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A dimeric bicyclic RGD ligand displays enhanced integrin binding 
affinity and strong biological effects on U-373 MG glioblastoma 
cells  
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A C2-symmetric bicyclic peptide bearing two RGD motifs was developed as dimeric ligand, and displayed enhanced 

inhibition of ECM protein binding to purified integrin receptors as compared to monomeric RGD analogues. Moreover, the 

dimeric bicyclic ligand induced cell detachment and inhibited FAK phosphorylation in U-373 MG glioblastoma cells. 

Introduction 

Among modern strategies for targeted cancer therapy, the use of 

monoclonal antibodies (mAbs) relies on their unique ability to bind 

biological targets with a high selectivity. The presence of 7 mAbs 

among the 10 best-sold drugs in 2018 speaks for the enormous 

impact of mAbs on modern oncology and other pharmaceutical 

needs.
1 

While high-affinity mAbs can be routinely generated against 

virtually any protein antigen,
2
 there are unfortunately important 

drawbacks related to their large size which leads to long half-lives in 

blood, slow extravasation, hindered tissue penetration and 

potential immunogenicity.
3
 For these reasons, there is a 

considerable interest in the development of high-affinity small 

molecule ligands, which may show important benefits such as 

better pharmacokinetic profiles, oral availability, cell permeability 

and synthetic accessibility.
4
 One way to strengthen ligand-receptor 

interactions is to generate multimeric ligands, where multiple 

copies of a binding unit are displayed on a multivalent scaffold. 

According to this design, the cooperativity effect of multiple 

interactions may stabilize the ligand-receptor complex by a 

combination of thermodynamic (i.e. reduction of entropy loss) and 

kinetic factors (i.e. increased rates of binding events).
5
 In general, 

cooperativity may either result from the binding of each individual 

unit (x and y, Figure 1) to a different copy of target receptor (i.e. the 

so-called “cluster effect”, Figure 1A) or from the alternation of 

different units on the same epitope (i.e. “rebinding” effect, Figure 

1B).
6
 Multimeric RGD ligands have been developed to effectively 

bind integrin αvβ3,
7
 a transmembrane receptor over-expressed in 

many cancer cells,
8
 and have shown promising results in several  

 
Figure 1. Two modes of multimeric ligand binding: A) The “cluster effect” results in 

recruitment of different receptor copies on the cell surface to allow for multiple 

receptor-ligand interactions; B) The “rebinding effect” allows ligands to efficiently bind 

a single receptor, based on increased local effective ligand concentration.
6
 

pharmacological and biochemical studies.
7,9

 However, the physico- 

chemical properties of branched multivalent scaffolds (e.g. size, 

charge, solubility, etc.) may influence the targeting performances in 

vivo,
10

 and sometimes resulted in lower tumour : organ uptake 

ratios in mice compared to the monovalent RGD analogues.
11

  

Results and discussion 

Design 

As an alternative to the traditional “branched” structures, while 

maintaining the advantages of multivalent interactions, we report 

here the design of a “condensed” dimeric bicyclic RGD ligand (1, 

Figure 2). In compound 1, the RGD sequence is displayed on both 

rings of the bicyclic structure, which is endowed with a disulfide 

bridge.
12

 The resulting ligand is C2-symmetric, and the C2 axis 

crosses the disulfide bond. Ideally, compound 1, possessing two 

identical pharmacophores on the same molecule, should exhibit 

increased binding affinity for the cognate receptor, relying on the 

above-mentioned “rebinding” effect (Figure 1B). To investigate this 

possibility, a bicyclic peptide (compound 2, Figure 2) featuring both 

a RGD and a low-binding Arg--Ala-Asp (RβAD) motif was designed 

as monomeric analogue of 1. A third bicyclic peptide bearing two 

RβAD motifs (compound 3, Figure 2) was designed as negative 

control. Finally, to evaluate the impact of the bicyclic structure on 

the integrin binding affinity, we designed a monocyclic RGD 

analogue endowed with a disulfide bridge (compound 4, Figure 2). 
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Synthesis 

Bicyclic peptides 1-3 were prepared by standard solid-phase 

peptide synthesis protocol using 2-chlorotrityl resin. The linear 

octapeptides, featuring acid-labile protecting groups at Asp, Arg and 

Cys side chains, were treated with HATU/HOAt coupling reagents 

under high dilution conditions (1.4 mM), affording the macrocyclic 

peptides. Final compounds 1-3 were obtained upon side-chain 

deprotection and disulfide bond formation using iodine. Monocyclic 

compound 4 was synthesized in a similar manner, using a Rink 

amide 4-methylbenzhydrylamine resin. Peptide cleavage from the 

resin afforded a linear deprotected intermediate which was 

oxidized with iodine affording the disulfide bridge in monocyclic 

compound 4. All compounds were characterized by high resolution 

mass spectrometry (HRMS) and the purity was assessed by 

analytical HPLC. The experimental details for the preparation of 

compounds 1-4 are reported in the Electronic Supplementary 

Information (ESI). 

 

 

 
 

Figure 2. A) Molecular structures of a well-known monocyclic integrin ligand cycloRGDfV, and the C2-symmetric dimeric bicyclic peptide RGD-2C-RGD (compound 1); B) Monomeric 

bicyclic peptide RGD-2C-RβAD (compound 2), negative control bicyclic peptide RβAD-2C-RβAD (compound 3), and monocyclic peptide RGD-2C (compound 4). 



 

  

Biological Tests 

The newly prepared compounds 1-4 were examined in vitro for 

their ability to inhibit the binding of extracellular matrix (ECM) 

proteins (i.e. biotinylated vitronectin and fibronectin) to the 

corresponding purified αvβ3 and α5β1 receptors, using a 

previously reported protocol.
13

 IC50 values are reported in 

Table 1.  

Table 1. Inhibition of biotinylated ECM protein binding to the αvβ3 and α5β1 receptors. 

 IC50
a [nM] 

Compound αvβ3 α5β1 

cycloRGDfV  1.60 ± 0.90 105 ± 5 

RGD-2C-RGD (1) 1.02 ± 0.68 263 ± 115 

RGD-2C-RβAD (2) 5.97 ± 3.77 1000 ± 27 

RβAD-2C-RβAD (3) 811 ± 59 >100000 

RGD-2C (4) 6.39 ± 0.37 728 ± 142 

aIC50 values were determined as the concentration of compound required for 50% 

inhibition of biotinylated vitronectin binding to integrin αvβ3 or biotinylated 

fibronectin binding to integrin α5β1, as estimated by GraphPad Prism software. All 

values are the arithmetic mean ± the standard deviation (SD) of triplicate 

determinations. 

In particular, dimeric bicyclic RGD ligand 1 inhibited vitronectin 

binding to the purified αvβ3 integrin receptor at low nanomolar 

concentrations, slightly better than the reference peptide 

cycloRGDfV.
14

 Compound 1 proved significantly more active 

towards αvβ3 integrin than the monomeric bicyclic peptide 2. 

As expected, negative control 3 showed low integrin binding 

affinity. In addition, the similar IC50 values shown by the 

monomeric bicyclic peptide 2 and the monocyclic peptide 4 

indicate that the bicyclic structure is not a strict requirement 

for optimal binding profiles. The trend observed with αvβ3 was 

substantially confirmed in binding assays to purified integrin 

α5β1. Reference peptide cycloRGDfV proved to be the best α5β1 

integrin binder in the series and compound 1 inhibited 

fibronectin binding at lower concentrations than monomeric 

bicyclic peptide 2, monocyclic peptide 4 and, by far, negative 

control compound 3. Also in this case, monocyclic compound 4 

and monomeric bicycle 2 proved similarly active. In summary, 

these data show that the dimeric bicyclic peptide 1 displays an 

enhanced integrin binding affinity as result of the dual 

presentation of the RGD pharmacophore. The effect of 

multivalency on binding of peptide 1 to the cognate receptors 

was estimated by the calculation of the relative potency Rp and 

the Rp/n values.
7d,15 

For both receptors, Rp/n values >1 (i.e. 2.93 

for αvβ3 and 1.90 for α5β1) account for the multivalent effect of 

ligand 1, and indicate that the enhancements in binding are 

truly synergistic and not only statistical. Since integrins are not 

multivalent receptors and considering the small size of the 

condensed bicyclic structure as compared to traditional 

branched multimeric ligands,
7
 it is conceivable that in this case 

the multivalent effect is exclusively due to the “rebinding 

effect” (Figure 1B) rather than the “cluster effect” (Figure 1A).  

Encouraged by these results, we subjected bicyclic compounds 

1-3 to a panel of biological assays on U-373 MG, a human 

glioblastoma cell line showing high levels of integrin 

expression.
16

 In particular, we focused our attention on the 

ability of peptides 1-3 to induce cell detachment. U-373 MG 

cells were treated with increasing concentrations (5, 10, 20, 

and 50 µM) of bicyclic compounds 1-3 for 48 hours. Dimeric 

bicyclic peptide 1 induced cell detachment,
17

 which is 

particularly pronounced at 50 µM, while the monomeric 

analogue 2 was much less effective and comparable to the 

negative control 3 (Figure 3A). This dramatic effect caused by 

compound 1 can possibly be ascribed to interferences with 

integrin signalling and downstream phosphorylation of specific 

kinases (e.g. Focal Adhesion Kinase, FAK).
18

 FAK 

phosphorylation was assessed by western blot analysis on U-

373 MG cells incubated with compounds 1-3 for 48 hours. An 

observable decrease of FAK phosphorylation was detected 

only when cells were treated with dimeric bicyclic peptide 1 

(Figure 3B,C). 

 

 
Figure 3. A) Induction of cell detachment by compounds 1-3. Adherent U-373 

MG cells were incubated with increasing compound concentrations for 48 h. 

Amounts of adherent cells in the wells were estimated by the MTS cell viability 

assay. Percentage of adherent cell was calculated by normalizing the values with 

no treatment control. Experiments were performed three times in 

quadruplicate. Lines represent mean ± standard deviation, **p < 0.05, *p < 0.5. 

B) Inhibition of FAK phosphorylation by compounds 1-3. Cells were treated with 

a 50 µM solution of compounds 1-3 for 48 h; 30 μg of protein extracts for each 

sample were analysed by western blot. C) Densitometric analysis of western blot 

data,*p < 0.5.  

The effect of compound 1 on FAK phosphorylation was less 

pronounced than on the induction of cell detachment and this 

is possibly due to FAK involvement in other signal transduction 

pathways not directly connected to αvβ3 integrin signalling. 

Conclusions 
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We reported here a dimeric integrin ligand featuring one RGD 

motif at each ring of a bicyclic structure and a disulfide bridge 

(compound 1). The biological effects of the dual 

pharmacophore presentation in peptide 1 were evaluated in 

comparison to bicyclic peptides featuring either one 

(compound 2) or two (compound 3) copies of the poor 

integrin-binding motif RβAD, and a monocyclic RGD peptide 

(compound 4). Among these compounds, dimeric peptide 1 

exhibited a superior activity in competitive binding assays to 

the purified integrin receptors αvβ3 and α5β1. This enhanced 

binding resulted in a potent interference of 1 with integrin 

signalling in U-373 MG glioblastoma cells, inducing a marked 

cell detachment and decrease of FAK phosphorylation. The 

inhibition of cell adhesion mediated by RGD integrin 

antagonists has raised interest in these compounds as 

potential antimetastatic agents.
19

 The effects displayed by 

compound 1 account for the high local concentration of RGD 

pharmacophore in the surrounding of the receptor, which 

likely results in a “rebinding” mode that extends the ligand 

residence time in the integrin binding pocket. In addition to 

the multivalency effect, it is also possible that the second RGD-

motif improves the integrin affinity of compound 1 via 

additional enthalpic interactions to the receptor binding site. 

In particular, while the first RGD motif is involved in the 

electrostatic clamp, interacting with charged regions of the 

integrin binding site,
20

 the second RGD loop may contribute 

with stabilizing enthalpic interactions to proximal integrin 

residues, as reported recently by Timmerman and coworkers 

with monomeric RGD bicyclic peptides.
21

 The field of bicyclic 

peptides has been dramatically expanding in recent years,
22

 

with important advances provided by the seminal work of 

Winter and Heinis on peptide phage display technologies,
23

 as 

well as by the contribution of Pei and coworkers to the 

development of peptide ligands for intracellular proteins.
24

 

The data presented herein may further increase the interest 

around bicyclic peptides, opening to their use as high affinity 

dimeric ligands of clinically-relevant protein antigens. 
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