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Abstract: AB pepti de aggregation is known to be an I
disease (AD)Smaller oligomers, the intermediates during the process of aggregation, are known to be
more neurotoxic than matured fibrils. To gain the insightintétiex i ci ty of | ow mol ecu

a2 0ligomers it is essential to understand the course obitsationand the interactions involved. But
the struct ur ahas olgpmessatithe aomistit levaland the interactions holding the
monomeric mits in the oligomeric structures still remain elusive. In this study, using molecular

dynamics simbat i ons, we have investigated 14 feptidest ruct
intermediates and the interactions stabilizing the oligomers. Fromrthe stt u r a | dysnamics
oligomers, we observed the significant number of secondaryr uct ur al t-hebxnes 1 t 1 ons

random coils in some of the monomeric units. From the interaction study, we noticed the involvement
of hydrophobic contacts andtermolecular hydrogen bonds in stabilizing the oligomers. Additionally,

we subjectedhe equilibrated structure of the oligomerdlie PDBSum server to examine the protein
protein interactions. The interaction results obtained from the PDBSum serveiouveks to be
consistent with the results obtained from the trajectory analysis.
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1. Introduction

Al zhei mer’ s di sease €erhanpsychihtiist, Alds Aldheisyer r i bed
iscategorizedundag r owi ng | i st of ehestrzhimsaublsfilamédnjousc a u s e
deposits [2]. There is compelling evidence generatedtbggre ar s t hat conf i r m
[3-5] to be the major stimulating factor of early onset of AD. These peptides ak ifoan
variety of | e ugid thesmost abiindamt ramdddxic v\ fiature [6]. Structural
investigations have reported that synaptic structure and function can be impaired even by the
small est AB ol i @loAtkeough theaamgloididbiilsraesrat as[tokic as the
ol i gomer s, they act as a reservoir of AB mo
small soluble oligomers are the most toxic species involved in aggregatimh leads to the
formation of amyloid fibrils [1612]. Ithas been shown that the characteristic soluble oligomers
of 1A8nd isAcPmprise of a mixture of dimer and tetramers which adopt secondary
structure rich in B sheets and al so denote t
particles wih betastrand structure [2132 6 ] . The o0 c a4 oligoeers cordined f AB
within plaques specify to the dynamic equilibrium between these species. In human ,neurons
A [3.42 oligomers are found to be present intracellularly [17]. Determination of the

https://biointerfaceresearch.com/ 8804


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC112.88048817
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0937-2516
https://orcid.org/0000-0002-3042-546X
https://orcid.org/0000-0001-8215-1715
https://orcid.org/0000-0002-5238-753X

https://doi.org/10.33263/BRIATL2.88048817

oigomeri zation state of AP on the membrane b
surface of murine hippocampal neurons has been carried out previously using total internal
reflection fluorescence microscopy [18]. While theesbeen anncreasing numéx of studies
carried out to understand the oligomayic st
diffraction, o r 3D NMR structure of an ApB oligomer
simulation study carried out by Yu and colleagurea lipid membane environment predicted

the structure of AP oligomers to have a hydr
recently it has been shown thahe o-s h e e t secondary structure
aggregation and is strongly correlatedhatoxicity [23]. Eisenberg and eworkers prepared a

novel species of amyloid oligomer wimaturecrosf§ struct ure where si de
a d j a eskemts$ holfling the sheets together. It has been nansgdxas amyloid f i br i | | a
oligomer (TABFO) [24]. Al t hou g h, TABFO' s share structur e
fibrils, they are not short protofilaments and cannot seed new amyloid fibrils. Various reports

have demonstrated similar, but naesad dieBnt i c al
peptide with two additional amino acids in thetCe r mi n a | 14@eptitle leatling Ao
more diverse set of interactions ifdigomers26] . A

have been carried out, yet little information is known altieeiinitial stages of oligomerization.

But there ar@number of recent studies that have been focussed chdh&ctedationo f 1-A 3
s20ligomers [2736]. In this work, we have investigated the conformational dynamics of the
dimer, trimer and tetramero f 1.4 Peptide using molecular dynamics simulation and
analyzed the corresponding MD trajectories to examine their interaction profile. We prepared

t he i nddimen frimefAghd tetramer structure in the-KiDock server [37] using the

NMR strug¢ u r e 149(PDB FOBLIYT) from Protein data bank. Moreover, usthgPDBsum
server [ 38] , we investigated the 1inisaerface
oligomers.

2. Materials and Methods
2.1.Preparation of nitial monomer structure toonstructA b ligomers.

The initial momnmepeptidewad  retrieved from BCS8 ProtéindData
Bank (PDB) entries: 11YT [39]. The monomeric structure was then solvated with TIP3P water
model with solvent buffer tieg 10 A in all directions [40]. Toeutralize the negative charge
of the monomer, appropriate numbers of sodium ions were added. The system was minimized
in two stages to ensure the stability wherein it was first subjected to 500 steps of steepest
descets minimization followed by 500 stepenjugate gradient minimization. Here the system
was constrained by 50 kcal/mof/Aarmonic potential to remove the bad contacts. The whole
system (monomer with water) was subsequently minimized using 1,000 stepesemdésst
descents minimization withouté harmonic restraints at NVT ensemble. The system was then
gradually heated from 0 to 300 K without the atomic restraints over a timescale of 20 ps. The
system was switched to NPT ensemble and equilibrated for 10@thpsut applying any
restraint.

The bads to the hydrogen atoms were constrained using the SHAKE algorithm [41].
SubsequentlyMD was performed under constant presgeraperature conditions (NPT) with
temperature regulation achieved using Berendsen weak coupling method [42] and calculated
electrostatic forces using the particlmesh Ewald procedure (PME) [43]. The rest of tHe M
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simulation protocol that we followed in this worktlee same as we did in our earlieork-
study [44].

2. 2. Con s tipaigomer srutturesf A Db

The equilibréed monomer was submitted the M-Z Dock server to construct the
model dimer, trimerand tetramer structurel the MZ Dock server, a gritbased Fast Fourier
Transform method is used to explore 8B space to construct the best symmetric multimers
[37]. In this server, theoptimal fit between the proteinnits in the mutimer complexis
determinedusingthe scoring function thatonsides surface complementarity, electrostatics
and desolvation The Surface complementarityis computed using pairwise Isape
complementarity (PSC)PSCis a function of a fav@ble term (determined biyre number of
atom pairs within goarticulardistance cutojfand a penalty terrfdetermined by the number
of clashek The desolvation is computed fromAtomic Contact Energy(ACE) and the
electrostaticsfrom the Coulomb's equation to the partial charges of the ligand in the
Electrostatic field of the receptoin this server the search strateggnainly involves
discretiation ofligand and receptor onto a grid atieen appliation ofthe FFT methodto
determine th besfitting position of the ligandelative to the receptor. This discretization and
FFT iscarried outfor a complete set of angular orientations of the ligahde keeping the
position of receptor fixedThe top-scoring dimer, trimerand tetramer complexes weteen
selected and then solvatedlie TIP3P water modeftespectivelyand then subjected to a two
step restrained minimization, followed hgating. Then the complexes were equilibrated for
100 ps follaved by MD simulation of 50 nfor each individual complex. Such time was
sufficient to obtain a stable configuration. Clustering was performed on a series of MD
trajectories [45]. Trajectories were created from independent runs leading to partitioning into
six clusters. After the MDun, the VMD package [46] was used for visualization of the 3D
structure of the molecule.

2.3. Investigation of interface statistics and interface residues.

In order to investigate the interface statistics and interface residues Adligomers,
we havesubmitted the conformer representing the most populated clusters from the MD
trajectories ithe PDBSum server and carried out their interaction studies.

3. Results and Discussion

3.1. Conformationaly n a mi c152oligodmeasA b

The initial dimerfrimerband t et r a me n.4gemnerateccfrorntheeM Dodk A 3
server were shown fRigure 1 Individual monomeric chains were marked with different colors
and labeled as Chain A, B, &nd D respectively.

The conformationad y n a mi a-gdintef obtéirfd from MD simulation at different
time intervals are illustrated iRigure 2.From the conformational changesdegoneby the
dimer complex in 50 ns, it can be clearly observed that most of the residues in the dimer
complexunderwent changdsr o-helixao random coils. By using the DSSP tool [4vtich
determines the existence of hydrogen bonds as criteria for the presence of secondary structure,
we also calculated the secondary structurds @2 dimer during the couesof the simulatio.
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Figure 1.Initial structures generated fromthe® Do c k s exppdé mer AJtBAP Adrizz C) AR
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Figure2.Conf or mat i o n a i dingrathedifferent time couls@ of simulation at 300 K.

The evoltion of the secondary structures from the trajectories as a function of time is
shown inFigureS1 We observedhea p p e a r astrands atodermifal regions irChain
B.

Il n the same wawyfrimes atdiffesemt tne snteroalls dukiflhe time
course of simulation up to 50 ns are showikigure 3 FromFigure 3,we can observe that
individual monomeric units undergos | ow t r a n s i-helical structure domandofm e «
coils. Since all thehree monomeric units are held together vdogely, therefore secondary
structural changes over the simulation time peaiahot drastic.

40 ns 50 ns

Figure3.Conf or mat i o n a L4 tringrrata difierens course of sirfulation at 300 K.

The evolution of the secondary structures from the trajestas a function of time is
shown inFigureS2 We observedhea p p e a r astrands atodermifal regions irChain
C, which is encircled in blue.
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Similarly,
Figure 4

t h e iragtetraniers at differtent tone mtereadre sHon in

30 ns 40 ns 50 ns

Figure 4.Conf or mat i on a lstadrgmermaddifferent coufrse & fimulation at 300 K.

| n t he wcotegamerone caAfbserve drastic secondary structural changes from
thenhed i cal structur e t-sirands&urtdeoarore,dram thesevolatiord t he
of secondary structural analysis usithg DSSP tool of the trajectories generated frihma
simulaion run, we observethea p p e a r astrands atodermifial regions in the Chain D
(FigureS3).

Additionally, we have cmpared the secondary structural contents of the initial
structureand t he aver ag esdnter tnmnef andtetramerfusing MASARRB
[48], and results are summarizedliable 1 FromTable 1 we can see that the initial structures
o f 1Admer, trimerand tetramer are rich in helical content ~70%.

Tablel.Secondary struct urgsoligol@ersal ysi s details of

Secondary A R-42Dimer A R-g2Trimer A R4 Tetramer
Structures Initial Equilibrated Initial Equilibrated Initial Equilibrated
Structure Structure Structure Structure Structure Structure

Helix 76.2% 14.3% 78.6% 49.2% 67.4% 19%
Sheet 0% 2% 0% 3.2% 0% 11%
Turn 0% 19% 0% 12.7% 5.4% 32%
Coil 23.8% 61.9% 21.4% 28.6% 24.5% 38%
3-10 helix 0% 2.8% 0% 6.3% 2.7% 0%

During the timecourse ofa simulation all the three oligomer complexes underwent
secondary structural changesd the average structures were found to be rich in coils and
turns. The helical contents that were predominant in the initial structures deafidédebets-
sheetcontentthatwa 0 % |

say that the oligomers that are in random coil and turn sttt h e

strands later.

3.2. Hydrogen bonding and/tirophobic contactm a | y s iissoligonfiers.A b

t he

i 1pwas found to incteasa. cThug, wecaro f A 3
tendency to a

We have calculated the total number of intermolecular hydrogen bonds and
hydrophobic contacts of thfe 3.42dimer, trimerand tetramethat play a vital role in stabilizing
the oligomer structures. To calculate the hydrogamdb, the cut offor angle and distance
was set to 120and 3.5 ArespectivelyFigure 5Ashows the total number of hydrogen bonds
between the two monomers Aff3.s2dimer. The total numbers of intermolecular hydrogen
bonds were found to be 3. A largenmioer of hydropholai contacts ~ 350 were found to be
involved in the stabilization of the dimer struct(iféggure 5B.
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Figure 5. A) The ptal number of intemolecular Hydrogen bonds; B) Total number of hydrophobic contacts vs
total no. of frames for th& (3.s2dimer during the time course of simulation at 300K.

Similarly, the intermolecular hydrogen bonds between the monomeric unitgmdrtr
and tetramer were calculatdeéigure 6shows thetotal number of intermolecular hydrogen
bonds between the monoreeof A 3-a2trimer. FromFigure 6 we notice ~5 intemolecular
hydrogen bonds to stabilize the interaction between monomer 1 and 2 and -roileteular
hydrogen bonds to stabilize the interaction of monomer 3 with monomer 1 and 2.
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Figure 6. The ptal number of intetmolecular Hydrogen bonds mstal no. of frames for th& B.sxtrimer
during the time course of simulation at 300 K.

Likewise, thetotal numbers of intermolecular hydrogen bonds between the monomers
o f 1AtBtramer are illustrated Figure 7 FromFigure 7A we observed monomer 1 to form
~6 and 3 intemolecular hydrogen bonds with monomer 2 and monomeespectively.
Monomer 3 was found to form 3 interolecular hydrogen bonds with monomer 2 @nd
(Figure 7B.

10 T T T T
A = M1 : M4
8 . = N1 : M2
e ‘ 8
5 il | il il | é
= ok hE =
s 4TI AN ikl R ‘ s
B P g
2F J [ ] ' -
) 10000 20000 30000 40000 _5000¢ 20 T0000 20000 30000 40000 50000
No. of Frames No. of Frames

Figure 7. The pbtd number of inteirmolecular Hydrogen bonds .ustal no. of frames for th& (B.s2tetramer
during the time course of simulation at 300 K.
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We have further shown the acceptor and donor residues that were involved in the
formation of therespective hydrogeh o n d s 1.42dimer AT@ble 2), trimer (Table 3and

tetramer (Table 4).

Table 2. InterMo | ecul ar hydrogenpsdomdrndgpamMahpmes &af (ABce
AB Monomer 2 (Donor)
Acceptor Donor Fraction
ASP_7 GLY_35 0.2448
SER_10 LYS 38 0.2217
GLY_13 ILE_42 0.084
ILE 15 ALA 40 0.0812
VAL_24 ALA_31 0.0716
Table 3 InterMo | ecul ar hydrogenigpbimerdi ng analysis of
A. AB Monomer 1 (Acceptor): AP Monomer 2
Acceptor Donor Fraction
ARG_5 GLU_64 0.2210
HIE_13 LEU 59 0.0986
ARG_5 GLU_64 0.0784
HIE_6 VAL 60 0.0775
HIE_6 GLU_64 0.697
B. A Monomer 1 (Acceptor): ApB Monomer 3
Acceptor Donor Fraction
VAL_36 GLU_99 0.3758
GLY_37 GLU_99 0.3600
LYS 28 ASP 91 0.0500
ALA21 6 GLY93 60 0.0441
MET_35 GLU_99 0.0429
C. ApB Mononeorr )22 (A¥c cMopnomer 3 (Do
Acceptor Donor Fraction
GLU 64 ARG_89 0.3210
PHE_63 LYS 101 0.2986
PHE_62 ARG_89 0.1784
ILE_74 LEU_100 0.0775
GLY_76 GLY_136 0.0697
Tabled Intemo | ecul ar hydrogenygetamdi ng anal ysis of
A.AB Monomer 1 (Acceptor): AB Monomer 2 (L
Acceptor Donor Fraction
ARG _5 ASP_49 0.3991
SER_8 SER_50 0.1677
HIE_13 GLU_64 0.1425
ARG_5 GLU_53 0.0954
LYS_ 16 ASP_65 0.0864
B. AB Monomer 1 (Acceptor): AB Monomer 3 (|
Acceptor Donor Fraction
SER_8 VAL_96 0.0029
SER_8 HIE_97 0.0020
GLY_9 HIE_97 0.0005
LEU_34 ASN_111 0.0003
VAL 12 HIE_97 0.0003
C. AB Monomer 1 (Acceptor): AB Monomer 4
Acceptor Donor Fraction
LYS 16 ASP_149 0.0514
ILE_41 LYS 154 0.0500
HIE_14 ARG 131 0.0157
HIE_13 ARG_149 0.0032
HIE_13 ASP_127 0.0032
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D. AB Monomer 2

(Acceptor):

(Acceptor):

Acceptor Donor Fraction
ARG_47 ASP_91 0.5271
HIE_48 GLU_ 95 0.4387
TYR_52 GLU_106 0.2635
HIE_55 ASP_107 0.1126
LYS_58 HIE_97 0.1101
E. MdBnomer 2 (Acceptor):
Acceptor Donor Fraction
ASP_49 ASP_133 0.1054
SER_50 SER_134 0.0910
HIE_48 GLU_129 0.0900
GLU_53 SER_134 0.0874
ASP_65 GLU_137 0.0638
F. AP Monomer 3

Acceptor Donor Fraction
MET 77 MET_152 0.1130

MET _77 GLY_157 0.1021

LEU_76 GLU_129 0.0865

VAL_78 SER_134 0.0844

LEU_76 GLU_137 0.0638

AR Monomer

AB Monomer 3

4 (Do

AB Monomer 4

The hydrophobic contacts between different monomeric units in trimer and tetramer are
shown n Figures 8 & 9, respectively. Thus it can be inferred that hydrogen bonding and
hydrophobic are important in stabilizing the oligomers.
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Figure 8. Total numbeiof hydrophobic contactsvs ot a | no.
course okimulation at 300 K.
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Figure 9. Total number hydrophobic contactsvso t a | no.
course of simulation at 300 K

o f rafetramendusingthetmet he A

3.3 Interface statisticsand residug esi due of

PDBSum server.

i nt er apwligonensusiggtha d y

Additionally, usingthe PDBSum server, we have investigated the interface statistics
and the residues i nv o hasdendr. TheinterfdcestafisocefmaA [ on c
42are provided ifmable 5 The interface area of each of the monomers in the dimer wag foun
to be in the range ~1000%AIn the same manner, the total numbers of interface residues
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involved in the interaction in both the chawere found to béwentyone. The dimer was
found to be stabilized by intermolecular hydrogen bonds (3handonded contacts (369)
as shown imable 5.

Table 5. The i nterf ac epsdiheds predicted by the FDBuM sefehighhnembér pf
nonborded contacts indicatbe existence of hydrophobic interaction in the dimer.

Chain No. of Interface Area | No. of Salt | No. of Hydrogen | No. of Nonbonded
Interface Residues (A? Bridges Bonds Contacts
A:B | 21:21 |  998:1011 | 0 | 3 | 369

In Figure 10, we havesummarized the residues involved in the intermolecular
i nteract ii@dmei n t he A

(hind ChinB
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WO @u
WO @
@ @
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1@ /@
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S
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(B@)]
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oSy E oE -E oo
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Figure 10.The i nt er f ac e isrdinsr astsumenarized by the PEBSuBserver.

We noticed most of the Central hydrophobic core afdr@@inal region resides to be
involved in the interactions. A few-Mrminal residues were also notice form hydrogen
bondsandnebh onded contacts. Th eusdtrimérisprédvided gTaldet at i st
6. As shown inTable 6 a large number of nebonded contas, seven hydrogen bondsd
three salt bridges were found to aid in the association of monomeric units to form a stabilized
trimer structure.

Table6.The interf ace pisdrimeradspedidted byithe BDBSum sdrvere A 3

Chain No. of Interface Area No. of Salt No. of Hydrogen No. of Non
Interface Residues (A? Bridges Bonds bonded Contacts

A:B 12:12 733 : 668 2 4 63

A:C 9:9 609 : 590 0 3 40

B:C 8:8 418: 411 1 2 35
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The interface area was found to be highest between chaamsl chain B which is
~700 A. Furthermore, we have highlighted the residues involved in the formation of the inter
peptide salt bri dgesiarimerinfiable monomeri c units

Table 7. Theinterp e pt i de Sal t br psgtrgner aspreditted byithe PDBSwetvére A

Chain Atom Residue Atom Residue Atom Residue Atom Residue
No. name name No. No. name name No.

A:B 79 ARG NH2 5 «—> 981 GLU OE2 64

A:B 163 GLU OE1 11 «—> 1060 LYS NZ 70

B:C 640 ASP oD2 43 > 1688 LYS NZ 112

Likewise, we carried out the proteprotein interaction studies in the PDBSum server
for thefull-l e n g i-aftetrarf@r structure. Different interactions that play a crucial role in the
tetramer formation are shownTable 8

Table8 The i nterf ace iptet@mer & pradictedsby thecPOBSurh setvdre A B

Chain No. of Interface Area No. of Salt No. of Hydrogen No. of Non
Interface Residues (A?) Bridges Bonds bonded Contacts

A:B 7:11 533 : 496 3 6 65

A:D 8:8 442 : 447 1 3 50

B:C 5:6 345:347 1 4 33

B:D 1:1 73:74 0 0 4

C:D 5:5 319: 356 1 3 8

Six interpeptde salt bridges were found to stabilthe tetramer structure. A total of
sixteen intermolecular hydrogen bonds and a large number otioomed contacts were found
to stabilize the tetramer structufaurthermore, we have highlighted tfesidues invaled in
the formation of theintep e pt i de sal t bri dges iptetrahehas monor
shown inTable 9.

Table 9. Theinterpe pt i de sal t br jisdeganeraspactictesl byshe BOBSumtserverA 3

Chain Atom Residue | Atom Residue Atom | Residue | Atom Residue
No. name name No. No. name name No.
A:B 73 ARG NE 5 <> 980 GLU OE1l 64
A:B 79 ARG NH2 5 <> 981 GLU OE2 64
A:B 163 GLU NZ 11 <> 1060 LYS NZ 70
A:B 627 ALA OXT 42 <> 707 ARG NH2 47
A:C 536 VAL N 36 <> 1484 GLN OE1 99
A:C 552 GLY N 37 e 1484 GLN OE1 99
B:C 723 HIE NE2 48 <> 1609 GLU OE2 106
A I T ArgS: Glusa

4 — Glull : Lys70
~— Asp43 : Lys112

Salt-Bridge Distance (A)

I
00 10000 20000 30000 40000 50000
No. of Frames

0 10000 20000 30000 40000 50000
No. of Frames

Figure 11.Inter-peptide salbridge vsthet ot a l number akft rfirmere;stetByerdufag AP
the time course of simulation at 300 K.

Additionally, we have carried out sditidge analysis from the MD trajectories to
ensure the data obtained from the PDBSum by measuring theatibetween the center of
mass of the residues that formed the-Batliges in trimer and tetramer. Salt bridge that
nor mal | y ezpdptdéhas beaemreplrfed to play an important role in stabilizing the
peptide structure. Frofigure 11we cansee that the distance between the center of mass of
the residues to be less than 5 Aaertain time period of simulation, which validated the salt
bridge [49].
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Thus the salbridges that were reported to be formed between the monomeric units in
the trimer and tetramer complexes by PDBSum server were found to bearalidhus they
might play an important role in stabilizing the oligomers.

4. Conclusions

Due to flexibility and high susceptibility to aggregation, the low molecular weight,
toxic APi-420ligomers are not easy to study. In this waxle have carried out aditom MD
simulations orull-l e n g t44dimér Arimerand tetramer and further studied the interactions
that hold together the individual monomeric ur@sr results suggestatthe formation of a
stabiml Aomer occurs through s e-hebxodrandogn st r uc
coils. In the itermediate staged 3  d itrimer,;and tetramer have already acquired random
coil structures. The oligomers formed areth r andom coi | rich; whicl
strands. The conformations observed in our study may represent transient strudtunay tha
result during the c oiwpeptde. oFfom the interactrore studyzveet i o n
foundaninter-peptidesalt bridge, hydrogen bondand norbonded contacts to play a crucial
role in stabilizing the oligomers. Additionallyhe CHC region ad Gterminal region were
found to be involved in the intermolecular interactions in the oligomers.
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