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Receptor-specific recognition of NPY peptides revealed 
by structures of NPY receptors
Tingting Tang1,2†, Qiuxiang Tan2†, Shuo Han2†, Anne Diemar3†, Kristin Löbner3, 
Hongyu Wang2,4, Corinna Schüß3, Victoria Behr3, Karin Mörl3, Mu Wang2,5, Xiaojing Chu2, 
Cuiying Yi2, Max Keller6, Jacob Kofoed7, Steffen Reedtz-Runge7, Anette Kaiser3*,  
Annette G. Beck-Sickinger3*, Qiang Zhao2,4,8*, Beili Wu1,2,4,5*

In response to three highly conserved neuropeptides, neuropeptide Y (NPY), peptide YY, and pancreatic polypeptide 
(PP), four G protein–coupled receptors mediate multiple essential physiological processes, such as food intake, 
vasoconstriction, sedation, and memory retention. Here, we report the structures of the human Y1, Y2, and Y4 
receptors in complex with NPY or PP, and the Gi1 protein. These structures reveal distinct binding poses of the 
peptide upon coupling to different receptors, reflecting the importance of the conformational plasticity of the 
peptide in recognizing the NPY receptors. The N terminus of the peptide forms extensive interactions with the Y1 
receptor, but not with the Y2 and Y4 receptors. Supported by mutagenesis and functional studies, subtype-specific 
interactions between the receptors and peptides were further observed. These findings provide insight into key 
factors that govern NPY signal recognition and transduction, and would enable development of selective drugs.

INTRODUCTION
Neuropeptide Y (NPY), peptide YY (PYY), and pancreatic polypeptide 
(PP) are 36-residue C-terminally amidated neuropeptides that share 
a similar sequence (1, 2). Despite recognizing the same set of peptide 
agonists, the NPY receptors differ in their ligand-binding preference 
(3). The Y4 receptor (Y4R) is the only member of this family, with 
PP as its most potent endogenous agonist, whereas the preferred 
agonists for the Y1 receptor (Y1R), Y2 receptor (Y2R), and Y5 receptor 
(Y5R) are NPY and PYY. The poor sequence identity (27 to 32%) 
between these three receptors makes them the most divergent 
heterotrimeric guanine nucleotide-binding protein (G protein)–
coupled receptors (GPCRs) that interact with the same family of 
homologous peptide ligands (2, 4). This suggests receptor-specific 
recognition of the NPY peptides. Y1R and Y4R require the full-
length N terminus of NPY for full agonist activity, while Y2R can 
bind N-terminally truncated NPY and PYY with high affinity and 
Y5R accepts peptides with deletion of the first residue (5). Further-
more, Y1R appears to form interactions with more residues at the 
peptide C terminus than Y2R (6). These findings suggest diversity of 
the NPY binding mode at its receptors, which is essential for under-
standing the molecular mechanisms of signal recognition and 
transduction of the NPY system and provides the molecular basis 
for developing selective drugs that target different NPY receptors. 
However, the molecular details that define the distinct recognition 
patterns between the receptors and peptides remain unknown.

The NPY receptors are largely involved in appetite regulation but 
differ in their physiological roles. Y1R and Y5R exert an appetite- 
stimulating effect (7), while Y2R and Y4R inhibit food intake (8, 9). 
Many efforts have been made to develop drugs to treat obesity by 
regulating this system (10, 11), and several peptide ligands with im-
proved selectivity have been developed (12–14). However, the design 
of efficient and stabilized drugs, including small-molecule agonists, 
is limited by the lack of structural understanding, in particular re-
garding the subtle conformational changes in the C-terminal region 
of the peptide (15, 16) and the unclear role of the peptide N terminus. 
To provide molecular details that define the recognition of NPY by 
different NPY receptors and to enable structure-based drug design, 
we determined the structures of both Y1R and Y2R in complex with 
NPY and heterotrimeric Gi1 protein as well as Y4R bound to PP and 
Gi1 using cryo–electron microscopy (cryo-EM) single-particle analysis. 
Combined with binding and functional studies, the structures offer 
structural and mechanistic insights into NPY signal recognition 
and transduction.

RESULTS AND DISCUSSION
Active structures of Gi1-bound YRs
To facilitate expression and purification of the NPY peptide– and 
Gi1-bound YR complexes, a hemagglutinin (HA) signal peptide and a 
Flag epitope tag were added to the N termini of the receptors, and the 
C-terminal residues (R341-I384 in Y1R; S354-V381 in Y2R; S343-I375 
in Y4R) were replaced with a twin-strep-tag. Functional assays demon-
strate that these modifications have little effect on receptor signaling 
(table S1). The NPY-Y1R-Gi1, NPY-Y2R-Gi1, and PP-Y4R-Gi1 struc-
tures were determined with an overall resolution of 3.2, 3.4, and 3.0 Å, 
respectively (Fig. 1, fig. S1, and table S2). The resulting density maps 
allowed unambiguous modeling of side chains for most of the resi-
dues in the receptors, peptide agonists, and G protein in the three 
structures, except for the residues 10 to 12 in the middle linker region 
of NPY and PP, which lack contact with the receptors (fig. S2).

Upon binding to the NPY peptide and Gi1, Y1R, Y2R, and Y4R are 
structurally similar with C root mean square deviation of 1.3 Å 
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(Y1R versus Y2R) and 1.6 Å (Y1R versus Y4R). The receptors share 
common structural features with the previously determined active 
structures of class A GPCRs (Fig. 1). Because of a spatial hindrance 
caused by the agonist, the highly conserved “toggle switch” (17) resi-
due W6.48 [superscript on residue indicates Ballesteros-Weinstein 
nomenclature (18)] in the three receptors displays a rotamer con-
formational change, with its side chain shifting toward the receptor 
intracellular surface compared to that in our previously determined 
antagonist-bound structures of Y1R (16) and Y2R (fig. S3, A to C) 
(19). This shift forces another conserved residue F6.44 to move away 
from the central axis of the receptor helical bundle and further triggers 
an outward movement of the intracellular half of helix VI, which is 
required for G protein binding.

Comparison of the active and inactive structures of YRs reveals 
a structural rearrangement in the intracellular region of the recep-
tors, including the signature outward shift of helix VI (~9 Å) and 
an inward movement of helix VII (~4 Å), which generate a binding 
cavity for the G protein (fig. S3, D to F). The three NPY/PP-YR-Gi1 
structures and other Gi-bound class A GPCR structures (20–24) ex-
hibit a similar binding pocket to accommodate the  subunit of Gi, 
where the backbone conformations overlay for both the receptor 
helical bundle and the C terminus of the 5 helix in Gi (fig. S3H). 
In contrast to the similar positioning of the 5 C terminus, the 
N terminus of this helix shifts toward the third intracellular loop 
(ICL3) of the receptor in the NPY-Y2R-Gi1 structure relative to the 

Y1R and Y4R complexes. This positional difference is accompanied 
by a translational movement of the rest of the G subunit and the 
G and G subunits (fig. S3G).

Binding site of NPY peptides in YRs
In the structures of NPY-Y1R-Gi1, NPY-Y2R-Gi1, and PP-Y4R-Gi1, 
the agonists NPY and PP occupy a large binding pocket shaped 
by the extracellular loops and helices II to VII of the receptors 
(Fig. 2, A to F; fig. S4; and table S3). The peptide ligands adopt a 
hairpin-like fold with the unstructured N terminus (residues 1 to 10) 
and the  helix (residues 14 to 31) in the C-terminal region running 
antiparallel. The unstructured C-terminal pentapeptide T32-Y36 in 
the peptides, which is essential for binding to all NPY receptors 
(2, 25), penetrates into the ligand-binding pocket within the receptor 
transmembrane helical bundle (Fig. 2, A to C). The -helical region 
leans against the receptor N terminus and makes extensive contacts 
with the second and third extracellular loops (ECL2 and ECL3), 
while the peptide N terminus points toward the extracellular tip of 
helix V (Fig. 2, D to F).

The hairpin-like fold that PP adopts in the PP-Y4R-Gi1 complex 
is similar to the previously determined crystal structure of PP, which 
is the so-called “PP-fold” (26). However, this fold was clearly not 
observed for NPY, either in solution or in the lipid-bound state by 
nuclear magnetic resonance (NMR)–based (27, 28), electron para-
magnetic resonance (EPR)–based (29), or fluorescence resonance 
energy transfer (FRET)–based studies (30); accordingly, this con-
formation of NPY is enforced only in the respective receptor binding 
pockets. Despite distinct binding modes and the different functional 
significance of the peptide N terminus for the NPY peptide binding 
to Y1R, Y2R, and Y4R as discussed below, residues P2 to P8 of the 
peptides form extensive contacts with the segment Y20-I31 in the  
helix, mainly through hydrophobic interactions between three pro-
lines, P2, P5, and P8, and two aromatic residues, Y20 and Y27 
(Fig. 2, A to C). Previously reported reductions in the binding affin-
ity for the alanine variants of these prolines (31) and tyrosines (2, 5) 
suggest that the intra-peptide interactions, which stabilize the 
hairpin-like fold of the NPY peptides, are essential for high-affinity 
binding of the peptide agonists to the NPY receptors.

Although Y1R, Y2R, and Y5R are structurally divergent, with 
only 27 to 32% sequence identity, these receptors bind NPY with 
(sub)nanomolar affinities, suggesting that the peptide ligand may 
adopt distinct conformations upon binding to different receptors 
(5). The structures of NPY-bound Y1R and Y2R reveal different bind-
ing poses of NPY. The largest variation occurs at the N terminus of 
the peptide agonist. When bound to Y2R, the peptide N terminus 
stacks on top of the C-terminal region of ECL2, while in contrast, 
the N terminus of NPY shifts toward ECL3 and binds deeper within 
the helical bundle in Y1R (Fig. 2, A, B, D, E, and G). Furthermore, the 
 helix in the peptide C-terminal region rotates counterclockwise 
(extracellular view) by about 45° and moves closer to the receptor 
N terminus and ECL3 in the NPY-Y1R-Gi1 structure relative to the 
NPY-bound Y2R structure (Fig. 2G). Close inspection of the two struc-
tures revealed a spatial hindrance caused by the extra one-turn helix 
of residues D181-Q185 in ECL2 of Y1R, which pushes the N terminus 
and the -helical segment around residue Y27 of NPY away from 
ECL2 (Fig. 2G). In addition, the replacement of the Y2R residue 
Y3037.31 with H2987.31 in Y1R, which has a smaller side chain, fur-
ther facilitates the movement of the peptide toward ECL3 (Fig. 2H). 
In contrast to the diverse binding behaviors of the N-terminal region 

Fig. 1. Structures and cryo-EM maps of NPY/PP-YR-Gi1 complexes. (A) Structure 
of the NPY-Y1R-Gi1 complex. Y1R, NPY, Gi1, G, and G are colored blue, purple, 
light green, gray, and light cyan, respectively. (B) Structure of the NPY-Y2R-Gi1 com-
plex. Y2R, NPY, Gi1, G, and G are colored orange, green, light green, gray, and 
light cyan, respectively. (C) Structure of the PP-Y4R-Gi1 complex. Y4R, PP, Gi1, G, 
and G are colored cyan, yellow, light green, gray, and light cyan, respectively. The 
structures are shown in cartoon representation. The disulfide bonds are shown as 
yellow sticks. (D to F) Cryo-EM maps of the NPY/PP-YR-Gi1 structures, colored 
according to chains. (D) NPY-Y1R-Gi1; (E) NPY-Y2R-Gi1; (F) PP-Y4R-Gi1.
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and  helix of NPY at Y1R and Y2R, the C terminus of the peptide 
agonist occupies a similar binding site at the bottom of the ligand- 
binding pocket in both receptors (Fig. 2, A and B). These observa-
tions demonstrate that NPY is structurally flexible and can adapt to 
different receptors by adjusting its conformation.

Compared to NPY at Y1R and Y2R, the closely related peptide PP 
adopts a similar binding pose upon binding to Y4R, with its C ter-
minus occupying a similar binding site within the transmembrane 
helical bundle and the N terminus aligning well with that of NPY in 
Y1R (Fig. 2, C, F, and I). Despite these similarities, the N-terminal 
loop and  helix of PP slightly shift toward ECL3, which is associated 
with an inward movement of ECL2 in Y4R (Fig. 2I). This difference 
further highlights the diversity of the NPY peptide binding mode.

Validation of NanoBRET-based binding assays for Y1R, 
Y2R, and Y4R
To investigate the ligand-binding behavior of the YRs, we carried 
out a ligand-binding assay by means of a recently developed 

NanoBRET-based methodology (32, 33), using a nanoluciferase fused 
to the N terminus of the receptor as energy donor, and a fluorophore- 
tagged peptide ligand as acceptor. This provides a homogeneous, 
wash-free assay setup that can directly report about ligand affinities 
over many orders of magnitude and at the same time is sensitive to 
conformational changes in the binding pocket. We verified the wild 
type–like properties of the tagged peptide and receptor constructs 
by cross-validation using receptor activation assays and radioligand 
binding (table S4). Two clearly separated affinity states for the pep-
tide binding to the receptors were observed (fig. S5). We confirmed 
that the biphasic nature of the binding curves is not an artefact of 
peptide labeling by repositioning of the fluorophore (fig. S5, A, E, 
and I). The two affinity states for the fluorophore-labeled NPY at 
Y1R had similar bioluminescence energy transfer (BRET) windows 
and dissociation constants of KD,1 = 4.0 nM and KD,2 = 126 nM, re-
spectively (fig. S5A and table S4). For Y2R, the affinity differences 
were even more pronounced with a high-affinity, but very low-
BRET state with KD,1 of 0.12 nM, and a low-affinity, but high-BRET 

Fig. 2. Binding site of NPY peptides in YRs. (A to C) Cutaway view of the NPY/PP-binding pocket in YRs. (A) The NPY-Y1R-Gi1 structure is shown in cartoon representation 
and colored blue (Y1R) and purple (NPY). The receptor is also shown as surface. (B) The NPY-Y2R-Gi1 structure is colored orange (Y2R) and green (NPY). (C) The PP-Y4R-Gi1 
structure is colored cyan (Y4R) and yellow (PP). (D to F) Extracellular view of the NPY/PP-binding pocket in YRs. (D) NPY-Y1R-Gi1; (E) NPY-Y2R-Gi1; (F) PP-Y4R-Gi1. (G and H) 
Comparison of the binding pose of NPY at Y1R and Y2R. (G) The red arrows indicate the conformational changes of the peptide N terminus and the peptide residue Y27 in 
the NPY-Y1R-Gi1 structure relative to the NPY-Y2R-Gi1 structure. The extra one-turn helix in ECL2 of Y1R, which induces the movement of NPY toward ECL3, is highlighted 
by a red dashed box. (H) The red arrow indicates the movement of the -helical region of NPY in the NPY-Y1R-Gi1 structure relative to the NPY-Y2R-Gi1 structure. The resi-
dues at position 7.31 (H7.31 in Y1R, Y7.31 in Y2R), which facilitate the movement of NPY, are highlighted by a red dashed box. (I) Comparison of the binding poses of NPY in 
Y1R/Y2R and PP in Y4R. The red arrows indicate the movements of the N terminus and -helical region of PP and the receptor ECL2 in the PP-Y4R-Gi1 structure relative to 
the NPY-Y1R-Gi1 and NPY-Y2R-Gi1 structures.
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state with KD,2 of 349 nM (fig. S5E and table S4). The high-affinity 
state at Y4R had a KD,1 of 18 nM, and the low-affinity state showed 
poor affinity of over 1 M in isolated membranes (fig. S5I). In intact 
cells, the population and thus the BRET window of the high-affinity 
state of Y4R were markedly increased with the KD,1 remaining similar 
(26 nM; fig. S5J), while binding behavior at Y1R and Y2R was very 
similar in isolated membranes and intact cells (fig. S5, A, B, E, and F). 
We therefore chose to measure ligand binding at isolated membranes 
for Y1R and Y2R, but in intact cells for Y4R.

We further looked into the characteristics of the two affinity states. 
For Y2R, we confirmed the specificity of the low-affinity binding by 
displacement assays with NPY and the antagonist JNJ-31020028 
(fig. S5, M and N). While JNJ-31020028 had essentially the same 
affinity (Ki) in both states, as expected for a neutral antagonist, the 
Ki of unlabeled NPY differed greatly when displaced from the high- 
and low-affinity states, respectively. We hence speculated that the G 
protein might allosterically stabilize the high-affinity state of Y2R 
and potentially act in a similar manner at Y1R and Y4R. To investi-
gate this, we measured ligand binding at receptor constructs carry-
ing a flavodoxin or T4 lysozyme (T4L) in their ICL3 that sterically 
blocks the access of the G protein (fig. S5, D, H, and L). These con-
structs had been developed before to crystallize Y1R (16) and Y2R 
(19) in complex with small-molecule antagonists. For Y4R, we 
generated six fusion constructs with different insertion sites. The 
Y2R-flavodoxin fusion construct was completely devoid of a high- 
affinity state (fig. S5G). At Y1R, the high-affinity state was markedly 
reduced for the ICL3-T4L fusion construct (wild type: 50 ± 4% of 
total netBRET; ICL3-T4L fusion construct: 29 ± 5% of total netBRET) 
and the Hill-Slope in a four-parameter model would approach unity 
(wild type: nH = 0.55 ± 0.03; ICL3-T4L fusion construct: nH = 0.73 ± 
0.03; fig. S5C), in agreement with the G protein being required to 
stabilize the high-affinity states at these receptors. In contrast, the 
G protein is not required to stabilize the high-affinity state of Y4R.  
Despite that all tested fusion constructs were unable to activate the 
G protein (fig. S5L), ligand binding was only marginally affected (fig. S5K), 
suggesting that another cytosolic protein enhances high-affinity bind-
ing to Y4R in intact cells over isolated membranes (fig. S5, I and J). 
We hence suggest that NPY initially binds with a moderate affinity 
of over 100 nM to the extracellular region of Y1R and Y2R as dis-
cussed below, and the affinity of the peptide is then enhanced by 
adopting the structurally observed, deep binding pose, which is sta-
bilized by G protein coupling. At Y4R, high-affinity binding of PP is 
possible without allosteric stabilization of the G protein.

Different binding modes of the NPY N terminus
It has been well known that the N terminus of the NPY peptide 
contributes differently to the binding of the peptide to the different 
NPY receptor subtypes (2, 5). However, the molecular details that de-
fine the various binding modes of the peptide N-terminal region have 
remained unknown. In the NPY-Y2R-Gi1 structure, the N-terminal 
half of NPY makes only a few contacts with the receptor. Residue 
Y1 of NPY approaches the C-terminal region of ECL2 in Y2R, with 
its positively charged N-terminal amino group adjacent to the resi-
dues E210 and E211 at the hinge region between the -hairpin of 
ECL2 and helix V (Fig. 3B). Additional interactions are observed for 
the NPY residues P5 and P8, which form hydrophobic contacts with 
residues I194 and I195 in ECL2, respectively. This was supported by 
mutagenesis of the residue I194 [which also interacts with L24 in 
the  helix of NPY (see below)], which reduced the potency of NPY 

in inducing inositol phosphate (IP) accumulation by 15-fold when 
replaced by asparagine (15). However, mutagenesis of residues I195, 
E210, and E211 to alanine did not measurably impede signaling of 
Y2R (Fig. 3N and table S1) or reduce high-affinity binding (Fig. 4D, 
fig. S6, and table S4), suggesting that these interactions are not crit-
ical for function. This is consistent with the high dynamics of both 
the N-terminal part of NPY and the surrounding receptor regions, 
which is reflected by the relatively low local resolution in this region 
(figs. S2B and S3J). Except for these weak interactions, the N-terminal 
segment and middle region of NPY (residues Y1 to Y20) lack contact 
with the receptor (fig. S4, D and E, and table S3). These structural 
features align well with previous findings that the N-terminally 
truncated NPY analogs, NPY(3–36), NPY(13–36), NPY(18–36), and 
even NPY(22–36), can bind to Y2R with subnanomolar affinity (5).

In contrast to the poor contribution of the N terminus of NPY to 
Y2R binding, the N-terminal residues of the peptide play a crucial 
role in mediating Y1R coupling. This was reflected by a more than 
50-fold reduction of affinity and activity, respectively, of the trun-
cated analogs NPY(2–36) and NPY(3–36) at Y1R (16, 31). The 
N-terminal part of NPY is very well defined in its structural posi-
tion as judged by the local resolution of the cryo-EM map and 
three-dimensional (3D) variability analysis of the cryo-EM data, 
which shows less motions of the peptide N terminus and neighbor-
ing receptor regions in the Y1R complex than in the Y2R complex, 
suggesting limited dynamics of this region in contrast to that at Y2R 
(figs. S2A and S3I and movie S1). The residue Y1 of NPY forms 
extensive contacts with the receptor in the NPY-bound Y1R struc-
ture. It lies in a small cavity formed by ECL2 and the extracellular 
tips of helices V and VI of the receptor, with its positively charged 
N-terminal amino group forming a salt bridge with the acidic resi-
due D2055.32 in helix V and the side-chain hydroxyl making an ad-
ditional polar contact with the side chain of D200 in ECL2 (Fig. 3A). 
Furthermore, the bulky side chain of the Y1 residue makes hydro-
phobic contacts with the side chains of F199, R2085.35, and F2866.58 
(Fig. 3A). The importance of these interactions for peptide agonist 
recognition is supported by our mutagenesis studies, in which the 
alanine replacements of F199, D200, and F2866.58 decreased NPY 
potency by 4- to 20-fold in the IP accumulation assay (Fig. 3M and 
table S1). The functional contribution of the key residues within the 
NPY binding pocket of Y1R and Y2R was further investigated using 
the NanoBRET-based binding assay. We focused on changes in the 
high-affinity state, as this likely reflects the functional role of these 
residues in stabilizing the G protein binding and signaling as out-
lined above. Using this assay, a reduced BRET window (BRETmax) 
of the high-affinity state was observed for the Y1R mutants D200A, 
R2085.35A, and F2866.58A (Fig. 4A, fig. S6, and table S4), suggesting a 
destabilization of the high-affinity peptide–receptor–G protein 
complex. These data further underline the importance of the interac-
tions between Y1R and the N terminus of NPY in stabilizing the 
peptide in a proper binding pose that is essential for full agonist 
activity.

Previous investigation of centrally truncated or structurally con-
strained analogs of NPY showed that a certain length between the 
N- and C-terminal fragments was required for retaining high-affinity 
binding to Y1R (34). This could be explained by the importance of 
the relative positioning of the N and C termini of the peptide 
agonist in mediating the recognition between Y1R and NPY. In the 
NPY-Y1R-Gi1 structure, residues Y1 and P2 at the peptide N terminus 
connect to the C-terminal residues L30 and R33 using the receptor 
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residue F2866.58 as a “bridge” (Fig. 3D). These residues, located at the 
entrance to the narrow ligand-binding pocket that accommodates 
the C terminus of NPY, form an interaction core to cause the bind-
ing pocket to close and lock the peptide C terminus into its binding 
position. The residue F2866.58, which plays a major role in holding 
the interaction core together, was found to be important for peptide 
agonist binding, with its alanine mutation leading to a marked loss 
of NPY and PYY binding (35–37). These findings indicate that the 
N terminus of NPY plays a critical role in stabilizing the optimal 
contacts between Y1R and the agonist through its interactions with 
the receptor and peptide C terminus.

Comparison of the NPY-bound Y1R and Y2R structures reveals 
that most of the key Y1R residues within the binding site for the 
NPY residue Y1 are not conserved in Y2R (Fig. 3E). D2055.32 is sub-
stituted by a serine in Y2R, which abolishes the ionic interaction 
with the positively charged peptide N terminus. The Y1R residues 
F199, R2085.35, and F2866.58 that provide a binding cavity for the 
bulky side chain of Y1 are replaced with residues having short side 
chains, T204, G2165.35, and V2916.58, in Y2R. These differences 
exclude the possibility of the same site in Y2R accommodating the 
N terminus of NPY and result in a more open binding pocket for 
the peptide C terminus (Fig. 3E). Furthermore, the Y2R residues 
G209-K212 at the hinge region between the -hairpin of ECL2 and 

helix V form a protrusion, which potentially prevents the entrance 
of the peptide N terminus into the ligand-binding pocket within the 
receptor helical bundle (fig. S7A). Such a protrusion of ECL2 is ab-
sent in Y1R, allowing deep access of the N terminus of NPY.

Similar to Y1R, Y4R also lacks the bulge in ECL2 and allows the 
N terminus of the peptide agonist to reach a binding site similar to 
that in Y1R (fig. S7A). However, the N-terminal residue A1 of PP 
forms only limited contacts with Y4R (Fig. 3C and table S3). As ob-
served in Y2R, the resolution of the cryo-EM map is relatively low at 
this site in Y4R and PP, consistent with greater structural flexibility 
and a less defined interaction network (figs. S2C and S3K), which 
are further reflected by the 3D variability analysis of the cryo-EM 
data that shows large motions in this region of the Y4R complex 
(movie S1). This is in line with the limited functional impairment of 
the N-terminally truncated PP(2–36) at Y4R (38). In addition, this 
site in Y4R would not provide a strong binding environment for the 
N-terminal residue Y1 of NPY, as the Y1R residue D2055.32 is re-
placed with an alanine in Y4R and the two bulky Y1R residues F199 
and F2866.58 are replaced with T202 and E2886.58, respectively 
(Fig. 3F). Furthermore, the N-terminal peptide residues play an 
important role in the natural selectivity of Y1R against PP. While 
Y1R tolerates exchanges in the C-terminal part of NPY to the corre-
sponding PP residues (mainly Q34P, see below), contributions of 

Fig. 3. Interactions between YR and the N terminus and -helical region of the NPY peptide. (A to C) Interactions between YR and the N-terminal residue Y/A1 of the 
NPY peptide. The salt bridges and hydrogen bonds are shown as red and green dashed lines, respectively. (D to F) Binding site for the N terminus of the NPY peptide in 
the YRs. The receptors are shown in both cartoon and surface representations. (G to L) Interactions between the NPY peptide and the extracellular loops of the YRs. (A, D, 
G, and J) NPY-Y1R-Gi1; (B, E, H, and K) NPY-Y2R-Gi1; (C, F, I, and L) PP-Y4R-Gi1. (M to O) NPY/PP-induced IP accumulation of YRs. (M) Y1R mutants; (N) Y2R mutants; (O) Y4R 
mutants. Bars represent differences in calculated peptide potency (pEC50) for each mutant relative to the wild-type (WT) receptor. Data are colored according to the extent 
of effect (EC50 ratio). Data are means ± SEM from at least three independent experiments performed in technical triplicate. *P < 0.01; ***P < 0.0001 by one-way analysis of 
variance followed by Dunnett’s post-test, compared with the response of the WT receptor. See table S1 for detailed statistical evaluation and expression level. The mu-
tants on the left side of the dashed line are for the receptor residues involved in interaction with the N-terminal residue Y1/A1 of the NPY peptide, while the mutants on 
the right side are for the residues from the receptor extracellular loops.
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Y1 and K4 of NPY are essential for receptor activation, and the cor-
responding residues in PP (A1 and E4) are not tolerated. The posi-
tively charged residue K4 of NPY is within interaction distance of 
E182 in ECL2 of Y1R, while the acidic residue E4 in PP forms salt 
bridges with H185 and H188 in Y4R. Swapping E4 of PP with K4 of 
NPY markedly improved the peptide potency at Y1R [PP, median 
effective concentration (EC50) = 96 nM; K4-PP, EC50 = 12 nM; table S1]. 
This is further enhanced when reintroducing the large hydrophobic/
aromatic Y1 into PP to enable proper engagement into the binding 
cavity of Y1R (Y1,K4-PP, EC50 = 3.1 nM, potency comparable to NPY 
at Y1R; table S1). These observations further support the receptor- 
specific binding of the N terminus of the NPY peptide at different 
YRs and provide insight into key factors that govern the distinct 
interaction modes in this region.

Extracellular loops of YRs mediate NPY peptide recognition
In the NPY peptide–bound YR structures, the N terminus and extra-
cellular loops of the receptor comprise 40 to 61% of the binding inter-
face for the peptide agonist (Y1R-NPY: 510 Å2, 1283 Å2 in total; 
Y2R-NPY: 685 Å2, 1216 Å2 in total; Y4R-PP: 865 Å2, 1416 Å2 in total). 
Among the extracellular loops, ECL2 contributes most of the surface 
area to peptide binding. In all three structures, the hairpin structure 
of the receptor ECL2 stands upward, with its residues (P183, F184, 
Y192, V197, and F199 in Y1R; I192, I194, F198, I200, and A202 in 
Y2R; F184, H188, A191, L192, and T202 in Y4R) forming a hydro-
phobic core with a patch consisting of residues L24, Y27, I28, and 
I/L31 in the  helix of NPY and PP (Fig. 3, G to I), which greatly 
strengthens the binding between the peptide C-terminal region and 
the receptor. This agrees with previous NMR and mutagenesis studies, 

A

G

D

B C

E F

H I

0.05

Log c, K18(TAMRA)-NPY [M]

0.00

0.01

0.02

0.03

0.04

-12 -11 -10 -9 -8 -7 -6 -5

Y1R
WT

n
et

B
R

E
T

R2085.35A
D200ECL2A

F2866.58A

-5

0.00

0.01

0.02

0.03

0.04

0.05

-12 -11-10 -9 -8 -7 -6

Y1R
WT

Log c, K18(TAMRA)-NPY [M]

n
et

B
R

E
T

D1042.68A
F184ECL2A

0.00

0.01

0.02

0.03

0.04

0.05

-12 -11-10 -9 -8 -7 -6 -5

Y1R
WT

Log c, K18(TAMRA)-NPY [M]

n
et

B
R

E
T H3067.39A

T972.61A
Q1203.32A

Q2195.46A

0.000

0.002

0.004

0.006

-12-11 -10 -9 -8 -7 -6 -5

0.01
0.02
0.03
0.04

Y2R
WT
E210ECL2A
E211ECL2A

Log c, K18(TAMRA)-NPY [M]

n
et

B
R

E
T

0.000

0.002

0.004

0.006

-12 -11-10 -9 -8 -7 -6 -5

0.01
0.02
0.03
0.04

Y2R
WT

Log c, K18(TAMRA)-NPY [M]

n
et

B
R

E
T

I200ECL2A
I194ECL2A

D299ECL3A

0.000

0.002

0.004

0.006

-12 -11 -10 -9 -8 -7 -6 -5

0.01
0.02
0.03
0.04

Y2R
WT

Log c, K18(TAMRA)-NPY [M]

n
et

B
R

E
T

L2275.46A
H3117.39A
Q1303.32A
T1072.61A

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

-11 -10 -9 -8 -7 -6 -5

 Y4R

Log c, K22(TAMRA),Nle17,30-PP [M]

n
et

B
R

E
T L192ECL2A

F184ECL2A
WT

H188ECL2A

-5

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

-11 -10 -9 -8 -7 -6

 Y4R

Log c, K22(TAMRA),Nle17,30-PP [M]

n
et

B
R

E
T

WT
D1052.68A
N3017.32A

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

-11 -10 -9 -8 -7 -6 -5

 Y4R

Log c, K22(TAMRA),Nle17,30-PP [M]

n
et

B
R

E
T

WT
T982.61A
Q1213.32A
H3087.39A
Q2225.46A

Fig. 4. NanoBRET binding assays of YRs. (A to C) NanoBRET binding assay measuring K18(TAMRA)-NPY binding to Nluc-Y1R mutants in isolated cellular membranes. The 
G protein–stabilized high-affinity state is indicated by a dashed box and is populated less in the Y1R mutants. (D to F) NanoBRET binding assay measuring K18(TAMRA)-NPY 
binding to Nluc-Y2R mutants in isolated cellular membranes. The G protein–stabilized high-affinity state is indicated by a dashed box and is populated less in many Y2R 
mutants except for E210ECL2A, E211ECL2A, and D299ECL3A. (G to I) NanoBRET binding assay measuring K22(TAMRA),Nle17,30-PP binding to Nluc-Y4R mutants in intact cells. 
Mutant receptors have markedly reduced binding affinities. All NanoBRET data are shown as means ± SEM from at least three independent experiments performed in 
technical triplicate. Table S4 provides detailed numbers of independent experiments (n).
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which suggested that the hydrophobic face of the NPY  helix is 
tethered to ECL2 of Y2R through hydrophobic contacts mainly with 
I194 and I200 (15). Furthermore, the hydrophobic contacts of F184 
and F199 (Y1R), I200 and A202 (Y2R), and F184, H188, and L192 
(Y4R) in ECL2 to the  helix of the NPY peptides proved to be func-
tionally important, being reflected by a 4- to 45-fold reduction of 
the NPY peptide potency in inducing IP accumulation for the 
corresponding alanine or tryptophan mutants (Fig. 3, M to O, and 
table S1). This was further corroborated by a 6- to 25-fold reduced 
affinity of PP at the Y4R mutants F184A, H188A, and L192A in the 
NanoBRET binding assay (Fig. 4G, fig. S6, and table S4). Similarly, 
high-affinity binding of NPY was not detectable for the Y1R mutant 
F184A and severely reduced for the Y2R mutants I194A and I200A 
(Fig. 4, B and E; fig. S6; and table S4).

In contrast to the common hydrophobic interaction core formed 
by the receptor ECL2 and the  helix of the NPY peptide, the pep-
tide residue R25 displays receptor-specific polar interactions with 
the three receptors (Fig. 3, J to L). In Y2R, the basic side chain “bends 
away” from the ligand-binding pocket and forms a salt bridge with 
the acidic residue D299 in ECL3 (Fig. 3K), whereas this interaction 
is not possible in the Y1R and Y4R complexes because of the substi-
tutions by noncharged residues at this position in ECL3 of these 
receptors. Instead, the side chain of R25 shifts toward the N terminus 
and ECL1 and is within interaction distance of E29, D32, and D1042.68 
in Y1R and D36 and D1052.68 in Y4R, respectively (Fig. 3, J and L). 
The peptide residue R25 does not contribute much to receptor acti-
vation at any of the three receptors (39), although peptides carrying 
an R25A mutation have a moderately decreased binding affinity (5) 
supporting these contacts. Similarly, its counterpart D299 in Y2R can 
be mutated to alanine without measurable loss of function (Figs. 3N 
and 4E and tables S1 and S4). However, in Y1R and Y4R, the residue 
D2.68 in the junction between helix II and ECL1 was suggested to be 
important for NPY and PYY binding by previous mutagenesis studies 
(35, 40). The importance of this acidic residue for receptor activation 
was further confirmed in the present study, demonstrating that the 
mutation D2.68A reduced the agonistic activity of the NPY peptides in 
inducing IP production at Y1R and Y4R by 22- and 538-fold, respectively 
(Fig. 3, M and O, and table S1), and resulted in a complete loss of the 
high-affinity binding state of NPY at Y1R and PP at Y4R (Fig. 4, B and H; 
fig. S6; and table S4). In contrast, the corresponding residue in Y2R, 
G1142.68, precludes this ionic interaction with the peptide.

In addition to stabilizing the high-affinity peptide binding, the 
receptor extracellular region may also have a role in mediating ini-
tial receptor-peptide recognition. This hypothesis is supported by an 
estimated four- to sixfold decrease in affinity for the low-affinity bind-
ing of NPY to the Y2R mutants I194A and I200A in the NanoBRET 
assay (wild type, KD,2 = 349 nM; I194A and I200A, KD,2 ≥ 1 M; 
Fig. 4E), which was the strongest effect on the low-affinity state 
among all tested positions of Y2R. At Y1R, we observed an estimated 
fourfold reduced affinity in the low-affinity state for the alanine 
replacement of the residue D1042.68A (wild type, KD,2 = 126 nM; 
D1042.68A, KD,2 ≥ 500 nM; Fig. 4B). Furthermore, previous comple-
mentary mutagenesis studies of Y1R demonstrated direct contacts 
between L30 of NPY and I293 in ECL3 of the receptor and between 
the NPY residue R33 and N2997.32 in the extracellular tip of helix VII 
(16). Similarly, in Y4R, the residue N3017.32 has also been suggested 
to interact with R33 of PP (41). These interactions do not engage 
in the structurally observed, “final” high-affinity binding pose, but 
likely mediate the initial recognition process.

Receptor-specific recognition of the peptide C terminus
The pentapeptide T32-Y36 at the C terminus of NPY has been found 
to be of major importance for binding to all NPY receptors (2, 5). 
This fragment locates at the bottom of the ligand-binding pocket in 
the NPY peptide–bound YR structures, inserting into a narrow cavity 
shaped by helices II to VII (fig. S7B). Comparison with our recently 
determined structures of antagonist-bound Y1R (16) and Y2R (19) 
reveals overlapping binding sites for the peptide agonist and small- 
molecule antagonists. The side chains of R35 and Y36 in NPY overlay 
well with the argininamide side chain and the hydroxyphenyl group 
of the Y1R antagonist UR-MK299, while the NPY residue R33 occu-
pies a binding site similar to that of the diphenylacetyl moiety in the 
antagonist (fig. S7C). In contrast to the largely overlapping binding 
sites of the NPY C terminus and UR-MK299, the Y2R antagonist 
JNJ-31020028 only partially shares the binding site with NPY, with 
its fluorophenyl and piperazine groups overlaying with the C-terminal 
residue Y36 of the agonist (fig. S7D).

The positioning of the C-terminal residues R35-Y36-amide in 
NPY and PP is remarkably similar in all of the three structures (fig. 
S7B), which suggests a common mode for receptor activation by the 
crucial amidated residue Y36 sitting at the bottom of the ligand- 
binding pocket (Fig. 5, A to C). In all of the three NPY/PP-bound 
YR structures, a polar interaction network between the amide group 
of the NPY peptide and three receptor residues T2.61, Q3.32, and 
H7.39 was identified (Fig. 5, A to C). These three residues are highly 
conserved in all NPY receptors throughout evolution (42, 43), sug-
gesting that they may have similar key functions in all NPY receptor 
subtypes. Previous characterization of modifications of the amide 
group at the peptide C terminus showed a marked loss of binding 
affinity to Y1R, Y2R, and Y4R (38, 44, 45), underlining a crucial role 
of the amide in binding to the NPY receptors. There is only weak 
agonistic activity for the analog NPY-tyramide lacking the C-terminal 
amide at Y1R (45) and Y2R (15), implying that breaking the hydrogen- 
bond network between the peptide agonist and the three polar 
residues may preclude the conformational changes of the receptor 
required for receptor activation. Consistent with this finding, the 
mutations T2.61A, Q3.32A, and H7.39A in Y1R, Y2R, and Y4R markedly 
impaired the NPY/PP-induced receptor signaling (6- to 404-fold 
reduction of EC50), except for H3067.39A of Y1R (Fig. 5, J to L, and 
table S1). In the NanoBRET assay, these mutations substantially im-
paired the high-affinity binding of NPY/PP to the three NPY recep-
tors (Fig. 4, C, F, and I; fig. S6; and table S4), suggesting a reduction 
of the agonist binding affinity and/or a destabilization of the ternary 
complex, both of which result in limited signaling. Although the Y1R 
mutation H3067.39A had no influence on signal transduction, the 
binding curve for this mutant shows a changed binding behavior of 
the peptide agonist, since the BRET window is reduced in both the 
high- and low-affinity states compared to the wild-type Y1R. This 
suggests a change in the binding orientation of the ligand as well as 
a destabilization of the G protein interaction. However, the complex 
is still stable enough to induce the maximal G protein activation in 
our assay setup. Nonetheless, the changes in the BRET signal demon-
strate that this position influences binding of NPY to Y1R.

The bulky side chain of Y36 lies in a subpocket bordered by 
helices III to VI of the receptor (Fig. 5, A to C), directing its hydroxyl 
group toward helix V. In the NPY-Y1R-Gi1 and PP-Y4R-Gi1 com-
plexes, the side-chain hydroxyl moiety is engaged in a hydrogen 
bond with the receptor residue Q5.46 at the bottom of this subpocket 
(Fig. 5, A and C). The importance of this interaction in mediating 
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Y1R-agonist binding is supported by previous mutagenesis studies, 
in which removal of the hydroxyl group of Y36 reduced the binding 
affinity by 13-fold (25) and the mutation Q2195.46A in Y1R abolished 
peptide agonist binding (35). However, this hydrogen-bond inter-
action does not exist in the NPY-Y2R-Gi1 complex because of the 
hydrophobic replacement L2275.46 in Y2R. This difference in bind-
ing mode is consistent with the previous investigation of modifica-
tions of Y36, where replacing the side-chain hydroxyl group with 
electron-withdrawing substituents, which cannot participate in 
hydrogen bonding, greatly decreased agonist binding to Y1R and 
Y4R but had no effect on Y2R (46). Furthermore, it was observed 
in our mutagenesis studies that the alanine substitution at position 
5.46 reduced the NPY/pp potency in triggering IP production at 
Y1R and Y4R by 107-fold and 861-fold, respectively (Fig. 5, J and L, 
and table S1). This was further underlined by NanoBRET binding 
data that exhibit a similar trend, with the Y1R mutant Q2195.46A 
being devoid of a detectable high-affinity binding state and the cor-
responding Y4R mutant displaying an about 100-fold reduction of 
affinity (Fig. 4, C and I; fig. S6; and table S4). In contrast, the muta-
tion L2275.46A in Y2R showed a more limited effect on receptor func-
tion, with a 50% decreased BRETmax of the high-affinity binding 

(Fig. 4F, fig. S6, and table S4), yet an unchanged potency of NPY in 
inducing IP accumulation (Fig. 5K and table S1).

It has been found that size, position, and orientation of the side 
chain of Y36 are critical for binding to Y1R and Y4R, whereas Y2R 
was more tolerant for large size and conformational changes of the 
side chain (5, 46). These results suggest steric limitations of the 
binding site for Y36 in Y1R and Y4R. The three NPY/PP-YR-Gi1 
structures reveal a narrower binding cavity for Y36 in Y1R and Y4R 
than in Y2R, owing to the replacements of the Y2R residues G3.33, L4.60, 
S5.42, and L5.46 with bulkier residues in Y1R and Y4R, C3.33, F4.60, L5.42, 
and Q5.46 (fig. S7, E to G). Further reduction of the size of the bind-
ing pocket in Y1R and Y4R caused by introducing a tryptophan mu-
tation C3.33W or I/V3.36W led to an over 163-fold reduction of the 
NPY/PP potency in the IP accumulation assay (Fig. 5, J and L, and 
table S1). In contrast, the Y2R mutations G1313.33W and V1343.36W 
had a weaker effect on receptor signaling (8- to 28-fold reduction of 
EC50; Fig. 5K and table S1).

A previous alanine scan of NPY identified that two peptide resi-
dues R33 and R35 are the most important residues for Y1R, Y2R, and 
Y4R binding, with their alanine substitutions associated with an over 
170-fold decrease of binding affinity (5). Further complementary 

Fig. 5. Receptor-specific interactions between YR and the C terminus of the NPY peptide. (A to C) Interactions between YR and the peptide residue Y36. (D to F) Inter-
actions between YR and the peptide residues R33 and R35. (G to I) Interactions between YR and the peptide residues T32 and Q/P34. The salt bridges and hydrogen bonds 
are displayed as red and green dashed lines, respectively. (A, D, and G) NPY-Y1R-Gi1; (B, E, and H) NPY-Y2R-Gi1; (C, F, and I) PP-Y4R-Gi1. (J to L) NPY/PP-induced IP accumu-
lation of YRs. (J) Y1R mutants; (K) Y2R mutants; (L) Y4R mutants. Bars represent differences in calculated peptide potency (pEC50) for each mutant relative to the WT receptor. 
Data are means ± SEM from at least three independent experiments performed in technical triplicate. *P < 0.01; ***P < 0.0001 by one-way analysis of variance followed by 
Dunnett’s post-test, compared with the response of the WT receptor. See table S1 for detailed statistical evaluation and expression level. The mutants are divided into 
three groups using two dashed lines: left, mutants for the residues that interact with Y36 of NPY/PP; middle, mutants for the residues that interact with R33 and R35 of 
NPY/PP; right, mutant for the residue Y2.64 that interacts with T32 of NPY/PP.
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mutagenesis studies suggested subtype-specific interactions between 
these two basic residues and D6.59, a conserved NPY receptor resi-
due that has been confirmed to be critical for all subtypes binding to 
the NPY peptides (39) and displayed the most detrimental effect on 
receptor signaling among all mutants tested in the present study 
(Fig. 5, J to L, and table S1). It has been proposed that R35 interacts 
with D6.59 in Y1R and Y4R, while R33 is the binding partner of D6.59 
in Y2R and Y5R (39). In the NPY peptide–bound YR structures, R33 
and R35 form multiple polar and hydrophobic interactions with 
the receptor, but the interaction pattern varies between subtypes 
(Fig. 5, D to F).

In all the three structures, the peptide residue R35 is located at a 
very similar position between helices III and VI and forms a salt 
bridge with D6.59 (Fig. 5, D to F). In Y2R, R35 makes an additional 
ionic interaction with E205 in ECL2 on the other side of the binding 
pocket (Fig. 5E). In contrast, R33 forms an ionic contact with D6.59 
only in Y2R, while it is oriented more toward N6.55 and F6.54 in Y1R 
and Y4R, underlined by a marked loss of NPY/PP potency for the 
corresponding alanine mutants (Fig. 5, J and L, and table S1). This 
difference is likely due to a spatial hindrance caused by the bulky 
Y1R residue F2866.58 (V2916.58 in Y2R), which blocks the interaction 
between R33 and D6.59 in the Y1R-NPY complex (Fig. 5D). In Y4R, 
the corresponding residue E2886.58 also plays a role in hampering the 
contact of the PP residue R33 with D6.59 by constraining the confor-
mation of the basic peptide residue through a salt bridge (Fig. 5F). 
The interaction patterns between D6.59 and the peptide residues R33 
and R35 observed in the NPY/PP-YR-Gi1 structures agree with the 
previously proposed subtype-specific interactions (39, 44) except for 
the additional salt bridge between R35 and D6.59 in Y2R. The double 
salt bridges of R35 with D6.59 and E205 in Y2R are supported by previ-
ous mutagenesis studies showing a notable drop of NPY binding for 
the Y2R mutant E205A (39, 47) and the present study, where the 
mutation E205A was associated with a 23-fold drop of the NPY ac-
tivity in triggering receptor signaling (Fig. 5K and table S1). Residue 
N/Q6.55 appears to be another key residue for recognition of the NPY 
peptides, in particular for R33 (Fig. 5, D to F), highlighted by a marked 
decrease of potency of the NPY peptides for the N/Q6.55A mutants 
of Y1R, Y2R, and Y4R (Fig. 5, J to L, and table S1). This residue has 
also been previously identified as a key residue for small-molecule 
antagonist binding, serving as an important polar anchor (16, 35).

The residue T32 at the C-terminal region of NPY/PP has also proved 
important for binding to the NPY receptors. This is underlined by 
the loss of binding affinity of the NPY mutant T32A at Y1R, Y2R, 
and Y4R (5, 25). This residue is located at the position where 
the C-terminal pentapeptide unwinds from the regular  helix 
(fig. S7B). In all the three NPY peptide–bound YR structures, 
T32 in NPY and PP forms a contact with the receptor residue Y2.64 
(Fig. 5, G  to  I). This residue is conserved in the human Y1R, 
Y2R, and Y4R, but not in Y5R. While Y2.64 does not seem to make 
specific side-chain polar contacts with NPY or PP at any of the three 
receptors, its side chain closes off this subpocket toward helix III 
and its hydroxyl group forms a hydrogen bond with the main chain 
of the conserved cysteine residue in ECL2, thus stabilizing the 
fold in the extracellular region (Fig. 5, G to I). Consistent with this 
structural feature, Y2.64 appeared to be critical for peptide agonist 
binding to both Y1R and Y2R in several studies (35, 36, 47). In addi-
tion, the Y2.64A mutation substantially reduced the NPY/PP potency 
in triggering IP production at Y1R, Y2R, and Y4R (Fig. 5, J to L, and 
table S1).

The residue at position 34 of the NPY peptides is the only resi-
due showing variability in amino acid at the peptide C terminus 
(Q34 in NPY and PYY, and P34 in PP; fig. S3L) and has been pro-
posed as a key determinant introducing Y4R selectivity to PP over 
NPY and PYY (2). Previous mutagenesis studies displayed a distinct 
behavior of the Q34P-substituted analog of NPY upon binding to 
different YRs, which retained wild-type affinity at Y1R and improved 
binding to Y4R (2), but was not tolerated by Y2R (5), suggesting a 
diverse binding environment in this region of different receptors. 
However, the binding site for this peptide residue is largely con-
served in these three YRs, and only subtle changes direct the bind-
ing specificity. Owing to the close contacts of the  helix of NPY 
with ECL2 in Y2R and the interaction of R33 with D6.59, the C of 
Q34 is shifted toward the extracellular surface compared to that of 
NPY bound to Y1R (fig. S7B). This enables the Q34 side chain to 
extend into the binding pocket and make a polar interaction with 
the side chain of Q3.32 in Y2R (Fig. 5H). In contrast, the C position 
of Q34 deeper in the ligand-binding cavity of Y1R requires the side 
chain to “bend away” from Q3.32 to avoid a steric clash, thus pre-
cluding productive polar contacts (Fig. 5G). The C of P34 in PP is 
in an intermediate position at Y4R compared to that at Y1R and Y2R 
(fig. S7B). While the proline side chain also cannot form polar con-
tacts to Q3.32, it packs against helices II and VII stabilizing the rather 
stretched local conformation of the C terminus of PP (Fig. 5I). Ac-
cordingly, the exchange of Q34 in NPY by proline relieves the steric 
issue in the Y1R binding pocket and mimics the positioning of PP at 
Y4R, resulting in unchanged binding affinity (5, 12). The Q34G 
variant of NPY is also tolerated at Y1R but lacks the hydrophobic 
bulk packing against helices II and VII and may also enhance the 
local flexibility, explaining the 15-fold loss of binding affinity com-
pared to NPY at Y1R (12). The position 34 is also critical for the 
natural selectivity of Y2R against PP. The exchange of Q34 by pro-
line in PP leads to much less favorable binding interactions in the 
transmembrane pocket compared to NPY at Y2R. Reversing the 
corresponding residue in PP to the residue of NPY, however, en-
ables potent interactions of the resulting chimeric peptide with Y2R: 
Q34-PP is equipotent with NPY in activating this receptor (48). In 
summary, this work provides detailed molecular maps of the NPY 
peptides binding to different NPY receptors through subtype- 
specific interaction patterns, which considerably extend our knowl-
edge about ligand recognition and signal transduction of the 
NPY-YR system and lay a solid foundation for the development of 
drugs targeting this physiologically important GPCR family.

MATERIALS AND METHODS
Cloning and expression of YRs and Gi1
The human Y1R, Y2R, and Y4R genes were cloned into a modified 
pFastBac1 vector (Invitrogen) with a HA signal peptide and a Flag 
tag at the N terminus, and a PreScission protease site followed by a 
twin-strep-tag (WSHPQFEK-GGGSGGGSGGSA-WSHPQFEK) at 
the C terminus. To improve protein yield, the C termini of Y1R, Y2R, 
and Y4R were truncated after F340, V353, and Q342, respectively, 
using standard QuikChange polymerase chain reaction (PCR). The 
dominant-negative human Gi1 (DNGi1) was generated as previ-
ously described (20) by introducing four mutations, S47N, G203A, 
A326S, and E245A (for Y1R and Y2R), or five mutations, S47C, 
G202T, G203A, A326S, and E245A (for Y4R), to increase stability of 
the Gi heterotrimer. DNGi1 was also cloned into the modified 
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pFastBac1 vector. The human G1 and G2 were cloned into a 
pFastBac Dual vector (Invitrogen). Coexpression of the receptor 
(Y1R, Y2R, or Y4R), DNGi1, and G12 was conducted in HighFive 
insect cells (Invitrogen) using the Bac-to-Bac Expression System 
(Invitrogen). The HighFive insect cells were cultured in ESF 921 
serum- free medium (Expression Systems) at 27°C to a density of 
1.5  × 106 cells/ml and then coinfected with high-titer recombinant 
baculovirus (>108 viral particles per ml) of Y1R (or Y4R), DNGi1, 
and G12 at a multiplicity of infection (MOI) of 2:1:1, or Y2R, DNGi1, 
and G12 at an MOI of 1:1:1. The cell pellets were collected by 
centrifugation 48 hours after transfection and stored at −80°C 
until use.

Cloning, expression, and purification of scFv16
The gene of scFv16 was cloned into the modified pFastBac1 vector 
with a GP67 secretion signal peptide inserted to the N terminus and 
a PreScission protease site followed by an 8×His tag attached to the 
C terminus. The protein was expressed using the HighFive insect 
cells and was purified as previously described (22). The culture super-
natant was pH-balanced (20 mM tris-HCl, pH 8.0) and treated with 
1 mM NiCl2 and 5 mM CaCl2 at room temperature for 1 hour. 
Precipitates were then removed by centrifugation at 160,000g for 
30 min. The supernatant was incubated with Ni-NTA Superflow 
resin (Qiagen) in the presence of 5 mM imidazole at 4°C for 2 hours. 
The resin was washed with 20 column volumes of buffer A [20 mM 
Hepes (pH 7.5), 500 mM NaCl, and 10 mM imidazole] and 20 col-
umn volumes of buffer B [20 mM Hepes (pH 7.5), 100 mM NaCl, and 
10 mM imidazole]. The protein was then eluted with 10 column 
volumes of buffer B supplemented with 250 mM imidazole and 
flowed through a PD MiniTrap G-25 column (GE Healthcare) to 
remove the imidazole. After treatment with the His-tagged PreScission 
protease (custom- made) at 4°C overnight, the protein sample was 
incubated with Ni-NTA Superflow resin at 4°C for 1 hour to re-
move the cleaved C-terminal His tag and PreScission protease. The 
protein was further purified by size exclusion chromatography using 
a Superdex 75 10/300 GL column (GE Healthcare) to collect mono-
meric fractions of scFv16, and then the protein was concentrated to 
1 to 2 mg ml−1 and stored at −80°C until use.

Purification of NPY/PP-YR-Gi1 complexes
The cell pellets of Y1R-Gi1, Y2R-Gi1, or Y4R-Gi1 were thawed on ice 
and then suspended in a buffer containing 20 mM Hepes (pH 7.5), 
100 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl2, and protease inhibitors 
[4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) 
(10 g ml−1), E64 (50 g ml−1), aprotinin (50 g ml−1), and leupeptin 
(50 g ml−1)] using a dounce homogenizer. To enable NPY-YR-Gi1 
complex formation, the cell suspension was supplemented with 25 M 
NPY peptide (human NPY for Y1R and Y2R; human PP for Y4R), 
scFv16 (30 to 50 g ml−1) (only for Y1R and Y2R), 100 M tris(2- 
chloroethyl)phosphate (TCEP), and apyrase (50 mU ml−1) (NEB) 
and incubated at room temperature for 1.5 hours. The NPY-Y1R-
Gi1-scFv16 complex was then extracted from the cell membranes by 
adding 0.5% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace) 
and 0.05% (w/v) cholesterol hemisuccinate (CHS; Sigma-Aldrich), 
while the cells of the NPY-Y2R-Gi1-scFv16 or PP-Y4R-Gi1 complex 
were solubilized with addition of 0.027% glyco-diosgenin (GDN; 
Anatrace). The mixtures were further supplemented with NPY (for Y1R 
and Y2R) or PP (for Y4R) to the final concentration of 50 M and 
incubated at 4°C for 2 hours. The solubilized samples were collected by 

centrifugation at 160,000g for 30 min and incubated with Strep-Tactin 
XT Superflow resin (IBA Lifesciences) at 4°C overnight.

For the NPY-Y1R-Gi1-scFv16 complex, the strep resin was washed 
with a buffer containing 20 mM Hepes (pH 7.5), 100 mM NaCl, 
10 mM MgCl2, 10% (v/v) glycerol, 0.004% (w/v) LMNG, 0.0004% 
(w/v) CHS, and 25 M NPY, and then eluted with a buffer contain-
ing 150 mM tris-HCl (pH 8.0), 150 mM NaCl, 10 mM MgCl2, 
10% (v/v) glycerol, 0.004% (w/v) LMNG, 0.0004% (w/v) CHS, 25 M 
NPY, and 50 mM biotin (Sigma-Aldrich). The NPY-Y2R-Gi1-scFv16 
and PP-Y4R-Gi1 complexes were purified in the same buffers with 
addition of 0.0033% GDN, and PP was used instead of NPY for the 
Y4R complex. The eluates were further purified by size exclusion 
chromatography using a Superdex 200 Increase 10/300 GL column 
(GE Healthcare). The fractions of the NPY-Y1R-Gi1-scFv16 complex 
were collected in a buffer of 20 mM Hepes (pH 7.5), 100 mM NaCl, 
2 mM MgCl2, 0.001% (w/v) LMNG, 0.0001% (w/v) CHS, and 5 M NPY, 
while the NPY-Y2R-Gi1-scFv16 and PP-Y4R-Gi1 complexes were 
pooled in a similar buffer containing 20 mM Hepes (pH 7.5), 100 mM 
NaCl, 2 mM MgCl2, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, 
0.000075% (w/v) CHS, and 5 M NPY/PP. The purified NPY-Y1R-
Gi1-scFv16, NPY-Y2R-Gi1-scFv16, and PP-Y4R-Gi1 complexes 
were concentrated to 1.5, 1.0, and 0.7 mg ml−1, respectively, with a 
100-kDa molecular weight cutoff concentrator (Sartorius Stedim 
Biotech).

Cryo-EM data acquisition
The grids of the NPY/PP-YR-Gi1 complexes were made by applying 
3-l protein samples onto the glow-discharged holey carbon grids 
(Quantifoil R0.6/1, Au 300 mesh for the Y1R and Y2R complexes; 
CryoMatrix R1.2/1.3, Au 300 mesh for the Y4R complex). The grids 
were then blotted with a blot time of 2 s (Y1R and Y2R) or 1 s (Y4R) 
and blot force of 0 at 4°C under 100% humidity and plunge-frozen 
in liquid ethane using Vitrobot Mark IV (Thermo Fisher Scientific).

Imaging of the NPY-Y1R-Gi1-scFv16 complex was performed on 
a Titan Krios G3 electron microscope (FEI) equipped with a K3 
Summit direct electron detector (Gatan) at 300 kV. The GIF-Quantum 
energy filter was set to zero loss mode with slit width of 20 eV to 
eliminate inelasticity scattering. SerialEM (49) program was used to 
collect data automatically in the super-resolution counting mode 
with a pixel size of 1.045. A total of 12,489 movie stacks were ac-
quired with the defocus values ranging from −1.3 to −2.3 m and a 
dose rate of 2.1875 electrons per Å2 per frame. Each movie stack was 
generated by 3-s exposure with 32 frames.

For the NPY-Y2R-Gi1-scFv16 complex, the imaging was conducted 
on a 300-kV Titan Krios electron microscope (FEI) equipped with a 
K2 Summit direct electron detector (Gatan). Using the SerialEM 
program, a total of 8966 movie stacks were automatically recorded 
in a pixel size of 0.82, with the defocus values ranging from −1.3 to 
−2.3 m, and exposed to a dose rate of 1.875 electrons per Å2 per 
frame. Each movie stack contains 32 frames for a total dose of 
60 electrons per Å2.

For the PP-Y4R-Gi1 complex, the imaging was performed on a 
Titan Krios G3 electron microscope (FEI) equipped with a K3 Summit 
direct electron detector (Gatan) and a GIF-Quantum energy filter at 
300 kV. A total of 9754 movie stacks were collected automatically in 
a pixel size of 1.045 using the SerialEM program. The defocus values 
ranged from −0.8 to −1.5 m, and the dose rate is 1.75 electrons per 
Å2 per frame. Each movie stack contains 40 frames for a total dose 
of 70 electrons per Å2.
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Cryo-EM data processing
All cryo-EM data were processed with RELION-3 (50) and cryoSPARC 
(51). MotionCor2 (52) was used to correct the drift and beam-induced 
motion. The contrast transfer function (CTF) for each micrograph 
was estimated by using Gctf (53). Gautomatch (developed by K. Zhang, 
MRC Laboratory of Molecular Biology, Cambridge, UK; https://
www2.mrc-lmb.cam.ac.uk/download/gautomatch-056/) was used 
to autopick and extract particle projections for initial 2D classi-
fication, 3D classification, and initial refinement on RELION-3.0. 
After discarding false-positive particles, 11,739,454 NPY-Y1R-Gi1-
scFv16 particles, 2,822,634 NPY-Y2R-Gi1-scFv16 particles, and 
6,297,193 PP-Y4R-Gi1 particles were used for further data pro-
cessing (see fig. S1, C, I, and O for details). The final maps were 
improved by Bayesian polishing, resulting in a 3.2-Å map of 
NPY-Y1R-Gi1-scFv16 using 423,400 particles, a 3.44-Å map of 
NPY-Y2R-Gi1-scFv16 with 361,477 particles, and a 3.0-Å map 
of PP-Y4R-Gi1 using 1,047,385 particles. The scFv16 portion with 
unambiguous map densities was masked in both the Y1R and Y2R 
complex structures. The local resolution for the maps was generated 
by ResMap (54). The 3D variability analysis was performed in 
CryoSPARC.

Model building
The model building of the NPY-Y1R-Gi1 and NPY-Y2R-Gi1 com-
plexes was started by using the receptor portion in the crystal struc-
ture of Y1R–UR-MK299 [Protein Data Bank (PDB) code: 5ZBQ] or 
Y2R–JNJ-31020028 (PDB code: 7DDZ), the G protein subunits 
(Gi1, G1, and G2) in the cryo-EM structure of Gi-bound CB1 
(PDB code: 6N4B), and the NMR structure of NPY (PDB code: 
1RON) as initial models. For the PP-Y4R-Gi1 complex, a Y4R model 
was generated using the SWISS-MODEL workspace (55) with the 
Y1R–BMS-193885 structure (PDB code: 5ZBH) as the initial model. 
The Y4R model, together with the G protein in the CB1-Gi1 complex 
and the NMR structure of PP (PDB code: 1BBA), was then applied 
to build the Y4R complex model. The UCSF Chimera (56) was used 
to dock the initial models individually into the electron density 
maps. The three starting models were iteratively manually adjusted 
in COOT (57) and automatically refined by phenix.real_space_refine 
in Phenix (58). The final models were validated by MolProbity (59), 
and the refinement statistics are provided in table S2. All structure 
figures were prepared using PyMOL (https://pymol.org/2/).

IP accumulation assay
The N-terminal flag-tagged wild-type receptor, receptor mutants, 
and a chimeric G protein G6qi4myr, which redirects the Gi signal-
ing pathway to the Gq phospholipase C pathway (60), were cloned 
into the expression vector pcDNA3.1/V5-His-TOPO (Invitrogen). 
The human embryonic kidney (HEK) 293F cells (Invitrogen) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) 
to a density of about 1.2 × 106 cells/ml at 37°C and cotransfected 
with the plasmid of the wild type or mutants together with the 
G6qi4myr plasmid at the ratio of 4:1 (w/w, 8 g:2 g in 10 ml of 
HEK293F cells) using PEI-MAXI 4000 (Polysciences) transfection 
protocol. The transfected cells were cultured at 37°C for 48 hours. 
The cell surface expression level was detected by incubating 10 l of 
cells with 10 l of monoclonal anti-FLAG M2–fluorescein isothio-
cyanate antibody (Sigma-Aldrich) diluted by tris-buffered saline 
(v/v, 1:10) and supplemented with 4% (w/w) bovine serum albumin 
(BSA) at 4°C for 20 min in the dark. The fluorescent signal of 

the bound antibody was measured using an FCM (Flow Cytometry) 
reader (Millipore).

An HRRF IP-One Gq kit (CisBio Bioassays) was used to conduct 
the IP accumulation assay. The cell pellets were collected by 
centrifugation at 150g for 3 min, resuspended in a stimulation buffer, 
and added into 384-well plates (10,000, 20,000, and 20,000 cells per 
well for Y1R, Y2R, and Y4R, respectively). The cells expressing Y1R 
and Y2R were incubated with increased concentrations of NPY (1 pM 
to 10 M) at 37°C for 1.5 hours, while the Y4R cells were treated with 
1 pM to 10 M PP at 37°C for 2 hours. The dye d2-labeled IP1 and 
the terbium cryptate–labeled anti-IP1 monoclonal antibody were 
diluted in Lysis Buffer (1:20) and added into the wells for 1-hour 
incubation at room temperature. The fluorescent signal was mea-
sured by a microplate reader (Synergy H1) with excitation at 330 nm 
and emission at 620 and 665 nm. GraphPad Prism 8.0 (GraphPad 
Software) was used to plot the concentration-response curves. 
The accumulation of IP1 was calculated according to a standard 
concentration-response curve.

NanoBRET ligand-binding assay
To characterize ligand binding to Y1R, Y2R, Y4R, and corresponding 
mutants generated by standard QuikChange or Q5 (NEB) PCR, a 
NanoBRET-based binding assay was performed. A small nanoluciferase 
(Nluc) (61) is genetically fused to the N termini of the receptors and 
functions as a donor for BRET to a tetramethylrhodamine (TAMRA) 
fluorophore–labeled analog of NPY or PP (acceptor). The fluorophore 
was labeled at residue K18 replacing the endogenous A18, as this 
position remains solvent-exposed when NPY is bound to Y1R and 
Y2R and corresponding mutants. For PP, position K22 was labeled 
with TAMRA and the residues M17 and M30 were substituted with 
norleucine (Nle). Membrane localization of Y1R, Y2R, Y4R, and cor-
responding mutants was analyzed independently using fluorescence 
microscopy using a C-terminal eYFP fusion protein as described 
previously (19). Briefly, HEK293 cells were grown to 70% confluency 
in eight-well -slides (IBIDItreat, Martinsried, Germany) and tran-
siently transfected with 1000 ng of plasmid DNA using Lipofectamine 
2000 (Invitrogen, Carlsbad, USA). After 16 to 24 hours, medium was 
replaced with Opti-MEM (Gibco Thermo Fisher, Waltham, USA) 
and nuclei were stained with 0.5 ng of Hoechst 33342 nuclear stain 
(Sigma-Aldrich, St. Louis, USA) for 30 min. Living cells were ob-
served with an Axio Observer Z1 microscope with ApoTome.2 (Zeiss, 
Oberkochen, Germany; filter 46 excitation 500/20, FT 515, emission 
535/30; filter 02 excitation 365, FT 395, emission LP 420).

For the NanoBRET ligand-binding assay, all required buffers and 
solutions were stored on ice or at 4°C until use. Saturation binding 
experiments with K18(TAMRA)-NPY and K22(TAMRA),Nle17,30-PP 
were performed using intact transiently transfected HEK293 cells or 
membranes prepared thereof as previously described (19, 62) and 
were conducted in solid black 96-well microplates. Membrane 
preparations were thawed slowly on ice and resuspended by pipet-
ting up and down several times and diluted in BRET buffer (Hanks’ 
balanced salt solution supplemented with 25 mM Hepes, pH 7.4) 
supplemented with 0.1% BSA and 50 M Pefabloc to yield a total 
luminescence of 500,000 to 1,000,000 relative luminescence units 
(RLU) (430- to 470-nm bandwidth) per well, which corresponded 
to 0.25 to 0.7 g of total protein. The diluted membrane prepara-
tions were stored on ice until further use. Coelenterazine H was 
used as the luciferase substrate for signal detection and was diluted 
from a 1 g l−1 (in EtOH, stored at −20°C) stock solution in BRET 

https://www2.mrc-lmb.cam.ac.uk/download/gautomatch-056/
https://www2.mrc-lmb.cam.ac.uk/download/gautomatch-056/
https://pymol.org/2/


Tang et al., Sci. Adv. 8, eabm1232 (2022)     4 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 14

buffer to a concentration of 42 M (10-fold higher than the final con-
centration) shortly before the BRET measurement.

The fluorescently labeled NPY/PP was serially diluted to a con-
centration of 10−4.5 to 10−11 M in Milli-Q water supplemented with 
0.1% BSA (10-fold higher than the final concentration). Ten micro-
liters of the serially diluted TAMRA-peptide was transferred into a 
solid black 96-well plate (10−5.5 to 10−12 M final concentration in an 
assay volume of 100 l). For the control not containing any fluores-
cent peptide (wo), 10 l of Milli-Q water supplemented with 0.1% 
BSA was transferred into a well of a solid black 96-well plate. Eighty 
microliters of the membrane suspension was added to every well 
(0.25 to 0.7 g total amount of protein in 100 l of assay volume). 
The plates were shaken in the dark at room temperature for 10 min. 
Then, 10 l of the coelenterazine H working solution in BRET buffer 
was added to each well (4.2 M final concentration in 100 l of assay 
volume). Subsequently, the BRET signal was measured at room 
temperature using a Tecan Spark plate reader (Tecan).

When using intact cells for the binding experiments, cells were 
transiently transfected in T25 flasks using 1.7 g of plasmid DNA 
and 6.4 l of Metafectene Pro according to the manufacturer’s 
protocol overnight at 37°C. On the next day, 50,000 cells per well 
were reseeded in black solid-bottom 96-well plates, incubated 
overnight at 37°C, and used for the binding assay as described, 
but ligand incubation was carried out on ice to prevent receptor 
internalization.

The luminescence signal was detected between 430 and 470 nm. 
The TAMRA fluorescence signal was detected between 550 and 
700 nm. BRET was calculated as the ratio of the emission signals 
from TAMRA fluorescence and luminescence. The netBRET was 
obtained by baseline correction using the calculated mean value 
composed of the wo control (without the labeled ligand). The BRET 
ligand-binding assays were performed in triplicates with at least 
three independent experiments. Data analysis was undertaken using 
the software GraphPad Prism 5.0 or 9.0. The obtained netBRET 
values were plotted against the logarithmically scaled concentrations 
of K18(TAMRA)-NPY or K22(TAMRA),Nle17,30-PP. To determine 
EC50_high-affinity site and EC50_low-affinity site values, data were analyzed 
using nonlinear regression and fitting to equation “biphasic.” For 
biphasic fitting, nH1 and nH2 were set to 1.

Cyclic adenosine 3′,5′-monophosphate (cAMP) assay
To measure Gi/o activation downstream signaling of wild-type and 
Nluc-tagged receptors, HEK293 cells were seeded in six-well plates 
at a density of 1.25 × 106 per well. At a confluency of approximately 
70 to 80%, cells were transfected with a total of 4 g of plasmid DNA 
using Metafectene Pro (Biontex) according to the manufacturer’s 
protocol. The DNA mixture contained 2 g of plasmid encoding the 
receptor and 2 g of the luciferase reporter plasmid pGL4.29[luc2P/
CRE/Hygro] (Promega), which codes for a destabilized version of 
a Photinus pyralis luciferase under the control of a cAMP–response 
element. Sixteen hours after transfection, cells were reseeded into 
white 384-well plates at a density of 15,000 cells per well. The next 
day, medium was discarded and cells were stimulated with 15 l of the 
peptide dilution series in serum- free DMEM medium, where for-
skolin was freshly added to a final concentration of 1 M to elevate 
cellular cAMP levels. After 3-hour incubation at 37°C, cells were re-
equilibrated to room temperature, 15 l of OneGlo luciferase substrate 
in lysis buffer (Promega) was added, and luminescence was measured 
in a plate reader (Tecan Spark, Tecan).

The assays were performed three times independently in technical 
triplicate. Data were normalized to buffer/ + 1 M forskolin-only 
and buffer (no forskolin)–only treated cells and were analyzed with 
GraphPad Prism 5.0 using a three-parameter logistic fit with fixed 
Hill slope of nH = 1.

Radioactive ligand-binding assay
Radioactive ligand-binding assays were performed using membrane 
preparations of transiently transfected HEK293 cells, prepared as 
described above for the NanoBRET binding assays, and stored in 
aliquots at −80°C. Radioligand and unlabeled peptides were diluted 
in distilled water containing 1% BSA. To determine the KD values, 
10 l of 10  ×  concentrated 125I-PYY (NEX240; 81.4 TBq/mmol; 
PerkinElmer) was added to a 96-well plate (final concentration, 0 to 
400 pM), followed by adding 10 l of 1% BSA solution (total binding) 
or 10 l of unlabeled NPY at a concentration of 10 M (final concen-
tration: 1 M; unspecific binding), respectively. Eighty microliters 
of membranes containing 0.5 g (for Y2R membranes) or 1.5 g 
(for Y1R membranes) of total protein in a membrane buffer [25 mM 
Hepes (pH 7.4), 25 mM CaCl2, 1 mM MgCl2, 50 M Pefabloc, 
and 1% BSA] was added. The exact concentration of the radioligand 
was determined by liquid scintillation counting in each experiment.

Samples were incubated under gentle agitation for 3 hours at 
room temperature and binding assays were terminated by filtra-
tion using the MicroBeta Filtermat-96 Cell Harvester System 
(PerkinElmer). Filtermats were pretreated freshly with 0.1% (w/v) 
polyethylenimine in Dulbecco’s phosphate-buffered saline (PBS) to 
reduce nonspecific binding. The membranes were washed three 
times with ~200 l of ice-cold PBS and air-dried, and the Meltilex 
solid scintillator (PerkinElmer) was melted onto the membranes. 
Radioactivity was determined by scintillation counting (MicroBeta2; 
PerkinElmer). Binding assays were performed three times inde-
pendently in technical duplicate. Nonspecific binding was subtracted 
from all data. Nonlinear regression was performed using GraphPad 
Prism 5.0 using one-site specific binding (KD).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm1232

View/request a protocol for this paper from Bio-protocol.
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