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Hugo Gutieŕrez-de-Terań,‡,§ Johan Åqvist,‡ and Dan Larhammar*,†

†Department of Neuroscience, Science for Life Laboratory, Uppsala University, Box 593, SE-751 24 Uppsala, Sweden
‡Department of Cell and Molecular Biology, Uppsala University, Box 596, SE-751 24 Uppsala, Sweden
§Fundacioń Pub́lica Galega de Medicina Xenoḿica, Hospital Clínico Universitario de Santiago, E-15706 Santiago de Compostela,
Spain

ABSTRACT: Neuropeptide Y and peptide YY receptor type
2 (Y2) is involved in appetite regulation and several other
physiological processes. We have investigated the structure of
the human Y2 receptor. Computational modeling of receptor−
agonist interactions was used as a guide to design a series of
receptor mutants, followed by binding assays using full-length
and truncated peptide agonists and the Y2-specific antagonist
BIIE0246. Our model suggested a hydrogen bond network
among highly conserved residues Thr2.61, Gln3.32, and
His7.39, which could play roles in ligand binding and/or
receptor structure. In addition, the C-terminus of the peptide
could make contact with residues Tyr5.38 and Leu6.51.
Mutagenesis of all these positions, followed by binding assays,
provides experimental support for our computational model: most of the mutants for the residues forming the proposed
hydrogen bond network displayed reduced peptide agonist affinities as well as reduced hPYY3-36 potency in a functional assay.
The Ala and Leu mutants of Gln3.32 and His7.39 disrupted membrane expression of the receptor. Combined with the modeling,
the experimental results support roles for these hydrogen bond network residues in peptide binding as well as receptor
architecture. The reduced agonist affinity for mutants of Tyr5.38 and Leu6.51 supports their role in a binding pocket surrounding
the invariant tyrosine at position 36 of the peptide ligands. The results for antagonist BIIE0246 suggest several differences in
interactions compared to those of the peptides. Our results lead to a new structural model for NPY family receptors and peptide
binding.

The neuropeptide Y (NPY) system of neuronal and
endocrine peptides and receptors has broad biological

functions and is involved in several diseases, such as obesity and
cancer.1 However, until now, no effective drugs have been
developed for the NPY system,1−3 an endeavor that could be
potentially assisted by studies of peptide−receptor interactions.
The NPY family of peptides is in mammals comprised of three
related peptides, NPY, peptide YY (PYY), and pancreatic
polypeptide (PP), which are 36 amino acids long with a C-
terminal amidated conserved tyrosine.4 The peptides activate
receptors that belong to the family of rhodopsin-like (class A)
G-protein-coupled receptors (GPCRs). Four functional re-
ceptors named Y1, Y2, Y4, and Y5 exist in humans,5 and
additional receptors (Y6−Y8) are present in some other
vertebrate lineages.5−8 The Y6 gene is a pseudogene in
humans,9 whereas Y7 and Y8 have been lost in the lineage
leading to mammals.6,7

Each of the four human NPY family receptors has a unique
peptide binding profile. Two of the most prominent differences
are that Y2 can respond to truncated forms of both NPY and
PYY, i.e., residues 3−36 and 13−36,10 and that PP

preferentially binds to Y4.11−14 Nevertheless, all three native
peptides, which share a considerable degree of homology, in
particular in the C-terminal part, show some affinity for all four
receptors.15 This somewhat promiscuous ligand−receptor
behavior has driven the search for highly selective antagonists
that can be used as tools for pharmacological characterization of
the receptor subtypes and therapeutically for the treatment of,
for instance, obesity.16 The first successful Y2 antagonist
developed was BIIE0246,17 which has become the reference
antagonist in Y2 binding studies. Since then, additional
antagonists have been reported, with lower molecular weights
and the ability to cross the blood−brain barrier,18−20 which
gives them potential therapeutic interest.
One feature that makes the NPY receptor family particularly

interesting and suitable for mutagenesis studies is the fact that
the three receptors (Y1, Y2, and Y5) are only approximately
30% identical for each pairwise comparison21 and nevertheless
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can respond to both NPY and PYY. A few mutagenesis studies
have been reported for the human Y1 (hY1) receptor, but
several discrepancies exist among these.22−27 There are four
published mutagenesis studies of hY2 addressing in total 14
residues.28−31 Several Y1 and Y2 receptor structural models
have been proposed.23,24,26,31 However, all of these models
must be reconsidered in light of the recently determined GPCR
structures,32 which can be used as better starting points for
homology-based models that are subsequently tested using
mutagenesis and binding studies.
The docking hypothesis for NPY family receptors presented

in ref 31 suggested that the conserved Asp6.59 residue in
receptors Y1/Y4 and Y2/Y5 interacts in a subtype-specific
manner with the two conserved arginines in NPY, i.e., Arg35
and Arg33, respectively. Our previous mutagenesis studies of
the hY1 and hY2 receptors identified several positions that are
important for the pharmacology of each subtype, but
surprisingly, the mutations of the corresponding positions
rarely display the same level of importance in Y2 as in Y1.26,28,29

Here we describe a new computational model of the hY2
receptor and its interactions with native agonists. On the basis
of this model, mutagenesis studies of six new positions in hY2,
including double mutants, made it possible to validate and
propose an improved three-dimensional model of the receptor
with new implications for native peptide binding.

■ MATERIALS AND METHODS

Numbering and Nomenclature Used for Peptides and
for Receptor Residues and Mutants. Amino acid positions
in peptides are named using the single-letter amino acid
abbreviations followed by the sequence correlative number.
Receptor residues are named using the three-letter amino acid
abbreviations and are numbered according to the system of
Ballesteros and Weinstein.33 Mutants are named with single-
letter abbreviations for the wild-type (WT) residue followed by
the Ballesteros−Weinstein number and the introduced amino
acid.
Computational Modeling. Two protocols were followed

in this study. (1) A docking procedure was used to obtain a
hY2−hNPY complex that guided the site-directed mutagenesis
studies. (2) A hY2 homology model was built in light of novel
receptor structure templates. This last model was used for
further interpretation of the binding and site-directed muta-
genesis results reported herein. The methods followed in each
protocol are outlined below.
Docking of hNPY in an Initial Model of the hY2 Receptor.

In a previous study, we reported a three-dimensional (3D)
model of hY2, which was built using Modeler on the basis of its
homology with the human adenosine receptor, hA2A [Protein
Data Bank (PDB) entry 3EML].34 This structure, obtained as
described in detail in ref 29, was used here as a starting point
for docking the hNPY peptide using the following stepwise
docking protocol.
Step 1. First, automated docking of the conserved C-terminal

dipeptide fragment of the natural agonists with an acetylated N-
terminus [CH3C(O)-R35-Y36-NH2] was performed using
GOLD version 4.035 with the Chemscore scoring function,36

default genetic search parameters, and 50 docking runs. The
binding site was defined within a 25 Å radius sphere centered
between Thr2.61 and Gln6.55. Such a sphere comprised the
entire orthosteric binding cavity between the extracellular loops
and TM helices of the model. Docking solutions were clustered

according to a 5 Å root-mean-square deviation cluster limit
using complete linkage hierarchical clustering.
Step 2. The 36-residue hNPY peptide was built by homology

modeling starting from the crystal structure of the avian
pancreatic peptide (aPP, PDB entry 2BF9, 53% identical
sequence)37 using Modeler.38 Fifteen models were generated,
and the best model was selected according to the DOPE-HR
scoring function.39 The protein−protein docking program
HADDOCK40 was employed to elucidate the mode of binding
of the hNPY peptide to hY2. HADDOCK is a docking method
that has demonstrated very good performance in several
CAPRI competitions on protein−protein docking predic-
tions.41 Basically, the docking algorithm is driven by
(experimental) knowledge, in the form of information about
the interface region between the molecular components and/or
their relative orientations. The information used in this work to
bias the docking was derived from experimental mutagenesis
data,28,31 as well as from the docking results of the dipeptide
obtained with GOLD. Briefly, the user must define a set of
residues in each protein, which are thought to directly
participate in the protein−protein interaction, termed “active
residues”. Thereafter, a list of “passive residues” is elaborated as
the solvent accessible residues surrounding the active residues,
identified with NACCESS,42 followed by a manual assessment
to eliminate membrane-surrounded residues. A set of
“ambiguous distance restraints” is thus created, between all
active residues of one protein and all active and passive residues
of the other. During the docking search, an energy penalty is
assigned if an active residue is not contacting any active or
passive residue on the partner molecule. It is important to note
here that no specific pair interaction is imposed or restrained.
Simply, the so-defined active residues in one partner should
make contact with at least one of the active or passive residues
in the other partner. The docking protocol consists of three
stages, namely, a rigid-body energy minimization, a semiflexible
refinement in torsion angle space, and a final refinement in
explicit solvent. A set of 2000 docking runs was queried for the
first phase. The best 200 structures were retained for
subsequent refinement. We selected dimethyl sulfoxide as the
explicit solvent model, because it better represents the
physiological lipophilic environment of membrane proteins
(A. Bonvin, personal communication).

Modeling of hY2 Based on the NTSR1 Template. A second
version of the 3D model of hY2 was built using the following
computational protocol.
Step 1. Human Y1, Y2, Y4, and Y5 protein sequences were

downloaded from the Essembl database.43 The multiple-
sequence alignments of these sequences were made with
Jalview using default settings of the ClustalW multiple-sequence
alignment function.44

Step 2. The sequence of the recently crystallized rat
neurotensin receptor 1 (NTSR1) was extracted from the
corresponding PDB entry 4GRV45 and aligned with the family
alignment of NPY receptors described above. A pairwise hY2-
rNTSR1 was obtained and manually curated, in particular for
the longer loops, by considering the sequence conservation
within the NPY receptor family. The N-terminus was discarded
from hY2 modeling because of a lack of similarity.
Step 3. Homology modeling was performed using Modeler,38

generating 1000 initial homology models. A candidate model
was selected on the basis of a low DOPE-HR assessment
score39 and the orientation of Asp6.59 toward the binding
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crevice, a highly conserved residue shown to be important by
mutagenesis.31

Step 4. Automated docking of the NPY/PYY C-terminal
pentapeptide [CH3C(O)-T32-R33-Q34-R35-Y36-NH2] was
achieved by means of the Induced Fit Docking protocol46 in
Schrödinger Suite 2011 (Schrödinger LCC, New York, NY).
Default settings were used in an enclosing box comprising the
entire orthosteric binding cavity between the extracellular loops
and TM helices of the model.
Step 5. Molecular dynamics (MD) equilibration was

performed on the protein−peptide complex, following the
MD protocol for GPCRs as implemented with the GPCR-
ModSim web server.47 Briefly, the complex is automatically
embedded in a pre-equilibrated POPC (1-palmitoyl-2-oleoyl-
phosphatidylcholine) membrane model, so that the TM bundle
is parallel to the vertical axis of the membrane. The system is
then soaked with bulk water and inserted into a hexagonal
prism-shaped box that is energy-minimized. Then follows a
careful equilibration protocol using PBC (periodic boundary
conditions) for 2.5 ns, where positional restraints in protein and
peptide heavy atoms are gradually released from 1000 to 200 kJ
mol−1 Å−2, followed by a 2.5 ns run in which the soft positional
restraint is applied only in the C-alpha trace of the protein.
Step 6. Manual docking of the full NPY peptide was

performed with Schrödinger Suite 2011 (Schrödinger LCC).
The fragment with the defined secondary structure of the NPY
peptide (residues 1−31) was attached to the equilibrated pose
of the 32TRQRY36-HN2 C-terminal fragment with Maestro,
followed by 1000 steps of energy minimization with Macro-
model in which the secondary structure of peptide and protein
was preserved with positional constraints.
Site-Directed Mutagenesis. The QuikChange II site-

directed mutagenesis kit (Stratagene, La Jolla, CA) was used to
generate the mutants according to the manufacturer’s protocol.
Briefly, the mutations were introduced via polymerase chain
reaction with primers specifically designed for each mutation. A
pcDNA-DEST47 vector (Invitrogen, Carlsbad, CA) with a
wild-type human Y2 (WT hY2) receptor coding region inserted
was used as the parental template.29 After the generated
plasmids had been cloned, the coding regions of the mutants
were fully sequenced to confirm the introduced mutation.
Upon confirmation of the sequence, plasmids were purified by
PureLink HiPure Plasmid DNA purification kits (Invitrogen)
for transfection. The following mutants were created: T2.61A,
Q3.32E, Q3.32H, Q3.32L, Q3.32A, H7.39Q, H7.39L, H7.39A,
Q3.32H+H7.39Q, Y3.30L, Y3.30A, Y5.38L, Y5.38A, L6.51A,
Y3.30L+Y5.38L, Y5.38L+L6.51A, Y3.30L+ L6.51A, Q6.55L,
and Q6.55N.
Transfection for Transient Receptor Expression. Lip-

ofectamine 2000 transfection reagent (Invitrogen) and Opti-
Mem medium (Invitrogen) were used to transfect human
embryonic kidney (HEK) 293 cells at 90−95% confluence, with
the WT hY2 plasmid and the plasmids for the hY2 mutants
according to the manufacturer’s instructions. After transfection,
the cells were allowed to grow for 72 h in DMEM (Invitrogen)
with 10% (v/v) fetal calf serum (Invitrogen), penicillin-
streptomycin (Gibco), and amphotericin B (Invitrogen).
Thereafter, the cells were washed with phosphate-buffered
saline (PBS) twice and scraped off the plate. After
centrifugation, the cell pellet was resuspended in binding buffer
[25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes) buffer (pH 7.4) containing 2.5 mM CaCl2 and 1.0
mM MgCl2], and aliquots were stored at −20 °C for binding

assays. The protein concentrations of the cell batches were
determined using the Bio-Rad Protein Assay (Bio-Rad,
Hercules, CA) with bovine serum albumin as a standard.

Binding Assays. The radioligand used was [125I]pPYY with
a specific activity of 2200 Ci/mmol (PerkinElmer, Waltham,
MA). Human PYY3-36 (Bachem, Bubendorf, Switzerland) and
the Y2-specific nonpeptide antagonist BIIE0246 (Boehringer
Ingelheim, Ingelheim, Germany) were used for competition
assays.
The binding assays were performed according to a previous

description with minor changes28 to determine the Kd values of
the radioligand for the different mutants and Ki values for
human PYY3-36 and BIIE0246. The cell aliquots were diluted
in binding buffer with additional 2 g/L bacitracin. Final
volumes of 200 and 100 μL were used for the saturation and
competition assay, respectively, and all assays were incubated at
room temperature for 3 h. The binding assays were performed
in triplicate and repeated independently at least three times.

Functional Assays. The functional inositol phosphate (IP)
assay was performed by cotransfection of each receptor
construct with a chimeric G protein contruct. The chimeric
G-protein (kindly provided by E. Kostenis), with the last four
amino acids replaced by the corresponding amino acids from
Gαi, can change a Gαi signal transduction pathway to the Gαq
pathway, leading to IP generation.48

HEK 293 cells (∼90−95% dense) were cotransfected with
mutant plasmid constructs and the chimeric G-protein Gαqi4
plasmid using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Myo[2-3H]inositol (Perki-
nElmer) at 3 μCi/mL was added on the following day. The
day after, the cells were detached with a PBS/EDTA mixture
(0.2 g/L) and resuspended in assay buffer containing 10 mM
LiCl (20 mM Hepes, 137 mM NaCl, 5 mM KCl, 0.44 mM
KH2PO4, 4.2 mM NaHCO3, 1.2 mM MgCl2, 1 mM CaCl2, and
10 mM glucose). The cells were preincubated for 10 min and
then stimulated with serial dilution of hPYY3-36 for 20 min at
37 °C. An equal volume of ice-cold 0.8 M perchloric acid was
added and incubated on ice for 60 min to lyse the cells. The
reaction was terminated by neutralization with KOH/KHCO3.
The generated [3H]inositol phosphates were isolated by ion
exchange chromatography on AG 1-X8 resin (Bio-Rad). The
resin was washed with 5 mM Na2B4 and 60 mM NH4-formate
and eluted with 1 M NH4 formate and 0.1 M formic acid
(method adapted from ref 49). After the sample had been
mixed with OptiPhase HiSafe (PerkinElmer), the 3H radio-
activity was measured with a liquid scintillation counter. The
assay was performed in triplicate for each concentration.

Data Analysis. Prism 5.0 (GraphPad Software, La Jolla,
CA) was used to analyze the binding and IP assay results.
Results from the saturation, competition, and IP assays were
analyzed by nonlinear regression curve fitting. Scatchard
transformation for saturation assays was analyzed by linear
regression. Hill slope values were calculated for all individual
competition assays. In addition, the curves were fit a with one-
site binding model to calculate the Ki values for WT hY2 and all
mutants. One-way analysis of variance (ANOVA) with a
Dunnett’s post test was performed for statistical analysis of the
pKd, pKi, and pEC50 values, which represent −log values of Kd,
Ki, and EC50, respectively.

Detection of Receptor Expression. Coverslips coated
with 0.1 mg/mL poly-D-lysine were seeded with HEK 293 cells
transiently expressing WT hY2 or mutant receptors. Cells were
grown for 48 h at 37 °C in 5% CO2. Similarly, the cells were
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transfected without a plasmid to serve as a negative control.
The cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 10 min. After being washed with PBS,
nuclei were stained with 100 μL of DAPI (0.5 μg/mL) at room
temperature in the dark for 15 min. The coverslips were rinsed
with PBS twice, dried, and mounted upside down on glass
slides with mounting medium. Acquired fluorescence was
detected with an inverted confocal microscope (Zeiss LSM 510
Meta, Carl Zeiss Inc., Thornwood, NY) and a 63× oil
immersion objective (NA = 1.4) and visualized via the
accompanying LSM software (Carl Zeiss Inc.).

■ RESULTS

Selection of Positions for Mutagenesis Based on
hY2−Peptide Docking. A computational model of the hY2
receptor and its agonist binding site was developed to guide the
selection of the positions to be studied by site-directed
mutagenesis. We have recently reported a homology model
of hY2, using the hA2A receptor as a template, which was
successfully used for the structural interpretation of our site-
directed mutagenesis data for positions 2.64, 6.58, and 7.31.28,29

In this work, we started from this hA2A-based hY2 model to
predict the binding mode of the amidated C-terminal region
common to all natural agonists of the NPY receptors. This was
accomplished in a two-step manner. First, we docked a
dipeptide fragment representing the last two C-terminal
residues of the ligands with the ligand-based docking protocol
GOLD.35 Thereafter, the information about the binding site, as
identified in this ligand docking step, was used to build a series
of ambiguous distance restraints to guide the protein−protein
docking program HADDOCK40 in the docking of the full (36
residues) hNPY peptide.
The initial docking results of the CH3C(O)-R35-Y36-NH2

dipeptide fragment displayed a high level of convergence to one
binding mode, which was present in 34 of the 50 generated

poses (70%), including the 12 top-scoring poses. This binding
mode, shown in Figure 1A, is compatible with the growth of the
peptide at the N-terminus of the modeled dipeptide, to
represent the full natural agonist in the binding site as will be
demonstrated below. Additionally, the amidated C-terminus
presents polar interactions with residues Gln3.32 and His7.39
(Figure 1A), a pair of residues completely conserved within the
Y receptor family in all jawed vertebrates.6 The side chain of the
tyrosine in the docked dipeptide, representing the peptide-
conserved residue Y36, appears to be surrounded by hydro-
phobic residues, i.e., Tyr3.30, Tyr5.38, and Leu6.51 in hY2. The
guanidinium group representing peptide residue R35 forms a
salt bridge to Asp6.59, a crucial residue for the binding of
agonists to all human Y receptors.50 This salt bridge was
previously hypothesized by the group of Beck-Sickinger for the
Y1 receptor but contrasts with their model for the Y2 receptor;
they proposed that another peptide arginine, R33, forms a salt
bridge to Asp6.59.31 In addition, we observed a hydrogen bond
between R35 and Gln6.55, a residue that when mutated to
alanine actually enhances the binding of porcine NPY (pNPY)
and hPYY3-36 in the Y2 receptor.29 Finally, Tyr7.31, mutation
of which has been shown to affect agonist binding,28 is within
hydrogen bonding distance of the peptide backbone, in the
region where R35 connects to the peptide’s preceding residue.
On the basis of these results, residues Tyr3.30, Gln3.32,

Tyr5.38, Leu6.51, and Asp6.59, together with Tyr2.64
identified previously,28 were used to define the binding site,
which together with residues R33, R35, and Y36 in the hNPY
peptide configured the list of active residues that build up the
so-called “ambiguous restraints” in the protein−peptide
docking with HADDOCK40 (see Materials and Methods).
Notably, this should be considered as an independent protein−
protein docking protocol provided that the ambiguous
restraints penalize only the scoring of a given pose if an active
residue in one partner does not interact with any of the active
or passive residues defined in the other partner; i.e., no pair

Figure 1. Docking of the C-terminal dipeptide and the full length hNPY to hY2. (A) GOLD docking solution of the acetylated C-terminal dipeptide
fragment of hNPY [CH3C(O)-R35-Y36-NH2, magenta] in the hA2A-based hY2 model. Side chains of the seven hY2 positions investigated by site-
directed mutagenesis (Thr2.61, Tyr3.30, Gln3.32, Tyr5.38, Leu6.51, Gln6.55, and His7.39), as well as three previously mutated residues (Tyr2.64,
Asp6.59, and Tyr7.31), are shown as sticks. TM helices of the hY2 model are shown in counterclockwise order (TM1, dark blue; TM7, red). (B)
Docking solution obtained by HADDOCK for the full hNPY peptide (magenta) in the same hY2 model. The C-terminal dipeptide is explicitly
shown as magenta sticks.
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distance is imposed at any time. A similar binding orientation
for the C-terminal residues of the full peptide is found with this
protocol, as one can see in Figure 1B. Despite subtle differences
between HADDOCK and GOLD models in the specific
hydrogen bond network of the amidated C-terminal residue
(Y36), the same residues are involved, mainly Gln3.32 and
His7.39. The side chain of this residue appears to be
surrounded by the hydrophobic residues described above, and
the salt bridge between R35 and Asp6.59 is also maintained in
the independent full peptide docking model, together with
interactions with Gln6.55. Elongation of the peptide occurs
when the α-helix of the peptide (residues 14−32) is placed atop
the extracellular side of the TM bundle, forming an angle of
∼30° with the TM helices of the receptor and making extensive
contacts with EL3. This binding orientation is especially

attractive because it is fully compatible with the expected β-
sheet folding of the long extracellular loop 2 (EL2), a secondary
structure that has been observed in all peptide-binding
receptors.32

In addition, this hA2A-based hY2 model suggested that the
Gln3.32−His7.39 pair could play a pivotal structural role by
connecting TM3 and TM7, which is further supported by
additional hydrogen bond interaction with Thr2.61 in TM2
(Figure 1A). Thus, the model indicates an important role in
either agonist binding or receptor architecture of this residue
pair, an observation that is further supported by the total
conservation of both Gln3.32 and His7.39 in the NPY family
receptors.6 To test and experimentally validate this modeling
hypothesis, and to improve our understanding of the structural

Table 1. Kd Values of [
125I]pPYY and Ki Values of hPYY3-36 and BIIE0246 for WT hY2 and Its Mutantsa

[125I]pPYY hPYY3-36 BIIE0246

Kd ± SEM (nM)
Bmax ± SEM (fmol/mg of

protein) Kd/WT Kd n Ki ± SEM (nM) Ki/WT Ki n Ki ± SEM (nM) Ki/WT Ki n

WT hY2 0.010 ± 0.001 110 ± 14 1.0 4 0.34 ± 0.11 1.0 5 2.1 ± 0.3 1.0 4
T2.61A 0.093 ± 0.008*** 15 ± 2.7 9.3 3 33.7 ± 5.39*** 101 3 0.53 ± 0.1* 0.3 3
Q3.32L nb − − − − − − − − −
Q3.32A nb − − − − − − − − −
Q3.32E 0.018 ± 0.002 75 ± 8.7 1.8 3 19.0 ± 5.35*** 56.9 3 13 ± 2*** 6.2 3
Q3.32H 0.028 ± 0.001*** 25 ± 4.2 2.8 3 47.0 ± 6.61*** 141 3 0.4 ± 0.1** 0.2 3
H7.39L nb − − − − − − − − −
H7.39A nb − − − − − − − − −
H7.39Q 0.020 ± 0.002* 64 ± 14 2.0 3 3.09 ± 1.52** 9.2 3 11 ± 2** 5.2 3
Q3.32H
+H7.39Q

nb − − − − − − − − −

Y3.30L 0.007 ± 0.001 46 ± 11 0.7 3 0.61 ± 0.1 1.8 3 0.50 ± 0.04** 0.2 5
Y3.30A 0.018 ± 0.004 99 ± 22 1.8 3 1.96 ± 0.48** 5.8 4 1.1 ± 0.03 0.5 3
Y5.38L 0.017 ± 0.002 128 ± 12 1.7 4 3.81 ± 1.30*** 11.4 4 0.60 ± 0.1 0.3 3
Y5.38A 0.027 ± 0.005*** 222 ± 34 2.7 3 12.7 ± 6.66*** 37.4 6 1.4 ± 0.4 0.7 4
L6.51A 0.022 ± 0.003** 52 ± 20 2.2 3 9.69 ± 2.70*** 28.9 3 0.9 ± 0.1 0.4 3
Y3.30L
+Y5.38L

0.094 ± 0.026*** 71 ± 18 9.4 3 12.8 ± 4.01*** 38.2 4 2.8 ± 2 1.3 3

Y5.38L
+L6.51A

0.038 ± 0.002*** 40 ± 2 3.8 3 28.7 ± 15.3*** 85.9 3 1.0 ± 0.7 0.5 3

Y3.30L
+L6.51A

0.026 ± 0.005** 33 ± 5.5 2.6 3 4.65 ± 0.43*** 13.9 3 1.4 ± 1 0.7 3

Q6.55L nb − − − − − − − − −
Q6.55N 0.021 ± 0.003* 113 ± 2.9 2.1 3 0.310 ± 0.006 1.4 3 16.3 ± 0.82*** 7.8 3
aThe Kd and Bmax values from the saturation assays and Ki values from competition assays are presented as means ± SEM (nanomolar). Kd/WT Kd
and Ki/WT Ki is the x-fold change in affinity compared to that of WT. n is the number of assays performed for each receptor. nb denotes no specific
binding. Asterisks indicate the statistical significance of differences in pKd and pKi values between WT hY2 and its mutants (*p < 0.05; **p < 0.01;
***p < 0.001). See Figure 3 for graphical display.

Figure 2. Representative binding curves and dose−response curves for WT hY2 and its mutants. (A) Saturation binding curve of [125I]pPYY for WT
hY2. (B) Competition binding curves using hPYY3-36 and BIIE0246 as competing ligands for WT hY2. (C) Dose−response curves that were used
to calculate the EC50 values of hPYY3-36 for WT hY2 and various hY2 mutants.
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role of these residues, we selected positions Gln3.32, His7.39,
and Thr2.61 in hY2 for extensive mutagenesis studies.
Residues Tyr3.30, Tyr5.38, and Leu6.51 were consistently

found to bind the side chain of Y36 by both docking protocols,
as depicted in Figure 1. Thus, we further selected these
positions for mutagenesis. Finally, in light of the proposed
interactions with R35 of the peptide, our previous29 alanine
mutant for residue Gln6.55 was complemented here with two
mutants: Q6.55L, to see the effect of removing the polarity
while retaining the side chain volume, and Q6.55N, which
explores the specificity of the polar side chain.
Binding Affinities of [125I]pPYY for WT hY2 and

Mutant Receptors. The affinities of the peptide radioligand
[125I]pPYY for the WT and mutant hY2 receptors are listed in
Table 1, together with the corresponding WT/mutant ratios of
Kd values to facilitate quantitative comparison of the effect of a
given mutation. A representative saturation curve for
[125I]pPYY is shown in Figure 2A. Among the residues forming
the hydrogen bond network, a statistically significant decrease
in [125I]pPYY affinity was observed for the T2.61A mutant.
Milder but nevertheless statistically significant effects were
observed when Gln3.32 and His7.39, the other two residues
suggested to be involved in the hydrogen bond network, were
mutated to polar side chains, namely, Q3.32H and H7.39Q,
respectively. The substitution of Gln3.32 with a charged
residue, i.e., the Q3.32E mutant, had no significant effect on
radioligand binding. Notably, no specific binding of [125I]pPYY
was detected for mutants with hydrophobic or small side chains
at these two positions (Q3.32L, Q3.32A, H7.39L, and H7.39A)
or for the double mutant (Q3.32H+H7.39Q).
For the mutants generated for the three residues forming the

proposed binding pocket for Y36 in the peptide, the affinity of
the radioligand was significantly decreased for Y5.38A and
L6.51A. Cooperative effects (steric requirements) of the three
hydrophobic residues on ligand binding were studied by
generating three double mutants: Y3.30L+Y5.38L, Y5.38L
+L6.51A, and Y3.30L+L6.51A. All three double mutants had
significantly reduced radioligand affinities. This additive effect
was observed for Y5.38L+L6.51A and Y3.30L+L6.51A
compared to the single mutants. No significant change in
[125I]pPYY affinity was observed for Y3.30L and Y5.38L
mutants, while an ∼10-fold decrease in radioligand affinity was
observed for the Y3.30L+Y5.38L double mutant.
For residue Gln6.55, it is notable that while the Q6.55N

mutation showed a significant 2-fold decrease in [125I]pPYY
affinity, no specific radioligand binding was detected for the
Q6.55L mutant.
Competition Binding Studies with hPYY3-36 and the

Nonpeptide Antagonist BIIE0246. Competition binding of
the Y2-selective agonist hPYY3-36 and the nonpeptidergic
antagonist BIIE0246 to the WT hY2 and the mutants was
evaluated using the radioligand (Table 1). Representative
competition curves for hPYY3-36 and BIIE0246 are shown in
Figure 2B. A graphical representation of the pKi values is shown
in Figure 3. hPYY3-36 displayed significantly decreased affinity
for polar cluster residue mutants: T2.61A, Q3.32E, Q3.32H,
and H7.39Q. With regard to the remaining residues suggested
to be important by modeling, hPYY3-36 had decreased affinity
for mutants Y3.30A, Y5.38A, Y5.38L, and L6.51A, while no
change was observed for Y3.30L. All three double mutants were
affected more than any of the corresponding single mutants
alone, which is in agreement with the results obtained with
[125I]pPYY. Overall, the binding of the truncated peptide was

more affected by the mutations than the iodinized full peptide
(Table 1 and Figure 3).
The antagonist BIIE0246 had significantly decreased affinity

for two mutants involved in the hydrogen bond network,
Q3.32E and H7.39Q, although the change was smaller than the
change observed with truncated peptide hPYY3-36. In contrast,
BIIE0246 showed increased affinity for three mutants: T2.61A
and Q3.32H in the hydrogen bond network and Y3.30L.
BIIE0246 affinity was more affected by the Q6.55N mutant, as
compared with those of agonists [125I]pPYY and hPYY3-36.

Detection of Cellular Expression of WT hY2 and Its
Mutants. Membrane expression was confirmed for mutants
T2.61A, Q3.32E, Q3.32H, H7.39Q, Q3.32H+H7.39Q, Y3.30L,
Y5.38L, Y5.38A, L6.51A, Y3.30L+Y5.38L, Y5.38L+L6.51A,
Y3.30L+L6.51A, and Q6.55N (Figure 4). Four of the mutants
at residues Gln3.32 and His7.39, namely those with nonpolar
amino acid Leu or Ala, as well as the Leu mutation of Q6.55,
had no obvious membrane expression. Double mutant Q3.32H
+H7.39Q was expressed in only a few cells with low expression
level.

Functional Assay of hPYY3-36 for Four Mutants
Generated from Residues Forming the Hydrogen
Bond Network. The inositol phosphate (IP) functional
assay was performed with the agonist hPYY3-36 for mutants
T2.61A, Q3.32E, Q3.32H, and H7.39Q. The representative
curves are shown in Figure 2C. The potency of hPYY3-36
(expressed as EC50) was significantly decreased for these four
mutants compared to that of WT hY2 (Table 2). The
decreased potency of hPYY3-36 is consistent with the decrease
in its affinity for these mutants.

Figure 3. pKi values of hPYY3-36 and BIIE0246 for WT hY2 and its
mutants. The X axis intersects the Y axis at WT hY2 pKi values. Bars
below the X axis indicate decreased affinities and bars above the X axis
increased affinities. One-way ANOVA with a Dunnett’s post test was
performed using pKd and pKi values for the mutants and WT hY2 (*p
< 0.05; **p < 0.01; ***p < 0.001).
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Structural Evaluation of Binding Data Using an
Active-like hY2 Homology Model, Docking, and Molec-
ular Dynamics Simulations. The recent determination of the
rat NTSR1 structure, released during the course of this project,
provided us with the first crystal structure of a peptide-binding
GPCR with an agonist bound. Even though this does not
necessarily mean that the receptor is in a fully active
conformation (i.e., no intracellular G-protein is present in the
crystal structure), the presence of the agonist and comparison
with other active GPCRs can guarantee that the template is in
an active-like conformation.45 Importantly, NTSR1 is also a
member of the β-branch of class A GPCRs, like the NPY
receptor family, according to the phylogenetic tree derived by
Fredriksson et al.,51 although the level of sequence identity
between hY2 and rNTSR1 is a rather modest 18% overall and
26% in the transmembrane helices. We decided to create a new
model on the basis of this template to compare with the model
that we used as a guide for the selection of positions for
mutagenesis and to offer a complementary interpretation of the
results. The TM helices tilt slightly differently, in particular
TM6, in agreement with the observed differences between the
two templates and the activation-related conformational
changes in GPCRs.52−54 However, the same amino acids line
the cavity walls, with the notable exception of residue Tyr3.30,
which in the new model is oriented toward the membrane.
The explicit consideration of all loop regions in this active-

like model of hY2 encouraged us to directly investigate the
binding mode of the C-terminal pentapeptide (32TRQRY36-
amide), representing the common fragment to the NPY/PYY

peptides, by means of a more advance computational protocol:
an automated, induced-fit peptide docking was followed by
molecular dynamics simulations with explicit consideration of
the solvent and membrane. The receptor−ligand structure,
depicted in Figure 5, shows a somewhat different interaction
pattern compared to that of our initial, A2A-based model, but
the same residues are involved. The side chain of Y36 is
positioned in a deep pocket situated among TM3, TM6, and
TM7, showing contacts with hY2 residues Q3.32, V3.36, L6.51,
Q6.55, and H7.39, in addition to a water-mediated hydrogen
bond with the backbone of TM7. The C-terminal amide of the
peptide forms hydrogen bonds with Y5.38, S5.42, and Q6.55,
and it is the side chain of Q34 in this binding orientation that
forms a hydrogen bond to the conserved Q3.32 in the receptor.
The electrostatic interaction network defined by the positively
charged residues of the peptide, R33 and R35, is intricate. Both
residues form salt bridges with D6.59 in TM6 and E5.24
located in EL2, reinforced by hydrogen bonds of R33 with
T5.23 and V6.58 (backbone) and of R35 with S5.39. The
peptide backbone is further stabilized with hydrogen bonds to
water molecules from the bulk solvent, as well as with hY2
residues Q6.55 and Y7.31. Finally, the position of T32 is
compatible with the extension of the peptide to represent the
full NPY or PYY agonists in the binding site. The fact that we
have explicitly considered a modeled conformation of EL2
precluded us from attempting an automated protein−protein
docking with HADDDOCK, because the conformational
flexibility that one needs to explore the backbone of this long
loop is beyond the limitations allowed with this program.

Figure 4. Cellular expression of the WT hY2 and its mutants. Plasmids encoding the hY2 mutants C-terminally fused with green fluorescent protein
were transiently transfected into HEK 293 cells to check receptor expression. The scale bar is 20 μm. The nuclei are visualized with DAPI (blue).
WT hY2, negative control, T2.61A, Y3.30A, Y3.30L, Q3.32A, Q3.32E, Q3.32H, Q3.32L, Y5.38A, Y5.38L, L6.51A, Q6.55L, Q6.55N, H7.39Q,
H7.39L, H7.39A, Y3.30L+L6.51A, Y3.30L+Y5.38L, Y5.38L+L6.51A, and Q3.32H+H7.39Q.

Table 2. EC50 Values of hPYY3-36 in the Inositol Phosphate Assay for WT hY2 and Mutants Generated from Residues Forming
the Hydrogen Bond Networka

EC50 ± SEM (nM) EC50/WT EC50 Ki ± SEM (nM) Ki/WT Ki

WT hY2 0.311 ± 0.038 1 0.34 ± 0.11 1.0
T2.61A 71.3 ± 21.3*** 229 33.7 ± 5.39*** 100
Q3.32E 14.1 ± 5.0*** 45.2 19.0 ± 5.35*** 56.9
Q3.32H 64.6 ± 16.5*** 208 47.0 ± 6.61*** 141
H7.39Q 1.63 ± 0.38** 5.25 3.09 ± 1.52** 9.2

aThe EC50 values are presented as means ± SEM (nanomolar). EC50/WT EC50 is the x-fold change in potency compared to that of WT hY2. Three
independent assays were performed in triplicate for each mutant. Asterisks show the statistical significance of differences in pEC50 values between
WT hY2 and its mutants (*p < 0.05; **p < 0.01; ***p < 0.001).
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Instead, a manual docking of the NPY crystal structure, using
the pose of the 32TRQRY36-NH2 fragment discussed above as
an attachment point, was performed to obtain clues about
whether the binding mode proposed for the pentapeptide
would be compatible with a binding orientation of the full
peptide. The result is shown in Figure 5B, where it can be
observed that the α-helix of the peptide would lie on the cavity
between EL2 and EL3, with an ∼30° inclination with respect to
the membrane plane, in a similar way as suggested by the
preliminary docking protocol using the initial A2A-based model
as shown in Figure 1B.

■ DISCUSSION

Our initial modeling identified a group of polar and highly
conserved amino acid residues in the NPY receptor family
(Thr2.61, Gln3.32, and His7.39), which appear to be oriented
toward the binding cavity. These three residues create a
hydrogen bond network with a proposed double role. First,
they may be important for receptor packing by mediating a
helix−helix interaction between TM3 and TM7; second, they
support the binding of the invariant C-terminal part of the
native peptidic agonists, according to our ligand binding
hypothesis (see Figures 1 and 5A). Furthermore, the
orientation of the side chains of Gln3.32 and His7.39 in hY2
resembles the roles of conserved residues Asp3.32 and Asn7.39
in the crystal structures of adrenergic receptors,55,56 where this
pair is crucial for the binding of the charged amino group of
both agonists and antagonists. More recently, the crystal
structure of NTSR1 has shown that the residues in the
corresponding positions of this triad, namely, Arg3.32, Asn7.39,
and Glu2.61, are conserved in the NTSRs and form a polar
network.45

Gln3.32 in hY2 was first mutated to a glutamic acid
(Q3.32E), to evaluate the impact of charge redistribution
without changing the shape and flexibility of the original side
chain. In this scenario, His7.39 is likely to be protonated to
counterbalance the new negative charge and maintain a neutral
net charge of the microenvironment. Such charge redistribution
at positions 3.32 and 7.39 is predicted to have an unfavorable
effect on receptor−ligand interactions, as suggested by its
impact on both agonist and antagonist binding. This specificity
of the residue at position 3.32 was supported by the even lower
affinity of the peptide agonists for the histidine mutant
(Q3.32H), suggesting a specific role of the Gln3.32 side
chain in the binding of the C-terminal tail of the peptide
agonists. In this line of thinking, the H7.39Q conservative
mutation was designed to preserve the polarity while removing
the aromaticity of the WT histidine, which produced a
significantly decreased affinity for both peptide agonists and
BIIE0246, thus leading to the conclusion that this position
plays a role in the interaction with both types of ligands. Our
results are in agreement with previous site-directed mutagenesis
of the corresponding conserved positions in hY1, where
mutations of Gln3.32 resulted in major effects on agonist
binding or even receptor expression,22,26 while a H7.39G
mutant on the same receptor led to a decreased PYY affinity.22

The possibility of a structural role of these two polar residues
that could indirectly affect ligand binding was investigated by
constructing the reciprocal mutant Q3.32H+H7.39Q. This
double mutation led to completely undetectable radioligand
binding and a poor cellular expression level that is in agreement
with the idea of a direct interaction between the two residues.
The poor receptor expression for this reciprocal double mutant
implies that the exact geometry of this polar network is very

Figure 5. Active-like (NTSR1-based) hY2 receptor model. (A) Docking solution of the C-terminal pentapeptide of the NPY/PYY family of peptides.
Side chains of the hY2 positions discussed in the text are shown as sticks, and water molecules in contact with the ligand are shown as spheres. (B)
Manual docking of the full hNPY peptide (magenta) with the C-terminal pentapeptide fragment depicted as sticks.
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sensitive to the particular location and rotameric nature of the
residues implied, which agrees with our structural model in
which Thr2.61 is also involved. Further, a total lack of polarity
at either position Gln3.32 or His7.39, explored by substitutions
to leucine (preserving the side chain shape) and further to
alanine (to remove most of the side chain atoms), also
compromises the cell membrane expression of the receptor
(see Figure 4). The role of Thr2.61 in receptor−agonist
interactions was confirmed with the corresponding alanine
mutant (T2.61A), which showed a significant decrease in
agonist affinity. This could be perfectly explained by an indirect
effect, i.e., that Thr2.61 maintains the proper conformation of
residue Gln3.32 and/or His7.39 through polar interactions.
Conversely, the affinity of the antagonist BIIE0246 was
increased, an effect similar to that observed for one of the
mutants at position 3.32 (Q3.32H). These results indicate a
different pattern of interactions with these residues as
compared to that of the agonists. We conclude that conserved
residues Thr2.61, Gln3.32, and His 7.39 are important for
peptide binding in addition to their structural role, in
agreement with our two independently derived computational
models shown in Figures 1 and 5A. The conservation of these
three residues among NPY family receptors suggests that they
may have similar functions in all of the NPY receptor subtypes,
and possibly even in related peptide-binding receptors such as
the orexin receptors.57

In our initial modeling based on the A2A template (Figure
1A), a binding pocket formed by Tyr3.30, Tyr5.38, and Leu6.51
is the binding site of the side chain of Y36 in the peptide. This
hypothesis was evaluated by single or double mutations to
alanine or leucine at each of these positions. However, Tyr3.30
was found to have a minor role in peptide binding, which is
indeed in agreement with the revised, active-like model of hY2
(Figure 5A) in which this residue does not face the binding
cavity, and only a minor role in protein stability would be
expected. Single mutations at Tyr5.38 and Leu6.51 as
hypothesized reduced the level of agonist binding, and this
effect was greater in the double mutant Y5.38L+L6.51A. This
result supports the role of residues Tyr5.38 and Leu6.51 in the
binding of position Y36 of the peptide agonists, as consistently
observed in the active-like model (Figure 5A). In contrast, the
binding of the antagonist BIIE0246 was not affected by any of
the single or double mutations in this pocket, indicating that
this region is not contacted by this antagonist. The effect of
mutating the corresponding Tyr5.38 and Leu6.51 residues in
hY1 has been previously reported: a change of Tyr5.38 to Ala
affected antagonist binding in two different studies,22,24 while
Leu6.51, a residue conserved among all human NPY receptors,
is also involved in the binding of the agonist PYY to the Y1
receptor.23 Taken together, the results from previous studies of
Y1 and our current results for the Y2 receptor strongly suggest
that positions 5.38 and 6.51 should be a conserved peptide-
binding region between hY1 and hY2 receptors.
A polar side chain at position 6.55 has been shown to be

important for ligand binding34 or selectivity58 in several GPCR
families. In the NPY family, there is always a polar side chain in
this position, yet it differs between receptor subtypes: Asn in Y1
and Y4, Gln in Y2, and His in Y5. In a recent study,29 we
reported enhanced binding of pNPY to the hY2 mutant
Q6.55A. However, in light of our initial modeling of peptide
binding, Gln6.55 could make extensive hydrogen bonds with
R35 in the peptide (see Figure 1). Therefore, we mutated
Gln6.55 to Leu to avoid side chain polarity while maintaining

shape and to Asn that occupies the corresponding position in
Y1 and Y4. The agonist radioligand displayed a small but
statistically significant decrease in affinity for the Q6.55N
mutant, pointing to a role of this position in the subtype-
specific peptide−receptor interactions. The affinity of BIIE0246
for Q6.55N decreased somewhat more, suggesting an attach-
ment point for this antagonist. The fact that the Q6.55L mutant
lost membrane expression could indicate that a hydrophobic
side chain at this position disrupts the proper packing of the
receptor’s TM regions. These results necessitate a reinterpre-
tation of the previously reported enhanced binding effect of
replacement with alanine;29 its short side chain may interact
with a water molecule that might restore the hydrogen bond
network.
The crystal structure of NTSR1, reported during the course

of this work, provided us with an agonist-bound template
belonging to the same branch (β-branch of class A GPCRs) as
the NPY receptors. The hY2−32TRQRY36-amide complex
generated on the basis of this template is shown in Figure 5.
The complex is in good agreement with the mutagenesis data
presented here as well as previously,28−31,50,59 and the stability
of this binding pose has been confirmed by MD simulations.
Further, this binding mode of the 32TRQRY36-amide is
compatible with a manually obtained docking hypothesis of
the full NPY peptide as shown in Figure 5B, although with the
experimental data at hand the binding mode of the N-terminal
part of the peptide remains uncertain. Preliminary docking of
the antagonist BIIE0246 resulted in several possible docking
poses (not shown) and will require a mutagenesis approach
different from the one used here for the native peptide agonists.
According to a classical alanine scan study of hNPY, the main

decreases in affinity were observed by mutations in the
conserved C-terminal pentapeptide (32TRQRY36-amide).50

This is explained well by our model, in which this part of the
agonist interacts with the orthosteric binding site of the hY2
receptor, i.e., residues Q3.32, L6.51, D6.59, and H7.39. These
residues are well-conserved in NPY receptors but rather
unusual in the corresponding positions of other GPCRs.60

Further, positions R33 and R35 and the C-terminal amide of
the peptide make extensive interactions with a number of polar
side chains located in EL2 or the extracellular tips of TM5 and
TM6 (Figure 5A). All these residues either are conserved
within a receptor family or are receptor subtype-specific and
have been found to be often involved in GPCR−ligand
binding.61,62 Specifically, the double salt bridge of each arginine
in the peptide with both E5.24 and D6.59 agrees well with
published functional assay data for complementary mutations in
these acidic residues.31 We provide in Figure 6 a new analysis of
these data in light of the results presented here, where the free
energy of binding that was lost upon each mutation is
approximated using Coulomb’s law. The numbers are
qualitatively in good agreement with the experimental EC50
values reported by Merten et al.,31 providing further support for
the interaction pattern in Figure 6. It should be noted, though,
that the quantitative loss of signal transduction (EC50 values)
cannot be directly translated to binding affinity or binding free
energy values, because there might be other factors distinct
from binding affinity that affect the measured ligand efficacy.
One should also stress here that a single mutation of any of the
key ionic residues depicted in Figure 6 will probably alter the
local interaction pattern of the ionic network or could even
influence the overall peptide binding mode. Such indirect
effects produced by a single (or double) mutation cannot be
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considered in any structure−activity relationships drawn from
the functional assay data of these mutants.
Altogether, our iterative combination of computational

modeling, site-directed mutagenesis, and binding studies adds
important information to elucidate the binding mode of
agonists to the hY2 receptor and is currently used to guide
further experiments in our lab to establish structure−activity
relationships for native agonists and interactions with non-
peptidergic antagonists of the NPY family receptors.
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