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ABSTRACT: The synthetic hexapeptide growth hormone releasing
peptide-6 (GHRP-6) exhibits dual affinity for the growth hormone
secretagogue receptor 1a (GHS-R1a) and the cluster of differentiation 36
(CD36) receptor. Azapeptide GHRP-6 analogues have been synthesized,
exhibiting micromolar affinity to the CD36 receptor with reduced affinity
toward the GHS-R1a. A combinatorial split-and-mix approach furnished
aza-GHRP-6 leads, which were further examined by alanine scanning.
Incorporation of an aza-amino acid residue respectively at the D-Trp2,
Ala3, or Trp4 position gave aza-GHRP-6 analogues with reduced affinity
toward the GHS-R1a by at least a factor of 100 and in certain cases
retained affinity for the CD36 receptor. In the latter cases, the D-Trp2 residue proved important for CD36 receptor affinity;
however, His1 could be replaced by Ala1 without considerable loss of binding. In a microvascular sprouting assay using a choroid
explant, [azaTyr4]-GHRP-6 (15), [Ala1, azaPhe2]-GHRP-6 (16), and [azaLeu3, Ala6]-GHRP-6 (33) all exhibited antiangiogenic
activity.

■ INTRODUCTION
Growth hormone releasing peptide-6 (GHRP-6, His-D-Trp-Ala-
Trp-D-Phe-Lys-NH2)

1 is a synthetic hexapeptide exhibiting
affinity for the ghrelin receptor (GHS-R1a) and for the type B
scavenger receptor CD36. Initially, GHRP-6 was found to
exhibit high affinity to the former G-protein coupled receptor,
which is expressed predominantly in the hypothalamic−
pituitary axis, causing secretion of growth hormone (GH) by
an independent pathway from that regulated by way of the
growth hormone releasing hormone (GHRH) receptor.2 The
2-methyl-tryptophan analogue of GHRP-6, hexarelin (His-D-2-
Me-Trp-Ala-Trp-D-Phe-Lys-NH2),

3 was subsequently shown to
be more potent than GHRP-6, exhibiting reproducible, dose-
dependent growth-hormone-releasing activity after administra-
tion. Growth hormone secretagogues (GHS), such as GHRP-6
and hexarelin, have since attracted interest for diagnosing and
countering physiological imbalances associated with impaired
GH secretion4 such as obesity,5 acromegaly, short stature, and
aging.6

GHRP-6 and hexarelin were later shown to exhibit
pleiotropic effects. In the cardiovascular system, hexarelin
exhibited antiatherosclerotic activity, which resulted likely from
inhibition of the binding of oxidized low density lipoproteins
(oxLDL) by the type B scavenger receptor CD36,7,8 which
plays a critical role in foam cell formation and atherogenesis by
mediating recognition and internalization of oxLDL.9 For
example, CD36-apoE double-null mice exhibited a significant
decrease in aortic atheromatous plaques in animals fed on a
western diet.10 The CD36 binding sites of hexarelin and (1-

palmitoyl 2-(5′-oxovaleroyl) phosphatidylcholine (POVPC),
the active fragment of oxidized low-density lipoprotein, have
been shown to overlap.11 OxLDL has been shown to induce an
antiangiogenic effect in hyperlipidemic states such as
atherosclerosis and diabetes.12 Moreover, this antiangiogenic
effect was found to be activated upon the binding of the
extracellular matrix protein thrombospondin-1(TSP-1) to
CD36 as endothelial cell receptor.13,14 The CD36 receptor
has thus emerged as an interesting target with potential
therapeutic implications in the treatment of atherosclerotic
conditions as well as those exhibiting marked angiogenesis
(tumors, diabetic retinopathy, age-related macular degener-
ation) because its effects may be modulated both at the
thrombospondin-1 binding site13 as well as at the distinct
oxLDL binding site.
Considering that GHRP-6 analogues exhibit dual affinity for

both the GHS-R1a and CD36 receptors, selective analogues are
desired in order to chemically probe their specific functions.
Moreover, the discovery of compounds with selectivity for the
CD36 receptor, as opposed to the GHS-R1a, may afford novel
therapeutic advantages. With the goal to dial-in specificity,
azapeptide analogues of GHRP-6 were pursued to probe the
biologically active conformations responsible for affinity at the
GHS-R1a and CD36 receptors.
Azapeptides possess one or more aza-amino acid residues in

which the α-CH is replaced by a nitrogen atom.15 In this
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semicarbazide analogue of a natural peptide, the planar urea
and lone pair repulsion between adjacent hydrazine nitrogen
impose conformational restrictions, which favor a β-turn
conformation about the position of the aza-residue, as predicted
by computation and validated by spectroscopic and crystallo-
graphic studies.16 Moreover, azapeptide analogues may exhibit
greater metabolic stability and longer duration of action
because semicarbazides are more difficult to hydrolyze than
the corresponding amides.17 Aza-amino acids have previously
been introduced into peptide sequences to yield compounds
with useful biological activity. Specifically, improved biological
activity has been observed in aza-analogues of peptide
hormones18 such as luteinizing-hormone-releasing hormone
(LHRH),19 and enzyme inhibitors.20−22 For example, the
antagonist activity of [Asp31, Pro34, Phe35]-CGRP27−37 at the
calcitonin gene-related peptide (CGRP) receptor was found to
be contingent on a type II′ β-turn conformer centered at Gly33-
Pro34 by using an aza-amino acid scan of the undecapeptide.23

Introduction of aza-residues has also improved selectivity of
cysteine and serine protease inhibitors.24 Azapeptides have thus
proven effective for development of analogues exhibiting
increased biological activity and improved selectivity.
Previously, we reported an azapeptide GHRP-6 analogue,

[azaPhe4]-GHRP-6, with improved receptor selectivity for the
CD36 versus the GHS-R1a receptor.25 This aza-GHRP-6
analogue was later proposed to adopt a turn conformation
based on NMR studies, suggesting that the improved selectivity
may be due to preorganization of an active conformation for
binding to the CD36 receptor.26 An aza-amino acid scan of the
D-Trp2-Ala3-Trp4 portion of the GHRP-6 peptide has now been
performed to explore in more detail the importance of a
biologically active turn conformation. Employing solid-phase
synthesis using an Fmoc protection strategy, azapeptide
analogues of GHRP-6 were generated in which the nature of
each aza-amino acid was varied. Moreover, the structural
requirements for selective CD36 binding of promising
candidates was explored by alanine scans and N-terminal
modifications using a combinatorial split-and-mix approach for

making azapeptides. The IC50 binding values for both the GHS-
R1a and CD36 receptors have been ascertained and azapeptides
have been identified exhibiting significantly reduced affinity to
the former with maintained potency for the latter receptor.
Finally, the antiangiogenic properties of a set of azapeptides
were assessed in an ex vivo assay in microvascular choroid
explants.27

■ RESULTS AND DISCUSSION

Chemistry. Sequential replacement of the amino acid
residues of the biologically active peptide with the correspond-
ing aza-amino acids, a so-called “aza-amino acid scan”,28 was
used to probe for active turn conformations of GHRP-6. The
aza-amino acid scan of GHRP-6 was accomplished by an Fmoc
protection strategy on Rink amide resin.18 Azapeptides 1−49
were synthesized by employing N′-substituted fluorenylmethyl
carbazates that were activated with phosgene prior to coupling
to the peptide linked to the solid-phase as illustrated in the
synthesis of [azaTyr4]GHRP-6 (15, Scheme 1). N′-Substituted
fluorenylmethyl carbazates were prepared in solution in a two-
step procedure from 9-H-fluoren-9-ylmethyl carbazate (51),
which was heated at reflux with 1 equiv of the respective
aldehyde to prepare the acyl hydrazones. Reduction of
hydrazones was accomplished using either hydrogenation in
the presence of palladium hydroxide or sodium cyanoborohy-
dride reduction in the presence of acetic acid.18 For the
synthesis of the aza-proline analogues, fluoren-9-yl-methyl
pyrazolidine-1-carboxylate hydrochloride was synthesized by
acylation of tert-butyl pyrazolidine-1-carboxylate with Fmoc
succinimide, followed by Boc group deprotection using a 1:1
TFA:DCM mixture.29,30 After Fmoc cleavage, the aza-residue
was acylated using Fmoc-amino acid chloride, generated by the
bis-(trichloromethyl) carbonate (BTC) activated coupling
procedure.18 Notably, epimerization of the trityl-protected
histidine residue was found to occur in some cases as observed
by the presence of two overlapping peaks with identical mass by
LCMS analysis. The epimerization likely occurred during

Scheme 1. Representative Synthesis of 15a

a(i) FmocOSu (0.1 equiv), CH3CN/H2O (1:1); (ii) p-OTBDMS-benzaldehyde (1 equiv), EtOH, reflux; (iii) Pd(OH)2, H2; (iv) phosgene (20% in
toluene, 2 equiv), DCM, 0 °C, 15 min; (v) DIEA (6 equiv); (vi) 20% piperidine in DMF; (vii) Fmoc-Ala-OH, BTC (1 equiv), collidine (12 equiv).
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Table 1. Retention Times, Purity, and Mass of GHRP-6 Analogues

MS [M + 1] or [M + 23]
ions

compound RT (min) in MeCNa RT (min) in MeOH HPLC purity at 214 nmd (%) m/z (calcd) m/z (obsd)

1 (D/L)His-AzaPhe-Ala-Trp-D-Phe-Lys-NH2 14.08 22.64 >99 835.4 835.5
2 (D/L)His-AzaTyr-Ala-Trp-D-Phe-Lys-NH2 13.41 20.21 >99 851.4 851.3
3 (D/L)His-AzaNal-1-Ala-Trp-D-Phe-Lys-NH2 15.41 25.23 >99 885.4 885.5
4 (D/L)His-AzahomoPhe-Ala-Trp-D-Phe-Lys-NH2 14.80 23.37 >99 849.4 849.5
5 (D/L)His-AzaBip-Ala-Trp-D-Phe-Lys-NH2 16.88 26.80 >99 911.5 911.5
6 His-D-Trp-AzaGly-Trp-D-Phe-Lys-NH2 14.48 21.84 >99 860.4 860.3
7 His-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 16.24 25.33 >99 916.5 916.5
8 His-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2 14.96 23.87 >99 835.4 835.5
9 His-D-Trp-Ala-AzaLeu-D-Phe-Lys-NH2 14.27 22.83 >99 801.4 801.5
10 His-D-Trp-Ala-AzaBip-D-Phe-Lys-NH2 17.81 27.68 >99 911.5 911.5
11 His-D-Trp-Ala-AzahomoPhe-D-Phe-Lys-NH2 15.44 24.69 >99 849.4 849.5
12 His-D-Trp-Ala-AzaNal-1-D-Phe-Lys-NH2 16.53 26.08 >99 885.4 885.5
13 His-D-Trp-Ala-Tyr-D-Phe-Lys-NH2 12.59 20.64 >99 850.4 850.5
14 His-D-Trp-Ala-D-Tyr-D-Phe-Lys-NH2 13.17 20.99 >99 850.4 850.5
15 His-D-Trp-Ala-AzaTyr-D-Phe-Lys-NH2 13.57 20.59 >99 851.4 851.3
16 Ala-AzaPhe-Ala-Trp-D-Phe-Lys-NH2 15.67 7.80c 93 769.4 769.4
17 (D/L)His-AzaPhe-Ala-Ala-D-Phe-Lys-NH2 9.99 11.93 >99e 720.4 720.4
18 His-AzaPhe-Ala-Trp-D-Ala-Lys-NH2 9.08 9.11 >99 759.4 759.4
19 His-AzaPhe-Ala-Trp-D-Phe-Ala-NH2 15.54 11.05 97 778.4 778.4
20 Ala-AzaTyr-Ala-Trp-D-Phe-Lys-NH2 13.19 19.02 >99 785.4 785.4
21 (D/L)His-AzaTyr-Ala-Ala-D-Phe-Lys-NH2 8.13 8.18 >99e 736.4 736.4
22 His-AzaTyr-Ala-Trp-D-Ala-Lys-NH2 8.79 10.79 97 775.4 775.4
23 His-AzaTyr-Ala-Trp-D-Phe-Ala-NH2 14.89 21.34 98 794.4 794.4
24 Ala-D-Trp-AzaGly-Trp-D-Phe-Lys-NH2 15.61 17.95b 99 794.4 794.4
25 His-D-Ala-AzaGly-Trp-D-Phe-Lys-NH2 9.64 9.80 >99 745.4 745.4
26 His-D-Trp-AzaGly-Ala-D-Phe-Lys-NH2 8.88 8.95 >99 745.4 745.4
27 His-D-Trp-AzaGly-Trp-D-Ala-Lys-NH2 9.95 12.54 >99 784.4 784.4
28 His-D-Trp-AzaGly-Trp-D-Phe-Ala-NH2 11.01b 18.56b 99 803.4 803.4
29 Ala-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 17.08 12.08c >99 850.5 850.5
30 His-D-Ala-AzaLeu-Trp-D-Phe-Lys-NH2 11.16 10.60b >99 801.4 801.4
31 His-D-Trp-AzaLeu-Ala-D-Phe-Lys-NH2 14.55 12.10 >99 801.5 801.5
32 His-D-Trp-AzaLeu-Trp-D-Ala-Lys-NH2 11.65 11.73 >99 840.5 840.5
33 His-D-Trp-AzaLeu-Trp-D-Phe-Ala-NH2 17.54 13.64c >99 859.4 859.4
34 Ala-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2 15.86 10.62c >99 791.4 791.4
35 His-D-Ala-Ala-AzaPhe-D-Phe-Lys-NH2 8.43 9.97 >99 720.4 720.4
36 His-D-Trp-Ala-AzaPhe-D-Ala-Lys-NH2 10.00 10.10 >99 759.4 759.4
37 His-D-Trp-Ala-AzaPhe-D-Phe-Ala-NH2 16.55 11.96 >99 778.4 778.4
38 His-D-Trp-AzaGly-Pro-D-Phe-Lys-NH2 8.90 11.04 >99 771.4 771.4
39 His-AzaPro-Ala-Trp-D-Phe-Lys-NH2 9.79 9.82 >99e 785.4 785.4
40 His-D-Trp-AzaPro-Trp-D-Phe-Lys-NH2 12.85 17.67 >99 900.5 900.5
41 His-D-Trp-Ala-AzaPro-D-Phe-Lys-NH2 10.94 10.95 >99 785.4 785.4
42 His-D-Trp-Ala-Trp-AzaPro-Lys-NH2 9.96 12.61 >99 824.4 824.4
43 Ppa-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 22.63c 17.88c >99 857.4 857.4
44 D-Ala-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 17.69 11.86c >99 872.5 872.5
45 Gly-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 17.65 11.72c >99 858.4 858.4
46 Pro-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 18.37 12.58c >99 898.5 898.5
47 His-D-Trp-AzaLeu-Trp-D-Phe-NH2 18.14 13.98c >99 788.4 788.4
48 His-D-Trp-AzaLeu-Trp-NH2 14.62 10.75c >99 641.3 641.3
49 D-Trp-AzaLeu-Trp-NH2 18.65 14.06c >99 504.3 504.3

aUnless otherwise noted, analytical HPLC analyses were performed on a TARGA column from Higgins Analytical, Inc. (4.6 mm × 250 mm, 5 μm,
C18) with a flow rate of 1.5 mL/min using a 40 min linear gradient from water (0.1% TFA) to CH3CN (0.1% TFA) (method 1) or to MeOH (0.1%
TFA) (method 2) for compound 1−15 and on a GEMINI column from Phenomenex (4.6 mm × 150 mm, 5 μM, C18) with a flow rate of 0.5 mL/
min using a 2−40% gradient of water (0.1% FA) in CH3CN (0.1% FA) or in MeOH (0.1% FA) for compounds 15−49. bAnalytical HPLC analyses
were performed using the same GEMINI column as in (a), with a 10−50% gradient of water (0.1% FA) in CH3CN (0.1% FA) or in MeOH (0.1%
FA). cAnalytical HPLC analyses were performed using the same GEMINI column as in (a), with a 20−80% gradient of water (0.1% FA) in CH3CN
(0.1% FA) or in MeOH (0.1% FA). dHPLC purity at 214 nm of the purified peptide. eA mixture of isomers was observed as two overlapping peaks
with identical masses. fObserved masses corresponding to the H+ and Na+ adducts.
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coupling to the aza-residue using BTC. Such azapeptides were
examined as inseparable diastereoisomeric mixtures. Peptide
chain elongation, cleavage, and purification were conducted
according to general solid-phase peptide synthesis protocols.31

Loss of the side-chain of the aza-tryptophan residue was found
to occur during the acidic cleavage of the azapeptide derivatives
such that the azaGly analogue was recovered.18 Instead of
azaTrp analogues, a series of aza-amino acid chlorides were

Table 2. IC50 Binding Values for GHS-R1a and CD36 Receptors of GHRP-6 Analogues

IC50 binding

compd no. compd GHS-R1a (M) CD36 (M)

GHRP-6 His-D-Trp-Ala-Trp-D-Phe-Lys-NH2 6.08 × 10−9 1.82 × 10−6

hexarelin His-D-Trp(2-Me)-Ala-Trp-D-Phe-Lys-NH2 1.59 × 10−8 2.08 × 10−6

57 (EP80317) Haic-D-Trp(2-Me)-D-Lys-Trp-D-Phe-Lys-NH2 7.50 × 10−7 1.11 × 10−6

1 (D/L)His-AzaPhe-Ala-Trp-D-Phe-Lys-NH2 1.61 × 10−5 7.24 × 10−5

2 (D/L)His-AzaTyr-Ala-Trp-D-Phe-Lys-NH2 8.53 × 10−6 1.80 × 10−6

3 (D/L)His-AzaNal-1-Ala-Trp-D-Phe-Lys-NH2 4.65 × 10−7 ≫10−5

4 (D/L)His-AzahomoPhe-Ala-Trp-D-Phe-Lys-NH2 7.29 × 10−7 3.68 × 10−5

5 (D/L)His-AzaBip-Ala-Trp-D-Phe-Lys-NH2 1.64 × 10−6 2.32 × 10−5

6 His-D-Trp-AzaGly-Trp-D-Phe-Lys-NH2 8.08 × 10−7 9.61 × 10−6

7 His-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 1.20 × 10−6 2.89 × 10−6

8 His-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2 2.77 × 10−6 1.34 × 10−6

9 His-D-Trp-Ala-AzaLeu-D-Phe-Lys-NH2 1.95 × 10−5 ≫10−5

10 His-D-Trp-Ala-AzaBip-D-Phe-Lys-NH2 1.34 × 10−6 1.35 × 10−5

11 His-D-Trp-Ala-AzahomoPhe-D-Phe-Lys-NH2 3.74 × 10−6 ≫10−5

12 His-D-Trp-Ala-AzaNal-1-D-Phe-Lys-NH2 7.23 × 10−7 3.62 × 10−5

13 His-D-Trp-Ala-Tyr-D-Phe-Lys-NH2 7.71 × 10−7 1.32 × 10−5

14 His-D-Trp-Ala-D-Tyr-D-Phe-Lys-NH2 3.25 × 10−6 1.20 × 10−5

15 His-D-Trp-Ala-AzaTyr-D-Phe-Lys-NH2 1.57 × 10−5 2.80 × 10−5

16 Ala-AzaPhe-Ala-Trp-D-Phe-Lys-NH2 ≫10−5 4.27 × 10−5

17 (D/L)His-AzaPhe-Ala-Ala-D-Phe-Lys-NH2 ≫10−5 ≫10−5

18 His-AzaPhe-Ala-Trp-D-Ala-Lys-NH2 ≫10−5 ≫10−5

19 His-AzaPhe-Ala-Trp-D-Phe-Ala-NH2 5.10 × 10−5 ≫10−5

20 Ala-AzaTyr-Ala-Trp-D-Phe-Lys-NH2 ≫10−5 3.69 × 10−5

21 (D/L)His-AzaTyr-Ala-Ala-D-Phe-Lys-NH2 ≫10−5 ≫10−5

22 His-AzaTyr-Ala-Trp-D-Ala-Lys-NH2 ≫10−5 ≫10−5

23 His-AzaTyr-Ala-Trp-D-Phe-Ala-NH2 ≫10−5 ≫10−5

24 Ala-D-Trp-AzaGly-Trp-D-Phe-Lys-NH2 5.68 × 10−7 6.06 × 10−6

25 His-D-Ala-AzaGly-Trp-D-Phe-Lys-NH2 ≫10−5 ≫10−5

26 His-D-Trp-AzaGly-Ala-D-Phe-Lys-NH2 ≫10−5 ≫10−5

27 His-D-Trp-AzaGly-Trp-D-Ala-Lys-NH2 ≫10−5 ≫10−5

28 His-D-Trp-AzaGly-Trp-D-Phe-Ala-NH2 4.50 × 10−5 ≫10−5

29 Ala-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 1.12 × 10−5 6.66 × 10−6

30 His-D-Ala-AzaLeu-Trp-D-Phe-Lys-NH2 ≫10−5 ≫10−5

31 His-D-Trp-AzaLeu-Ala-D-Phe-Lys-NH2 ≫10−5 2.59 × 10−5

32 His-D-Trp-AzaLeu-Trp-D-Ala-Lys-NH2 ≫10−5 9.48 × 10−6

33 His-D-Trp-AzaLeu-Trp-D-Phe-Ala-NH2 8.17 × 10−6 7.59 × 10−6

34 Ala-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2 ≫10−5 7.58 × 10−6

35 His-D-Ala-Ala-AzaPhe-D-Phe-Lys-NH2 ≫10−5 ≫10−5

36 His-D-Phe-Ala-AzaPhe-D-Ala-Lys-NH2 ≫10−5 ≫10−5

37 His-D-Phe-Ala-AzaPhe-D-Phe-Ala-NH2 ≫10−5 ≫10−5

38 His-D-Trp-AzaGly-Pro-D-Phe-Lys-NH2 ≫10−5 ≫10−5

39 His-AzaPro-Ala-Trp-D-Phe-Lys-NH2 ≫10−5 ≫10−5

40 His-D-Trp-AzaPro-Trp-D-Phe-Lys-NH2 ≫10−5 9.81 × 10−6

41 His-D-Trp-Ala-AzaPro-D-Phe-Lys-NH2 ≫10−5 ≫10−5

42 His-D-Trp-Ala-Trp-AzaPro-Lys-NH2 ≫10−5 ≫10−5

43 Ppa-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 3.86 × 10−6 ≫10−5

44 D-Ala-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 3.61 × 10−6 1.33 × 10−5

45 Gly-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 5.41 × 10−6 1.05 × 10−5

46 Pro-D-Trp-AzaLeu-Trp-D-Phe-Lys-NH2 1.17 × 10−6 7.97 × 10−6

47 His-D-Trp-AzaLeu-Trp-D-Phe-NH2 4.55 × 10−6 9.01 × 10−6

48 His-D-Trp-AzaLeu-Trp-NH2 8.56 × 10−5 ≫10−5

49 D-Trp-AzaLeu-Trp-NH2 ≫10−5 ≫10−5

50 Aib-D-Trp(2-Me)-D-Trp(2-Me)-NH2 6.29 × 10−8 ≫10−5a

aValue was reported earlier in ref 7.
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made on exposing phosgene to different N′-substituted
fluorenyl-methyl carbazates: benzyl,18 4-(t-butyldimethyl-
silyloxy)benzyl,18 2-phenylethyl, 1-naphthylmethyl,32 and bi-
phenyl-4-ylmethyl.32

A library of azapeptides was prepared in parallel for the
alanine scan. Azapeptides 15−49 were constructed on resin in
IRORI Kans.33 MacroKans were respectively filled with 75−
100 mesh Rink resin and a radiofrequency (Rf) tag associated
to a unique ID number. In a split-and-mix approach, Kans were
pooled together and exposed to identical conditions in a
normal glass vessel. Upon completion of the reaction,
MacroKans were washed, separated, sorted, and pooled
accordingly for next reactions. Cleavage of the final peptide
from the resin was performed by treating each individual
MacroKan with TFA:H2O:TES (95: 2.5: 2.5 v/v/v) for 2 h in a
20 mL glass vial. The MacroKans were washed with TFA, and
the filtrate and washings were concentrated to an approximate
volume of 1 mL before dilution with Et2O for precipitation of
the azapeptides. The ether layer was decanted after
centrifugation, and the resulting peptide was dissolved in
MeCN:H2O (1:1) and freeze-dried to yield a white foam in
average yields of 44% for peptides 1−15 and 5.1% for peptides
15−49 after RP-HPLC purification. The retention times,
HPLC purity, and exact mass for each azapeptide are reported
in Table 1.
Biological Results. Azapeptides 1−49 were examined for

binding to the GHS-R1a and CD36 receptors using previously
reported protocols. In short, the affinity for the ghrelin receptor
was assessed in a competition binding study using [I125]
radiolabeled ghrelin, membranes from GHS-R1a transfected
cells, and aza-GHRP-6 analogues as the competitive ligands in
increasing concentrations ranging from 10−12 to 10−5 M.34

CD36 receptor binding was assessed by a covalent competition
binding study using [I125] radiolabeled photoactivatable
hexarelin derivative as a radioligand and rat cardiac membranes
as a source of CD36 receptor, as previously reported.35

Azapeptide GHRP-6 analogues were used as competitive
ligands in concentrations ranging from 0.1 to 50 μM. According
to the test results, certain azapeptides were found to retain
affinity for the CD36 receptor; however, their binding was
considerably reduced at the GHS-R1a receptor (Table 2).
Azapeptides were made by placement of an aza-residue at

either the D-Trp2, Ala3, or Trp4 positions. A variety of aromatic
side chains were examined at the 2- and 4-positions due to the
instability of aza-tryptophan under acidic conditions.18 More-
over, [Tyr4]- and [D-Tyr4]-GHRP-6 (13 and 14) were prepared
for direct comparison with 15. Many azapeptides exhibited
significant losses of activity at both receptors. Azapeptides 2, 6,
7, and 8, having respectively azaTyr2, azaGly3, azaLeu3, and
azaPhe4, retained affinity to the CD36 receptor in the
micromolar range, yet lost affinity to GHS-R1a by a factor of
102−104. Loss of affinity to the CD36 receptor by about a
factor of 10 was observed on going from [azaTyr2]-GHRP-6
(2) to [azaPhe2]-GHRP-6 (1) and from [azaPhe4]-GHRP-6
(8) to [azaTyr4]-GHRP-6 (15), indicating that the tyrosine
side chain was better tolerated at the D-Trp2 position.
Furthermore, a 10-fold loss of affinity toward the CD36
receptor was observed upon substitution of the Trp4 residue for
Tyr (13) or D-Tyr (14). Replacement of D-Trp2 and Trp4,
respectively, with azanaphthalene-1 (azaNal-1), azaHomoPhe,
and azaBiphenyl (azaBip) decreased affinity to the CD36
receptor by a factor of 10−103. From the preliminary results,

azapeptides 1, 2, 6, 7, and 8 were selected as leads for alanine
scans and further structure−activity relationship studies.
Replacement of the amino acid residues by an alanine residue

was performed systematically on leads 1, 2, 6, 7, and 8 to
provide azapeptides 16−37, and their affinity was ascertained at
both the GHS-R1a and CD36 receptors (Table 2). Notably, the
His1 residue could be replaced with alanine without significant
loss of affinity. For example, relative to the CD36 receptor
binding of their respective His1 azapeptide counterparts, [Ala1,
azaGly3]-GHRP-6 (24), [Ala1, azaLeu3]-GHRP-6 (29), and
[Ala1, azaPhe4]-GHRP-6 (34), all retained affinity, and [Ala1,
azaPhe2]-GHRP-6 (16) and [Ala1, azaTyr2]-GHRP-6 (20)
exhibited only a 10-fold loss in affinity. The replacement of D-
Trp2 by D-Ala caused a significant drop in affinity to both
receptors in all cases (e.g., 27, 30, and 35), indicating the
importance of the aromatic side chain at this position. Except
for [azaLeu3, Ala4]-GHRP-6 (31), which exhibited a 10-fold
loss of binding for the CD36 receptor relative to its Trp4

counterpart, azapeptides (e.g., 17, 21, and 26) suffered >10-fold
losses in affinity on replacement of Trp4 by an alanine.
Similarly, [azaLeu3, D-Ala5]- and [azaLeu3, Ala6]-GHRP-6 (32
and 33) retained micromolar affinity for the CD36 receptor;
however, replacement of D-Phe5 and Lys6 respectively by D-Ala
and Ala caused >10-fold losses of affinity toward both the GHS-
R1a and CD36 receptors in [Ala5]-azapeptides 18, 22, 27, and
36 and [Ala6]-azapeptide 19, 23, 28, and 37.
The results of the alanine scan identified [Ala1, azaLeu3]-

GHRP-6 (29), [azaLeu3, D-Ala5]-GHRP-6 (32), and [Ala1,
azaPhe4]-GHRP-6 (34), which retained micromolar affinity for
the CD36 receptor, yet lost by >104-fold ability to bind GHS-
R1a. Moreover, [Ala1, azaGly3]-GHRP-6 (24) and [azaLeu3,
Ala6]-GHRP-6 (33) maintained micromolar affinity for the
CD36 receptor and lost by ≥100-fold affinity for the GHS-R1a.
Notably, replacement of Ala3 by azaLeu3 in GHRP-6 provided
several analogues with good affinity, including [Ala1, azaLeu3]-
GHRP-6 (29), [azaLeu3, D-Ala5]-GHRP-6 (32), and [azaLeu3,
Ala6]-GHRP-6 (33). On the basis of these findings, along with
the discovery that replacement of His1 by Ala was well
tolerated, a third generation of analogues were designed and
synthesized. The His1 residue of [azaLeu3]-GHRP-6 (7) was
replaced with propionic acid (Ppa), D-Ala, Gly, and Pro to
afford aza-GHRP-6 analogues 43−46, and truncation of 7
afforded penta-, tetra-, and triazapeptides 47−49.
Replacement of His1 by proline in 46 maintained micromolar

affinity for the CD36 receptor. A 10-fold loss of affinity ensued
on replacement of His1 respectively by D-alanine 44 and glycine
45 and a >10-fold loss of affinity for the CD36 receptor
resulted from substituting a propionyl moiety 43 for His1. In all
cases, a 103 fold loss of affinity was observed with respect to the
GHS-R1a. Results from the affinity studies of truncated
azapeptides 47−49 toward both receptors revealed that only
loss of Lys6 was tolerated and penta-azapeptide 47 maintained
micromolar affinity for the CD36 receptor. This result and the
maintained affinity of [azaLeu3, Ala6]-GHRP-6 (33) demon-
strated that the Lys6 residue was unnecessary for [azaLeu3]-
GHRP-6 to bind to the CD36 receptor, in sharp contrast to the
decreased affinity exhibited by [azaPhe2, Ala6]-GHRP-6 (19),
[azaTyr2, Ala6]-GHRP-6 (23), [azaGly3, Ala6]-GHRP-6 (28),
and [azaPhe4, Ala6]-GHRP-6 (37).
In parallel to the alanine scan of azapeptides 1, 2, 6, 7, and 8,

azapeptides 39−42 containing an aza-proline residue were
synthesized to further explore the conformational requirements
for binding to GHS-R1a and CD36 receptors. Systematic
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substitution of azaPro for each residue in the D-Trp2-Ala3-Trp4-
D-Phe5 portion of GHRP-6 gave [azaPro3]-GHRP-6 (40),
which retained micromolar affinity for the CD36 receptor and
lost affinity for the GHS-R1a receptor. The other azaPro
analogues (39, 41, and 42) lost affinity to both receptors.
Considering the conformational preference for azaPro to adopt
the i + 2 position of a type VI β turn,36 such a conformation
may be responsible for [azaPro3]-GHRP-6 (40) retaining
CD36 receptor affinity without binding to GHS-R1a.
A subset of azapeptides containing [azaTyr4]-GHRP-6 (15),

[Ala1, azaPhe2]-GHRP-6 (16), [Ala1, azaGly3]-GHRP-6 (24),

[azaLeu3, Ala6]-GHRP-6 (33), and [Ala1, azaPhe4]-GHRP-6
(34) was selected for investigation of potential antiangiogenic
properties. Relative to hexarelin, all five analogues displayed a
≥100-fold decrease in affinity for GHS-R1a, azapeptides 24, 33,
and 34 retained micromolar affinity to the CD36 receptor and
azapeptides 15 and 16 exhibited a 10-fold drop in CD36
receptor affinity. In addition, azapeptides 16, 24, and 33 were
found to feature relatively lower differential binding selectivity
toward both ghrelin and CD36 receptors. Antiangiogenic
properties were examined by means of a microvascular
sprouting assay using mouse choroidal explants (Figure 1).

Figure 1. Antiangiogenic effect of CD36 mediators. (A) Representative microvascular sprouting from Matrigel-embedded choroidal explants treated
4 days with azapeptides (10−5 M, scale bar 50 μm). (B) The corresponding histogram values of quantification of choroidal sprouting areas in (A).
Values are mean ± SEM *P < 0.05 compared to corresponding control values. Values are mean ± SEM choroidal area sprouting (J4) compared to
corresponding control values (J0) *P < 0.05. The units are arbitrary. The values correspond to the subtraction of total area minus area of explant.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300557t | J. Med. Chem. 2012, 55, 6502−65116507



The tripeptides D-Trp-AzaLeu-Trp-NH2 (49) and Aib-D-Trp(2-
Me)-D-Trp(2-Me)-NH2 (50), which had demonstrated a ≥10
loss of affinity toward both receptors, were used as negative
controls. On the other hand, Haic-D-Trp(2-Me)-D-Lys-Trp-D-
Phe -Lys -NH2 (57 , Ha i c = 5 -amino -1 ,2 , 4 , 5 , 6 , 7 -
tetrahydroazepino[3,2,1-hi]indol-4-one-2-carboxylate),35 a pep-
tide known to bind to the CD36 receptor (Table 2, entry 3),
was used as a positive control.
Quantification of microvascular sprouting after a 4-day

treatment (J4 vs J0) with azapeptides 15, 16, and 33 revealed
respectively 17, 28, and 25% of choroid sprouting, respectively,
compared to the control condition of 53% of neovasculariza-
tion, thereby underlining their antiangiogenic properties.
Positive control 57 featured 3% of choroid sprouting. On the
other hand, [Ala1, azaGly3]-GHRP-6 (24) and D-Trp-AzaLeu-
Trp-NH2 (49), showing 72 and 47% of choroid sprouting
respectively as compared to the control condition of 53% of
neovascularization, did not feature any angiogenic activity. A
reverse pharmacologic profile was displayed by [Ala1, azaPhe4]-
GHRP-6 (34), which increased neovascularization to 105%
after the 4-day treatment, an effect which may be due to
activation of Src recruitment and a VEGF-driven Akt
phosphorylation pathway.37 Azapeptide analogues, which bind
selectively the CD36 receptor without affinity for GHS-R1a,
may thus induce different biological responses, contingent on
the nature and position of the aza-amino acid residue.
The conformations of the azapeptides [azaTyr4]-GHRP-6

(15) and [Ala1, azaPhe4]-GHRP-6 (34), which respectively
caused a reduction or an increase in neovascularization relative
to control, were examined by circular dichroism spectroscopy in
water (Figure 2). The CD signature of GHRP-6 in water was

characteristic of a random coil, exhibiting a negative maximum
around 190 nm. On the other hand, the CD curves of
azapeptides 15 and 34 were indicative of β-turn conformations,
with distinctive negative maxima at 230 and 190 nm and a
positive maximum at 215 nm.38 Previously, [azaPhe4]-GHRP-6
(8) was found to exhibit a similar CD curve shape indicative of
a β-turn conformation, which was supported by NMR
spectroscopic studies.25 The similar conformations exhibited
by [azaTyr4]-GHRP-6 (15) and [Ala1, azaPhe4]-GHRP-6 (34)
in water does not correlate with their divergent biological
responses arising from the binding to the CD36 receptor.
Further studies are in progress to elucidate the structural and
conformational requirements, which are responsible for

azapeptides exhibiting differential responses on angiogenesis
upon binding to the CD36 receptor.

■ CONCLUSION
In contrast to natural GHRP-6, which exhibits affinity for the
GHS-R1a and CD36 receptor, in nanomolar and micromolar
range, respectively, certain azapeptide analogues of GHRP-6
have been developed that maintain binding to the CD36
receptor while losing affinity for the GHS-R1a receptor.
Additionally, certain analogues were found to reduce micro-
vascular sprouting, displaying antiangiogenic properties. Aza-
amino acid residues are known to induce turn conformations in
peptides, and such conformational constraints may likely
prevent binding toward one receptor. In particular, aza-residues
at positions 2−4 (D-Trp-Ala-Trp) of GHRP-6 may induce a β-
turn geometry responsible for affinity to the CD36 receptor. In
this geometry, His1 appears to be less important for binding
than D-Trp2 and Lys6. Setting a foundation for ongoing
research, this study is positioned to further the elucidation of
the structural features for selectivity and affinity for the CD36
receptor and modulation of its function.

■ EXPERIMENTAL SECTION
Azapeptides 1−49 were prepared on solid support using an acid labile
Rink resin and a Fmoc/tBu protocol previously reported in which the
syntheses of 2, 8, and 15 were described.18 Incorporation of aza-amino
acid into peptide was performed using either 1,3,4-oxadiazol-2(3H)-
one for the aza-Gly residue39 or suitable N′-alkyl fluoren-9-ylmethyl
carbazates which provided the corresponding N-(Fmoc)aza-amino
acid chlorides for coupling onto the growing chain of the resin-bound
peptide.18 Acylation of the aza-amino residue was performed using
BTC as an activating agent.18 Coupling to normal amino acid residues
with N-(Fmoc)amino acids (300 mol %) was performed according to
general solid-phase peptide synthesis protocols using HBTU (300 mol
%), DIEA (600 mol %), and DMF for 3 h.31 N-(Fmoc)Amino acids
were purchased from GL Biochem. The side-chains of lysine and
tryptophan were protected with Boc groups, the histine imidazole was
protected with a trityl group, and the phenol of tyrosine was protected
as a tert-butyldimethylsilyl ether.

Rink resin (0.65 mmol/g) was purchased from Advanced Chemtech
Inc., and the manufacturer’s reported loading of the resin was used in
the calculation of the yields of the final products. Phosgene (20% in
toluene) was purchased from Fluka. Melting points were uncorrected.
1H and 13C NMR spectra were recorded respectively at 400 and 100
MHz in CDCl3 or DMSO as the solvent and internal reference. Thin-
layer chromatography was performed on silica gel 60 F254 plates from
Merck. Flash chromatography was performed on silica gel 60 (230−
400 mesh ASTM) from Merck.

Azapeptides 1−15. Analytical HPLC analyses were performed on
a TARGA column from Higgins Analytical, Inc. (4.6 mm × 250 mm, 5
μm, C18) with a flow rate of 1.5 mL/min using a 40 min linear gradient
from water (0.1% TFA) to CH3CN (0.1% TFA) (method 1) or
MeOH (0.1% TFA) (method 2). Azapeptides were purified using
semipreparative LC-MS (Previal C18 column, 22 mm × 250 mm,
particle size 5 μm) with solvent A, H2O (0.1% TFA), and solvent B,
acetonitrile (0.1% TFA) using a gradient of 20−40% of A over 20 min
at a flow rate of 15 mL/min.

Purity of azapeptides was assessed using analytical HPLC analyses
performed on a TARGA column from Higgins Analytical, Inc. (4.6
mm × 250 mm, 5 μm, C18) with a flow rate of 1.5 mL/min using a 40
min linear gradient from water (0.1% TFA) to CH3CN (0.1% TFA)
(method 1) or to MeOH (0.1% TFA) (method 2), and high
resolution mass spectrometry. Azapeptides were purified to >99%
purity.

Azapeptides 15−49. Azapeptides 15−49 were synthesized using
IRORI Kan technology. MacroKans were respectively filled with 130
mg (0.0845 mmol) of 75−100 mesh Rink Resin SS and a

Figure 2. Circular dichroism spectra in water of azapeptides 15 and 34
compared with GHRP-6.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300557t | J. Med. Chem. 2012, 55, 6502−65116508



radiofrequency (Rf) tag associated to a unique ID number. In a split-
and-mix approach, Kans undergoing identical reactions were pooled
together in a normal glass vessel that was filled with solvent and
reagents. Upon completion of the reaction, MacroKans were washed
three times sequentially with DMF, MeOH, and DCM, separated,
sorted, and pooled accordingly for next reactions. Cleavage of the final
peptide from the resin with simultaneous removal of protection from
amino acid side chains was performed by treatment with
TFA:H2O:TES (95:2.5:2.5 v/v/v) for 2 h. The resin was filtered
and washed with TFA, and the filtrate and washings were concentrated
to an approximate volume of 1 mL before dilution with Et2O for
precipitation of the azapeptides. The ether layer was decanted after
centrifugation, and the resulting peptide was dissolved in MeCN:H2O
(1:1) and freeze-dried to yield a white foam in average yields of 44%
for peptides 1−15 and 5.1% for peptides 15−49 after purification
using RP-HPLC.
Analytical HPLC analyses were performed on a Gemini column

(4.6 mm × 150 mm, 5 μM, C18) with a flow rate of 0.5 mL/min using
either a 2−40%, 10−50%, or 20−80% gradient from water (0.1% FA)
to CH3CN (0.1% FA) or MeOH (0.1% FA). Azapeptides were
purified using semipreparative LC-MS (Previal C18 column, 22 mm ×
250 mm, particle size 5 μm) with solvent A, H2O (0.1% FA), and
solvent B, acetonitrile (0.1% FA) using a gradient over 20 min at a
flow rate of 10.6 mL/min.
Purity of azapeptides was assessed using a GEMINI column from

Phenomenex (4.6 mm × 150 mm, 5 μM, C18) with a flow rate of 0.5
mL/min using a 2−40%, 10−50%, or 20−80% gradient of water (0.1%
FA) in CH3CN (0.1% FA) or in MeOH using (0.1% FA), and high
resolution mass spectrometry. Azapeptides were purified to 93−99%
purity.
General Procedure for the Synthesis of 9H-Fluoren-9-

ylmethyl carbazate and N′-Alkyl-Fluorenylmethyl carbazates.
9H-Fluoren-9-ylmethyl carbazate (51),40 N′-2-isobutyl-fluorenyl meth-
yl carbazate,18 N′-benzyl-fluorenylmethyl carbazate,18 N′-(4-(t-butyldi-
methylsilyloxy)-benzyl)-fluorenyl-methyl carbazate,18 N′-(1-naphthyl-
methyl)-fluorenylmethyl carbazate,32 and N′-(biphenyl-4-ylmethyl)-
fluorenylmethyl carbazate32 all were synthesized according to literature
procedures.
Synthesis of N′-2-Phenylethyl-fluorenylmethyl Carbazate. A

suspension of 9H-fluoren-9-ylmethyl carbazate in EtOH (0.2 M, 2.5
mmol) was treated with 100 mol % of phenylacetaldehyde (2.5 mmol),
heated at reflux for 2 h, and concentrated in vacuo. The hydrazone was
dissolved in THF (0.2 M) and treated successively with 110 mol % of
AcOH and 110 mol % of NaBH3CN, stirred for 1 h, and treated with
additional NaBH3CN if necessary until completion of the reaction was
observed by TLC. The mixture was concentrated in vacuo. The
residue was dissolved in EtOAc, and the organic solution was washed
with aqueous KHSO4 (1M) and brine, dried over Na2SO4, and
concentrated under reduced pressure to yield a white solid, which was
dissolved in EtOH and heated at reflux for 1 h. The mixture was
concentrated under reduced pressure to yield a residue that was
purified by flash chromatography using 50% EtOAc in hexane as eluant
and isolated as white foam in 76% yield: Rf = 0.26 (50% EtOAc in
hexanes). 1H NMR (DMSO) δ 2.67 (t, J = 7.2 Hz, 2H), 2.94 (m, 2H),
4.24 (t, J = 6.8 Hz, 1H), 4.34 (d, J = 6.8 Hz, 2H), 4.63 (m, 1H), 7.14−
7.36 (m, 7H), 7.42 (t, J = 7.6 Hz, 2H), 7.71 (d, J = 7.2 Hz, 2H), 7.90
(d, J = 7.6 Hz, 2H), 8.78 (brs, 1H). 13C NMR (DMSO) δ 33.9, 46.8,
52.5, 65.6, 120.2 (2C), 125.3 (2C), 125.9, 127.2 (2C), 127.8 (2C),
128.3 (2C), 128.8 (2C), 140.2, 140.8 (2C), 143.9 (2C), 157.0. LRMS
(EI) 359.1 (M + H)+, 381.2 (M + Na)+. HRMS (EI) m/e for
C23H23N2O2 (M + H)+, calcd 396.1918, found 396.1919.
Synthesis of Fluoren-9-yl-methyl pyrazolidine-1-carboxy-

late hydrochloride. tert-Butyl pyrazolidine-1-carboxylate41 (1.39 g,
8.08 mmol) was treated with Fmoc succinimide (3.27 g, 9.69 mmol,
1.2 equiv) in dry dichloromethane (20 mL) with stirring overnight.
The volatiles were removed using a rotary evaporator. The residue was
dissolved in EtOAc. The organic solution was washed three times,
respectively, with 5% citric acid, 5% NaHCO3 and brine, dried over
Na2SO4, filtered, and concentrated to a white foam, which was purified
by column chromatography using 7:3 EtOAc:hexane as eluant.

Evaporation of the collected fractions afforded 1-(9H-fluoren-9-
yl)methyl 2-tert-butylpyrazolidine-1,2-dicarboxylate as a low melting
white solid in a 94% yield. Pyrazolidine-1,2-dicarboxylate (1.34 g, 3.4
mmol) was treated with 25 mL of a 1:1 TFA:DCM solution and
stirred for 1 h. Removal of the volatiles by rotary evaporation gave a
residue, which was dissolved in 1N HCl, stirred for 1 h, and freeze-
dried to yield (9H-fluoren-9-pyrazolidine-1-yl)methyl-1-carboxylate
hydrochloride: mp 143.2−148.1 °C, lit. mp 142 °C.30 Spectral
characterization data was identical with that in ref 29.

Membrane Preparation for CD36. Animal use was in accordance
with the Institutional Animal Ethics Committee and the Canadian
Council on Animal Care guidelines for the use of experimental
animals. Sprague−Dawley (275−350 g) rats were necrotized with CO2
until complete loss of consciousness, and their hearts were promptly
removed in ice-cold saline and the cardiac membranes were prepared
according to Harigaya and Schwartz.42

Competitive Covalent CD36 Binding Assay Using Photo-
activatable [125I]-Tyr-Bpa-Ala-Hexarelin as Radioligand. The
radioiodination procedure to prepare the photoactivatable ligand and
the receptor binding assays were performed as previously described by
Bodart et al.35 Briefly, the rat cardiac membranes (200 μg) as source of
CD36 were incubated in the dark in 525 μL of 50 mM Tris-HCl pH
7.4 containing 2 mM EGTA (buffer A) in the presence of a fixed
concentration of [125I]-Tyr-Bpa-Ala-hexarelin (750 000 cpm) in buffer
B (50 mM Tris-HCl pH 7.4 containing 2 mM EGTA and 0.05%
bacitracin) and increasing concentrations of competitive ligand
(ranging from 0.1 to 50 μM). Nonspecific binding was defined as
binding not displaced by 50 μM peptide. After an incubation period of
60 min at 22 °C, membranes were submitted to UV irradiation at 365
nm for 15 min at 4 °C. After centrifugation at 12000g for 15 min, the
pellets were suspended in 100 μL of sample buffer consisting of 62
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 15% 2-mercapto-
ethanol, and 0.05% bromophenol blue and boiled for 5 min prior to be
subjected to electrophoresis on 7.5% SDS-PAGE. The SDS/PAGE
gels were fixed, colored in Coomassie Brilliant Blue R-250, dried,
exposed to a storage phosphor intensifying screen (Amersham
Biosciences), and analyzed by using a Typhoon PhosphorImager
(Amersham Biosciences) and ImageQuant 5.0 software to establish
competition curves. The band corresponding to the specifically labeled
protein of 87 kDa was quantified by densitometry analysis.

Membrane Preparation for GHS-R1a Receptor. Transfection.
LLC-PK1 cells were seeded at 1.5 × 106 cells/10 cm in Petri dishes
and grown for 24 h in DMEM high-glucose (4.5 g/L) with 10% fetal
bovine serum supplemented with penicillin (10000 units/mL) and
streptomycin (10000 μg/mL), and cultured at 37 °C, under 5% of
CO2. The medium was then replaced for another 4−5 h, before
CaPO4 calcium phosphate transfection. The DNA solution consisted
of 40 μg of DNA in a volume of 500 μL in which was added 500 μL of
2 mM Tris-HCl pH 8.0, and 0.2 mM EDTA pH 8.0 containing 500
mM CaCl2, to a final volume of 1 mL. Then 1 mL of 50 mM Hepes,
280 mM NaCl, 1.5 mM Na2HPO4 pH to 7.1 (HBSS) was added by
alternating 1 drop/2 air bubbles. The transfection mixture was
incubated at RT for 30 min. After the incubation period, 1 mL of the
mix was added to each plate and distributed evenly for incubation. The
media was then replaced with standard DMEM-high glucose media for
another 24 h, and cells were collected for membrane preparation.

Membrane Preparation. The experiment was carried out at 4 °C
unless specified. Cells were washed twice with PBS and with the
homogenization buffer (HB) consisting of 50 mM Tris, 5 mM MgCl2,
2.5 mM EDTA, and 30 μg/mL bacitracin at pH 7.3, and were scraped
into Eppendorf tubes. Cells were lysed with two cycles of freeze/
thawing using liquid nitrogen and were then centrifuged at 4 °C for 20
min at 10000g to collect the membranes. The membranes were
suspended in a small volume of HB, aliquoted, and stored at −80 °C.

GHS-R1a Receptor Binding Assay. The competitive binding assay
employed 200 μL HB, 100 μL 125I-ghrelin (40,000 cpm), 100 μL
competitive ligand (from 10−12 to 10−5 M), and 100 μL of GHS-R1a
transiently transfected in LLC-PK1 cells as source of binding sites (10
μg protein/tube). The nonspecific binding was determined using
excess of competitive ligand at 10−5 M. The reaction was performed at
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RT for 1 h. After the incubation period, the separation of bound from
free fractions was performed by filtration over a GF/C filter presoaked
with 0.5% polyethyleneimine, and the filters were washed with 4 mL of
HB consisting of 50 mM Tris, 10 mM MgCl2, 2.5 mM EDTA, and 3
mL of wash buffer consisting of 50 mM Tris-10 mM MgCl2 and 20
mM EDTA, 0.015% Triton X100 (pH 7.3) and collected for
radioactivity counting using a gamma counter (LKB Wallac 1277,
Turku Finland).
Microvascular Sprouting from Choroidal Explants. Explants from

choroidal capillaries of adult CB57BL/6 mice were prepared as
previously reported, with some modifications to the protocol.27 After
enucleation, eyes were collected and incubated in 2% dispase for 1 h at
37 °C in EBM free medium. The anterior segment, vitreous, and
neurosensory retina were removed and an eyecup was made. The
retinal pigment epithelium (RPE) were removed from choroid-sclera
by gently scraping. Choroid-sclera were cut into 4−5 pieces, and sides
closed to the optic nerve and the cornea were recut. Each piece was
cultured in growth factor-reduced Matrigel (BD Biosciences) in 24-
well plates with EBM + EGM 0.4% of serum without hydrocortisone
(RPE side up). Plates were then incubated at 37 °C and 5% CO2 for 6
days before incubation in the absence (control) or in presence of
different peptides at final concentration of 10−7 M in EBM without
serum. Photographs of individual explants were taken before (J0) and
after 4-day exposure (J4). The sprouting covered area was quantified
with ImageJ 1.42q (Wayne Rasband), and the % of differential
sprouting (J4 vs J0) was determined for tested peptide and azapeptide
candidates.
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