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Abstract: Neuropeptide Y (NPY) is one of the most abundant peptides in the central nervous system of
mammalians. NPY acts by binding to at least five G-protein coupled receptors (GPCRs) which have been
named Y1, Y2, Y4, Y5 and Y6. Three spin-labelled NPY analogues containing the nitroxide group of the
amino acid TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid) as a paramagnetic probe
were synthesized by solid-phase peptide synthesis. Synthetic problems owing to the sensitivity of nitroxide
towards acidic and reducing conditions have been overcome by using a cleavage cocktail that contains
anisole and cresol scavengers. Concerning the receptor binding preferences, the analogues [TOAC34]-pNPY
and [Ala31,TOAC32]-pNPY showed a marked selectivity for the Y5 receptor, while [TOAC2]-pNPY maintained a
significant binding also to the Y2 receptor subtype. The modifications of the native peptide structure caused
by the introduction of TOAC were examined by circular dichroism. In order to determine the rotational
correlation time of the spin probes, electron paramagnetic resonance measurements were performed in
solution and in the presence of liposomes. This allowed us to evaluate the backbone dynamics of the
different parts of the NPY molecule in the free and membrane bound states. The results of these studies
showed that NPY interacts with liposomes by using the C-terminal α-helix while the N-terminal tail retains
a flexibility that is comparable to that of the peptide in solution as already shown by NMR studies on DPC
micelles. Furthermore, we demonstrated that TOAC-labelling is a valuable tool to investigate changes in the
backbone conformation and dynamics. This may be of major importance for peptides and small proteins
when they bind to cell membranes. Copyright  2002 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

NPY consists of 36 amino acids, is C-terminally
amidated and was isolated from the porcine brain in
1982 [1]. It is one of the most abundant peptides in
the central nervous system of mammalians [2], and
acts both as a hormone and neurotransmitter. Many
important physiological effects are transmitted by
NPY, for example the regulation of blood pressure
and of food intake, as well as the modulation of its
own release and that of other hormones. PP and
PYY are two other peptide hormones that belong
to the so-called NPY family [3]. They all share the
chain length of 36 amino acids, the C-terminal
amidation and a high homology in the primary
structure with NPY. Five distinct receptors, which
specifically bind NPY/PP peptides have been cloned
so far. They have been named Y1, Y2, Y4, Y5 and
y6 and belong to the family of the heptahelical
G-protein coupled receptors. A further Y3 receptor
has been characterized only pharmacologically and
its existence remains unclear [3]. The structure
and the dynamics of NPY in solution and in the
micelle bound state have been determined by NMR
studies [4,5]. In solution the NOE pattern of NPY
supports the presence of an amphipathic α-helix,
which spans residues 13 to 36 [5] while the N-
terminal part of the peptide does not show any
ordered structure. Motional parameters concerning
the backbone dynamics were derived from the
application of the ‘model-free-approach’ [6] and
indicate that the helical part from residues 17 to
32 is rigid while the ‘peripheral’ regions of the
α-helix are more flexible [4]. Furthermore, it was
demonstrated that in solution NPY forms dimers
in which the hydrophobic face of the aliphatic
α-helix was used as a dimerization interface [4].
A parallel and an antiparallel orientation of the
dimers exist in equilibrium with a partially unfolded
monomer. By reducing the NPY concentration in
solution the equilibrium shifts towards the unfolded
monomer [7]. The results of the NMR studies
on NPY bound to DPC micelles led to a three-
step model of receptor selection [4]. The peptide
binds to membranes as a monomer by using
the same hydrophobic face of the α-helix as for
dimerization [4]. It has been hypothesized that
membrane bound NPY moves at the surface of
the cell membrane to get into contact with the
receptor (Figure 1). In comparison to the structure
in solution, the binding to membranes results in
an increased rigidity of the C-terminal tetrapeptide,
which is due to the anchoring of Tyr36 residue [4].

Figure 1 The three-steps model of receptor activation for
NPY. Two different types of dimer exist in equilibrium
with a partially unfolded monomer in solution (1). The
peptide structure in the dimer form is characterized by
a C-terminal α-helix, represented in the picture by a
cylinder, and a flexible N-terminal tail. The peptide binds
to the cell membrane as a monomer (2) and undergoes
a two-dimensional diffusion that brings it to bind the
receptor (3).

This structural change is supposed to be part of the
appropriate orientation of the Arg33,35 residues that
are fundamental for receptor binding [8].

The importance of the study of the backbone
dynamics for the characterization of the binding of
peptides and proteins to cell membranes has already
been demonstrated by NMR studies performed with
micelles [4,9]. As a model for the study of the inter-
action of peptide hormones with cell membranes,
micelles suffer from two main drawbacks: their
reduced dimension (diameter smaller than 20 nm
for DPC micelles) and the fact that they are con-
stituted by a phospholipid monolayer. On the other
hand, liposomes made of larger vesicles (diameter
up to 3 µm) that form double layers of phospholipids
cannot be employed in NMR measurements because
their dimension produces large rotational correla-
tion times which lead to short transverse relaxation
times (T2). This effect results in a broadening of the
NMR signals.

Among the various biophysical techniques that
can help to elucidate the structure and dynamics of
proteins and peptides, electron paramagnetic reso-
nance (EPR) (also termed electron spin resonance)
is more and more successfully employed [10,11].
Parameters such as the mobility of the paramagnetic
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probe, solvent accessibility and distance between
two paramagnetic centres located at different posi-
tions can be measured and used to obtain important
structural and dynamic information. Furthermore,
EPR can be successfully applied to the study of lipo-
somes and liposome-bound peptides [12,13]. The
most frequently used paramagnetic centre (spin-
label) for biologically relevant systems is the nitrox-
ide radical, which is often attached to the sulphydryl
group of a Cys residue [11]. However, this side-chain
modification results in a flexible spacer connect-
ing the peptide backbone to the nitroxide spin,
whose mobility is therefore frequently too high to
reflect the flexibility of the peptide scaffold. The
non-proteinogenic amino acid TOAC (Figure 2) has
already been extensively used in biochemistry and
materials science [14]. This molecule is equipped
with a nitroxide radical inserted into the rigid piperi-
dine ring whose carbon atom at position 4 repre-
sents the Cα atom of the amino acid. The significant
reduction of the intrinsic nitroxide flexibility renders
TOAC a very suitable tool for the investigation of the
mobility of the peptide scaffold by EPR. Detailed
conformational analysis on TOAC-containing pep-
tides [10,15–17] has shown that TOAC, like other
Cα-tetrasubstituted α-amino acids [18], is a strong
stabilizer of β-turns and 310/α-helical structures.
The employment of TOAC in solid-phase peptide
synthesis has been limited in the past by its low
reactivity and the sensitivity of the nitroxide rad-
ical to acidic and reducing conditions which are
required to cleave the peptide from the resin or to
remove protecting groups. The synthesis of a TOAC-
labelled α-melanocyte stimulating hormone (α-MSH)
analogue was the first preparation of a bioactive pep-
tide hormone (reported in 1999 [19]). Furthermore a
general protocol for the solid-phase peptide synthe-
sis has been recently published [20]. In the present
contribution we report our experience on the synthe-
sis of three TOAC-labelled NPY analogues (Figure 3),
in which the spin label has been introduced at three

Figure 2 Chemical structure of the amino acid
residue TOAC.

different positions. In particular, we developed a pro-
tocol for the cleavage of Arg- and TOAC-containing
peptides assembled by the Fmoc/tBu strategy to
avoid the formation of sulfonated byproducts. One
of these analogues ([TOAC34]-NPY) has been already
successfully employed to probe the dimerization
interface of NPY in aqueous solution [4]. In this
study we demonstrated that these spin labelled NPY
analogues maintain binding properties at the Y5

receptor subtype and that they can be used to obtain
information on the dynamics of the different parts of
the NPY molecule in solution and when it is bound
to liposomes.

MATERIALS AND METHODS

Peptide Synthesis

Peptide synthesis was performed by the
automated solid-phase method following the
Fmoc/tBu strategy. In order to obtain the
peptide amide, 4-(2′,4′-dimethoxyphenyl-Fmoc-
aminomethyl)-phenoxyacetamido-norleucyl-amino-
methyl resin (Rink amide AM resin, Novabiochem,
Läufelfingen, Switzerland) was used. The stan-
dard coupling steps were performed automati-
cally on a peptide synthesizer (Syro II, Multi-
synTech, Bochum, Germany). Each coupling step
was repeated twice using 30 mg resin (load-
ing 0.5 mmol/g), a 10-fold molar excess of

Figure 3 Amino acid sequences of pNPY and of the three spin-labelled analogues. X = TOAC.
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Fmoc-amino acid and diisopropylcarbodiimide/1-
hydroxybenzotriazole, and a coupling time of 35 min
in 0.6 ml DMF. The Fmoc group was removed by
treatment with 20% piperidine in DMF for 20 min.
The coupling steps involving the TOAC amino and
carboxyl group of TOAC were performed manually
as follows: 3 eq of Fmoc-amino acid were activated
by 3 eq of HATU and 6 eq of DIPEA. The reaction
time was set to 4 h. In order to monitor the com-
pletion of the reaction during these critical coupling
steps, a small-scale cleavage was performed on a
few milligrams of resin and the resulting products
were analysed by MS and HPLC. When required,
the coupling reaction was repeated. This treatment
was especially required in the coupling steps involv-
ing the TOAC amino group. Finally, the resin was
washed several times with DMF, DCM, methanol,
diethyl ether and dried under vacuum. The final
cleavage step was performed by suspending the
resin in a mixture of TFA/anisole/p-cresol 90 : 5 : 5
for 3 h. The crude product was precipitated from
cold diethyl ether, centrifuged and washed several
times with the same solvent. After drying under
nitrogen flow the peptides were dissolved in aque-
ous ammonia at pH 9 to recover the partly lost
radical character, stirred at room temperature for
3 h and lyophilized. Purification was performed by
reverse-phase semi-preparative HPLC on a Vydac
218TP510 column (C18, 300 Å pore size, 5 µm parti-
cles, 10 × 250 mm, Vydac, Hesperia, CA, USA). The
eluting system was 0.08% TFA in acetonitrile (A)
and 0.1% TFA in water (B) applying a linear gradi-
ent from 30% to 65% A over 30 min at a flow rate
of 2.5 ml/min. As the HPLC eluant contains TFA,
the basic treatment in aqueous ammonia had to be
repeated after the HPLC purification.

Peptide Analysis

The characterization of the purified products was
performed by analytical reverse-phase HPLC on a
Vydac 218TP54 column (C18, 300 Å pore size, 5 µm
particles, 4.6 × 250 mm, Vydac, Hesperia, CA, USA)
with the same eluting system and a gradient from
20% to 60% of A over 30 min at a flow rate of
0.6 ml/min. MS analysis was performed on a 7 T
APEX II FT-ICR (Bruker Daltonics, Billerica, MA,
USA) mass spectrometer and on a Voyager-DE RP
(PerSeptive Biosystems, Framingham, USA) MALDI
mass spectrometer. Automated Edman degradation
was performed by a ABI 473 A protein sequencer
(Applied Biosystems, Weiterstadt, Germany). Ana-
lytical data are summarized in Table 1.

Table 1 Analytical and Binding Data for the TOAC-
Labelled NPY Analoguesa

Peptide M.W.
(a.m.u.)

Ki

(nM)

Theor. Exp.

[TOAC2]-pNPY 4351.20 4351.28 6.5 ± 2.6
[Ala31,TOAC32]-pNPY 4305.16 4305.20 141 ± 98
[TOAC34]-pNPY 4320.19 4320.24 40 ± 26

a Molecular weights were measured by ESI FT-ICR-MS.
Binding assays on BHK cells selectively expressing the
rY5 receptor were performed by competition assays as
reported in the Materials and Methods. Each experiment
was repeated three times. IC50 values were determined
by competition curves. Ki values were determined by
Scatchard plot. The Ki value for NPY is 17 ± 14 nM.

Binding Assays

SK-N-MC cells (neuroblastoma, hY1) were cultivated
in MEM with Earle’s salts supplemented with 10%
(v/v) fetal calf serum, 4 mM L-glutamine, 0.2 mM non-
essential amino acids and 1 mM sodium pyruvate.
SMS-KAN cells (neuroblastoma, hY2) were grown in
50% Dulbecco’s modified Eagle medium/50% nutri-
ent mix Ham’s F12 with 15% fetal calf serum, 4 mM

L-glutamine and 0.2 mM non-essential amino acids.
BHK cells stably transfected with rY5-receptors were
cultured in Dulbecco’s modified Eagle medium con-
taining 10% fetal calf serum and 0.05% geneticin.
Cells were grown to confluency at 37 °C and 5%
CO2. Cells were resuspended in incubation buffer
minimum essential medium (MEM) containing 0.1%
bacitracin, 50 mM pefabloc SC and 1% bovine
serum albumin. 200 µl of the suspension contain-
ing 3.0 × 106 cells/ml was incubated with 25 µl of a
10 nM solution of 3H-propionyl-NPY (specific activity:
2.59 TBq/mmol) and 25 µl of NPY in a concentra-
tion range of 1 µM to 1 pM. Non specific binding was
defined in the presence of 1 µM unlabelled NPY. After
1.5 h at room temperature, the incubation was ter-
minated by centrifugation at 1600×g and 4 °C for
5 min. The pellets were washed once with 400 µl
PBS, centrifuged and resuspended in 100 µl PBS.
The cell suspension was mixed with 3 ml scintil-
lation cocktail and radioactivity was measured in
a ß-counter. The IC50 value was calculated with
the software Prism 3.0. For determination of the Ki

values the Cheng–Prusoff equation and a Kd value
of 2.4 nM were used. Each measurement was per-
formed in triplicate and Ki ± SEM is given in Table 1.
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Circular Dichroism

Circular dichroism spectra were recorded on a J-715
spectropolarimeter (Jasco, Tokyo, Japan). Quartz
cells with a path of 2 mm were used. The peptides
were dissolved in acetate buffer at pH 3.2. The
exact peptide concentration was determined by UV
absorption. Each measurement was repeated four
times and the resulting signals were averaged. The
response time was set to 2 s with a scan speed
of 20 nm/min; sensitivity was set to 20 mdeg and
step resolution to 0.2 nm. High frequency noise
was reduced using a low-pass Fourier-transform
filter. The mean residue molar ellipticity [θ ]R was
expressed in deg cm2 dmol−1.

EPR Measurements

EPR measurements of the TOAC-labelled NPY ana-
logues were performed on a Bruker ESP 380
E FT/CW X-band EPR spectrometer at 25 °C
using a field modulation amplitude of 0.05 mT
and a microwave power of 3.6 mW. The sam-
ples were placed in a quartz glass flat cell
and measured in a TE102 cavity. For the anal-
ysis of the rotational correlation times the line
widths of the three nitrogen hyperfine lines in the
EPR spectra of the nitroxide radicals were deter-
mined by using the NIEHS public EPR software
tool [21].

EPR measurements on liposome-bound NPY ana-
logues at different temperatures were performed
with a Magnettec MS100 spectrometer using a
microwave frequency of 9.45 GHz. Measurements
at 130° K were performed on a Bruker (ESP 300 E).

Large unilamellar vesicles (LUV) were produced
according to the procedure described by Hope and
coworkers [22]. Ox brain phosphatidylserine and egg
yolk phosphatidylcholine were obtained from Avanti
Polar Lipids (Alabaster, AL, USA) and used without
further purification. The phospholipid concentration
was determined using the inorganic phosphate
assay [23].

RESULTS

Peptide Synthesis

The synthesis of the TOAC-labelled NPY ana-
logues was performed by the solid-phase method-
ology following the Fmoc/tBu strategy as previ-
ously described [4]. The major problems for the
incorporation of TOAC into the growing chain
was the hindered coupling of the amino acid fol-
lowing TOAC, the sensitivity of TOAC towards
acid- and thiol-containing scavengers and the 2,5-
dioxopiperazine (DKP) formation by the H-TOAC-
Pro-sequence (Scheme 1) during peptide assembly.
The best results for coupling were obtained by using
a three-fold excess of the efficient activating agent
HATU [24]. This finding is in agreement with the
conclusion recently reported by Martin et al. [20].

Acidic conditions such as 90% TFA are required
for the cleavage of the peptide from the resin. How-
ever, under these conditions the TOAC nitroxide rad-
ical becomes protonated. This species can be partly
reduced to the corresponding amine in the presence
of reducing agents such as thiols [25]. Whereas the
protonation of the nitroxide can be reverted towards
the radical form by treatment with an aqueous base
as already reported [20,26], the use of reagents such
as thioanisole, thiocresol and EDT as scavengers
in the cleavage cocktail results in a partially irre-
versible reaction of the nitroxide radical (Figure 4A).
This is a major problem in the synthesis of Arg-
containing peptides like NPY. As the Arg residues
of the NPY sequence, in particular those located
in the C-terminal part, are crucial for the mainte-
nance of the biological activity [8], we had to develop
a cleavage method compatible with the concomitant
presence of TOAC and Arg residues. Several cleavage
conditions were tested by varying the components
of the scavenger mixture, the nature of the Arg
side-chain protecting group and the reaction time,
because irreversible Arg sulfonation was frequently
found when no thiols were used in the cleavage
cocktail [27]. Cleavage of the peptides by treatment
with a cocktail composed of TFA/anisole 90 : 10 over
3 h resulted in mono-and bis-sulfonated adducts

Scheme 1 Formation of a 2,5-dioxopiperazine (DKP) adduct from the N-terminal peptide sequence H-TOAC-Pro-Xxx-.
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Figure 4 MALDI-MS spectra of the crude [Ala31,TOAC32]-pNPY obtained by using different cleavage conditions.
TFA/thioanisole/thiocresol 90 : 5 : 5 (A); TFA/anisole 90 : 10 (B); TFA/TIS/water 90 : 5 : 5 (C); TFA/anisole/cresol 90 : 5 : 5
(D). P = desired product ([M + H]+ = 4306); P − 16 = byproduct derived from nitroxide reduction ([M + H]+ = 4290);
P + 81 = sulfonated byproduct ([M + H]+ = 4387); P + 162 = bisulfonated byproduct ([M + H]+ = 4468).

which could not be separated from the desired prod-
uct by reverse phase HPLC, but which were clearly
identified by mass spectrometry (Figure 4B). No sig-
nificant differences were observed between the use
of Pmc and Pbf for Arg protection. The highest yield
of the desired product was obtained by addition
of an aliquot of cresol to the scavenger mixture
(Figure 4D). The treatment with TFA/anisole/cresol
90 : 5 : 5 for 3 h led to crude peptides showing
only traces of sulfonated and reduced-nitroxide-
containing byproducts (Figure 4D), whereas sul-
fonated products were found upon TFA/TIS/water
90 : 5 : 5 treatment (Figure 4C). A basic treatment
in aqueous ammonia at pH 9–10 was always per-
formed after the peptide cleavage from the resin in
order to restore the integrity of the nitroxide radi-
cal. The analytical data reported in Table 1 proved
the recovery of the nitroxyl radical character. The
optimized synthetic protocol allowed us to obtain
the crude TOAC peptide with a satisfactory purity
(Figure 5).

During the synthesis of the TOAC-containing NPY
analogues we identified a further severe problem.
In order to prepare [TOAC4]-NPY the fragment 5–36
was synthesized by automated solid-phase method

Figure 5 Analytical reverse-phase HPLC profiles of the
crude (a) and purified (b) peptide [TOAC34]-pNPY using a
C18 column and a gradient from 20% to 60% of acetonitrile
in water over 30 min at the flow rate of 0.6 ml/min.
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and Fmoc-TOAC-OH [28] was coupled manually to
the free amino group of Pro5 according to the proto-
col described in the Material and Methods section.
The reaction proceeded to completion as demon-
strated by the analysis performed after cleavage of
some milligrams of resin. Ser3 was coupled man-
ually, followed by automated coupling of Pro2 and
Tyr1. Surprisingly, a lack of 294 amu was found
in the mass spectrum of the final product. Auto-
mated Edman degradation showed the sequence H-
Tyr1-Pro2-Ser3-Asp6-Asn7-Pro8-Gly9-Glu10-, instead
of the expected H-Tyr1-Pro2-Ser3-TOAC4-Pro5-Asp6-
Asn7-Pro8-. The absence of the TOAC4 and Pro5

residues in the final product cannot be due to an
unsuccessful coupling of Fmoc-Pro-OH and Fmoc-
TOAC-OH as the MS analysis performed after each
of the two corresponding coupling reactions revealed
complete coupling. This unexpected result can
only be explained in terms of 2,5-dioxopiperazine
formation that leads to loss of the TOAC-Pro
dipeptide (Scheme 1). 2,5-Dioxopiperazine forma-
tion has already been described in the literature
for the related H-Aib-Pro- [29] and H-(αMe)Phe-Pro-
sequences [30]. Accordingly, TOAC was incorpo-
rated in position 2 instead of position 4.

Binding Assays

We tested the binding properties of the TOAC-
containing peptides at the Y1, Y2 and Y5 receptors
subtypes by using SK-N-MC, SMS-KAN and BHK
cells, respectively. The results show a marked
preference for the Y5 receptor for the peptides
[TOAC34]-NPY and [Ala31,TOAC32]-NPY and IC50 >

1 µM at the Y1 and Y2 receptor. The specific binding
of [TOAC2]-NPY at the Y2 and Y5 receptors was in the
same range as NPY, whereas it was inactive at the
Y1 receptor. The binding curve of [TOAC2]-pNPY at
the Y5 receptor is shown in Figure 6. A comparison
of the Ki values shown in Table 1 indicates that
the introduction of the TOAC residue in the N-
terminal part of the sequence is better tolerated
than in proximity to the C-terminus.

Circular Dichroism

In order to investigate the effect of the introduction
of TOAC on the NPY structure in solution, CD
spectra of the TOAC-labelled NPY analogues and
of the native pNPY were recorded in acetate
buffer at pH 3.2 at a peptide concentration of
0.2 mM (Figure 7). The typical CD spectrum of
NPY is characterized by a positive maximum

Figure 6 Binding curves of pNPY (�) and [TOAC2]-pNPY
(ž) at the Y5 receptor.

Figure 7 CD spectra of native pNPY and of the
TOAC-labelled NPY analogues at the concentration of
0.2 mM and at pH 3.2. The reported R values represents
the ratios between the molar ellipticity values at 222 nm
and 207 nm.

at 190 nm, a negative band at 207 nm and a
negative shoulder at about 220 nm [31]. A similar
profile is observed also in the TOAC-containing
peptides, although significant differences regarding
the band intensities were found. The analogue
[Ala31,TOAC32]-pNPY shows a diminished intensity
of the negative bands and its spectrum is very
similar to that of [TOAC2]-pNPY, whereas the
analogue [TOAC34]-pNPY displays more intense
bands. A useful parameter for the interpretation
of the CD spectra produced by helical peptide
structures in solution is the ratio between the
molar ellipticities at 222 nm and 207 nm (R =
[�]222/[�]207) [32]. It has been demonstrated that
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this value is approximately 1 for α-helices while it
decreases to 0.4 in 310-helices [33]. Figure 7 reports
the R values corresponding to the four peptides
obtained from the CD spectra. While R varies
only from 0.66 to 0.69 for pNPY, [TOAC2]-pNPY
and [Ala31,TOAC32]-pNPY, it becomes significantly
higher (0.76) for [TOAC34]-pNPY. This result can be
interpreted with an increased content of α-helical
structure for this analogue.

EPR Measurements in Solution

The mobility of the nitroxide spin label was eval-
uated by measuring the corresponding rotational
correlation times (τR). In order to avoid the effect of
intermolecular spin–spin interactions on the ESR
spectra, which may result from dimerization of NPY
and would produce additional line broadening com-
ponents, the experiments were performed at 0.1 mM

solutions of spin-labelled NPY analogues containing
also 0.9 mM pNPY in acetate buffer (pH 3.2). Under
these conditions each spin-labelled NPY molecule
should form a dimer with an unlabelled one. The
pH value of 3.2 was chosen to allow the compar-
ison with the NMR data obtained under the same
conditions [4,5] and because of the decreased sol-
ubility typical for NPY at higher pH values. The
rotational correlation times (τR) were calculated from
the linewidths and the corresponding spin Hamil-
tonian parameters [17] according to the Redfield
theory [34] which is valid within the limit of the fast
motional narrowing region (10−11 s ≤ τR ≤ 10−9 s).

The rotational correlation times for the three
TOAC-labelled peptides in acetate buffer at pH 3.2
(Table 2) are located between 0.53 and 1.17 ns, at
the border between the fast motional narrowing
region (10−11 s ≤ τR ≤ 10−9 s) in which the Redfield
theory can be used and the slow motional regime
(10−9 s ≤ τR ≤ 10−8 s) in which the full stochastic
Liouville equation [35] should be applied. In order
to compare the degree of rotational freedom of
the spin probe in the three different positions of
the NPY molecule, we applied the Redfield theory
for all peptides instead of the Liouville treatment.
According to this approach two distinct values
of rotational correlation times (τB and τC) can
be determined [36]. If the rotation of the spin
probe is isotropic the rotational correlation times
τB and τC should be equal for the same peptide.
If this is not the case, then the motion will be
anisotropic. Accordingly, anisotropic rotation was
observed for the spin label of all three NPY analogues
(Table 2) as it was observed in the case of the

Table 2 EPR Data for the TOAC-Labelled NPY
Analoguesa

Peptide τB (ns) τC (ns) a0 (mT)

[TOAC34]-pNPY 0.88 1.13 1.61
(in solution) ±0.09 ±0.13 ±0.08
[Ala31,TOAC32]-pNPY 0.93 1.17 1.61
(in solution) ±0.09 ±0.12 ±0.08
[TOAC2]-pNPY 0.54 0.66 1.61
(in solution) ±0.03 ±0.04 ±0.08
[TOAC2]-pNPY 0.53 0.87 n.d
(bound to liposomes) ±0.03 ±0.05

a Measurements were performed at 25 °C. Only rotational
correlation time values calculated using the Redfield theory
are reported. Measurements in solution were performed
with 0.1 mM labelled NPY and 0.9 mM pNPY in acetate
buffer at pH 3.2. Measurements with liposomes were
carried out with a peptide concentration of 0.2 mM in
the presence of 10 mM PS/PC (molar ratio PS/PC 1 : 3)
in 10 mM MES buffer in the presence of 100 mM NaCl at
pH 6.0.

TOAC-labelled α-MSH analogue (acetyl-TOAC0-α-
MSH) [19]. The hyperfine constant a0 was equivalent
for all three peptides.

EPR Measurements on Liposome-bound NPY

If compared with those of the corresponding peptides
alone in solution (Figure 8a), the EPR spectra of
the TOAC-NPY analogues recorded in the presence
of PS-LUV (Figure 8b) showed two components.
The first component displayed three sharp lines
characteristic for a nitroxide radical that undergoes
rapid rotation and can be attributed to NPY
in solution. The broadened lines of the second
component are typical of a slow tumbling nitroxide
and are produced by the liposome-bound peptide.
In order to maximize the binding of NPY to
liposomes, experiments aimed at measuring the
rotational correlation times were performed with a
molar peptide/phospholipid ratio of 1 : 50. A further
increase of the lipid content did not show any change
of the NPY binding behaviour. A comparison of
the shapes of the EPR spectra of the three NPY
analogues (Figure 9) shows the location of TOAC
in proximity to the N-terminal part of the peptide
chain as in the analogue [TOAC2]-NPY leads to
a much more mobile spin probe and produces a
spectrum in which the slow tumbling component
is absent (Figure 9c). Furthermore, the correlation
time for this analogue becomes smaller than 1 ns at
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Figure 8 EPR signal of 200 µM [TOAC34]-pNPY in the absence (a) and presence (b) of 10 mM PS-LUV. Spectrum (b) shows
clearly two signal components referable to a free and a bound component. The bound component is indicated by arrows.
Both measurements were obtained at 32 °C in 10 mM MES buffer in the presence of 100 mM NaCl at pH 6.0 (scan width:
120 G; modulation amplitude: 0.4 G).

Figure 9 EPR signal of [Ala31,TOAC32]-pNPY (a), [TOAC34]-pNPY (b) and [TOAC2]-pNPY (c) at a concentration of 200 µM in
the presence of 10 mM PS/PC-LUV (molar ratio PS/PC 1 : 3). All measurements were obtained at 20 °C in 10 mM MES buffer
in the presence of 100 mM NaCl at pH 6.0 (scan width: 120 G; modulation amplitude: 0.4 G).

a temperature higher than 20 °C. It can therefore
be calculated using the Redfield theory valid in
the fast motional narrowing region. This allows the
comparison of the τB and τC values in solution and
in the bound phase; τB is almost equal in the bound
state and in solution, while τC is higher in the
bound state. This finding indicates an almost equal
mobility but a higher anisotropy in the liposome
bound state (Table 2). For the peptides [TOAC31,
Ala32]-pNPY and [TOAC34]-pNPY the approximate
values of the rotational correlation times for the
liposome-bound components were calculated on the
temperature range from 0° to 50 °C (Figure 10) by
using the full stochastic treatment [34] according to

τR ≈ (h̄/µBgAr
zz)(1 − A

′•
zz/A

r
zz)

−1/2 (1)

where µB represents the Bohr magneton, g is the
g-factor [34] and Ar

zz represents the rigid limit value
of the outer hyperfine splitting A

′
zz. The value of Ar

zz

was determined from measurements performed at
130°K. In these two cases the τR values are all above
3.5 ns and belong therefore to the slow rotational
motion regime. As expected, the values of the
rotational correlation times decrease by decreasing
the temperature. Furthermore, the correlation times

of the peptide [TOAC34]-pNPY are larger than those
obtained from [TOAC,31 Ala32]-pNPY in the entire
temperature interval. The corresponding values
for the peptide [TOAC2]-pNPY are the smallest
of the set and were calculated using the model
proposed for the motional narrowing regime with
anisotropic rotation axially symmetric about the
nitroxide z-axis [34].

DISCUSSION

The compatibility of TOAC to solid-phase peptide
synthesis via Fmoc/tBu strategy has already been
demonstrated [20]. Here we present a protocol that
is useful for the solid-phase synthesis of large
(36-residue) Arg-containing TOAC-peptides. To our
knowledge, the three NPY analogues presented in
this work are the largest peptide, in which TOAC
has been introduced to date. Besides carrying a sta-
ble nitroxide radical, TOAC has also the property
of inducing β-turns and 310/α-helical structures
like many other members of the family of the Cα

-tetrasubstituted amino acids [18]. The amino acid
Aib (α-aminoisobutyric acid), which can be con-
sidered as the prototype of this family, has been
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Figure 10 Rotational correlation times of the
peptides [TOAC34]-pNPY (�), [TOAC2]-pNPY (�) and
[Ala31,TOAC32]-pNPY (ž) bound to an artificial membrane
made of PS/PC-LUV. For the peptides [TOAC,31

Ala32]-pNPY and [TOAC34]-pNPY the rotational correlation
times were calculated using the full stochastic
treatment [34]. The values referred to the peptide
[TOAC2]-pNPY were calculated using the model proposed
for the motional narrowing regime with anisotropic
rotation which is axially symmetric about the nitroxide
z-axis [34]. Measurements were performed with a peptide
concentration of 200 µM in the presence of 10 mM

PS/PC-LUV (PS/PC molar ratio 1 : 3). All measurements
were obtained in 10 mM MES buffer in the presence of
100 mM NaCl at pH 6.0 (scan width: 120 G; modulation
amplitude: 0.4 G).

used in our group to obtain the first Y5-receptor-
selective agonist [Ala31,Aib32]-pNPY [31]. Ala31-Aib32

was determined to be the key motif for Y5 receptor
selectivity [31]. Structural investigation performed
by 2D NMR revealed the presence of an i, i+3 hydro-
gen bond typical of a β-turn between residues 28
and 31. As this β-turn interrupts the α-helical i, i+4
hydrogen bond repeat, the C-terminal pentapeptide
appears to be devoid of ordered structure. Accord-
ingly, the CD spectrum of [Ala31,Aib32]-pNPY shows
a decreased intensity of the positive band at 190 nm
and of the negative bands at 207 and 220 nm. This
feature is compatible with a decreased α-helical con-
tent and the presence of a β-turn structure. The
paramagnetic nitroxide group broadens the NMR
signals and does not allow NMR structural anal-
ysis to be performed on TOAC-labelled peptides.
However, the CD spectrum of [Ala31,TOAC32]-pNPY
(Figure 7) also show a decrease of α-helical struc-
ture when compared with that of native pNPY. A
further confirmation that TOAC exhibits a simi-
lar conformation to Aib is the marked preference

of [Ala31,TOAC32]-pNPY for the Y5 receptor. The
analogue [TOAC34]-pNPY possesses a value of the
ratio between the molar ellipticity at 222 nm and
at 207 nm R =[�]222/[�]207 (0.76), which is the
highest among the investigated peptides (Figure 7)
indicating a higher α-helical content. Although the
NOE pattern of the 2D NMR spectrum of NPY
is consistent with an α-helix extended up to the
C-terminus [5], NMR relaxation data demonstrate
that the C-terminal tetrapeptide is much more flex-
ible than the central part of the α-helix encom-
passing residues 18–32 [4]. The increased helicity
in [TOAC34]-pNPY might be due to an increased
rigidity in the C-terminal segment promoted by
TOAC. The discussion of the structure of [TOAC2]-
pNPY is more complex as TOAC is located in the
N-terminal unordered region. It is therefore unlikely
that the Cα -tetrasubstituted amino acid can mod-
ify the α-helical structure located in the C-terminal
part. However, as the chiroptical properties of NPY
are determined by the coexistence of α-helical and
unordered structure, it is possible that the introduc-
tion of TOAC at position 2 may influence the local
dynamics of the flexible N-terminal tail. Among the
three TOAC labelled NPY, [TOAC2]-pNPY is the only
one that shows a significant binding potency at the
Y2 receptor. This finding is in agreement with pre-
vious work indicating that the N-terminal part of
the molecule is not important for the binding [37]
and the introduction of unnatural residues therein
is well tolerated. Concerning the binding to the Y5

receptor, the Ki value determined for [TOAC2]-pNPY
(6.5 ± 2.6 nM) (Table 1) is similar to that determined
for pNPY (17 ± 14 nM) and even slightly lower while
the corresponding values for [Ala31,TOAC32]-pNPY
(141 ± 98) and [TOAC34]-pNPY (40 ± 26) are signif-
icantly higher. This could be due to the fact that
the residues located in proximity to the C-terminus
may not be substituted without a considerable loss
of binding potency.

The rotational correlation times of the analogue
[TOAC2]NPY in solution are smaller than those of
the analogues [Ala31,TOAC32]-NPY and [TOAC34]-
NPY. This result is in full agreement with the
model of NPY structure in solution derived by NMR
measurements [4,5], in which the N-terminal part
of the molecule is flexible while the C-terminal
part (except the last four residues which are also
flexible) adopts an α-helical conformation and is
involved in hydrophobic interactions with a second
NPY molecule. The correlation times of the pep-
tide [TOAC34]-NPY are slightly smaller than those
obtained for [Ala31,TOAC32]-NPY. In [TOAC34]-NPY
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the spin probe is located within the C-terminal
tetrapeptide which, according to NMR measure-
ments, has a higher flexibility compared with the
‘transition region’ (residues Ala12 to Asp16) between
the α-helix and the N-terminal flexible part [4].
Although the CD measurements indicate that the
introduction of a TOAC residue in position 34 causes
an increased rigidity in the C-terminal segment, the
mobility of the spin probe is higher in position 34
than 32. The identical hyperfine constant values (a0)
indicate that the spin probe, although being located
at different positions of the peptide backbone, is
affected by the same microenvironment.

The analysis of the mobility of the spin probe in
the liposome bound peptides indicates that the N-
terminal part is as flexible as in solution, while the
C-terminal part is much more rigid. This behaviour
has been observed over a wide temperature interval
which ranges from 10° to 50 °C (Figure 10). An iden-
tical behaviour has been described for pNPY bound
to micelles [4]. From these results we can conclude
that NPY adopts a similar binding mode for lipo-
somes and micelles, as in both cases the hydropho-
bic face of the α-helix binds to the membrane while
the N-terminal tail is not directly involved in any
peptide–membrane interaction and remains flexible.
The fact that the spin label is slightly more flexible in
position 34 than in position 32 may be explained by
the hypothesis that residue 32 is directly anchored
to the membrane while the side chain of residue 34
points towards the bulk solvent.

In conclusion, we have demonstrated that TOAC-
labelling is a powerful method for the investigation
of the backbone dynamics of polypeptides in the
free and membrane-bound states. The three-step
model of receptor selection [38,39] highlights the
importance of the ligand binding to cellular mem-
branes as the decisive step for receptor recognition
and selection. The TOAC-labelled NPY analogues
allowed us to investigate to what extent the phos-
pholipid composition of the liposome can influence
the structure and dynamics of the membrane bound
ligand and whether this phenomenon, in turn,
alters receptor selectivity. Furthermore, the pre-
served binding properties at the Y5 receptor can
be employed to perform backbone dynamics studies
on the receptor-bound ligand. TOAC can be eas-
ily used in solid-phase peptide synthesis and now
also with Arg–containing peptides. Further investi-
gations aimed at the introduction of TOAC in longer
peptides and proteins by native chemical ligation
are currently in progress in our group.
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