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1. Abstract 

Type 2 Diabetes (T2D) was estimated in 2021 to affect over 480 million people and can 

lead to the development of cardiovascular disease (CVD), which is the cause of death 

for 50.3% of people with T2D. Insulin-like growth factor binding protein 1 (IGFBP-1) 

overexpression has been shown to improve insulin sensitivity, promote nitric oxide 

production, reduce blood pressure and protect against atherosclerosis. IGFBP-1 

contains an Arginine-Glycine-Aspartic acid (RGD) peptide sequence, used in many 

proteins to bind to integrins, which are transmembrane proteins, primarily involved in the 

extracellular matrix. IGFBP-1 specifically binds to the Ŭ5ɓ1 integrin via a flexible loop 

which contains the RGD sequence. It has been demonstrated that hexapeptides 

containing RGD have the same beneficial effects of IGFBP-1. The research presented 

investigates if small molecules could be used to mimic the effects of IGFBP-1 

overexpression. From preliminary ROCS virtual shape screening and subsequent hit 

validation by a phosphorylation of Akt assay, two series of compounds were designed 

from the hit matter using docking in Schrodinger Maestro. The first series was zwitterion 

based, with a carboxylic acid mimicking the aspartate in the endogenous ligand, and a 

glycine, histidine or arginine at the other terminus. Phenyl, piperidine, pyrazole and alkyl 

chains were explored as linking groups. High hydrophilicity and poor solubility limited the 

synthesis; however, seven compounds were submitted for biological analysis. None of 

the compounds showed increased cell death but none showed an increase from the 

baseline in a limited phosphorylation of Akt assay. Direct binding to Ŭ5ɓ1 was measured 

with surface plasmon resonance (SPR), with only one compound, 5.6.1, showing a 

measurable KD of 59 ɛM ± 0.64-fold. A second series from another hit molecule was 

designed, replacing the carboxylic acid with a hydantoin group, which is neutral charge 

at physiological pH but has precedent for metal binding. After the amide linkage of the 

hydantoin in the hit molecule could not be replicated, an imine linked molecule was 

produced with a piperazine terminus, compound 6.3.6. No toxicity was detected in a 

live/dead assay and the molecule and the Boc-protected intermediate had response in 

the limited phosphorylation of Akt assay. Modifications to the basic terminus and linker 

were designed and docked, incorporating examples used in literature. Sixteen of these 

targets were successfully synthesised and analysed using SPR. Five compounds had 

KD values measured, with the best two compounds 6.5.10 and 6.7.3 showing KD values 

of 70 ɛM Ñ 0.65-fold and 71 ɛM Ñ 0.52-fold respectively. 
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2. Abbreviations and figures 

2.1 Abbreviations 

ADMIDAS Adjacent metal ion-dependent adhesion site 

Akt  Protein kinase B 

AMP Adenosine monophosphate 

AMPK AMP activated protein kinase 

aq. Aqueous 

BCA Bicinchoninic acid 

BMI Body-mass index 

Boc  Tert-butyloxycarbonyl 

br  Broad 

CADD Computer aided drug design 

Cbz Benzyloxycarbonyl  

C/EBP CCAAT-enhancer-binding protein 

CCDC Cambridge crystallographic data centre 

CVD Cardiovascular disease 

d Doublet 

DCM Dichloromethane 

DIPEA Di-isopropylethylamine 

DKD Diabetic kidney disease 

DMAP 4-Dimethylaminopyridine  

DME Diabetic macular edema 

DMEM Dulbecco's modified eagle's medium 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

DPP-4 Dipeptidyl peptidase 4 

EC50 Half maximal effective concentration 

ECM Extracellular matrix 

EDC N-[3-(Dimethylamino)propyl]-N'-ethylcarbodiimide 

ELISA Enzyme-linked immunosorbent assay 

equiv . Number of equivalents 

ERK1/2 Extracellular signal-regulated kinase 1 and 2  

ES Electrospray ionisation 

ESC European society of cardiology 

Et Ethyl 

FAK Focal adhesion kinase 

FDA Food and drug administration 

Fmoc  Fluorenylmethyloxycarbonyl 

GI Gastrointestinal 

GIP Gastric inhibitory polypeptide 

GLP-1 Glucagon-like peptide-1 

GLUT4 Glucose transporter 4 

HbA1c  Percentage of glycated haemoglobin in the blood 

HPC High performance computing 

HPLC High performance liquid chromatography 

HTS High throughput screening 
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I-EGF Integrin epidermal growth factor 

IC50 Half maximal inhibitory concentration 

IGF Insulin-like growth factor 

IGFBP Insulin-like growth factor binding protein 

ILK Integrin-linked kinase 

IRE Insulin response element  

IU International unit 

IUGR Intrauterine growth restriction 

IV Intravenous 

KD Equilibrium dissociation constant 

LCMS Liquid chromatography mass spectrometry 

m Multiplet 

MACE Major adverse cardiovascular events 

Me Methyl 

MIDAS Metal ion-dependant adhesion site 

MDAP Mass directed automated purification 

MS Mass spectrometry 

NHS National health service 

NMR Nuclear magnetic resonance 

NO Nitric oxide 

NOESY Nuclear Overhauser effect spectroscopy 

Pbf  2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 

PBS Phosphate buffered saline 

PDB Protein data bank 

PI3-K Phosphatidylinositol-3-kinase 

pK a Acid dissociation constant 

PTEN Phosphatase and tension homolog  

q Quartet 

RA Receptor agonist 

ReCET Re-cellularization by electroporation therapy 

ROCS Rapid overlay of chemical structures 

rt  Room temperature 

RT Retention time 

s Singlet 

SAR Structure-activity relationship 

SGLT2 Sodium-glucose cotransporter-2 

SPR Surface plasmon resonance 

Su Succinamide 

t Triplet 

T2D Type 2 diabetes 

T3p Propanephosphonic acid anhydride 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

Trt  Trityl 

UKPDS UK Prospective Diabetes Study 

UV Ultraviolet 

WT Wild type 
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2.2 Amino acid abbreviations 

Amino acid name  Three letter abbreviation  
Single letter 

abbreviation  

Alanine ALA A 

Arginine ARG R 

Asparagine ASN N 

Aspartic acid ASP D 

Cysteine CYS C 

Glutamic acid GLU E 

Glutamine GLN Q 

Glycine GLY G 

Histidine HIS H 

Isoleucine ILE I 

Leucine LEU L 

Lysine LYS K 

Methionine MET M 

Phenylalanine PHE F 

Proline PRO P 

Serine SER S 

Threonine THR T 

Tryptophan TRP W 

Tyrosine TYR Y 

Valine VAL V 

 

2.3 List of figures 

Figure 1: Estimates and projection of the prevalence of diabetes from the International 

Diabetes Federation. Type 2 Diabetes accounts for over 90% of cases. Figure taken 

from the IDF Diabetes Atlas 2021. 

Figure 2: Structures of commonly prescribed therapeutics for type 2 diabetes. 

Figure 3: The glucose uptake biomechanism of the insulin receptor upon binding of 

insulin. PI3-K: phosphatidylinositol-3-kinase; Akt: protein kinase B; GLUT4: glucose 

transporter 4. Adapted from S. B. Wheatcroft and M. T. Kearney. 
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Figure 4: Promoter region of IGFBP-1, where factors that regulate the levels of the 

protein are effective. RE: response element for the various proteins. Adapted from J. H. 

Bae et al. 

Figure 5: Integrin signalling pathway following activation of the Ŭ5ɓ1 integrin by an 

RGD binding ligand. Activation of Src and Fak lead to the phosphorylation of PI3K, 

which leads to the phosphorylation of Akt. Adapted from P. Moreno-Layseca and C. H. 

Streuli.41 Figure made with BioRender. 

Figure 6: The possible combinations of Ŭ (blue) and ɓ (green) subunits in integrins. 24 

integrins are known to form with eight recognising the RGD binding motif.  

Figure 7: Amino acids adjacent to the RGD binding motif, known to enhance selectivity 

for binding to Ŭ5ɓ1 integrin. 

Figure 8: The three proposed conformations of the Ŭ5ɓ1 integrin. The inactive, bent-

closed conformation is estimated to be occupied 99.76% of the time. It is theorised that 

by intracellular mechanical force applied to the integrin tail, the extended-closed 

conformation is adopted, which stabilises to the extended-open conformation which is 

maintained by extracellular force from the ECM. Adapted from Z. Sun et al.62 Figure 

made with BioRender. 

Figure 9: Crystal structures rendered in PyMol. Each RGD sequence is displayed with 

spherical atoms. The Ŭ5 monomers are shown in green and ɓ1 monomers are shown 

in blue (B and C) A. C-terminal domain of IGFBP-1 (1ZT3) with the RGD sequence, 

which resides on a flexible loop. B. The Nagae crystal structure of the Ŭ5ɓ1 integrin 

(3VI4), with the RGD motif bound to the active site. C. The Xia crystal structure of the 

Ŭ5ɓ1 integrin (4WK0), with the RGD motif bound to the active site. 

Figure 10: The Nagae crystal structure (3VI4) with the RGD motif bound to the active 

site. The key residues for RGD binding have been highlighted. The arginine (R) residue 

forms hydrogen bonds with GLN221 and ASP227. The glycine (G) residue interacts 

with SER227. The aspartate (D) residue interacts with TYR133, ASN224 and the 

Mg502 ion. 

Figure 11: Approved small molecule therapeutics that target the RGD site of integrins, 

eptifibatide and tirofiban. Both are used to treat acute coronary syndrome and 

thrombotic cardiovascular events. 

Figure 12: Examples of methods to improve integrin specificity in literature. Methylation 

of the chain linked nitrogen of guanidine significantly reduces binding potency to Ŭɜɓ3 
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integrin, while slightly reducing binding potency to Ŭ5ɓ1 integrin. Large functional 

groups adjacent to the metal binding carboxylate can be manipulated for specificity to a 

range of integrins. 

Figure 13: Examples of RGD mimetic integrin inhibitors in literature. Structural 

similarities between these compounds include a carboxylate group for metal binding, a 

bulky aromatic group adjacent to the carboxylate for integrin specificity and a terminal 

basic group mimicking the guanidine of the RGD endogenous ligand. 

Figure 14: Structures of small-molecule antagonists of the Ŭ5ɓ1 integrin with the 

associated IC50 of each. There are close structural similarities to the RGD ligand in 

most of the compounds, including the entire RGD sequence in cilengitide (3.4.17). 

ATN-161 (3.4.16) does not share the similarities as it does not target the RGD binding 

site. 

Figure 15: Functional groups used to mimic the terminal guanidine of the RGD ligand in 

literature. Heckmann et al. found that functional groups with a lower basicity reduced 

the binding affinity with the integrin. 

Figure 16: RGD site integrin ligands. The compounds with the highest activity for Ŭ5ɓ1 

from each publication are displayed, along with the IC50/EC50 values. A sample of 

GM263 was shared by Prof. Daria Giacomini as a positive control. 

Figure 17: An example of the stages of a molecular docking workflow using 

Schrodinger Maestro and Glide. (A) The protein is prepared for docking by adding 

hydrogen atoms, resolving clashes and optimising conformations, amongst other 

functions. (B) Small molecules are prepared, accounting for possible charges, chirality 

and conformations. (C) A grid is generated in which the ligands will be docked. Grid 

settings can be finely adjusted, such as requiring or preventing interactions with certain 

atoms or residues. (D) Ligands are docked into the grid and energetic outputs can be 

assessed. 

Figure 18: A selection of compounds identified using the virtual screening platform 

ROCS to match the shape and electrostatic properties of the RGD sequence in IGFBP-

1. 

Figure 19: Activity profile of the initial set of compounds, measured by the insulin-

stimulated phosphorylation of Akt with 1 ɛM of compound (24 hours treatment) 

compared to the GRGDSP and GRADSP hexapeptides, IGFBP-1 and negative 

controls. n=3; Akt: protein kinase B. 
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Figure 20: Examples of integrin targeting compounds in literature containing a 

carboxylic acid and guanidine mimic group. Screening compound 3.6.5 has structural 

similarities to this trend in literature.87, 92 

Figure 21: Molecular docking of four screening compounds to the RGD-binding domajn 

of Ŭ5ɓ1 integrin (PDB: 3VI4) with close residues highlighted to design modifications for 

SAR development. 

Figure 22: Molecular docking of the top scoring zwitterion alterations to the RGD-

binding domain of the Ŭ5ɓ1 integrin (PDB: 3VI4) with key residues and hydrogen bonds 

highlighted. All the compounds except 5.2.3 form interactions at the Ŭ5 side of the 

pocket, mimicking the endogenous ligand. Compound 5.2.3 was instead designed to 

reach into a highly electronegative pocket on the ɓ1 monomer. 

Figure 23: Top scoring pyrazole compounds from molecular docking of virtual HTS hits 

to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0). 

Figure 24: Top hits from molecular docking of potential pyrazole targets to the RGD-

binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0), targeting interactions with residues 

GLN221 and ASP227 to match the endogenous ligand. 

Figure 25: Top hits from molecular docking of potential pyrazole targets to the RGD-

binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4). The alternative docking model 

formed similar interactions to the protein but had overall lower scores and had different 

top-scoring structures. 

Figure 26: Molecular docking of screening compound 3.4.5 and the modified 5.6.1, with 

the 7-membered ring removed, to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 

3VI4). 

Figure 27: Cell viability of C2C12 and HUVEC cell lines 24 hours after exposure to a 

selection of zwitterion compounds (100 ɛM). C2C12 cells (n=3, mean ± SEM) and 

HUVEC cells (n=4, mean ± SEM). 

Figure 28: Compound GM263, synthesised and provided by Prof. Daria Giacomini and 

her research group. It has a reported 9.9 nM agonistic activity, specifically targeting the 

Ŭ5ɓ1 integrin. 

Figure 29: Western blot analysis of insulin-stimulated phosphorylation of Akt by 

synthesised compounds and controls with C2C12 mouse myotube cells, at 100 (A) and 

10 (B) nM concentrations of insulin in each well except the DMSO control. Cells were 
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dosed with 100 nM of the controls and compounds and incubated for 40 mins, before 

exposure to insulin. Both graphs are n=1; Akt: protein kinase B. 

Figure 30: Cell migration of HUVEC cells, 24 hours after a scratch-wound while 

exposed to a selection of proteins, controls and zwitterion compounds (n=4, mean ± 

SEM) 

Figure 31: Experimental setup of surface plasmon resonance (SPR). A derivatised gold 

film surface on a semi-circular prism reflects a beam to a detector. The refractive index 

the surface is modified by the molecular weight of the derivatised surface, meaning the 

association and dissociation of an analyte can be detected, allowing measurements of 

the analyte-surface affinity. Figure made with BioRender. 

Figure 32: Theoretical and experimental responses from the titration SPR experiments. 

Rligand (shown on the left Y axis) is the protein binding level which decreases over 

time due degradation of the chip surface. Rmax (shown on the right Y axis) is the 

theoretical maximum binding of the analytes, based on Rligand, the analyte molecular 

weight, the ligand molecular weight and assuming a single binding site. Ranalyte 

(shown on the right Y axis) is the experimentally measured response. Separate 

batches of experiments are distinguished with vertical grey lines on the X axis. 

Figure 33: Theoretical and experimental responses and binding to the reference cell 

from the titration SPR experiments. Rmax is the theoretical maximum binding of the 

analytes, based on Rligand, the analyte molecular weight, the ligand molecular weight 

and assuming a single binding site. Ranalyte is the experimentally measured response. 

The regularly spaced peaks in the binding to reference are at the beginning of each 

batch of 123 samples, where the buffer is run and shows a large reference response. 

Separate batches of experiments are distinguished with vertical grey lines on the X 

axis. 

Figure 34: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by control compounds (A) 

Positive hexapeptide GRGDTP, (B) Negative hexapeptide AAAAAA, (C) Literature 

compound GM263, at six concentrations from 0-100 ɛM (n=3, mean ± SEM) 

Figure 35: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by zwitterion compounds 

(A) 5.3.7 (B) 5.3.9 (C) 5.4.9 (D) 5.6.1, at six concentrations from 0-100 ɛM (n=3, mean 

± SEM) 

Figure 37: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by controls and zwitterion 

compounds; (A) positive hexapeptide GRGDTP (B) negative hexapeptide AAAAAA (C) 
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literature compound GM263 (D) 5.6.1, at eight concentrations from 0-500 ɛM. (controls 

n=2, compound n=4, mean ± SEM) 

Figure 36: SPR sensorgram of compound 5.6.1 in the long titration experiments, by 

which the KD was measured. Measurements are taken at 0.1 second intervals, with the 

mean response of the replicates (n=4) reported. The time is relative to the sample 

injection and the response is relative to the baseline response before sample injection. 

The change in response at 0 seconds and 30 seconds corrospond to the change from 

the runnning buffer to the sample. 

Figure 38: Summary figure of the work completed for the zwitterion series. (A) 

Literature compounds and screening results provided the source of the compound 

design. (B) Compounds were docked to optimise targets. (C) Targets were synthesised 

with a variety of structures sharing a carboxylic acid and basic termini. Compound 

activity was assessed in phosphorylation of Akt (WB) (D) and direct binding (SPR) (E) 

assays. 

Figure 39: Compounds identified using the virtual screening platform ROCS to match 

the shape and electrostatic properties of the RGD domain in IGFBP-1. Compound 

3.6.5 was the design source of the zwitterion-based compounds. Compound 3.6.6 was 

the design source of the hydantoin-based compounds. 

Figure 40: Marketed small molecule drugs incorporating the hydantoin functional group. 

Figure 41: Metalloprotease PDB crystal structures of hydantoin containing small 

molecules interacting with zinc atoms (PDB: 4WK7 and 6YJM). 

Figure 42: Uracil and the possible tautomers of the hydantoin group. The diketo 

structure (6.1.8) has been calculated to be the most stable. 

Figure 43: Molecular docking of the hydantoin containing hit compound (3.6.6) and two 

modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 3VI4) with close 

residues and hydrogen bonds highlighted. The modifications were designed to enable 

a hydrogen bond to form with LYS182 and to simplify the target synthesis. 

Figure 44: NOESY analysis of the hydantoin key intermediates 6.3.4 and 6.5.5 to show 

that both are the E-isomers. NOESY spectra are shown in appendix 10.2. 

Figure 45: Western blot analysis of phosphorylation of Akt by compounds 6.3.5 and 

6.3.6 and controls with C2C12 mouse myotube cells, at 100 (A) and 10 (B) nM 

concentrations of insulin in each well. Controls and compounds were dosed at 100 nM 

and incubated for 40 mins before exposure to insulin. (n=1); Akt: protein kinase B. (C) 
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Cell migration of HUVEC cells after a scratch-wound while exposed to a selection of 

proteins, controls and compounds 6.3.5 and 6.3.6. (n=4, mean ± SEM) 

Figure 46: Compound designs from compound 6.3.6, separated by modification type. 

(A) Simple modifications to compound 6.3.6 to interrogate the binding mode. (B) 

Related amine termini in the group inventory for rapid production of analogues. (C) 

Diamines, designed as intermediates for derivatisation to functional groups such as 

urea and amidine. (D) Analogues with an aminopyridine terminus, as seen in literature 

compounds. 

Figure 47: Molecular docking of the top scoring, phenyl linked hydantoin modifications 

to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close residues and 

hydrogen bonds highlighted. All but compound 6.5.3 form interactions with GLU126 

and LYS182, as the original hit compound was modelled to, whereas compound 6.5.3 

forms a bidentate hydrogen bond interaction with ASP227, similar to the endogenous 

RGD ligand. 

Figure 48: Constrained molecular docking of the top scoring, phenyl linked hydantoin 

modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) with close 

residues and hydrogen bonds highlighted. Key hydrogen bonds are made with 

TYR133, ASN224, ASP227, ALA222 and GLN221. The top two scoring structures 

reach a better score than the unconstrained docking, indicating that the constrained 

model may better represent the best possible compound interactions. 

Figure 49: Derivatives of compound 6.3.6, with the additional modification of a 

piperidine replacing the phenyl linker between the hydantoin imine and the basic 

terminus. (A) Modifications resembling compound 6.3.6. (B) Modifications with a 

guanidine terminus, as is present on the RGD peptide. 

Figure 50:  Molecular docking of the top scoring, piperidine linked hydantoin 

modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close 

residues and hydrogen bonds highlighted. As with the phenyl linked modifications, the 

top scoring structures, 6.5.5 and 6.5.6, form interactions with GLU126, while other 

structures, 6.5.7 and 6.5.8, form interactions with ASP227, ASP228 and GLU320. 

Figure 51: Constrained molecular docking of the top scoring, piperidine linked 

hydantoin modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) 

with close residues and hydrogen bonds highlighted. The highest scoring structures, 

6.5.9 and 6.5.7 had the highest scores seen in the molecular modelling in the project 

thus far, both opting to form hydrogen bonds between the terminal guanidine and 
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GLU320. The next best scoring structures had lower scores, posed in a linear shape 

similar to the RGD peptide. 

Figure 52: Molecular docking of the top scoring, phenylalanine linked hydantoin 

modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close 

residues and hydrogen bonds highlighted. Both structures achieved high scores by 

adopting a contorted pose to form interactions with ASP227, ASP228 and GLU320. 

Figure 53: Constrained molecular docking of the top scoring, phenylalanine linked 

hydantoin modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) 

with close residues and hydrogen bonds highlighted. The docking scores were reduced 

compared to the unconstrained docking, although the binding pose matches the crystal 

structure of the RGD peptide, forming interactions with GLN221 and ASP227 with the 

guanidine group. 

Figure 54: Cell viability of C2C12 (n=3, mean ± SEM) and HUVEC (n=4, mean ± SEM) 

cell lines after exposure to a selection of hydantoin compounds (100 ɛM). 

Figure 55: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by control compounds (A) 

Positive hexapeptide GRGDTP, (B) Negative hexapeptide AAAAAA, (C) Literature 

compound GM263, at six concentrations from 0-100 ɛM (n=3, mean ± SEM) 

Figure 56: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by hydantoin compounds 

(A) 6.3.5 (B) 6.3.6 (C) 6.6.2 (D) 6.6.4 (E) 6.7.4 (F) 6.8.3, at six concentrations from 0-

100 ɛM (n=3, mean ± SEM) 

Figure 57: Structures of six compounds that returned weak or no dose dependant 

activity from the SPR narrow titration experiment, shown in Figure 56. 

Figure 58: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by hydantoin compounds 

(A) 6.5.2 (B) 6.5.5 (C) 6.5.10 (D) 6.6.1 (E) 6.6.3 (F) 6.7.3, at six concentrations from 0-

100 ɛM (n=3, mean ± SEM) 

Figure 59: Structures of six compounds that returned dose dependant activity from the 

SPR narrow titration experiment, shown in Figure 58. 

Figure 60: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by hydantoin compound 

6.5.1 (structure shown) at six concentrations from 0-100 ɛM (n=3, mean ± SEM) 

Figure 61: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by hydantoin compounds 

(A) 6.5.2 (B) 6.5.10 (C) 6.6.3 (D) 6.7.3, at eight concentrations from 0-400 ɛM, with 

measured KD values (n=4, mean ± SEM) 
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Figure 62: Structures of four compounds analysed in the 8-point SPR titration 

experiment, shown in Figure 61. 

Figure 63: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by hydantoin compound 

6.5.1 (structure shown) at eight concentrations from 0-400 ɛM (n=4, mean ± SEM) 

2.4 List of tables 

Table 1: List of FDA approved medicines commonly prescribed for T2D in the drug 

classes detailed above.32 Therapies without similar comparison, such as metfomin, are 

not included. 

Table 2: Human and mouse microsomal half-life of select compounds from the initial 

screening. *Negative values indicate no measurable decrease in concentration. 

Table 3: Attempted reagents, conditions and results for amide couplings with 1-

aminohydantoin. 

Table 4: Reagents, conditions and results of attempted amide couplings with 

intermediate 6.3.4. Reagents: (A) EDC (1.1), DMAP (0.5); (B) PyBop (1.1), DIPEA (3.0). 

*Not repeated but likely would have been successful 

Table 5: Reagents, conditions and results of attempted amide couplings with 

intermediate 6.7.2. 

Table 6: Reagents and conditions for the attempted reduction of the hydantoin imine. 

*NMR analysis showed characteristic product peaks but could not be fully purified across 

multiple attempts. 

Table 7: Number and structure of all hydantoin compounds with assay data collected, 

labelled with the quality of the result. Examples of poor data include unreliable results 

and non-specific interactions. 

 

2.5 List of schemes 

Scheme 1: Synthesis of intermediates 5.3.1 and 5.3.2. 

Scheme 2: Synthesis of the phenyl linked zwitterion targets. 

Scheme 3: Attempted deprotection of 5.3.10B by reversing the order to hydrolyse the 

ester first. 

Scheme 4: Synthesis of the alkyl linked target 5.2.3. 
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Scheme 5: Attempted synthesis of pyrazole targets 5.4.7 and 5.5.5. 

Scheme 6: Synthesis of pyrazole target 5.4.9. 

Scheme 7: Synthesis of zwitterion target 5.6.1. 

Scheme 8: Attempted synthesis of targets 6.2.1 and 6.2.2. 

Scheme 9: Synthesis of compounds 6.3.5 and 6.3.6. 

Scheme 10: Incomplete synthesis of compound 6.3.7 due to remaining impurities after 

purification attempts. 

Scheme 11: Synthesis of phenyl linked hydantoin targets. 

Scheme 12: Synthesis of the piperidine linked hydantoin targets. 

Scheme 13: Attempted deprotection of compound 6.7.5. The product could not be 

isolated in a sufficient quantity for analysis. 

Scheme 14: Synthesis of compound 6.8.3 and attempted synthesis of compound 6.8.4. 

2.6 List of equations 

Equation 1: Calculation of the maximum analyte response (Rmax), which is dependent 

on the ligand response (Rligand), molecular mass of the analyte (Mranalyte), molecular 

mass of the ligand (Mrligand) and the number of binding events for each immobilised 

protein (Vligand).  
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3. Introduction  

3.1. Diabetes: cost, treatment and failings 

Type 2 Diabetes (T2D) is defined as a condition in which the body's tissues become 

resistant to the effects of insulin, combined with insufficient production of insulin by the 

pancreas to compensate for the insulin resistance.1 It represents approximately 90% of 

diabetes cases and is associated with a shortening of life of up to 12 years (for very 

obese men aged 20-39) and years of healthy life reduced by 22 years, with lower years 

lost for those diagnosed over 39 with a lower BMI.2 The direct cost of treating T2D in 

2010/11 was estimated to be £8.8 billion, representing 8.9% of the NHS spending.3,4 In 

comparison, cancer is modelled to represent 5.0% of the UK healthcare budget in 2018.5 

Worldwide cases of T2D are estimated to be over 500 million and are projected to rise 

to over 700 million by 2045.6 The factors that cause T2D are complex. Half of individuals 

with T2D are obese and almost 90% are overweight, but factors including hereditary and 

environmental factors, in addition to lifestyle choices (diet, smoking, inactivity) are 

implicated.7-9  

 

Figure 1: Estimates and projection of the prevalence of diabetes from the International Diabetes 
Federation. Type 2 Diabetes accounts for over 90% of cases. Figure taken from the IDF Diabetes 
Atlas 2021.6 

Clinically, T2D is diagnosed when blood glucose measurements reach a defined 

threshold. A standard measure for blood glucose is the amount of glycated haemoglobin 

in the blood, known as HbA1c. A person with a HbA1c consistently above 6.5% or 48 

mmol/mol is defined as having diabetes.10 
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One of the most common complications for people with diabetes is the development of 

cardiovascular disease (CVD). The combined cost of treating cardiovascular 

complications of T2D, including ischaemic heart disease, myocardial infarction and heart 

failure was estimated in 2010/11 to be £2.8 billion, and CVD represented 50.3% of 

deaths of people with T2D in a meta-analysis of worldwide studies from 2007-2017.3,11 

This indicates there is a unmet need for treatments that can prevent CVD. 

The first-line treatment of T2D and prediabetes is diet and exercise changes. The 

European Society of Cardiology (ESC) recommends a reduced calorie intake to lower 

excessive body weight, adoption of a mediterranean or plant-based diet and regular 

moderate-to-vigorous exercise.12 A study of primary care led weight management for 

T2D patients found that 46% (n=68) of the intervention group achieved remission after 

12 months, defined by HbA1c of < 6.5%.13 Where control of T2D exclusively through diet 

and exercise is insufficient, use of medical intervention is necessary, but it is important 

to recognise that effective support of patients to manage the condition via diet and 

exercise is the best treatment. The current medicines used to treat T2D are described 

and discussed below. 

Metformin (3.1.1), shown in Figure 2, is used as a first-line glucose control medication, 

with a reliable reduction of HbA1c levels by about 1.5%, a good safety profile and low 

cost.10,14 The mechanism of action of metformin is complex, involving inhibition of the 

mitochondrial respiratory chain in the liver and increasing the glucose utilisation in the 

intestine amongst other effects, all with an unknown hierarchy of importance.15 There are 

gastrointestinal (GI) side effects such as nausea and diarrhoea in 20-30% of patients, 

with about 5% discontinuing the drug as a result.14, 15 In addition, metformin is 

contraindicated with chronic kidney disease as it increases the risk of lactic acidosis 

which is rare, but potentially fatal.16  

Few studies have analysed the cardiovascular effects of metformin with meaningful 

control groups, as the overall safety and glycaemic control benefits are well established. 

The UK Prospective Diabetes Study (UKPDS) is the most comprehensive study, 

comparing use of metformin to dietary control only.17 A meta-analysis, which was heavily 

weighted from the UKPDS, showed that all outcomes aside from stroke favoured 

metformin, but none showed statistical significance and concluded that definitive trials to 

establish this are unlikely to occur.18 

Weight loss has been shown to drastically improve outcomes for T2D patients. Analysis 

of the Look AHEAD trial, 16.7 years after the start of the study showed that participants 

who lost Ó10% of weight after 1 year of intervention had a 21% reduced risk of mortality.19 
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As such, the glucose control agents that induce weight loss, glucagon-like peptide-1 

receptor agonists (GLP-1 RAs) and sodium-glucose cotransporter-2 (SGLT2) inhibitors, 

are recommended by the European Society of Cardiology (ESC) for overweight and 

obese patients.20  

SGLT2 inhibitors, such as empagliflozin (3.1.2), increase glucose excretion via urine by 

inhibiting the transporters that recover glucose in the kidneys. This reduces HbA1c by 

0.5-0.8%, as well as reducing patient weight and blood pressure. The main side effect of 

empagliflozin is an increased risk of genital infections, with rarer effects reported to 

include ketoacidosis, fractures and foot amputations.21 The other approved SGLT2 

inhibitors are  

GLP-1 RAs, such as liraglutide (3.1.3), function by agonising GLP-1 receptors to promote 

glucose-dependent insulin secretion, reducing HbA1c by 0.5-1%. The drawbacks of 

GLP-1 RAs are that, with the exception of one oral medication, they require injection 

dosing and up to 50% of patients experience GI side effects, although typically transient, 

which leads to 5-10% of patients discontinuing the treatment. The GLP-1 RAs approved 

for use by the FDA are semaglutide, tirzepatide, liraglutide, albiglutide, exenatide, 

dulaglutide and lixisenatide.22 An oral formulation of selemglutide is in use under the 

name Rybelsus, which represents an accessible alternative for drug administration. A 

non-peptide, orally active GLP-1 RA, orforglipron has shown promising results in phase 

III trials for the treatment of T2D and weight loss.23  

Tirzepatide agonises both GLP-1 and gastric inhibitory polypeptide (GIP), which also 

increases insulin secretion. This duel-effect have shown increased weight loss and 

glycemic control when compared to typical GLP-1 agonists.22 Retatrutide, a triple 

targeting therapy (GLP-1, GIP and glucagon receptors) in clinical trials for weight loss, 

may represent the future direction of drugs in this class.24 

In meta-analyses of cardiovascular outcome trials in people with T2D, only GLP-1 RAs 

and SGLT2 inhibitors have been shown to moderately reduce major adverse 

cardiovascular events (MACE) hazard ratios for patients with established atherosclerotic 

CVD (15% and 11% reduction respectively) and are recommended for cardiovascular 

risk management independent of glucose control considerations. 

Another treatment option is thiazolidinediones, such as pioglitazone (3.1.4). They 

activate peroxisome proliferator-activated receptor-ɔ, which increases insulin sensitivity 

by upregulating protein synthesis in lipid homeostasis, which increases glucose usage 

for energy.14 They are effective at reducing blood glucose levels and also have evidence 

of modest cardiovascular benefit for patients with CVD. In the PROactive trial, 
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pioglitazone had a 16% reduction in MACE, showing similar effects to GLP-1 RAs and 

SGLT2 inhibitors.25 The side effects of pioglitazone include fluid retention, an annual 

0.4% increased risk of heart failure and weight gain which are of significant concern and 

must be considered. 

Other therapeutics for glycaemic control include sulfonylureas and dipeptidyl peptidase-

4 (DPP-4) inhibitors.10 Second and third generation sulfonylureas are an alternative when 

metformin is not tolerated or contraindicated. Their mechanism of action comprises 

binding to the sulfonylurea receptor-1 in the pancreatic ɓ-cells which increases insulin 

secretion. DPP-4 inhibitors are also used as second line to metformin. Inhibiting DPP-4 

prevents breakdown of GLP-1, acting in a similar manner to GLP-1 RAs, although there 

are unsuitable for patients with heart failure. The studies that have looked at medicines 

in these classes have shown no difference in MACE outcomes compared to a control.20 

Another medication used for T2D, especially in China, is the Ŭ-glucosidase inhibitor, 

acarbose (3.1.5). Two major studies (STOP-NIDDM and ACE) have analysed its effects 

and shown that for patients with impaired glucose tolerance, progression to diabetes 

diagnosis was reduced by 25% and 18% respectively.26, 27 A 22.5% reduction in 

cardiovascular effects was seen in the STOP-NIDDM trial (n=1429) however no 

significant benefit was seen in the ACE trial (n=6522). An analysis of the ACE trial 

suggests this difference could be due to chance as the number of participants having Ó1 

adverse cardiovascular events in the STOP-NIDDM trial were only 47. Other suggestions 

include differences in dosing, age of participants, ethnicity of participants and 

cardiovascular prevention measures.27 

Aspirin has also been used to treat CVD in cases of diabetes when risk of bleeding is 

not elevated due to the medicationôs anticoagulant effect. Meta-analyses of trials 

analysing the CVD events of patients with and without diabetes showed a modest 

(approximately 9%) improvement in MACE outcomes but with a Ó2-fold increase in 

relative risk of bleeding.28  

Bile acid sequestrants, such as colesevelam, are an alternative method of treating T2D. 

They remove bile acids from the intestine, forcing the body to increase synthesis from 

cholesterol, whilst also significantly reducing HbA1c levels.29 

Another alternative treatment method is re-cellularization by electroporation therapy 

(ReCET), where cells in the duodenal mucosa (mucus membrane of the first section of 

the small intestine) are exposed to repeated high voltage pulses which induces pores 

opening in the cell membrane, thus killing the cells.30 The duodenal mucosa cells have 

important roles in glucose homeostasis, and the regrown cells have been found to reduce 
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insulin resistance and improve glycemic control. 86% of patients who required basal 

insulin for glycemic control before treatment only required use of semaglutide, 12 months 

after ReCET treatment (with 14%, n=2 who returned to insulin use after receiving a lower 

voltage treatment of ReCET).30 

Exercise remains a critical facet of treating T2D, with a 0.6% reduction in HbA1c levels 

found in a review of exercise in 2006.31 Intensive treatment methods have a limited risk 

reduction in major macrovascular and microvascular events which, given the high risk of 

cardiovascular disease for T2D patients, needs improving.10 New therapeutics need to 

be developed to improve the cardiovascular outcomes of T2D, with insulin-like growth 

factor 1 (IGFBP-1) a possible target for this. 

 

Figure 2: Structures of commonly prescribed therapeutics for type 2 diabetes. 
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Table 1: List of FDA approved medicines commonly prescribed for T2D in the drug classes 
detailed above.32 Therapies without similar comparison, such as metfomin, are not included. 

Drug class  Approved drugs  

SGLT2 inhibitors Bexaglifozin, canagliflozin, dapagliflozin, 

empagliflozin, ertugliflozin 

GLP-1 receptor agonists Albiglutide, dulaglutide, exenatide, liraglutide, 

lixisenatide, semaglutide, tirzepatide 

Thiazolidinediones Rosiglitazone, pioglitazone 

Sulfonylureas Glimepiride, glipizide, glyburide 

DDP-4 inhibitors Alogliptin, linagliptin, saxagliptin, sitagliptin 

Ŭ-carbose inhibitors Acarbose, miglitol 

 

 

3.2 Metabolic homeostasis and IGFBP-1 

Insulin and glucagon maintain blood sugar homeostasis. When blood sugar levels are 

high, the pancreas secretes additional insulin; when blood sugar levels drop, the 

pancreas releases glucagon. This system is controlled by a complex network of proteins 

including insulin-like growth factors (IGFs) and insulin-like growth factor binding proteins 

(IGFBPs). IGFs are growth-promoting, circulating proteins that act as both endocrine 

hormones and autocrine/paracrine growth factors. IGF-1 stimulates glucose uptake into 

cells and increases the sensitivity of tissues to insulin. IGF-1 concentrations are relatively 

constant, with activity modulated by interactions with circulating IGFBPs.33 In addition, 

IGFBPs are known to have independent action of IGFs, with IGFBP-1 and IGFBP-2 of 

particular interest for treatment of T2D.33 
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Figure 3: The glucose uptake biomechanism of the insulin receptor upon binding of insulin. PI3-
K: phosphatidylinositol-3-kinase; Akt: protein kinase B; GLUT4: glucose transporter 4. Adapted 
from S. B. Wheatcroft and M. T. Kearney.33 

Insulin modulates blood glucose concentration by binding to the insulin receptor, which 

activates a phosphorylation cascade of phosphatidylinositol-3-kinase (PI3-K), then 

protein kinase B (Akt), which causes translocation of glucose transporter 4 (GLUT4) to 

the cell membrane, allowing uptake of glucose from the blood to the cells (Figure 3). IGF-

1 has also been shown to activate these cascades via the IGF-1 receptor.34 IGFBPs, 

particularly IGFBP-1 and IGFBP-3, form a complex with IGF-1 that renders it biologically 

inert, regulating the IGF signalling.35 IGFBP-1 has been identified as the main bioactivity 

control of IGF-1, controlled by three phosphorylation sites that when phosphorylated, 

forms a higher affinity complex with IGF-1 than the IGF-1 receptor.35 The kinases that 

phosphorylate IGFBP-1 have been suggested to be part of the casein family, although 

this has not been confirmed.36-38  

 

3.3 Structure and function of IGFBP-1 

IGFBP-1 has a mass of about 30 kDa and is composed of structured N and C-terminal 

domains with a less structured linker domain. No full structure of the protein has been 

solved but the C-terminal domain, which is involved in IGF binding, has two crystal 

structures (1ZT3, 1ZT5) (Figure 9).33, 39, 40 Both structures were collected by X-ray 

diffraction and have resolutions of 1.80 and 1.82 Å respectively, with the second structure 

complexed with iron. IGFBP-1 contains an RGD sequence on a flexible loop in the C-

terminal domain which has IGF independent effects.33 

In their 2013 review of IGFBP-1 regulation, Bae et al. described the various factors that 

affect IGFBP-1 transcription.35 IGFBP-1 is mainly secreted in the liver, with a number of 
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factors stimulating secretion and insulin inhibiting gene expression. In the gene promotor 

region for IGFBP-1, shown in Figure 4, the insulin response element (IRE) can be 

blocked by CCAAT-enhancer-binding proteins (C/EBPs), where C/EBP ɓ forms a 

complex with other factors and blocks insulin from binding to the IRE site, preventing the 

inhibition effect. Factors that have been indicated to stimulate IGFBP-1 secretion include 

AMP activated protein kinase (AMPK), cAMP, progesterone, relaxin, glucagon, 

peroxisome proliferator-activated receptor (PPAR)-ɔ agonists, glucocorticoids and 

hepatocyte nuclear factor 1 (HNF-1).35 

 

Figure 4: Promoter region of IGFBP-1, where factors that regulate the levels of the protein are 
effective. RE: response element for the various proteins. Adapted from J. H. Bae et al.35 

When IGFBP-1 is not phosphorylated and no longer binds IGFs with a strong affinity, it 

has IGF independent interactions. After a meal, when blood glucose is high, it is 

beneficial for the IGFs to be released by IGFBPs and for the IGF-1 receptors to be 

activated and stimulate glucose uptake, much like insulin itself. The free IGFBP-1 can 

then bind to the Ŭ5ɓ1 integrin via its RGD motif, presented on a flexible loop in the C-

terminal domain.33 The RGD motif (arginine, glycine and aspartate) is recognised by 

several integrins and starts a phosphorylation cascade which activates the focal 

adhesion kinase (FAK) and proto-oncogene tyrosine-protein kinase (Src) which activate 

a phosphoinositide 3-kinase (PI3K), which subsequently activate Akt (Figure 5).33, 41, 42 
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Figure 5: Integrin signalling pathway following activation of the Ŭ5ɓ1 integrin by an RGD binding 
ligand. Activation of Src and Fak lead to the phosphorylation of PI3K, which leads to the 
phosphorylation of Akt. Adapted from P. Moreno-Layseca and C. H. Streuli.41 Figure made with 
BioRender. 

Haywood et al. found that a dose of 0.75 IU/kg recombinant IGFBP-1 to mice improved 

whole-body insulin sensitivity and glucose tolerance. Overexpression of IGFBP-1 in mice 

was associated with reduced blood pressure, reduced susceptibility to atherosclerosis 

and had enhanced vascular nitric oxide (NO) production.43 In relation to this, circulating 

IGFBP-1 levels have shown a strong, positive correlation to insulin sensitivity in a diverse 

range of study groups.44, 45 Low levels of circulating IGFBP-1 have been shown to be a 

strong predictor of development of type 2 diabetes, although during onset of T2D, 

IGFBP-1 concentrations tend to increase.46 In agreement is the finding that a high 

IGFBP-1 level is associated with a lower risk of diabetes in older adults.47 

Further establishing the association with T2D, IGFBP-1 levels were found to significantly 

negatively correlate with several established cardiovascular risk factors, including blood 

pressure, BMI, waist:hip ratio and fasting insulin and triglyceride concentration.48 In 

people with T2D, Leinonen et al. found that reduced IGFBP-1 concentrations correlated 

with an increase in the thickness of the carotid wall, which predicts clinical cardiovascular 

events.49 

Other rodent studies have had differing results when overexpressing IGFBP-1, showing 

glucose intolerance, hyperglycaemia and hyperinsulinemia.44 An explanation for these 

mixed results by Haywood et al. is differing phosphorylation statuses of IGFBP-1, with 
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the native protein likely to be phosphorylated and bind to IGFs, therefore reducing the 

metabolic response to glucose and interfering with the typical mechanisms.44 In 

comparison, recombinant IGFBP-1 will have varying phosphorylation levels based on the 

production method, meaning that it may follow the IGF-independent mechanism of 

activating the insulin receptor cascade and having effects beneficial for hyperglycaemia. 

In related rodent trials, overexpression of IGFBP-2 has been shown to protect against 

obesity and insulin resistance, however the mechanisms by which this occurs appear 

unrelated to IGFBP-1 and integrin signalling.50  

IGFBP-1 has been linked to diabetic kidney disease (DKD), with reduced IGFBP-1 

expression in early stage DKD for patients with T2D.51 IGFBP-1 has also been linked to 

intrauterine growth restriction (IUGR) as a measure of nutrition and oxygenation. 

Increased phosphorylation of IGFBP-1 has been found to correlate to limited oxygen and 

nutrient availability and could be used as a biomarker for IUGR in the first trimester.52 

Finally, increased serum IGFBP-1 levels three months after an ischemic stroke were 

found to predict poor long-term outcomes and post-stroke mortality.53 

3.3. Integrin structure and conformation 

Integrins are proteins that operate across the cell membrane, with extracellular binding 

sites which mediate intercellular coordination and signalling. The primary function of 

integrins is as cell-adhesion receptors, allowing proteins such as fibronectin to form the 

extracellular matrix (ECM) to hold cells together. All integrins are heterodimers, 

composed of an Ŭ and ɓ subunit. Integrins have an extracellular headpiece domain, a 

transmembrane domain and an intracellular cytoplasmic tail. Eighteen Ŭ and eight ɓ 

subunits have been identified which assemble into 24 integrins (Figure 6). Eight of the 

integrins recognise the RGD (Arg-Gly-Asp) motif present on fibronectin, vitronectin and 

fibrinogen as well as IGFBP-1.54, 55 

 

Figure 6: The possible combinations of Ŭ (blue) and ɓ (green) subunits in integrins. 24 integrins 
are known to form with eight recognising the RGD binding motif.  
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Fibronectin is involved in several processes including cell adhesion, migration, growth 

and differentiation.56 As with IGFBP-1, the RGD motif of fibronectin is located on a flexible 

loop which allows for optimal binding at the metal ion-dependent adhesion site (MIDAS, 

Figure 9). In addition to the RGD interaction, fibronectin binds selectively to Ŭ5ɓ1 and 

ŬIIbɓ3 via a DVRPHSRN sequence which is located approximately 32 Å away from the 

RGD sequence. This enables fibronectin a forty-fold selectivity over other RGD binding 

integrins, but does not affect the RGD binding site.57, 58 Recent research has uncovered 

an additional synergy site that fibronectin engages with when binding to Ŭ5ɓ1 on the ɓ1 

monomer.58 This is proposed as an explanation to why isolated RGD containing peptides 

induce only partial conformation change in the integrin.59, 60  

Integrins and their ligands interact with specificity via the conformation of the RGD 

sequence and neighbouring residues. For Ŭ5ɓ1, flanking residues that improve ligand 

recognition include P -1 to the N terminus, M/N/G +1 to the C terminus and P/F/W +2 to 

the C terminus (Figure 7).57 The W +2 neighbouring residue has been described to 

improve ligand specificity by forming hydrophobic interactions with TRP157 on the Ŭ5 

monomer.61 

 

Figure 7: Amino acids adjacent to the RGD binding motif, known to enhance selectivity for binding 
to Ŭ5ɓ1 integrin. 

P-R-G-D-M/N/G-P/F/W 

+2 +1 0 -1 
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Figure 8: The three proposed conformations of the Ŭ5ɓ1 integrin. The inactive, bent-closed 
conformation is estimated to be occupied 99.76% of the time. It is theorised that by intracellular 
mechanical force applied to the integrin tail, the extended-closed conformation is adopted, which 
stabilises to the extended-open conformation which is maintained by extracellular force from the 
ECM. Adapted from Z. Sun et al.62 Figure made with BioRender. 

The standard model of integrin activation indicates three conformational states: bent-

closed, extended-closed and extended-open (Figure 8).63 The integrin headpiece opens 

and the ólegô regions (extracellular components excluding the binding regions) of the 

headpiece move from 45 Å apart to 120 Å apart. Li et al. found that for Ŭ5ɓ1, the extended-

open confirmation is directly associated with a 5000-fold increase in ligand binding 

affinity over the closed confirmation.60, 63-65 Springer and Dustin describe that for RGD 

binding integrins, the conformational change at the MIDAS is limited to the ɓ subunit 

where the ɓ1-Ŭ1 loop, which coordinates to the MIDAS ion with Asp-X-Ser-X-Ser side 

chains and to the adjacent metal ion-dependent adhesion site (ADMIDAS) Ca2+ ion with 

the amide oxygen backbone, is shifted 2.3 Å to increase binding affinity of RGD-

containing ligands. 

The free energy of the conformational states of Ŭ5ɓ1 has been measured to be -3.8 kcal 

mol-1, +0.4 kcal mol-1 and 0 kcal mol-1 for the bent-closed, extended-closed and extended 

open-states respectively.65 With this energetic favourability, an estimated 99.76% of the 

integrins would exist in the bent-closed conformation. Two critical proteins in the 
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activation of Ŭ5ɓ1 are talin and kindlin, which interact with the intracellular tails of the 

integrin. This has been referred to as inside-out signalling. It is theorised that these 

proteins also rely on mechanical force, applied to the intracellular tail, to maintain the 

thermodynamically unfavourable extended-open conformation once adopted.62 This 

mechanical force is matched by the ECM to hold the cell in place. ECM rigidity is 

encouraged by clustering extended-open integrins together, with many localised 

interactions of the ECM proteins and dimerisation and crosslinking of the intracellular 

proteins. Cilengitide (3.4.17, Figure 14), an RGD mimetic integrin inhibitor has been 

shown to induce conformational change to the extended-open state, which at low doses 

induces an agonistic effect.66  

Conversely, recent research by Schumacher et al. found that Ŭ5ɓ1 does not adopt the 

typical integrin conformations, and instead exists in half-bent or extended-open states.58 

They found that fibronectin enabled the adoption of the extended-open state by binding 

to the half-bent state and engaging all three known binding sites between fibronectin and 

Ŭ5ɓ1. Isolated RGD-containing peptides were not found to promote the extended-open 

state which was justified by their lack of synergistic site engagement. Finally, they also 

found that in the absence of fibronectin, an approximately equal equilibrium between the 

half-closed and extended-open conformations formed. These conclusions are disputed 

by Li, Yan and Springer, stating that the nanodisc membrane scaffold used by 

Schumacher et al. frustrated opening by isolated RGD sequences and that the half-bent 

conformation fits within the bent-closed classification.67 

Published research agrees that Mn2+ is critical to adoption of the extended-open 

conformation. When the ADMIDAS site is occupied by a Ca2+ ion, the bent-closed 

conformation is stabilised, inhibiting conformation change as a result of RGD binding.68 

As part of the integrin activation, the Ca2+ is replaced with Mn2+ in the extended-open 

state. A fluorescence binding assay measuring the binding of the cyclic peptide 

ACRGDGWCG, cyclised by a disulfide bond, found a 10-fold decrease in affinity to a six-

domain headpiece of Ŭ5ɓ1 when 1 nM Ca2+ was included in the buffer.68  

The MIDAS metal ion has typically been assigned as Mg2+ in all conformations but there 

have been suggestions that it may be replaced by Mn2+ during integrin activation. 

Schumacher et al. assigned the MIDAS metal ion as Mn2+ in their óopenô crystal structure 

complex with fibronectin (7NWL) whereas Xia et al. and Nagae et al. assigned the ion 

as Mg2+.58, 59, 68 In agreement with the majority of the literature, the MIDAS ion has been 

referred to as Mg2+ in this work. 
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Xia et al. also found that significant conformational change was induced when the cyclic 

peptide was co-crystallised with Ŭ5ɓ1.68 This was similar to the conformational change 

with the linear GRGDSP peptide with depleted Ca2+, despite the 10-fold activity 

dependence on Ca2+. 

 

Figure 9: Crystal structures rendered in PyMol. Each RGD sequence is displayed with spherical 
atoms. The Ŭ5 monomers are shown in green and ɓ1 monomers are shown in blue (B and C) A. 
C-terminal domain of IGFBP-1 (1ZT3) with the RGD sequence, which resides on a flexible loop. 
B. The Nagae crystal structure of the Ŭ5ɓ1 integrin (3VI4), with the RGD motif bound to the active 
site. C. The Xia crystal structure of the Ŭ5ɓ1 integrin (4WK0), with the RGD motif bound to the 
active site. 

Structure determination of integrins can prove challenging due to the transmembrane 

nature of the proteins, however truncating the proteins to their extracellular regions has 

yielded crystal structures that can be used in ligand development. There are two 

published X-ray crystal structures of Ŭ5ɓ1 integrin with an RGD peptide bound (4WK0 

and 3VI4), shown in Figure 9.59, 68 The structures only contain the truncated, extracellular 

headpieces and both show a conformational shift of the protein in response to RGD site 

occupation. Nagae et al. could not achieve full occupancy by the RGD ligand, explaining 

that they believe the RGD bound structure is a mean of the ligand-bound and ligand-

unbound forms.59 Xia et al. achieved a complete occupancy of the ligand and resolved a 

higher resolution (1.78 Å vs 2.90 Å).68 RGD binding is mediated by bidentate hydrogen 

bonds from the arginine guanidine group to GLN221 and ASP227, a hydrogen bond 

between the glycine carbonyl and SER227 and the carboxylate from the aspartate 

interacts with TYR133, ASN224 and the Mg2+ ion (Figure 10). 
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Figure 10: The Nagae crystal structure (3VI4) with the RGD motif bound to the active site. The 
key residues for RGD binding have been highlighted. The arginine (R) residue forms hydrogen 
bonds with GLN221 and ASP227. The glycine (G) residue interacts with SER227. The aspartate 
(D) residue interacts with TYR133, ASN224 and the Mg502 ion. 

In addition to fibronectin and IGFBP-1, Ŭ5ɓ1 has a wide range of ligands including 

fibrinogen and fibrillin-1 (regulating cell adhesion and migration), VEGFRI (affecting 

angiogenesis), CD97 (mediating migration and angiogenesis), CD154 (inducing 

intracellular signalling), CD87 (inducing migration invasion and angiogenesis) amongst 

others.69 Testament to the many functions of Ŭ5ɓ1, especially in cell angiogenesis, 

migration and invasion, aberrant upregulation of the integrin is found in several cancers 

such as glioblastoma, colon cancer, breast carcinoma, melanoma, node-negative non-

small cell lung cancer and cervical cancer.69 Patients with hyperexpression of Ŭ5ɓ1 in the 

setting of cancer exhibited poor survival.69 Another ligand of Ŭ5ɓ1 integrin is endostatin, 

a fragment of collagen, which is an inhibitor of angiogenesis, the formation of blood 

vessels, and has been strongly indicated as a treatment for reducing tumour growth.70 

 

MG502

ASN224

ASP227

SER227

GLN221

TYR133

RGD 

peptide

SER134



35 
 

3.4. Development of integrin ligands as therapeutic agents 

Many therapeutics, including small molecules, biologics and antibodies, have been and 

are being developed to target integrins. Currently there are six therapeutics approved for 

clinical use that target integrins; three are small molecules (two of which are RGD-site 

binding, Figure 11), two are humanised antibodies and one is an antigen-binding 

fragment.71 Currently there are no treatments approved which bind to Ŭ5ɓ1 integrin, 

although several have gone through trials to treat diabetic macular edema (DME), dry 

age-related macular degeneration, glioblastoma and solid tumours.71 THR-687, targeting 

DME by inhibiting Ŭ5ɓ1 and ŬV-containing integrins, entered a phase II clinical trial but 

development was discontinued due to lack of efficacy in the primary endpoint.72 

Risuteganib, also targeting DME by inhibiting Ŭ5ɓ1, ŬVɓ5 and ŬVɓ3, showed recovery of 

eyesight for 48% of participants in a phase II trial in 2021.73 No further trials have been 

started as yet. GLPG0187, targeting solid tumours by inhibiting Ŭ5ɓ1 and ŬV-containing 

integrins, showed no efficacy in a phase I trial.74  

 

Figure 11: Approved small molecule therapeutics that target the RGD site of integrins, eptifibatide 
and tirofiban. Both are used to treat acute coronary syndrome and thrombotic cardiovascular 
events. 

As the RGD sequence is featured in many proteins targeting integrins with high 

selectivity and potency, there has been significant research into developing short 

peptides for integrin binding. Linear peptides are metabolised rapidly due to abundant 

proteases, so strategies including cyclisation and incorporation of D-amino acids have 

been utilised to generate highly active and metabolically stable ligands.75 N-methylation 

has also been used to improve stability, bioavailability and selectivity and masking of 

charged residues can improve the bioavailability.75 

Two strategies have been described for optimised Ŭ5ɓ1 selectivity for small molecules, 

illustrated in Figure 12. Methylation of the chain-linked nitrogen on a guanidino group 
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optimises selectivity for Ŭ5ɓ1 by blocking the side hydrogen bonds.76 This is selective at 

the cost of binding affinity strength as Ŭ5ɓ1 forms both side and end interactions with the 

guanidine group, whereas Ŭɜɓ3 exclusively forms side interactions. Integrin specificity 

can also be achieved using large groups, often aromatic, adjacent to the metal binding 

acid.75 

 

Figure 12: Examples of methods to improve integrin specificity in literature. Methylation of the 
chain linked nitrogen of guanidine significantly reduces binding potency to Ŭɜɓ3 integrin, while 
slightly reducing binding potency to Ŭ5ɓ1 integrin. Large functional groups adjacent to the metal 
binding carboxylate can be manipulated for specificity to a range of integrins. IC50 values are 
determined by separate publications and assays and are not directly comparable. 

C8 (3.4.6) which targets Ŭɜɓ1, utilises a sulfonamidoproline group to produce a 0.63 nM 

Ŭɜɓ1 inhibitor with all other RGD recognising integrins measured at >100 ɛM.77 A number 

of examples have been shown in Figure 13, illustrating the variety of RGD mimetics in 

literature.78-83 
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Figure 13: Examples of RGD mimetic integrin inhibitors in literature. Structural similarities 
between these compounds include a carboxylate group for metal binding, a bulky aromatic group 
adjacent to the carboxylate for integrin specificity and a terminal basic group mimicking the 
guanidine of the RGD endogenous ligand. IC50 values are determined by separate publications 
and assays and are not directly comparable. 

Several publications and patents have described inhibitors targeting Ŭ5ɓ1 integrin, with 

some in clinical trials. All but one of these compounds target the RGD site and mimic the 

interactions of the endogenous ligand, with ATN-161 (3.4.16), being the exception. A 

selection of these structures is shown in Figure 14.  
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Figure 14: Structures of small-molecule antagonists of the Ŭ5ɓ1 integrin with the associated IC50 
of each. There are close structural similarities to the RGD ligand in most of the compounds, 
including the entire RGD sequence in cilengitide (3.4.17). ATN-161 (3.4.16) does not share the 
similarities as it does not target the RGD binding site. IC50 values are determined by separate 
publications and assays and are not directly comparable. 

The compounds targeting the RGD site contain a carboxylic acid to interact with the 

MIDAS ion and a guanidine or similar group with two nitrogen atoms held adjacent to 

one another to interact with the Asp-227 as shown by Slack et al.71 Having the acidic 

group and a basic nitrogen group means the compounds are zwitterionic and that at 

physiological pH these groups will be charged. This presents significant hurdles for 

optimisation of pharmacokinetics and as such, clinically approved small molecules 

targeting RGD integrins (eptifibatide, 3.4.1, and tirofiban, 3.4.2) require intravenous (IV) 

delivery. ATN-161 (3.4.16) is not zwitterionic as it targets the synergistic site on Ŭ5ɓ1, 

although as it is a peptide it would still require IV delivery. In addition, ATN-161 shows a 
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non-linear dose response, with the lowest tested dose having the greatest inhibition in 

several assays, indicating complexities when targeting the synergistic site.84 

Molecular design for non-zwitterionic compounds is attractive and can be achieved in a 

few ways. RUC-4 (3.4.10) is a small molecule targeting the RGD-site on ŬIIbɓ3 integrin 

that does not contain an acid to interact with the MIDAS ion, instead displacing it and 

inhibiting the protein.85 Another approach is to use less basic nitrogen groups to interact 

with Asp-227. This was exemplified by GSK when designing inhibitors for ŬVɓ1, using a 

phenylurea group.86 In three of the inhibitors shown in Figure 14, an aminopyridine can 

be seen in replacement of the guanidine. Heckmann et al. observed reduced activity 

against Ŭ5ɓ1 when using less basic groups and the greatest activity when using a cyclic 

guanidine, meaning this approach may have limited use.87 The aminopyridine type group 

appears to be good compromise between these factors, with a carboxylic acid present 

in all RGD mimics.  

 

Figure 15: Functional groups used to mimic the terminal guanidine of the RGD ligand in literature. 
Heckmann et al. found that functional groups with a lower basicity reduced the binding affinity 
with the integrin.87 

Heckmann et al. produced the only known investigation into replacement of the 

carboxylic acid, using a hydroxamic acid group to adapt Ŭ5ɓ1 and ŬVɓ3 inhibitors.88 In 

most cases activity was significantly reduced for Ŭ5ɓ1, although ŬVɓ3 activity was 

increased in three out of six examples. 

AJM300 (3.4.11) is a pro-drug, small molecule antagonist that targets the Ŭ4 monomer, 

approved for use in Japan for treatment of ulcerative colitis.89 The structure contains an 

ester which is hydrolysed in the active form. Although the drug targets the Ŭ4 monomer 

and is not expected to interact at the RGD binding site, it does highlight a potential 

strategy by targeting an integrin subunit specifically. 

Cilengitide (3.4.17), an integrin antagonist drug candidate, is known to have some 

agonistic activity at low nanomolar concentrations, stimulating tumour growth in 

glioblastoma models by shifting the integrin to the extended-open state without total 

inhibition.66, 90, 91 The agonism of integrins has had much less research than the 
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antagonism, although significant compounds have been produced, with some showing 

specificity for Ŭ5ɓ1.  

An RGD mimetic strategy was used by Rechenmacher et al. in the design of Ŭ5ɓ1 specific  

antagonists.92, 93 The compounds they produced, shown in Figure 16, are similar to the 

inhibitors shown in Figure 13 and Figure 14, sharing a guanidine and a substituted aryl 

group adjacent to a carboxylic acid.94 In another publication, Bauila et al. produced a 

series of agonistic compounds containing a carboxylic acid with a novel scaffold of a ɓ-

lactam. With the paper focusing on cancer treatment and cell-adhesion, it is unclear what 

other agonistic effects could be occurring on the integrin. As has been shown in the case 

of cilengitide, the requirements for inhibition and activation are unclear, with several of 

the compounds in the paper have mixed agonist and antagonist activities for different 

integrins. Baiula et al. also found that their agonistic compounds (3.4.19-21) had an 

concentration-dependent phosphorylation effect on the extracellular signal-regulated 

kinase 1 and 2 (ERK1/2) mediated by the Ŭ5ɓ1 integrin, with up to 4.5x increased 

phosphorylation compared to the control.95 This is a highly interesting result with regard 

to the research presented above on agonists for treatment of diabetes. 

 

Figure 16: RGD site integrin ligands. The compounds with the highest activity for Ŭ5ɓ1 from each 
publication are displayed, along with the IC50/EC50 values. A sample of GM263 was shared by 
Prof. Daria Giacomini as a positive control. Stereochemistry of the lactams is not defined. 
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3.5. Computer aided drug design 

Computer aided drug design (CADD) has become ubiquitous in drug development, with 

many academic and industrial groups using software to direct target design.96 The first 

synthetic planning program was described in 1971 by J. B. Hendrickson and the first 

molecular dynamic calculation of a protein in 1977 by M. Karplus et al., while 3D 

modelling for drug design was described from 1975 with a variety of systems.97-99 These 

discoveries were made possible by advances in structural biology, where advances in 

solving protein structures unveiled the binding sites of drug molecules, and increasing 

computational power, which allowed for unprecedented ability to perform complex 

tasks.100 

Databases of chemicals can be compared to a structure to find energetic and 

conformational analogues, known as shape screening, one of the first CADD methods. 

Properties of these chemicals can be used to predict the properties of novel molecules, 

directing synthesis for improved drug-like behaviour. These methods are computationally 

light, limited by predetermined data rather than computational capacity. 

More complex is analysing ligands flexibly into a rigid protein environment, typical of 

docking. Accounting for possible ionisation states, ligand conformations and location in 

a protein binding site is challenging and requires significant computational resource to 

complete beyond a small scale. Molecular dynamics, where proteins and ligands can be 

treated flexibly, are the most resource intensive simulations typically used in CADD and 

is typically used in small scale on specific model systems. 

The ability of CADD to speed up drug programs was demonstrated in the development 

of AIDS treatments. Crystal structures of HIV PR (key viral protease) in 1989 allowed 

rapid development of the inhibitors saquinavir (FDA approved in 1995) and ritonavir (FDA 

approved in 1996), amongst others.101, 102 Saquinavir and ritonavir were based on 

mimicking tripeptide sequences using CADD analysis to identify key modalities to form 

interactions with the protein.103, 104  

Tirofiban, 3.2.4, was another of the first drugs to be developed with CADD, using a shape 

screen of Merck compounds to find analogues of the RGD tripeptide.105 A lead compound 

with an IC50 value of 27 ɛM was identified which was improved to 0.011 ɛM for the final 

compound, targeting ŬIIbɓ3 integrin. 

Advances in structural biology including X-ray crystallography, NMR and homology 

modelling have provided accurate protein structures, meaning ligand affinity can be more 
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reliably modelled in silico, enabling researchers to take greater direction from 

computational modelling. 

Similarly, improvements in computational power have allowed screening of increasingly 

large virtual libraries of compounds. Virtual screening is a fast, cost-effective and 

widespread technique to generate initial hits for projects with well validated biological 

targets. Frequently used chemical databases include Enamine (9.6 billion compounds), 

ZINC (230 million compounds), ChEMBL (2.4 million compounds), eMolecules (20 

million compounds) and ChemBridge (300 million compounds).106-108 This approach 

requires careful handling of large volumes of data and coordination of computational 

resource but has proven effective for the development of potent, bioactive compounds. 

Using a known ligand, a shape comparison screen can identify compounds with a similar 

volume and electronics to identify new hit matter.109 The Rapid Overlay of Chemical 

Structures (ROCS) program, developed by OpenEye Scientific, is an established method 

for shape screening. It operates by taking the ligand in a known binding conformation 

and generating hard-sphere representations of the heavy atoms, which contribute to the 

overall molecular volume.110 The same is done for possible conformations of a chemical 

database and the volume overlap measured using a Gaussian description with 

approximations for computational efficiency.111 A colour feature is used to quantify the 

chemical similarities between the ligand and the test compound. A key feature of this 

software is that it exclusively compares compounds to the known ligand and not the 

protein itself. Molecular docking of the highest scoring hits is often used to validate the 

outputs.109 

Molecular docking is the typical method of estimating the binding of molecules to a 

protein. Crystal structures typically provide the protein environment which are minimised 

as part of the generation of the docking grid. The molecules are prepared to account for 

the possible ionisation states and conformations they can occupy. Finally, the molecules 

are fitted into the allocated grid and interactions with the protein are estimated. The 

Schrodinger package (including Maestro, Epik, and Glide) is an example of software for 

this type of modelling. The details of these stages using the Schrodinger package is 

described in detail (Figure 17). 
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Figure 17: An example of the stages of a molecular docking workflow using Schrodinger Maestro 
and Glide. (A) The protein is prepared for docking by adding hydrogen atoms, resolving clashes 
and optimising conformations, amongst other functions. (B) Small molecules are prepared, 
accounting for possible charges, chirality and conformations. (C) A grid is generated in which the 
ligands will be docked. Grid settings can be finely adjusted, such as requiring or preventing 
interactions with certain atoms or residues. (D) Ligands are docked into the grid and energetic 
outputs can be assessed.  

Protein structures represent a structural snapshot of a protein. For molecular docking, 

the best protein structures are experimentally generated, high-resolution, include a 

known binding ligand at the active site and can be compared to other published 

structures. Protein structure files lack information about the protein environment 

including bond orders, charges and hydrogen atoms which must be added during protein 

preparation. Conflicts are common and can be ignored depending on the distance to the 

active site. The minimisation of the generated structure represents a computational 

model of a protein snapshot. A receptor grid is generated around the active site, limiting 

the docking of molecules to save computational resource and direct results. Grid 

generation can include constraints to further control outputs, including excluded volumes 

and required binding modes. Changing these settings can wildly vary the molecular 

docking outputs and systematic variation of each variable will indicate which settings are 

most appropriate for the project. 

A B 

C D 



44 
 

Preparation of ligands involves creating the likely binding states for each compound, 

including any ionisation states, tautomers, stereoisomers and minimised conformations. 

As with protein preparation, the settings of each of these stages will strongly influence 

the outputs. For example, a narrow pH range centred on physiological pH is the standard 

setting for ionisation state generation, but during ligand binding a local protein 

environment will affect the possible ligand states, such as metal coordination stabilising 

deprotonation of mildly acidic protons. This is one of many settings available in the 

LigPrep program. 

The computational principle of molecular docking varies across the many programs 

available, with scoring functions categorised into three groups: force-field based, 

empirical and knowledge-based. As Glide employs an empirical function this is explained 

in detail. Using the generated receptor grid, a progressively more accurate set of fields 

are generated that represent the shape and properties of the receptor. The prepared 

ligands are then screened across the entire surface to locate the promising binding sites. 

The ligands are then minimised in the receptor field using a molecular mechanics energy 

function (OPLS-AA force field), in conjunction with a distance-dependent dielectric 

model. Monte Carlo calculations are then used on the lowest energy poses to further 

optimise ligand binding conformation. Scoring is estimated by measuring various 

interactions and effects for the complex, including hydrogen bonding, ionic and 

hydrophobic interactions. These factors are weighted using a set of ligand-protein 

complexes with established binding affinities to output a binding affinity.108, 112 
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3.6. Preliminary work 

The project follows the results found by Haywood et al. and the related work that 

validated Ŭ5ɓ1 integrin as a target for agonistic therapeutics.113 Previous work by Dr Katie 

Simmons used the virtual screening tool ROCS to identify ligands in the eMolecules 

screening library that match the shape and electrostatics of the RGD motif of IGFBP-

1.111 Molecules that had matching electrostatics and conformations to the endogenous 

ligand were then filtered for structural diversity to yield 30 compounds, a selection of 

which are shown in Figure 18 (full set shown in appendix 10.1).  

 

Figure 18: A selection of compounds identified using the virtual screening platform ROCS to 
match the shape and electrostatic properties of the RGD sequence in IGFBP-1. 

The compounds were purchased and tested in the assays established by Haywood et 

al., by Dr Lia De Faveri. Compounds were tested for their ability to increase insulin-

stimulated phosphorylation of Akt at a range of concentrations (western blotting 

measured pAkt and total Akt in C2C12 mouse myotube cells, 100, 10 and 1 ɛM in 

triplicate, 24 hour treatment). The result from the 1 ɛM assay are shown in Figure 19.  
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Figure 19: Activity profile of the initial set of compounds, measured by the insulin-stimulated 
phosphorylation of Akt with 1 ɛM of compound (24 hours treatment) compared to the GRGDSP 
and GRADSP hexapeptides, IGFBP-1 and negative controls. n=3; Akt: protein kinase B. 

Compound activities were compared to the linear RGD containing hexapeptide-

GRGDSP, which Haywood et. al showed to have activity comparable to full-length 

IGFBP-1 protein. When dosed at 100 and 10 ɛM, all the compounds have activity 

comparable to the GRGDSP peptide, However, when tested at a lower concentration of 

1 ɛM, compounds 3.6.3-3.6.6, 9.1.2-9.1.5, 9.1.15 and 9.1.18 appear to have the ability 

to enhance phosphorylation of Akt in a manner equivalent to, or better than the RGD-

containing peptide.  

These results were further validated using a glucose uptake assay.  The Glucose-GloÊ 

Assay (Promega, UK) is a bioluminescent assay which measures glucose in cell lysates 

to detect altered glucose consumption when cells are treated with the compounds of 

interest (100 ɛM, 24 hours incubation). Compounds which enhanced pAkt also showed 

enhanced glucose uptake. A live/dead cell viability assay (Sigma Aldrich, UK) to measure 

compound toxicity in the C2C12 skeletal muscles cell line used for all assays showed a 

lack of toxicity for all but one of the purchased RGD mimics when tested at the maximum 

concentration of 100 ɛM. The compounds with promising activity in cellular assays were 

assessed for their aqueous solubility at pH 7.4 by Dr De Faveri using HPLC, with eight 

compounds flagged for low solubility.114  

The number of compounds with promising activity is surprising, especially given the 

diversity of structures. This may indicate that the assay is not suitably discriminating 

between binding and non-binding compounds, however, as discussed in section 5.1, 

there are structural similarities of many compounds to literature binders. 
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In addition to the assays described above, an external contract research organisation, 

Cyprotex, conducted assays to measure compound metabolic stability in human and 

murine liver microsomal fractions. These results are summarised in Table 2. Most of the 

compounds tested in these assays had very good stability. Although two compounds 

performed poorly in mouse microsomes, they had much higher values in human 

microsomes. This data was used to inform compound development and establishes the 

assay protocols for new compounds.  

Table 2: Human and mouse microsomal half-life of select compounds from the initial screening. 
*Negative values indicate no measurable decrease in concentration. 

No. 3.6.1 3.6.2 3.6.3 3.6.5 3.6.6 9.1.8 9.1.9 9.1.13 9.1.19 

T1/2 
(human) 

(min)  
509 144 >300 648 426 186 170 169 165 

T1/2 
(mouse) 

(min)  
180 14 85.8 >300 114 308 29 708 47.5 
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4. Aims and objectives 

The aim of this project is hit validation and optimisation of the compounds identified by 

virtual ligand-based screening to generate improved agonists of the Ŭ5ɓ1 integrin which 

could provide improved treatment of cardiovascular disease in type 2 diabetes patients. 

The project will follow iterative cycles of computer aided molecular design, chemical 

synthesis and biological evaluation, with the individual objectives described below. 

Target design: 

¶ Develop understanding of crystal structures and ligand binding modes to predict 

activity and inform ligand design. 

Six crystal structures containing the RGD-binding site of the Ŭ5ɓ1 integrin binding site 

have been selected for analysis, including co-crystalised structures with the RGD 

tripeptide and RGD-containing cyclic peptides (PDB codes: 3VI3, 3VI4, 4WJK, 4WK0, 

4WK2, 4WK4).59, 68 These will be used for molecular docking and design of ligands, 

primarily in Schrodinger Maestro and Glide. Biological evaluation of the designed ligands 

will inform the accuracy of the molecular docking. 

Chemical synthesis: 

¶ Design and optimise synthetic routes for generation of hit analogues and 

derivatise active compounds. 

Top scoring targets from molecular docking will be prioritised for synthesis, with 

analogues made from common intermediates where possible. Synthesised compounds 

will inform the design hypotheses with a range of functionalities and properties to 

determine the ligand binding modes. 

Biological evaluation: 

¶ Run and analyse results from established biological assays to inform target 

design and develop understanding of agonist and antagonist compound activity 

and integrin specificity. 

Orthogonal and high throughput assays will be prioritised to reliably inform compound 

activity, including cell-based and proteogenic systems. 
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5. Design, synthesis and biological evaluation of the zwitterion series 

A zwitterion series was developed from compound 3.6.5, identified in the ROCS screen 

which shared structural similarities with the RGD motif and integrin targeting compounds 

in literature. Further designs were based on compound 3.6.4 and a pyrazole motif 

identified from virtual screening by Emily Rolfe. 

5.1 Zwitterions targeting integrins in literature 

A wide variety of zwitterionic compounds have been developed targeting integrins 

including Ŭ5ɓ1, as discussed above. Matching the key carboxylic acid on the endogenous 

RGD ligand, while carefully adapting the guanidine and varying the linking region 

appears to be a key design principle for most literature examples of integrin targeting, 

examples of which are shown in Figure 20. 

 

Figure 20: Examples of integrin targeting compounds in literature containing a carboxylic acid and 
guanidine mimic group. Screening compound 3.6.5 has structural similarities to this trend in 
literature.87, 92 

As one would expect, the ROCS shape screen which generated the initial hits for the 

project identified several compounds with carboxylic acid groups which showed activity 

in the initial assays. Due to the similarity with the compounds in literature, these were 

prioritised for development. 
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5.2 Docking studies and initial zwitterion design 

The entire initial set of compounds identified via ligand-based screening were docked 

using Schrodinger Glide into the available crystal structures of Ŭ5ɓ1 integrin to indicate 

potential expansion points or variation sites. A selection of the best scoring compounds 

is shown in Figure 21. The compounds including carboxylic acids typically showed higher 

scores and binding poses that matched the endogenous ligand closer to most of the 

other compounds.  

The Nagae et al. crystal structure (3VI4) was used for this process, though later docking 

was completed predominantly on the Xia et al. structure (4WK0) which the authors 

believe to be in an intermediate of the open and closed integrin conformations, compared 

to the Nagae et al. structure which is described to be in the closed conformation.87, 92 

Using the higher resolution and half-open conformation structure (4WK0) is theorised to 

yield more accurate docking results. None of the poses directly matched the endogenous 

ligand, which interacts with ASP227 and GLN221 but later runs using improved grid 

generation and docking settings showed closer similarity. 

Glide reports the affinity of the docked structure and protein with a GlideScore, also 

referred to as ógscoreô. These values have been reported for the compounds shown in 

the docking figures. 
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Figure 21: Molecular docking of four screening compounds to the RGD-binding domajn of Ŭ5ɓ1 
integrin (PDB: 3VI4) with close residues highlighted to design modifications for SAR development. 

Compound 3.6.5 showed some of the best activity from the initial assay screen and the 

top docking score. It was hypothesised that the substituted pyrrolidine group could be 
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replaced with a basic amino acid residue. Modelling of these changes is shown in Figure 

22. 

Compound 5.2.1, where the arginine matches a portion of the endogenous ligand is 

predicted to bind in an identical pose to the crystal structures of the RGD peptide and 

has a high gscore as a result.  

 

Figure 22: Molecular docking of the top scoring zwitterion alterations to the RGD-binding domain 
of the Ŭ5ɓ1 integrin (PDB: 3VI4) with key residues and hydrogen bonds highlighted. All the 

Mg 

ASN224 GLU320 

ALA342  
ASP138 

ASP137 

ASP259 

SER224 

PHE187 

ASP227 

ASP228 

GLN221 



53 
 

compounds except 5.2.3 form interactions at the Ŭ5 side of the pocket, mimicking the endogenous 
ligand. Compound 5.2.3 was instead designed to reach into a highly electronegative pocket on 
the ɓ1 monomer. 

Interestingly, compound 5.2.2, with a histidine terminus, has a higher gscore despite 

binding in an alternate conformation by forming interactions with ASP228 and SER224. 

It is notable that the unnatural R isomers of the amino acids are predicted to bind with 

higher affinity than the naturally occurring S isomer. Compound 5.2.4, with a glycine 

terminus, also scores well but the chain length may be too short to fully form interactions 

with the residues at the top of the pocket. 

Compound 5.2.3, with a histidine terminus and an alkyl chain in place of the phenyl linker, 

was designed to reach a highly electronegative pocket on the ɓ1 monomer, composed 

of ASP259, ALA342, ASP138 and ASP137. The design received a high docking score, 

indicating it would be beneficial to explore binding at the ɓ1 pocket. 

Other designs that were not selected for synthesis include halogenation and methylation 

of the phenyl, replacing the piperazine with a phenyl group, variation of the amine 

terminus and a variety of carboxylic acid isosteres, including hydroxamic acids, esters 

and catechols. Most of structures had no significant change in docking scores compared 

to the hit compound, had significant synthetic challenges to produce, or had concerns of 

cross activity, such as with the zinc binding of hydroxamic acids. 

5.3 Synthesis of initial zwitterion targets 

Synthesis of the common intermediate 5.3.2 is shown in Scheme 1 and began with 

nucleophilic aromatic substitution (SNAr) of Boc-piperazine and ethyl 4-fluorobenzoate at 

130°C in DMSO to obtain compound 5.3.1 with a 20% yield. This was subsequently 

deprotected using 4N HCl in dioxane to obtain intermediate 5.3.2 in quantitative yield. 

 

Scheme 1: Synthesis of intermediates 5.3.1 and 5.3.2. Reagents and conditions: (a) K2CO3, 
DMSO, 130°C, 24 h, 20%; (b) 4N HCl in dioxane, rt, 2 h, 99%. 
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Amide coupling of intermediate 5.3.2 using nitrogen protected glycine, histidine and 

arginine (Boc-glycine, Boc-D-histidine, Boc-L-(Trt)histidine, Fmoc-D-(Pbf)arginine, Cbz-

L-arginine and Boc-D-arginine), using EDC and DMAP as coupling agents in DCM gave 

yields ranging from 33-87%, as shown in Scheme 2.  

The glycine derivatised product 5.3.3 was deprotected using 4N HCl in dioxane to obtain 

compound 5.3.4 in a 54% yield. Although NMR analysis indicated purification had been 

successful, HPLC analysis indicated significant, unknown impurities remained in the 

sample and the de-esterification was not attempted. It is possible that the compound is 

not stable when dissolved in MeOH with addition of formic acid for HPLC as the NMR is 

likely to have traces of impurities that are UV active, however this remains unclear. 

The L-histidine derivatised product 5.3.5 was reacted initially in 4N HCl in dioxane to 

remove the Boc group and subsequently in 1% TFA in DCM when the Trt group was not 

initially removed, obtaining compound 5.3.6 in a 65% yield. The methyl ester was 

hydrolysed in 35% aqueous ammonium hydroxide and methanol over 10 days to fully 

complete. Purification using Reverse-phase chromatography yielded no clean elution, 

but the loading DMSO eluted a small amount of product 5.3.7 which was collected with 

a 91% purity and a 7% yield. 

Removal of the N-Boc group of the D-histidine derivative 5.3.8 was successfully achieved 

using 4N HCl in dioxane to obtain compound 5.3.9 in quantitative yield. The de-

esterification was completed using 35% aqueous ammonium hydroxide and methanol. 

Reverse-phase column chromatography of the product was attempted to remove 

remaining impurities but was not successful after several attempts. When using DMSO 

to dissolve the compound and load the column, as with compound 5.3.7, there was 

detectable product eluting with the DMSO, but the collected 5.2.2 was too impure for 

assay submission. No further product peak eluted during the normal gradient, or during 

elution with the sample dry-loaded on silica. 

The synthesis of the L-arginine derivative was attempted with both Cbz and Boc 

protecting groups (compounds 5.3.10A and B). Removal of the Cbz protecting group to 

produce compound 5.3.10A using H2 and Pd/C was attempted and appeared to proceed 

to completion when monitored using LCMS. However, purification using reverse-phase 

column chromatography failed to elute the product. 
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Scheme 2: Synthesis of the phenyl linked zwitterion targets. Reagents and conditions: (a) EDC, 
DMAP, DCM, rt, 60 h, 33-87%; (b) 4N HCl in dioxane or TFA and DCM, rt, 4-60 h, 54-99%; (c) 
H2, Pd/C, MeOH, rt, 20 h, (d) 35% NH4OH(aq), MeOH, rt, 230 h, 5.3.7 - 7.6%. 
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Removal of the N-Boc group of compound 5.3.10B was attempted using 4N HCl in 

dioxane. The crude mixture showed significant impurities which could not be removed 

by purification using reverse-phase column chromatography, despite collecting a cleanly 

resolved peak. Hydrolysis of the ester, shown in Scheme 3, was also attempted but 

abandoned after the product could not be extracted into the organic phase during a 

workup. 

 

Scheme 3: Attempted deprotection of 5.3.10B by reversing the order to hydrolyse the ester first. 
Reagents and conditions: (a) 35% NH4OH(aq), MeOH, rt, 40 h. 

The D-arginine derivative 5.3.12 was treated with TFA to remove the Pbf group. LCMS 

showed the desired mass ion, however purification by normal and reverse-phase column 

chromatography failed to isolate the product. The product could be flushed from the 

normal-phase column in 20% methanol, 80% DCM but did not elute cleanly. 
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Scheme 4: Synthesis of the alkyl linked target 5.2.3. Reagents and conditions: (a) NEt3, THF, rt, 
16 h, 45%; (b) 4N HCl in dioxane, rt, 60 h, 99%; (c) EDC, DMAP, dioxane, rt, 24 h, 35%; (d) 4N 
HCl in dioxane, MeOH, rt, 18 h, 59%. 

Synthesis of compound 5.2.3, with an alkyl chain replacing the phenyl ring at the metal 

binding terminus, followed the same general method as the other targets, shown in 

Scheme 4. N-Boc-piperazine was reacted with methyl 6-bromohexanoate in a 

substitution reaction using NEt3 in THF to obtain compound 5.3.13 with a yield of 45%. 

Removal of the N-Boc group using 4N HCl in dioxane to obtain compound 5.3.14 in 

quantitative yield. This was coupled with Boc-D-histidine using EDC and DMAP in 

dioxane to obtain compound 5.3.15 in 35% yield, which was deprotected using 4N HCl 

in dioxane to remove both the Boc group and the methyl ester. LCMS showed the desired 

product had formed. Purification using reverse-phase column chromatography gave the 

desired product 5.2.3 in a 59% yield with high purity. 

5.4 Docking studies and design of pyrazole zwitterion series 

In a virtual screen of compounds by Emily Rolfe, several high scoring compounds were 

identified containing a common pyrazole core. The structures were redocked, with a 

selection of the high scoring compounds are shown in Figure 23. 
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Figure 23: Top scoring pyrazole compounds from molecular docking of virtual HTS hits to the 
RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0). 

As the molecules shared a common pyrazole core and carboxylic acid, a synthesis of 

the common intermediate was an attractive target. As the basic head groups all largely 

contained amines, a docking run of the protected amines with free carboxylate acids for 

the linking amide bonds contained in the group inventory was run. The docking results 

in two different crystal structures (4WK0 and 4WK4) are shown in Figure 24 and Figure 

25. The 4WK0 crystal structure, as detailed in section 3.3, is the Ŭ5ɓ1 integrin headpiece 

with the RGD tripeptide co-crystalised. The 4WK4 crystal structure, from the same 

publication, has a cyclic RGD peptide co-crystalised.68 Modelling targets with both 

structures may reveal differences in how the residues in proximity to the RGD core adjust 

to the ligation of the 20-fold higher affinity cyclic peptide, compared to the undecorated 

RGD tripeptide. 

As found in the design of the initial targets, the top scores were achieved by the amino 

acid derivatives, 5.4.5-9. The top non-amino acid result 5.4.10 has been included in the 
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4WK4 result despite other amino acid derivatives scoring higher. Compound designs 

that were longer than the screening results in Figure 23 appeared desirable to engage 

GLN221 and ASP227; key interactions that define the activity of the endogenous ligand. 

This is highlighted by the arginine derivatives which mimic the interactions by RGD 

shown in Figure 10. The docking scores appear to reflect this improvement, with 

compound 5.4.5 reaching a gscore of -11.2 in the 4WK0 docking run, while the screening 

results had a top score of -10.7. 

 

Figure 24: Top hits from molecular docking of potential pyrazole targets to the RGD-binding 
domain of the Ŭ5ɓ1 integrin (PDB: 4WK0), targeting interactions with residues GLN221 and 
ASP227 to match the endogenous ligand. 

Derivatives with arginine-leucine and arginine-isoleucine attached to the pyrazole were 

designed to form hydrophobic interactions at the left of the endogenous binding site with 

residues such as LEU257, GLY255 and ILE225, and to reduce the hydrophilicity of the 

compounds overall. This approach was also utilised when docking the compounds with 

Boc protecting groups remaining on the compounds, such as for compounds 5.4.8 and 
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5.4.9. In the 4WK0 docking model, the deprotected arginine derivative, compound 5.4.5, 

scored the highest, forming similar interactions to the docking in Figure 23. This was 

followed by the arginine-leucine derivative 5.4.6 and the arginine-Boc-leucine derivative 

5.4.8. However, in the 4WK4 docking results the arginine-Boc-leucine derivative 5.4.8 

was the highest scoring, followed by the Boc-arginine derivative 5.4.9, and the arginine-

leucine derivative 5.4.6. 

 

Figure 25: Top hits from molecular docking of potential pyrazole targets to the RGD-binding 
domain of the Ŭ5ɓ1 integrin (PDB: 4WK4). The alternative docking model formed similar 
interactions to the protein but had overall lower scores and had different top-scoring structures. 

Synthetic targets were selected based on the docking scores, length of synthetic route 

and potential of late-stage derivatisation. The initial targets were the arginine derivatives 
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5.4.5 and 5.4.9, the pyrrolidine target 5.4.7 and a lower scoring amidine derivative via a 

nitrile intermediate. 

 

5.5 Synthesis of pyrazole zwitterion series 

The intermediate 5.5.1 was synthesised by a substitution reaction between 4-nitro-1H-

pyrazole and methyl 3-bromopropionate using K2CO3 in DMF with a 99% yield. This was 

hydrogenated with Pd/C to obtain the amine 5.5.2 in 99% yield. 

 

Scheme 5: Attempted synthesis of pyrazole targets 5.4.7 and 5.5.5. Reagents and conditions: (a) 
K2CO3, DMF, 60°C, 70 h, 99%; (b) H2, Pd/C, EtOH, rt, 40 h, 90%; (c) Oxalyl chloride, NEt3, DMF, 
rt, 40 h; (d) EDC, DMAP, DCM, rt, 60 h. 

Reaction of compound 5.5.2 with 1-Boc-pyrrolidine-3-carboxylic acid was initially 

attempted using oxalyl chloride and DMF, then NEt3 to produce the amide coupled 

product. This appeared to co-elute with an unknown impurity during normal-phase 

column chromatography, observed significantly in the NMR. The ester hydrolysis was 

attempted with the impure material and purified by reverse-phase column 

chromatography and MDAP, yielding 7 mg of compound 5.5.3 that was recognisable by 

NMR, however the Boc deprotection was not attempted due to the low material amount, 

low purity and changing target priorities. 

Amide coupling of compound 5.5.2 was simultaneously attempted with cyanoacetic acid 

using EDC and DMAP in DCM to produce 5.5.4 to allow for derivatisation of the nitrile 

group to the amidine. Significant reagent co-elution and poor column performance 
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prevented a clean elution and only a small amount of impure material was collected. An 

ester hydrolysis was attempted but no material was collected from purification. 

 

Scheme 6: Synthesis of pyrazole target 5.4.9. Reagents and conditions: (a) EDC, DMAP, DCM, 
rt, 18 h, 41%. 

Boc-L-arginine was also coupled to compound 5.5.2 with EDC and DMAP in DCM. LCMS 

analysis indicated that the intended, acid protected product was generated, but during 

workup, while attempting to neutralise the guanidine and remove excess unreacted 

material, the mixture was sufficiently basified to hydrolyse the ester. Mass-directed 

automated purification (MDAP, a mass directed HPLC system) was required to isolate 

5.4.9 with a 98% purity in an overall yield of 41%. The Boc deprotection was completed 

using 4N HCl in dioxane but could not be sufficiently purified by a reverse-phase column 

chromatography due to poor elution that had been observed with many of the late-stage 

zwitterionic products. 

The purification of zwitterions may be improved by using HPLC as a primary purification 

method, as is the case for peptide synthesis, or by incorporating buffers into the reverse-

phase flash column system, which is precedented to add lipophilicity to zwitterionic 

compounds.115 

 

5.6. Design and synthesis of additional zwitterions 

Compound 3.6.4, identified from screening, contains a 7-membered ring which did not 

appear to form any strong interactions with the protein from modelling, shown in Figure 

26. Altering the basic terminus to a glycine derivative (5.6.1) yielded an improved docking 

score and appeared to form improved interactions to the metal ion and to the ASP227. 
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Figure 26: Molecular docking of screening compound 3.4.5 and the modified 5.6.1, with the 7-
membered ring removed, to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 3VI4). 

Boc-glycine was coupled with methyl 4-(methylamino)benzoate using EDC and DMAP 

in DCM to obtain 5.6.2 in an 84% yield. This was subsequently deprotected using 4N 

HCl in dioxane to obtain 5.6.3 in quantitative yield, before hydrolysing the ester in 

ammonium hydroxide and methanol. The reaction mixture was evaporated to obtain 

5.6.1 with quantitative yield. 

 

 

Scheme 7: Synthesis of zwitterion target 5.6.1. Reagents and conditions: (a) EDC, DMAP, DCM, 
rt, 16 h, 84%; (b) 4N HCl in dioxane, rt, 60 h, 99%; (c) 35% NH4OH(aq), MeOH, rt, 16 h, 99%. 
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5.7 Cellular evaluation of zwitterion series 

The zwitterion products and some intermediates were submitted to colleagues in the 

School of Medicine for biological analysis.  

A live/dead assay was run using C2C12 mouse myotube cells (also used in the western 

blot protocol) and in HUVEC cells (Figure 27). This work was completed by Emily Rolfe. 

No issues were seen for any of the submitted compounds, with no compounds showing 

more than 10% increased cell death over the control in any repeat. 

 

Figure 27: Cell viability of C2C12 and HUVEC cell lines 24 hours after exposure to a selection of 
zwitterion compounds (100 ɛM). C2C12 cells (n=3, mean ± SEM) and HUVEC cells (n=4, mean 
± SEM). Assay not run in HUVEC cells for compounds 5.4.9, 5.6.1 and 6.5.3. 

The same phosphorylation of Akt western blot protocol used in the preliminary results 

was used for activity quantification. All the western blot assays run for this project were 

completed by Dr Lia De Faveri, a post-doctoral researcher working in the School of 

Medicine. The controls used were a negative, insulin only, GRADSP (the negative 

hexapeptide), GRGDSP (the positive hexapeptide), IGFBP-1 and IGFBP-2. At this stage, 

the insulin control was beginning to show significant variability compared to previous 

runs of the protocol which prompted two runs of the assay, using 100 nM and 10 nM of 

insulin. The compounds were dosed at 100 ɛM in each.  
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A sample of GM263, shown in Figure 28 and measured to increase cell adhesion to 

fibronectin with an EC50 of 9.9 nM, from Baiula et al. was generously shared by Prof. 

Daria Giacomini and was used as a positive control in the assays, specific to Ŭ5ɓ1 

integrin.95 The group synthesised a number of agonists with selectivity for several 

integrins, with activity measured by cell-adhesion and immobilised integrin competition 

binding against the endogenous ligands, such as fibronectin. 

 

Figure 28: Compound GM263, synthesised and provided by Prof. Daria Giacomini and her 
research group. It has a reported 9.9 nM agonistic activity, specifically targeting the Ŭ5ɓ1 integrin. 

While they had not measured the effect of GM263 on phosphorylation of Akt, they had 

measured a 4.5x increased phosphorylation of the extracellular signal-regulated kinases 

1 and 2 (ERK1/2). The authors found that ERK1/2 phosphorylation was modulated in a 

concentration dependent manner by Ŭ5ɓ1 integrin agonists and antagonists, adding to 

the complexity of the integrin function.95 

In a further preliminary assay measuring phosphorylation of Akt, cells treated with 100 

nM of insulin (Figure 29, A), the negative controls of insulin and GRADSP have both 

shown a greater response than expected. In the critical preliminary results (Figure 19), 

all compounds had a greater response than observed with insulin only, with a mean of 

approximately 0.9 pAkt/Akt. In this result (Figure 29, A), the insulin control and the weakly 

responding compounds show a similar response (approximately 0.85 pAkt/Akt) and 

given the diversity of structures, this is thought to be the insulin baseline. This is further 

complicated in the results when the cells were treated with 10 nM of insulin (Figure 29, 

B), as the insulin response is slightly below the positive control hexapeptide GRGDSP 

and higher than all other positive controls and compounds. The negative control 

hexapeptide GRADSP in this case is much lower; a striking difference considering the 

two hexapeptides differ by a single methyl group. In this case, the insulin only control is 

not expected to represent the assay baseline but indicates that the effect of the insulin 

on the cells is highly variable. Overall, it is hard to draw robust conclusions from these 

results without replication when considering the variability of the controls. The assay was 
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deemed unsuitable for use after these results due to the variability of the insulin control 

and subsequent issues of cell proliferation, with development of alternative assay 

conditions prioritised by the team, rather than replication of results. However, as this was 

the first biological data for the compounds and in lieu of other assay results, some trends 

were used for target design and synthesis. 

 

Figure 29: Western blot analysis of insulin-stimulated phosphorylation of Akt by synthesised 
compounds and controls with C2C12 mouse myotube cells, at 100 (A) and 10 (B) nM 
concentrations of insulin in each well except the DMSO control. Cells were dosed with 100 nM of 
the controls and compounds and incubated for 40 mins, before exposure to insulin. Both graphs 
are n=1; Akt: protein kinase B. 

No significant result was seen for any of the zwitterion compounds, with the response 

from the compounds close to or below the insulin only control. Despite the wide variety 

of structures, the results cannot be compared due to the lack of replicates, however 

overall, the activity is low and does not indicate potent agonists. 

A scratch-wound assay was developed to measure the migration of endothelial cells, 

which is impaired in patients with T2D, but is enhanced by IGFBP-1 in vitro.116 The 

proliferation and migration of  the endothelial cells was measured over 24 hours after a 

displacement of HUVEC cells in a plate (Figure 30). The migration of cells to close the 

scratch involves interactions between cells and with the extracellular matrix.117 

Compounds that reduce cell migration may indicate an inhibitor of the cell adhesion 

integrins.117 These results were collected by Emily Rolfe.  

A B



67 
 

 

Figure 30: Cell migration of HUVEC cells, 24 hours after a scratch-wound while exposed to a 
selection of proteins, controls and zwitterion compounds (n=4, mean ± SEM). 

The hexapeptide GRGDSP is a binding control, while the GRADSP hexapeptide is the 

non-binding control. It is theorised that cell migration that matches IGFBP-1 could 

indicate an Ŭ5ɓ1 agonist. Activity matching GRGDSP may also represent success of 

small molecule binding to the Ŭ5ɓ1 integrin, but due to the complex nature of the protein 

interactions this may be different to the activity of IGFBP-1.  

The results show no statistical significance between the positive controls and the 

compounds, although with four replicates completed some trends can be seen. The 

GRADSP and IGFBP-1 and 2 controls show the strongest cell migration effect, above 

the DMSO control and all other compounds. This result does not appear to agree with 

the preliminary result that showed that dosing GRGDSP had the same effects on 

phosphorylation of Akt as recombinant IGFBP-1.113  

Comparison against the GRGDSP hexapeptide shows three compounds are within error 

of the binding control, including 5.2.3, 5.3.9 and 5.4.9. Four compounds, 5.3.6, 5.3.7, 

5.6.1 and 5.6.3, fall below the binding control, reducing cell migration. While 5.3.9 and 

5.4.9 had previously shown a stronger response in one of the phosphorylation of Akt 

experiments, 5.2.3 had shown no previous indication of activity and 5.3.7, which showed 

a good response in the phosphorylation of Akt using 100 nM insulin, showed reduced 

cell migration. 
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Despite the assay measurements not being as thorough as desired, it was determined 

that the zwitterion series had not shown sufficient promise to justify continued synthetic 

efforts, and the project moved on to different targets.  

 

5.8 Biophysical evaluation by SPR 

Surface plasmon resonance (SPR) is a powerful technique for quantifying direct binding 

affinities of analytes to an immobilised protein. It provides a real-time measure of analyte 

binding to the protein surface without fluorescent labels or tags, and can be used to 

measure association, dissociation and steady state kinetics. 

The physical process involves an incident beam of light colliding with a semi-circular 

prism placed on a gold film. Total internal reflection occurs in the prism and the reflected 

light reaches a detector which measures the angle of reflection. At specific angles of 

incidence, the photons from the light source are absorbed by the gold film and convert 

the energy into surface plasmons, which are excited, oscillating electrons at the metal-

dielectric interface (gold-prism interface). Because the incident photons are being 

absorbed by electrons on the surface, they are not reflected, hence the intensity of the 

reflected beam is reduced. This creates conditions where the local environment of the 

gold surface is highly sensitive to change.118, 119 

 

Figure 31: Experimental setup of surface plasmon resonance (SPR). A derivatised gold film 
surface on a semi-circular prism reflects a beam to a detector. The refractive index the surface is 
modified by the molecular weight of the derivatised surface, meaning the association and 
dissociation of an analyte can be detected, allowing measurements of the analyte-surface affinity. 
Figure made with BioRender. 

With a derivatised gold surface, such as with a protein receptor, changes such as analyte 

binding change the refractive index of the surface, resulting in a detectable change in 

the angle of refection. In this project, the surface was derivatised with streptavidin which 

binds to proteins tagged with biotin. The refractive index is also very sensitive to other 

condition changes, most commonly in the buffer.118, 119 
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SPR analysis was used by X. Pang et al. to identify a non-RGD inhibitor of ŬVɓ3 integrin 

with a KD of 102 nM.120 Seven integrins, including Ŭ5ɓ1, were immobilised on a carboxyl 

methylated dextran surface via an amine coupling to determine the binding affinities. The 

best performing compound was tested in orthogonal assays, showing an 85% decreased 

tumour weight in a mouse model and a dose-dependent reduction of pAkt/Akt in a model 

epithelial cells (22Rv1).120 

Similarly, SPR was used by Cheng et al. to evaluate the equilibrium dissociation constant 

(KD) of macrocyclic RGD-peptides targeting Ŭɜɓ3 for the treatment of cancer.121 The 

response of the peptides was measured at 50 ɛM against Ŭɜɓ3 and Ŭɜɓ5, before the KD 

values of the best responding compounds were determined in a nine-point titration 

against Ŭɜɓ3, finding micromolar and sub-micromolar values. 

 

5.9 Biophysical evaluation of zwitterion series 

Subsequent to the previous assay results, an SPR assay to measure direct binding was 

developed by Dr Lia De Faveri and Emily Rolfe under the guidance of Dr Iain Manfield 

to directly analyse the interactions between the molecules and the integrin, to prove 

target engagement. The principles of this assay are detailed in section 5.8. 

The protein used in the SPR assay was the Ŭ5ɓ1 integrin with a biotin tag on the N-

terminus of the Ŭ5 monomer, yielding a molecular weight of 196.1 kDa (112.4 kDa and 

83.7 kDa respectively for the Ŭ5 and ɓ1 monomers).122 The response of the protein 

(referred to as the ligand in SPR literature), minus the background response of an 

underivatised control cell, is defined as Rligand. This is related to the maximum response 

from the analyte binding, Rmax, by Equation 1.123 The other terms are the molecular 

weight of the protein (Mrligand), the molecular weight of the compounds being analysed 

(Mranalyte) and the number of binding events for each unit of immobilised protein (Vligand). 

Equation 1: Calculation of the maximum analyte response (Rmax), which is dependent on the 
ligand response (Rligand), molecular mass of the analyte (Mranalyte), molecular mass of the ligand 
(Mrligand) and the number of binding events for each immobilised protein (Vligand). 

Ὑ Ὑ
ὓὶ

ὓὶ
ὠ  

Generally, an ideal Rmax is 50-100 RU, with a lower Rmax of 25 also being described as 

optimal for analysis of small molecule binding.123, 124 Due to the high molecular weight of 

the integrin and the expected low affinity binding of the small molecules, the surface was 
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saturated as much as was possible, using three injections of 100 nM integrin to derivatise 

the surface. 

After the first surface derivatisation, for a point concentration analysis of the compounds 

at 100 and 500 ɛM, Rligand was 2247.6 RU, which degraded to 1225.6 RU at the end of 

the six batches of experiments over a week. After the second surface derivatisation, for 

a six- and eight-point titration series of the compounds, Rligand was 1553.0 RU, which 

degraded to 733.2 RU at the end of the eight batches of experiments over a week. As 

the surface decay is slow, it is not expected to affect the results. 

Vligand is expected to be 1, with the compounds only designed to target the RGD binding 

site and the compound molecular weights range from 200-500 daltons. Using these 

values, Rmax can be calculated for each experiment, depending on Rligand during the 

experiment and Mrligand for each compound (Figure 32). For the titration experiments, 

Rmax varied from 2.376 to 1.122 RU for a molecular weight of 300 and from 3.960 to 1.869 

RU for a molecular weight of 500. The surface degradation and corresponding decrease 

in Rmax may introduce errors between replicates.  

Cytiva, manufacturers of the Biacore T200 used in the experiments, have published a 

poster regarding the detection of compounds to membrane proteins, with a low Rmax.125 

They found that the KD of a test ligand could be evaluated with Rmax values as low as 1.0 

RU. The Rmax values obtained from the immobilisation are therefore compatible with the 

machine, although errors are likely to be larger than experiments with a greater Rmax. 

Figure 32 shows the protein binding response, Rligand, the calculated Rmax and the 

experimental Ranalyte. Due to the ratio of the low molecular weight analytes to the high 

molecular weight protein, Rmax is much lower than optimal, meaning the analyte 

responses are limited to a small range. Experimental Ranalyte values were greater than 

the theoretical Rmax for several compounds. This is unexpected but could have several 

explanations.  
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Figure 32: Theoretical and experimental responses from the titration SPR experiments. Rligand 
(shown on the left Y axis) is the protein binding level which decreases over time due degradation 
of the chip surface. Rmax (shown on the right Y axis) is the theoretical maximum binding of the 
analytes, based on Rligand, the analyte molecular weight, the ligand molecular weight and 
assuming a single binding site. Ranalyte (shown on the right Y axis) is the experimentally measured 
response. Separate batches of experiments are distinguished with vertical grey lines on the X 
axis. 

Non-specific interactions, where the analyte is interacting with the surface, rather than 

the ligand, will produce an increased response and can be measured by comparing the 

response to the undecorated control cell. This is shown with the theoretical Rmax and 

measured Ranalyte in Figure 33. The binding to the reference cell is initially low, with 

expected peaks when the buffer is injected for a new batch of experiments, with 

additional peaks for compounds with non-specific interactions. However, during the 

eight-point titration, from experiment 493, the baseline binding to reference increases 

significantly. In addition, some compounds, such as the hexa-alanine peptide control, 

exhibit significant non-specific binding at higher concentrations. It is unclear why the 

overall binding to reference increases significantly for the later experiments, but this may 

explain why the Ranalyte responses are reduced for the eight-point titrations, as the 

response is calculated by subtracting the reference cell response from the derivatised 

cell response. 
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Figure 33: Theoretical and experimental responses and binding to the reference cell from the 
titration SPR experiments. Rmax is the theoretical maximum binding of the analytes, based on 
Rligand, the analyte molecular weight, the ligand molecular weight and assuming a single binding 
site. Ranalyte is the experimentally measured response. The regularly spaced peaks in the binding 
to reference are at the beginning of each batch of 123 samples, where the buffer is run and shows 
a large reference response. Separate batches of experiments are distinguished with vertical grey 
lines on the X axis. 

One other possible explanation of Ranalyte being larger than Rmax is an increase in Vligand, 

where multiple binding interactions occur with a single immobilised protein dimer. The 

other possibility is a decrease in Mrligand, meaning the protein molecular weight has 

decreased. As the protein is tethered to the surface by the Ŭ5 monomer and the two 

integrin monomers are not covalently linked, a dissociation of the ɓ1 monomer could be 

occurring over time, reducing the protein molecular weight. This could cause the 

reduction of Rligand over time, rather than dissociation of the streptavidin-biotin bond. Each 

of the possibilities would approximately double Rmax which would be greater than many 

of the increased responses.  

Analysis of the waste lines for protein content could identify dimer dissociation if future 

SPR experiments were undertaken. It is unclear which factor is more likely, and the 

increased responses may be due to a combination of non-specific binding, multiple 

binding events and dimer dissociation.  
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Overall, this may indicate that the protein on the SPR surface is not an accurate reflection 

of the protein on a cell surface in vivo, however this is not possible to confirm with the 

experiments that were run. Despite this, the results have been analysed to assess the 

affinity of compounds with the immobilised integrin. 

Eight compounds from the zwitterion series, 5.2.3, 5.3.6, 5.3.7, 5.3.9, 5.4.9, 5.6.1 and 

5.6.3, were screened in 100 ɛM and 500 ɛM solubility tests with no issues identified, 

although only 5.3.7, 5.3.9, 5.4.9 and 5.6.1 were taken forward to short titrations due to 

plate capacity. The compounds were selected as they were final compounds and late-

stage intermediates, and from the results of the phosphorylation of Akt assay and 

scratch-wound assay. It is important to note that most of these compounds (5.3.7, 5.3.9 

and 5.4.9) were taken from previously dissolved aliquots, rather than solid stocks due to 

the low yields of their synthesis. As SPR is highly sensitive to the buffer, the DMSO in 

the aliquots was evaporated with nitrogen before redissolution. However, without 

weighing out the solids, the results are less precise. 

 

Figure 34: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by control compounds (A) Positive 
hexapeptide GRGDTP, (B) Negative hexapeptide AAAAAA, (C) Literature compound GM263, at 
six concentrations from 0-100 ɛM (n=3, mean ± SEM). 

The controls used in this assay were the positive hexapeptide GRGDTP, changed from 

the previously used GRGDSP due to greater use of the former in literature. The negative 

control peptide was hexa-alanine, selected to show any non-specific interactions. All 

compounds, including the peptide controls, were dissolved in DMSO before they were 

diluted into the aqueous buffer and sequentially diluted. However, the solubility of the 

hexapeptides in the DMSO stock was poor, meaning the results are likely to have greater 

variation. 

GM263 was also included as a positive control, although this was also collected from a 

pre-dissolved aliquot. Blank buffer samples were run at the start of the assay and 
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between each sample titration as the zero concentration. The peptide controls showed 

the expected behaviour of a dose-dependent binding response for the positive control 

and no dose-dependent response for the negative control. The response to the buffer 

was consistent throughout the assay and a dose-dependent effect was seen for GM263, 

although given the reported potency of the compound, the size of the response was 

unexpectedly weak. As the assays used by Baiula et al. to assess the activity of GM263 

were based on cell and protein adhesion to a fibronectin surface and differ significantly 

to the assays used in this project, the results may not be consistent with the reported 

results.95 

 

Figure 35: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by zwitterion compounds (A) 5.3.7 (B) 
5.3.9 (C) 5.4.9 (D) 5.6.1, at six concentrations from 0-100 ɛM (n=3, mean ± SEM). 

Compounds 5.3.7 and 5.3.9 unfortunately showed no significant binding, both with 

responses falling below hexa-alanine and no dose-dependent effect. Compound 5.4.9 

also showed no significant binding, with the response at 6.25-100 ɛM just above the 

buffer baseline with no dose-dependent effect. Contrary to the results in the previous 

tests, compound 5.6.1 showed a distinct dose-dependent response, very similar to the 
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GRGDTP positive control. As such, it was selected for a longer titration which would 

enable an equilibrium dissociation constant (KD) measurement. 

 

Figure 36: SPR sensorgram of compound 5.6.1 in the long titration experiments, by which the KD 
was measured. Measurements are taken at 0.1 second intervals, with the mean response of the 
replicates (n=4) reported. The time is relative to the sample injection and the response is relative 
to the baseline response before sample injection. The change in response at 0 seconds and 30 
seconds corrospond to the change from the runnning buffer to the sample. 

 

Figure 37: Binding to immobilised biotinylated Ŭ5ɓ1 integrin by controls and zwitterion compounds; 
(A) positive hexapeptide GRGDTP (B) negative hexapeptide AAAAAA (C) literature compound 
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GM263 (D) 5.6.1, at eight concentrations from 0-500 ɛM. (controls n=2, compound n=4, mean ± 
SEM). 

The serial dilution, 400-6.25 ɛM, of the compounds (five others from other series are 

shown in Figure 61 and Figure 63) was completed twice on each plate, with this set up 

run twice, yielding four replicates. The sensorgram of 5.6.1 is shown in Figure 36 and 

the KD measurements from this data is in Figure 37. Due to the number of wells available, 

each control could only be run once on each plate. Unfortunately, the controls were 

inconsistent for the long titrations, with the 0-50 ɛM concentrations of GM263 and 

GRGDTP showing an increased response compared to the low concentrations of the 

other compounds in the assay (compound 5.6.1 had a typical response). The hexa-

alanine compound also showed an increased response at the lower concentrations but 

showed a very large non-specific response at 400 ɛM. The solubility of the controls may 

have affected the results, but that does not explain the greatly increased response at low 

concentrations 

As the two replicates generally showed closely correlated results, the cause of the 

unusual control behaviour is unclear. The compound running before the controls (not 

shown) had a poor response, with significant variation that may be due to non-specific 

interactions that were not clear from the screening or the short titration. No evidence of 

compound sticking, or surface degradation could be seen from the reference cell. 

Due to the very fast on and off rates of all the compounds tested in the SPR assay, 

typical of low affinity molecules, only the equilibrium dissociation constant, KD, can be 

calculated, using a non-linear regression analysis (calculated using GraphPad). This is 

measured by estimating the ligand concentration where half of the receptor sites are 

occupied at equilibrium. 

Despite the behaviour of the controls, compound 5.6.1, which was run earlier on the 

plate, showed a good concentration response curve (Figure 37) and was used to 

calculate a KD of 59 ɛM ± 0.64-fold. The confidence interval of the KD measurement was 

18-266 ɛM. Although the confidence interval is wide, this is a good binding response of 

the compound 

5.10 Summary of zwitterion series 

The design of zwitterion-containing compounds to target Ŭ5ɓ1 integrin is a well validated 

approach and the derivatives were designed from the initial hits of the project to attempt 

to expand on the initial activity. However, the polarity of the compounds presented many 

issues during the purification of targets which severely limited the series output. These 

methods were improving with increasing experience, with attempts at deprotecting 
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compound 5.3.10B (Scheme 3) showing more success than previous attempts in the 

series. With further review of purification methodologies and more time spent on the 

series, the synthesis may have shown greater success. 

As compounds were produced and synthetic challenges navigated, the issues faced in 

the biological assays became quite significant. As such, the data collected for the 

compounds was at first, very limited. Although the compounds showed no cytotoxic 

effects, no clear conclusions about the design philosophy could be made from the 

phosphorylation of Akt or scratch-wound assays and the limited data that was available 

did not indicated potent activity of the molecules. It was decided to focus the 

investigations on a different series based on these results, which was validated when 

the SPR assay was established.  

Only compound 5.6.1, after showing no activity in the previous tests, showed a binding 

response that justified a binding affinity measurement, yielding a KD of 59 ɛM ± 0.64-fold. 

This could indicate an antagonistic interaction, which is supported by the phosphorylation 

of Akt assay where it had one of the lowest ratios of pAkt/Akt at both insulin 

concentrations (Figure 29), and a significant reduction in cell migration 24 hours in the 

scratch-wound assay (Figure 30).  

Although compound 5.6.1 employs a simple zwitterion structure, molecular modelling 

had calculated that the structure would be a potent binder, with a gscore of -8.470. The 

size of the compound may mean that the compound is forming a small number of strong 

interactions, similar to a fragment binder. Furthermore, the other compounds with higher 

molecular weight may not be forming enough strong interactions to overcome any 

clashes and a greater entropic binding penalty, despite better scores in modelling. This 

highlights an area where modelling and experimental results are in poor agreement and 

can be used to inform future modelling. 

Notwithstanding that the activity of compounds 5.3.7, 5.3.9 and 5.4.9 may have been 

affected by the SPR sample preparation, the results from the docking studies were not 

validated and the zwitterionic design philosophy had not generated the agonistic activity 

that the project was aiming for. 
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Figure 38: Summary figure of the work completed for the zwitterion series. (A) Literature 
compounds and screening results provided the source of the compound design. (B) 
Compounds were docked to optimise targets. (C) Targets were synthesised with a variety of 
structures sharing a carboxylic acid and basic termini. Compound activity was assessed in 
phosphorylation of Akt (WB) (D) and direct binding (SPR) (E) assays. 
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6. Design, synthesis and biological evaluation of the hydantoin series 

Compounds in this chapter were designed based on the screening hit 3.6.6, containing 

a hydantoin, a potential bioisostere for the carboxylic acid used to interact with the 

binding site metal ion in literature compounds and chapter 5.126  

6.1 Hydantoin structure and metal binding alternatives 

Unique among the ROCS screening hits was compound 3.6.6, shown in Figure 39, which 

contains a hydantoin modality. Hydantoin is a 5 membered ring with an NHCONHCOCH2 

structure, synthesised from the coupling of urea and glycolic acid. 

 

Figure 39: Compounds identified using the virtual screening platform ROCS to match the shape 
and electrostatic properties of the RGD domain in IGFBP-1. Compound 3.6.5 was the design 
source of the zwitterion-based compounds. Compound 3.6.6 was the design source of the 
hydantoin-based compounds. 

Six marketed drugs incorporate the hydantoin group (Figure 40), with three (phenytoin 

(6.1.1), fosphenytoin (6.1.2) and ethotoin (6.1.3)) targeting epilepsy as anti-convulsants, 

nilutamide (6.1.4) is used for prostate cancers as an androgen receptor antagonist, 

nitrofurantoin (6.1.5) is used as an antibiotic for treatment of UTIs in a selection of Gram 

positive and negative bacteria, and dantrolene (6.1.6) is a muscle relaxant used to treat 

hypothermia. Several of the compounds regulate ion channels, though none are 

described as binding to metal ions.127-130 
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Figure 40: Marketed small molecule drugs incorporating the hydantoin functional group. 

Hydantoin containing structures have been used for metal binding in literature, typically 

to zinc and are used as alternatives to carboxylic acids and hydroxamic acids, most 

commonly targeting metalloproteinases for the treatment of osteoarthritis (shown in 

Figure 41).131-135 Metal binding of the hydantoin has been explained as between the 

deprotonated imide NH and between the adjacent OH in the enol tautomer.136 The imide 

NH is established as the most acidic hydrogen on unsubstituted hydantoin by NMR 

analysis and DFT calculation.137, 138 The pKa of hydantoin and 1-methylhydantoin was 

measured to be 9.0 and 9.1 respectively by NMR.139 Crystal structures all show the Zn 

interaction in plane with the hydantoin, centred on the imide NH (PDB: 4WK7, 6YJM, 

3LEA, 4JPA, 4WKI) supporting the deprotonated imide NH binding. At physiological pH 

in solution, the hydantoin is primarily of neutral charge, however the affinity of metal 

binding stabilises the deprotonation to form the metal complex.140, 141 This has been 

shown extensively for uracil (6.1.7), which shares the heteroatomic arrangement of 

hydantoin in a 6-membered ring.142-144 
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Figure 41: Metalloprotease PDB crystal structures of hydantoin containing small molecules 
interacting with zinc atoms (PDB: 4WK7 and 6YJM). 

Several studies using DFT-based theoretical calculations have indicated that the most 

stable tautomer of hydantoin in water is the diketo structure (6.1.8).145-147  

 

 

Figure 42: Uracil and the possible tautomers of the hydantoin group. The diketo structure (6.1.8) 
has been calculated to be the most stable. 

 

6.2 Docking studies and initial design 

The initial screening compound (3.6.6) was modelled to interact with TRP157 and 

LYS182, off to the side of the endogenous ligand binding pose, whilst retaining 

interaction with the Mg2+ ion (Figure 43). The ketone was substituted for an amide (6.2.1), 

which improved the docking score by 0.785 and the synthetic tractability. Replacement 

of the indane for the indanone (6.2.2), targeting interaction with LYS182, marginally 
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improved the docking score and was included in the initial targets, along with the indane 

(6.2.1). 

 

Figure 43: Molecular docking of the hydantoin containing hit compound (3.6.6) and two 
modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 3VI4) with close residues and 
hydrogen bonds highlighted. The modifications were designed to enable a hydrogen bond to form 
with LYS182 and to simplify the target synthesis. 

 

6.3 Synthesis of initial targets 

Amide coupling of 1-aminohydantoin with 3-methoxy-3-oxopropanoic acid was 

attempted using EDC/DMAP and POCl3 conditions, shown in Scheme 8. In each case, 

no trace of product (6.3.1) could be detected. These conditions are detailed in Table 3, 

along with the other conditions and reactants attempted for the amide coupling with 1-

aminohydantoin. 

Reversing the synthetic route was attempted, coupling 3-methoxy-3-oxopropanoic acid 

to 5-indanamine and 6-aminoindanone with propanephosphonic acid anhydride (T3p) 
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and NEt3 to obtain compounds 6.3.2A and B in 43% and 31% yield respectively. 

Hydrolysis of 6.3.2A and B using ammonium hydroxide (35% solution) successfully 

obtained the acids, 6.3.3A and B in quantitative yields. Amide coupling of the indane 

product 6.3.3B was attempted with 1-aminohydantoin in various conditions, detailed in 

Table 3, but no product formation could be detected. 

 

Scheme 8: Attempted synthesis of targets 6.2.1 and 6.2.2. Reagents and conditions: (a) T3p (50% 
solution in ethyl acetate), NEt3, ethyl acetate, rt, 16 h, 31-43%; (b) NH4OH (35% aqueous 
solution), MeOH, rt, 60 h, 99%. Failed reaction conditions are detailed in Table 3. 

Amide coupling of 1-aminohydantoin with Boc-phenylalanine and Boc-phenylalanine-

OSu were attempted, detailed in Table 3, with no significant product formation. A product 

mass trace was detected by LCMS when using a one-pot SOCl2 and NEt3 mixture 

described for unreactive amines by Leggio et al. however no material could be isolated 

by reverse-phase column chromatography.148 The poor reactivity of 1-aminohydantoin 

was corroborated by another colleague working on the project and it remains unclear 

how the initial hit compound 3.6.6 was produced. Three publications have detailed amide 

bond formation with 1-aminohydantoin, using thionyl chloride and the coupling agent 

DMTMM, both of which were attempted, or by first derivatising the 3 position which is 

modelled to be critical to the metal ion interaction.149-151 
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Table 3: Attempted reagents, conditions and results for amide couplings with 1-aminohydantoin. 

 

Reactant (eq.)  Reagents (eq.)  Conditions  Yield  

 (1.1) 

EDC (1.1),  

DMAP (1.5) 
DCM, rt, 18h N/A 

 (1.0) 
POCl3 (2.0) 

1,2-

dichloroethane, 

90°C, 2h 

N/A 

 (0.91) 

DMTMM (2.0), 

N-

methylmorpholine 

(1.2) 

MeOH:H2O 

(10:1), rt, 22h 
N/A 

 (1.0) 

T3p (2.0),  

NEt3 (3.0) 
EtOAc, rt, 60h N/A 

 (1.0) 

PyBop (1.1),  

NEt3 (1.2) 
DMF, rt, 22h N/A 

 (0.25) 

PyBrop (0.275), 

DIPEA (1.0) 
DMF, rt, 22h N/A 

 (0.91) 

SOCl2 (1.1) 
Toluene, 100°C, 

5h 
N/A 

 (1.0) 

EDC (1.1), DMAP 

(1.5) 
DCM, rt, 120h N/A 

 (1.0) 

Oxalyl chloride 

(1.5), NEt3 (2.0) 
DCM, 60°C, 4h N/A 

 (0.91) 

NEt3 (2.0) DMSO, rt, 16h N/A 
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Reactant (eq.)  Reagents (eq.)  Conditions  Yield  

 (1.0) 

One pot: SOCl2 

(1.0), NEt3 (5.0) 
DMF, rt, 24h Trace 

 

There is much greater literature precedent for imine formation using 1-aminohydantoin. 

Imine formation between 1-aminohydantoin and 4-formylbenzoic acid using DIPEA, DMF 

and trimethyl orthoformate at 50°C, yielded a colourless precipitate of compound 6.3.4 

in 75% yield as the DIPEA salt. Amide coupling of 6.3.4 with 4-N-(2-aminoethyl)-1-N-

Boc-piperazine using SOCl2 in DCM at 60°C obtained compound 6.3.5 in 85% yield. The 

piperazine was selected as a simple amine terminus from available reagents, expected 

to have favourable interactions at the basic site. Removal of the N-Boc group of 6.3.5 

using 4N HCl in dioxane obtained compound 6.3.6 in 51% yield. 

 

Scheme 9: Synthesis of compounds 6.3.5 and 6.3.6. Reagents and conditions: (a) NEt3, DMF, 
Trimethyl orthoformate, 0-50°C, 16 h, 75%; (b)(i) SOCl2, DCM, 60°C, 18 h; (ii) 4-N-(2-aminoethyl)-
1-N-Boc-piperazine, 1,4-dioxane, rt, 2 h, 85%; (c) 4N HCl in dioxane, rt, 18 h, 51%. 

Amide coupling of intermediate 6.3.4 was also attempted with histamine, using SOCl2 in 

DCM at 60°C, before evaporation and addition of histamine in dioxane. A product trace 

was detected by LCMS but could not be isolated by reverse-phase column 

chromatography, with significant starting material unreacted. 
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Scheme 10: Incomplete synthesis of compound 6.3.7 due to remaining impurities after purification 
attempts. 

All the hydantoin compounds show a distinct imine CH peak in 1H NMR and 13C NMR at 

7.8 ppm and 144-141 ppm respectively for aromatic linked compounds and 7.0 ppm and 

150-148 ppm for aliphatic compounds, such as 6.5.5, shown in Figure 44. This indicates 

a single isomer is obtained from the imine formation. The E-isomer assignment agrees 

with imine formation in literature, but was confirmed by NOESY NMR experiments of the 

common intermediate compounds 6.3.4 and 6.5.5.152  

NOESY shows strong cross peaks between the hydantoin CH2 and the imine CH for both 

intermediates (appendix 10.2) although for the aromatic intermediate 6.3.4, the cross 

peaks unexpectedly match the phase of the diagonal peaks. No cross peaks are 

observed between the imine CH and ring hydrogens which would correspond to the Z-

isomer. 
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Figure 44: NOESY analysis of the hydantoin key intermediates 6.3.4 and 6.5.5 to show that both 
are the E-isomers. NOESY spectra are shown in appendix 10.2. 

NMR spectra of the synthesised hydantoin compounds show a sharp CH2 signal at 4.37-

4.14 ppm (1H) and 51-46 ppm (13C) supporting the diketo structure.  

Compounds 6.3.5 and 6.3.6 were submitted for testing in the western blot protocol with 

the compounds in the zwitterion series 

 

6.4 Preliminary biological evaluation of initial hydantoin targets 

Hydantoin compounds 6.3.5 and 6.3.6 were submitted for the phosphorylation of Akt 

assay at the same time as the zwitterionic compounds (Figure 45). Both compounds had 

a good response in the experiment using 100 nM insulin, finding pAkt/Akt levels above 

the GRGDSP control, with compound 6.3.6 showing the highest result in the assay. 

In the experiment using 10 nM insulin, a similar trend of responses was observed, 

although the insulin and GRGDSP controls had responses stronger than both the 

compounds. Despite this, compound 6.3.6 again had the highest response of the 

compounds, with the Boc protected intermediate 6.3.5 showing a lower response. 

The compounds showed a good response in the live/dead assay, with cell death below 

the DMSO control (Figure 54). In the scratch-wound assay, although there was 
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significant variation between replicates, compound 6.3.6 had the best response of the 

compounds, showing similar cell migration compared to the binding control GRGDSP 

and the literature agonist GM263. Compound 6.3.5 also had a good response, with 

similar migration to the GRGDSP control. As discussed in section 5.7, these results do 

not conclusively show that the compounds are agonistic or potent, but compound 6.3.6 

had shown the best results across the assays of any compound in the project so far. For 

this reason, further development of the hydantoin series was prioritised.  

These compounds were later tested in the SPR assay, with the results shown in section 

6.9 with the other compounds in the series. 
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Figure 45: Western blot analysis of phosphorylation of Akt by compounds 6.3.5 and 6.3.6 and 
controls with C2C12 mouse myotube cells, at 100 (A) and 10 (B) nM concentrations of insulin in 
each well. Controls and compounds were dosed at 100 nM and incubated for 40 mins before 
exposure to insulin. (n=1); Akt: protein kinase B. (C) Cell migration of HUVEC cells after a scratch-
wound while exposed to a selection of proteins, controls and compounds 6.3.5 and 6.3.6. (n=4, 
mean ± SEM). 

A B 

C 
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6.5 Docking studies and analogue design principles 

A multi-faceted approach was taken when designing analogues of the hydantoin 

molecules. Firstly (Figure 46, A), five simple changes to compound 6.3.6 were designed 

to identify the key binding locations of the compounds which could then be optimised. 

Then (Figure 46, B), four simple amines were identified that would explore other amine 

termini. Next (Figure 46, C), two short diamines were selected which could be 

transformed to explore late-stage derivatisation (ureas, amidines, etc.). Finally (Figure 

46, D), analogues with the aminopyridine functionality seen in literature compounds 

(5.1.1 and 5.1.2) were targeted as a guanidine mimic. 

 

Figure 46: Compound designs from compound 6.3.6, separated by modification type. (A) Simple 
modifications to compound 6.3.6 to interrogate the binding mode. (B) Related amine termini in 
the group inventory for rapid production of analogues. (C) Diamines, designed as intermediates 
for derivatisation to functional groups such as urea and amidine. (D) Analogues with an 
aminopyridine terminus, as seen in literature compounds. 

As the docking of the zwitterions had not been shown to accurately predict compound 

activity, the hydantoin targets were not designed from the computational modelling. 

Instead, the targets were designed first, then docked to examine the expected 

interactions. 
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Docking of compound 6.3.6 and the simple alterations, compounds 6.5.1 and 6.5.2, 

(Figure 47) favoured the same interactions that had been predicted in the initial hydantoin 

docking (Figure 43), forming hydrogen bonds with LYS182 and GLU126 and cation-pi 

interactions with TRP157. 

 

Figure 47: Molecular docking of the top scoring, phenyl linked hydantoin modifications to the 
RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close residues and hydrogen bonds 
highlighted. All but compound 6.5.3 form interactions with GLU126 and LYS182, as the original 
hit compound was modelled to, whereas compound 6.5.3 forms a bidentate hydrogen bond 
interaction with ASP227, similar to the endogenous RGD ligand. 

Compound 6.5.3 however, designed with late-stage functionalisation in mind, was 

modelled to form hydrogen bonds with ASP227 and an edge-face pi-pi interaction with 

PHE187. Despite the docking score being slightly lower than the other hydantoin ligands 
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in the modelling, matching the interactions of the endogenous ligand was hypothesised 

to be the best approach of improving the agonistic activity of the compounds. 

A new grid was generated that had constraints to form an interaction with the metal ion 

and a at least one of ASP227 and GLN221. This was designed to force the ligands to 

interact to the same key residues as the RGD peptide. The cilengitide co-crystal (4WK4) 

was used as the environment for this grid. The results are shown in Figure 48. 

 

Figure 48: Constrained molecular docking of the top scoring, phenyl linked hydantoin 
modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) with close residues 
and hydrogen bonds highlighted. Key hydrogen bonds are made with TYR133, ASN224, ASP227, 
ALA222 and GLN221. The top two scoring structures reach a better score than the unconstrained 
docking, indicating that the constrained model may better represent the best possible compound 
interactions. 
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Compound 6.5.1 had scored the best of the phenyl analogues, with an increase from -

9.227 to -10.002 in the constrained docking, forming interactions with GLN221 and 

ALA222. Similarly, compound 6.5.2 also had an increase in docking score with the 

constrained run, from -9.060 to -9.777, forming interactions with the same residues. 

The docking score of compound 6.3.6 fell from -9.141 to -8.671 under the new 

constraints. This appears to be because the CH2 groups adjacent to the chain-linked 

nitrogen of the piperazine prevent interactions with both GLN221 and ALA222 without a 

steric clash with SER224 and PHE187. As a result, the top scoring pose avoids these 

clashes by forming a hydrogen bond exclusively with GLN221. The same steric penalties 

are encountered by the other compounds with piperidine and piperazine termini but 

appear to minimise the effect. This is clearest with compound 6.5.1, which uses the 

additional carbon in the linking alkyl chain to point the piperazine into the pocket. 

The best scoring simple amine was the diaminopropyl, compound 6.5.4, with a slight 

reduction in the docking score from -8.666 to -8.487, which is likely due to the minor 

differences in the crystal structures.  

The phenyl linker was also targeted for modification. This would enable examination of 

the role of the linking group in the binding affinity and allow for further diversity in 

synthesis. A piperidine was selected as the ring structures are similar and the growth site 

was a secondary amine, allowing for coupling to a greater variety of termini. 

The design principle for the piperidine core molecules was to make simple derivatives of 

the hit molecule (Figure 49, A) and to investigate other guanidines as the optimised 

terminus for the endogenous ligand (Figure 49, B). Guanidine containing reagents were 

easily obtained with a carboxylic acid, so this design principle was much easier to explore 

with the piperidine intermediate. 
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Figure 49: Derivatives of compound 6.3.6, with the additional modification of a piperidine replacing 
the phenyl linker between the hydantoin imine and the basic terminus. (A) Modifications 
resembling compound 6.3.6. (B) Modifications with a guanidine terminus, as is present on the 
RGD peptide. 

These targets, and intermediates, were then docked in the unconstrained grid (Figure 

50), finding that the top scoring compounds, compound 6.5.5 and 6.5.6, -9.055 and -

8.768 respectively, formed interactions with GLU126, TRP157 and LYS182. As seen for 

compound 6.5.3, compounds 6.5.7 and 6.5.8 formed hydrogen bonds with ASP227 and 

ASP228, with the guanidine of compound 6.5.8 reaching further out to form a hydrogen 

bond with GLU320. The Boc protected amine form of the arginine target had a slightly 

higher docking score of -8.768 than the deprotected target, with a score of -8.601. 

As before, the targets were docked in the constrained grid (Figure 51), with considerable 

differences in docking scores. The arginine derivatives formed similar interactions with 

ASP227 and GLU320, with the deprotected amine 6.5.9 returning a docking score of -

11.167, while the Boc protected form, 6.5.7, returned a score of -10.098. In this case, 

the S isomer of compound 6.5.8 scored the highest, though chirality of the targets was 

not a priority consideration in the design. 
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Figure 50:  Molecular docking of the top scoring, piperidine linked hydantoin modifications to the 
RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close residues and hydrogen bonds 
highlighted. As with the phenyl linked modifications, the top scoring structures, 6.5.5 and 6.5.6, 
form interactions with GLU126, while other structures, 6.5.7 and 6.5.8, form interactions with 
ASP227, ASP228 and GLU320. 

The guanidine containing 6.5.10 was the next highest scoring compound with a score of 

-8.609, far below the scores of the arginine derivatives. This is closely followed by the 

phenyl piperazine derivative 6.5.5, which had a docking score of -7.944. Overall, the 

docking scores were comparable to the phenyl core molecules. 
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Figure 51: Constrained molecular docking of the top scoring, piperidine linked hydantoin 
modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) with close residues 
and hydrogen bonds highlighted. The highest scoring structures, 6.5.9 and 6.5.7 had the highest 
scores seen in the molecular modelling in the project thus far, both opting to form hydrogen bonds 
between the terminal guanidine and GLU320. The next best scoring structures had lower scores, 
posed in a linear shape similar to the RGD peptide. 

Mg 

GLN221 

ASP227 

TYR133 

ASN224 

SER134 

SER224 

GLU320 



98 
 

Building from the docking scores of the arginine derivatives, a phenylalanine based core 

was also investigated specifically with an arginine terminus. These compounds and their 

Boc protected intermediates were docked in both grids. In the unconstrained model 

(Figure 52), the middle of each molecule appears to bulge out of the pocket, allowing for 

interactions to form with ASP227, ASP228, SER227 and GLU320, while retaining the 

typical interactions at the metal binding site. The Boc deprotected 6.5.11 scored the 

highest with -10.634, with the Boc protected 6.5.12 returning a score of -9.610. 

 

Figure 52: Molecular docking of the top scoring, phenylalanine linked hydantoin modifications to 
the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK0) with close residues and hydrogen 
bonds highlighted. Both structures achieved high scores by adopting a contorted pose to form 
interactions with ASP227, ASP228 and GLU320. 
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For the constrained docking into the 4WK4 crystal (Figure 53), both compounds adopted 

the pose of the endogenous ligand, although only the deprotected amine 6.5.13 reached 

up fully to interact with GLN221 and ASP227 with a score of -9.619. The Boc protected 

6.5.14, forming interactions with ASP227, returned a score of -9.123. The phenyl side 

chain of the linker could fulfil a similar role to the acid adjacent aromatic groups seen in 

literature (Figure 12), with the group appearing to fit in a similar place in the binding site. 

 

Figure 53: Constrained molecular docking of the top scoring, phenylalanine linked hydantoin 
modifications to the RGD-binding domain of the Ŭ5ɓ1 integrin (PDB: 4WK4) with close residues 
and hydrogen bonds highlighted. The docking scores were reduced compared to the 
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