RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 48

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

RSC Advances

Role of Zinc and Copper metal ions in Amyloid -peptides AB;4and AP.4;
Aggregation
Subramaniam Boopathi,” and Ponmalai Kolandaivel**

Department of Physics, Bharathiar University, Coimbatore-46

Corresponding author mail: Ponkvel@hotmail.com

Fax No: +91-422-2422387

ABSTRACT

The aggregation of Amyloid B-peptides (AP) plays a key role in the central pathological
pathways in Alzheimer’s disease. The interaction of zinc and copper metal ions with AB-
peptide gives considerable understanding to fight this incurable disease. The different
conformations of native and metal interacted AB-peptides were investigated using molecular
dynamics simulations for 50ns. AB;4o-Zn”" peptide adopts B-hairpin structure, which was
promoted by turn region (Val24-Asp27) and increases the hydrophobic contact between the
central hydrophobic (CHC) (Leul7-Ala21) and c-terminal (Met35-Val40). The turn region
was stabilized by forming salt-bridge between Asp23-Lys28 and Glu22-Lys28 residues. The
structure of AP4,-Zn”" peptide was destabilized by the -hairpin structure due to the absence
of salt-bridge, and reduces the hydrophobic contact between CHC and c-terminal, which
results in AB;.4 monomers disaggregation. A[31_40-Cu2+ peptide has three bend regions, which
are separated by coil segment. These segments reduce the hydrophobic contact between CHC
and c-terminal, and promote the formation of salt-bridge which in turn destabilizes the turn
region of the peptide. The hairpin conformation of ABj4-Cu" structure was stabilized by

increasing the hydrophobic contact and salt-bridge which is facilitated for aggregation.

Keywords: AP-peptides, Alzheimer’s disease, molecular dynamics simulations,

salt-bridge, disaggregation.
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1. INTRODUCTION

Aggregation of Amyloid B-peptide (AP) is considered as a hallmark for the
progression of Alzheimer’s disease (AD) which is a debilitating neurodegenerative disorder.
It affects about 5.4 million Americans and 25 million people worldwide, and these numbers
are expected to increase dramatically.1 Epidemiological studies have found that the incident
of AD among people in their 70s was about 4 to 5 times lesser in India than in US. 3 The
patient with AD, lose memory, slow in communication, and experience problems with visual-
spatial search, along with other side effects. * Amyloid B-peptide (AB) is derived from the
proteolytic cleavage of amyloid precursor protein (APP) by B- and y-secretase enzymes. Ap-
peptide contains 40, and 42 amino acid residues whose progression appeared from a
unstructured monomer to hairpin structure. The fibrillar aggregate associated with onset to
Alzheimer’s disease.*” Recent investigations have reported that besides the Amyloid plaques
with characteristic cross B-pattern structure, neurotoxicity can be induced by formation of
oligomers of the Ap-peptides. ”'® In AD brains, accumulation of misfolded A peptides and
ptau proteins were observed." It is still not clear, how these misfolded aggregates are involved
in the onset and progression of disease. Kodali et al reported that the five AP peptide
structures have formed the fibril with [S-Sheet.11 Solid state NMR measurement on Af;.49 and
AP, amyloid fibrils reveals the arrangement of parallel B-sheet within the protofilaments.®
The major difference between the AB;49 and A4, peptides is the absence or presence of c-
terminal dipeptides (e.g. two hydrophobic residues Ile41-Ala42). The AP peptides have the

following primary structure:
DAEFRsHDSGY 1\ EVHHQ sKLVFF20AEDVG25SNKGA30IIGLM35VGGV V40l A4

The previous studies suggest that three distinct regions of the AP monomer, the

central hydrophobic core (Leul7-Ala2l), a turn region (Val24-Asp27), and second
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hydrophobic region (Gly29-Met35) play an important role in aggregation process.g'15
Fluoresence resonance energy transfer study indicates that A4 forms the stable monomer,
dimmer, trimmer and tetramer, where as AB;.4, forms the stable pentamer, hexamer and other
larger assemblies.'®!” Cryo-electron microscopy studies have shown that the complex
polymorphism of A fibrils characterised by size, cross section and width.'™!® The salt bridge
between Asp23 and Lys28 stabilizes the f-turn and, therefore, the entire B-hairpin structure
promotes the nucleation for fibril growth.*® Experimental and computational studies have
addressed the mechanism of folding and oligomerization for AB;.4oand A4, peptides.7'10’21'
% Even though these studies offer precise information on the average structure, the atomic
level knowledge on A;40and AB;4, monomers are essential to understand the aggregation
process since they are the building blocks for larger oligomers. Normally, AB-peptide exists
as a o-helix along with some random coil structure, but can be misfold into a B-sheet, which
aggregates into amyloid oligomers leading to insoluble amyloid fibrils. The mechanism of
this misfolding of AP peptide has not yet been understood properly. Many research groups
have put their efforts to study the interaction of metal ions with monomeric Ap peptide, and

they try to correlate this with amyloid plaque formation.” >

The structure of Ap—Zn®",>’”* and AP-Cu’" have been investigated in detail by

34,35 . : 36
= and Fourier transform infrared spectroscopy.

NMR,**** X-ray absorption spectroscopy,
Solid state NMR results help to identify the Zn®" binding sites to characterise the critical
structural changes induced by Zn’" binding to the pathologically relevant AP

3133 Mithu et al have identified that the Zn®" binding breaks the salt-bridge

aggregates.
between Asp23 and Lys28 residues by driving these residues into non salt-bridge
conformation, where the unperturbed cross f-structure of AB;.4, aggregates and increased the

toxicity.”> Hane et al. > have concluded that Cu and Cu®" ions play a significant role to

increase the binding between the two single AB-peptides. Nair et al.** have found that copper
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binds with His residue with greater affinity than zinc, which significantly stabilizes the AP
aggregation. High resolution structural studies of amyloid peptide by NMR experiment
confirm the zinc binding with His14, which induces the localized disruption of the secondary
structure of amyloid peptide.3 ? In AD, the concentration of Cu and Zn ions increased in
plaques and reaches to 400uM and 1mM, respectively compared with the region outside the
plaque.41 The metal-Af interactions have been used to test therapeutic agents, and these
efforts have been made to understand the molecular details of Cu®" and Zn>* binding with
AB.** However, the role of metal ions in AB-peptide aggregation process still remains
elusive. Detailed structural information would be highly valuable for revealing still unknown

mechanisms of the AP aggregation.

Molecular dynamics (MD) simulation is a powerful tool to investigate the secondary
structure of AP-peptides. Even though, the number of studies have been performed to
investigate the structural insight of AB-peptides aggregation in the presence of metal ions, the
process of aggregation of monomeric form of AB-peptide is not well understood. So, the
main aim of the present study is to investigate the aggregation process of AB-peptide in the
presence of metal ions by considering three different secondary structure regions 1. central
hydrophobic core region ( Leul7-Ala2l), 2. loop region (Asp23-Lys28), 3. second
hydrophobic region (Gly29-Met35) which are playing a major role for the aggregation. The
hydrophobic interaction between the central hydrophobic core region and c-terminal, the
formation of salt-bridge between Asp23(Glu22) and Lys28 residues play a critical role for the
aggregation process. The metal interactions induce the significant changes in the hydrophobic
interaction and salt-bridge. Further the change of hydrophobic, and hydrophilic characters of
the residues promote the bend structure in AP peptide due to the interaction with water
molecules. The dynamics of the hydrophobic interaction and salt-bridge of the AP peptide

have been maped by the classical molecular dynamics simulation in the presence of metal
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ions. The experimental observation of these informations are very difficult and sometimes
impossible. So the present study helps to understand much better way the aggregation process

of AB-peptide, which is missing in the literature.

2. COMPUTATIONAL PROCEDURE

2.1 Molecular Dynamics Simulation

The initial structures of ABi4o and AP;4> monomers were taken from NMR study
(Pdb ID: 1BA4,* and 1TYT*). Metals (Cu*", Zn*" ) were allowed to interact with N-terminal
of their monomers (AB1_40—Cu2+, ABi.40- Zn*, APBia2- Cu*" and APi.ao- Zn2+) . These
monomers and their metal interacted complex were solvated in a water box separately. The
solvent molecules were used with TIP3P water model.***" Each solvated structures were
optimized by the molecular dynamics (MD) simulation package GROMACS 4.5.6 version
utilizing the OPLSAA force field.**’ Each structure was placed in the center of a box using
three dimensional(3D) periodic boundary condition. Steepest descent minimization was
performed for 500 steps prior to and after MD refinement. Equilibration was performed into
two phases. In the first phase, a NVT ensemble applied for 50ps using Barendsen weak
coupling to quickly heated to 300K.”" In the second phase, a NPT ensemble employed for
50ps to maintain the constant temperature (300K) and pressure (1atm), where all atoms were
allowed to move. The MD simulation was carried out under NPT ensemble condition and it
ran for 50ns and the structures were saved at each picosecond for analysis. The long range
electrostatic interactions were calculated by particle mesh Ewald method.”' All the bond
lengths were constrained using the leapfrog algorithm, allowing an integration time step of
2fs. A non bonded cut off 1.0nm was employed in the simulation and updated every 10fs and
all the short range non bonded interaction cut off at 1.4nm.>* PyMol and Chimera were used
to visualize the molecular structure and additional analyses were assisted by origin60, GNU

image manipulation program.53’54 The trajectory files were analyzed through g rmsd tool in

5
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GROMACS utilities to obtain root mean square deviation (RMSD). The secondary structure
analyses were performed employing the secondary structures of protein (DSSP) protocol,
which interfaces with GROMACS through do_dssp tool.”” To analyze the hydrogen bonds, a
cutoff distance 0.35nm has been fixed. The solvent accessible surface area (SASA) per
residue was calculated to identify the hydrophobic and hydrophilic nature of each residue of
monomers. The contact maps used for a pair of amino acid side chain considered to be
formed when a minimal distance between any pair of their atoms is less than 1.5nm.
Independent simulation has been performed with different initial conformation for the AB-

peptides in the presence of metal ions to verify the convergence of trajectories (Fig. S7).
3. RESULTS AND DISCUSSION

Full length of ABi40 and ABi.4, monomers and their complex structures (Apj.o-
Cu*', APi40-Zn*" and AP4-Cu®’, APi4-Zn®") have been considered to explore the
conformational dynamics of these peptides in aqueous solution for 50ns MD simulation. The
previous studies suggest that the simulation time should be sufficient to elucidate structural
features of these peptides.56'59 The loop region Asp23-Lys28, the central hydrophobic core
Leul7-Ala21 and second hydrophobic domain Gly29-Met35 of AP peptide are playing

critical role in aggregation mechanisms. *'>*® Which is the main thrust of the present study.

Molecular dynamics simulations pay the way for the indepth analysis of the structural
changes upon metal ion interactions with N-terminal of AP —peptides. The deviation between
AP monomer and their complex structures were evaluated by root mean square deviation
(RMSD) values, which have calculated for six trajectories of A4, AB1-40-CL12+, A[31-4o-Zn2+,
A4z, A[31_42-Cu2+ and A[31_42-Zn2+ as a function of time (Fig. 1). For all the six structures,
considerable structural changes have been observed during the initial 500ps lead to a RMSD

0.4-0.75nm.When it reaches a stable value around 0.9-1.1nm in Af;4, the value of the
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trajectory decreases to 0.75-0.85nm during the interaction of Cu®". The AB;40-Zn>" structure
attained the stable value around 0.85-1.0nm during the simulation (0.5-50ns). The final
RMSD values have been observed around 0.9-1.2nm for three structures i.e ABi.42, APiaz-
Cu*" and AB1_42—Zn2+. The above RMSD values help to understand the deviation of the
minimum energy structure from the native state due to the interaction of metal ions (ABi40-

Cu2+, AB1_42—Zn2+).
3.1 ABj40 monomer conformational dynamics in aqueous solution

The helical structure of AP0, *and its conformational changes have been
monitored in aqueous solution using chimera visual software for every 10ns (Fig.2). The
contact map (Fig.8a) represents the interaction of His6-Gly9, Asp7-Gly9, Ala2-Arg5 and
Tyr10-GInl15 residues. During the course of simulation, the Vall2-Leul7 residues adopt
alpha helical structure, His6 and Gly9 residues lead to the bend region (Fig.8a), which
promotes the first 12 residues adopt hairpin structure, tail region extended with Aspl-Arg5
and Tyr10-Vall2 residues. The above interactions help to stabilize the B-hairpin structure in

the region Asp1-GInl5 residues.

Another twenty residues (Lys16-Met35) have been architectured by three important
regions, the central hydrophobic core region (Leul7-Ala21), the loop region (Asp23-Lys28)
and second hydrophobic region (Gly29-Met35). The central hydrophobic core (Leul7-Ala21)
was completely transformed into f-bend structure during the 20-50 nanosecond simulation.
We have performed a time dependent analysis for the salt-bridge to probe its effect on the
stability of AB-peptide (Fig.Sla). The salt-bridge distance was calculated as the average
distance between the CO,(-) moiety of Asp23 (or Glu22) and the NH;"in Lys28 residue in the
AP peptide. The direct-salt-bridge appeared around 4.3A, whereas indirect or water mediated

salt-bridge was appeared between 4.3 and 7.0A.>° We observed the higher distance between
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Asp23 and Lys28 residues which do not has a direct salt-bridge but the indirect salt-bridge
was formed during the first twenty nanosecond simulation. Consequently, the direct salt-
bridge was appeared between Glu22 and Lys28 residues during the 20-50 nanosecond
simulation. The salt-bridge of Glu22-Lys28 residues is stronger than the indirect salt-bridge
Asp23-Lys28 residues. This is due to the longer intra distance (4.3-8.5 A) between the
carboxyl group of Asp23 and amine group of Lys28 compared with solid state NMR model
in which the distance is much shorter.”® These results are in contrast to the previous MD
simulation, where the probability of forming an intra molecular salt-bridge between Asp23
and Lys28 (42%) is higher than that of the salt-bridge between Glu22 and Lys28 (36%)."
These interactions in the region Glu22-Lys28 maintains turn structure throughout the

simulation.

The interaction between the hydrophobic part of the Lys28 side chain and Val24
residue stabilizes turn conformation, which occurs at a distance of 4.5 and 7.5 A between
Val24 and Asn27 residue. This conformation allows the interaction between the central
hydrophobic core (Leul7-Ala21) and hydrophobic c-terminal. Consequently, the distance
(Val24)-(Asn27) increases to 7.5-10.0 A during 10-50 nanosecond simulation and the
hydrophobic contact between the c-terminal and Leul7-Ala21 fragment is reduced (Fig.S3a).
The force between the electrostatic Asp23-Lys28 and hydrophobic Val24-Lys28 stabilize the
turn region Val24-Asn27. The stable turn in the Val24-Asn27 domain favours hydrophobic
contact between the hydrophobic core (Leul7-Ala21) and the c-terminal. These results agree
with the Lazo et al,®*®" who have studied the hydrophobic contact within the decapeptide
APa130 using NMR study and MD simulation. The turn region plays a significant role in
facilitating the formation of the bend in the AP peptide, which has been started from fifth
nanosecond to the end of the simulation period. After 12ns, the Phel9-Asp23 region and

second hydrophobic region (Gly29-Met35) were converted into the turn and beta bridge
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structures (Fig.2a). The bend region (Val24-Asn27) is necessary to facilitate the parallel

1?2 who have

architecture for long AP peptide, which agrees with the results of Tycko et a
measured NMR spectra for AB;49. They have shown that the first B-sheet appeared after tenth
residue. The contact map shows the significant interaction between the Phe4-Leu34, Phe4-
Gly9, GInl15-Vall8 and Ile31-Met35 residues. During the course of the simulation, the c-
terminal (Met35-Val40) residues have been changed between coil and bend, and turn
conformations. Our simulation result reveals that APj.4 is composed of coil components

(34%), helical content (18%), turn and bend conformation (43%) and B-structure (4%) in

aqueous solution ( Table 1).
3.2 Interaction of Cu®" with AP1.40 monomer in aqueous solution

In human blood plasma, more than 98% of the amino acid bound with Cu®" ion, which
occurs in histidine complex.®” Cu*" ion has higher affinity with three histidine residues of
AP1.40 monomer.*® The conformational changes of AB;4o-Cu”" structure have been monitored
in the explicit water. The conformational structures for every 10ns are displayed in Fig.3.
During the course of simulation, a significant difference has been noticed in A[31_40-Cu2+
structure. The NH of Glu3 residue and C=0O group of backbone form the B-sheet hydrogen
bond with C=0 and NH groups of His6 residue and its distance changed from 0.2 to 0.25nm.
This interaction helps for the formation of first bend structure which appears in the Glu3-His6
region. The strong interaction has been observed between Ala2 -His6 and Aspl-Asp7
residues, where the distances are varying between 0.15 and 0.25nm (Fig.8b). These
interactions have played a significant role to stabilize the bend structure (Glu3-His6) which

are helping to form a B-hairpin structure in the Asp1-Asp7 region.

The turn structure appears in the Asp23-Asp27 region (Fig.3a), was stabilized by the

strong hydrogen bond (0.2-0.3nm) between Glu22 and Ser26 residues. The turn structure has
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attributed to the second bend structure in the Glu22-Lys28 region of AB4o- Cu”” structure.
The region (Vall8-Lys28) exhibits helical conformation in the first 2ns, but after that, it
completely transformed into turn structure during 2-45ns simulation. The helical structure
exhibited in the Vall8-Gly25 region of the AP;.4 —7Zn*" structure. The (Val24)-(Asn27)
distance has been changed between 0.55 and 0.75nm, and this interaction allows to increase
the hydrophobic contact between the central hydrophobic core (Leul7-Ala21) and the c-
terminal (Met35-Val40) region (Fig.S3a). The salt-bridge distance calculated between Asp23
and Lys28 residues is around 0.2-0.8nm during the first 10ns simulation. The salt-bridge
disappeared after 10ns simulation, but the indirect salt-bridge has been formed between
Glu22 and Lys28 residues. The absence of salt-bridge between Asp23 and Lys28 residues
destabilize the turn structure, and contributed to depromote the B-hairpin conformation of
AB140-Cu®" structure, which agrees with previous MD simulation of AB;4-Met35(0)

monomer. 60

The third bend region appears in the second hydrophobic region (Gly29-Met35).
Gly29-1le32 region undergoes a conformational change between turn and bend structures,
which was stabilized by the interaction between C=0 group of Ile32 and NH group of Lys28
residues and the distance is around 0.3-0.35nm. Subsequently, the c-terminal region (Met35-
Val40) exhibits the coil structure throughout the simulation. The calculated SASA values
(Fig.S4) reflect the increase in the hydrophobic character of Phe4 , Leu34 and Met35 residues
in APi40-Cu’" structure as compared with AB;40-Zn>" and AP, structures. The differences
in the SASA values between APj40-Cu’” and AP structures (Fig.S5), the positive and
negative values represent the increase and decrease in the hydrophobic character. The
difference in SASA value per residue indicate the increase of the hydrophobicity of Phe4,
Leu34 and Met35 residues and increase the hydrophilic character of His6, Asp23 , Lys28 and

[le32 residues. Among these, His6 residue is more exposed to the interaction with water

10
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which may be the reason to form first bend structure in the N-terminal of monomeric
structure. The influence of hydrophobic/hydrophilic character on loop and SHC region,
promote the bend structure during the interaction of ABj4-Cu’" in aqueous solution.
However, due to the hydrogen bonds between the side chains of Asp23 and Lys28 residues,
and the surrounding water molecules, the salt-bridge between Asp23-Lys28 residues get
disrupted. In comparison with A[31_40-Zn2+ , the A[31_40-Cu2+ structure possesses 11% less
helical conformation, 7% less coil conformation , 5% less bend conformation, 4% more beta
structure and 19% more turn conformation (Table 1). This shows that the helical structures
were reduced, turn structure was destabilized and hydrophobic contact was reduced between

SHC and C-terminal region of AP;.4-Cu”" structure.
3.3 Interaction of Zn*" with AP1.40 monomer in aqueous solution

Tycko et al. ** have found that more than 90% of total Zn’" was bound to AP
aggregates. We have made molecular dynamics simulation for A,4- Zn®" structure in
explicit water. This monomer exhibits two coil connected by the helical structure (Fig.4b).
The first eleven residues adopt B-hairpin structure with B-bend in the Phe4-Lys6 residues, the
tail structure extended with Aspl-Phe4 and Asp7-Glull residues, during the 24-50ns
(Fig.4a). The alpha helical structure of Vall2-GInl5 residues did not changed during the
interaction of Zn”>" ion. The central hydrophobic residues (Leul7-Ala21) were transformed to
alpha helical structure due to the strong electrostatic interaction between the i and i+3

residues which is represented in the contact map (Fig.8c).

The intra-chain salt bridge was observed between Glu22 and Lys28 residue, which
persists throughout the simulation (5-40ns). The indirect salt bridge appeared between Asp23
and Lys28 residues (Fig.S1a) during the first 40ns simulation and subsequently direct salt-

bridge was observed for the remaining simulation. The hydrophobic contact increases

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

RSC Advances

between the hydrophobic residues (Leul7-Ala21) and c-terminal in the first Sns and the
remaining simulation period, the hydrophobic contact decreased due the increase in distance

0.7-1.0nm between C, (Val24) and C,(Asn27) residues (Fig.S3a).

In ApPi40, the central hydrophobic core region (Leul7-Ala21) undergoes a
conformational change between helix and turn structures which exhibits stable helix in AB;.
40-Zn”" structure. In the second hydrophobic region (Gly29-Met35), the residues Gly33-
Met35 form turn structure throughout simulation in AP, the same structure transformed
from helix to coil in AB140-Zn2+. The above results show, the formation B-hairpin like
structure is less probable during the Zn>" ion interaction with ABj4omonomer. The solvent
accessible surface area (SASA) analyzed to find the hydrophobic character of individual
residue of AP;.49 monomer. The difference in SASA values per residue between the ABj40 —
Zn*" and reduced A4 structures is shown in Fig.S6, where the positive and negative values
indicate the increase and decrease in hydrophobic character. The differences in the SASA
values per residue indicate the enhancement of the hydrophobicity of GInl5, Vall8, Ile32 and
Met35 residues and subsequently increase the hydrophilic character of Lys16, Phe20, Asp23

and Lys28 residues.

When compare with A4 structure, the A[3140-Zn2+ structure has 10% more helical
and 6% less turn and bend structures and 3% less B-sheet structures (Table 1). The distance
calculated between CO,(Asp23) and NH;'(Lys28) is greater than 0.8nm during 5-40ns
simulation. During the same period, the distance between CO,(Glu22) and NH; (Lys28)
residues has been observed around 0.22-0.45nm.This is due to the presence of salt-bridge.
The Glu22-Lys28 region promotes stronger stabilization in the turn structure, when compared
with Asp23-Lys28 region of ABi4—Cu®" structure. The hairpin like structure was stabilized
by stronger salt-bridge formation between Glu22-Lys28 and Asp23-Lys28 residues during

the Zn*" ion interaction and it allows to form the greater rate of aggregation compared with

12
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Cu” ion interaction with N-region of APj4 monomer. This result agrees Noy et al NMR

study that Zn>" interaction with AP, causes rapid aggregation into nonfibrillar species.®
3.4 ABj4, monomer conformational dynamics in aqueous solution:

The ABj.4o and A4, are the most abundant in nuetritic amyloid plaques, the
presence of two hydrophobic residues, Ile41 and Ala42 at the c-terminal leads to distinct
oligomeric distribution during fibrilization in invitro. We investigated the structural
differences between AB;.49 and AP ;4> monomers (Table 1), where the AB;.4, possesses 28%
more helical, 9% less coil, 7% less bend and 7% less turn structure than the ABj.40. The
distance calculated between Asp23 and Lys28 residues is greater than 0.9nm, which indicate
the absence of salt-bridge throughout the simulation period of AB;.4> monomer, whereas Ap;.
40 monomer has direct salt bridge (<0.43nm) during the last 30ns simulation. However the
salt-bridge was observed between Glu22 and Lys28 residues of AB;.4, monomer (Fig.S2b),
where the interaction distance changes between 0.2 and 0.7nm during 22-50ns simulation.
The turn structure (Val24-Asn27) was stabilized by salt-bridge of Glu22-Lys28 residues of
both monomers, but the shape of the B-hairpin like structure in the AB;.4» monomer located in
the middle region (Asp23-Asn27) has a larger curvature than that observed in APjuo

monomer.

Fig.S3b shows, the distance between Cy(Val24) and Cy(Asn27) residues is around
0.4-0.65nm, which increases the hydrophobic interaction between the central hydrophobic
region (Leul7-Ala21) and c-terminal region during the first 10ns. The AB;4, monomer was
formed by stronger hydrophobic interaction between the central hydrophobic region and c-
terminal. Among the first ten residues (Aspl-Tyrl0), Glu3-His6 residues form helical
structure during the first 27ns simulation and during further simulation (27-40ns), it

fluctuates between turn and helical conformations. In contrast to the AB;4 monomer, the

13
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region (Aspl-Tyrl0) adopts bend structure during the simulation period. The 28% more
helical structure was observed in the first twenty three residues (Aspl-Asp23) because of the

presence of hydrophobic dipeptide in the c-terminal region.

The differences in the SASA values of AB;40 and ABi.4, monomers (Fig.9a), indicate
the presence of (Ile41-Ala42) dipeptide, significantly enhances the hydrophobicity of Phe4,
GInl15, Phel9 residues and subsequently increases the hydrophilic character of His13, Leul?7,
Val40 residues. These results indicate that the hydrophobic and hydrophilic characters help to
maintain the helical structure in the Try10-Asp23 residues of the A4, monomer in aqueous
solution. The overall result suggested that the § hairpin like structure was stabilized by the
salt-bridge between Glu22-Lys28 residues. This result agrees with the experimental result of

. 16,17,22,29
A4 monomers, where it aggregates faster than AB;.49 monomers.

3.5 Interaction of Cu** with the ABi.42 monomer in aqueous solution

The structural changes of AP, monomer induced by Cu>" ion were studied by x-
ray diffraction, NMR, absorption spectroscopy, Atomic force spectroscopy and Fourier
transform infrared spectroscopy.”>>>'=*36 In the first ten residues of AB ;4,-Cu”" structure,
Aspl-Phe4 segment shows coil, Arg5-Tyr10 segments adopt turn and bend structures. The
stronger interaction has been noticed between Phe4-Ser8 and Arg5-Tyr10 residues (Fig.8e),
which transforms the alpha helix to turn and bend conformational structures, but this was
completely missing in A[31_40—Cu2+ structure. The Cu®" ion change the alpha helix to the turn
conformation in the His13-Asp23 region of AP;.4, monomer after 30ns simulation period.
The A[31_42-Cu2+ structure has 10% more helical structure than the A[31_40-Cu2+ in the first

twenty four residues (Fig.6a and Table 1).

We found the stronger hydrogen bond between N-H group of Asn27 and C=0O

group of Gly37 residue in APj4> —Cu®" structure. The Gly33 residue has interacted with
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Gly37 and Ser26 residues in AP;4-Cu®” structure, whereas in the ABj4-Cu®" structure,
these interactions are completely missing (Fig.8e). The above interactions have attributed to
the formation of B-hairpin like structure in the Lys28-Ala42 region. Some significant
differences have been noticed in the loop region of Asp23-Lys28 residues during the
interaction of Cu®" ion in the APi42 monomer. The salt-bridge formed between Glu22 and
Lys28 residues of AP;4, monomer (Fig.S2b), converted into the indirect salt-bridge when
Cu”' ion interacted with monomer. However in the A[31_40-Cu2+ structure, the indirect salt-

bridge formed between the same residues.

The observed hydrophobic contact increased between central hydrophobic region
(Leul7-Ala21) and N-terminal, when Cu®" ion interacted with monomer, the same contact
decreased due to the increasing distance around 0.45-0.65nm between C, (Val24) -C,(Asn27)
residues during the first 25ns (Fig.S3b). In the AP;40-Cu®" structure, the calculated distance
between them is greater than 0.6nm, so the hydrophobic contact get reduced throughout the
simulation. The hydrophobic contact between CHC and c-terminal is stronger in A[31_42—Cu2+
compared with A[31_40-Cu2+ structure. The differences in the SASA values per residue
(Fig.9b) indicate that the presence of the hydrophobic dipeptides which significantly
enhances the hydrophilic character of Arg5, His13 and increases the hydrophobic character of
Aspl, Ala2 and Lys28 residues. If the Cu®’ ion interacts with His13, Hisl4 and His6
residues, it promotes the stabilization in the B-hairpin structure. This was realized by the
parallel sheet arrangement, in which Cu®" coordinated with the N-terminal. Experimental
results show that Cu®" ions were bridged by two His13 (or His14) rings of each two single B-
peptide.” Our results indicate that the hairpin like conformation was stabilized by the
presence of salt-bridge between Asp23-Lys28, Glu22-Lys28 residues, and hydrophobic

interaction between CHC and c-terminal.

3.6 Interaction of Zn>" with the A4 monomer in aqueous solution

15
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The first ten residues of A[,’>1_42—Zn2+ structure forms the 31p-helical structure, the N-H
group of Ala2 makes hydrogen bond with C=0O group of Arg5 residue (Fig.8f).This
interaction was absent in the APj.4-Cu®" and ABj4o-Zn®" structures. The next five residues
(His6-Tyr10) exhibit bend and turn conformations in AB1.42—Zn2+ structure. Helix has been
formed by the His13-Glu22, and Gly9-Glu22 residues of AB1_4O—Zn2+. The differences in
SASA value per residue between AB].42'ZH2+ and A[31_40-Zn2+ structures (Fig.9c) increases the
hydrophobicity of Phel9 residue and enhances the hydrophilic character of Glul1, His14 and
Leul?7 residues. The A[31_42-Zn2+ structure possesses 8% more helical and 10% less coil

structures than the A[,’>1_40—Zn2+ structure (Fig.7a).

The Zn*" interaction has promotes the significant structural changes in the N-terminal
loop region connecting the two hydrophobic domain. The major change was, the
disappearance of the salt-bridge between Asp23 and Lys28 residues. The hydrophobic
contact between central hydrophobic core and c-terminal decreases in the APj4-Zn®'
structure than that of A[31_42—Cu2+ and A[31_40—Zn2+ structures. These results suggest that the

rate of aggregation increases in the AB;4, monomer due to the interaction of Cu®" than Zn*".
4. CONCLUSION

Molecular dynamics simulation has been performed to investigate the conformational and
structural changes in AB;.40 and AP;42 monomers with and without interaction of metal ions
(Cu2+’Zn2+) in explicit water for 50ns simulation. This simulation has elucidated the atomic
level calculation for three important regions (central hydrophobic domain (Leul7-Ala2l),
loop region (Asp23-Lys28) and second hydrophobic region (Gly29-Met35)) of the
monomers. The presence of hydrophobic dipeptide in APj.4, monomer, the significant
structural changes have been observed in the secondary structure. For instance, the CHC

(Leul7-Ala2l) region contains Tyr10-Asp23 residues exhibits alpha helix, whereas in AP .40,

16

Page 16 of 48



Page 17 of 48

392
393
394
395
396
397
398
399

400

401
402
403
404
405
406
407
408
409
410
411
412
413
414

415

RSC Advances

region adopts helix and bend conformations. The Af;4> monomer possesses 28% more
helical structure between Aspl-Lys28 residues as compared with AB;49 monomer. However
in the AP;.4, monomer, the loop region (Asp23-Lys28) and salt-bridge disappeared, where as
in AP;.49 monomer salt-bridge often forms during the course of simulation. The hydrophobic
contact between C-terminal and CHC region increases and a small curvature forms in the turn
region(Val24-Asn27) in Afj42 monomer. In the second hydrophobic region, bend
conformation has been observed in A4y, whereas in the AB;., this exists in turn and beta
bridge regions. Aforementioned processes have stabilized the B-hairpin like structure in Ap;.

42 monomer and it leads to provide the chance to attach the new B-hairpin monomer.

In the AB1_42—Zn2+structure, Aspl-Tyrl0 residues form the 3jo-helix and coil
conformation, but these are transformed to bend conformations in AB;49 monomer. The
CHC(Leul7-Ala21) region contains Tyr10-Val24 residues of ABI_42—Zn2+which exists in the
helical conformation throughout the simulation and this region transforms into bend (Tyr10-
His13) and helical (His13-Val24) conformations in A[31_40—Zn2+ structure. Surprisingly in the
A[31_42-Zn2+ structure, salt-bridge was disappeared in Asp23-Lys28 residues but it often forms
in A[31_40-Zn2+ structure throughout the simulation period. The turn (Val24-Asp27) region was
stabilized due to the salt-bridge between Glu22-Lys28 residue in A[31_42-Zn2+ structure and
where as APj4-Zn”" structure was stabilized by salt-bridge between Asp23-Lys28 and
Glu22-Lys28 residues. The second hydrophobic region (Gly29-Met35) forms bend and coil
conformations in APj4,-Zn”", whereas in AB;4-Zn°" structure, this region exhibits the helix
and bend conformations. The hydrophobic contact between c-terminal (Met35-Val40) and
CHC was decreased in the APi4-Zn®" structure than in the ABj4-Zn*". This structural
difference has prevent to attach the new incoming B-hairpin monomer when the interaction of

24 .
Zn”" with ABj.4» monomer.
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In AB14-Cu”" structure, the CHC (Leul7-Ala21) residues become alpha helical and turn
conformers, whereas in AP;4-Cu®" structure, this region adopts turn conformation. However
the loop region (Asp23-Lys28) and turn region, Val24-Asn27 residues stabilized by salt-
bridge formation between Asp23-Lys28 and Glu22-Lys28 residues in AB1_42—Cu2+as
compared with the ABj_4-Cu®". The AB_4-Cu?" structure divided into three bend structures
separated by coil segment. The interaction distance between Cq(Val24) and C,(Asn27)
residues is responsible for increasing the hydrophobic contact between CHC and c-terminal
(Met35-Val40) in ABj4p-Cu®™ structure. The second hydrophobic region has bend
conformation in A[31_42-Cu2+ structure, whereas in AB1_40-Cu2+, this region transforms to the
turn and B-bridge conformations. This structural differences lead to stabilize the B-hairpin
structure of AP;4,-Cu®" structure and it gives chance to form the fast fibrilization of Amyloid
protein. Further, it has been found that the interaction of Cu*" and Zn*" with APBi40 and APy
is maximum at the beginning of the simulation, and fluctuates around 1-2nm during the

simulation period.

SUPPORTING INFORMATION

The salt-bridge was formed between the CO,” moiety of Asp23 (or Glu22) and the NH;" in
Lys28 residue as a function of time, which is shown in Fig. S1-S2. Distance between Ca
(Val24) and Ca (Asn27) as a function of time is shown in Fig. S3. Solvent accessible surface
area analysis of the A4, A[31_40-Cu2+ and A[31_40-Zn2+ structures are shown in Fig. S4 — S6.
Convergence of trajectories for different conformation are given in Fig. S7.
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Fig. Caption
Fig. 1 RMSD plotted against time for all six structures.

Fig. 2 Secondary structural assignment per residue for the AB1.40 monomer. (a) secondary structure as a function of time (b) Every 10ns interval
of the AB1-40 peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.

Fig. 3 Secondary structural assignment per residue for the APB1.40-Cu?*structure. (a) secondary structure as a function of time (b) Every 10ns
interval of the AB1.40 peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.

Fig. 4 Secondary structural assignment per residue for the AB1.40-Cu?*structure. (a) secondary structure as a function of time (b) Every 10ns
interval of the AB1.40 peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.
Fig. 5 Secondary structural assignment per residue for the AB1.42 monomer. (a) secondary structure as a function of time (b) Every 10ns interval
of the AB1.4, peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.

Fig. 6 Secondary structural assignment per residue for the AB;.4o-Cu?*structure. (a) secondary structure as a function of time (b) Every 10ns
interval of the AB1.42 peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.

Fig. 7 Secondary structural assignment per residue for the AB;.4o-Zn®*structure. (a) secondary structure as a function of time (b) Every 10ns
interval of the AB;.4, peptide were displayed and Cyan colour,17-21 residues; Golden rod colour, 23-28 residues; Sienna colour, 29-35 residues.

Fig. 8 Contact map for (a) AP1-40 (D) AB1-40-CU”* (C) AP1s0-Zn** (d) AP1s2 () AP1-42-Cu (f) AB1so-Zn** structures.

Fig. 9 SASA values Difference between (a) AB;-40 and APj.42 monomer (b) ABMO-CUZ+ and APi-42- Cu®" structure (c) A[31.40-Zn2+ and APi.42-
Zn?* structure.
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Table 1 Percentage of Secondary structures calculated for AR 4o, A[31_40-Cu2+, APi42, APiao-
Zn2+, AB1_42-Cu2+, and A[31_42-Zn2+ structure in aqueous environment

APBi40 ABi40-Cu”" | ABj40-Zn”" ABian AB1a-Cu”” | ABj4p-Zn”"
Coil 34 27 34 25 23 24
Beta 4 5 1 - 2 1
Bend 28 20 25 21 23 25
Turn 15 31 12 8 24 15
Helix 18 17 28 46 27 36
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