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ABSTRACT: The turn-inducing sequence Ala-Aib introduced into positions 31 and 32 of neuropeptide Y
(NPY) and its analogues has been identified as the key structure for Y5-receptor selectivity. Analogues of
NPY and PP/NPY chimera containing the motif Ala-Aib were prepared; these peptides turned out to be
selective for the Y5-receptor. The affinity of the NPY-based peptides was in the range of 6-150 nM,
while the affinity of three (Ala-Aib)-containing PP/NPY chimera was in the range of 0.2-0.9 nM. The
circular dichroism spectra of the Aib analogues in aqueous solution were all characteristic of anR helix;
however, they had different intensities of the two negative bands at 220 and 208 nm. Affinity and selectivity
for the Y5-receptor were correlated with the ratio of the ellipticity at 220 nm versus the one at 208 nm
(R), which indicates the presence of a pronounced helix (R > 1) versus a less stabile one (R < 1). When
R was in the range 0.74-0.96, the affinity at the Y5-receptor was in the range>5 nM, while there was
complete loss of affinity at the Y4-receptor.R > 1.15 was associated with very high affinity at the
Y5-receptor and weak affinity at the Y4-receptor. These results suggest that the selectivity of the
Ala31-Aib32 motif for the Y5-receptor derives from a specific conformation that must be correlated with
the bioactive conformation of NPY at this subtype.

Neuropeptide Y (NPY)1 (1) is a 36-amino acid peptide
amide and is the most conserved member of a hormone
family, the so-called NPY family, which further contains the
pancreatic polypeptide (PP) and the peptide YY (PYY). NPY
is widely distributed within the central and peripheral nervous
systems and exerts several physiological functions, such as
vasoconstriction, anxiolysis, regulation of neurotransmitter
release, increase in memory retention, and stimulation of food
intake. NPY and related peptides activate at least four dif-
ferent receptor subtypes that belong to the large family of
the G-protein coupled receptors and are designated by a
capital Y: Y1, Y2, Y4, and Y5 (2). A fifth receptor has been
found in mice, but only an inactivated protein is expressed
in humans (3). There is strong evidence that the Y1- and
Y5-receptor subtypes mediate the NPY-induced increase in
food intake (4). So far, feeding studies have been carried
out in vivo by administration of NPY analogues which are
Y1- or Y5-receptor preferring ligands, but they are not highly

specific relative to the other subtypes (5, 6); for example,
NPY (2-36) has been shown to be equally potent at the
receptors Y2 and Y5 and still activates the Y1-receptor. The
shorter analogues of NPY, (3-36) and (13-36), prefer the
Y2- and Y5-receptor subtypes, but some Y1-receptor activity
is also maintained. [Leu31, Pro34]-NPY and [Pro34]-PYY are
equipotent at the receptors Y1, Y4, and Y5. Only [D-Trp32]-
NPY has been shown selectively to activate the Y5-receptor;
however, it is a weak agonist (5) and, additionally, we found
that it also binds to the Y2-receptor with nanomolar affinity
(7). All of these analogues have shown orexigenic properties
(5, 6). Because of the lack of specificity, these peptides are
not very suitable tools to distinguish the individual role of
the Y1- and Y5-receptor subtypes in the stimulation of food
intake induced by NPY agonists.

A further approach to the in vivo characterization of the
feeding receptors has been based on the application of
antagonists. BIBP 3226 (8) and BIBO 3304 (9) are potent
and highly selective ligands at the Y1-receptor, and their
administration inhibited the NPY-stimulated increase in food
intake. However, it has been observed that the injection of
BIBP 3226 is associated with abnormal behavior, and this
has suggested that the compound might inhibit NPY-induced
feeding via a nonspecific mechanism (10). Additionally,
Haynes et al. have reported that BIBP 3226 failed to inhibit
the response to rat NPY in rats (11). 1229U91, an antagonist
at the Y1-receptor (12), was successful in inhibiting the NPY-
induced increase in food intake (11, 13, 14); however, it
should be taken into account that 1229U91 acts as an agonist
at the Y4-receptor (15). Recently, inhibition of food intake
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has been observed after administration of the Y5-receptor-
selective antagonist CGP 71683A (16). Again, the results
obtained by using NPY antagonists at the receptors Y1 and
Y5 cannot clarify the role of NPY and its receptors in feeding
behavior.

In this work, we present a new class of NPY analogues
and PP/NPY chimera which selectively bind to the Y5-re-
ceptor. We have based the development of these ligands on
our knowledge of structure-activity relationships of mutants
of NPY and their receptors. The specificity for the Y5-re-
ceptor subtype relative to the receptors Y1, Y2, and Y4 has
been obtained by the incorporation of the dipeptide Ala-Xxx
at positions 31-32, where Xxx is Aib, Pro, or hydroxyproline
(Hyp). Gross-structural features of the unligated peptides in
aqueous solution were evaluated by CD spectroscopy. The
biological relevance of the most promising candidates was
tested through competition assays utilizing3H-labeled NPY
in combination with cell lines that selectively express one
of the Y-receptor subtypes. These selective analogues will
be very useful tools to characterize this receptor in vivo.

EXPERIMENTAL PROCEDURES

Materials. The NR-Fmoc-protected amino acids were
purchased from Alexis (La¨ufelfingen, Switzerland). Side-
chain protecting groups weretert-butyl for Asp, Glu, Ser,
Thr, and Tyr; Boc for Lys; trityl for Asn, Gln, and His; and
2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc) for Arg. The
4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy (Rink
Amide) and the 4-(2′,4′-dimethoxyphenyl-Fmoc-amino-
methyl)phenoxyacetamidonorleucylaminomethyl (Rink Amide
AM) resins were obtained from Novabiochem (La¨ufelfingen,
Switzerland).N-Hydroxybenzotriazole (HOBt), trifluoroace-
tic acid (TFA), thioanisole,p-thiocresol, 1,2-ethanedithiol,
trimethylbromosilane, piperidine, 1-methyl-2-pyrrolidinone,
tert-butyl alcohol, dimethylformamide (DMF) (puriss.),
sodium hydrogenphosphate, and potassium dihydrogenphos-
phate were obtained from Fluka (Buchs, Switzerland).N,N′-
Diisopropylcarbodiimide (DIC) was purchased from Aldrich
(Buchs, Switzerland). DMF (pure) and diethyl ether were
purchased from Scharlau (La Jota, Barcelona, Spain). Ace-
tonitrile was obtained from Romil (Cambridge, England).
50% Dulbecco’s modified eagle medium/50% Ham’s F12,
minimum essential medium with Earl’s salts and phosphate-
buffered saline (PBS) were purchased from Gibco (Life
Technologies, Basel, Switzerland). Fetal calf serum, glutamine,
and nonessential amino acids were obtained from Boehringer
Mannheim (Germany). Geneticin, bacitracin, and bovine
serum albumin were purchased from Sigma (Buchs, Swit-
zerland).3H-Propionyl-NPY was purchased from Amersham
(Cleveland, OH).

Peptide Synthesis.The peptides were synthesized by solid-
phase technique on an automated multiple-peptide synthe-
sizer (Syro, MultiSynTech, Bochum, Germany) using Rink
Amide and Rink Amide AM resins (30 mg, resin loading
0.45-0.51 mmol/g). Peptide chain assembly was performed
by using Fmoc-strategy and a double coupling procedure with
10-fold excess Fmoc-amino acid, HOBt, and DIC in DMF
(2 × 40 min). The Fmoc-deprotection step was accomplished
by 40% piperidine in DMF for 3 min, 20% piperidine for 7
min, and finally 40% piperidine for 5 min. The removal of
the amino acid side-chain protecting groups and the peptide

cleavage from the resin were accomplished in one step
by using the cleavage mixture TFA/thioanisole/thiocresol
(90/5/5 v/v) for 3 h. For the cleavage of the Met-containing
peptides ethanedithiol was added as scavenger (2-4% v/v).
The fully deprotected peptides were precipitated from ice-
cold diethyl ether. The suspensions were centrifuged at 5
°C, the ether was decanted, and then the peptides were
suspended again in fresh ether and centrifuged. The washings
with cold ether were repeated 4 times. Finally, the peptides
were dissolved intert-butyl alcohol/water (3/1 w/w) and
lyophilized. The peptides containing methionine sulfoxide
were reduced after lyophilization by using the reduction
mixture TFA/ethanedithiol/trimethylbromosilane (96/2.4/1.6
v/v) for 30-40 min, under a N2 atmosphere within the first
5 min, then in tightly closed centrifuge tubes (17). The
reduced peptides were recovered from ice-cold ether, washed
as described previously, purified to homogenity, and finally
lyophilized.

The peptides were characterized by electrospray ionization
mass spectrometry (SSQ 710, Finnigan MAT, Bremen,
Germany) and by analytical reversed-phase HPLC on a
LiChrospher RP-18 column (5µm, 3 × 125 mm, Merck,
Darmstadt, Germany) using 0.08% TFA in acetonitrile (A)
and 0.1% TFA in water (B) as eluting system (20-70% A
over 35 min at the flow rate of 0.6 mL/min).

Circular Dichroism.The CD spectra were recorded using
a JASCO model J720 spectropolarimeter over 250-180 nm
at 20°C in a N2 atmosphere. The CD spectra were performed
on peptide solutions at the concentration range of 30-40
µM. Each measurement was repeated 4 times using a
thermostatable sample cell with a path of 0.02 cm and the
following parameters: response time of 2 s, scan speed of
20 nm/min, sensitivity of 10 mdeg, step resolution of 0.2
nm, and bandwidth of 2 nm. The CD spectrum of the solvent
was subtracted from the CD spectra of the peptide solutions
to eliminate the interference from cell, solvent, and optical
equipment. High-frequency noise was reduced by means of
a low-path Fourier transform filter. The ellipticity was
expressed as the mean-residue molar ellipticity [Θ]R in deg
cm2 dmol-1.

Cell Culture.BHK cells transfected with hY1-, hY2-, hY4-,
rY5-, or hY5-receptors were cultured in Dulbecco’s modified
Eagle medium containing 10% fetal calf serum, 5% penstrep,
and 0.1% Geneticin (9). SMS-KAN cells (hY2-receptor)
were grown in 50% Dulbecco’s modified Eagle medium/
50% nutrient mix Ham’s F12 with 15% fetal calf serum, 4
mM glutamine, and 1% nonessential amino acids (18). Cells
were grown to confluency at 37°C and 5% CO2.

Receptor Binding Assays.Cells were resuspended in
incubation buffer (minimum essential medium with Earl’s
salts containing 0.1% bacitracin, 50µM Pefabloc SC, and
1% bovine serum albumin). A total of 200µL of the
suspension containing ca. 600 000 cells were incubated with
25 µL of a 10 nM solution of3H-propionyl-NPY (125I-PP
for the Y4-receptor) and 25µL of NPY or analogue at
different concentrations. Nonspecific binding was defined
in the presence of 1µM cold NPY. After 1.5 h at room
temperature, the incubation was terminated by centrifugation
at 2000g and 4°C for 5 min. The pellets were then washed
once with PBS by centrifugation, resuspended in PBS, and
mixed with the scintillation cocktail. Radioactivity was
determined by using aâ-counter. Experiments were repeated
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2-3 times in triplicate. SD was(20% of the mean value, if
not otherwise indicated. IC50 values of the binding curves
were calculated by nonlinear regression on a one-site
competition based model using Prism 3.0 (Table 1).

RESULTS

Peptide Synthesis.The amino acid sequence of the NPY
analogues and of the PP/NPY chimera are shown in Table
1. The synthesis was accomplished by multiple solid-phase
technique using the Fmoc/tert-butyl chemistry and HOBt/
DIC as coupling reagents. The acylation of Aib by Ala, Leu,
or Tyr went smoothly and was run to completion without
the need of special and strong activating reagents. Only the
sequence Ala-Aib-Ala-Aib at positions 29-32 of peptide3
turned out to be more difficult, as shown by the presence of
a minor peak (15%) in the analytical HPLC chromatogram
of the crude product (data not shown). The impurity was
found to have a mass difference of-156 that was attributed
to Ala-Aib.

Methionine was introduced into the peptide chain without
side-chain protection as usual in Fmoc-strategy. The ana-
logues were characterized by analytical HPLC and ESI-MS.
The HPLC chromatograms and the ESI-MS spectra of the
crude methionine-containing peptides (7-11) revealed the
presence of side products that corresponded to the methionine
sulfoxide which was formed during the peptide chain
assembly by multiple peptide synthesis or the TFA cleavage.
The methionine sulfoxide was completely reduced by using
trimethylbromosilane in the presence of ethanedithiol under
acidic conditions (TFA) (17).

Receptor Binding Affinity.Binding of the peptides to the
Y-receptors was tested by using a competition assay on cell
lines selectively expressing the Y1-, Y2-, Y4-, or Y5-receptor
subtypes (9). The binding affinity is reported as the IC50 value

in Table 1. The full-length NPY analogues that contain the
motif Ala31-Aib32 (1-5) were found to be selective at the
Y5-receptor, with an affinity that was in the range of 5.9-
137 nM. The IC50 values at the Y2-receptor were>500 nM,
and the binding potency at the receptors Y1 and Y4 was in
the micromolar range. The only exception was peptide2,
[Ala31, Aib32, Pro34]-pNPY, which had a reduced Y5-receptor
selectivity relative to the Y4-receptor. Accordingly, it bound
to the Y4- and Y5-receptors with an affinity of 260 nM and
16.4 nM, respectively.

The presence of one or two Aib residues in theR-helical
region 24-28 led to reduced affinity (14.4 nM for peptide
4 and 70.5 nM for peptide5). For the NPY analogue3, in
which the motif Ala-Aib was repeated twice consecutively
at positions 29-32, only moderate affinity was found at the
Y5-receptor (137 nM).

The NPY chimera6 and7 contain the N-terminal part of
hPP, the segments 1-7 and 1-17, respectively. While the
binding profile of peptide6 was very similar to that of the
analogue1, peptide7 turned out to be 5- to 6-fold more
potent at the receptors Y4 and Y5, thus displaying very high
Y5-receptor affinity (IC50 0.92 nM) as well as selectivity.

Among the PP chimera8-11, peptides9 and10 turned
out to bind to the Y5-receptor with a subnanomolar affinity
(0.82 nM and 0.20 nM, respectively), while only with
moderate affinity to the Y4- (>50 nM) and Y1- (>500 nM)
receptor. The modification of peptide10by the replacement
of Gln34 with His (analogue11) led to a partial loss of affinity
at the Y5-receptor (18-fold) but to a slight increase at the
Y4-receptor (2-fold), with a subsequent loss of specificity
for the Y5-receptor. The analogue [pNPY1-7, Ala31, Aib32,
Gln34]-hPP (8) was less potent at the Y-receptors as compared
to the other PP chimera. By comparison of the amino acid
sequences of peptides8 and 9, the only difference is the

Table 1: Amino Acid Sequence and Analytical and Biological Data of the NPY Analogues and of the PP/NPY Chimeraa

a Ala31 is shown in boldface; Aib is indicated as B,D-Pro as p, Hyp as U, and Ahx as X. The hPP positions introduced into NPY are underlined
with a solid line; the pNPY positions introduced into hPP are underlined with a dotted line, and the cPP positions introduced into hPP are underlined
with a broken line.

Key Motif for NPY Y5-Receptor Selectivity Biochemistry, Vol. 41, No. 25, 20028045



absence of the pNPY segment 19-23 in 8. The lack of this
primary structure element in the analogue8 led to a reduction
of affinity of 15-fold at the Y5-receptor, 11-fold at the
Y4-receptor, and 4-fold at the Y1-receptor.

The two NPY analogues containing Ala at position 31 and
Pro or Hyp at position 32 (peptides12 and14) turned out to
be Y5-receptor-selective as the corresponding NPY analogues
containing Aib at position 32; however, significant loss of
affinity was found for both peptides. The introduction of
D-Pro caused a dramatic loss of affinity at the Y5-receptor
(>1000 nM for [Ala31, D-Pro32]-pNPY versus 118 nM for
[Ala31, Pro32]-pNPY).

The shift of the Aib-substitution from position 32 to
position 34 (peptide15) reduced the Y5-receptor affinity but
enhanced the Y4-receptor one; this led to a lack of
Y5-receptor specificity relative to the Y4-receptor but not to
the Y1- and Y2-receptor subtypes.

Circular Dichroism.The conformation of peptides1-16
was investigated in aqueous solution at neutral pH by using
circular dichroism (CD) spectroscopy. As shown in Figure
1, all peptides adopted a helical structure; however, the CD
profiles were different in the relative intensity of the two
negative bands at 220 and 208 nm. The analogues [Aib24,
Ala31, Aib32]-pNPY (4) and [Ala31, Pro32]-pNPY (12) showed
a minimum at 208 nm and a shoulder at 220 nm, and the
ratio of the ellipticity at 220 nm versus the ellipticity at 208
nm (R) was 0.74 for the first peptide and 0.76 for the second
one (Figure 1, panel A). Surprisingly, the CD spectrum of
[Ala31, D-Pro32]-pNPY (13) turned out to be superimposable
to that of the corresponding analogue containing theL-isomer
of Pro (data not shown). We attribute this to the helix-
breaking property of Pro as well asD-Pro and believe that
both molecules are disordered at their C-termini in solution.
The CD curves of the peptides [Aib24, Aib28, Ala31, Aib32]-
pNPY (5) and [Ala31, Hyp32]-pNPY (14) were characterized

by anRvalue of 0.85 and 0.82, respectively (Figure 1, panel
B). The CD spectra of [Ala31, Aib32]-pNPY (1) and of the
NPY chimera containing the hPP segment 1-7, [hPP1-7,
Ala31, Aib32]-pNPY (6) had a higherR value, which was
0.96 for peptide1 and 0.94 for peptide6 (Figure 1, panel
C). The shortened NPY analogue [Ala31, Aib32]-pNPY
(2-36) (16) gave a CD profile similar to that of the
corresponding full-length analogue, with the sameR value.
R > 1 was found for the hPP analogues9-11 and for the
NPY chimera [hPP1-17, Ala31, Aib32]-pNPY (7) (1.15 e R
e 1.32) (Figure 1, panel D).

The two NPY analogues containing Pro or Aib at position
34, [Ala31, Aib32, Pro34]-pNPY (2), and [Ala31, Aib34]-pNPY
(15) and the PP chimera8 were characterized by CD spectra
displaying some differences as compared to the CD profiles
described previously. In Figure 2, panel A, the CD curves
of peptides2 and15 are reported and compared to that of
the analogue [Ala31, Aib32]-pNPY (1); the additional presence
of Pro34 in 2 caused a blue-shift of the negative band at 220
nm as well as an increase in its intensity, and theR value
rose from 0.96 to 1.02. In contrast, the movement of Aib
from position 32 to position 34 resulted in a red-shift of the
CD spectrum and also increased theR value from 0.96 to
1.06. In Figure 2, panel B, the CD spectrum of the hPP
analogue [pNPY1-7, Ala31, Aib32, Gln34]-hPP (8) is compared
to that of the corresponding analogue, where the hPP
fragment 19-23 was replaced by that of pNPY (peptide9).
The most striking difference between the two curves was
the more pronounced negative band at 208 nm for the peptide
lacking the central pNPY segment (8); accordingly, theR
value decreased from 1.15 to 1.06.

DISCUSSION

From structure-affinity and structure-activity relationship
studies it is known that the C-terminus of NPY and of the

FIGURE 1: CD spectra of the NPY analogues and PP/NPY chimera in aqueous solution, at pH 7 and 20°C. (Panel A) The ratio between
the ellipticity at 220 and 208 nm (R) is 0.74-0.76, and the Y5-receptor affinity is 14-118 nM. (Panel B)R is 0.82-0.85, and the
Y5-receptor affinity is 70-157 nM. (Panel C)R is 0.94-0.96, and the Y5-receptor affinity is 4-6 nM. (Panel D)R is 1.15-1.32, and the
Y5-receptor affinity is 0.2-3.56 nM.
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other members of the NPY family represents the functional
part of the ligands. Amino acid replacements as well as
chemical modifications that involve the C-terminal pen-
tapeptide are poorly tolerated at all NPY receptors. In
particular, the two arginine side-chains at positions 33 and
35 play a key role in the binding and activation of the four
receptor subtypes Y1, Y2, Y4, and Y5 (19). In addition, the
C-terminal amide is essential, as suggested by the complete
loss of affinity after its conversion to a carboxy group or
ester (20). The analogue [Ala34]-pNPY is as potent as NPY
at the Y4- and Y5-receptor subtypes, while some affinity is
lost at the Y1- and Y2-receptors (19). Pro34 has been shown
to be perfectly tolerated at the receptors Y1, Y4, and Y5 but
not at the Y2-receptor (2, 21). The receptors Y1, Y2, and Y4

were sensitive to the Ala-substitution at position 32 (Y1 >
Y2 > Y4), with a loss of affinity in the range of 70-3000-
fold, while the affinity at the Y5-receptor was reduced only
10-fold (19).

So far, there is no information about the bioactive
conformation adopted by the C-terminus of NPY in the
binding pocket of the different NPY receptors. The solution
structure of NPY has been investigated by circular di-
chroism, 2D-NMR combined with molecular dynamics, and
molecular modeling based on the crystal structure of avian
PP (aPP). It is well-established that there is an amphipatic
R helix in the C-terminal region (19-34 (22), 15-35 (23),
11-36 (24), 13-36 (25)). In the crystalline form of aPP
(26) and in some NMR studies (22), the C-terminal end is
structurally not well-defined. The observation that pro-
line is tolerated at position 34 by all receptors with the
exception of the Y2-receptor suggests that a turn motif
might be present in the bioactive conformation of the ligand
at the receptors Y1, Y4, and Y5. Therefore, we decided to
introduce a turn-inducing motif into positions 31 and 32,
which are the residues next to the very sensitive C-terminal
tetrapeptide. We chose the dipeptide Ala-Aib because of its
property to induceâ-turns, especially 310-helical turns (27,
28). [Ala31, Aib32]-pNPY has been recently investigated by
2D-NMR (7): the most striking difference between this
analogue and native NPY has been identified in the C-ter-
minal nonapeptide that wasR-helical in NPY, while in the
analogue a 310-turn in the region 28-31 was present,
followed by a flexible carboxy end. Interestingly, the
presence of the key motif Ala31-Aib32 conferred high
selectivity of NPY analogues for the Y5-receptor. The
presence of further Aib residues in the region 24-30 re-
duced the affinity at all Y-receptors. The combination of

Ala31-Aib32 with Pro34 modulated the Y4- and Y5-receptor
affinity; while the Y4-receptor affinity was improved, the
Y5-receptor affinity was slightly decreased. The loss of
specificity with respect to the Y4-receptor may be attributed
to Pro34, which is present in most species of PP (29). The
results obtained with the (Ala-Aib)-containing NPY ana-
logues lead to the conclusion that a C-terminal turn-inducing
element provides selectivity for the Y5-receptor. Thus, the
next step is the improvement of affinity at this subtype
without loosing specificity.

In a recent work, we developed a series of PP/NPY
chimera, some of which turned out to be highly potent at
the Y5-receptor (up to 15-fold more potent than NPY itself);
however, they had no selectivity (30). Therefore, we decided
to combine the primary sequence of the highly potent
chimera with the key motif Ala-Aib, to obtain peptides with
high affinity as well as high selectivity at the Y5-receptor,
which would prove the concept of the turn-inducing motif
as the key structure for selectivity. As expected, most of the
(Ala-Aib)-containing chimera bound to the Y5-receptor with
high affinity, which was comparable to that of NPY for the
analogues7 and9 and even 3-fold higher for the analogue
10. His34 in the analogue11 turned out to be less favorable
at the Y5-receptor than Gln34 (analogue10), as peptide11
had 18-fold lower affinity than peptide10. Instead, the
affinity at the Y4-receptor increased almost 2-fold in the
presence of His34, with consequent loss of specificity of the
peptide11 for the Y5-receptor. Furthermore, the hPP chimera
lacking the central pNPY segment 19-23 (peptide8) was
characterized by a reduced affinity at the receptors Y4 and
Y5 as compared to the corresponding hPP analogue that
contained pNPY 19-23. This suggests that the sequence
19-23 of pNPY also plays an important role in inducing
the bioactive conformation. By comparing the two NPY
chimera that contain the hPP sequences 1-7 or 1-17, it was
observed that the longer hPP segment favored the binding
at the Y4- and Y5-receptor subtypes; however, the pep-
tide [hPP1-17, Ala31, Aib32]-pNPY remained selective for the
Y5-receptor.

To prove the hypothesis that a turn-inducing motif may
be used for selectivity at the Y5-receptor, we investigated
the effect of Pro at position 32. Interestingly, also the
analogue [Ala31, Pro32]-pNPY (12) showed a Y5-receptor
preferring binding profile. WhenL-Pro32 was substituted with
theD-isomer (peptide13), the Y5-receptor affinity decreased
strongly. This suggests that the stereochemistry of the turn-
inducing residue 32 is of major importance for the binding

FIGURE 2: CD spectra of the NPY analogues [Ala31, Aib32, Pro34]-pNPY (2) and [Ala31, Aib34]-pNPY (15), and comparison with [Ala31,
Aib32]-pNPY (1) (panel A). CD spectrum of [pNPY1-7, Ala31, Aib32, Gln34]-hPP (8) and comparison with [pNPY1-7,19-23, Ala31, Aib32,
Gln34]-hPP (9) (panel B).
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conformation. Furthermore, we tested the influence of the
trans-4-hydroxy group of hydroxyproline on receptor binding
(peptide14). The affinity at the Y5-receptor was comparable
to that of the analogue [Ala31, Pro32]-pNPY. The similarity
of the binding profiles of [Ala31, Pro32]-pNPY (12) and
[Ala31, Aib32]-pNPY is reflected in structural data obtained
by 2D-NMR spectroscopy (see ref7 for [Ala31, Aib32]-pNPY
and the accompanying paper for peptide12). According to
the membrane compartment theory originally developed by
Schwyzer (31) and Moroder et al. (32), we believe that
membrane association of the ligand hormone is an essential
step preceding receptor binding. In contrast to native pNPY
with its R helix extending up to the C-terminus the C-terminal
tetrapeptide of the two Y5-receptor-selective mutants is much
more flexible, both when bound to DPC micelles (33) and
in solution (25).

To investigate the importance of the position of the Aib
residue in the C-terminal sequence, we shifted Aib from
position 32 to the positions 24, 30, and 34. We found a loss
of Y5-receptor affinity as well as selectivity relative to the
Y4-receptor. This suggests that position 32 may be highly
specific for the Y5-receptor.

By the analysis of the solution structure of the Aib-
containing analogues by circular dichroism, it was possible
to correlate the conformational and biological properties of
the peptides and to classify them in four different groups
(Figure 1, panels A-D). (A) Peptides4 and 12 showed a
Y4-receptor affinity of>1000 nM and a Y5-receptor affinity
of 14-118 nM; they were characterized by a similar helical
CD profile, with a ratio (R) of the ellipticity at 220 nm versus
the one at 208 nm of 0.74-0.76. (B) The analogues5 and
14 also bound to the Y4-receptor in the micromolar range,
but their Y5-receptor affinity was reduced to 70.5-157 nM.
Their CD spectra presented a very similarR value that was
0.82-0.85. (C) A micromolar affinity at the Y4-receptor and
an affinity in the range of 6 nM at the Y5-receptor were found
for the peptides1 and 6. The R value obtained from their
CD curves was in the range of 0.94-0.96. (D) Finally, the
hPP analogues9-11 and the NPY chimera7 were the most
potent ligands at the Y5-receptor (0.2-3.6 nM), and bound
to the Y4-receptor with affinities which were in the range of
27.3-167 nM. TheRvalue from the CD spectra of this group
was determined to be>1.15.

The analogues [Ala31, Aib32, Pro34]-pNPY (2), [Ala31,
Aib34]-pNPY (15), and [pNPY1-7, Ala31, Aib32, Gln34]-hPP
(8) could be classified in none of the four groups previously
described: the peptide2 was similar to the members of the
group C with respect to its affinity at the Y5-receptor;
however, it turned out to be at least 4-fold more potent at
the Y4-receptor. The peptide15showed a Y5-receptor affinity
comparable to that of the members of the group A, but it
was at least 10-fold more potent at the Y4-receptor. Both
the peptides2 and15 showed an increase in the intensity of
the band at 220 nm (R ) 1.02-1.06) (Figure 2, panel A).
The hPP chimera8 showed a much lower affinity at the
Y5-receptor than the other chimera (at least 3-fold and up to
60-fold lower) and also a more reduced affinity for the
Y4-receptor. To the different biological behavior corre-
sponded a different CD profile, characterized by a more
pronounced band at 208 nm (R ) 1.06), as shown in Figure
2, panel B.

CONCLUSIONS

We developed a new class of Y5-receptor specific ligands
which are characterized by the presence of a turn-inducing
element at position 32. We found that Aib as well as Pro in
this position induce selectivity at the Y5-receptor, with Aib
being more suitable than Pro. The NMR structure of [Ala31,
Aib32]-pNPY showed a 310-turn involving residues 28-31.
This may suggest that the specific conformation adopted by
the ligand in this region is of major importance for receptor
recognition and binding. On the basis of this supposition,
we are currently carrying out studies based on peptide and
peptidomimetics design, to further characterize the struc-
tural requirements for high affinity and specificity at the
Y5-receptor. These selective analogues are very interesting
also for their ability to act as agonists of NPY at the
Y5-receptor; they have been recently shown to stimulate food
intake in rats (7). Accordingly, they are promising tools to
understand the role of NPY as orexigenic neuropeptide.
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