
Submit Manuscript | http://medcraveonline.com

Introduction
Parkinson’s disease is a degenerative neurological disease 

of the central nervous system characterized by rigidity, tremors, 
and bradykinesia. It is the most common form of age‒cognate 
neurodegenerative disorder after Alzheimer’s that is associated in 
formation of amyloid‒like fibrils at neuronal surfaces.1,2 This is caused 
by the loss of dopaminergic neurons in the brain. A molecular hallmark 
of PD is the accumulation of protein aggregates called as Lewy bodies 
that play an important role in neuronal loss. A major component of 
these aggregates is the natively unfolded for of the protein α‒synuclein 
in solution. The disease is also linked with two mutations (A30P and 
A53T) which seem to endow α‒synuclein with a higher propensity to 
form aggregates in the substantia nigra.3 Fibrillization of α‒synuclein 
is the major component of Lewy bodies (LBs) and Lewy neuritis (LNs) 
that leads to the pathogenesis of the disease.4,5 Since these amyloid 
fibrils are highly insoluble and non‒crystalline, the details of protein 
aggregation at the atomic level are still difficult to obtain.6,7 Circular 
dichroism (CD) and other optical methods reveal that α‒synuclein is 
highly unstructured and is very sensitive to environmental conditions 
such as pH, temperature, density, presence of metal ions, micelles, and 
lipid bi‒layer membranes.8‒13 NMR studies and sequence similarities 
have shown the detailed structure and dynamics of micelle‒bound α‒
synuclein in solution adopting a helical structure.14‒18 The 140‒amino 
acid sequence of α‒synuclein is divided into three regions: N‒terminal, 
central and C‒terminal.19,20 In vitro and cell‒based assays have shown 
diminished α‒synuclein oligomerization and fibrillogenesis when 
large segments within this motif are deleted.21‒23 Experimental studies 
also revealed three critical point mutations in the α‒synuclein gene: 
A53T, A30P, and E46K.24‒26 However, NMR spectroscopy revealed 
that mutation of A30P strongly attenuated the helical propensity 
found in the N‒terminal region of wild type α‒synuclein.27 The A30P 
mutation promoted α‒synuclein oligomer formation by introducing a 
kink on the second helix, which may impact its folding and/or normal 

function, while the A53T and E46K mutations promote fibrillation 
Highly conserved residues are indicated in red and variable sequences 
are indicated in yellow. Residues from 1-60 are indicated in black 
color box, 61-95 are indicated in violet color box and 96-140 are 
indicated in orange color box Figure 1. Previous simulations using the 
micelle‒bound NMR structure revealed the formation of α‒synuclein 
dimers, pentamers and hexamers in a ring like form.28 Truncated α‒
synuclein (residues 1‒95) when bound to planar bilayers allows the 
protein to form a bent helix, with the largest bend around residue 
47 due to the collective motions of the long helix. Computational 
methods also predicted the structure of the N‒terminal domain of 
α‒synuclein.29 Molecular Dynamics (MD) simulations of the NAC 
peptide using the replica exchange method under various conditions 
revealed that each individual conformation is highly flexible close to 
a random coil. However, simulations of the intermolecular beta sheets 
located between the residues 71‒82 indicate that anti‒parallel beta‒
sheet conformers are stable at and above the 320K temperature. MD 
simulations also suggest that monomeric mutant forms of α‒synuclein 
in disease state do not show higher propensities for extended beta 
conformations than wild‒type α‒synuclein. Inter‒residue separation 
of monomeric α‒synuclein was measured at neutral and low pH 
ensembles using the single‒molecule fluorescence resonance energy 
transfer (sm FRET) method.30,31 These inter‒residue separations 
implemented in Monte Carlo simulations as constraints investigate 
the natively disordered ensemble of conformations using geometry 
(e.g., Bond length and bond angle) and repulsive Lennard‒Jones 
interactions. Conformational dynamics at 293K at neutral pH using 
all‒atom, united‒atom, and coarse‒grained methods show that the 
structure of α‒synuclein is intermediate between that for random walks 
and collapsed globules.32 Simulation studies at higher temperatures 
showed that fibril formation of α‒synuclein was substantially 
inhibited due to C‒terminal truncation and oligomer formation rather 
than conformation changes of the monomeric residues.33 Despite 
these significant recent advances, the mechanism of α‒synuclein 
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Abstract

Molecular dynamics of α‒synuclein in the presence of five different salt concentrations 
show that Zn2+ enhanced the stability of the protein monomer while K+ shows opposite 
effect. Higher regions of α‒synuclein unfolding was seen between the residues 100‒140 
in the presence of NaCl and KCl while the presence of CaCl2 and MgCl2 results in similar 
unfolding between the residues 60‒80. In contrast, the unfolding of α‒synuclein in the 
presence of ZnCl2 deviate from other salts indicating the influence of Zn2+ in the unfolding 
of the secondary and tertiary structures of α‒synuclein. In protein dimers, these misfolding 
of α‒synuclein are commonly seen between the residues 80‒100 in all these five salts 
indicating that the NAC region of the dimer is mainly involved in protein unfolding. 
Mutation of Ala30Pro clearly shows that decreased the stability of α‒synuclein monomer 
while Ca2+ influenced protein aggregation in protein dimer. Removing the residues from 
110‒140 reduced the stability of monomer in the presence of K+ while shows higher stability 
with Ca2+ in the protein dimer. However, both Na+ and Miens show variations in different 
forms of the protein. These results show that α‒synuclein is less prone to aggregation in the 
presence of Zn2+ which may have implications for the prevention and therapeutics of the 
Parkinson’s disease.
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aggregation and toxicity is still not understood in detail. In this 
study, the experimentally‒determined micelle‒bound structure of α‒
synuclein (PDB code 1XQ8) consisting of two alpha helices linked by 
a long loop of 8 residues was downloaded from the Protein Data Bank 
Figure 2. The ion‒specific behavior of monovalent and divalent metal 
ions Na+, K+, Ca2+, Mand Zn2+ was investigated by means of extensive 
MD simulations of α‒synuclein in aqueous salt solutions. Earlier 
studies have reported that unfolding and aggregation of α‒synuclein 
differs in different salts, such as NaCl, KCl, MgCl2, CaCl2 and ZnCl2 
at the same ionic concentration giving rise to its partial folding to 
the amyloidogenic conformation. To gain insights into the first steps 
of alpha‒synuclein unfolding and aggregation, MD simulations for 
alpha synuclein monomer and dimer were performed in the presence 
of water and in different salt concentrations at physiological pH using 
the OPLS force field with explicit water.

Figure 1 Scheme of α-synuclein primary structure

Figure 2 Initial structures of human α-synuclein monomer (A) and dimer (B)

Methodology 
The structure of α‒synuclein monomer was obtained from a Protein 

data bank (PDB:1XQ8) and its dimer was constructed using HEX 
protein docking software both forms of the protein were simulated by 
molecular dynamics and calibration methods with NAMD 2.5 software 
using the OPLS force field, along with the TIP3P model for explicit 
water at physiological pH. The simulations began with a 1000‒step 
minimization to remove any bad contacts between the designed side 
chains and solvent. A cut‒off of 12Å (switching function starting at 
10Å) for vander Waals interactions was assumed. An integration time‒

step of 2fs was used, permitting a multiple time‒stepping algorithm 
to be employed, in which interactions involving covalent bonds were 
computed every time step. Short‒range non‒bonded interactions 
were computed every two time‒step, and long‒range electrostatic 
forces were computed every four time‒steps. The pair list of the non‒
bonded interactions was recalculated every ten time‒step with a pair 
list distance from 13.5Å. The short‒range non‒bonded interactions 
were defined as vander Waals and electrostatic interactions between 
particles within 12Å. A smoothing function was employed for the 
vander Waals interactions at a distance of 10Å. The backbone atoms 
were harmonically constrained with a restraining constant of 10 k cal/
molÅ2, and the systems were heated to 310K over the course of 6ps 
at constant volume. The simulations were equilibrated for 2 ns with 
NVT ensemble (1atm, 310 K) while the harmonic constraints were 
gradually turned off. With no harmonic constraints, the simulations 
ran for 50 ns in the NVT ensemble using Langevin dynamics at a 
temperature of 310 K with a damping coefficient of γ =5 ps‒1. 
Pressure was maintained at 1atm using the Langevin piston method 
with a piston period of 100fs, a damping time constant of 50fs and a 
piston temperature of 310K. Non‒bonded interactions were smoothly 
switched off from 10 to 12Å. The list of non‒bonded interactions was 
truncated at 14Å. Covalent bonds involving hydrogen were held rigid 
using the Shake algorithm, allowing a 2‒fs time‒step. No periodic 
boundary conditions were included in the above studies. Atomic 
coordinates were saved every 1ps for the trajectory analysis. 

Results
MD simulations in the presence of NaCl

In the presence of NaCl, the negatively‒charged Cl‒ ions are 
attracted by the positively‒charged free amino groups with lysine’s 
located in the helices‒1 and 2 of α‒synuclein. These interactions 
destabilize the folded protein to unfold into four shorter helices from 
Figure 3A. However, the stability of these helices is not much affected 
in a protein dimer because of strong intermolecular interactions 
within the protein monomers in both N‒ and C‒terminal regions 
Figure 3B. This shows that sodium ions play a predominant role in 
keeping the protein dimer intact compared to protein monomers. 
With Ala30Pro mutant, the chloride ions don’t show any contacts 
with the protein residues. Out of 22Na+ only 7 ions show interaction 
with the negatively‒charged residues in the N‒terminal region of the 
protein. These fewer interactions of sodium ions unfold helices‒1 and 
2 to form four shorter helices from Mdvfmkglskakegvvaaaektkeg, 
vvhgvatvaektkeqvtnv and avaqktve. The residues in the C‒terminal 
region don’t show any intermolecular hydrogen bonds between the 
protein monomer Figure 3C. In the protein dimer, a slight unfolding 
near the residues EAP allowed the orientation of helices 1 and 2 
towards each other forming the circular fold Figure 3D. Truncation 
of the C‒terminal region decreases the affinity with Na+ and Cl‒ ions 
in α‒synuclein monomer compared to dimer. The secondary structure, 
content shows a higher percentage of unfolding in the protein monomer 
with 66.4% compared to dimmer with 51.4%. Out of 10Na+, only 2 
ions show interaction with the C‒terminal region of the protein.33‒40 
The higher number of sodium ions interacting with the negatively 
charged residues in the N‒terminal region unfolds helix‒2 into three 
shorter helices from hgva, eqvt and gavvtgvtavaqktve Figure 3E. In 
the case of the protein dimer, the ionic interactions cause structural 
changes of one of the monomers by unfolding helix‒1 and helix‒2 into 
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seven smaller helical fragments from fmkglskakegv, ktkqgvaea, egvv, 
tvaek, qvtnvggavvtg, vaqk and agsiaa. The Second Monomer Unfolds 
into Five shorter helices from vfmkglskakegvvaaaektkqgvaeaagk 
and kegv, atvae, gav and tavaqktvegagsiaaa. This unfolding allowed 
helix‒1 of the two monomers to approach very closely to the C‒
terminal region of the protein Figure 3F. These results show that NaCl 
exerts greater influence on the unfolding of helix‒2 than helix‒1 in 
both the monomer and dimer of α‒synuclein.

A B

C D

E F

Figure 3 Conformations of α-synuclein wild type (Figure & B), mutant (Figure 
C & D) and truncated forms (Figure E & F) of both the monomer and dimer in 
the presence of NaCl, generated at 30 ns of simulated trajectory 

MD simulations in the presence of KCl

Replacing NaCl with KCl allows the wild type monomer to show 
higher unfolded state with 78.6% compared to the dimer with 66.4% 
due larger size of the potassium ion compared to sodium. In total, 15K+ 
binds to a protein monomer showing hydrogen bond interactions with 
glutamic and aspartic residues, respectively. The chloride ion doesn’t 
show any hydrogen bonding interactions with the protein monomer. 
These ion‒protein interactions neutralize the negative charge of the 
protein by the larger potassium ions while the positively‒charged 
residues move freely in solution. The unfolding of the protein near 
the residues vvaa allowed helix‒1 to unfold into two smaller helical 
fragments of mdvfmkglskakeg and aaektq. Much of the helix‒2 is 

unfolded except in the regions tkeqv and avaqktve Figure 4A. In 
the case of the protein dimer 31K+ and 22 Cl‒ ions bind to protein 
surface neutralizing both the negative and positive charge of the 
protein causing structural changes at the end of helix‒1 by extending 
the loop between helix‒1 and helix‒2. The helix‒2 is unfolded into 
two shorter helices from kegvvhgvatvaektkeqvtn and avaqktve of 
monomer‒1 and from vvhgvatvaektkeq tgvtavaqk of the monomer‒2 
Figure 4B. This showed that a higher percentage of unfolding is seen 
in the NAC region (61‒95) in both the monomer and dimer in the 
presence of KCl than in NaCl salt solution. The helical content of 
the mutant Ala30Pro decreases to 25.7% with 74.3% of unfolded 
protein compared to NaCl salt solution. The ionic interactions of 
protein monomer cause breaks in the helices‒1 and 2 to form smaller 
fragments of mkglskakegvvaaaekeapg, egvvhgvatvae and vaqk 
Figure 4C. In the protein dimer, both these helices do not undergo 
pronounced structural changes except at VV of one of the monomers, 
unfolding helix‒2 into two smaller fragments. This unfolding causes 
the orientation of helix‒2 very close to helix‒1 with a tight network of 
interactions creating the helical formation of the C‒terminal regions 
with the residues Dqlg and Pdne Figure 4D. This showed that KCl 
doesn’t exert great influence on the misfolding of the α‒synuclein 
dimer compared to the monomer in the N‒terminal helices. Truncated 
protein shows no affinity with K+ for the protein monomer but shows 
less affinity for the protein dimer with 10K+ ions bound to it. Both 
these forms of the protein showed affinity with chloride ions with 8 
and 15Cl‒ ions, respectively. The secondary structure content showed 
higher percentage of unfolded regions in the monomer than dimer with 
66.4% and 44.1% respectively. The protein monomer also showed 
3.6% more of the beta sheet contents than dimer. Due to a higher 
number of chloride ions, the negative charge of the protein is mostly 
neutralized in both the forms of the protein. The positively‒charged 
residues are partially neutralised in the dimer while the residues move 
freely in the protein monomer. This causes the protein monomer to 
show a more visibly unfolded structure compared to the dimer. This 
unfolding of the protein monomer allowed helix‒1 to unfold into 
two smaller fragments of the residues from kglskakeg and ektk, 
eaagvvhgvatvaekte and avvt. This form of unfolding rearranges the 
C‒terminal region of the protein Ala and the to form an antiparallel 
beta sheet with Val and Lys Figure 4E. In the protein dimer, the 
helix‒1 of monomer‒1 does not unfold while it shows unfolding 
near the imperfect repeat egv of monomer‒2 into two shorter helices 
from vfmkglskak and vaaaektkqgvaeaagktk. The helix‒2 of both 
the monomers is broken down to three and two shorter helices from 
egvvhgvat, tkeq of monomer‒1 and from avvtgvtavaqktvegagsiaaa, 
kegvvhgvatvaektkeq and vtavaqktvegagsiaaa of monomer‒2. This 
form of folding creates a circular fold for the protein dimer Figure 
4F. This showed that the truncation of the protein allowed helix‒1 to 
approach close to the C‒terminal region to form a tight network of 
interactions in both the forms of the protein.

MD simulations in the presence of CaCl2
In the presence of CaCl2, the content of secondary structure is 

higher by 66.4% in the protein monomer compared to the dimer with 
44.3%. Out of the 27Ca2+ that binds to the protein monomer, only 
5Ca2+ ions bind to the N‒terminal region of the protein while the 
rest of the Ca2+ ions show interactions with the C‒terminal region of 
the protein. Because of the influence of a large number of Ca2+ ions 
near the C‒terminal region of the protein, the residues Profaned Ser 
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forms an anti‒parallel beta sheets with Tyr and Glen. The unfolding 
of the protein near the residues allowed helix‒1 to unfold into two 
helical fragments of mdvfmkglskake and aaektkqgv. Much of the 
helix‒2 is unfolded except in the regions Figure 5A. In the case of 
the dimer, the ionic interaction doesn’t show much influence on 
the protein unfolding, except the helix2 of one of the monomer is 
unfolded at the region Figure 5B. This show that Ca2+ has a much 
greater influence of the C‒terminal region compared to the rest of the 
protein in both the monomer and dimer of α‒synuclein. In the mutant 
Ala30Pro, the percentage of unfolding is shown with 27.9% of helix 
and 72.1% of loop content. In total, 21Ca2+ and 12Cl‒ ions bind to 
the surface of the protein showing ionic interactions with 16 glutamic 
and 5 aspartic acid residues. Out of the 21Ca2+ ions that bind to the 
protein monomer, six Ca2+ ions bind to the N‒terminal helix‒1 of the 
protein and three Ca2+ ions show interactions with the helix‒2 region 
of the protein. Most of the chloride ions interact with lysine residues 
in both the N‒ and C‒terminal regions of the protein neutralizing the 
positive charge of the protein. This ionic interaction of chloride ions 
influences the N‒terminal region of the helix‒1 to completely unfold 
into two shorter helices with the residues from aaektkqgvaeapgktk, 

hgvatvaektkeqvtnvggavvtg and ktvegagsiaaa. This unfolding allows 
an N‒terminal region of the helix‒1 to rearrange very close to the 
C‒terminal in a triangular form Figure 5C. In the protein dimer, the 
helix‒2 unfolds into two shorter helices with the residues from of 
monomer‒2. The residues in the C‒terminal region of the protein Glu 
and Glu form anti‒parallel beta sheets with Asp and Tyr Figure 5D. 
These results show that calcium ions exert much influence on the C‒
terminal region of the protein in the formation of beta sheets. Truncated 
protein shows a decrease in the percentage of unfolding with 42.7% in 
the protein dimer compared to monomer with 44.5%. In total, 9Ca2+ 
and 16Cl‒ ions bind to the protein monomer while 24Ca2+ and 13Cl‒ 
ions bind to the protein dimer. The ionic interactions of Ca2+ do not 
show much influence on helix‒1 but influence helix‒2 to unfold into 
shorter helices from Vatvaekteqvt and avvtgvtavaqktvegag Figure 5E. 
In the protein dimer, the helices show unfolding near the residues in 
helix‒2 of one monomer‒1 and ggavvtgv of the other monomer‒2. 
This unfolding of helix‒2 into two helices from of the monomer‒2 
Figure 5F. These results show that truncation of the protein exerts less 
influence on helix‒1 in protein unfolding in both the forms.

A B

C D

E F

Figure 4 Conformations of α-synuclein wild type (Figure A & B), mutant 
(Figure C & D) and truncated forms (Figure E & F) of both the monomer 
and dimer in the presence of KCl, generated at 30 ns of simulated trajectory

A B

C D

E F

Figure 5 Conformations of α-synuclein wild type (Figure A & B), mutant 
(Figure C & D) and truncated forms (Figure E & F) of both the monomer and 
dimer in the presence of CaCl2, generated at 30ns of simulated trajectory 

https://doi.org/10.15406/mojddt.2018.02.00030


Insights into the misfolding of α‒synuclein in the presence of metal ions: a simulation study 60
Copyright:

©2018 Pagadala

Citation: Pagadala NS. Insights into the misfolding of α‒synuclein in the presence of metal ions: a simulation study. MOJ Drug Des Develop Ther. 2018;2(2):56‒65. 
DOI: 10.15406/mojddt.2018.02.00030

MD simulations in the presence of MgCl2
Replacing CaCl2 with MgCl2 shows fewer Minds to the protein 

monomer and a greater number of Minds to the protein dimer in 
comparison to Ca2+ ions. The overall secondary structure content shows 
a higher percentage of unfolding for the protein monomer with 72.1% 
compared to the dimer. The helix‒1 of the protein monomer resists 
unfolding while helix‒2 unfolds into two shorter helices from Figure 
6A. In the protein dimer, one of the monomers is highly unfolded 
into shorter fragments of and at the same time, the other monomer 
unfolds into four shorter helices with the residues from the residues 
in the C‒terminal region form anti‒parallel beta sheets with Figure 
6B. These results suggest that CaCl2 and MgCl2 induce two opposing 
effects of compaction and unfolding on α‒synuclein depending on 
the divalent cation concentration. Thus, Ca2+ is more preferred to 
bind to an irregularly shaped C‒terminal over Mg2+. Interaction of 
metal ions with the protein also shows that these two ions, Mand 
Ca2+, exhibit negligible interactions with amino groups. That is, the 
determined stability constants of these metal ions with Asp only relate 
to interactions between metal ions and carboxyl groups. In the protein 
mutant, Ala30 Pro, the secondary structure content shows 25% of 
helix and 2.9% of the beta sheet. Out of 19Mg2+, 16Mions bind to the 
C‒terminal, 2 Miens bind to helix‒1 and one Mind to the carboxylate 
side chains of Glue and Asp. Fewer Miens binding to the N‒terminal 
allow helix‒1 and helix‒2 to unfold into two shorter helices from 
Figure 6C. In the protein dimer, the helix‒1 of monomer‒1 does 
not unfold while it shows unfolding near the residues in helix‒1 of 
monomer‒2. The helix‒2 of both the monomers bends to a V shape 
without unfolding and create inter molecular interactions in the C‒
terminal region of the protein Figure 6D. Truncated protein shows 
46.4% of helix and 53.6% of unfolded protein with 0% of the beta 
sheet. Out of 19Mg2+, 4 ions bind to the N‒terminal while the rest bind 
to the carboxylate side chains of Glutamic acid. Fewer Miens binding 
to the N‒terminal do not influence much the conformational changes 
of helix‒1 while they unfold helix‒2 into two shorter helices from 
Figure 6E. In the protein dimer, the helix‒1 of one of the monomers 
does not unfold while it shows unfolding near the residues of the other 
monomer unfolding helix‒1 into three helices from. The helix‒2 of 
both the monomers is unfolded to four and two helices from Figure 

6F. These results show that helix‒1 shows a different behavior in these 
two forms of the protein.

A B

C D

E F

Figure 6 Conformations of α-synuclein wild type (Figure A & B), mutant 
(Figure C & D) and truncated forms (Figure E & F) of both the monomer and 
dimer in the presence of MgCl2, generated at 30ns of simulated trajectory 

MD simulations in the presence of ZnCl2
In the presence of ZnCl2, the secondary structure content of 

monomer shows a higher percentage of unfolding with 65.7% 
compared to the dimer with 61.4%. In total, 14Zn2+ and 25Zn2+ ions 
bind to the protein monomer and dimer, respectively. The interactions 
of chloride ions with the positively‒charged amino acids influence 
helix‒1 of the protein monomer to unfold into two shorter helices 
from Figure 7A. In the case of the protein dimer, monomer‒1 
undergoes structural changes in the N‒terminal helix‒1 by breaking 
the helix into two shorter helices from. The helix‒2 becomes unfolded, 
giving rise to three shorter helices from. The N‒terminal helix of the 
monomer‒2 doesn’t undergo pronounced structural changes while the 
helix‒2 unfolds to form three shorter helices from Figure 7B. The 
mutant α‒synuclein shows 37.1% of helix and 62.9% of unfolded 
regions with 0% of the beta sheet. Out of six Zn2+, four Zn2+ binds to 
the C‒terminal and the two ions bind to the N‒terminal. These ionic 
interactions of chloride ions with the positively‒charged amino acids 

influence helix‒1 to break into three shorter helices from. Moreover, 
helix‒2 is unfolded into three smaller helices from Figure 7C. In 
the protein dimer, the helix‒1 of both monomers does not unfold 
while it shows unfolding near the residues in helix‒2 of the both the 
monomers. This folding bends helix‒2 to a V shape, arranging both 
the helices very close to each other Figure 7D. Finally, the truncated 
protein decreases the affinity with Zn2+ and Cl‒ with 7Zn2+ and 5Cl‒ 
ions. These ionic interactions of Zn2+ with the negatively‒charged 
amino acids influence helix‒1 to unfold into two shorter helices from. 
Moreover, helix‒2 is broken down into two smaller helices from 
Figure 7E. In the protein dimer, the helix‒1 of one of the monomers 
does not unfold while it shows unfolding near the imperfect repeats 
of the other monomer unfolding the helix‒1 into three shorter helices 
from. The helix‒2 of both the monomers is unfolded to two and three 
helices from of one monomer of the other monomer. This form of 
folding creates a triangular fold for the protein dimer Figure 7F. 
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Figure 7 Conformations of α-synuclein wild type (Figure A & B), mutant 
(Figure C & D) and truncated forms (Figure E & F) of both the monomer and 
dimer in the presence of ZnCl2, generated at 30ns of simulated trajectory

Discussion
Overall, there are slightly strong affinities with Na+ and K+ ions 

with negatively‒charged residues of α‒synuclein compared to Ca2+, 
Mand Zn2+ based on the number of captions interacting with α‒
synuclein dimer, mutant monomer and mutant dimer Table 1. Since, 
Ca2+, Mand Zn2+ possesses different radii with similarity in charges, 
their affinity and coordination number between them and α‒synuclein 
appears to be different. Ca2+ ions bind mainly to the oxygen of 
carbonyl groups of residues in proteins. The binding sites for these 
metal ions are situated in the region of the oxygen atoms of Asp and 
Glue residues mainly through a C=O group in a protein, which can 
result in the conformational transition from a helix to a sheet or turn 
species. This conformational stability of α‒synuclein varies with 
different metal ions based on their characteristic features. From Table 
2 it is clear that Zn2+ shows higher stability in both wild and mutant 
forms of the protein, while Ca2+ increased the stability of a truncated 
form of the monomer. The other metal ion, Shows high influence in 

enhancing the stability of truncated form but destabilizes the mutant 
form compared to wild type with 2.9% of the β‒sheet. In comparison 
to NaCl, KCl decreases the stability of all the three forms of the 
protein showing much influence on protein aggregation in the 
truncated form with 3.6% of the β‒sheet compared to mutant with 
2.9%. These results show that effect of α‒synuclein aggregation is 
seen high in the truncated form compared to other forms of the protein. 
Previous data on experimental studies of human α‒synuclein 
truncation from 1‒87, 1‒102, 1‒110, 1‒119 and 1‒120 showed a 
faster rate of aggregation compared to full length and mutant protein. 
Moreover, partially truncated α‒synuclein has been detected in 
dementia patients with Lewy body (DLBs) brains, glial cytoplasmic 
inclusions (GCIs) of multiple system atrophy (MSA) and abnormal 
neurites of Alzheimer’s disease without LBs38, suggesting that C‒
terminal truncations may play a role in the aggregation of α‒synuclein.
These results also show that, the unfolding of the protein monomer is 
reduced in the presence of MgCl2 by 27.9%, and 25% of the wild and 
mutant forms, respectively. However, decreased unfolding was seen 
in the presence of KCl with truncated form of protein monomer. In the 
dimeric form, the unfolding is less pronounced in the presence of 
CaCl2 by 55.5%, 57.5% and 57.3%, respectively, in all the three forms 
of the protein Table 3. Interestingly, the unfolding of α‒synuclein 
monomer in the presence of K+ ions increases substantially, compared 
to other metal ions presumably due to the loss of the coordination 
bonds. This loss of hydrophobic and hydrogen‒bond interactions 
rearranges the α‒synuclein to more compact conformations with 
favorable long‒range electrostatic interactions. Based on the change 
in the secondary structure content of α‒synuclein monomer, Na+, and 
K+ ions decrease the stability of the helix in the unfolding process of 
wild and truncated forms. In comparison, only K+ ions decrease the 
percentage of helical content of Ala30Pro mutant equally to Mg2+. 
This is due to the presence of Na+, and K+ ions between the helices at 
the loops destabilize the helix structure while the ionic interactions of 
Ca2+, Mand Zn2+ ions increase the helix structure by stabilizing the 
hydrogen bonds. Overall, the results also show that binding of Ca2+, 
Mand K+ ions with α‒synuclein wild, mutant and truncated forms of 
the monomer will influence the aggregation rate of α‒synuclein with 
2.9% of the beta sheet in CaCl2, Mg Cl2 and 3.6% in KCl Table 2. It 
has been proposed that the aggregation of α‒synuclein inside the 
neurons can be influenced by the increased intra‒cytoplasmic Ca2+ 
concentration.41,42 In addition, the interaction of α‒synuclein with the 
cell membranes was modulated by Ca2+. The absence of Ca2+ allows 
α‒synuclein to interact with lipid membranes via the N‒terminal 
domain. The additional interaction between the membrane and the C‒
terminal domain can be enhanced by the addition of Ca2+, which may 
lead to aggregation of this protein. For Ca2+ ions, there are many 
strong‒binding sites in the surface residues (Asp or Glue) of α‒
synuclein, which influences the stability of the tertiary structure. In 
addition, the results obtained for the wild type dimer reveals that KCl 
shows a significant effect in unfolding, while ZnCl2 and NaCl shows 
almost equal effect on the protein dimer stability in all the three forms 
Table 3. However, CaCl2 showed much influence on protein 
aggregation in mutant (A30P) dimer. Recent evidences also show that 
the toxicity of the oligomerized α‒synuclein can be abolished by 
preventing the Ca2+ influx through removal of extracellular Ca2+. The 
finding also supports the fact that β sheet‒rich oligomerized species 
are the most toxic species in cells, and that this toxicity is crucially 
dependent on Ca2+ dysregulation.43 Furthermore, MgCl2 decreases the 
stability of wild type and truncated forms of the dimer, while it shows 
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equal effect along with NaCl in the mutant form of the protein. 
Mutation of Ala30pro clearly shows that both the monovalent and 
divalent cations decrease the stability of α‒synuclein in both the forms 
of the protein. These results show that binding of these metal ions 
with positively‒ and negatively‒charged residues disturbs the 
secondary structure content of the protein by breaking the helices 1 
and 2 into smaller helices. This breakage of alpha helices differs with 
different salt concentrations in all the three types of the protein in both 
the monomer and dimer. In all these salts except MgCl2, the residues 
in the N‒terminal helix‒1 from are highly stable without undergoing 
any structural changes in the rest of the wild type monomer. But in the 
case of the mutant protein, the N‒terminal helix‒1 is highly disturbed 
undergoing a structural helix‒to‒flexible loop transition. When the 
residues from 110‒140 regions are truncated, the residues in the N‒
terminal helix‒1 are highly disturbed undergoing a structural transition 
from helix‒1 to flexible loops in the presence of NaCl, MgCl2 and 
ZnCl2 with the exception of CaCl2 enhancing the stability of helix‒1. 
However, with KCl, the N‒terminal helix‒1 forms antiparallel beta 
sheet as shown in Figure 4E. These results predict that in both the 
mutant and truncated forms, the N‒terminal helix‒1 undergoes a less 
pronounced structural transition compared to the wild type. The 
orientation of the affected residues in the N‒terminal helix‒1 differs 
with different salts. In MgCl2 and ZnCl2, the helix‒1 is oriented away 
from the rest of the protein without showing any contacts with the 
protein while the orientation is very close to other helices in the 
presence of other salts showing very strong intra‒molecular hydrogen 
bonds. This orientation of helix‒1 reveals that aggregation of α‒
synuclein in the presence of MgCl2 and ZnCl2 is less pronounced 
compared to NaCl, KCl and CaCl2. AFM (Atomic Force Microscopy) 
images show that α‒synuclein fibrils prepared for lower concentrations 
of NaCl have a ribbon‒like morphology, while those prepared in 
higher concentrations are twisted and rod‒like.44 In the form of dimer, 
MgCl2 showed a high effect of unfolding of alpha helices in both wild 
and truncated forms, while ZnCl2 showed effects on Ala30Pro mutant 
Table 3. Thus, it can be stated that Na+, and K+ ions weaken the 
conformational stability of α‒synuclein wild type and truncated forms 
of the monomer, while Ca2+ and Zn2+ ions enhance the conformational 
stability in all the three forms Table 1. However, shows different 
effect on different forms of the protein. These ions show the opposite 
effect in the form of protein dimer indicating that the loss of solvent‒
exposed surface of the α‒synuclein is greater in the unfolding process 

than that about α‒synuclein without metal ions Table 2. Studies also 
show that the propensity for the Leu‒substituted α‒synuclein to 
oligomerized is decreased in the presence of ZnCl2, indicating the 
influence of Zn2+ on the fibrillation pathway to α‒synuclein.45 A recent 
study made a compelling argument with the involvement of zinc 
dyshomeostasis as a trigger for Alzheimer disease which is involved 
in both beta amyloid aggregation and taupathy.46 It is entirely plausible 
that zinc and other metal ions play a substantial role in other 
neurodegenerative diseases such as Parkinson’s.47 Thus, these results 
suggest that unfolding of α‒synuclein differs in different salt 
concentrations due to the influence of different metal ions at the C‒
terminal and N‒terminal residues predicting to be the two major 
binding sites of α‒synuclein. Previously, the results indicate that 
Participates in the coordination with NH2 while Ca2+ coordinates with 
COO‒. Also, proton shift changes at pH above 8 upon coordination of 
Asp with Miss much greater in solutions with Ca2+. In addition, Na+ is 
more strongly attracted to the protein surface than K+. This is primarily 
due to interactions with COO‒ side chain groups of Asp and Glu.48 
Experimental studies reveal that the binding site‒1 of α‒synuclein is 
driven by the electrostatic interactions of the negatively‒charged side 
chains with metal ions and is mostly directed towards the C‒terminal 
domain of the protein. The metal‒binding site‒2 has been assigned to 
several N‒terminal residues and to the imidazole ring of the sole 
histamine residue.49 Experimental studies support this statement by 
demonstrating that the C‒terminus of α‒synuclein also contain a 
specific, albeit low‒affinity, metal binding site. The binding of the 
metal ion at this sequence is not only influenced by electrostatic 
interactions, but also by the residues of the C‒terminal portion of the 
α‒synuclein. These propensities for the metal ion induce partial 
folding of the non‒oxidized α‒synuclein and promote the formation 
of fibrillation.50,51 Among the most effective stimulators Cu2+ and Fe2+ 

ions interact specially with α‒synuclein while Al3+, Co3+, and Mn2+ 

interact non‒specifically and influence partial folding of the protein 
and subsequent fibrillation.51 The interaction of these metal ions in 
different ways of α‒synuclein induces a wide range of structural 
changes in the native conformation of α‒synuclein. These structural 
changes vary from an ordered structure of residues to a globule‒like 
conformation in the presence of some monovalent metals and later 
promoted by interaction with polyvalent ions. These structural and 
morphological changes of partially folded monomeric and dimeric 
forms can assemble into different oligomers and fibrils.

Table 1 α-synuclein and salts simulation data 

Monomer WT Monomer 
Mutant

Monomer 
Truncated Dimer WT Dimer 

Mutant
Dimer 
Truncated

Size of box, X,Y,Z dimensions 10x20 10x20 10x20 10x20 10x20 10x20

Number of water molecules in 
box Water/Metal ratio 

9238 9244 8270 9216 9217 9068

17.7
14.4 23.7

16.3 12.3
18.8

14.4 16.6 12.5

NaCl, 521 644 348 564 748 482

Number of Na ions 512 635 350 546 730 487

Number of Cl ions 9 9 -2 18 18 -5

KCl, 521 644 348 564 748 482
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Monomer WT Monomer 
Mutant

Monomer 
Truncated Dimer WT Dimer 

Mutant
Dimer 
Truncated

Number of K ions 512 635 350 546 590 487

Number of Cl ions 9 9 -2 18 18 -5

CaCl2, 642 640 348 555 739 483

Number of Ca ions 1275 1271 698 1092 1460 970

Number of Cl ions 9 9 -2 18 18 -4

MgCl2, 642 640 348 555 739 483

Number of Mg ions 1275 1271 698 1092 1460 970

Number of Cl ions 9 9 -2 18 18 -4

ZnCl2, 642 640 348 555 739 483

Number of Zn ions 1275 1271 698 1092 1460 970

Number of Cl ions 9 9 -2 18 18 -4

Table 2 Secondary structure content for the 30ns simulated structure of α-synuclein monomer predicted using 2struc server 

Salt %Helix %Sheet %Loop Number of Ions

NaCl 27.1 0 72.9 29Na+, 5Cl-

KCl 21.4 0 78.6 15K+, 11Cl-

CaCl2 30.7 2.9 66.4 27Ca2+, 11Cl-

MgCl2 27.9 0 72.1 23Mg2+, 12Cl-

ZnCl2 34.3 0 65.7 14Zn2+, 13Cl-

Ala30Pro

NaCl 32.9 0 67.1 22Na+, 1Cl-

KCl 25.7 0 74.3 11K+, 5Cl-

CaCl2 31.4 0 68.6 21Ca2+, 12Cl-

MgCl2 25 2.9 72.1 19Mg2+, 14Cl-

ZnCl2 37.1 0 62.9 6Zn2+, 11Cl-

Truncation

NaCl 33.6 0 66.4 10Na+, 8Cl-

KCl 30 3.6 66.4 0K+, 8Cl-

CaCl2 55.5 0 44.5 9Ca2+, 16Cl-

MgCl2 46.4 0 53.6 10Mg2+, 7Cl-

ZnCl2 39.1 0 60.9 7Zn2+, 5Cl-

Table 3 Secondary structure content for the 30ns simulated structure of α-synuclein dimer predicted using 2struc server 

Salt %Helix %Sheet %Loop Number of Ions

NaCl 40.7 0 59.3 53Na+, 7Cl-

KCl 33.6 0 66.4 31K+, 22Cl-

CaCl2 55.7 0 44.3 35Ca2+, 13Cl2-

MgCl2 32.1 0 67.9 38Mg2+, 17Cl2-

ZnCl2 38.6 0 61.4 25Zn2+, 20Cl-

Ala30Pro  

NaCl 53.2 0 46.8 40Na+, 7Cl-

Table Continued
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Salt %Helix %Sheet %Loop Number of Ions

KCl 57.9 0 42.1 19K+, 11Cl-

CaCl2 57.5 1.4 41.1 41Ca2+, 5Cl-

MgCl2 53.2 0 46.8 37Mg2+, 11Cl-

ZnCl2 51.4 0 48.6 0Zn2+, 9Cl-

Truncation 

NaCl 48.6 0 51.4 30Na+, 19Cl-

KCl 55.9 0 44.1 10K+, 15Cl-

CaCl2 57.3 0 42.7 24Ca2+, 13Cl-

MgCl2 47.7 0 52.3 16Mg2+, 14Cl-

ZnCl2 48.2 0 51.8 25Zn2+, 20Cl-

Table Continued

Conclusion
In summary, the influence of metal ions (Na+, K+, Ca2+, Mg2+, Zn2+) 

on the folding pathway and conformational stability of α‒synuclein 
has been studied using computer simulations. In the presence of Zn2+ 
ions, the unfolding processes of α‒synuclein show an equal effect 
compared to the unfolding process of α‒synuclein in the presence 
of other salts. However, Shows different effect on different form of 
the protein dimer, in comparison to Na+, and K+ which shows equal 
effect in maintaining the protein stability. Although the Ca2+ maintains 
higher stability in the wild type and truncated forms is more prone to 
aggregation in a mutant form of the dimer. The construction of ion‒
binding sites in proteins is important to the design of proteins with 
high thermo‒stability. Therefore, the effects of metal ions on various 
aspects of proteins determined by the complicated interactions 
between the metal ions and residues deserve further study. The 
clinical implications of these results are important to both the design 
of future inhibitors of α‒synuclein oligomerization as well as for 
disease prevention involving metal ion effects on the brain.
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