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Introduction

The pancreatic polypeptide (PP) is a hormone that is secreted
by the pancreatic islets in response to meal ingestion propor-
tionally to caloric intake.[1] It mediates its biological function by
a rhodopsin-like G protein-coupled receptor (GPCR), the
human Y4 receptor (hY4R). This peripheral gut-derived peptide
can act either indirectly by gut vagal signals to higher centers
in the brainstem or directly at its native target, which is ex-
pressed in the hypothalamus and brainstem of the central
nervous system. Circulating PP can enter parts of the blood–
brain barrier in the area postrema that is located in the dorsal
vagal complex within the brainstem.[2] Activation of the hY4R,
which is mainly expressed in the brain and gastrointestinal
tract[3] leads to suppression of appetite and food intake as well
as delayed gastric emptying and motility.[2b] It has been shown
that peripheral administration of PP reduces appetite and food
intake in mice[4] as well as in healthy[5] and morbidly obese
humans.[6] Accordingly, PP represents an important regulator of
feeding behavior and energy homeostasis.

PP belongs to the neuropeptide Y (NPY) hormone/receptor-
family, which consists of three 36 amino acid peptide ligands,
named NPY, peptide YY (PYY) and PP that interact with four re-
ceptors in humans, hY1R, hY2R, hY4R and hY5R.[7] These structur-
ally related Y receptors are differently expressed throughout

the human body and bind the ligands with different preferen-
ces. PP predominantly targets the hY4R, whereas hY1R and
hY2R show low PP binding, and the hY5R exhibits only moder-
ate affinity for PP. NPY and PYY address hY1R, hY2R and hY5R
with nanomolar affinity. Different effects have been reported
for hYR with respect to appetite regulation. While orexigenic
effects (stimulation of hunger) are conveyed by central hY1R
and hY5R, anorexigenic effects (induction of satiety) are trans-
mitted by peripheral and central hY2R and hY4R.[2a, 8] Thus, ex-
ploiting the satiety hormone PP by selective activation of
either the hY2R or the hY4R is a favorable approach for anti-
obesity therapy[9] in the context of the epidemically growing
health problem of obesity and overweight, as well as associat-
ed disorders such as cardiovascular diseases and diabetes mel-
litus.[10]

Apart from many advantages of peptide drugs like their
high specificity and activity, rare toxic degradation and in vivo
predictability, they are therapeutically restricted by their low
bioavailability owing to rapid proteolytic degradation and
short circulation times.[11] Hence, for effective medication, the
short-acting pharmacokinetic properties of PP[1, 12] have to be
improved. Among the versatile established strategies to modu-
late plasma half-lives of potential peptide drugs,[13] covalent
modification with fatty acids (lipidation) has come into focus
during the last years.[14] Hydrophobic moieties lead to reversi-
ble, high-affinity binding to human serum albumin, which
shields and transports the acylated compounds throughout
the body leading to prolonged activity profiles.[15]

Up to now, only few studies investigated the critical size of
the fatty acid or the influence of positioning.[16] Both factors,
however, are important for efficient development of peptide
drugs with high selectivity and increased bioavailability. Hence,
individual residues that might not contribute to receptor inter-
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action were selectively replaced and modified ac-
cording to the comparative model of hY4R binding
PP,[17] and two positions were chosen for systematic
modification with various saturated fatty acids. Inde-
pendent of position and lipid, all analogues main-
tained high activity for hY4R, which confirms the suit-
ability of the ligand–receptor model used for this
type of experiments. Interestingly, not only the posi-
tion but also the length of the fatty acid dramatically
influenced receptor selectivity and partly led to an
increase in potency for other receptor subtypes.
Moreover, pronounced resistance to proteolytic deg-
radation was observed for a highly hY4R-preferring
agonist equipped with a propanoic acid, which is
comparable to the related palmitoyl variant and sug-
gests that also short-chain fatty acid peptide conju-
gates might be likely drug candidates in the future.

Results

Identification of best position for modification

With the help of a recently described comparative 3D model
of hY4R bound to PP,[17] accessible residues that might not con-
tribute to ligand–receptor interaction were identified for modi-
fication (Figure 1). Positions in close proximity to the C-termi-
nal RPRY-NH2 sequence that is important for binding and acti-
vation[18] as well as residues, which are not proposed to be
part of the peptide binding pocket, were chosen for modifica-
tion with lysine-g-glutamyl fatty acid moieties in order to pro-
tect the peptide from fast degradation. Lipopeptides were ac-
cessible by solid-phase peptide synthesis (SPPS)[11b, 19] applying
the 9-fluorenylmethoxycarbonyl (Fmoc)/tert-butyl (tBu) orthog-
onal protecting group strategy. This method allowed the selec-
tive on-resin modification at distinct amino acid positions,
which have been substituted with Lys, a g-glutamyl linker and
the desired saturated fatty acids.[20] In a first step, the influence
of the acylation site on hY4R affinity was validated. Therefore,
hPP was modified with palmitic/hexadecanoic acid (Pam) at
Gln16, Ala22 and Met30 inside the reported a-helix of the pep-
tide.[21] In addition, Tyr7 located within the poly-l-proline type II
helix as well as Glu4 in the N-terminal part of hPP represented
further modification sites (Figure 1). Since the N terminus does
not contribute to receptor binding,[18b] it was labeled with 5(6)-
carboxyfluorescein (CF) for this first set of peptides, enabling
the possibility of supplementary biological experiments. All CF-
tagged palmitoylated hPP analogues were prepared in suffi-
cient amounts and purities (see Supporting Information,
Table 1). In order to identify the most suitable modification
sites for peptide lipidation, CF-labeled hPP variants palmitoy-
lated at position 4 (2), 7 (3), 16 (4), 22 (5), 30 (6) as well as CF-
hPP (1 b) as wild-type control were tested in radioligand bind-
ing assays. As shown in Figure 2 a, high specific binding was
observed for control peptide 1 b (90 %), but also compounds 5
(84 %) and 6 (83 %) displayed high specific binding that was
not statistically different from CF-hPP (1 b). In contrast, the re-
maining three compounds, acylated at positions 4 (2), 7 (3)

and 16 (4) exhibited significantly reduced specific [3H]-hPP
binding (2 : 37 %, 3 : 67 %, 4 : 36 %). Compounds 3, 5 and 6
were further tested for competitive displacement using an ap-

Figure 1. a) Amino acid sequence of hPP; residues to be modified are underlined. b) Side
view of the comparative model of human Y4R (blue) with docked bovine PP (red;
PDB code: 1LJV);[21b] lipidated positions are indicated in green.[17] c) Enlarged section of
the same model obtained by horizontal rotation by approximately 908 ; lipidated residues
Ala22 and Met30 appear green.

Figure 2. a) First evaluation of the binding capacity by 1 mm CF-labeled hPP
analogues 1 b, 2–6 in transiently hY4R-expressing COS-7 cells towards [3H]-
hPP after a 90 min stimulation period. Total binding was set to 100 % and
corresponds to binding of radioligand in presence of H2O in 1 % (w/v) BSA.
Statistical analysis was performed by one-way ANOVA, followed by Dunnett’s
post-hoc test (GraphPad Prism 5.0). ***P�0.001, as compared to 1 b (hori-
zontal lines). b) For competition binding experiments, [3H]-hPP was dis-
placed by increasing concentrations of most promising analogues 1, 3, 5
and 6. Assays were performed in triplicate; mean values �SEM of independ-
ently examined experiments are shown.
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propriate concentration range of cold ligand in presence of
radioligand (Figure 2 b). The determined IC50 values (1 b :
3.0 nm, 3 : 401 nm, 5 : 8.6 nm, 6 : 14.9 nm) gave evidence that
residues 22 and 30 were most suitable for acylation with fatty
acids with only modestly elevated IC50 values. In contrast, 3
showed more than 100-fold loss in affinity in comparison to
control peptide 1 b.

Comparison of different fatty acids

In the next step, truncated hPP2�36 lacking a dipeptidyl pepti-
dase IV (DPP-IV) cleavage site[18b] was modified at Ala22 or Met30

(Figure 1 b, 1 c), respectively, with propanoic acid (Prop), capryl-
ic/octanoic acid (Capr), lauric/dodecanoic acid (Laur), Pam or
arachidic/eicosanoic acid (Ara). A slightly altered synthesis
strategy was applied (Scheme 1 a).[20] Table 1 shows the full an-
alytical characterization of all lipidated hPP2�36 conjugates.
High purities and an increase in hydrophobicity attributed to
fatty acid length were examined by two independent re-
versed-phase high-performance liquid chromatography (RP-
HPLC) systems, while their identity was confirmed applying
matrix-assisted laser/desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS). Preparation on solid support in
15 mmol or 7.5 mmol scale resulted in appropriate quantities
(Table 1). Subsequently, the lipidated hPP2�36 conjugates were
analyzed with respect to their biological functionality and se-
lectivity. Signal transduction experiments were performed with
COS-7 cells stably co-expressing one of the four hYR and a chi-
meric Gi,q protein[23] to allow robust signal readout via [3H]-ino-
sitol phosphates (IP). A summary of the obtained concentra-
tion–response curves for hY4R activation by the modified
hPP2�36 compounds is illustrated in Figure 3, while numerical

data can be found in Table 2. The native ligand hPP has an in-
herent activity in the low-nanomolar range (1 a : EC50 = 1.3 nm),
which is in accordance with the literature.[17] More importantly,
the high potency is not affected by any lipidation. This is re-
flected in similar EC50 values and full efficacies (Figure 3,
Table 2) for all analogues acylated at position 22 and 30. So,

Scheme 1. Synthesis of a) [K(E-Lip)]hPP2�36 and b) TAMRA-[K(E-Lip)]hPP2�36.
Peptides were assembled by automated SPPS up to modification site (22 or
30), substituted with Lys (grey) that was protected by Fmoc at the g-amino
group and by Dde at the N terminus. 1) Fmoc removal and coupling of
Fmoc-l-Glu-OtBu. 2) Fmoc deprotection and acylation with fatty acids (Lip):
C2H5COOH (Prop) for 9, 15 a, 15 b ; C7H15COOH (Capr) for 10, 16 a, 16 b ;
C11H23COOH (Laur) for 11, 17; C15H31COOH (Pam) for 12, 18 a, 18 b ;
C19H39COOH (Ara) for 13, 19. 3) Dde removal and automated elongation to
desired peptide sequence. 4) TAMRA-labeling of peptide N terminus. 5)
Cleavage from resin including deprotection of all acid-labile side chain pro-
tecting groups (SPG) and methionine reduction.

Table 1. Analytical and conformational characterization of hPP2�36 compounds with modifications at position 22 and 30 and their respective controls.

No. Compound Purity [%][a] HPLC-Elution [%] of B in A Chemical formula MALDI-TOF MS Quantity [mg][d] Yield [%][e] % a-Helix
�SEM[f]

C18 90 �[b] C18 300 �[c] Mcalcd [Da] [M+H]+ [Da]

7 pNPY >99 44.1 46.3 C190H287N55O57 4251.1 4252.1 17.5 19.2
1 a hPP >99 44.3 46.0 C185H287N53O54S2 4179.1 4180.0 16.0 17.9 (59�1)
8 [K22]hPP2�36 >99 43.4 40.5 C185H289N53O53S2 4165.1 4166.0 15.0 16.8 59�1
9 [K22(E-Prop)]hPP2�36 >98 44.8 41.6 C193H300N54O57S2 4350.2 4351.5 13.0 13.9 53�2
10 [K22(E-Capr)]hPP2�36 >98 46.9 43.7 C198H310N54O57S2 4423.1 4424.1 18.0 19.0 49�10
11 [K22(E-Laur)]hPP2�36 >99 52.6 49.5 C202H318N54O57S2 4479.2 4480.6 17.0 17.7 39�7
12 [K22(E-Pam)]hPP2�36 >99 57.1 53.4 C206H326N54O57S2 4535.4 4536.8 13.0 13.4 28�10
13 [K22(E-Ara)]hPP2�36 >99 61.0 57.1 C210H334N54O57S2 4588.4 4589.4 4.2 8.5 2�0 (60�0)
14 a [K30]hPP2�36 >98 42.6 39.6 C183H285N53O53S1 4105.1 4106.0 11.2 12.7 70�10
15 a [K30(E-Prop)]hPP2�36 >98 44.2 41.3 C191H296N54O57S1 4290.2 4291.6 17.0 18.5 54�2
16 a [K30(E-Capr)]hPP2�36 >98 46.9 43.9 C196H306N54O57S1 4360.2 4361.6 12.0 12.9 57�1
17 [K30(E-Laur)]hPP2�36 >99 52.8 44.0 C200H314N54O57S1 4419.1 4420.3 15.0 15.8 61�2
18 a [K30(E-Pam)]hPP2�36 >91 57.0 53.6 C204H322N54O57S1 4475.2 4476.0 13.0 13.6 51�6
19 [K30(E-Ara)]hPP2�36 >99 61.3 70.7 C208H330N54O57S1 4528.4 4529.3 5.0 10.3 2�0 (60�1)

[a] Peptide purity was quantified by RP-HPLC elution at 220 nm using two different columns ([b] and [c]) and linear gradients of eluent B (CH3CN with
0.08 % (v/v) TFA) in eluent A (H2O with 0.1 % (v/v) TFA). Analytical HPLC columns used: [b] Jupiter 4u Proteo RP-C18 column (90 �, 4 mm, 250 � 4.6 mm, Phe-
nomenex), [c] Jupiter 5u Proteo RP-C18 column (300 �, 5 mm, 250 � 4.6 mm, Phenomenex). [d] Amounts correspond to observed masses without TFA salts.
[e] Yield of synthesized compounds is referred to maximal resin loading capacity of 15 mmol g�1. [f] a-Helical content of 10 mm hPP analogues was estimat-
ed by two independent CD spectra obtained either in 10 mm sodium phosphate buffer (pH 7.0) or in buffer containing 20 mm SDS (given in parentheses)
applying Dichroweb with K2D-analysis.[22] Statistical analysis using one way-ANOVA, followed by Dunnett’s post-hoc test (GraphPad Prism 5.0) revealed no
significantly reduced fraction of a-helix for the lipidated hPP analogues compared to respective [K]hPP2�36, except of the E-Ara compounds (13 : **; 19 : ***)
in buffer not supplemented with SDS. **P�0.01, ***P�0.001, referred to [K22]hPP2�36 for 13 and [K30]hPP2�36 for 19.
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the fatty acid chain length neither has beneficial nor detrimen-
tal effects on hY4R activation.

Loss of subtype preference by long fatty acid modification

Next, IP accumulation assays with hY1R-expressing COS-7 cells
were performed in order to evaluate the activity potential of
the lipopeptides at the structurally related Y receptor subtype
that exhibits opposing effects (stimulation of food intake). As
shown in Figure 3, both non-lipidated precursor peptides
[K22]hPP2�36 (8 : EC50 = 51.4 nm) and [K30]hPP2�36 (14 a : EC50>

1000 nm) exhibit remarkably little activation of hY1R compared
to the native ligand NPY (7: EC50 = 3.5 nm). Interestingly how-
ever, introduction of lysine at position 22 led to increased in-
herent hY1R potency of hPP2�36 analogues with EC50 values of
[K30]hPP2�36 being 15-fold lower than for [K22]hPP2�36 (Table 2).
At both locations, a substantial decrease in activity occurred
for the short fatty acid conjugates (E-Prop, E-Capr), whereas
from a chain length of 12 carbon atoms (E-Laur) potency was
regained. Interestingly, palmitoylation and arachidoylation led
to considerably more active analogues compared to their re-
spective predecessors. Additionally, the potencies for com-
pounds 12 and 13 as well as 18 a and 19 are only 5- to 20-fold
reduced compared to the native ligand NPY (7) at this recep-
tor. Overall, the hY1R activity of [K30]hPP2�36 lipidated conju-
gates was lower compared to the compounds modified at po-
sition 22 (Figure 3, Table 2).

Signal transduction studies at anorexigenically acting hY2R
(Figure 3, Table 2) revealed a similar pattern as observed for
the hY1R. However, albeit the potency of the native ligand NPY

(7: EC50 = 0.3 nm) was about one order of magnitude higher
than for the hY1R, the precursor peptides yielded potencies
comparable to hY1R. Again, a shift from lower to higher poten-
cy with extension of fatty acid length was observed (Table 2),
with short fatty acids increasing the specificity of the ligand for
the hY4R, and long fatty acids increasing activity on hY recep-
tors in general. Most notably, [K22]hPP2�36 lipidated with palmit-
ic acid (12 : EC50 = 1.7 nm) and arachidic acid (13 : EC50 = 0.9 nm)
were identified as highly active ligands at the hY2R, showing
potencies in the range of the native ligand NPY (7) and being
40- and 75-fold, respectively, more potent than the parent
peptide 8.

Finally, activity tests at the hY5R exhibited a marginally differ-
ent activation profile of the acylated conjugates (Figure 3,
Table 2). This receptor subtype seemed to be less selective to-
wards its native ligand NPY (7: EC50 = 4.3 nm) since both pre-
cursor peptides [K]hPP2�36 possessed high activities in the low-
nanomolar range (8 : EC50 = 6.1 nm, 14 a : EC50 = 23.9 nm). While
modification with short fatty acids again provoked potency de-
crease, activity was enhanced with longer fatty acids as ob-
served for hY1R and hY2R and even resulted in the first hPP-
based hY5R agonists with even better potencies than NPY (12 :
EC50 = 1.9 nm, 18 a : EC50 = 1.6 nm, 13 : EC50 = 0.8 nm, 19 : EC50 =

0.6 nm). Moreover, activity comparison of the shorter fatty acid
hPP analogues (E-Prop, E-Capr) at the two distinct positions re-
flected about 10-fold difference in hY5R activation compared
to any other peptide, indicating again a preference of the re-
ceptor for position 22 over 30 (Table 2).

Figure 3. Functional characterization of hPP compounds fatty acid acylated at a) position 22 and b) residue 30 at COS-7 cells stably expressing the anorexi-
genic hY4R and hY2R as well as the orexigenic hY1R and hY5R. Co-expression of hYR and a chimeric Gi/q protein allowed concentration-dependent radioactive
inositol phosphate accumulation. Mean concentration–response curves of at least two independent experiments, fitted by non-linear regression (GraphPad
Prism 5.0) are shown with �SEM. Dashed black lines correspond to the respective native ligands (hPP for hY4R and porcine NPY (pNPY) for hY1R, hY2R and
hY5R).
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Structural impairments are not the reason for the altered
activity pattern

Since long-chain fatty acid analogues differed in their behavior
towards hYR selectivity relative to short- or medium-chain fatty
acid conjugates, we hypothesized that conformational changes
could be the reason. We performed circular dichroism (CD)
spectroscopy in order to determine potential structural influen-
ces or changes induced by different fatty acid moieties. Nearly
all hPP analogues lipidated at position 22 or 30 displayed typi-
cal features of an a-helix in CD spectra (see Supporting Infor-
mation, Figure 1 a,b). Negative Cotton effects at 208 and
222 nm as well as a large maximum at around 190 nm were
observed. Surprisingly, compounds acylated with the longest
fatty acid (E-Ara) revealed disturbed structures with more b-
sheet-like characteristics.[24] The amounts of secondary struc-
ture were quantified by Dichroweb using K2D analysis
(Table 1).[22] These calculations suggested that the decrease of
a-helical proportion is stronger with increase in fatty acid
length at position 22 opposed to residue 30. Exclusively, arach-

idoylated hPP compounds were not capable to form the classi-
cal PP structure in solution. In order to prove the possibility
that these compounds fold only upon approaching the cell
membrane, CD spectra were recorded in the presence of
20 mm sodium dodecylphosphate (SDS). Indeed, hPP ana-
logues 13 and 19 revealed an increased fraction of a-helix
comparable to wild type in this membrane-mimicking environ-
ment (see Supporting Information, Figure 1 c, and Table 1).
These results indicated that in solution only fatty acids of very
long chain length bias the a-helicity of the ligand, probably
due to changes in hydrophobicity of the peptide microenvir-
onment. Capturing the hydrophobic moiety in a detergent or
membrane environment can thus restore secondary structure.
In general, however, these data suggested that the global pep-
tide backbone orientation was not impaired by lipidation, and,
thus, direct receptor interaction seems to affect receptor rec-
ognition.

Table 2. Summary of potency (EC50) and efficacy (Emax) profiles of all hPP2�36 conjugates lipidated at position 22 and 30. IP accumulation assays were per-
formed in COS-7 cells stably co-expressing the respective hYR subtypes and a chimeric Gi/q protein.

No. Modification hY1R hY2R hY4R hY5R
EC50 [nm][a]

(pEC50)[b]

EC50

ratio[c]

Emax [%][d] EC50 [nm]
(pEC50)

EC50

ratio
Emax [%] EC50 [nm]

(pEC50)
EC50

ratio
Emax [%] EC50 [nm]

(pEC50)
EC50

ratio
Emax [%]

7 3.5
(8.5�0.04)

1 96�2 0.3
(9.6�0.1)

1 100�3 44.7
(7.4�0.3)

34 82�9 4.3
(8.4�0.1)

1 88�2

1 a 76.0
(7.1�0.1)

22 95�3 341.4
(6.5�0.1)

>1000 96�5 1.3
(8.9�0.1)

1 93�2 11.4
(7.9�0.1)

3 90�5

[K22]hPP2–36

8 51.4
(7.3�0.2)

15 101�7 67.1
(7.2�0.1)

260 107�4 1.9
(8.7�0.1)

1 91�3 6.1
(8.2�0.1)

1 89�5

9 E-Prop >1000
(5.7�0.1)

618 92�4 >1000
(5.5�0.1)

>1000 88�6 1.1
(9.0�0.1)

1 96�6 21.9
(7.7�0.1)

5 83�2

10 E-Capr >1000
(5.9�0.1)

339 84�4 >1000
(6.0�0.2)

>1000 88�7 3.1
(8.5�0.1)

2 91�4 26.0
(7.6�0.1)

6 84�4

11 E-Laur 204.0
(6.7�0.1)

57 87�5 49.6
(7.3�0.2)

205 101�7 1.5
(8.8�0.1)

1 86�5 14.9
(7.8�0.1)

4 87�5

12 E-Pam 16.5
(7.8�0.1)

5 93�6 1.7
(8.8�0.2)

6 103�12 1.5
(8.8�0.1)

1 78�4 1.9
(8.7�0.1)

0.4 81�6

13 E-Ara 11.3
(8.0�0.1)

3 101�6 0.9
(9.0�0.1)

3 90�5 2.7
(8.6�0.1)

2 93�6 0.8
(9.1�0.2)

0.2 75�6

[K30]hPP2–36

14 a >1000
(6.0�0.1)

297 93�5 270.0
(6.6�0.1)

782 93�3 1.4
(8.9�0.1)

1 95�4 23.9
(7.6�0.1)

6 79�4

15 a E-Prop >1000
(4.7�0.1)

>1000 99�4 >1000
(5.7�0.1)

>1000 88�6 1.3
(8.9�0.1)

1 88�4 937.2
(6.0�0.1)

244 70�3

16 a E-Capr >1000
(4.6�0.1)

>1000 84�6 >1000
(5.5�0.1)

>1000 85�5 1.2
(8.9�0.1)

1 82�4 386.5
(6.4�0.1)

99 75�5

17 E-Laur >1000
(5.9�0.1)

344 81�4 296.4
(6.5�0.1)

875 98�4 3.6
(8.5�0.2)

3 83�5 38.8
(7.4�0.1)

9 81�5

18 a E-Pam 76.2
(7.1�0.1)

22 85�3 21.1
(7.7�0.1)

66 92�3 1.2
(8.9�0.1)

1 78�4 1.6
(8.8�0.1)

0.4 75�5

19 E-Ara 25.1
(7.6�0.1)

7 98�4 4.9
(8.3�0.1)

22 88�5 2.5
(8.6�0.2)

2 84�7 0.6
(9.3�0.3)

0.1 69�10

[a] The concentration of half-maximal response (EC50) was obtained from concentration-response curves and fitted by non-linear regression with GraphPad
Prism 5. EC50 values are given as total mean of at least two independently repeated experiments, measured in duplicate. [b] pEC50 values are the mean �
SEM negative decadic logarithm of each normalized IP accumulation curve. [c] Comparison of potency was performed by calculation of EC50 shifts between
ligand and respective wild type (pNPY for hY1R, hY2R, hY5R and hPP for hY4R) using GraphPad Prism 5.0. [d] The effect at the highest concentration of wild
type was set to 100 %, normalized to each further tested compound and given as maximal response (Emax) �SEM.
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In vitro stability

To underline the proposed therapeutic potential of the new
hY4R-preferring agonists by the fatty acid moieties, degrada-
tion was investigated in human blood plasma (Figure 4 a) and

porcine liver homogenates (Figure 4 b). Two selective hY4R li-
gands [K30(E-Prop)]hPP2�36 (15 b) and [K30(E-Capr)]hPP2�36 (16 b),
the palmitoylated variant 18 b and the control peptide 14 b
were equipped with an additional N-terminal fluorescent dye,
6-carboxytetramethylrhodamine (TAMRA) (Scheme 1 b), allow-
ing peptide-specific detection of degradation by RP-HPLC. Ana-
logue 20, which was fluorescently labeled at the side chain of

Lys30, served to detect N-terminally degraded peptides
(Table 3).

As depicted in Figure 4 a, all investigated compounds dis-
played a decay of intact peptide in human blood plasma over
144 h. Both precursor peptides 14 b and 20 revealed similar
degradation with comparable half-lives of around 100 h
(Table 4). The similar amount of N- and side chain fluorescently
labeled precursor peptide underlines the suitability of the ex-
perimental setup and implies that peptide stability is not af-
fected by the fluorophore TAMRA itself. As expected, the long-
chain lipopeptide 18 b showed most pronounced resistance to
proteolytic degradation with more than 10-fold increased half-
life (18 b : t1/2 = 1088.1�282.4 h) compared to the control pep-
tide (14 b : t1/2 = 84.7�2.3 h). Surprisingly, degradation rates
were faster for the longer E-Capr variant (16 b : t1/2 = 281.3�
26.7 h) relative to the shorter E-Prop compound (15 b : t1/2 =

473.6�17.3 h, see also Table 4). To evaluate the stability in
high enzyme and low albumin concentration, metabolism in
homogenized liver extracts was monitored over 48 h. Again, all
analogues were degraded over time (Figure 4 b), and with re-
spect to the control peptides 14 b and 20, no significant differ-
ences between their half-lives were observed (Table 4). Notably,
for the peptide modified with the shortest fatty acid (15 b)
a considerably slower degradation was determined, which is
also reflected in significantly increased half-life (15 b : t1/2 =

46.7�6.6 h) compared to the parent peptide (14 b : t1/2 = 11.0�
0.4 h). In contrast, no improved in vitro stability was deter-
mined for the E-Capr (16 b) and the E-Pam (18 b) peptide ana-
logues although they contained a longer fatty acid moiety
(Figure 4 b, Table 4).

In summary, the E-Pam hPP variant 18 b was the most stable
lipopeptide in plasma followed by the E-Prop and E-Capr com-
pounds. Thus, the E-Prop-modified hPP variants 15 a and 15 b
could be identified as a hY4R selective ligand with improved
half-lives both in human blood plasma as well as in porcine
liver homogenates.

Discussion

Lipidation has already been highlighted as a successful and
prospective strategy to modulate plasma half-life and to im-
prove bioavailability of several peptides[14] including hPP.[20] In

Figure 4. In vitro stability tests of TAMRA-labeled hY4R-selective lipidated
hPP conjugates (15 b, 16 b) along with the Pam-variant (18 b) and relevant
control peptides (14 b, 20) performed in a) human blood plasma and
b) 50 mg mL�1 porcine liver extract homogenates. 10 mm peptide solutions
were incubated at 37 8C and 500 rpm. Degradation was followed using RP-
HPLC at indicated time points by peptide-specific fluorescence monitoring
and referred to control at 0 h (100 %). Values are the mean �SEM of two in-
dependent experiments.

Table 3. Analytical data of TAMRA-modified hPP analogues.

No. Compound Purity [%][a] HPLC Elution [%] of B in A Chemical formula MALDI-TOF MS Quantity
[mg][d]

Yield [%][e]

C18 90 �[b] Polym. 200 �[c] Mcalcd [Da] [M+H]+ [Da]

14 b TAMRA-[K30]hPP2�36 >98 40.7 53.0 C208H305N55O57S1 4517.2 4518.3 9.9 32.1
15 b TAMRA-[K30(E-Prop)]hPP2�36 >96 41.9 48.0 C216H316N56O61S1 4702.3 4703.3 4.7 31.3
16 b TAMRA-[K30(E-Capr)]hPP2�36 >98 44.2 50.1 C221H326N56O61S1 4772.4 4773.3 10.0 35.7
18 b TAMRA-[K30(E-Pam)]hPP2�36 >98 55.0 55.1 C229H342N56O61S1 4887.7 4888.5 1.9 11.7
20 [K30(TAMRA)]hPP2�36 >97 40.0 40.7 C208H305N55O57S1 4520.0 4520.2 10.0 17.5

[a] Purities of peptides were quantified by HPLC elution at 220 nm using two different columns ([b] and [c]) and linear gradients of eluent B in eluent A.
Analytical HPLC columns applied: [b] Jupiter 4u Proteo RP-C18 column (90 �, 4 mm, 250 � 4.6 mm; Phenomenex), [c] VariTide RPC column (200 �, 6 mm,
250 � 4.6 mm, Varian) ; Polym. : polymer-based RPC-like column material. [d] Amounts correspond to observed masses without TFA salts. [e] Yield of synthe-
sized compounds is referred to maximal resin loading capacity of 15 mmol g�1.
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a previous study, an hPP ligand has been developed that con-
tained palmitic acid at lysine residue 13 equipped with a g-glu-
tamyl spacer. This analogue specifically targeted not only the
hY4R but also the hY2R[25] and showed anorexigenic effects in
mice as well as increased circulation times. More recently,
hY2R/hY4R-targeting hPP analogues with modification of Prop,
Capr and Pam at position 22 were investigated with respect to
their selectivity, stability and most notably, for their internaliza-
tion. In this study, merely the long-chain Pam variant revealed
significantly improved plasma stability, whereas shorter-chain
lipopeptides showed only slightly slower metabolic degrada-
tion.[20b] However, the development of ligands with a preference
of the hY4R over the hY2R is desirable because activation of
the latter in central and diverse peripheral regions might lead
to unwanted side effects in therapy. Y2R targeting could
worsen retinopathy in diabetic patients[26] or induce cancer
growth and vascularization.[27] Furthermore, the hY2R-preferring
PYY3�36, which is the naturally cleaved form of PYY, is also re-
ported to cause nausea and fullness, especially at high dosag-
es.[28]

In the present study, the therapeutically interesting gut hor-
mone hPP was chemically modified by lipidation with albumin-
binding fatty acids of different chain length at diverse posi-
tions in order to improve selectivity and stability features. To
overcome potential side effects and cross-reactivity, the impact
of the peptide substitution site and fatty acyl chain length on
target specificity and neuropeptide Y receptor subtype selec-
tivity was investigated by signal-transduction as well as confor-
mational studies. All designed peptides were accessible by
SPPS and could be obtained in high purities and good yields.

To find an appropriate acylation position, five hPP analogues
were generated by palmitoylation at different parts of their
secondary structure. To date, the model of a hairpin-like secon-
dary structure of PP (PP-fold) composed of an N-terminal
type II poly-l-proline helix (residues 1-8), followed by a b-turn
(residues 9–12), an extended amphiphatic a-helix (residues 13–
30) and a relatively flexible C-terminal region (residues 31–36)
is well established in literature.[21a, 29] It is known that the char-
acteristic PP-fold leads to correct orientation of the C-terminal
hexapeptide and the N-terminal amino acids of PP, thereby
mediating receptor recognition.[18a, 21a] The location of the
chosen residues for modification ranged from the poly-l-pro-
line type II helix to the a-helix.[18b, 21b] For analogues acylated at
position 22 (5) and 30 (6), located at the center and the C-ter-

minal end of the PP-a-helix, re-
spectively, high-affinity binding
was determined. On the contra-
ry, lipidation at residues 4, 7
and 16 showed a loss in affinity.
Interestingly, position 4 was not
suitable for modification al-
though for NPY it is known as
a well-tolerated derivatization
site.[30] These observations sug-
gest diverse active structures
and binding modes of both
neuropeptides. Residues Tyr7

and Gln16, found in more central parts of the peptide, might
also be important for stabilization of the biologically important
PP-fold, which is reflected in low hY4R-binding capacities. The
3D comparative model of the hY4R binding hPP[17] suggested
C-terminal residues to be appropriate for substitution, al-
though some positions in this region (Tyr27, Arg33 and Arg35)
are described to actively interact with transmembrane residues
of the hY4R.[17, 31] The retained hY4R affinity of peptides with
modification at position 30 confirmed this proposed orienta-
tion in the binding pocket.

The predecessor for the following studies, hPP2�36,[32] lacks
the first amino acid Ala1, thus representing a more stable pep-
tide compared to hPP1�36 that is a substrate of the aminopepti-
dase DPP-IV.[18b] Likewise, it has been reported that it constitut-
ed an improved selectivity window since the hY1R required the
first amino acid for activation.[18b] Most importantly, a single
subcutaneous administration of hPP2�36 was shown to signifi-
cantly suppress food intake in mice over an 8 h period, dem-
onstrating its high anorexigenic potential.[18b] Hence, novel
peptides substituted with Lys-gGlu and natural lipophilic build-
ing blocks containing two (Prop), seven (Capr), 11 (Laur), 15
(Pam) or 19 (Ara) hydrocarbon moieties at the most promising
amino acid positions 22 and 30 were prepared. CD studies con-
firmed that hPP and the related peptides PYY and NPY bear an
intense a-helical character.[20a, 33] CD spectroscopy of the diverse
lipidated analogues revealed no significantly altered helix for-
mation in accordance to a previous report,[20b] except for deri-
vatization with Ara, although modifications were located in the
a-helix of PP. These results suggested that the lipophilic
groups are oriented away from the hydrophobic peptide
core[21a] without altering the global peptide backbone confor-
mation. For the investigated analogues, a-helix formation was
somewhat more impaired upon modification with increasing
fatty acid length at position 22 in contrast to position 30. This
reflects an influence of the location of the substitution on sec-
ondary structure formation. However, especially the long-chain
fatty acids might influence single side chain orientation or
intra- and intermolecular interactions, which has been pub-
lished previously for a short NPY analogue containing a hydro-
phobic modification.[34] Interestingly, the longest hydrophobic
modification (Ara) exhibited strongly reduced helicity in solu-
tion, which was not observed in the presence of detergent-
containing buffer. Thus, arachidoyl compounds may fold into
their bioactive secondary structure once they approach mem-

Table 4. Half-lives of fluorescently labeled peptides as determined by degradation profiles in human blood
plasma and porcine liver extract homogenates.

No. Modification Blood plasma Liver homogenate
N-terminal Side chain t1/2�SEM [h] P value[a] t1/2�SEM [h] P value[a]

14 b TAMRA – 84.7�2.3 – 11.0�0.4 –
15 b TAMRA E-Prop 473.6�17.3 �0.001 46.7�6.6 �0.01
16 b TAMRA E-Capr 281.3�26.7 �0.01 14.6�2.8 ns
18 b TAMRA E-Pam 1088.1�282.4 �0.001 11.8�0.8 ns
20 – TAMRA 136.0�3.1 ns 19.7�0.4 ns

[a] Statistical significance of t1/2 values was determined by one-way ANOVA, followed by Dunnett’s post-hoc
test (GraphPad Prism 5.0) with comparison to control peptide 14 b ; ns: not significant.
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branes. Lerch et al.[21b] investigated bovine PP (bPP) by NMR
studies in membrane-bound and solution state. They showed
that the slightly flexible peptide N terminus was folded back in
solution, while in a membrane-mimicking environment that
region interacted with phospholipids.[21b] These data support
the relatively flexible and dynamic conformation of the individ-
ual folded compartments, when the peptide changes from so-
lution to a membrane-bound state. However, we could not
find a general stabilization of the peptide secondary structure
by acylation as shown by Poschner et al.[35]

Extensive signal transduction studies of all hPP2�36 conju-
gates lipidated at position 22 or 30, respectively, disclosed an
overall altered receptor selectivity profile depending on the
used acylation moiety. While all lipopeptides retained hY4R rec-
ognition, those modified with short-chain fatty acids revealed
higher, but those with longer-chain fatty acids lower subtype
specificity. Furthermore, these observations were more pro-
nounced for modifications at residue 30 opposed to 22 since
the inherent hYR selectivity profile of the [K30]hPP2�36 was
higher compared to [K22]hPP2�36. As a consequence, on the one
hand, two novel short-chain fatty acid analogues with im-
proved hY4R preference in comparison to the natural ligand
hPP (15 a, 16 a) were identified. On the other hand, the first
hPP-based peptide conjugates acylated with long-chain fatty
acids (12, 13, 18 a, 19) were found that have the ability to rec-
ognize and activate all four hYR subtypes at low- to sub-nano-
molar potency. Interestingly, conformational differences of the
lipidated compounds were not found to be significantly affect-
ed by the variably sized hydrophobic entities. Thus, an altered
global backbone orientation might not be the reason for the
unexpected receptor selectivity profiles. So far, it is known that
NPY and PP possess different preferences at distinct hYR, al-
though hY4R and hY1R share high sequence identities.[7] Addi-
tionally, diverse docking of neuropeptide YR ligands to hY1/4R
opposed to hY2/5R has been proposed.[31] Different membrane-
bound structures of the native YR ligands NPY and PP[21b] sug-
gest diverse binding modes at the hYR that might be influ-
enced by lipophilic groups at the ligand site. For modification
with long fatty acids, hydrophobic peptide conjugates might
increase local peptide concentrations at the receptor or mem-
brane proximity, accumulate and impart superior activities, as
concluded from former studies.[16c] However, this assumption
would also speak for improved hY4R activation for longer fatty
acid ligands, which was not observed in our experiments. In
view of the literature, many authors report about enhanced
agonistic effects towards diverse targets[16c, 36] but also slightly
disturbed or unaffected efficacy in correlation to conjugation
with fatty acids.[16a, d, e] Thus, the reason for the unaltered activi-
ty towards the native hY4R could be that the hPP ligands have
high affinities leading to fast target binding independent of
whether the agonists are in solution or attached to the cell
membrane. Steady receptor occupancy may thus prevent
membrane-accumulated ligands from receptor interaction. In
contrast, hY2R and hPP have a reduced affinity, leading to an
increased influence of the elevated local ligand concentration
in proximity to the receptor due to membrane binding. Anoth-
er possibility to explain the diversely improved potency might

be that hydrophobic positions within the individual binding
pockets in the hY1R, hY2R or hY5R that are normally not ad-
dressed by the native ligands become accessible by long-chain
fatty acid analogues and contribute to binding. Apart from
that, all hPP2�36 peptides lipidated with E-Prop (9, 15 a), E-Capr
(10, 16 a) or E-Laur (11, 17) showed acylation-site-dependent
high activity towards hY5R. Nevertheless, these compounds
might still be favorable hY4R-selective therapeutics with re-
spect to their application as drugs since the hY5R is solely ex-
pressed in the central nervous system, which may not be ac-
cessible for peripherally administered hPP.[18b]

The best hY4R-preferring hPP agonists [K30(E-Prop)]hPP2�36

(15 a) and [K30(E-Capr)]hPP2�36 (16 a) along with the E-Pam ana-
logue (18 a) were further examined for their in vitro stability in
human blood plasma and porcine liver homogenates. In con-
trast to hY2R/hY4R-addressing hPP peptides lipidated at posi-
tion 22,[20b] all lipopeptides of the current study significantly
improved plasma half-lives that did not directly correlate to
the fatty acid length. Interestingly, protection was not ob-
served for the longer-chain fatty acid conjugates in concentrat-
ed liver homogenates, whereas the Prop variant revealed in-
creased metabolic stabilization related to the precursor. Al-
though PP constitutes several structural features such as C-ter-
minal amidation[18b] that are beneficial in terms of degradation
through enzymes, its half-life in the circulation was determined
to be less than 7 min.[1] This might be due to fast excretion via
the kidneys[18b, 20a] or rapid proteolytic cleavage.

Basically, fatty acid acylation goes along with prolonged ac-
tions and circulation times that facilitate reversible serum albu-
min binding in a fatty acid length-cooperative manner.[15, 37]

This successful method has broad application[14] and already
led to effective long-acting peptide drugs that are launched
for diabetes treatment (Levemir and Victoza).[11b] Nevertheless,
these results reveal that the optimal length for binding albu-
min might be palmitic acid, but also the very short propanoic
acid revealed remarkable protection at residue 30. Interestingly,
stability towards liver enzymatic digestion was only observed
for the shortest lipopeptide. This could originate from low
serum albumin concentrations in the liver, where albumin is
just produced. However, the propanoyl entity might extend
the half-life not only due to hydrophobic but also by possibly
more pronounced electrostatic interactions of the carboxylate
anion that is also known to contribute to albumin binding.[38]

Conclusions

In summary, two novel human pancreatic polypeptide (hPP)-
derived human Y4 receptor (hY4R)-preferring analogues were
discovered by lipidation with short-chain fatty acids. Strikingly,
the propylated conjugate was more stable in blood plasma
and liver homogenates compared to the precursor peptide in-
dicating its prospective therapeutic potential as anti-obesity
drug. Moreover, within the substituted amino acid residues,
position 22 exhibited a general preference over position 30 at
hY1R, hY2R and hY5R. The impact of variably sized covalently
conjugated fatty acids on the biological profile of hPP uncov-
ered a general selectivity pattern. For this multiligand/multire-

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2014, 9, 2463 – 2474 2470

CHEMMEDCHEM
FULL PAPERS www.chemmedchem.org

www.chemmedchem.org


ceptor system, a universal duality between selectivity and
membrane targeting is proposed by using peptide lipidation.
With the increase in fatty acid chain length, the ligands
become more concentrated on membranes leading to faster
recognition and earlier transitions to the respective receptor
binding pockets.[39] In contrast, shorter fatty acids might lack
appropriate lipophilicity in order to significantly accumulate in
the membrane environment and are thus less active. Hence,
for general applications, one has to distinguish between de-
sired drugability/membrane targeting or selectivity of chemi-
cally engineered hPP. Long-acting and highly active analogues
that target receptors or other membrane proteins without the
need of being subtype selective can be generated with long
alkyl chains such as palmitic acid. Instead, high target specifici-
ty and consequently lower side effects might be achieved with
shorter hydrocarbon chains with moderate protection at suita-
ble modification sites.

Experimental Section

Solid-phase peptide synthesis (SPPS)

Multiple and automated SPPS was performed with a Syro I or
Syro II peptide synthesizer from MultiSynTech (Witten, Germany)
using plastic syringes equipped with teflon frits. Peptides that have
been cleaved from the resin by trifluoroacetic acid (TFA) were iden-
tified by MALDI-TOF MS using a Microflex or Ultraflex III TOF/TOF
device from Bruker Daltonics and the software FlexControl/-Analy-
sis (version 3.0). Purity and quantity of synthesized peptides was
analyzed by RP-HPLC in analytical scale by applying a Merck HPLC
system equipped with a Jupiter 4u Proteo (90 �, 4 mm, 250 �
4.6 mm; Phenomenex), a Jupiter 5u Proteo (300 �, 5 mm, 250 �
4.6 mm; Phenomenex), a Vydac RP-18 (300 �, 5 mm, 250 � 4.6 mm;
Grace Vydac), or a Varian-VariTide RPC column (200 �, 6 mm, 250 �
4.6 mm). Solvents were 0.1 % (v/v) TFA (Sigma–Aldrich) in H2O
(eluent A) and 0.08 % (v/v) TFA in CH3CN (Prolabo; eluent B). Purifi-
cation of raw peptides was performed with a Shimadzu preparative
RP-HPLC by using the same eluents and a Jupiter 10u Proteo RP-
C18 (90 �, 7.78 mm, 250 � 21.2 mm; Phenomenex) or a Vydac RP-C18

HPLC column (300 �; 10 mm, 250 � 22 mm; Grace Vydac), respec-
tively.

Robot-assisted SPPS was performed using the Fmoc/tBu orthogo-
nal protecting group strategy. Amino acid side chain protecting
groups were as follows: trityl (Trt) for Asn, Cys and Gln; tBu for
Asp, Glu, Thr and Tyr; tert-butyloxycarbonyl (Boc) for Trp; and pen-
tamethyl-2,3-dihydrobenzofuran-5-sufonyl (Pbf) for Arg (Fmoc-
amino acids purchased from Iris Biotech, Marktredwitz, Germany).
Automated Fmoc deprotection was carried out with 40 % (v/v) pi-
peridine (Sigma–Aldrich) in N,N-dimethylformamide (DMF; Bio-
solve, Valkenswaard, The Netherlands) for 3 min and 20 % (v/v) pi-
peridine in DMF for 10 min. In situ activation and coupling of
Fmoc-amino acids (0.12 mmol) that were dissolved to 0.5 m in DMF
was performed with OxymaPure (0.12 mmol in DMF, 2 min pre-incu-
bation on resin; Iris Biotech) and N,N’-diisopropylcarbodiimide
(DIC; 0.12 mmol in DMF; Iris Biotech) twice for 30 min.

CF-hPP (1 b), CF-[K4(E-Pam)]hPP (2), CF-[K7(E-Pam)]hPP (3), CF-
[K16(E-Pam)]hPP (4), CF-[K22(E-Pam)]hPP (5), CF-[K30(E-Pam)]hPP
(6): For synthesis of the full-length 5(6)-carboxyfluorescein (CF)-la-
beled peptide, automated SPPS was performed on Rink amide AM
resin (Iris Biotech; 7.5 mmol scale) including a 3 h manual coupling

step of Fmoc-l-Lys(Dde)-OH (20 mg, 0.038 mmol) with 1-hydroxy-
benzotriazole (HOBt; 5.8 mg, 0.038 mmol; Novabiochem) and DIC
(5.9 mL; 0.038 mmol) in 100 mL DMF at position 4 (2), 7 (3), 16 (4),
22 (5) or 30 (6). The N termini of the peptides were modified by re-
action with CF (14.1 mg, 0.075 mmol; Sigma–Aldrich) using HOBt
(5.8 mg, 0.038 mmol) and DIC (5.9 mL, 0.038 mmol) in 100 mL DMF
overnight. CF-polymers were cleaved by incubation with 20 % (v/v)
piperidine in 500 mL DMF for 1 h, followed by an overnight Trt-pro-
tection of CF-hydroxyl groups with trityl chloride (8.4 mg,
0.03 mmol; Merck) and N,N-diisopropylethylamine (DIPEA; 5.3 mL,
0.03 mmol; Sigma–Aldrich) diluted in 250 mL CH2Cl2 (Biosolve). The
1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde)-group was
removed by applying 2 % (v/v) hydrazine in 1 mL DMF (10 � ;
Sigma–Aldrich) for 10 min including DMF washing steps in be-
tween. Success of deprotection was determined by UV measure-
ments of wash solutions at 301 nm. After 3 h manual coupling of
Fmoc-l-Glu-OtBu (16.0 mg, 0.38 mmol) applying HOBt (5.8 mg,
0.038 mmol) and DIC (5.9 mL, 0.038 mmol) in 100 mL DMF, and Fmoc
removal by incubation with 20 % (v/v) piperidine in DMF (2 �
20 min), palmitic acid (Sigma–Aldrich) coupling (9.6 mg,
0.038 mmol) was performed using HOBt (5.8 mg, 0.038 mmol) and
DIC (5.9 mL, 0.038 mmol) in 100 mL N-methyl-2-pyrrolidone (NMP; Bi-
osolve) for 3 h. Cleavage from the resin was performed with TFA
(450 mL), and a scavenger mixture of 1,2-ethanedithiol (EDT; 35 mL;
Sigma–Aldrich) and thioanisole (TA; 15 mL; Sigma–Aldrich) for 3 h.
Peptides were precipitated from ice-cold Et2O (10 mL), washed 5 �
and dried in vacuo. In order to reduce partially oxidized methio-
nine residues, compounds were re-dissolved in TFA (1 mL) and in-
cubated with EDT (16 mL) and bromotrimethylsilane (TMSBr; 12 mL;
Sigma–Aldrich) for 30 min, precipitated and washed with Et2O (5 �
10 mL), dissolved in H2O/tBuOH (1:3, v/v) and finally lyophilized.
Purification was achieved with a preparative RP-C18 HPLC column
(300 �; 10 mm, 250 � 22 mm; Grace Vydac) and linear gradients of
eluent B in A: 20 % to 60 % (v/v) in 40 min for 1 b, 40 % to 80 % (v/
v) in 40 min for peptides 2–6. Incorporation of the fluorophore and
all following steps were performed in the dark. Analytical data and
yields of all compounds are summarized in the Supporting Infor-
mation, Table 1. Calculated masses refer to the averaged isotope
pattern. High deviations of measured versus calculated masses re-
sulted from measurement in the linear mode instead of reflector
mode.

pNPY (7), hPP (1 a), [K22]hPP2�36 (8) and [K30]hPP2�36 (14 a): Pep-
tides were synthesized automatically using a Rink amide AM resin
(15 mmol scale), cleaved from resin with TFA (900 mL) with a scav-
enger mixture of either TA (50 mL) and p-thiocresol (50 mL; Sigma–
Aldrich) for 7, or EDT (70 mL) and TA (30 mL) for 1 a, 8 and 14 a
within 3 h. After precipitation from ice-cold Et2O (10 mL), peptides
were washed 5 � and dried in vacuo. hPP sequences containing
oxidized methionines were reduced as mentioned above, dissolved
in H2O/tBuOH (3:1, v/v) and finally lyophilized. Purification was per-
formed with a preparative Jupiter 10u Proteo RP-C18 HPLC column
(90 �, 7.78 mm, 250 � 21.2 mm; Phenomenex) using a linear gradi-
ent of 20 % to 60 % (v/v) of eluent B in A over 40 min. Yield, puri-
ties, RP-HPLC and MALDI-TOF characterization can be found in
Table 1.

[K22(E-Prop)]hPP2�36 (9), [K22(E-Capr)]hPP2�36 (10), [K22(E-
Laur)]hPP2�36 (11), [K22(E-Pam)]hPP2�36 (12), [K22(E-Ara)]hPP2�36

(13), [K30(E-Prop)]hPP2�36 (15 a), [K30(E-Capr)]hPP2�36 (16 a), [K30(E-
Laur)]hPP2�36 (17), [K30(E-Pam)]hPP2�36 (18 a) and [K30(E-
Ara)]hPP2�36 (19): SPPS was carried out automatically up to
hPP21�36 (9–13) or hPP31�36 (15 a, 16 a, 17–19) on a Rink amide AM
(9–12, 15 a, 16 a, 17, 18 a) or NovaSyn TGR R (Novabiochem) (13,
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19) resin (15 mmol scale). Dde-l-Lys(Fmoc)-OH (40.0 mg,
0.075 mmol) was coupled to the peptide sequence with HOBt
(11.5 mg, 0.075 mmol) and DIC (11.7 mL; 0.075 mmol) in 200 mL DMF
for 3 h, followed by Fmoc deprotection with 10 % 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU; Sigma–Aldrich; v/v) and 10 % (v/v) piperi-
dine in 1 mL DMF (2 and 10 min, respectively), and a 3 h manual
coupling of Fmoc-l-Glu-OtBu (31.9 mg, 0.75 mmol) applying again
HOBt (11.5 mg, 0.075 mmol) and DIC (11.7 mL, 0.075 mmol) in 200 mL
DMF. Subsequent Fmoc removal with 10 % (v/v) DBU and 10 % (v/
v) piperidine in 1 mL DMF (2 and 10 min, respectively) allowed acy-
lation with fatty acids within 3 h. Propanoic acid (9, 15 a ; 5.6 mL,
0.075 mmol; Sigma–Aldrich), caprylic/octanoic acid (10, 16 a ;
11.9 mL, 0.075 mmol; Sigma–Aldrich) and lauric/dodecanoic acid (11,
17; 15 mg, 0.075 mmol; Sigma–Aldrich) were reacted with HOBt
(11.5 mg, 0.075 mmol) and DIC (11.7 mL; 0.075 mmol) in 200 mL DMF,
while palmitic/hexadecanoic (12, 18 a ; 19.2 mg, 0.075 mmol) and
arachidic/eicosanoic acid (13, 19 ; 11.7 mg, 0.075 mmol; Sigma–Al-
drich) were incubated with reactants in NMP. Dde removal was per-
formed as described above, followed by automated peptide elon-
gation to [K22(E-Lip)]hPP2�36 or [K30(E-Lip)]hPP2�36, respectively. Final-
ly, lipidated compounds were cleaved from the resin with TFA
(900 mL) and a scavenger mixture of EDT (70 mL) and TA (30 mL)
within 3 h. Methionine reduction and subsequent dilution was per-
formed as reported for 1 a, 8 and 14 a. For arachidoyl-modified
compounds (13, 19), the scale was halved to 7.5 mmol effecting all
described amounts of reagents. Purification was performed with
a preparative Jupiter 10u Proteo RP-C18 HPLC column (90 �,
7.78 mm, 250 � 21.2 mm; Phenomenex) using linear gradients of
eluent B in A: 20 % to 60 % (v/v) in 40 min for 9, 10, 15 a, 16 a,
20 % to 70 % (v/v) in 40 min for 11, 12, 17, 18 a and 30 % to 80 %
(v/v) in 40 min for 13 and 19. Yield, purities, RP-HPLC and MALDI-
TOF data are shown in Table 1.

TAMRA-[K30]hPP2�36 (14 b): After automated SPPS to full sequence
on a Rink amide AM (14 b) resin (7.5 mmol scale), the peptide was
N-terminally modified with TAMRA (9.7 mg, 0.023 mmol; emp Bio-
tech, Berlin, Germany) by reaction of O-(7-azabenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium-hexafluorophosphate (HATU; 8.6 mg,
0.023 mmol; Novabiochem) and DIPEA (3.9 mL, 0.023 mmol) in
100 mL DMF for 3 h in the dark. The peptide was cleaved from the
resin, reduced as described for CF-labeled compounds, dissolved in
H2O/tBuOH (1:3, v/v) and lyophilized. Purification was performed
with a preparative Jupiter 10u Proteo RP-C18 HPLC column (90 �,
7.78 mm, 250 � 21.2 mm; Phenomenex) using a linear gradient of
20 % to 60 % (v/v) of eluent B in A over 40 min. Steps after incorpo-
ration of the fluorophore were performed in the dark. Yield, puri-
ties, RP-HPLC and MALDI-TOF characterization are listed in Table 3.

K30(TAMRA)]hPP2�36 (20): The peptide was fully synthesized by
robot-assisted peptide synthesis on a NovaSyn TGR R resin
(15 mmol scale) including a 3 h manual coupling step of Fmoc-l-
Lys(Dde)-OH (40 mg, 0.075 mmol) with HOBt (11.5 mg, 0.075 mmol)
and DIC (11.7 mL; 0.075 mmol) in 200 mL DMF at position 30. The N-
terminal l-Ala was Boc-protected allowing selective lysine side
chain modification. After Dde removal as mentioned above, lysine
was modified with TAMRA (19.4 mg, 0.045 mmol) applying HATU
(17.1 mg, 0.045 mmol) and DIPEA (7.7 mL, 0.045 mmol) in 200 mL
DMF for 3 h in the dark. Resin cleavage and methionine reduction
was carried out as described for 1 a. Finally, the peptide was dis-
solved in H2O/tBuOH (1:3, v/v) and lyophilized. Purification was per-
formed with a preparative Jupiter 10u Proteo RP-C18 HPLC column
(90 �, 7.78 mm, 250 � 21.2 mm; Phenomenex) using linear gradients
of 20 % to 60 % (v/v) of eluent B in A over 40 min. Steps after incor-
poration of the fluorophore were performed in the dark. Yield,

purity, RP-HPLC and MALDI-TOF characterization are listed in
Table 3.

TAMRA-[K30(E-Prop)]hPP2�36 (15 b), TAMRA-[K30(E-Prop)]hPP2�36

(16 b) and TAMRA-[K30(E-Pam)]hPP2�36 (18 b): SPPS was performed
automatically up to hPP31�36 on a Rink amide AM resin (7.5 mmol
scale). Dde-l-Lys(Fmoc)-OH (20.0 mg, 0.038 mmol) was coupled to
the peptide using HOBt (5.8 mg, 0.038 mmol) and DIC (5.9 mL;
0.038 mmol) in 100 mL DMF for 3 h, followed by Fmoc removal with
10 % (v/v) DBU and 10 % (v/v) piperidine in DMF (1 mL; 2 and
10 min, respectively) as well as a 3 h manual coupling of Fmoc-l-
Glu-OtBu (16.0 mg, 0.038 mmol) with the same HOBt/DIC-activation
mixture in DMF (100 mL). Fmoc deprotection with 10 % (v/v) DBU
and 10 % (v/v) piperidine enabled acylation with fatty acids within
3 h. Propanoic acid (15 b ; 2.8 mL, 0.038 mmol), caprylic acid (16 b ;
6.0 mL, 0.038 mmol) or palmitic acid (18 b ; 9.6 mg, 0.038 mmol) were
reacted with HOBt (5.8 mg, 0.038 mmol) and DIC (5.9 mL;
0.038 mmol) in 100 mL DMF. Dde removal was performed as de-
scribed above, followed by automated peptide elongation to full
sequence. Lipidated compounds were N-terminally labeled with
TAMRA (9.7 mg, 0.023 mmol) by reaction of HATU (8.6 mg,
0.023 mmol) and DIPEA (3.9 mL, 0.023 mmol) in 100 mL DMF for 3 h
in the dark, cleaved from resin, reduced as described for CF-labeled
compounds, dissolved in H2O/tBuOH (1:3, v/v) and lyophilized. Pu-
rification was performed with a preparative Jupiter 10u Proteo RP-
C18 HPLC column (90 �, 7.78 mm, 250 � 21.2 mm; Phenomenex)
using a linear gradient of 20 % to 60 % (v/v) of eluent B in A over
40 min. Steps after incorporation of the fluorophore were per-
formed in the dark. Yield, purities, RP-HPLC and MALDI-TOF charac-
terization can be found in Table 3.

Radioligand binding studies

African green monkey kidney (COS-7) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; PAA) with 4.5 g L

�1 glu-
cose and l-glutamine supplemented with 10 % (v/v) heat-inactivat-
ed fetal calf serum (FCS; PAA), 100 units ml�1 penicillin (Invitrogen)
and 100 mg mL�1 streptomycin (Invitrogen) in a humidified atmos-
phere at 37 8C and 5 % CO2. For transfection, cells were grown to
60–70 % confluence in 25 cm2 cell culture flasks and treated with
13 mg hY4R-CFP-N1 cDNA[40] and 13 mL Lipofectamine2000 (Invitro-
gen) in OptiMEM reduced serum medium (2.5 mL; Gibco) for 1 h.
After aspirating DNA/lipid solutions, cells were maintained in
normal culture medium (5 mL). 24 h after transient transfection,
COS-7 cells were collected and resuspended in minimal essential
medium (MEM; PAA) without l-glutamine, containing 1 % (w/v)
bovine serum albumin (BSA; PAA) and 5 mm pefabloc (Sigma–Al-
drich). For the radioligand binding assay, 70 000 of transiently
transfected COS-7 cells (200 mL per tube) were treated for 90 min
at RT with 1 nm [3H]-propionylated hPP ([3H]-hPP) (25 mL per tube)
solution and either 1 % (v/v) BSA in H2O (for total binding), or 1 mm

cold hPP or peptide analogue (25 mL per tube; for unspecific bind-
ing), respectively. [3H]-hPP with a specific activity of 95 Ci mmol�1

was obtained by selective radiolabeling as published.[41] Incubation
was terminated by centrifugation (4 8C, 3200 rpm, 5 min). Cell pel-
lets were washed twice with ice-cold phosphate buffered saline
(PBS; PAA) (400 mL per tube), resuspended in PBS (100 mL per tube)
and finally mixed with 3 mL scintillation cocktail (PerkinElmer). Ra-
dioactivity was measured using a betacounter (Tri-Carb 2910 TR,
PerkinElmer). In order to examine IC50 values (concentration of half-
maximal inhibition) of selected analogues, dilution series were pre-
pared in a range of 10�4–10�10

m and incubated and processed as
described above. IC50 values were calculated by nonlinear regres-
sion assuming one-site competition using GraphPad Prism 5.0. Ex-
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periments were performed in triplicate and repeated three times.
Statistical analysis was performed by one-way ANOVA, followed by
Dunnett’s post-hoc test and referred to total binding (*P�0.05,
**P�0.01, *** P�0.001) using GraphPad Prism 5.0.

Inositol phosphate accumulation assays

For signal transduction assays, COS-7 cells stably expressing the re-
spective hYR subtypes and a chimeric Gi/q protein (kindly provided
by E. Kostenis, Universit�t Bonn) were generated as follows. COS-7
cells were co-transfected with linearized hY1/2/4/5-EYFP-pVitro2-
hygro-mcs vector (2 mg) and linearized GD6qi4myr-pVitro2-neo-mcs[23]

(2 mg) using 12 mL Metafectene (Biontex) transfection reagent ac-
cording to the manufacturer’s protocol. Three days post-transfec-
tion, selection was started using 1.5 mg mL�1 G418-sulfate (amres-
co) and 146 mg mL�1 hygromycin B (Invivogen). Cell lines were
raised from single colonies. Cultivation of stable COS-7-hYR-
GaD6qi4myr cells was achieved in a humidified atmosphere at 37 8C
and 5 % CO2. Cells were maintained in DMEM with 4.5 g L

�1 glucose
and l-glutamine supplemented with 10 % (v/v) heat-inactivated
FCS, 100 units ml�1 penicillin, 100 mg mL�1 streptomycin,
1.5 mg mL�1 G418-sulfate and 146 mg mL�1 hygromycin B. To deter-
mine ligand-induced IP accumulation, stably transfected COS-7
cells were seeded into 48-well plates (70 000 cells in 500 mL per
well) and grown for 24 h. Subsequently, cells were labeled with
2 mCi mL�1 myo-[2-3H]-inositol (PerkinElmer) in culture medium
(150 mL per well) without penicillin and streptomycin for at least
16 h, washed (250 mL per well) and stimulated for 1 h at 37 8C
(150 mL per well) with peptides at concentrations ranging from
10�4 to 10�12

m (depending on expected potency) in FCS-free
DMEM with 4.5 g L

�1 glucose and l-glutamine containing 10 mm

LiCl (Sigma–Aldrich). Next, cells were lysed with NaOH (0.1 n,
100 mL per well ; Gr�ssing, Filsum, Germany) for 5 min, neutralized
by addition of formic acid (0.13 m, 50 mL per well ; Gr�ssing) and fi-
nally diluted in sodium borate (5 mm; Merck)/ethylenediaminete-
traacetic acid (EDTA; 0.5 mm ; Applichem) buffer (750 mL per well).
Cell debris was removed, and samples were loaded on a fresh or
regenerated anion exchange resin (AG 1-X8 formate, BIO-RAD;
500 mg per column). After column washing with glycerolphos-
phate elution buffer (5 mm sodium borate, 60 mm sodium formate
(Sigma–Aldrich); 5 mL per column) and H2O (5 mL per column), ra-
dioactive phosphoinositides were eluted with 1 mm ammonium
formate (Paul Lohmann) buffer containing 0.1 m formic acid
(1.25 mL per well), mixed with 3 mL scintillation cocktail and mea-
sured using a betacounter (Tri-Carb 2910 TR). Decay-per-minute
values at the highest used analogue concentration were normal-
ized to the mean value of the respective wild type at full activity
concentration. Collected normalized data were analyzed by nonlin-
ear regression of all datasets using GraphPad Prism 5.0 revealing
global mean EC50 and pEC50 values as well as mean efficacies given
with �SEM. All compounds were investigated in duplicate by at
least two independent experiments.

Circular dichroism (CD) spectroscopy

CD spectra of 10 mm peptide solutions were recorded on a Jasco-
715 spectropolarimeter with a constant nitrogen stream at 22 8C.
10 mm sodium phosphate (Sigma–Aldrich) buffer supplemented
with or without 20 mm SDS (Carl Roth) served as buffer solutions
(pH 7.0). Measurements in the far UV region between 190 nm and
250 nm were conducted with a cuvette of 2 mm path length and
the following parameters: 100 mdeg sensitivity, 0.5 nm data pitch,
continuous scanning mode, 50 nm min�1 scanning speed, 4 s re-

sponse, 2 nm bandwidth and 6 accumulations. Compound concen-
tration was calculated from aromatic absorption of the examined
peptide aliquots in aqueous solution using the molar extinction co-
efficient at 280 nm (e= 5960 m

�1 cm�1). Obtained CD spectra were
baseline corrected in order to subtract buffer effects and converted
into mean residue molar ellipticity [V] given in deg cm2 dmol�1 by
the equation: [V] = (V � M)/(10�c�l�n). V corresponds to the ellip-
ticity in mdeg, M is the compound molar mass in g mol�1, c is the
concentration in mg mL�1, l is the path length of the cuvette in cm
and n is the number of peptide bond residues. All experiments
were performed twice independently. a-Helical contents were cal-
culated by Dichroweb applying K2D estimation.[22] Statistical signifi-
cance was determined by one way-ANOVA, followed by Dunnett’s
post-hoc test and referred to respective [K]hPP2�36 lead com-
pounds (**P�0.01, ***P�0.001) using GraphPad Prism 5.0.

Stability tests in human blood plasma

In order to follow enzymatic degradation of TAMRA-modified ana-
logues, the peptides (15 nmol) were freshly reduced by dilution in
100 mL TFA and treatment with 3 mL TMSBr and 3 mL EDT for
30 min. After precipitation from 1 mL ice-cold Et2O for 20 min, they
were washed and re-suspended further three times with Et2O and
dried in vacuo. Then, peptide aliquots were diluted to 10 mm in
human blood plasma and incubated at 37 8C with mechanical shak-
ing at 500 rpm. Individual samples (150 mL) were taken after 0, 24,
48, 72, 96, 120 and 144 h, and precipitation of proteins was per-
formed with 150 mL CH3CN/EtOH (1:1, v/v ; Applichem) at �20 8C
for 3 h. After centrifugation (RT, 14 000 rpm, 30 s), supernatants
were processed in Costar Spin-X tubes (0.22 mm membrane pore
size) for HPLC analysis. A Varian-VariTide RPC column (200 �, 6 mm,
250 � 4.6 mm) with fluorescence detection (lex : 525 nm, lem:
572 nm) was used with a linear gradient of 5 % to 60 % (v/v) of
eluent B in A over 45 min. Quantity of intact peptide-specific fluo-
rescence was calculated as proportion of control at 0 h (100 %).
The first data points revealed an exponential decay that allowed
determination of half-lives (t1/2) according to an enzymatic degra-
dation of first order. For each compound, every single time point
was analyzed independently at least twice and is presented as the
mean �SEM. Statistical significance of t1/2 values was determined
by one-way ANOVA, followed by Dunnett’s post-hoc test with com-
parison to control peptide 14 b (**P�0.01, ***P�0.001) using
GraphPad Prism 5.0.

Metabolic stability in porcine liver homogenates

Porcine liver (50 g) was hackled and homogenized in PBS (200 mL)
and centrifuged (4 8C, 5000 rpm, 30 min). The supernatant was ali-
quoted and frozen at �70 8C. Degradation of fluorescently labeled
peptides (10 mm final concentration) that were dissolved in 15 mL
H2O/tBuOH (1:3, v/v) was initiated by addition of 50 mg mL�1 ho-
mogenized liver solution in PBS (1.5 mL final volume). Reaction
tubes were kept at 37 8C and mechanical shaking at 500 rpm. Sam-
ples (150 mL) were taken after 0, 2, 4, 6, 8, 12, 24, 36 and 48 h, pro-
cessed and analyzed as described for the human blood plasma
assay. For each compound, every single time point was analyzed
independently at least twice and is shown as the mean �SEM.
Statistical analysis of t1/2 values was calculated by one-way ANOVA,
followed by Dunnett’s post-hoc test and referred to the parent
peptide 14 b (**P�0.01) using GraphPad Prism 5.0.
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