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Acylation of the a-Amino Group in Neuropeptide Y(12-36) Increases
Binding Affinity for the Y, Receptor
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Competition assays using three series of analogs of neuropeptide Y (NPY) ((Xaa!' |NPY(11-
38), [Xaa'’]NPY(12-36), and (Xaa'*]NPY(13-38)) revealed that the binding affinity for the
Y. receptor was considerably lowered by truncation of residue 11. Upon acetylation or
succinylation of the ¢-amino group, the binding affinity of [Xaa'*)NPY(12-36) recovered to
a level similar to that of [Xaa'']NPY(11-36). No significant difference was observed
between the increases caused by acetylation and those caused by succinylation, suggesting
that the increase in binding affinity cannot be explained by the change in the net charge at
the N-terminus as a consequence of the modification. The scattered data points on a plot of
the a-helix content vs. IC;, of all these analogs revealed the absence of any apparent
relationship, an indication that prior formation of the ¢-helix is not necessary for binding
to the Y, receptor. It has been widely accepted that fewer than 12 residues from the
C-terminus are directly involved in binding of NPY to the Y, receptor, while the remaining
part of NPY only assists in the adoption of a favorable conformation by the C-terminal
hexapeptide for recognition by the receptor. However, the present results suggest that the

region around residue 12 does not project from the Y, receptor.
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Neuropeptide Y (NPY) is an amidated peptide of 36 amino
acids that is widely distributed in the central and peripheral
nervous systems. It has been proposed that NPY has a
compact globular structure, which is known as the PP-fold,
on the basis of X-ray crystallographic analysis of the
homologous avian pancreatic polypeptide (PP) (I). The
PP-fold is composed of two antiparallel helices, an N-termi-
nal polyproline helix (residues 1-8) and an amphipathic
a-helix (residues 13-32), connected by a type-I1 S-turn
(residues 9-12). The action of NPY is mediated by at least
three types of receptor, Y,, Y;, and Y; (2, 3). Among the
subtypes of receptor for NPY, the Y, receptor is known to
mediate enhancement of memory retention in the hippo-
campus, inhibition of consummatory behavior in the hypo-
thalamus, suppression of transmitter release in sympa-
thetic and parasympathetic fibers, etc. (2-4). Previous
studies showed that the Y; receptor can effectively bind
long C-terminal fragments of NPY such as NPY(13-36) (I-
3, 5), which is often used for the classification of receptor
subtypes. It has been widely accepted that the C-terminal
hexapeptide is the critical region for recognition by the Y,
receptor, while the remaining part only assists in the
adoption of a favorable conformation by the hexapeptide
for recognition by the receptor (1, 3, 5).

We have been studying stabilizing effects on the «-helix
of amino acids at the helical end using three series of
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methyl]-2-aminomethanesulfonate.
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analogs of NPY ({Xaa''JNPY(11-36), [Xaa'?]NPY(12-36),
and [Xaa'*JNPY(13-36)) that contain an «-helical part.
Substitution of N-terminal residue of NPY(12-36) signifi-
cantly affected the stability of the a-helix (6). By compar-
ing the ICs, values of the series of analogs in binding assays,
we found, in the present study, that removal of residue 11
caused a significant decrease in the binding affinity for the
Y, receptor. Acetylation or succinylation of the a-amino
group of [Xaa'?’JNPY(12-36) significantly increased the
binding affinity without any exceptions. Upon such modi-
fication, the binding affinity returned to a level similar to
that of [Xaa']NPY(11-36). Although it has been consid-
ered that the region corresponding to the §-turn in the
PP-fold structure does not directly interact with the Y,
receptor, the present results suggest that the region is also
recognized by the receptor.

MATERIALS AND METHODS

Materials—Porcine NPY was purchased from the Pep-
tide Institute (Osaka). Reagents for peptide synthesis,
9-fluorenylmethoxycarbonyl (Fmoc)-L-amino acids and
Tenta Gel TG-RAM resin were purchased from Shimadzu
(Kyoto), and '**I-NPY that had been labeled with Bolton-
Hunter reagent was from Amersham International ple
(Bucks, UK). All other chemicals were of reagent grade.

Preparation of Analogs of NPY—The C-terminal frag-
ments of NPY were synthesized on an automated solid-
phase peptide synthesizer (PSSM-8; Shimadzu) using
Tenta Gel TG-RAM resin and “Fmoc chemistry” with
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hex-
afluorophosphate and N-hydroxybenzotriazole as coupling

2102 ‘2 100100 uo A1seAluN pezy olwes| e /6io'sfeunolpioxo-ql/:dny wouj papeoumoq


http://jb.oxfordjournals.org/

38

reagents. Fragments were cleaved from the resin by
treatment with trifluoroacetic acid and purified by reverse-
phase HPLC on a C;; column (COSMOSIL, 20 % 250 mm;
Nacalai Tesque, Kyoto). Modification of the «-amino
groups of the NPY analogs was carried out before cleavage
from the resin. Acetylation was performed as follows. The
reaction was started by the addition of 0.1 ml of a 10% (v/
v) solution of acetic anhydride in dioxane to the suspension
of the resin-bound peptide (5 gmol each) in 2 ml of 0.3 M
sodium phosphate buffer (pH 7.2) and was terminated by
washing with distilled water after a 3-h incubation at 0°C
with stirring. For succinylation, the reaction was started by
the addition of 50 xmol of crystalline succinic anhydride to
the suspension of the resin-bound peptide (5 g#mol each)
in 2ml of 0.5 M 2-(cyclohexylamino)ethanesulfonic acid-
NaOH buffer (pH 8.5) and was terminated by washing with
distilled water after a 1-h incubation at 25°C with stirring.
The purity of each peptide was assessed by analytical
reverse-phase HPLC on a C,5 column (COSMOSIL, 4.6 X
250 mm). The identity of each peptide was confirmed by
mass spectrometry on a time-of-flight mass spectrometer
(Shimadzu/Kratos Kompact MALDI II; Shimadzu) with
matrix-assisted laser desorption ionization. All the molecu-
lar weights were found to be within 0.13% of the expected
values.

Receptor-Binding Assay—Porcine hippocampal mem-
branes, which are often used as a homogeneous preparation
of Y, receptors, were prepared by the method of Shigeri et
al. (7). Each analog and 30 M '#I.NPY were incubated for
1h in 50 mM Tris-HCI buffer (pH 7.4) including 10%
glycerol, 1 mM EDTA, and 5 mM 2-mercaptoethanol at
37°C. The binding of '**I-NPY to Y, receptors on the hip-
pocampal membranes was also quantitated by the method
of Shigeri et al. (7). ICs, value was defined as the concen-
tration which gives 50% inhibition. IC;, values were calcu-
lated from profiles of competition for binding between each
analog and '*’I-NPY. Concentrations of peptides were
determined by measuring absorbance due to tyrosine (and
absorbance due to tryptophan in the case of [Trp'?]NPY-
(12-36)) of stock solutions.

Circular Dichroism (CD) Measurements and Determina-
tion of a-Helix Content—CD measurements were made
with a spectropolarimeter, model J-500A (Jasco Interna-
tional, Tokyo), equipped with a data processor DP-501. CD
spectra were recorded at 37°C with a thermostatically
regulated cell with a 0.2-¢cm path-length. Each peptide was
dissolved in 5 mM 7,N-[tris(hydroxymethyl)methyl]-2-
aminomethanesulfonate-NaOH (TES-NaOH) buffer (pH
7.5) at a concentration of approximately 10 M. To exam-
ine the effect of membranes on the stability of «-helix of
the analogs, 0.15mM dimyristoyl phosphatidylcholine
(DMPC), which was prepared by the sonication of DMPC
films with 5 mM TES-NaOH buffer (pH 7.5), was added as
membranes in the peptide solution. a-Helix content was
calculated from [ #] 2. values using the following equation,
proposed by Scholtz et al. (8):

[6]) 222 = —40000f(n—2.5)/n

where f; represents the a-helix content, and n represents
the number of peptide bonds.
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RESULTS

The inhibitory effects of a series of analogs of NPY ([Xaa'']-
NPY(11-36), (Xaa'*JNPY(12-36), and [Xaa'*]NPY(13-
36)) on the binding of ***I-NPY to the porcine hippocampal
membranes were examined to evaluate the binding affinity
of each peptide for the Y, receptor. The ICs, values
calculated from the results of the competition assays are
summarized in Table I. Those analogs with positively
charged N-terminal residues had slightly higher binding
affinities than those with negatively charged residues, with
the exception of [Arg'*]NPY(13-36), but no other apparent
dependence of the binding affinity on the nature of the
N-terminal residue was observed. By contrast, classifi-
cation according to the length of each peptide revealed
significant differences in the distribution of binding
affinities between the three series of analogs, as shown in
Fig. 1. All the ICs, values of [Xaa'']NPY(11-36) analogs
were lower than 10 nM; 77% of [Xaa'!]NPY(12-36) ana-
logs had IC;, values greater than 10 nM; and all the ICs,
values of [Xaa'*]NPY(13-36) analogs were greater than 10
nM. Elimination of residue 11 caused a considerable

TABLE I. IC,, values for analogs of NPY in a binding assay
with the Y, receptors on porcine hippocampal membranes.

. ICss (nM)
Peptide Unmodified  Acetylated Succinylated
[ Xaa'')NPY(11-36)
(Lys"']NPY(11-36) 2.5+0.45
[Arg"INPY(11-36) 2.56+0.23 12.7+3.9
[Asp"]NPY(11-36)* 9.3+3.6 18.2+5.7
(Glu"')NPY(11-36) 4.0+0.32
{Asn''JNPY(11-36) 2.1+0.76 30.4x+7.9
[GIn"']JNPY(11-36) 0.49+0.09
[Thr'']NPY(11-36) 5.04+0.75
[Ser"')NPY(11-36) 6.9+2.1 23.7+4.0
(Xaa'*) NPY(12-36)
[Ala*)NPY(12-36)* 31.6+0.89°® 1.3+0.30 1.6+0.20
(Lys'*]NPY(12-36) 10.0+0.82® 4.0+0.31 3.240.23
[Arg'?’]NPY(12-36) 7.9+0.81° 4.0+0.18 2.0+0.15
[His'*)NPY(12-36) 5.0+0.30°
[Asp'?]NPY(12-36) 20.0+2.1° 10.0+0.54 4.0+£0.31
(Glu'?]NPY(12-36) 31.6+4.0° 12.6+1.2 6.3+0.14
[Asn'*]NPY(12-36) 20.0+2.0° 1.0+0.036 4.0+0.069
[GIn'*)NPY(12-36) 15.8+2.3° 1.0+0.20 0.84£0.31
[Cys'*]NPY(12-36) 100.0+12° 6.31+0.49 7.9+0.19
{(Thr’?]NPY(12-36) 31.6+8.0" 12.6+0.85 7.9+0.28
[Ser'?!]NPY(12-36) 12.6+2.3° 6.3+0.29 10.0+1.4
{Tyr'*]NPY(12-36) 5.0+0.60°
[Gly'")NPY(12-36) 31.6+1.6° 1.0+0.14 0.8+0.29
[Val'’]NPY(12-36) 10.0+0.60° 3.24+0.26 6.3+1.2
[Phe?]NPY(12-36) 63.1+6.0°
[Trp'*]NPY(12-36) 50.1+3.9° 20.0+0.82 15.8+0.16
[Xaa'*)NPY(13-36)
[Ala)NPY(13-36) 39.8:+4.0
{Lys"]NPY(13-36) 16.8+3.4 11.9+1.6
[Arg'?]NPY(13-36) 31.6+1.7
[Asp]NPY(13-36) 25.1+3.56 27.71+1.6
[Glu®*]NPY(13-36) 25.1+4.0
[Pro®)NPY(13-36)* 50.1+4.1 41.6+9.0
[Asn*}INPY(13-36) 15.81+4.7
{GIn?]NPY(13-36) 12.6+5.3
[Thr'*]NPY(13-36) 15.8+2.1 40.9+11.7
[Ser?)]NPY(13-36) 25.1+3.5

*Peptides having native sequences. "Similar results were obtained
previously in a preliminary form (6).
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decrease in binding affinity. When the N-terminus of
(Xaa!?*]NPY(12-36) was modified with acetic anhydride or
succinic anhydride, large increases in binding affinity (1.2-
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TABLE II. The ellipticities for analogs of NPY measured at 222 nm.
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to 40-fold) were observed, without any exceptions (Table
I). In particular, the acylation very effectively (by approxi-
mately 20-fold) increased the binding affinity of [Ala'?]-

Fig. 1. Distribution of the
IC;, values shown in Table I,
in terms of the length of the
peptide. Vertical lines repre-
sent mean values. I, [Xaa']-
NPY(11-36); II, [Xaa'’)-
NPY(12-36); III, [Xaa'*]-
NPY(13-36); IV, acetyl-[Xaa'?]-
NPY(12-36); V, succinyl-
[Xaa'*)NPY(12-36).

Peptide

(deg+cm?/dmol)

[6)222

Peptide

[6)an
(deg-cm?*/dmol)

{Xaa'']NPY(11-36)

(Xaa") NPY(13-36)

[Lys")NPY(11-36)" —2,700° (Ala®)NPY(13-36) —4,930°

e NPYLL1 90 et NPy 1090 3o

- -2, ! 13- _4’

[Glu'')NPY(11-36) —2.950° Em"]]NPY((Ig-gg)) _4%0,,

[Asn''JNPY(11-36) —3.090° [Glu"*]NPY(13-36) —5,690°

e . e

; -2, 13-36 —5.0

[Ser''JNPY(11-36) —3.350° [GIn™*)NPY(13-36) —4.720°

[Thr*]NPY(13-36) —6,950°
(Ser'*]NPY(13-36) —6,940°
[Xaa) NPY(12-36)

[Ala'*)NPY(12-36)° —3,090° [Cys'*]NPY(12-36) —6,740°
acc- [Ala")NPY(12-36) ~3.950 ac-[Cys""]NPY(12-36) —5.070
R o

Ve ) _3, 12-36 —9.0
ac-[Lys"*JNPY(12-36) —3120 [Thr*]NPY(12-36)/lipid®  —7.830

-[Lys']NPY(12-36 —462 [Thr'* ) _

T NPy 1o 90 oosr e T INDY (1500 1900
ac-[Arg')NPY(12-36) —4.230 [Ser']NPY(12-36) —8.510°
suc-[Arg"JNPY(12-36) —4.000 ac- [Ser”]NPY(12-36) —4.750
D NPy 1530) e e NPT (15900 om0
12- iy 12-36 —3.220°

A NPY(io a0 Toa oDy 1290 e
suc- : iy ac-[Gly 12-36 — 4,250
suc- [Asp"INPY(12-36)/lipid*  —6,370 suc-(Gly”]NPY(12-35)  —3,080

™ i SR B 2
ac-(Glu i -5, 12-36 —4.320°
suc-[Glu"JNPY(12-36) —6,490 ac- [Val"]NPY(12-36) —2.740

[Asn'’)NPY(12-36) —6,040° suc- [Val"*)NPY(12-36) —3.850
ac- (Asn"")NPY(12-36) —4.630 (PheJNPY(12-36)  —4,270°
TN Y1250 oo I INPYoag) i &
ac-[Gln"]NPY§12:36) —4,220 ac-ET'I‘xr-g"}NPYggzgg; :g%gb
suc-[GIn'*]NPY(12-36) —2.410 suc- [Trp"]NPY(12-36) —3.660

*Peptides having native sequences. "Similar results were obtained previously in a preliminary form (6). “Acetylated and succinylated peptides
are represented by ac- and suc-, respectively. ‘Dimyristoyl phosphatidylcholine (0.15 mM) was added to the peptide solution.
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Fig. 2. Relationship between the q-helix content and the IC,,
value for analogs of NPY. The a-helix contents calculated from
(8)az: value were plotted against IC, values for all the analogs of
NPY listed in Table I.

NPY(12-36), which has the native sequence, and after
succinylation of [Gly'?JNPY(12-36) and [GIn'*]NPY(12-
36), the binding affinity increased to be of the same order as
that for the intact NPY molecule (IC;, for NPY=0.20+
0.011 nM). In total, the modification of [Xaa'?]NPY(12-
36) returned the mean value of IC;, to a level similar to that
of [Xaa'']NPY(11-36), as shown in Fig. 1. By contrast,
acetylation of {Xaa'*JNPY(13-36) caused no apparent
change in the binding affinity, and acetylation of [Xaa'!]-
NPY(11-36) significantly decreased the binding affinity
(Table I).

Next, CD spectra of the analogs were measured to
examine whether the formation of the «-helical structure
of the analogs affects the binding affinity for the Y, recep-
tor. When the «-helix contents calculated from [ ] ., value
in Table II were plotted against ICs;, values for all the
analogs of NPY listed in Table I, scattered data points were
observed as shown in Fig. 2, which showed the absence of
any simple relationship between the a-helix stability and
the affinity of binding to the Y, receptor. It is necessary to
check whether the conformation of peptides in CD mea-
surement is the same as that in receptor-binding assay.
Because much higher concentrations of peptides are usually
required for CD measurements than for receptor-binding
assay, the dependence of concentration of the analogs on
their helicity was analyzed. C-terminal fragments of NPY
such as NPY(15-36) were reported to have a tendency to
associate into oligomers with induction of helical structure
at high concentrations (9). It was found that the analogs
used in this work also had a tendency to associate at high
concentrations but exist mainly as monomers at the concen-
trations used for CD measurements as well as binding assay
(data not shown). The effect of interaction with membranes
on the stability of «-helix was also examined for the two
analogs which showed the highest a-helix contents and
those showing rather low @-helix contents. The stability of
a-helix decreased by addition of phospholipid vesicles
except for the case of succinyl-[Gly'*JNPY(12-36). These
results also showed no apparent relation between the
a-helix stability and the affinity of binding to the Y,
receptor.

S. Murase et al.

DISCUSSION

In a widely accepted hypothesis (3-5), it is proposed that
fewer than 12 residues from the C-terminus are directly
involved in binding of NPY to the Y, receptor, while the
remaining part of NPY projects from the receptor. This
hypothesis is mainly based on the study using a hybrid
peptide, which consists of the C-terminal hexapeptide of
NPY and the hairpin loop of homologous PP [PP(1-30)-
NPY(31-36)] (10). Because the hybrid peptide with a
vastly different but structurally homologous hairpin loop
retained very high binding affinity for the receptor, the
C-terminal hexapeptide was proposed to be the critical
region for recognition by the Y, receptor, whereas the
remaining part of NPY was suggested to make only a
structural contribution.

Our present results, however, indicate that the binding
affinity for the Y, receptor was significantly lowered by
truncation of residue 11, and the binding affinity of [ Xaa'?]-
NPY(12-36) recovered to a level similar to that of [Xaa'']-
NPY(11-36) upon acetylation or succinylation of the a-
amino group. It is notable that the modification of [Xaa'?]-
NPY(12-36) caused an increase in binding affinity without
any exception. The increase in binding affinity cannot be
explained by the change in conformation as a consequence
of the modification. The plot of the «-helix content vs. ICs,
of all these analogs showed no apparent relationship, which
confirmed our preliminary result (6). The addition of
phospholipid vesicles to the analogs of NPY had no effect on
their a-helix contents, although in some regulatory pep-
tides such as cholecystokinin, membrane-induced confor-
mations are thought to meet properly the structural re-
quirements of their receptors (11). Therefore, prior forma-
tion of a rigid structure does not seem to be necessary for
binding to the Y, receptor. With regard to the structural
contribution to the binding affinity, contradictory results
have been reported: analogs of NPY(15-36) modified at the
a-amino group revealed good correlation between stability
of the o-helix and binding affinity (9), whereas the succes-
sive removal of the middle region suggests that the «-helix
content is not a predominant factor in the control of binding
affinity (12). However, the set of analogs used in previous
studies (9, 12) seems to be too small (fewer than 10) to
allow elucidation of the structural requirements for the
recognition of the Y, receptor as compared to that used in
our present study (68 analogs).

Although acetylation and succinylation change the net
charge at the N-terminus from + 1 to O and — 1, respective-
ly, no significant difference was observed between the
increases in the binding affinity for the Y, receptor caused
by acetylation and those caused by succinylation (results
for succinylation/results for acetylation=1.2+0.6). It is
possible that blocking of the a-amino group by acylation
caused the increase in the binding affinity. The free a-
amino group of [Xaa'?’JNPY(12-36) may be disadvanta-
geous for the binding to the Y, receptor. Alternatively, the
additional peptide bond introduced by the modification may
be responsible for the recovery of binding affinity. If this is
the case, it can be said that a peptide bond between residues
11 and 12 directly interacts with the Y, receptor. Such an
interaction is seen in peptide-MHC complexes, in which
hydrogen bonds between the MHC protein and the main-
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chain CO and NH groups of the antigenic peptides are
considered to contribute to the tight binding (13, 14). In
conclusion, the present results suggest that the region
around residue 12 does not project from the Y, receptor in
the peptide-receptor complex.

As shown by the study using the hybrid peptide, the
recognition of the side chains other than the C-terminal
hexapeptide by the Y, receptor seems to be not so strict
(10). This feature was also supported by a recent study, in
which each residue of NPY was systematically replaced by
Ala (15). Such a tolerant recognition of side chains of a
ligand peptide can be found also in peptide-MHC complex-
es, where only two of nine side chains located near both
ends of the peptide are recognized rather strictly (16). Our
present results are thought to pose no contradiction to the
previous results. Although substitution of residues 11, 12,
and 13 of NPY with a variety of amino acid residues showed
no apparent dependence of the binding affinity on the
nature of the N-terminal residue, the following points seem
to be interesting: (i) the analogs with positively charged
N-terminal residues had slightly higher binding affinities
than those with negatively charged residues, (ii) the
binding affinity of [Tyr'?JNPY(12-36), which was the
highest among the analogs of NPY(12-36), was 12-fold
higher than that of [Phe'*]NPY(12-36), in which the N-
terminal residue does not have the OH group.

The role of the N-terminal part of the NPY molecule in
the binding to the Y, receptor remains to be elucidated.
This part is not indispensable for the tight binding, because
some analogs including those reported here have quite high
affinity without the N-terminal peptide (residues 1-10).
However, centrally truncated analogs which lack the £-turn
region have been reported to have high binding affinity (17-
19). Some of the analogs such as cyclo(2/27)-des-AA7~%
(Glu?,Gly®,D-2,3-diaminopropionic acid®*’} have the affinity
equivalent to that of intact NPY (17). Therefore, the N-
terminal part may act as an alternative anchor in binding to
the Y, receptor.

These features reported here must be considered in the
development of drugs with potential effects at the Y,
receptor, which is involved in important biological activ-
ities such as memory retention or consummatory behavior

(5).
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