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Abstract
Non-specific binding of Y receptor agonists to intact CHO cells, and to CHO cell or rat brain
particulates, is much greater for human neuropeptide Y (hNPY) compared to porcine peptide Y
(pPYY), and especially relative to human pancreatic polypeptide (hPP). This binding of hNPY is
reduced by alkali cations in preference to non-ionic chaotrope urea, while the much lower non-
specific binding of pPYY is more sensitive to urea. The difference could mainly be due to the 10–
16 stretch in 36-residue Y agonists (residues 8–14 in N-terminally clipped 34-peptides), located in
the sector that contains all acidic residues of physiological Y agonists. Anionic pairs containing
aspartate in the 10–16 zone could be principally responsible for non-specific attachments, but may
also aid the receptor site binding. Two such pairs are found in hNPY, one in pPYY, and none in
hPP. The hydroxyl amino acid residue at position 13 in mammalian PYY and PP molecules could
lower conformational plasticity and the non-selective binding via intrachain hydrogen bonding.
The acidity of this tract could also be important in agonist selectivity of the Y receptor subtypes.
The differences point to an evolutionary reduction of promiscuous protein binding from NPY to
PP, and should also be important for Y agonist selectivity within NPY receptor group, and
correlate with partial agonism and out-of group cross-reactivity with other receptors.
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1. Introduction
The neuropeptide Y (NPY) family of receptors comprises several chordate receptors (termed
Y1, Y2, Y4-Y8; see the review in [22]), among which four subtypes (Y1, Y2, Y4 and Y5)
are well expressed and sufficiently studied in the mammal. All of these receptors can use
two 36-residue peptidic agonists, neuropeptide Y (NPY) and peptide YY (PYY). The N-
terminally clipped form of PYY, PYY(3–36), is quite selective for the Y2 receptor (see [43]
and Table 1 in this study), and pancreatic polypeptide (PP) is highly selective for the Y4
receptor [15,30]. Neuropeptide Y (NPY), abundant in the forebrain and generally restricted
to neural cells, binds at a high affinity to Y1 [14] and Y2 receptors (see [45]), and at lower
affinities to the Y5 [8], and especially to the Y4 receptor [15,30]. NPY also attaches at a
significant affinity to orexin receptors [18] and GPCR83 [51], and interacts with the
pituitary gonadotropin hormone -releasing hormone (GnRH) receptor [23,41], with
numerous other receptors, and also with ion channels. As different from PYY, NPY displays
significant partial agonism at the Y1 receptor [44,50]. Peptide YY, a gut peptide apparently
not produced in the brain, is accepted as ligand by all Y receptors [22]), however with a
lower affinity and a limited access to the Y4 site [39]. Peptide YY also is a ligand for orexin
receptors [18]. Pancreatic polypeptide (which also is not produced in the brain) binds
significantly only to the Y4 receptor (see Table 1), and thus far was not found to bind to
receptors outside the NPY receptor group. Peptide YY thus shows the largest in-group
cross-reactivity (viewed as saturable attachment to specific binding sites of other Y
receptors) and NPY appears to have the largest general cross-reactivity (in terms of affecting
activity of receptors and other molecules).

The binding of NPY is known to entail a large low-affinity fraction that is poorly competed
by excess of the peptide or by specific antagonists, and is commonly perceived as non-
specific (i.e., as non-saturating binding to progressively mobilized cohorts of sites other than
the binding sites of Y receptors). This type of binding is much less with PYY, and especially
low with PP. Brief comparisons of the non-specific binding of Y peptides in CHO-Y1
expression have been performed previously in [42,43]. The above differences obviously are
important in selectivity and physiological impact of Y agonists. The first objective of the
present work was therefore to compare quantitatively the non-specific binding to
expressions of four most studied human Y receptors. This examination indicated that the
principal determinants of non-specific binding, as well as cross-reactivity, could be in the
acidic section of Y peptides. This section has a low role in the specific binding of NPY ([5];
also see [20], but its function was only studied for effects of size reduction upon binding
affinity. The second goal of this study was therefore to evaluate the constituent motifs of the
acidic sector in terms of known reactivities and structural propensities of similar motifs in
other peptides, and formulate approaches for experimental resolving role(s) of these anionic
motifs in function, selectivity and cross-reactivity of the Y agonists.

2. Materials and Methods
2.1 Materials

Human / rat neuropeptide Y (hNPY), porcine / rat peptide YY (pPYY) and human
(Leu31,Pro34) peptide YY (LP-hPYY) were obtained from the American Peptide company
(Sunnyvale, CA, USA), or from Bachem (King of Prussia, PA, USA). The Y1 antagonist
BIBP3226 ( (R)- N2-(diphenylacetyl)-N-[(4-hydroxyphenyl)methyl]D-arginine amide ) and
the Y2 antagonist BIIE0246 N-[(1S)-4-[(aminoiminomethyl)amino]-1-[([2-(3,5-dioxo-1,2-
diphenyl-1,2,4-triazolidin-4-yl)ethyl]amino)carbonyl]butyl]-1-(2-[4-(6,11-dihydro-6-
oxo-5H-dibenz[b,e]azepin-11-yl)-1-piperazinyl]-2-oxoethyl)cyclopentaneacetamide) were
purchased from Tocris (Ellisville, MD, USA). Monoiodinated [125I] hNPY and human
peptide YY(3–36) (hPYY(3–36) ) were supplied by Phoenix Pharmaceuticals (Shadyvale,
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CA, USA). [125I](Leu31,Pro34)human peptide YY (LP-hPYY) and [125I]porcine peptide YY
(pPYY) were from PerkinElmer (Cambridge, MA, USA). (Pro34)human PYY (P-hPYY)
was iodinated by the chloramine T procedure. All [125I]-labeled Y peptides had specific
activities above 1700 Ci/mmole. High purity digitonin was from Calbiochem (La Jolla, CA,
USA). All other chemicals were from Sigma (St. Louis, MO, USA).

2.2 Cell cultures and labeling
The cDNAs for human Y1, Y2, Y4 and Y5 receptors packaged in Invitrogen pcDNA 3.1+
vector were donated by the University of Missouri at Rolla (MO, USA). The cDNA for
mouse Y4 receptor was a gift from Dr. Herbert Herzog (Garvan Institute for Medical
Research, Sydney, Australia). The Y1, Y2 and Y4 cDNAs were stably expressed in CHO-
K1 cells (American Type Culture Collection, Baltimore, MD, USA), and the Y5 cDNA in
HEK293 cells [36] using lipofectamine-2000 cationic lipid (Invitrogen, Carlsbad, CA,
USA). The cells were cultured at 400 μg/ml geneticin in D-MEM/F12 medium (Gibco, Long
Island, NY, USA) containing 5% (v/v) fetal calf serum. Experimental incubations were
preceded by four washes with D-MEM/F12 medium without antibiotics, and with 0.2%
proteinase-free BSA instead of fetal calf serum. The incubations were done in 48 -well
plates, in a volume of 0.25 ml of the above D-MEM/F12 medium. The incubations were
terminated by removal of the medium by suction, two washes with ice-cold D-MEM/F12
medium, and extraction for 10 min at 0 – 5 ° with ice-cold 0.2 M CH3COOH – 0.5 M NaCl
(pH 2.7), which quantitatively dissociated the cell-surface attached Y peptides [42].

2.3 Receptor characterization
Receptor assays were done in a buffer containing 20 mM Hepes.NaOH (pH 7.4), 3 mM
CaCl2, 1 mM MgCl2, 0.2% proteinase -free bovine serum albumin, 1 mM
diisopropylfluorophosphate, 0.04% bacitracin, and 10 μg/ml each of proteinase inhibitors
aprotinin, bestatin, chymostatin, leupeptin and pepstatin. Cells were disrupted in a Dounce
homogenizer, the particulates collected by centrifugation (see below) and stored at −80 °C.
Assay concentration of particulate protein (measured by the Bradford procedure) was 200
μg/ml, the assay volume was 0.10 ml, and the incubation time was 30 min at 24–25 °C, with
the appropriate competitors or inhibitors. The assay was terminated by centrifugation for 12
min at 30,000 × gmax and 4 °C , the supernatants were aspirated, and the pellets surface -
washed by cold assay buffer prior to counting in a γ-scintillation counter. The binding
properties of cell-surface receptors were characterized on monolayer cultures in D-MEM/
F12 medium containing no antibiotics, and 0.2% BSA instead of fetal bovine serum. In
competition assays, the iodinated Y peptides were used at 50 pM, and the competing
peptides were input at 8–10 different concentrations ranging from 3 × 10−12 to 1 × 10−6 M
(see also the footnote of Table 1). Saturation assays employed [125I]-labeled peptides as
specified in the footnote of Table 2.

2.4 Sucrose gradient assays
The particulates labeled by [125I]hNPY or pPYY were surface-washed in ice, and dispersed
in cold receptor assay buffer at 0.20 mg particulate protein / ml. A mixture of sodium
cholate and digitonin was added to 10 mM final each, the suspensions gently passed eight
times through a 25-gauge needle, and sedimented for 5 min at 10,000 × gmax. The
supernatants (0.4 ml) were then loaded on linear 10–30% sucrose gradients (total volume 9.2
ml, made in the receptor assay buffer) and sedimented for 24 h at 35,000 rev/min (218,000 ×
gmax) and 5 °C in SW41 Ti rotor of Beckman-Spinco M8-80 ultracentrifuge. The
sedimentation positions were calibrated with [125I]-labeled bovine γ-globulin (158 kDa),
human iron-saturated transferrin (75 kDa) and ovalbumin (44 kDa) and the covalently
colorized myosin (211 kDa), producing a linear relation of distance traveled in the gradient
and molecular weight (r2 > 0.99). The gradients were divided in 0.42 -ml fractions and the

Parker et al. Page 3

Peptides. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fractions counted in a γ-scintillation counter before and after precipitation at 12%
polyethylene glycol (see [46]).

2.5 Evaluation of structure and binding data
Secondary structure evaluations were retrieved from the Protein Data Bank
(http://www.rcsb.org/pdb/ ) site. Structure predictions [48] were obtained in
http://distill.ucd.ie/, using porter program for 3-type structures (Table 4 ). Alignments of
peptide sequences were done in SSEARCH3 program [47], available at
fasta.bioch.virginia.edu/fasta/.

The receptor binding parameters were calculated in the LIGAND program [33] and in
biexponential curve fits using SigmaPlot software (SPSS, Chicago, IL; version 8.02).

3. Results
3.1 Affinity, selectivity and capacity in the binding of principal agonists to Y receptors

Determinants of affinity and selectivity of Y peptides were assessed in many studies over
the past 20 years, of which [5], [11] and [15] are among the most instructive. Values for the
binding affinities however tend to differ appreciably with assay conditions and the receptor
expression used. We therefore present a compilation of binding parameters for all Y
receptors as measured in our laboratories, using stable expressions in CHO-K1 cells for
human Y1, Y2 and Y4 receptors, and in HEK-293 cells for the human Y5 receptor, and the
same buffer and conditions in all experiments (see section 2.3 in Methods, and Table 1). The
listed affinity estimates are for the main binding component in non-linear biexponential fits.
Two components of specific binding, differing in affinity by about one order of magnitude,
are found for the Y2 binding [37], and are detected for other Y receptors as well. For Y
receptor heteropentamers this could be linked to unequal association of the two protomers
with transducers [40], but the low-affinity component is not homogenous (and especially not
for NPY). The specific binding at 50 pM of [125I]peptides relative to that of the primary
[125I]agonist is listed to compare agonist selectivity.

As seen in Table 1, in CHO cell expressions NPY and PYY bind to either the Y1 or the Y2
receptor with similar affinity and capacity, while the binding of hPP to these receptors is
very small. The Y2 receptors (human or rodent) have similar affinity and capacity for
hNPY, pPYY and the N-terminally clipped human peptide YY(3–36); this peptide has very
low affinity for the Y1 and the Y4 receptor. The Y1 receptor shows similar affinity and
number of sites for NPY, PYY and the Y1-selective (Leu31,Pro34)hPYY (LP-hPYY), which
has a very low affinity for the Y2 receptor. The human Y4 receptor shows high affinity for
hPP binding, but poorly binds pPYY, and especially hNPY [30]. The Y5 receptor has
similar parameters for hNPY and pPYY, and shows a low binding of hPP.

3.2 Non-specific binding of Y agonists is similar for wildtype cells and cells expressing Y
receptors

Non-specific binding of [125I]hNPY to wildtype CHO-K1 cells and to CHO and HEK293
cells expressing Y receptors is shown in Fig. 1; the corresponding specific binding values
are listed in the caption. As seen, the non-specific binding of hNPY per mg of particulate
protein is similar across cell lines and Y receptor expressions, with not more than 20%
departure from the common mean; the binding to cell monolayers followed the same pattern.
Very similar profiles were observed with agonist peptides selective for Y receptor subtypes
(Fig. 2), however with large differences among three agonist types (see the next section).
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3.3 Non-specific binding is highly specific for Y agonist type, and equilibrates quickly
At 25 °C, the non-specific binding of the three major types of Y peptides at 100 nM of non-
labeled and 4–400 pM [125I]-labeled agonist in CHO cells showed, as expected, highly
linear (r2 > 0.95), non-saturating increase. The slope factors were however very different
among the three major agonist types, ranging from 0.06 for hPP to >0.5 for hNPY (Table 2).
The non-specific binding of hNPY to the rat Y1 receptor in particulates from rat brain cortex
showed a slope similar to hY1-CHO binding of the peptide (Table 2). As expected from
mass-action, with either monolayers or particulates of the CHO-Y1 expression, this binding
reaches equilibrium much before 30 min of incubation at 5–35 °C (Table 2 and Fig. 2).
Similar was observed with CHO-hY2 and CHO-hY4 cells (data not shown). The specific
binding to CHO-Y1 particulates however showed a pronounced dependence on temperature,
and a large rate difference between hNPY and pPYY. The specific CHO-Y1 binding of both
hNPY and pPYY at 1 nM over 30 min saturates to similar values with increase in
temperature, but the linear slope in the range of 5–35 °C is about three times lower (and the
specific binding at 5 °C much higher) for hNPY (the caption of Table 2).

3.4 Levels of non-specific binding differ greatly among three types of human Y agonists
Non-specific binding differs considerably among three principal types of Y peptides,
decreasing steeply in order of hNPY > pPYY > hPP (Figures 2 and 3; see also [42, 43] for
the Y1 receptor-expressing CHO cells). These profiles are in Fig. 3 shown in relation to the
binding of NPY to the respective expressions. It should be emphasized that the Y1-selective
agonists LP-hNPY, LP-hPYY and P-hPYY and the Y2-selective agonists hNPY(3–36) and
hPYY(3–36) have non-specific binding close to the parent peptides, i.e. there is a consistent
large difference between NPY- and PYY- type peptides (Fig. 3). The binding of agonists to
Y1-CHO at 20 μM of the Y1-selective antagonist BIBP3226, to Y2-CHO at 2 μM of the
Y2-selective antagonist BIIE0246, and to Y4-CHO at 100 nM of the partial agonist
GR231118 (1229U91) was very similar to the respective values at 100 nM of peptide
agonists (Fig. 3). The above profiles are not likely to be significantly different with NPY and
PYY of other mammals, and even of other vertebrates, which have sequences highly similar
or even identical to human peptides (e.g. alligator NPY, s-p P09640). However, pancreatic
polypeptides across vertebrates (and even among mammals) differ significantly in sequence,
and some could have larger low-affinity interactions, e.g. porcine PP (s-p P01300, 10–16
sequence DDATPEQ) and turkey PP (s-p P68249, 10–16 sequence DDAPVED, lacking
T13), as indicated by [17].

3.5 Solubilized non-specific binding of NPY and PYY sediments in the range of 50–150 kDa
The non-specific binding of NPY and PYY upon solubilization at 5 °C shows a broad
distribution of molecular size (50–150 kDa, Fig. 4); less than 10% of the solubilized
radioactivity sediments below 50 kDa. Most of the 50–150 kDa material could be recovered
by precipitation with polyethyleneglycol. These profiles would be consistent with a fairly
stable binding to a number of protein targets. Mixing [125I]-labeled hNPY or pPYY with the
solubilizing detergents (10 mM each digitonin and cholate), or solubilization of [125I]pPYY
-labeled Y1 or Y2 receptor by Y agonist-detaching detergents (CHAPS [40] or Triton
X-100) did not result in appreciable Y agonist sedimentation past 10 kDa, indicating lack of
a stable micellar association with the detergents (see [57] about removal of digitonin from
rhodopsin by gradient ultracentrifugation).

3.6 Sensitivity of Y peptide binding to chaotropes
The binding of hNPY and pPYY to the Y1 receptor was also examined for sensitivity to the
non-ionic chaotrope urea and the ionic chaotrope NaClO4 (Table 3). Concentrations
allowing ≥95% recovery of particulate protein at assay end were 2 M for urea, and 0.3 M for
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NaClO4, resulting in inhibition of the specific binding of ~80% with urea, and ~90% with
perchlorate. Guanidium salts could not be appropriately tested as ionic chaotropes, due to
strong competitive interference of the guanido group with the binding of Y peptides (see e.g.
[38]). With both agents, IC50 values for inhibition of the specific binding were well within
the concentration ranges employed, indicating the expected largely ionic association with
the Y1 site [5,37]. With urea, the non-specific binding of hNPY was inhibited only 49% at 2
M, pointing to largely ionic interactions. The much smaller non-specific binding of pPYY
was however inhibited 78% at 2 M urea (Table 3), indicating a large non-ionic contribution.
With NaClO4 the non-specific binding of hNPY was reduced exponentially, confirming a
strong ionic component. For pPYY, the displacement by 0.3 M NaClO4 was somewhat
lower than with hNPY.

3.7 Structure of Y peptides: agonist-binding motifs and tracts that can be important in the
non-specific binding

Sequences and structures of Y peptides and a map of receptor binding motifs are presented
in Table 4. Sequence of NPY is the same in the three most studied species (man, rat and
mouse), and even in alligator (s-p P09640). Porcine / rodent PYY is thus far the consensus
PYY agonist, with nonconservative differences from hNPY in three positions (7, 13 and 14;
Table 4). The human PYY (which is rarely used) has two more non-conservative differences
with hNPY (at positions 3 and 18; Table 4). However, its close analogs (Pro34)hPYY and
(Leu31,Pro34)hPYY with CHO-hY1 expression show both specific and non-specific binding
similar to pPYY (Table 1 and Figure 3). All secondary structures are from porter program
[48]. For NPY and PYY peptides, the porter predictions are identical to those in pdb files
indicated in Table 4. For human PP, the porter structure is identical to that for the closely
similar bovine PP (pdb 1LJV).

The C-terminal hexad is critically involved in the specific binding of Y peptides to all Y
receptors [5,10,11,15,60]. Tyr1 is the only N-terminal residue that could be clipped without
loss of Y1 binding [5] and activation [24]. Residues 3–6 are of importance for high-affinity
binding to Y2 (see [45]) and Y4 [15,59] receptors. Residues 4–25 are not critical for binding
to the Y2 receptor (see [45]). Residues in the helical 18–32 sector of all primary Y agonists
(see pdb files 1RU5, 1RUU [27], 2DEZ [35] and 2RK [34] for PYY, 1F8P [2] and 1FVN [3]
for NPY, 1BBA [29] and 1LJV [26] for bPP), and especially in the 19–23 zone (pdb files
1RU5 and 1RUU [27]) are known to be important in subtype selectivity of Y agonists. The
C-terminal hexapeptide, while critical for the specific attachment of agonists to all Y
receptors, may not be important in the non-specific binding, since this binding does not
differ between Y1 or Y2 -selective NPY and PYY analogs and the respective parent
peptides (Fig. 3).

The acidic 6–16 stretch (which carries all non-conservative differences between hNPY and
pPYY; Table 4) appears to have an only auxiliary role in the high-affinity binding of Y
agonists, to the extent of tolerating radically non-conservative substitutions D11 > R11 or
E15 > R15 [5]. The 17–30 tract is considered as helical in most NPY, PYY and PP
structures available at the Protein Data Bank. This helicity could reduce sidechain mobility
and availability, and then also the potential for low-affinity binding. The 19–23 tract of Y
peptides contributes to specific binding [9], structuring [28] and receptor selectivity [8], but
the difference between hNPY and hPYY or pPYY is only in the conservative switch of A
and S at 22–23, and the following heptads are identical (Table 4). The 24–30 sector,
LRHY[I,L]NL, differs only at position 28, and conservatively, for hNPY and hPYY or
pPYY (Table 4). In hPP and bPP there are non-conservative changes at positions 21 and 23
and a conservative difference with hNPY at position 30. None of the above changes appear
critical for the very different non-specific binding of the three Y agonist types.
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Analysis of the helical contact propensity [1] shows the greatest difference for residues 14–
16 (hNPY, 2.93; all PYYs, 1.97; hPP and bPP, 2.27). The 15–16 ED pair in NPY is flanked
by a small and a medium-sized neutral sidechain, which is not found for the EE pair in PYY.
This could also contribute to differences in low-affinity interactions.

In the 10–16 EDAPAED motif of hNPY, P13 is flanked by small A12 and A14 residues.
This motif is changed to EDASPEE in pPYY and hPYY, and to DNATPEQ in hPP and bPP
(Table 4), with a potential for reduced conformational mobility of proline, and lower
interactivity of residues 15–16 (see the Discussion).

4. Discussion
Of the three Y peptides examined in this work, hNPY shows the lowest selectivity across the
four canonical Y receptors (although its affinity for the Y4 receptor is low [30]), pPYY has a
discernible preference for the Y2 site [52], and hPP essentially does not attach to the Y1,
and very little to the Y2 receptor (Table 1). These differences extend to interaction with
other receptors, NPY being known for several (e.g. [7,18,23,32,41]), PYY for a few [7,18],
and PP for none. With both NPY or PYY, changes at residues 31 and 34 that prevent
specific Y2 binding, and deletion of residues 1–2 (which prevents specific Y1 binding) do
not affect the non-specific binding (Fig. 3).

In NPY and PYY, there is segregation of acidic residues to positions 6–18, and of basic
sidechains to the 19–36 zone (with an isolated lysine at position 4 (Table 4) ). The acidic
residues in hPP (and bPP) are all in the 1–24, and the basic in the 25–36 zone (Table 4). The
basic tracts are indispensable for binding to all Y receptors (see [5,10,15], and [20] for
critical affinity and chirality of the C-terminal hexad). Acidic sectors of Y agonists appear to
have mainly a supporting role in the specific binding. The acidic sector of NPY retains a
largely open structure in surface association with phospholipid micelles [2,54], and could be
readily available for interactions at large. In pancreatic polypeptide, however, the quite
stable PP-fold [6,26,28] could strongly reduce the contact surface of the acidic segment.

Motifs containing DE and ED pairs are important for salt bridge stability, assembly of DNA-
protein complexes, activation of kinases, helicases, caspases and disintegrins, and stable
anchoring of a host of proteins to membrane systems. However, in many structural contexts
Asp exhibits higher propensity than Glu for bridging cationic amino acids, possibly due to a
low mobility and a significantly higher acidity of the Asp β-carboxyl compared to the Glu γ-
carboxyl. Ionic bridges containing aspartate also can stabilize inactive conformations of
GPCRs [25,49]. Three aspartates in the 6–16 region of hNPY (Table 4) could bridge
cationic sidechains of membrane-resident proteins, to produce the large sodium-sensitive
non-specific binding of NPY (Table 3). These residues of hNPY also could engage basic
sidechains in the neighborhood of the two-prong binding site of the Y1 receptor, and
contribute to the partial agonism found for NPY, but not for PYY [44,50]. Porcine or human
PYY and human or bovine PP have a single aspartate in this highly accessible, largely non-
helical section [6,26,28].

In the human Y1 receptor, H105 and K114 in the extracellular loop 1, H207 and H208 in
loop 2 and H290 in loop 3 appear not to be involved in the specific binding of agonists
[13,56], and could be targets for low-affinity association with the acidic tract of Y peptides,
and especially of NPY. At high levels of extracellular NPY this induces reverse agonism
[50]. Presence of a hydroxyl amino acid at position 13 in mammalian PYY and PP
molecules could reduce the conformational plasticity in that zone via H bonding of Ser / Thr
to the Pro neighbor (e.g. [12,58]), or to (n+3) or (n+4) residue [53], and thus decrease
associations using 15–16 Glu-Glu (in PYY) or Glu-Gln (in PP). In NPY, P13 is flanked by
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small alanine residues, and can kink to help interactions of E15D16 (and even E10D11)
within the Y1 or the Y2 molecule, or with the receptor environment. In PYY and PP,
rotation of P14 would also be dampened by the absence of Ala following Pro. The hPP
molecule has no acidic doublets, and that coincides with a very low non-specific binding
(Fig. 3). However, this could also be linked to a considerably higher stability of PP-fold in
PP compared to NPY and PYY [28].

Evolution of Y agonists [21] apparently was linked with production of PYY and PP mainly
in non-neural tissues (see [4,16]), and obviously reduced (relative to NPY) the low-affinity
binding. NPY however can act both as Y receptor agonist and as a low-affinity ligand or co-
agonist of other receptors [18,23,41]. The NPY binding not shared with PYY [55] may
involve interaction with other GPCRs that transduce to G-proteins used by Y receptors,
possibly with the chemokine receptors. Differences in interaction with phospholipids (which
is avid for NPY [31], but thus far not quantitatively compared for the primary Y agonists)
could be reflected in barrier-crossing ability (which is higher for NPY [19] relative to PYY
[16] or PP [4]) as well as in the non-specific binding.

In testing the role of aspartate in the large low-affinity association of hNPY, replacements of
Asp11 and Asp16 by Glu or amide amino acids could be expected to reduce the non-specific
binding. Replacing the 10–16 tract of hNPY (EDAPAED) by that of hPP (DNAETPQ)
could produce a similar result. This however could also affect the affinity and Y receptor
selectivity of the specific binding, and stability of the PP-fold [2,28]. Testing effects of the
above changes could significantly add to understanding the multiple activities of Y peptides,
and in particular of NPY.

Research Highlights

• Non-specific binding of NPY, PYY and PP is typically in 6:2:1 ratio

• This relates to acidic pairs (2 in NPY, 1 in PYY, 0 in PP) and proline-13 in NPY

• The above should also be important in agonist selectivity of Y receptor subtypes

• The differences should also be important for partial agonism and cross-reactivity
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Abbreviations

BIBP3226 (R)- N2-(diphenylacetyl)-N-[(4-hydroxyphenyl)methyl]D-
arginineamide

BIIE0246 N-[(1S)-4-[(aminoiminomethyl)amino]-1-[([2-(3,5-dioxo-1,2-
diphenyl-1,2,4-triazolidin-4-yl)ethyl]amino)carbonyl]butyl]-1-(2-[4-
(6,11-dihydro-6-oxo-5H-dibenz[b,e]azepin-11-yl)-1-piperazinyl]-2-
oxoethyl)cyclopentaneacetamide

GR231118 or
1229U91

bis(29/31',29/31'||[Glu29,Pro30, Dpa31,Tyr32,Leu34,(Tyr-
NH2)36]NPY(28–36) ||

NPY neuropeptide Y (h = human or rat)

LP-hNPY (Leu31,Pro34) human neuropeptide Y PYY, peptide YY (h = human;
p = porcine or rat)
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LP-hPYY (Leu31,Pro34) human peptide YY

P-hPYY (Pro34) human peptide YY

hNPY(3–36) human neuropeptide Y(3–36)

hPYY(3–36) human peptide YY(3–36)

pdb Protein Data Bank

PP pancreatic polypeptide (h = human, b =bovine)
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Fig. 1.
Non-specific binding of NPY to cell particulates. Particulates from wildtype CHO-K1 cells
or from CHO or HEK293 cells expressing the indicated human Y receptor subtype were
labeled with 50 pM [125I]hNPY in the presence of 100 nM of the unlabeled hNPY. For
assay details see section 2.3. Data are averages of 3–6 replicates in two or more experiments
(number of experiments is shown in brackets), ± S.E.M. The specific binding in fmol/mg
protein was <1 with CHO-wildtype (wt), 62.4 ± 9.6 with the CHO-Y1, 182 ± 21 with the
CHO-Y2, 0.30 ± 0.13 with the CHO-Y4, and 26.1 ± 5.2 with the HEK293-Y5 expression.
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Fig. 2.
Non-specific binding of Y peptides at 5–35 °C is equilibrated in less than 30 min either with
intact cells expressing human Y1 receptors (A) or with particulates from these cells (B).
The 125I-labeled tracers were input at 50 pM in presence of either 100 nM of the respective
non-labeled peptide or 20 μM Y1 antagonist BIBP3226. The labeling was for 30 min at the
indicated temperature, in cell growth medium without fetal calf serum and antibiotics (see
section 2.2) (A) or in the receptor assay buffer (B). Data are averages of two or more
independent experiments. For other details see sections 2.2 and 2.3.
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Fig. 3.
Non-specific binding of Y agonists relative to NPY in cells expressing Y receptors and in
wildtype (wt) CHO-K1 cells. All 125I – labeled agonist were input at 50 pM in the presence
of 100 nM of the respective unlabeled peptide. As shown, the Y1 binding was also assessed
at 20 μM of Y1-selective antagonist BIBP3226, the Y2 binding at 2 μM of the Y2-selective
antagonist BIIE0246, and the Y4 binding at 100 nM of the Y4 partial agonist GR231118
(1229U91). For other details see sections 2.2 and 2.3.
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Fig. 4.
Comparison of the Y agonist-competed (specific; graph A) and non-specific (graph B)
binding of hNPY and pPYY to CHO cells expressing the human Y1 receptor. The 125I –
labeled agonists were added to particulates at 50 pM without (graph A) or with (graph B)
100 nM of the corresponding unlabeled parent peptide. Data in (A) are the difference of total
and non-specific binding (which is shown in (B) ). After labeling for 30 min at 25 °C, the
particulates were sedimented, surface-washed, and lysed with 10 mM each digitonin and
cholate, followed by sedimentation through 10–30% sucrose gradients for 24 h at 218,000 ×
gmax, and gradient fractionation. For molecular weight calibration and other details see
section 2.4. In (A), the 185 kDa peak corresponds to heteropentamer containing the Y1
receptor dimer and Giα-Gβγ heterotrimer (see e.g. [46]).
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Table 2

Parameters of non-specific binding of agonists to Y receptors from CHO cells and rat brain cortex at 25 °C

Receptor and cell type [125I] tracer Slope factor ± SE r2 Half-period, min

hY1-CHO [3] hNPY 0.507 ± 0.068 0.985 1.77 ± 0.4

hY1-CHO [4] LP-hPYY 0.226 ± 0.011 0.993 1.72 ± 0.11

rY1-brain cortex [3] hNPY 0.541 ± 0.028 0.955 2.51 ± 0.91

hY2-CHO [3] hPYY(3–36) 0.154 ± 0.002 0.995 1.92 ± 0.32

mY4-CHO [4] hPP 0.058 ± 0.004 0.985 1.55 ± 0.3

The number of saturation assays employing 8–10 concentrations of [125I]-labeled agonists in the range of 4 - 400 pM is shown in brackets after the

receptor subtype. Slope factors represent increment of the non-specifically bound per pM input [125I]-agonist. The slope factors and r2
(determination) coefficients are from the corresponding least-square linear regressions. Half-periods of equilibration are from hyperbolic fits on the
binding of 50 pM tracer at 100 nM unlabeled peptide over 3, 6, 10, 20 and 30 min at 25 °C. The binding to cortex particulates also included 2 nM
unlabeled hPYY(3–36), to mask the small population of Y2 receptors. Using 50 pM labeled and 1 nM cold agonist at 5–35 °C, the specific binding
to CHO-Y1 particulates for both hNPY and pPYY saturated to about 210 fmol/mg protein, but with slope factors of 2.06 ± 0.18 for hNPY, and
5.94 ± 0.84 for pPYY.
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