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Abstract 

The epidermal growth factor receptor (EFGR) is one of the first and most extensively studied 

receptor tyrosine protein kinases and a validated drug target. Through protein 

phosphorylation, EGFR orchestrates several signaling pathways that regulate cell growth 

and proliferation, and aberrant EGFR signaling has been reported in numerous cancer types. 

Several FDA-approved drugs target the ATP site of EGFR, and new therapeutics are in 

development that target the signaling partners of oncogenic EGFR. However, resistance is a 

challenge to overcome, and other EGFR-associated signaling proteins have been shown to 

confer resistance. Chemical probes may aid the elucidation of EGFR signaling networks for 

finding improved combination therapies. Here we report the synthesis of first-generation 

biotinylated chemical probes 1a–1c targeting EGFR. These probes are based on the 4-

anilinoquinazoline core structure of gefitinib and erlotinib, two FDA-approved EGFR-

targeting drugs. The probes 1a–1c exhibit excellent binding affinities for EGFR (Kd = 23 – 

41 nM). These probes are expected to serve as the basis for future development of next-

generation multifunctional probes for understand endogenous EGFR signaling networks. 
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1. INTRODUCTION 

 

1.1 Protein kinases 

Protein kinases (PKs) are one of the largest protein families and in the human genome 

constitute about 2% of coded proteins.1 PKs catalyse the transfer of the γ-phosphate group 

of ATP to the hydroxyl group of a serine, threonine or tyrosine residue of the substrate 

protein. According to their specificity for the phosphorylation residue, PKs are classified 

into two main classes: serine/threonine protein kinases (STPKs) or tyrosine protein kinases 

(TPKs). The STPK family comprises 388 proteins, while the TPK family includes 90 

proteins.2 The addition of the highly charged phosphate group profoundly changes 

conformation, activity, protein-protein interactions, or the order/disorder state of the 

substrate protein.3, 4 Phosphorylation is acknowledged as the most abundant type of cellular 

post-translational modification (PTM), lying at the heart of signal transduction and 

regulating virtually every cellular process, such as growth, differentiation, survival, 

metabolism, membrane transport, motility, gene transcription and cell cycle progression 

among others.4, 5 Due to their critical role in cell signaling, the activity of PKs is tightly 

regulated through several mechanisms including gene transcription, PTMs, interaction with 

regulatory partners, cellular localization and protein degradation.6, 7  

 

The dynamic nature of PKs is a key factor behind their regulation. PKs adopt many different 

conformations between the active and inactive state, a term known as conformational 

plasticity.8-10 This dynamism is partly embedded in the structure of the kinase domain,11-13 

which consists of a small, mostly β-stranded N-terminal lobe and a large, α-helical C-

terminal lobe. These two lobes are connected by a hinge region that facilitates movement of 

the lobes relative to each other. The active conformation of the kinase may require PTM, 

such as phosphorylation, for accessibility.14  

 

The small molecule substrate, ATP, binds in a deep cleft between the two lobes making 

hydrogen bonds to the hinge region as well as hydrophobic and electrostatic interactions. 

Regulatory elements that define the active/inactive state of the kinase include a conserved 

catalytic lysine, the αC-helix, and a conserved glutamate contained in the αC-helix  from the 

N-lobe, as well as the activation loop and the conserved Asp-Phe-Gly (DFG) motif at the N-

terminus of the activation loop from the C-lobe (Fig. 1.1).3  In the active conformation, which 

is similar in most kinases, the aspartate from the DFG motif and the αC-helix are oriented 

into the catalytic site. This orientation allows the coordination of a Mg2+ ion and the 
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formation of a salt bridge between the catalytic lysine and the conserved glutamate from the 

αC-helix. These electrostatic interactions are required for the correct alignment of ATP and 

the protein substrate for phosphoryl transfer. Inactive conformations, with less chemical 

constraints required for catalysis, is more diverse among different PKs.8, 10 However, 

inactive conformations fall into two clusters, arising from the rotation of the αC-helix 

(Src/CDK-like inactive) or the DFG motif (DFG-out inactive) away from the active site.10 

The relative stability of the different conformational states of a PK changes in response to 

PTMs and binding of regulatory proteins, substrates and ligands. Thus, PKs are considered 

molecular switches in response to specific biological cues, which in turn are often initiated 

in response to an extracellular event.11 

   

 

 

 

 

 

 

 

 

Fig. 1.1 Schematic representation of PK in the active and some inactive conformation. 

   

1.1.1 Small-molecule protein kinase inhibitors 

Deregulation of PK activity is known to play a crucial role in the development of a number 

of diseases including cancer,15, 16 inflammatory diseases,17 CNS disorders18, 19 and 

cardiovascular disorders.20 For this reason, PKs are considered an important class of 

validated drug targets and subject of intense research.21-23 Although strategies such as 

monoclonal antibodies, protein products, vaccines and small interfering RNAs (RNAi’s) 

have been developed, most of the kinase inhibitors discovered to date are based on small 

molecules.24-27   

 

According to their binding mode, these small molecules inhibitors are grouped into two 

categories: irreversible and reversible.24, 28 Irreversible or covalent inhibitors possess a 

“warhead” that typically reacts with a nucleophilic cysteine residue proximal to the ATP site 

and thus impedes ATP binding.28 Reversible inhibitors are further classified into five 

categories: type I–V (Fig. 1.2).24, 29 Type I inhibitors are ATP-competitive and typically bind 
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to the active form of kinases with the DFG-in conformation. They frequently occupy the 

adenine pocket of the ATP site making one to three hydrogen bonds to residues in the hinge 

region. For these inhibitors, target selectivity is achieved by making use of a hydrophobic 

pocket adjacent to the ATP site that often shows structural variability among different 

PKs.29-31 The size and ease of access to this pocket is controlled by the so called “gatekeeper” 

residue near the hinge region.32 Type II inhibitors are also ATP-competitive, but bind to the 

kinase in the inactive DFG-out conformation. The outward displacement of the DFG motif 

allows for inhibitor access to extra hydrophobic (allosteric) pockets for binding.33, 34 Type 

III and IV inhibitors bind to an allosteric pocket either adjacent to (Type III) or remote from 

(Type IV) the ATP site.24, 35, 36 Some inhibitors, such as bisubstrate and bivalent inhibitors 

(Type V), exhibit more than one of these aforementioned binding modes.37  

 

 

 

 

 

 

 

 

 

Fig. 1.2 Types of small-molecule kinase inhibitors according to their binding mode.  

 

The approval of the first rationally developed small-molecule PK inhibitor, imatinib 

(Glivec®), by the FDA in 2001 marked a breakthrough in drug development and targeted 

therapy for PKs.38 Since this milestone event, the interest and progress in the development 

of PK inhibitors has increased considerably, making PK one of the most pursued family of 

drug targets, especially for cancer treatment.23, 25, 39 This tendency is reflected in the number 

small-molecule kinase inhibitors that have received FDA approval since 2001, which 

increased to 28 by April 2015 (Fig. 1.3), as well as numerous candidates currently in clinical 

trials.23, 25, 39, 40  

 

Several factors have contributed to the clinical success of small-molecule kinase inhibitors 

for cancer treatment.24 Many of these inhibitors have taken advantage on the fact that some 

cancer cells are highly dependent on the activity of a few mutated kinases in an early stage  
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Fig. 1.3 FDA-approved small-molecule kinase inhibitors (up to April 2015). 

BC, breast cancer; CLL, chronic lymphocytic leukaemia; CML, chronic myelogenous leukaemia; CRC, 

colorectal cancer; GIST, gastrointestinal stromal tumor; IMF, idiopathic myelofibrosis; IPF, idiopathic 

pulmonary fibrosis; MCL, mantle cell lymphoma; MTC, medullary thyroid cancer; NSCLC, non-small-cell 
lung cancer; PC, pancreatic cancer; RA, rheumatoid arthritis; RCC, renal cell cancer; TC, thyroid cancer. 

 

of the disease (oncogene addiction), which render them susceptible to the appropriate 

inhibitor.41, 42 However, a number of significant challenges remain to be addressed, such as 

the emergence of drug resistance, selectivity issues, limited understanding of the disease 

dependence  on  a  target  kinase,   as  well as  the  complex  chemistry  behind  how  signal 

transduction is reprogrammed in response to oncogenic events and in the presence of 

inhibitors.24, 27, 40  
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1.2 Epidermal growth factor receptor (EGFR) 

The epidermal growth factor receptor (EGFR) is one of the first and most extensively studied 

receptor tyrosine protein kinases (RTPKs) and a validated drug target.43-45  EGFR is 

expressed in tissues of epithelial, mesenchymal and neuronal origin, where it regulates 

cellular processes required for normal development and function. Aberrant EGFR activities, 

due to mutation, overexpression or autocrine ligand production, are associated with the 

development of numerous types of cancer.46-48    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Schematic representation of the domain structure of the ErbB family proteins. 

 

EGFR is one of the four members of the ErbB (from viral erythroblastoma gene) family of 

RTPKs, which includes EGFR itself (EGFR/ErbB1/HER1), ErbB2 (neu, HER2), ErbB3 

(HER3) and ErbB4 (HER4). The structure of ErbB proteins consist of approximately 1200 

residues distributed into an extracellular ligand binding domain, a single helix 

transmembrane domain, and an intracellular tyrosine kinase domain flanked by an 

intracellular juxtamembrane segment and C-terminal tail (Fig. 1.4). The extracellular domain 

contains four subdomains. Subdomains I and III are involved in ligand binding, while 

subdomains II and IV participate in dimer formation. In the kinase domain of ErbB3, two 

conserved residues involved in catalysis are mutated: the glutamate in the αC-helix involved 
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in ATP binding and an aspartate base thought to deprotonate the substrate hydroxyl group. 

Consequently, ErbB3 exhibits weak kinase activity and is generally considered a 

pseudokinase.49   

 

At least eleven different ligands are known to bind the ErbB receptors, and they are usually 

classified into three groups according to their specificity for the different ErbB members 

(Fig. 1.4).50, 51 The first group includes epidermal growth factor (EGF), transforming growth 

factor α (TGF-α), amphiregulin (AR) and epigen (EGN), all of which bind exclusively to 

EGFR. The second group binds to either EGFR or ErbB4, including betacellulin (BTC), 

epiregulin (EPR) and heparin-binding EGF-like growth factor (HB-EGF). The last group 

consists of the neuregulins (NRGs), which bind to ErbB3 and ErbB4. All these ligands 

contain an EGF-like domain responsible for receptor binding, and they are produced as 

membrane-bound precursor proteins that are cleaved to yield active growth factors. No 

known ligands have been identified to bind to the extracellular domain of ErbB2.  

 

A general paradigm for RTPK activation involves ligand binding first, followed by receptor 

dimerization or reorganization of constitutive dimers.43, 52-54 However, in the absence of 

structural information, a precise mechanism for EGFR activation remained a mystery for 

many years. Even though a complete picture of endogenous EGFR function in its natural 

context is still absent, much structural and functional understanding of its activation has 

accumulated in the last 13 years.7, 55-57  

 

In the absence of ligand, EGFR is largely monomeric and inactive (Fig. 1.5). The 

extracellular domain presents a tethered conformation which buries a dimerization arm in 

subdomain II and dimerization interfaces in subdomain IV through intramolecular 

interactions.58, 59 A similar set of domain interactions is seen in ErbB3 and ErbB4,60, 61 but 

ErbB2 is locked in a conformation that prevents its homo-dimerization such that ErbB2 

becomes the preferred hetero-dimerization partner for the other ErbB members.62  

 

The kinase domain of EGFR presents a Src/CDK like inactive conformation63 and is docked 

against the membrane through electrostatic interactions, which obstructs its active site.64, 65 

A helical segment at the N-terminus of the intracellular juxtamembrane is also docked 

against the membrane through hydrophobic interactions.64, 65 Ligand binding to subdomains 

I and III draw these subdomains together,66, 67 extending the extracellular domain into a 

conformation that exposes the dimerization interfaces in subdomains II and IV required for 
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dimerization (Fig. 1.5).59, 68 Dimerization of the extracellular domains II and IV brings the 

two transmembrane domains into close proximity. This conformation facilitates the 

association of the transmembrane domains through N-terminal GxxxG like motifs, which 

are classical transmembrane dimerization motifs.64, 65 The transmembrane domain dimer of 

EGFR in turn facilitates the dissociation of the juxtamembrane and the kinase domain from 

the membrane.64, 69 Free from membrane retention, the kinase domains form an asymmetric 

dimer, in which the C-lobe of the activator kinase docks onto the N-lobe of the receiver 

kinase through hydrophobic interactions and promotes a conformational change in the C-

helix and activation loop of the latter for catalytic activation.63 Formation of this asymmetric 

dimer is also necessary for the activation of the other ErbB homo- and heterodimers,70, 71 

except for ErbB3 that can only take the activator position.71  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5 Schematic model of ligand-induced activation of ErbB proteins. 

 

The asymmetric EGFR kinase domain dimer is stabilized by the juxtamembrane in two 

different ways: (1) the C-terminal segment of the juxtamembrane of the receiver latches the 

N-lobe of the receiver to the C-lobe of the activator through hydrogen bonds and 

hydrophobic contacts; (2) the helical N-terminal portion of the juxtamembrane in both 

kinases form an antiparallel dimer.72, 73 These interactions of the juxtamembrane segments 

are required for kinase activation,72, 74 and are in turn facilitated by the formation of the 

transmembrane dimer.64, 65 The C-terminal tail is also known to have a regulatory role in the 

activation of EGFR, but a clear mechanism is not achieved yet.75, 76 In summary, the kinase 
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activity of EGFR is highly dependent not only on the overall conformation of all its structural 

components, but also on its protein partners. EGFR constructs used in vitro may present a 

different catalytic profile compared to their endogenous homologs. The complexity behind 

EGFR activity regulation in vivo remains a challenge in developing EGFR-based 

therapeutics.77-79         

 

Upon orchestration of all conformational changes described above, the activated ErbB 

kinase phosphorylates specific tyrosine residues in the C-tail of both receptors. Some 

tyrosine residues in the kinase domain can also be phosphorylated by cytoplasmic non-

receptor tyrosine kinases (NRTKs). Phosphotyrosines serve as docking sites for the 

recruitment of a number of signaling molecules containing the Src homology 2 domain 

(SH2) or phosphotyrosine binding (PTB) domain, whose modular nature mediate 

interactions with other proteins, phospholipids or nucleic acids and allows the assembly of 

signaling complexes.53, 80, 81 The recruited proteins include adaptors, such as Shc and Grb2; 

transcription factors (STAT1/5); and a variety of enzymes including kinases (PI3K, Src, 

Abl), phosphatases (SHP1/2), ubiquitin ligases (Cbl) and phospholipases (PLC-γ), among 

others. The different ErbB receptors present different patterns of interaction partners, and 

some of the most common ErbB partner proteins are shown in Fig. 1.6.82 83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Major signaling proteins recruited and signaling pathways activated by ErbBs. 
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The signaling pathways triggered by the recruitment of signaling proteins to ErbB receptors 

are common to other RTPK, and eventually lead to a modification in the transcriptional 

activity of the cell resulting in proliferation, differentiation, apoptosis or survival (Fig. 

1.6).53, 84, 85  One of the most extensively studied ErbB signalling conduits is the MAPK 

pathway, in which the recruitment of adaptor proteins in the proximity of the membrane 

activates the small G-protein RAS through the guanine exchange factor SOS. RAS activates 

a kinase cascade in which RAF activates MEK1, which in turn activates ERK1/2. ERK1/2 

is then translocated to the nucleus and regulates transcription factors leading to proliferation 

or differentiation. The PI3K/AKT pathway is another prominent conduit activated by ErbBs. 

The recruitment of PI3K by ErbB receptors activates its enzymatic activity, producing the 

phosphoinositide PIP3. This in turn allows AKT and PDK1 to translocate to the membrane, 

where AKT is activated by interactions with other proteins. AKT finally activates 

downstream proapoptotic proteins and transcription factors leading to survival and 

proliferation. Other major pathways activated involved in ErbB signaling also include the 

PCL-γ and the JAK/STAT pathways that impact on phospholipid metabolism and gene 

transcription. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 Schematic representation of the ErbB signaling network. 

 

Far from being linear, the EGFR/ErbB signaling pathway comprises a highly complex 

multilayered signaling network of at least 211 reactions involving 322 components (Fig. 

1.7).86, 87 From a systems perspective, the EGFR network has a characteristic bow-tie or 

hourglass architecture in which diverse input and output signals are connected through a core 

process of relatively limited, highly redundant and interconnected set of biochemical 

interactions that define the basic processing modules.88 Numerous positive and negative 
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feedback loops exist both within and between the different levels of the network, which 

regulate the amplitude, kinetics and frequency of signals that allow the correct processing of 

information and impart precision, robustness and versatility to the system.86, 89-91 These 

feedback loops can be activated immediately after receptor activation or later in the signal 

transduction. Early activated loops involve pre-existing components that regulate receptor 

degradation and PTMs. An important example of an early loop is the receptor endocytosis 

coupled to degradation, which is the most effective process for signal termination.92, 93  Upon 

activation EGFR is internalized into endosomes, where depending on several factors it is 

either recycled to the surface or ubiquitinated by the recruitment of Cbl for lysosomal 

degradation. An example of other early feedback loop is seen in the MAPK pathway, in 

which phosphorylation of RAF by its downstream partner ERK disrupts the RAS/RAF 

interaction, desensitizing it from further stimulation.94 On the other hand, the late group of 

feedback loops require the synthesis of new proteins, which can have either activating or 

inhibitory effects on signaling. The activation of the MAPK pathway, for example, can 

induce the production of the EGFR ligands TGF-α, HB-EGF and AR, inducing an autocrine 

loop.95 Some newly synthesized proteins that negatively regulate EGFR signaling include 

SPRY, LRIG1 and MIG-6 (RALT), which attenuate the signal through distinct mechanisms 

involving, for example, inhibition of signaling enzymes or enhanced receptor degradation.96-

99  

 

The final output triggered by EGFR activation is highly context dependent and controlled 

by numerous factors such as the nature of the ligand, composition of the receptor dimer, 

recruited protein partners, and expression levels of ligands, receptors and signaling 

proteins.100 However, the true heart of signaling specificity seems to lie on the dynamic 

organization in space and time of the multiple regulatory elements and mechanisms of the 

signaling network.101, 102 For example, stimulation of rat pheochromocytoma PC-12 cells 

with EGF induces transient activation of ERK in the MAPK pathway that limits the signal 

duration and leads to proliferation. Exposure of the same cells to nerve growth factor (NGF) 

promotes a sustained activation that prolongs signal duration and leads to differentiation.103 

Several factors contribute to these differences in time, including positive/negative feedback 

loops, ERK localization and compartmentalization, phosphorylation of transcription factors 

and crosstalk with the PI3K/AKT pathway.104, 105  

 

The etiology of a number of cancers can be traced back to the manipulation of the different 

components of the ErbB network, which are then able to bypass or modify the normal 
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regulatory processes and rewire the signaling network to sustain the malignancy.106, 107 For 

example, mutant forms of EGFR in lung cancer are constitutively activated in a ligand-

independent manner and have been associated with enhanced kinase activity, increased cell 

survival, and impairment of downregulation compared to their wild type homologs.108-110  

The robustness of the network can also be harnessed to produce drug resistance, as the 

inhibition of an element of the system can release upstream elements from negative feedback 

regulation and thus reactivate the signal or activate alternative signaling pathways.111  

 

The increasing understanding of the importance of signaling networks, such as the one 

centred around EGFR, has prompted a shift in the paradigm of drug development from the 

classical, single-target approach to a network-based approach, known as network 

pharmacology.112 Aiming to understand the specific mechanisms or perturbations in the 

network of a particular disease (network rewiring), this new paradigm seems promising for 

facilitating the identification of new drug targets, predicting drug sensitivity, and reducing 

drug resistance and side effects.113, 114 However, the elucidation of these signaling networks 

is a complex challenge that requires a multidisciplinary approach and relies on the 

development of novel molecular tools, many of which are derived from EGFR inhibitors as 

discussed below. 

 

1.2.1 EGFR inhibitors 

EGFR inhibitors with the highest potency and selectivity known to date are based on the 4-

anilinoquinazoline scaffold (indicated in blue in Fig. 1.8).115, 116 From the structure-activity 

relationship (SAR) studies it is known that electron-donating substituents at position C6 and 

C7 of the quinazoline and a small lipophilic electron-withdrawing substituent at the meta 

position of the aniline are required to modulate binding affinity.117, 118 Crystal structures 

show that these inhibitors bind to the active kinase domain of EGFR with a DFG-in 

conformation (Type I).119-122 In general, the nitrogen at position N1 of the quinazoline forms 

a hydrogen bond the backbone of Met793 in the hinge region and the substituents at C6 and 

C7 are directed towards the solvent-exposed region, while the anilino group is directed to a 

hydrophobic pocket in the gatekeeper region.  

 

Gefitinib and erlotinib, the first EGFR inhibitors to receive FDA approval, are currently 

approved for the treatment of non-small cell lung cancer (NSCLC) harboring EGFR with 

exon 19 deletions or exon 21 (L858R) mutations. Lapatinib, which has a dual activity against 

EGFR and ErbB2, is approved for the treatment of breast cancer overexpressing ErbB2. The 
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sensitivity of NSCLC cells with mutant forms of EGFR to these first generation inhibitors 

has been attributed to a higher affinity for the inhibitors and lower affinity for ATP compared 

to wild type EGFR,123 as well as oncogenic addiction to the mutant forms.124 However, the 

clinical efficacy of tyrosine kinase inhibitors (TKI) in general is limited by resistance, which 

may be intrinsically present (de novo or primary resistance) or developed after initial 

successful treatment (acquired resistance). Several mechanisms underlying resistance to 

EGFR inhibitors and other TKI have been identified.78, 125 Most of the cases with resistance 

to EGFR inhibitors fall into one of two categories: secondary mutations in EGFR or bypass 

of EGFR control/dependence.  

 

 

Fig. 1.8 EGFR inhibitors based on the 4-anilinoquinazoline core (shown in blue).  

 

Approximately 50% of the cases of acquired resistance to gefitinib or erlotinib in NSCLC 

arises from a second mutation in the gatekeeper residue (T790M), which restores the 

mutant’s affinity for ATP.126-129  In an effort to overcome this resistance mechanism, second-

generation irreversible inhibitors based on the same 4-anilinoquinazoline scaffold, such as 

afatinib, canertinib and dacomitinib,  have been developed (Fig. 1.8).130 Although some of 

these inhibitors retain the capacity to inhibit this resistant mutant form, they do so at  

concentrations too prohibitively high for clinical use.131 Afatinib is currently approved for 

the treatment of NSCLC wild type (WT) EGFR resistance.132 Third generation inhibitors are 

being developed to target specifically the resistant T790M EGFR while sparing WT EGFR, 

and some of them are currently under clinical trials.133       
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Other resistance mechanisms arise from the (re)activation or maintenance of signaling 

pathways downstream of EGFR despite adequate inhibition of the latter, which has been 

termed bypass resistance or kinome reprogramming.134 In these cases, the redundant and 

robust characteristics of the EGFR signaling network allows the activation of signaling 

pathways in several ways. The reprogramming includes mutations of downstream signaling 

proteins, use of other RTPKs and disruption of negative feedback loops. One of the first 

cases of this reprogramming was identified in resistant cases of NSCLC with amplification 

of the gene encoding for the RTPK hepatocyte growth factor receptor (MET).135, 136 In these 

cases, MET promoted resistance by restoring the PI3K/AKT pathway, which in some cell 

lines required ErbB3.  Further studies demonstrated that activation of MET by its ligand, 

hepatocyte growth factor (HGF), renders NSCLC cells resistant to EGFR inhibition albeit 

through an ErbB3 independent activation of the PI3K/AKT pathway.137, 138 In both cases, 

the combination of EGFR and MET inhibitors was effective in blocking downstream 

signaling and induced marked tumor regression. 

 

In a similar way, other RTPKs including ErbB2,139 IGF-1140, 141 and AXL142, 143 have been 

shown to mediate bypass resistance to EGFR inhibitors in several types of cancer, and 

inhibition of these RTPKs usually restores sensitivity to EGFR inhibitors.  In a different 

bypass mechanism, the overexpression or mutation of a component of a pathway 

downstream to EGFR may reduce the dependence of this pathway on EGFR. Several 

signaling proteins including PIK3CA, PTEN, KRAS, BRAF and MEK have been shown to 

be mutated or overexpressed in cancers resistant to EGFR inhibition.144-148  In yet another 

bypass mechanism, EGFR may be activated in response to the inhibition of downstream 

signaling proteins as a consequence of disruption in a negative feedback loop. For example, 

in some colorectal cancers, inhibition of BRAF was shown to be ineffective for blocking the 

MAPK pathway due to the activation of EGFR.149, 150 Combining BRAF and EGFR 

inhibitors blocked the reactivation of the MAPK pathway and resulted in regression. These 

examples of bypass mechanism of resistance highlight the potential of combination therapies 

in reducing escape routes from EGFR inhibition, as well as the need of understanding the 

changes in the signaling network in response to a specific therapeutic approach. As discussed 

next, the use of small-molecule probes combined with mass spectrometry is a valuable tool 

for the elucidation of these adaptive changes, leading to the identification of potential targets 

and optimal target combination.   
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1.3 Chemical probes 

Chemical probes are small molecules designed to modulate the function of a 

biomacromolecule (often a protein) for interrogating the role of that target in a specific 

biological system or context.151 This chemical approach is complementary to biological tools 

(such as RNA interference), as the rapid and conditional perturbation of individual functions 

of a protein, rather than its complete knockout, allows for temporal control and 

differentiation between scaffold and catalytic effects.152, 153 Chemical probes have been 

successfully applied in target validation and drug discovery,154 elucidation of signaling 

pathways,155 bioimaging,156 and have in general led to advances in our understanding of 

diverse aspects of biology.155  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.9 General structure of a chemical probe and some typical components. 

 

The architecture of a chemical probe usually consist of three components: a binding group, 

a linker and a tag or reporter group (Fig. 1.9). The binding group mediates the interactions 

between the probe and the desired target, and therefore it should possess high potency and 

selectivity for the desired target. In many cases, this selectivity may be achieved by targeting 

conserved or specific structural or mechanistic features in the active site of enzymes.157 The 

binding group may also be accompanied by a reactive group capable of covalently modifying 

the target, which usually consists of an electrophilic warhead or a photo-reactive moiety. If 

the binding of the probe requires the interaction of a residue that is essential for enzymatic 

activity (such as serine and cysteines in some proteases), it is referred to as an “activity 
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based” probe (ABP), otherwise it is termed an “affinity based” (AfBP) probe.158 The main 

function of the linker is to provide enough space between the binding group and the tag to 

minimize disruption of interactions with the target. The linker usually consists of an alkyl or 

polyethylene glycol (PEG) chain.159 An alkyl linker enhances the hydrophobic character and 

facilitates cell membrane permeation, while the more hydrophilic component of a PEG linker 

increases the solubility of the probe in water. Several other strategies can also be adopted for 

the linker region, such as the use of peptides or cleavable linkers.160 The tag group allows 

the manipulation and characterization of the target protein. Some commonly used tags 

include radioisotopes, affinity tags (biotin or short peptides), fluorophores (fluorescein, 

rhodamine or BODIPY), and handles for biorthogonal or click chemistry (azides or alkynes), 

each of which present different scopes and limitations.161   

 

The comprehensive characterization of chemical probes is essential to assure that the tools 

selected for a specific experimental system are adequate for the target.  In an effort to 

standardize criteria for proper selection and use, some guidelines or principles on what 

defines high-quality chemical probes have been proposed.151, 162-164 These guidelines 

highlight the importance of a high potency (< 100 nM in an in vitro biochemical assay or < 

1–10 μM in a cell-based assay) and selectivity (>10–100 fold over related targets), well-

defined chemical structure and properties, well-defined mechanism of action and the context 

in which the probe is used. It is important to stress that these principles are not strict rules to 

discard any probes that do not meet these criteria. In fact, only very few reported kinase 

inhibitors fully fulfil these parameters165 and a strict adherence to these stringent 

requirements would certainly overlook many compounds with therapeutic potential.166 In 

many cases, the seminal identification of a low-quality probe for a new target may render 

useful information and lead to the development of new probes with improved features. For 

example, staurosporine is generally non-selective against PKs but has inspired the discovery 

of other probes, such as the staurosporine analogue UCN-01, for elucidating the role of the 

cell cycle regulator kinase CHK1. This in turn promoted the development of more selective 

inhibitors that moved onto clinical trials.163 The anilino-pyrimidine scaffold, as another 

example, led to the discovery of imatinib, the first FDA-approved kinase inhibitor.38  

 

1.3.1 Chemical probes for PKs 

Several chemical probes for kinases have been developed taking advantage of the optimized 

small molecules that have moved into clinical applications, such as imatinib and dasatinib 

among others (Fig. 1.10).167-170  In combination with other techniques such as mass 
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spectrometry, these probes have been applied for the enrichment, isolation, and identification 

of PKs, which have allowed the determination of selectivity profiles, identification of new 

targets, and elucidation of signaling events and networks in specific contexts.171 For 

example, Yao and coworkers developed a cell-permeable photoaffinity probe based on 

dasatinib (a dual Src/Abl inhibitor) and a click handle (Fig. 1.10). 168 Using this probe in 

K562 and HepG2 cancer live cells and cell lysates, a total of 84 off-target proteins were 

identified. From these proteins, 6 STPKs were identified as dasatinib targets for the first time 

and validated by pull-down /immunoblotting experiments, as well as by kinase inhibition 

assays. This probe was also shown to be a suitable imaging probe to detect endogenous 

cellular activities of c-Src and other “dasatinib-responsive” proteins.  

 

 

Fig. 1.10 Structure of selected chemical probes for protein kinases. 

(Blue: binding group; green: reporter group; red: photo-reactive cross-linker) 

 

 

1.3.2 Chemical probes for EGFR 

Several chemical probes for EGFR based on 4-anilinoquinazolines have been reported (Fig. 

1.11).172-175 Shreder and collaborators reported the synthesis of a photoaffinity probe for 

EGFR bearing a TAMRA fluorophore.172 Competition assays with known EGFR inhibitors 

demonstrated the utility of this probe for determining IC50 values of inhibitors against EGFR. 

Yao 2012 
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Shokat and collaborators functionalized a 6-acrylamido-4-anilinoquinazoline scaffold by 

tethering a fluorogenic nitrobenzoxadiazole (NBD) at the C7 position through a PEG 

linker.174 Using a competition binding assay with an analogous inhibitor, they were able to 

measure the fraction of EGFR active site available for signaling after inhibitor treatment, 

and correlated this fraction to downstream signaling events. Using the same probe, they 

compared the EGFR kinase-site occupancy in glioma and NSCLC cells upon erlotinib 

treatment.176 They also showed that rapid release of erlotinib from glioma cells underlies the 

inefficacy of the drug in this type of cancer, and proposed the use of kinase-site occupancy 

might be used as a biomarker for efficacy of EGFR inhibitors.176 Cravatt and coworkers 

modified an irreversible EGFR inhibitor with an alkynyl group suitable to react with an 

azide-rhodamine reporter tag in a bioorthogonal click chemistry reaction.175 Combining this 

probe with quantitative MS, they were able to define a window of selectivity for irreversible 

kinase inhibitors, outside of which off-targeting and kinase-independent cytotoxicity was 

observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.11 Structures of representative EGFR chemical probes.  

 

1.4 Objectives 

The clinical success of EGFR-targeted therapy, in particular against NSCLC cancers, has 

prompted a quest to validate the therapeutic role of EGFR inhibition in other types of cancer. 

Learning from the vast body of information gained from investigations on EGFR resistance 

mechanisms, it is clear that this task will require the understanding of the interactions of 

EGFR with protein partners in the context of its complex signaling network.  

Boyce 2007 

Shreder 2004 

Shokat 2007 
Cravatt 2014 

6 

7 
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In an effort to contribute to the understanding of EGFR signaling specificity, we aimed to 

synthesize chemical probes for EGFR by biotinylating 4-phenylaminoquinazolines and 

determine their binding affinity for EGFR. The results obtained from the first generation 

EGFR probes will serve to guide the design of next generation probes with multiple tags or 

target groups for understanding endogenous signaling partners of EGFR.  
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2. EXPERIMENTAL SECTION 

 

2.1 General information 

All reagents were used as received from commercial suppliers. 4-Chloro-7-

methoxyquinazolin-6-yl-acetate was purchased from Pharmablock; 3-chloro-4-fluoroaniline 

and 3-ethynylaniline were obtained from Alfa Aesar; 4-chloro-3-fluoroaniline and ethyl 7-

bromoheptanoate were purchased from Matrix; EDCHCl was purchased from Aldrich; NHS 

and 5-(biotinamido)pentylamine were obtained from Pierce. All solvents were of either 

anhydrous or HPLC grade and used without further purification unless otherwise specified. 

2-Propanol was dried with 4Å-MS. DMF was distilled from CaH2 under reduce pressure and 

stored over 4Å-MS. All reactions were magnetically stirred and monitored by thin-layer 

chromatography (TLC) using Merck silica gel 60 F254 pre-coated plates (0.25 mm), and TLC 

staining was performed with KMnO4 or ninhydrin solutions. When necessary, flash column 

chromatography was performed on Merck silica gel 60 (0.015–0.040 mm). 1H and 13C NMR 

spectra were recorded on a Bruker Avance DPX 400 MHz at 25 °C. Chemical shifts were 

reported in ppm using the solvent residual signal (DMSO-d6 H = 2.49, C = 39.5 ppm; 

CDCl3 H = 7.24, C = 77.0 ppm) as an internal reference. 2D NMR spectroscopy was 

perform on a Bruker DRX600 NMR spectrometer equipped with a TXI (5 mm) Cryoprobe. 

High power 1H (5.35 W) π/2 pulses were determined to be ~9.5 ms and 13C high power π/2 

pulse was 11.05 ms and a low power pulse of 65 ms was used for GARP4 

decoupling.  Gradient pulses were delivered along the z-axis using a 100 step sine program. 

Heteronuclear single quantum coherence (HSQC) experiments were optimised for a 1JCH 

coupling of 145 Hz. HSQC experiments were performed using the hsqcedetgps.3 pulse 

program. HSQC spectra were processed (π /2 shifted sine bell squared in both dimensions) 

phase sensitive. IR spectra were collected on a Nicolet iS10 FT-IR Spectrometer with a smart 

iTR attenuated total reflectance (ATR) accessory and maximum absorption peaks were 

reported in cm-1. Reversed-phase HPLC was conducted on an Agilent 1260 Infinity 

Instrument with UV detector at 250 nm using an Alltech Nucleosil C18 column (4.6 x 250 

mm, particle size 5 μm). Low-resolution mass-spectrometry was conducted on an Agilent 

6130 quadrupole LC/MS system with an electrospray ionization source (ESI) using a 

Phenomenex Gemini C18 column (2.0 x 150 mm, particle size 3 μm); the mobile phase 

consisted of a gradient of 40–90% acetonitrile in water with 0.05% formic acid over 6 

minutes (flow rate 0.2 mL/min, column temperature 25 °C) and the spectra were acquire in 

positive mode, scanning over the m/z range of 100–1000.   
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2.2 Synthesis and characterization 

 

2.2.1 Synthesis of compounds 4a–4c 

In a typical procedure, a mixture of 4-chloro-7-methoxyquinazolin-6-yl acetate (2) (253 mg, 

1.0 mmol, 1.0 equiv) and the corresponding aniline 3a–3c (1.2 mmol, 1.2 equiv) in 2-

propanol (12 mL) was heated to reflux for 2.5 hours. The reaction mixture was cooled to 

room temperature and the resultant precipitate was collected by filtration, washed with 2-

propanol and dried to afford the corresponding compound 4a–4c without further 

purification.   

 

 4-(3-chloro-4-fluorophenylamino)-7-methoxyquinazolin-6-yl acetate (4a) 

4a 

A white solid (695 mg, 97% yield) as previously described.177 1H NMR (400 MHz, DMSO-

d6)  11.25 (br s, 1H), 8.92 (s, 1H), 8.65 (s, 1H), 8.05 (dd, J = 6.8, 2.5 Hz, 1H), 7.72 (m, 1H), 

7.53 (t, J = 9.0 Hz, 1H), 7.46 (s, 1H), 4.00 (s, 3H), 2.38 (s, 3H); 13C NMR (100 MHz, DMSO-

d6)  170.0, 168.5, 157.4, 151.6, 140.2, 126.0, 124.7, 118.0. 117.1, 116.9, 57.0, 20.2.  

  

4-(3-ethynylphenylamino)-7-methoxyquinazolin-6-yl acetate (4b) 

4b 

A beige solid (324 mg, 97% yield) as previously described.177 1H NMR (400 MHz, DMSO-

d6)  11.51 (br s, 1H), 8.92 (s, 1H), 8.82 (s, 1H), 7.90 (m, 1H), 7.76 (m, 1H), 7.54 (s, 1H), 

7.48 (t, J = 7.8 Hz, 1H), 7.40 (m, 1H), 4.27 (s, 1H), 3.99 (s, 3H), 2.37 (s, 3H). 13C NMR (100 

MHz, DMSO-d6) 168.4, 158.8, 157.4, 151.2, 140.2, 137.2, 129.3, 127.2, 124.9, 122.1, 118.4, 

107.2, 101.6, 82.9, 81.4, 57.0, 20.2.  
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4-(4-chloro-3-fluorophenylamino)-7-methoxyquinazolin-6-yl acetate (4c) 

4c 

A beige solid (quantitative yield). 1H NMR (400 MHz, DMSO-d6)  11.42 (br s, 1H), 8.96 

(s, 1H), 8.77 (s, 1H), 7.99 (m, 1H), 7.71–7.64 (m, 2H), 7.52 (s, 1H), 4.00 (s, 3H), 2.38 (s, 

3H); 13C NMR (100 MHz, DMSO-d6)  168.4, 158.6, 157.5, 156.7 (d, J = 244.7 Hz), 151.3, 

140.3, 137.6, 130.5, 120.9, 118.3, 112.4 (d, J = 25.3 Hz), 107.4, 101.9, 57.0, 20.2; IR (ATR): 

3269 (w), 3118 (w), 3003 (w), 1767 (s), 1643 (s), 1441 (s), 1424 (s), 1364 (s), 1178 (s), 1146 

(s), 1077 (m), 869 (s), 816 (m), 773 (m), 751 (m) cm-1; LC-MS (ESI): [M + H]+, m/z 

calculated for C17H13ClFN3O3 362.07, found  362.1.  

 

2.2.2 Synthesis of compounds 5a–5c 

In a typical procedure, a mixture of the corresponding compound 4a–4c (0.8 mmol, 1.0 

equiv) and LiOH (89 mg, 3.7 mmol, 4.6 equiv) in methanol (25 mL) and water (25 mL) was 

stirred at room temperature overnight. The mixture was neutralized by the addition of a 

stoichiometric amount of 20% aqueous acetic acid solution and stirred for one hour. The 

resultant precipitate was collected by filtration, washed with methanol and dried to afford 

the corresponding compound 5a–5c without further purification.  

 

4-(3-chloro-4-fluorophenylamino)-7-methoxyquinazolin-6-ol (5a) 

5a 

A white solid (530 mg, 92% yield) as previously described.177 1H NMR (400 MHz, DMSO-

d6)  9.46 (s, 1H), 8.46 (s, 1H), 8.20 (dd, J = 6.9, 2.6 Hz, 1H), 7.83 (m, 1H), 7.77 (s, 1H), 

7.39 (t, J = 9.1 Hz, 1H), 7.20 (s, 1H), 3.97 (s, 3H); 13C NMR (100 MHz, DMSO-d6)  155.8, 

153.9, 152.8 (d, J = 242.2 Hz), 151.9, 146.8, 146.2, 137.2, 122.7, 121.7 (d, J = 6.9 Hz), 118.6 

(d, J = 18.4 Hz), 116.4 (d, J = 21.4 Hz), 109.5, 107.2, 105.3, 55.9. 
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4-(3-ethynylphenylamino)-7-methoxyquinazolin-6-ol (5b) 

5b 

A beige solid (235 mg, 93% yield) as previously described.177 1H NMR (400 MHz, DMSO-

d6)  9.39 (s, 1H), 8.46 (s, 1H), 8.07 (m, 1H), 7.90 (m, 1H), 7.79 (s, 1H), 7.35 (t, J = 7.9 Hz, 

1H), 7.20 (s, 1H), 7.15 (br d, J = 7.6 Hz, 1H), 4.16 (s, 1H), 3.96 (s, 3H); 13C NMR (100 

MHz, DMSO-d6)  156.0, 153.9, 152.0, 146.8, 146.2, 140.2, 128.8, 126.0, 124.2, 122.1, 

121.7, 109.7, 107.2, 105.4, 83.7, 80.4, 55.9. 

 

4-(4-chloro-3-fluorophenylamino)-7-methoxyquinazolin-6-ol (5c) 

5c 

A beige solid (238 mg, 89% yield). 1H NMR (400 MHz, DMSO-d6)  9.56 (s, 1H), 8.51 (s, 

1H), 8.18 (dd, J = 12.5, 2.3 Hz, 1H), 7.79 (s, 1H), 7.73 (m, 1H), 7.52 (t, J = 8.7 Hz, 1H), 

7.22 (s, 1H), 3.97 (s, 3H); 13C NMR (100 MHz, DMSO-d6)  156.8 (d, J = 242.7 Hz), 155.7, 

154.1, 151.8, 146.9, 146.3, 140.7 (d, J = 10.7 Hz), 130.0, 117.8 (d, J = 3.1 Hz), 112.0 (d, J 

= 17.6 Hz), 109.7, 109.0 (d, J = 25.7 Hz), 107.2, 105.2, 56.0. IR (ATR): 3361 (m), 1611 (m), 

1576 (m), 1521 (s), 1424 (s), 1242 (s), 1207 (s), 1055 (m), 842(s) cm-1; LCMS (ESI):             

[M + H]+, m/z calculated for C15H11ClFN3O2 320.06, found 320.0.  

 

2.2.3 Synthesis of compounds 6a–6c 

In a typical procedure, a mixture of the corresponding compound 5a–5c (0.3 mmol, 1.0 

equiv), ethyl-7-bromoheptanoate (0.07 mL, 0.33 mmol, 1.1 equiv) and K2CO3 (46 mg, 0.33 

mmol, 1.1 equiv) in DMF (1 mL) was stirred at 50 °C for 12 hours. Upon completion, the 

solvent was lyophilised and the crude product was diluted in chloroform and filtered. 

Chloroform was then evaporated under nitrogen. The remaining solid was washed with 

hexane, dried and purified by flash column chromatography (EtOAc:Hexanes 4:1) to afford 

the corresponding compound 6a–6c without further purification. 
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Ethyl 7-[4-(3-chloro-4-fluorophenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate (6a) 

6a 

A yellow solid (61 mg, 80%) as previously described.177 1H NMR (400 MHz, CDCl3)  8.64 

(s, 1H), 7.85 (dd, J = 6.6, 2.7 Hz, 1H), 7.66 (br s, 1H), 7.54 (m, 1H), 7.22 (s, 1H), 7.17 (s, 

1H), 7.13 (t, J = 8.8 Hz, 1H), 4.12–4.03 (m, 4H), 3.96 (s, 3H), 2.31 (t, J = 7.2 Hz, 2H), 1.87 

(m, 2H), 1.65 (m, 2H), 1.50–1.37 (m, 4H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, 

CDCl3)  174.2, 156.4, 155.3, 154.7 (d, J = 246.3 Hz), 153.4, 149.1, 147.4, 135.6, 124.2, 

121.8 (d, J = 6.9 Hz), 120.9 (d, J = 18.0 Hz), 116.5 (d, J = 22.3 Hz), 109.1, 107.7, 101.2, 

69.2, 60.4, 56.1, 34.1, 28.5. 28.4, 25.3, 24.6, 14.2. 

 

Ethyl 7-[4-(3-ethynylphenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate (6b) 

6b 

A beige solid (91 mg, 58% yield) as previously described.177 1H NMR (400 MHz, CDCl3)  

8.65 (s, 1H), 7.82 (m, 1H), 7.75 (m, 1H), 7.59 (br s, 1H), 7.32 (t, J = 7.9 Hz, 1H), 7.26–7.23 

(m, 1H), 7.22 (s, 1H), 7.16 (s, 1H), 4.08–4.04 (m, 4H), 3.96 (s, 3H), 3.06 (s, 1H), 2.30 (t, J 

= 7.3 Hz, 2H), 1.88 (m, 2H), 1.65 (m, 2H), 1.51–1.35 (m, 4H), 1.21 (t, J = 7.1 Hz, 3H); 13C 

NMR (100 MHz, CDCl3)  174.1, 156.2, 155.2, 153.5, 149.1, 147.5, 138.9, 129.0, 127.7, 

125.1, 122.8, 122.4, 109.1, 107.9, 100.9, 83.3, 77.4, 69.3, 60.4, 56.2, 34.2, 28.5, 25.4, 24.6, 

14.2.  

 

Ethyl 7-[4-(4-chloro-3-fluorophenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate (6c) 

6c 

A yellow solid (92 mg, 62% yield). 1H NMR (400 MHz, CDCl3)  8.67 (s, 1H), 7.87 (m, 

1H), 7.75 (s, 1H), 7.43–7.31 (m, 2H), 7.23 (s, 1H), 7.16 (s, 1H), 4.09–4.02 (m, 4H), 3.96 (s, 

3H), 2.31 (t, J = 7.2 Hz, 2H), 1.88 (m, 2H), 1.66 (m, 2H), 1.50–1.37 (m, 4H), 1.22 (t, J = 7.1 

Hz , 3H); 13C NMR (100 MHz, CDCl3)  174.3, 155.9, 155.4, 153.2, 149.2, 147.6, 130.3, 
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117.5, 110.0 (d, J = 25.7 Hz), 107.9, 100.9, 69.3, 60.4, 56.2, 34.2, 28.4, 25.3, 24.6, 14.2. IR 

(ATR): 2936 (w), 2860 (w), 1731 (m), 1642 (m), 1491 (m), 1574 (s), 1426 (s), 1210 (m), 

855 (m) cm-1; LC-MS (ESI): [M + H]+, m/z calculated for C24H27ClFN3O4 476.17, found 

476.2. 

 

2.2.4 Synthesis of compounds 7a–7c 

In a typical procedure, a mixture of the corresponding compound 6a–6c (0.20 mmol, 1.0 

equiv) and LiOH (22 mg, 0.92 mmol, 4.6 equiv) in methanol (6 mL) and water (6 mL) was 

heated to reflux for one hour. The solvent was then evaporated under reduce pressure 

followed by lyophilisation. The obtained solid was washed with chloroform and dried to 

afford the corresponding compound 7a–7c without further purification.  

 

Lithium 7-[4-(3-chloro-4-fluorophenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate 

(7a) 

7a 

A pale yellow solid (21 mg, 59% yield). 1H NMR (400 MHz, DMSO-d6)  8.46 (s, 1H), 7.83 

(s, 1H), 7.69 (dd, J = 7.5, 2.4 Hz, 1H), 7.61 (s, 1H), 7.11 (m, 1H), 6.99 (t, J = 9.2 Hz, 1H), 

6.70 (s, 1H), 3.93 (t, J = 6.5 Hz, 2H), 3.78 (s, 3H), 1.92 (t, J = 7.3 Hz, 2H), 1.72 (m, 2H), 

1.52–1.38 (m, 4H), 1.31 (m, 2H); 13C NMR (100 MHz, DMSO-d6)  177.7, 159.1, 155.2, 

151.7, 151.3, 150.8, 148.4, 145.9, 145.1, 123.7, 116.0, 114.9 (d, J = 20.3 Hz), 106.5, 106.0, 

68.1, 55.2, 38.3, 29.2, 29.0, 26.3, 25.7. IR (ATR) 2939 (w), 2853 (w), 1621 (m), 1575 (m), 

1496 (s), 1473 (m), 1421 (s), 1214 (m), 860 (m) cm-1; LC-MS (ESI): [M + 2H]+, m/z 

calculated for C22H22ClFN3O4 448.13, found 448.1. 

 

Lithium 7-[4-(3-ethynylphenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate (7b) 

7b 

A pale yellow solid (quantitative yield). 1H NMR (400 MHz, DMSO-d6)  7.78 (s, 1H), 7.60 

(s, 1H), 7.43 (m, 1H), 7.20 (m, 1H), 7.02 (t, J = 7.7 Hz, 1H), 6.67 (m, 2H), 3.93 (t, J = 6.5 

Hz, 2H), 3.86 (s, H), 3.78 (s, 1H), 1.92 (t, J = 7.2 Hz, 2H), 1.72 (m, 2H), 1.51–1.37 (m, 4H), 
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1.34–1.30 (m, 2H). 13C NMR (100 MHz, DMSO-d6)  177.6, 758.9, 155.3, 151.6, 146.0, 

145.0, 127.7, 126.8, 125.1, 120.5, 116.0, 106.6, 106.0, 85.6, 78.1, 68.1, 55.2, 38.1, 29.2, 

29.0, 26.4, 25.7. IR (ATR) 2942 (w), 1622 (w), 1559 (m), 1506 (m), 1472 (m), 1424 (s), 

1244 (m), 862 (m) cm-1; LC-MS (ESI): [M + 2H]+, m/z calculated for C24H24N3O4 420.18, 

found 420.2 

  

Lithium 7-[4-(4-chloro-3-fluorophenylamino)-7-methoxyquinazolin-6-yloxy]heptanoate 

(7c) 

7c 

A yellow solid (quantitative yield). 1H NMR (400 MHz, DMSO-d6)  7.94 (br s, 1H), 7.72–

7.67 (m, 2H), 7.09 (m, 2H), 6.75 (br s, 1H), 3.95 (m, 2H), 3.80 (s, 3H), 1.91 (t, J = 7.2 Hz, 

2H), 1.72 (m, 2H), 1.51–1.38 (m, 4H), 1.34 (m, 2H); 13C NMR (100 MHz, DMSO-d6)  

128.1, 121.5, 110.0, 106.1, 68.1, 55.2, 38.4, 29.2, 29.0, 26.4, 25.7; IR (ATR) 2939 (w), 1617 

(w), 1559 (m), 1506 (s), 1472 (s), 1419 (s), 1244 (m), 1211 (m), 806 (m) cm-1; LC-MS (ESI): 

[M + 2H]+, m/z calculated for C22H22ClFN3O4 448.13, found 448.1. 

 

2.2.5 Synthesis of probes 1a–1c 

In a typical procedure, a mixture of the corresponding compound 7a–7c (0.09 mmol, 1 

equiv), NHS (15 mg, 0.13 mmol, 1.4 equiv) and EDCHCl (20 mg, 0.10 mmol, 1.1 equiv) in 

DMF (0.9 mL) was stirred at room temperature overnight. The solvent was lyophilised and 

the remaining crude product was dissolved in chloroform and filtered. Chloroform was then 

removed under nitrogen. To the crude product were added 5-(biotinamido)pentylamine (8 

mg, 0.02 mmol, 0.2 equiv) and DMF (0.2 mL). The mixture was stirred at 40 °C overnight. 

After lyophilisation of the solvent, the crude product was purified by flash column 

chromatography (EtOH:EtOAc 2:3) to afford the corresponding probe 1a–1c.  A fraction of 

each probe (1 mg) was further purified by reverse-phase HPLC (Section 2.3). 

 

Probe 1a 

1a 
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A yellow solid (10 mg, 29% yield over two steps). 1H NMR (400 MHz, DMSO-d6)  10.67 

(br s, 1H), 8.65 (s, 1H), 8.15 (s, 1H), 8.10 (dd, J = 6.8, 2.5 Hz, 1H), 7.83–7.79 (m, 3H), 7.47 

(t, J = 9.1 Hz, 1H), 7.28 (s, 1H), 6.40 (s, 1H), 6.35 (s, 1H), 4.28 (m, 1H), 4.18 (t, J = 6.5 Hz, 

2H), 4.11 (m, 1H), 3.95 (s, 3H), 3.07 (m, 1H), 2.98 (m, 4H), 2.78 (dd, J = 12.5, 5.0 Hz, 1H), 

2.53 (m, 1H), 2.04 (m, 4H), 1.79 (m, 2H), 1.51–1.16 (m, 18H); 13C NMR (100 MHz, DMSO-

d6)  171.9, 162.7, 157.1, 157.5, 149.0, 135.6, 125.1, 123.8, 119.0, 116.6 (d, J = 21.9 Hz), 

108.1, 103.7, 69.2, 61.0, 59.2, 56.2, 55.4, 38.3, 35.4, 35.2, 28.8, 28.4, 28.2, 28.0, 25.3, 23.8; 

IR (ATR) 3281 (br m), 2930 (m), 2857 (m), 1698 (m), 1635 (w), 1515 (m), 1498 (s), 1438 

(s), 1204 (s), 1162 (s), 1043 (s), 1023 (s), 998 (s), 775 (m) cm-1; LC-MS (ESI): [M + H]+, 

m/z calculated for C37H49ClFN7O5S 758.32, found  758.3 

 

 

Probe 1b 

1b 

A yellow solid (8 mg, 14% yield over two steps). 1H NMR (400 MHz, DMSO-d6)  8.48 (s, 

1H), 7.99 (m, 1H), 7.90 (m, 1H), 7.86 (s, 1H), 7.75–7.70 (m, 2H), 7.39 (t, J = 7.9 Hz, 1H), 

7.20–7.18 (m, 2H), 6.40 (s, 1H), 6.34 (s, 1H), 4.27 (m, 1H), 4.18 (s, 1H), 4.15–4.11 (m, 3H), 

3.93 (s, 1H), 3.06 (m, 1H), 2.98 (m, 4H), 2.80 (dd, J = 12.4, 5.0 Hz, 1H), 2.56 (m, 1H), 2.03 

(m, 4H), 1.81 (m, 2H), 1.56–1.16 (m, 18H); 13C NMR (100 MHz, DMSO-d6)  171.9, 171.8, 

162.7, 156.1, 154.4, 152.6, 148.4, 146.9, 139.8, 128.8, 124.8, 122.6, 121.7, 108.9, 107.2, 

102.6, 83.5, 80.5, 68.8, 61.0, 59.2, 55.8, 55.4, 38.3, 35.4, 35.2, 28.8, 28.5, 28.2, 28.0, 25.4, 

25.3, 23.8; IR (ATR) 3281 (br m), 2928 (m), 2855 (m), 1703 (s), 1636 (m), 1624 (m), 1428 

(s), 1243 (s), 1211 (m), 1023 (s), 951 (m), 855 (m) cm-1; LC-MS (ESI): [M + H]+, m/z 

calculated for C39H51N7O5S 730.37, found  730.4. 

 

Probe 1c 

1c 
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A yellow solid (7 mg, 20% yield over two steps). 1H NMR (400 MHz, DMSO-d6)  9.80 (s, 

1H), 8.53 (s, 1H), 8.17 (dd, J = 12.3, 2.3 Hz, 1H), 7.92 (s, 1H), 7.75–7.71 (m, 3H), 7.56 (t, 

J = 8.7 Hz, 1H), 7.20 (s, 1H), 6.40 (s, 1H), 6.34 (s, 1H), 4.28 (m, 1H), 4.15 (t, J = 6.4 Hz, 

2H), 4.10 (m, 1H), 3.93 (s, 3H), 3.07 (s, 1H), 2.98 (m, 4H), 2.80 (dd, J = 12.3, 5.0 Hz, 1H), 

2.57 (s, 1H), 2.04 (m, 4H), 1.80 (m, 2H), 1.55–1.15 (m, 18H); 13C NMR (100 MHz, DMSO-

d6)  171.9, 171.8, 162.7, 129.3, 126.5, 107.2, 61.0, 59.2, 55.9, 55.4, 38.3, 35.4, 35.2, 28.8, 

28.5, 28.4, 28.2, 28.0, 25.4, 25.3, 23.8; IR (ATR) 3284 (br m), 2929 (m), 2856 (w), 1700 (s), 

1635 (s), 1580 (m), 1428 (s), 1245 (m), 1213 (m), 1154 (m), 1022 (s), 857 (m) cm-1; LC-MS 

(ESI): [M + H]+, m/z calculated for C37H49ClFN7O5S 758.32, found  758.3. 

 

2.3 Purification of chemical probes 

Compounds 1a–1c were purified by reversed-phase HPLC using an Alltech Nucleosil C18 

column (4.6 x 250 mm, particle size 5 μm). The mobile phase consisted of a gradient of 40–

90% acetonitrile (B) in water with 0.1% TFA (A) over 9 minutes, followed by 9 minutes 

isocratic 90% B and then a gradient of 90–40% B in 3 minutes. The flow rate was 1.0 mL/min 

and the column compartment was kept at 25 °C. The fractions were then collected and 

lyophilised. Purity was confirmed by 1H NMR spectroscopy.  

 

2.4 KINOMEscanTM binding assay 

KINOMEscanTM Kd determination of chemical probes 1a–1c for EGFR were performed by 

DiscoveRx, San Diego, CA.178 EGFR-tagged T7 phage strains were prepared in an E. coli 

host derived from the BL21 strain. E. coli were grown to log-phase, infected with T7 phage 

and incubated with shaking at 32°C until lysis. The lysates were centrifuged and filtered to 

remove cell debris. Streptavidin-coated magnetic beads were treated with biotinylated small-

molecule ATP mimics for 30 minutes at room temperature to generate affinity resins for the 

binding assay. The liganded beads were blocked with excess biotin and washed with 

blocking buffer (SeaBlock (Pierce), 1% BSA, 0.05% Tween 20, 1 mM DTT) to remove 

unbound ligand and to reduce non-specific binding. Binding reactions were assembled by 

combining the target kinase (EGFR), liganded affinity beads, and test compound (1a–1c and 

6b) in 1x binding buffer (20% SeaBlock, 0.17x PBS, 0.05% Tween 20, 6 mM DTT). All 

reactions were performed in polystyrene 96-well plates in a final volume of 0.135 ml. The 

assay plates were incubated at room temperature with shaking for 1 hour and the affinity 

beads were washed with wash buffer (1x PBS, 0.05% Tween 20). The beads were then re-

suspended in elution buffer (1x PBS, 0.05% Tween 20, 0.5 μM non-biotinylated affinity 

ligand) and incubated at room temperature with shaking for 30 minutes. The kinase 
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concentration in the eluates was measured by qPCR. All test were done in duplicates. 

Binding constants (Kd’s) were calculated with a standard dose-response curve using the Hill 

equation: 

Response = Background +
Signal − Background

1 + (
Kd

Hill slope

DoseHill slope)

  

The Hill Slope was set to -1.Curves were fitted using a non-linear least square fit with the 

Levenberg-Marquardt algorithm. 
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3. RESULTS AND DISCUSSION 

 

3.1 EGFR Probes design 

The identification of synergistic effects of combination therapy has inspired the quest of 

multitargeted inhibitors for EGFR. In 2010, Cai and coworkers reported the synthesis of a 

dual-probe directed against EGFR/ErbB2 and histone deacetylases (HDACs).177 The 

strategy was to tether a 4-anilinoquinazoline moiety (targeting EGFR/ErbB2) and a 

hydroxamic acid (targeting HDACs) with a linker of appropriate length for dual inhibition 

of both EGFR/ErbB2 and HDACs. Crystal structures of 4-anilinoquinazolines bound to 

EGFR showed that position C6 and C7 of the 4-anilinoquinazoline core may be in the more 

solvent exposed region (Fig. 3.1).119 Moreover, substituents at these C6 and C7 positions in 

the 4-anilinoquinazoline core of gefitinib and erlotinib have been found to improve drug 

pharmacodynamics.118 Therefore, these positions were predicted to be suitable for the 

introduction of a linker.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Crystal structures of gefitinib and erlotinib bound to the EGFR ATP site. 

(Images created by PyMOL from indicated PDB files) 

 

IC50 values of these dual inhibitors against EGFR in vitro (entries 3, 4, 5, 6, 7 and 8 in Table 

3.1) were lower than those of erlotinib (entry 1). SAR studies showed that EGFR inhibition 

was largely unaffected by the change in linker length and substitution on the aniline core, 

but the optimal IC50 value was observed with a heptanoate linker (entries 5 and 6).  Changing 

this heptanoate linker from C6 to C7 (entries 7 and 8) produced a slight 2–3-fold increase in 
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IC50, thus position C6 was preferred over C7 for linker attachment. This is consistent with 

the crystallographic structural data that indicated potentially improved accessibility at the 

C6 position (Figure 3.1). In another instance, Boyce and coworkers reported the synthesis of 

an irreversible EGFR probe bearing a BODIPY fluorophore tag attached to C6 through a 

PEG linker (entry 10).173 Compared to the parent 4-anilinoquinazoline (entry 9), the probe 

showed only a 2.8-fold increase in IC50 values.  

 

Table 3.1 SAR studies of previously reported EGFR probes.173, 177  

 

Encouraged by these results, for our first-generation EGFR probes, we aimed to modify 4-

anilinoquinazolines with an affinity tag through a heptanoate linker in position C6 

(Compounds 1a–1c in Scheme 3.1) in order to test first if the C6 position would be amenable 

Entry Structure 
IC50 

(nM) 
Ref. 

1 

 48.0 177 

2 

 7.1 177 

3 

4 

 
09.4 

15.0 

177 

177 

5 

6 

 
3.1 

2.4 

177 

177 

7 

8 

 
7.0 

8.2 

177 

177 

9 

 

29 173 

10 

 

80 173 
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to extended linker sizes without substantial loss of affinity. Biotin, as the most common 

affinity tag, with strong binding to avidin/streptavidin/neutravidin (Kd ≈ 10-14–10-15 M) and 

low interference with the function of modified molecules, was chosen for the first-generation 

probes.160 In some cases, biotinylated probes can be used in live cells, allowing for 

identification of target proteins in an endogenous environment.179  

 

 

Scheme 3.1 Design and retrosynthetic analysis of first-generation EGFR probes 1a–1c. 

 

The retrosynthetic analysis of the first-generation EGFR probes 1a–1c is shown in Scheme 

3.1. The biotin affinity tag could be readily introduced from commercially available 5-

(biotinamido)pentylamine through an amidation reaction. The synthetic approach of 4-

anilinoquinazolines has been reported and usually involves a SNAr reaction between 4-

chloroquinazoline and an aniline.118 The synthesis of 4-anilinoquinazolines 5a–5c follows 

the methods reported by Cai and coworkers.177 To maintain the core structures of erlotinib 

and gefitinib, which bind EGFR with high affinity (Kd = 0.67 nM and 1.0 nM respectively) 

with known selectivity profiles,115 we selected 3-chloro-4-fluoroaniline (3a) and 3-

ethynylaniline (3b) as starting anilines for the SNAr reaction with 4-chloroquinazoline. 4-

Chloro-3-fluoroaniline (3c), an aniline similar to 3a, was also used to interrogate the effect 

of the halogen positions on binding affinity, as future derivatisation reactions could be 

enabled at these halogenated positions via cross-coupling reactions.180 The 4-

6 

7 

4 
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anilinoquinazolines 4a–4c could be prepared readily from commercially available 4-chloro-

7-methoxyquinazolin-6-yl acetate (2) as the quinazoline core. Upon formation of the 4-

anilinoquinazoline scaffolds 4a–c, the acetyl group would then be removed to afford the 

anilinoquinazolin-6-ols 5a–c, which are suitable for alkylation with a heptanoate linker 

through an SN2 reaction as previously reported.177 Once prepared, these probes would be 

tested in binding assays to inform on the feasibility of obtaining next generation 

multifunctional probes through the C6 position. 

 

3.2 Probes synthesis 

3.2.1 Synthesis of 4-anilinoquinazoline binding groups 

 

Scheme 3.2 Synthesis of 4-anilinoquinazoline binding groups. 

 

Compounds 5a–c were synthesized following reported methods with modifications (Scheme 

3.2).118, 177 Coupling of 4-chloro-7-methoxyquinazolin-6-yl acetate (2) with anilines 3a–c 

afforded the corresponding 6-acetyloxy protected 4-anilinoquinazolines 4a–c with excellent 

yields, and the precipitated products were used without the need for further purification. 

Hydrolysis of compounds 4a–c with LiOH followed by protonation with diluted acetic acid 

provided the corresponding 4-anilinoquinazoline-6-ols 5a–c in good yields. The addition of 

acetic acid was carefully controlled, as the reported synthesis of 5a with excess of acid 

afforded two products as indicated by TLC. From 1H NMR spectroscopy, the two products 

were assigned as the expected product 5a and its corresponding quinazolonium salt (Fig. 

3.2). Protonation of 5a at acidic pH is expected to occur at the N1 position, which is the most 

basic nitrogen due to the resonance stabilization of the conjugate acid. When only one equiv 

of acetic acid was used, protonation of 5a was not observed. Compounds 4a–4b and 5a–5b 
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had been previously reported, however without their full structural characterisation.  Here 

these compounds were obtained with higher or comparable yields respectively.177  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 1H NMR spectrum of compound 5a and its corresponding quinazolonium salt.  

 

Compounds 4c and 5c have not been previously reported, and NMR characterisation (1H, 

13C and HSQC spectroscopy) was conducted to ensure correct structural assignments (Fig. 

3.3). 1H NMR spectrum indicated the expected total of 11 protons (Fig. 3.3 a). The three 

singlets at 8.51, 7.79 and 7.22 ppm correspond to protons H2, H5 and H8 of the quinazoline, 

and their chemical shifts are similar to those reported for compounds 5a and 5b.177 The 

differences in the 1H NMR spectrum of 5c compared to its structural isomer 5a arose from 

the signals corresponding to the aniline core. The multiplets corresponding to the aniline 

core in 5c at 8.18 (JH2’-F = 12.5 Hz, JH2’-H6’ = 2.3 Hz), 7.73 and 7.52 (JH5’-F = JH5’-H6’ = 8.7 

Hz) ppm were assigned according to their H-H and H-F coupling constants. 13C NMR 

spectrum indicated the expected total of 15 carbons (Fig. 3.3 b). The carbon signals at 156.8 

(JC3’-F = 242.7 Hz), 109.0 (JC2’-F = 25.7 Hz), 112.0 (JC4’-F = 17.6 Hz), 140.7 (JC1’-F = 10.7 Hz 

and 117.8 (JC6’-F = 3.1 Hz) ppm were correlated to the aniline core according to their C-F 

coupling constants. These assignments are confirmed by H-C correlations in the HSQC 

spectrum (Fig. 3.3 c). As an example, the signals corresponding to C2’/H2’, C5’/H5’ and 

C6’/H6’ correlations in the HSQC spectrum were in agreement with H-F and C-F coupling 

constants observed in 1H and 13C NMR spectra.  The spectroscopic data for compound 5c 

was used as a reference for the structural characterisation of compounds 1c, 4c, 6c and 7c 

derivative of the same aniline structure. 
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Fig. 3.3 1H, 13C and HSQC NMR spectra of compound 5c.  

5c 

(a) 1H NMR spectrum 

(b) 13C NMR spectrum 

(c) HSQC  NMR spectrum 
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3.2.2 Linker attachment at the C6 position 

 

 

 

 

 

 

 

 

 

 

Scheme 3.3 Attachment of the heptanoate linker to the C6 position of the 4-

anilinoquinazoline core. 

 

The alkylation SN2 reaction of compound 5a with ethyl 7-bromoheptanoate in the presence 

of K2CO3 to furnish compound 6a has been previously reported in moderate yield (53%).177 

The reproduction of these reported conditions (1.0 equiv 5a, 1.1 equiv ethyl 7-

bromoheptanoate, 2.4 equiv K2CO3, 40 °C, 3h) for compound 6a afforded this compound in 

low yield (~35%). Reduction in the molar ratio of carbonate base (1.1 equiv) was then 

applied because excess base may generate adventitious hydroxide with moisture and 

hydrolyse ethyl 7-bromoheptanoate prematurely. To compensate for the reduction of the 

base equivalence that may slow down the reaction, temperature was raised from 40 to 50 °C 

and time extended from 3 to 12h. This modified procedure improved the yield to up to 80% 

for all alkylation products 6a–6c (Scheme 3.3). After flash column chromatography 

purification, compounds 6a–c were hydrolysed with LiOH to obtain the corresponding 

carboxylate salts 7a–7c in moderate to excellent yields (Scheme 3.3). The conversion to 

these carboxylates was readily verified by the loss of ethoxy signals in the 1H (4.09–4.02 

and 1.22 ppm) and 13C NMR (60.4 and 14.2 ppm) spectra.  

 

3.2.3 Attachment of the biotin affinity tag 

To attach the amine-terminal biotin tag, the carboxylate salts 7a–7c were first converted to 

their corresponding activated succinimidyl esters through EDC coupling (Scheme 3.4). 

Upon confirmation of product formation by TLC the activated esters were isolated by 

precipitating by-products in chloroform followed by filtration and lyophilisation. The 

isolated activated esters were then used without further purification in the amidation reaction 
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with 5-(biotinamido)pentylamine, which afforded the corresponding biotinylated probes 1a–

1c. After flash column chromatography purification, probes 1a–1c were obtained in 

unoptimised yields (14–29%) over two steps.  

 

 

 

 

 

 

 

 

 

 

Scheme 3.4 Attachment of biotin tag to carboxylate salts 7a–7c. 

 

3.3 Probes purification and characterization 

The structural characterisation of the chemical probes 1a–1c was performed via 1H and 13C 

NMR spectroscopy as well as IR spectroscopy and LC-MS. The characterization of probe 

1c is discussed here as a typical sample. Complete spectra for probes 1a–1c are located in 

the Appendix A1. In the 1H NMR spectrum of 1c, the multiplicity and chemical shifts of the 

signals in the region of 8.53–7.20 ppm corresponding to the 4-anilinoquinazoline core were 

comparable to those described for the precursor 5c in Section 3.2.1.  The presence of the 

biotin tag was confirmed by its characteristic signals, including the protons marked as Ha 

and Hb at 6.40 and 6.35 ppm, protons Hc and Hd at 4.28 and 4.11 and proton He1 at 2.81 

respectively (Fig. 3.4). In the 13C NMR spectrum, some characteristic signals of the biotin 

tag included the carbonyl carbons of amides at 171.9 and 171.8 ppm, the biotin carbonyl at 

162.7, and carbons Cd and Cc at 61.0 and 59.2 ppm respectively (Fig. 3.4).     

 

IR spectroscopic data are consistent with the NMR evidence, showing the N-H stretching 

vibration at 3284 cm-1 for the biotin N-H groups. Compared to the starting material, the 

intensity of methylene C-H stretching at 2929 cm-1 and 2856 cm-1 is higher due to the 

methylene groups in both the heptanoate linker and the 5-(biotinamido)pentylamine tag. The 

presence of two carbonyl groups of different nature is also observed in the region between 

1600 cm-1 and 1700 cm-1. The C=O stretching vibration at lower frequency (1635 cm-1) is 

characteristic of secondary amides, present both in the biotin tag and the newly formed amide 
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bond, while the peak at higher frequency (1700 cm-1) is typically observed in the biotin 

moiety. LC-MS analysis of 1c showed the presence of a single compound with a m/z of 758.3 

([M + H]+ m/z calculated for C37H49ClFN7O5S 758.32), corresponding to monoprotonated 

1c.  All probes (1a–1c) analysed by LC-MS produced the expected m/z ratios. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Selected regions of 1H and 13C NMR spectra of probe 1c showing characteristic 

signals of the biotin tag.  

 

All biotinylated probes were purified by HPLC before biological testing. A representative 

chromatogram from the purification of chemical probe 1b is shown in Fig. 3.5, typically 

from runs using a gradient of 40–90% acetonitrile in water with 0.1% TFA over 9 minutes 

at 1.0 mL/min. After lyophilisation, the purified probes were analysed again by 1H NMR to 

confirm probe purity. 

 

 

 

 

 

 

 

Fig. 3.5 A representative chromatogram from compound 1b purification.  

 

3.4 Binding assays 

To evaluate probes 1a–1c binding affinity against EGFR, Kd values were determined by 

KINOMEscanTM assay (performed by DiscoveRx, San Diego, CA, detailed results in 

appendix A2). Briefly, the molecules to test (probes 1a–1c) compete for binding between a 

DNA-tagged kinase of interest (EGFR in this case) and a known ligand immobilized in solid 

C=O 
Cc Cd 

Ha 
Hb 

C=O 

Hd Hc He1 
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beads (Fig. 3.6). Non-binding compounds have no effect on the amount of kinase captured. 

Binding compounds prevent kinase binding to the immobilized ligands, reducing the amount 

of kinase captured on beads. Compounds of interest are tested at different concentrations, 

and the amount of kinase captured on beads with or without a binding compound is measured 

by qPCR that detects the associated DNA label. Binding KINOMEscanTM assays have 

several advantages over in vitro enzymatic assays.178 Unlike IC50 determinations, 

KINOMEscanTM assays do not require ATP or a substrate, and they report a measure of 

direct binding affinity rather than activity. As these results are not dependant on ATP or on 

the specific choice of a substrate, the binding affinity values allow a more direct comparison 

of experimental results. Thus, although Kd and IC50 values may correlate, they may not be 

directly comparable. Erlotinib, for example, has a strong affinity for EGFR (entry 1 in Table 

3.2, Kd = 0.67 nM), but its IC50 presents a 72-fold difference (entry 1 in Table 3.1, IC50 = 48 

nM).  

   

 

 

 

 

 

 

 

 

 

Fig. 3.6 Schematic representation of the KINOMEscanTM binding assays.  

 

To assess the effect of biotin tag attachment on binding potency against EGFR, the Kd of 

compound 6b, precursor of probe 1b was also evaluated, along with 1a–1c. The Kd values 

are reported in Table 3.2. As a reference, the reported Kd values of erlotinib and gefitinib 

determined with the same methodology are included as well (entries 1 and 2 respectively). 

  

The non-biotinylated compound 6b with a short linker but without the biotin tag showed 

high binding affinity for EGFR (entry 3, Kd = 1.5 nM). The core structure of 6b is identical 

to erlotinib (entry 1), and their Kd values are in close proximity (1.5 vs 0.67 nM) with only 

a 2-fold difference. This Kd value for 6b also correlates with the reported IC50 of compound 

6 in Table 3.1 (IC50 = 2.4 nM)177, which differs only in the terminal group next to the 
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carbonyl (hydroxylamine instead of ethoxy). The high binding affinity of 6b confirms the 

efficiency of this 4-anilinoquinazoline scaffold for accessing effective EGFR inhibitors or 

probes, and supports previous observations that position C6 is suitable for various linker 

attachments.  

 

Table 3.2 Binding affinity of chemical probes 1a–1c and selected reference compounds 

against EGFR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The introduction of the biotin tag in compound 1b was accompanied with a 23-fold increase 

in its Kd (entry 5, Kd = 34 nM) compared to the non-biotinylated precursor 6b (entry 3, Kd = 

1.5 nM) and a 51-fold difference with the analogous drug erlotinib (entry 1, Kd = 0.67 nM). 

The binding affinity of 1b, however, remains in the low nM concentration. Likewise, the 

biotinylated probe 1a presents a Kd in the low nM concentration (entry 4, Kd = 23 nM), with 

a 23-fold increase compared to the analogous drug gefitinib (entry 2, Kd = 1.0 nM). This data 

Entry Compound 
Kd 

(nM) 

1 

 0.67115 

2 

 1.0115 

3 

 

1.5 

4 

 

23 

5 

 

34 

6 
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suggest that the linker length in probes 1a and 1b, while resulting in binding affinity loss, is 

acceptable, as the binding affinities of these probes (1a and 1b) for EGFR are still maintained 

well below 100 nM.  

 

As seen from the Kd values of probes 1a–1c in Table 3.2, the different substitution patterns 

in the aniline scaffold do not significantly impact on the binding affinity of the probes.  This 

data was consistent with previous SAR studies, as the substituents in the aniline ring are 

usually well tolerated.118, 177 The Kd value of the compound 1c was also well below the 100 

nM limit recommended for high-quality probes, confirming the utility of these chemical 

probes. Taken together, these data demonstrate that chemical probes for EGFR with good 

binding affinity can be rapidly accessed through the modification of 4-anilinoquinazolines 

at the C6 position with an appropriate linker length (heptanoate).  

 

Based on the retention of binding affinity observed for the biotinylated chemical probes 1a–

1c, these structures stand as promising candidates for further modification into high-quality 

multifunctional chemical probes. Recently, some EGFR inhibitors have been modified with 

other chemical structures aiming to obtain dual TKIs, for example EGFR/MET and 

EGFR/Src inhibitors (Fig. 3.7).181, 182  The introduction of these multi-targeting approaches 

in our reported biotinylated probes might be a starting point to the development of 

multifunctional EGFR probes.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Structure of some recently reported dual EGFR inhibitors.181, 182  

 

  

EGFR targeting 

Src targeting 

EGFR targeting MET targeting 
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4. CONCLUSIONS AND FUTURE DIRECTIONS 

EGFR is a canonical RTPK, and EGFR signalling activity remains a highlight of protein 

kinase chemistry in general. EGFR activity is highly dependent on its conformational state, 

which is regulated by PTMs and interaction with protein partners. In addition to the complex 

protein characteristics of EGFR itself, the different signaling pathways triggered by EGFR 

integrate into highly interconnected networks. Although the redundant and robust 

characteristics of this network are essential for homeostasis, the same features are harnessed 

in malignancies.   

 

EGFR was one of the first RTPKs to be linked to human cancers, prompting the development 

of EGFR targeted therapies. Many EGFR inhibitors based on 4-anilinoquinazolines have 

been developed. Currently, five EGFR inhibitors have received FDA approval. However, 

successful EGFR-targeted therapies have been limited in some cancers due to EGFR 

mutations, especially for NSCLC. Furthermore resistance is a challenge to overcome in 

EGFR-targeted therapy. Numerous studies have highlighted the role of other signaling 

proteins conferring resistance to EGFR-targeted therapies.  

 

Recent studies have shown the utility of combination therapies in overcoming 

reprogramming resistance mechanisms, as well as the identification of new mechanisms.183, 

184 They have also shown that genetic analyses alone are insufficient to configure tumor 

specific combination therapies. This highlights the importance of interrogating protein 

interactions, especially EGFR, in their endogenous environment. Understanding endogenous 

EGFR signaling networks may be aided by the development of molecular tools that shed 

light on endogenous protein interactions. EGFR probes have already demonstrated utility in 

determining active site occupancy, IC50 values of EGFR inhibitors, and windows of 

selectivity for irreversible inhibitors.   

 

In this work, we synthesized biotinylated chemical probes targeting EGFR based on 4-

anilinoquinazolines modified at the C6 position, which is a less explored attachment site in 

AfBPs. Through the proper selection of linker length (heptanoate), the probes retained Kd 

values well below 100 nM recommended for high-quality probes. These first generation 

probes will be further modified with other linkers of various length and branching points, 

other reporter groups and other cross-linking groups to obtain next-generation 

multifunctional chemical probes (Fig. 4.1).  
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Fig. 4.1 Schematic representation of potential second-generation EGFR chemical probes. 

 

For example, a photo-reactive group could be attached to the biotinylated probes to 

covalently modify EGFR (I, Fig. 4.1). Labelled EGFR proteins could then be enriched and 

analysed by MS to confirm EGFR identity, PTMs and also potential off-targets. This 

approach has been explored with other PK inhibitors and allowed identification of off-

targets.167 In another approach, the 4-anilinoquinazoline scaffold could be modified with an 

electrophilic “warhead” or other reactive group and a fluorophore to obtain an imaging probe 

for EGFR visualization (II, Fig, 4.1). Such imaging probes for EGFR have shown success 

using a resorcinol acid derivative scaffold.185 If the probe size needs to be limited to ensure 

cell permeability, a “click” handle may also be installed for attaching the reporter groups 

after the capturing step in cell lysates.168 In yet another approach, these probes could be 

modified with two cross-linkers spaced with a cleavable linker to covalently modify both 

EGFR and proximal protein partners (III, Fig. 4.1). The identity of cross-linked proteins 

could then by determined by MS.186 Thus, this strategy might potentially elucidate the nature 

of endogenous EGFR signaling complexes. The characterization of these signaling 

complexes might shed light on the resistance mechanisms in malignant cells and provide 

potentially new combination targets to improve on existing EGFR-based therapeutics. 
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APPENDIX A1 

Full spectroscopic characterization of new compounds 1a–1c, 4c, 6c, 7a–7c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A1. 1H and 13C NMR spectra of probe 1a. 
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Fig. A2. 1H and 13C NMR spectra of probe 1b. 
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Fig. A3. 1H and 13C NMR spectra of probe 1c. 
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Fig. A4. Total Ion Chromatogram of probes 1a–1c. 
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Fig. A5. 1H and 13C NMR spectra of compound 4c.  
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Fig. A6. 1H and 13C NMR spectra of compound 6c. 
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Fig. A7. 1H and 13C NMR spectra of compound 7a. 
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Fig. A8. 1H and 13C NMR spectra of compound 7b. 
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Fig. A9. 1H and 13C NMR spectra of compound 7c. 
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Curve images from KINOMEscanTM binding assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A10. Curve images from KINOMEscanTM binding assays.  

The amount of EGFR measured by qPCR (signal; y-axis) is plotted against the corresponding 

compound concentration in nM in log10 scale (x-axis). Data points marked with an “x” were 

not used for Kd determination.  


