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Abstract HER2, a member of the human ErbB protein family
belonging to receptor tyrosine kinases, plays important roles
in regulating crucial cellular processes, including cell migra-
tion, proliferation, and differentiation. A missense mutation,
L755P, in the HER2 kinase domain has been involved in lung
cancer in humans and exhibits reduced response to lapatinib
therapy. However, the detailed mechanism of how the HER2
L755P mutation causes drug resistance to lapatinib remains
elusive. Here, molecular docking, molecular dynamics (MD)
simulations, binding free energy calculations [molecular me-
chanics and generalized Born/surface area (MM-GBSA)]
were performed to reveal the mechanism of drug resistance
due to the HER2 L755P mutation. MD simulations revealed
that the L755P mutation caused structural changes in the re-
gions of helix αC, the glycine-rich loop, and the activation
loop, thereby leading to the loss of interactions between the
solubilizing group of lapatinib and HER2. Moreover, MM-
GBSA calculations suggested that hydrophobic interactions
between lapatinib and HER2 contribute most to the binding
affinity, and that the L755P mutation could result in a less
energetically favorable HER2/lapatinib complex. This may
weaken the binding of lapatinib to the mutated HER2, thereby
leading to the emergence of drug resistance. This study offers
a structural explanation for the effect of the L755P mutation
on the HER2/lapatinib complex.
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Introduction

Receptor tyrosine kinases (PTKs) are cell surface receptors
that play a pivotal role in intercellular communication and
oncogenesis [1]. Currently, about 20 distinct classes of PTKs
have been identified. The human ErbB protein family or epi-
dermal growth factor receptor (EGFR) family—one class of
PTKs—includes four members: EGFR (ErbB1), HER2
(ErbB2), HER3 (ErbB3), and HER4 (ErbB4) [2]. In this fam-
ily, ligands such as growth factors binding to the extracellular
ligand-binding domains promote receptor homo- or
hetero-dimerization [3]. This process results in activa-
tion of the catalytic kinase domains, which in turn can
interact with downstream proteins to regulate crucial
cellular processes, encompassing cell migration, prolifer-
ation, and differentiation [4, 5]. Amplification or over-
expression of the ErbB protein family has been fre-
quently associated with a host of human diseases, in-
cluding lung, breast, and gastric cancers [6]. Therefore,
the ErbB protein family is gaining increasing interest as
a therapeutic antitumour target both in academia and in
drug development in the pharmaceuticals industry.

All members of the ErbB protein family are com-
posed of similar overall structural domains, including
an extracellular ligand binding domain, a signal trans-
membrane α-helix domain, an intracellular tyrosine ki-
nase domain to which the ATP binds, and a C-terminal
tail where phosphorylation occurs [7]. From a drug de-
sign standpoint, it is not unreasonable to sculpt small
molecule ATP competitive inhibitors to exclude ATP
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from the ATP-binding site of the tyrosine kinase do-
main, thereby eradicating phosphorylation and causing
aberrant subsequent downstream signal transduction.
These principles lay the foundation for the design and
development of ErbB protein family inhibitors for can-
cer treatment. To date, several drugs based on ATP
competitive inhibitors have appeared on the market that
target the ErbB protein family. For example, erlotinib
(Tarceva) and gefitinib (Iressa) function as ATP-
competitive inhibitors of EGFR to treat non-small cell
lung cancer [8]. Lapatinib (Tykerb) acts as a dual
HER2/EGFR inhibitor that is used for breast cancer
and several solid tumours [9].

It is well documented that the use of targeted therapies to
specifically inhibit an oncogenic kinase can lead to selective
pressure on the tumor to overcome the inhibition through the
emergence of a drug-resistant mutation [6]. As in the case of
Bcr-Abl oncogenic fusion protein, the gatekeeper mutation
T344I in the tyrosine kinase domain renders the drug imatinib
(Gleevec) ineffective against chronic myelogenous leukemia
and subsequently leads to clinical relapse following treatment
with imatinib [10]. In a similar vein, the gatekeeper
mutation T790M, similar to the T344I mutation in
Bcr-Abl kinase, has also been found in EGFR, causing
drug resistance to erlotinib or gefitinib [11]. Apart from
the gatekeeper mutation, several clinical drug-resistant
mutations located in the ATP-binding site of EGFR ty-
rosine kinase domain have also been observed, e.g.,
C775F and T854A [12]. Numerous computational and
experimental studies have been performed to gain mech-
anistic and structural insights into the origin of drug-
resistant mutations in the EGFR, such as decreased af-
finity for the erlotinib or gefitinib and increased affinity
for the binding of ATP to the EGFR T790M mutant
[13], steric clashes due to the EGFR C775F mutation
[12], and a loss of interaction as a result of the EGFR
T854A mutation [14].

As with HER2, recent evidence has revealed that somatic
mutations in the HER2 kinase domain are closely correlated to
many solid tumor types, such as breast and lung [15, 16].
Stenphen et al. [17] found that an activating missense
mutation, L755P, in the HER2 kinase domain has an
inextricable link to lung cancers in humans. As a result,
this mutation, which is located at the ATP-binding site,
exhibited a reduced response to lapatinib therapy. How-
ever, the detailed mechanism of how the HER2 L755P
mutation causes drug-resistance to lapatinib remains cur-
rently unknown. To investigate this mechanism, we car-
ried out molecular docking, molecular dynamics (MD)
simulations, and binding free energy calculations [mo-
lecular mechanics and generalized Born/surface area
(MM-GBSA)] to uncover the molecular basis underlying

drug-resistance due to the HER2 L755P mutation. Un-
derstanding the origin of drug-resistance has benefits for
designing the next generation of selective and potent
HER2 inhibitors.

Methods

Model setup

The 2.2 Å crystal structure of human HER2 kinase
domain in complex with its ATP competitive inhibitor
SYR127063 was extracted from the RCSB Protein Da-
ta Bank (PDB ID: 3PP0) [18]. The absent residues
(residues: Asp880–Gly881) in the activation loop (A
loop) was modeled using the MODELLER program
[19]. The construction of the HER2 L755P mutant
was performed by the replacement of target residue
L755 with the desired residue P755. The chemical
structure for the lapatinib was built by the ACD/
ChemSketch software and subsequently energy-
minimized using the B3LYP/6-31G* as implemented
in the program Gaussian03 [20].

Molecular docking

The inhibitor SYR127063 was ruled out from the
HER2-SYR127063 complex and the resulting unbound
structure was utilized in the docking study, which was
conducted using the AutoDock4.2 package [21]. For the
HER2 kinase, the polar hydrogen atoms were added and
subsequently the Kollman united atom partial charges
and AutoDock atom types were assigned. For the inhib-
itor lapatinib, all hydrogen atoms including polar and
non-polar atoms were added and the Gasteiger-Hückel
atomic charge was then assigned. The grid center was
defined at the centroid of the SYR127063 in the HER2-
SYR127063 complex. The number of grid points in the
x, y, and z direction was set to 70, 70, and 70 with a
spacing value of 0.375 Å. The Lamarckian genetic al-
gorithm was used for ligand conformational search; the
parameters were set the same in the previous studies
reported by Lu et al. [22, 23]. Fifty independent
docking experiments were performed and the binding
energy was used to rank the docked ligand in order of
fitness.

MD simulations

MD simulations of the two systems, HER2-lapatinib and
L755P HER2-lapatinib complexes, were conducted
using the AMBER11 package [24]. The AMBER ff03
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force field [25] was used for the HER2 and the inhib-
itor lapatinib was described by the generalized AMBER
force field (GAFF) [26]. The electrostatic potential for
the lapatinib was calculated at the HF/6-31G* level
using the program Gaussian03 [20]. Thereafter, the par-
tial charges for the lapatinib were determined through
the restricted electrostatic-potential fitting method
(RESP) encoded in the Antechamber module of AM-
BER11. A truncated octahedral box of TIP3P waters
[27] was added with a 10 Å buffer around the complex.
Two Cl− counter-ions were added to maintain the elec-
troneutrality of the two simulated systems.

In the minimization of the systems, the HER2-
lapatinib complex was first constrained to minimize
the water molecules and counterions (the steepest de-
scent for the first 2,500 steps and then the conjugated
gradient for the next 2,500 steps). The whole system
was then minimized without any restraint (the steepest
descent for the first 5,000 steps and then the conjugat-
ed gradient for the next 5,000 steps). Thereafter, each
system was heated to 300 K in 150 ps followed by
constant temperature equilibration at 300 K for
300 ps. In the production process, each 100 ns MD
simulation was performed in an isothermal isobaric en-
semble (NPT) with periodic boundary conditions. An
integration step of 2 fs was set and the particle mesh
Ewald (PME) method [28], using a cubic fourth-order
B-spline interpolation, was used to calculate the long-
range electrostatic interactions. A cut-off distance of 10
Å was used to calculate the short-range electrostatics
and van der Waals interactions. SHAKE [29] was used
to restrain all covalent bonds involving hydrogen
atoms. Each simulation was coupled to a 300 K ther-
mal bath at 1.0 atm by means of the Langevin algo-
rithm [30].

MM-GBSA calculations

MM-GBSA calculations were used in the last 50 ns trajec-
tories of the two simulations [31–34]. The 101 snapshots
were chosen from the 50–100 ns MD trajectory with an
interval of 50 ps to calculate binding free energy (ΔGbinding)
between HER2 and lapatinib. ΔGbinding was calculated
using Eq. (1).

DGbinding ¼ DGcomplex– DGprotein þ DGligand

� � ð1Þ

Each free energy term in Eq. (1) consists of the gas
phase molecular mechanical energy (ΔEgas), the solva-
tion free energy (ΔGsolvation) and the entropy term
(−TΔS), using Eq. (2). The conformational entropy

(−TΔS) was calculated through a normal mode analysis
with AMBER NMODE module.

DGbinding ¼ DEgas þ DGsolvation–TDS ð2Þ

ΔEgas can be further divided into the van der Waals energy
(ΔEvdW), electrostatic energy (ΔEele), and internal energy
(ΔEint) in the gas phase [Eq. (3)].

DEgas ¼ DEvdW þ DEele þ DEint ð3Þ

The solvation free energy,ΔGsolvation, consists of two parts
[Eq. (4)]: the polar contribution (ΔGGB) and the nonpolar
contribution (ΔGnonpolar).

DGsolvation ¼ DGGB þ DGnonpolar ð4Þ

The polar contribution (ΔGGB) to the solvation free energy
was obtained using the GBmodel described by Onufriev et al.
[51] (igb=5) with mbondi2 radii and interior and exterior
dielectric constants of 1 and 78.5, respectively. The nonpolar
contribution (ΔGnonpolar) to the solvation free energy was cal-
culated from the solvent-accessible surface-area (SASA)
[Eq. (5)],

ΔGnonpolar ¼ g0SASAþ b ð5Þ

The corresponding solvation parameters γ and b are
0.0072 kcal mol−1 Å−2 and 0 kcal mol−1, respectively.

Residue-ligand pairs interaction decomposition

The binding energies were decomposed into contributions
from HER2 and lapatinib interaction pairs, which can only
use the MM-GBSA method. The binding energy of each in-
teraction pair is composed of three terms:ΔEvdW,ΔEele and
ΔGGBSA.

Cluster analysis

Cluster analysis of the MD trajectory was carried out
to group together coordinate snapshots from the trajec-
tory into distinct sets by virtue of the average-linkage
algorithm reported by Shao et al. [35]. Pairwise Cα

atoms root-mean-square deviation (RMSD) comparisons
were performed between any snapshot and the average
coordinate after rigid-body alignment using a threshold
of 1.5 Å.
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Cross-correlation analyses

The dynamic features of the protein in MD simulations
can be analyzed to produce information that is perti-
nent to correlated motions, which can be described as a
network of interacting residues and also between re-
gions as in domain–domain communication. Generally,
the cross correlation, described by the C(i,j) [Eq. (6)],
of Cα atoms was used to reveal correlative motions of
proteins.

C i; jð Þ ¼ c i; jð Þ
c i; ið Þ1=2c j; jð Þ1=2

ð6Þ

The obtained elements C(i,j) can be exhibited as a
three-dimensional (3D) dynamical cross-correlation map
[36, 37].

Results

Similar to other protein kinases, the HER2 tyrosine kinase
domain consists of a smaller N-terminal lobe (N-lobe) and a
larger C-terminal lobe (C-lobe). As shown in Fig. 1a, the N-
lobe is composed of five anti-parallel β-sheets and one helix,
also named as helix αC. The conformational transition of
helix αC plays an important role in the activation process of
protein kinases [38, 39]. The C-lobe is composedmainly ofα-
helices. The ATP-binding site, which is highly conserved in
the protein kinase family, is located between the N- and C-
lobes underneath the glycine-rich nucleotide positioning mo-
tif, also called the G loop. It is well-known that in numerous
serine/threonine/tyrosine protein kinases, phosphorylation of
the activation loop (A loop) acts as a phosphorylation-

sensitive switch for access of ATP and substrate to the active
site cleft, which allows proper alignment of the N- and C-
terminal lobes for catalysis [40]. Conversely, in the
unphosphorylated paradigm, ATP and substrate access to the
catalytic groove are sterically hindered as a result of the
disordered A loop folding into the active site cleft. In
the ErbB protein family, however, phosphorylation of
the A loop is not required for kinase activation. Rather,
it is activated through an allosteric mechanism [18].
Therefore, in the HER2 unphosphorylated state, the A
loop is still in the ordered, active kinase conformation
and runs through the surface of the catalytic cleft. The
residue L755, proximal to the ATP-binding site, is lo-
cated in a loop connecting the β3 sheet to helix αC.

Molecular docking study

Recently, Aertgeerts et al. [18] solved the co-crystal structure
of the HER2/SYR127063 complex, yet the co-crystal struc-
ture of the HER2/lapatinib complex remains unavailable. As
shown in Fig. 1b, the chemical structures of SYR127063 and
lapatinib are similar overall, indicating that the interactions of
lapatinib with HER2 may resemble those of SYR127063
with HER2. Based on this hypothesis, we used molecular
docking to model the interactions between lapatinib and
HER2. Figure 1c shows the lowest binding energy between
the docked lapatinib and HER2 derived from the largest clus-
ter. Overall, the binding modes between lapatinib and HER2
are consistent with the co-crystal structure of the HER2/
SYR127063 complex with the exception of the solubilizing
group. In the HER2/SYR127063 complex (Fig. 1a), the
solubilizing group of the SYR127063 is located under
the G loop and is shielded from the solvent. In contrast,
in the docked HER2/lapatinib complex (Fig. 1c), the
solubilizing group of lapatinib protrudes into the

Fig. 1 a Cartoon representation of the secondary structure of the HER2/
SYR127063 complex (PDB ID: 3PP0). Structures: Yellow loop, green β-
sheet, red α-helix,magentaG loop, light blueA loop. SYR127063 in the
ATP-binding site and residue L755 are shown by sticks. b Chemical

structures of SYR127063 and lapatinib. c The docked structure of
HER2/lapatinib complex with the lowest binding energy in the largest
cluster. Lapatinib in the ATP-binding site and is shown by sticks. Colors
as in a
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solvent. We next performed MD simulations to explore
the dynamic characteristics of lapatinib in the ATP-
binding site and to investigate the mechanism of drug-
resistance due to the L755P mutation.

System behavior and convergence

Conventional 100 ns MD simulations were conducted for the
wild-type (WT) HER2/lapatinib and L755P HER2/lapatinib
complexes in the explicit solvent, respectively. To reveal con-
vergence of the simulated systems, the RMSD of the Cα
atoms of the simulated protein in relation to the initial struc-
ture was monitored. As shown in Fig. 2a, fluctuation of the
RMSD plot for the WT system was similar throughout the
simulation, with the RMSD value of 2.3±0.2 Å. In the
L755P system, in the first 30 ns of simulation, the behavior
of the mutated protein was similar to that of the WT system,
with the RMSD value of 2.2±0.2 Å. However, thereafter the
mutated protein underwent a slightly larger fluctuation com-
pared to the WT system. The RMSD value for the L755P
system was calculated to be 2.9±0.2 Å in the range from 30
to 100 ns simulation. This suggests that the L755P mutation
causes a conformational change in HER2. On the basis of the
RMSD analysis, the first 30 ns MD trajectory was deleted and
the remaining 70 ns trajectory was used in the production
analysis.

To reveal the effect of the L755P mutation on specific
domain dynamics, the root-mean-square fluctuation (RMSF)
for the Cα atoms of the simulated protein was assessed. As
shown in Fig. 2b, the A loop in both systems showed
the largest fluctuation, revealing the conformational

plasticity of the A loop. This dynamic property is in
good agreement with the crystal observation that the A
loop structure changes from a disordered conformation
to an ordered conformation during transition of the ki-
nase from the inactive to the active state [41]. Overall,
compared to the WT system, the regions of the A loop,
G loop, and helix αC displayed significantly larger fluc-
tuations in the mutated system. These data indicated that
the L755P mutation caused conformational changes
mainly in the above three regions, laying the foundation
for the subsequent structural analysis.

Structural analysis

As seen above, significant differences in the dynamic behav-
iors of HER2 in theWTand mutated states exist in the A loop,
G loop, and helix αC. Therefore, in the structural analysis, we
focused primarily on these regions. The most representative
structure obtained from the WT and L755P systems was ob-
tained using cluster analysis of each MD trajectory. Figure 3
shows the backbone superimposition of the representative
structures of the WT and L755P systems. Consistent with
the RMSF analysis, the regions of the A loop, G loop, and
helixαC showed notable changes, with only small differences
in other domains. Due to the specific properties of Pro resi-
dues, the mutation of native residues to Pro residues would
cause local structural changes in the proximity of the mutation
site. As shown in Fig. 3, compared to the WT system, the N-
terminus of the helix αC in the L755P mutated system expe-
rienced pronounced conformational change and moved to-
ward the G loop, leading to the collapse of the G loop into

Fig. 2 a The root-mean-square
deviation (RMSD) of Cα atoms
of HER2 for the WT HER2/
lapatinib complex (black) and
L755P HER2/lapatinib complex
(red) as a function of 100-ns mo-
lecular dynamics (MD) simula-
tions. b The root-mean-square
fluctuation (RMSF) of Cα atoms
of HER2 for the WT HER2/
lapatinib complex (black) and
L755P HER2/lapatinib complex
(red)
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the ATP-binding site. In addition, the backbone structures of
the crystal structure of the HER2/SYR127063 complex was
superimposed with that of the MD snapshot of the HER2/
lapatinib complex to reveal the dynamic behavior of lapatinib.
As shown in Fig. 4, in both systems the solubilizing
group of lapatinib was located in the ATP-binding site
below the G loop and shielded from the solvent, which is
in agreement with the position of the solubilizing group
of SYR127063 in the co-crystal structure of the HER2/
SYR127063 complex [18]. Upon close examination of
the detailed interactions between lapatinib and HER2 in

the two simulated systems, we found that, in the WT system,
the solubilizing group of lapatinib pointed toward to the G
loop and formed close contacts with residues in the G loop.
Conversely, in the L755P mutated system, the solubilizing
group of lapatinib oriented towards the interior of the ATP-
binding site and formed no contacts with the G loop. The
remarkable difference in the orientation of the solubilizing
group of lapatinib in the two systems may be ascribed to the
distinct dynamic behavior of the G loop, whereas in the L755P
mutated system the G loop collapsed into the ATP-binding
site. The interactions of the remaining moieties of lapatinib
with HER2 showed no significant differences between the two
systems. Therefore, disruption of the interactions between the
solubilizing group of lapatinib and HER2 induced by the
L755P mutation may lead to drug resistance to lapatinib,
which can be tested by the following binding free energy
analysis.

Binding free energy calculations

The binding free energies (ΔGbinding) between lapatinib and
HER2 in the WT and L755P systems were calculated by the
MM-GBSA method, which has been used widely to elucidate
variation in binding affinities between proteins and ligands/
proteins in biomolecules [31–34]. Table 1 lists the free energy
components forΔGbinding. The favorable energy contributions
to the binding of lapatinib to HER2 were derived from the van
der Waals (ΔEvdW) and the electrostatic (ΔEele) items of the
molecular mechanics energy, coupled with the nonpolar item

Fig. 4 The backbone superimposition of HER2/SYR127063 (magenta)
and HER2/lapatinib (cyan) (100 ns snapshot from MD simulation)

Table 1 Binding free energy analysis (kcal mol) for the interactions
between Lapatinib and the wild-type HER2 and L755P mutanta

Energy items Complexes

WT L755P mutant P-valuee

ΔEele −28.48(4.44) −22.64(4.64) 1.37E-16

ΔEvdW −67.15(3.04) −62.78(3.52) 1.93E-17

ΔGnonpolar −8.07(0.22) −8.96(0.25) 2.90E-67

ΔGpolar 48.44(3.37) 46.80(3.96) 1.96E-03

ΔGsol
b 40.37(3.27) 37.84(3.83) 1.27E-06

ΔGele
c 19.96(3.63) 24.16(4.09) 9.01E-13

−TΔS 41.73(4.23) 39.48(3.98) 1.57E-04

ΔGbinding
d −13.53(3.79) −8.10(4.27) 9.10E-18

aNumbers in parentheses represent standard deviation
b Polar/nonpolar (ΔGsol = ΔGnonpolar + ΔGpolar) contributions
c Total electrostatic energy (ΔGele =ΔEele +ΔGpolar) contributions to the
binding free energy
d Binding free energy (ΔGbinding = ΔEvdW + ΔEele + ΔGsol − TΔS)
e Statistical significance (P-value) was calculated by the t-test

Fig. 3 a The backbone superimposition of the representative structure
obtained fromMD simulations between the WTand L755P systems. The
conformations of the helix αC, G loop, and A loop in the WTand L755P
systems are colored in light cyan and pink, respectively. The expanded
region shows the orientation of lapatinib in the ATP-binding site in the
WT and L755P systems. Lapatinib in the WT and L755P systems is
colored in light cyan and pink, respectively

24 Page 6 of 12 J Mol Model (2015) 21: 24



(ΔGnonpolar) of the solvation energy. However, of these three
items of favorable energy contributions, theΔEvdW item con-
tributes most to ΔGbinding. This evidence is obviously remi-
niscent of the chemical composition of lapatinib, which con-
sists mainly of four hydrophobic aromatic rings, including
benzyl, aniline, quinazoline, and furan groups (Fig. 1b). Thus,
the main interactions between lapatinib and HER2 were dom-
inated by hydrophobic ΔEvdW interactions. In addition, the
total solvation energy (ΔGsolvation) was unfavorable for the
two systems. For example, the predicted values ofΔGsolvation

are 40.37±3.27 and 37.84±3.83 kcal mol−1 for the WT
HER2/lapatinib and L755P HER2/lapatinib complexes, re-
spectively. In fact, the ligand and protein are wrapped bywater
molecules in solution and, prior to binding to the active site of
a specific protein, the ordered structural water molecules
around the surface of the ligand must be excluded. This pro-
cess causes loss of ΔGbinding. Because the total favorable en-
ergy contributions from molecular mechanics prevails over
the unfavorable ΔGsolvation, a bound protein–ligand complex
would be formed. As can be seen from the Table 1, the
predicted ΔGbinding values of lapatinib to WT and
L755P mutant were −13.53 ± 3.79 and −8.10 ±
4.27 kcal mol−1, respectively. The total ΔGbinding for
the WT complex was 5.43 kcal mol−1 lower than that
of the L755P complex. This result indicates that the
L755P mutation generates a less energy-favorable

complex that would result in weak binding of lapatinib
to HER2 [42].

Fig. 5 a Decomposition of
ΔGbinding on an individual
residue for the WT (black) and
L755P (red) systems. b Detailed
interactions between lapatinib and
HER2 for the WT and L755P
systems. Green dotted line
Hydrogen bond between lapatinib
and Met801

Table 2 Energy contributions to the binding energy (kcal mol−1) of key
individual residuesa

Residue WT L755P P-valueb

Leu726 −2.53(0.50) −1.49(0.41) 1.54E-37

Gly727 −1.39(0.38) −0.22(0.24) 1.66E-65

Ser728 −1.52(0.42) −0.14(0.09) 4.13E-80

Gly729 −1.21(0.28) −0.09(0.02) 3.18E-96

Val734 −1.97(0.26) −2.05(0.28) 0.039

Ala751 −1.11(0.33) −1.21(0.25) 0.017

Lys753 −1.82(0.30) −1.81(0.27) 0.81

Leu785 −1.71(0.25) −1.73(0.29) 0.60

Leu796 −1.19(0.22) −1.08(0.23) 7.12E-03

Thr798 −1.38(0.41) −1.27(0.37) 0.049

Leu800 −2.14(0.32) −2.23(0.26) 0.031

Met801 −2.20(0.34) −2.22(0.36) 0.69

Cys805 −1.72(0.29) −1.90(0.43) 6.78E-04

Leu852 −2.18(0.32) −2.24(0.29) 0.17

Thr862 −1.01(0.22) −0.74(0.30) 1.08E-11

Asp863 −1.03(0.18) −0.62(0.26) 4.92E-28

aNumbers in the parentheses represent standard deviation
b Statistical significance (P-value) was calculated by t-test
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Lapatinib-residue interaction decomposition

Understanding the individual residue decomposition of
ΔGbinding will give us more detailed information
pertaining to interactions between lapatinib and HER2.
Figure 5a shows the interaction energy plot between
lapatinib and HER2 for the two systems, and Table 2
lists the main residues that contributed to the binding.
By comparing the per residue energy contribution to the
ΔGbinding between the WT and L755P systems, it can
be seen from Table 2 that the major differences come
from residues Leu726, Gly727, Ser728, and Gly729,
which belong to the G loop. As shown in Fig. 5b, res-
idues Leu726, Gly727, Ser728, and Gly729 interact
with the solubilizing group of lapatinib in the WT sys-
tem. In contrast, in the L755P system, residues Gly727,

Ser728, and Gly729 form no contact with the solubiliz-
ing group of lapatinib. Despite the formation of the
hydrophobic contact between residue Leu726 and the
solubilizing group of lapatinib, the interaction energy
in the mutated system is weaker than that of the WT
system. Overall, the results of per residue decomposition
are consistent with the structural analysis.

Discussion

Cancer is a global health problem and many people in both
developed and developing countries suffer from this devastat-
ing disease. Currently, chemotherapy and targeted therapies
have been developed to treat cancer patients [43]. However,

Fig. 6 Cα atoms RMSD of a
helix αC and b the A loop for the
WT (black) and L755P mutated
(red) systems

Fig. 7 Two-dimensional (2D)
RMSD plots of the G loop, helix
αC, and A loop for a WT and b
L755P HER2
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the emergence of resistance to chemotherapy and molecularly
targeted therapies remains a major concern in the treatment of
cancer; therein, mutations in the drug target have been ob-
served frequently in the field of drug-resistance to cancer ther-
apies. For example, 1,356 unique mutations involved in drug-
resistance in 116 drug targets have been reported in the Cancer
Drug Resistance Database (CancerDR) [44]. Thus, insight
into the mechanisms of drug-resistance observed in specific
drug targets is nowadays an urgent and active topic in the
development of effective cancer therapies.

Over-expression of PTKs has been closely implicated in
cancers, rendering PTKs effective therapeutic drug targets
for the treatment of cancer [1, 6]. For example, the HER2
receptor tyrosine kinase—a member of the ErbB protein fam-
ily—plays a critical role in the pathogenesis of many human
cancers [15, 16]. However, the HER2 L755P mutation causes
drug-resistance to the ATP-competitive inhibitor lapatinib.
The mechanisms of drug-resistance remain currently unre-
solved, but mutations in these proteins could lead to structural
changes that may explain the emergence of drug-resistance.
Therefore, unraveling how the L755P mutation causes struc-
tural changes in the HER2 may provide an opportunity to
solve some drug-resistance problems in cancers. As such,
MD simulations have proved successful in capturing the con-
formational changes of macromolecules as well as unveiling
the structure and function of proteins [45–49]. Consequently,
we harnessed MD simulations to illuminate the impact of the
L755P mutation on the structural dynamics of HER2.

Through RMSD analysis, we found that the L755P muta-
tion indeed caused structural changes in HER2 relative to WT
HER2. Further RMSF analysis revealed that the main struc-
tural fluctuations occurred in the regions of the helix αC, the
G loop, and the A loop. Superimposition of the representative
structures between the HER2 WT and L755P mutated com-
plexes also demonstrated the structural changes in these re-
gions. Furthermore, as shown in Fig. 6, the values of Cα
atoms RMSD for helix αC and the A loop in the L755P
mutated system were larger compared to those in the WT

system. Moreover, analysis of two-dimensional (2D) RMSD
plots for the two simulated systems showed the all-against-all
RMSD values between each of the conformations at a specific
frame number. Each color point represents the RMSD be-
tween the frame conformation on the x-axis and the frame
conformation on the y-axis [50]. As shown in Fig. 7, the 2D
RMSD plots of Cα atoms of the G loop, helix αC, and A loop
indicated the existence of conformational arrangements in the
L755P mutated HER2 as compared toWTHER2. In addition,
the dynamic features of the WT and L755P mutated HER2 in
the simulations generate information about correlated motion
that is useful for analysis [36]. Correlated motions can occur
among proximal residues and also between regions, e.g., in
domain–domain communications. To reveal the range of cor-
related motions, we plotted a dynamic cross-correlation map
(DCCM) for the Cα atoms of residues for the two simulated
systems (Fig. 8). As shown in Fig. 8a, in WT HER2, the G
loop and A loop regions have positive correlations (moving in
the same direction), while correlations of the helix αC and A
loop regions were negative (moving in the opposite direction).
However, in L755P HER2 (Fig. 8b), the G loop and A loop
regions as well as helix αC and the A loop exhibited increases

Fig. 8 Dynamic cross-
correlation map (DCCM) for a
WT and b L755P mutated sys-
tems. The regions of motion for
the helix αC, G loop, and A loop
in the L755P mutated system
were increased significantly com-
pared to those in the WT system.
The value of correlation is in the
range from −1 to 1. Positive
values suggest positively corre-
lated movement (same direction),
while negative values suggests
anti-correlated movement (oppo-
site direction)

Fig. 9 Time dependence of the distance between the Cα atoms of
Glu757 and Gly865 in WT and L755P HER2
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in both positive and negative correlations, respectively, com-
pared to WT HER2. These data suggested the existence of
strong structural coupling of the G loop, helix αC, and A loop
in HER2 due to the L755P mutation. As shown in Fig. 3,
movement of the helix αC towards the G loop caused the
collapse of the G loop into the ATP-binding site in the
HER2 L755P system, which in turn led to the orientation of
the solubilizing group of lapatinib into the interior of the ATP-
binding site (Fig. 5b). To further elucidate the arrangement of
the helix αC in L755P HER2, the Cα atom distance of resi-
dues Glu757 and Gly864 (DFG motif) were monitored. As
shown in Fig. 9, in WT HER2, the distance between Glu757
and Gly864 fluctuates at ~16.9±1.0 Å along the 100 ns MD
simulations. In L755P HER2, in the first 30 ns simulation, the
distance is 17.0±0.9 Å. However, the distance reduces to 15.5
±0.6 Å in the period of 30 ns to 100 ns. This is due to the fact
that the helix αC has moved towards the C lobe in response to
the L755P mutation (Fig. 3). In addition, MM-GBSA binding
free energy calculations revealed that the L755P mutation
caused a significant loss of binding ability of lapatinib to
HER2 compared to the WT system. Moreover, the major dif-
ferences in the contribution of specific residues to binding
came from residues in the G loop. Together, these data indi-
cate that the HER2 L755Pmutation leads to drug-resistance to
lapatinib.

Conclusions

In the present study, molecular docking, MD simulations, and
MM-GBSA binding free energy calculations were performed
to investigate the mechanism of drug-resistance to lapatinib
due to the HER2 L755P mutation. MD simulations showed
that the L755Pmutation caused structural changes in the helix
αC, G loop, and A loop regions. Especially, movement of the
helix αC towards the G loop led to the collapse of the G loop
into the ATP-binding site, thereby disrupting the interactions
between the solubilizing group of lapatinib and residues in the
G loop in the L755P mutated system. MM-GBSA binding
free energy calculations revealed that the main interactions
between lapatinib and HER2 were derived mainly from hy-
drophobic interactions. The L755P mutation resulted in the
loss of approximately 5 kcal mol−1 binding free energy com-
pared to theWTsystem, which may cause the weak binding of
lapatinib to the mutated HER2. Moreover, the loss of energy
contributions in the L755Pmutated system stemmed primarily
from residues in the G loop, in agreement with the structural
analysis. The results obtained provide helpful insights into the
mechanism of drug-resistance in HER2 and will inform the
design of the next-generation of HER2 inhibitors.
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