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Abstract 

The emergence of resistance against drugs that inhibit a particular protein is a major problem 

in targeted therapy. There is a clear need for rigorous methods to predict the likelihood of 

specific drug-resistance mutations arising in response to the binding of a drug. In this work we 

attempt to develop a robust computational protocol for predicting drug resistant mutations at 

the gatekeeper position (T790) in EGFR.  We explore how any mutations at this site affects 

interactions with ATP and three drugs that are currently used in clinics. We found, as expected, 

that certain mutations are not tolerated structurally, while some other mutations interfere with 

the natural substrate and hence are unlikely to be selected for.  However, we found five possible 

mutations that are well tolerated structurally and energetically. Two of these mutations were 

predicted to have increased affinity for the drugs over ATP, as has been reported earlier.  By 

reproducing the trends in the experimental binding affinities of the data, the methods chosen 

here are able to correctly predict the effect of these mutations on the binding affinities of the 

drug.  However, the increased affinity doesn’t always translate into increased efficacy, because 

the efficacy is affected by several other factors such as binding kinetics, competition with ATP 

and residence times. The computational methods used in the current study are able to reproduce 

or predict the effect of mutations on the binding affinities. However, a different set of methods 

is required to predict the kinetics of drug binding.   
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Introduction 

Kinases catalyse the transfer of a phosphate group from ATP to Ser, Thr and Tyr residues in 

numerous protein substrates, thereby activating multiple signalling pathways.  This implicates 

them in all aspects of cellular functions and hence their deregulation has been implicated in 

numerous human diseases [1]. Targeting the kinases with small molecules directed at their well 

characterized ATP binding pockets, or more recently, allosteric pockets, have resulted in 

several therapeutic successes [2-6]. They are the second-largest drug target family, with 38 

approved kinase inhibitors (KI) drugs, and several in development or clinical trials [4-6]. Most 

approved inhibitors are ATP-competitive and bind the ATP pocket in the active form of the 

kinase (these are referred to as the type I inhibitors) or straddle the ATP pocket and an adjacent 

allosteric pocket accessible only in the inactive form of the kinase (these are referred to as the 

type II inhibitors).  Since all kinases share very similar features in their ATP-binding pockets, 

selectivity becomes a major problem. In addition, some ATP pocket residues are found to easily 

mutate, resulting in drug resistance. 

 

The most common changes associated with resistance are point mutations within the kinase 

domain, which decrease the affinity of the kinases for the inhibitors. Some mutations may occur 

in the vicinity of the binding site, resulting in conformational changes that can occlude inhibitor 

binding, while some others can occur distal to the binding sites but inhibit binding allosterically 

[7-10]. Various approaches have been used to discover such resistance causing mutations for 

the discovery of new inhibitory molecules that can accommodate the mutations [7, 

11,12].  These studies usually focus on a small set of clinically reported mutations. What is 

needed is a set of rigorous methods that can explore the full mutational spectrum possible at a 

position of interest and then predict which mutations are likely to be seen in the clinic. 

 

For resistance, a mutation must result in a reduction in the affinity of the drug relative to that 

for ATP and catalysis should take place.  Clinical studies have unveiled mutational hot spots 

such as the “gatekeeper mutations” within the kinase domain [13, 14].  The commonly 

observed “gatekeeper” residue is located adjacent to the ATP binding site. It generally does not 

interact directly with ATP and yet engages in crucial contacts with type 1 and type 2 ATP 

binding site inhibitors. While it is not strictly conserved, it is the most frequent clinically 

observed mutation that results in drug resistance in several kinases (BCR-ABL [15], EGFR [16], 

KIT [17], PDGFRα [18], Flt3 [19]). Mutations can either sterically occlude the inhibitors 
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through small to large changes in the sidechain volumes or can lose critical contacts with the 

inhibitors through large to small sidechain changes. The T315I gatekeeper mutation in BCR-

ABL is an example of the former (both steric clash and loss of critical h-bond) while the F691L 

gatekeeper mutation in Flt3 kinase is an example of the latter resulting in the loss of stacking 

interactions [15, 19]. The gatekeeper mutation T790M in EGFR results in resistance to an 

inhibitor by an increase in its affinity for ATP [20].   

 

In this work we attempt to develop a robust computational protocol for predicting resistance 

by asking a simple question: what are the consequences of mutating the gatekeeper Thr790 in 

EGFR to all possible amino acids (we hypothesize that only single nucleotide changes are 

allowed). Of the 19 possible mutations, 8 result from single base changes and are the focus of 

our study. We explore the binding of ATP and three drugs (gefitinib, erlotinib and afatinib), all 

of which bind to the active form of the kinase, in the context of the wild type (WT) and the 8 

mutations at T790, using a combination of extensive molecular dynamics (MD) simulations 

with rigorous free energy calculations (thermodynamic integration (TI) and free energy 

perturbation (FEP)).  It has been speculated that the T790M mutation in EGFR shifts the 

conformational equilibrium of EGFR from the inactive to the active state [21-26], thus making 

it constitutively active.  

  

Methods 

MD Simulations 

Systems used in this current study are taken from our previous work [26]. Each system was 

subject to MD simulations which were carried out with the pmemd.CUDA module of the 

program Amber16 [27].  All atom versions of the Amber 14SB force field (ff14SB) [28] and 

the general Amber force field (GAFF) [29] were used for the protein and the inhibitors 

respectively. Parameters for gefitinib, erlotinib and affatinib were derived using the 

antechamber module of Amber 16. Gefitinib and erlotinib are non-covalently bound to EGFR 

while afatinib is covalently linked to Cys797 of EGFR. All MD simulations, analysis including 

the binding energy calculations were carried out as discussed in our previous study [26, 30] 

and are summarized in the supplementary.   

 

Prediction of protein stability  
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We used 5 different structure-based protein stability programs available (DUET [31], SDM 

[32], mCSM [33], DynaMut [34] and iStable [35]) to predict the effects of the mutations on the 

stability of the EGFR kinases. The change in protein stability (ΔΔG) were computed for both 

the active and inactive forms of the kinases.  

 

Results 

Conformational dynamics of the EGFR gatekeeper mutations in the apo state 

We focus on the mutations that are likely to result in resistance, i.e. those that bind ATP with 

higher affinity than they do the inhibitory ligands, and will preferentially adopt the active state 

in order to engage in phosphate transfer (catalysis).  Therefore, we focus on EGFRWT and its 

mutants (EGFRT790A, EGFRT790R, EGFRT790N, EGFRT790M, EGFRT790K, EGFRT790I, EGFRT790S). 

Structurally, all of them were stable in their apo forms during the MD simulations, not 

deviating by more than 4 Å from their starting conformations (Figure 1B), apart from 

EGFRT790P, which is not surprising given that the Pro introduces a distortion in the form of a 

kink.  

 

Key structural elements of kinases are known to be crucial for their conformational stabilities 

and functional interactions with ATP [36, 37] and include the αC- helix, P-loop, A-loop, and a 

DFG motif which is located at the N-terminal end of the A-loop and is crucial for the kinase 

adopting a catalytically competent state (Figure 1A). These regions are also known to undergo 

large conformational changes during the transitions between the active and inactive states of 

the kinase [36, 37]. The αC-helix regulates the activity of the kinases by adopting αC-In (active) 

and αC-Out (inactive) conformations.  It contains a conserved glutamic acid (Glu762) which 

forms a catalytically important salt bridge with Lys745 in the active conformation of the kinase. 

During the simulations, the kinases maintain their starting active states and all mutants except 

the EGFRT790P show a stable αC-In conformation including the salt bridge (Lys745 - Glu762); 

EGFRT790P shows increased fluctuations of the αC helix (Figure 1F) and concomitant loss of 

the salt bridge (Figure 1C).   The Glycine rich P-loop can adopt both closed and extended 

conformations, depending on whether the kinase is bound with a ligand or not. In the apo states, 

the P-loop is known to be highly flexible (density is often missing in crystal structures) and is 

seen to be very flexible in the simulations of EGFRT790R, EGFRT790N, EGFRT790K and 

EGFRT790P, with the EGFRT790P exhibiting the largest flexibility (Figure 1E).  The DFG-motif 
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adopts a stable DFG-In conformation in all the simulations except in EGFRT790P where it is 

very flexible (Figure 1D).  

 

We next measured the volume of the active site pocket. The EGFRWT has a pocket volume of 

~100Å3, while most mutants have pockets with volumes close to ~100Å3 (Figure 1G).  In the 

case of EGFRT790A, the reduction in sidechain results in a slightly larger pocket volume 

(~120Å3). In contrast, the larger side chains in EGFRT790K and EGFRT790R result in somewhat 

smaller pockets, with volumes ~70Å3; the kink in EGFRT790P results in a smaller pocket 

(volume ~60Å3). 

 

Given that all mutations except EGFRT790P, EGFRT790K and EGFRT790R are structurally well 

tolerated, we investigated the effect of these mutations on the stability of the kinases.  We have 

used structure based and MD based free energy methods to predict whether a given mutation 

will stabilize or destabilize the structure of EGFR kinase. The change in protein stability (ΔΔG) 

were computed for both the active and inactive forms of the kinases. Overall the effect of these 

mutations on the stability of the kinases was minimal (only 10 out of the 50 ΔΔG values 

computed were predicted to stabilise/destabilise by 1 kcal/mol) [Table 1]. All the structure-

based methods predicted that mutations EGFRT790M and EGFRT790I stabilize both the active and 

inactive forms of the kinases, whereas EGFRT790A, EGFRT790N and EGFRT790S are predicted to 

destabilize the structures.  

 

Conformational dynamics of the EGFR gatekeeper mutations in the ATP-bound state 

We next investigated the ability of the kinases to bind ATP.     Models of the ATP complexes 

were generated based on the crystal structure of EGFRWT-AMPMP complex (PDB ID 2ITX) 

and subjected to MD simulations. In contrast to the apo simulations, increased structural 

stability (by 1-2 Å) was observed; this is not surprising as the presence of ATP is known [36, 

37] to stabilize the active conformation of the EGFR kinase (Figure 2B). The bound 

conformation of the ATP remained stable in all the simulations (Figure 2B). The crystal 

structure (PDB ID 2ITX) shows that the adenine moiety from AMPMP (ATP analogue) is 

involved in hydrogen bond interactions with the side chain of Thr790 and back bones of Gln791 

and Met793 (Figure 2A). The 6-amine of the adenine moiety engages the hydroxyl side chain 

of Thr790 and carbonyl backbone of Gln791 with hydrogen bonds. The N1 from the purine 

group of adenine forms a hydrogen bond with the amide backbone of Met793.  These  hydrogen 

bonds were well preserved during the simulations of the EGFRWT-ATP complex. In addition 
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we found a water mediated interaction between the 6-amine of the adenine moiety of ATP and 

the hydroxyl side chain of Thr790 (~ 95% of the simulation).    In the case of the mutants , this 

water is not retained, however despite the loss of  the water mediated  hydrogen bond (between 

the bound ATP  and  the sidechain hydroxyl of Thr790), the bound conformation of ATP was 

well retained, mainly with the help of other two hydrogen bonds that ATP makes with the hinge 

region of the kinase; this suggests that this water-mediated interaction may not be critical.  

 

In EGFRT790A, not only was the hydrogen bond lost, but a slight increase in flexibility of ATP 

was observed with average rmsd of 1.9 Å (Figure 2B) due to the shorter mutant sidechain; 

however, it still retained the binding of ATP. In the case of EGFRT790M, the branched side chain 

of threonine is substituted with a longer but linear side chain residue Methionine.   Despite the 

loss in the water mediated sidechain hydrogen bond interaction made with the hydroxyl of Thr 

(which resulted in a slight increase in ATP rmsd  to ~1.8 Å; Figure 2B), the longer side chain 

of Met provides a tighter packing with the adenine moiety of the ATP; this is also seen for the 

longer branched sidechain of Ile in  EGFRT790I (increase in ATP rmsd to ~2.0 Å) (Figure 2B). 

The observation [20] that EGFRT790M binds ATP with a higher affinity EGFRWT suggests that 

the water mediated interaction may not be critical. In EGFRT790N, Asparagine is similar to Ile 

in terms of size/length but has an amide facing the ATP and engages in water mediated 

interactions ( ~60% of simulation time) with the amine of the adenine moiety of ATP (observed 

in the case of EGFRWT), stabilizing the bound ATP with an average rmsd of 1.3 Å (Figure 2B).  

In the case of Serine at the gatekeeper position, despite lacking the methyl group of T790, a 

water mediated hydrogen bond interaction (~85% of simulation time) with the amine of the 

adenine moiety in ATP is seen (as in T790). The water mediated hydrogen bond along with the 

hydrogen bond interactions with the carbonyl backbone of Gln791, and amide backbone of 

Met793, stabilizes the bound form of ATP as in the EGFRWT with average rmsd (ATP) of ~1.1 

Å (Figure 2B). As expected, the substitution of Thr with longer side chain residues such as Lys 

and Arg interfere with the binding of ATP with rmsd (ATP) 3.5 Å to 4.5 Å for conformations 

sampled during the MD simulations (Figure 2B), resulting in the displacement of the ATP to a 

new and non-canonical binding mode. The bound ATP also loses its hydrogen bond 

interactions with the hinge region. In this mode the positively charged side chain of the 

gatekeeper residue is attracted towards the phosphate group of ATP; this likely prevented any 

unbinding events during the simulations. No unbinding of ATP was observed even when the 

simulations were extended to 1µs (data not shown). The Proline substitution in EGFRT790P, 

introduces a kink at the gatekeeper position resulting in loss of both packing and h-bond 
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interactions with the bound ATP; again, an increase in rmsd (ATP) of 2.1 Å (Figure 2B) was 

observed for the bound ATP, however no unbinding was observed.  

  

It is clear that all the substitutions except EGFRT790P, EGFRT790R and EGFRT790K, retain the two 

hydrogen bond interactions that the ATP makes with the hinge region of the kinase in the 

EGFRWT; EGFRT790S retains all the hydrogen bond interactions seen in EGFRWT. Hence it is 

puzzling that only the EGFRT790M mutation is observed in clinics.   Earlier, Azam M et al. [13] 

demonstrated experimentally that in a range of kinases, indeed the gatekeeper position was 

quite tolerant of various substitutions, including. EGFRT790I and EGFRT790M which retain or 

enhance the kinase activity. Additionally, the gatekeeper threonine was found to be tolerant to 

substitutions with smaller side chain substitutions such as alanine in most of the cases.  What 

was surprising was that long chains such as Lysine were also well tolerated, albeit with reduced 

kinase activity. However, substitution to proline, which is expected to result in a kink in the 

polypeptide backbone at the hinge region, resulted in inactivation of the enzyme. 

 

Conformational dynamics of the EGFR gatekeeper mutations in the inhibitor-bound state 

We next investigate the binding of 3 small molecule clinical kinase inhibitors to these 

mutants.  These include two reversible inhibitors (gefitinib, erlotinib) and one irreversible 

inhibitor (afatinib) (Figure 3). Models of these inhibitors bound to the kinases were generated 

using the available crystal structures of the molecules bound to the EGFRWT kinase. All three 

molecules are quinazoline derivatives, bind to EGFR in a similar manner in the ATP pocket 

and interact with the hinge region of the kinase through similar hydrogen bond interactions:  

the quinazoline N1 nitrogen interacts with the amide backbone of Met793 from the hinge 

region and the quinazoline N3 nitrogen interacts with the hydroxyl side chain of Thr790 

through a water molecule W1 (Figure 4A, B, C) which is conserved in most crystal structures. 

All the inhibitors carry different solubilizing groups that protrude towards the entrance of the 

ATP pocket; afatinib carries an electrophile that forms a covalent bond with Cys797. The 

inhibitors contain phenyl derivatives (3-chloro-4fluro – phenylamino in gefitinib and afatinib 

and 3-ethnylphenylamino in erlotinib) that protrude towards the back pocket of the kinase.  The 

MD simulations of the inhibitors bound to EGFRWT show them to be stably bound (average 

rmsd of 0.8 Å, 1.7 Å and 2.6 Å for afatinib, erlotinib and gefitinib respectively; Figure 4).  

 

Afatinib is most stable on account of its covalent linkage to the enzyme. The larger flexibility 

of gefitinib arises from the long and exposed solubilizing group which is not involved in any 
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direct interaction with the kinase.  The hydrogen bond interactions between the quinazoline N1 

nitrogen and amide backbone of Met793 from the hinge region and the water mediated 

hydrogen bond interactions with the quinazoline N3 nitrogen and hydroxyl side chain of 

gatekeeper Thr790 are well preserved (~90% of the simulation time) for all inhibitors during 

the simulations.  

 

We next investigate how the various mutants influence the binding of these three inhibitors 

during the MD simulations.  Erlotinib bound stably to most of the gate keeper substitutions 

with its rmsd between 1.3 Å - 2.8 Å (Figure 4D); the hydroxyl side chain of Ser790 enables the 

retention of the key water mediated hydrogen bond interactions with the bound erlotinib 

(Figure 4D). In the other mutants, the water molecule is displaced. Although no unbinding was 

observed (even with simulations extended to 1µs) in EGFRT790K or EGFRT790R, erlotinib 

undergoes conformational changes, especially at its aminophenyl moiety, to accommodate the 

longer side chains of the mutants.  Gefitinib also shows the same effects as erlotinib; the larger 

RMSD (~3.5 Å) (Figure 4E) arises from the increased flexibility of the long and flexible 

solubilising group as was also seen in EGFRWT. The longer sidechains of EGFRT790R and 

EGFRT790K are less tolerant while EGFRT790S is the only mutant that retains the water mediated 

hydrogen bond. The hydrogen bond interactions with the hinge region of the mutant kinases 

are also well retained except in EGFRT790R and EGFRT790K where gefitinib undergoes 

conformational changes; again, no unbinding was observed even with simulations extended to 

1µs. 

 

The interactions of afatinib are also similarly influenced, with the retention of hinge 

interactions while the water mediated interaction was retained only by EGFRT790S; the reduced 

fluctuations arise from its covalent linkage (Figure 4F). Again, the EGFRT790K and EGFRT790R 

sidechains perturb its conformation and hence the interactions. In summary, the binding of 

these three drugs are well tolerated structurally with most of the mutations except for 

EGFRT790P, EGFRT790K and EGFRT790R at the gatekeeper position.  

 

Once again, it is clear that except perhaps for the EGFRT790P, EGFRT790K and EGFRT790R 

mutants, the other mutants are quite tolerant and will bind ATP and the inhibitors. Next, we 

explore the energetic consequences of the mutations upon the binding of the ligands using free 

energy methods.  
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Effects of the EGFR gatekeeper mutations on the binding energies of ATP and inhibitors  

Thermodynamic integration (TI) and free energy perturbation (FEP) calculations performed in 

explicit solvent describe a thermodynamically complete picture of binding and have been 

shown to produce affinities in close agreement with experiments [38-45]. However, due to 

issues of computational costs and hence incomplete sampling, convergence has been a major 

issue with the regular TI and FEP calculations. To overcome this limitation, various 

modifications have been proposed including free energy perturbation/replica exchange with 

solute tempering (FEP/REST) [46], replica exchange free energy perturbation (RE-FEP) [47] 

and replica exchange thermodynamic integration RE-TI [48]. In addition, advanced analysis 

methods such as MBAR [49, 50] have also been proposed to improve convergence.  All these 

methods have been shown to improve convergence and to reproduce the experimental binding 

data with high accuracy (within ~1 kT). 

 

Binding energies were estimated by two TI and FEP based calculations: one was performed on 

apo EGFR and the other on the EGFR-inhibitor/ATP complex. The difference in binding 

energy upon mutation was computed using a thermodynamic cycle (more details in 

supplementary information).  Multistate Bennett Acceptance Ratio (MBAR) was used for the 

analysis of the FEP data. To obtain statistically converged results, binding energy calculations 

were carried out for both the forward (WT to mutant) and backward directions (mutant to WT) 

and the error was calculated by taking the differences between the forward and backward 

calculations (Figure 5). 

 

No major difference in affinity for ATP was observed for any of these mutations over the 

EGFRWT (ΔΔG is with in < 1 kcal/mol) (Figure 6). Although the NH of the adenine motif of 

ATP forms a hydrogen bond with the hydroxyl side chain of Thr790, and this interaction is lost 

upon various substitutions except in EGFRT790S, the fact that no major loss in affinity was 

observed suggests that this EGFR – ATP hydrogen bond is not that critical for the binding of 

ATP.  This is further supported by the fact that only ~19% of the kinases from the human 

kinome carry a residue at this gatekeeper position that can engage in such a hydrogen bond 

with bound ATP. Interestingly T790M also did not show increased affinity for the ATP (ΔΔG 

~ 0.2 kcal/mol), in agreement with the experimental data which showed that T790M alone as 

a single mutant does not have increased affinity to ATP (Km for EGFRWT is 5.9 µM and for 

EGFRT790M is 5.2 µM) [20] although the mutant did exhibit a 5-fold improved kcat.  In contrast, 

all the bound drugs showed increased affinity for all the mutants (Figure 6).  This is not 
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surprising since all three drugs are quinazoline derivatives, bind similarly at the ATP pocket 

and interact with the hinge region of the kinase through similar hydrogen bond interactions.  

 

Surprisingly both erlotinib and gefitinib showed increased affinity (by ~1.0 kcal/mol and ~1.3 

kcal/mol respectively) for EGFRT790M, which contrasts with the clinical observations where this 

mutant is known to confer resistance to these two inhibitors. The increased affinity observed 

for the EGFRT790M for gefitinib (~1.3 kcal/mol) is in good agreement with the experimental 

data on increased binding reported for the EGFRT790M (Kd of 4.9 nM for the EGFRT790M versus 

Kd of 54.3 nM for EGFRWT) [20]. This 10-fold increase in Kd corresponds to a binding free 

energy of ~ 1.2 Kcal/mol favouring the binding of gefitinib to EGFRT790M over the EGFRWT 

(Table 2).   It is speculated that the EGFRT790M results in resistance to the drug gefitinib by 

increasing its binding to the natural substrate ATP [20].  

 

Our binding energy calculations further suggest that the other two drugs erlotinib and afatinib 

also show a higher affinity for EGFRT790M, in contrast to the observation clinically that the 

EGFRT790M mutant does not bind to gefitinib and erlotinib. Of course, afatinib will bind 

EGFRT790M due to the irreversible interaction through the covalent bond with Cys797; indeed, 

it was designed with this hypothesis and it successfully entered the clinic for patients who have 

developed the EGFRT790M mutation. 

 

In summary, mutations at position Thr790 including Met, Ile, Ala and to a lesser extent, Ser 

and Asn favour the binding of all the three inhibitors whereas the binding to ATP remains 

relatively similar.  And yet, EGFRT790M is most prevalent in the clinic.  Incidentally, ~37% of 

the kinases in the human kinome carry Met at the gatekeeper position, followed by Thr (~19%), 

Leu (16%), and Phe (~14%).  In contrast, Ile, Ala, Ser and Asn together account for only ~4 

%. There is no evidence of Lys or Arg at this position and this is consistent with our 

observations that the sidechains occlude the pocket sufficiently to perturb the binding of ATP 

and abrogate function, hence this residue will not be selected for.   

 

Conclusions 

The emergence of resistance against drugs that inhibit a particular protein/enzyme, thus 

disabling pathways that are essential for tumour survival is a major problem in targeted therapy.  
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There are several routes to the development of resistance including the emergence of point 

mutations in the target that disable the binding of the drug or the alteration of pathways, 

extrusion of drugs through pumps etc [51]. There is some hope that the recently identified 

allosteric inhibitors may be able to avert this problem [52, 53, 54].  

 

An area of focus has been the development of drugs that are designed to address the issue of 

the emergence of point mutations in target proteins; the development of 1st, 2nd, 3rd and 4th 

generation drugs against kinases in oncology [55] exemplifies the need for continuous 

evolution of drugs. This outlines the need to understand the nature of the point mutations that 

will arise in response to a drug. One such example is the prevalence of the EGFRT790M 

gatekeeper mutation in EGFR kinase that arises in response to first line drugs. However, the 

reason for the prevalence of the Met mutation at the 790 position remains enigmatic, because 

even with a single base change at the nucleotide level (cytosine to thymine change), the possible 

mutations include, in addition to Met, Ala, Asn, Ile, Ser, Pro, Arg, Lys. So why is Met the most 

commonly seen mutation at 790? In the current study we explore the structural and energetic 

consequences of a set of mutations at the 790 position upon the interactions/affinity for ATP 

and 3 commonly used drugs: the first generation erlotinib and gefitinib and the 2nd generation 

afatinib. These mutations are the possible ones that result from a single base change. 

 

The Pro mutation was discarded as it was found to be quite destabilizing in the apo state itself. 

The Lys and Arg mutations interfere with the binding of ATP and hence are of no functional 

consequence. The remaining five mutations were all found to be tolerated structurally (change 

in thermodynamic stabilities estimated using a set of available web servers on the kinases in 

their active and inactive forms), had negligible differences in their affinities for ATP compared 

to EGFRWT, in accord with experimental observations [20], and tolerated the binding of the 

three inhibitors. This may explain why these mutations are not seen since the protein isn’t 

“gaining” anything. In vivo of course there are the complex networks of chaperones that have 

evolved to modulate the stabilities of proteins [56], however that investigation is beyond the 

scope of the current study. In our calculations, only T790I (and T790M) showed increased 

affinity for the inhibitors compared to EGFRWT, in accord with experimental observations for 

EGFRT790M.  And yet the T790M mutant is only the one seen in response to the administration 

of drugs (the resistance mutation). A resolution to this enigma was provided by Eck & 

colleagues [20] who found that the T790M mutant can easily accommodate the tight binding 

of several inhibitors, as we also find in our simulations. They suggest that the high cellular 
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concentration of ATP weakens the efficacy of the drugs for EGFRT790M [20] and drugs such as 

afatinib, which belong to the same family of inhibitors as gefitinib and erlotinib, are effective 

simply because they can bind irreversibly to EGFRT790M. So why do we not see the T790I 

mutation in the clinic as a resistance mutation. Although the current FEP/TI methods are unable 

to provide a conclusive answer, it is possible that kinetics of drug binding may need to be 

factored in, a characteristic that is increasingly being explored in drug discovery paradigms 

[57, 58]. Of course, the current study assumes that resistance arises from point mutations in the 

target protein. Other factors likely play a role, as a recent study [59] highlighted how first-

generation inhibitors of EGFR activate the NFkB pathway that in turn results in induction of 

activation-induced cytidine deaminase (AICDA) which deaminates a specific 5-methyl 

cytosine to thymine, resulting in the EGFRT790M mutation.   
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Table 1: Effects of mutations on the stability of EGFR kinase variants predicted using available web servers.  

Mutation Active In-active 

SDM DynaMut DUET mCSM iStable SDM DynaMut DUET mCSM iStable 

T790A -0.5 -1.1 -0.5 -0.9 -1.1 -0.5 -1.2 -0.4 -0.9 -0.8 

T790N -0.5 -0.3 -1.2 -1.4 0.9 -0.4 -0.6 -0.8 -1.1 0.7 

T790M -0.3 1.0 0.2 0.1 0.1 0.1 1.4 0.3 -0.1 0.1 

T790I 0.8 0.9 0.7 -0.01 0.01 0.8 0.7 0.8 -0.3 0.1 

T790S -0.8 -0.3 -1.6 -1.5 0.6 -0.6 -0.9 -1.2 -1.3 0.5 

 

Values reported here are changes in protein stability (ΔΔG) and are classified as predicted to be neutral (-1.5 < ΔΔG < 1.5), stabilizing (ΔΔG > 

1.5) or destabilizing (ΔΔG < -1.5). 
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Table 2: Binding affinity/free energy of Gefitinib with EGFR   

System 
Kd (nM) ΔG (Kcal/mol) ΔΔG 

(kcal/mol) EGFRWT EGFRT790M EGFRWT EGFRT790M 

Experimental 35.3 4.6 -10.22 -11.4 -1.21 

Computational - - - - -1.3 

Kd is the dissociation constant of gefitinib reported by Yun et al. [20] Experimental binding 

free energy (ΔG) was calculated from the Kd values using ΔG = RTln(Kd), with R is gas 

constant (0.001987 Kcal/mol) and temperature (T) at 300 K.  
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Figures 

 

 

 

 

 

Figure 1: Overview of the structure of EGFRWT kinase in its active form, with the helix αC 

adopting the αC-In (active, magenta) and the activation loop (cyan) P-loop (salmon), Hinge 

(yellow) and DFG motif (Blue).  The gatekeeper residue T790 is shown as sphere (green) and 

critical residues (K745 and E762) that make the salt bridge (in magenta dashes) in the active 

state are shown as sticks and the salt bridge interaction is shown as red dashes. Probability 

distributions of the (B) root mean square deviation (RMSD) of the kinase domain  (C) distance 

between the K745 and E762 salt bridge (D) RMSD of A-loop (E) RMSD of P-loop (F) RMSD 

of αC-helix (G) volume of the ATP pocket calculated from conformations sampled during the 

MD simulations of EGFRWT (Black) EGFRT790A (Red) EGFRT790N (Green) EGFRT790R (Blue) 

EGFRT790I (Brown) EGFRT790K (Violet) EGFRT790M (Cyan) EGFRT790P (Magenta) EGFRT790S 

(Orange).  
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Figure 2: (A) Structure of the EGFRWT kinase (surface representation) in its active form bound 

with ATP (green sticks). Bound water molecule is shown as sphere (red) and h-bonds are 

highlighted (dashed lines) (B)  Probability distributions of the root mean square deviation 

(RMSD) of bound ATP calculated from conformations sampled during the MD simulations of 

EGFRWT (Black) EGFRT790A (Red) EGFRT790N (Green) EGFRT790R (Blue) EGFRT790I (Brown) 

EGFRT790K (Violet) EGFRT790M (Cyan) EGFRT790P (Magenta) EGFRT790S (Orange).  
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Figure 3: Structures of three drugs molecules used in this study. 
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Figure 4: Structure of the EGFRWT kinase (surface representation) in its active form bound 

with (A) erlotinib (green sticks) (B) gefitinib (C) afatinib. Bound water molecule is shown as 

sphere (red) and h-bonds are highlighted (dashed lines). Probability distributions of the root 

mean square deviation (RMSD) of bound (D) erlotinib (E) gefitinib (F) afatinib calculated from 

conformations sampled during the MD simulations of EGFRWT (Black) EGFRT790A (Red) 

EGFRT790N (Green) EGFRT790R (Blue) EGFRT790I (Brown) EGFRT790K (Violet) EGFRT790M 

(Cyan) EGFRT790P (Magenta) EGFRT790S (Orange).  
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Figure 5: Convergence of the binding free energy calculations. Block average of the (A, C) 

FEP/MBAR and (B, D) TI results from the forward and backward simulations for (A,B) 

EGFRT790I and  (C, D)EGFRT790M mutants. 
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Figure 6: Free energies of mutating Thr790 to various amino acids in EGFR complexed to 

ATP (Black), erlotinib (Red), gefitinib (Green) and afatinib (Blue) calculated using 

FEP/MBAR. The difference between the forward (WT to Mut) and backward (Mut to WT) 

are shown as errors.  
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