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Molecular dynamic simulation reveals the
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Musk xylene (MX), a kind of personal care product, has become a new type of environmental contaminant in
recent years. Long-term exposure to MX is associated with a variety of cancers, but the mechanism is still
unclear. Meanwhile, our previous research showed that MX exposure could lead to malignant
transformation of human liver cells LO2 and up-regulation of multi genes which are involved in the
MAPK signaling pathway, such as the epidermal growth factor receptor (EGFR). These findings indicated
that the MAPK signaling pathway might be involved in the malignant transformation caused by MX, but
the mechanism is also unclear. In this study, the underlying interaction mechanisms between EGFR and
MX were investigated using molecular dynamics (MD) simulation. Results revealed that MX bound to the
ECD of EGFR in four binding sites, which was mainly driven by van der Waals and nonpolar interactions,
and the affinity of MX toward ECD was slll > sl > sll > sIV. Further analysis through MD simulation found
that s llI, the site with the strongest binding, was coincidentally located at the binding area of EGF, which
is the natural ligand of EGFR. Therefore, we speculated that MX may activate the MAPK signaling
pathway by binding to EGFR in a similar way to EGF, and finally lead to tumorigenesis. In addition, the
MM/PBSA method could also be utilized to calculate the hot residues in each binding site. The prediction
of hot residues would provide some theoretical guidance for further study of the carcinogenesis
mechanisms of MX both in MD simulation and experimental research.
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Introduction

Nitro musk represented by musk xylene (MX) is a substitute for
natural musk." These synthetic musks enter into the environ-
ment through various ways and became a new environmental
pollutant in recent years. Since 1981, synthetic musk has been
gradually detected in various environmental medi a including
the atmosphere, indoor dust, water, soil sludge, fish, shrimp,
shellfish and even human adipose tissue, blood and breast
milk.”>” Since synthetic musk is widely present in environ-
mental matrices and human samples, its potential toxicological
effects have attracted many researchers' attentions. Previous
research showed that the residues of synthetic musk can cause
certain harm to organisms, which mainly show as neurotoxicity,
liver toxicity and enzyme toxicity.®® Studies on mice have shown
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that long-term exposure with MX would cause liver cancer.'” Our
previous research also found that MX exposure can induce
malignant transformation of human liver cell line L02 and up-
regulate some genes of the MAPK signaling pathway."

MAPK (mitogen-activated protein kinase) signaling pathway
is one of the important signal transduction systems in cells, that
plays an important role in complex cellular programs like
proliferation, differentiation, development, transformation,
apoptosis, angiogenesis and other physiological and patholog-
ical processes.”>™® Dysregulation of controlled MAPK signaling
has been shown to be important in the development and
progression of many diseases including various types of tumor
and neurodegenerative diseases. In mammalian cells, four
MAPK families have been clearly characterized: ERK1/2 (extra-
cellular signal regulated kinases), JNK (c-Jun N-terminal
kinase), p38 kinase and ERK5.'**® Though each of the MAPK
pathway mediates different biological effects, there are also
extensive interactions, which play an important role in the
occurrence and development of tumor in a synergistic or
inhibitory way. In our previous work, an affirmative effect of MX
on cell malignant transformation in vitro was observed," and
highly expression of some MAPK signaling pathway related
genes in MX-treated cells were also found according to the
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Fig. 1 The 2D structure of EGFR ECD (a) and MX (b).
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microarray results. Therefore, we speculated that MAPK
pathway may be involved in the carcinogenesis of MX. However,
how does MX activate MAPK pathway? This issue is not clear yet,
and more research is needed.

MAPK pathways can be activated by diverse extracellular and
intracellular stimuli including cytokines, growth factors,
hormones, as well as various cellular stressors. EGFR,
epidermal growth factor receptor, binding ligands of the EGF
family and activating several signaling cascades to convert
extracellular cues into appropriate cellular responses, such as
MAPK signaling pathway. Studies have shown that the high
expression of EGFR in cells can provide binding sites for
downstream signaling molecules."?*® EGFR can be activated by
the potential ligands such as EGF and transforming growth
factor a (TGFa), which led to the formation of receptor dimers
and activated the intrinsic kinase domain.”* The human EGFR
consists of three regions: extracellular domain (ECD), trans-
membrane (TM) domain and intracellular tyrosine kinase
domain,?** and the ECD can be further divided into four
domains (dI, dII, dIII and dIV).>*** In this paper, molecular
docking technology and molecular dynamics methods were
used to construct and simulate the binding process of ECD with
MX. Conformational change and binding energy were analysed
to predict the possible binding site of ECD with MX (Fig. 1).

Materials and methods
BIAcore assay

Surface plasmon resonance binding experiment was performed
using Biacore T200 system to analyse the binding affinity
between ECD and MX. Human EGFR ECD protein was
purchased from Sino Biological (China), and the series s sensor
chip CM5 were purchased from Bio. Co. (USA). The ECD protein
was immobilized on a CM5 sensor chip and the binding of MX
to ECD was accomplished by injecting concentration of MX
(250-2000 uM) into the sensor chip under the buffer condition
of PBS-buffered saline at 25 °C.

Homology modeling

The primary EGFR protein sequence of homo sapiens (accessio-
n ID: P00533) was retrieved from UniProt Database (https://
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www.uniprot.org/) in FASTA format. In order to construct the
whole structure of extracellular domain (ECD) of EGFR, the X-
ray crystal structural of ECD (PDBID: 4UV7) was retrieved
from RCSB Protein Data Bank (http://www.rcsb.org/).The ECD
was homology modeled using Modeller 9v24 according to the
methods descripted by Kuntal et al. (2010) and Webb et al.
(2017).2°2¢ Firstly, perform sequence alignment between the
target sequence and the template ECD PDB to generate ali
and pap files. Then, modify the corresponding file name and
required number of models in model-default.py, and run
python3 model-default.py to obtain the modeled structure.
Finally, the structural domain IV was supplemented through
homologous modeling.

Ligand preparation and molecular docking

The 2D structure of MX was retrieved from PubChem Database
(https://pubchem.ncbi.nlm.nih.gov/) in SDF format and conver-
ted to 3D in MOE v2014 (ref. 27) through energy minimization.
In order to keep ligand flexible, all rotable bonds in ligand were
set and the residues in domain I and domain III of ECD receptor
inside the binding grid box were retained using the Auto-
DockTools package.”®*® The grid size was set while x, y and z
axes were 50, 50 and 50 with 1 A, respectively. The center of the
grid box was x = —30.466, y = —22.109 and z = 16.303,
respectively (domain I), and x = 8.641, y = 16.838 and z =
27.808, respectively (domain III). Then Protein and ligand
structure in PDBQT format for molecular docking were
prepared by AutoDock Vina.** PyMOL was used to visualize the
interactions in the top modes between the ECD and MX.*"*>

Molecular dynamics simulation

Partial atomic charges of MX were first assigned based on the
AM1-BCC method*+**, using the ANTECHAMBER program of
AmberTools.** Parameters of MX were taken from the general
AMBER force field (GAFF).*®* ACPYPE script in the AmberTools
package was used to convert the AMBER format files of MX to
the GROMACS format.*” The MD simulations were performed
using GROMACS 2018 program with the AMBER99SB-ILDN
force field for all receptors.®® All systems were solvated using
TIP3P* water molecules in a cubic box with at least 1.2 nm
distance around the complex. The net charge on systems was
neutralized by adding counterions as required. The systems
carried out the energy minimization by using the steepest
descent algorithm, then heated from 0 K to 300 K during a 200
ps constant volume simulation with 1 fs time step. The pressure
was equilibrated to 1 atm during 100 ps NPT simulation with 2
fs time step. Both temperature and pressure equilibration were
balanced using the Berendsen algorithm* during the equili-
bration step. In all simulations, the heavy atoms of protein were
position restrained with a force constant of 1000 kj mol ™"
nm ™2, the cut-off distance was set to 1.4 nm, while Colulomb
cut-off and neighbour list were set to 1.4 nm. All MD simula-
tions were performed for 200 ns with 2 fs time step. The
temperature and pressure were maintained at 300 K and 1 bar
by using the V-rescale temperature** and Parrinello-Rahman
pressure*” coupling method in the production step, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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During the simulation, periodic boundary conditions were
applied, and the particle-mesh Ewald (PME) method was used
to handle all electrostatic interactions.** All bonds were con-
strained using the LINCS algorithm.***

Calculation of binding free energy

Binding free energies between EGFR and MX in four systems
were calculated by the molecular mechanics Poisson-Boltz-
mann surface area (MM-PBSA) method implemented in GRO-
MACS program using g_mmpbsa tool.*® The trajectory of last 50
ns was used to calculate the binding energies. Thus, a total of
250 snapshots were extracted from four system. For each
snapshot, the binding free energy can be summarized as:*

AGbinding = GComplex - (GProtein + GLigand)

where Gcomplexy Gprotein,aNd Grigana are the total free energy of
the complex, receptor, and ligand molecules, respectively. The
free energy (G) was estimated by:

Gx =Eum + GSolvation
EMM = Ebonded + Enonbonded = Ebonded + EVdW + Eelec

where x is the complex, protein, or ligand. Eyny is the average
molecular mechanics potential energy in vacuum and defined
as the sum of the internal interaction (Epondeqa), van der Waals
(Evaw) and the electrostatic (Eejec)- Eponded iS always taken as
zero.*®

The free energy of solvation (Gsopation) Was estimated as the
sum of the electrostatic solvation free energy (Gpolar) and the
non-electrostatic solvation free energy (Gnopolar):

GSolvalion = Upolar + Gnopolar

where Gpolar is calculated by solving the Poisson-Boltzmann(PB)
equation and Gpepolar 1S estimated by the solvent-accessible
surface area (SASA) as equation following:

Gnopolar = 'YSASA +b

where the solvent-accessible surface area (SASA) determined
a water probe radius of 1.4 nm. The surface tension constant vy
and the fitting parameter b were set to 0.02267 and 3.849 (k]
mol 2 A~?) respectively.*®

Result and discussion
BlAcore assay of the interaction between ECD and MX in vitro

In this study, the ECD protein was purified and BIAcore assay
was applied to characterize the binding constants in vitro to
verify the supposition that MX exposure may lead to tumorigen-
esis by binding to EGFR. The binding affinity between MX and
ECD was evaluated according to the dissociation constant KD
value. The RU values revealed that MX bound to ECD in a dose-
dependent manner, and the determined equilibrium dissociate-
on constant KD was about 259 uM (KD = 2.59 x 10-6 M) (Fig. 2).
This result suggested that binding with EGFR and then
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Fig. 2 The response value of ECD/MX complex quantified by BlAcore
assay.

activating MAPK pathway may be a possible carcinogenesis
mechanism of MX.

Molecular docking

Docking simulation studies were carried out to investigate the
binding modes of MX with the domain I and domain III of ECD.
The docking scores and the interactions of binding site were
shown in Table 1. All binding modes of ECD with MX were
illustrated in Fig. 3. The docking results showed that MX bound
to ECD domain I and III with four possible different sites: site I
(sI), site II (sII), site III (sIII) and site IV (SIV).

In order to explain detailed interactions between ECD and
MX, the structure of the four complexes were analysed system-
atically. From the binding mode in sI, MX was embedded in
hydrophobic interaction with residues including F457, T464,
1466, 1451, W453, K463, W453 and N452 and last stabilized in
binding pocket by hydrogen bonding. The binding mode in sII
showed that five residues (R353, F352, P365, W386 and E388)
stabilized the MX through hydrophobic interaction, and MX
also kept bond with P387 through hydrogen bonding. MX was
stabilized by four hydrophobic residues (1316, L325, D344 and
F380) through hydrophobic interactions in sIII binding mode,
and three residues (H346, H409 and Q408) also played impor-
tant role through hydrogen bonding. The binding mode in sIV
was found that MX was stabilized by seven hydrophobic resi-
dues (Y50, D51, L52, K56, P76, V72, E73) through hydrophobic
interactions and R74 residue also played essential role in the
binding of MX through hydrogen bonding.

Analysis of molecular dynamic simulation

Analysis of root mean square deviation. In MD simulation,
RMSD is often used to quickly determine whether a certain
trajectory reaches equilibrium for subsequent simulation or
analysis. The height of RMSD reflects the overall deviation of
the track from the reference molecule. In present study, the
RMSD values of ECD were calculated. As results showed in
Fig. 4a, the position of ECD shifted at the beginning of the
binding process, and then vibrated stably near a certain height.

RSC Adv, 2023, 13, 16311-16320 | 16313
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Table 1 The docking results between EGFR and MX
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Binding mode Affinity (kcal mol ") H-bond interaction Hydrophobic interaction

sI —5.4 K454, K464, N452 WA453, 1451, 1466, K463, F457

sIT —5.4 E388 P387, W386, F352, P365, R353
SIII —5.1 H409, Q408, H346 F380, D344, 1316, L325

sIV —5.3 R74 Y50, D51, L52, K56, P76, V72, E73

Fig. 3 (a)Whole binding mode of four sites between ECD and MX, the binding mode of ECD with MX in (b) sl, (c) sll, (d) slil and (e) sIV.

However, owing to the relative deflection of domain I and
domain III caused by MX binding, the RMSD values of all
complexes except for the EGFR-MX (sIII) are higher than the

unbound ECD. At the same time, the RMSD values of domain III
or domain I were calculated independently to verify the stability
of ligand binding domains. Results showed that the RMSD
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Fig. 4 RMSD plots of unbound and bound ECD (a—e), RMSF plots of unbound and bound ECD (f), RG plots of unbound and bound ECD (g).
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curves of all the binding domains except when MX binded in
sIlI, slightly inclined upward but not higher than the unbound
ECD during a short period of time at the beginning of the
simulation, and that then vibrated stably near a certain height,
which indicated that the systems reached equilibrium (Fig. 4b, ¢
and e). As for the EGFR-MX (sIII), the RMSD curve significantly
inclined upward during about 25 ns simulation, which indi-
cated that some significant movement may occur in the system
conformation in response to the binding of MX. Then the curve
also vibrated stably near a certain height, suggesting a stable
system (Fig. 4d).

Analysis of root mean square fluctuation. Root mean square
fluctuation (RMSF) of the residues in both unbound and bound
ECD were calculated to characterize the flexibility of molecular
structure. As the results showed in Fig. 4f, residues in EGFR-MX
(sI, sIII, sIV) systems exhibited approximately fluctuation trend
and amplitude compared to the unbound ECD. However, in
EGFR-MX (sII) system, most of the residues highlight the
maximum fluctuations, and the amplitude was noticeably
higher than that in unbound ECD. These results suggested that
there are some high flexibility regions in EGFR-MX (sII) system,
which might play an important role in protein function.

Unlike the position change of whole molecular structure
during the simulation characterized by RMSD, RMSF calculates
the fluctuation of each atom, which is an index to measure the
degree of freedom of atomic motion. Based on the results of
RMSD and RMSF, it indicated that after MX bound to the ECD,
structural domain III was more stable, and structural domain II
was more flexibility. However, neither of them could explain
which domain is better combined, and more analyses are
needed.

Analysis of radius of gyration. Radius of gyration (RG) was
analysed to investigate the compactness of complexes'
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structure. According to the results showed in Fig. 4g, the
unbound EGFR had certain flexibility, and the RG curve fluc-
tuated around 3.3 nm, but the structural compactness was
decreased, and slight fluctuations of RG curve were observed in
EGFR-MX (s1, sIII, sIV) systems. Interestingly, the fluctuation of
RG curve in EGFR-MX (sII) system seemed to have great flexi-
bility. The RG value was comparable to that of other systems
before 110 ns, but it decreased drastically from 125 ns and then
stabilized again, suggesting that structure adjustment occurred
when MX bounded to ECD in site II. The average RG in five
systems were 3.48 £ 0.15 nm, 3.42 £ 0.08 nm, 3.28 &+ 0.21 nm,
3.39 + 0.10 nm, 3.32 + 0.07 nm, compared well with the
experimental value of 3.54 + 0.011 nm found from SAXS.*

Analysis of ECD conformational change. Snapshots of the
five systems were captured at 200 ns, and the conformations of
EGFR-MX (sI, sII, sIII, sIV) complexes were overlapped with the
ECD of unbound EGFR, respectively. Results showed that the
conformational shift trend of ECD in EGFR-MX (sII) system was
significantly different from that of EGFR-MX (sI, sIII and sIV)
systems (Fig. 5a-d). In EGFR-MX (sII) system, domain II bent
and led to the proximity of domain I and domain III, which
ultimately led to dimerization. These conformational changes
further verified that it had the maximum flexibility when MX
binded in sII of domain III.

In order to further analyse the conformational changes
between the domains in each EGFR-MX complexes, the angle
distribution was calculated to define the orientations of domain
I and III. Amino acid residues Val36, Glu118 in domain I and
Ser340, Glu431 in domain III were selected as vector markers to
reduce the influence of intramolecular movement. As the
results showed in Fig. 5f, varying degrees of angle deviations
were observed in all EGFR-MX complexes, especially EGFR-MX
(sII) system highlighted the maximum angle change (Fig. 5f).

DIII
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Fig.5 The 200 ns snapshot of ECD confirmation with four binding sites: sl (a), sl (b), slll (c) and sIV (d), the definition of two vectors in domain |
and Il (e), the angle distribution between two vectors (f).
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Fig. 6 The snapshot of binding domain with MX on 0 ns, 100 ns and 200 ns, and the distance of MX from the center of initial binding pocket was
calculated in EGFR-MX (sl) system (a), EGFR-MX (sll) system (b), EGFR-MX (slll) system (c), and EGFR-MX (slV) system (e). (d) Pocket confirmational

change on 0 ns, 100 ns and 200 ns.

Based on these results, it is considered that the binding of MX
might activate the dimerization trend of EGFR ECD, which plays
a key role in the process of signal pathway activation.

Analysis of MX binding pocket comparison. The snapshot of
MX in the binding pocket on 0 ns, 100 ns and 200 ns were
extracted to evaluate the binding stability of MX in the binding
pocket intuitively. The center of binding amino acid residues in
initial states was defined to be the center of initial binding
pocket, and its distance between MX at final state was calcu-
lated. It can be seen that the movement of MX in EGFR-MX (sI)
system and EGFR-MX (sII) was quite smooth, indicating
a strong binding ability to the two binding sites (Fig. 6a, b).
However, in EGFR-MX (sIII) system, MX was initially located in
the B sheet area where has strong rigidity, but it left the current

16316 | RSC Adv, 2023, 13, 16311-16320

binding pocket after 50 ns and bound to a new site III (sIII)
(Fig. 6¢). At the same time, it can be seen from Fig. 6d that the
amino acid residue L325 blocked the entrance in the initial
state of the new binding region. Then the side chain of L325
swung up and opened the entrance as the simulation pro-
ceeded, which allowed MX to embed in closely and finally be
attracted firmly in the hydrophobic cavities formed by residues
L325,1348, P349 and v350 (Fig. 6d). As for EGFR-MX (sIV) system
the strong flexible fluctuation of the binding pocket made the
binding of MX extremely unstable in this region until 100 ns,
and slight flexible fluctuation could also be observed according
to the distance between MX and the center of binding amino
acid residues during 100 ns to 200 ns (Fig. 6e). Through visual
observation of the bonding process in four EGFR-MX systems, it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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could be found that MX would choose the appropriate binding
area, and the cavity in the region would also be adjusted to
make the chimerism more stable. In addition, it interestingly
found that the binding site sII and new sIII were coincidentally
located at the binding area of EGF, which is the natural ligand
of EGFR.

Hydrogen bond analysis

Hydrogen-bonded interaction provided a measurement of
interaction power and played an essential role in stabilizing
ECD-MX complexes. In order to authenticate the stability of four
bound systems, the hydrogen bonds and pairs within 0.35 nm
between ECD-MX were calculated in a solvent environment
from 100 to 200 ns. As Fig. 7 (a-d) showed, the average number
of hydrogen bonds between MX and ECD in the binding site was
4, 8, 9 and 10, respectively. Fig. 7 (e-h) showed the structure of
the active site in the EGFR-MX systems, and schematically
identified the most significant H-bond contacts between ECD
and MX. MX mainly created two hydrogen bonds with K454
(58.4% occupancy) and T464 (89.3% occupancy) in EGFR-MX
(sI) system (Fig. 7e), one hydrogen bond with W386 (33.6%
occupancy) in EGFR-MX (sII) system (Fig. 7f), one hydrogen
bond with V350 (29.9% occupancy) in EGFR-MX (sI) system
(Fig. 7g), and one hydrogen bond with L52 (33.9% occupancy) in
the EGFR-MX (sIV) system (Fig. 7h). In addition, there were still
some weak hydrogen bond bindings owing to the adjustment of
pocket position in the binding region.

Binding characterization of MX

Though MM-PBSA method cannot accurately reproduce the
binding free energy in the experiment, it has good correlation
with the values in the experiment and provides semiquantitat-
ive evaluation.” The binding free energy was calculated in
this study, and the affinity of MX toward ECD ranked as follows:
sIIT > sI > sII > sIV. Then, various energies were decomposed
using MM-PBSA method, and results showed that van der
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Table 2 Individual energy components of the calculated binding free
energies of ECD/MX complex

Ligand binding site

contribution
(kcal mol™) sl sIT SIII sIvV
AGoaw Mean ~28.33 ~26.09 —25.91 —23.18
Std. 2.70 2.11 2.10 4.52
AGeiee Mean ~2.80 0.12 ~1.98 —1.12
Std. 1.06 1.48 0.79 1.12
AGpotar Mean 14.01 9.11 10.17 13.18
Std. 2.32 2.98 1.63 4.88
AGronpolar  Mean —2.60 —2.42 —2.57 —2.27
Std. 0.18 0.22 0.16 0.30
AGhinding Mean ~19.71 ~19.27 ~20.29 ~13.39
Std. 2.53 2.56 2.13 4.63

Waals(AG,qw), electrostatics interactions (AGejec) and nonpolar
solvation terms (AGponpolar) Played positive role on the binding
behaviour, whereas polar solvation terms (AGpo.r) made an
opposite reaction (Table 2). On the other hand, the total binding
free energy was further decomposed to each residue to screen
the amino acids residues that with important contribution. As
the results showed in Fig. 8, there were several residues made
great contribution to the binding behaviours between MX and
ECD in four binding sites. In the binding pocket, residues
Trp453, Lys454, Phe457, Lys463 and Ile466 in sI, residues
Pro349, Phe352, Pro365 and Pro387 in sII, residues Leu325, leu
348, Pro349 and Val350 in sIII, residues Ser52, Ser53, GIn73 and
Pro76 in sIV, constituted hydrophobic core in each binding site,
which then generate strong van der Waals and hydrophobic
interactions with the MX. Among them, residues Trp453 sI,
Phe352 in sII, and Leu348, Pro349, Val350 in sIII contributed
more than 1 kcal mol ' energy in each binding site, and so be
defined as hot residues. The discovery of hot residues would
provide guidance for the experimental study on the interaction
mechanism between MX and EGFR.

14 Site Il

Ta64] L
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Fig.7 The hydrogen numbers and the hydrogen binding mode of four binding system including EGFR-MX (sl) (a and e), EGFR-MX (sll) (b and f),

EGFR-MX (slll) (c and g) and EGFR-MX (slV) (d and h).
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Conclusion

The binding mode of EGFR and MX was studied through
molecular docking. Results revealed that MX bound to the ECD
of EGFR in four binding sites, which was mainly driven by van
der Waals and nonpolar interactions, and the affinity of MX
toward ECD was sIII > sI > sII > sIV. Further analysis through
molecular dynamics simulation found that the binding of MX
stabilized the skeleton fluctuation of its binding domain, and
different conformational changes of ECD were observed in each
binding sites. Moreover, we interestingly found that sIII, the site
with the strongest binding, were coincidentally located at the
binding area of EGF, which is the natural ligand of EGFR.
Therefore, we speculated that MX may activate MAPK signaling
pathway by binding to EGFR in a similar way to EGF, and finally
lead to tumorigenesis. This is one of the possible carcinogenesis
mechanisms of MX. In addition, MM/PBSA method also be
utilized to decompose the binding free energy, aiming to
calculate the hot residues in each binding site. The prediction
of hot residues provided some theoretical guidance for further
study of the carcinogenesis mechanisms of MX both in MD
simulation and experimental research.

Data availability

All data generated or analysed during this study are included in
this article. All the initial structures and input files for molec-
ular dynamics simulations are available at the following GitHub
repository: https://github.com/scarlettzyy/generaldata. All the
software used in this article is listed in the materials and
methods section. Software, named Autodock vina, is an open-
source program for Molecular docking. And gromacs is also
an open-source program for MD simulation.
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