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ABSTRACT: In the absence of an experimentally determined binding mode for the cyclopentapeptide CXCR4 antagonists, we 

have rationally designed conformationally constrained analogs to further probe the small peptide binding pocket of CXCR4. Two 

different rigidification strategies were employed, both resulting in highly potent ligands (compounds 9 and 13). The information 

provided by this cyclopentapeptide ligand series will be very valuable in the development of novel peptidomimetic CXCR4 antago-

nists. 

INTRODUCTION 

The C-X-C chemokine receptor 4 (CXCR4), which is acti-

vated by chemokine (C-X-C motif) ligand 12 (CXCL12),
1
 has 

attracted a lot of interest due to its involvement in HIV-1 en-

try,
2, 3

 stem cell recruitment,
4
 and various cancer processes, 

including angiogenesis and metastasis.
5
 CXCR4 is a peptider-

gic GPCR, and the proven druggability of the GPCR super-

family means that small molecule CXCR4 antagonists have 

emerged as a promising class of antiretroviral/stem cell mobi-

lizing/anticancer drugs. A number of peptide and non-peptide 

antagonists for CXCR4 has been reported,
4, 6, 7

 but the haema-

topoietic stem cell mobilizing agent plerixafor
8
 remains the 

only marketed drug in this class. Development of novel, drug-

like CXCR4 antagonists has been further encouraged by the 

recently published X-ray structure of CXCR4.
9
 In our continu-

ing efforts towards peptidomimetic CXCR4 antagonists, we 

have used the peptide antagonists developed by Fujii and co-

workers
10

 as starting point. In a successful attempt to downsize 

the 14-mer peptide antagonist T140, Fujii’s group discovered 

the potent cyclopentapeptide antagonist cyclo-(-Arg
1
-Arg

2
-2-

Nal
3
-Gly

4
-D-Tyr

5
-),

11
 today known as FC131 (1) (Fig. 1A). 

Several groups, including our own, have attempted to identify 

the binding mode of 1 based on molecular modeling studies, 

i.e. docking of cyclopentapeptide ligands to a receptor 

model.
12-16

 However, in the absence of an experimentally de-

termined binding mode for 1, rational development of pep-

tidomimetic analogs still relies heavily on the information 

obtained from active and inactive cyclopentapeptides in SAR 

studies, i.e. ligand-based design. To maximize the informa-

tional content of ligand-based design, ligands with limited 

conformational freedom are required, i.e. compounds that 

adopt a limited number of low-energy conformations. Despite 

its small size, the cyclopentapeptide backbone is still a rela-

tively flexible template that can adopt a number of low-energy 

conformations.
17

 For the cyclopentapeptide CXCR4 antago-

nists, this picture is further complicated by the presence of two 

highly flexible arginine side chains. On this background, we 

set out to develop conformationally constrained cyclopen-

tapeptides to further probe the small peptide binding pocket of 

CXCR4. Here we report the successful application of two dif-

ferent rigidification strategies, along with a rationalization of 

the obtained SAR data. Additionally, we propose a binding 

mode that is consistent with the observed SAR. 

RESULTS AND DISCUSSION 

Chemistry. The cyclopentapeptide target compounds 1-16 

(Fig. 1) were prepared by a combination of solid- and solu-

tion-phase synthesis as depicted in Scheme 1. Synthesis of the 

linear pentapeptide precursors was carried out by standard 

Fmoc-based solid-phase peptide synthesis using a trityl resin 

pre-loaded with Fmoc-Gly; Gly was chosen as the C-terminal 

residue to avoid epimerization in the subsequent cyclization 

step. The side chain protected peptide was selectively cleaved 

from the resin with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 

in DCM.
18

 Head-to-tail cyclization was achieved in dilute so-

lution (DMF-DCM 1:1) using (benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (Py-

BOP) and N,N-diisopropylethylamine (DIPEA). Subsequent 

side chain deprotection, purification by preparative HPLC, and 

lyophilization gave the final products 1-8 and 10-16. Com-

pound 9 was obtained by guanidinylation of 8 with 1H-

pyrazole-carboxamidine hydrochloride and DIPEA in DMF. 
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Figure 1. Structures of (A) the lead peptide 1; (B) the backbone stabilizing Xaa1-analogs 3-9; (C) the side chain rigidified Xaa1-analogs 11-

13; and (D) the citrulline analogs 14-16. 

Biology. The antagonistic potency of compounds 1-16 (Ta-

ble 1) was determined in a functional assay measuring inhibi-

tion of CXCL12-induced activation of human CXCR4 transi-

ently expressed in COS-7 cells. Briefly, the COS-7 cells were 

transfected with CXCR4 cDNA and the promiscuous G pro-

tein Gα∆6qi4myr, which turns the endogenous Gαi-signal of 

CXCR4 into a Gαq-signal that is easier to measure.
19

 This 

method has been successfully applied in previous studies of 

CXCR4
20, 21

 as well as of other chemokine receptors.
22, 23

 

Compounds 1-16 were tested in a concentration range from 10
-

8
 to 10

-4
 M. See Supporting Information for experimental de-

tails. 

Scheme 1. Synthetic strategy for target compounds 1-16
a 

 

aReagents: (i) 20% piperidine in DMF; (ii) Fmoc-Xaa-OH, 

HBTU, DIPEA; (iii) HFIP-DCM (3:7); (iv) PyBOP, DIPEA; (v) 

TFA-TIS-H2O (95:2.5:2.5); (vi) 1H-pyrazole-1-carboxamidine 

hydrochloride, DIPEA. 

Design and SAR. The extracellular side of CXCR4 is high-

ly negatively charged,
9
 and the presence of arginine residues 

in positions 1 and 2 of the lead peptide 1 strongly suggests that 

molecular recognition is dominated by ionic interactions be-

tween the positively charged ligand and one or more negative-

ly charged receptor residues. Previous SAR studies on Arg-

/Lys-analogs of 1 have shown that a large variety of structural 

modifications are accepted in position 1,
24

 while position 2 is 

very sensitive towards the same substitutions.
25

 Thus, position 

1 emerged as the ideal candidate for further structural tuning. 

Backbone Stabilization. In order to arrive at conformation-

ally constrained cyclopentapeptide CXCR4 antagonists with 

high potency, we were looking to include structural elements 

that would stabilize the bioactive backbone conformation of 1. 

We have previously reported a 3D pharmacophore model that 

describes a specific all-trans conformation for the cyclopen-

tapeptide backbone.
26

 This computationally derived backbone 

conformation is consistent with the solution structure of 1
11

 

and the conformational behavior of N-alkylated analogs, as 

determined by NMR.
16, 24, 27

 For position 1 the backbone tor-

sional angles (φ,ψ) are (-68˚, -48˚), which corresponds to the 

αR-region of the Ramachandran plot. This “helical” backbone 

conformation is known to be stabilized by α,α-disubstituted α-

amino acids.
28

 Moreover, previous SAR studies have shown 

that both L- and D-Arg are accepted in position 1 (L-

configuration slightly favored over D-configuration),
11

 which 

we also confirmed (1, EC50 = 0.47 µM; [D-Arg
1
]FC131 (2), 

EC50 = 0.78 µM, Table 1). Taken together, these observations 

led us to investigate the stepwise introduction of an achiral 

α,α-disubstituted Arg-mimetic in position 1 (3-9, Fig. 1B, Ta-

ble 1). 

Table 1. Antagonistic potency of 1-16 on human CXCR4. 

compd  log EC50 ± SEM
a EC50 (µM) 

1b FC131 -6.33 ± 0.04 0.47 

2b [D-Arg1]FC131 -6.11 ± 0.10 0.78 

3 [Gly1]FC131 -4.44 ± 0.10 36 

4 [Aib1]FC131 -5.45 ± 0.15 3.6 

5b [Ala1]FC131 -4.73 ± 0.21 19 

6b [D-Ala1]FC131 -4.71 ± 0.10 19 

7 [Chx1]FC131 -5.27 ± 0.15 5.4 

8 [Api1]FC131 -6.25 ± 0.14 0.56 

9 [Gpi1]FC131 -6.59 ± 0.10 0.26 

10b [Orn1]FC131 -6.18 ± 0.20 0.66 

11 [Phe1]FC131 -5.14 ± 0.04 7.2 

12 [Aph1]FC131 -4.83 ± 0.10 15 

13 [Gph1]FC131 -6.17 ± 0.16 0.68 

14 [Cit1,2]FC131 >-4 >100 

15 [Cit2]FC131 >-4 >100 

16 [Cit1]FC131 -5.54 ± 0.14 2.9 

aValues represent the mean of at least four independent exper-

iments performed in duplicates. bKnown compounds (the differ-

ence in potency relative to previous studies is likely due to differ-

ences in cellular background, receptor expression pattern and/or 

choice of functional readout). 

Here, compound 3 ([Gly
1
]FC131) represents the baseline, 

i.e. maximal conformational flexibility and no side chain to 

provide receptor interactions. This modification resulted in a 

77-fold reduction of the antagonistic potency (EC50 = 36 µM) 

relative to the reference compound 1. We then introduced 2-

aminoisobutyric acid (Aib), which is the simplest α,α-

disubstituted α-amino acid. The resulting compound 4 

([Aib
1
]FC131) turned out to be 10-fold more potent (EC50 = 

3.6 µM) than 3, yet less potent than 1. The achiral Aib can be 

considered a chimeric amino acid that combines the steric and 

conformational properties of L- and D-Ala. Indeed, the known 

compounds 5 and 6 ([Ala
1
]FC131 and [D-Ala

1
]FC131) were 

5-fold less potent (EC50 = 19 µM for both compounds) than 4. 

Since the two α-methyl groups of Aib are unlikely to provide 

1 (FC131)

NH
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significant receptor interactions, the increased potency of 4 

must mainly result from conformational effects, i.e. a stabiliza-

tion of the bioactive backbone conformation. Thus, the benefi-

cial effect of introducing Aib in position 1 supports the pre-

dicted backbone conformation of our independently generated 

3D pharmacophore model.
26

 Extension of Aib to the cyclohex-

ane derivative (7, [Chx
1
]FC131), containing additional hydro-

phobic bulk, resulted in a 1.5-fold reduction in potency (EC50 

= 5.4 µM) compared to 4. This could be expected since the 

most potent cyclopentapeptides are known to contain highly 

polar side chain functionalities in this position. Seeking to 

restore a favorable receptor interaction, we prepared the corre-

sponding piperidine derivative 8 ([Api
1
]FC131), which will be 

protonated at physiological pH. This resulted in a 10-fold in-

crease in potency (EC50 = 0.56 µM) relative to 7, which can be 

attributed to the positively charged side chain functionality. To 

come full circle, we prepared the corresponding guanidino-

derivative 9 ([Gpi
1
]FC131), which resulted in an additional 2-

fold increase in potency (EC50 = 0.26 µM) relative to 8. The 

effect of going from an amino- to a guanidino-derivative (8 to 

9) is similar to what is seen for 1 (EC50 = 0.47 µM) relative to 

the corresponding amine 10 ([Orn
1
]FC131, EC50 = 0.66 µM). 

Thus, for position 1 the delocalized charge and/or H-bond 

pattern of the guanidino group is slightly more favorable for 

the antagonistic potency. 

Side Chain Rigidification. Obviously, the positioning of 

side chain functional groups relative to the backbone will de-

pend on the number and values of side chain torsion angles 

(χ
n
). For compounds 11-13 (Fig. 1C, Table 1), the conforma-

tional constraint was therefore introduced in the side chain. 

We chose to build the χ-restricted Arg-mimetics from Phe 

based on SAR data showing that Arg
1
 can be substituted with 

4-F-Phe without a dramatic loss of activity.
25

 The potency of 

11 ([Phe
1
]FC131, EC50 = 7.2 µM) was similar to that of 7, 

which again illustrates that non-polar side chain functionalities 

are unfavorable in position 1. Interestingly, introduction of a 

4-amino substituent (12, [Aph
1
]FC131) resulted in a further 2-

fold reduction of potency (EC50 = 15 µM). However, the cor-

responding 4-guanidino derivative 13 ([Gph
1
]FC131, EC50 = 

0.68 µM) was almost equipotent with 1, i.e. a 22-fold in-

creased potency compared to 12. These findings can be ration-

alized in terms of charge; at physiological pH the 4-amino 

group of 12 (aniline-type nitrogen, pKa 4-5) will be un-

charged,
29

 while the 4-guanidino group of 13 (pKa ~11) will be 

protonated. 

Importance of Charge. To further investigate the im-

portance of charge and the relative contribution from the two 

guanidino groups in 1, we exchanged the arginines with citrul-

line (Cit), which is uncharged but partly retains the H-bonding 

pattern of Arg (Fig. 1D, Table 1). The double urea-analog 14 

([Cit
1,2

]FC131) failed to show any antagonistic activity (EC50 

> 100 µM). We then re-introduced the guanidino group in 

position 1 (15, [Cit
2
]FC131); however, this was not sufficient 

to restore activity (EC50 > 100 µM). In contrast, re-

introduction of the guanidino group in position 2 (16, 

[Cit
1
]FC131) resulted in a moderately active compound (EC50 

= 2.9 µM). These findings clearly demonstrate that the posi-

tively charged guanidino group in position 2 is crucial for ac-

tivity, while the interaction provided by Arg
1
 plays a second-

ary role. 

Binding Mode. The compounds in the present study were 

designed to complement existing SAR data for positions 1 and 

2 in cyclopentapeptide CXCR4 antagonists. The collective 

SAR data shows that Arg
2
 is essential and must provide the 

anchor point for binding to CXCR4. For position 1, the only 

clear trend is that a positively ionizable group is preferred, 

which indicates the involvement of a salt bridge with a nega-

tively charged receptor site. However, in contrast to position 2, 

the H-bond potential (guanidino or amino), configuration (L- 

or D-), and spacer properties (length, degree of flexibil-

ity/rigidity) are not critical. In an attempt to rationalize this 

data, 9 was docked to the X-ray structure of CXCR4 (bound to 

the 16-mer peptide antagonist CVX15; PDB code 3OE0)
9
 

using the induced fit method developed by Schrödinger.
30

 Op-

timization of the docking protocol (see Supporting Infor-

mation) resulted in the identification of a binding mode that is 

consistent with the observed SAR for positions 1 and 2 (Fig. 

2). 

 

Figure 2. Suggested binding mode for 9. The ligand is shown with 

green carbons, and receptor residues with grey carbons. Non-polar 

hydrogen atoms are omitted for clarity. H-bonds to the Gpi1-Arg2 

fragment are shown as dotted yellow lines. 

The Arg
2
 side chain of 9 protrudes into a tight pocket, where 

the guanidino group is involved in a complex, charge-assisted 

H-bond network that involves several receptor residues 

(His113, Thr117, and Asp171). This is consistent with the 

strong preference for L-Arg (over similar Cit-/Arg-/Lys-

analogs) in position 2, i.e. a simultaneous importance of 

charge, H-bond potential, configuration, and spacer length. 

The guanidino group of the Gpi
1
 side chain establishes ionic 

interactions with both Asp97 and Asp187; thus, the Gpi
1
-Arg

2
 

fragment of 9 binds in a similar fashion as the Arg
1
-Arg

2
 

fragment of CVX15.
9
 The backbone NH of Gpi

1
 is involved in 

a water-mediated H-bond to Glu288, while its backbone CO 

forms a H-bond with the backbone NH of Arg188. These 

backbone interactions would explain the importance of main-

taining the correct backbone conformation around position 1, 

as demonstrated in the present paper. 

Docking of 1 resulted in a similar pose, where its Arg
1
 side 

chain binds to Asp97 and Asp187 in the same way as the Gpi
1
 

side chain of 9 (results not shown). However, closer inspection 

of the binding region for Xaa
1
 revealed that it is relatively 

open and contains several potential binding partners for a posi-

tively ionizable group. Indeed, docking of 13 showed that its 

longer 4-guanidino-Phe
1
 side chain binds to Glu288 instead of 

Asp97/Asp187 (results not shown). Thus, in order to explain 

the relatively “flat” SAR for position 1, it can be envisaged 
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that the different Xaa
1
 side chains bind to different receptor 

subsites within this region. 

Even if the χ-angles were allowed to rotate during docking, 

the side chain orientations of the receptor-bound 9 are general-

ly consistent with our 3D pharmacophore model.
26

 However, 

the binding mode presented here is very different from our 

previously reported pose, where Glu288 was proposed to be 

the anchor point for Arg
2
.
12

 That pose was generated by dock-

ing cyclopentapeptide ligands to a homology model based on 

the rhodopsin structure, which today is considered as a subop-

timal template for CXCR4. Consequently, the present binding 

mode has more in common with poses from recent docking 

studies based on the X-ray structure of CXCR4. It is virtually 

identical with the pose suggested for 1 by Yoshikawa et al.,
15

 

and except for the rotameric state of D-Tyr
5
, it is also similar 

to the binding mode for 10 suggested by Demmer et al.
14

 

However, Demmer et al. recently proposed an “inverted” bind-

ing mode for a potent N-alkylated cyclopentapeptide deriva-

tive, which involved Asp97 as the anchor point for Arg
2
.
16

 

Clearly, the binding mode for cyclopentapeptide CXCR4 an-

tagonists still needs to be determined experimentally, and we 

have recently initiated extensive site-directed mutagenesis 

studies towards this end. 

To conclude, we have rationally designed two different 

types of conformationally constrained cyclopentapeptide 

CXCR4 antagonists that shed further light on the structural 

requirements for small peptide binding to CXCR4. Important-

ly, introduction of an α,α-disubstituted amino acid in position 

1 (i.e. compounds 4 and 9) is beneficial for activity, which 

supports the predicted bioactive backbone conformation for 

this compound class. 

EXPERIMENTAL SECTION 

Chemistry. General. All reagents and solvents were pur-

chased and used as received without further purification. 

UHPLC/HPLC and MS were used for routine analysis of 

crude products and monitoring of reactions in solution, and all 

end products were purified by preparative HPLC. Different 

gradients of CH3CN-H2O, containing 0.1% (v/v) TFA, were 

used as eluting solvent in all chromatography systems, with 

photodiode array detection at 214 or 254 nm. The UHPLC 

system consisted of a Waters ACQUITY UPLC H-Class 

equipped with a Waters ACQUITY UPLC BEH C18 reversed 

phase column (1 × 150 mm, 1.75 µm particle size, 0.120 

mL/min flow rate). Analytical HPLC was performed on a Wa-

ters 2695 system equipped with an XBridge™ C18 reversed 

phase column (250 mm × 4.6 mm, 5 µm particle size, 1 

mL/min flow rate). Preparative HPLC was performed on a 

Waters 600 Semi Prep System equipped with an XBridge™ 

C18 reversed phase preparative column (250 mm × 19 mm, 10 

µm particle size, 15 mL/min flow rate). Routine MS was per-

formed using a Waters MALDI micro MX instrument, and 

HRMS spectra of the end products were obtained on an LTQ 

Orbitrap XL (Thermo Scientific, Bremen, Germany) using 

positive-mode ESI. 
1
H NMR spectra were acquired on a 400 

MHz Varian spectrometer; chemical shifts are expressed in 

ppm relative to solvent (CD3OD or DMSO-d6) signals. All end 

products were >95% pure as determined by analytical HPLC. 

General Procedure for Synthesis of Cyclic Pentapeptides 

(1-8, 10-16). The linear pentapeptide precursors were synthe-

sized manually by standard Fmoc-based solid-phase peptide 

synthesis, starting from pre-loaded Fmoc-Gly-NovaSyn TGT
®
 

resin (0.20 mmol/g). All amino acid building blocks were N
α
-

Fmoc-protected, and the following side chain protecting 

groups were used: pentamethyl-2,3-dihydrobenzofuran-5-

sulfonyl (Pbf) for Arg; t-Bu for D-Tyr; Boc for Orn, Aph, 

Gph, and Api. Briefly, the resin (1 g, 0.20 mmol) was swollen 

with DCM and washed with DMF. Before each coupling step, 

the Fmoc protecting group was removed with 20% piperidine 

in DMF (5 min × 3). Amino acid coupling was performed by 

adding a preactivated solution containing 4 equiv each of 

Fmoc-protected amino acid, O-(benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate (HBTU), and 

DIPEA in DMF, and allowing to react for 1 h. For compounds 

7 and 8, double coupling of D-Tyr
5
 was performed due to ste-

ric hindrance of the preceding residue. Selective cleavage of 

the side chain protected peptide was accomplished by treating 

the resin with 5 mL HFIP-DCM (3:7) (v/v) (5 min × 3), fol-

lowed by removal of solvent in vacuo. The crude linear pep-

tide was dissolved in DCM-DMF (1:1) (v/v) to a concentration 

of 0.5 mg/mL, and cyclized overnight with 2 equiv each of 

PyBOP and DIPEA. The solvent was removed in vacuo, and 

the crude cyclic product was deprotected by adding 15 mL 

TFA-TIS-H2O (95:2.5:2.5) (v/v) and allowing to react for a 

minimum of 2 h. The crude end product was precipitated by 

cold diethyl ether, purified by preparative HPLC, and lyophi-

lized. 

Synthesis of cyclo-(-Gpi
1
-Arg

2
-2-Nal

3
-Gly

4
-D-Tyr

5
-) (9). 

Compound 8 (28 mg, 0.03 mmol) was dissolved in DMF (25 

mL) and 5 equiv each of 1H-pyrazole-1-carboxamidine hydro-

chloride (22 mg, 0.15 mmol) and DIPEA (26 µL, 0.15 mmol) 

were added. After 24 h, the starting material was still present, 

so another 5 equiv of each reagent were added, and the reac-

tion stirred until starting material could not longer be ob-

served. Concentration under reduced pressure, purification by 

preparative HPLC, and lyophilization gave 9 (13 mg, 44% 

from 8) as a white powder. 
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2-Nal, L-3-(2-naphthyl)-alanine; Aib, 2-aminoisobutyric acid; 

Aph, L-4-amino-phenylalanine; Api, 4-aminopiperidine-4-

carboxylic acid; Chx, 1-aminocyclohexane-1-carboxylic acid; Cit, 

L-citrulline; CXCL12, chemokine (C-X-C motif) ligand 12; 

CXCR4, C-X-C chemokine receptor 4; DIPEA, N,N-

diisopropylethylamine; Gph, L-4-guanidino-phenylalanine; Gpi, 

4-amino-1-carbamimidoylpiperidine-4-carboxylic acid; HBTU, 

O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluoro-

phosphate; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; Orn, L-

ornithine; PyBOP, (benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate; TIS, 

triisopropylsilane; Xaa, any amino acid. 
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