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Unwinding of the C-Terminal Residues of Neuropeptide Y is critical for
Y, Receptor Binding and Activation**

Anette Kaiser, Paul Miiller, Tristan Zellmann, Holger A. Scheidt, Lars Thomas, Mathias Bosse,
Rene Meier, Jens Meiler, Daniel Huster, Annette G. Beck-Sickinger, and Peter Schmidt*

Abstract: Despite recent breakthroughs in the structural
characterization of G-protein-coupled receptors (GPCRs),
there is only sparse data on how GPCRs recognize larger
peptide ligands. NMR spectroscopy, molecular modeling, and
double-cycle mutagenesis studies were integrated to obtain
a structural model of the peptide hormone neuropeptide Y
(NPY) bound to its human G-protein-coupled Y, receptor
(Y,R). Solid-state NMR measurements of specific isotope-
labeled NPY in complex with in vitro folded Y,R reconstituted
into phospholipid bicelles provided the bioactive structure of
the peptide. Guided by solution NMR experiments, it could be
shown that the ligand is tethered to the second extracellular
loop by hydrophobic contacts. The C-terminal a-helix of NPY,
which is formed in a membrane environment in the absence of
the receptor, is unwound starting at T to provide optimal
contacts in a deep binding pocket within the transmembrane
bundle of the Y,R.

The interaction of GPCRs with their natural ligands plays
a central role in numerous transmembrane signal trans-
duction pathways. For small-molecule ligands, including
peptides, a conserved binding cradle to class A (rhodopsin-
like) GPCRs was recently proposed.!! To date, structural
models for the smaller GPCR-bound peptide ligands brady-
kinin,” a truncated six amino acid variant of neurotensin,
and the fatty acid leukotriene B, have been generated by
NMR spectroscopy.
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Herein, we report a model for the structure and binding
mode of the 36 amino acid, C-terminally amidated NPY
bound to the Y,R. This interaction plays an essential role in
the control of food intake and memory retention, and is
involved in mood disorders and epilepsy.”) The binding of
NPY to its receptor is suggested to be a two-step process.”!
According to this model, NPY first binds to the lipid
membrane to increase its effective concentration, and is
then recognized by the Y,R.[%!

We applied solid-state and solution NMR spectroscopy to
derive a set of structural restraints for molecular modeling
and targeted docking, which was complemented by double-
cycle mutagenesis to verify NPY-Y,R interactions. For the
NMR measurements, ten NPY variants with "N/"*C-labeled
amino acids in different positions were synthesized, covering
30 of the 36 NPY residues (Table S1). Milligram amounts of
a cysteine-deficient variant of the Y,RI" were prepared
through recombinant E. coli inclusion body expression and
purified in sodium dodecyl sulfate (SDS), as described
previously.®! Receptor functionality was achieved in a two-
step in vitro folding process (see the Supporting Information).
Briefly, in the first step, the SDS concentration was reduced
below its critical micelle concentration by dialysis” and the
native disulfide bridge between the two remaining cysteine
residues was formed by using glutathione. In the second step,
the Y,R was functionally reconstituted into 1,2-dimyristoyl-
sn-glycero-3-phosphocholine ~ (DMPC)/1,2-diheptanoyl-sn-
glycero-3-phosphocholine (DHPC-c7) bicelles by using heat
cycling® at Y,R/DMPC ratios of 1:200 or 1:600. The size of
the bicelles was adjusted by varying the g-value (molar
DMPC/DHPC-c7 ratio) from isotropically tumbling bicelles
(¢ <0.25) to large membrane structures with little residual
detergent (g >20) applicable to solution and solid-state
NMR, respectively."” Finally, for NMR experiments, the
reconstituted Y,R was concentrated by either pelleting (in
case of large membrane structure with ¢ >20) or dialyzing
against polyethylene glycol 20000 (in case of small bicelles
with g <0.25) to remove water. Functionality of the Y,R
preparations was verified through NPY binding assays (Fig-
ure S1 in the Supporting Information), which indicated 89 +
9% functional receptor molecules.

Solid-state NMR '*C double quantum/single quantum
(DQSQ) correlation spectra (shown in Figure S2a and S3)
for all NPY variants in the Y,R-bound state were recorded at
—30°C to reduce the uniaxial rotational motion of the
receptor about the membrane normal” The assigned
carbon chemical shifts of Y,R-bound NPY (listed in
Table S2 in the Supporting Information) and the resulting
chemical-shift indices""! (Figure 1a) were used to model the
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Figure 1. a) PC chemical-shift index of Y,R-bound NPY (measured [(C,-
Cg)—random coil (C,-Cg)]. b) Superposition of the ten best-scoring NPY
models derived from solid-state NMR restraints. The N-terminus
(gray) was excluded from scoring. The C-terminal a-helical structure of
NPY (green) unwinds starting at T* (highlighted in red) upon receptor
binding.

peptide structures by comparing predicted chemical shifts
from an ensemble of 400000 de novo folded!'” NPY mole-
cules with the experimental data. The ten best-scoring models,
shown in Figure 1b, surprisingly revealed a C-terminal
random coil structure from T** to Y*. This clearly deviates
from the NPY structures determined in solution!"” and in the
presence of micelles,'¥ where the regular o-helix structure
continues up to the amidated C-terminus. However, at very
low physiological concentration, NPY is putatively mono-
meric in solution and the C-terminus might not be entirely
folded in this form.™!

To reveal NPY residue-specific alterations upon Y,R
binding, two-dimensional 'H-"N HSQC spectra were
recorded in the presence of bicelles containing the Y,R and
empty bicelles for all of the NPY variants (Figure S2b). The
weighted chemical-shift differences and signal broadening,
caused by local altered exchange processes (e.g. exchange
processes within the binding pocket) or reduced overall
tumbling, are displayed in Figure 2 a. Line broadening thresh-
olds of more than 100 and 300 Hz were arbitrarily chosen to
illustrate this effect (line widths are given in Table S2).
Significant alterations were observed for the six C-terminal
residues, which have been identified to be critical for the
binding of NPY to the Y,R.'®! Furthermore, at the hydro-
phobic face of the a-helix of NPY (L'/A', Y2/Y?!, L*, Y?/
I”% "), chemical-shift changes and/or signal broadening were
detected, thus suggesting an additional binding site based on
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Figure 2. a) Weighted chemical-shift changes (Ad=[(Ad'H)*+ (0.2
AS"N)?]'") for membrane- and receptor-bound NPY, and 'H NMR
signal broadening upon binding of >100 Hz (gray) and > 300 Hz
(shaded) obtained from HSQC solution NMR. b) Schematic represen-
tation of the initial docking of NPY (green) into a hydrophobic groove
of Y,R. c—e) Double-cycle mutagenesis to identify the interacting
residues between ECL2 and NPY. Y,R mutants I*”'N (red), I*”’N
(orange) and the combination variant 1*N_I*""N_I*"/N (blue) were
tested against [N**/*|NPY variants to identify the interacting residues.
Numbers in the upper left represent ECs, shifts relative to the wildtype
Y,R curve, with reduced shifts indicating direct interaction of receptor
and peptide at the modified positions.

hydrophobic contacts. From a Y,R comparative model, we
suspected hydrophobic residues in extracellular loop 2
(ECL2) to be interaction partners and exchanged them to
asparagine (similarly sized, hydrophilic). I*’* and I*"" (recep-
tor nomenclature!’') were susceptible to mutation, and
double-cycle mutagenesis!'”! with modified ligands confirmed
direct contacts to L** and I*, as shown in Figure 2b—e (see the
Supporting Information and Table S3).

Using these contacts together with the previously de-
scribed salt bridge between R* of NPY and D% on top of
transmembrane helix 6 (TM6)'"! as restraints, the C-terminal
part (NPY ") of the top-scoring NPY models (Figure 1) was
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Figure 3. a) Model of NPY (green) docked into Y,R (N to C terminus shown in blue to red). Structural diversity of the ensemble is indicated by

the thickness of the ribbons. NPY is tethered to ECL2 through the interaction of L** (purple) and 12 (pink) with I*”" and 1*”7 (orange).

b) Representative view of the C-terminus of NPY. Polar interactions are indicated by dashed lines. c) The interaction of Q*** (light blue) with the
C-terminal amide group of NPY was verified by double-cycle mutagenesis through the use of a slightly basic interaction partner for the free acid
form of NPY or a nondiscriminating analogue completely lacking the C-terminal CONH, (NPY-tyramide).

docked into a comparative model of the Y,R by using
ROSETTA (see the Supporting Information). The NPY/Y,R
model with the best agreement to experimental data and NPY
structure—activity relationships is depicted in Figure 3. Semi-
quantitative energetic analysis of this complex (Figure 4)
underscores the increasing binding contributions towards the
C-terminus of NPY and the results are in good qualitative
agreement with important receptor positions identified by
mutagenesis.'>!7)

The hydrophobic contacts to ECL2 constrain NPY at an
angle of approximately 45° relative to the membrane normal.
Taking into account the highly dynamic features of the Y,R,"
the position of NPY in the binding pocket is probably not
static. Rather, the peptide ligand might follow the motions of
the ECL2, which was modelled simultaneously with NPY
docking to account for its high flexibility, thereby resulting in
a cone-like distribution with the C-terminal part as the
receptor-anchoring point and increasing amplitude motions
towards the N-terminus (Figure 3a).

It is also tempting to speculate that hydrophobic contacts
to the extracellular domains of the receptor might pick up the
ligand from the membrane-bound or soluble state and pre-
orient it in the binding pocket. As a consequence of the
increasing angle between the NPY a-helix and the membrane
surface, important membrane binding residues (L7, Y*/Y*!)*!
now become exposed to a rather polar environment, as
supported by the solution NMR data (Figure 2a).

Concomitantly, L*, 1, and the unwound C-terminal
pentapeptide change their membrane contacts® to form
thermodynamically more favorable direct interactions with
the Y,R (Figure 4). In this manner, receptor contacts in the
binding pocket can be maximized (Figure 3b), as previously
proposed.” Given that the second high-affinity natural
ligand of the Y,R, PYY, shares the same sequence for the
C-terminal pentapeptide and prefers a C-terminal extended
structure even in the unbound state,"¥ the thermodynamic
barrier for such a transition is presumably rather small.
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The first unwinding residue T is located in a narrow
point on top of the binding pocket and could fulfil two
important functions in the binding process: 1) By accepting
a hydrogen bond from Y**, it brings about closing of the
binding pocket, thereby locking NPY into its final binding
position. This is supported by the measured signal broadening
of more than 300 Hz for T* and the neighboring residues.
2) T could also reduce the thermodynamic cost of helix
unwinding in this rather apolar environment by donating
a hydrogen bond to the exposed carbonyl oxygen atom of N*,
thereby capping the helix. A similar phenomenon is seen in
the C-terminal helix of Goy,-proteins, where a cysteine
residue (C*' in human Goy;) “catches” the unwinding a5
helix upon binding to the activated receptor.!”

The critical importance of R* and R* for NPY activity® is
also reflected by our model. While R** makes narrow ionic
contacts to D* "1 R® is positioned in a mixed acidic-
aromatic pocket formed by W3 and Y>* coordinated by
E>*. This is in agreement with earlier studies that highlighted
the requirement of aromatic properties at R* and explains
the difficulties in identifying its interaction partner within the
binding pocket.™!

A particularly important position for NPY activity at the
Y,R is Q*.Fl Owing to the deep binding mode of NPY, the
side chain of Q* is fairly restricted and is oriented towards
a small polar patch within TM2/3. Our model suggests
a prominent interaction with Q**?, which also participates in
an extensive hydrogen-bond network involving the amidated
C terminus (CONH,). To validate the latter interaction, we
created a (slightly) basic interaction partner for the otherwise
low-affine free acid of NPY (NPY-COOH). As shown in
Figure 3¢, stimulation with NPY-COOH largely abrogated
the potency deficits of Q**H compared to wildtype Y,R,
which likewise occurred upon stimulation with NPY-tyra-
mide,”"! a nondiscriminating analogue lacking the CONH,
functionality (see the Supporting Information).
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Figure 4. Energetic analysis of the NPY"**-Y,R complex (see Fig-

ure 3b). a) The contribution of NPY residues to binding energy
increases towards the C-terminus, in agreement with the solution
NMR results (Figure 2a). b) For the Y,R, significant binding energy is
contributed by 13 residues, mostly at positions identified to be critical
(red) earlier™ ' and in the present study. L’?® and D’% (light blue) are
false positives triggered by supposed ionic contact of R*/H* with D’?’
in many low-energy models and they are not sensitive to mutagenesis.
The significance threshold was 0.5 ROSETTA energy units (REU; gray
background).

The interaction network involving Q*, Q**, and the C-
terminal amide also determines the position of the Y** side
chain. Mainly surrounded by the conserved hydrophobic
amino acids of the receptor (C>7, W L1 M4, it fills
a long narrow pocket in the model. Of special interest is the
proximity of Y** to W% which has been discussed to act as
a toggle switch triggering GPCR activation.””! More recent
investigations also support the hypothesis of direct interac-
tions between W** and the ligand,” thus suggesting this to
be a more general mechanism of GPCR activation.

In conclusion, we present a detailed structural model of
NPY bound to its Y, GPCR. NMR measurements revealed
NPY to undergo remarkable structural changes within the C-
terminus, and the C-terminal pentapeptide takes part in an
extensive but also fragile interaction network. Accordingly,
changes in the C-terminal amino acids can easily disturb
receptor binding or switch receptor selectivity as observed in
numerous earlier structure-activity studies (reviewed
in Ref. [5]). Moreover, our study indicates that larger peptide
ligands also share the proposed common ligand binding
cradle of rhodopsin-like GPCRs,! even though they are not
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a priori expected to bind deep in the transmembrane bundle.
The binding mode of NPY might thus have more general
implications for peptide-binding GPCR systems.
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