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Abstract: Potent monomeric and dimeric cyclic peptide very late antigen-4 (VLA-4) inhibitors have been
designed based on a tetrapeptide (Ile-Leu-Asp-Val) sequence present in a 25-amino acid peptide (CS-1)
reported in the literature. The peptides, synthesized by the SPPS techniques, were evaluated in the in

vitro cell adhesion assays and in the in vivo inflammation models. The N- to C-terminal cyclic peptides
such as cyclo(Ile-Leu-Asp-Val-NH-(CH2)2-S-(CH2)2-CO) (28) and cyclo(MeIle-Leu-Asp-Val-D-Ala-D-Ala) (31),
monomeric and dimeric peptides containing piperazine (Pip) or homopiperazine (hPip) residues as linking
groups, e.g. cyclo(MeIle-Leu-Asp-Val-Pip-CH2CO-NH-(CH2)2-S-CH2-CO) (49) and cyclo(MeIle-Leu-Asp-Val-
hPip-CH2CO-MeIle-Leu-Asp-Val-hPip-CH2CO) (58) and cyclic peptides containing an amide bond between
the side chain amino group of an amino acid such as Lys and the C-terminal Val carboxyl group, e.g.
Ac-cyclo(D-Lys-D-Ile-Leu-Asp-Val) (62) and b-Ala-cyclo(D-Lys-D-Leu-Leu-Asp-Val) (68) were more potent
than CS-1 in inhibiting the adhesion of the VLA-4-expressing MOLT-4 cells to fibronectin. The more potent
compounds were highly selective and did not affect U937 cell adhesion to fibronectin (VLA-5), PMA-differen-
tiated U937 cell adhesion to intercellular cell adhesion molecule-1-expressing Chinese hamster ovary cells
(LFA-1) and ADP-induced platelet aggregation (GPIIb/IIIa). A number of the more potent compounds
inhibited ovalbumin-induced delayed type hypersensitivity in mice and some were 100–300 times more
potent (ED50=0.003–0.009 mg/kg/day, s.c.) than CS-1. Two peptides, Ac-cyclo(D-Lys-D-Ile-Leu-Asp-Val)
(62) and cyclo(CH2CO-Ile-Leu-Asp-Val-Pip-CH2CO-Ile-Leu-Asp-Val-Pip) (55), were formulated in poly(DL-
lactide-co-glycolide) depots and the release profile was investigated in vitro over a 30-day period. Copyright
© 2000 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Many cell–cell and cell–extracellular matrix inter-
actions are mediated by integrin receptors and their

protein ligands. Various aspects of integrin research
have been reviewed [1–3]. Very late antigen-4 (VLA-
4) (a4b1) is an integrin expressed on human
lymphocytes, monocytes, eosinophils, basophils
and mast cells that binds to vascular cell adhesion
molecule-1 (VCAM-1) and an alternatively spliced
form of the extracellular matrix protein, fibronectin
containing the type III connecting segment. Evi-
dence for the involvement of VLA-4 in inflammation
has been derived from animal models of autoim-
mune and allergic diseases. For example, CS-1 or
monoclonal antibodies specific for the a4 integrin
subunit or VCAM-1 suppressed antigen-induced

Abbreviations: Pip, piperazine; hPip, homopiperazine (1,4-diazacy-
cloheptane); VLA-4, very late antigen-4; VCAM-1, vascular cell
adhesion molecule-1; ICAM-1, intercellular cell adhesion molecule-
1; DTH, delayed type hypersensitivity.
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arthritis in rats [4] and reduced contact hypersensi-
tivity responses [5], arthritis [6,7], autoimmune en-
cephalomyelitis [8–10], bronchial hyper-reactivity
[11,12], insulin-dependent diabetes [13–15], acute
colitis [16] and allograft rejection [17] in experimen-
tal animals. Agents that specifically inhibit cell ad-
hesion-mediated by VLA-4 may be useful for the
treatment of a number of inflammatory and autoim-
mune diseases.

VLA-4 binds the variable region of fibronectin via
the Leu-Asp-Val tripeptide [18–20]. Based on this
information, peptidic inhibitors of VLA-4 binding to
both fibronectin and VCAM-1 have been reported
[21–24]. Cyclo(Ser-D-Leu-Asp-Val-Pro) inhibited
VLA-4–VCAM-1 interaction in a scintillation-prox-
imity assay (85% inhibition at 2.5 mM) and the
disulphide bridge containing cyclic peptide Cys-Trp-
Leu-Asp-Val-Cys inhibited VLA-4-dependent bind-
ing of lymphocytes to VCAM-1 and CS-1 (IC50=1–3
mM) [23]. A selective inhibitor, Ph(2-Me)-NH-
CO-NHC6H4CH2CO-Leu-Asp-Val-Pro (BIO-1211),
blocked Jurkat cell binding to VCAM-immunoglob-
ulin fusion protein (IC50=1 nM) and was active in
an antigen-induced bronchoconstriction and airway
hyper-responsiveness model in sheep [24]. Several
inhibitors without the Leu-Asp-Val sequence, e.g.
adamantaneacetyl-Cys-Gly-Arg-Gly-Asp-Ser-Pro-
Cys, Arg-Cys-Asp-thioproline-Cys, Tyr-Cys-Asp-
Pro-Cys and Ac-Tyr-Cys-Ser-Pro-Cys (each with a
disulphide bridge) and analogues of a binding epi-
tope in domain 1 of VCAM-1 (Arg36-Thr-Gln-Ile-Asp-
Ser-Pro-Leu-Asn44 region) have also been reported
[25–28]. In an alternative approach, a conforma-
tionally restricted analogue of the VCAM-1 (37–43)
peptide (Thr-Gln-Ile-Asp-Ser-Pro-Leu) was synthe-
sized as VCAM-1 mimetic using a naphthalene-
derived template [29]. However, some of these were
not selective for VLA-4. Screening a b-turn mimetic
library has resulted in weak inhibitors of VLA-4-
mediated cell adhesion to the CS-1 peptide [30].

In our search for more potent and selective in-
hibitors, we have reported a series of inhibitors
such as cyclo(Ile-Leu-Asp-Val-NH(CH2)5-CO) (1)
based upon the Leu-Asp-Val sequence present in
CS-1. Compound 1 is a 5-fold more potent inhibitor
of VLA-4-mediated cell adhesion than CS-1 [31].
The potency of this series varied only 3-fold when
the linker in the cyclizing functionality varied from
four to seven methylene groups. However, com-
pounds containing two and three methylene groups
were much less potent. The current study was un-
dertaken to develop the structure–activity relation-
ships of the cyclic peptide series represented by

compound 1. In addition, new cyclic monomeric
peptides obtained by linking the side chain of an
amino acid with the C-terminal carboxyl group and
some dimeric peptides containing the Leu-Asp-Val
sequence are reported. Improvement upon the origi-
nal series was reflected in VLA-4-mediated cell ad-
hesion assays and in a murine model of delayed
type hypersensitivity (DTH). Because it was in-
tended to administer the peptide-based drug candi-
dates by depot formulations capable of releasing the
drugs over a period of 15–30 days, an additional
aim was to investigate the compatibility of the more
potent compounds with depot formulations based
on poly(DL-lactic-glycolic) acid polymers.

MATERIALS AND METHODS

Peptide Synthesis

The cyclic peptides listed in Tables 1 and 2 were
obtained by the SPPS methods using 2-chloro-
tritylchloride resin. For the synthesis of cyclic pep-
tides 1–27, the linker group was attached to the
resin and the synthesis completed by the general
procedure exemplified in Scheme 1 for the synthesis
of cyclo(Ile-Leu-Asp-Val-NH-(CH2)5-CO) (1). Peptides
were cyclized using HBTU. For the preparation of
28 and 32, Fmoc-NH-(CH2)2-S-CH2-COOH and
Fmoc-NH-(CH2)2-S-(CH2)2-COOH were synthesized
by reacting 2- or 3-bromopropionic acid with 2-
aminoethanethiol followed by a reaction with Fmoc-
OSu. The Fmoc-amino acids were attached to the
2-chlorotritylchloride resin and the syntheses com-
pleted by the route shown in Scheme 1. Compounds
29–31 and 33–44 containing a dipeptide unit as a
linking group were synthesized by standard SPPS
procedures.

Na-Fmoc-N t(CH2COOH)-histamine, required for
the preparation of 45, was synthesized starting
from histamine. Na,N t-di-Boc-histamine, prepared
by the reaction of di-But-dicarbonate and his-
tamine, was reacted with DIPEA to give Na-Boc-his-
tamine, which was then reacted with But-
bromoacetate to give Na-Boc-N t(CH2COOBut)-his-
tamine. Similar reactions with His have been previ-
ously reported to produce N t-Boc and N t-CH2-
COOBut derivatives [32–34]. Treatment of the pro-
tected histamine derivative with TFA gave N t(CH2-
COOH)-histamine, which was converted to Na-
Fmoc-N t-(CH2-COOH)-histamine and attached to
the 2-chlorotritylchloride resin. Cyclic peptide 45
was then obtained using the procedure shown in
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CYCLIC PEPTIDE INHIBITORS OF a4b1 INTEGRIN 323

Table 1 Activity of the N- to C-terminally Linked Cyclic Peptides In Vitro (VLA-4-mediated MOLT-4
Cell Adhesion to Fibronectin or VCAM-1) and In Vivo (Murine Ovalbumin-induced DTH)

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 321–341 (2000)
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Table 1 (Continued)

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 321–341 (2000)



CYCLIC PEPTIDE INHIBITORS OF a4b1 INTEGRIN 325

Table 1 (Continued)

a Each value represents the midpoint of a curve fitted to a concentration response for each compound
carried out in triplicate.
b Dose required to give half the maximal inhibition, 4092%, mean9S.E.M. (n=24), obtained with
anti-a4 integrin monoclonal antibody PS/2 (7.5 mg/kg i.v.).
Each value represents the midpoint of a curve fitted to a dose response for each compound with each
dose group containing between four and ten mice. The peptides were administered by subcutaneous
osmotic mini-pimps.
nt=not tested.

Scheme 1. For the synthesis of 46, Fmoc-
aminomethylbenzoic acid was first attached to the
2-chlorotritylchloride resin and the synthesis com-
pleted by the route shown in Scheme 1.

The piperazine (Pip) containing compounds 47–
54 were synthesized starting from 1-Pip-CH2COOH.
Commercially available N-Boc-Pip was reacted with
But-bromoacetate and the resulting Boc-Pip-
CH2COOBut derivative was deprotected and con-

verted to Fmoc-Pip-CH2COOH. The Fmoc derivative
was attached to the 2-chlorotritylchloride resin and
the synthesis completed by the route shown in
Scheme 1. The dimeric compounds containing a Pip
or a homopiperazine (hPip) linking group (55–58)
were prepared either by the cyclization of linear
monomeric peptides (55) or by the cyclization of
linear dimeric derivatives (55, 56–58). In the first
route, cyclization of Ile-Leu-Asp(OBut)-Val-Pip-

Table 2 Activity of Cyclic Peptides Containing an Amide Bond between the Side Chain Amino Group of the
Lys, Orn or Dab Residues and the Carboxyl Group of the Val Residue In Vitro (VLA-4-mediated MOLT-4 cell
Adhesion to Fibronectin or VCAM-1) and In Vivo (Murine Ovalbumin-induced DTH).

No. Compound In vitro IC50 (mM)a In vivo ED50

sVCAM-1 (mg/kg/day s.c.)bFibronectin

Ac-cyclo(Lys-Ile-Leu-Asp-Val) 3.3 7.9 nt59
Ac-cyclo(D-Lys-Ile-Leu-Asp-Val) 4.3 19 nt60

nt8.89.3Ac-cyclo(Lys-D-Ile-Leu-Asp-Val)61
Ac-cyclo(D-Lys-D-Ile-Leu-Asp-Val) 2.8 6.9 0.00562

63 Ac-cyclo(D-Orn-D-Ile-Leu-Asp-Val) 2.3 nt nt
nt4.31.9Cyclo(D-Lys-D-Ile-Leu-Asp-Val)64

65 Z-cyclo(D-Lys-D-Ile-Leu-Asp-Val) 2.4 4.3 nt
2.5 0.366 Propionyl-cyclo(D-Lys-D-Ile-Leu-Asp-Val) 1.6

67 HOOC-(CH2)2-CO-cyclo(D-Lys-D-Ile-Leu-Asp-Val) 1.3 2.0 nt
68 H2N-(CH2)2-CO-cyclo(D-Lys-D-Leu-Leu-Asp-Val) 7.8 16 0.02
69 Na-benzyl-cyclo(D-Lys-D-Leu-Leu-Asp-Val) 2.3 2.8 nt
70 0.03166.8Pyr-cyclo(D-Lys-D-Leu-Leu-Asp-Val)
71 3-pyridylcarbonyl-cyclo(D-Lys-D-Leu-Leu-Asp-Val) 7.9 nt nt

nt\200Ac-cyclo(Orn-Leu-Asp-Val) \0.372

a Each value represents the midpoint of a curve fitted to a concentration response for each compound carried out in
triplicate.
b Dose required to give half the maximal inhibition, 4092%, mean9S.E.M. (n=24), obtained with anti-a4 integrin
monoclonal antibody PS/2 (7.5 mg/kg i.v.).
Each value represents the midpoint of a curve fitted to a dose response for each compound with each dose group
containing between four and ten mice. The peptides were administered by subcutaneous osmotic mini-pimps.
nt=not tested.
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CH2COOH (Scheme 1, starting from Fmoc-Pip-
CH2COOH) gave only the dimeric peptide 55. In the
second route (Scheme 2), one part of the Fmoc-Ile-
Leu-Asp(OBut)-Val-Pip-CH2CO-resin was treated
with piperidine to give Ile-Leu-Asp(OBut)-Val-Pip-
CH2CO-resin (55a) and another was treated with a
mixture of acetic acid-trifluoroethanol to give Fmoc-
Ile-Leu-Asp(OBut)-Val-Pip-CH2COOH (55b). Cou-
pling of 55b to 55a gave the fully protected
octapeptide derivative 55c, which was deprotected
at the N-terminal end and cleaved from the resin to
give 55d. Cyclization and deblocking gave 55. An
alternative route avoiding the synthesis of Fmoc-
hPip-CH2COOH was devised for the preparation of
58. 3-Bromopropionic acid was attached to the
chlorotritylchloride resin, followed by a treatment
with excess hPip to generate hPip-CH2CO-resin. Ad-
ditional reactions similar to those used for 55
(Scheme 2) gave MeIle-Leu-Asp(OBut)-Val-hPip-
CH2CO-MeIle-Leu-Asp(OBut)-Val-hPip-CH2COOH,

Scheme 2 Synthesis of compound 55. Route 2.

Scheme 1 Synthesis of compound 1.

which was cyclized, deprotected and purified to give
the dimeric compound 58.

Cyclic peptides containing an amide bond be-
tween the Val carboxyl group and the side chain
amino group (59–72) were synthesized by the route
shown in Scheme 3. Following chain assembly and
deprotection of the side chain amino group, the
peptide was cleaved from the resin and cyclized. The
Z group was then cleaved by hydrogenolysis and the
amino group was converted to the required acyl,
alkyl or aryl group. Finally, the Asp(OBut) was
cleaved to give the desired peptide.

In Vitro Cell Adhesion Assays

The effects of peptides on MOLT-4 cell adhesion to
fibronectin were measured using a colorimetric acid
phosphatase assay on 96-well plates as was previ-
ously described except that the plates were coated
with 10 mg/ml fibronectin (prepared from human

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 321–341 (2000)
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Scheme 3 Synthesis of compound 60.

Peptide Stability Studies

Solutions (0.1 mg/ml) of the peptides were prepared
in pH 7.6 and pH 3 MacIlvaines buffer and filter
sterilized in a class II cabinet. Aliquots were trans-
ferred to sterile 2 ml screw cap HPLC vials in two
sets. One set was stored at 37°C and the other at
−18°C. At suitable intervals, the peptide content
was analysed by HPLC using Hewlett Packard’s
1050 HPLC machine and a Vydac 218TP54 C18

column equipped with 218TP 5 micron guard
column. The stability of the peptide was assessed
after a suitable period, typically 4 weeks, and is
presented as percentage of peptide remaining. The
columns were eluted using a gradient from 100%
solvent A (20% Far UV acetonitrile (HPLC grade),
80% milli-Q water plus 0.1% TFA) to 100% solvent
B (60% Far UV acetonitrile (HPLC grade), 40% milli-
Q water plus 0.1% TFA) over a 20-min period. Re-
versal was then carried out to establish 100% A.
The columns were run at 50°C and the peptide was
detected at 230 nm.

Preparation of Monolithic Depots and Determination
of the Dissolution Profile

Both the peptide (acetate salt, 20 mg) and the poly-
mer (80 mg) were dissolved in anhydride free glacial
acetic acid (1 ml) and the solution was frozen drop-
wise into liquid nitrogen. The frozen material was
freeze-dried and stored under vacuum over silica gel
and anhydrous K2CO3 for 3 days prior to extrusion.
The freeze-dried material was loaded into the barrel
of a 100-mg laboratory extruder with a 1-mm noz-
zle. The temperature was raised slowly to around
90°C and the sample was extruded when it was
possible to achieve this with a reasonable pressure
being applied (usually between 92 and 95°C). The
extrudate was cut into small depots and stored
under vacuum. A weighed (5–10 mg) sample of the
depot was placed in sterile filtered MacIlvaines
buffer (pH 7.6, 2 ml) and the vial was sealed and
stored at 37°C. At regular intervals, a part of the
supernatant (1.8 ml) was removed and replaced
with 1.8 ml of fresh buffer. The concentration of
peptide in the supernatant was analysed by HPLC.

RESULTS AND DISCUSSION

VLA-4-mediated Cell Adhesion (Tables 1 and 2)

We previously reported that screening for inhibi-
tion of VLA-4-mediated MOLT-4 cell adhesion to

plasma by D. Barratt, AstraZeneca) [31]. MOLT-4
cell adhesion to VCAM-1 was carried out using the
same method except that the 96-well plates were
coated with 0.05 mg/ml recombinant human VCAM-
1 (D. Barratt, AstraZeneca). Assays to measure the
effects of peptides on VLA-5- and LFA-1-mediated
cell adhesion and ADP-induced aggregation of hu-
man platelets were carried out as previously de-
scribed [31,35] except that, in the VLA-5 assay,
U937 cell adhesion to wells coated with 10 mg/ml
fibronectin was measured.

Ovalbumin DTH

Animal welfare and experimental procedures were
carried out strictly in accordance with the Animals
(Scientific Procedures) Act, 1986 and the Zeneca
International Policy on the Use of Animals. Ovalbu-
min DTH responses were induced and measured in
Balb/c mice as previously described [31].

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 321–341 (2000)
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fibronectin in vitro led to the discovery that cyclic
tetrapeptides (1 and 2) containing a relatively flexible
linking group were about 5–10-fold more potent than
CS-1 [31]. However, replacing the -NH(CH2)5CO-
moiety in 1 with b-Ala gave an inactive compound
cyclo(Ile-Leu-Asp-Val-NHCH2CH2CO) (IC50\200
mM). The contribution of the amino acid side chains
to the inhibition of MOLT-4 cell adhesion to fi-
bronectin by this series of compounds was investi-
gated by amino acid substitutions in compounds 1
and 2. Compound 1 was used as a positive control
and its potency was similar to that previously re-
ported [31]. Replacement of the Ile by L-, D- and N-Me
amino acids (3–14) showed that the t-Leu, But-Ala,
Pro, MeAla, MeLeu, MeIle, D-Leu, D-Ile and D-Val
containing analogues had similar potency or were
more potent than the parent peptides 1 and 2. The
Gly analogue 8 lacking the side chain was 7-fold less
potent than 1. In comparison with the D-Ile ana-
logues 5 and 12, the corresponding D-Leu (6, 13) and
D-Val (7) analogues were 4–8-fold less potent. The
most potent compound of the series, cyclo(MeIle-Leu-
Asp-Val-NH(CH2)4CO) (14), was about 10-fold more
potent than 2. In comparison with the Ile, the Leu,
Asp and Val were more important for activity. Re-
placement of the Leu by norleucine (Nle), But-Ala and
cyclohexylalanine (Cha) (15–17) led a to 3–6-fold
loss in potency. The Ile, Val, t-Leu, D-Leu and MeLeu
analogues (18–22) were much less potent (IC50\30
mM). Replacement of the Asp by Asn (23) or D-Asp (24)
also led to a significant loss in activity. Although
activity was retained when Val was replaced by Leu
(25), the Phe (26) or D-Val (27) analogues were much
less potent.

To induce further conformational changes, the
-NH-(CH2)n-CO- groups in the cyclic peptides were
replaced by natural and unnatural amino acids and
non-peptidic residues. Compounds with -NH-
(CH2)2S(CH2)2-CO- and -NH(CH2)2SCH2CO- linking
groups (28, 32), which allow structures with similar
size and flexibility, had similar potency to the parent
peptides 1 and 13, respectively. Dipeptide, e.g. Gly-
Gly, b-Ala-b-Ala and b-Ala-Gly (33–35), containing
analogues with an additional amide bond in the
linker and no amino acid side chains were 3–10-fold
less potent. More potent compounds (29–31, 37–39
and 41) were obtained when conformationally re-
stricting Pro, D- or N-Me amino acids were introduced
in the linking groups. The analogues cyclo(MeIle-
Leu-Asp-Val-b-Ala-Pro) (29), cyclo(MeIle-Leu-Asp-
Val-b-Ala-D-Ala) (30) and cyclo(MeIle-Leu-Asp-Val-
D-Ala-D-Ala) (31) were comparable in potency with
cyclo(MeIle-Leu-Asp-Val-NH-(CH2)4-CO) (14). The D-

Leu containing analogues 36–39 were at least 3-fold
more potent than 13 and at least 40-fold more potent
than the corresponding peptide containing a Gly-Gly
linker (33). The most potent of these peptides (29 and
31) were approximately 100 times more potent than
CS-1. Replacing D-Leu with D-Phe in the analogues
containing b-Ala-Pro (40) and D-Ala-D-Ala (41) link-
ing groups produced compounds that were 7–18-fold
less potent than the parent compounds. More confor-
mationally restricted peptides containing two Pro
residues (43 and 44) were inactive at 30 mM.

Although peptides containing either a histamine
derivative (45) or p-aminomethylbenzoic acid (46) as
the linking group were less potent than CS-1, incor-
poration of a Pip-CH2CO- residue in the linking group
along with a -NH-(CH2)n-CO- group (47, 48), a
-NH(CH2)2-S-CH2CO- group (49, 50) or additional
amino acid residues (51–54) resulted in more potent
compounds. Compound 47, which contained a -Pip-
CH2CO-NH(CH2)2-CO- linking group, was equipotent
to 1. Further ring enlargement by incorporating a
-Pip-CH2-CO-NH(CH2)4-CO- group (48) resulted in a
3-fold reduction in potency. Replacement of the Ile
with N-Me amino acids in the Pip containing com-
pounds resulted in more potent compounds such as
cyclo(MeIle-Leu-Asp-Val-Pip-CH2-CO-NH(CH2)2-S-
CH2-CO) (49) and cyclo(MePhe-Leu-Asp-Val-Pip-
CH2-CO-NH(CH2)2-S-CH2-CO) (50). Comparison of
cyclo(Ile -Leu-Asp-Val -Pip -CH2CO-NH(CH2)4 -CO)
(48) and cyclo(MeIle-Leu-Asp-Val-Pip-CH2CO-NH-
(CH2)2-S-CH2CO) (49), both with the same size ring,
showed the MeIle compound to be 14-fold more
potent than the Ile analogue. The Pip and hPip
containing cyclic dimeric compounds (55–58) also
inhibited VLA-4-mediated cell adhesion. Although
the Ile analogue (55) inhibited MOLT-4 cell adhesion
to fibronectin with a similar potency to CS-1, the
MeIle (56) and MePhe (57) analogues were 6- and
30-fold more potent than CS-1, respectively. Re-
placement of the Pip ring in the MeIle analogue (56)
with a hPip ring (58) further improved potency 6-fold.

The structure–activity relationship (SAR) in the
side chain to C-terminal cyclic peptides (Table 2) was
broadly similar to the N- to C-terminal cyclic pep-
tides. Most of the compounds containing 18–19
atoms in the ring inhibited VLA-4-mediated cell
adhesion. Deletion of the Ile led to an inactive com-
pound (72, IC50\200 mM). The chirality of the Lys,
ornithine (Orn) or diaminobutyric acid (Dab) residues
did not have any significant effect on the activity
(59–65). Analogues containing D- or L- Lys, Orn or
Dab residues were similar in potency, e.g. Ac-cy-
clo(Lys-Ile-Leu-Asp-Val) (59) and Ac-cyclo(D-Lys-Ile-

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 321–341 (2000)
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Leu-Asp-Val) (60). The N-terminal acetyl group in the
Ac-cyclo(D-Lys-D-Ile-Leu-Asp-Val) and Ac-cyclo(D-
Lys-D-Leu-Leu-Asp-Val) series of compounds could
be eliminated or replaced by a number of sub-
stituents (64–71) without loss of activity (IC50=1.6–
7.9 mM).

A number of compounds were tested to see
whether they also inhibited VLA-4-mediated MOLT-4
cell adhesion to the vascular endothelial ligand
VCAM-1. Compounds that inhibited MOLT-4 cell
adhesion to fibronectin also inhibited adhesion to
VCAM-1. Most compounds were, like CS-1, slightly
more potent against fibronectin than VCAM-1. This
probably reflects the higher affinity of VLA-4 for
VCAM-1 than for fibronectin. While a few compounds
were \3-fold more potent against fibronectin, no
compound was significantly more potent against
VCAM-1. The SAR in the N- to C-terminal cyclized
monomeric and dimeric peptides and the side chain
to C-terminal cyclized peptides was similar to that for
adhesion to fibronectin. The mostpotent inhibitor of
MOLT-4 cell adhesion to VCAM-1 (cyclo(MeIle-Leu-
Asp-Val-D-Ala-D-Ala) (31)) was 500-fold more potent
than CS-1.

Selectivity Against Various Other Integrins (Table 3)

The selectivity of several of the cyclic monomeric (12,
31, 51–53 and 62) and dimeric peptides (55–57)

was assessed by measuring their effects on cell
adhesion-mediated by another b1 integrin, VLA-5
(a5b1), which binds to an Arg-Gly-Asp motif in fi-
bronectin (U937 cell adhesion to fibronectin), and the
b2 intergin, LFA-1 (aLb2), which binds to the vascular
endothelial cell ligand intercellular cell adhesion
molecule-1 (ICAM-1) (PMA-differentiated U937 cell
adhesion to ICAM-1 expressing CHO cells). While
these compounds inhibited MOLT-4 cell adhesion to
fibronectin in the range 0.17–17 mM, each compound
gave less than 50% inhibition of VLA-5 and LFA-1-
mediated cell adhesion at concentrations up to 300
mM. The most potent compound (31), cyclo(MeIle-
Leu-Asp-Val-D-Ala-D-Ala), was more than 1000-fold
selective. In addition, compounds 12, 55–57 and 62
had no effect on ADP-induced human platelet aggre-
gation when tested at 100 mM, indicating that they do
not block the interaction of the platelet integrin
GPIIb/IIIa (aIIbb3) with its ligand fibrinogen.

In Vivo Activity (Tables 1, 2 and 4)

Selected peptides were tested in vivo in a mouse
inflammation model, ovalbumin-induced DTH. DTH
responses are initiated by activation of memory T-
lymphocytes by specific antigens, leading to an in-
flammatory response 24–48 h after antigen
exposure. Although the cellular infiltrate in human
DTH responses are predominantly mononuclear,
most leukocytes recruited to the site of inflammation
in mouse ovalbumin-induced DTH are neutrophils.
The recruitment of these neutrophils is associated
with an acute inflammatory response to ovalbumin,
which is characterized by oedema that has subsided
by 24 h. We previously showed that the oedema
measured at 24 h post-ovalbumin injection is largely
dependent on T-lymphocyte priming [31]. We used
the anti-mouse a4 integrin monoclonal antibody PS/2
to demonstrate that approximately 40% of the
oedema measured at 24 h is dependent on a4 inte-
grins (4092% inhibition at 7.5 mg/kg i.v.).

Initially, the peptides were administered by contin-
uous infusion from subcutaneous osmotic mini-
pump starting 24 h before ovalbumin challenge. The
potency of the cyclic peptides was compared with
CS-1. Potent inhibitors of VLA-4-mediated cell adhe-
sion in vitro were also potent inhibitors of mouse
ovalbumin DTH (Tables 1 and 2 and Figure 1). The
maximal inhibition achieved with each peptide was
similar to the maximum inhibition by PS/2 in the
same experiments. In addition, cyclic peptides
cyclo(Ile-Leu-Asp-Val-NH(CH2)2CO) [31] and Ac-
cyclo(Orn-Leu-Asp-Val) (72), which did not inhibit

Table 3 Effect of Selected Compounds on Cell Ad-
hesion-mediated by VLA-5 (U937 Cell Adhesion to
Fibronectin), LFA-1 (PMA-treated U937 Cell Adhe-
sion to ICAM-1 Transfected CHO Cells) and GPIIbI-
IIa (ADP-induced Human Platelet Aggregation)

Compound % Inhibition at 300 mM GPIIbIIIa

VLA-5 LFA-1 Dose ratio
shift at 100
mMa

12 1.120 28
03831 nt

51 29 31 nt
52 29 8 nt
53 12 19 nt
55 38 33 1.3
56 −9 26 1.5

−1 −457 1.5
62 27 37 1.1

a Ratio of the concentration of ADP required for half maxi-
mal change in light transmission (EC50) in the presence
and absence of the compound.
nt=not tested.
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Table 4 Inhibition of Mouse Ovalbumin DTH by Cyclic Peptides after Dosing at 1
mg/kg i.v. 4 h Pre-antigen Challenge or 20 h Post-antigen Challenge

Compound Inhibition of foot swelling (% of the maximal PS/2 response)

Dosing 4 h pre-antigen challenge Dosing 20 h post-antigen challenge

52924NS1098.9 pB0.011
28 NS1799.8 NS 43922
48 41910 pB0.01pB0.05 62923

52931 pB0.0156 NS 63911
71912NS57 30914 pB0.01

62 11916 NS pB0.0018297.3
68 NS 4991126913 pB0.05

Each group contained five mice.
NS=not significantly different from saline-dosed control group.

VLA-4-mediated cell adhesion in vitro at con-
centrations up to 200 mM, were inactive in vivo at
the highest doses tested (10 and 0.3 mg/kg/day,
respectively). These findings suggest that the in-
hibitory effects in DTH are a consequence of VLA-4
inhibition, although a contribution from inhibiting
the integrin a4b7, also found on some leukocytes,

cannot be ruled out. The most potent compounds in
vivo (ED5050.02 mg/kg/day) included examples
from both the N- to C-terminal and the side chain
to C-terminal series of cyclic peptides (28, 29, 31,
32, 48–50, 52, 53, 55–58, 62 and 68) and were
more potent than CS-1 both in vitro and in vivo. For
example, cyclo(MeIle-Leu-Asp-Val-b-Ala-Pro) (29)
and cyclo(MeIle-Leu-Asp-Val-D-Ala-D-Ala) (31),
which were 100–500-fold more potent than CS-1 in
vitro, were 100–250-fold more potent than CS-1 in
vivo (ED50=0.009 and 0.004 mg/kg/day, respec-
tively). Similarly, compounds 38, 49, 50, 52, 53, 57
and 58, which were 20–100-fold more potent than
CS-1 in vitro, were 50–200-fold more potent in oval-
bumin DTH. However, some compounds such as
cyclo(Ile-Leu-Asp-Val-NH(CH2)2-S-(CH2)2CO) (28),
cyclo(Ile-Leu-Asp-Val-Pip-CH2CO-Ile-Leu-Asp-Val-
Pip-CH2CO) (55) and Ac-cyclo(D-Lys-D-Ile-Leu-Asp-
Val) (62) were more potent in vivo (100–300-fold
that of CS-1) than would be predicted from the in
vitro potency (equipotent to 7-fold that of CS-1). In
these cases, the differences in the in vitro and the in
vivo profiles are likely to be the result of the differ-
ences in bioavailability and pharmacokinetics of the
peptides. Despite the peptides being administered
continuously, factors such as stability, protein
binding and rates of clearance will lead to different
steady-state concentrations of the peptides in the
blood.

In order to obtain information about the duration
of action of the cyclic peptides, selected compounds
were also dosed by bolus intravenous injection at
different time intervals before measuring the DTH
response. When dosed at 1 mg/kg, 20 h after oval-
bumin challenge (4 h before measurement of
oedema), each peptide inhibited the inflammatory

Figure 1 Inhibition of mouse ovalbumin DTH by repre-
sentative N- to C-terminally linked monomeric (52)
dimeric (55) and side chain linked (62) VLA-4 inhibitor
cyclic peptides. Each compound was dosed continuously
from osmotic mini-pimps implanted subcutaneously in
mice that had been immunized with ovalbumin 6 days
earlier. After a further 24 h, the mice were challenged with
ovalbumin into the right footpad and the inhibition of foot
swelling was measured 24 h later. Results are expressed
as mean9S.E.M. relative to the inhibition by the anti-
mouse a4 integrin monoclonal antibody, PS/2 (7.5 mg/kg,
i.v.), used as a positive control in each experiment. A dose
response to CS-1 peptide is included for comparison.
Each dose group contained five to ten mice. * pB0.05,
** pB0.01, *** pB0.001.
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Figure 2 Release profiles of (a) Ac-cyclo(D-Lys-D-Ile-Leu-
Asp-Val) (62) and (b) cyclo(CH2CO-Ile-Leu-Asp-Val-Pip-
CH2CO-Ile-Leu-Asp-Val-Pip) (55) from poly(DL-lactide-co-
glycolide) depots in vitro.

response (50–80% of the maximal PS/2 response)
and Ac-cyclo(D-Lys-D-Ile-Leu-Asp-Val) (62) was the
most potent (Table 4). In contrast, compounds 1, 28,
56, 57, 62 and 68 did not inhibit the inflammatory
response when dosed at 1 mg/kg, 4 h before oval-
bumin challenge. Only cyclo(Ile-Leu-Asp-Val-Pip-
CH2CO-NH-(CH2)4-CO) (48) showed statistically sig-
nificant activity when dosed at this time. Thus, most
of the cyclic peptides do not appear to display ex-
tended duration of action and may require dosing by
continuous infusion if they are to be clinically effec-
tive as anti-inflammatory agents.

Formulation Studies

The possibilities of achieving sustained delivery sys-
tems based on the lactide/glycolide co-polymers were
investigated using cyclic peptides Ac-cyclo(D-Lys-D-
Ile-Leu-Asp-Val) (62) and cyclo(CH2CO-Ile-Leu-Asp-
Val-Pip-CH2CO-Ile-Leu-Asp-Val-Pip) (55). Extended
release of peptides from such depot formulations is
dependent on several factors [36–40]. Depending on
the period of delivery, enough compound has to be
incorporated into the polymer. This has implications
for the total amount of the drug/polymer combina-
tion that can be administered in a single injection.
The peptide also has to be stable to the experimental
conditions used to prepare the depots formulation
and for several months afterwards before it is admin-
istered to the patients. Although 55 and 62 could be
incorporated (20%) into a 20 kDa 1:1 poly(DL-lactide-
co-glycolide) polymer without significant degradation
and both were stable in pH 7.6 buffer (37°C, 1
month), both were degraded significantly (50 and
69%, respectively, remaining intact after 1 month) at
pH 3. The release profiles (Figure 2) indicated that
both peptides were released nearly quantitatively in
B4 days. Owing to the instability of the peptides at
pH 3, no further work was carried out to modify the
release profile by altering the nature of the polymer
(e.g. molecular weight and composition). Stability at
pH 3 is very important because the preparation of the
depots requires acetic acid and because lactic and
glycolic acids are generated in vivo in the vicinity of
the peptide when the poly(DL-lactide-co-glycolide)
polymer is degraded.

CONCLUSIONS

Cyclic peptides containing one or two Ile-Leu-Asp-
Val tetrapeptides—obtained either by linking the N-

and C-terminal ends by using a linking group, e.g.
-NH(CH2)5CO- or -Pip-CH2CO-, or by forming an
amide bond between the C-terminal Val carboxyl
group and the side chain amino groups of the N-ter-
minal Lys, Orn or Dab residues—are potent in-
hibitors of VLA-4-mediated MOLT-4 adhesion in
vitro and ovalbumin DTH in vivo when dosed contin-
uously from a subcutaneous osmotic mini-pump.
However, the peptides do not display an extended
duration of action in the DTH model when adminis-
tered as a bolus injection. Replacement of the Ile by
N-methyl or D-amino acids (e.g. MeIle, D-Ile) leads to
more potent compounds; however, the Leu, Asp and
Val residues can only be replaced by amino acids
with similar side chains. In vivo studies indicate that
only peptides that inhibit VLA-4-mediated cell adhe-
sion in vitro are active in the DTH model, which
is dependent on antigen-induced activation of T-
lymphocytes. This, in addition to the observation
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that the maximum inhibition of the DTH response
by the peptides was equivalent to that of the anti-a4

monoclonal antibody PS/2, suggests that the in vivo
activity of the peptides was the result of the inhibi-
tion of the recruitment and/or activation of VLA-4-
expressing leukocytes, although a contribution of
additional effects on the integrin a4b7 cannot be
ruled out. Based on this evidence, the peptides may
be useful for the treatment of a number of inflam-
matory and autoimmune diseases. However, further
improvement in stability (pH 3) and other formula-
tion characteristics will be required if the com-
pounds are to be administered in slow-release
formulations. Studies in progress have resulted in
more potent and stable compounds with much im-
proved release profiles from the depot formulations
[41].

EXPERIMENTAL SECTION

The cyclic monomeric and dimeric peptides were
prepared by the SPPS procedure using 2-chloro-
tritylchloride resin. Details of the synthetic proce-
dures are only given for a few compounds. In other
cases, variations from the standard route are high-
lighted. Following assembling on the resin, the lin-
ear peptides were cleaved from the resin and used
in subsequent steps without purification. The final
products were purified by RP-HPLC before charac-
terization. The homogeneity of the purified peptides,
obtained as freeze-dried powders, was checked
using analytical HPLC and, in many cases, using
CZE. The gradient systems used in the preparative
and analytical RP-HPLC (C18) were mixtures of wa-
ter and acetonitrile containing 0.1% TFA. TLC was
carried out on silica gel plates.

Asp-Glu-Leu-Pro-Gln-Leu-Val-Thr-Leu-Pro-His-Pro-
Asn-Leu-His-Gly-Pro-Glu-Ile-Leu-Asp-Val-Pro-Ser-
Thr (CS-1). This was synthesized on the Wang resin
using Na-Fmoc protected amino acid derivatives
and standard deblocking and coupling procedures.
The Asp and Glu side chains were protected as But

esters and the His side chain was protected by a
trityl group. The crude peptide was purified first by
ion exchange chromatography (Hydropore SCX
column, Rainin Instruments Company, USA, pH
3.0) and then by HPLC (Vydac column, The Separa-
tions Group, USA, 218TP1022, 22×250 mm) using
a gradient system (10–50%, 45 min, flow rate 10
ml/min). The purified product was checked for ho-
mogeneity using analytical RP-HPLC (Vydac
218TP54, 4.6×250 mm column; retention time
26.87 min (10–40% gradient, 30 min) and 19.39

min (10–60%, 30 min)). Amino acid analysis follow-
ing acid hydrolysis: Asp 3.06 (3), Thr 1.60 (2), Ser
0.75 (1), Glu 3.02 (3), Pro 5.0 (5), Gly 0.99 (1), Val
1.95 (2), Ile 0.94 (1), Leu 5.07 (5), His 1.99 (2).
(M+H)+ 2732.7. The peptide was also character-
ized by full sequence analysis using an Applied
Biosystems instrument.

Cyclo(Ile-Leu-Asp-Val-NH-(CH2)5-CO) (1) (Scheme
1). 2-Chlorotritylchloride resin (Nova Biochem; 1.6
mmole Cl/g; 1 g), swollen in dry DCM (10 ml) for 5
min, was reacted with Fmoc-NH-(CH2)5-COOH (355
mg, 1 mmole) and DIPEA (560 ml, 3.2 mmole) in
DCM (5 ml) for 45 min. Methanol (9 ml) and DIPEA
(1 ml) were added and, after 5 min, the resin was
collected by filtration, washed successively with
DCM, DMF, DCM, isopropanol and ether, dried at
50°C in a vacuum oven (weight 1.33 g) and placed
in a reaction vessel fitted with a sintered glass disc.
The following series of reactions were then carried
out manually to obtain the desired peptide resin. (a)
Removal of the Fmoc group with two treatments
(1×5 min and 1×15 min) of 20% piperidine in
DMF followed by five washes with DMF to remove
excess reagents and cleavage products. (b) Acyla-
tion with Fmoc-Val (678 mg, 2 mmole) activated
with HBTU (760 mg, 2 mmole) and DIPEA (700 ml, 4
mmole) in DMF (4 ml) for 1 h followed by five
washes with DMF to remove excess reagents. The
deprotection and coupling cycles were repeated
using Fmoc-Asp(OBut) (822 mg, 2 mmole), Fmoc-
Leu (700 mg, 2 mmole) and Fmoc-Ile (700 mg,
2 mmole) to give Fmoc-Ile-Leu-Asp(OBut)-Val-
NH(CH2)5-COO-resin. The Fmoc group was cleaved
(as above) and the peptide resin was washed suc-
cessively with DMF, DCM and ether and dried in a
vacuum oven at 50°C (weight 1.51 g).

The Ile-Leu-Asp(OBut)-Val-NH(CH2)5-CO2-resin
was suspended in a mixture of acetic acid:
trifluoroethanol:DCM (2:2:6, 25 ml) for 2 h to cleave
the peptide from the resin. The resin was filtered off,
washed with the above solvent mixture and the
combined filtrates were evaporated. The residue
was triturated with ether to give Ile-Leu-Asp(OBut)-
Val-NH(CH2)5-COOH as an acetate salt (428 mg),
(M+H)+ 628.4, (M+Na)+ 650.5. The acetate salt
was converted to a HCl salt by dissolving it in a
mixture of water:acetonitrile (2:1, 60 ml), cooling
to 0°C, adding 1.05 equivalents of 1N HCl and
freeze-drying the contents. A part of the linear
peptide hydrochloride (190 mg, 0.288 mmole) was
dissolved in DMF (300 ml) and HBTU (109 mg,
0.288 mmole), HOBt (45 mg, 0.288 mmole) and
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DIPEA (117 ml, 0.86 mmole) were added to the solu-
tion. After stirring for 3 h at room temperature (RT),
the solvent was evaporated to dryness in vacuo and
the residue, in ethyl acetate, was washed succes-
sively with 1 M citric acid, saturated NaCl, 10%
NaHCO3 and saturated NaCl, dried over MgSO4 and
the solvent evaporated to dryness in vacuo. The crude
product was collected, dried over P2O5/KOH (125 mg;
retention time 20.71 min (Vydac 218TP54 column)
(20–80% gradient, 30 min at a flow rate of 1.0
ml/min)) and used in the next step without any
purification.

The peptide, c(Ile-Leu-Asp(OBut)-Val-NH(CH2)5-
CO) (125 mg, 0.2 mmole), was treated for 30 min with
a mixture of TFA:water (95:5, 15 ml) and triiso-
propylsilane (200 ml) to remove the Asp side chain
protecting group. Evaporation to a small volume
followed by trituration with ether yielded the crude
cyclic peptide (75 mg), which was purified by RP-
HPLC (Vydac 218TP1022 column) (15–55% gradient,
60 min) at a flow rate of 10 ml/min. The product
containing fractions were combined and freeze-dried
to give the purified cyclic peptide (50 mg). The peptide
(retention time 18.03 min on a Novapak C18 column
(Waters Ltd, UK) (10–60% gradient, 30 min, 1.0
ml/min flow rate)) was characterized by amino acid
analysis and mass spectroscopy (Table 5).

Compounds 2–27, 29–31 and 33–44. Synthesized by
the procedure used for compound 1. Structures of
the linear peptides used in the final cyclization reac-
tion are shown in Table 5.

Compound 28. Synthesized as compound 1 starting
from Fmoc-NH(CH2)2-S-(CH2)2-COOH. The Fmoc
derivative was obtained by the procedure described
below for Fmoc-NH(CH2)2-S-CH2-COOH (32) by
using 3-bromopropionic acid and 2-amino-
ethanethiol. (M+H)+ 372.

Compound 32. Synthesized as compound 1 starting
from Fmoc-NH(CH2)2-S-CH2-COOH. For the syn-
thesis of Fmoc-NH(CH2)2-S-CH2-COOH, 2-amino-
ethanethiol (HCl) (5.68 g, 50 mmole) was dissolved in
water (200 ml) and NaHCO3 (25.2 g, 300 mmole) and
2-bromoacetic acid (6.95 g, 50 mmole) in acetonitrile
(100 ml) was added to the stirred solution in portions
over 30 min. After 1 h at RT, a solution of Fmoc-OSu
(16.85 g, 50 mmole) in acetonitrile (150 ml) was
added and the stirring was continued for 16 h. The
slightly turbid solution was evaporated to remove
most of the acetonitrile and the remaining aqueous
solution was extracted with ethyl acetate (3×50 ml).
It was then acidified (pH 2) by the addition of HCl. The

white solid was collected, washed with water and
dried in vacuo at 45°C. Yield 17 g (95%), (M+H)+

358.0.

Compound 45. Di-But-dicarbonate (24 g, 110
mmoles) in methanol (50 ml) was added to a solution
of histamine dihydrochloride (10 g, 54.3 mmoles) and
TEA (15.3 ml, 109 mmoles) in methanol (100 ml) over
15 min with stirring. After 24 h at RT, the solvent was
removed by evaporation and the residue was parti-
tioned between DCM and water. The organic phase
was washed twice with M citric acid solution and
saturated NaCl solution, dried over MgSO4 and evap-
orated to a solid. Recrystallization from ethyl acetate
gave Na,N t-di-Boc-histamine (12.99 g, 76%, m.p.
125–126°C; TLC, Rf 0.25 in ethyl acetate-isohexane
(1:1) and 0.62 in methanol-chloroform (1:9)). DIPEA
(1 ml) was added to a solution of Na,N t-bis-Boc-
histamine (8.3 g, 26.7 mmoles) in methanol
(150 ml) and, after stirring for 24 h at RT, the
solvent was removed by evaporation. The residue
was precipitated from ethyl acetate-isohexane
to give Na-Boc-histamine (5.46 g, 97%, m.p. 93–
95°C. TLC, Rf 0.53 in acetonitrile:water (3:1), 0.23 in
methanol:chloroform (1:9) and 0.73 in chloro-
form:methanol:water (55:40:10)).

But-bromoacetate (2.31 g, 11.80 mmoles) in DCM
(6 ml) was added to a stirred solution of Na-Boc-his-
tamine (2.5 g, 11.8 mmoles) and DIPEA (2.06 ml, 11.8
mmoles) in DCM (50 ml). After 24 h at RT, additional
DCM (200 ml) was added and the solution was
washed with M citric acid solution and saturated
NaCl solution, dried over MgSO4 and evaporated to
dryness. The residual oil, dissolved in TFA:water
(95:5; 100 ml) containing triisopropylsilane (1 ml),
was left at RT for 90 min. The solvent was removed
by evaporation under reduced pressure and the
remaining oil was triturated with ether and dried
under high vacuum over P2O5 and KOH to give
N t(CH2-COOH)-histamine as a solid (3.9 g, MH+ 170,
TLC Rf 0.35 in acetonitrile:water (3:1), and 0.37 in
chloroform:methanol:water (55:40:10)). The his-
tamine derivative (3.9 g, 14 mmoles) was dissolved in
water (50 ml), acetone (30 ml) and 1 M Na2CO3 (30
ml) and the solution was cooled in an ice bath.
Fmoc-OSu (4.76 g) in acetone (30 ml) was added
dropwise with stirring over a period of 20 min (pH
maintained at 9 by the addition of 1 M Na2CO3

solution) and the stirring was continued overnight.
Acetone was removed by evaporation and the
aqueous solution was acidified with 1 M KHSO4. The
product was then extracted into ethyl acetate. The
organic phase was washed with water and saturated
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Table 5 Characterization of the Cyclic Peptides
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Table 5 (Continued)
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Table 5 (Continued)
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Table 5 (Continued)
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Table 5 (Continued)

a Analytical HPLC was carried out using a RP-HPLC (C18) Vydac column (218TP54, 4.6×250 mm)
except in the case of compounds 2–6, when a Novapak column (3.9×150 mm) was used. The
solvent system consisted of water and acetonitrile (each containing 0.1% TFA). The column was
eluted using a gradient (solvent ratio and time shown in the table) with increasing concentrations of
acetonitrile run at a rate of 1 ml/min.

NaCl solution, dried over MgSO4 and evaporated to
an oil. Trituration with ether and ether/isohexane
gave Na-Fmoc-N t(CH2-COOH)-histamine as a solid
(3.66 g, 66%; MH+ 392). A part of the histamine
derivative (782 mg, 2 mmole) was attached to 2-
chlorotritylchloride resin (2 g) and the required lin-
ear peptide was assembled by the procedure used
for compound 1. Cleavage from the resin followed
by cyclization and deprotection gave the final
product (45).

Compound 46. p-aminomethylbenzoic acid was at-
tached to the resin and, after coupling the required
amino acids, the final product was obtained by the
procedures used for compound 1.

Compound 47 (Scheme 2). But-bromoacetate (4.88
g, 25 mmoles) in DCM (50 ml) was added to a
solution of But-1-Pip carboxylate (4.65 g, 25
mmoles) and TEA (3.5 ml, 25 mmoles) in DCM (30
ml). The reaction mixture was stirred overnight,
filtered to remove the solids and the filtrate evapo-
rated to dryness. The residue, in ethyl acetate, was
washed with water, dried over MgSO4 and the sol-
vent evaporated in vacuo. The solid was crystallized
from ether-isohexane to yield Boc-Pip-CH2COOBut

(5.66 g, 75%, m.p. 99–100°C) (found C 59.8%,
H 9,6%, N 9.1%; C15H28N2O4 requires C 60.0%,
H 9.4%, N 9.33%). (TLC; Rf 0.38 in ethyl
acetate:isohexane (1:1) and 0.68 in CH3OH:CHCl3
(1:9)). The Pip derivative (5 g, 16.6 mmoles) was
treated with TFA:water (95:5; 50 ml) for 1 h. The
acid was removed by evaporation in vacuo and the
residual oil was triturated with ether to give a solid,
which was collected, washed with ether, dried over
P2O5/KOH under vacuum (6.25 g, m.p. 177–182°C)
and dissolved in a mixture of water and acetone
(1:1, 150 ml) containing K2CO3 (6.92 g, 3 equiva-
lents). Fmoc-OSu (5.66 g, 16.7 mmoles) in acetone
(30 ml) was added over a 20-min period with stir-
ring while maintaining the pH of the solution at 9 by
the addition of M K2CO3 solution. After 24 h, ace-

tone was removed by evaporation under vacuum
and the aqueous solution was acidified with KHSO4

solution. Fmoc-Pip-CH2-COOH was extracted into
ethyl acetate, washed with water (six times) and
saturated NaCl solution and dried over MgSO4.
Evaporation of the solvent left an oil, which solidi-
fied on trituration with isohexane and ether (yield
3.72 g, 60%). A sample was recrystallized from
ethanol-ether, m.p. 179–182°C, MH+ 367.

Fmoc-Pip-CH2-COOH (366 mg, 1 mmole) in
CH2Cl2 (15 ml) was attached to the resin (1 g) by the
procedure used for 1 (weight 1.13 g). Following
cleavage of the Fmoc group, Fmoc-Val (678 mg, 2
mmole) was coupled to the resin (1 h) using HBTU
(760 mg, 2 mmole) and DIPEA (700 ml, 4 mmole) in
DMF (4 ml). The deprotection and coupling cycles
were repeated using Fmoc-Asp(OBut), Fmoc-Leu
and Fmoc-Ile (2 mmoles each) to give the protected
peptide resin. Cleavage of the Fmoc group followed
by cleavage from the resin gave the linear pentapep-
tide derivative b-Ala-Ile-Leu-Asp(OBut)-Val-Pip-
CH2-COOH as an acetate salt, which was converted
to a HCl salt, cyclized, deprotected and purified as
for compound 1 to give 47.

Compounds 48–54. Synthesized by the route de-
scribed above for compound 47. The synthetic route
for Fmoc-NH(CH2)2-S-CH2-COOH is described
above.

Compound 55. The dimeric peptide 55 was pre-
pared by two routes. In the first, Ile-Leu-Asp(OBut)-
Val-Pip-CH2-COOH (HCl) (388 mg, 0.57 mmole),
prepared by the route described for compound 47,
was dissolved in DMF (600 ml). HBTU (218 mg, 0.57
mmoles) was than added followed by DIPEA (300 ml,
1.72 mmoles). The reaction mixture was stirred (24
h) at RT, evaporated to dryness under vacuum and
treated for 1 h with a mixture of TFA:water (95:5, 25
ml) and triisopropylsilane (200 ml) to remove the
Asp(OBut) group. Evaporation to a small volume,
followed by trituration with ether yielded the crude
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cyclic dimeric peptide 55, which was purified by
RP-HPLC (Vydac 218TP1022 column) using a gradi-
ent of acetonitrile–water (20–50%, 65 min, flow rate
10.0 ml/min). Yield 46 mg. No monomeric peptide
could be detected.

The second route used for the synthesis of 55
(Scheme 2) required the synthesis of Fmoc-Ile-Leu-
Asp(OBut)-Val-Pip-CH2-CO-Ile-Leu-Asp(OBut)-Val-
Pip-CH2-COOH on the resin. After assembling
Fmoc-Ile-Leu-Asp(OBut)-Val-Pip-CH2-COO-resin by
the procedure used for compound 47, one part of
the resin was treated with piperidine to give Ile-Leu-
Asp(OBut)-Val-Pip-CH2-COO-resin (55a) and the
other part was treated with a mixture of acetic
acid:trifluoroethanol:DCM (2:2:6) to give Fmoc-Ile-
Leu-Asp(OBut)-Val-Pip-CH2-COOH (55b). Coupling
of the two fragments by HBTU, followed by depro-
tection of the N-terminal Fmoc group and cleavage
of the peptide from the resin gave Ile-Leu-Asp(OBut)
-Val-Pip-CH2-CO-Ile-Leu-Asp(OBut)-Val-Pip-CH2-
COOH (55d). The linear peptide 55d was cyclized,
deprotected and purified as compound 47 to yield
the dimeric peptide 55.

Compounds 56 and 57. The precursors to MeIle and
MePhe analogues 56 and 57, MeIle-Leu-Asp(OBut)-
Val-Pip-CH2-CO-MeIle-Leu-Asp(OBut)-Val-Pip-CH2-
COOH and MePhe-Leu-Asp(OBut)-Val-Pip-CH2-CO-
MePhe-Leu-Asp(OBut)-Val-Pip-CH2-COOH were syn-
thesized on the resin, cyclized and deprotected by
the procedures used for compound 55 (Scheme 2).

Compound 58. 2-Chlorotritylchloride resin (5 g,
1.35 mmol/g), suspended in dry DCM (50 ml), was
reacted with 3-bromopropionic acid (765 mg, 5
mmol) and DIPEA (2.62 ml, 15 mmol) for 45 min. A
10% solution of DIPEA in methanol (10 ml) was
then added and, after 5 min, the resin was collected
and washed with methanol, DMF, DCM and ether.
The resin was resuspended in DMF (20 ml), treated
with hPip (2 g) in a mixture of DMF/DCM (25 ml) for
1 h, collected and washed with DMF and DCM. The
resin, suspended in DCM (60 ml), was treated with
Fmoc-OSu (3.77 g, 10 mmol) followed by DIPEA (3.5
ml, 20 mmol) and shaken mechanically for 24 h.
The Fmoc-hPip-CH2-CO-resin was collected by fil-
tration, washed with DCM, DMF, DCM, ether and
dried in vacuo at 45°C for 16 h (5.99 g). The Fmoc-
hPip-CH2-COOH was cleaved from the resin (4 g) by
two treatments with a mixture of acetic acid:
trifluoroethanol:DCM (1:1:3, 25 ml). Evaporation of
the solvent left an oil, which gave a solid from
ether-isohexane (723 mg).

Using the Fmoc-hPip-CH2-CO-resin (1 mmol),
MeIle-Leu-Asp(OBut)-Val-hPip-CH2-CO-resin was
synthesized. The second hPip unit was then added
by reacting Fmoc-hPip-CH2-COOH to the resin and
the synthesis was continued to give the dimer
MeIle-Leu-Asp(OBut)-Val-hPip-CH2-CO-MeIle-Leu-
Asp-(OBut)-Val-hPip-CH2-COOH (720 mg). The pep-
tide was converted to hydrochloride (0.49 mmol)
and cyclized in DMF (500 ml) using HATU as a
coupling agent. The crude peptide was deprotected
with 95% TFA (25 ml) and triisopropylsilane (2 ml)
at RT for 1 h (692 mg) and purified by RP-HPLC (64
mg).

Ac-cyclo(D-Lys-Ile-Leu-Asp-Val) (60) (Scheme 3).
Starting from Fmoc-Val, Z-D-Lys(Fmoc)-Ile-Leu-
Asp(OBut)-Val was assembled on the resin by a
procedure similar to that described above for Ile-
Leu-Asp(OBut)-Val-NH(CH2)5-COO-resin (used in
compound 1). The resin was treated with piperidine
to cleave the Fmoc group and the peptide was then
cleaved from the resin to give Z-D-Lys-Ile-Leu-
Asp(OBut)-Val, which was converted to the HCl salt.
The hydrochloride (236 mg, 0.291 mmole) was dis-
solved in DMF (350 ml) and, after adding HBTU
(110.5 mg, 0.291 mmole), HOBt (39.3 mg, 0.291
mmole) and DIPEA (152 ml, 0.873 mmole), the reac-
tion mixture was stirred for 2 h at RT. The solvent
was removed under vacuum and the residue was
partitioned between ethyl acetate and water. The
organic phase, after washing with 1N citric acid,
saturated NaCl solution, 10% aqueous NaHCO3 and
saturated NaCl solution, was dried over MgSO4 and
the solvent removed in vacuum. The crude product,
Z-cyclo(D-Lys-Ile-Leu-Asp(OBut)-Val) (157 mg,
0.207 mmole, retention time 25.2 min, Vydac
column, 20–80% gradient (30 min)) was dissolved
in a mixture of ethanol:water:acetic acid (40:6:10
ml) and Pd/C (200 mg) was added. Hydrogen gas
was bubbled through the stirred reaction mixture
for 4 h to cleave the Z group. The catalyst was
removed by filtration and the filtrate evaporated to
dryness. The residue, in DMF (10 ml), was treated
with an excess of acetic anhydride and the solution
was left at RT for 16 h. The solvent was removed in
vacuo and the acetyl derivative was collected with
ether, washed with ether and dried. The crude
cyclic peptide was dissolved in a mixture of
TFA:water (95:5, 20 mL) and, after adding triiso-
propylsilane (200 ml), the mixture was stirred at RT
for 30 min. The solvent was evaporated off in vacuo
and the peptide was purified by RP-HPLC (yield 28
mg).
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Compounds 59, 61–68 and 70–72. All of these
compounds were prepared by procedures similar to
those described for 60. The structures of the corre-
sponding linear peptides assembled on the resin
are shown in Table 5.

Compound 69. The precursor peptide cyclo(D-Lys-
D-Leu-Leu-Asp(OBut)-Val) (120 mg), prepared by
the route used for 60, was dissolved in DMF (10
ml) and benzaldehyde (20 ml) was added. The mix-
ture was stirred at RT for 5 min and sodium
cyanoborohydride (11.1 mg) was then added along
with a drop of acetic acid; stirring was continued
for 30 min. The solvent was then removed by evap-
oration and the crude product deblocked and
purified by HPLC.
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