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HIGHLIGHTS

GRAPHIC ABSTRACT

* B[a]P, nicotine and phenanthrene molecules
altered the secondary structure of AB,,.

e B-content of the peptide was significantly
enhanced in the presence of the PAHs.

* Nicotine made stable cluster with AB,, peptide
via hydrogen bonds.

¢ Phenanthrene due to its small size, interfered
with the AB,, monomer more strongly.
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ABSTRACT

Recent studies have correlated the chronic impact of ambient environmental pollutants like polycyclic
aromatic hydrocarbons (PAHs) with the progression of neurodegenerative disorders, either by using
statistical data from various cities, or via tracking biomarkers during in-vivo experiments. Among
different neurodegenerative disorders, PAHs are known to cause increased risk for Alzheimer’s
disease, related to the development of amyloid beta (Ap) peptide oligomers. However, the complex
molecular interactions between peptide monomers and organic pollutants remains obscured. In this
work, we performed an atomistic molecular dynamics study via GROMACS to investigate the
structure of Ay, peptide monomer in the presence of benzo[a]pyrene, nicotine, and phenanthrene.
Interestingly the results revealed strong hydrophobic, and hydrogen-bond based interactions between
AP peptides and these environmental pollutants that resulted in the formation of stable intermolecular
clusters. The strong interactions affected the secondary structure of the Ay, peptide in the presence of
the organic pollutants, with almost 50 % decrease in the o-helix and 2 %—10 % increase in the B-
sheets of the peptide. Overall, the undergoing changes in the secondary structure of the peptide
monomer in the presence of the pollutants under the study indicates an enhanced formation of AP
peptide oligomers, and consequent progression of Alzheimer’s disease.

© Higher Education Press 2023

1 Introduction

The concern about environmental

pollutants  was  Hahad et al., 2020).

progression of neurogenerative disorders through direct
or indirect molecular pathways (Heusinkveld et al., 2016;
Recent studies by Calderdon-

exhibited recently with advanced prediction modeling of 4 cidueias et al. (2016) highlighted the connection

their enhanced concentrations (Shang et al., 2021; Zhang
etal., 2021). Environmental pollution contributes to the

between air pollutants and AD biomarkers among
children of Mexico City. Among different air pollutants,
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ultrafine particles (UFPs), known as PM,, (particulate
matter with the aerodynamic size of less than 0.1 pm),
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due to their small size have rapid translocation to the
brain through the blood brain barrier or the olfactory
route (Oberdorster et al., 2004; Heusinkveld et al., 2016).
Furthermore, PM,, ; may adsorb a significant amount of
toxic organic compounds given their high surface area
(Kwon et al., 2020). Considering that citizens spend most
of their time in indoor environments (Klepeis et al.,
2001), recent studies on human subjects showed that
exposure to indoor UFPs from cooking resulted in
nervous responses by the human brain (Amouei
Torkmahalleh et al., 2022).

Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds, which are typical constituents of cigarette
smoke and motor-vehicle exhaust. In addition, PAHs are
produced from incomplete combustion of organic
material and cooking. Polycyclic aromatic hydrocarbons
may bind to PM mass, resulting in the formation of
particle-bound PAHs (Holme et al., 2019). The concentra-
tions of indoor particle-bound PAHs depend on the distribu-
tion of the emission sources, ventilation, and seasonal
differences. Based on measurements performed in indoor
microenvironments, the highest concentrations of PM-
bound PAHs ranged from 550 ng/m3 to 39000 ng/m3,
were observed in Chinese kitchens, fire stations, and
ships (Strandberg et al., 2020). Chemical analysis of the
indoor environments in Central India showed that burning
of mosquito coil and incense might be as harmful as
burning of fuel (coal, kerosene and biomass) due to the
high amounts of PAHs released from the burning of
mosquito coil (in the range of 66-103 ng/m3) and incense
(4089-14047 ng/m3) (Verma et al., 2016). Analysis of
PM, ; produced from different methods of cooking
showed that elevated concentrations of PAHs were
produced from deep-frying cooking (36.5 ng/m3) (See
and Balasubramanian, 2008). Furthermore, experimental
studies and numerical simulations showed that workers in
the bakery and neighboring sales areas have potential
health risks from exposure to high levels of PAHs in
ambient air (Ielpo et al., 2018). According to the study
performed on exposure to combustion byproducts in rural
China, the concentration of PAHs in the human venous
blood may reach up to 762 ng/mL (Naufal et al., 2010).

The recent studies, performed by Cho et al. (2020) and
Edwards et al. (2010) investigated the impact of PAHs on
the progression of neurodegenerative diseases in adults
and children with prenatal exposure. Among PAHs, the
EPA designates 16 high priority pollutants including
phenanthrene and benzo[a]pyrene (B[a]P). The effect of
B[a]P on the neurobehavioral functions of coke oven
workers was also studied in Taiyuan, China (Niu et al.,
2010). The authors reported a decline in neurobehavioral
function, decreased levels of signal transmitters in the
CNS and reduced levels of aminoacid neurotransmitters
in coke oven workers with exposure to B[a]P. According
to the in-vivo studies, performed by Gao et al. (2015), the
chronic exposure to B[a]P resulted in the decreases in the

cognitive behavior, memory ability, and locomotor
activity of the fishes, associated with the increased
concentrations of Ap,, peptides observed in their brains.

Alzheimer’s Disease (AD) is one of the origins of
dementia, with high risk factors among elderly people.
According to recent reports, the progression of AD is
hypothesized to be associated with the aggregation of
amyloid-p (AP) peptides into toxic oligomers in the
human brain and aggregation of tau proteins into
neurofibrillary  tangles (Mandelkow and Mandelkow,
2012; Tolar et al., 2020). Literature suggests that A
oligomers may cause the development of AD in several
pathways, such as destroying neurons, damaging
electrochemical signals, harming the respiratory chain
due to accumulation in mitochondria, and leading to
indirect oxidative stress and detrimental effects on
neurons (Kepp, 2012; Sharma and Kim, 2021).

Among different isoforms of AP peptide with the
number of aminoacids varying from 39 to 43 residues,
AB,, peptide, with 42 aminoacids in its structure, is more
abundant in human cerebrospinal fluid (Hamley, 2012).
Moreover, in comparison to AB,, AP, peptides are
considered to have higher toxicity due to its faster
aggregation rate and formation of beta-sheets, resulting
from the presence of two additional hydrophobic residues
at C-terminus (Hamley, 2012; Kepp, 2012; Jokar et al.,
2020). The core sections of Ap,, peptide consist of
hydrophilic N-terminus (Af,_;,), central hydrophobic
region (AB;;,,), turn (AB,, »9), and hydrophobic C-
terminus (AP, 4,) regions (Chakraborty and Das, 2017;
Murray et al., 2017). While in-vitro studies showed that
oligomers mainly consist of extended coils or beta sheets,
computational studies also indicated the presence of an
antiparallel beta-turn-beta region in their secondary
structure (Chen et al., 2017). The change from alpha-helix
to beta-sheets is considered as an initial step towards the
formation of toxic oligomers (Jokar et al., 2020). The
main driving forces that stabilize peptide aggregates are
hydrophobic effects and formation of salt bridges
(Berhanu and Hansmann, 2012). Although hydrophobic
region, C-terminus and turn regions can participate in the
initiation of the nucleation of AP peptide aggregates,
A5 ¢ region of N-terminus is important in the context
of oligomerization. Moreover, according to literature, the
oligomerization might be promoted with the stabilization
of AB,, ,; turn region (Jokar et al., 2020).

Small molecules showed high stability in biological
fluids, and might participate in biochemical processes by
binding to peptides (Young et al., 2017). Recent in-vitro
experiments performed by Wallin et al. (2017), showed
that among different cigarette smoke components, PAHs,
including phenanthrene, pyrene, and B[a]P increased the
aggregation kinetics of AP peptide. While in-vivo and in-
vitro experiments showed the enhanced aggregation of
AP peptides and formation of oligomers in the presence
of PAHs (Wallinetal.,2017; Liuetal., 2020), the
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molecular interactions between AP peptides and PAHs
are obscure. In this study, we performed molecular
dynamics simulations to investigate the effect of PAH, as
one of the major compounds of cooking particles on the
structure of A,, peptide. B[a]P and phenanthrene are the
typical PAHs chosen in our study, which have different
number of aromatic rings, different size and hydrophobi-
city, whereas nicotine was particularly chosen as it is a
cigarette smoke component, which is relatively more
hydrophilic and has higher tendency to engage in salt
bridges and hydrogen bonds.

2 Methodology

2.1 Forcefield validation and structures of molecules
Gromacs 2019.6 software with gromos54a7 forcefield
parameters were used to perform atomistic molecular
dynamics (MD) simulations (Abraham et al., 2019).
Gromos54a7 forcefield was chosen based on the
validations provided in literature (Gerben et al., 2014).
The optimized geometry and topology parameters of
B[a]P, nicotine, and phenanthrene molecule were
generated from the Automated Topology Builder (ATB)
and Repository server (Version 3.0) (Malde et al., 2011).
The forcefield parameters were chosen based on the
validation of the densities of B[a]P (C,;H,,), nicotine
(C,oH4N,) and phenanthrene (C,,H,,;) molecules, shown
in Table S1. The structures of the molecules are shown in
Fig. S1. The coordinates of AP,, peptide structure were
taken from the Protein Data Bank (PDB ID: 1Z0Q
(Tomaselli et al., 2006)) with the aminoacid sequence of
IDAEFRHDSGY!'"EVHHQKLVFF2!AEDVGSNKGA3!
IIGLMVGGVV#!A (total charge of —2).

2.2 Molecular dynamics simulations

A 7nm X 7 nm x 7 nm box was used to simulate systems
with a single AB,, peptide, in the presence of one B[a]P,
one nicotine or one phenanthrene molecule, with the
distance between center of masses of organic pollutants
and peptide of 2 nm in the beginning of the molecular
dynamics run. In addition, to neutralize the negatively
charged peptide and to bring physiological conditions,
NaCl salt with 0.15 mol/L concentration was included in
the systems under the study. SPC water model was used

for the solvation. It should be noted, that in order to
obtain statistically significant results within the limita-
tions of the simulation box size and computational time,
high concentrations of AP,, peptide, and organic
pollutants were used for the simulations, as compared to
the concentrations found in the human blood or to the
concentrations used for in-vivo studies (Gao et al., 2015).
The number of molecules inserted in the simulation boxes
are shown in Table 1.

The energy minimization step with 100 kJ x mol~! x
nm ! of a maximum force constraint was performed. The
dynamic runs were performed with an integration time
step of 0.002 ps. NVT equilibration was performed for
0.025 ns at temperature of 298 K, followed by NPT
equilibration step performed for 0.1 ns at the specified
conditions of P = 1 bar and 7 = 298 K. V-rescale
thermostat and Parrinello-Rahman barostat were used for
temperature and pressure couplings, respectively. Finally,
a long production run of 200 ns was generated, consider-
ing that the systems reached equilibrium. However, the
simulation was prolonged for additional 100 ns in the
system with phenanthrene molecule, as the equilibrium
was not reached in 200 ns. LINCS algorithm (Hess et al.,
1997) was applied for all bond constraints and periodic
boundary conditions were used in xyz-directions.

2.3 Analysis of the MD simulations

Visual molecular dynamics (VMD) program was used for
the visualization of the simulated systems (Humphrey
etal., 1996). The change in the structure of AB,, peptide
from the simulations were studied by determining the
solvent accessible surface area (SASA), average radius of
gyration (RoG), root mean square (RMS) deviations, and
secondary structure of the peptide. Root mean square
fluctuations (RMSF) analyses were performed to
investigate the change in the positions of C-alpha atoms
of the aminoacid residues. The interactions of environ-
mental pollutants and peptide were studied by analyzing
the intermolecular distance, and formation of clusters. For
the cluster analyses, 0.35 nm distance was defined as a
maximum distance between the center of masses of the
species to be considered as a cluster. Hydrogen bonds
observed between peptide residues and environmental
pollutants were identified via VMD software, setting the
donor—acceptor distance of 0.30 nm and angle-cutoff
distance as 20°. Energy analyses were performed to

Table 1 Number of molecules in the simulated systems of one Ap,, peptide and one PAH

System AB,, B[a]P nicotine phenanthrene H,0 Na*t Cl-
Ay, 1 0 0 0 10982 33 31
AB,, + B[a]P 1 1 0 0 10969 33 31
AB,, + nicotine 1 0 1 0 10984 33 31
AB,, + phenanthrene 1 0 0 1 10972 33 31
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investigate the strengths interactions between different
energy groups.

3 Results and discussion

The cluster and intermolecular distance analyses were
performed to investigate the molecular interactions and
possible binding of benzo[a]pyrene (B[a]P), nicotine, and
phenanthrene molecules with AfB,, monomer occurred
within 200 ns of the simulation (Fig. 1).

The formation of a cluster was defined when the
maximum distance between center of masses of the
residues was 0.70 nm. The formation of a “stable cluster”
of AB,, peptide and environmental pollutants was defined
if one cluster remained for 50 ns of the MD simulation.
According to Fig. 1A, a stable single cluster of Ap,,
peptide monomer and a nicotine molecule was formed
within 40 ns of the simulation, indicating the strong
binding affinity between nicotine and peptide monomer.
The high stability of the peptide-nicotine cluster is a
result of the H-bonding observed between peptide and the
nicotine molecule. In particular, H-bonds were formed
between Af,, peptide residues, GLN-15 and LYS-16,
serving as H-bond donors, and nitrogen atoms of nicotine
molecule, serving as H-bond acceptors. In contrast, H-
bonds were not observed between A, peptide and B[a]P
or phenanthrene molecules, as they do not have H-bond
acceptors in their structures. Thus, more time was
required for the formation of stable clusters of peptide —
B[a]P (125 ns) and peptide — phenanthrene (140 ns).

The obtained results were in good agreement with the
intermolecular distances observed between the center of
masses of the peptide monomer and B[a]P, nicotine, and
phenanthrene molecules (Fig. 1B). As shown in Fig. 1B,
minimum intermolecular distance of ~0.5 nm between
AB,, monomer and B[a]P, nicotine and phenanthrene was
reached in 90 ns, 40 ns and 140 ns of MD run,
respectively. The results also illustrated that B[a]P—Ap,,
peptide cluster was more stable, than phenanthrene-Ap,,
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Fig. 1

cluster. The maximum distance value of ~1 nm at 80 ns
were observed for the distance between AP,, peptide and
B[a]P, while phenanthrene — Ap,, peptide distance
deviated more significantly within the simulation time
(with the intermolecular distance of ~4 nm at 45 ns, 70 ns,
110 ns and 140 ns). The literature also showed that
different hydrophobicity of PAHs had an impact on the
biophysical behavior of B[a]P and phenanthrene (de
Gelder et al., 2018). Moreover, B[a]P has five aromatic
rings and possess higher hydrophobicity (octanol/water
partitioncoefficientlogK  =6.13),incomparisontophenant-
hrene molecule, with three aromatic rings (logK = 4.46).
As the binding of aromatic compounds to AP peptide
occurs through n-m interactions (Aitken et al., 2003), a
stronger binding affinity was observed between the
peptide monomer and B[a]P molecule.

Furthermore, to investigate the effect of B[a]P,
nicotine, and phenanthrene molecules on the changes in
the secondary structure of AP,, peptide during the
simulations, the composition of the secondary structure of
the peptide monomer was analyzed (Fig. 2). In addition,
the percentage composition of the secondary structure of
AB,, peptide monomers was determined based on the
average values of the last 20 ns of the simulations (Table 2).

According to Fig. 2A, large amounts of coil and a-helix
regions were observed in the secondary structure of the
peptide monomer in the system with no environmental
pollutants at the beginning of the simulation.
Furthermore, the helix region of AP, ;, was converted to
turns within simulation time. In addition, in the absence
of environmental pollutants, inconsequential amounts of
B-sheets and P-bridges were observed during the
simulation in AfB;; 4, and AP, ¢ regions, which were later
converted to bends.

In comparison, according to Fig. 2B, in the presence of
B[a]P molecule, the formation of -sheets and B-bridges
was observed in AP,; 5, and AP,y ,, segments of the
peptide monomer. In addition, the amount of coil (in N-
and C-terminuses), 3-Helix (AP, ,g), bend (ABg
AB,, ,;)and turn (AB,,_;5) structures increased after 120 ns
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(A) Formation of clusters of AB,, monomer with B[a]P, nicotine and phenanthrene molecules, (B) change of the distances

between center of masses of Af,, monomer and B[a]P, nicotine and phenanthrene molecules within the simulation time.
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Fig.2 Time-evolution of secondary structure of AB,, monomer: (A) in the system with no pollutants, (B) in the presence of one
B[a]P molecule, (C) in the presence of one nicotine molecule, (D) in the presence of phenanthrene molecule.

Table 2 Secondary structure of AB,, peptide monomer in the systems under the study, averaged among last 20 ns of the molecular dynamics run

System Coil B-Sheet B-Bridge Bend Turn a-Helix 3- and 5-Helixes
ABy, 0.29 0 0 0.14 0.14 0.42 0.01

APy, + Bla]P 0.33 0.02 0.04 0.21 0.13 0.21 0.06

AB,, + nicotine 0.34 0 0 0.19 0.16 0.31 0

APy, + phenanthrene 0.28 0.1 0.02 0.15 0.17 0.23 0.05

of the MD simulation, after the formation of AP
monomer-B[a]P cluster. In the presence of nicotine
molecule, no B-sheets were observed in the secondary
structure of the peptide monomer (Fig. 2C). During MD
simulation, a significant amount of a-helix was observed
in AB; ,, and AB,, 5, regions, while coil, bend and turn
structures were mainly noticed in the terminuses of the
peptide monomer. In complete contrast, in the presence of
phenanthrene molecule, noticeable amounts of B-sheets
and B-bridge were observed in AB, , and APy 4, regions
after 70 ns of the simulation run (Fig. 2D). In addition, a
beta-turn-beta region was noticed in AP, ;, segment at
180-200 ns. During the simulation, o-helix region was
observed in AB,, ,, segment, while 5-Helix was produced
in AB,_,5 after 140 ns of the MD run, when A monomer-
phenanthrene cluster was produced.

Overall, according to Fig.2 and Table?2, Bl[a]P,
nicotine and phenanthrene molecules had a significant
effect on the secondary structure of AB,, monomer. The

analysis of the secondary structure of Af,, monomer
showed that in the last 20 ns of the simulations, the
amounts of o-helix region decreased in the presence of
environmental pollutants. In particular, 21 %, 30 % and
23 % of a-helix were observed in the presence of B[a]P,
nicotine and phenanthrene, respectively, in comparison to
the system with no environmental pollutants with 42% of
a-helix (Table 2). Moreover, according to Table 2, in the
presence of the pollutants, AB,, peptide showed a high
tendency to form turn, coil and B-sheet regions instead of
alpha-helixes, which would indicate that these molecules
might contribute to the progression of AD. Representative
snapshots of the structures and binding of AB,, peptide,
B[a]P, nicotine and phenanthrene molecules, visualized
via VMD, are shown in Fig. 3.

The visualization of the systems under the study illus-
trated that initial structure of AB,, monomer was consisted
of helix, turn, bend and coil structures (Fig. 3A). In the
end of the molecular dynamics simulation, no beta-sheets
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Fig.3 Representative snapshots of the systems under the study (water molecules and ions are not shown) with indicated Ap, of N-
terminus and AB,, of C-terminus of: (A) AB,, monomer in the beginning of the simulations, (B) AB,, monomer in the end of 200 ns
of the simulation in the absence of environmental pollutants, (C) AB,, monomer and B[a]P molecule in the end of molecular
dynamics (MD) run, (D) Ap,, monomer and nicotine molecule in the end of MD run, (E) AB,, monomer and phenanthrene molecule

in the end of MD run. VMD coloring methods: 1. Secondary structure of peptide: beta sheet =

yellow, bridge-beta = tan, alpha helix

= purple, 3—-10_Helix = blue, bend = cyan, turn = cyan, coil = white. 2. B[a]P molecule — grey, nicotine — blue, phenanthrene — black.

were observed in the structure of Af,, monomer in the
absence of the environmental pollutants (Fig. 3B). In
comparison, according to Fig. 3C, in the presence of
B[a]P molecule, the beta-turn-beta region were formed in
AB;, 4 region of the C-terminus in the end of the
simulation, consistent with the results of the secondary
structure analysis of the peptide (Fig. 2B). According to
Fig. 3D, in the presence of nicotine, in the end of the
simulation, no B-sheets were observed in the secondary
structure of the peptide monomer. In the presence of
phenanthrene, in the end of the simulation, the B-sheets
were observed in the region of AB,. 5, (Fig. 3E), as was
shown previously in Fig. 2D.

The distance analyses between center of masses of the
amino acid residues of AB,, peptide, and B[a]P, nicotine
and phenanthrene molecules were further performed for
the last 20 ns of the simulations to investigate the binding
sites of the peptide monomer and environmental
pollutants in the end of the simulations, after the
formation of stable clusters (Fig. 4).

According to Fig. 4, in the last 20 ns of the simulation,
B[a]P molecule was located closer to the region of
AB,y 3o With the aminoacids sequence of F>'AEDVG-
SNKGA. The smallest distances between the center of
masses were observed between B[a]P and GLY-25 (0.45
nm distance), VAL-24 (0.65 nm), SER-26 (0.61 nm),
LYS-28 (0.62 nm), GLY-29 (0.72 nm) residues, indica-
ting that B[a]P was bound to this region in the end of the
simulation. In addition, based on Fig. 4, the N- and C-
terminuses were located at the highest remoteness from
the B[a]P molecule (1.7-2.5 nm distance), as was also
shown in Fig. 3C. As it was noted from Fig. 2B, B[a]P
molecule was bound to coil-turn-coil region (AB,, 5,),
which was later transformed to bend-coil-helix region
after binding of B[a]P. In contrast, according to Fig. 4, in
the presence of nicotine and phenanthrene, the A, 5,
region was located far from the environmental pollutants,
while both N- and C- terminus regions of the peptide
were located closer to nicotine and phenanthrene
molecules. Low distances were observed between nicotine

3.0 T T T T
AB,, + B[a]P
25} AB,, + nicotine 1
---- AB,, + phenanthrene
E 20F 1
3 A
g 15F A b
g \ i IIJ 5 ¥ Y ~
~aTy \ Y N
LOEN, ‘l‘ ra N / v Voo Y
Y Vol ! \ TN,
N
0.5F 4
1 1 1 1
10 20 30 40

Aminoacid residue number

Fig. 4 Distances between center of masses of the amino acid residues
of AB,, monomer and B[a]P, nicotine and phenanthrene molecules
averaged within the last 20 ns of the simulations.

and the aminoacid residues with coil and helix structures:
VAL-12 (0.72 nm distance), GLN-15 (0.55 nm with H-
bonding, as mentioned previously), PHE-19 (0.66 nm)
and MET-35 (0.65 nm). For the phenanthrene, the
binding site of the peptide monomer at the end of the
simulation was observed for the region with the
aminoacid residues of helix, ARG-5 (0.70 nm distance),
VAL-12 (0.67 nm), GLN-15 (0.66 nm) and coil/B-sheet
VAL-40 (0.64 nm). Thus, the equilibrium binding sites
for the environmental pollutants were mainly the coil,
bend, and helix regions of the peptide monomer. In
addition, phenanthrene was located near VAL-40 residue
with a high tendency to form B-sheet in that region, as
was shown in Fig. 2D.

The time-evolution of the peptide structure due to the
binding of B[a]P, nicotine, or phenanthrene molecules
were further studied by performing RMS, SASA, and
RoG analyses (Fig. 5).

The RMS deviations of the peptide structure were
~1.21 nm at the end the simulation of the system with
AB,, peptide monomer in the absence of environmental
pollutants (Fig. 5SA). The RMS deviations became slightly
lower with the addition of B[a]P after 70 ns of the
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intrapeptide H-bonds of AB,, peptide monomer in the systems under study within the simulation time.

simulation (deviations around ~1.08 nm) and nicotine
molecule after 150 ns of the MD run (deviations around
~1.13 nm). In comparison, with the addition of
phenanthrene, the RMS deviations of the peptides
increased up to 1.42 nm, with a sharp decrease to 1.05 nm
at ~190 ns of the MD run. Based on Fig. 5B and Fig. 5C,
in general, RoG and SASA values of AB,, peptide did not
significantly change during the simulations with the
addition of B[a]P and nicotine molecules. Based on the
RoG analysis (Fig. 5B), starting from nvt-equilibration
step, the radius of AB,, peptide deviated from ~1.53 nm
to ~1 nm within 200 ns of the simulation, indicating that
the peptide structure became more compact within the
simulated time. The SASA values (Fig. 5C) decreased
from ~42 nm? to ~341 nm? within the simulation time in
the presence of B[a]P and nicotine molecules. In addition,
according to the results of H-bonds analysis (Fig. 5D),
average amounts of H-bonds observed within a peptide in
the last 20 ns of the simulations were ~27+2, 26+3, 2843
and 24+3, in the systems without PAH, with B[a]P,
nicotine and phenanthrene molecules, respectively.

It should be noted that a sharp decrease in RMS
deviations was observed in the last 10 ns of the
simulations in the structure of the AB,, peptide monomer
in the presence of phenanthrene molecule (Fig. 5). The
decrease in RMS deviations was consistent with sharp
increases in SASA and RoG values of the peptide
monomer and a decrease in intrapeptide H-bonds over the

last 20 ns of the simulation. The investigation of the
change in the distances between phenanthrene and
aminoacid residues during the last 50 ns of the simulation
showed that this phenomenon could occur due to the
change in the binding site of phenanthrene and Af,,
monomer (Fig. S2). Particularly, in the last 20 ns of the
simulation, phenanthrene became closely located to both
N-terminus and C-terminus of the peptide monomer,
while getting away from the residues LYS-16 and LEU-
34. As it was mentioned, the simulation was prolonged
for the system with peptide monomer and phenanthrene,
an additional 100 ns run was performed from the last
trajectory obtained after the first 200 ns run. To
investigate further changes in the structure of the peptide
in the presence of phenanthrene, changes in RMS
deviations, RoG and secondary structure of the peptide
monomer were studied (Fig. S3). The results showed that
the RMS deviations were increased from 250 ns to 300 ns
of the simulation (Fig. S3A), while the RoG values were
decreased at the same time period (Fig. S3B). This
observation was also correlated with transformation of the
helix structure in the AP,,,, region to coil and bend
structures, and formation of [-sheets in N- and C-
terminuses (Fig. S3B). Overall, continuous RMS
deviations and changes in the RoG values in the structure
of the peptide monomer in the presence of phenanthrene
could be determined by the size of the PAH. In
comparison to B[a]P with five aromatic rings,
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phenanthrene with three aromatic rings interfered with the
peptide structure more significantly, leading to the
changes in the secondary structure of the peptide
monomer.

In addition, the RMSF analyses were further performed
to investigate the changes in the fluctuations of the
positions of the aminoacid residues of Af,, peptide
structure with the addition of the environmental pollutants
in the end of the simulations (Fig. 6).

According to Fig. 6, during the last 20 ns of the
simulation, in the system with APB,, peptide monomer
with no environmental pollutants, the highest fluctuations
were observed in the position of ASP-1 and ALA-2
residues (RMSF values at ~0.4-0.6 nm). The fluctuations
of the other residues were in the range of ~0.05-0.2 nm,
which were comparatively lower than the fluctuations in
the positions of the aminoacid residues observed in the
presence of environmental pollutants. In the presence of
B[a]P molecules, enhanced fluctuations were noted in the
positions of the amino acids in the region of AB,, ,¢ (With
RMSF values ~0.15-0.35 nm), which was considered as a
binding site for B[a]P, as discussed previously. The
lowest fluctuations were observed in the region of AR, 5
(with  RMSF values ~0.09-0.10 nm), which were
involved in the formation of B-sheets. In contrast, in the
end of the simulated time, in the presence of nicotine,
elevated RMSF values were observed for the aminoacids
for the residues GLY-25, ALA-30, LEU-34 and ILE-41
(with  RMSF values ~0.30-0.33 nm). The lowest
fluctuations of the aminoacid residues were observed in
the region of AB,, ¢ (with RMSF values ~0.10-0.12 nm),
which was involved in the binding to nicotine molecule.
In the presence of phenanthrene molecule, enhanced
RMSF values were observed for the aminoacids in the
region of ABg ,, (with RMSF values ~0.30-0.37 nm),
AB,g 3, (B-sheets region) and C-terminus (with RMSF
values ~0.19—0.50 nm). The lowest fluctuations of the
aminoacid residues were observed in the region of
AB,5 5 (with RMSF values ~0.12-0.15 nm).

10 T T T T
*APy,

*ABy, + B[a]P

*AB,, + nicotine

————— *AB,, + phenanthrene
——— **AB, + phenanthrene 4

RMSF

10 20 30 40
Aminoacid residue number
Fig. 6 RMSF of aminoacid residues of AB,, peptide monomer (*: aver-

aged among last 20 ns of the simulations that was 180-200 ns of the
molecular dynamics run, **: in the range of 150—170 ns of the MD run).

Although, high fluctuations were observed in the
positions of the residues located on the N-terminus (ASP-
1, ALA-2, GLU-3) in all systems under the study, large
RMSF values were also observed for the C-terminus in
the presence of phenanthrene in the last 20 ns of the
simulation. Consistent with the observations from the
distance analyses (Fig S2), the small phenanthrene
molecule could intercalate with the peptide structure and
affect the structure of the peptide, particularly, in the
regions of N-terminus and C-terminus, more significan-
tly, in comparison to B[a]P and nicotine molecules, which
stabilized AB,, monomer structure within the simulated
time. This observation was consistent with RMSD, SASA
and RoG and distance analyses, which showed that
among the three environmental pollutants under the
study, there could be enhanced interactions of the
phenanthrene molecule and the peptide monomer in the
last 20 ns of the run. Hence, RMSF analysis was also
performed for the period of 150-170 ns of the MD run for
the system with phenanthrene molecule. For this period,
the fluctuations in the positions of the aminoacid residues
were significantly lower, in comparison to the values
observed at the end of the simulations with all of the
environmental pollutants under the study. This
observation indicates that the positions of the aminoacid
residues were stable in the presence of phenanthrene at
150-170 ns of the simulation, before the dynamic
interactions between phenanthrene and N-terminus and
C-terminus of the peptide monomer at 180-200 ns of the
simulation.

Furthermore, the energy analyses were performed to
investigate the type of the interactions that predominated
between the peptide and the environmental pollutants
during the last 10 ns of the molecular dynamics runs
(Table S2). It should be noted, that Wallin et al. suggested
that the initiation of the aggregation might occur due to
electrostatic interactions, while the formation of larger
oligomers might happen due to hydrophobic forces
(Wallin et al., 2017). The results of our study showed that
with the addition of the environmental pollutants, short-
range coulombic intrapeptide interactions slightly
increased, while the van der Waals intrapeptide
interactions decreased in the simulated systems. This
observation showed that the electrostatic interactions
within the peptide increased in the presence of B[a]P,
nicotine and phenanthrene molecules, suggesting that
peptides might undergo an initiation of the aggregation at
the mentioned environments.

In addition, according to the in-vitro studies from the
literature, Wallin et al. reported that enhanced aggrega-
tion kinetics of the peptides were observed in the
presence of the PAHs with more than two aromatic rings
in their structures (Wallin et al., 2017). Consistent with
the observations from our study, B[a]P with five aromatic
rings might increase aggregation kinetics of AP peptides
by making stable clusters with peptides and changing
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their secondary structure. Moreover, phenanthrene with
three aromatic rings intensively altered the secondary
structure of peptides, leading to the enhanced formation
of P-sheets, which might also result in the increased
aggregation kinetics of the peptides.

4 Conclusions

In our study, the structure of AB,, peptide monomer was
affected by benzo[a]pyrene, nicotine and phenanthrene
molecules, depending on their hydrophobicity, size, and
H-bonding capacity. Among three organic air pollutants
under the study, nicotine made most stable cluster with
AB,, peptide within 40 ns of the MD run due to nicotine’s
H-bonding capacity. In contrast, phenanthrene molecule,
due to its small size, could interfere with the peptide
monomer more strongly, leading to high deviations in the
radius of gyration (for up to 20 %) in the structure of the
peptide in the end of the MD run. Overall, the secondary
structure of the peptide monomer was affected by the
presence of the organic pollutants with the formation of
more turn (higher for up to 20 %), coil (for up to 17 %),
bend (for up to 20 %) and B-sheet (for up to 10 %)
regions instead of alpha-helixes (reduced to 25 %-50 %),
suggesting that benzo[a]pyrene, nicotine, and phenan-
threne might have effect on the progression of Alzheimer’s
Disease. Consequently, further in-depth analysis on the
effect of organic pollutants on the oligomerization of Ap
peptides would be necessary to gain further insides into
the effect of the air pollution on the neurodegenerative
diseases.
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