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Structure–activity relationship studies on CXCR4 antagonists having
cyclic pentapeptide scaffolds†
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Structure–activity relationship studies on CXCR4 antagonists, which were previously found by using cyclic
pentapeptide libraries, were performed to optimize side-chain functional groups, involving conformationally
constrained analogues. In addition, a new lead of cyclic pentapeptides with the introduction of a novel
pharmacophore was developed.

Introduction
Chemokine receptors belong to a superfamily of seven trans-
membrane G-protein coupled receptors (7TM-GPCRs). An
axis of a chemokine receptor, CXCR4, and its endogenous
ligand, stromal cell-derived factor-1 (SDF-1/CXCL12),1 has
multiple important functions in normal physiology involving
the migration of progenitors during embryologic development
of the cardiovascular, hemopoietic and central nervous sys-
tems. This axis has been also recognized to be involved in
several pathological conditions, such as HIV infection,2 cancer
metastasis/progression3 and rheumatoid arthritis (RA).4 Ini-
tially, CXCR4 was identified as a co-receptor that is used in the
entry of T cell line-tropic (X4-) HIV-1 into T cells.2 Subsequently,
several papers reported that malignant cells from different types
of cancer express CXCR4,5 and that CXCL12 is highly expressed
in the major metastatic destinations of the corresponding
cancer,3 suggesting that the interaction between CXCR4 and
CXCL12 might determine the metastatic destination of cancer
cells and cause organ preferential metastasis. Furthermore,
Nanki et al. reported that CXCL12, which is highly expressed
in the synovium of RA patients, stimulates migration of the
memory T cells, which highly express CXCR4, thereby inhibits
T cell apoptosis and leads to T cell accumulation in the RA
synovium.4a Thus, CXCR4 is thought to be a great therapeutic
target. A 14-mer peptide T140 and its analogues were previously
found to be specific CXCR4 antagonists that were characterized
as HIV-entry inhibitors,6 anti-cancer-metastatic agents3c and
anti-RA agents.4b The utilization of cyclic pentapeptide libraries
involving the critical residues of T140, which were previously
identified to be Arg2, L-3-(2-naphthyl)alanine (Nal)3, Tyr5 and
Arg14,7 led to the finding of a cyclic pentapeptide FC131 [cy-

† Electronic supplementary information (ESI) available: Characteriza-
tion data (MS) of novel synthetic compounds. See DOI: 10.1039/
b513145f

clo(-Arg1-Arg2-Nal3-Gly4-D-Tyr5-)], which has strong CXCR4
antagonistic activity, comparable to that of T140 (Fig. 1).8

Several FC131 analogues constrained or modified in Arg1 were
synthesized to find useful leads.9 In this paper, we describe
structure–activity relationship (SAR) studies on FC131 based
on several synthetic analogues, which involve substitution for
Arg2, Nal3 and D-Tyr5. In addition, we attempt to incorporate
a new pharmacophore such as a 4-fluorophenyl moiety, which
was previously identified by the N-terminal modification of T140
analogs,10 into cyclic pentapeptides.

Fig. 1 Development of a low molecular weight CXCR4 antagonist
FC131 based on cyclic pentapeptide libraries. Cit = L-citrulline.

Chemistry

Each peptide was synthesized in a general manner.8 In the
synthesis of compounds 6, 7, 9 and 10, after cyclization and
deprotection, N-guanylation of the resulting free side-chain
amino group was performed with 1H-pyrazole-1-carboxamidine
hydrochloride and DIPEA.9

Biological results and discussion

Several FC131 analogues, which have substitution for Arg2, Nal3

and D-Tyr5, were prepared and assessed for CXCR4-binding
activity based on inhibitory activity against CXCL12 binding to
CXCR4.11 First, analogues modified in the peripheral region ofD
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Table 1 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for Arg2 in FC131 against CXCL12 binding to CXCR4

cyclo(-Arg1-X2-Nal3-Gly4-D-Tyr5-)

Compd X IC50/lMa

1 (FC131) Arg 0.0079
2 Ala >1
3 Dab 0.44
4 Orn 0.69
5 Lys >1
6 g-Dab 1.1
7 g-Lys 0.033
8 Glu >1
9 trans-4-Guanidino-Pro >1
10 cis-4-Guanidino-Pro >1

a IC50 values are based on the inhibition of [125I]-CXCL12 binding to
CXCR4 transfectants of CHO cells. All data are mean values for at least
three independent experiments.

Arg2 were assayed (Table 1). Ala-substitution for Arg2 in FC131
completely diminished the activity of the parent compound,
whereas Ala-substitution for Arg1 did not cause a severe decrease
in potency,9 suggesting that the side-chain of Arg2 is very impor-
tant for strong activity. Thus, optimization of the side-chain of
Arg2 was attempted by the synthesis of several analogues, where
Arg2 was replaced by Arg/Lys mimetics having various lengths
of alkyl chains. L-2,4-Diaminobutyric acid (Dab)/L-ornithine
(Orn)-substituted analogues, 3 and 4, showed moderate CXCR4-
binding activity, which is two orders of magnitude less potent
than that of FC131, while a Lys-substituted analogue 5 did not
show any significant activity until 1 lM. An e-N-amidino-Lys
(g-Lys)-substituted analogue, 7, which has the side-chain with
a one-carbon elongation compared to Arg2, showed significant
CXCR4-binding activity, which is 4-fold weaker than FC131.
A c-N-amidino-Dab (g-Dab)-substituted analogue, 6, which
has the side-chain with a one-carbon reduction compared to
Arg2, showed very low activity. It suggests that Arg is the
most suitable at position 2 among the Arg/Lys mimetics used
in this study. A Glu-substituted analogue, 8, did not show
any significant activity until 1 lM, suggesting that a basic
functional group, such as an amino or guanidino group, in the
side-chain of the amino acid at position 2 is indispensable for
binding to CXCR4. In our previous study, analogues, in which
a conformationally constrained Arg mimetic, trans- or cis-4-
guanidino-Pro, was incorporated at position 1, showed higher
CXCR4-binding activity than a g-Dab-substituted analogue,
having the same length of the linear-type side chain of the amino
acid at position 1.9 Thus, in this study, analogues, in which trans-
or cis-4-guanidino-Pro was incorporated at position 2, were
prepared and assessed for CXCR4-binding activity. However,
the conformationally constrained analogues, 9 and 10, did not
show any significant activity until 1 lM. This proved that fixing
the backbone and the side-chain of Arg2 is not suitable.

Second, analogues modified in the peripheral region of Nal3

were assayed (Table 2). Ala-substitution for Nal3 in FC131
completely diminished the activity of the parent compound.
Since the side-chain of Nal3 is indispensable for strong activity,
optimization of the side-chain of Nal3 was attempted by the
synthesis of several analogues, where Nal3 was replaced by
Trp mimetics. A Trp-substituted analogue, 12, showed strong
CXCR4-binding activity, which is slightly less potent than

Table 2 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for Nal3 in FC131 against CXCL12 binding to CXCR4

cyclo(-Arg1-Arg2-X3-Gly4-D-Tyr5-)

Compd X IC50/lM

1 (FC131) Nal 0.0079
11 Ala >1
12 Trp 0.013
13 Tpi >1
14 Bth 0.018
15 D-Bth 0.26

that of FC131. This is compatible with our previous result:
T140 is more potent than T134 [Trp3-T140].6 A (3S)-2,3,4,9-
tetrahydro-1H-b-carboline-3-carboxylic acid (Tpi)-substituted
analogue, 13, which is conformationally constrained in the
backbone and the side-chain of the amino acid at position 3,
did not show any significant activity until 1 lM, suggesting
that fixing the backbone and the side-chain of Trp (or Nal)3

is not suitable. A (2S)-2-amino-3-benzothiazol-2-yl-propionic
acid (Bth)-substituted analogue, 14, showed strong CXCR4-
binding activity, which is almost the same as that of the Trp-
substituted analogue, 12. D-Bth-substituted analogue, 15, is 14-
fold less potent than 14. This is also compatible with our previous
result: D-Nal3-FC131 is 20-fold less potent than FC131.8 Taken
together, Nal is more suitable at position 3 than any other Trp-
mimetics.

Third, analogues modified in the peripheral region of D-
Tyr5 were assayed (Table 3). D-Ala-substitution for D-Tyr5 in
FC131 also diminished the activity of the parent compound.
Optimization of the side-chain of D-Tyr5 was attempted by
the synthesis of several analogues, where D-Tyr5 was replaced
by D-Tyr/Phe mimetics. A D-Phe(4-NH2)-substituted analogue,
17, and a D-Phe(4-OMe)-substituted analogue, 18, which have
electron-donating substituents on the aromatic ring of the amino
acid at position 5, showed remarkably less potent CXCR4-
binding activity than FC131, which also has an electron-
donating substituent on the aromatic ring. The analogues,
17 and 18, were weaker than a D-Phe-substituted analogue,

Table 3 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for D-Tyr5 in FC131 against CXCL12 binding to CXCR4

cyclo(-Arg1-Arg2-Nal3-Gly4-X5-)

Compd X IC50/lM

1 (FC131) D-Tyr 0.0079
16 D-Ala >1
17 4-Amino-D-phenylalanine [D-Phe(4-NH2)] 0.10
18 4-Methoxy-D-phenylalanine [D-Phe(4-OMe)] 0.51
19 D-His 0.15
20 D-Phe 0.051
21 4-Fluoro-D-phenylalanine [D-Phe(4-F)] 0.22
22 D-Tic(7-OH) 0.16
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Table 4 Inhibitory activity of cyclic pentapeptides involving the incor-
poration of Phe(4-F)1 into FC131 against CXCL12 binding to CXCR4

Compd Sequence IC50/lM

1 (FC131) cyclo(-Arg1-Arg2-Nal3-Gly4-D-Tyr5-) 0.0079
23 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-D-Tyr5-) 0.057
24 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-Arg5-) 0.62
25 cyclo(-D-Phe(4-F)1-Arg2-Nal3-Gly4-Arg5-) 0.035
26 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-D-Arg5-) 0.088
27 cyclo(-D-Phe(4-F)1-Arg2-Nal3-Gly4-D-Arg5-) 0.094
28 cyclo(-D-Tyr1-Arg2-Nal3-Gly4-Arg5-) 0.30

20. Thus, an electron-donating substituent on the aromatic
ring of the amino acid at position 5 is not always suitable
for strong CXCR4-binding activity. On the other hand, a
D-Phe(4-F)-substituted analogue, 21, which has an electron-
withdrawing substituent on the aromatic ring, was also less
potent than FC131 or the D-Phe-substituted analogue, 20. A D-
His-substituted analogue, 19, which has a basic/aromatic amino
acid at position 5, did not show stronger activity than 20. A (3R)-
7-hydroxy-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic acid [D-
Tic(7-OH)]-substituted analogue, 22, which is conformationally
constrained in the backbone and the side-chain of the amino acid
at position 5, showed remarkably less potent CXCR4-binding
activity than FC131, suggesting that fixing the backbone and the
side-chain of D-Tyr5 is also not suitable. Taken together, D-Tyr
is the most suitable at position 5 among the tested amino acids
without any relation to the electron-withdrawing or -donating
effect of the substituent on the aromatic ring.

Recently, a novel pharmacophore of T140-related CXCR4
antagonists, such as a 4-fluorophenyl moiety, was found in
addition to the original pharmacophores of T140, Arg (x 2),
Nal and Tyr.10 Fourth, since the phenol group of D-Tyr5 could
not be replaced by the 4-fluorophenyl group with maintenance
of high activity, as seen in the D-Phe(4-F)-substituted analogue,
21, we attempted to incorporate the 4-fluorophenyl group into
the amino acid at position 1. [Phe(4-F)1]-FC131, 23, showed
significant CXCR4-binding activity, which is less potent than
that of FC131. Since another Arg residue is thought to be
indispensable for high activity and an aromatic residue [L/D-
Phe(4-F)] is incorporated into position 1, we tried to replace
D-Tyr5 by L/D-Arg5. Four analogues, 24–27, [L/D-Phe(4-F)1,
L/D-Arg5]-FC131, were prepared and assayed (Table 4). Among
these compounds [D-Phe(4-F)1, Arg5]-FC131, 25, showed the
most potent activity, which is 10-fold more potent than that
of [D-Tyr1, Arg5]-FC131, 28. Thus, it is thought that [D-Phe(4-
F)1, Arg5]-FC131, 25, is useful as a novel lead involving the
pharmacophores different from FC131, although 25 is 4-fold
less potent than FC131.

Conclusion
In summary, SAR studies on cyclic pentapeptides having
CXCR4-antagonistic activity, such as FC131, were performed.
Several analogues were synthesized to optimize side-chain
functional groups, involving constrained analogues that confor-
mationally fix the backbone and the side-chains. Taken together,
Arg, Nal and D-Tyr are the most suitable at position 2, 3 and 5,

respectively, than any other corresponding amino acid mimetics
that were tested in the present study. Furthermore, a novel lead
compound, which contains a 4-fluorophenyl group as the new
pharmacophore, was found.
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