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Abstract 

The RAS family of proteins (comprising KRAS, NRAS and HRAS) are among the most often 

mutated proteins in human cancers, which are found in around 25% of all human tumours. It 

promotes the occurrence and maintenance of diseases through the interaction between RAS 

and effectors. Therefore, targeting RAS protein-protein interactions is expected to become an 

important therapeutic target. Earlier experiments obtained intracellular antibodies that blocked 

RAS protein-protein interaction, and screened a series of RAS-binding compounds 

overlapping the antibody-binding sites. 

 

The aim of this project is the development of next generation of RAS-binding hits based on 

existing RAS-binding compounds to improve affinity and efficacy. In order to achieve this, 

RAS-binding compound Abd-7 was developed into Fluorescence Polarization (FP) probe by 

de novo synthesis of modified Abd-7 structure with benzylamine and addition of fluorophore 

sulfo-Cyanine5 (Cy5). Unfortunately, the modification of compounds had greatly changed the 

physical and biochemical properties of compounds and the fluorescence polarization 

biochemical assay could not be properly set up. This project attempts to validate whether FP 

probe-RAS interaction was impaired and to verify the possibility of streptavidin pull-down 

assay for drug discovery. 
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Abbreviations 

Abd Antibody-derived 

Avi-Tag A peptide allowing biotinylation by the enzyme BirA 

Boc tert-Butoxycarbonyl 

BRET Bioluminescence resonance energy transfer 

CDR Complementarity-determining region 

CRAF RAF proto-oncogene serine/threonine-protein kinase 

cSPR Competitive surface plasmon resonance 

Cy5 Sulfo-Cyanine5 

CYP Cytochrome P450 

DIPEA N,N-Diisopropylethylamine 

DLD-1 Human Dukes’s type C colorectal adenocarcinoma cell line 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

EtOAc Ethyl acetate 

FP Fluorescence polarization 

FTase Farnesyltransferase 

GAP GTPase activating protein 

GDP Guanosine diphosphate 

GEF Guanine nucleotide exchange factors 

GGTase-I Geranylgeranyltransferase-I 

GppNHp Non-hydrolyzable GTP analog 

GTP Guanosine triphosphate 

HATU (Dimethylamino)-N,N-dimethyl(3H-[1,2,3]triazolo[4,5-b]pyridin-3- 

yloxy)methaniminium hexafluorophosphate 

HEPES 4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid 

His-tag Polyhistidine-tag 

HPLC High performance liquid chromatography 

IC50 Half maximal inhibitory concentration 

iDab Intracellular single domain antibody 

IgG Immunoglobulin G 

IPTG Isopropyl 1-thio-beta-D-galactopyranoside 



3 
 

Kd Equilibrium dissociation constant 

LC-MS Liquid chromatography-mass spectrometry 

MAPK Mitogen-activated protein kinase 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NF1 Neurofibroin 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NHS N-Hydroxysuccinimide 

NMR Nuclear magnetic resonance 

PI3K Phosphoinositide 3-kinase 

PVDF Polyvinylidene fluoride 

RalGDS Ral Guanine Nucleotide Dissociation Stimulator 

SAR Structure-activity relationship 

SCX Strong cation exchange 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide-based discontinuous gel 

SOS Son of Sevenless 

STD Saturation transfer difference 

TCEP Tris(2-carboxyethyl)phosphine hydrochloride 

TEV Tobacco etch virus 

THF Tetrahydrofuran 

UV Ultraviolet 

VH Heavy chain variable domain 
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Introduction 

RAS biology 

RAS, as a member of small G-proteins, is a family of related low-molecular-weight guanosine 

triphosphate (GTP)-binding proteins expressed in all animal cell lines, which can be divided 

into several families by evolutionarily conserved sequence. Although a superfamily of more 

than 170 RAS-related proteins has been identified1, KRAS, NRAS and HRAS are among the 

most often mutated in human cancers, which are found in more than 30% of all human tumour 

cases2, 3. HRAS and KRAS were first identified from transforming retroviruses (Harvey 

sarcoma virus and Kirsten sarcoma virus) in the 1960s4, 5, while NRAS was discovered in 

human neuroblastoma cells by Robin Weiss’s group at the Institute of Cancer Research6. 

These three members have 85% amino acid sequence identity and are all widely expressed, 

but subtle differences were still found. Many studies have proved that RAS isoforms cannot 

always replace each other. All three isoforms are widely expressed, but KRAS is expressed 

in almost all cell types and is imperative for mice growth7.  

 

RAS proteins are guanine nucleotide binding molecules that work as binary molecular switch 

in signal transduction by guanosine triphosphate (GTP) binding and hydrolysis (figure 1). RAS 

is normally activated by growth factor receptors, including members of the epidermal growth 

factor receptor (EGFR) family and other extracellular stimuli. RAS protein activity in normal 

Figure 1. RAS cycle mechanism and pathway. Mutations of RAS can lead to the production of 
permanent activated RAS, which is GTP-bound. It can activate several downstream 
oncogenic signaling pathways such as PI3K and MAPK pathways and result in tumour cell 
growth (figure adapted from reference76). 
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cells is controlled by the ratio of GTP to guanosine diphosphate (GDP)8. Although RAS has a 

low level of intrinsic GTPase activity and nucleotide exchange9, guanine nucleotide exchange 

factors (GEFs) (e.g., SOS1-2, RASGRF1-2, RASGRP1-4) and GTPase activating proteins 

(GAPs) (e.g., RASA1, RASA3-4, NF1, SYNGAP1) generally regulate the cycling between 

active and inactive states10-12. GAPs accelerate GTP hydrolysis and RAS inactivation by 

activating GTPase activity of RAS protein. GEFs catalyse the release of GDP from RAS by 

breaking the interaction between P-loop and GDP. RAS binds to GDP in the inactivated state, 

while in the active state, RAS binds to GTP. Compared with GDP, GTP has an additional 

phosphate group, which induces conformational changes of two switch regions of RAS, known 

as switch I and switch II regions (figure 2) and activates the protein13. The balance between 

GEF and GAP activities determines the guanine nucleotide status of RAS and plays a decisive 

role in regulating normal RAS activity.  

 

Interestingly, the RAS protein needs post-translational modification to locate on the correct 

subcellular compartment in order to play its biological activity, which usually results from lipid 

modifications to bind to the inner surface of the plasma membrane. Most RAS proteins 

Figure 2. Surface representation of RAS structure a| HRAS bound to non-hydrolyzable GTP analog 
GppNHp (PDB: 5P21) b| KRAS-G12C bound to AMG 510 (PDB: 6OIM) c| KRAS-G12D bound to DCAI 
d| SOS binding interface of HRAS (PDB: 1BKD) e| Proposed HRAS dimerization interface bound by 
NS1 monobody (PDB: 5E95) f| RAS-RAF binding domain of HRAS (PDB: 4G0N) (figure adapted from 
reference49) 
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covalently modify the C-terminal cysteine residues by geranylgeranylation or farnesylation14-

16.  

 

GTP-bound RAS with high affinity for RAS-effectors is involved in intracellular signal 

transduction by inducing downstream signal cascades such as RAF proto-oncogene 

serine/threonine-protein kinase (ARAF, BRAF, and CRAF) pathway17, 18, phosphoinositide 3-

kinase (PI3K) pathway19 and RAS-like guanosine diphosphate dissociation stimulator 

(RALGDS) pathway20, 21, which are key signalling pathways for regulation of a variety of cell 

behaviors such as cell proliferation, differentiation, apoptosis, adhesion, migration and actin 

cytoskeleton integrity by different combinations of protein–protein interactions. RAS-RAS 

dimer formed by GTP-bound KRAS4B protein has been found to promote the dimerization 

and activation of RAF kinase and block interactions from other effectors22. 

 

Activated RAS leads to the activation of the PI3Ks, which phosphorylates phosphatidylinositol 

4,5-diphosphate (PtdIns(4,5)P2) and converts to phosphatidylinositol 3,4,5-triphosphate 

(PtdIns(3,4,5)P3) as the second messenger23-25. Third phosphate group of PIP3 

simultaneously recruits kinase PDK1 (adenosine 3-phosphate dependent protein kinase-1) 

and AKT (protein kinase B (PKB)) to the plasma membrane, leading to activation of AKT. AKT 

promotes cell survival and resists apoptosis by phosphorylating various targets of downstream 

regulatory pathway26. PI3K can activate Rac (a subfamily of the Rho family of GTPases) as 

well, which is also important in RAS induced transformation and promotes activation of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) (a transcription factor that 

controls cell proliferation and cell survival)27-29. 

 

The human RALGEF family consists of four different proteins: RALGDS, RALGDS like protein 

1 (RGL1), RGL2/RLF and RGL3. All members of the RALGDS family are effectors of RAS 

because they are all involved downstream of RAS signalling such as in RAS-dependent cell-

cycle adjustment, cell apoptosis, cell transformation and cytoskeletal organization19-21, 30. 

 

RAS isoforms 

There are three RAS genes (HRAS, NRAS and KRAS) in the human genome, encoding four 

RAS proteins with 188 to 189 amino acids (HRAS, NRAS, KRAS4A and KRAS4B)1. Due to 

the alternative fourth exon utilization, KRAS encodes two splice variants KRAS4A and 

KRAS4B proteins due to alternative splicing of distinct 4th exons31, 32. RAS protein has been 

found to have 82 to 90% of the total amino acid sequence identity and 93 to 99% of the 

sequence identity in the conserved N-terminal G domain (residues 1 to 164)33, 34, which 
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consists switch I, switch II, and a P loop. Different isoforms show a high degree of identity in 

the relevant sequences that interact with the GDP-GTP cycle and activate downstream 

effectors, while only 8% of the sequence identity (residues 165 to 184/185) is shown in the C-

terminal hypervariable region (HVR) and the four last amino acids CAAX motif. Difference in 

C-terminals leads to different posttranslational lipid modifications, resulting in unique 

membrane binding (including the CAAX introduced farnesylation, the lysine-rich sequence of 

KRAS and the palmitoylation of cysteine residues of the CAAX sequence of HRAS and NRAS) 

and transport dynamics of each isoform35-37. Other characteristics may be due to differences 

of isoforms in gene expression or distinct non-overlapping lipid microenvironments on the 

cytoplasmic face38. Therefore, although the structure and biochemistry of the four RAS protein 

subtypes are almost the same, each RAS subtype has overlapping but different localization 

on the plasma membrane and inner membrane, participates in different activator and effectors, 

and plays different biological functions and cancer driving roles33, 39-42.  

 

HRAS, KRAS and NRAS proteins are widely expressed, but KRAS is expressed in almost all 

cell types. Gene knockout studies in mice show that KRAS is the most important RAS isoform 

for normal development and KRAS ablation mice die during embryogenesis7, 43. The HRAS 

(−/−)/NRAS (−/−) double-knockout mice show normal growth, fertility and neuronal 

development43. HRAS replacement of KRAS results in normal embryonic development despite 

cardiovascular pathology in adult mice44. In contrast, NRAS is involved in the antiviral immune 

response and T cell function of mice and not important for the development, growth and 

reproduction45. These studies show that different RAS subtypes play a unique role by 

participating in different signal transduction pathways.  

 

RAS mutations 

RAS gene is the most common mutation oncogene family in human cancer, which occurs in 

more than 30% of all human cancer cases, with 98% of the mutations from three mutational 

codon sits: G12, G13 and Q612, 3, 33, 46. Codons 12 and 13 are located in one of the four key 

sequence regions for GTP-binding, while Codon 61 is located in sequence regions for GTP-

binding and GEF-binding (switch II)47. Mutations of RAS in codon 12 block the GTPase activity 

of RAS and decrease the rate of GTP hydrolysis, while mutations in codon 61 accelerate the 

rate of GDP-GTP exchange. These mutations prevent GTP hydrolysis and lead to the 

production and accumulation of permanently activated GTP-bound RAS, which activates 

downstream oncogenic signaling pathways (e.g. MAPK and PI3K pathways), promotes pro-

survival and pro-proliferative signaling and results in tumour cell growth.  
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Despite the high similarity among the three isoforms, each mutation of particular isoforms and 

residues shows preferential pairing with a specific cancer type48. KRAS is the main mutation 

of RAS isoforms in human RAS cancer (85%), followed by NRAS (11%), and HRAS is the 

least (4%). KRAS mutations occurs frequently in 32% of lung adenocarcinoma, 86% of 

pancreatic ductal adenocarcinoma and 41% of colorectal adenocarcinoma49 (figure 3). Within 

all KRAS mutant tumours, 80% of carcinogenic mutations originate from codon 12, among 

which mutation G12D is the most important variant (35%), followed by G12V (29%), G12C 

(21%)50-52. Unlike KRAS, mutations in codon 61 of NRAS mutation happens in 29% of 

melanoma cases. HRAS mutations are relatively rare, and they mainly occur in bladder and 

head and neck squamous cell carcinoma49. In multiple myeloma, RAS mutations are found in 

about 40% of cases, of which just over half are KRAS mutations33.  

 

The mutation frequency of each residue and isoform varies according to different cancer types 

and substitution of different amino acids may have different oncogenic abilities and biological 

functions. For example, Ink4a-deficient mice with NRASQ61R but not NRASG12D shows 

melanoma development53. Therefore, many RAS-induced cancers originate from different 

RAS mutations, and a universal anti-RAS cancer treatment cannot be applied to all RAS 

mutation cancers54. Instead, the selective treatment method must be tailored according to 

specific isoforms and mutations. The effects of RAS mutations of different carcinogens on 

cancer patients still need further study. 

Figure 3. a| Frequency and distribution of RAS mutations by isoform in human cancers b| 
Distribution of RAS mutations with different mutated codons and their amino acid substitutions 
(figure adapted from reference49) 



9 
 

 

In the absence of mutant RAS, amplification or overexpression of wild-type RAS genes may 

promote tumours by the absence of negative regulatory factors or the upregulation of positive 

regulatory factors19, 55, 56. The loss of negative regulatory factors such as GAPs is important 

for cancer activated by wild-type RAS. For example, the deletion of neurofibroin (NF1), one of 

the important GAPs, leads to excessive activation of RAS in tumour cells and triggers type I 

neurofibrotosis57. RAS signaling pathway can be also activated by upregulation of positive 

regulatory factors such as EGFR and ERBB2, including breast cancer, ovarian cancer, gastric 

cancer and lung cancer58, 59. Wild-type RAS protein is sometimes found to promote tumour 

when mutant RAS has different isoforms. For example, it shows that rhabdomyosarcoma with 

NRAS mutation may need wild-type KRAS or HRAS to activate and maintain60. Unexpectedly, 

wild-type RAS proteins sometimes play an important role of tumour promotion or tumour 

inhibition in tumourigenesis, tumour maintenance and metastasis33, 56. Although in a few cases, 

the wild-type RAS has a tumour promoting effect in the context of the homologous mutation 

RAS61, most studies have shown that the wild-type RAS is more likely to show a tumour 

suppressive effect in tumours driven by homologous mutation RAS isoforms.  

 

Development of RAS inhibitors 

For many years, RAS was considered as "undruggable" and there have been many problems 

in the development of effective therapies to inhibit RAS-effector interaction. Firstly, the 

traditional view is that RAS lacks a deep pocket outside the nucleotide binding pocket, while 

hydrophobic shallow pockets are more difficult to bind tightly with small molecules62, 63. Second, 

RAS has picomolar affinity for guanine nucleotide, which is not conducive to the competitive 

binding of nucleotide analogues64. Therefore, many of the RAS inhibitor studies are looking 

for alternative approaches.  

 

Although KRAS is essential for the development of mice, studies have found that when KRAS 

is replaced by HRAS, mice can survive, which reduces the consideration of the toxicity of 

targeted KRAS drug44. KRASG12C mutation is a mutational hotspot in KRAS and makes up 

about 13% of non-small cell lung cancer, 3-5% of colorectal cancer, and 1-2% of many other 

solid tumours65. A library of 480 tethering compounds was screened based on disulfide bond 

fragments to determine their covalent binding to KRASG12C66. Crystallographic research has 

discovered a new pocket underneath the switch II that bound to the effector, and the 

KRASG12C inhibitor developed based on this switch II pocket. In 2019, one covalent 

KRASG12C inhibitor named AMG 510 was approved by FDA (figure 4a)67. Unlike other codon 

mutations, KRASG12C showed intrinsic GTPase activity close to the wild type, which gave 
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some compounds the opportunity to covalent 

bind GDP-bound KRASG12C68, 69. The covalent 

inhibitor was designed to target the cysteine-12 

of GDP-bound KRASG12C with the quinazoline 

core occupying the switch II pocket and blocking 

SOS-catalysed nucleotide exchange66. Cellular 

potency of the initial hit was then improved by 

introducing different phenyl/pyridine substituents 

to occupy the adjacent H95/Y96/Q99 pocket 

(figure 4b). AMG 510 was finally determined by 

testing cellular potency, permeability, solubility 

and oral bioavailability of different structures. 

AMG510 has good tolerance, excellent 

pharmacological properties and significant 

tumour inhibition ability of KRASG12C in vivo, 

which endows it with great value for further 

clinical research70. The good anti-tumour 

efficiency of AMG510 promotes its combined use 

with other targeted or cytotoxic drugs to improve the efficiency in vitro and in vivo71. Despite 

this promising discovery, for KRAS mutants other than G12C, this method may still have 

relevance for targeting on cystaine-18572 and histidine-95 in KRAS, but it is not universal. The 

discovery of previously unknown binding pockets and the development of the first switch II 

pocket inhibitor covalently bound to RAS mutants represent an important step in targeting 

RAS.  

 

Inhibitor Designed target Clinical trial identifier Stage Discovered year 

AMG510 KRASG12C NCT03600883 FDA approval 2018 

MRTX849 KRASG12C NCT03785249 FDA approval 2019 

JNJ-74699157 KRASG12C NCT04006301 Phase I 2019 

D-1553 KRASG12C NCT04585035 Phase I/II 2020 

GDC-6036 KRASG12C NCT04449874 Phase I 2020 

LY3537982 KRASG12C NCT04956640 Phase I 2021 

JDQ443 KRASG12C NCT04699188 Phase I/II 2021 

BI 1823911 KRASG12C NCT04973163 Phase I 2021 

JAB-21822 KRASG12C NCT05002270 Phase I/II 2021 

MK-1084 KRASG12C NCT05067283 Phase I 2021 

RMC-6291 KRASG12C NCT05462717 Phase I 2022 

RMC-6236 Multi-RAS NCT05379985 Phase I 2022 

MRTX1133 KRASG12D NCT05737706 Phase I/II 2023 

 

Figure 4. a| Structure of AMG 510 b| X-
ray crystal structure of compound AMG 
510 bound to GDP-KRASG12C (PDB: 
6OIM) 

a 

b 

Table 1. List of inhibitors targeting mutant RAS 
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Blocking RAS-effector (e.g. CRAF, RalGDS and PI3K) interaction to disrupt downstream 

signal transduction provides a direct and single idea for the treatment of mutant RAS cancers. 

Small molecule drugs can easily penetrate cells, but their ability to interfere with PPI is always 

questioned due to low affinity and smaller surface area for interactions. Macrodrugs were then 

introduced as an alternative to small molecules. This work started with implementation of 

intracellular antibody technologies73, 74. Compared with traditional IgG, it was found that the 

variable domain VH still showed a good binding affinity but better intracellular stability. Some 

intracellular antibody fragments with higher affinity than endogenous effectors have been 

developed to successfully block RAS-GTP effect interaction sites, demonstrating the 

effectiveness of RAS-effector PPI inhibition75, 76. Rabbitts team obtained a novel single domain 

VH iDab#6 that specifically bound to the switch region of GTP-bound RAS with high affinity77 

and inhibited tumourigenesis and metastasis in a RAS mutated mouse model by blocking the 

RAS-effector interaction surface, which was shown in crystallography75, 78. The interaction 

between iDab#6 and mutant HRAS proteins was at least 10 times higher than with wild-type 

HRAS. However, the study of drug delivery related to the internalization of macromolecular 

drugs into cells has always been a challenge. Macromolecule drugs largely suffer from poor 

metabolic stability and low bioavailability, which may hinder their clinical therapeutic 

application79. Using target validated macromolecules to screen small compounds that bind to 

the target at the same location can greatly reduce target areas of the protein in competitive 

screening and increase the likelihood of identifying potential candidates. The binding site of a 

VH comprises around 600 Å2 on average while the value of IgG is around 1600 Å2, which is 

IgG (~180kDa) 

Interface areas ≈ 1600 Å
2

 

VH (~16kDa) 

Interface areas ≈ 600 Å
2

 

a b c 

Figure 5. Antibody fragment that binds to activated RAS isoforms. Compared with traditional 
IgG (a), it was found that the variable domain VH (b) still showed a good binding affinity but 
better intracellular stability and penetration ability. Crystal structure of HRASG12V protein 
complexed with the scFv format of iDab#6 is shown in ribbon form (c). HRASG12V is shown in 
green and the RAS switch I & II regions are in red and purple respectively. The Fv proteins VH 
and VL are shown in cyan and orange respectively with their CDRs shown in yellow and lemon 
separately (figure adapted from reference75). 
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suitable for competitive screening of small molecule libraries (figure 5)80-82. iDab#6 was applied 

as a competitor in a screen of a chemical fragment library to select compounds binding to RAS 

at the cognate site by competitive surface plasmon resonance (cSPR)83. The initial hit was 

optimised to obtain antibody-derived small molecules (Abd-) series with improved biophysical 

properties and better Kd in 2018. High-resolution crystal structures show the binding of a 

chemical series of compounds to mutant RAS in the same hydrophobic pocket close to the 

switch regions I and II. Among the series, Abd-7 showed 

an improved in vitro KRAS affinity (Kd = 51 nm) and the 

phosphorylation of ERK and AKT of KRAS downstream 

was inhibited in cell assay (figure 6). Similar results were 

observed in RAS inhibitor series Ch- developed by 

Rabbitts team, which bound to a pocket where compound 

Abd-7 was developed and showed a very similar binding 

mode to Abd-784 (figure 7).  

 

BI-2852, published in 2019, also bound in a shallow 

pocket between the switch I and II regions with a GTP-

KRASG12D affinity Kd 740 nm (figure 7). It was found that 

BI-2852 leads to inhibition of downstream signal 

Abd-5 
RAS-3162 

Figure 6. Competition SPR identifies RAS-binding compounds. SPR can specifically identify 
compounds bound to GTP-HRASG12V mutant through differential binding by detecting 
changes in reflected light angle. RAS-binding compound 3162 and 3287 are the two 
representative compounds of a series of RAS-binding chemical fragments (figure adapted 
from reference83). 

Abd-7 
RAS-3287 

Figure 7. Alignment of RAS-3287 
(red) (PDB: 6FA4), Ch-3 (PDB: 
6GQY) and BI-2852 (PDB: 6GJ7) 
in KRASG12D pocket 
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transduction and antiproliferation in KRAS mutant cells in the low micromolar range by 

inhibiting both SOS1-catalysed and GAP-catalysed GTP-GDP exchange in KRAS as well as 

RAS effectors CRAF and PI3Kα85. 

 

Inhibiting RAS-GEF interaction to reduce the formation of GTP-RAS is another research 

hotspot, mainly referring to inhibiting the exchange function of Son of Sevenless (SOS, an 

important GEF) or its scaffold protein SHP249 (figure 2d). Small molecules that bind to KRAS 

between Switch I and Switch II and inhibit SOS binding and SOS mediated nucleotide 

exchange have been researched. A small ligand named DCAI was discovered by fragment 

screen to bind to a hydrophobic RAS pocket (Kd = 1.1 ± 0.5 mM) (figure 2c) and weakly inhibit 

RAS-SOS1 interaction86. Another early RAS-SOS inhibitor BAY-293 selectively inhibits the 

KRAS–SOS1 interaction with an IC50 of 21 nM, but preferred to inhibit wild-type KRAS rather 

than mutant KRAS87. It was reported that SOS1-KRAS inhibitor BI-3406 effectively reduced 

the formation of GTP-RAS and the proliferation of many KRAS driven cancer cells in vitro and 

in vivo88, 89. SHP2, as a scaffold protein that binds GRB2 and SOS1, is involved in facilitating 

RAS nucleotide exchange and is necessary to activate the MAPK pathway90, 91. An SHP2 

inhibitor SHP099 stabilises SHP2 in an auto-inhibited conformation and is observed to 

improve KRAS mutant tumours in vivo92, 93. The modified SHP2 inhibitor RMC-4630 exhibits a 

67% disease control rate in patients with advanced NSCLC with KRAS mutations, and is 

currently undergoing a phase I single drug clinical trial94. SHP2 allosteric inhibitors such as 

JAB-3068 are also undergoing phase I/II clinical trials to analyse the safety and antitumour 

activity of KRAS mutant solid tumours. 

 

The biological effect of RAS relies on its membrane localisation. The covalent connection of 

the fedoryl isoprene group to the carboxyl terminal CAAX motif of RAS protein is crucial for 

the localization of RAS onto the plasma membrane. An indirect inhibition by targeting 

farnesyltransferase (FTase) was tried in the 1990s95-98. However, research showed that FTase 

inhibitors (FTI) only had a good inhibitory effect on HRAS99 while the clinical performance of 

FTI in KRAS mutant cancers was disappointing. KRAS and NRAS can be partially modified to 

keep their membrane association by substitution of geranyl geranyl transferase (GGTASe) 

that KRAS does not possess99. Also, the simultaneous inhibition of FTase and GGTase-I was 

fatal to mice96, 100. These two enzymes act on many different substrates, while inhibition can 

lead to toxicity to normal tissues95. Other post-translational modifications of inhibitors are 

mainly directed towards RAS converting enzymes (RCE1) that target the cleavage terminal 

AAX residue downstream of the isopentenylated RAS protein and isoprenoylcysteine 

carboxymethyltransferase (ICMT) that methylates the cysteine residue of the CAAX box.  



14 
 

 

Targeting downstream RAS effectors is an alternative approach for RAS inhibition. RAF 

kinases (ARAF, BRAF, and CRAF) are involved in RAS-RAF-MEK-ERK signaling. Clinically 

approved BRAF-V600 inhibitors such as vemurafenib and dabrafenib have instead been 

shown to drive the dimerization of BRAF and CRAF to paradoxically activate the MAPK 

pathway in RAS mutant tumours101. Some pan-RAF inhibitors such as lifirafenib and 

Belvarafenib are observed to have therapeutic potential for RAS mutations102, 103. MEK 

inhibitors do not show the same paradoxical pathway activation as RAF and have shown 

activity in patients with NRAS mutant melanoma104, but there is no significance in MEK 

inhibition of KRAS mutant tumours105. Due to the insufficient efficacy of MEK monotherapy, 

the possibility of combined treatment with upstream and downstream related inhibitors is being 

explored in clinical practice106. The development of ERK inhibitors is relatively late but may 

have some potential107. The preclinical ERK inhibitor SCH-772984 reduced phosphorylated 

ERK levels and cell proliferation in RAS mutant cancer cell lines and induced tumour 

regression in mouse models with KRAS or NRAS mutations107, 108. However, the clinical 

compound MK-8353 based on SCH-772984 has not found tumour improvement in patients 

with KRAS or NRAS mutations in the phase I single drug treatment clinical trial of MK-8353109. 

In a phase I clinical trial, BVD-523 (ulixertinib) showed therapeutic efficacy for NRAS mutant 

melanoma110. 

 

The PI3K-AKT-mTOR pathway is another RAS related signal pathway. RAS activates the 

PI3K and MAPK pathways, and there is a complex feedback mechanism. Inhibition of one 

pathway can lead to compensatory activation of the other. Therefore, inhibiting MAPK and 

PI3K is a feasible strategy, which was proved by preclinical experiments111, 112. However, in 

clinical trials, the combination of PI3K and MEK inhibitors has poor tolerance and efficacy113, 

and further research is needed on the dosage regimen or inhibitors. 

 

Aims of the project 

Although initial antibody-derived RAS-binding compounds were successfully achieved with 

promising affinity in vitro, the previous study observed discrepancy between affinity (in vitro 

Kd) and efficacy (IC50 in cells). Within Abd- series, Abd-5 (in vitro Kd = 220 nM) had an effect 

on the viability of DLD-1 KRAS-G13D cell line (IC50 = 20 μM at 72 h), while the most potent 

compound is Abd-7 (in vitro Kd is 51 nM) with an IC50 of 8 μM in DLD-1 at 72 h, still showing 

a >100-fold drop off in potency between in vitro and cell-based study83. There are several 

possible explanations such as non-specific binding in the cell, compound stability and high 

conformational variability of RAS114, 115. Biophysical Kd measured by cSPR may not be 
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representative of the binding affinity in the cellular environment and the affinity and efficacy of 

RAS-binding compounds may require further improvement.  

 

The aim of this project is the development of next generation of RAS-binding hits based on 

existing RAS-binding compounds to improve affinity and efficacy for pre-clinical assay. The in 

vitro nanomolar binding affinity of Abd-7 to RAS makes it an attractive starting point for the 

development of RAS inhibitors. In order to achieve this, RAS-binding compound Abd-7 was 

designed and developed into Fluorescence Polarization (FP) probe by de novo synthesis of 

modified Abd-7 structure and crosslinking of fluorophore sulfo-Cyanine5 (Cy5). It is expected 

to establish a FP assay to identify available RAS compounds with the same binding site but 

improved efficacy and develop a SAR understanding based on biochemical activity 

perspective. Unfortunately, the fluorescence 

polarization biochemical assay could not be properly 

set up because the fluorophore modification of 

compounds had greatly changed the physical and 

biochemical properties of compounds, resulting in a 

significant decrease in compound affinity. This project 

attempts to validate whether FP probe-RAS interaction 

was impaired and to verify the possibility of competitive 

streptavidin bead pull-down strategy to detect binding 

compounds to the binding site for drug discovery. 

 

Results and discussion 

Choice of fluorochrome 

The selection of fluorescent dyes is crucial in FP determination. Previous studies have shown 

that different fluorescent groups have a significant impact on the affinity of small molecule 

drugs and even antibodies to their receptors116, 117,118. Taking adenosine A1 receiver ligands 

as an example, previous studies synthesized different fluorescent derivatives of the archetypal 

Adenosine A1 receiver antigen found that the difference in potency between different 

modifications could reach up to 10 times, Modifications of antagonist XAC with BODIPY-FL 

did not even show specific binding at high concentrations117. 

 

There are many options for FP fluorochrome, such as green-emission fluorophores (ATTO 

488, Alexa 488, fluorescein), yellow-emission fluorophores (TAMRA, Cy3B), red-emission 

fluorophores (Alexa 647, Cy5)119. Their excitation and emission spectra must be different from 

the wavelengths of other molecules present in the solution to reduce the impact of 

Figure 8. High resolution crystal 
structure of RAS-binding 
compound 3287 binding to KRAS 
(PDB: 6FA4)  
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spontaneous fluorescence of compounds on experimental results 120. Related studies 

identified a large number of small molecules with fluorescence characteristics in the spectrum, 

and found that the blue shift wavelength is the severely affected area where the fluorescence 

characteristics of most small molecules overlap with commonly used fluorescent groups while 

the overlap is significantly reduced in the dark shift region exceeding 550 nm121 122. 

Fluorescence intensity (RFU) of red-emission Cyanine5 is independent of the pH condition. 

We also expect the sulfonated analogue of cyanine5 can improve the inherent poor 

hydrophilicity of cyanine. Therefore, a red fluorophore sulfo-Cyanine5 was selected as the first 

choice to reduce false negatives derived from spontaneous fluorescence emitted in the green 

and blue ranges, as well as false positives caused by light scattering events. Green-emission 

fluorophore ATTO 488 was also introduced in this project as a comparison and alternative 

solution. ATTO 488 is a hydrophilic fluorescent label with good water solubility. The dye 

exhibits strong absorption, high fluorescence quantum yield and better thermal and photo-

stability. The reaction with ATTO 488 does not change the reactants and the reaction 

conditions are similar to those for Cy5.  

 

Probe Design 

The ideal fluorescent probe design for inhibitors should retain the high affinity and selectivity 

of the parent ligand. High resolution crystal structure shown of compound RAS-3287 

combined with KRAS guides the design of FP probe.  

 

Although the structure-activity relationship shows that although the terminal tertiary amine of 

RAS-3287 and the adjacent phenyl ring have a better competitive effect on the RAS effectors 

due to the steric hindrance, high resolution crystal structure indicates that the modification of 

the terminal amine may not have a significant impact on key binding site (a pocket adjacent 

to the RAS switch regions I and II). Therefore, compound RAS-3287 substituted by terminal 

primary amine would be synthesized and react with NHS ester-activated crosslinkers of the 

fluorophores to obtain objective probes.  

 

Synthesis of FP probe 

Synthesis of FP-RAS-3287 
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The first aim of this project is the development of antibody-derived small molecules into FP 

probes. As is shown in scheme 1, the synthesis of FP-RAS-3287 began from Suzuki 

coupling123 of boronic ester to obtain 3-chloropyridine 1, followed by Buchwald coupling124 to 

obtain Boc intermediate. Then the Boc group was removed to obtain benzylamine 2, and the 

NHS-ester of the fluorescent dye reacted with primary amine to give the amide formation 3.  

 

It was shown on figure 9 that a strong UV peak with mass ion 988 (M + H) and 1010 (M + Na) 

can be observed at 1.45 min in reaction mixture after 17 h. HPLC analytical separation was 

then carried out on a Phenomenex Kinetex C18 column. The mobile phase was a mixture of 

methanol and water both, containing formic acid at 0.1%. Due to high dilution after purification, 

only weak signal was detected on UV/MS of HPLC of the collected fractions. Based on 

characteristic of blue visualization of the Cy5 probe, all the fractions with blue colour were 

Scheme 1. Synthesis of FP-RAS-3287 
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collected and tested by LC-MS. However, no peak with relevant mass ion was observed due 

to particularly high dilution after purification. Higher concentration was then achieved by 

combination of adjacent fractions with blue colour and evaporation by rotary evaporator with 

40 mbar for 2 h. The concentrated fraction was then sent for LC-MS analysis but no peak with 

relevant mass ion was observed either. The stability of the compound was considered as a 

potential risk. One possible speculation was that the electron transfer from the para position 

lone pair of electrons was involved in decomposition (scheme 2).  

 

The stability trial was carried out by incubating the crude reaction mixture in acidic condition 

(10% formic acid in MeOH) and neutral condition (MeOH only) separately (figure 10). It was 

observed that the intensity of the UV peak of the objective compound decreased over time, 

which implied that FP-RAS-3287 might not be stable and could decompose in both acidic 

condition and neutral condition spontaneously.   

 

Two improved structures were proposed (scheme 3) and implemented to remove the 

interference of electron transfer caused by the para-aminomethylaniline structure.  

 

Figure 9. LC-MS of FP-RAS-3287 amide formation reaction mixture 

 

Scheme 2. Speculation of instability of FP-RAS-3287. Electron transfer of the para 
position might involve in decomposition. 
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Synthesis of FP-RAS-3287-2 

The synthesis and purification of FP-RAS-3287-2 applied the same methodology as its para 

version. It was shown on figure 11 that a related and strong UV peak with mass ion 988 (M + 

H) can be observed at 1.4 min in reaction mixture after 20 h. However, the first purification 

was unsuccessful. No peak with relevant mass ion was observed in any of the fractions nor 

the concentrated combined fractions. Dr. John Caldwell repeated the final step of synthesis 

and improved the purification process. Unlike previous HPLC purification, this time the 

reaction mixture was loaded in DMSO and Biotage® Sfär C18 Reversed Phase 

Neutral condition 

1 h 

20 h 

3 min 

Acidic condition 

1 h 

20 h 

3 min 

Figure 10. LC-MS of FP-RAS-3287 in acidic condition group (10% formic acid in MeOH) and 
neutral condition group (MeOH only) over time 

Scheme 3. Two different structures with improved stability. The interference of electron 
transfer was removed. 
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chromatography was applied for better real-time control of the purification process and testing 

of the composition of each fraction, followed by SCX-2 purification. The collected 1H-NMR 

data shows that the purification was successful. Although some DMSO was detected, it should 

not affect its use as a FP probe. 

 

Synthesis of FP-RAS-3287-3 

The synthesis and purification of FP-RAS-3287-3 followed the same methodology as other 

FP-RAS-3287 compounds. A simple compound 2,5-Dioxopyrrolidin-1-yl acetate was used to 

Figure 11. LC-MS of FP-RAS-3287-2 amide formation reaction mixture 

 

Scheme 4. Synthesis of FP-RAS-3287-2 
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simulate the amide formation process between NHS ester Cy5 and amine and verify the 

Scheme 5. Synthesis of FP-RAS-3287-3 

Figure 12. LC-MS of HPLC purified compound 8 
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stability of the hit part. Compound 8 was synthesised under the same reaction conditions as 

compound 9, purified by HPLC purification with 1 x extended gradient elution (40% to 100% 

MeOH) and verified by LC-MS (figure 12). Compound 9 was then synthesised and eluted in 

HPLC with 2 x extended gradient elution (40% to 100% MeOH) and 2 x washing (100% MeOH). 

The purified product was verified and characterised by LC-MS and NMR (figure 13&14). It was 

shown on figure 13 that a single UV peak with mass ion 1002 (M + H) can be observed at 1.47 

min.  

Figure 14. 1H NMR (solvent away mode) of HPLC purified compound 9 

Figure 13. LC-MS of HPLC purified compound 9 

 



23 
 

 

Summary of FP-RAS-3287 series 

The first proposed FP-RAS-3287 was considered a potential unstable structure, possibly due 

to 1,4 electron transfer. However, the subsequent model FP-RAS-3287-2 improved the 

stability, but still failed to be isolated. The simplified model confirmed that the RAS-hit part of 

improved structure can be stable in water/MeOH solution and Cy5 was considered to be stable. 

Although possible instability was eliminated, in terms of purification condition needed to isolate 

FP-RAS-3287-3, it indicates that both lipid solubility and water solubility of FP-RAS-3287-3 

were reduced after coupling with Cy5. By improving loading skill and the purification method, 

FP-RAS-3287-2 was also separated from the reaction mixture. The synthesis experience 

shows that our understanding of products is still insufficient. In addition to the optimization of 

purification conditions, it should be noted that the significant solubility issues of FP-RAS-3287 

series observed in purification may have serious risk to negatively affect subsequent FP assay 

development. 

 

Name Structure Comments 

FP-RAS-3287 

 

1.Weak MS signal was detected in reaction mixture 

2.Unable to purify by HPLC 

3.Poor stability 

FP-RAS-3287-2 

 

1.Improved MS signal in reaction mixture 

2.Purified by Biotage® Sfär C18 Reversed Phase + SCX-

2 and verified by crude NMR and LC-MS 

 

FP-RAS-3287-

3-Simplified 

testing model 

 

1.Improved MS signal in reaction mixture 

2.Easy HPLC separation 

FP-RAS-3287-3 

 

1.Successfully synthesised, purified and verified by NMR 

and LC-MS 

2.Poor solubility 

 

Table 2. A summary of FP-RAS-3287 series 
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Attempt to synthesize FP-RAS-3287 with ATTO fluorophore 

The initial idea was to introduce ATTO probe as a comparison and alternative solution for Cy5 

probes (figure 15), and to investigate the impact of different fluorescent groups on FP 

experiments. The experiment was conducted by 

Dr. John Caldwell, using compound 7 as the 

reactant and planning to quickly synthesize the 

target compound through a one-step reaction 

combined with the more efficient Biotage® Sfär 

C18 Reversed Phase chromatography and SCX-

2 purification combination. Although product 

formation was observed by LC-MS, the exceptionally broad peak in LC-MS (figure 16) 

suggests it has very poor solubility. Due to the suspected poor solubility, attempts to purify the 

product further failed. 

 

Protein expression and purification 

Recombinant RAS proteins were prepared for FP assay and crystallography analysis. His-tag, 

comprised of six histidine residues, is fused to the N terminus of RAS proteins and used for 

protein purification by forming coordination bonds with transition metal ions, which is too small 

and does not interfere with interactions between protein and protein/small molecules in most 

cases. TEV tag was designed for cleavage of His-tag after purification if necessary. Avi-tag 

was introduced for biotinylation and biotinylated RAS protein can be bound to streptavidin 

chips for SPR screening125. 

 

The expression vectors of RAS proteins were prepared by inserting DNA fragments of 

corresponding RAS into pRK172-His-TEV-Avi vector. Recombinant RAS proteins were 

expressed in C41 E. coli (induced with IPTG) followed by AKTA His-trap column. The proteins 

were further purified by gel filtration using a Superdex 75. Fractions corresponding to RAS 

Figure 15. Proposed structure of FP-RAS-
3287 with ATTO fluorophore 

 

Figure 16. LC-MS of FP-RAS-3287 with ATTO fluorophore reaction mixture 
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were pooled and concentrated. Protein concentration was determined by Nanodrop. Protein 

purity and identification was analysed and confirmed by SDS-PAGE stained with Instant Blue 

and Western blot with corresponding antibodies (figure 17). 

 

 

Three wild-type RAS isoforms and their activated conformations were expressed to test the 

selectivity of compounds. KRASG12V, known as one of the most common KRAS mutations, 

was expressed to compare the mutant specificity of compounds with KRAS wild-type (figure 

17).  

 

  

Protein Concentration Volume 

His-TEV-Avi-KRAS166G12V-GppNHp-Biotin 2.8 mg/ml 260ul aliquot X 7 

His-TEV-Avi-HRAS-WT-FL-GppNHp-Biotin 0.8 mg/ml 300ul aliquot X 5 

His-TEV-Avi-HRAS-WT-FL 3.1 mg/ml 300ul aliquot X 5 

His-TEV-Avi-KRAS-WT-FL-GppNHp-Biotin 1.2 mg/ml 300ul aliquot X 9 

His-TEV-Avi-KRAS-WT-FL 4.4 mg/ml 300ul aliquot X 16 

His-TEV-Avi-NRAS-WT-FL-GppNHp-Biotin 0.9 mg/ml 300ul aliquot X 6 

His-TEV-Avi-NRAS-WT-FL 2.8 mg/ml 300ul aliquot X 6 

Table 3. A summary of recombinant RAS protein data after purification 

Figure 17. Western blot of RAS samples. a| Western blot of KRAS b| Western 
blot of HRAS c| Western blot of NRAS 

25 kDa 

1     2    3  

b| HRAS 
Primary antibody: Anti-HRAS     Secondary antibody: Anti-rabbit-HRP 

1. His-TEV-Avi-HRAS-GppNHp-Biotin-WT-FL 
2. His-TEV-Avi-HRAS-WT-FL  
3. His-TEV-Avi-KRAS166G12V-GppNHp-Biotin (control group) 

25 kDa 

1     2   

c| NRAS 
Secondary antibody: Anti-NRAS     Secondary antibody: Anti-goat-HRP 

1. His-TEV-Avi-NRAS-WT-FL 
2. His-TEV-Avi-KRAS166G12V-GppNHp-Biotin (control group) 

25 kDa 

1     2    3  

a| KRAS 
Primary antibody: Anti-KRAS     Secondary antibody: Anti-mouse-HRP 

1. His-TEV-Avi-KRAS166G12V-GppNHp-Biotin 
2. His-TEV-Avi-HRAS166G12V-GppNHp-Biotin (control group) 
3. His-TEV-Avi-KRAS-WT-FL 
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Optimization of FP assay 

When testing a new FP probe, the first step is to titrate the probe to a certain concentration 

range in the presence and absence of fixed high concentration RAS protein to determine 

whether the probe binds to the protein and find the optimal probe concentration for following 

analysis. In the first FP assay, KRAS166G12V protein in PBS was diluted in 0.02 M HEPES 

(4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid), 0.15 M NaCl, 0.5 mM TCEP (tris(2-

carboxyethyl)phosphine hydrochloride), 0.05% Tween-20, pH 7.8. As is shown in the graph, 

an interval of signal strength between FP-RAS-3287-3 probe/RAS protein and the probe alone 

(referred to as signal window) confirms probe binding. FP signal considerably increased as 

the probe concentration decreased. An unexpected increase in polarization was observed at 

high concentration of probe. These responses do not come from spontaneous fluorescence 

or scattering polarization, but may be non-specific interactions between small molecule 

aggregates, where hydrophobic parts of the molecules combine to form large micellar particles 

in an aqueous environment. The biggest signal window was shown between ~3-6 nM probe, 

which is meaningful in terms of the signal window itself, as higher probe concentrations often 

lead to low sensitivity, while lower probe concentrations often amplify background noise. 

Figure 18. FP values of probe titration. a| Initial FP value of FP-RAS-3287-2 and FP-RAS-
3287-3 with increasing concentration in HEPES buffer, pH7.8, 1h b| FP value of FP-RAS-
3287-3 increased in 24h c| pH optimization with different pH and buffers 

a b 

c 



27 
 

However, the signal is quite narrow (lower than 40 mp) (figure 18a) and not sufficient to 

measure the binding affinity and stability of protein-probe interaction in the following protein 

titration experiments. Unfortunately, the similar result was observed on FP-RAS-3287-2. The 

reasons may be multifaceted, including unoptimized experimental conditions, aggregation or 

precipitation of the FP probe, weaker binding affinity due to the addition of the fluorophore. 

 

The pH affects both protein ligands binding and the protonation of functional groups in the 

fluorophores. In order to determine the impact of different pH conditions of buffers on FP 

binding assay, we selected two common pH values 7.8 and 6.5 in 0.02 M HEPES, 0.15 M 

NaCl, 0.5 mM TCEP, 0.05% Tween-20, respectively. As shown in figure 18c, the FP assay 

window did not improve under the environment of pH 6.5, but instead slightly decreased. To 

determine the impact of different buffer system on FP binding assay, 0.02 M Tris and 0.02 M 

PBS in 0.15 M NaCl, 0.5 mM TCEP, 0.05% Tween-20, pH7.8 were prepared respectively. It 

was found that the FP result is clearly influenced by different buffer systems. The performance 

of FP assay in PBS was improved compared to others, resulting in a maximum change in mP 

of approximately 6.4 mP, but it was still insufficient for further research. Higher sensitivity was 

produced by Tris buffer without FP window improvement. This was also discussed by previous 

FP research. For example, in the study of EZH2-ED interaction inhibitors, it was found that 

compounds with limited solubility in HEPES (pH 8.0) buffer can be attempted using PIPES 

(pH 6.2) and Bis-Tris buffer (pH 7.0)126. Earlier studies showed that an EZH2-EED interaction 

inhibitor molecule exhibited severe precipitation and formed aggregates in HEPES buffer 127. 

The relatively lower FP values received in Tris buffer system was also mentioned in two other 

studies128, 129. The study on the optimal time for measuring FP showed that the FP window in 

most probe concentrations slowly increased until 24 hours, but it did not significantly improve 

the experimental results to a higher level (figure 18b). 

 

Another issue that may affect fluorescence is solubility and aggregation. Although possible 

instability was eliminated by structure improvement, the potential solubility issues of FP-RAS 

probe exposed in HPLC purification was still considered as a serious issue in FP assays. The 

probe that forms aggregates or precipitates may seriously affect FP values. In this project, 

0.05% Tween-20 detergent was applied in FP buffer to help reduce aggregation. However, 

due to the limited stock of probe samples, solubility is difficult to accurately measure. 

 

This chapter analyses mainly discussed our efforts towards optimization various conditions of 

FP experiments including assay buffer, pH value, incubation time and detergent. We also 

evaluated the FP results and discussed different possibilities that FP probe-RAS interaction 

was impaired. Due to time constraints and experimental material limitations, we were unable 
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to assess FP conditions with more subdivisions such as other buffer systems (e.g. MES, 

PIPES) with different pH, temperature, DMSO tolerance and detergents such as Triton™ X-

100. However, it is undeniable that the choice of fluorophore and its modification on RAS 

compounds may have a significant impact on the physicochemical properties and binding 

affinity. The affinity of the probe may be greatly weakened by the modification of fluorophores 

and the selection of modification sites. In addition, as mentioned earlier, the solubility of the 

probe is also questionable. Unfortunately, due to limited material amount, accurate evaluation 

cannot be achieved. Even through continuous optimization of FP experimental conditions, it 

may still difficult to achieve a leap in FP window improvement to achieve practical level.  

 

Assay development attempts to validate whether FP probe-RAS interaction is 

impaired  

Fluorescence plate assay 

Firstly, we utilized the fluorescence properties inherent in the FP probes attempted to verify 

the intensity of the interaction between the FP probes and the RAS protein through the 

characteristics of FP fluorescence itself rather than fluorescence polarization. Referring to the 

experimental method of enzyme-linked immunosorbent assay (ELISA), the first step was to 

coat a quantitative HRAS-WT protein (10 ug/ml in 200 ul to each well) on the 96 Well 

Microplate at 4oC overnight. The plate was washed by PBS and different concentrations of FP 

probes were added into the well and the plate was incubated for 1h at R.T for probe-RAS 

binding. Excess unbound probes were washed from the plate and fluorescence intensity 

signals were measured. Finally, anti-RAS antibody was added to each well and incubated for 

1h at R.T, followed by washing with PBS and adding of anti-rabbit-HRP to verify the 

immobilisation of HRAS protein. BirA was applied as the protein for control group because it 

Figure 19. Fluorescence intensity of FP-RAS-3287-2 and FP-RAS-3287-3 with 
increasing concentration 
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is a self-prepared protein with good quality and its molecular weight (37.1 kDa) is reasonable 

compared to HRAS (23.4 kDa).  

 

Figure 19 shows the fluorescence intensity of different groups in the fluorescence plate assay. 

The stable and identical low fluorescence signal intensity of the BirA control group indicates 

that the FP probe has specificity in interacting with HRAS proteins, but the threshold sensitivity 

is low. According to the data, only at high concentrations of FP probes greater than 150 nM, 

the fluorescence intensity was significantly enhanced compared to the BirA control group. 

Although considering the possible precipitation or aggregation issues at high probe 

concentrations, the experimental results positive significance, showing interaction of the FP 

probe with RAS and therefore that my synthesised FP probe still interacts with RAS protein. 

 

Pull-down assay 

Since the FP assay did not give significant outcome, despite the FP probe still interacting with 

RAS shown by the ELISA assay, my effort was made to develop a new competitive binding 

high throughput assay for targeting RAS proteins and validate its feasibility and effectiveness. 

The biotinylated analogue of Ch-3 kindly supplied by John Moses from the Cold Spring 

Harbour labs, was used in a pull-down assay. Ch-3 shares the same binding site and similar 

binding mode as the RAS-3287 compound used for FP probe, which can be clearly seen from 

the X-ray crystal diffraction. KRAS inhibitor BI-2852 mentioned above will be used as a positive 

control for FP assay and further research. The alignment of crystal structure of BI-2852 and 

RAS-3287 (figure 7) indicates that BI-2852 is very likely to have significant similarity and 

competition with RAS-3287 in binding to the same pocket of RAS protein. 

 

A mixture of HRAS (0.1 mg/ml; 4.3 uM) and each non-biotinylated compound (Ch-3, BI-2852 

and glutathione) with a certain concentration (107.5 uM) was incubated individually with 

increasing concentration of biotinylated Ch-3 compound (53.8 uM, 107.5 uM, 215.0 uM, 430.0 

uM) at 4oC for 1 hour for competition binding. Streptavidin magnetic beads were then added 

Figure 20. The process of pull-down assay 
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to immobilize the compound along with the bound RAS protein for 1h. The beads were 

separated from the solution and washed to obtain both beads and supernatant (solution) 

(figure 20), followed by anti-His Western blot of beads and supernatant individually.  

 

The Western blot of supernatant seems to better reflect competitive binding than that of beads 

and subsequent analysis are based on the supernatant Western blot (figure 21). It appears 

that Ch-3 at a 4X concentration of Non-biotin Ch-3 has almost successfully bound all HRAS 

proteins and pulled from the solution. In the competitive assay of biotinylated and non-

biotinylated Ch-3, it is clear from supernatant Western blot that the band intensity increases 

with the increase of non-biotinylated concentration. This result also occurs in the Western blot 

detection of BI-2852 but is not very obvious, which may relate to higher binding affinity or the 

subtle differences in the binding modes between BI-2852 and Ch/Abd compound series. 

Compared with BI-2852 and Ch-3, there is no change in band intensity with non-biotinylated 

compound concentration was observed in the two control groups. The pull-down assay 

indicates that non-biotinylated compounds may compete with the biotinylated Ch-3 in the 

RAS-binding state, confirming the feasibility of the pull-down assay in competitive screening 

of potential RAS protein inhibitors. Competitive pull-down testing provides a valuable and 

feasible alternative for discovering potential RAS-binding compounds. 

 

Conclusions and future Prospects 

This project aims to explore novel RAS-binding compounds based on the understanding and 

modification of previously identified RAS-compound Abd-7. The Cy5 fluorophore modified 

Abd-7 was planned as a potential FP probe for RAS-binding study. To achieve this, the 

compound structure was redesigned with benzylamine/ phenethylamine to adapt to addition 

Figure 21. Pull-down Western blot of mixture of HRAS (4.3 uM) + each non-biotinylated 
compound (Ch-3, BI-2852 and glutathione) (107.5 uM) treated with increasing 
concentration of biotinylated Ch-3 a| Western blot of supernatant b| Western blot of 
boiled streptavidin magnetic beads 

Non-biotin Ch3 

BI-2852 
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Bio-Ch3 (uM) 
53.8   107.5   215.0  430.0 
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of fluorophore Cy5. Two FP compounds with different structure were successfully developed 

by de novo synthesis. It was found that both compounds showed binding with RAS in FP 

assay but did not provide sufficient FP signal windows for subsequent biochemical research 

due to various possible reasons including exceptionally poor solubility of the probes, setting 

of assay conditions, aggregation or precipitation, weaker binding affinity caused by FP 

modification. The optimization of FP assay conditions did not significantly improve the signal 

window. A plate assay similar to ELISA was developed to validate whether FP probe-RAS 

interaction was severely influenced. It shows that the probe exhibits strong signal at high 

concentrations, which confirms the hypothesis. We used biotinylated Ch-3 with the same 

binding site as Abd-7 to establish a competitive pull-down assay, seeking a new way to identify 

and evaluate small molecules interacting with RAS. The results confirmed the feasibility of 

pull-down analysis in competitive screening of potential RAS protein inhibitors. It also provides 

a potential alternative for discovering RAS-binding compounds, such as the possibility of high-

throughput development by adopting 96 well plates, ELISA/BCA protein assay. 

 

Although the general method for designing fluorescent probe is based on modification of 

molecules with known pharmacological properties, the result of FP assay is sometimes elusive 

and unpredictable. Due to time constraints, material factors, and research institutions, there 

are some technologies that were not applied in this project, and there is also room for further 

exploration and optimization in experimental design and assay conditions. In this project, the 

Figure 22. High resolution crystal structure shows how RAS-3162 and RAS-3287 
compounds bind to the same KRASG12D pocket. a| RAS-binding compound 3162 (PDB: 
6FA2) b| Alignment of RAS-3162 (green) (PDB: 6FA2) and RAS-3287 (violet) (PDB: 6FA4) c| 
Structure of proposed FP-RAS-3162 with Sulfo-Cy5 fluorophore 

a b 

c 
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modification of the fluorescent group of the compound may lead to changes in the physical 

and biochemical properties of the compound. In terms of probe structure design, other sites 

or analogues with same binding site (e.g. RAS-3162 in figure 22) can be considered for further 

modification, and more different types (fluorescein, rhodamine, cyanine, etc.) or emission 

wavelength of fluorophores can be attempted. The FP assay conditions can also be further 

explored by evaluating the influence of different buffers (e.g. MES, PIPES), pH, temperatures, 

and detergents (e.g. Triton™ X-100) on the results to seek a larger FP window.  

 

Other techniques can also be applied to examine the interaction between probes and proteins. 

SPR has good sensitivity and small sample consumption, which is very conducive to 

preliminary testing binding of FP probes. For crystallizable proteins such as RAS, X-ray 

diffraction provides an indication of the three-dimensional structure of a material, which helps 

understand the structure–activity relationship of FP probes and further improvement of probe 

design. Other techniques such as ITC, waterLOGSY would be considered as feasible 

alternatives.  

 

In addition, considering the possible optical interference from compound autofluorescence or 

precision, an improved solution for current FP probe is to convert the FP assay to a TR-FRET 

format using terbium labelled antibody. By utilizing the emission peak of terbium to overlap 

with the excitation spectrum of the FP fluorophore, terbium is used as the FRET donor and 

the fluorophore as the receptor, which improves sensitivity and reduces interference. 

 

Experimental 

General Synthetic Chemistry 

Unless otherwise noted, all the chemistry reactions were carried out in oven-dried clean 

glassware under an atmosphere of inert N2 atmosphere at stated temperature. Normal phase 

chromatography was conducted on Biotage® SNAP KP-Sil prepacked silica cartridges. 

Reverse phase chromatography was carried out on Biotage® SNAP ultra C18 cartridges. Ion-

exchange chromatography was performed using ISOLUTE Flash SCX-2 cartridges. Analytical 

TLC was carried out on aluminum backed TLC plates with silica gel coated with UVP Mini UV 

Viewing Cabinets (observed under 254/365 nm UV). 1H and 13C NMR spectra were measured 

at room temperature with a Bruker AV500a/AV500b/AV600 spectrometer at 500/600 MHz and 

126 MHz respectively. Chemical shifts (δ) were recorded in parts per million (ppm), corrected 

by solvent residue peak. Coupling constants (J) were measured in Hertz (Hz). 1H NMR data 

is written with format: chemical shift, multiplicity, J coupling and integration. 13C NMR data is 

written with format: chemical shift.  The multiplicities are marked by following abbreviations: s 
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for singlet; d for doublet; t for triplet; m for multiplet. IR spectroscopy was measured by Agilent 

Cary 630 FTIR spectrometer. Mass spectrometry was measured by Medicinal Chemistry 4 

Team (including Analytical Chemistry) of the Institute of Cancer Research. LC-MS was 

detected by Agilent 1200 Series Prep Scale diode array detector with a 6210 time-of-flight 

(ToF) mass spectrometer (Phenomenex Kinetex C18 column, 30 x 2.1 mm, 2.6u, 100A, flow 

rate of 0.4 ml/min in a 4 minute gradient elution at 40 °C with detection at 254, 280 and 214 

nm) or Waters Acquity UPLC detector with Waters Xevo G2QToF mass spectrometer (Agilent 

Poroshell C18 column, 30 x 2.1 mm, 2.6u, flow rate of 0.3 ml/min in a 4 min gradient elution 

at 30 °C with detection at 254 nm), with ionisation by positive-ion electrospray (ESI+). The 

mobile phase of Agilent QToF2 was a mixture of methanol (solvent A) and water (solvent B), 

both containing formic acid at 0.1%. Gradient elution was as follows: 10:90 (A/B) to 90:10 (A/B) 

over 2.5 min, 90:10 (A/B) for 1 min, and then reversion back to 10:90 (A/B) over 0.3 min, finally 

10:90 (A/B) for 0.2 min. The mobile phase of Waters Xevo was a mixture of methanol (solvent 

A) and water (solvent B), both containing formic acid at 0.1%. Gradient elution was as follows: 

10:90 (A/B) to 90:10 (A/B) over 3 min, 90:10 (A/B) for 0.5 min, and then reversion back to 

10:90 (A/B) over 0.3 min, finally 10:90 (A/B) for 0.2 min. Compound purity was assessed by 

UV absorbance at 254 nm. 

 

3-Chloro-6-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridine 1 

2-(2,3-Dihydro-1,4-benzodioxin-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (250 mg, 0.95 

mmol), 6-bromo-3-chloro-2-methoxypyridine (233 mg, 1.05 mmol) and potassium carbonate 

(264 mg, 1.91 mmol) were added to a solution of 1,4-dioxane (5.8 ml) and water (0.58 ml) with 

N2 protection in a 5 ml microwave vial. Tetrakis (triphenylphosphine) palladium (0) (56 mg, 

0.05 mmol) was added and purged for 5 min with N2. The reaction mixture was then sealed 

and heated for 2 hours at 110 °C. The reaction was concentrated under reduced pressure, re-

dissolved in EtOAc, washed with water (20 ml) and brine (20 ml). The organic phase was dried 

over MgSO4, purified by Biotage® silica chromatography (Sfär 10 g, EtOAc/cyclohexane 0-

40%, 2CV, gradient over 15 CV, 5 CV) and concentrated under reduced pressure to obtain 

the title compound (155 mg, 59%, 0.56 mmol). 1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 8.0 

Hz, 1H), 7.52 (dd, J = 7.0, 2.5 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 6.99 – 6.88 (m, 2H), 4.38 – 

4.26 (m, 4H), 4.09 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 158.6, 150.3, 144.1, 141.9, 138.2, 

128.0, 123.0, 121.2, 118.7, 118.1, 116.4, 64.5, 64.2, 54.2. MS (ESI+) m/z 278, 92% (M+H)+. 
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N-(4-(Aminomethyl)phenyl)-6-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-

3-amine 2 

To a solution of 3-chloro-6-(2,3-dihydro-1,4-benzodioxin-5-yl)-2-methoxy-pyridine (40 mg, 

0.14 mmol) in 1,4 dioxane (1.4 ml) was added 4-[(N-Boc)aminomethyl]aniline (32 mg, 0.14 

mmol), sodium tert-butoxide (21 mg, 0.22 mmol) and XPhos Pd(crotyl)Cl (9.7 mg, 0.014 

mmol). The reaction was degassed with N2 for 5 min, heated at 100 °C for 19 h and then 

cooled down to room temperature. 4 M HCl in dioxane (0.72 ml) was added to the reaction 

mixture and stirred at room temperature for 2.5 h. The mixture was loaded to SCX-2 2g 

column, washed with MeOH and eluted with 1M ammonia in MeOH. The elution was 

concentrated under reduced pressure, purified by reverse phase chromatography Snap C18 

ultra 12 g (0-100% MeOH in water, 0.1% formic acid, 2 CV, gradient over 15 CV, 5 CV) and 

re-concentrated under reduced pressure to obtain the title compound (30 mg, 57%, 0.08 

mmol). 1H NMR (500 MHz, CDCl3) δ 8.32 (s, 1H), 7.50 (dd, J = 7.7, 1.8 Hz, 1H), 7.42 (d, J = 

8.0 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.24 (s, 2H), 7.03 (d, J = 8.0 Hz, 2H), 6.89 (t, J = 7.9 

Hz, 1H), 6.83 (dd, J = 8.0, 1.8 Hz, 1H), 4.24 (s, 4H), 3.99 (s, 3H), 3.85 (s, 2H). MS (ESI+) 

m/z 364, 100% (M+H)+. 

 

1-(6-((4-((6-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-3-yl)amino)benzyl) 

amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfonatoindolin-2-

ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate 3 

Reaction carried out in a micro LC-MS vial with N-[4-(aminomethyl)phenyl]-6-(2,3-dihydro-1,4-
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benzodioxin-5-yl)-2-methoxy-pyridin-3-amine (0.70 mg, 0.0019 mmol). Sodium 1-(6-((2,5-

dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-

sulfonatoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (1.00 mg, 0.0013 

mmol) dissolved using 200 ul of a triethylamine (20 ul) in DMF (300 ul) was added. The 

reaction mixture was dissolved on vortex shaker, shielded from artificial light and stood for 16 

hours. The title compound was detected by LC-MS. MS (ESI+) m/z 1010, 48% (M+H)+. The 

mixture was then loaded onto standard 5 ml/min lipophilic HPLC semi-prep set to collect all. 

Artificial lights were turned off as best as possible and evaporation bath was covered with foil. 

Desired fractions were combined and concentrated under reduced pressure. No UV/MS peak 

of objective compound was observed in any HPLC fractions. 

 

Tert-Butyl (3-((6-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-3-yl)amino) 

benzyl)carbamate 4 

To a solution of 3-chloro-6-(2,3-dihydro-1,4-benzodioxin-5-yl)-2-methoxy-pyridine (112 mg, 

0.40 mmol) in 1,4 dioxane (5.0 ml) was added tert-butyl 3-aminobenzylcarbamate (99 mg, 

0.45 mmol) and sodium tert-butoxide (58 mg, 0.61 mmol). The reaction mixture was degassed 

with N2 for 5 min and heated at 100 °C for 4 h. The reaction mixture was diluted by EtOAc (10 

ml) and washed with brine (2 x 20 ml). The organic layer was dried over Na2SO4 and 

concentrated under reduced pressure. The mixture was purified by Biotage® normal phase 

chromatography (Sfär 10 g EtOAc/cyclohexane 0-30%, 2CV, gradient over 15 CV, 5 CV) and 

concentrated under reduced pressure to obtain the title compound (155 mg, 83%, 0.33 mmol). 

1H NMR (500 MHz, CDCl3) δ 7.53 (dd, J = 7.7, 1.7 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.32 – 7.23 

(m, 1H), 7.11 – 7.06 (m, 2H), 6.94 – 6.88 (m, 3H), 6.86 (dd, J = 8.0, 1.7 Hz, 1H), 4.32 (dddd, 

J = 10.1, 8.3, 5.0, 3.4 Hz, 7H), 4.12 (s, 3H), 1.47 (s, 9H). MS (ESI+) m/z 464, 100% (M+H)+. 
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N-(3-(Aminomethyl)phenyl)-6-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-

3-amine 5 

To a solution of tert-butyl N-[[3-[[6-(2,3-dihydro-1,4-benzodioxin-5-yl)-2-methoxy-3-

pyridyl]amino]phenyl]methyl]carbamate (40 mg, 0.09 mmol) in MeOH (0.43 ml) was added  

4M HCl in 1,4-dioxane (0.43 ml, 1.73 mmol). The mixture was stirred at room temperature for 

1.5 h, purified by SCX column (1 g) and concentrated under reduced pressure to obtain the 

title compound (23 mg, 74%, 0.06 mmol). 1H NMR NMR (500 MHz, CDCl3) δ 7.55 (dd, J = 7.7, 

1.7 Hz, 1H), 7.50 (s, 2H), 7.29 – 7.23 (m, 1H), 7.12 (d, J = 1.9 Hz, 1H), 7.06 (dd, J = 8.1, 2.2 

Hz, 1H), 6.97 – 6.89 (m, 2H), 6.85 (dd, J = 8.0, 1.8 Hz, 1H), 6.22 (s, 1H), 4.37 – 4.27 (m, 4H), 

4.08 (s, 3H), 3.85 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 152.6, 144.1, 144.0, 142.1, 141.5, 

141.3, 129.7, 129.0, 126.6, 122.6, 121.0, 120.6, 119.4, 118.2, 117.6, 117.3, 116.7, 64.5, 64.2, 

53.5, 46.3. MS (ESI+) m/z 364, 100% (M+H)+. 

 

1-(6-((3-((6-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-3-yl)amino)benzyl) 

amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-sulfonatoindolin-2-

ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate 6 

Reaction carried out in a micro LC-MS vial with N-[3-(aminomethyl)phenyl]-6-(2,3-dihydro-1,4-

benzodioxin-5-yl)-2-methoxy-pyridin-3-amine (0.65 mg, 0.0018 mmol). Sodium 1-(6-((2,5-

dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-

sulfonatoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (1.00 mg, 0.0013 
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mmol) dissolved using 200 ul of a triethylamine (20 ul) in DMF (300 ul) was added. The 

reaction mixture was dissolved on vortex shaker, shielded from artificial light and stood for 17 

hours. The title compound was detected by LC-MS. MS (ESI+) m/z 988, 72% (M+H)+. The 

mixture was then loaded onto HPLC semi-prep set to collect all. Artificial lights were turned off 

as best as possible and evaporation bath was covered with foil. Desired fractions were 

combined and concentrated under reduced pressure. No UV/MS peak of objective compound 

was observed in any HPLC fractions.  

 

The reaction was improved and conducted by Dr. John Caldwell. Sodium 1-(6-((2,5-

dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-5-

sulfonatoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (1.07 mg) was 

added to a brown glass LC-MS vial. N-[3-(aminomethyl)phenyl]-6-(2,3-dihydro-1,4-

benzodioxin-5-yl)-2-methoxy-pyridin-3-amine (0.77 mg, 0.0021 mmol), DMF (26.25 uL, 0.05 

M) and triethylamine (0.96 uL, 0.007 mmol) were added to the vial separately. The reaction 

mixture was stirred on vortex shaker, shielded from artificial light and stood for 19 h. The 

reaction mixture was dilute with a further 170 uL of DMF and purified through column Biotage® 

Sfär C18 6 g (0-100% MeOH in water, 0.1% formic, 2 CV, gradient over 20 CV, 5 CV), loading 

with 0.4 mL of DMSO. The desired fractions were dissolved in methanol and purified through 

a 500 mg SCX-2 column with methanol to give the title compound (1.09 mg, 79%, 0.0011 

mmol). MS (ESI+) m/z 988, 100% (M+H)+. 

 

N-(4-(2-Aminoethyl)phenyl)-6-(2,3-dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-

3-amine 7 

To a solution of 3-chloro-6-(2,3-dihydro-1,4-benzodioxin-5-yl)-2-methoxy-pyridine (48 mg, 

0.17 mmol) in 1,4 dioxane (2.2 mL) was added tert-butyl N-[2-(4-aminophenyl)ethyl]carbamate 

(45 mg, 0.19 mmol) and Sodium tert-butoxide (25 mg, 0.26 mmol) . The reaction mixture was 

degassed with N2 for 5 min, heated at 100 °C for 3.5h. The reaction mixture was diluted by 

EtOAc (10 ml) and washed with brine (2 x 20 ml). The organic layer was dried with Na2SO4 

and concentrated under reduced pressure. The crude product was purified by Biotage® 

normal phase chromatography (Sfär 10 g Ethyl acetate/cyclohexane 0-30%, 2CV, gradient 

over 15 CV, 5 CV) and concentrated to obtain the title compound (57 mg, 88%, 0.15 mmol). 
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1H NMR (600 MHz, CDCl3) δ 7.53 (dd, J = 7.8, 1.7 Hz, 1H), 7.48 – 7.40 (m, 2H), 7.16 – 7.09 

(m, 4H), 6.92 (t, J = 7.9 Hz, 1H), 6.84 (dd, J = 8.0, 1.7 Hz, 1H), 6.13 (s, 1H), 4.30 (ddt, J = 8.7, 

7.0, 2.5 Hz, 4H), 4.08 (s, 3H), 2.98 (t, J = 7.0 Hz, 2H), 2.74 (t, J = 6.9 Hz, 2H). 13C NMR (151 

MHz, CDCl3) δ 152.4, 144.0, 141.5, 140.8, 139.9, 133.3, 129.9, 129.1, 127.2, 122.6, 121.1, 

119.6, 119.5, 118.6, 118.2, 116.7, 77.4, 77.2, 76.9, 64.5, 64.2, 53.5, 43.6, 39.0. MS (ESI+) m/z 

378, 100% (M+H)+. 

 

N-(4-((6-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-3-

yl)amino)phenethyl)acetamide 8 

Reaction carried out in a micro LC-MS vial with N-[4-(2-aminoethyl)phenyl]-6-(2,3-dihydro-1,4-

benzodioxin-5-yl)-2-methoxy-pyridin-3-amine (1.0 mg, 0.0026 mmol) and 2,5-Dioxopyrrolidin-

1-yl acetate ( 0.54 mg, 0.0034 mmol) dissolved using 200 ul of a triethylamine (20 ul) in DMF 

(300 ul). The vial was stood for 5 days. The mixture was then loaded onto HPLC semi-prep 

set to collect all. Artificial lights were turned off as best as possible and evaporation bath was 

covered with foil. Desired fractions were combined and concentrated under reduced pressure 

to obtain the title compound. MS (ESI+) m/z 420, 100% (M+H)+. 

 

1-(6-((4-((6-(2,3-Dihydrobenzo[b][1,4]dioxin-5-yl)-2-methoxypyridin-3-

yl)amino)phenethyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-

5-sulfonatoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate 9 
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Reaction carried out in a micro LC-MS vial. N-[4-(2-aminoethyl)phenyl]-6-(2,3-dihydro-1,4-

benzodioxin-5-yl)-2-methoxy-pyridin-3-amine ( 0.64 mg, 0.0017 mmol) in vial. Add sodium 1-

(6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)-3,3-dimethyl-2-((1E,3E)-5-((E)-1,3,3-trimethyl-

5-sulfonatoindolin-2-ylidene)penta-1,3-dien-1-yl)-3H-indol-1-ium-5-sulfonate (1.00 mg, 

0.0013 mmol) dissolved using 200 uL of a 20 uL triethylamine in 300 uL of DMF. Dissolve on 

vortex shaker, shield from artificial light and stand deep blue solution for 41 hours. 

XV22_00131 showed peak at 1.49 min, 1002 mass ion. Load onto standard 5 mL/minlipo 

HPLC semiprep set to collect all (0.5 min fractions). Turn artificial lights off on sample 

collection and injection wells. The sample was injected in HPLC with 2 x extended gradient 

elution (40% to 100% MeOH) and 2 x washing (100% MeOH). Desired fractions were 

combined, concentrated to obtain the title compound (1.24 mg, 94%, 0.0012 mmol). 1H NMR 

(600 MHz, MeOD) δ 8.24 (td, J = 13.1, 3.8 Hz, 2H), 7.91 – 7.85 (m, 4H), 7.49 – 7.40 (m, 3H), 

7.28 (dd, J = 13.9, 8.5 Hz, 2H), 7.18 – 7.09 (m, 4H), 6.83 (t, J = 7.9 Hz, 1H), 6.76 (dd, J = 8.0, 

1.7 Hz, 1H), 6.57 (t, J = 12.4 Hz, 1H), 6.25 (d, J = 13.7 Hz, 1H), 6.19 (d, J = 13.7 Hz, 1H), 4.26 

(s, 4H), 4.04 (t, J = 7.5 Hz, 2H), 3.99 (s, 3H), 3.55 (s, 3H), 3.42 (t, J = 7.1 Hz, 2H), 2.74 (t, J = 

7.1 Hz, 2H), 2.17 (t, J = 7.1 Hz, 2H), 1.76 (p, J = 7.7 Hz, 2H), 1.71 (d, J = 3.3 Hz, 12H), 1.64 

(p, J = 7.2 Hz, 2H), 1.47 – 1.30 (m, 2H). 13C NMR (151 MHz, MeOD) δ 176.0, 175.7, 175.2, 

173.0, 156.2, 153.9, 145.5, 145.4, 144.8, 143.5, 142.6, 142.5, 142.2, 141.8, 133.5, 130.8, 

130.0, 128.4, 128.1, 127.7, 123.3, 121.6, 121.4, 121.2, 120.1, 120.0, 119.1, 117.5, 111.6, 

111.4, 105.3, 105.1, 65.6, 65.3, 61.5, 53.8, 50.6, 45.0, 41.7, 36.7, 35.9, 30.8, 28.1, 27.8, 27.7, 

27.1, 26.4, 20.9, 14.5. MS (ESI+) m/z 1002, 100% (M+H)+. 

 

Expression and purification of RAS proteins 

DNA fragments of corresponding RAS were inserted into pRK172-His-TEV-Avi vector to make 

expression vectors. The plasmids were transformed into E. coli C41(DE3). Bacterial cells were 

cultured at 37 °C to an OD600 of 0.5 and induced with 0.5 mM IPTG (isopropyl 1-thio-beta-D-

galactopyranoside) at 16 °C, 225 rpm overnight. The bacteria cultures were harvested by 

centrifugation at 4000 rpm for 20 min and the cell pellets were re-suspended in lithium borate 

(LB) buffer. The proteins were extracted by cell disruptor (Constant Systems Ltd., UK) at 

25,000 psi at 4 °C and resuspended in Buffer A (50 mM HEPES, pH 7.4, 500 mM NaCl, 5% 

glycerol, 20 mM imidazole) with protease inhibitor (Sigma, P8340) and kept on ice. The 

proteins were purified using His-Trap Ni-affinity columns (GE Healthcare, 17-5248-02) 

employing gradient elution (20-300 mM imidazole) and concentrated using pro affinity 

concentrator (Amicon). The proteins were further purified by size exclusion chromatography 

on a HiLoad Superdex-75 HR column (GE Healthcare) in PBS, pH 7.4, 5 mM MgCl2 and 

reconcentrated for storage at -80 °C.  



40 
 

 

GTP Loading 

The RAS proteins were concentrated/diluted to approximately 2 mg/ml. RAS protein solution 

(500 ul, 2 mg/ml), GppNHp (7.5 ul, 100 mM), 10x alkaline phosphatase buffer (100 ul), water 

(up to 1ml) and Alkaline phosphatase (1 ul, 30 U/ml) were added in 1ml Eppendorf. The 

mixture was incubated at room temperature for 2 h and inactivated by adding 50ul of 1M MgCl2. 

 

Biotinylation 

The solution of RAS proteins (1 ml) were incubated with 10ul BirA (7.5 mg/ml), MgCl2 (5 ul, 

1M), biotin (10 ul, 50 mM in DMSO) and ATP (20 ul, 100 mM) at 4 °C overnight. Biotinylation 

of RAS proteins was determined by adding 5 ul streptavidin agarose pre-washed with PBS, 

pH 7.4, 5 mM MgCl2 to 30 ul RAS solution. The mixture was incubated at room temperature 

for 30 min with slow rotation and centrifuged at 4000 rpm for 1 min. The samples of the flow 

through and beads were analysed by Coomassie blue staining of SDS-PAGE. 

 

Western blot 

95ul of Milli-Q water and add 25ul of 5x loading buffer (each 10 ml contained: 1.75 ml of 0.5 

M Tris-Cl pH 6.8, 4.5 ml glycerol, 0.5 g SDS, 25 mg bromophenol blue, 1.25 ml BME) were 

added to 5ul of RAS solutions (1 mg/ml). The samples were heated at 95 °C for 6 minutes and 

fractionated on 15% SDS-PAGE. The gel underwent electrophoresis at 140V for 90 min and 

transferred to polyvinylidene fluoride (PVDF) membrane (GE Healthcare). The membrane was 

blocked with 10% non-fat milk (Sigma) in TBS-0.1% Tween20 and incubated overnight at 4°C.  

The membrane was incubated for 1.5 h at room temperature with appropriate primary and 

secondary antibodies separately. Primary antibodies included anti-His-HRP (1/2000, Sigma, 

A7058), anti-pan-RAS (1/200, Millipore, OP40), anti-HRAS (1/500, Proteintech, 18295–1-AP), 

anti-KRAS (1/100, Santa Cruz Biotechnologies, sc-30) and anti-NRAS (1/100, Santa Cruz 

Biotechnologies, sc-31). Secondary antibodies included anti-mouse-HRP (CST, 7076), anti-

goat-HRP (Santa Cruz Biotechnologies, 2354) and anti-rabbit-HRP (CST, 7074). The 

membranes were washed with TBS-0.1% Tween for 1 h and visualized using Clarity Western 

ECL Substrate (Bio-Rad) and ChemiDoc XRS+ imaging system (Bio-Rad). 

 

FP assay 

Unless otherwise stated the aqueous assay buffer contained 0.02 M HEPES pH 7.8 0.15 M 

NaCl, 0.5 mM TCEP, 0.05% Tween-20. The assay was conducted using 384 well black Proxi 

plates (Perkin-Elmer) with a final assay volume of 10 ul. Plates were centrifuged at 1000 rpm 
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for 1 minute and incubated for 1h. Plates were read using a PHERAstar FSX Microplate 

Reader (BMG LABTECH) with FP optic module 590-50/675-50/675-50. Excitation and 

emission wavelengths used for green probes were 480 nm and 535 nm, respectively. 

Fluorescence polarization was measured in units of millipolarization (mP) and all experiments 

were performed in triplicate unless otherwise stated. 

 

Plate assay 

Wells of black 96-well maxisorp plate (Thermo Scientific™, 437111) were coated with 10ug/ml 

of His-TEV-Avi-HRAS-WT-FL protein (200 ul per well) at 4oC overnight. The plate was washed 

3 times with PBS containing 0.05% Tween-20 and each well was blocked with 250 ul 5% BSA 

in PBS for 4 h at R.T. The plate was then washed 2 times with PBS followed by addition of 

100 ul FP probe with different concentration to bind for 1 h at R.T. The plate wells were washed 

3 times with 300 ul PBS by multichannel pipette. The fluorescence was measured using a 

PHERAstar FSX Microplate Reader (BMG LABTECH). 200 ul of anti-pan-RAS (1/200, 

Millipore, OP40) (1:1000) was added to each well and incubated for 1h at R.T. The plate was 

washed by PBS with 0.05% Tween-20 and 250 ul of anti-rabbit-HRP (CST, 7074) (1:1000) 

was added to each well and incubated for 30min at R.T., followed by 3 times washing with 

PBS containing 0.05% Tween-20. 250ul of PBS was added to each well and the fluorescence 

was measured using a PHERAstar FSX Microplate Reader (BMG LABTECH). 

 

Pull-down assay with biotinylated Ch-3 

Mixture at molar ratio of 1 His-TEV-Avi-HRAS-WT-FL protein (0.1 mg/ml; 4.3 uM) : 25 one of 

non-biotinylated compounds (Ch-3, BI-2852 (Boehringer Ingelheim), glutathione) (107.5 uM) 

was incubated with increasing concentration (12.5, 25, 50, 100 times with His-TEV-Avi HRAS) 

of biotinylated Ch-3 and made to 50 ul of PBS, pH 7.4 individually at 4oC for 1 hour. The 

Pierce™ Streptavidin Magnetic Beads (Thermo Scientific™, 88816) were incubated with BSA 

(21.5 uM) at 4oC for 30 min. The beads were then washed 3 times with PBS and resuspended 

in PBS. 50 ul of beads was added to each sample with gentle agitation and incubated with the 

mixture at 4oC for 1h. The beads were separated from the solution by DynaMag™-2 Magnet 

(Thermo) and washed 2 times with PBS to remove excess unbound biotinylated Ch-3, followed 

by anti-His Western blot of beads and supernatant individually.  
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