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Abstract—The solid-phase synthesis of cyclic RGD peptides containing either one or two furanoid sugar amino acids (SAAs) is
reported. Using a cyclization-cleavage approach five peptides were successfully assembled and consecutively tested on their ability
to bind to the integrin receptors avb3 and aIIbb3. The cyclic tetrapeptide c[RGD-SAA] (1) showed the most promising activity in an
inhibition assay with an IC50 of 1.49 mM for the avb3 receptor and 384 nM for the aIIbb3 receptor.
# 2002 Elsevier Science Ltd. All rights reserved.

Integrin receptors are a family of heterodimeric trans-
membrane glycoproteins, which are involved in cell–cell
and cell–matrix interactions. Two members of this
family, the avb3 and aIIbb3 receptor, have been studied
extensively in the past two decades. It has been shown
that the avb3 receptor plays a key role in angiogenesis,
tumor metastasis and acute renal failure,1 while the
aIIbb3 receptor mediates platelet aggregation.2 The lat-
ter process may lead to blood clot formation which, in
turn, may cause severe pathological disorders such as
myocardial infarction, unstable angina or ischemic
stroke. Both receptors recognise the consensus sequence
Arg-Gly-Asp (RGD) of their natural ligands with a high
degree of selectivity.1,2 A determining factor responsible
for this selectivity is thought to be the conformation of
the RGD motif.3

The search for inhibitors of integrin receptors led to the
discovery of several cyclic and linear RGD containing
peptidic constructs showing potent antagonistic activ-
ity.4 It is generally accepted that cyclic RGD peptides
display a higher activity compared to the linear coun-
terparts. This beneficial effect may be due to the fact

that cyclic peptides are conformationally less flexible
and metabolically more stable.5 For example, a more
pronounced secondary structure could be induced by
the incorporation of a rigid scaffold [e.g., penicillamine,
m-(aminomethyl) benzoic acid, 5-aminomethyl-2-thio-
phene acetic acid] into cyclic RGD peptides.6 On the
other hand, it is well established now that sugar amino
acids (SAAs) are promising tools in eliciting confor-
mational restraints in oligosaccharide analogues7 and
peptides.8 The merit of using a pyranoid SAA as a con-
formationally restricted dipeptide isostere in the synth-
esis of cyclic RGD analogues was nicely demonstrated
by Kessler et al. in the development of efficient inhibi-
tors of both the avb3 and aIIbb3 receptor.9

A recent contribution from our laboratory revealed that
cyclic peptides, containing one or two furanoid SAA
units, as well as hydrophobic amino acids (i.e., Gly, Ala
and Phe), were readily accessible by cyclization-cleavage
of the corresponding linear sequences immobilised on a
solid support via the base labile p-nitrobenzophenone
oxime linker.10

Here we wish to report that the Kaiser’s oxime
approach can also be applied successfully for the pre-
paration of the furanoid SAA containing cyclic RGD
peptides 1–5 (see Fig. 1). Furthermore, the affinity of
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the latter cyclic peptides for the integrin receptors avb3

and aIIbb3, as well as their effect on blood coagulation
of human plasma is evaluated.

The intrinsic base-lability of the oxime resin employed
in the cyclization-cleavage step requires a strategy based
on Boc-chemistry. Accordingly, the known Boc pro-
tected furanoid SAA 2,7-dideoxy-3,6-anhydro-7-tert-
butyloxycarbonyl-amino-d-allo-heptonic acid10,11 (10 in
Scheme 1) in combination with N-Boc amino acids were
used in the synthesis of the target molecules 1–5. The
side chain functionalities in Asp and Arg were protected
with an allyl and 4-methoxy-2,3,6-trimethyl-benzene-
sulfonyl (Mtr) group, respectively. The latter protecting
group, normally used in Fmoc-based solid phase pep-
tide synthesis, proved to be compatible with a stepwise

solid phase peptide synthesis based on Boc- chemistry.12

The SAA containing RGD peptides 1–5 were con-
structed as outlined in Scheme 1 for the target com-
pound 1. Thus, loading of the oxime resin 6 with Boc-
protected glycine was carried out under the influence of
Castro’s reagent (BOP) and diisopropylethylamine
(DIPEA).13 Unmasking of the Boc group with 25%
TFA in the presence of the cation scavenger triisopro-
pylsilane (TIS) provided the immobilised glycine 7.
Sequential elongation of 7 with Boc-Arg(Mtr)-OH, Boc-
SAA-OH and Boc-Asp(All)-OH, using the same cou-
pling and Boc cleavage conditions, yielded the linear
immobilised precursor 8. Cyclization of 8 with con-
comitant cleavage from the solid support was effected
with a 1:1 mixture of DIPEA and acetic acid in DMF to
give crude 9 which was purified by HPLC. Deallylation
of 9 by palladium(II)-catalysed hydrostannolysis14 fol-
lowed by acidolysis of the Mtr group (TFA/H2O/TIS
95:2.5:2.5) afforded, after HPLC purification, target
compound 1 in a low overall yield. (see entry 1, Table 1).
In order to improve the yield of 1, we explored the
cyclization efficiency of the linear sequences resulting
from using the SAA building block 10 or Boc-Asp(All)-
OH in the anchoring step to the oxime resin 6.15,16

Cyclization of the sequence in entry 2, containing a
C-terminal SAA unit, proceeded with comparable
moderate efficiency as observed for the sequence in
entry 1. On the other hand, submission of the linear
precursor in entry 3 to the cyclization conditions affor-
ded 1 in a yield of 17%. Compound 2 was obtained in a
similar yield by cyclization of the linear precursor in
entry 4. The same result was observed for compound 3
starting from the immobilised peptide in entry 5.
Remarkably, transformation of the linear peptide in
entry 6 containing two SAA residues led to the isolation
of compound 4 in 31%. In sharp contrast, attempts to
prepare compound 5 from the sequence having a SAA
as the first residue attached to the resin (entry 7) proved
to be unsuccessful. Gratifyingly, it turned out that the
linear intermediate starting with aspartic acid under-
went cyclization to give target compound 5 (see entry 8).

Having target compounds 1–5 in hand, their ability to
displace 125I-echistatin from the avb3 and aIIbb3 integrin
receptors was examined.17 To this end human skin
fibroblasts extracts were used as the source of avb3

integrins while the aIIbb3 integrins were isolated from

Figure 1. Target molecules.

Scheme 1. Reagents and conditions: (i) (a) BOP (5 equiv), DIPEA (6.5
equiv), NMP, 2 h, two times; (b) 25% TFA, 1% TIS, DCM, 5�5 min;
(ii) (a) amino acid or SAA (5 equiv), BOP (5 equiv), DIPEA (6.5
equiv), NMP, 45 min; (b) 25% TFA, 1% TIS, DCM, 5�5 min; (iii)
DIPEA (2 equiv), AcOH (2 equiv), DMF, 36 h; (iv) (a) Pd(PPh3)2Cl2,
AcOH, Bu3SnH, 1 h; (b) 95% TFA, 2.5% H2O, 2.5% TIS, 16 h.

Table 1.

Entry Sequence of immobilized linear precursor Prod. Yielda (%)

1 TFA.H-Asp(All)-SAA-Arg(Mtr)-Gly-� 1 4
2 TFA.H-Arg(Mtr)-Gly-Asp(All)- SAA-� 1 3
3 TFA.H-SAA-Arg(Mtr)-Gly-Asp(All)-� 1 17
4 TFA.H-Asp(All)-Val-SAA-Arg(Mtr)-Gly-� 2 19
5 TFA.H-Arg(Mtr)-SAA-Gly-Val-Asp(All)-� 3 16
6 TFA.H-Arg(Mtr)-Gly-Asp(All)-SAA-SAA-� 4 31
7 TFA.H-Arg(Mtr)-SAA-Asp(All)-SAA-� 5 —
8 TFA.H-SAA-Arg(Mtr)-SAA-Asp(All)-� 5 9

aYields were determined after synthesis of the linear precursor, cycli-
zation-cleavage followed by HPLC purification and 2-step deprotec-
tion followed by HPLC purification.
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crude human platelets. The efficiency (IC50-values) of
the cyclic peptides 1–5 to displace 125I-echistatin from
both integrin receptors is recorded in Table 2.

Perusal of these data shows that the most promising
results were obtained for c[RGD-SAA] (1), with an IC50

value of 1.49 mM for the avb3 receptor and 384 nM for
the aIIbb3 receptor. It can also be seen that c[RGDV-
SAA] (2) has a lower affinity for the two integrin recep-
tors, while c[RGD-SAA-SAA] (4) displayed very mod-
est affinity. In accordance with expectation, a scrambled
sequence as in compound 3 did not inhibit 125I-echista-
tin binding to the avb3 or the aIIbb3 receptor, even at a
concentration as high as 1 mM. A similar result was
observed for compound 5, purposely designed to force
the Asp and Arg side chains in a specific spatial
arrangement. It is not excluded that the induced orien-
tation of the side chains prohibited receptor binding.3

The ability of compounds 1–5 to inhibit platelet aggre-
gation was investigated in an assay using ADP stimu-
lated human PRP.18 The results of these studies, using
the known linear tetrapeptide rGDW (IC50=2.1 mM) as
a reference, are presented in Figure 2.19,20 The cyclic
peptide c[RGD-SAA] (1) showed complete inhibition of
platelet aggregation at a concentration of 100 mM. By
testing the inhibitory capacity of compound 1 in a range
of different concentrations, an IC50 value of 6.7 mM was
found. On the other hand, an IC50 value of 184 mM was
established in the case of compound 2, which only par-
tially inhibited aggregation at 100 mM. Addition of com-
pound 3, 4 or 5 to activated PRP did not influence platelet
aggregation at the 100 mM level. These results are in
agreement with those obtained with the isolated receptors.

In conclusion, five novel RGD peptides containing
either one or two furanoid SAAs (i.e., 1–5) were syn-
thesised via an efficient solid-phase strategy based on
the Kaisers’ oxime resin. The cyclic peptide c[RGD-

SAA] (1) showed promising activity as an inhibitor of
the isolated avb3 and aIIbb3 receptors as well as platelet
aggregation. Future research will be directed towards
the conformational analysis of the active furanoid SAA
containing cyclic RGD peptides. The latter structural
information may eventually lead to the design of novel
antagonists with increased affinity for specific integrin
receptors.
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Kessler, H. J. Am. Chem. Soc. 2001, 123, 8189.
8. (a) von Roedern, E. G.; Kessler, H. Angew. Chem., Int. Ed.
Engl. 1994, 33, 687. (b) Smith, A. B., III; Sasho, S.; Barwis,
B. A.; Sprengeler, P.; Barbosa, J.; Hirschmann, R.; Cooper-
man, B. S. Bioorg. Med. Chem. Lett. 1998, 8, 3133. (c) Over-
kleeft, H. S.; Verhelst, S. H. L.; Pieterman, E.; Meeuwenoord,
N. J.; Overhand, M.; Cohen, L. H.; van der Marel, G. A.; van
Boom, J. H. Tetrahedron Lett. 1999, 40, 4130. (d) Chakra-
borty, T. K.; Ghosh, S.; Jayaprakash, S.; Sharma, J. A. R. P.;
Ravikanth, V.; Diwan, P. V.; Nagaraj, R.; Kunwar, A. C. J.

Table 2. Efficacy (IC50, mM) of compounds 1–5 to displace 125I-

echistatin from avb3 and aIIbb3 receptors

Compd avb3 aIIbb3

1 1.49�0.08 0.384�0.061
2 98.1�12.1 32.2�4.9
3 Inactivea Inactivea

4 597�58 198�12
5 Inactivea Inactivea

aInactive: no displacement observed at a concentration of 1 mM.

Figure 2. Platelet aggregation at 100 mM concentration of RGD
peptides 1–5.

R. M. van Well et al. / Bioorg. Med. Chem. Lett. 13 (2003) 331–334 333



Org. Chem. 2000, 65, 7710. (e) Aguilera, B.; Siegal, G.; Over-
kleeft, H. S.; Meeuwenoord, N. J.; Rutjes, F. P. J. T.; van
Hest, J. C. M.; Schoemaker, H. E.; van der Marel, G. A.; van
Boom, J. H.; Overhand, M. Eur. J. Org. Chem 2001, 1541.
9. Lohof, E.; Planker, E.; Mang, C.; Burkhart, F.; Dechants-
reiter, M. A.; Haubner, R.; Wester, H.; Schwaiger, M.; Höl-
zemann, G.; Goodman, S. L.; Kessler, H. Angew. Chem. Int.
Ed. 2000, 39, 2761.
10. van Well, R. M.; Overkleeft, H. S.; Overhand, M.; Car-
stenen, E. V.; van der Marel, G. A.; van Boom, J. H. Tetra-
hedron Lett. 2000, 41, 9331.
11. McDevitt, J. P.; Lansbury, P. T., Jr. J. Am. Chem. Soc.
1996, 118, 3818.
12. The Mtr group was stable under the Boc-cleaving condi-
tions (25% TFA/DCM). Complete cleavage of the Mtr group
was only accomplished by overnight treatment with 95%
TFA/2.5% H2O/2.5% TIS.
13. We discovered that the use of a carbodiimide in combi-
nation with HOBT as reported in literature is not optimal for
linking the first amino acid to the oxime resin. The effect of

different activating agents on the yield was determined by
cleaving the linear precursors 8 with an excess of n-propyl-
amine and analysis of the resulting mixtures with LCMS. We
found that the use of BOP/DIPEA gave the best results.
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