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Abstract: Inhibitors targeting the amplification of the fibroblast growth factor receptor 1  

(FGFR1) have found success in the treatment of FGFR1-positive squamous cell lung and 

breast cancers. A secondary mutation of gatekeeper residue (V561M) in the binding site has 

been linked to the acquired resistance. Recently, two well-known small molecule inhibi-

tors of FGFR1, AZD4547 and E3810, reported that the V561M mutation confers significant 

resistance to E3810, while retaining affinity for AZD4547. FGFR1 is widely investigated as 

potential therapeutic target, while there are few computational studies made to understand the 

resistance mechanisms about FGFR1 V561M gatekeeper mutation. In this study, molecular 

docking, classical molecular dynamics simulations, molecular mechanics/generalized born 

surface area (MM/GBSA) free energy calculations, and umbrella sampling (US) simulations 

were carried out to make clear the principle of the binding preference of AZD4547 and E3810 

toward FGFR1 V561M gatekeeper mutation. The results provided by MM/GBSA reveal that 

AZD4547 has similar binding affinity to both FGFR1WT and FGFR1V561M, whereas E3810 

has much higher binding affinity to FGFR1WT than to FGFR1V561M. Comparison of individual 

energy terms indicates that the major variation of E3810 between FGFR1WT and FGFR1V561M 

are van der Waals interactions. In addition, US simulations prove that the potential of mean 

force (PMF) profile of AZD4547 toward FGFR1WT and FGFR1V561M has similar PMF depth. 

However, the PMF profile of E3810 toward FGFR1WT and FGFR1V561M has much higher PMF 

depth, suggesting that E3810 is more easily dissociated from FGFR1V561M than from FGFR1WT. 

The results not only show the drug-resistance determinants of FGFR1 gatekeeper mutation but 

also provide valuable implications and provide vital clues for the development of new inhibi-

tors to combat drug resistance.
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Introduction
The fibroblast growth factor receptor (FGFR) regulates critical cellular processes, such as 

proliferation, differentiation, and apoptosis. FGFRs, a subfamily of the receptor tyrosine 

kinase superfamily with four distinct isoforms (FGFR1–4), are composed of extracel-

lular ligand-binding domain, a transmembrane helix and an intracellular tyrosine kinase 

domain (KD).1 The binding of fibroblast growth factor (FGF) and FGFR triggers the 

dimerization of the extracellular receptor domains, transphosphorylation of the intracel-

lular KD, and the subsequent activation of downstream signaling pathways, including 

the mitogen-activated protein kinase and phosphoinositide-3-kinase (PI3K)/Akt.2,3

In FGFR1, mutation or amplification can lead to aberrant FGFR1 activity, impli-

cating this kinase in cancers, for example, non-small-cell lung cancer, breast cancer, 
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multiple myeloma, and rhabdomyosarcoma.2,4 A growing 

body of research reported that the inhibition of FGF–FGFR1 

may present an effective therapeutic option for cancers. Par-

ticularly, the KD of FGFR1 is believed to be an important 

target for anticancer drug development.2,5–9

The KD of FGFR1 adopts the canonical bilobate fold with 

two major conserved subdomains, a smaller N-terminal lobe 

showing the characteristic twisted five-stranded β-sheet and 

the αC helix and a larger C-terminal lobe consisting of mainly 

α helices (Figure 1A). The two domains are connected by 

a flexible linker (kinase hinge). The adenosine triphosphate 

(ATP) binding site is located in the cleft between the two 

domains and the kinase hinge.10,11 Numerous studies have 

reported several small molecule tyrosine kinase inhibitors 

(TKIs) targeting FGFR1 for the treatment of advanced solid 

tumors.2 Unfortunately, resistance severely hampers the 

long-term success of TKIs, with mutations at the gatekeeper 

residues (such as V561M, located deep in the active site that 

controls access of the TKIs to the hydrophobic pocket) often 

serving as an early means of resistance to cancer therapy, 

resulting in tumor progression (Figure 1A).12,13

Sohl et al10 first showed the AZD4547 binding in unique 

ways to the wild type (WT) and the gatekeeper mutant 

(V561M) forms of FGFR1. In addition, AZD4547 showed 

high affinity toward FGFR1WT and FGFR1V561M isoforms, 

but E3810 displayed much reduced inhibition toward 

FGFR1V561M. Crystal structural analysis showed that binding 

affinity of AZD4547 is preserved by V561M mutation due 

to a flexible linker that allows multiple inhibitor binding 

modes while E3810 remains unknown.10 It should be noted 

that the affinity for the various inhibitors was not disrupted 

in V561M, such as AZD4547, indicating that the drug-

resistance mechanism could not be simply explained by the 

steric hindrance.

The pyrazole derivative AZD4547 (Figure 1B) is a novel 

and selective FGFR1-3 inhibitor developed by AstraZeneca 

and currently in clinical trials (ClinicalTrials.gov identi-

fier, NCT01457846).14 E3810 (lucitanib; Figure 1B) is 

a potent, oral inhibitor of the tyrosine kinase activity of 

FGFR1–3, vascular endothelial growth factor receptors 

1–3 (VEGFR1–3), and platelet-derived growth factor recep-

tors A/B (PDGFRA/B). The on-going Phase I/II clinical 

study of E3810 has demonstrated objective responses in 

breast cancer patients with FGF-aberrant tumors.15,16 In this 

study, AZD4547 and E3810 were studied to determine 

the mechanisms of binding affinity toward FGFR1WT and 

FGFR1V561M. We studied the binding specificity of AZD4547 

and E3810 by using multiple molecular modeling methods. 

Classical molecular dynamics (MD) simulations and struc-

tural analysis reveal that E3810 bind in new conformations 

with minor adjustments in order to accommodate V561M 

gatekeeper mutation, which is consistent with the induced-fit 

theory. Molecular mechanics/generalized born surface area 

(MM/GBSA) and free energy decomposition calculations 

were used to determine binding free energies. Furthermore, 

umbrella sampling (US) simulations were used to study 

Figure 1 Overview of the kinase domain of FgFr1.
Notes: (A) Overview of FgFr1 structure (PDB iD: 4rWi). The kinase region, P-loop, catalytic loop, and a-loop are colored green, blue, magenta, and orange, respectively. 
V561 and M561 are colored purple and cyan (balls and sticks); (B) structures of aZD4547 and e3810. red circle indicates reaction coordinates of aZD4547 and blue circle 
indicates e3810 for umbrella sampling simulations.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; PDB, Protein Data Bank.
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the dissociation process of the two inhibitors from the active 

pockets of FGFR1WT and FGFR1V561M. The results show that 

the van der Waals interactions are critical for binding affinity 

of AZD4547 and E3810 toward FGFR1WT and FGFR1V561M. 

Moreover, US simulations show that dissociation process 

plays an essential role in maintaining potency. The poten-

tial of mean force (PMF) profile of FGFR1WT/E3810 has 

much higher PMF depth than FGFR1V561M/E3810 com-

pared with the PMF profile of FGFR1WT/AZD4547 and 

FGFR1V561M/AZD4547, indicating that E3810 is easier to 

dissociate from FGFR1V561M than from FGFR1WT. Therefore, 

E3810 cannot maintain potency against V561M gatekeeper 

mutation. Our results are consistent with previous reports 

and provide new vital insights for designing future inhibitors 

effective against the FGFR1 V561M gatekeeper mutation.

Materials and methods
construction of the FgFr1V561M/e3810 
model
As one of the most widely used computational approaches 

for structure-based drug design, molecular docking study 

was used to construct the FGFR1V561M/E3810 model by 

the latest version of AutoDock 4.2.6 package.17 AutoDock 

4.2.6 package is a flexible docking program that is based on 

Lamarkian genetic algorithm to search the optimal conforma-

tion of ligand in a macromolecule. The crystal structure of 

human FGFR1V561M (Protein Data Bank [PDB] ID: 4RWI) 

was obtained from the PDB.10 For docking calculations, 

AutoDock4 atomic radii and Gasteiger partial charges were 

assigned to the FGFR1V561M and E3810 in molecular dock-

ing. The grid dimensions of 60×60×60 Å beside the XYZ 

directions were assigned using the AutoGrid module with 

a grid spacing of 0.375 Å. The docking protocol consisting 

of 100 conformations was generated, which were clustered 

according to the root mean square deviation (RMSD) toler-

ance of 2.0 Å, population size of 300, maximum number of 

evaluation 25,000,000, and other settings were set default. 

AutoDockTools program17 and PyMol program18 were used 

to analyze the docking results.

classical MD simulations
Classical MD simulation, an unbiased MD simulation method, 

gives the evolution of a molecular system as a function of 

time. The X-ray crystal structures of FGFR1WT/AZD4547 

(PDB ID: 4RWJ), FGFR1V561M/AZD4547 (PDB ID: 

4RWK), FGFR1WT/E3810 (PDB ID: 4RWL), and modeled 

FGFR1V561M/E3810 were used as the initial structures for 

the classical MD simulations.10 Prior to the classical MD 

simulations, the ligand–protein systems were constructed 

by antechamber and the functionality of link, edit and parm 

(known as LeaP module) in Assisted Model Building with 

Energy Refinement (Amber) 11 simulation package (Amber 

Software Administrator, San Francisco, CA, USA).19 The pro-

teins were described by the Amber ff99SB force field.20 

AZD4547 and E3810 used the generalized Amber force 

field with partial charges assigned by restrained electrostatic 

potential fitting method based on the electrostatic potentials 

computed at Hartree–Fock SCF/6-31G* level of theory.21,22 

All complexes were solvated in a box of TIP3P water mol-

ecules with a 10 Å distance between the protein surface and 

the box boundary. In addition, an appropriate number of 

sodium ions were used to ensure electro neutrality.

Classical MD simulations were carried out by Amber 11 

software package.23 Before the MD productive simulation, we 

carried out an equilibration protocol consisting of an initial 

minimization (5,000 steps of steepest descent and 2,500 steps 

of conjugate gradient) to the solvent molecules. Then the side 

chains of proteins were subjected to energy minimization with 

harmonic restraints of 4 kcal/mol−1/Å−2 (5,000 steps of steep-

est descent and 2,500 steps of conjugate gradient). After that, 

proteins and ligands were subjected to energy minimization in 

the water box (5,000 steps of steepest descent and 2,500 steps 

of conjugate gradient). The systems were then heated to 300 K 

using a time constant at constant volume during 100 ps. Before 

the production of classical MD simulation, the whole system 

was equilibrated .200 ps at constant pressure of 1 bar. Finally, 

each system was submitted to 50 ns classical MD simulation 

without any restraint. During these simulations, pressure and 

temperature were maintained using the Langevin temperature 

scalings.24 SHAKE constraints were applied to all bonds involv-

ing hydrogens.25 Moreover, periodic boundary conditions and 

electrostatic interactions were treated using the particle-mesh 

Ewald algorithm with cutoff of 8 Å.26 Conformational snap-

shots were saved every 10 ps for further analysis.

MM/gBsa binding free energy 
calculations
Binding free energies for all systems were calculated using 

MM/GBSA methods as implemented in Amber 11.27,28 

MM/GBSA computes the binding free energies by using a 

thermodynamic cycle that combines the molecular mechani-

cal energies with the continuum solvent approaches. The 

binding free energies (∆G
bind

) were calculated according to 

the following equations:

 ∆G
bind

 = ∆G
complex

 − (∆G
receptor

 + ∆G
ligand

) (1)
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 ∆G
bind

 = ∆E
MM

 + ∆G
sol

 − T∆S (2)

 ∆E
MM

 = ∆E
int

 + ∆E
VDW

 + ∆E
elec 

(3)

 ∆G
sol

 = ∆G
GB

 + ∆G
SA 

(4)

The binding free energies ∆G
bind

 in equation (1) was 

calculated as a sum of the three terms in equation (2). 

∆E
MM

 and ∆G
sol

 represent the molecular mechanics interac-

tion energy and solvation energy. T∆S, at temperature T, 

represents the change of the conformational entropy upon 

ligand binding. In equation (3), ∆E
MM

 can be decomposed 

into three components: intermolecular interaction energy 

(∆E
int

), van der Waals energy (∆E
VDW

), and electrostatic 

energy (∆E
elec

). The polar part ∆G
GB

 accounts for the elec-

trostatic contribution to solvation and was calculated using a 

Generalized–Boltzmann model at igb =5 with a parameters 

for solvation energy charge/radii set, a 1.4 Å solvent probe 

radius, and a 0.5 Å grid spacing.29,30 The solvent’s dielectric 

constant was set to 80, whereas the dielectric constant was 

set to 1 in the proteins’ interior. The nonpolar part (∆G
SA

) 

accounts for the nonpolar contribution to solvation and was 

approximated by relating it to the solvent accessible surface 

area with the coefficient of 0.0072. −T∆S was not considered 

here due to the high computational demand and low predic-

tion accuracy.31 In this study, trajectories from classical MD 

simulation between 40 and 50 ns with 500 snapshots were 

considered for binding free energy calculations and free 

energy decomposition.

Us simulations
Because biological processes are stochastic events that usu-

ally occur on the microsecond to millisecond or even longer 

timescales, classical MD simulations are not well suited 

to simulate such processes.32 To improve the efficiency of 

conformational sampling, great efforts have been made to 

develop enhanced MD sampling techniques.33–36 The US 

method is a technique that overcomes the problem of sam-

pling trap into local minima, such as the unbinding process 

of a ligand, by adding a bias to the potential function. In this 

study, US simulations were carried out to characterize the 

unbinding processes of AZD4547 and E3810 from FGFR1WT 

and FGFR1V561M to elucidate the resistance mechanisms. 

The equilibrated snapshots extracted from the trajectories 

provided by the classical MD simulations were used as 

the initial structures for the US simulations. Numerous 

researches have focused on the ATP pocket for the dissocia-

tions of type I inhibitors (Figure 1A).37,38 Herein, the distance 

between one atom in receptor (Cβ in Glu-531 in FGFR1WT/

FGFR1V561M) and another carbon atom in ligand (red circle, 

Figure 1B) was selected as the reaction coordinates (RCs) 

for AZD4547. For E3810, the distance between one atom 

in receptor (Cβ in Met-535 in FGFR1WT/FGFR1V561M) and 

another carbon atom in ligand (blue circle, Figure 1B) was 

chosen as the RC. All systems’ RCs were extended 30 Å 

from the initial distance and separated into 60 windows by 

a step of 0.5 Å. For each window, 7 ns MD simulations were 

performed for each window to ensure the convergence of 

each system. In addition, harmonic potential was used as the 

original potential for each window to make thermodynamic 

state from one state to another. Harmonic potential values 

are calculated by the following equation:

 
u k r r

i i i
= −

1

2
2( )
 

(5)

where u
i
 is the biased potential with the current position 

r; r
i
, the reference position in window i; and k

i
, the elastic 

constant to pull the ligand out of the binding pocket. In this 

study, an elastic constant of 5 kcal/mol/Å2 was applied to 

all the windows to pull each ligand away from the bind-

ing cavity at a constant speed and force. The weighted 

histogram analysis method (WHAM) was carried out to 

calculate the PMF along the RC.39 The RC was split into 

2,000 bins and the temperature was set to 300 K for the 

WHAM calculation.

Results and discussion
classical MD simulations
In our study, molecular docking was used for generat-

ing the initial FGFR1V561M/E3810 complex structure. 

To probe the structural stability of the modeled complex of 

FGFR1V561M/E3810, we ran 50 ns classical MD simulations for 

the modeled complex and the three crystal structures as con-

trol. The detailed RMSD evolutions along the 50 ns classical 

MD simulations are summarized in Figure 2. The increasing 

RMSD in 0–20 ns of E3810 in the binding site of FGFR1V561M 

can be explained as induced-fit phenomenon that the ligand 

and receptor undergoes conformational change to accommo-

date each other and reach the optimal binding mode. Thus, the 

binding process showed amplified fluctuations. Afterward, the 

FGFR1V561M and E3810 are stable with the backbone atoms’ 

RMSD value near 3 and 0.7 Å, respectively (Figure 2G). The 

conformational alignment of initial and the last snapshots 

further visualize the results that the naphthalene nucleus of 

E3810 show significant difference (Figure 2H). For it can 

be explained that the V561M gatekeeper mutation disrupts 

some interactions to binding pocket of FGFR1 compared with 

the WT system. Sohl et al10 previously reported that the valine 
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Figure 2 The rMsD of heavy atoms for all systems and superimposition the initial structure and the last snapshot from classical MD simulations.
Notes: (A) Time evolution of the rMsD of FgFr1WT and aZD4547; (B) superimposition the initial structure (green) and the last snapshot (purple) of FgFr1WT/aZD4547; 
(C) time evolution of the rMsD of FgFr1V561M and aZD4547; (D) superimposition the initial structure (green) and the last snapshot (purple) of FgFr1V561M/aZD4547; 
(E) time evolution of the rMsD of FgFr1WT and e3810; (F) superimposition the initial structure (green) and the last snapshot (purple) of FgFr1WT/e3810; (G) time evolution 
of the rMsD of FgFr1V561M and e3810; (H) superimposition the initial structure (green) and the last snapshot (purple) of FgFr1V561M/e3810.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; MD, molecular dynamics; RMSD, root mean square deviation; WT, wild type.
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residue is 3.6 Å from the napthamide ring of E3810, so accom-

modating a 2.8 Å increase in residue length upon methionine 

substitution would require inhibitor rearrangement. In our 

study, the E3810 binds to FGFR1V561M in a very similar fash-

ion to FGFR1V561M/AZD4547 through minor adjustments in 

order to accommodate the increased length. Other simulated 

crystal systems achieved stability after ~5–10 ns, and the 

alignment between initial structure and last snapshot shows 

high similar conformations (Figure 2A–F). Therefore, the 

structures from the classical MD simulations are satisfactory 

to be used for MM/GBSA free energy calculations and as the 

initial structures for the US simulations.

Binding free energies predicted 
MM/gBsa methodology
Calculating binding free energies using classical MD 

simulation is a widely explored topic in the field of 

computational biophysics. In this study, to analyze the 

energetic contributions in determining protein–ligand 

association, the binding free energies were decomposed 

into the contributions of each energy term for all sys-

tems based on MM/GBSA methodology. As shown in 

Table 1, the predicted binding affinities of the FGFR1WT/

AZD4547, FGFR1V561M/AZD4547, FGFR1WT/E3810, and 

FGFR1V561M/E3810 are −44.78±3.05, −36.59±2.67, −41.46±3.39,  

and −27.59±2.97 kcal/mol, respectively. Obviously, the 

mutational systems have decreased binding affinities com-

pared with the WT system, and the trend of predicted binding 

affinities is generally consistent with the reported study.10 

In addition, the Pearson’s correlation between the experimental 

binding affinities and the van der Waals (∆E
VDW

), electrostatic 

(∆E
elec

), polar contribution to solvation (∆G
GB

), and nonpolar 

contribution to solvation components (∆G
SA

) is 0.91, −0.17, 

0.80, and 0.92, respectively (Table 1). Apparently, van der 

Waals interaction energies between FGFR1WT and FGFR1V561M 

determine the difference of the binding affinities.

To further highlight the key residues for protein–ligand 

recognition patterns and understand the important ener-

getic distributions, the average interaction of energetic 

contributions was decomposed into residue–ligand pairs 

based on the 500 snapshots extracted from the last 10 ns 

classical MD trajectories. The contributions of key residues 

for the FGFR1WT/AZD4547 are Leu-484, Phe-489, Lys-514, 

Gly-567, Leu-630, Ala-640, Ile-545, Val-492, Gly-485, Met-

535, Lys-566, Asp-641, Tyr-563, and Phe-642 (Figure 3A 

and B). Meanwhile, it can be observed that the major favor-

able energetic contributions for FGFR1V561M/AZD4547 

originate predominantly from the residues Val-492, Tyr-563, 

Leu-630, Leu-484, Gly-567, Ile-545, Lys-566, Ala-512, 

Met-561, Ala-640, Lys-514, Gly-485, Gly-487, and Asn-568 

(Figure 3C and D). The results show that FGFR1WT/AZD4547 

and FGFR1V561M/AZD4547 share nine identical key residues, 

including Leu-484, Lys-514, Gly-567, Leu-630, Ala-640, 

Ile-545, Val-492, Gly-485, and Tyr-563. In addition, we also 

find that the residues V561 and M561 in the major favorable 

energetic contributions, consistent with the reported study 

that AZD4547 affinity is preserved by V561M FGFR1.

The most 15 contributed key residues for the FGFR1WT/

E3810 are Tyr-563, Leu-484, Leu-630, Ala-564, Ile-545, 

Val-561, Val-492, Lys-514, Met-535, Ala-640, Phe-642, 

Ala-512, Asp-641, Gly-567, and Val-559 (Figure 4A and B). 

For comparison, the residue–ligand interaction spectra of 

most contributed residues for FGFR1V561M/E3810 are Leu-

484, Leu-630, Tyr-563, Ala-564, Val-492, Gly-567, Ala-

640, Lys-566, Ala-512, Gly-485, Ile-545, Asn-568, Met-561, 

Asp-641, and Ser-565 (Figure 4C and D). Interestingly, we 

observed 10 similar key residues as AZD4547 to WT and 

mutational systems. Moreover, V561 and M561 are also in 

the major favorable energetic contributions. Overall, by ana-

lyzing each energy term and the residue–ligand interaction 

spectra, it can be seen that the van der Waals interactions at 

the binding site contribute to the resistance mechanisms.

Us simulations reveal the resistance 
mechanisms of FgFr1 V561M gatekeeper 
mutation
Previous enzymatic assays have proved that the V561M 

gatekeeper mutation induces serious resistance to E3810, 

Table 1 Binding affinities predicted by molecular mechanics/generalized born surface area methodology (kcal/mol)

System name ∆EVdw
a ∆Eele

b ∆GGB
c ∆GSA

d ∆Gbind
e Kd

f

FgFr1WT/aZD4547 −59.11±2.76 −17.38±2.61 38.88±2.33 −7.16±0.18 −44.78±3.05 2±1 nM
FgFr1V561M/aZD4547 −53.62±2.47 −14.74±3.91 38.14±3.25 −6.37±0.24 −36.59±2.67 64±11 nM
FgFr1WT/e3810 −53.41±3.42 −20.22±3.83 38.99±3.21 −6.82±0.31 −41.46±3.39 8±2 nM
FgFr1V561M/e3810 −43.75±2.08 −18.21±8.06 39.67±7.32 −5.30±0.24 −27.59±2.97 40±7 μM
Pearson’s r 0.91 −0.17 0.80 0.92 0.89 null

Notes: avan der Waals energy; belectrostatic energy; cpolar contribution to solvation; dnonpolar contribution to solvation; ebinding free energy; fexperimental data.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; WT, wild type.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

457

resistance mechanisms of aZD4547 and e3810 to FgFr1

whereas the mutation is barely resistant to AZD4547. 

According to the predictions by MM/GBSA methodology 

shown in Table 1, the V561M gatekeeper mutation has great 

impact on the E3810 binding, which is consistent with the 

enzymatic assays.10 To further characterize the ligand dis-

sociation process, US simulations were performed for the 

four complexes along the RCs.

Due to the gatekeeper mutation, which may affect the 

conformation of the residues around modeled FGFR1V561M/

E3810, it is inevitable to get an equilibrium conformation 

for postanalysis. In this study, the equilibrated snapshots 

extracted from the 50 ns classical MD trajectories were used 

as the initial structures for the US simulations. To guarantee 

the sampling convergence of the US simulations, 7 ns US 

simulations for each window were performed for all the 

systems, and the convergence of PMF was checked after 

each nanosecond. As shown in Figure 5, seven curves were 

plotted for each system and the PMFs achieved satisfactory 

coincidence after 4–6 ns US simulations (PMFs dif-

ference ,0.5 kcal/mol).

As shown in Table 2 and Figure 6, the PMF values pre-

dicted by US simulations (WHAM methodology) along the 

ATP pathway for the two inhibitors can be correctly ranked. 

Furthermore, the binding free energy difference (∆PMF
US

) 

between the WT system and the mutational system for 

AZD4547 and E3810 is 2.09±0.09 and 4.22±0.30, which 

are in good consistent with that of the experimental data. 

Moreover, the Pearson’s correlation between experimen-

tal binding affinities and predicted PMF values are 0.93, 

indicating the PMF values derived from the US simulations 

highlight the good ranking ability of the US simulations. 

In addition, the PMF values also reveal different dissociation 

processes of ligands unbinding from the binding pocket of 

FGFR1 WT and V561M gatekeeper mutation. For instance, 

it can be observed that the PMF values derived from WT 

systems are much higher than the V561M gatekeeper 

Figure 3 Most contributed residues of FgFr1 WT and V561M gatekeeper mutation to aZD4547.
Notes: (A) Most 15 contributed Per-residue interaction spectra of FgFr1WT/aZD4547; (B) structural analysis of aZD4547 (green) to the activity cavity of FgFr1WT; 
(C) most 15 contributed Per-residue interaction spectra of FgFr1V561M/aZD4547; (D) structural analysis of aZD4547 (green) to the activity cavity of FgFr1V561M.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; WT, wild type.
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mutation systems, suggesting a deeper energy potential depth 

and, thus, a longer residence time.

For FGFR1V561M/E3810 system, the PMF of E3810 along 

the RC increases gradually (0–3.5 Å, Figure 6, magenta 

line). Then, E3810 trapped into local minima ~0.8 kcal/mol 

(3.5–4.1 Å). Thereafter, E3810 along the RC increases 

gradually without meeting any local minima and then reaches 

stability. Similar behavior was observed for FGFR1WT/E3810 

system. However, a big difference was observed at the region 

5−6 Å of the RC with a large local minima (~1.5 kcal/mol, 

Figure 6, orange line). Besides, before the PMF of E3810 

reaches stability, the PMF curve has many peaks and valleys, 

implying that the dissociations of E3810 from the WT system 

may be more easily trapped into local minima and have more 

residence time. The processes of the AZD4547 unbinding 

from the WT and V561M gatekeeper mutation are illustrated 

in Figure 6 (blue and cyan line). When AZD4547 move out 

of the binding pocket, the PMF values increase quickly. 

Afterward, the PMFs along the RC of WT/V561M systems 

increase gradually with similar peaks and valleys toward 

equivalence. This supports the previous study and the results 

of our MM/GBSA free energy calculations that AZD4547 

maintains nanomolar affinity for V561M FGFR1.10

Overall, the drug resistance may be caused by the 

mutation-induced change of the energetic distributions and 

dissociation process between the inhibitors and the binding 

pocket. The redistributed energies may have great impact 

on the binding approaches of E3810, not AZD4547 to the 

FGFR1 V561M gatekeeper mutation. This affinity loss may 

stem from altered binding conformations. The dynamic and 

energetic aspects obtained here are vital for understanding 

the challenges that next-generation TKIs must overcome.

Conclusion
In this study, the resistance mechanisms of two inhibitors 

(AZD4547 and E3810) of FGFR1 were studied by combining 

Figure 4 Most contributed residues of FgFr1 WT and V561M gatekeeper mutation to e3810.
Notes: (A) Most 15 contributed Per-residue interaction spectra of FgFr1WT/e3810; (B) structural analysis of e3810 (green) to the activity cavity of FgFr1WT; (C) most 15 
contributed Per-residue interaction spectra of FgFr1V561M/e3810; (D) structural analysis of e3810 (green) to the activity cavity of FgFr1V561M.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; WT, wild type.
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Figure 5 convergence of the PMFs calculated for four systems by Us simulations.
Notes: (A) converged PMF of FgFr1WT/aZD4547; (B) converged PMF of FgFr1V561M/aZD4547; (C) converged PMF of FgFr1WT/e3810; (D) converged PMF of 
FgFr1V561M/e3810.
Abbreviations: FGFR1, fibroblast growth factor receptor 1; PMF, potential of mean force; US, umbrella sampling; WT, wild type.

Table 2 PMFs of the ligands unbinding from the binding site based on the Us simulations (kcal/mol)

System name ∆PMFUS
a ∆PMFUS

b Kd
c Pearson’s R

FgFr1WT/aZD4547 −12.88±0.55 2.09±0.09 2±1 nM 0.93
FgFr1V561M/aZD4547 −10.81±0.55 64±11 nM
FgFr1WT/e3810 −11.73±0.49 4.22±0.30 8±2 nM
FgFr1V561M/e3810 −7.45±0.55 40±7 μM

Notes: aestimated by averaging the ensemble energy from 20 to 30 Å reaction coordinate; bcalculated by PMFUs(WT)-PMFUs(V561M); 
cexperimental data.

Abbreviations: FGFR1, fibroblast growth factor receptor 1; PMF, potential of mean force; US, umbrella sampling; WT, wild type.

molecular docking, classical MD simulations, MM/GBSA 

methodology, energy decomposition, and US simulations. 

The results unambiguously suggest that the binding pref-

erence of E3810 to FGFR1V561M is controlled by both the 

conformational change and the variance of the van der Waals 

interactions due to the inherent planar and rigid. In contrast 

to E3810, AZD457 is far more flexible. Therefore, AZD4547 

can bind in new conformations that accommodate the acqui-

sition of V561M gatekeeper mutation binding pocket that 

would potentially preserve high inhibitor affinity. Besides, the 

energy decomposition analysis demonstrates the major favor-

able energy contributed residues in both WT and V561M 

gatekeeper mutation of FGFR1-binding pocket are crucial 

in determining the binding specificity. The US simulation 

results and PMF calculations show that both AZD4547 and 

E3810 dissociate from WT system needs to overcome much 

higher free energy barrier than V561M gatekeeper mutation 

system when unbinding from the target. Compared with 

AZD4547, the PMF depths of E3810 for WT system are much 

higher than V561M gatekeeper mutation system, suggesting 
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that the dissociation of E3810 from FGFR1WT is more difficult 

than that from FGFR1V561M, which are consistent with the 

MM/GBSA predictions and experimental data. In summary, 

our study suggests that the drug-resistance mechanism can-

not be simply explained by the steric hindrance, the V561M 

gatekeeper mutation not only affects the conformations and 

binding affinities but also affects the dissociation process 

and residence time. In this study, the structural analysis and 

energetic calculations provide a feasible way to predict the 

unbinding kinetics of protein–ligand systems, which can 

facilitate the rational design of highly selective inhibitors 

with high binding affinity and long residence time for FGFR1 

V561M gatekeeper mutation.
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