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Sodium dodecyl sulfate (SDS) solution is considered a cell membrane mimicking solution. In this study, the effect of the amyloid-beta
peptide on the structure and diffusion coefficient of SDS was investigated by molecular dynamics simulation. To control the accuracy of
the calculations, a micelle containing 60 molecules of SDS was simulated. The radius of gyration and the moment of inertia of the micelle
were calculated and compared with the experimental and simulation results. The results obtained were in good agreement with the
experimental and simulation results. The simulations in the presence of amyloid-beta were performed at two concentrations of SDS, below
and above the critical micelle concentration. The results showed that as the concentration of SDS increased, the diffusion coefficient of
peptide and sodium ion increased while the diffusion coefficient of water and SDS decreased. The calculation of the moments of inertia in

different directions showed that the micelles deviated from the ellipsoidal shape at sub-critical micelle concentrations of SDS.
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INTRODUCTION

Alzheimer’s is one of the most progressive brain
disorders. It is claimed that this disease will cost about $
1.08 trillion by 2050, only in the United States [1].
Pathologically, two reasons have been identified for the
disease: formation of neurofibrillary tangles from filaments
of microtubule-associated highly phosphorylated tau
proteins and aggregation of amyloid plaques [2]. Today,
the pathological approach to Alzheimer’s disease is
reformulated and focuses on the role of soluble aggregates
as the molecular form of the amyloid-beta peptide [3].
Amyloid-beta peptide is a fragment with 39 to 43 residues
produced from proteolytic fragmentation of membrane-
associated amyloid precursor protein [4]. Of the fragments
with 39 to 43 residues, the amyloid-beta peptide with 42
residues, i.e. AP (1 - 42), accumulates more rapidly than
the other ones [5]. While the N-terminal of the A (1 - 42)
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peptide has a hydrophilic nature, its C-terminal has a
hydrophobic nature. When AP (1 - 42) is isolated from the
amyloid precursor protein, the C-terminal of the peptide is
in the membrane [6]. As the AP (1 -42) peptide moves away
from the membrane, its conformation changes. Changing
the conformation of the AP (1 - 42) peptide increases its rate
of accumulation. It has been shown that the membrane is
involved in the process of peptide accumulation [7,8]. Many
experimental and computational efforts have been made to
investigate the membrane interaction with the amyloid
peptide [9,10]. It has been found that the interaction
between the membrane and the amyloid peptide changes the
rate of diffusion of different species [11]. Also, AP (1 - 42)
diffusion in the presence of membrane components was
found to increase neurotoxic effects [12]. However, the
mechanism of the interaction between amyloid peptide and
the membrane remains unclear [13].

Sodium dodecyl sulfate (SDS) micelles are used as
membrane-mimicking environments [14]. In many cases,
SDS has been used as a membrane-like environment for the
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accumulation of the amyloid peptide. It was shown that the
soluble oligomers stabilized and fibril growth enhanced at
neutral pH and near the critical micelle concentration
(CMC) of SDS [15]. Also, amyloid peptide accumulation
increased in the presence of 2 mM SDS [16]. Nuclear
magnetic resonance (NMR) spectroscopy showed that
diffusion coefficients of SDS and amyloid peptide did not
significantly change with changes in the size of SDS micelle
[17]. Despite all these efforts, various experimental methods
have failed to provide a complete description of the
structure and assembly of the amyloid peptide for various
reasons, including the disorder properties of amyloid
peptide, high accumulation propensity, and the immense
heterogeneous accumulation [1]. In addition, common
experimental methods in the study of amyloid peptides,
such as NMR, transmission electron microscopy (TEM),
atomic force microscopy (AFM), and circular dichroism
(CD), generally provide space- and time-averaged
properties. Thus, molecular dynamics simulation by
tracking different length and time scales can complement
experimental methods.

In this study, the self-aggregation of SDS molecules
around the amyloid peptide was investigated using all-atom
molecular dynamics simulations. Sub- and super-critical
concentrations of SDS were used. Calculations were
performed with one monomer of the amyloid peptide at
different concentrations of SDS and six monomers of
amyloid peptides the
comparison, molecular dynamics simulation was repeated in
the absence of amyloid peptide. For the analysis of the
calculations, the diffusion coefficients of different species in
the designed systems were calculated.

at same concentrations. For

METHOD

GROMOS 43Al1 force field [18] and GROMACS 5.1.2
[19] were used for calculations. The molecular dynamics
simulation was performed in two parts. First, part
calculations were performed to control the accuracy of the
simulations. In this step of the calculation, the protocol
presented in [20] was used. Also, the checklist presented in
[21] was used to calculate the diffusion coefficients. In the
first part, a micelle containing 60 molecules of SDS was
simulated. The aggregation number of 60 [22] was close to
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Fig. 1. The designed micelle structure containing 60
molecules of SDS.

the experimental value of 63 at the CMC and in accordance
with the number used in other SDS simulations [23,24].
Micelle Maker [25] was used to build the initial micellar
structure. The designed micelle structure is shown in Fig. 1.
The micelles were placed in a cubic box. The distance of
the edges of the box from the micelle surface was assumed
to be 1 nm. The designed simulation box was filled with
simple point charge (SPC) water molecules [26]. Sodium
counterions were added to the box to neutralize the total
charge of the system. Berendsen weak coupling thermostat
[27] was used to control temperature (300 K) and pressure
(1 bar). A cutoff scheme (1.4 nm) was used for van der
Waals interactions, and the electrostatic interaction was
computed using the particle-mesh Ewald method [28].
LINCS [29] and SETTLE [30] algorithms were used to
constrain surfactant bond lengths and water geometry,
respectively. In order to keep the maximum force on any
atom below 2000 kJ mol”, energy minimization was
performed before and after the addition of sodium ions and
SPC water molecules. Also, the relaxation of water
molecules around the micelle position was achieved
by harmonically restraining SDS head group atoms with a



Calculation of Structural Parameters and Diffusion Coefficient/Phys. Chem. Res., Vol. 10, No. 4, 571-579, December 2022.

force constant of 1000 kJ mol. In the final step, molecular
dynamics simulation was performed for 10 ns with a 2-fs
time step. Because the force field parameters of SDS are not
provided by default in the GROMACS package, these
parameters were calculated using the PRODRG server [31].
To create an input on this web server, the optimized
structure of SDS is needed. The structure of the SDS
molecule was optimized using the B3LYP density-
functional theory method and 6-31G basis set. To ensure the
optimization of structures, frequency calculations were
performed using the same method and the same previous
function. The results showed that there were no virtual
frequencies for the optimal structures. The calculations in
this step were done using the GAMESS software [32]. The
optimized structures of SDS molecules are shown in In the
second phase, four simulation boxes were designed. One
peptide was placed in the first and second boxes, and six
peptides were placed in the third and fourth boxes. The
initial structure of AP (1 - 42) was taken from the protein
data bank with accession code 1Z0Q [33]. In the first and
second boxes, 40 and in the third and fourth boxes, 80 SDS
molecules were placed randomly. Values of 40 and 80 SDS
molecules were considered for concentrations lower and
higher than CMC, respectively. Boxes were filled with SPC
water molecules. Then, each simulation box was neutralized
with sodium ions. The systems designed at this stage were
named S;;, in which i and j represent the number of peptides
and SDSs in the simulation box, respectively.

Thus, i took values of 1 and 6, and j took values of 40
and 80. For example, system S;, 80 represented a simulation
box containing 1 peptide and 80 SDSs. At this step,
simulations were performed by considering the first step
protocol. the 200
nanoseconds. To avoid any dependency on the initial

However, simulation time was

conditions and increase the accuracy of the simulations,

each simulation was repeated four times under different
initial conditions.

RESULTS AND DISCUSSION

In Fig. 2, the optimized structure of SDS is shown.
Since SDS force field parameters are not present by default
in the GROMACS package, a PRODRG server was used to
determine these parameters. The partial charges used on the
PRODRG server are estimated charges; thus, they can have
a great effect on the simulation results. For this purpose, the
partial charges of the atoms forming the SDS were
calculated by the Charges from Electrostatic Potentials
using a Grid-based method (GHELPG) [34]. The partial
charges obtained for the SDS atoms are shown in Fig. 2. In
addition to the partial charges of atoms, the torsional
topology parameters of SDS were manually adjusted. Also,
the Ryckaert-Bellemans potential function was used to
optimize the dihedral parameters of the alkyl tail of SDS. To
investigate the validity of the simulations performed, the
radius of gyration (Rg) and the moments of inertia of the
micelle were calculated in a final nanosecond of the first
part of the simulation. The results are shown in Figs. 3 and
4, respectively.

As Figs. 3 and 4 show, there was a good agreement
between the obtained results, the simulations data [20, 23,
24,35], and experimental values [36]. Furthermore, a
I, = I, <1; relationship was observed between moments of
inertia in different principal axes. This indicates that the
micellar shape was an oblate ellipsoid, which was in line
with the experimental evidence. For the sampling of the
simulated systems in Part II, free-energy landscape (FEL)
analysis was used [37]. The following were done as the
three main steps of FEL analysis: a) Two principal
components, such as root-mean-square-deviation (RMSD)

Fig. 2. The optimized structures of SDS molecules along with the partial charges of atoms.
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Fig. 3. The radius of gyratlon (Rg) of the mlcelle containing
60 molecules of SDS in the absence of amyloid-beta
peptide, MD-a [20], MD-b [24], MD-c [23], and
MD-d [35].
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Fig. 4. The T ax/Tnin of mlcelle contammg 60 molecules of
SDS in the absence of amyloid-beta peptide, MD-a
[20], MD-b [24], MD-c [23], and MD-d [35].
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and the radius of gyration (Rg) were calculated; b) the
possibility of the presence of system configuration in every
corresponding value of principal component 1 (PC1) and
component 2 (PC2) was obtained; c) the free-energy
configurations were calculated based on the probability
values. The result of the FEL analysis for the system S;, 40
is shown in Fig. 5.
In Fig. 5, the red and blue zones correspond to the highest
and lowest free energy values, respectively. Similar figures
were obtained for other systems, but they are not shown
here due to the space limitation. Samples were selected
from the minimum free energy values. In Fig. 6, the
structures of systems S;, 40 and S;, 80 are shown.

According to Fig. 6, increasing the amount of SDS
destabilized the secondary structure of the peptide; as a
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Fig. 5. The result of the FEL analysis for system S;, 40.

result, the long alpha-helical region in the system S;, 40
was transformed into two short alpha-helices in the system
S1, 80. In fact, the middle part of the helix became a random
coil. Another point to note is that while the peptide was
U-shaped in the system S,;, 40, it was S-shaped in the
system S;, 80, it is. According to Fig. 6, it seems that the
aggregate structures formed around the peptide in both
systems were approximately similar, but the shapes of the
micelles were different in three dimensions. To illustrate
this, the ratios of moments of inertia in different directions
for the micelles were calculated. The results are listed in
Table 1. The ratios reported in Table 1 are averaged over
the last 5 ns. The ratios of moments of inertia for the system
Si, 40, indicate that the shape of the aggregate structure was
nearly ellipsoidal whereas the ratios of moments of inertia
for the system S;, 80, show that the shape of the aggregate
structure deviated greatly from the ellipsoidal shape. In
Fig. 6, this difference is less pronounced in the aggregate
structures because the viewing angle in the shape is adjusted
so that the peptide structure and the changes in it are visible.
Fig. 7 illustrates the structures of systems Sg, 40 and Sg, 80
is shown.
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S1,40

S1, 80

Fig. 6. The structure of SDS micelle along with amyloid-
beta peptide in systems S;, 40 and S, 80.

According to Fig. 7, no peptide aggregation was
observed when the concentration of SDS was increased to a
level higher than the CMC. At a higher concentration
than the CMC, the peptides were divided into three sets,
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S¢, 40

Se, 80

Fig. 7. The structure of SDS micelle along with amyloid-
beta peptides in systems S¢, 40 and S, 80.

evidenced by a ternary, a binary, and a monomeric
structure. Moreover, it was observed that at a higher
concentration than the CMC, two peptides lost their
secondary structures and the helix structure became coiled.
However, at a lower concentration than the CMC, one
peptide lost its secondary structure and the helix structure
became coiled. The ratios of moments of inertia in different
directions for the micelles of systems Sg, 40 and S¢, 80 are
listed in Table 1.

For the micelles in the system S¢, 80, the micelle structure
with the largest number of peptides was considered for
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Table 1. Ratios of Moments of Inertia of SDS Micelles in
the Studied Systems

System I:/1, I;/1, IL/1,
S1, 40 1.40 1.08 1.26
Si, 80 3.00 1.07 2.79
S¢, 40 351 1.08 3.23
S¢, 80 191 1.38 1.39

further analysis. It was also observed that while the micelles
deviated utterly from an ellipsoidal shape in the system
S¢, 40, they were somewhat ellipsoidal in the system S, 80.
The Einstein relation was used to calculate the diffusion
coefficients of components in all simulated systems:

B (D

L (1)1 (0)

where 7 ; is the atom coordinate vector and the term inside
the angle brackets is the mean square displacement (MSD).
In this approach, the self-diffusion coefficient (D) is
proportional to the slope of the MSD as a function of time
in the diffusional regime [38]. The calculated diffusion
coefficient values are listed in Table 2.

To obtain error ranges, the diffusion coefficients for 20
separate 20 ps segments were obtained and averaged, and
the standard deviation was calculated. The linear range of
the MSD plot was used to calculate the diffusion
coefficients of different components other than water. The
MSD plot of water in all areas was linear. Also, the last five
nanoseconds of the simulation were used to determine the
MSD plot. According to the values reported in Table 2, the
diffusion coefficients of sodium ion and peptide at higher
concentrations of SDS were higher than those of sodium ion

and peptide at low concentrations of SDS. The diffusion
coefficients of water molecules and SDS followed the
opposite trend. Since the diffusion coefficient of a single
sodium ion in water is 2.2 + 0.4 x 10° cm” s, the decrease
in the diffusion coefficient of sodium ions in the presence of
the peptide indicates that the sodium ions interacted with the
head group of the SDS. The higher mobility of the peptide
in the presence of higher concentrations of SDS suggests
that the probability of peptide accumulation decreased when
it interacted with the membrane.

CONCLUSIONS

As amyloid-beta moves away from the surface of the
cell membrane, its conformation changes and becomes
susceptible structural aggregation. The aggregate
structure of amyloid-beta causes Alzheimer’s disease by

to

creating amyloid plaques. On the other hand, the solution
containing SDS is a membrane mimicking solution. Also,
the interaction between SDS and peptides differs at lower
and higher concentrations of the CMC. To investigate the
effects of the amyloid-beta peptide on SDS, molecular
dynamics simulations were performed at concentrations
lower and higher than the CMC in the presence of one and
six peptides. The results showed that the peptide and
sodium dodecyl sulfate has mutual interactions. As such, the
peptide affects the diffusion coefficient of sodium dodecyl
sulfate and the SDS changes the structure of the peptide.
The presence of amyloid-beta peptide reduced the diffusion
coefficient of SDS at concentrations higher than the CMC.
On the other hand, the shape of the aggregate structure
obtained from SDS deviated from an ellipsoidal shape. This
change in the structure of SDS also affected the number of
peptides. Accordingly, in the presence of six peptides,
instead of a large aggregate structure, smaller aggregate

Table 2. Diffusion Coefficient Values (D x 107 cm” ") of Sodium Ion, SDS, Water, and Amyloid-Beta peptide

System Na" SDS Water Peptide

S, 40 0.18 (+0.15) 0.12 (+0.10) 417 (+0.10) 0.06 (+ 0.08)
S,, 80 1.951 (+0.15) 0.02 (+0.10) 4.08 (+0.10) 025 (+0.08)
Se, 40 1.05 (+0.15) 0.03 (+0.10) 3.78 (£ 0.10) 0.04 (+ 0.08)
Se, 80 130 (+0.15) 0.01 (+0.10) 3.70 (+ 0.10) 0.162 (= 0.08)
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structures were formed. SDS, on the other hand, altered the
secondary structure of the amyloid-beta peptide. Thus, at
concentrations higher than the CMC, the helix secondary
structure of amyloid-beta peptide is shortened. On the other
hand, the diffusion coefficient of the peptide decreased with
a decrease in the SDS concentration. The results of this
research can shed some light on the mechanism of beta-
that this  study
concentrations higher and lower than the CMC were

amyloid accumulation. Given in
considered, the findings of this study can deepen our
understanding of the process of peptide transfer from the
membrane surface. In practice, the transfer of the peptide
from the surface of the membrane causes its structure to
change and aggregate, which, in turn, causes Alzheimer’s
that especially

hydrophobic forces, play a key role in amyloid-beta

disease. Given intermolecular forces,
aggregation, further studies are required to investigate the
effects of these forces on the process of amyloid-beta

aggregation.
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