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Abstract—We report the solid-phase synthesis of two different families, containing either diketopiperazine or hydantoin structures,
of rigidified RGD mimetics and their binding affinity to the �v�3 receptor. © 2001 Elsevier Science Ltd. All rights reserved.

The important advances in molecular biology and gene
technology are bringing important changes in biomedi-
cal sciences. Thus, the elucidation of the human
genome followed by advancements in functional
genomics and proteomics will revolutionize our under-
standing of the detailed molecular mechanisms underly-
ing a broad spectrum of diseases. These developments
will also identify new therapeutic targets and suggest
novel mechanism-based therapeutic paradigms. To
respond to these challenges we need to develop efficient,
automatic, and rapid screening test systems [‘high-
throughput screening’ (HTS)] in order to identify lead
compounds with interesting biological activities. HTS
systems require a large number of structurally diverse
substances, which are being synthesized simultaneously
or in parallel mode [‘high-throughput organic synthesis’

(HTOS)].1 Therefore, there is a need for the develop-
ment of efficient synthetic methods that can be applied
in HTOS mode. Although HTOS may be conducted in
solution, the solid-phase mode is very often the method
of choice.2 Herein, we report on the efficient solid-phase
syntheses of constrained peptides containing the Arg-
Gly-Asp (RGD) motif, as well as their binding affinity
to the �v�3 integrin receptor.

The family of integrin receptor participates in impor-
tant cell–cell and cell–extracellular matrix interactions
in many normal biological and pathophysiological pro-
cesses.3 These heterodimeric cell surface receptors are
composed of � and � subunits. Currently, there are 15
� subunits and eight � subunits known. The �v�3

integrin receptor is expressed in various cell types such
as endothelial cells, melanoma, osteoclast and smooth
muscle cells and plays an important role in angiogenesis
and tumor cell migration.4 The �v�3 is the predominant
integrin receptor expressed in osteoclasts, mediates its
attachment to bone mineral matrix and plays a critical
role in bone remodeling.5 Inhibition of osteoclast bind-
ing to the bone mineral matrix by �v�3 antagonists
blocks osteoclast-mediated bone resorption.5a–c,6 Thus
establishing a proof-of-concept for and providing a
novel paradigm for a mechanism-based therapy of
osteoporosis.7

Many integrins, including �v�3, are inhibited by small
RGD-containing peptides, an ubiquitous receptor
recognition motif.3a,4a,8 Nevertheless, the adjacent
amino acid residues flanking the RGD triad and the
specific topology of the RGD side chains contribute to
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the specificity toward integrin receptor subtypes. Intro-
duction of conformational constraints into the ligand
may preferentially bias it to adopt a bioactive confor-
mation specific to a particular integrin receptor sub-
type. Indeed, conformationally constrained RGD
analogues, such as the cyclic(RGDfX) peptides and
related N-methylated analogues, with high activity and
selectivity toward �v�3 and �v�5 integrin receptor sub-
types, were reported.9,10

Herein, we report the development of efficient solid-
phase-based synthetic methods to prepare RGD ligands
with a greater degree of structural constraint than the
one found in the previously reported ‘head-to-tail’
cyclic peptides. Initially, we synthesized a series of
cyclic RGD peptides attached through the side chains
of a [K-D]diketopiperazine (DKP), used as a relatively
rigid scaffold.11 The second series represents backbone
rigidification introduced via an end-group-to-backbone
cyclization in the form of an RG-derived hydantoin.12

The DKP scaffold was generated by cyclization of on
resin-bound orthogonally side chain protected dipep-
tide,13 H-Lys(N �-Mtt)-Asp(�Allyl)-OMe, attached
through the peptide bond nitrogen to a Backbone
Amide Linker (BAL) resin14 as outlined in Scheme 1.
The synthetic steps included: (i) anchoring the H-
Asp(�OAllyl)-OMe·HCl to the resin by reductive alkyl-
ation of the �-amino group using NaBH3CN in DMF;
(ii) HATU/DIEA-mediated acylation of the secondary
�-amino group, attached to the BAL-resin, with Fmoc-
Lys(N �-Mtt)-OH in CH2Cl2–DMF (9:1); (iii) deprotec-
tion of the Fmoc-dipeptidyl BAL-resin with
piperidine–DMF (1:4), which was followed by a spon-
taneous cyclization leading to essentially quantitative
formation of [K(N �-Mtt)-D(�OAllyl)]DKP-BAL-resin;

(iv) selective removal of the Mtt protecting group from
the �-amino function of the Lys with TFA–CH2Cl2
(1:99) and elongation of the peptidic chain employing
the Fmoc/tBu strategy; (v) removal of the allyl ester
protecting group from the �-carboxyl function of Asp
with Pd(PPh3)4 in the presence of PhSiH3; (vi) removal
of the Fmoc group from the N-terminal �-amino acid
of the peptidic chain;15 (vii) on-resin cyclization using
PyAOP;16 and (viii) final deprotection and cleavage of
the bicyclic peptide from the resin, and purification.17

Following this scheme we prepared three compounds
cRGD-[K-D]DKP (1), cGRGD-[K-D]DKP (2), and
cGRGDG-[K-D]DKP (3), which include increasing
number of Gly residues within the sequence substituting
the DKP scaffold. The additional glycines were intro-
duced in order to study the effect of flexibility of the
RGD-containing loop on the �v�3 receptor binding
affinity.

The hydantoin family18 was prepared as outlined in
Scheme 2 by: (i) elongation of the peptidic chain on a
peptide amide linker (PAL) resin19 using a Fmoc/tBu
strategy; (ii) reaction of the �-amino function of
arginine with DSC in the presence of DMAP; (iii)
treatment with piperidine–DMF (1:4);20 and (iv) final
deprotection and cleavage of the peptide from the resin,
and purification (Fig. 1).17

One of the goals of the study was the preparation of a
model product with two copies of the hydantoin-RGD
in order to study the possibility of using this synthetic
strategy for obtaining multiple copies of hydantoin-
RGD ligands. Thus, for the preparation of compound
4, containing two copies of hydantoin-RGD we cou-
pled Fmoc-Lys(N �-Fmoc)-OH to the Ala-PAL resin,
and for the preparation of compound 5, the monomeric
hydantoin-RGD, we used Fmoc-Lys(N �-Boc)-OH.

Scheme 1. Solid-phase synthesis of RGD containing DKP’s.
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Scheme 2. Solid-phase synthesis of RGD containing hydantoins.

Figure 1. HPLC chromatograms of 5 as representative exam-
ple of the series; (a) crude product; (b) after reverse-phase
purification. Analytical conditions: reverse-phase C18 column;
elution by a linear gradient over 30 min of 0.036% TFA in
ACN and 0.045% TFA in H2O from 0:1 to 1:0, flow rate 1.0
mL min−1, UV detection at 220 nm.

Table 1. �v�3 Competitive binding assay results

IC50 (�M)bDisplacement (%)aCompound

10−6 M 10−5 M

7840 4�11
8�263232

10 nd3 34
434 80 3�1
155 40 nd

a The two concentrations were tested in two independent experiments.
Each value is mean of a duplicate, with less than 10% difference
within the duplicate.

b Values are means of two experiments, each performed at six concen-
tration points (in duplicates) for each compound; nd, not deter-
mined.

motif with higher affinity to the �v�3 receptor.9 The
results obtained for the hydantoin-based analogues
show higher binding affinity for compound 4, the one
presenting two copies of the hydantoin-RGD structure,
than for compound 5, containing only one copy. The
bivalent nature of analogue 4 may partially explain its
enhanced potency as compared to the monovalent ana-
logue 5.22

In conclusion, we report the development of two
efficient solid-phase methods for the synthesis of con-
strained RGD containing ligands that suggest novel
and interesting leads for constructing potent �v�3 recep-
tor antagonists. The binding affinities observed for both
DKP- and hydantoin-based RGD-containing com-
pounds are very encouraging. We therefore plan the
development of a solid-phase based combinatorial
approach to generate DKP- and hydantoin-based

The affinity of the five RGD containing ligands
towards the �v�3 receptor was measured in a radiore-
ceptor binding assay by competition with
[125I]echistatin, according to a previously published pro-
tocol.21 Results shown in Table 1 indicate that in the
case of DKP analogues 1–3, the binding affinity to the
�v�3 receptor is affected by the size of the RGD-con-
taining ring. Thus, compound 1, where the loop con-
tains just the sequence RGD, shows the lowest IC50,
which corresponds to the highest binding affinity. These
results correspond very well with previous reports asso-
ciating higher conformational constraint of the RGD
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RGD-containing libraries that will extend and elabo-
rate the principles demonstrated in this study.
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