A GPCRs, which is associated with
conformational changes at the cytoplasmic regions including
the outward displacement of TM6, a hallmark of GPCR
activation®>~48, Therefore, we propose that the narrow chamber
in FPR1 and FPR2 accommodating the side chain of the N-formyl
methionine functions as an ‘activation chamber’ of FPRs
(Fig. 3b), where formylpeptides directly interact with and cause
conformational changes of the core region of the 7-TMs to
activate the receptors.

Previously, a crystal structure of FPR2 alone with WKYMVm
was reported3!. Alignment of this structure with the structures of
G;-coupled FPR2 bound to WKYMVm and fMLFII indicated very
similar binding poses of the peptide ligands (Supplementary
Fig. 5e). Unexpectedly, the conformation of FPR2 alone with
WMYMVm highly resembles the fully active conformation of G;-
coupled FPR2, especially for the transmembrane region including
TM5, TM6, and TM7, suggesting that the peptide agonist alone
could stabilize or induce the active conformation of FPR2
(Supplementary Fig. 5e). In contrast, a crystal structure of 2AR
bound to an irreversible agonist revealed an inactive conformation
of the receptor®®. Nevertheless, ICL3 showed a different con-
formation in the G;-coupled FPR2 (Supplementary Fig. 5e), which
is likely caused by the direct interactions between ICL3 and G;.

At the mouth of the activation chamber, fMLFII engages in
extensive polar interactions with three conserved residues of
FPR1 and FPR2, D1063-33, R201°-38, and R205°42 (Fig, 3b, c). In
FPR2, the N-formyl group of fMLFII is positioned right below the
side chain of R201°-38, forming hydrogen bonds with R201>-38.
R201°38 also forms a hydrogen bond with the main-chain
carbonyl group of Leu2 of fMLFII and a salt bridge with D1063-33,
which in turn forms salt bridges with the main-chain amine
groups of fMetl and Leu2 of fMLFII (Fig. 3b, c). In addition,
R205°42 engage in hydrogen-bonding interactions with the main-
chain carbonyl groups of fMetl and Leu2 of fMLFII (Fig. 3b, c).
In the structure of fMLFII-bound FPR1, similar polar interactions
among fMLFII and D1063-33, R201°-38, and R205°42 of FPR1 are
also observed (Fig. 3b, ). It is likely that those polar interactions
involving the N-formyl group are important for holding the
formylpeptide at the mouth of the activation chamber to allow
the side chain of the formylated methionine to insert into the
narrow activation chamber properly. To support this hypothesis,

we performed mutagenesis studies on individual mutations of
D106333, R201°38, and R205>42 to alanine in FPRI, which led to
compromised agonistic potency of fMLF, the prototypical
formylpeptide agonist of FPR1 (Fig. 3d, Supplementary Fig. 6a,
b). For FPR2, previous studies from us and others showed
that individual mutations of D106%33, R201%38, and R205°42
could even result in undetectable agonistic activities of
formylpeptides3!40 (Supplementary Fig. 6¢c). Together, these data
suggested an important role of this triad of polar residues in the
formylpeptide recognition by FPRs.

Structural differences in the ligand-binding pockets of FPR1
and FPR2. Despite a high similarity, there are notable differences
in the ligand-binding pockets of FPR1 and FPR2, which result in
slightly different ligand-binding modes of the formylpeptide
ligand (Supplementary Fig. 5a, b). At the mouth of the activation
chamber, F2576-51 of FPR2 is replaced by Y2576-°1 in FPR1, which
forms an additional hydrogen bond with the main-chain carbonyl
of fMet1 of fMLFII (Fig. 3b, c). The side chain of Leu2 of fMLFII
is surrounded by aromatic residues F81260, F1023-2%, V105332,
and F291743 in FPR1 to form extensive hydrophobic interactions,
while it only forms hydrophobic interactions with 181260,
V105332, and F292743 in FPR2 since F10232% in FPRI is replaced
by H10232° in FPR2 (Fig. 3b, c). Those additional interactions
between fMLFII with FPR1 explain the ~100-fold higher potency
of fMLFII in activating FPR1 than does FPR2 as reported in a
previous study32. Consistently, our mutagenesis data showed that
the mutations of Y257%>! and F102329 in FPRI to their coun-
terparts in FPR2 resulted in reduced potency of fMLF in acti-
vating FPRI, indicating lowered potency (Fig. 4a, Supplementary
Fig. 6a, b). In addition, Phe3-Ile5 of fMLFII forms hydrophobic
interactions with different sets of residues from FPR1 and FPR2
(Fig. 3b, ©).

Previous studies from our group*® and others3? predicted
opposite charge distributions of the ligand-binding pockets in
FPR1 and FPR2, offering another structural explanation for
the preference of FPR2 for long formylpeptides over short
formylpeptides®?. For example, fMLF was indicated to
be about 1000-fold less potent (in terms of ECsy) in inducing
FPR2 signaling than does FPR132. Indeed, the electrostatic
potential maps calculated based on our structures confirm the
negatively and positively charged binding pockets in FPR2 and
FPRI, respectively (Fig. 4b). It was suggested that the negative
electrostatic potential provided by the FPR2 residue D2817-32,
which corresponds to G2807-32 in FPRI1 (Fig. 4c), disfavors the
binding of the short formylpeptide fMLF in FPR2 (Supplemen-
tary Fig. 6¢)32. In FPRI, our structural analysis suggests that the
side chain of R84%%3, which corresponds to S84293 in FPR2,
sticks towards the peptide-binding site and contributes to the
positive charge potential of the FPR1 ligand-binding pocket
(Fig. 4c). The electrostatic potential-switching mutation R84D
reduces the potency of fMLF in activating FPR1 (Fig. 4a,
Supplementary Fig. 6b), indicating an important role of the
positive potential in the recognition of short formylpeptides
by FPRI.

The extracellular loops of FPR1 and FPR2 also show large
structural differences (Fig. 4c). Compared to them in FPR2, the
extracellular loops ECL2 and ECL3 in FPR1 are positioned closer
to each other, resulting in a less open extracellular region (Fig. 4c,
d). The narrow extracellular opening of FPR1 may restrict the
access of long formylpeptides, therefore at least partly accounting
for the preference of FPR1 against long formylpeptides.

Molecular basis for the action of peptide and non-peptide
FPR2 agonists. To investigate how FPR2 recognizes diverse
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Fig. 3 Binding of fMLFII to FPR1 and FPR2. a Overall binding modes of fMLFIl in FPR1 (blue) and FPR2 (slate). The N-terminal formyl methionine residue of
fMLFII is circled. b Details of binding pockets of fMLFIl in FPR2 (left) and FPR1 (right). Red arrows point to non-conserved residues H102 and F257 in FPR2
and F102 and Y257 in FPR1. Polar interactions are shown as black dashed lines. The activation chamber is shown between the two purple dashed lines.
c Ligplot schematic representation of fMLFIl interactions with FPR2 (left) and FPR2 (right). The carbon, nitrogen, oxygen, and sulfur atoms are colored in
black, blue, red, and yellow, respectively. Residues in FPR1 and FPR2 that form polar interactions with fMLFII are shown with green labels. Polar interactions
are shown as green dashed lines. The ligand is shown as purple sticks. d Dose-dependent action of fMLFII on wide type FPR1 (wtFPR1) and mutants.

Agonist-induced FPR1 signaling was measured by cAMP accumulation assay. Each data point represents mean £ S.D. Three independent assays were

performed. Source data are provided as a Source Data file.

agonists, we also determined cryo-EM structures of FPR2 with
CGEN-855A and C43 (Fig. 1, Supplementary Fig. 3). CGEN-
885A is a FPR2-selective peptide agonist with a carboxy-terminal
amidated methionine residue. Although CGEN-885A and
WKYMVm share little sequence similarity, they both bind to
FPR2 in a ‘C-terminus-inside’ mode with similar binding poses
(Supplementary Fig. 7). The three C-terminal residues of CGEN-
885A and WKYMVm can be well superimposed (Supplementary
Fig. 7). The side chain of the C-terminal Met21 of CGEN-885A
sticks into the activation chamber to form hydrophobic

interactions with 1109336, F1103-37, V113340, and W254648 of
FPR2 (Fig. 5a, b). Two other hydrophobic clusters are also
observed to contribute to the binding of CGEN-885A. One is
formed among side chains of Phe20 of CGEN-885A and 181262,
H1023-29, and F292743 of FPR2, and the other is formed among
side chains of Trp21 and Phel6 of CGEN-885A and F178ECL2,
1198535, 1.268662, 1.272ECL3| and V284735 of FPR2 (Fig. 5a, b).
Besides these hydrophobic interactions, CGEN-885A also forms
multiple hydrogen bonds and salt bridges with the three polar
residues D106333, R201°-38, and R205°4% of FPR2 (Fig. 5a, b).
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pockets in FPRT and FPR2. Overall binding modes of fMLFII in FPR1 (blue) and FPR2 (slate). ¢ Alignment of the extracellular regions of FPR1 and

FPR2 showing different conformations of ECL2 and ECL3. Two non-conserved residues, S84 and D283 in FPR2 (slate) and R84 and G280 in FPR1 (blue),
are shown as sticks. d Structural comparison of the extracellular surfaces of FPR1 and FPR2. fMLFIl is colored orange in FPR2 and yellow in FPR1. ECL

extracellular loop.

To investigate critical structural determinants for the binding
of CGEN-885A, we measured the CGEN-885A-induced signaling
of FPR2 with mutations of residues in the CGEN-885A-binding
pocket. To our surprise, most of the mutations we tested with the
exception of D106333A showed little effect on the potency of
CGEN-885A in inducing FPR2 signaling (Fig. 5¢, Supplementary
Fig. 6a, b), contrasting with the much compromised agonistic
activities of formylpeptides or WKYMVm caused by either
R201°38A or R205°42A mutation3!-3240, Considering the nega-
tively charged environment of the ligand-binding pocket in FPR2
(Fig. 4b), it is possible that the binding of CGEN-885A to FPR2 is
largely driven by the opposite charge attraction between FPR2,
especially D106%33, and the C-terminal amine group of CGEN-
885A. Interestingly, structural alignment of CGEN-885A-bound
FPR2 and FPRI indicated that the upper region of the ligand-
binding pocket of FPR1 is too narrow for CGEN-885A and there
would be a severe clash of the peptide agonist with ECL2 and
ECL3 of FPR1 (Fig. 5d), explaining the selectivity of CGEN-885A
for FPR2 over FPR133,

As a non-peptide synthetic FPR2 agonist, C43 sits at the bottom
region of the ligand-binding pocket. The urea moiety exhibits a
W-shaped extended conformation®* to allow the chlorophenyl
group of C43 to stick into the activation chamber, where it forms a
large hydrophobic cluster with FPR2 residues 1109336, F110337,
V113340, W254648 F257631, and F292743 (Fig. 6a, b). At the
mouth region of the chamber, the two carbonyl groups of C43 in
the urea and pyrazolone moieties, respectively, engage in multiple
hydrogen bonds with R201°38 and R205°42 of FPR2, while the
urea amine group forms a salt bridge with D106333 of FPR2
(Fig. 6a, b). In addition, the methylethyl group attached to the
pyrazolone group of C43 forms hydrophobic interactions with

181262, H10232%, V284735 and F292743 of FPR2 (Fig. 6a, b).
Individual mutations of R201%-38 and R205°42 at the mouth region
or F110337 in the activation chamber could lead to nearly
undetectable agonistic action of C43 (Fig. 6c), suggesting
important roles of these residues in the binding of C43.

Structural comparison of FPR2 bound to C43 and peptide
agonists indicates that the chlorophenyl group of C43 attached to
the urea moiety overlaps with the terminal methionine residues in
three peptide agonists (Fig. 6d), which implies a conserved
receptor activation mechanism for both peptide and non-peptide
FPR2 agonists. Similar to peptide agonists, C43 causes conforma-
tional changes of residues in the activation chamber including
V113340 and W254648 through direct interactions to activate the
receptor. Interestingly, previous structure-activity relationship
(SAR) studies on C43 and related compounds showed that the
size and position of substituents in the urea phenyl group were
important for the agonist activity>4. For a series of C43-related
compounds, replacing the para-chloride group with bigger halides
or smaller groups led to increased or decreased potency,
respectively?4. In fact, one compound with an unsubstituted urea
phenyl group showed little measurable activity>*. Alternating the
para-position of the chloride group in C43 resulted in a
significant loss of ligand potency34. Collectively, these results
suggest that for C43 and its derivatives, the chemical groups
occupying the activation chamber of FPR2 need to be of sufficient
size or length in order to induce conformational changes of
critical residues in the chamber to activate the receptor.

Discussion
FPRs are unique GPCRs with functional promiscuity. Structural
comparison analysis of the fMLFII-FPR1-G; complex and the
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Fig. 5 Binding of CGEN-855A to FPR2. a Details of CGEN-855A-binding pocket. b Ligplot schematic representation of CGEEN-855A interactions with
FPR2. The carbon, nitrogen, oxygen, and sulfur atoms are colored in black, blue, red, and yellow, respectively. The ligand is shown as purple sticks. Residues
in FPR2 that form polar interactions with CGEEN-855A are shown with green labels. Polar interactions are shown as green dashed lines. ¢ Dose-dependent
action of CGEN-855A on wide type FPR2 (wtFPR2) and mutants measured by cAMP accumulation assay. Each data point represents mean = S.D. Three
independent assays were performed. d Structural alignment of the CGEN-855A-bound FPR2 to FPR1 showing clash of CGEN-855A with the extracellular

region of FPR1. Source data are provided as a Source Data file.

FPR2-G; complexes with four agonists, WKYMVm, fMLFI],
CGEN-885A, and C43, revealed interesting features of agonist
binding to these two FPRs. In FPR2, all four agonists sample the
narrow activation chamber at the bottom of the ligand-binding
pocket formed by conserved residues (Fig. 6e). The side chains of
either the N-terminal or the C-terminal methionine residue of
three peptide agonists and the chlorophenyl group of C43 can be
well-aligned in the activation chamber, while all ligands form
extensive polar interactions with three conserved polar residues
D106333, R201°-38, and R205°42 at the mouth region of the acti-
vation chamber. The same features can be observed in the binding
of fMLFII to FPRI1. Therefore, we propose that most FPR agonists
share a similar receptor activation mechanism, where they occupy
the conserved activation chamber in the receptor to cause
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conformational changes of residues in this chamber to activate the
receptor (Fig. 6e). Indeed, Wo48 and V340 in the activation
chamber together with nearby residues P>->0 and F¢44 form critical
core motifs in the activation of Class A GPCRs that link extra-
cellular agonist binding with cytoplasmic G protein-coupling
(Fig. 6e)40°0, Structural alignment of active FPR2 with other active
Class A GPCRs indicated that while W48 adopts different con-
formations, Fo44 can be well superimposed (Supplementary Fig. 8).
Also, for a particular agonist, the three conserved polar residues
D106333, R201°-38, and R205°42 at the mouth region constitute a
‘grip’ to hold the agonist in the correct position through extensive
polar interactions (Fig. 6e). This is to ensure that certain chemical
groups in the agonist such as the side chain of a methionine
residue in peptide agonists or the chlorophenyl group in C43 can
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Fig. 6 Binding of C43 to FPR2. a Details of C43-binding pocket. FPR2 and C43 are colored in light green and purple, respectively. Polar interactions are
shown as black dashed lines. b Ligplot schematic representation of C43 interactions with FPR2. The carbon, nitrogen, oxygen, and sulfur atoms are colored
in black, blue, red, and yellow, respectively. Residues in FPR2 that form polar interactions with C43 are shown with green labels. Polar interactions are
shown as green dashed lines. ¢ Dose-dependent action of C43 on wide type FPR2 (wtFPR2) and mutants measured by cAMP accumulation assay. Each
data point represents mean £ S.D. Three independent assays were performed. d Structural alignment of FPR2 bound to four agonists. The chlorophenyl
group of C43 overlaps with the terminal methionine residues in three peptide agonists in the activation chamber. e Conserved agonist-binding mechanism
for FPR1 and FPR2. For a particular agonist, it sticks into the activation chamber to cause conformational changes of V340, W648 p550 and F644 to
activate receptors. This is facilitated by a polar interaction network with D3-33, R>42, and R>38 at the mouth region. Above the mouth region, the vase space
of agonist-binding pocket may tolerate a large chemical diversity. Source data are provided as a Source Data file.

insert into the activation chamber in an appropriate conformation
to activate receptors. In this scenario, the N-formyl group of for-
mylpeptides may facilitate the formation of extensive polar inter-
action networks involving D106333, R201>38, and R205°*2 to
allow appropriate sampling of the activation chamber, explaining
the critical role of N-formylation in the recognition of those
peptide ligands by FPRs.

Such a receptor activation mechanism seems unique to FPRs.
Structural comparison of G;-coupled FPR1 and FPR2 with other
Gj-coupled Class A GPCRs including pOR>!, NTSR14!, chemo-
kine receptor 5 (CCR5)>2, cholecystokinin receptor B (CCKBR)?,
and orexin receptor 2 (OX2R)** bound to different peptide
agonists indicated that the peptide agonists in those GPCRs are
all positioned above W(or Y)%48, while fMLFII inserts more
deeply into the core regions of FPR1 and FPR2 to reach the
activation chamber to activate the receptors (Supplementary
Fig. 9). In addition, structural comparison of G;-coupled FPR2
and FPR2 alone suggested that the binding of agonists in the
activation chamber is sufficient to induce or stabilize the active
conformation of FPR2 for Gj-coupling (Supplementary Fig. 5e).
This is different from some other Class A GPCRs including f2AR
and MOR, for which previous structural and biophysical studies
suggested a loose coupling of the extracellular agonist-binding
events and receptor conformational changes at the cytoplasmic G
protein-coupling region®>%.

FPR1 and FPR2 have different preferences for formylpeptides,
which stem from their structural differences in extracellular
regions (Fig. 4). The non-conserved residues Y2571 and
F1023-29 in FPRI form direct interactions with fMLFII, which are
absent in the fMLFII-bound FPR2 (Fig. 3b). These additional
interactions and the positive electrostatic potential of the ligand-
binding pocket of FPRI result in the higher affinity of the short
peptide fMLFII for FPRI than for FPR232, On the other hand, the
restricted opening at the extracellular surface of FPRI1 provides an
explanation for the selectivity of long peptide agonist CGEN-
885A for FPR2 over FPR1 (Fig. 5d). For FPR2, the widely open
extracellular surface and the vast space of ligand-binding pocket
may tolerate multiple peptide conformations and offer possibi-
lities for diverse peptide and receptor binding interactions above
the activation chamber. Therefore, FPR2 can recognize diverse
endogenous peptide ligands with different lengths even without
N-formylation?. This is reminiscent of promiscuous recognition
of chemokine agonists by a viral GPCR, US28°7.

Functionally distinct FPR2 agonists have been suggested to
induce different conformational states of FPR230-58. However, the
structural alignment of the FPR2-G; complexes with three ago-
nists showed very subtle structural differences for the receptor.
This may be due to the coupling of G;, which stabilizes the
receptor in one active conformation. Thus, it is difficult to
speculate on the specific conformational states of FPR2 associated
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with pro-inflammatory and pro-resolving agonists. Previous
studies on two FPR2 agonists exhibiting anti-inflammatory or
pro-resolving effects, aspirin-triggered 15-epi-lipoxin A, (ATL)
and Ac, .6 an N-terminal peptide of ANXA1, showed that both
ligands could induce unusual biphasic signaling responses at
various concentrations®®>°. Such results cannot be explained by
one specific binding mode of either agonist for FPR2. It is likely
that both ligands target multiple binding sites in FPR2 at different
concentrations. For the lipid ligands of FPR2, it is tempting to
speculate that they occupy similar sites as the palmitic acid
molecules modeled in our structures (Supplementary Fig. 4a, b).
Interestingly, a similar ligand-binding site close to ICL2 has been
identified as the allosteric site for multiple allosteric modulators
of C5aR%, a close phylogenetic neighbor of FPR2. On the other
hand, for the small-molecule FPR2 agonist C43, our structure
only revealed one orthosteric site overlapping with the binding
site of formylpeptides. For this compound and other anti-
inflammatory synthetic FPR2 agonists like BMS-98623538, it is
not clear whether the orthosteric binding in FPR2 is sufficient for
their anti-inflammatory function. Further studies on the mole-
cular mechanisms of why different FPR2 agonists can induce
distinct physiological functions will be important for fully
exploiting the therapeutic potential of targeting FPR2 in various
diseases.

Methods
Construct design. We use the wild-type human FPR1 and FPR2 for structural
studies. Both FPR1 and FPR2 were constructed into the pFastBac vector (Ther-
moFisher) for expression usage. To facilitate protein expression and purification,
the coding sequence of FPR1 (residues 1-333) was fused with an N-terminal FLAG
tag followed by a TEV cleavage site, and a C-terminal HIV 3 C protease site-
oMBP- MBP- His8 tag. For FPR2, the full-length sequence of FPR2 (residues
1-342) was inserted with an N-terminal FLAG tag followed by B2AR N-terminal
region (BN, hereafter) as a fusion protein and a TEV cleavage site, along with a
His8 tag at the very C-terminus. The prolactin precursor sequence was added into
the N-terminus as a signaling peptide to assist in anchoring FPR1 or FPR2 to the
cell membrane and improve their expression. Two dominant-negative mutations,
G203A and A326S, were incorporated into the human Gg;; (Ggi1_2M) by site direct
mutagenesis to decrease the binding of GDP/GTP and increase the stability of G
protein. Additionally, a His8 tag was cloned onto the N-terminus of Gg for two-
step purification strategy usage. All the three components of G;; heterotrimer,
human Gg;_2M, rat His8- Gg and bovine G,, were constructed into the pFastBac
vector (ThermoFisher), respectively.

For the expression of scFv16, the coding sequence of scFv16 was fused with a
GP67 signaling peptide at the N-terminus and a TEV cleavage site-His8 at the C-
terminus, and then cloned into the pFastBac vector (ThermoFisher).

Expression and purification of the FPRs-Gi signaling complexes. scFv16 was
expressed from Sf9 insect cells as secreted proteins using the baculovirus system
(ThermoFisher)3040. To purify the protein, the cell culture supernatant was sup-
plemented with 1 mM Ni,SO, and then loaded onto Ni-NTA resins (Thermo-
Fisher). After washing the resins with buffer containing 20 mM Hepes 7.5, 100 mM
NaCl, and 50 mM imidazole, scFv16 was eluted in the same buffer with additional
250 mM imidazole. The eluted protein was treated with TEV protease and then
dialyzed against 20 mM Hepes pH 7.2, 100 mM NaCl overnight to reduce the
concentration of imidazole. After dialysis, the sample was re-loaded onto Ni-NTA
resins to remove un-cleaved protein with a His-tag. The protein was further
purified by size exclusion chromatography using a HiLoad 16/600 Superdex 200 pg
column (GE Healthcare). The protein fractions were pooled, concentrated, and
stored at —80 °C.

The baculoviruses of FPR1 or FPR2, Gg;;_2M, His8-Gg,; and G,, were generated
and amplified using the Bac-to-Bac baculovirus expression system (ThermoFisher).
The S9 cells were cultured in ESF 921 serum-free medium (Expression Systems).
When the cell density reached 4 x 10° cells / mL, we co-expressed the four types of
baculoviruses expressing FPR1 or FPR2, Gj;_2M, His8-Gg; and Gy, in Sf9 insect
cells (Invitrogen) at the ratio of 1:1:1:1. After infection for 48 h, the cells were
collected by centrifugation at 1500 x g (ThermoFisher, H12000) for 20 min and
kept frozen at —80 °C for complex purification usage.

For the purification of agonists bound FPR2-G; complexes, cell pellets from 11
culture were thawed at room temperature and resuspended in low salt buffer
containing 20 mM HEPES pH 7.2, 75 mM NaCl, 5 mM CaCl,, 5 mM MgCl,,

0.3 mM TECP, protease inhibitor cooktail (Bimake, 1 mL/ 100 mL suspension).
The FPR2-G; complexes were assembled on the membrane by the addition of
peptide ligands 10 uM fMLFII (Genscript Biotech) or 20 uM CGEN-855A

(Genscript Biotech), or synthesized compound ligand 10 uM Compound 43
(MedChemExpress). Half an hour later, the cell suspension was treated with
apyrase (25 mU mL~1, NEB), followed by incubation for another 1h at room
temperature. Cell membranes in suspension was solubilized directly by adding
0.5% (w/v) lauryl maltose neopentylglycol (LMNG, Anatrace), 0.1% (w/v)
cholesteryl hemisuccinate TRIS salt (CHS, Anatrace), 0.025%(w/v) digitonin
(Biosynth). After membrane solubilization for 3 h at 4 °C, the solubilized fraction
was isolated by centrifugation at 100,000 x g for 45 min and then incubated
overnight at 4 °C with pre-equilibrated Nickel-NTA resin (4 mL resin/1 L cell
culture). After batch binding, the nickel resin with immobilized protein complex
was manually loaded onto a gravity-flow column. The nickel resin was washed with
10 column volumes of 20 mM HEPES, pH 7.2, 100 mM NaCl, 25 mM imidazole,
0.3 mM TCEP, 0.01% LMNG (w/v), 0.002% CHS (w/v), 0.025% digitonin (w/v),
5uM fMLFII, or 5 uM CGEN-855A or 5 uM Compound 43 and eluted with the
same buffer plus 300 mM imidazole. The Ni-NTA eluate was further incubated by
batch binding to 2 mL FLAG resin (Smart-Lifesciences) for 2 h at 4 °C. Detergent
was exchanged on FLAG resin by two washing steps in 20 mM HEPES, pH 7.2,
100 mM NaCl, 0.3 mM TCEP, 5 uM ligands supplemented with different
detergents: first 0.002% LMNG, 0.0004% CHS, 0.05% digitonin, and then 0.05%
digitonin for 10 column volumes each. Subsequently, the FLAG resin was
resuspended in a detergent buffer containing 20 mM HEPES, pH 7.2, 100 mM
NaCl, 0.3 mM TCEP, 5 uM ligands, 0.05% digitonin, and treated with 1.8 mg
scFv16 for 1h at 4 °C. The material bound to FLAG resin was then eluted in
detergent buffer containing 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.3 mM TCEP,
5 uM ligands, 0.05% digitonin, 200 pg/uL FLAG peptide.

For the purification of FPRI-fMLFII-G; complex, cell pellets from 1L culture
were thawed at room temperature for protein purification. All the purification
processes are the same as the above for FPR2-fMLFII-Gi complexes with the
following exceptions. The first step Ni-NTA eluate was transferred to pre-
equilibrated amylose resin (Smart-Lifesciences) and incubated for 3 h at 4 °C. After
concentration gradient detergent exchanging, the amylose resin with bound
material was treated with HIV 3 C protease (homemade) and 1.8 mg scFv16 for 1 h
at room temperature, the released protein was then collected.

The released protein sample was concentrated to 0.5 mL and loaded onto a
Superdex 200 10/300 GL increase column (GE Healthcare) pre-equilibrated with
buffer containing 20 mM HEPES, pH 7.2, 100 mM NaCl, 0.05% digitonin, 5 uM
ligands. Fractions of the monomeric complex were collected and concentrated
using centrifugal filter units with a molecular weight cutoff of 100 K Dalton
(MilliporeSigma) for electron microscopy experiments.

Cryo-EM grid preparation and data acquisition. For cryo-EM grid preparation,
2.7 uL purified FPR2-fMLFII-G;-scFv16 complex at the concentration of 13 mg
mL~1, FPR2-CGEN-855A-G;-scFv16 complex at the concentration of 13 mg mL~1,
FPR2-Compound 43-G;-scFv16 complex at the concentration of 16 mg mL~1,
FPR1-fMLFII-G;-scFv16 complex at the concentration of 14 mg mL~1, was applied
individually to EM grids (Quantifoil, 300 mesh Au R1.2/1.3) that were glow-
discharged for 50 s in a Vitrobot chamber (FEI Vitrobot Mark IV). Protein con-
centration was determined by absorbance at 280 nm using a Nanodrop 2000
Spectrophotometer (Thermo Fisher Scientific). The Vitrobot chamber was set to
100% humidity at 4 °C. The sample was blotted for 3 s before plunge-freezing into
liquid ethane. The prepared cryo-EM grids were stored in liquid nitrogen for
screening and data collection usage.

Before data collection, grids were previously screened with a FEI 200 kV Arctica
transmission electron microscope (TEM), the promising grids with evenly
distributed particles and thin ice layer were transferred to a FEI 300 kV Titan Krios
TEM for further data collection.

For the FPRI-fMLFII-G;-scFv16 and FPR2-fMLFII-G;-scFv16 complexes,
automatic cryo-EM movie stacks were collected on a FEI Titan Krios microscope
operated at 300 kV in Cryo-Electron Microscopy Research Center, Shanghai
Institute of Materia Medica, Chinese Academy of Sciences (Shanghai, China). The
microscope was operated with a nominal magnification of 81,000x in super-
resolution counting mode, corresponding to a pixel size of 0.5355 A. A total of 4054
movies for the dataset of FPR1-fMLFII-G;-scFv16 complex, and 4579 movies for
the dataset of FPR2 -fMLFII-G;-scFv16 complex were collected individually by a
Gatan K3 Summit direct electron detector with a Gatan energy filter (operated with
a slit width of 20 eV) (GIF) using the SerialEM software. The images were recorded
at a dose rate of about 23.3 e/A2/s with a defocus ranging from —0.5 to —3.0 um.
The total exposure time was 3 s and intermediate frames were recorded in 0.083 s
intervals, resulting in a total of 36 frames per micrograph.

For the FPR2-CGEN-855A-G;-scFv16 complex and FPR2-Compound 43-G;-
scFv16 complex, automatic cryo-EM movie stacks were collected on a FEI Titan
Krios microscope operated at 300 kV in Shuimu BioSciences Ltd. The microscope
was equipped with a Gatan Quantum energy filter and a spherical corrector for data
collection. The movie stacks were collected automatically using a Gatan K3 direct
electron detector with a nominal magnification of x64,000 in a super-resolution
counting model at a pixel size of 0.54 A. The energy filter was operated with a slit
width of 20 eV. Each movie stack was dose-fractionated in 32 frames with a dose of
1.93 electrons per frame and collected within a defocus ranging from —0.5 to
—3.0 pm. The total exposure time was 3.2s. A total of 3162 movies for the dataset
of FPR1-CGEN-855A-G;-scFv16 complex, and 3210 movies for the dataset of
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FPR2-Compound 43-G;-scFv16 complex were collected, respectively. Data collection
was performed using SerialEM with one exposure per hole on the grid squares.

Image processing and 3D reconstruction. Movie stacks were subjected to beam-
induced motion correction using MotionCor 26. For the datasets of FPR1-fMLFII-
G;-scFv16 and FPR2-fMLFII-G;-scFv16 complexes, the movie stack was aligned,
dose weighted and binned by 2 to 1.071 A per pixel. For the datasets of FPR2-
CGEN-855A-G;-scFv16 complex and FPR2-Compound 43-G;-scFv16 complex,
movie stacks were aligned, dose weighted and binned by 2 to 1.08 A per pixel. Data
processing was performed using RELION-3.162, Contrast transfer function (CTF)
parameters were estimated by Ctffind4%3.

For the FPR1-fMLFII-G;-scFv16 and FPR2-fMLFII-G;-scFv16 complexes, the
micrographs with the measured resolution worse than 4.0 A and micrographs
imaged within the carbon area of the grid were discarded, generating 2555
micrographs for the FPR1-fMLFII-G; dataset and 4049 micrographs for the FPR2-
fMLFII-G;-scFv16 dataset to do further data processing. The 3D density map of
CCK1R-CCK8-G; (EMDB ID EMD-31387) low-pass filtered to 40 A was chosen as
a reference map for auto-picking and further 3D classification processes. The 2D
and 3D classifications were performed on a binned dataset with a pixel size of
2.142 A. The auto-picking process produced 2,002,737 particles for FPR1-fMLFII-
G; complex and 5,430,289 particles for FPR2-fMLFII-G; complex, which were
subjected to reference-free 2D classifications to discard bad particles. Particles
selected from 2D classification were then subjected to several rounds 3D
classifications, resulting in two well-defined subsets with 258,740 particles for
FPR1-fMLFII-G;-scFv16 complex and two well-defined subsets with 303,372
particles for FPR2-fMLFII-G;-scFv16 complex. Subsequent 3D refinement, CTF
refinement and Bayesian polishing generated a map with a final global resolution of
3.2 A for FPR1-fMLFII-G;-scFv16 complex and 3.1 A for FPR2-fMLFII-G;-scFv16
complex. The resolutions were estimated by applying a soft mask around the
protein densities with the FSC 0.143 criteria.

For the FPR2-CGEN-855A-G;-scFv16 and FPR2-Compound 43-G;-scFv16
complexes, the micrographs with the measured resolution worse than 4.0 A and
micrographs imaged within the carbon area of the grid were abandoned, generating
2814 micrographs for the FPR2-CGEN-855A-G;-scFv16 dataset and 3051 micrographs
for the FPR2-Compound 43-G;-scFv16 dataset to do further data processing. The 3D
density map of CCKIR-CCK8-G; low-pass filtered to 40 A was chosen as reference
map for auto-picking and further 3D classification processes. The 2D and 3D
classifications were performed on a binned dataset with a pixel size of 2.16 A. The
auto-picking process produced 3,057,898 particles for the FPR2-CGEN-855A-G;-
scFv16 complex and 4,082,666 particles for the FPR2-Compound 43-G;-scFv16
complex, which were subjected to reference-free 2D classifications to discard fuzzy
particles. Particles selected from 2D classification were then subjected to several rounds
of 3D classifications, resulting in two well-defined subsets with 594,109 particles for
FPR2-CGEN-855A-G;-scFv16 complex and two well-defined subsets with 296,082
particles for FPR2-Compound 43-G;-scFv16 complex. Subsequent 3D refinement,
CTF refinement and Bayesian polishing generated a map with an indicated global
resolution of 2.9 A for FPR2-CGEN-855A-G;-scFv16 complex and 3.0 A for FPR2-
Compound 43-G;-scFv16 complex at a Fourier shell correlation of 0.143.

The local resolution map was calculated using ResMap®%. Surface coloring of
the density map was performed using UCSF ChimeraX®.

Model building, structure refinement, and figure preparation. The initial model
of FPR1 was built by SWISS-MODEL®®. The structural models of FPR2, G; and
scFv16 in the structure of WKYMVm-FPR2-G;-scFv16 (PDB ID 60MM) were
used as initial templates. All models were first fitted as rigid bodies into the cryo-
EM density maps using Chimera®’. Then, the combined models were refined in
Phenix® and manually adjusted in Coot®®. All ligands were manually modeled in
Coot and refined in Phenix. The final models were validated by Molprobity”°.
Cryo-EM data collection, image processing and structure refinement statistics are
listed in Supplementary Table 1. Figures showing structural models and detailed
structural information were prepared by PyMol 2.4.2 (https://pymol.org/2/). Lig-
plot schematic representation of ligand interreactions with FPR1 and FPR2 was
prepared by LigPlot+ v.2.2.47!. The maximum distance cutoffs for polar interac-
tions and hydrophobic interactions were set at 3.5 and 4.5 A, respectively.

cAMP accumulation assays. An Epac-based FRET cAMP biosensor H187 was
used to measure cellular cAMP levels’2. The plasmid encoding H187 was trans-
fected into HEK293 cells to make stable cells reporting intracellular cAMP levels. In
brief, the H187 stable cells were seeded in poly-D-lysine treated 96-well black clear-
bottom plate at 30,000 cells per well. 24 h later, cells were transiently transfected
with DNA encoding the N-terminal FLAG-tagged wild-type FPR1, FPR2 or
mutants at an amount of 0.1 ug DNA per well. Assays were performed 24 h after
transfection. Cells were washed twice with HBSS buffer and incubated at room
temperature for 30 min before the addition of forskolin to a final concentration of
1 uM. The intracellular cAMP level was measured using a multimode reader (Spark
20 M, TECAN) measuring the fluorescence emission intensity at 485 nm and

535 nm upon the excitation at 430 nm. 15 min after forskolin incubation, cells were
stimulated with agonists at different concentrations and measured for additional
20 min. The FRET signal was calculated as the normalized FRET ratio of

fluorescence emission at 535 nm (F535) divided by emission at 485 nm (F485). The
ECso was determined with the FRET ratio at the timepoint of 1600 s. The data
analysis was performed using the nonlinear regression fit logIC50 mode in
GraphPad Prism.

Receptor cell surface expression was determined by measuring the binding of
Alexa Flour 647 labeled anti-FLAG M1 antibody (A647-M1, homemade) to the cell
surface. Briefly, transfected cells in the 96-well plate were washed with HBSS buffer
and incubated with 1 pg/ml A647-M1 in dark for 30 min at room temperature. The
cells were washed twice with HBSS buffer and then measured for the Alexa Flour
647 fluorescence on the multimode reader (Spark 20 M, TECAN). The comparable
protein expression levels were represented by the fluorescence values of each well.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The 3D cryo-EM density maps the four FPR signaling complexes have been deposited in
the Electron Microscopy Data Bank (EMDB) database under following accession codes:
EMD-25727 (FPR1-G;-fMLFII-scFV16 complex), EMD-25729 (FPR2-G;-fMLFII-scFV16
complex), EMD-25728 (FPR1-G;-CGEN-855A-scFV16 complex), and EMD-25726
(FPR2-G;-C43-scFV16 complex). The atomic coordinates of the atomic models have
been deposited in the Protein Data Bank (PDB) database under the following accession
codes: 7T6T (FPRI1-G;-fMLFII-scFV16 complex), 7T6V (FPR2-G;-fMLFII-scFV16
complex), 7T6U (FPR1-G;-CGEN-855A-scFV16 complex), and 7T6S (FPR2-G;-C43-
scFV16 complex). The raw data for the main Figs. 3d, 4a, 5¢, 6¢ and Supplementary
Fig. 6a, b generated in this study are provided in the Source Data file. Other structural
models used in this paper from the PDB database are: the NTSR-G; complex structures at
the canonical state (PDB ID 60S9) and non-canonical state (PDB ID 60SA); the
WKYMVm-FPR2-G; structure (PDB ID 60MM); the WKYMVm-FPR2 crystal structure
(PDB ID 6LW5); the active structures of p-opioid receptor (MOR, PDB ID 6DDE),
neurotensin receptor 1 (NTSR1, PDB ID 60S9), and ,-adrenergic receptor (32AR, PDB
ID 3SN6); the peptide-bound structures of chemokine receptor 5 (CCR5, PDB ID 7F1Q),
cholecystokinin receptor B (CCKBR, PDB ID 7F8V), and orexin receptor 2 (OX2R, PDB
ID 7L1U). Source data are provided with this paper.

Received: 31 August 2021; Accepted: 31 January 2022;
Published online: 25 February 2022

References

1. Ye R. D. et al. International Union of Basic and Clinical Pharmacology. LXXIIL
Nomenclature for the formyl peptide receptor (FPR) family. Pharmacol. Rev. 61,
119-161 (2009).

2. He, H. Q. & Ye, R. D. The formyl peptide receptors: diversity of ligands and
mechanism for recognition. Molecules https://doi.org/10.3390/molecules22030455
(2017).

3. Weiss, E. & Kretschmer, D. Formyl-peptide receptors in infection, inflammation,
and cancer. Trends Immunol. 39, 815-829 (2018).

4. Panaro, M. A. & Mitolo, V. Cellular responses to FMLP challenging: a mini-
review. Immunopharmacol. Immunotoxicol. 21, 397-419 (1999).

5. Zhang, Q. et al. Circulating mitochondrial DAMPs cause inflammatory
responses to injury. Nature 464, 104-107 (2010).

6. Dorward, D. A. et al. The role of formylated peptides and formyl peptide
receptor 1 in governing neutrophil function during acute inflammation. Am. J.
Pathol. 185, 1172-1184 (2015).

7. Wang, R. et al. Identification of novel cytolytic peptides as key virulence
determinants for community-associated MRSA. Nat. Med. 13, 1510-1514
(2007).

8. Fredriksson, R., Lagerstrom, M. C,, Lundin, L. G. & Schioth, H. B. The G-
protein-coupled receptors in the human genome form five main families.
Phylogenetic analysis, paralogon groups, and fingerprints. Mol. Pharmacol. 63,
1256-1272 (2003).

9. Prevete, N, Liotti, F., Marone, G., Melillo, R. M. & de Paulis, A. Formyl
peptide receptors at the interface of inflammation, angiogenesis and tumor
growth. Pharmacol. Res. 102, 184-191 (2015).

10. Cattaneo, F., Parisi, M. & Ammendola, R. Distinct signaling cascades elicited
by different formyl peptide receptor 2 (FPR2) agonists. Int. J. Mol. Sci. 14,
7193-7230 (2013).

11. Cattaneo, F. et al. Expression of formyl-peptide receptors in human lung
carcinoma. Anticancer Res. 35, 2769-2774 (2015).

12. Liang, W. et al. The contribution of chemoattractant GPCRs, formylpeptide
receptors, to inflammation and cancer. Front. Endocrinol. (Lausanne) 11, 17
(2020).

13. Perretti, M. & Godson, C. Formyl peptide receptor type 2 agonists to kick-start
resolution pharmacology. Br. J. Pharmacol. 177, 4595-4600 (2020).

10 | (2022)13:1054 | https://doi.org/10.1038/s41467-022-28586-0 | www.nature.com/naturecommunications


http://doi.org/10.2210/pdb6omm/pdb
https://pymol.org/2/
http://doi.org/10.2210/pdb6os9/pdb
http://doi.org/10.2210/pdb6osa/pdb
http://doi.org/10.2210/pdb6omm/pdb
http://doi.org/10.2210/pdb6lw5/pdb
http://doi.org/10.2210/pdb6dde/pdb
http://doi.org/10.2210/pdb6os9/pdb
http://doi.org/10.2210/pdb3sn6/pdb
http://doi.org/10.2210/pdb7f1q/pdb
http://doi.org/10.2210/pdb7f8v/pdb
http://doi.org/10.2210/pdb7l1u/pdb
https://doi.org/10.3390/molecules22030455
www.nature.com/naturecommunications

ARTICLE

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Trojan, E. et al. The contribution of formyl peptide receptor dysfunction to the
course of neuroinflammation: a potential role in the brain pathology. Curr.
Neuropharmacol. 18, 229-249 (2020).

Caso, V. M. et al. Regulation of inflammation and oxidative stress by formyl
peptide receptors in cardiovascular disease progression. Life (Basel) https://
doi.org/10.3390/1ife11030243 (2021).

Osei-Owusu, P., Charlton, T. M., Kim, H. K., Missiakas, D. & Schneewind, O.
FPR1 is the plague receptor on host immune cells. Nature 574, 57-62 (2019).
Smole, U. et al. Serum amyloid A is a soluble pattern recognition receptor that
drives type 2 immunity. Nat. Immunol. 21, 756-765 (2020).

Basil, M. C. & Levy, B. D. Specialized pro-resolving mediators: endogenous
regulators of infection and inflammation. Nat. Rev. Immunol. 16, 51-67
(2016).

Chiang, N. & Serhan, C. N. Structural elucidation and physiologic functions of
specialized pro-resolving mediators and their receptors. Mol. Asp. Med. 58,
114-129 (2017).

Corminboeuf, O. & Leroy, X. FPR2/ALXR agonists and the resolution of
inflammation. J. Med. Chem. 58, 537-559 (2015).

Fullerton, J. N. & Gilroy, D. W. Resolution of inflammation: a new therapeutic
frontier. Nat. Rev. Drug Discov. 15, 551-567 (2016).

Chen, K. et al. Regulation of inflammation by members of the formyl-peptide
receptor family. J. Autoimmun. 85, 64-77 (2017).

Filep, J. G., Sekheri, M. & El Kebir, D. Targeting formyl peptide receptors to
facilitate the resolution of inflammation. Eur. J. Pharmacol. 833, 339-348 (2018).
Vacchelli, E. et al. Chemotherapy-induced antitumor immunity requires
formyl peptide receptor 1. Science 350, 972-978 (2015).

Qin, C. X. et al. Small-molecule-biased formyl peptide receptor agonist
compound 17b protects against myocardial ischaemia-reperfusion injury in
mice. Nat. Commun. 8, 14232 (2017).

Raabe, C. A., Groper, J. & Rescher, U. Biased perspectives on formyl peptide
receptors. Biochim. Biophys. Acta Mol. Cell Res. 1866, 305-316 (2019).
Schepetkin, 1. A. et al. Development of small molecule non-peptide formyl
peptide receptor (FPR) ligands and molecular modeling of their recognition.
Curr. Med. Chem. 21, 1478-1504 (2014).

Tsai, Y. F,, Yang, S. C. & Hwang, T. L. Formyl peptide receptor modulators: a
patent review and potential applications for inflammatory diseases (2012-
2015). Expert. Opin. Ther. Pat. 26, 1139-1156 (2016).

Stalder, A. K. et al. Biomarker-guided clinical development of the first-in-class
anti-inflammatory FPR2/ALX agonist ACT-389949. Br. J. Clin. Pharmacol. 83,
476-486 (2017).

Cooray, S. N. et al. Ligand-specific conformational change of the G-protein-
coupled receptor ALX/FPR2 determines proresolving functional responses.
Proc. Natl Acad. Sci. USA 110, 18232-18237 (2013).

Chen, T. et al. Structural basis of ligand binding modes at the human formyl
peptide receptor 2. Nat. Commun. 11, 1208 (2020).

He, H. Q., Troksa, E. L., Caltabiano, G., Pardo, L. & Ye, R. D. Structural
determinants for the interaction of formyl peptide receptor 2 with peptide
ligands. J. Biol. Chem. 289, 2295-2306 (2014).

Hecht, I. et al. A novel peptide agonist of formyl-peptide receptor-like 1 (ALX)
displays anti-inflammatory and cardioprotective effects. J. Pharmacol. Exp.
Ther. 328, 426-434 (2009).

Burli, R. W. et al. Potent hFPRL1 (ALXR) agonists as potential anti-
inflammatory agents. Bioorg. Med. Chem. Lett. 16, 3713-3718 (2006).
Sogawa, Y., Shimizugawa, A., Ohyama, T., Maeda, H. & Hirahara, K. The
pyrazolone originally reported to be a formyl peptide receptor (FPR) 2/ALX-
selective agonist is instead an FPR1 and FPR2/ALX dual agonist. J. Pharmacol.
Sci. 111, 317-321 (2009).

Maeda, S. et al. Development of an antibody fragment that stabilizes GPCR/G-
protein complexes. Nat. Commun. 9, 3712 (2018).

Nanamori, M. et al. A novel nonpeptide ligand for formyl peptide receptor-
like 1. Mol. Pharmacol. 66, 1213-1222 (2004).

Asahina, Y. et al. Discovery of BMS-986235/LAR-1219: a potent formyl
peptide receptor 2 (FPR2) selective agonist for the prevention of heart failure.
J. Med. Chem. 63, 9003-9019 (2020).

Liu, P. et al. The structural basis of the dominant negative phenotype of the
Galphailbetalgamma2 G203A/A326S heterotrimer. Acta Pharmacol. Sin. 37,
1259-1272 (2016).

Zhuang, Y. et al. Structure of formylpeptide receptor 2-Gi complex reveals
insights into ligand recognition and signaling. Nat. Commun. 11, 885 (2020).
Kato, H. E. et al. Conformational transitions of a neurotensin receptor 1-Gil
complex. Nature 572, 80-85 (2019).

Ballesteros, J. A. & Weinstein, H. Integrated methods for the construction of
three-dimensional models and computational probing of structure-function
relations in G protein-coupled receptors. Methods Neurosci. 25, 366-428 (1995).
Rasmussen, S. G. et al. Structure of a nanobody-stabilized active state of the
beta(2) adrenoceptor. Nature 469, 175-180 (2011).

Huang, W. et al. Structural insights into micro-opioid receptor activation.
Nature 524, 315-321 (2015).

45. Manglik, A. & Kruse, A. C. Structural basis for G protein-coupled receptor
activation. Biochemistry 56, 5628-5634 (2017).

46. Weis, W. I. & Kobilka, B. K. The molecular basis of G protein-coupled
receptor activation. Annu. Rev. Biochem. 87, 897-919 (2018).

47. Deupi, X. & Standfuss, J. Structural insights into agonist-induced activation of
G-protein-coupled receptors. Curr. Opin. Struct. Biol. 21, 541-551 (2011).

48. Trzaskowski, B. et al. Action of molecular switches in GPCRs-theoretical and
experimental studies. Curr. Med. Chem. 19, 1090-1109 (2012).

49. Rosenbaum, D. M. et al. Structure and function of an irreversible agonist-
beta(2) adrenoceptor complex. Nature 469, 236-240 (2011).

50. Zhou, Q. et al. Common activation mechanism of class A GPCRs. Elife https://
doi.org/10.7554/eLife.50279 (2019).

51. Koehl, A. et al. Structure of the micro-opioid receptor-Gi protein complex.
Nature 558, 547-552 (2018).

52. Zhang, H. et al. Structural basis for chemokine recognition and receptor
activation of chemokine receptor CCR5. Nat. Commun. 12, 4151 (2021).

53. Zhang, X. et al. Structures of the human cholecystokinin receptors bound to
agonists and antagonists. Nat. Chem. Biol. https://doi.org/10.1038/s41589-
021-00866-8 (2021).

54. Hong, C. et al. Structures of active-state orexin receptor 2 rationalize peptide
and small-molecule agonist recognition and receptor activation. Nat.
Commun. 12, 815 (2021).

55. Manglik, A. et al. Structural insights into the dynamic process of beta2-
adrenergic receptor signaling. Cell 161, 1101-1111 (2015).

56. Sounier, R. et al. Propagation of conformational changes during mu-opioid
receptor activation. Nature 524, 375-378 (2015).

57. Miles, T. F. et al. Viral GPCR US28 can signal in response to chemokine
agonists of nearly unlimited structural degeneracy. Elife https://doi.org/
10.7554/eLife.35850 (2018).

58. Zhang, S., Gong, H., Ge, Y. & Ye, R. D. Biased allosteric modulation of formyl
peptide receptor 2 leads to distinct receptor conformational states for pro- and
anti-inflammatory signaling. Pharmacol. Res 161, 105117 (2020).

59. Ge, Y. et al. Dual modulation of formyl peptide receptor 2 by aspirin-triggered
lipoxin contributes to its anti-inflammatory activity. FASEB J. 34, 6920-6933
(2020).

60. Liu, H. et al. Orthosteric and allosteric action of the C5a receptor antagonists.
Nat. Struct. Mol. Biol. 25, 472-481 (2018).

61. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 14, 331-332
(2017).

62. Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife https://doi.org/10.7554/eLife.42166 (2018).

63. Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol.
193, 1-12 (2016).

64. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local resolution
of cryo-EM density maps. Nat. Methods 11, 63-65 (2014).

65. Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers,
educators, and developers. Protein Sci. 30, 70-82 (2021).

66. Waterhouse, A. et al. SWISS-MODEL: homology modelling of protein
structures and complexes. Nucleic Acids Res. 46, W296-W303 (2018).

67. Pettersen, E. F. et al. UCSF Chimera-a visualization system for exploratory
research and analysis. J. Comput Chem. 25, 1605-1612 (2004).

68. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D. Biol. Crystallogr. 66,
213-221 (2010).

69. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. D. Biol. Crystallogr. 60, 2126-2132 (2004).

70. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D. Biol. Crystallogr. 66,
12-21 (2010).

71. Laskowski, R. A. & Swindells, M. B. LigPlot-+: multiple ligand-protein interaction
diagrams for drug discovery. J. Chem. Inf. Model 51, 2778-2786 (2011).

72. Klarenbeek, J., Goedhart, J., van Batenburg, A., Groenewald, D. & Jalink, K.
Fourth-generation epac-based FRET sensors for cAMP feature exceptional
brightness, photostability and dynamic range: characterization of dedicated
sensors for FLIM, for ratiometry and with high affinity. PLoS ONE 10,
€0122513 (2015).

Acknowledgements

The cryo-EM data were collected at the Cryo-Electron Microscopy Research Center,
Shanghai Institute of Materia Medica (SIMM), and Shuimu BioSciences Ltd (Beijing
China). We thank the staff at the SIMM Cryo-Electron Microscopy Research Center and
the Shuimu BioSciences Ltd. for their technical support. We thank Dr. Kees Jalink at the
Netherlands Cancer Institute for providing us the H187 plasmid. This work was supported
by the Ministry of Science and Technology (China) grants (2018YFA0507002 to H.EX.),
the Shanghai Municipal Science and Technology Major Project (2019SHZDZXO02 to
H.EX.), the CAS Strategic Priority Research Program (XDB08020303 to H.E.X.), the

| (2022)13:1054 | https://doi.org/10.1038/s41467-022-28586-0 | www.nature.com/naturecommunications 1


https://doi.org/10.3390/life11030243
https://doi.org/10.3390/life11030243
https://doi.org/10.7554/eLife.50279
https://doi.org/10.7554/eLife.50279
https://doi.org/10.1038/s41589-021-00866-8
https://doi.org/10.1038/s41589-021-00866-8
https://doi.org/10.7554/eLife.35850
https://doi.org/10.7554/eLife.35850
https://doi.org/10.7554/eLife.42166
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Special Research Assistant Project of Chinese Academy of Sciences E1G707R078 (to Y.Z.),
and the National Institutes of Health (NIH) grants 1R03TR003306-01 and
1R35GM128641 (to C.Z.).

Author contributions

Y.Z. designed and screened the expression constructs of FPR1 and FPR2, optimized the
protein complexes purification conditions, prepared protein samples of FPR1-fMLFII-G;-
scFv16 and FPR2-fMLFII-G;-scFv16 complexes for cryo-EM data collection, prepared and
screened the cryo-EM grids. J.G. prepared protein samples of FPR2-CGEN-855A-G;-scFv16
and FPR2-Compound 43-G;-scFv16 complexes for cryo-EM data collection, determined the
structures of FPR2-fMLFII-G;-scFv16 and FPR2-Compound 43-G;-scFv16 complexes. Y.Z.
performed data acquisition and structure determination of FPR1-fMLFII-G;-scFv16 and
FPR2-CGEN-855A-G;-scFv16 complexes, participated in the data processing of FPR2-
Compound 43-G;-scFv16 complexes. Y.W. and W.L. assisted in protein sample preparation.
L.W. performed cAMP assays and assisted in protein expression and purification. L.W.,
D.S., and C.Z. modeled and refined all structures. C.Z. and H.E.X. jointly supervised the
research. C.Z. and L.W. wrote the manuscript with help from Y.Z. and HEX.

Competing interests
C.Z. serves as a consultant for Biogen. The remaining authors declare no competing
interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-022-28586-0.

Correspondence and requests for materials should be addressed to H. Eric Xu or Cheng
Zhang.

Peer review information Nature Communications thanks Ching-Ju Tsai and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

12 | (2022)13:1054 | https://doi.org/10.1038/s41467-022-28586-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-022-28586-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Molecular recognition of formylpeptides and diverse agonists by the formylpeptide receptors FPR1 and FPR2
	Results
	Cryo-EM structure determination and overall structures
	Conserved Gi-coupled modes for FPR1 and FPR2
	Recognition of formylpeptides by FPR1 and FPR2 and receptor activation
	Structural differences in the ligand-binding pockets of FPR1 and FPR2
	Molecular basis for the action of peptide and non-peptide FPR2 agonists

	Discussion
	Methods
	Construct design
	Expression and purification of the FPRs-Gi signaling complexes
	Cryo-EM grid preparation and data acquisition
	Image processing and 3D reconstruction
	Model building, structure refinement, and figure preparation
	cAMP accumulation assays

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




