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ABSTRACT

Amyloid fibrils are aberrantly associated with a plethora of pathological neurodegenerative
diseases. This fibrillation process is believed to be initiated by partial misfolding of proteins
and proceeds via oligomer formation. Thus, understanding the mechanism by which any
known inhibitor stabilizes the native state of the protein and/or impedes the assembly process
is imperative for the design of new therapeutic drugs. Amidst various additives, trehalose has
emerged as a promising cosolvent with GRAS status and wide-ranging applications in
preventing unfolding, stress intolerance etc. However, its mechanism of action still awaits an
adequate description. Various theories proposed in literature have elements of contrasting
features. Additionally, the literature is also deficit in the database that sheds light on its
efficacy in impeding aggregation pathway and onto intrinsically disordered proteins. Thus, in
this thesis entitled ‘Mechanistic insights into the effect of trehalose on stabilization and
aggregation of protein’, we have delved into each of these aspects at a reasonable atomic
level using molecular dynamics simulations. Experimental validation is also done in cases

where experimental data were not available.

The thesis is composed of seven chapters. Chapter 1 (Introduction) provides an overview of
protein aggregation, its repercussions, strategies to curb the process with a detailed review of
osmolytes and special emphasis on “Trehalose” and the apparent contradiction in the
literature about its mechanism of action. The chapter finally discusses the origin of the
problem in the context of this thesis and the outline of the present research problem.
Chapter 2 (Materials and Methodologies) describes the theory of molecular dynamics
simulations, the details of procurement of chemicals, and methodologies used. Chapter 3
(Scrutinizing trehalose’s interaction with peptides of different nature) is aimed at discerning

the plausible interaction motifs of trehalose and comparing its induced perturbation on
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structural and dynamical properties of different solution species. The dissection of the
interaction energy profiles of acidic, basic, neutral, hydrophilic and hydrophobic peptides
with trehalose suggests a stronger preference of trehalose to interact with acidic amino acids.
Chapter 4 (Revisiting the conundrum of trehalose stabilization) focuses on the controversial
dichotomy between direct and indirect interactions of trehalose with protein, and their
relevance in driving the folding-unfolding equilibria. We propose that direct interactions
mainly rule the mechanistic action of trehalose thereby providing relative stabilization to
native state of protein rather than relative destabilization of the denatured state. Chapter 5
(Inhibition of GNNQQNY prion peptide aggregation by trehalose: a mechanistic view)
delves into the way trehalose inhibits the oligomerization phenomenon of “GNNQQNY”
peptide fragment from the yeast prion protein SUP35. It interacts with the hydrophilic amino
acids, delays the encounter of different peptides, and inhibits the interchain [-sheet
formation. The expelled water molecules during the process have larger translational
movement, suggesting entropy factor to play a role in the presence of trehalose. Chapter 6
(Introspecting trehalose’s intervention into the aggregation pathway of a-synuclein) provides
insights into the way trehalose affects the fibrillation process of intrinsically disordered
protein “a-Synuclein”, which is associated with the etiology of Parkinson’s disease. It
expedites onset of aggregation by stabilizing the aggregation-prone “extended” conformer of
a-synuclein yet the total fibrils formed are still promisingly less since it accelerates the
competing pathway toward the formation of amorphous aggregates. Chapter 7 (Summary
and Future Perspectives) presents the highlights of the study. In a nutshell, our findings have
been instrumental in understanding the mechanistic role of trehalose at different stages of
protein aggregation. The information might also be helpful in designing new therapeutics and

to a priori predict trehalose’s action on different proteins.
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L3I0d

UfAeias wigfoe, daATeline ~aUssiRied STATRET & §1e HIHr g8 I of3 §U &
AT ST & Tof I rsforererst wfsham 9idier & 31T fAewmifeser ganT & &1 ol § 3R
ANfMAT TS F ATETA A 379 Fecl & | 3F IFR, dF I GHSAT [T GanT Hig o
AT 37eReTeh fohd ehI SIETeT ol #el FEufer sht FERR st § 3R/ 3rdierely wishan # arer
31T &, 5 RfhcdT gar3it & B3amsa & fov fAa &1 [fes vsfeg & 9=, cgang
GRAS &Y & 1Y Ueh JTRITSTeleh hiHTede o &G H 3R § 3R 38 cAT9eh 3HToAIeT &
S W& T Golod o &aT, AT ITHTESULAT T Aehedl INTTE | GTelifeh, HREATS T GEHT
cgedr 33 o e gt fAaRor @7 iR X @I ¢l Afecy & gearfad affies
fagerdt 7 farearsma fawdr3i & dca &1 39 AfaRed, @ifeca sereg # o arer & St
ThANRIOT T AT Pehel 3R AR T & fahcd N TR 37960 FHTGHIRAT TR Fhrer
STeldT 8 | 39 Y, 38 fAguid # W o [EUdaor 3 THAIRI0T WX ¢aelld & 1T H
Hepfehel defSe e NAF, gAa oride fAMNedr @I F1 3TANT Fih
3T RATT] ER W 3o Tee3il H & Gedeh i gl 7ohdT § | FrATTINeh Hedaet it 3o ATeell
TS 19T § STt TA9TTcHe 3eT IUelstl =T8T 27|

NAT Tra 3T O Ta7 g1 3T 1 (ARTA) AT THATRIUT, ST T TshAT3T,
NEATASCH I faEgcd FHAET AR "¢gelid” W 497 SR 3R FRaE & aF & IR #
g & Tuse AU & IrYr 9ihar i aha & T WAt &1 v RAgradisd
Yeled dl g1 37T 3ida: 57 NRAF & T & gaer $r 3cufa 3R adaeT oy
TAEAT H TRAT W TdT AT &1 3EAT 2 (@ 3R geufaan) 3nfPaw afaeierdar
f@eeIerE, Tag=t T @l & favor, 3R 3UET 1 e arell geufadt & e &
qUTS Il 8| e 3 (FATfe Tepfcl & UTCISSH o HIY Lgelld T ST &l Sfiae)
ol 3ECRT ¢ERIH & STTAEIReh TRE TohaT T Yepfd @l Fagter 3R fA3or & faffe




AT & AXdeATcHS 3R I 0T TR $Hb JeITd T JeIAT FIAT &1 ¢gehd o T
HFE, Hel, ACEY, FTS3IThicieh 3N BISgIhITdeh UTCISsH T eIaleT Foll HIhIgel 1
faedas 3l vffe Uflis & a1y STddid a1 & foIT SEard & Ueh Holed aiiadT &1
ST T §1 3T 4 (Sgoird FEIuT & Ugell S FH1em) N & Y Eelid &
gegaT 3R 3mcget ardad & fra faaerede fAtumma w Hed 8 3R wifesar-
eThifeser UiFafefear srefder 7 s arafiiear| &7 gedia &d & o JeaeT 3id:fmar
ATT T F ¢goiry T J1T3eh 5ham TR el el & [y sfaats s & amdeT ifeerar
& oI WIEleT &t Hor &l ol @raet FE{ieor geret fohdm ST 81 31ear 5 (Cgeid

EaRT GNNQQNY Y137 T8 UHAIHIUT &1 AU Teh AT £37) cgelrd @AR O
9l SUP35 & "GNNQQONY" UteTss W3 T MNTelRNARTSIIS geaT Hl AhdTl &1 T§
gt feeh TfAaT vflis & arer arcid hecm 8, faffiest deersgd & Aods A ¢l g,
3R ST B-sheet ITSeT T Ushell &1 TihAT & SN ASHITAT drelt & 30731 7 99
3T JTalelel il &, Sl CEelld i 3UTEUT & 3fHenT [T o foIv Tegid SwReh T
A & § | 3TEATT 6 (a-synuclein & TR0l AT H CEollH & GEARTT I HTcATAIT
) LT YTl T § [ g & ey HaReh &9 & fdehed W "a-synuclein”
@rmﬁammaﬁqﬂﬁam&mmwaﬁrmﬁsﬁ@@gm%lw
a-synuclein o THATAIOT-FT0T "TaEATRA" HTETAT T EUX ke THARIOT AT BT
I ST T &, T ol 1Sl et wrstoret 313t oY ey & oy ot § Fifeh Ig et
TH T oh ST T TG H Ffaeaedt AR T 71 JeIa dr g1 31 7 (IRTer AR oSy
& TSCehIvn) 3T T HET TAATAN TEd A &1 F&T #, gaAR ey wide
THATOT & [aHeet TR F CEAT T AT HIHAHT l ASI H AgcaquT HHHT forel
Toh &1 STl AU Ffhcdh f3lger et 3N a0 WE W ¢gelld T dRars
sifasgamoft e 7 off FeeIR &Y Ahdr &
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Simultaneous time evolution of (a) the number of clusters and the maximum
populated cluster size, and (b) the largest and second largest populated cluster
size at 6 mM, 300 K. 6 mM concentration was chosen for better visualization
since it has lags that existed for the longest duration. Similar curves are
obtained in the presence of trehalose (data not shown)

Bar graph representing loadings of 26 different properties for first two principal
components in the presence of 8 mM peptide concentrations at a different
peptide: trehalose molar ratio: (a) 1:0 (b) 1:6 and (c) 1:10. Properties are: (1)
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Jones energy, (19) Inter-sidechain coulombic energy, (20) Inter-sidechain
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energy, (26) Sidechain-water Lennard Jones energy

Bar graph representing loadings of 26 different properties for the first two
principal components in the presence of 6 mM peptide concentrations during
the (a) first lag and (b) second lag. Labels and property numbers are the same as
described in Figure 5.5. 6 mM concentration was chosen since it has lags that
existed for the longest duration. The curves at 8 mM peptide concentration in
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Bar graph representing loadings of 26 different properties for first two principal
components in the presence of 8 mM peptide concentrations at a different
peptide: trehalose molar ratio: (a) 1:0 (b) 1:6 and (c) 1:10. Left panel represents
that during the first lag, and right panel: during the second lag. Labels and
Property numbers are same as described in Figure 5.5

Left panel represents the projection of the sampled
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presence of different peptide: trehalose molar ratios: (a) 1:0, (b) 1:6 and (c)
1:10. The right panel represents the direction of variation of different properties

Time variation of the percentage of peptides forming aggregates/beta-sheets at
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Left panel represents time variation of number of hydrogen bonds between
stable dimers at 8 mM peptide concentration for (a) 1:0 (b) 1:6 peptide:
trehalose molar ratio. Right panel denotes residue-residue hydrogen bond
interactions between them averaged during the time they are in f-sheet
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molar ratio. Peptides are shown in the secondary structure representation and
trehalose molecules are depicted in bond representations with violet color. For
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Time evolution of the (a) number of hydrogen bonds formed by bonded
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molecules, (b) number of bonded trehalose molecules forming hydrogen bonds
with other bonded trehalose molecules and with peptide molecules, for a 1:10
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Time variation of interchain mainchain and sidechain Coulombic and Lennard
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different peptide: trehalose molar ratio

Time variation of mainchain and sidechain Coulombic and Lennard Jones
Interaction energies of peptide molecules at 8 mM peptide concentration with
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() Number of hydrogen bonds between peptide and trehalose molecules
averaged over the last 100 ns. Number of contacts formed by (b) chain I (chain
with the minimum number of hydrogen bonds in (a)), (c) chain J (chain with the
maximum number of hydrogen bonds in (a)), with other chains and with
trehalose molecules, for the system containing peptide:trehalose molar ratio of
1:10

Radial distribution of water molecules around the (a) mainchain and (b)
sidechain of peptide molecules at 8 mM, 300 K with peptide:trehalose molar
ratio: (i) 1:0, (ii) 1:6 and (iii) 1:10, during the time that it exists in the
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Beta-sheet content of different residues

Time evolution of normalized interpeptide mainchain (peptide—peptide) and
mainchain-water (peptide-water) Coulombic interaction energy at 8 mM
peptide concentrations at 300 K in the presence of different peptide : trehalose
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XXII

184

189

190

190

191

192

193

194

196

197
198

199



5.24

5.25

5.26

5.27

5.28

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Tetrahedral orientational order parameter (qtet) of (a) bulk water molecules (b)
local water molecules during small oligomer formation, and (c) bulk water
molecules (d) local water molecules during large oligomer formation, at
different temperatures for 8 mM peptide concentration

Tetrahedral order parameter (gtet) of local water molecules at 8 mM peptide
concentration, 300 K in the presence of 1:0, 1:6 and 1:10 peptide:trehalose
molar ratios during two different time zones: (a) small oligomer formation and
(b) large oligomer formation

MSD of hydration layer water molecules at 8 mM during two different time
zones in the presence of different peptide: trehalose molar ratios: (a) 1:0, (b) 1:6
and (c) 1:10

MSD of total water molecules at 8 mM during two different time zones zones
in the presence of peptide: trehalose molar ratio: (a) 1:0 (b) 1:6 (c) 1:10

Schematic representation of the aggregation mechanism of GNNQQNY prion
peptide in the absence and presence of trehalose molecules.

Structures of different conformers of a-synuclein used for MD simulations

Kinetics of fibrillation of a-synuclein alone and in the presence of 0.1, 0.3, 0.5,
and 0.7 M trehalose at 37 °C, 1200 rpm, and pH 7.5. Continuous lines represent
fits of the curve to the equation 6.1.

Time evolution of (a) radius of gyration (Rg) and (b) solvent accessible surface
area (SASA) of a-synuclein starting from its human micelle-bound form, conf
1, in the presence of different numbers of trehalose molecules

Time evolution of alpha-helical content of a-synuclein starting from its human
micelle-bound form, conf 1, in the presence of different number of trehalose
molecules

Ca residue contact map of a-synuclein starting from its human micelle-bound
form, conf 1, in the presence of (a) 0, (b) 166 (0.05 M), and (c) 668 (0.2 M)
trehalose molecules, averaged over the last 30 ns. Distance scale bar is shown
below

Time evolution of secondary structure, as calculated by DSSP, with conf 3 as
initial configuration of a-synuclein, in the presence of (a) 0 (b) 166 (0.05 M)
trehalose molecules. Color bar is shown at the bottom

Time evolution of (a) radius of gyration (Rg) and (b) solvent accessible surface
area (SASA) of a-synuclein starting from its disordered structure (conf 3) in the
presence of 166 trehalose molecules

Time variation of different properties of a-synuclein in the presence of different
concentrations of trehalose and with different initial protein conformations: ()
Rg, (b) SASA, (c) Root mean square deviation (RMSD) w.r.t the backbone, (d)
alpha-helical content. Legends are defined in Table 6.1

Plot of gnow averaged over the last 30 ns versus distance from the peptide in the
presence of different numbers of trehalose molecules for (a) conf 1 and (b)
different initial conformations of a-synuclein (see Table 6.1 for the definition of
conformers).
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Time variation of mainchain and sidechain Coulombic and Lennard Jones
interaction energies of conf 1 conformer of a-synuclein with trehalose in the
presence of different number of trehalose molecules

Bar graph representing the Coulombic interaction energy between trehalose and
side- chain of different conformers of protein, averaged over the last 30 ns for a
system containing (a) 166 and (b) 668 trehalose molecules

Human micelle bound a-synuclein is depicted in red color using secondary
structure representation, using VMD software. Putative residues involved in
bonding with trehalose are shown as beads represented by green color. These
include: 2, 13, 20, 21, 28, 46, 57- 61, 72, 75, 79, 87, 98, 99, 101-105, 110, 114,
115, 119-123, 126,129-135, 137, 139-140. Similar residues were involved for
all the conformations simulated

(@) Far UV CD spectrum of a-synuclein, (b) ANS Fluorescence emission
intensity in the presence of different concentrations of trehalose

ITC profile of a-synuclein with trehalose at 25-C. (Fitted using one site model,
nN=2.27+0.09, K=7.01x10°+3.06x10° M, AH= —153.5+8.97 cal/mol, AS=26.3
cal/mol/deg)

Time evolution of the number of clusters of synuclein conformers: (a) conf 3;
(b) conf 2; and number of interchain hydrogen bond formation for (c) conf 3;
(d) conf 2, in the presence of different numbers of trehalose molecules. Data
obtained for conf 1 was similar to that obtained for conf 3

Particle size distribution of different soluble species of a-synuclein in the
absence and presence of 0.7 M trehalose at different incubation time intervals:
(a) 4 hours (b) 21 hours and (c) 80 hours

Far UV CD spectrum of a-synuclein in the absence and presence of 0.7 M
trehalose at different incubation time intervals: (a) 2 hours and (b) 7 hours

Secondary structure evolution of four B-sheet chains of a-synuclein in the
presence of (a) 0 M and (b) 0.05 M trehalose, as calculated by DSSP

Time evolution of the secondary structure of fibrils (containing 10 chains of -
sheet) in the presence of (a) 0 M (b) 0.1 M trehalose

Far-UV CD spectra of soluble oligomers in the saturation phase, in the absence
and presence of 0.7 M trehalose

TEM images of fibrils formed in the presence of (a) 0 M and (b) 0.7 M
trehalose

Radial distribution function of water molecules around backbone of protein
molecules (conf3-10mol) during the time it exists in the monomeric form,
oligomeric form (of size 10). Curves w.r.t to fibrillar form was plotted by doing
calculations over Fibril-10ch system

Tetrahedral order parameter of hydration water molecules around (a) conf 1
conformer in the presence of different number of trehalose molecules, (b)
different conformers in the absence and presence of 166 number of trehalose
molecules, (c) different conformers in the absence and presence of 668 number
of trehalose molecules; (d) tetrahedral order parameter of bulk water molecules
for different conformers in the absence and presence of 668 number of trehalose
molecules
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Tetrahedral order parameter of hydration water molecules around (a) conf3-
5mol system in the presence of different number of trehalose molecules during
oligomerization process (b) conf3-10mol system during the time it exists in the
monomeric form, oligomeric form (of size 10). Curves w.r.t to fibrillar form
was plotted by doing calculations over Fibril-10ch system

Left panel denotes radial distribution function of (a) hydroxylic oxygen, (b)
acetalic oxygen, and (c) glycosidic oxygen atoms of trehalose and oxygen atom
of water, for conf 1 conformer of a-synuclein in the presence of different
number of trehalose molecules. Similar data were obtained for other conformers
of a-synuclein (data not shown). Right panel represents corresponding curves
for conf3-5mol system in the presence of 166 number of trehalose molecules
during the time protein exists in the monomeric and oligomeric form. Curves
w.r.t to fibrillar form was plotted by doing calculations over Fibril-10ch system

Mean square displacement (MSD) values of hydration layer water molecules
around (a) conf3-5mol system in the presence of different number of trehalose
molecules during oligomerization, (b) conf3-10mol system during the time it
exists in the monomeric form, oligomeric form (of size 10). Curves w.r.t to
fibrillar form was plotted by doing calculations over Fibril-10ch system

Left panel represents mean square displacement (MSD) values of hydration
layer water molecules in the presence of (a) 0, (b) 166, (c) 247, and (d) 668
trehalose molecules around conf3-5mol system during the time it exists in the
monomeric form, oligomeric form (of size 10). Right panel represents the
corresponding values for total water molecules

Mean square displacement (MSD) values of total and hydration layer trehalose
molecules in the presence of (a) 166, (c) 247, and (d) 668 trehalose molecules
around conf3-5mol system during the time it exists in the monomeric form,
oligomeric form (of size 10)

Fraction of molecules in the most populated cluster of trehalose, formed in the
presence of different number of trehalose molecules and conf 1 conformer of
trehalose. If all the molecules form part of a cluster then the fraction would
correspond to 0.1. Similar data were obtained in the presence of other
conformers of a-synuclein as well (data not shown)

Schematic representation of the proposed aggregation pathway of a-synuclein
in the presence of trehalose. The length of the arrows is in accordance with the
equations proposed
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