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ABSTRACT: Peptide YY (PYY) is a gut hormone that
activates the G protein-coupled neuropeptide Y (NPY)
receptors, and because of its appetite reducing actions, it is
evaluated as an antiobesity drug candidate. The C-terminal tail
of PYY is crucial for activation of the NPY receptors. Here, we
describe the design and preparation of a series of PYY(3−36)
depsipeptide analogues, in which backbone amide-to-ester
modifications were systematically introduced in the C-
terminal. Functional NPY receptor assays and circular
dichroism revealed that the ψ(CONH) bonds at positions 30−31 and 33−34 are particularly important for receptor interaction
and that the latter is implicated in Y2 receptor selectivity.
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Peptide YY (PYY), neuropeptide Y (NPY), and pancreatic
peptide (PP) constitute the NPY family of peptides, which

are involved in the regulation of gastro-intestinal functions,
blood pressure, and feeding behavior.1 These peptides share a
high degree of sequence homology and a common hairpin-like
three-dimensional structure, known as the PP-fold.2 The
peptides exert their physiological functions by interacting
with four human G protein-coupled receptors (GPCRs), the
NPY receptors, which belong to the class A superfamily and are
designated Y1, Y2, Y4, and Y5.

3

PYY is released postprandially from enteroendocrine L-cells
as PYY(1−36), which is cleaved into PYY(3−36) by dipeptidyl
peptidase IV.4 Whereas PYY(1−36) activates Y1, Y2, and Y5
receptors, removal of the N-terminal dipeptide Tyr−Pro results
in increased selectivity for the Y2 receptor.5 Activation of Y2
receptors in the hypothalamic arcuate nucleus,6 brainstem,7 and
vagal nerve fibers8 has been shown to be implicated in
decreased food intake observed upon peripheral administration
of PYY(3−36).6,9−12 These anorectic properties make PYY(3−
36) a potential antiobesity agent.13

Alanine scans of both NPY and PYY have shown that the
major determinants for binding to the Y2 receptor are located in
the C-terminal of the peptide.14,15 The X-ray crystal structure of
a class A chemokine GPCR bound to a cyclic peptide ligand
demonstrated that several backbone amide functionalities of the
peptide ligand are implicated in the interaction with the
receptor.16 While the significance of the side chains of the C-
terminal residues of PYY for receptor interaction is well
established through numerous structure−activity relationship
(SAR) studies,17 little is known about the contribution of

backbone amide interactions for receptor recognition. In one
study, substitution of backbone amides with reduced amide
bonds, CH2NH, in the C-terminus of a truncated PYY
derivative, PYY(22−36), demonstrated that this modification
generally reduced affinities toward the Y2 receptor, except for
the linkage between Arg35 and Tyr36, where no change in
affinity was observed.18 This may indicate that the correspond-
ing carbonyl groups are involved in receptor binding. However,
the reduced affinities may also be caused by an increased
flexibility, resulting in an enhanced magnitude of the conforma-
tional entropic penalty associated with receptor binding.
Furthermore, reduced amide bonds do not address the
potential interactions of the amide NH functionalities.
Substitution of the C-terminal backbone amide bonds with
N-methylated amide bonds showed that an N-methyl group
was only allowed on Arg25 and Arg35 leading to moderate
changes in affinity to the Y2 receptor.

19 Yet, N-methyl peptide
bonds are structurally different from amide bonds due to
introduction of additional steric bulk and an increased tendency
to adopt the cis conformation. In contrast, ester bonds are
structurally similar to peptide bonds and address interactions of
both the amide carbonyl and NH functionalities.20 We
therefore decided to systematically explore the effect of the
isosteric backbone amide-to-ester modifications in the C-
terminus of PYY(3−36) on receptor interaction.
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Introduction of amide-to-ester modifications is accomplished
by replacing the amino acid of interest with the corresponding
α-hydroxy acid.20 In the synthesis of such depsipeptides there
are two main challenges: (i) only six of 19 α-hydroxy acids are
commercially available and (ii) introduction of the α-hydroxy
acid is not trivial. Here, we wanted to introduce backbone
amide-to-ester mutations between the seven C-terminal
residues, thus generating six depsipeptide analogues of
PYY(3−36) (Figure 1). For this, four α-hydroxy acids
corresponding to Arg, Gln, Tyr, and Thr were prepared,
whereas α-hydroxy Val is commercially available.

Rather than preparing 34-mer depsipeptides on solid-phase,
we envisaged that a semisynthetic methodology based on native
chemical ligation (NCL)21 could be exploited. This could be
achieved by expressing a common precursor peptide thioester
and subsequently ligate with hepta-depsipeptides bearing an N-
terminal Cys. These hepta-depsipeptides 1−6 were synthesized
by Fmoc- or Boc-based solid-phase peptide synthesis (SPPS)
(Scheme 1 and Table S1, Supporting Information). The α-
hydroxy acids were introduced by coupling with HOBt/DIC, as
previously described,22 and the ester bonds formed by coupling
the following amino acid using DIC/DMAP.23,24 This provided
hepta-depsipeptides 1, 4, and 6 (Scheme 1), but synthesis of
the remaining target peptides using this methodology did not
succeed. In the synthesis of hepta-depsipeptide 2, incomplete
reaction and epimerization was observed when coupling Boc-
Val with α-hydroxy Thr. Thus, alternative strategies were
examined, and the most efficient coupling was achieved using
triple couplings with MSNT/N-methylimidazole (Table S2,
Supporting Information).25 The challenge in the synthesis of 3
and 5 was that coupling of α-hydroxy Arg was incomplete; thus,
PyBOP was used as a coupling reagent (Table S3, Supporting
Information). In the subsequent ester formation, very low
coupling yields were observed, and for the synthesis of 3,
formation of the ester bond between Thr and α-hydroxy Arg
was achieved by consecutive MSNT/N-methylimidazole
couplings (Table S3, Supporting Information). The same

approach was used for ester bond formation between Gln and
α-hydroxy Arg in depsipeptide 5, although with decreased
coupling times (Table S4, Supporting Information).
To generate the PYY(3−36) depsipeptides, a recombinantly

expressed PYY(3−29) α-thioester (7)26 was ligated to hepta-
depsipeptides 1−6 (Figure 2A). This leaves a Cys at the
ligation junction, which is subsequently reduced to Ala,
knowing that the Leu30Ala mutation does not affect PYY(3−
36) Y2 receptor potency.14,15 Initially, a control peptide,
PYY(3−36), A30 (8), was prepared either by SPPS or
semisynthesis, the latter validating the semisynthetic strategy.
The PYY(3−36), A30 depsipeptides 9−14 were prepared by
ligation of 7 with 1−6, respectively, using thiophenol as catalyst
(Figure 2B). The thiophenol was removed by extraction with
diethyl ether prior to conversion of Cys into Ala by radical
desulfurization27 (Figure 2C). The semisynthetic analogues 9−
14 were purified by semipreparative HPLC, resulting in purities
of 98−99%. For analogues 12−14, some hydrolysis of the ester
bonds was observed after desulfurization. Whereas the resulting
impurities of analogues 12 and 14 were easily removed, for
analogue 13, slightly optimized ligation and desulfurization
conditions had to be used (see Supporting Information).
Because of the observed decrease in hydrolytic stability during
preparation, we also examined the stability of the depsi-peptide
analogues under the conditions used for the functional assays,
and gratifyingly, no degradation was observed for any of the
analogues (Figure S1, Supporting Information).
The structure of PYY(3−36) is characterized by having an

amphipathic α-helix from residues 15−32,28 which is expected
to be important for receptor activation.29,30 The consequences
of the amide-to-ester modifications on the integrity of the

Figure 1. Sequence and NMR structure (PDB: 2DF0) of PYY(3−36)
with the seven C-terminal residues in red and the remaining part of the
sequence in blue. Close-up view shows sticks representation of the C-
terminal backbone (without hydrogens) with the positions of NH to
O modifications marked with black triangles and peptide numbers.
Peptides 1−6 are hepta-depsipeptides used to generate full length
depsipeptides 9−14, respectively.

Scheme 1. General Synthesis of Hepta-depsipeptides 1−6a

aHepta-depsipeptides were prepared by either Fmoc- or Boc-based
SPPS. Ester bonds were incorporated by coupling of α-hydroxy acids
using HOBt/DIC/NEM for hepta-depsipeptides 1, 2, 4, and 6 and
PyBOP/HOBt/DIPEA for hepta-depsipeptides 3 and 5. The following
amino acid was coupled using DIC/DMAP/NEM for hepta-
depsipeptides 1, 4, and 6 and MSNT/NMI for hepta-depsipeptides
2, 3, and 5. Fmoc-SPPS: R1 = tBu, R2 = Pbf. Boc-SPPS: R1 = 2-Br-Z,
R2 = Tos.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml400335g | ACS Med. Chem. Lett. 2013, 4, 1228−12321229



secondary structure were evaluated by circular dichroism (CD).
The spectra were recorded in a sodium acetate buffer at pH 4.6,
similar to the conditions used for determining the NMR
structure of PYY(3−36).28 The CD spectra of the analogue
with the Leu30Ala mutation, 8, generated by SPPS and
semisynthesis were as expected identical (Figure S2, Supporting
Information). Generally, the CD spectra for all tested peptides
were highly similar with minima at 208 and 222 nm as well as
maxima around 193 nm (Figure 3), which are characteristic for
α-helical structures, and changes in molar CD, Δε, at 222 nm
can be used to evaluate alterations in helicity.31

The helicity of analogue 8, bearing the Leu30Ala mutation,
was not affected, but introduction of the amide-to-ester
modification in analogues 9 and 10 reduced the helix content
by approximately 20%. In these two analogues, the ester bond is
positioned as part of the α-helix, as observed in the NMR
structure of PYY(3−36) (Figure 1).28 In analogues 11 and 12,
where the ester mutations are outside the α-helix, the helicity
was 10% reduced, as estimated by CD. Thus, the ψ-
(CONH32−33) and ψ(CONH33−34) bonds may be important
for stabilizing the α-helix, although they are located in the
unstructured C-terminal. Finally, there was no change in the
CD spectra of analogues 13 and 14, relative to PYY(3−36).
The consequence of insertion of amide-to-ester modifica-

tions in the C-terminal of PYY(3−36) for interaction with the
NPY receptors was evaluated using a functional cAMP
biosensor assay employing HEK293 cells expressing the
human Y1, Y2, Y4, or Y5 receptor subtypes (Table 1). As
expected from previous studies,14,15 the Leu30Ala mutation did
not affect PYY(3−36) potency at the Y2 receptor. However, the
mutation resulted in increased selectivity toward the Y2

receptor with approximate 7- and 20-fold decreases in potency
observed for SPPS generated 8 and semisynthetic 8 relative to
PYY(3−36) at the Y5 and Y1 receptor, respectively. Notably,
the EC50 values of 8 were similar at all four receptor subtypes,
demonstrating that the semisynthetic product is biologically
equivalent to the fully synthetic product. For the depsipeptide
analogues 9−14, the most pronounced effect on potency was
observed for analogue 9 with an ester bond between Ala30 and
Val31 as well as analogue 12 with an ester bond between Arg33
and Gln34. An approximate 200- and 60-fold reduction in
potency at the Y2 receptor compared to 8 was observed,
respectively. For analogue 9, reduced potency was further
observed at the other three receptor subtypes with EC50 values
above 500 nM. Interestingly, the ester bond in analogue 12 did
not affect potency at Y1 and Y4, and only reduced potency at Y5
by 3-fold. Thus, whereas the backbone amide between
positions 30 and 31 are important for interaction with all
four receptor subtypes, the amide between positions 33 and 34
are only important for Y2 and to less extent Y5 interaction. In
contrast, introduction of an ester bond at the most C-terminal
position between Arg35 and Tyr36 in analogue 14 did not alter

Figure 2. Generation of depsipeptide analogues of PYY(3−36), A30.
(A) Scheme of the NCL based synthesis of the PYY(3−36), A30
depsipeptide analogues. Reagents and conditions: a, 1.8 equiv of 1−6,
0.6% thiophenol, pH 7.5, 5 °C; b, diethyl ether extraction; c, MESNa,
VA-61, TCEP, 37 °C. (B) UPLC trace at 2 min and 23 h of ligation
between 2 and 7, (L10: PYY(3−36)[COO31−32], 30C). (C) MS
spectra at 2 min and 5 h of desulfurization of 10 (expected average
masses: L10 = 4040.50 Da; 10 = 4008.43 Da).

Figure 3. Circular dichroism (CD) of depsipeptide analogues 9−14
and controls in aqueous buffered solution (15 μM peptide, pH 4.6).
The insert shows a close-up view of the spectra in the region 205−230
nm. Spectra are presented as mean of two independent experiments.

Table 1. Potencies of Depsipeptide Analogues 9−14 at the
NPY Receptors

EC50 (nM)a

analogue Y1 Y2 Y4 Y5

PYY(3−36) 5.6 ± 0.8 1.0 ± 0.2 141 ± 40 8.2 ± 2.7

PYY(3−36), A30 (8,
SPPS)

164 ± 34 1.0 ± 0.1 207 ± 47 42 ± 13

PYY(3−36), A30 (8,
semisynthesis)

135 ± 30 1.3 ± 0.3 185 ± 38 37 ± 8

PYY(3−36)[COO30−31],
A30 (9)

>500 228 ± 46 >500 >500

PYY(3−36)[COO31−32],
A30 (10)

>500 8.4 ± 1.0 >500 >500

PYY(3−36)[COO32−33],
A30 (11)

>500 3.6 ± 0.8 >500 112 ± 51

PYY(3−36)[COO33−34],
A30 (12)

144 ± 3 62 ± 19 161 ± 35 172 ± 34

PYY(3−36)[COO34−35],
A30 (13)

380 ± 58 2.2 ± 0.4 173 ± 20 187 ± 50

PYY(3−36)[COO35−36],
A30 (14)

222 ± 60 0.3 ± 0.1 254 ± 42 29 ± 4

aEC50 values are shown as mean ± SEM determined from at least
three measurements.
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the potency at any of the receptor subtypes. Negligible to
moderate decreases in Y2 receptor potencies were observed for
analogues 10, 11, and 13.
The comparable effect on α-helicity of analogues 9 and 10,

but varying influence on the potency at the Y2 receptor (200- vs
8-fold reduction), indicates that more than a structural effect
may account for the highly reduced potency observed for
analogue 9. Thus, the ψ(CONH30−31) bond may interact
directly with the Y2 receptor subtype. Similar discrepancies are
observed for analogues 11 and 12, indicating that the
ψ(CONH33−34) bond may interact directly with the Y2 receptor
subtype. Interestingly, this interaction is specific for the Y2
receptor since no or little effect in potency was observed at the
other receptor subtypes. These data suggests that the
ψ(CONH33−34) bond contributes to the increased selectivity
of PYY(3−36) toward the Y2 versus the other receptor
subtypes.
In conclusion, we have incorporated backbone amide-to-ester

modifications in the C-terminal of PYY(3−36) using a
semisynthetic strategy that results in a Leu30Ala substitution.
A comparison of data from functional receptor assays with CD
indicated that two backbone amide functionalities, namely,
ψ(CONH30−31) and ψ(CONH33−34), are important for
interaction of PYY(3−36) with the G protein-coupled Y2
receptor. The ψ(CONH30−31) bond may interact directly
with all of the NPY receptors, whereas the ψ(CONH33−34)
bond may interact with the Y2 receptor subtype in a selective
manner. The results herein emphasize the significance of
backbone hydrogen bonds in the interaction between peptide
ligands and GPCRs and should be considered when developing
subtype selective analogues and stabilized PYY(3−36)
derivatives for obesity treatment.
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