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SUMMARY
Neuropeptide Y (NPY) and its receptors are expressed in various human tissues including the brain where
they regulate appetite and emotion. Upon NPY stimulation, the neuropeptide Y1 and Y2 receptors (Y1R
and Y2R, respectively) activate GI signaling, but their physiological responses to food intake are different.
In addition, deletion of the twoN-terminal amino acids of peptide YY (PYY(3–36)), the endogenous form found
in circulation, can stimulate Y2R but not Y1R, suggesting that Y1R and Y2R may have distinct ligand-binding
modes. Here, we report the cryo-electron microscopy structures of the PYY(3–36)‒Y2R‒Gi and NPY‒Y2R‒Gi

complexes. Using cell-based assays, molecular dynamics simulations, and structural analysis, we revealed
the molecular basis of the exclusive binding of PYY(3–36) to Y2R. Furthermore, we demonstrated that Y2R
favors G protein signaling over b-arrestin signaling upon activation, whereas Y1R does not show a preference
between these two pathways.
INTRODUCTION

Neuropeptide Y (NPY) is one of the most abundant neuropep-

tides in the brain and is known to activate the neuropeptide Y re-

ceptor (NPYR) family. In human, the NPYR family, which belongs

to class A G protein-coupled receptors (GPCRs), includes four

subtypes—Y1R, Y2R, Y4R, and Y5R—that are expressed differ-

ently throughout the body, including the brain.1 NPYR activation

is involved in diverse physiological processes, such as food

intake, fear, anxiety, memory retention, and bone formation.2–5

Therefore, these receptors are considered a therapeutic target

for related diseases, such as obesity, anxiety disorder, memory

loss, osteoporosis, and cancer.1,6–9

In addition to NPY, two other homologous neuropeptides,

peptide YY (PYY) and pancreatic polypeptide (PP), also bind to

NPYR with specificity. In contrast to NPY, which is mainly ex-

pressed in neuronal regions, PYY and PP are mainly expressed

in the gastrointestinal tract10 and play a role in regulating food

intake and energy expenditure.11,12 These three peptides share

high sequence homology but display different preferences

toward NPYR subtypes. Whereas NPY and PYY have high

potency toward Y1R, Y2R, and Y5R, PP shows high potency

only toward Y4R.
13

Although both Y1R and Y2R can be activated by NPY/PYY

with similar potency, they display different reactivity toward

the N-terminally truncated form of NPY/PYY.14,15 A deleted
44 Structure 31, 44–57, January 5, 2023 ª 2022 Elsevier Ltd.
form of PYY missing the two N-terminal amino acids, PYY(3–

36), is an endogenous form found in circulation after cleavage

of PYY released from the gastrointestinal tract upon food

intake; PYY(3–36) preferentially activates Y2R but not

Y1R.
15,16 In addition, upon NPY/PYY activation, Y1R and Y2R

exhibit different physiological responses in some cases.

Regarding appetite regulation, NPY-induced Y1R enhances

food intake, whereas NPY-induced Y2R suppresses appetite.17

Thus, efforts have been made to develop a PYY(3–36) analog

that selectively activates Y2R rather than Y1R and utilize it as

a drug for treating obesity. In fact, a PYY analog agonist is un-

der development as a weight loss drug.18 In addition, it has

been reported that NPYRs are overexpressed in several types

of cancer. Elevated Y1R expression has been reported in pri-

mary breast cancer.6 In neuroblastoma tissues, Y2R expression

was shown to be particularly increased, which mediates the

stimulation of tumor cell proliferation and angiogenesis.19

Thus, some studies have used Y2R-selective antagonists to

slow down neuroblastoma progression and Y2R-selective

NPY analog agonists as a carrier for boron neutron capture

therapy.19,20

Recent structural studies of the NPY‒Y1R‒Gi complex have

elucidated the molecular mechanism of NPY recognition by

Y1R,
21,22 which explains why Y1R requires the complete N termi-

nus of NPY for its optimal activation. However, the molecular

basis for Y2R activation by PYY(3–36) and the differences in
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Table 1. Cryo-EM data collection and structure refinement

statistics

PDB: 7YON,

EMD-33984

PYY(3–36)–

Y2R–Gi–scFv16

PDB: 7YOO,

EMD-33985

NPY–Y2R–

Gi–scFv16

Data collection and processing

Magnification (nominal) 1,050,000 1,050,000

Voltage (kV) 300 300

Electron exposure (e�/Å2) 60.5 66

Defocus range (mm) �0.75 � �2.0 �1 � �2.25

Pixel size (Å) 0.849 0.8415

Symmetry imposed C1 C1

Initial particle images (no.) 12,262,301 9,842,630

Final particle images (no.) 359,459 500,366

Map resolution (Å) 3.15 (TMD)

2.95 (global)

3.39 (TMD)

3.11 (global)

FSC threshold 0.143 0.143

Map sharpening

B factor (Å2)

�116.2 (TMD)

�102.6 (global)

�116.8 (TMD)

�118.1 (global)

Refinement

Initial model used

(PDB code)

7DDZ, 7VGX 7DDZ, 7VGX

Model composition

Non-hydrogen atoms 9,163 9,188

Protein residues 1,165 1,168

Ligands TYC: 1 TYC: 1

Water 2

B factors (Å2)

Protein 41.11 57.89

Ligand 36.53 60.15

RMS deviations

Bond lengths (Å) 0.003 0.002

Bond angles (�) 0.483 0.431

Validation

MolProbity score 1.29 1.16

Clashscore 3.66 3.71

Rotamer outliers (%) 0.00 0.00

CaBLAM outliers (%) 1.69 1.68

EMRinger score 3.97 3.56

Ramachandran plot

Favored (%) 97.29 98.26

Allowed (%) 2.71 1.74

Outliers (%) 0.00 0.00
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downstream signaling of NPY/PYY through Y1R and Y2R have

not been fully revealed.

In this study, we present two cryo-electron microscopy (cryo-

EM) structures of the active state-Y2R bound to its endogenous

ligands, NPY and PYY(3–36), at 3.11- and 2.95-Å resolution,

respectively. Based on structural analysis and comparison of

these two structures with that of the NPY‒Y1R complex, we

identify conserved and distinct NPY binding modes to Y1R and

Y2R. Using molecular dynamics (MD) simulations and functional

analysis, we provide an important structural insight into Y2R acti-

vation and the molecular mechanism of exclusive binding of

PYY(3–36) to Y2R. In addition, using bioluminescence resonance

energy transfer (BRET) assays, we investigated the difference in

the coupling efficiencies of Y1R and Y2R for downstream trans-

ducers, Gi and b-arrestin 2. Our results show that Y2R has lower

coupling efficiency for b-arrestin 2 than Y1R, which can be

increased by mutating some residues from the transmembrane

domain (TMD) and the intracellular loop 2 (ICL2).

RESULTS

Overall structure of NPY/PYY(3–36)-bound Y2R
In our previous study, the N-terminally truncated peptides

NPY(3–36) and PYY(3–36) were shown to elicit a 12- to 18-fold

reduction of Y1R-mediated Gi signaling.
21 For comparison, in

this study, we performed calcium signaling assays following an

identical experimental protocol and using Y2R. Our results

showed that NPY(3–36) and PYY(3–36) have wild-type ligand-

like potency at Y2R (a 1.5- to 2.3-fold increase in half-maximum

effective concentration (EC50) value) (Figure S1 and Table S1).

This is in line with a previous study reporting that NPY(2–36) or

PYY(3–36) show wild-type affinity toward Y2R, but 83- or

690-fold increased half-maximum inhibitory concentration

(IC50), respectively, toward Y1R.
23 Using isothermal calorimetry

(ITC), we also showed that NPY, PYY, and NPY(18–36) display

similar binding affinities toward Y2R with KD values in the range

of 2.7–4 mM in the absence of Gi protein (Figure S1), suggesting

that the NPY N terminus is not essential for Y2R binding, at least

in in vitro systems.

To understand the molecular basis of the exclusive binding of

PYY(3–36) to Y2R and compare the bindingmodes of NPY to Y1R

and Y2R, we determined the cryo-EM structures of the PYY(3–

36)‒Y2R‒Gi‒scFv16 and NPY‒Y2R‒Gi‒scFv16 complexes.

Initially, we attempted to purify wild-type Y2R for this structural

study; however, this was unsuccessful because of the low

expression level. Introduction of two mutations, H1493.51Y and

S2806.47C (superscripts indicate Ballesteros-Weinstein numb-

ering24), which was used to determine the crystal structure of

the antagonist-bound Y2R,
25 significantly enhanced the expres-

sion level of Y2R in baculovirus-mediated expression in insect

cells. We confirmed that the H1493.51Y/S2806.47C mutation did

not affect Gi signaling upon NPY/PYY(3–36) binding using cal-

cium signaling assays (Figure S2). Using this mutant Y2R, we

successfully purified the PYY(3–36)‒Y2R‒Gi‒scFv16 and

NPY‒Y2R‒Gi‒scFv16 complexes and determined their cryo-

EM structures at a nominal resolution of 2.95 and 3.11 Å, respec-

tively (Figures 1A and S3 and Table 1). The cryo-EM density for

each peptide ligand, which protrudes into the extracellular

region, allowed us to identify residues 17–36 of each peptide
(Figure S3). In contrast, the remaining N-terminal residues of

the peptides were not well resolved because of weak density;

therefore, only the N-terminal residues 3–7 of PYY(3–36) and

1–8 of NPY are included in each final model (PDB: 7YON and

7YOO, respectively). The overall structures of Y2R in the two

complexes are almost identical and exhibit conserved features

of the Gi-bound active state of class A GPCRs, such as confor-

mational changes at the C(/S)WxP, PI(/T)F, DRY(/H), and NPxxY

motifs upon activation (Figure S4).26 Previously, a rotamer
Structure 31, 44–57, January 5, 2023 45
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Figure 1. Overall structures of NPY/PYY(3–36)–Y2R–Gi–scFv16 complexes and structural comparison between inactive and active Y2R

(A) Cryo-EMmaps and overall structures of PYY(3–36)‒Y2R‒Gi�scFv16 (left) and NPY‒Y2R‒Gi�scFv16 (right). Cryo-EMmaps and structure models of PYY(3–

36), Y2R bound to PYY(3–36), NPY, Y2R bound to NPY, Gai, Gb, Gg, and scFv16 are colored in magenta, lime, yellow, green, orange, purple-blue, cyan, and dark

gray, respectively. See also Figure S3.

(B) Superposition of inactive Y2R bound to antagonist, JNJ-31020028 (colored in light brown; PDB: 7DDZ) and active Y2R (only PYY(3–36)-bound Y2R is shown as

a representative). The polar interaction between Q1303.32 and H3117.39 is disrupted by NPY/PYY(3–36) interaction. Q1303.32 moves upward for the interaction

with the C-terminal amide group of NPY/PYY(3–36), and C1032.57 stabilizes this interaction by making van der Waals contacts with both. See also Figure S4.

(C) Conformational changes in the C(/S)WxP and PI(/T)F motifs. Ligand binding induces a rotamer change of V1343.36 and downward shift of W2816.48, which

pushes F2776.44 outward. See also Figure S4.

(D) Conformational changes in the NPxxY and DRY(/H) motifs. The inward movement of Y3257.53 breaks the p-p interaction with Y3328.50 and polar interaction

with N3217.49, but instead it forms a new interaction network with R1483.50 and Y2395.58. Upon Gai binding, the rotamer of R1483.50 changes upward (indicated by

the white arrow) to avoid steric collision with the a5 helix of Gai. See also Figure S4.
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change of Gln at position 3.32 was proposed to be a key event

in a series of conformational changes during activation of Y1R

and orexin receptor type 2.21,27 Similarly, upon peptide ligand

binding to Y2R, the polar interaction between Q1303.32 and

H3117.39 was disrupted by Y36, and the two residues formed

hydrogen bonds with the C-terminal amide group of Y36 (Fig-

ure 1B). With the Q1303.32 upward shift, V992.53 and C1032.57

of TM2 moved inward by 2–2.5 Å, forming an extensive hydro-

phobic interaction network with A1333.35, V1343.36, W2816.48,

A3147.42, and M3157.43, which comprise the base of the ligand-

binding pocket. Peptide ligand-induced conformational changes

include a rotamer change of L2325.51, which is associated with a

conformational change of F2776.44 in the PI(/T)F motif (Figure 1C)

and an outward movement of the cytoplasmic part of TM6

by 11.5–11.9 Å (Figure S4). To avoid the steric collision with

the a5 helix of Gai, an upward rotamer change of R1483.50 was

observed upon Gai binding, which disrupts the interaction with

T852.39, T2666.33, and T2676.34 and forms polar and van der
46 Structure 31, 44–57, January 5, 2023
Waals contacts with the carbonyl of C351 and L353 of the a5

helix of Gai, respectively (Figure S4). In addition, upon activation,

in association with an inward movement of TM7 by 4.1–4.4 Å,

Y3257.53 in the NPxxY motif, a highly conserved residue,

undergoes a large conformational shift by breaking the p-p

interaction with Y3328.50 and forming a new interaction network

with R1483.50 in the DRY(/H) motif and Y2395.58 (Figures 1D

and S4).

At the extracellular part of the TMD, a relatively small but

noticeable movement of TM helices was observed. Upon

ligand binding, the extracellular tips of TM4 moved outward

by �1.6 Å, and the C-terminal ends of TM2 moved inward

by �2 Å (Figure S4). TM movement is associated with confor-

mational changes of extracellular loops (ECLs). In particular,

ECL2, which forms b-strands, moved outward by 1.7–

2.5 Å upon ligand binding. The details of the molecular interac-

tions of peptide ligands with Y2R are described in the next

section.
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Figure 2. NPY/PYY(3–36) binding at the extracellular region of Y2R

(A) Structural alignment of NPY and PYY(3–36) bound to Y2R (top). Missing residues are represented as dotted lines. Sequence alignment of human NPY and PYY

(bottom). Conserved residues between NPY and PYY are colored in gray.

(B) Both NPY and PYY(3–36) establish an intramolecular hydrophobic network between the N-terminal loop and helical region, stabilizing a PP-fold.

(C) The N-terminal region, ECL2, and ECL3 of Y2R participate in NPY and PYY(3–36) binding. The color codes of NPY, PYY(3–36), and Y2R follow those in Figure 1.

NPY/PYY(3–36) residues are labeled in blue. (Left) L40N at the N-terminal region is in close contact with L24 and R25. (Middle) I192ECL2, I194ECL2, I195ECL2,

F198ECL2, and I200ECL2 form hydrophobic contacts with L24, Y27, L28, and V31 of PYY(3–36) or L24, Y27, I28, and I31 of NPY. Although L28/I28 and V31/I31 are

not conserved between two peptides, van der Waals contacts (represented as transparent spheres) are similarly formed in the two structures. (Right) L298ECL3

and D2997.27 form van der Waals contacts with H26 and L30.

(D) Differences in pEC50 for each Ser mutant of key hydrophobic residues of Y2R relative to wild-type Y2R. DpEC50 values for the treatment of PYY(3–36) and NPY

are shown in white and gray bar graphs, respectively. Bar graphs and error bars indicate means and SEMs obtained from independent experiments of Ca2+

signaling assays (represented as symbols), respectively. See also Figure S2.
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NPY/PYY binding mode in Y2R
Structural analysis of the NPY and PYY(3–36) when bound to Y2R

shows that both structures align well with a root-mean-square

deviation (RMSD) of 1 Å for 25 Ca atoms (Figure 2A). In both

structures, the N-terminal region of the peptide does not estab-

lish any notable interactions with Y2R. Instead, intramolecular

van der Waals contacts of P2–D6 and P8 of NPY or I3–P5 and

A7 of PYY(3–36) with Y20, A23/S23, and Y27 in the helical region

of NPY/PYY(3–36) are observed (Figure 2B). This conformation,

termed the PP-fold, was previously reported as an important

structural feature stabilizing the structures of PYY (PDB: 2DEZ)

and PP (PDB: 1BBA),28–30 but the PP-fold was not observed in
the solution structure of NPY.31,32 The recently published struc-

ture of NPY–Y1R, however, shows that NPY forms a PP-fold

when bound to Y1R.
21,22 In our structure, the stability of the

PP-fold of NPY complexed with Y2R was also investigated by

MD simulations. In one of three independent 1-ms simulations,

the N terminus of NPY dissociated from the helical region of

NPY, whereas in the other two replicates, the intramolecular

interaction appeared to be maintained, as indicated by the con-

stant distance between the Ca atoms of P5 and Y20 (Figure S5).

However, the distance between Ca atoms of Y1 and G2165.35

was observed to be varied in three replicates, suggesting that

Y1 occupies different space in each replicate (Figure S5). Thus,
Structure 31, 44–57, January 5, 2023 47
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while the PP-fold of peptide is maintained by intramolecular

interaction between the NPY N-terminal region and the NPY he-

lix, NPY N terminus (Y1) is subjected to dynamic motion and is

not directly involved in intramolecular and Y2R-specific interac-

tions. NPY and PYY have overall 67% sequence identity, but

among residues 3–7 of PYY observed in the PYY(3–36)-bound

Y2R structure, only K4 and P5 are conserved in NPY (Figure 2A).

Despite the weak density at the N-terminal region, it is clear that

K4 and P5 of PYY are well aligned with the corresponding resi-

dues of NPY, participating in intramolecular interactions and

maintaining the PP-fold. This suggests that the PP-fold is

favored by the NPY family when bound to receptor, regardless

of the peptide type and the absence of the two N-terminal amino

acids.

Our cryo-EMmap showed a clear density for peptide residues

17–36, forming a helical structure (residues 17–31) and an

extended conformation (residues 32–36) (Figure S3). The helical

region protrudes from the TMD and is surrounded by three parts

of the receptor: the N-terminal region, ECL2, and ECL3 (Fig-

ure 2C). We could not model all the residues of the N-terminal re-

gion of Y2R, but cryo-EM density clearly showed that L40N is in

close contact with L24 and R25 of NPY/PYY(3–36). The impor-

tance of L40N in NPY/PYY(3–36) signaling was demonstrated

by the 3.7- to 4.5-fold reduction in the signaling of L40NS Y2R

(Figures 2D and S2 and Table S1).

One of the interesting features by which Y2R recognizes NPY/

PYY(3–36) is the hydrophobic interactions through ECL2, which

contains an Ile-rich region. A previous mutagenesis study has

identified I192ECL2, I194ECL2, and I200ECL2 as important residues

for NPY recognition.33 Our structures show that these Ile residues

formhydrophobic interactionswith L24, Y27, I28/L28, and I31/V31

of NPY/PYY, although V31 of PYY has fewer contacts than I31 of

NPY (Figure 2C). The I192ECL2S and I194ECL2S mutations resulted

in a 2.8- to4.4-folddecrease inNPY/PYY(3–36) signaling,whereas

the I200ECL2S mutation displayed more than 10-fold reduced

signaling (Table S1). Indeed, I200ECL2 is located at the core of

the hydrophobic network between Y2R and peptide ligand. The

introduction of four Ile mutations in ECL2 (4IECL2S)—I192ECL2S,

I194ECL2S, I195ECL2S, and I200ECL2S—resulted in a synergistic ef-

fect showing 160-fold decrease in NPY/PYY(3–36) signaling (Fig-

ures 2D and S2 and Table S1). To investigate the dynamics of

the NPY helix interaction, MD simulations were performed. Three

independent 1-ms MD simulations revealed that the a-helix of

NPY bound to Y2R showed fewermotions than that of NPY bound

to Y1R. In the simulations, the tilted angle of the NPY helical axis

was maintained within the range of 28�–58� (Figure S5), whereas

in the case of NPY-bound Y1R, the NPY helical axis varied in the

range of 5�–70�.21 Additionally, the minimum distance between

all atoms of the a-helix and ECL2 was nearly constant and within

�1 Å variation inall replicates (FigureS5), suggesting that the inter-

action between the NPY helix and ECL2 of Y2R was maintained in

the simulations. Comparedwith ECL2, ECL3 establishes relatively

fewer contacts with NPY/PYY(3–36). L298ECL3 forms van der

Waals contacts with H26 and L30 of NPY/PYY(3–36) (Figure 2C),

and its contribution to downstream signaling was demonstrated

by reduced NPY/PYY(3–36) signaling of the L298ECL3S mutation

(Figures 2D and S2 and Table S1).

Residues 32–36 comprising the C-terminal tail are identical

between the two peptides. The five C-terminal amino acids are
48 Structure 31, 44–57, January 5, 2023
located inside the TMD, engaging Y2R through extensive polar

and hydrophobic interactions. The phenyl group of Y36 is

located at the base of the hydrophobic ligand-binding pocket,

and the hydroxyl group forms polar contacts with S2235.42 (Fig-

ure 3A). Our signaling assays using Y36F and Y36ANPYmutants

showed a 5.8-fold and 85-fold increase, respectively, in EC50

values toward Y2R (Figure S2 and Table S1), suggesting a

greater contribution of the hydrophobic phenyl group than the

hydroxyl group of Y36 to Y2R binding. The amidated C terminus

forms polar interactions with T1072.61, Q1303.32, and H3117.39

(Figure 3A), which are conserved in all NPY receptor subtypes,

implying the conserved interaction pattern between amidated

peptides and NPYRs. The importance of these residues was

demonstrated by mutagenesis study (Figure 3B and Table S1).

With Y36 as the bottom center, T32/Q34 and R33/R35 extend

toward TM2andTM5/6, respectively. R33 andR35 formextensive

polar contacts with E20545.52, S2205.39, Q2886.55, and D2926.59

(Figure 3C). Of these residues, D2926.59, which is highly conserved

in the NPY receptor family, appears to be essential for receptor

binding, as the D2926.59A mutant showed the most dramatic

decrease in NPY/PYY(3–36) signaling with a 200- and 220-fold in-

crease in EC50 values (Figures 3B and S2 and Table S1). Indeed,

D2926.59 directly forms a salt bridge with R33 and indirectly

participates in the polar interactionwithR35 throughS2205.39 (Fig-

ure 3C). T32 and Q34 form van der Waals contacts with T1072.61,

Y1102.64, T1112.65, and F3077.35 (Figure 3D). In our PYY(3–36)-

bound Y2R structure, we identified two water molecules (W1 and

W2) in the ligand binding pocket with a local resolution of 2.5–

2.8 Å (Figure S3). W1 forms hydrogen bonds with Y36 and R35

of PYY as well as with S2235.42, and W2 mediates the interaction

ofQ34 of PYYwithQ1303.32 (Figures 3C and 3D). A previous study

showed that mutant PYY Q34P had a Ki value of 710 nM against

100 pM of 125I-PYY, whereas PYY(3–36) has a Ki value of

0.11 nM,34 which may be explained by the loss of polar contacts

with T1072.61 and T1112.65 and water-mediated interaction with

Q1303.32 as shown in this structure.

Overall, NPY and PYY(3–36) have similar binding modes to

Y2R, with the N-terminal region having a relatively low sequence

identity and not being involved in receptor binding.

Receptor subtype-specific interactions of NPY
Using the recently published NPY-bound Y1R structure,21 we

analyzed the conserved and receptor subtype-specific interac-

tions of NPY with Y1R and Y2R. Surprisingly, when the receptors

from the two complexes were aligned, the corresponding NPY

structures did not align well (RMSD for 22 Ca atoms of 4.1 Å).

Whereas the positions of R35 and Y36 were aligned well in

both complex structures, the remaining amino acids of NPY

occupied different positions. Overall, the NPY helix bound to

Y2R rotated 39� clockwise, and the angle of the helix axis of

NPY to the membrane was tilted by 6� compared with that in

the NPY‒Y1R complex (Figure 4A). Furthermore, the N termini

of NPY in the two structures occupied completely different posi-

tions. This is a fairly unique case, distinct from the cases reported

so far in that the ligand-binding modes to receptor subtypes

within the same GPCR family are mostly similar. To date, the

structures of eight pairs of class A GPCR subtypes bound to

the same ligand have been reported; these include b1- and b2-

adrenergic receptors (b1AR and b2AR) bound to epinephrine35,36



PYY(3‒36) NPYPYY(3‒36) NPY

R33

R35

D2926.59

S2205.39

Y2195.38

E20545.52

Q2886.55

TM5

TM6TM7

ECL2

Y36

S2235.42

R33

R35

D2926.59

S2235.42

E20545.52

Q2886.55

TM5

TM6TM7

ECL2

Y36

S2205.39

W1

Y2195.38

T1072.61

Q34

T32

Y1102.64 F3077.35

T1112.65

TM2

TM7

Y36
TM3

Q1303.32

Q1303.32
TM3

T1072.61

Y36

Q34
Y1102.64

T1112.65

TM2

TM7

W2

F3077.35

T32

Y36

H3117.39

T1072.61

Q1303.32
S2235.42V1343.36

L2846.51

W2816.48

H2856.52

TM7
TM6

TM5

TM4

A

B

C D

Figure 3. NPY/PYY(3–36) binding at the transmembrane domain of Y2R

(A) Interactions established by Y36 of NPY/PYY(3–36). The C-terminal amide group forms polar interactions with T1072.61, Q1303.32, and H3117.39. The phenyl

group forms van der Waals interactions with G1313.33, V1343.36, W2816.48, L2846.51, and H2856.52. The hydroxyl group forms a polar interaction with S2235.42.

(B) Differences in pEC50 for each Ala mutant of residues T1072.61, Q1303.32, E20545.52, and D2926.59 relative to wild-type Y2R. Values for treatment of PYY(3–36)

and NPY are shown in white and gray bar graphs, respectively. Bar graphs and error bars indicate means and SEMs obtained from independent experiments

(represented as symbols) of Ca2+ signaling assays, respectively. See also Figure S2.

(C) Detailed interactions established by R33 and R35. A polar network is formed by E20545.52, S2205.39, Q2886.55, and D2926.59. In the PYY(3–36)‒Y2R structure

(top), a water molecule (W1) interacting with R35 forms an extended polar network with Y36 and S2235.42.

(D) Detailed interactions established by T32 and Q34. These residues form polar and van der Waals interactions with T1072.61, Y1102.64, T1112.65, and F3077.35. In

the PYY(3–36)‒Y2R structure (top), a water molecule (W2) interacting with Q34 forms an extended polar network with Q1303.32.
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and angiotensin II type 1 and 2 receptors (AT1R and AT2R) bound

to angiotensin.37,38 In these complexes, the ligands occupy

similar positions in the receptor subtypes.

Conserved interactions of NPY with Y1R and Y2R are associ-

atedwith Y36-amide interactionswithQ3.32 andH7.39 (Figure 4B).

In addition, Y2.64 is located between T32 and Q34 and estab-

lishes contacts with these residues in both structures, despite

their different positions in the two complexes (Figure 4B). Simi-

larly, while R33 and R35 are located at different positions in the

two structures, they form conserved polar interactions with

Q/N6.55 and S/T5.39, respectively (Figure 4B). In addition, D6.59

was identified as a key residue for NPY-induced signaling by

forming electrostatic interactions with R33 in Y2R and R35

in Y1R.

In contrast to the conserved interactions of Y36-amide, the

Y36 side-chain interactions are not conserved, as Q5.46 in Y1R,

which forms polar interaction with the hydroxyl group of Y36, is

replaced with L5.46 in Y2R, which cannot form polar interaction

(Figure 4C). Instead, Y2R S5.42, but not Y1R L5.42, forms polar

interaction with the hydroxyl group of Y36 (Figure 4C). Another

distinct feature of NPY-Y2R interactions is the absence of an
aromatic residue at position 6.58 in Y2R. Whereas Y1R F2866.58

forms a p-cation interaction with R33, Y2R has a Val at this posi-

tion, which does not participate in the NPY interactions (Fig-

ure 4D). The V2916.58F mutation of Y2R resulted in a 10-fold

reduction in NPY signaling (Figure S2, and Table S1), suggesting

that the introduction of Phe at position 6.58 in Y2R disturbed

the Y2R-specific ligand interaction network. The presence or

absence of an aromatic residue at position 6.58 alters the R33

position and, consequently, the interaction network between

the receptor and R33/R35 of NPY, so R33‒D6.59 and R35‒
E45.52 ionic pairs and R33‒F6.58 and R35‒D6.59 interaction pairs

are formed in Y2R and Y1R, respectively (Figure 4D). At the

extracellular region, only a small fraction of the Y1R ECL2

(P183ECL2, F184ECL2) participate in the NPY interactions (Fig-

ure 4E). In contrast, the hydrophobic residues (I192ECL2,

I194ECL2, I195ECL2, and I200ECL2) of Y2R ECL2 are important for

NPY recognition; these residues are not conserved in other

NPY receptor subtypes, making it a distinct feature of NPY

recognition by Y2R.

Reactivity to the N-terminally truncated form of NPY/PYY

distinguishes Y2R from Y1R.
23 In the previously published
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Figure 4. Structure comparison between NPY-bound Y1R and Y2R

(A) Superposition of NPY bound to Y1R (Y1R: gray, NPY: cyan; PDB: 7VGX) and Y2R (Y2R: green, NPY: yellow). Missing residues are represented as dashed lines.

Schematic diagram of the main interactions between NPY and Y1R/Y2R is presented on the right, with the same color codes as in the overall superposition figure

on the left. Each solid line represents the interaction between two residues.

(B) Conserved NPY interactions with Y1R and Y2R. Interactions of the NPY C-tail with Y2.64, Q3.32, S/T5.39, Q/N6.55, and H7.39 are conserved in the two structures.

Polar contacts are displayed as dotted lines. Interacting residues of NPY, Y1R, and Y2R are labeled in black, gray, and dark green, respectively.

(C) Comparison of the interactions of Y36 side chain with Y1R and Y2R. Y36 hydroxyl group forms a polar interaction with Q5.46 in Y1R but not with the corre-

sponding residue L5.46 in Y2R. Instead, S
5.42 in Y2R forms polar contact with the Y36 side chain.

(D) Interaction network formed by R33 and R35 of NPY. In Y1R, F
6.58 and D6.59 interact with R33 and R35, respectively, whereas in Y2R, D

6.59 and E45.52 form

electrostatic interactions with R33 and R35, respectively.

(legend continued on next page)
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NPY‒Y1R structure, the binding pocket for Y1 and P2 was

formed by F19945.51, D20045.52, R2085.35, and F2866.58 of Y1R

(Figure 4F). In contrast, the corresponding residues in Y2R

have smaller side chains (T20445.51, E20545.52, G2165.35, and

V2916.58), making the pocket too wide to accommodate Y1 of

NPY. Furthermore, owing to steric hindrance by Y27 and L30

of the NPY helix, the NPY N terminus cannot occupy the same

position as in the NPY‒Y1R structure. As a result, in the NPY-

bound Y1R and Y2R structures, the NPY N termini are located

9.6 Å apart (Figure 4A). Y2R has an ECL2-mediated hydrophobic

interaction with the NPY helical region, leading to the stable

binding of the NPY helix to Y2R; in contrast, Y1R lacks this

ECL2-mediated interaction, causing the NPY helix to bind

relatively loosely to the receptor.21

Potency of NPY/PYY for downstream transducer
coupling in Y1R and Y2R
In addition to structural analysis of theNPY/PYY bindingmodes to

Y1R and Y2R, we further investigated whether these receptors

exhibit differences in downstream signaling upon NPY/PYY bind-

ing.CalciumsignalingassaysshowedthatY2Rhasa4.5-fold lower

EC50value forNPY than thatofY1R (0.98vs. 4.4nM) (FigureS2and

Table S1). However, a Gi recruitment assay using BRET showed

that Y2R displays EC50 values similar to Y1R upon treatment of

NPY/PYY (Figures 5AandS2andTableS2). These results suggest

that NPY/PYY exhibits similar potency at Y2R and Y1R in Gi

signaling. Most of the Gai binding interfaces in Y1R and Y2R are

conserved, including a hydrophobic interface consisting of

residues I3.54, I5.61, L5.65, H5.68, and L6.37 of TM3/TM5/TM6 and

hydrophobic residues of Gai a5-helix (Figure S6). At the Y2R-Gai
interface, additional interactions were observed: Y2596.27 and

R2616.29 of Y2R interact with F354 of Gai, and H2495.68

and P2525.71 of the ICL3 interact with Y320, F334, D337, D341,

and I344 of Gai (Figure S6).

In general, GPCRs activate b-arrestin-mediated signaling as

well as G protein signaling upon agonist stimulation, one pathway

can bepreferentially activated over the other in somecases.Using

BRET assay, we observed that both Gi and b-arrestin 2 were re-

cruited to Y1R and Y2R after stimulation with 1 mM NPY/PYY.

However, dose-dependent BRET assays on Gi and b-arrestin 2

recruitment showed a difference in the potency of NPY/PYY for

downstream transducer coupling of each receptor.While Y1R dis-

played 1.7- to 2.4-fold difference in EC50 values for Gi and b-ar-

restin 2 recruitment, Y2R showed a much larger difference in

EC50 for Gi and b-arrestin 2 coupling, i.e., an 8.4- to 13-fold higher

EC50 value for b-arrestin 2 coupling (Figure 5B and Table S2).

These data show that NPY/PYY is more potent at Y1R than at

Y2R in b-arrestin 2 signaling. This result is in line with a previous

report that showed a higher affinity of Y1R toward b-arrestin 2

than Y2R, which is thought to be due to the presence of six poten-

tial phosphorylation sites (residues 353, 354, 357, 360, 362, and

363) recognized by b-arrestin in the C-terminal region of Y1R.
39

We speculated whether residue(s) other than the C-terminal

phosphorylation sites could alter the balance between the G
(E) NPY helix interactions. Unlike Y1R ECL2, Y2R ECL2 forming a b-turn-b structu

the NPY a-helix.

(F) Interaction of Y1–P2 of NPY. Y1R- and Y2R-bound NPY adopt different conform

in gray volume, reveal that Y1 of NPY binds into a pocket formed by labeled res
protein- and b-arrestin-mediated pathways. A recent structural

analysis of sphingosine-1-phosphate receptor 1 in complex

with unbiased and biased ligands suggested that the interaction

network involving residues at positions 3.40, 3.43, 6.44, and 7.49

drives a conformational shift to favor the b-arrestin signaling

pathway. Interestingly, Y1R has an Ile at position 3.40 (I1283.40)

that forms a hydrophobic network with F2726.44 and P2235.50,

whereas Y2R has a Thr (T1383.40) that does not make close

contacts with F2776.44 (Figure 5C). However, the substitution of

T1383.40 with Ile (T1383.40I) in Y2R did not show significant

changes in both Gi and b-arrestin-mediated pathways (Figure 5B

and Table S2).

We introduced two other mutations in H155ICL2 and T2666.33 of

Y2R, which are not conserved in Y1R. The structural alignment

between Y1R and Y2R revealed that both residues are at the Gi

binding interface aswell as at the potentialb-arrestin binding inter-

face. When each residue was mutated to the corresponding resi-

due of Y1R—i.e., H155ICL2P and T2666.33I— only the H155ICL2P

mutant differed from the wild-type in its preference for G protein

or b-arrestin 2 recruitment. This mutant showed enhanced b-ar-

restin 2 recruitment upon activation (3.5-fold), whereas G protein

recruitment was similar to that of the wild-type (Figures 5B and

5C and Table S2). This result is in line with previous reports that

H155ICL2P enhances b-arrestin 2 recruitment.39–41 Notably,

H155ICL2P Y2R exhibits an EC50 value similar to Y1R for b-arrestin

signaling. To understand the enhanced b-arrestin 2 recruitment of

this mutant at the molecular level, we aligned our structure with

those of two GPCR‒b-arrestin complexes, neurotensin receptor

1 (NTS1R)‒b-arrestin 1 (PDB: 6UP7) and b1 adrenergic receptor

(b1AR)‒b-arrestin 1 (PDB: 6TKO); two structures show different

b-arrestin 1 binding poses. PICL2 of NTS1R and b1AR form an

extensive hydrophobic network with Y63 and F75 at the edge of

the finger loop and with L243 and F244 in the C-loop of b-arrestin

1 (Figure 5D). Thus, the H155ICL2P mutation in Y2R could enhance

b-arrestin binding without affecting G protein interactions.

DISCUSSION

Unlike Y1R, Y2R can tolerate the N-terminal truncation of NPY/

PYY for downstream signaling. Using ITC, we have shown that

the N-terminal truncation of NPY does not affect its binding affin-

ity to Y2R. Consistent with these data, the cryo-EM structures of

NPY‒Y2R‒Gi and PYY(3–36)‒Y2R‒Gi complexes presented in

this study show that the helical and C-terminal regions of the

ligand form key interactions with the ECL2 and TMD of Y2R,

respectively, whereas the N-terminal region does not directly

contribute to Y2R binding; rather, it forms intramolecular con-

tacts with the helical region of NPY/PYY(3–36). When compared

with the antagonist-bound Y2R structure, agonist-bound Y2R ex-

hibits conventional conformational changes of class A GPCRs

upon activation, including a large outward movement of cyto-

plasmic part of TM6. While we were preparing this manuscript,

a cryo-EM structure of the NPY‒Y2R‒Gi complex at 3.4 Å reso-

lution was published.22 Structural comparison shows that our
re establishes an extensive hydrophobic network with the hydrophobic side of

ations at their N termini. Surface models of Y1R (bottom) and Y2R (top), shown

idues in Y1R, but no similar binding pocket is formed in Y2R.
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structure aligns well with this published one, with an RMSD of

1.1 Å for 302 Ca atoms of Y2R; however, the NPY N-terminal re-

gion, especially the Y1 side chain, is positioned differently in the

two structures (Figure S7). Since the N-terminal region does not

make extensive contacts with Y2R, it is not surprising that it may

adopt various conformations.

Structural comparison between NPY-bound Y1R and Y2R re-

veals that both receptors not only share conserved interactions

withNPY,but theyalsodisplaydistinctbindingmodesofNPY (Fig-

ure 6). The conserved interactionsaremediatedby the amidatedC

terminus of NPY that forms polar contacts with Q3.32 and H7.39,

both of which are conserved in the NPYR family. Except for Y36

and R35, most residues of NPY occupy different positions in Y1R

and Y2R, showing approximately a 2- to 3-Å shift of the C-terminal

residues 32–34, a 2-Å shift of the whole helix, and a 9.6-Å shift of

the N terminus. This is a fairly unique case of considerable

differences in agonist recognition within the same GPCR family.

Residues R33 and R35 of NPY, which were suggested as the

most important amino acids for agonist potency, show a different

interaction network in the two complex structures. This difference

may arise from the absence or presence of a bulky aromatic

residue at position 6.58. In the NPY-bound Y1R structure, F6.58

forms a p-cation interaction with R33, whereas Y2R V6.58 does

not participate in NPY binding. In addition, Y1R F6.58 was shown

to interact with Y1 of NPY.21 Interestingly, amino acid at position

6.58 varies among NPYR subtypes: F6.58, V6.58, E6.58, and T6.58 in

Y1R, Y2R, Y4R, and Y5R, respectively. The cryo-EM structure of

PP-bound Y4R from a previous report22 and a prediction model

of NPY-bound Y5R proposed that E6.58/T6.58 interact with R33,

suggesting that the residue at position 6.58 is responsible for the

receptor subtype-specific interaction with R33, except for V6.58

ofY2R (FigureS7).Anotherdistinct featureofNPY/PYY recognition

by Y2R occurs in the Ile-rich region of the ECL2. In contrast to the

flexible Y1R ECL2, which is associatedwith the dynamicmotion of

theNPY helix in theNPY‒Y1R structure, the Y2RECL2establishes

a hydrophobic interaction network with NPY, making its helix

relatively rigidly bound to the receptor, as demonstrated by MD

simulations. The lack of ECL2-mediated extensive hydrophobic

interactions with the NPY helix in the NPY‒Y1R complex appears

tobecompensated by the interaction of Y1Rwith theNPYN termi-

nus, which consequently results in similar NPY potencies at Y1R

and Y2R.

GPCR subtypes activated by the same agonist can exhibit

different G protein-coupling selectivity or downstream regulator

selectivity between b-arrestin and G protein. For example,

galanin receptors 1 and 2 exhibit different G protein-coupling
Figure 5. Differences in downstream G protein/b-arrestin recruitment
(A) NPY/PYY-induced Gi (top) and b-arrestin 2 (bottom) recruitment to Y1R and Y

assays.DBRET is calculated by the difference between ligand- and vehicle-treate

The EC50 values for each experiment are listed in Table S2.

(B) NPY/PYY-induced Gi (top) and b-arrestin 2 (bottom) recruitment to wild-type Y

bars represent the means and the SEM. The EC50 values for each experiment ar

(C) pEC50 data from BRET assays were subjected to one-way ANOVA followed

represent the means and the SEM of pEC50 calculated from independent experim

ns (p > 0.1), **p < 0.01, and ***p < 0.001.

(D) Structural analysis of H155ICL2P mutation of Y2R. For structural comparison,

moterol‒b1AR‒b-arrestin 1 (PDB: 6TKO) structures are presented together with P

and the interactions of corresponding Pro residues in Y1R (gray) bound to Gi (oran

b-arrestin 1 (teal blue) are shown. H155ICL2 of Y2R and corresponding PICL2 of Y
selectivity by activating Gi and Gq signaling, respectively, when

stimulated by galanin.42 On the other hand, noradrenaline shows

a similar potency to b1AR and b2AR for G protein-coupling but a

high potency to b1AR for b-arrestin-coupling.43 In the case of

Y1R and Y2R, they both activate Gi signaling upon NPY binding

but show a different coupling efficiency with G protein and b-ar-

restin, i.e., Y1R activation by NPY/PYY transmits Gi and b-ar-

restin signaling with similar efficiency, but Y2R activation favors

Gi signaling over b-arrestin signaling (Figure 6). A previous report

has shown that Y1R has a high affinity for b-arrestin 2 and forms a

supercomplex with b-arrestin 2 and Gao.
39 It was suggested that

the C-terminal tail of Y1R is responsible for this high binding af-

finity, based on the presence of multiple possible phosphoryla-

tion sites that can be recognized by b-arrestin 2. In our study,

we designed three mutations of Y2R based on structural com-

parison with Y1R, T
3.40I, HICL2P, and T6.33I, but only the HICL2P

mutant showed enhanced b-arrestin signaling without affecting

G protein signaling, suggesting that Pro residue at this position

affects preference for downstream pathways. Further studies

are needed to understand how this change in downstream

coupling selectivity relates to physiological responses. Together

with structural data, downstream coupling selectivity will provide

important information for the development of receptor subtype-

specific biased ligands.
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Figure 6. Schematic representation of NPY binding modes and downstream signaling in Y1R and Y2R

While Y1R and Y2R are activated by the same endogenous agonists, NPY/PYY, the agonist peptide binding mode is not conserved in the two receptors, dis-

playing critical differences in NPY/PYY recognition. Key residues in Y1R and Y2R showing differences in NPY/PYY recognition and downstream signaling are

shown as stick figures. Each downstreamGi /b-arrestin signaling is represented as an arrow, with a thicker arrowmeaning the better recruitment efficiency of the

signaling molecule.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DYKDDDDK Tag (D6W5B) Rabbit

monoclonal antibody

Cell Signaling Technology Cat#14793S; RRID: AB_2572291

Goat anti-rabbit IgG, polyclonal

antibody (HRP conjugate)

Enzo Life Sciences Cat#ADI-SAB-300-J; RRID: AB_11179983

Bacterial and virus strains

TOP10 Escherichia coli strain Invitrogen Cat#C404003

DH10Bac Escherichia coli strain Gibco Cat#10361012

Chemicals, peptides, and recombinant proteins

ESF921 incest cell culture medium Expression system Cat#96-001-20

Cellfectin� II Reagent Gibco Cat#10352100

n-Dodecyl-b-D-Maltopyranoside Anatrace Cat#D310A

Cholesteryl hemisuccinate Sigma-Aldrich Cat#C6512

Glyco-disogenin Anatrace Cat#GDN101

Sodium cholate Anatrace Cat#S1010S

Leupeptin Goldbio Cat#L-010-5

Benzamidine Sigma-Aldrich Cat#B6506

Phenylmethylsulfonyl fluoride Sigma-Aldrich Cat#11359061001

Tris(2-carboxyethyl)phosphine

hydrochloride

Goldbio Cat#TCEP1

Guanosine 50-diphosphate Sigma-Aldrich Cat#G7127

Apyrase NEB Cat#M0398L

Dulbecco’s Modified Eagle

Medium (DMEM)

Cytiva Cat#SH30243.01

Fetal Bovine Serum GW vitek Cat#US-FBS-500

Antibiotic-Antimycotic Gibco Cat#15240–062

Lipofectamine 2000 Invitrogen Cat#11668019

Coelenterazine h Nanolight Technology Cat#301

4% Paraformaldehyde Tech&Innovation Cat#BPP-9004

BSA Bovogen Biologicals Cat#BSAS 0.1

1-Step� TMB-Blotting Substrate Solution Thermofisher Scientific Cat#34018

Janus Green B Tokyo Chemical Industry Cat#J0002

Cal-520 AAT Bioquest Cat#21131

Neuropeptide Y GL Biochem (custom peptide synthesis) N/A

Neuropeptide Y(3–36) GL Biochem (custom peptide synthesis) N/A

Neuropeptide Y(18–36) GL Biochem (custom peptide synthesis) N/A

Peptide YY GL Biochem (custom peptide synthesis) N/A

Peptide YY(3–36) GL Biochem (custom peptide synthesis) N/A

Peptide YY(3–36) APExBio Cat#A1115

Critical commercial assays

MG Plasmid DNA Mini Kit MGmed Cat#MK00020

NucleoBond Xtra Midi Plus kit Macherey-Nagel Cat#MN740412

Ni-NTA agarose Qiagen Cat#30230

HiTrap Q Cytiva Cat#17115301

Superdex 200 10/300 GL Cytiva Cat#28990945

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Coordinates of NPY–Y2R–Gi–scFv16

complex

This paper PDB: 7YOO

Cryo EM map of NPY–Y2R–Gi–scFv16

complex

This paper EMDB: EMD-33985

Coordinates of PYY(3–36)–Y2R–Gi–scFv16

complex

This paper PDB: 7YON

Cryo EM map of PYY(3–36)–Y2R–Gi–

scFv16 complex

This paper EMDB: EMD-33984

Experimental models: Cell lines

Human Embryonic Kidney HEK293T ATCC Cat#CRL-3216

Spodoptera frugiperda Sf9 Expression systems Cat#94–001F

Trichuplusia ni Hi5 Expression systems Cat#94–002F

Recombinant DNA

pFastBac-FLAG-BRIL-Y2R-GFP-His-R1D4 This paper N/A

pFastBac-Gai This paper N/A

pFastDual-His-Gb, Gg This paper N/A

pFastBac-scFv16-His This paper N/A

pcDNA3.1-FLAG-Y1R This paper N/A

pcDNA3.1-FLAG-Y2R (for wild-type

receptor and point mutants)

This paper N/A

pcDNA3.1-Gai This paper N/A

pcDNA3.1-Gb This paper N/A

pcDNA3.1-Gg This paper N/A

pcDNA3.1-FLAG-Y1R-eYFP This paper N/A

pcDNA3.1-FLAG-Y2R-eYFP (for wild-type

receptor and point mutants)

This paper N/A

pcDNA3.1-Gai-Rluc8 This paper N/A

pcDNA3.1-Rluc8-b-arrestin 2 This paper N/A

Software and algorithms

Prism 9.3.0 GraphPad https://www.graphpad.com/scientific-

software/prism/

Cryosparc v.3.2 Punjani et al., 201744 https://cryosparc.com/

UCSF ChimeraX v1.1 Pettersen et al., 202145 https://www.cgl.ucsf.edu/chimerax/

Phenix v1.19.2–4158 Liebschner et al., 201946 https://phenix-online.org/

Molprobity Williams et al., 201847 http://molprobity.biochem.duke.edu/

EMRinger Barad et al., 201548 https://fraserlab.com/2015/02/18/

EMringer/

Pymol v2.5.0 Schrödinger https://pymol.org/2/

Microcal PEAQ-ITC Analysis Malvern Panalytical https://www.malvernpanalytical.com/

Coot v.0.9.6 Emsley et al., 201049 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

GROMACS 2018.6 Van Der Spoel et al., 200550 https://gromacs.org

VMD 1.9.4 Humphrey et al., 199651 http://www.ks.uiuc.edu/Research/vmd

CHARMM-GUI Jo et al., 200852 https://www.charmm-gui.org/

Alpha-Fold-Multimer Evans et al., 202253 https://github.com/deepmind/alphafold/

GalaxyRefineComplex Heo et al., 201654 https://galaxy.seoklab.org/refinecomplex

Galaxy7TM Lee and Seok, 201655 http://galaxy.seoklab.org/7TM
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hee-Jung

Choi (choihj@snu.ac.kr).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
d The PYY(3–36)–Y2R–Gi–scFv16 and NPY–Y2R–Gi–scFv16 structures were deposited in the PDB under the accession codes

7YON and 7YOO, and the electron density maps in the Electron Microscopy Data Bank under the accession codes EMD-

33984 and 33985, respectively.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Y2R was expressed in Spodoptera frugiperda (Sf9) cells infected with recombinant baculovirus (pFastBac, Invitrogen).

Heterotrimeric GI and scFv16 were expressed in Trichoplusia ni (Hi5) cells infected with recombinant baculovirus (pFastBac, Invitro-

gen). Sf9 cells and Hi5 cells were grown in ESF921 medium (Expression systems) at 27�C. HEK293T cells were grown in Dulbecco’s

Modified Eagle Medium (DMEM; Cytiva) supplemented with 10% fetal bovine serum (GW vitek) and Antibiotic-Antimycotic (Gibco) at

37�C in an atmosphere containing 5% CO2. HEK293T cells were acquired from (American Type Culture Collection, ATCC).

METHOD DETAILS

Expression and purification of Y2R
The full-length human Y2R was modified to contain affinity tags (an N-terminal FLAG tag and a C-terminal 8xHis tag), stabilizing mu-

tations (H1493.51Y and S2806.47C), and the stabilizing factor BRIL at the N-terminus to enhance receptor expression.25 Modified Y2R

was cloned into a pFastBac vector with primers provided in Table S3 and the receptor was expressed in Sf9 cells using a Bac-to-Bac

system (Invitrogen).56 Cells were harvested 48 h after infection and were lysed with hypotonic buffer (20 mM HEPES (pH 7.5), 1 mM

EDTA, protease inhibitors). Membrane fractions were collected by centrifugation (18,000 rpm, 20 min; 4�C) and were further solubi-

lized in solubilization buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 1% n-dodecyl-b-D-maltopyranoside (DDM), 0.1% cholesteryl

hemisuccinate (CHS), protease inhibitors) and purified using a Ni-NTA column. After column washing with high salt buffer (20 mM

HEPES (pH 7.5), 0.5 M NaCl, 20 mM imidazole, 0.05% DDM, 0.005% CHS) and low salt buffer (20 mM HEPES (pH 7.5), 150 mM

NaCl, 30 mM imidazole, 0.05% DDM, 0.005% CHS), bound receptor was eluted with low salt buffer containing 300 mM imidazole.

For structural studies, the eluted receptor was further purified using a Superdex 200 10/300 size exclusion column (Cytiva) pre-equil-

ibrated with 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.03% DDM, and 0.003% CHS. Fractions containing BRIL-Y2R-GFP were

pooled, concentrated, and used directly to prepare the ligand–Y2R–Gi complex. For ITC experiments, BRIL and GFP were cleaved

by treatment with a HRV3C protease at 4�C overnight. Cleaved Y2R was further purified using a Superdex 200 10/300 size exclusion

column (Cytiva) pre-equilibrated with 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.03% DDM, and 0.003% CHS. A peak fraction

containing Y2R was used for ITC experiments without any further concentration.

Expression and purification of heterotrimeric Gi

To purify the heterotrimeric Gi , human Gai1, 6xHis-Gb1, and Gg2 were co-expressed in Hi5 insect cells. Cells were harvested 48 h

after infection and lysed with lysis buffer (20mMTris-HCl (pH 8.0), protease inhibitors). After centrifugation (18,000 rpm, 20min; 4�C),
G protein was solubilized with solubilization buffer (20mMTris-HCl (pH 8.0), 100mMNaCl, 2 mMMgCl2, 50 mMguanosine 50-diphos-
phate (GDP), 1% sodium cholate, 0.1 mMTris(2-carboxyethyl)phosphine hydrochloride (TCEP), protease inhibitors). Insoluble debris

were removed by centrifugation and the supernatant was loaded onto aNi-NTA column. During columnwashing, sodium cholate was

gradually exchanged to DDM, and the bound protein was eluted with 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM MgCl2, 10 mM

GDP, 0.03% DDM, 0.1 mM TCEP, and 300 mM imidazole. Eluted heterotrimeric Gi was further purified using a Hitrap Q column (Cy-

tiva) pre-equilibrated with 20 mM Tris-HCl (pH 8.0), 1 mMMgCl2, 10 mMGDP, and 0.03%DDM. Fractions containing Gi were pooled,

concentrated, flash frozen in liquid nitrogen, and stored at �80�C until use.

Expression and purification of scFv16
Single-chain variable fragment (scFv16), which is a Gi-stabilizing antibody, was purified as previously described with slight modifi-

cations.57 Briefly, scFv16 with a C-terminal 8xHis tag was expressed in Hi5 cells. After cell harvesting, the supernatant containing

the secreted scFv16 was incubated with Ni-NTA resin for 2 h at 4�C. The resin was washed with washing buffer (20 mM Tris-HCl
e3 Structure 31, 44–57.e1–e6, January 5, 2023
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(pH 7.5), 150 mM NaCl, and 30 mM imidazole), and the bound protein was eluted with washing buffer supplemented with 300 mM

imidazole. Eluted protein was further purified by size exclusion chromatography on a Superdex 200 10/300 gel filtration column

(Cytiva) pre-equilibrated with 20 mM HEPES (pH 7.0) and 150 mM NaCl. Purified scFv16 was concentrated, flashed frozen in liquid

nitrogen, and stored at �80�C until use.

Y2R complex purification
To prepare the NPY–Y2R–Gi–scFv16 and PYY(3–36)‒Y2R–Gi–scFv16 complexes, synthesized ligands and each purified protein

(BRIL-Y2R-GFP, GI , and scFv16) were mixed in a 2:1:1.2:1.5 M ratio (ligand:Y2R:Gi:scFv16) and incubated at 4�C overnight. Each

protein mixture was loaded onto an anti-GFP nanobody column to remove excess GI and scFv16. After on-column detergent ex-

change from DDM to glyco-diosgenin (GDN), the samples were treated with a HRV3C protease to obtain each ligand–Y2R–Gi–

scFv16 complex. A final size exclusion chromatography purification was performed using a buffer consisting of 20 mM HEPES

(pH 7.5), 150 mM NaCl, 0.01% GDN, 0.001% CHS, and 2 mM ligand. Each purified complex was concentrated to 8–10 mg ml�1

and used for grid preparation.

Cryo-EM grid preparation and data collection
For each Y2R complex, a 4.5 mL aliquot was applied onto a glow discharged holey carbon grid (Quantifoil R1.2/1.3, 200 mesh). The

grids were blotted for 3.5 s under 100% humidity at 4�C and vitrified by plunging into liquid ethane using a Vitrobot Mark IV (Thermo

Fisher Scientific, SNU CMCI). Cryo-EM data collection for both complexes was performed using a 300 kV Krios G4 (Thermo Fisher

Scientific) equipped with K3 direct electron detector and Gatan GIF quantum energy filter at the Institute for Basic Science (IBS,

Korea). For the NPY-bound complex, movies were recorded in counting mode at a pixel size of 0.841 Å and a defocus range

of �1 mm to �2.25 mm. A total of 9,228 movies were collected, each comprising 60 frames, with a total dose of 66 electrons per

Å2. For the PYY(3–36)-bound complex, movies were recorded in counting mode at a pixel size of 0.849 Å and a defocus range

of �0.75 mm to �2.0 mm. A total of 13,559 movies were collected, each comprising 57 frames, with a total dose of 60.5 electrons

per Å2.

Cryo-EM data processing
For the NPY–Y2R–Gi–scFv16 and PYY(3–36)–Y2R–Gi–scFv16 complexes, collected movies were subjected to patch motion

correction and patch contrast transfer function (CTF) estimation implemented in cryoSPARC v.3.2 46. Damaged micrographs and

micrographs with a CTF fit lower than 5 Å were discarded after this process. Particles selection was performed with a blob picker

using partial fraction of the movies. These particles were further processed for 2D Classification and fine 2D templates were used

for template picker. For NPY–Y2R–Gi–scFv16, initial template picking resulted in 9,842,630 particles from 8752 movies. These

particles were further subjected to four rounds of 2D classification, three rounds of heterogeneous refinement, and a local motion

correction leaving 500,366 particles for final reconstruction. These particles were used for non-uniform refinement yielding a

3.11 Å resolution map. To further enhance the quality of the extracellular region, local refinement was conducted by masking the

TM region, resulting in a 3.39 Å resolution map. To combine the maps, Gaibg–scFv16 was masked and used for local refinement

yielding a 3.04 Å resolution map. Local resolution was determined using local resolution estimation implemented in cryoSPARC

v.3.2. These two maps were merged using vop-maximum in UCSF ChimeraX v.1.1 47 and used for further structure refinement.

Angular distribution of the particles was visualized using ‘‘star2build’’ script implemented in pyem.58

For the PYY(3–36)–Y2R–Gi–scFv16 complex, the initial template picking resulted in 12,262,301 particles from 13,559 movies.

These particles were further subjected to five rounds of 2D classification and two rounds of heterogeneous refinement, leaving

359,459 particles for final reconstruction. These particles were used for non-uniform refinement yielding a 2.95 Å resolution map.

To further enhance the quality of the extracellular region, local refinement was conducted by masking the TM region resulting in a

3.15 Å resolution map. To combine the maps, Gi–scFv16 was masked and used for local refinement yielding a 2.89 Å resolution

map. Local resolution was determined using local resolution estimation implemented in cryoSPARC v.3.2. These two maps were

merged using vop-maximum in UCSF ChimeraX v.1.1 45 and used for further structure refinement. The angular distribution of the

particles was visualized using ‘‘star2build’’ script implemented in pyem.58

Model building and refinement
Initial models were assembled with the inactive Y2R structure (PDB: 7DDZ), and NPY, Gi, scFv16 structure (PDB: 7VGX) with a rigid-

body and simulated annealing in Phenix v.1.19.2–4158.46 Because the inactive Y2R structure was lacking the N-terminus and the

ICL3, poly-A chain was added to the structure and each residue was fitted based on the map. For PYY(3–36), NPY was used as a

base model and the different residues were mutated into the amino acids of PYY. This model was then subjected to multiple rounds

of manual rebuilding with COOT49 and real-space refinement implemented in Phenix v.1.19.2–4158.46 The geometry of the final

structure was evaluated using MolProbity47 and EMRinger.48 Figures were prepared using UCSF ChimeraX v1.1 and PyMol

v2.5.0. Refinement statistics are summarized in Table 1.

Molecular dynamics simulation
To generate the initial model for MD simulations, the missing residues were added to the structural model of NPY–Y2R–Gi complex.

The a-helical domain of Gai was added by aligning the previously reported structure,59 and the missing residues of NPY (9–15) were
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built based on the unsharpenedmap of NPY–Y2R at a lower threshold. Themissing residues at theN-terminus of Y2R (2–39) were built

randomly. This study used the CHARMM36(m) force field for proteins and lipids.60–62 The TIP3P water model was utilized along with

0.15 M NaCl solution. All simulations were performed using the inputs generated by CHARMM-GUI and GROMACS 2018.6 for both

equilibration and production with the LINCS algorithm.50,63–66 Three independent MD simulations were performed for each system to

obtain better sampling and check the convergence. Long-range electrostatic interactions were calculated using the particle-mesh

Ewaldmethodwith amesh size of�1 Å and the van derWaals interactions were smoothly switched off over 10–12 Å by a force-based

switching function.67,68 For pressure coupling (1 bar), the semi-isotropic Parrinello-Rahman method with a tp of 5 ps and compress-

ibility of 4.5 3 10�5 bar�1 was used.69 To maintain the temperature, the Nosé-Hoover thermostat was used with tt = 1 ps. The con-

stant particle number, volume, and temperature dynamics were first applied with a 1-fs time step for 250 ps during the equilibration

run. Subsequently, the constant particle number, pressure, and temperature ensemble was applied with a 1-fs time step (for 2 ns) and

with a 2-fs time step (for 18 ns). During the equilibration, positional and dihedral restraint potentials were applied, and their force

constants were gradually reduced. The production run was performed with a 4-fs time step using the hydrogen mass repartitioning

technique without any restraint potential.70 Each system ran approximately 25 ns/day with 512 CPU cores on NURION in the Korea

Institute of Science and Technology Information.

Isothermal titration calorimetry
Isothermal titration calorimetry was performed using a MicroCal Auto-iTC200 (Malvern Panalytical) to assess the binding affinity be-

tween the peptide and the receptor. Freshly purified 10–20 mM of Y2R and 150–300 mM PYY, NPY, and NPY(18–36). Each titration

experiment was performed by injecting 1.5 mL of peptides for 30 times at 120 s intervals and 25�C. The basal heat signal was acquired

by injecting each peptide to the size exclusion chromatography buffer. Data analysis was performed using the MicroCal PEAQ-ITC

Analysis software.

BRET assay
For Y1R/Y2R–G protein BRET dose-response assay, HEK293T cells were plated in 6-well plates and co-transfected with Gai-Rluc8,

Gb, Gg, and Y1R/Y2R-eYFP at a 1:2:2:5 ratio. All the oligonucleotides used in generation of Y2R-eYFP constructs carrying T1383.40I,

H155ICL2P and T2666.33I mutation are provided in Table S3. For Y1R/Y2R–b-arrestin 2 BRET dose-response assay, HEK293T cells

were co-transfected with Rluc8-b-arrestin 2 and Y1R/Y2R-eYFP at a 1:8 ratio. Rluc8 is inserted between L91 and K92 of human

Gai,
71 and at the N-terminus of human b-arrestin 2, respectively. EYFP is inserted at the C-terminus of Y2R with three alanine linker.

Forty-eight hours after transfection, the cells were detached with 1X PBS supplemented with 20 mM EDTA. The detached cells me-

dium was exchanged into 1X HBSS supplemented with 10 mM HEPES (pH 7.5). Cells were treated with NPY/PYY/PYY(3–36) at the

desired final concentration and plated into 96-well white plates. For Y1R/Y2R, b-arrestin 2 transfected cells were further incubated at

37�C for 10 min Rluc8 and eYFP signals were each measured at 480 and 540 nm for 30 min after 5 mM coelenterazine h (Nanolight

Technology) was injected using Tristar2 LB942 (Berthold Technologies). DBRET was calculated by subtracting the BRET ratio de-

tected in vehicle-stimulated cells from the BRET ratio detected in NPY-treated cells. Data analysis and presentation was performed

using GraphPad Prism 9.3.0.

ELISA-based surface expression assay
HEK293T cells were transfected with a pcDNA3.1 plasmid containing an N-terminal FLAG tag and various Y2R mutants. All the ol-

igonucleotides used in generation of Y2R mutants are provided in Table S3. After 48 h, cells were fixed by treatment with 4% para-

formaldehyde (Tech&Innovation) and washed with 1X PBS. Cells were incubated with a blocking solution consisting of 1X PBS and

5% BSA (Bovogen Biologicals) for 1 h. A rabbit anti-FLAG (Cell signaling Technology) and goat anti-rabbit HRP (Enzo Life Sciences)

antibodies were added sequentially. 1-Step� TMB-Blotting Substrate Solution (Thermofisher Scientific) was added to each well for

detection, and 1 M HCl was added to stop the reaction. The absorbance was detected at 450 nm using a FlexStation 3 multi-mode

microplate reader (Molecular Devices). Normalization was carried out by mitochondria staining. The remaining solution in each well

was removed, and a 0.2% (w/v) Janus Green B (Tokyo Chemical Industry) solution was added. After 5 min of incubation, the excess

stain was eliminated by extensivewashing with distilled water. Stain was elutedwith 0.5MHCl, and the absorbance wasmeasured at

595 nm. The normalized expression level of the receptor at the cell surface was calculated by the ratio of the absorbance at 450 and

595 nm (A450/A595). The graphs were plotted using GraphPad Prism 9.3.0.

Ca2+ signaling assay
HEK293T cells were seeded in 96-well black wall/clear bottom microplates (Greiner Bio-One). Cells were transfected with a plasmid

containing Y1R/Y2R, GaD6qi4myr, Gb, and Gg in a 3:1:1:1 ratio.72 After 48 h of incubation, cells were stained with 5 mg/mLCal-520 (AAT

Bioquest) in assay buffer (HBSS, 0.1%BSA, 20 mMHEPES (pH 7.4)) for 2 h. The cells were then washed with assay buffer to remove

excess dye. The intracellular Ca2+ influx was measured at Ex/Em = 490/525 nm for 130 s using the FlexStation 3 multi-mode micro-

plate reader (Molecular Devices). NPY peptides diluted in assay buffer were transferred to each well at 30 s. Among the measured

signals, the 0–30 s section was taken as the baseline and the relative fold of the 30–130 s section was calculated. EC50 values were

calculated by plotting log(concentration)–response curves using GraphPad Prism 9.3.0, by fitting an agonist response curve with a

variant slope.
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Modeling of NPY-bound Y5R
Y5R in complex with the NPY peptide was initially modeled using Alpha-Fold-Multimer.53 G protein was included during modeling to

obtain the active form of Y5R. The structural models were then refined using GalaxyRefineComplex54 and a scoring function opti-

mized for GPCR structure prediction.55 The top scoring structure was used for comparison.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data were processed using cryoSPARC v.3.2,44 UCSF ChimeraX v.1.1,45 and pyem.58 Cryo-EM structure statistics were

analyzed using MolProbity47 and EMRinger.48 ITC data were analyzed using the MicroCal PEAQ-ITC Analysis software. Statistical

details for ITC are provided in Figure S1 and its legend. ELISA, BRET, and Ca2+ signaling assay data were analyzed using

GraphPad Prism 9.3.0. Statistical details for Ca2+ signaling assays and BRET experiments are provided in Figures 2, 3, 5,

Tables S1 and S2, and their legends. For ELISA experiments, the statistical details are provided in Figure S2 and its legend.
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