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Chapter 1

Introduction

“Life is a relationship between moleenles not o property of any one molecule. So is

therefore disense which endangers life. While there are molecular diseases, there are no diseased

molecules. 7

— Emile Zuckerkandl and Linus Pauling
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Chapter 1 3

1.1 Intrinsically Disordered Proteins

Intrinsically disordered proteins and peptides (IDPs) are a class of proteins which lack a
rigid three-dimensional structure[l]. Although the classical structure-function paradigm
(where the biological activity of a protein is determined by its particular structured state)
dominated the protein umiverse for than a century, these 1DPs do not require unigue
structures to perform their functions, thereby challenging the traditional perspectivel[l, 2].
IDPs can often be found in nature, and thus, are involved in several erncial biological
processes|l, 2|, However, due to their intrinsic disordered nature, IDPs undergo extensive
conformational fluctuations, often leading to misfolding[2]. Some of these IDPs misfold
and ageregate into thread-like, elongated insoluble intra- and extraccellular accumulations
known as amyloid fibrils[3]. These amyloid fibrils are linked to the pathology of many
hnman degenerative diseases, such as Alzheimer's Disease (AD), Parkinson's Disease (PD),
Hungtinton Discase (HD), amyotrophic lateral sclerosis (ALS), Type 11 Diabetes (T2D) and
prion diseases. Thus, investigating the conformational activity of these 1DPs has currently
received great attention in the scientific world|[2].

The amyloidogenic peptides differ in their sequences, structures and physiological
functions. Nonetheless, they all aggregate into amyloid fibrils{3|, which have a common
cross-3 structure and intermolecular hydrogen bond network parallel to the fibril axis (Fig
1.1)[4].

', B, S
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Figure 1.1: Fibrillar structure of (a) human islet amyloid polypeptide and (b) amyloid-3
peptide, which are linked to T2D and AD respectively.

The aggregation kinetics of these peptides (Fig 1.2) involves a nucleation-elongation sig-
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4 Chapter 1

moidal profile, where the unstructured peptide monomers, in the lag phase, misfold into
small soluble olipomers, which act as a micleation sate for the association of eitther monomers
or oligomers, ultimately leading to fibril growth in the elongation or growth phase. This is
followed by the platean where the monomers and librils are in equilibrinm in the saturation

phase[d, 5].
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Figure 1.2: Schematic diagram of the kinelics of aggregation of amyloid peptides. Thas
figure is adapted from Ref [6].

The amyloid aggregation depends on a variety of factors, such as, solution pH, temperature,
addition of cosolvents or osmolytes, and presence of membranes[3]. Acenmulation of these
amyloidogenic proteins leads to cellular apoptosis and tissne damage, inducing inlamma-
tion, oxidative stress, and cell death|7]. Previously, it was reported that the presence of
insoluble plaques of amyloid fibrils results in eell loss[8]. However, the current hypothesis
believes that the soluble oligomers is the pathogenic species in amyloid oligomers|9]. In this
thesis, we are focused on the aperegation of one such amyloidogenic peptide, 1.e., human

islet amyloid polypeptide, which is associated with Type 11 Diabetes.

1.2 Type II Diabetes

Type 11 Diabetes (T2D) is a metabolic disease which is primarily designated by high bleod
glicose levels. It involves insmlin resistance, increased glucagon secretion and liver glucose

production, caused due to f-cell failure and reduced sensitivity to release insulin{10]. It is
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the most common form of diabetes and is related to obesity and aging. The recent sedentary
lifestyle with mmsufficient exercise and irregular eating habits has led to an immense increase
in the prevalence of T2D[10]. Currently the number of people suffering from diabetes (90%
with T2D} is estimated to be 463 million, which is predicted to inerease to 700 million by
2045, Diabetes, further, gives rise to compheations in the cardiovascular system, kidney,
vision and also the nerves, even leading to death(10]. The treatment for T2D involves
reducing insulin resistance, by primarily increasing the production and release of insulin,
and also promoeting insulin sensitivity |10, Nonetheless, a complete cure for T2D is yet to be
discovered. The presence of abundant amyloid plaques has been ascertained in about 90%
of the people suffering from T2D. These amyloid deposits mostly consisted of a hormone,
known as hmman islet amyloid polypeptide or amylin[10]. Due to the prevalence of amylin
deposits In T2D patients, the association of hIAPP with the pathogenesis of T2D has
heen inferred. Henee, another approach has been proposed to cure T2D, which deals with
research on drugs to prevent the amyloid aggregation of this polypeptide|[10].

1.3 Human Islet Amyloid Polypeptide

Human lslet Amyloid Polypeptide (hIAPP) is a 37 amino acid neurvendocrine hormone (Fig
1.3). It is co-expressed and co-secreted from the f-cells in the pancreas alongwith insulin
in the ratio of 1:10 to 1:100 (hIAPP:insulin){11]. An 89 amino acid residue preprolAPP
cleaves at the N-terminal to produce prolAPP, which consists of 67 amino acid residues.
This prol APP is, thereafter, postransitionally processed by prohormone convertase 2 (PC2)
to give rise to mature hIAPP[11]. hIAPP also belongs to the calcitonin family, since the
sequences of hIAPP and calcitonin gene-related peptide (CGRP) are similar[12|. hIAPP
is involved in delayving of gastric emptying, inhibiting insulin secretion, controlling satiety,
and regulating glucose metabolism by suppressing glucagon release[11, 12].

hiIAPP Consists ol Lhe arninog ariel SeUence,
KCNTATCATQ"RLANFLVHSS®NNFGAILSST*NVGSNTY (Fig 1.3). It has an
intrinsic disulphide bond linking Cys2 and CysT and an amidated C-terminal end. There
are three positively charged residues, Lysl, Argll and Hisl8, which makes hIAPP cationic
at or below physiological pH. However, hIAPP is relatively hydrophobic in nature[13].

The N-terminal domain exists in o-helix conformation (which is stabilized by the presence

Abstract-TH-3247 176122023
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of disulphide bond)[10], and is involved in membrane binding. The C-terminal region is
mostly amyloid prone and contributes to the aggregation of hIAPP[13]. The presence of
disulphide bond constrain the peptide structure and prohibit the formation of F-strand,

thus, preventing amyloid aggregation|10].
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Figure 1.3: Sequence of human Islet Amylovd Polypeptide (RAPFP). The polar, non-polar
and hasic residucs en (A PP monomer are represented in blue, red and green respectively.

hIAPP monomers is unstructured in its native form, which aggregate into small
soluble oligomers., The oligomers are more compact than the unfolded monomers, but
their structural characterization has proved to be difficult due to their transient nature
(especially in low concentrations)|8]. Reports suggest that they consists of random coil
structures to S-sheet conformers and transition into ordered protofibrils and fibrils[13].
Solid-state NMR[14] (Fig 1.4a) and X-ray crystallography[15] (Fig 1.4b) studies depict
that the strueture of fibrils invelves stacking of parallel g-sheets which are perpendicular
to the Gbril axis, generating "steric zipper” interface. A recent cryo-EM study displayed
the S-shaped structure of synthetic hIAPP polymorph which consisted of residues, Alal3-
Tyr37[16] (Fig 1.4¢).

The soluble oligomers are more cytotoxic to the membranes than the subsequent
fibrils. In addition, the formation of these olipomers and fibrils result in the production
of reactive oxygen stress (ROS), which compromised membrane integrity[10]. The pres
ence of membranes also influence the kinetics of hIAPP assembly. The membranes act
as a platform for micleation sites for further fibrillation. The eytotoxic hIAPP aggregates
permeabilize cell membranes, leading to cell apoptosis. Reports suggest that F-sheet rich

hIAPP oligomers insert into the hydrophobic region of the bilayer and results in mem-
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brane disruption[10]. The perturbation activity of small soluble oligomers is indicated to
be higher than fibrils[10]. Also, the in situ oligopmer assembly at the membrane or their
insertion into the bilayer may lead to non-specific pores or ion-channel assemblies within
the bilayer[10]. A detergent-like mechanism is also observed, where fibrils attract lipid
molecules to disrupt the membrane integrity[17]. Different mechanisms have been pro-
posed for the disruption of membranes by hIAPP intermediate states, but physiological

relevant information is required to develop inhibitors to prevent this phenomenon|10].

Figure 1.4: Structure of hIAPP fibvils obtained by (a) Solid-state NMR[14], (b) X-ray/15]
and (¢) cryo-EM[16] methods. The blue and ved balls indicate the N- and C-terminal ends
respectively.

The amyloidogenic nature of peptides depends on the presence of specific aminoe
acid residues and their arrangement. These sequences can promote ageregation and the
formation of cross-f struetures|18]. For example, unlike hIAPP, rat IAPP (rIAPP) is not
amyloidogenic in nature, even though, their sequences are 83% identical[19]. The differences
lie in the region spanning residues 20029, Consequently, Ser20-Ser29 of hlAPP is found
to enhance the aggregation of hIAPP[20), Also, this segment can form amyloid fibrils in
isolation in wive and is related to the onset of T2D. The pentapeptide fragment FanGAlLz7 i3
the shortest sequence to form amyloid fibrils individually[21]. Apart from this, FsLVHS
and N FLVH4 on the N-terminal are also amyloid prone[10]. The aggregation of this
peptide s, hence, not governed by any single sequence chain, but is much more complex.
However, the charge, hydrophilicity and aromaticity of the amino acids are erncial for
the aggregation property of hIAPP[10]. Out of the three positively charged residues, the
protonation state of His18 is important for hIAPP fibrillation[22]. Also, on mutating His18

with amino acids of varying polarity, charge and size, the resulting fragments are less
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amyloidogenic(22]. In addition, substituting the aromatic residue Phe23 with Ala abolishes
amyloid formation[10]. The stacking interactions between aromatic residues stabilize the
ageregation of amyloid peptides. Further, Pheld and Phe23 are involved in forming carly
intermolecular interactions at the onset of aggregation pathway. Together, these studies

shed light on the contribution of the various types of amino acid residues on the aggregation

of hIAPP[10].

1.4 Inhibitors of hIAPP Aggregation

To control the expansion of T2D, the search for novel drugs 18 ongoing. One of the thera-
peutic approaches to treat T2D is focused on the aggregation of hIAPP[23|. A variety of
inhibitors has been reported fo affect the aggregation of amyloid peptides and, in general,
can broadly be classihied into three categories: small molecules, peptides and peptidomimet-
ics, and lastly nanoparticles[23]. Since the mechanism of misfolding of hIAPP into toxic
aggregates is still unclear, it is important to discover various classes of inhibitors which can
hinder the abnormal folding of hIAPP.

1.4.1 Small Molecules Based Inhibitors of hIAPP Aggregation

The most common type of anti-amyloid inhibitors explored are small molecnles. These
small molecules often contain aromatic rings and polar groups, due to which they can
effectively interact with the aromatic residues, and as well as the hydrophilic residues.
This suppresses the interactions between the peptide residues and hence interrupts its
ageregation|[23]. Several polyphenols, which are biesynthesized in plants and also found
in foods, have gained particular attention for their anti-amyloid properties, due to their
stability, easy availability and low side effects, The polyphenols possess anti-oxidant and
anti-inlammatory properties that help them to capture free radicals and suppress reactive
oxygen species (ROS), which promotes their utilization as amyloid drugs[23]. Further,
they can bind to metal ions, which significantly affects amyloid aggregation|7]. Among
the polyphenols, Havonoids are the largest and the most well-studied group of compounds
to have been tested for therapeutic applications to treat amyloid diseases(24]. Among the
wide range of favonoids, one of the most well-known flavonols, epigalloeatechin-3-gallate
(EGCG), inhibits the fibrillogenesis of various amyloid proteins, including hIAPP[23, 25].

Abstract-TH-3247 176122023
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This green tea extract has the intrinsic ability to diminish the aggregation and cytotoxicity
of amyloid peptides due to the presence of non-specific hydrophobic and hydrogen-bonding
mteractions. EGCG can pass through the blood-brain barrier (BBB), which makes it a good
drug candidate to treat T2D([26]. EGCG preferentially interacts with the C-terminal region
of hIAPP with the help of aromatic interactions between the gallate ester moiety of EGCG
and the aromatic residues of hWIAPP (F15, F23, and Y37)[27 29]. Other green tea extracts,
such as catechin, epicatechin, gallocatechin gallate (GCG), epicatechin gallate (ECG), and
epigallocatechin (EGC), also display anti-amyloidogenic properties by directly binding with
the steric zipper of the fibrillar segments to freeze fibrillation[30]. The inhibitory capacity
of preen tea extracts on hlIAPP aggregation and destabilization of preformed aggregates
follows the order EGCG > GCG > EGC > ECG > epicatechin in an equimolar ratio.
The gallic acid ester moiety of EGCG is instrumental in its anti-amyloid activity against
hIAPP. However, gallic acid is a poor inhibitor of hIAPP aggregation[31].

Other natural flavonoids such as genistein, isorhamnetin, kaemferol, morin,
myricetin, guercetin, rhamnazin, and tamarixetin share a similar scaffold but differ in
the number and position of -OH and -OCH3 groups[23, 32]. Morin demonstrated the best
results among all the above-listed compounds. The ortho-hydroxyl group of merin plays
an important role in its interaction with hIAPP oligomers (preferentially binding with L16,
HI18, 23, G24, and 126)[33]. Quercetin, whose structure differs from that of morin by
the position of one ~OH group, reduces hIAPP fibrillation by almost T0% and increased
RIN-m5F cells by 8%[23]. A derivative of guercetin combining with disaccharide ruti-
nose, rtin (25 pm) completely inhibited hIAPP (25 pm) aggregation[34]. Additionally,
quercetin protects amyloid-induced cells in vitro and #n vive, confirming the importance
of this compound for drug development[32]. Myricetin interacts with the amyloidogenic
core of hIAPP and disrupts its librils and reduced amyloid formation by 22-25%[23]. The
structure of genistein differs from those of the previons three componnds in the position of
the phenolic moiety. Thioflavin-T data showed that genistein induced stronger inhibitory
ability toward hWIAPP (C-terminal) fibrillation than that of A8 (N-terminal)[35]. Silibinin
binds to 528 of hIAPP and prohibits hIAPP monomers from transitioning from random
eoil to a-helix configuration[36]. 1t alleviates hIAPP-induced eytotoxic effects and does
not show a negative effect on cell viability[23]. On comparing the inhibitory efficacy of five

flavonoids (EGCG, genistein, quercetin, rutin, and silibinin) on hIAPP aggregation, it was
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10 Chapter 1

revealed that these Havonoids favorably interacted with the L12-N14 and N31-N35 regions
of hIAPP. The order of inhibition 15 as follows: genistein > rutin > quercetin > EGCG =
silibinin|23|. A recent study on two diastereoisomers of silibinin, Silybin A and Silybin B,
showed that the poteney of Silybin B toward inhibition of hIAPP aggregation and protec-
tion of INS-1 cells from hIAPP-induced toxicity is more than that of Silybin A[37]. This
is ascribed to the fact that Silybin B stereospecifically binds to the amyloidogenic core
of hIAPP, hIAPP4,_24[37]. Due to steric hindrance by the OH gronp connected to ring
D in Silybin B, ring E is unable to rotate [reely, in contrast to that i Silybin A, Henee,
interactions between the OH group (ring D) and the OCH3 group (ring E) of Silybin B
and hIAPP are crucial.

Curcumin targets the a-helix conformation of hIAPP to prevent the formation of
on-pathway oligomers|38]. Curcumin is widely used for therapentic purposes due to its low
cost, easy availability, anti-inflammatory and antioxidant properties, and potential to cross
the BBB (due to its lipophilic character)[39]. While curcumin is not toxic at low doses, its
low solubility limits its clinical trnials. However, to aceonunt for the mstability of eureumin
in aqueons solution (which makes it difficult to study the curcumin-peptide interactions), a
derivative of curcumin, curcumin diacetate. is formed which not only halts fibril formation
and destabilizes preformed fibrils but also protects lipid membranes[40]. Caffeine delays the
a-helix to f-sheet transition, leading to inhibition of formation of hIAPP aggregates(41].
Clusters of caffeine form a hydrophobie enwironment around the hydrophobic residues of
hIAPP, interrupting the inter-peptide inferactions, thus blocking the oligomerization of
these peptides. The three colfee compounds are most effective against hIAPP aggregation,
compared to other peptides. Also, cell viability assays proved that the protection effect
on pancreatic INS-1 cells imposed by these compounds in T2D patients follows the order
caffeic acid > chlorogenic acid > calleine|23]. Cichoric acid, a derivative of calfeic acid,
also targets the residues of hIAPP via electrostatic and m-m stacking[30]. Brazilin has also
displayed amyloid inhibition, delay of conformational transition, and Hbril disruption of
hIAPP[32]. It also protects cultured cells from hIAPP-induced cytotoxicity. Its inhibition
property against hJAPP aggregation arises due to its preferential interactions with the N-
terminus and turn region of hIAPP|23]. Based on pharmacokinetic studies in vive, brazilin,
due to its high stability, long half-life, and ability to cross the BBB, might prove to be a

good therapentic candidate|32]. Oleuropein, a polyphenol found in olive plants, displays
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dual anti-diabetic functions: i.e., it promoetes the secretion of insulin from S-cells and also
protects them from hIAPP-induced eytotoxicity[23]. However, its inability to penetrate cell
monolayers hampers its potential as a drug candidate, Oleuropein aglycone, an oleuropein
derivative found in extra-virgin olive il is more lipophilic, making it more suitable for
oavailability. 1t inhibits hIAPP fibrillization more etheiently than oleuropein, also reduc-
ing the size of the fibrils[32]. Tt is more effective in protecting hIAPP-induced membrane
damage than EGCG[42, 43|. Resveratrol, the phytoalexin stilbenoid polyphenol found in
grapes and red wine, suppresses the aggregation of hIAPP by interrupting the lateral ex-
tension of a single-layered f-sheet oligomer. Tt prevents hIAPP from interacting with the
membrane surface by locking the peptide conformation into a helix conformation|44]. The
small size of resveratrol enables it to ocenpy the groove of hIAPP's protofibrillar surface near
the N-terminal end, blocking the lateral association of F-sheets and thus destabilizing the
ordered structure[44]|. EGCG, on the other hand, occupies the C-terminal amyloidogenie
region on the surface of the f-sheet layer. Since the N-terminal region of hIAPP i respon-
sible for its binding to the cell membrane, which is associated with amyloid texicity, the
preferential interaction of resveratrol with N-terminal hIAPP protects f-cells|44]. Resver-
atrol also degrade hIAPP deposits and restore the insulin secretion ability in hIAPP-INS1
cells. To combat the poor solubility of resveratrol, it was functionalized with a phosphoryl
moiety that also improves its pharmacological properties and inhibits amyloid growth. An-
other regveratrol derivative is synthesized which has a lipid tail and, therefore, can anchor
the resveratrol functional group on the membrane surface and intercept membrane disrup-
tion. A mixture of both of these derivatives resulted in preventing hlIAPP amyloid growth
and amyloid-mediated POPC/POPS membrane damage in vitro. This novel strategy can
thus be employed to prevent amyloid growth and membrane damage|45]. Orcein, which is
extracted from lichens, binds to the amyloid core of hIAPP, N22-126, converting the or-
dered protofibrillar structure into a less ordered arrangement via aromatic and hydrophobic
interactions[46]. WIAPP forms amorphons off-pathway assemblies in the presence of orcein
which inhibits the formation of mature hIAPP fibrils.

Dopamine, which is a common neurotransmitter, decreases the 3-sheet propensity
of hIAPP and interacts with the amyloid-prone regions (especially with R11, L12, F15,
H18, F23, 126, 1.27, and Y37 residues) primarily by hydrophobic and w7 interactions[47].
It interacts with the N-terminal and turn regions of hIAPP protofibrils to disrupt them.
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Tanshinones are extracted from the roots of Salvia miltiorrhiza Bge and have been used
as neuroprotectors and also to treat diabetes[23]. They consist of two major compounds,
tanshinone | and tanshinone HA. They interrupt hIAPP ageregation and simultaneously
protect cultured cells from indueed toxicity by binding to N14-F15 and the amyloid-prone
F23-1.27 residues of hIAPP[39]. Tanshinone | displays better disaggregation potency to-
ward preformed hIAPP fibrils than tanshinone 1TA[48]. The association between the amy-
loidogenie region of hIAPP, hIAPP3; 29, and melatonin is dominated by hydrogen-bonding
interactions, followed by aromatie stacking and CH-# interactions, which prevent the 8-
sheet formation of hIAPP[49]. Choline-O-sulfate (COS), which has a tertiary amino group
and a sulfate group, is a naturally oceurring osmolyte which inhibits the oligomerization
of hIAPP[50, 51]. MD simulations of COS with hIAPP monomers disclosed that the sul-
fate oxcygen of COS binds with the hIAPP backbone and causes disruption of the S-sheet
formed between the amyloidogenic regions of hIAPP (R11-S20 and F23-T36)[51]. Vari-
ous hypoglycemic drugs, such as, troglitazone, repaghmde, reduces f-sheet formation and
amyloid fibrils, and hence has potential to treat T2D, However, the poor solubility of small
molecules posses a problem for their use as drugs, therefore, their bioaccessibility has to be

improved|23].

1.4.2 Peptide Based Inhibitors of hIAPP Aggregation

This class of inhibitors consists of small peptides or peptide mimetics, most of which
are derived from the original sequence of hIAPP or de novo design. They are then
modified by substituting with different amino acid residues or organic moieties. The
peptide-based hIAPP inhibitors possess intrinsic merits, such as. high biocompatibility,
low immmmogenicity, ease of synthesis and modification, high binding affinity to targets
and controllable folding structures(23|. The N-methylation at Gly24 and 1e26 of the
hIAPPy,_ oy fragment helps in the inhibition of hIAPP fibrillogenesis by 68% and reduc-
tion in the hIAPP mediated apoptotic f-cell death by 20%[52]. Similar N-methylation
of WMAPPay. 20/53] and the full length hIAPP[54] showed inhibitory effect against hIAPP
aggregation at nanomolar level, with a high binding affinity. The mutation of residues by -
sheet breaker units, such as proline (Pro) or e-aminoisobutyric acid (Aib)[55] also prevents
the folding of hIAPP into f-structure. In addition, the non-amyloidogenic H18R /I26P
or HISR/G24P/126P or H18R/A25P (S28P/S20P mutants displayed improved inhibitory
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ability with higher solubility[56]. Furthermore, the two f-sheet forming regions of hIAPP,
WAPP, ;4 and hIAPP,, 4y, joined by a senies of hinkers, effectively inhibits both hIAPP
and Af aggregation[57]. The lag time of hIAPP fibrils is prolonged by rIAPP and pramlin-
tide, which are used as peptide drugs for diabetes, and their mutants in a dose-dependant
manner[58]. Further insulin B-chain derived peptides slowed down hIAPP aggregation
at equimolar rafio[59]. Moreover, decrease in the Thioflavin T (ThT) fluorescence in-
tensity of hIAPP was observed in presence of ten fold excess of f-sheet breaker hybrid
peptidomimetics, thus displaying potent inhibitory ability[60]. A peptide extracted from
the extra-membrane C-terminal tail of the SARS corona virus, TVYVYSRVK, modifies
the kinetics of hIAPP aggregation and inhibits the formation of hIAPP fibril[61]. Another
strategy implemented to design peptide inhibitors is to replace the natural L-amino acid

residues with their stereochemical mirror images (1.e. D-amino acids),

Due to the sequence resemblance of small peptide inhibitors derived from hIAPP
with the parent peptide, they often self-aggregate at low concentrations to form amyloid-
like aggregates, several of which are toxae to the cells|62]. Consequently, various g-breaker
elements have been incorporaied in the parent sequence, which prevent the misfolding of
hIAPP into F-sheet rich structure. The replacement of [le26 by a.F-dehydrophenylalanine
(AF) in the small peptide derived from hIAPP amyloidogenic core resulted in two pep-
tide inhibitors, FGAAFL and NFGAAFL, which delay the conformational change of hl-
APP and suppress hIAPP fibrillation[63]. The ThT assay indicated that FGAAFL is a
better inhibitor against hIAPP ageregation than NFGAAFL at a molar ratio of 5:1 for
inhibitor:hIAPP. Further 126P point mutant of hIAPP 15 also a potent inhibitor of amyloid
formation at an equimelar ratio and it lengthens the lag phase of amyloid formation by al-
most 20 fold[64]. Eight analogues of HW-155 designed by Bolarinwa et al. by truncating or
substituting HW-155 side chains proved to be effective inhibitors of hIAPP aggregation|65)].
10-fold excess of peptide 1 not only reduced hIAPP aggregation to 26.1%, but also disrupted
the preformed hIAPP fibrils[65]. ~-peptide foldamers, with structures homologous to 3,
helix, are designed to trap the a-helix conformation of A8 and hIAPP to prevent their
transition into A-sheet amyloids|66]. Further, using a-aminoisobutyric acid (Aib) residnes,
Gilead and Gazit designed three peptide inhibitors by replacing Ala and Leu residues in
hIAPP 5 25, hIAPPs. 15 and hIAPP3_ 7 sequences. Here also, the presence of 10-fold

excess of Aib-containing peptides lowers the extent of hIAPP fibril formation[55|. These
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studies highlight the advantage of insertion of conformational restriction in the designed
breaker peptides that serve as potent inhibitors of amyloid aggregation. The peptide in-
hibitors may undergo rapid proteolytic degradation #n vive, inherit toxicity from their par-
ent proteins and have low membrane permeability[23], due to which they are least explored

among all the categories of inhibitors,

1.4.3 Nanomaterial Based Inhibitors of hIAPP Aggregation

Recently, due to the ease of blood-brain barrier penetration, application of surface-
functionalized hgands, and body clearance, ntilization of naneparticles in anti-aggregation
research has received great attention in recent years(23|. The nanoparticles have a large
surface-to-volume ratio, which enables them to provide strong adsorption sites to trap amy-
loid peptides, both in witro and in wive, thus controlling self-aggregation possibility[67]. The
efficiency of these inhibitors depends on the shape, size; surface charge and ligands, and
lattice facets of the nanoparticles[23].

Among numerous types of nanoparticles, the mfinence of earbon nanoparticles on
protein aggregation has attracted particular interesta[68-75). A variety of carbon nanopar-
ticles. such as carbon nanotubes (CNT), fullerenes (Cg). graphene or graphene oxide,
carbon quantum dots has been recognized as an inhibitor of amyloid aggregation, due to
their unigne physicochemical properties and structure. The amyloidogenic core of hIAPP,
IAPP;_os are strongly adsorbed onto graphene, single walled CNT and Cgy, which in-
hibits its ageregation|74]. Further, the hydrophilicity and solubility of fullerenes coated
with hydroxyl groups, Cg(OH),, enhances their inhibitory effect on hIAPP aggregation
and the cell apoptosis caused by it[70]. Graphene oxide (GO) nanosheets inhibit hIAPP[71]
aggregation by providing rich binding sites for hydrogen bonding and aromatic stacking
interactions, which 15 possible due to the amphiphilic structure of GO and it also re-
duces cell toxicity from 60% to 12%. Carbon dots, including carbon nanodots (CNDs),
carbon quantum dots (CQDs), graphene quantum dots (GQDs) and polyethyleneimine
polymer dots (PDs) display great inhibitory efficacy against both hIAPP and Af ag-
gregation, in the following order, GQDs>PDs>CQDs>CNDs[75]. The fluorine atoms
in fluorinated GQDs (F-GQDs) induces hIAPP to form a-helical structures at the ex-
pense of F-sheet, conformation, enabling F-GQDs to demonstrate stronger inhibitory abil-
ity than GQDs and N N-Dimethylformamide modified GQDs[23]. Furthermore, polymer
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nanoparticles provide chemical and spatially rich binding sites for interacting with amyloid
apgregates|23]. Equimolar polyamidoamine nanoparticles terminated with hydroxyl groups
suppresses hIAPP fibrillization and hIAPP induced cell death|76]. PEG-PE micelles in-
hibits the oligomerization and fibrillization of hIAPP and rescued hIAPP-mediated #-cell
death|77]. Although much effort has been devoted to the application of carbon nanoparti-
cles in the Geld of amyloid ageregation, the eytotoxicity of these nanomaterials, along with
their effect on cell damage, swelling of endoplasmic reticulum and nervons system toxieity
proves to be a disadvantage|78]. In this respect, boron nitride nanotube (BNNT'), which is
structurally similar and isoelectronic to CN'T, serves as a superior alternative.

Lag Phase Elongation Phase __Saturation Phase

N_-b L ]
S N
lD% e

(if-athway
Appregmies

Figure 1.5: Schematic diagram of the aggreqation mechanism of hIAPP and s inhibition.

These different categories of mhibitors modulate structures, assembly pathways,
and membrane interactions of hIAPP, in wilro, in viwo, and in sthico. These inhibitors
achieve their anti-amyloidogenic functions by one or more of the following pathways (Fig
1.5)[7] (i) they interact with the extended monomeric peptides and impede the conforma-
tional transition to a-helix or f-sheet-rich structure; (i) they convert toxic oligomers into
non-toxic, off-pathway oligomers; (1) they alter the ageregation kinetics such that the non-
toxice fibril generation is accelerated by slowing the formation of toxic olipomers; (iv) they
can disaggregate preformed fibrils; (v) they protect cell membranes from amyloid-indneed

poration; (vi) they may chelate metal ions to interject the aberrant interactions between
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the peptides and metal; and finally, {(vii) they can target the secondary processes, such as
mflammation, ccadative stress, and protein homeostasis, which are cansed by the formation

of misfolded proteins|7|.

1.5 Methodology

1.5.1 Molecular Dynamics Theory

In this thesis, we have used classical MD simulation technigue. It has been widely used to
investigate the structure and dynamics of blomolecular systems, such as proteins, nucleic
acids, and small molecules like amino acids, sugars and drugs[2-6]. In MD simulation, the
potential energy function (U) is deseribed by all interactions between the atoms that are
covalently bonded as well as non-bonded interactions between atoms and molecules in the
condensed phase, The interactions between particles are governed by the so-called force
field parameterization|79].

The potential energy function is written as a sum of bonded and non-bonded

interaction terms

U = Upond + Ungte +Uginwirat -+ U+ Uontonb (1.1)

The first three terms ( Upmd. Uingtes Uginegrat ) are the bonded terms, which describe the
bond stretehing, angle bending; and torsion rotation, and the last two terms are for the
no-bonded potential. In bonded terms, the bond and angle contributions are described
by harmonic potentials and all of the interactions between directly bonded atoms (1-2
interactions), angles (1-3 interactions, where two atoms bonded to a common atom), and

torsion (interactions between pairs of 1-4 atoms) are defined as;

bemels
Usngle = E KH{H-'M_H& :‘E {1*3}
angles
Va
Udihedrat = 3 5 (1 +cos(nd —5)) (1.4)
dihedrala

The letters b, @, ¢, and & represent the bond length, bond angle, dihedral angle, and phase

angle, respectively. The subseripts ac stands for actual and eq stands for equilibrium. The
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parameters Ky, Ky, and V,, are the force constants for bond, bond angle, and dihedral
angle, respectively.

The non-bonded potentials are caleulated nsing two terms. the first one is the
Lennard-Jones term (g, ) [80] describing the van der Waals interaction|81], and the second
one is the Coulomb term (Uyiomn) [B2] that deals with the electrostatic interactions between

particles having partial charges on them. The non-bonding interaction terms are defined

worpef@ @] o

J'{j

i
Usghomti= ZZIM:;U (1.6)

where the overall sum is over all the atom pairs 1 and j. Lennard-Jones parameters o and ¢

A8

are the diameter of atomic sites and well depth energy, respectively. ry; is the inter-atomic
distance. g; and gy are the partial charges on interaction sites i and j and ¢, is the electrical
permittivity.

The aim of the MD simulation is to observe the evolution of atomic coordinates
in time, We consider an N-particle system characterized by the following Hamiltonian

N
F:":Z%—l-ﬂ{r“r] (1.7)

i=1
where m is the mass of each particle, p; is the momentum of the i-th particle and U(r") is
the total potential energy of the system which includes the all particle-particle interactions.
The coordinates of the particles are denoted by £¥ = {ry,--- .rx}. The position and
velocity of i-th particle is represented by r; and vy, respectively. The method of molecular

dynamics consists of solving the equation

- (1.8)
Ty

where & = 1.2, (... N, my is the mass of i-th particle and F} is the force acting on particle

i. This equation is obtained easily from the Lagrangian

N N
Z Z“{Wj} (1.9)
1

N

1
L= 5 Z:ﬁniv;.\-’;

t\.-ln—-
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where the potential {7 has been assumed to be the sum of pair potentials uy;. The La-

granpian equation of motion 1s

d 0L, dL
vl Rtk i 1.10
dt g O (1.10)

It is clear from equation 1.10 that the dynamics of particles is described by 3N number of

second order differential equations.
It is also possible to write down the Hamiltonian (H) for the system and solve the

the Hamiltonian equations of motion

L an
_ i 1.1
W=7 (1.11)
at
DYy = ——— 1.12
P o (1.12)

where ¢ and pg represent generalized coordinates and momenta. For a system with pair-

wise interaction potential, the Hamiltonian is

1 M 1 N N
H - §me,v,- = SO ufry) (1.13)
i=1 =1 #H4
and equations 1.11 and 1.12 yield
dry P
P (1.14)
-pi=—-Vu=F; (1.15)

where 1=1.2,....N. There are now 6N first order differential equations to be solved.

The equation of motion 15 solved numerically to yield particle veloaities and posi-
tions as a function of time. It is usually integrated by using finite difference approach. The
Verlet algorithm is one of the most commonly used algorithm for this purpose|83]. The
advantage of the use of Verlet algorithm is that its implementation is straightforward and
storage requirements are modest. Althongh, it has the disadvantage of moderate precision
during the calenlation and velocity does not appear explicitly in the Verlet integration. As
an improvement to the Verlet algorithm, the leap-frog algorithm[84] has been developed.
But, it has a disadvantage that the positions and velocities are not synchronized. As an
alternative of Verlet or the leapfrog algorithm, Velocity Verlet algorithm has been devel-
oped and the following relations are used to calenlate new position and velocity atl the same

tirne:
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r(t +dt) = (L) + v(t)dl %u{ﬂ}rﬂ“ (1.16)

v(t +dt) =v(t) + %1::{!.} + aft + dt)|dt (1.17)

To caleulate the velocities at time t4+-dt, this method requires acceleration at time t and

t4dt. In the present work, we have employed Velocity Verlet algorithm[85].

1.5.2 Simulation Setup

The initial coordinates of LWIAPP,_4; monomeric stroeture was extracted from the solid-
state NMR-based model of decameric hIAPP, provided by the Tycko lab[14], in most of
our work. Similarly the protofibrillar wnit was generated by extracting the coordinates of
live hIAPP chains, which exhilits a fibrillar network of parallel F-sheets. Each of the five
hIAPP, a7 chains was folded into a S-hairpin comprised of two S-strands (Ala8-Vall7 and
Ser28-Tyr37), which was joined together by a loop (His16-Leu27). Another hIAPP protofib-
ril was obtained by cryo-EM methods (PDB ID 6Y1A)[16]. In this model, hIAPP5 5 was
arranged in S-shape, consisting of G-strand (Asnl4-Ser20}-loop (Asn21-Ala25) - S-strand
(11e26-Vald2) loop (Gly33-Ser34 )} f-strand (Asn35-Tyr37). In each hIAPP chain, a disul-
phide bridge interconnected the Cys2 and CysT residues and the C-terminal was amidated.
The positively charged hIAPP peptides were nentralized by adding CI7[86] ions and was
solvated with TIP3P water. All the systems were prepared using PACKMOL[87] and the
TLEAP module of the AMBER package[88| was used to create the initial parameters. The
peptides were modelled using AMBER145B force field|89].

[nitially, each system was energy minimized for H5000 steps, each with steepest
descent method and then conjugate gradient method, to remove bad contacts between the
solute and solvent, The system was then gradually heated from 0K to 300K over a period
of 180 ps in canonical (NVT) ensemble. Afterwards, an equilibration step of 5 ns was
performed first in NVT ensemble; and then in isothermal-isobaric (NPT) ensemble at a
pressure of 1 atm for 500 ps. This was followed by a production run of in NPT ensemble at
300K and a pressure of 1 atm. The temperature was regulated, throughout the simmlation,
using Langevin dynamies[00] with a collision frequency of 1 ps™'. To control the physical
pressure, Berendsen barostat[91] with a pressure relaxation time of 2 ps was nsed. SHAKE

algorithm[92] with a tolerance of 1075 A was used to constrain the bond lengths involving
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hydrogen atoms. The particle mesh Ewald (PME)[93] method was applied to treat the
long-ranged non-bonding electrostatic interactions and 10 A ent off radius was employed
for short-ranged non-bonding Lennard-Jones interactions. For each system, in all three
directions, periodic boundary condition was used. All the molecular dynamics simulations

were performed using AMBERIS or AMBER20[88| package.

1.5.3 Analysis Methods

[n order to analyze the MD trajectories, we have used the CPPTRAJ program of the AM-
BER toolkit[94] and VMD[95], which was also used for visualization purposes. The sec-
ondary structure of the peptides was recognized using the Dictionary of Secondary Structure
Prediction (DSSP)[96] method. The solvent accessible surface area (SASA) was calenlated
by Linear Combinations of Pairwise Overlaps (LCPO)[97] algorithm with 1.4 A of probe
radins. A hydrogen bond is considered to form if the distance between the donor (D) and
acceptor (A) is within 3.5 A and simultaneously the D-A-H angle is within 45°(98]. The
cluster structure analysis was carried out using the Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) clustering algorithm[99]. The preference of hIAPP to
interact with itself over solvent was determined by the parameter, 'y, which was caleulated

by the following equation|100],

rll'l-li' = ﬁ]‘l{cm_n;m.r] {1']81

where p and w indicates hIAPP and water respectively, and p, corresponds to the
number density of hIAPP. The Kirkwood-Buff (KB) integrals, G, and Gy, were calculated
from the radial distnbution functions of the center of mass of the peptides with itsell and
water respectively. The two-dimensional free energy landscapes (FELs) were computed

using two reaction coordinates, following the equation,

AG; = —kgT ln F; — In Py (1.19)

where ki is the Boltzmann constant and T indicates the absolute temperature,

AG; is the free energy of coordinate i at a probability distribution of P; and the maximun
probability is represented by Prg,. Two aromatic rings were considered to be involved i m-

7 stacking when the distance between the center of mass of each ring (r) was within 6 A and
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the angle formed by the normals of these rings (#) determined the orientation of stacking
(Fig 1.6a). A @ lying in the range of 0°-30° or 150°-180° indicated parallel stacking, 30°-60°
or 120°-150° symbolized herringhone, while 60°-120° was for perpendicular or T-shaped
stacking|47| (Fig 1.6a). The distance cut-off for NH-m stacking interaction was taken to be
5 A[27] (Fig 1.6b).

(a)

B= Qo= 50"
1507 = 180

Parallel

(b)

Figure 1.68: Schematic representation showing {a) 7-n and (b) NH-w stacking orientation.

The binding free energy of hIAPP with the inhibitors was caleulated using Molecu-
lar Mechanics/ Generalized Born Surface Area (MM /GBSA }[101], using the Python seript,
MMPBSA.py[102]. The binding energy (AGgma )between a receptor and a ligand was

caleulated as:

ﬂf;?ﬁnrﬁ = ﬂ"',f:lw i &(—:".m.iﬂ (12“]
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Al = Al + ABypy (1.21)
AGuue = ACGap + AGyp (1.22)
AGyp= ’}'[5}15.’1} + 4 1:1.23}

The energy in vacunm (gas phase), ABEuas, consists of the electrostatic energy
(AE..) and the van der Waals energy (AE,q,). The solvation free energy (AG, ., ) is the
summation of polar solvation energy (AGgp) and non-polar solvation energy (AGyp)[103].
The GB model was implemented to assess AGgp and AGyp was obtained from the sol-
vent accessible surface area (SASA), which was caleulated from MSMS program([104]. The
surface tension of the solvent 4 and fitting parameter § were 0.0072 keal A=% and 0.0

respectively.

1.6 Present Work

Within this thesis, we embark on a comprehensive exploration on the intricate journey of
WAPP aggregation, coupled with the myriad classes of compounds harboring the potential
to impede this process.

[n Chapter 1, a foundation i2 laid through the introduction of MAPP. It is fol-
lowed by an in-depth foray into the mamifold conformational states, pivotal i engendering
the aggregation phenomenon. Furthermore, we dissect an array of different categories of
mhibitors, each contributing to the modulation of hIAPP agpregation pathways. A brief
discussion of the molecular dynamics simulation methodology, which is a vital framework
underpinning our study is followed. Thereafter, Chapter 2 takes the helm into venturing
the different conformational states of an amyloid prone fragment of hIAPP, hIAPPy; s,
via Markov State Modelling. Here, the transition pathway between the metastable states
of hIAPPa;_2 dimer is analyzed and an in-depth investigation into the metamorphosis
between the different conformations, which are erucial for the misfolding of hIAPP is also
carried ont. Chapter 3 explores the inflnence of two small biological molecules on hIAPP

aggregation, via all-atom molecular dynamics. In the first part, Chapter 3.1, we have
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explored the effect of norepinephrine, which is & common neurotransmitter, on the amy-
loidogenesis of hIAPP. In Chapter 3.2, a new aspect of adenosine triphosphate (ATP),
other than being the energy source for biochemical processes, 15 inguired. Here, the ten-
dency of ATP to prevent the oligopmerization of hIAPP is discerned. Norepinephrine and
ATP, not onuly prevent the aggregation of hlIAPP, but also disassemble previously formed
aggregates. This chapter, thus, enlighten us about the diversity of the molecular struc-
tures that can modulate the aggregation of hIAPP and the effect of these structures on
the activity of the inhibitors. Chapter 4 turns the diseotirse towards peptides and pep-
tidomimeties, probing their roles in shaping the ageregation narrative. Two such inhibitors
are investigated, both of which are extracted from the amyloid core region of hIAPP, i.e.,
NZFGAILY". In Chapter 4.1, this WIAPP fragment is replaced with all D-amino acids,
and 15 used to prohibit the selbassembly of full-length hIAPP. In Chapter 4.2, a conforma-
tionally restricted element, aminobenzoic acid is incorporated into NFGAIL sequence, by
replacing [le26 and /or Gly24 residues. Here, three different isomers of aminobenzoic acid is
used, i.e., (8, 7, ), where contrasting behaviour of the isomers is observed. Hence, in this
chapter, we have conveyed the effect of stereochemistry of the amino acid residues or mod-
itied organie moieties on the inhibitory potential of peptides or peptidomimetics, A novel
dimension unfurls in Chapter 5, where the alliance between boron nitride nanomaterials
and hIAPP aggregation is explored. These biocompatible nanomaterials not enly inhibit
the dimerization of hIAPP, but also disaggregate pre-formed fibrils. Finally, Chapter 6
nnfurls a tapestry of conclusions, weaving together the diverse threads from our journey.
In unity, this thesis parades as an extensive survey, deciphering the aggregation pathway

of hTAPP and unveiling an assembly of agents suspected to intervene.
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Chapter 2

Disclosing the Conformational
Transition of hIAPPy) 99 Dimers via
Markov State Modeling
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“The eomplerity of the protein molecule appears to furnish, when viewed in terms of
atormic forces, a sufficiently intricate, detailed pattern to make understandable the precise speei-

fieity of protein reaction,”

— Warren Weaver
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Chapter 2 a9

Overview

Amyloid deposits of human islet amyloid polypeptide (hIAPP) are found in 90% of individ-
nals sulfering from Type 11 Diabetes (T2D). The disordered hlAPP monomers misfold into
on-pathway oligomers, which finally results in amyloid fibrils. The early-stage oligomers
formed during the process of hIAPP aggregation process are reportedly more cytotoxic
than their mature fibril counterparts. The precise structural rearrangement that govern
the imitial stages of hIAPP agegregation continue to elude experimental consensus. To limit,
the worldwide spread of T2D, drugs targeting hlIAPP aggrepates are being currently de-
veloped. However, for this, adequate knowledge of the conformational change of hIAPP
during its aggregation is nedessary. Hence, m this chapter, the initial aggregation path-
way of an amyloid core fragment of hIAPP, hIAPPuy 24 18 investigated. Via Markov State
Maodels, it is found that an assembly of conformers, ranging from random coils and turns
to a-helix and f-sheet populate the structures of hIAPP2g 29 dimer. On analyzing the
diverse pathways of structural reconfipuration from randem ceils to antiparallel g-sheets,
the importance of a-helices and turn conformation is detected. Hydrophobic interactions
emerge as the driving force during the transition between states. This study reveals the
subtle interplay between molecular forces that orchestrate the aggregation of hIAPP and
thus contribute to the attempt to decode the origing of molecular mechanism of h1APP

aggregation.
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Chapter 2 41
2.1 Introduction

Like most 1DPs, hIAPP, under physiological conditions, lacks a stable, well-defined con-
formation and possesses a high propensity to misfold into soluble on-pathway oligomers,
which further arranges into insoluble amyloid fibrils with a cross-3 sheet structure(l|. The
possible therapeutie strategies to control 12D include prevention of these early on-pathway
oligomer formation[2]. Therefore, it is crucial to characterize these oligomeric infermediates
and the mucleation dynamics leading to amyloeid agpregates to understand the eytotmaceity
mechanism, which will aid in drug design against T2D.

The hIAPP monomer is primarily, a random coil structure with a small portion
of a-helical and f-hairpin conformation{l, 3-5|, Previous experimental studies of kinet-
ics of hIAPP aggregation displayed that hIAPP monomers forms S-sheet rich oligomers
via transient helical intermediates|6]. The a-helical structures are also suggested to be
on-pathway intermediate during aggregation by circnlar dichroic spectroscopy([7]. Chiral
sum frequency also showed the fransitions from a-helix to G-sheet for membrane-bound
hIAPP[8]. On the other hand, reports also suggest that replacing helieal intermediates
with non-helical analogs assisted hIAPP aggregation[9]. Prevention of helical folding am-
plified the eytotoxicity and membrane perturbation|10]. Hence the definitive role of helical
intermediates is ambiguous. However, the S-hairpin structure is reported to be the amy-
loddogenic prm'.nm}r[ﬂ].

Even though molecular dynamies simulations yield time-resolved trajectories, infor-
wation regarding the kinetics of conformational trapsitions is challenging fo obtain through
them, unless the whole configurational space is thoroughly explored. This is again difficult
for the simulation of IDPs, due to their transient nature. Markov State Models (MSMs)
can be helpful, in this regard([11, 12]. Short MD simulations starting from a myriad of con-
formations can be assembled together and the configuration space is dicretized into states.
The thermodynamies and the kinetics informations of the transition between conformation,
as well as the detailed transition pathways can be obtained from the models. Hence, it is
very useful to gain knowledge of the molecular mechanism involved during the conforma-
tional transitions. MSM has been used previously to study the ageregation dynamics of
Afg_ e dimers and tetramers[5, 13]. The helix to sheet transition of Afy, is also analyzed

by MSMs{14, 15]. Moreover, the ageregation of PHF6 and the conformational transition
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of R3 fragment. have also been studied|16, 17].

MSM of the dimerization of hIAPPy;_zs reported that hydrophobic interactions
contribute to the initial collapse of the separate monomers to form anti-parallel cross-g
state[18]. The amyloidogenic core of hIAPP consists of the sequence, S NNFGAILSS?.
Thiz core region ean form f-sheet aggregates in isolation én vive and is related to the onset
of T2D. Further, it also consists of F*GAIL*" residues, which is the shortest pentapeptide
sequence to form amyloid fibrils individually[19]. Therefore, in this chapter, we investigate
the conformational change of SPNNFGATLSS® dimer via Markov State Modelling. The
dimerization is the first step towards eligomerization, and therefore. it will be possible to
shed light on the early oligomerization of hIAPP. hIAPPsy 26 dimers are siomlated using
rephica-exchange molecular dynamics and the MSM is constructed to reveal that the anti-
parallel extended-5 conformation is the most populated state. The transition from random
coils to # structure ean ocenr via many pathways, most of which involve formation of
transient helical and turn structures. The in-detail intra and inter-chain contacts are also
calcnlated to interpret the structural transitions. This will help to elucidate the residues
which are erucial for the amyloid aggregation of hIAPP.

The in-detail methods employed to carry out the simmlations and MSMs are men-
tioned in the Simulation Methods section. The Results section reports the ontcome of the

analyses, while the final concluding remarks are presented in the Conclusions section.

2.2 Simulation Methods

In this study, we have investigated the different conformational states of an amyloid prone
region of hIAPP, consisting of the residues S*NNFGAILSS?" and the transition between
these states. At first, we performed replica exchange moleenlar dynamics (REMD) of
hIAPP2; 20 dimer and then we analyzed the simulations using Markov State Models

(MSMs) to study the kinetics of the peptide dimer.

2.2.1 REMD Simulations

The coordinates of WIAPP.y zq were extracted from the solid state NMR model[20]. The
terminal ends were capped to eliminate the influence of the terminal charges. Initially, the

peplide fragment extracted from the NMR model was simulated at 500 K to remove any
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bad contacts. Two chains of hIAPP.,_ 50 obtained above was placed in an octahedral box,
at a distance of 15 A. The minimum distance between the solute and water box wall was
10 A. Ultimately the system was simulated at 300 K and 1 atm pressure in NPT ensemble

for 50 ns. The resultant structure is finally used for REMD simulations.

305 307.57 | 310.16 | 312.77 | 316.4 | 318.04 | 320.7
323.37 | 326.06 | 328.77 | 331.5 | 334.25 | 337.01 | 339.77
342,57 | 345.39 | 348.22 | 351.08 | 353.95 | 356.85 | 359.76
362.69 | 365.63 | 368.6 | 371.59 | 374.50 | 377.62 | 380.67
383.73 | 386.82 | 389.92 | 303.11 | 396.25 | 309.42 | 402.64
406.85 | 409.08 | 412.33 | 415.6 | 418.89 | 422.21 | 425

Table 2.1: List of Temperatures (K) used for REMD simulations.

42 replicas were prepared at a temperature range of 305 425K (Table 2.1), using
Ref. [21]. The exchange rate bhetween the replicas was around 25.8%. Each of the replicas
was energy minimized, which was followed by 1 ns of conventional MD with no replica
exchange in order to heat each replica fo the target temperature. After that, each replica
was simulated for 200 ns, where exchanges were performed for every 1000 steps. The molec-
ular dynamics simulations were carried out in AMBER20 package[22], following protocols
mentioned in Chapter 1 (Section 1.5.2).

2.2.2 Construction and Validation of Markov State Models

Markov state model (MSM) is a kinetie network model which ean investigate multiple short
molecular dynamics simulations to prediet the conformational dynamics of biomelecules,
measure the dynamic pathways, and predict the kinetic and thermodynamic properties|23,
24]. MSM helps to identily relevant conformational states and also the transition rates
between key conformational states, In MSM, the conformational phase space is partitioned
into many diserete states, such that each metastable state consists of conformations with
similar struoctural and dynamie properties. Thuos the transition within states is fast, but
between them is slow. Based on these properties, MSM has been successfully applied

to investigate the conformafional changes in proteins that cannot be directly accessed
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by conventional MD simulations such as protein folding and aggregation|25-27|. The only
requirement for securing accurate knowledge about protein dynamics is that the constructed
model has to be Markovian. The transition process is considered to be Markovian if the
transition probability depends only on the current state and not on the previous state (that
18, it is memory-less). In MSM, the dynamies of system can be described by the following

equation:

Plnr) = [T()]" P(0) (2.1)

where P(n7) is the vector of state populations at time nt, T is the transition probability
matrix. and 7 i1s the lag time of the model.

At first, selecting the proper discretization feature to capture the process of interest
is necessary. The variational approach for Markov processes (VAMP)[28| is applied to
compare the ability of certain features to capture slow dynamical modes in a particular
molecular system. The feature with the highest VAMP-2 score was chosen among a series of
features relevant to protein strocture. Then, in order to project the high dimensional space
to low dimensional Iatent space, dimensionality reduction was carried out using time-lagged
independent component analysis (TICA)[20], .whjch resulted in 2 independent components
(ICs), at a lag time of 0.4 ns. After that, clustering in the TICA space was performed
to identify points that are similar to cach other via k-means clustering method[30]. After
clustering, the trajectories are dicretizid and then the approximate lag time to construct
MSM was determined by caleulating the implied fimescales (I'Ts) by the following equation:

T

where A; ith eigenvalue of the transition probability matrix T with lag time 7. Choosing
the appropriate lag time is essential to construct a proper MSM. Each IT scale represents
the average transition time between two subsets of states. To this end, the implied time
scale was plotted with respect to different 7 values (Fig 2.7), and the lag time at which the
I'T values plateaus out, i.e., no change of IT is observed, is considered for MSM. This also
assumes the Markovianity of the model.

Further, the Chapman-Kolmogorov (C-K) test[30] was also carried ont to check

the validity of the model. The CLK test measures the similarity between the transition
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probability obtained by simulation trajectory (indicated by "prediet” in Fig 2.8) and that
generated by MSM (indicated by "estimate” in Fig 2.8), using the equation,

T(kr) = T*7) (2.3)

where T(7) is the transition probability matrix (obtained from MSM) at lag time 7 and
k is an integer larger than 1. Subsequently, coarse graining of the MSMs was done to
gain meaningful insight of the models, where, the corresponding microstates were grouped
into macrostates at the determined lag time. The Robust Perror-cluster cluster Analysis
(PCCA+)[31] method was used for this. All the above analysis were carried out using
PyEMMA package 2.5.7(32].

2.2.3 Analysis Protocols

In order to gain insight into the different transition pathways between the macrostates,
transition path theory (TPT)[33] was utilized to ascertain the transition paths and fluxes,
A contact between the peptide residue pair was taken into account if any heavy atom of one
residue was within a distanee of 4 A from the other residue[34]. The transition pathway was
caleulated using PyYEMMA package 2.5.7[32]. Visual Molecular Dynamies (VMD)[35], was
used for visualization and hydrogen bond analysis. CPPTRAJ toolkit of AMBER20[36]
package was utilized for carrving out the remaining analyses. The simulation analyses were

carried out following the protocols discussed in Chapter 1 (Section 1.5.3).

2.3 Results and Discussions

2.3.1 MSM Analysis

The first step to obtain an aceurate MSM is to select a suitable feature which can capture
the slow dynamies of the molecular process. A number of features are selected to capture
our process of interest, which are backbone (BB _torsion) and side chain (SC_torsion) tor-
sion angles, inter- (Inter BB.distance) and intra- (Intra BB_distance) molecular distance
between the backbone atoms and the positions of backbone (BB_position) and Cer atoms
(Ca_position) (Fig 2.1). From the VAMP2 score, we observe that, for our system, the

backbone torsion contain much more kinetic variance (highest VAMP2 score) compared to
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the other features. Hence, we have considered this as our feature for further analysis.
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Figure 2.1: VAMP-2 score of the siz different selection features.
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Figure 2.2: The marginal distributions of structwres on the two [Cs.

Then TICA iz performed to reduce the feature space into 2 [Cs at a lag time of (.4 ns and 1t
can be seen that IC1 is clearly able to resolve the metastable states (Fig 2.2). The sample
density projected on the 2 1Cs are presented in Fig 2.3, where multiple densely sampled
states are observed, which indicate the presence of metastable states. The existence of
multiple basing indicates that the dimer goes throngh a number of states in the event of
ageregation. Also discrete jumps in 1Cs (especially in 1C1) is noticed at specific time in the

trajectory, which correlate to rare events or sudden transition from one state to another
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(Fig 2.4).
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Figure 2.3: Sample densities in the TICA space along IC1 and 1C2.
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Figure 2.4: Time evolution of IC1 and 1C2.
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Figure 2.5: Free encrgy landscape for the peptides constructed in the TICA space.

The free energy landscape (Fig 5.6) provides an idea of the conformational phase space

with respect to the 2 1Cs, which is plotted following the equation,

AG; = =kgT [ln P — In Pl (2.4)

where the number of oecurrences in state 'i' corresponding to a pair of 1Cs is given by Py
and the maximum mmber of occurrences is Prae. Comparing with Fig 2.3, it is observed
that the densely sampled states correspond to the lower energy basins. The energy minima
are separated by barners, which require significant amonnt of energy to cross.

After dimensionality reduction, l-means clustering is earried outl to generate 500
cluster points (Fig 2.6). These clusters are seen to be mostly distributed in the energy
hasins than the low sampled regions, which indicates that each basin can be considered to
be an assembly of closely related structures. The distribution of the cluster points helps
in the discretization of the trajectories, which is further used to construet MSM. For this,
choosing the correct lag time is important. From the plot of ITS versus 7 (Fig 2.7), we
observe that, after initial increase, [T becomes independent of 7 at aliost +=50 time steps
(1.e., 1.2 ps). Hence we calenlate MSM at a lag time of 0.2 ns. In order to obtain a coarse-

grained representation of the conformational dynamies, the 500 microstates, are lumped
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together to T macrostates, which is used to generate the MSM.
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Figure 2.6: Distribution of the cluster points on the free energy landscape.
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Figure 2.7: Implied timescales as a function of lag time.

The validity of the obtained model is confirmed by the C-K test, where it 15 seen that the

predicted probability matches well with the estimated probability in most of the metastable
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states (Fig 2.8).
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Figure 2.8: Chapman-Kolmogorov test for model validation.

Based on the generated MSM model, all the conformations were partitioned into
T macrostates (Fig 2.9). To represent the conformation of each macrostate, 1000 confor-
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mations are generated. The transition between each pair of macrostate can be visnalized
as a network diagram, as shown in Fig 2.10. The area of each node signifies their station-
ary probability, and the arrows indicate the transition between states, with their thickness
proportional to the transition probability. The maecrostates consists of folded and nnfolded
structures, ranging from random coils, to helices as well ag F-sheet conformers. State 0 rep-
resents a 3y and o-helix, States 1, 3, and 5 consists of some a-helices and mostly random

coil, while State 4 consists of an extended [-sheet and State 6 has two o-helices.

; 5.76

512
4,48 %
--3.54%
320 %
256G
1.92¢
1.28%
0.64

0.00

o

IC1

Figure 2.9 The distribution of the ¥ macrostales onto the the ICs, with each state
coloured.

State 2 consists mostly of coiled structures. State 4, which consists of the extended -
sheet conformation, has the highest stationary probability (22.9%). The a-helix structure
in State 6 has a probability of 19%. States 1, 3, and 5, which primarily consists of coil
and turn structures, display 14.8%, 20.8% and 19.0% probability respectively. The lowest
probability is seen for States 0 (2.3%) and 2 (0.96%).

2.3.2 Secondary Structure of the Macrostates

The grouping of the microstates into macrostates 18 based on kinetic rates between the

microstates. Hence the structures with different secondary structure conformation may
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possibly belong to the same state. Therefore, it is necessary to calenlate the propensity of
secondary structure contents of each macrostate to determine the most probable secondary
structures attained by each peptide chain (Fig 2.11). The highest probability of extended-3
(above 0L08) is observed in State 4. (which is also observed in the snapshot in Fig 2.10)
with a much lesser probability in State 2 (nearly 0.04). Similar observation is noticed for
bridged-4 conformation. High o-helix content is observed in both chains in State 6 (> 0.2),
while in States 0 and 5, one of the chains exists as o-helix. In State (), the other chain forms

a 3y helix, which displays the maximum percentage ((L16), among all the other states,

Figure 2.10: Transition Network between the macrostates of MAPPayy 3o dimer. [-sheet
is depicted f-sheet in yellow, coil in white, turn i cyan, o-heliz in purple and 35-helix in
blue. The ochre and green balls at the end of the chains indicate the N- and C-terminal
respectively.
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The States 1 and 3 exhibit a low propensity of a-helix ( 0.1), and the chains mostly exists
as turns and random coils. The random coil percentage is highest among the secondary
structures in all states, which justifies the disordered nature of hIAPP. The coil probability
is above (1.5 in both chains in State 2, 3 and 4, while States 1, 5 and 6, at least, one of the
chains have considerably high coil content. High propensity of turns are also observed in

States 0, 1, 5 and 6, which can be visualized in the snapshots (Fig 2.10).

Next, the residue wise secondary structure contents in each macrostate 1s calenlated
to determine the change in the contribution of each residue towards a particular secondary
structure, especially during transitions between states. The maximum [-sheet percentage,
which i3 observed in State 4 and some in State 2, depict that residues F23-528 forms an

extended anti-parallel 8-sheet (Fig 2.12).
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Figure 2.11: Secondary Structure Contents of (a) chain-1 and (a) chain-2 of MAPP_g4.
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Figure 2.12: Probalulily of Ertended-3 and Bridged-8 contents of each residue of
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Previous reports suggests that these residues are highly S-sheet-prone and contribute to the
oligomerization of hIAPP[37, 38]. The rat IAPP, which is not amyloidogenic in nature, has
turn-prone prolines at positions 25 and 28, instead of Ala and Ser respectively in hIAPP.
Other residues which do not mateh with MAPP are F23L and 126V, Out of the 6 residues,
which differ in the sequence between hIAPP and rIAPP, 4 of them exists in the positions
23-28, which consequently depicts a high F-sheet forming tendency in hIAPP. This further
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rationalizes the contribution of these residues towards amyloid aggregation of hIAPP.
The helix conformation, in hIAPP, is mostly maintained by the N-terminal region.
In this peptide fragment, N22-528 adopts an a-helix conformation (Fig 2.13). The two

o-helices adopted by the peptide chains are clearly seen in State 6.
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Figure 2.13: Probability of a-helir and 3-heliv contents of each residue of WAP P _ay.

In State 0, the first peptide chain attains an o-helix, while the second chain exists as
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31p helix, formed by the residues A25-L27. State 5 also projects an o-helix in one chain,
while partial helices are also observed in States 1 and 3. The terminal ends depict a lngh

propensity to exist as random coils, while the turn propensity is mostly conserved in core
residues (Fig 2.14).
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Figure 2.14: Probability of Ceil and Tuwrn contents of each residue of WMAPPoy_o.

The compactness of each of the peptide chains are determined by the radius of

gyration (Rg) values (Fig 2.15). The extended f-sheet conformation in State 4 have the
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highest R, followed by State 2. Chain-1 in State 5 form random coil, while Chain-2 an
a-helix, hence the former have higher Ry compared to the latter. Similar R, trend is also
observed for States 1 and 3. States 0 and 6 majorly possess helix structures and hence
display the lowest Ry, values. This further supports the secondary structure conformations

proposed in each macrostate.
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Figure 2.15: H, of each chain of hIAPPyy 5.

2.3.3 Interstate Transition Analysis

The transition of random coil conformation into f-sheet rich aggregates is the main feature
of the amyloid formation of hIAPP. The exact mechanism via which this transition takes
place is still under study, since the soluble on-pathway oligomers are very difficult to isolate
it vivo. Previous simulation reports proposed a variety of pathways of dimerization of
hIAPP, involving disordered structures, cehelices and #-hairpins|6]. The investigation of
these on-pathway metastable apgregates is crucial for the inhibition of hIAPP aggregation.
Therefore, to explore this avenue, transition pathway analysis is carried out using TPT

theory. For this, the initial and target states between which the pathway has to be explored
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needs to be decided. States 0, 5, 6 project dominant helical conformation, while the
stationary probability of State 2 i1s very low.

committor

Figure 2.16: The different pathways of transition from State 3 (A) to State § (B) of
hIAPPy _aq dimer. The numbers indicate the transition probability between each state.

For this, the initial and target states between which the pathway has to be explored needs
to be decided. States (), 5, 6 project dominant helical conformation, while the stationary
probability of State 2 is very low. Between States 1 and 3 (both of which consists of coils
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and partial helices), the latter one has a higher coil content and lower helical contents, and
also has lower stationary probability. Henee State 3 1s selected as the imtial state. State 4
adopts an extended-8 conformation and is chosen as the target state.

The top three probable pathways are shown in Fig 2.16. In the first pathway, the
disordered coils in State 3 rearranges into mostly turn conformation with short a-helices
(State 1) to ultimately form a S-sheet in State 4. The next pathway involves a transition
into State 5, where one chain forms an «-helix, while the other depicts a mixture of coil and
turn. The helix content in State 5 is much higher than that in State 1, where mostly coil
and turn content is observed. In addition, both the chains posses a small amount of helix
percentage in State 1, while only one chain exists as helix in State 5. Tn the last pathway,
the initial coils in State 3 forms two a-helices (State 6), which gets slightly destabilized to
form turn conformers with two partial helix in State 1, to finally form a 3-sheet in State
4. These pathways suggest that the disordered conformers passes through e-helix and turn
structures to form an aggregation-prone F-sheet. Also State 1 is a hub in the network, via

which mest pathways undergo.

2.3.4 Contact maps and Hydrogen Bonds

To identify the structural changes during the transitions, the key interactions befween the
residues are investigated. A closer look into the residue wise secondary strueture changes
shows that the overall helicity in the hIAPP chains increases as we go from from State 3
to State 1, alongwith with an increase in turns (Fig 2.11, 2.13 and 2.14). This ultimately
results in fF-sheets in State 4. This change 15 more pronounced in chain-2, compared to
that of chain-1. A previons study proposed that the formation of turn structure, prior
to [F-sheets, is necessary[17|, corroborating with our results. The intra and inter chain
contacts are caleulated. From the contact probability maps (Fig 2.17, 2.18 and 2.19), we
observe that in State 3, contacts between F23-126, F23-L27, (G24-126, A25-A25, A25-126,
126-A25, 126-126, L27-F23 residues are present between the two chains (Fig 2.19). Hardly
any intra chain contacts are noticed in this state (Fig 2.17 and 2.18). These contacts are
destabilized in State 1, where inter chain contacts between F23-127, A25-A25, A25-126,
[26-A25, 126-126, L27-F23 residues are witnessed (Fig 2.19). These interactions assist the
residues to adjust their configuration, such that they are able to attain S-sheet in the

subsequent step. The contact frequency in this state is comparatively lower than that in
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State 3. The contacts between N22-S28, F28-F23, F23-828, F23-520, 126-G24, especially,
exhibit noticeable drop during this transition (Fig 2.19).
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Figure 2.17: Intva-chain contacls among chain-1 of h[IAPPay_ag.

The secondary structure contents of both the initial state (State 3) and State 1 are almost

Abstract-TH-3247 176122023



Chapter 2

61

similar, even though inter-chain contacts in them differ. State 4, which forms the anti-

parallel F-sheet, depicts maximum interchain contact frequency (Fig 2.19).
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A25, A25-126, 126-F23, 126-G24, [26-A25, 126-126, L27-F23, L27-G24, 528-N22, 528-F23
stabibze the F-sheet conformation mn this state. Here, the contribution of G24, A25, 126

residues towards the inter-chain contacts is dominant.
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Figure 2.19: Inter-chain contacts between the hMMAPPy, 59 dimer.
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Therefore, in this pathway, the inter-chain interactions, which exist in the dimer in the
initial state (State 3) collapses in the intermediate state (State 1), where a higher helical
and turn content is observed compared to the earlier state. Then the residues again come
together to form anti-parallel interactions to generate an extended-3 conformation.

Similar secondary structure changes is also observed in the next pathway (State
3-5-4). However, the increase in the helicity and turn regions from the initial to the
intermediate state in this pathway is higher compared to the previous pathway (Fig 2.11,
2.13 and 2.14). A deeper dive into the interactions shows that, the intra-chain contacts
mmcrease in chain-2, especially between F23-528, in going from State 3 to 5 (Fig 2.19). This
is due to the formation of a stable a-helix in this state. Also very few inter-chain contacts
are maintained im State 5 from that in State 3. This further suggests that the interactions
in State 3 are completely destabilized to form the anti-parallel f-sheet structure in State
4.

In the last pathway, it is seen that transition follows the states, 3-6-1-4. Hence
the random coils in State 3 forms 2 o-helices in State 6, which then partially breaks in
State 1 to ultimately form extended-8 in State 4. The difference in this pathway from
the first, 18 the mvolvement of the intermediate, State 6, in poing from State 3 to 1. The
inter-chain contacts in State 3 are completely destabilized in State 6, where only F23-F23,
F23-L27, 126-126, L27-F23 interactions are seen (Fig 2.19). These inter-chain contacts are
revived in State 1, with most contacts finally appearing in State 4. Here again, chain-2
forms considerable intra-chain contact in State 6, due to the formation of a-helix (Fig 2.11
and 2.13).

State Inter Inter
Chain-1 | Chain-2
0 4128 2064 013
1 3062 | 3006 | 803
2 1953 2728 1561
3 3132 2723 076
4 1713 1897 2488
5 2346 3667 567
6 3905 3790 542

Table 2.2: Number of indra- and mter-chamn hydrogen bonds formed between the
hIAPPy, sq dimer.
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The hydrophobic residues in the core, F23-L27 are primanly involved in the intra-
and inter-chain contacts. Therefore the hydrophobic contribution affect the change in the
interactions during transitions. The hydrophilic residues present at the terminals, S19-N22
and 528-529, also show changes in thewr hydrogen bonding pattern. Due fo the presence
of helical content in States 1, 3, 5 and 6. intra-chain hydrogen bonds are observed (Table
2.2}, Maximum inter-chain hydrogen bonds are observed in State 4, due to the formation of
extended S-sheet. The contribution of hydrogen bonds towards the peptide aggregation is
much lower, therefore, hydrophobic interactions are primarily responsible for the transitions

betweon the states,

2.4 Conclusions

In this chapter, the conformational transitions involved during the dimerization of
hIAPPy, 20 15 studied via extensive all-atom molecular dynamics simulations. Markov
State Models are constructed to analyze the trajectories, where il is displayed that the
conformational space is dicretized into 7 macrostates. Among them, the most populated
state represents that the dimer exists as an anti-parallel extended-8 structure. This f-sheet
is formed by the interactions between F23-S28 residues, which reportedly play a crucial
role in the amyloid ageregation of full-length hIAPP. The anti-parallel A-sheet conformer
is probably an on-pathway conformer leading to fibrillation. The other states are popu-
lated by random coils, turns and helical structures. Multiple pathways for the {ransition
of random coils to amyloid prone F-sheet are explored, where it is revealed that,in most
pathways, the intermediates form transient o-helical and turn structures. The importance
of turns before the formation of F-conformers has also been declared earlior. The rear-
rangement of hydrophobic interactions between the core hydrophobic residues, F23-L27,
influence the transitions between the states, even though substantial hydrogen bonds are
also observed. This study helps to shed light on the molecular mechanisms involved during
the dimernization of this peptide fragment. hIAPPyy sg forms the amyloidogenic core of
full-length hIAPP and is said to mimie its property to form amyloid apgregation. Henee,
this investigation might also help to understand the aggregation dynamics of full-length
hIAPP, which will assist in T2D therapy.
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Chapter 3

Inhibition of hIAPP Aggregation by
Small Molecules

“Medicine iy a science of uneertainty and an art of probability.”

— William Osler
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Overview

In the search for an appropriate drug to treat T2D, the pharmacological arena has witnessed
the emergence of myriad small molecules which demonstrates the potential to curtail the
self-assembly of hIAPP. In this thesis, the spotlight converges on the meticulous exploration
of two such bicavailable molecules-each harboring the potential to influence hIAPP agore-
gation and destabilize preformed fibrils. One of them is a neurotransmitter, norepinephrine
(NE), which orchestrates a disruption in the hIAPP self-assembly, by preferentially inter-
acting with the amyloid prone C-terminal region. The next part introduces a fresh facet of
adenosine triphosphate (ATP), known not just for its bioenergetic role but also for its po-
tential as a regulator of amyloid ageregation, Both hydrophobic interactions and hydrogen
bonding contribute towards the interactions between hIAPP and the molecules. However,
the influence of adenosine moiety on hIAPP-ATP interactions outweighs the triphosphate
chain, indicating the preference for hydrophobic interactions. These studies investigates
the inhibitory potency of molecules with different structures against hIAPP aggregation,
thus, provide valuable information about the diversity in the design lor drgs against T2D.
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3.1 Inhibitory Mechanism of Norepinephrine on
hIAPP Amyloid Aggregation
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3.1.1 Introduction

Many clinical trials are being carried out in search of an appropriate cure against T2D, but
the attempts have yet to provide any fruitful results[l]. To control the escalation of this
disease, there is an nrgent need to develop a suitable drug. Possible therapeutic strategies of
T2D include prevention of F-sheet rich on-pathway oligomer formation[2]. Various natural
favonoids[3-16] as well as peptides and peptide analogues has been reported to interrupt
the olippmerization of hIAPP[17 22]. Recently, nanoparticles have also received substantial
attention in regulating protein aggregation|23-27|. Despite numerous studies on the design
and development of inhibitors that interrupt the misfolding and aggregation of LIAPP, very
few useful drogs have been identified due to high ageregation propensity and insolubility
of hIAPP and also due to unclear pathologic mechanism.
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Figure 3.1: (a) Cartoon representation of hMAPP, showing the disulphide bridge between
Cys2 and Cys7. (b) Strueture of (i) novepinephvine, (i) benzimidozole and (i11) aspirin,

The small organic molecules have been the target for amyloid inhibitors, since
they are able to cross the blood-brain barrier conveniently and are stable in the biological
medial28]. Previous studies report that the fibrillization and hence the cytotoxicity of hl-

APP is reduced by EGCG by producing unstructured, ofi-pathway aggrepates[29]. Brazilin
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also prevents hIAPP fibrillogenesis in a dose-dependent manner as confirmed by ThT Huo-
rescence analysis|[6]. CD spectrum results showed that the transition of monomeric hIAPP
peptides from random coils towards F-sheets conformation is inhibited by genistein and tan-
shinones, thus reducing hIAPP aggregation|4, 5|. Moreover, resveratrol inhibited the IAPP
amyloid formation in solution as well as on the aggregation-fostering lipid membranes|30].

MD simulations confirm that orcein destroys the inter-peptide hydrogen-bonding
network in hIAPP by binding with the amyleidogenic region|31]. Further, tanshinones pref-
erentially interact with the S-sheet regions of hIAPP mainly via aromatic and hydrophobic
interactions|d]. Moreover, the hydrophobic, aromatic stacking, cation-n and hydrogen-
bonding interactions between hWIAPP and EGCG harmonically influence the EGCG-induced
conformational shift of hIAPP dimer[10]. The hydrophobic interactions also play crucial
role in the binding process of other small molecules to hIAPP|6, 31, 32]. These small or-
ganic inhibitors contain aromatie groups, which allows selective binding to aromatic rings
of amyloid peptides to interfere with their misfolding and subsequent. agpregation|33].

Excerpts of hIAPP deposits have been found in the temporal lobe of gray matter
of AD patients[34] and AfF and tau aggregates have been detected in the pancreas of T2D
patients[35], which leads to hypothesize that hIAPP cross-aggregate with AS peptides[36].
Hence, people suffering from Alzheimer’s disease, have also shown a high probability of suf-
fering from T2D|37]. Therefore, many drugs have been reported, which can inhibit both Ag
and hIAPP aggregation{h, 8 10, 31, 38-43]. A recent in sslico study by Zou et.al revealed
that norepinephrine has the ability to inhibit fibrillization of amyloid-3 peptides and also
disrupt pre-formed fibrils|44|. Norepinephrine (NE), also known as noradrenalin, is a cate-
cholamine present in brain and body and it functions as a hormone and nenrotransmitter
(Fig 3.1b). NE leads to increased release of glucagon, increasing of production of ghieose
by the liver|45]|. Diabetes may cause a loss of NE neurons in the sympathetic nervons
system[46]. NE has been nsed for the treatment of Alzheimer’s disease(AD) because it has
shown memory retrieval power|47].

Another similar catecholamine, dopamine, was found to inhibit the aggregation of
hIAPP, as well as, destabilizes the hIAPP protofibrils[32, 48]. The presence of dopamine
promotes hIAPP dimer to be loosely packed, with a smaller number of hydrogen bonds,
thus inhibiting the formation of long fibril-prone S-sheets in the amyloidogenic regions.

Moreover, the destabilization of a-synuclein oligomers by NE and dopamine was also stud-
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ied by this group|49|. Since NE is being used as an anti-amyloid agent for Ag peptides and
fe-synuclein and T2D and AD have been known to eross-relate, here we have investigated
the inhibitory effect of norepinephrine on the aggregation of hIAPP by all-atom molecular
dynamics simulations in explicit solvent. We have also studied the effect of aspirin and
henzimidazole (Fig 3.1b) on hIAPP aggregation, in order to compare the results oblained
for NE, since both these molecules have been reported to have no inhibitory action on
hIAPP[48, 50-52].

The obtained results provide valuable information about the molecular interaction
of hIAPP with NE. Our simulations reveal that norepinephrine intercepts the production of
Loxic in-pathway elipemers and henece the tendency of the disordered monomers to aggregate
into A-sheet conformation reduces in its presence, while aspirin and benzimidazole has no
effect on hIAPP aggregation. The interactions between the peptides, which stahilize the
ordered f-sheet strocture is effectively reduced, due to binding between NE and the peptide
residues. Moreover, NE was found to preferentially interact with the C-terminal residues
of hIAPP and also destabilize the pre-formed fibrillar structures of hIAPP. This work is
believed to be the first reported inhibitory effect of NE on hIAPP aggregation via molecular
dynamics simulations.

The rest of the chapter is divided into Simulation Method, which consists of the
simulation protocol and analyses applied for this study and Results and Discussions, which

contains the in-depth outeome of each analysis, followed by the Conelusion of the study.

3.1.2 Models and Simulation Method

3.1.2.1 Simulation Setup

The coordinates of the hIAPP structure for our simulations was extracted from the solid-
state NMR-based model[53]. The small molecules (Mol), i.e., norepinephrine (NE), aspirin
(AS) and benzimidazole (BZ) were optimized by the Gaussian 09 software[54] at the HF /6-
31G*[55] level and the partial atomic charges were obtained by the restrained electrostatic
potential (RESP) [56]. The general amber force field (GAFF)[57] was used to describe
these molecules. The initial system was prepared by placing five well-separated monomeric

peptides in a cubic box. The dimer and protofibril systems were also arranged similarly
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with two and five hIAPP peptides respectively. The hAPP-Mol systems were similarly
prepared along with random addition of the required mumber of NE, AS and BZ molecules
i the cubic box. We performed eleven molecular dynamics simulations, in total, each
starting with a different initial configuration, following simulation pretocols mentioned in
Chapter 1 (Section 1.5.2). Each of the system was simulated for 500 ns (200 ns for the
dimer systems). The details of the systems are given in Table 3.1. Three sets of simulations

for the monomeric peptide-NE system were carried out to conclude the convergence of the

resilts.
System Np | Nuo | Nw | Box length (A) | Cpya (M)

hIAPP 5 0 | 10000 68.04 0
hIAPP:10NE 5 | 50 | 10000 69.62 0.246
hIAPP:20NE 5 | 100 | 10000 70.33 0.477
hIAPP:20NE(a) | 5 100 | 10000 70,32 (.478
hIAPP:20NE(b) | 5 | 100 | 10000 70.27 0.478
hIAPP:20AS H 100 | 10000 70.23 0.479
hIAPP:20BZ | 5 | 100 | 10000 70.10 0482

' Protofibril 5 1] 1O 83.65 0
Protofibril4-NE | 5 1000 | 10000 T0.35 0.478

Dimer 2 ) S000 H4.49 0
Dimer}NE 3 49 | 5000 55.30 0.479

Table 3.1: N, Nya, Nw and Cya represent the number of peplides, Mol and
water molecules and the moler concentration of Mol respectively, where Mol s nore-
pinephrine(NE)/ aspirin{AS)/ benzimidazole{ BZ).

3.1.2.2 Simulation Analysis

The simulation analyses were carried ont following the protocols discussed in Chapter 1
(Section 1.5.3). For the spatial distribution functions, an isovalue of 1 is considered. An
atomic contact is considered when the distance between the heavy atom pairs of NE and
hIAPP is within 3.5 A[58].

The umbrella sampling method was nsed to caleulate the potential of mean force
(PMF) between two hIAPP peptides[59]. The equilibrated dimer systems were used as
the starting structure for the PMF calenlations. The reaction coordinate considered for

plotting PMF is the distance between the centre of mass of the two peptides. The entire
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simulation was divided into 59 windows, where the distance was varied from 3.0 to 17.5 A,
with an increment of .25 A. The two peptides were pulled apart at 300 K, with a spring
constant of 1 keal mol™" A2, Each window was first equilibrated for 10 ns, followed by
a production run of 20 ns. Hence a total of 1.74 g simulation run was performed for each
system. The results were then analyzed using the Weighted Histogram Analysis Method
(WHAM)[60, 61].

3.1.3 Results and Discussions

3.1.3.1 Structural changes of hIAPP in Presence of Norepinephrine

The difference in the conformation of hIAPP, in absence and presence of NE, can be
investigated by the detailed analysis of the varions secondary structures of the peptides. To
begin with, the probability of total G-sheet of the systems is plotted versus simulation time
(Fig 3.2). Tt is seen that the F-sheet of hIAPP almost remaing constant after 400 ns and
henee it can be assumed that the conformational ensembles have converged during the last
100 ns of the trajectory. The #-sheet probability of the peptides in absence of NE increases
as time evolves, but is found to decrease with time for the systems containing NE and
reaches a negligible amount at the end of the simulation on mereasing the concentration
of NE. In comparison, aspirin did not have any significant effect on the f-sheet content
of the peptides, even though, it increases for the system with benzimidazole, upto 200 ns
and thereafter coincides with the systems without NE. The average probability of each of
the secondary structures of hIAPP is mentioned in Table 3.2. The probability of 4-sheet
for hIAPP is 15.088%, which 1s similar to the results reported elsewhere{10, 23] and is also
comparable for the system containing aspirin (11.7994%) and benzimidazole (11.588%). On
addition of NE, the probability is reduced to 8.288%, which is further reduced to 2.512%
with increasing NE. The propensity of random coil conformation increases from 39.636%
to 56.279% on addition of NE, whereas that of the helix conformation almost remains the
same. Similar resulls are observed for all the systems with NE (Table 3.2).

The representative snapshots of hIAPP peptides (Fig 3.3) for all the systems at 250
ns time intervals enhance the above results. The presence of f-sheets is prominent at the
end of simulation for all the systems without NE, but the g-sheet propensity is hardly The
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change of all the secondary structural components of each residue with time is analyzed
(Fig 3.4).

Pervent of B-sheet

LLiH] NN RiLH Bl SN

Percent of fi-sheet

1 1
i YK AiH) Ny 400 i
Time (nsy

Figure 3.2: Time evolution of 3-sheet content of hIAPP peptides for different systems.

hIAPP peptides form F-sheet almost instantly in pure water at the start of simmlations and
remain steady throughout the simulation, which determines the stability of the f-sheet con-
formation. This reduces to a negligible amount in presence of NE, while unstructured coil
conformation is present in abundance. This further imposes that hIAPP, upon binding
with NE, reduces its tendency to shift from disordered state conformation to F-sheet ag-
gregates, However, in presence of aspirin and benzimidazole, the conformation the peptides

remain unchanged, proving that neither of these molecules have any effect on the secondary
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structures of the peptides.

hlAPP

hIAPP : 10 NE

hIAPP : 20 NE

hlIAPP:20 NE(a

hIAPP:20 NE(b

hIAPP : 20 AS

hlAPP : 20 BZ

250 ns 500 ns

Figure 3.3: Snapshots of five hIAPP peptides in different systems at 250 ns time interval.
The peptides are represented in cartoon form, depicting f-sheet in yellow, coil in white,
bend in eyan and 3g-heliv in blue.

Hence the presence of NE prevents the peptides from attaining S-sheet conformation, in-

Abstract-TH-3247 176122023



Chapter 3.1

System Parallel- | Anti-parallel-3 | 3,-helix | o-helix Turn Bend | Coil
hlAPP 8.940.3 6.240.2 14401 | 26402 | 146403 | 266404 | 39.6
hIAPP:10NE 1.0+0.1 7.34+0.2 1.740.1 | 0.14:0.0 | 23.64+0.3 | 20.7+0.3 | 45.6
hIAPP:20NE 1.940.1 0.64+0.0 4.54+02 | 6.540.0 | 10.040.2 | 26.14+0.3 | 56.3
 hIAPP:20NE(a) | 0.3+0.0 3.1+0.2 0.50.0 0 | 106+0.2] 226403 | 63
hIAPP:20NE(h) 1.640.1 3.440.2 (0.14+0.0 1] 14.340.3 | 20.74+0.4 | 50.0
hIAPP:20AS 0.24:0.0 11.6+0.3 29401 | 25402 | 6.8+0.2 | 33.44+04 | 423
hlIAPP:20BZ 2.6+0.1 9.0+0.3 264201 | 1.640.1 | 10.7£0.2 | 29.8404 | 43.8

Table 3.2: The secondary structure contends of WAPP for different systems, along with the standard error of each value.
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clining them to a more disordered state, much like the effect of NE on AfF peptides|44|.
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Figure 3.4: Time evolution of change of secondary structures of each residue of WMAPP
for different systems.
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3.1.3.2 [Effect of Norepinephrine on the Interaction between the Peptides

The overall structural stability of hIAPP peptides, in presence of the molecules, 1s inves-
tigated by SASA, which determines the surface area of the peptides available for contact
with the solvent moleeules. Higher the probability of peptides to aggregate, lower is the
SASA value, since less mmmber of amino acid residues are being exposed {o the solvent.
From Table 3.3), it can be observed that SASA of the systems involving NE molecules is
larger than the ones without it (p@p‘!:idﬁ alone or peptide with aspirin or benzimidazole).

Hydrogen Bonds SASA (A?

Hysteny Pep-Pep Pep-Mol ()
hIAPP 106.8 + 0.14 10860 + 3.86
hIAPP:10NE 8508 + 0.11 | 49.97 + 0.12 | 12220 + 5,74
hIAPP:20NE 70.24 + 0.00 [ 110.2 + 0.17 | 13820 + 0.83
"hIAPP:20NE(a) | 68.37 + 0.14 | 98.72 + 0.17 | 14370 + 2.88
hIAPP:20NE(b) | 8042 £ 0.10 | 86.00 + 0.16 | 15340 + 2.28
hIAPP:20AS 02.95 + 0.02 | 4332 + 0.19 | 12340 + 0.39
hIAPP:20BZ 930 1 0.18 | 308 £ 0.06 | 12070 + 0.23

Table 3.3: Solvent Accessible Surface Area (SASA) of all the five hIA PP peptides and Av-
erage hydrogen bond numbers between peptide-peptide and peptide-Mol interactions, where
Mol is norepinephrine(NE)/ aspirinf{AS)/ benzimidazole(BZ for different systems, along
with the standard error of each value.

b}

Radius of gyration (A}

[ 15 20 15
Iydropen bond nomber
Figure 3.5: Free energy plot (keal/mol) as a function of B, of hWIAPP peplides and the
average number of hydrogen bonds for (a) MAPP and (b) MAPP : 20 NE systems.
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Moreover, on increasing NE concentration, the SASA value also increases, which indicates
lo less agpregation propensity of the peptides. Hence we can infer that NE destabilizes
peptide aggregation, causing more peptide surface solvation, but the other molecules have

no effect on it.

To further probe the influence of NE on the conformational space of the peptides,
the free energy surface was plotted as a funetion of the total nimber of peptide-peptide
hydrogen bonds formed for each peptide and the radins of gyration (R,) of the peptides
(Fig 3.5), following the equation 1.19. The minimum free energy basin for hIAPP in
absence of NE is observed where the number of hydrogen bonds range between 19.4-23
and R, at 9.5-10.7. However, in presence of NE, the minimum freée energy basin shifts to
a smaller hydrogen bond number value of 13-15 and a larger R, value of 13.1-14.3. The
lower R, value of the peptides in absence of NE portrays the compactness of the peptides,
which further becomes loosely-packed (higher By} in presence of NE. A decrease in the
peptide-peptide hydrogen bonds was observed on addition of NE, which was reasserted by
the average hydrogen bond mumber for all the peptides (Table 8.3). The peptide-peptide
hydrogen bonds hardly reduced in presence of aspirin or benzimidazole, The hydrogen-
honding interaction between the peptides have been known to play an important role in
the stabilization of oligomers(31, 41, 42|. Moreover, hydrogen bonds between NE and the
peptides increase with inereasing concentration of NE, indicating that NE disrupts the
stable hydrogen bond network of the peptides by itself involving in hydrogen bonds with
them. The small hydrogen bond number of the peptides with aspirin or benzimidazole also

point out that these molecules have low interaction with hIAPP.

To monitor the effect of NE on the interaction between the peptides, the con-
tact map for all the hIAPP peptides considering C,-C,, distances between each pair of
residue was analyzed (Fig 3.6). The grayish patches scattered in the off-diagonal regions
for the system without NE indicate that the peptides are much closer to each other, favour-
ing peptide-peptide interactions. Aspirin or benzimidazole did not exhibit a considerable
change in the contact map, proving their inetliciency to inhibit peptide ageregation. How-
ever, for the systems containing NE, there is a marked reduction of these patches, which

proves that the peptides are present far apart from each other.

From the values of the electrostatic and the van der Waals interaction energies for
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both inter-peptide as well as peptide-molecule linkages (Table 3.4), it is clear that the elec-
trostatic energies dominate over the van der Waals energy values for both the interactions.
Both the energy components become unfavourable for the inter-peptide interactions, while

that for peptide-NE interactions, the energy components become more negative

— 5 |*

E I DR - B TR T

Popiide P uonfurs

Figure 3.6: Residue-residue contact map of the hIAPP peptides for different systems.

(henee more favourable) with increase in the coneentration of NE. These findings indi-
cate that the peptide-peptide interactions become unfavourable with the addition of nore-

pinephrine and the peptide-NE interactions become more and more favourable. Hence it
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can be further concluded that NE hinders the aggregation of peptides by interacting with
the peptides itself. However, aspirin or benzimidazole hardly have any effect on the mterac-
tions between the peptides and also exhibit low interaction affinity with hIAPP themselves,

due to which they are unable to prevent peptide aggregation.

Svka Electrostatic van der Waals
Pep-Pep Pep-Mol Pep-Pep Pep-Mol
hIAFPP -6165 4+ 1.17 -401 + 0.57
hIAPP:10NE -5459 + 0.89 | -474.5 + 1.12 | -385.6 + 0.48 | -281.3 + 8.51
"hIAPP:20NE 5373 + 1.06 | 9996 + 1.42 | -376.5 + 0.564 | -333.2 + 0.72 |
hIAPP:20NE(a) | -5200 + 1,13 | -838.3 + 1.37 | -383.7 + 0.57 | -358.3 + 0.82
hIAPP:20NE(b) | -5367 + 1.22 | -900 4+ 1.58 | -322.5 + 0.56 | -313.5 + (.78
hIAPP:20AS -6003 4+ 0.51 | -386.2 4+ 0.28 | -650.8 + 0,61 | -2244 + (.68
hIAPP:20B7Z 6072 £ 0.02 | 3407 £ 0.17 | -446.7 + 0.07 | -218.7 + 0.12

Table 3.4: Decomposition of peptide-peptide and peptide- Mol interaction energy (keal/mol)
for different systems, along with the standard ervor of each wvalue, where Mol is nore-
pinephvine(NE)/ aspirin(AS)/ benzimidazole(BZ).

3.1.3.3 Potential of Mean Force

PMF {kcal/mol)

I i |
0 & o 15

Distance (A)

b . 1 :

Figure 3.7: Potential of mean force between the centre of mass of the two MAPP peptides
for the dimer and dimer+NE systems, along with the standard error bar of each value.

The effect of NE on the stability of peptide-peptide interactions was further investigated
by PMF of hIAPP dimer. The PMF was calculated as the function of the distance between
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the centre of mass of the two peptides. We observe the appearanee of a global mininmm for
the dimer at 4.835 A, with a steep well depth (Fig 3.7). The high negative value of the free
energy further suggests that the dimer is most stable in water when the two peptides are at
a distance of 4.84 A. However, in presence of NE, the minimum shifts to a larger distance
with a much higher (positive) PMF value. This observation can be attributed to the fact
that the two peptides are involved in stable interactions in pure water, which weakens in

presence of NE.

3.1.3.4 Distribution of Norepinephrine Around the hIAPP Residues
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Figure 3.8: Effect of NE on (a,b) f-sheel and (¢,d) cotl percentages for ench residue of
WAPP for different systems.

To monitor the residues involved in A-sheet formation, the residue-based probability of

F-sheet and random coil conforimation are caleulated by averaging the secondary structural
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components of each residue over the five peptides in absence and presence of NE (Fig 3.8).
It is seen that the residues Alab5, Thri-Leal2, Phelb-Hisls, lle26-Asn3l, Thr36 have a
notably higher probability of f-sheet than the remaining residues. This suggests that the
Thr9-Hisld and [le26-Asn3] residues participate in the S-strand regions, which resemble
the fG-strand regions, suggested elsewhere[23, 42, 53], The snapshot of the monomers at
the end of the simulation also reveal that peptide-2 (P2) form @-sheets with peptide-3
(P3) and peptide-5 (P5) along the similar regions (Len12-Hisl8 and Leu27-Gly33) (Fig
3.9). On addition of NE, the S-sheet propensity significantly reduces and the random coil
conformation increases for most of these residues, especially the C-terminal region, hinting

at a better interaction of NE with this region.

ﬁ.snld{Fi ﬂ’ 'D/
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Figure 3.9: A snapshol for WAPP system at the end of the simulation (a) of the five
hIAPP peptides and (B) highlighting the peptides involved in 3-sheets.

It is seen that the residues Alab, Thr9-Leul2, Phel5-HislS, le26-Asn31, Thr36 have a
notably higher probability of g-sheet than the remaining residues. This snggests that the
Thr3-His18 and He26-Asn31 residnes participate in the S-strand regions, which resemble
the f-strand regions, suggested elsewhere(23, 42, 53], The snapshot of the monomers at
the end of the simulation also reveal that peptide-2 (P2) form S-sheets with peptide-3
(P3) and peptide-5 (P5) along the similar regions (Lenl2-Hisl8 and Len27-Gly33) (Fig
3.9). On addition of NE, the #-sheet propensity significantly reduces and the random coil
conformation increases for most of these residues, especially the Coterminal region, hinting

at a better interaction of NE with this region.
The radial distribution funetion (RDF) between NE and the peptides is caleulated
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to investigate the distribution of NE molecules around hIAPP, considering the backbone as
well as the side chain atoms of the peptides. From Fig 3.10, we observe that a steep peak
oceurs at 1.65 A(backbone) and 1.55 A{side chain) for the system with NE, signifying the
intense association of NE with hIAPP. The RDFs for the control systems are also provided,
hoth of which have a much gentler peak at a higher distance, which highlight their lower
afhinity towards hIAPP.
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Figure 3.10: Hadial distribution functions between centre of mass of norepinephrine( NE)/
aspirin(AS)/ benzimidazole(BZ) and the (a) backbene and (b) side chain atoms of hIAPP
peptides.

The spatial distribution funetions (SDF) also depict the compact arrangement of NE around
hIAPP, while the AS and BZ molecules are much sparsely populated in the neighbourhood
of the peptides (Fig 3.11). Hence, it is clear that, in the wicinity of the peptides, NE is
densely populated, but the control molecules remain far from it.

The RDFs hetween the centre of mass of Lenl2-Hisl8 and Len27-Gly33 residues,
consgidering the backbone atoms of the peptides is plotted to investigate how NE affected the
interaction between the aforementioned regions. In Fig 3.12, we observe a sharp maximmim
at 4.85 A, for the peptides in absence of NE, with a very high intensity. This indicates
that the residues in the first region (Leul2-His18) are strongly interacting with those in the
second region (Len27-Gly33) in water. On addition of NE, a very small peak is observed

at 10.05 A, signifying the reduction in the interaction between the peptides.

[n order to probe the distribution of NE around the hlAPP residues, the average
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mimber of NE molecules present around each residue within a radius of 3.5 A is computed.

From Fig 3.13a and b, it can be seen that NE moelecules have a higher probability

Figure 3.11: Spatial distribution functions of (a) aspirin, (b)benzimidazole and (¢) nore-
pinephrine around WMAPP peptides. (d) SDF of @ menomer depicting the distribulion of
norepinephrine around the C-termanal region.
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Figure 3.12: Radial distribution functions between centre of mass of Leul2-Hisi8 and
Leu27-Gly33 residues of hIAPP peptides for the hIAPP and hIAPP : 20 NE systems.
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Figure 3.13: First shell coordination number of (a.b) NE and (c,d) water around cach
residue of WAPP, along with the standard ervor bar of each value.

distribution around the residues Cys2, Asn3d, Cys7, Argll, Lenl2, Asnl4, Hisl8-Phe23,
Ser28-Thr36, much of which are involved n S-strands, suggesting preferential binding with

these residues (mostly C-terminal).
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Figure 3.14: (a) First shell coordination number and (b) Average hydrvogen bond number
of the Mol with each residue of MAPP, where Mol is norepinephrine(NE)/ aspirin{AS)/
benzimidazole(BZ).

The preferential distribution of NE around C-terminal region is also depicted in the SDF
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data (Fig 3.11d). The probability of AS and BZ molecules around hIAPP residues is lower
compared to that of NE (Fig 3.14a), indicating nch less interaction with them. The
average number of water molecules around each residue is also caleulated (Fig 3.13¢ and
d), where the first solvation shell is considered to be within 3.5 A. Tt is observed that the
hydration number around the residues inereases for the systems containing NE, sinee the
peptides have a lower tendency to aggregate and, hence, a better probability of getting

solvated.

3.1.3.5 Potential Binding Sites of Norepinephrine with hIAPP

b (i)

(i}

Chuster 3 (3.0%) Cluster 4 (1.4%)

Figure 3.15: Representative conformations of the clusters of WAPP peptides for (a)
hAPP system and (b) the four most-populated clusters for hIAPP : 20 NE system.
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The investigation into the precise interactions between NE and hIAPP 18 required for the
complete understanding of the molecular mechanism involved in the inhibition of aggrega-
tion of hIAPP with NE. Therefore, cluster analysis of the systems is carried out to extract,
the representative structures, The hIAPP and hIAPP-NE systems are separated into 2 and
11 clusters respectively. The two clusters of hIAPP and the four most-populated clusters
of the hIAPP-NE system are presented in Fig 3.15, along with their respective popula-
tion. The peptides form anti-parallel fF-strands, with a slight hint of a-helix (Fig 3.15a).
However, in presence of NE, the f-strands vanish and moestly the peptides are present in a

disordered state (Fig 3.15b) and are separated from each other.

Next, we investigate the key residues and dominant binding interactions by deter-
mning the contact probability and binding free energy of NE molecules with each residue
of hIAPP peptide. The negative value of the binding free energy of NE with the hIAPP
monomers proves that the binding interaction is very favourable (Table 3.5).

System | hIAPP:20NE | Dimer4+NE | Protofibril4+-NE
AEgg, | -204.70 4 3.13 | -217.25 £ 0.53 | -222.50 + (.64
AE,. | -1107.67 £+ 6.60 | -260.33 & 0.94 -931.33 1+ 094
AGgop | 1352.77 £ 5.96 | 352.14 4+ 0.89 1128.78 4+ 0.91
AGyp | -12367 + 031 | -33.64 + 0.07 -110.20 £ 0.09
AGune | 17327 +£'3.32 | -159.08 £ 0.62 | -135.26 £ 1.02

Table 3.5: Decompasition of binding enerqy (keal /mol) of NE with WA PP for the different
WMAPP aggreqgates.

From Fig 3.16a, it can be seen that the NIE molecule have the maximum interaction prob-
ability with residues Cys7, Argll, Lenl2, Asn22, Ser29-Asndl, Gly3d3, Asn3b-Tyra7 with a
slightly lower probability with residues Lysl, Cys2, Thr6, His18, Phe23, Ser28, Val32. The
binding free energy of NE with respect to each residue is shown in Fig 3.16b and it almost
matches well with the results obtained in Fig 3.16a. The binding free energy is found to be
lowest (most favourable) for the residues Cys2, Lenl2, Phe23, 1le26, Len27, Thr30, Val32,
Gly33, Asn35-Tyr37, and is slightly higher (less favourable) for Asn3, Phel5, Leul6, Hisl8,
Asn22, Ser2B, Ser29, Asndl, Ser34 residues, These data demonstrate that NE has a high

binding probability for not only the terminal regions but also for the amyloidogenic region,
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particularly favouring C-terminal region.

The polar residues forms hydrogen bonds with NE, which is calculated by the
average hydrogen bond number between NE and each residue of hIAPP (Fig 3.17). Cys2,
Argll, Hisl8, Asn22, The30, Asn3l, Asn3b, Thrd6 and Tyr37 residues have shown high
hydrogen bond mumber with NE. The hydrogen bond number for the control systems have
also been provided for comparison (Fig 3.14b). The hydrophobic residues, Lenl2, 11626,

Len27, Val32, Gly33 have also shown strong binding affinity with the NE molecules,
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Figure 3.16: Residue based (a) contact probability of heavy atoms of NE with WAPFP and
(h) binding free energy between RIAPP and NE for hIAPP : 20 NE system, along writh the
standard error bar of each value.

The stacking interactions between the aromatic rings of inhibitors and that of the

peptide residues play an essential role in the binding of the drugs to amyloid peptides. To
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demonstrate this, the probability distribution of the distance between the centre-of-mass of
the aromatic ring of the aromatic residues (Phel5, His18, Phe23 and Tyr37) and that of the
nearest NE is plotted, along with the probability distribution of the angles between the two
planes formed by the corresponding aromatic rings (Fig 1.6a)[62]. From the representative
snapshots of the stacking interactions (Fig 3.18), it is observed that the residues exhibit
hoth parallel as well as perpendicular -7 stacking orientations. The two aromatic rings
are considered to have a parallel stacking orientation when the centroid distance between
them is 4 A + 1 A and the angle is 25° 4 5° while distance and angle cutoff of 5 A £ 1 A

and 90° £ 30° respectively depicts a perpendicular orientation[44, 63].
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Figure 3.17: Avemqge hydrogen bond number of NE wath cach residue of hIAPP for hIAPP
: 2 NE systems, along wnth the standard error bar of each value.

The distance distribution portrays a sharp peak at 431 A, 455 A and 4.25 A,
while the angle distribution exhibits peaks at 20.6%, 26.7° and 30.11° for Phel5, Hisl® and
Phe23 residues respectively (Fig 3.19). Therefore, it can he safely assumed that parallel
- stacking is present for Phelb, His18 and Phe23 residues with the nearest NE molecule.
Similarly, the highest probability is observed at a distance of 6.08 A, 4.79 A and 529 A
and an angle of 76.19%, 61.18° and 85.71° for residues Phel5, Phe23 and Tyr37 respectively
indicating the possibility of perpendicular stacking with NE (Fig 3.20). We have also
calculated the probability of stacking interactions for the control molecules (Fig 3.21).
The most probable distances between Phelb, Phe23 and Tyr37 and the control molecnles

are around 10 A or more, signifying the absence of stacking. The probability of stacking
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between Hisl8 and AS is negligible, considering the highest probable distanee and angle
between them. Hisl8 may be mvolved in stacking interaction with BZ, but the probability
i8 very low. Hence, we can conclude that, the control molecules are hardly involved in

aromatic stacking interactions.

Figure 3.18: A representative snapshot showing aromatic stacking orientalion between NE
(orange) and (a) Phelld (blue), (b) His18 {(green), (c¢) Phe28 (purple) i parallel alignment
and (d) Phell, {¢) Phe23, (f) Tyr37 (cyan) i perpendicular alignment.

Abstract-TH-3247 176122023



100

Chapter 3.1

¥ 420 o [
n ' w
2 3 :
= ! - 1
LS wl .
§ ul- !
O 5 :‘ £ 1
L1 i i 1 iR i L [
ll 2 A [ f l}‘ F [ B W ¢ Fi 4 & [ L]
Distance (A) Distance (A) Distance (A)
() 2 et [
i [
E 10 !
) 3-
a5 2
1 i
0 L : L ¢ . e Lol
] 50 W00 150 ] 50 00 150 ] 50 0 150
Angle {0} Angle () Angle (1)

Figure 3.19:

The probability distribution of the centroid distance between the aromatic
rings of (a) Phell, (b) Hisi8 and (¢) Phe23 and NE and the angle between the arornatic
planes of {d) Phelb, (¢) His18 and (f) Phe23 and NE in parallel alignment.
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Figure 3.20: The probability distribution of the centroid distanee between the aromabic
rings of (a) Phelb, (b) Phe2? and (¢) Tyr37 and NE and the angle between the aromatic
planes of (d) Phels, (¢) Phe23 and (f) Tyr37 and NE in perpendicular alignment.

Abstract-TH-3247 176122023



Chapter 3.1 101

{n} 15
i [ e} — WIAPF M1 AS
7 sk — WIAPP: 20 B7,
E.:v-*— 10
20
a2 3
P
I_
0 i I i o i N |
i 5 1 15 W0 A0 100 150
w7 B
5 8 in
¢ sk il
Bl
=1 1 1]
=
- |
EE— 5
B + i
]-—
4] ]
150
e g
&4
s
2,
o |
peodit
nr !
150
d
{]:i
R4 10 -
=y
ar
&
g2 ;
& i
0 | ke, o R | |
0 5 I i5 W0 a0 10K 150
Distance (A) Angle ()

Figure 3.21: The probability distribution of the centroid distance between the aromatic
rings of (a) Pheld, (b) Hisi8, (¢) Phe23 and (d) Tyr37 and aspirin(AS)/ benzimida-
wole(BZ) and the angle between the aromatic planes of (e) Phels, () Hisl8, (q) Phe23
and (h) Tyr37 and the molecules.

Argll also shows cation-sr interaction with NE, which is analyzed by the distri-
bution of the distance between the centre-of-mass of the aromatic ring of NE and that of

NHz' group of Argll and also of the angle formed between the corresponding planes (Fig
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3.22). The cation-m interaction is considered when the centroid distance entoff is 5 A and

the angle between them is less than 90°[44].

Figure 3.22: {a) Schematic representation of stacking between the aromatic ring of NE and
NHy ' group of Amli and (b) a snapshot showing the corresponding stacking orientation.

From Fig 3.23, the maxinum probability is observed at 3.76 A and 86.56°, which clearly
depicts the presence of cation-w interactions, which has been known to play an essential
64|

role in protein-protein and protein-ligand associations

a} %
g 15 p==
>
T o
E =
<]
6. 55—
D ]
B 0 50 100 150
Distance (A) Angle (0)

Figure 3.23: The probability distribution of the (a) centroid distance belween the aromatic
ving of NE and NHy' group of Amll and (b) the angle between them.

Hence NE has shown to preferentially interact with the above mentioned polar,
aromatic and hydrophobic residues illustrating that hydrogen bonding, aromatic stacking,
cation-m and hydrophobic interactions play an important role in preventing oligomerization

of hIAPP.
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3.1.3.6 Disruption of hIAPP Protofibrils by Norepinephrine
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Figure 3.24: Time evolution of (o) 3-sheet condent of RIAPP protofibyil in different sys-
tems and (b} SASA of WA PP protofibril in protofibril + NE system.

From the previous analyses, we have deduced that NE has the ability to inhabit the F-sheet
formation and the aggregation of hIAPP monomers. Now, we have to further investigate
whether NE ecan disassemble the pre-formed amyloid fibrils. Hence, we have carried out
all-atom MD simulations with hIAPP protofibril in the absence and the presence of NE for
500 ns. Here again, we observe that the probability of f-sheet of the peptides decreases
drastically with simulation time in the presence of NE (Fig 3.24a), The ordered f-strands,
especially those present at the edge chains, are disrupted (Fig 3.25), causing a decrease in
the A-sheet content of the fibrils from 41.2% to 25.9%, while the coil propensity increases
from 27.4% to 52.3% when NE is added to the system (Table 3.6 and Fig 3.26). The
instability of the ordered structure of the peptides surrounded by NE is computed hy the

solvent accessible surface area (SASA) (Fig 3.24b), which is seen to increase by the end of
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the simulation, depicting the disruption of peptide aggregates.

Protofibril

Protofibril + NE

Figure 3.25: Snapshots of hIAPP protofibril in different system at 250 ns time interval,
The peptides are represented in cartoon form, depicting 5-sheet in yellow, coil in white and
bend in cyan.

Representative snapshots reveal that the NE molecules gather mostly around the exterior
surface of the hbrillar region, trying to break the mter-strand bonds, while some other
extend into the inferior surface, destabilizing the intra-strand bonds (Fig 3.27). The 8-
sheet propensity is the highest for residues Ala8 Vall7 and Gly24-Val32 (Fig 3.28), which is
analogous with the previous resulis[23, 42, 53].1 In the presence of NE, the f-sheet content
reduction is more pronounced for the C-terminal Gly24-Val32 residues, which is well in

accordance with the result obtained earbier for random hIAPP peptides.

System | Protofibril | Protofibril+NE
Parallel 39.16 £ 0.43 24.97 4 (.38
-sheet % | Anti-parallel | 1.99 £ 0.11 | 095 +£ 008
Total 41.16 25.92
3|[]-hﬁﬁx 503 £ 0.15 0.06 + 0.04
Helices % ::E:Ifhi 1.00 f_j: 0.04 :—:
‘Total 6.03 0.06
Turn % 11.19 + 0.24 7.00 4+ 0.24
" Bend % 1421 £ 027 | 1457 +030
Coil % 27.41 52.36

Table 3.6: Different Secondary structure contends of WMAPP protafibyil for different sys-
tems, olong with the standard error of each value.
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Time [ns)

Figure 3.26: Time series of secondary siructure changes of each residue of RWIAPP protofib-
ril for protofibril + NE system .

ia) ih)

Figure 3.27: Snapshails of the distribution of NE molecules around 5 A of the WNAPP
peplides mewing (a) perpendicular to, and {(b) along the fibrid azis for protofibril + NE
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Figure 3.28: The f-shecl conient of WMAFPP protofibril over each residue for different

systems.
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Hence this again asserts that NE induces the peptides to remain disordered thus causing a
significant decrease in the stability of the F-sheet conformation of the peptides. Moreover,
the favourable interaction of NE with hIAPP protofibril i3 predicted from the binding free
energy value (Table 3.5). Hence we can conclude that NE can partially disassemble the

pre-formed fibrils.

3.1.4 Discussions

Starting with the random coil structure, we have seen that hIAPP has a tendency to
aggregate into [-sheet conformation, whieh is inhibited when norepinephrine is added to
it. The f-sheet rich peptides are destabilived, giving rise to disordered conformers, The
conformational change of the peptides is established by the increased values of SASA and R,
of the peptides, suggesting that the peptide chains are nnable to aggregate. The interaction
between the peptides is reduced in presence of norepinephrine, which is emphasized by the
contact maps, the unfavourable imteraction energy values, the reduced peptide-peptide
hydrogen bond number and finally the PMF results.

However, the inter-pepfide interactions are hardly affected by aspirin or benzmi-
dazole, which causes the peptides to self-aggregate, thus supporting previous reports[48, 50,
51]. The RDF and SDF analyses suggest that the control molecules are sparsely populated
around the vicimity of hTAPP, which is also supported by the lower first shell coordina-
tion mumber. Therefore the interaction energy and the hydrogen bond number between
WIAPP and the control molecules is much lower than that of NE. Further, the probability
of stacking arrangement between the aromatie rings of aspirin or benzimidazole and that of
hIAPP residues is also negligible. Hence, we can conclude that the control molecules have
a very low interaction affinity towards hIAPF, due to which they are unable to prevent its
ageregation, The low binding atfinity of aspirin with hIAPP has been reported in an earlier
study[52].

Further, in-depth secondary structure analyses reveal that the residues Thr9-His18
and [e26-Asn3l of hIAPP, primarily, participate in both intra and inter-pepfide S-strand
formation. RDF values also confirm the strong interactions between the Len12-Hisl8 and
Len27-Gly33 regions, which is affected by the presence of NE. These fg-strand regions
resemble with that of the hIAPP fibrillar structure. The first shell coordination mamber of

norepinephrine in the first solvation shell of the peptides highlights that the NE molecules
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are concentrated around the residues, which are mostly involved in F-sheet formation.

N } \_..-'/ hIAPP aggregates

HAPP monomers W '."J'T‘ ot et o
o]
S
R o A 8 _}
r r.‘ _‘:_’-i- e

NE intaracts primarity with the
C-terminal region of hIAPP

Figure 3.29: A schematic vepresentation depicting the effect of NE on the aggregation of
hAPP.

The binding energy caleulations reveal that NE preferentially interacts with the
Cys2, Asnd, Cys7, Argll, Leul2, Phelh, Hisl8, Asn22. Phe23, 1le26-Gly33, Asnidb-Tyr37
residues, that is, mostly with the C-terminal region. Moreover, the S-sheet probability
of the C-terminal residues is primarily affected by the addition of norepinephrine. The
residue-wise hydrogen bond calenlations revealed the strong hydrogen honds formed by the
hydroxyl groups of NE with the polar residues. The hydrophobic residues also strongly
interact with the NE molecules. The aromatic residues (Phel5, Hisl8, Phe23, Tyr37) are
also involved in stacking interactions with the aromatic ring of NE. The binding probability
of Phe 15 with NE is much lower than that of Phe23, which is probably due to the position
of the two Phe residues, where one (Phe23) is present at the C-terminal end (leading to
hetter interaction with NE) while the other (Phel5) is buried within the peptide. Argll is
also involved in cation-7r interactions with NE. Hence interaction of NE with these residues

hinders the formation of ordered fH-sheets.

There have been numerons studies illustrating the importance of Phe residues in
the aggregation of hWIAPP and also other amyloid peptides[62]. Hisl8 and Argll also

plays an essential role in the fibril formation of hIAPP[10, 65]. Moreover, mutation of
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Phel5/Phe23/Tyr37 also led to the conformational change of LIAPP, enforcing the im-
portance of these residues[66]. Several mutational effects on Hisl8 have shown a marked
difference on the rate of fibrillation.

Henee, it can be speculated that, hIAPP aggregation is enhanced by the f-strands
formed between the Leul2-Hisl8 and Len27-Gly33 regions. This is hampered as NE
molecules preferentially interacts with one such region (C-terminal region), thus, inhibit-
ing the aggregation (Fig 3.29). The hydrogen-bond, hydrophobic, aromatic and cation-
7 interactions of NE with the mentioned residues significantly contributes in preventing
oligomerization of hIAPP. Moreover, the pre-formed hIAPP fibrils are also disrupted by
NE.

3.1.5 Conclusion

In this study, we have investigated the effect of norepinephrine on the inhibition and desta-
bilization of the hIAPP oligomers via all-atom molecular dynamics simulation (a total of
4.9 ps simulation run). Through a series of analyses, we observed that norepmmephrine
prohibits hIAPP monomers to form f-sheet rich ageregates, thus inhibiting hIAPP fibril-
lation and urges the peptides to remain disordered. However, the self-association of the
peptides is hardly affected by aspirin or benzimidazole, due to their insufficient interaction
with the peptides. Hence they are unable to prevent the aggregation of hIAPP. NE, on
the other hand, disrupts the stable hydrogen-bond and hydrophobic interactions betwesn
the peptides by itself interconnecting with the peptides, via hydrogen bond, hydrophobic,
m-7 and cation-m interactions. The regions, which stabilize the F-sheet formed between the
peplides, interact preferentially with NE molecules (especially the C-terminal residues of
hIAPP), disrupting the formation of ordered aggregates. Moreover, the pre-formed hIAPP
fibrils are also destabilized by NE. Hence our work features the inhibitory mechanism of
hIAPP by norepinephrine with a detailed binding mode analysis. This study provides a
valuable information about the inhibition mechanism of small molecules with anti-amyloid

aggregation properties and can be extended to study other amyloid peptides.
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3.2 Potential of ATP towards Prevention of hIAPP
Oligomerization and Destabilization of hIAPP
Protofibrils: an In Silico Perspective
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3.2.1 Introduction

(=) WIAPPF monomer

oo SO

{b) hIAPPzw {c) ATP

Figure 3.30: Structures of (a) full length hIAPP monomer, (b} MAPPy o scgment and
(e) ATP.

Recently, Patel et al. revealed that adenosine triphosphate (ATP) (Fig 3.30¢), which is the
powerhouse of energy driving the chemical reactions in biological medinm, has the ability to
prevent the aggregation of A# peptides and boiled egg white at millimolar concentration[67)].
This new role of ATP is analogous to the activity of hydrotropes, which specializes in
solubilizing hydrophobic compounds in agueous media. The endogenous hydrotropic action
ot ATP on the protein ageregates in Xenopus oocyte nuelel has also been reported by Haynes
et all68]. The suitability of ATP as a biological hydrotrope is based on the fact that it
contains both hydrophobic adenosine and charged triphosphate moieties, making it possible
to interact with the hydrophobic as well as the hydrophilic amino acid residues. A recent
all-atom molecular dynamics study suggested that ATP alters the thermal equilibrinm of
A oligomers to the one favouring off-pathway species, thus dissolving previously formed
Af fibril|62, 69]. As mentioned in the previous study (Chapter 3.1), compounds which
inhibit the aggregation of both A3 and hIAPP peptides are the new therapeutic target|7,
8, 10, 31, 38, 39, 41-44]. Hence, in this study, taking advantage of this novel role of ATP,
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we investigate whether ATP ecan also prevent the aggregation or disassemble pre-formed
aggregates of hIAPP.

Keeping that in mind, we have performed molecular dynamics simulations of hl-
APP in absence and presence of ATP in explicit solvent. Initially the effect of ATP on five
hIAPP2, 25 fragments, consisting of N2FGAILS® sequence, is studied. The NZFPGAILT
segment. (Fig 3.30b) is reported to be the shortest fibrillogenic sequence which induces
aggregation and is often treated as the amyloid-core of the full length hIAPP[70, 71].
Structural study of N¥FGAILS® by the X-ray diffraction method revealed that this seg-
ment form out-of-register anfi-parallel B-strands{72, 73]. In addition, the influence of ATP
on two full-length hIAPP peptides, which are sufficiently separated, is also investigated, in
order to provide a better understanding of the linding of ATP with hIAPP. The simmlation
results clearly point that ATP interferes with the formation of ordered f-sheet structure,
due to which the peptides remain in loosely-packed, coil conformation. The hydrogen bond-
ing, hydrophobic, 7-m and N-H-wr stacking interactions between ATP and hIAPP effectively
reduces the interaction between the peptides. Moreover, the destabilization effect of ATP
on hIAPP protofibrils is also analyzed, where we observe that ATP preferentially interacts
with the N-terminal and the turn regions.

The remaining of the chapter is classified into the Simulation Method, which states
the in-detail methods used for simulations and analyses and Results and Discussions sec-
tions, which clearly outlines the findings. Lastly the deduction of this work is mentioned

in the Conclusion.

3.2.2 Simulation method

3.2.2.1 Simulation Setup

The effect of ATP on the amyloid formation of hNIAPP was examined by a series of classical
molecular dynamics simulations of hIAPP2; 25 as well as hIAPP dimer and two different
prototfibrils in absence and presence of ATP. The crystallographic structure of hIAPPaa_2e
was taken from protein data bank (PDB id: 5E5V)[72]. The full length hIAPP monomer
and one pentameric protofibril were extracted from the ssNMR structure[53]. The other

protofibrillar structure was extracted from the hIAPP fibrillar polymorph constructed us-
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ing eryo-EM methods (PDB: 6Y1A)[74]. The ATP molecules were modelled using the
polyphosphate parameters of the AMBER force feld[75, 76]. Initially five hIAPPy; o4
fragments, which were sufliciently separated, were placed in an octahedral box, Then ad-
equate mamber of ATP was added depending upon the required ATP concentration. The
required numbers of Mg#! [77] ions were added to nentralize the ATP molecules. The dimer
and protofibril systems were similarly initiated with two randomly spaced hIAPP monomers
and a hIAPP protofibril respectively. Each of the simulation was conducted for 1000 ns,
following simulation protocols mentioned in Chapter 1 (Section 1.5.2). The details of all
the systems are presented in Table 3.7.

System N_rm_q Nooms | N fibil Narp N, Carp
Frag 5 0 | 5000 | 0
Frag(a) 5 0 5000 ()
Frag4+20ATP b 20 200 016
Frag425ATP 5 25 5000 | .19
Frag4+30ATP 5 30 S000 | 023
Frag+-30ATP(a) ) 30 5000 | 023
Dimer 2 {) H000 i
Dimer(a) 2 0 | 5000 | D
Dimer+ATP 2 30 | 5000 | 023
Dimer4ATP(a) 2 30 5000 | 0.23
Protofibril 1 0 10000 1]
Protofibril(a) 1 0 10000 0
Protofibril cryo 1 0 10000 1]
Protofibril - ATP 1 45 110000 | 0.21
Protofibril 4+ ATP 1 45 10000 | 0.22
Protofibril cryo4+ATP 1 0 10000 | 017
Frag-PMF 2 1] 4000 1]
Frag-PMFLATP 2 12 4000 0.1%2

Table 3.7: Details of the simulaied systems. Npeay, Nuone, Npitwits Narp, Ny and Cypp
represent the number of WAPPyy s, full length RAPP monomer, hIAPP protofibril, ATP
and water molecules and the molar concentration (in M) of ATP respectively.

One set of simmlation each considering two hIAPP2 24 segments in absence and presence of
ATP was also done for potential of mean force (PMF) calculations. In total, 18 molecular

dynamics simmlations were performed, each starting with diferent initial confipurations.
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3.2.2.2 Simulation Analysis

The simnlation analyses were carried out following the protocols discussed in Chapter
1 (Section 1.5.3). The spatial distribution functions of ATP around the peptides were
estimated with an isovalue of 1. The first solvation shell coordination number of ATP was
caleulated by considering the number of ATP molecules that were present within 3.5 A of
the peptides|78).

The free energy landscape (FEL) representing - stacking interaction was con-
structed as a funetion of the distance between the eentre of mass of the aromatic rings
and also the angle formed between the vector normals of the respective aromatic rings,
following the equation 1.19,

The potentials of mean force (PMFs) were calculated following the nmbrella sam-
pling method|59]. For this, two hIAPPs; s peptides were simulated, without and with
ATP for 500 ns. The final trajectory was then used to estimate the PMFs between the
Cer atoms of the hIAPPy; 5 peptides. The distance between the centre of mass of the
backbone Ca atoms of the peptides was changed from 3 to 20 A, with an increment of 0.25
A, resulting in 69 windows. The peptides were pulled with a foree constant of 1 keal mol ™!
AZ at 300 K. For each window, the system was subjected to 10 ns of equilibration and 20
ns of production run, leading to a total of 207 ps simunlation for each of the two systems.
The PMFs considering the centre of mass of the phenyl ring of the Phe23 residue was also
calculated following the above method. Hence a total of 8.28 us of simulation run was
conducted. The PMFs were finally obtained by analyzing the results using WHAM|60, 61].

3.2.3 Results

3.2.3.1 Effect of ATP on the Secondary Structures of hIAPP,, .5

The formation of 8-sheet aggregates is considered to be the prineipal characteristic of in-
trinsically disordered proteins according to the amyloid cascade hypothesis. Hence, we have
calculated the evolution of f-sheet formation of hIAPPx s with time progression throngh-
ont the simulation run (Fig 3.31). It is observed that the g-sheet probability increases with

time, suggesting that the peptides, which are initially far apart, self apgregate within a few
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nanoseconds into a f-sheet arrangement. However, in presence of ATP, the probability of
fF-sheet 15 much less and becomes almost neghgible with inerease in concentration of ATP,
For further analysis, the change in each of the secondary structure contents is presented in
Table 3.8, where we notice that, the G-sheet percentage is the highest for the system with

no ATP (43.06%).
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Figure 3.31: Time cvolution of [-sheet content of hIAPPyy o in different systems.

System Ext-f3 Bridge-3 Helix | Turn Bend Coaoil
Frag 415+ 04 | 16+03 [ 33+04 | 2605 (333 +06 | 178
Frag(a) 25905 [ 100£03| 02+00 | 85502 [41.1+04] 134
Frag+ATP20 0 03+ 00 [114+01] 125+ 0.2 398 + 03| 36
Frag+ATP25 0I+0 | 702 0 | 8502 | 386 £ 04 453
Frag+ATP30 0 0 TO5E0.1 | 1601 [432 0.7 | 547
Frag+ATP30(a) 0 00+0 | 10£03 [ 40+05 [503+0.7]| 44.7

Table 3.8: The sccondary structure contents of MAPPy; o for different systemns.

However, a marked decrease is observed i this value, npon binding with ATP. With in-
creasing concentration of ATP, the fsheet percentage almost vamishes (0.002%) and the
coil percentage increases from 17.81% to 54.72%. Hence the dominant secondary structure
of hIAPP,; 4e switches from [A-sheet to random coil, which concludes that ATP molecules

have a major influence on the secondary structure composition of hIAPP.
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In order to identify the effect of ATP on the secondary structure of particular
amino acid residues, the percentage of F-sheel and coil content of each residue of hIAPP
is also estimated. We observe that the residues Gly24, Ala25 and [le26 have the highest
content of J-sheet, followed by Phe23 (Fig 3.32a). Hence the hydrophobic residues are
primarily responsible for the formation of ordered f-sheets. Consequently, the terminal
polar residues, Asn22 and Ser28, have the maximum coil probability (Fig 3.32b). When
ATP is added to the system, the [#-sheet probahbility is negligible and the coill percentage
increases for all the residues. From the snapshots of various systems (Fig 3.33), it is also
perceived that the well separated peptides instantly aggregate in absence of ATP, giving
rise to stable S-sheets. However, the peptides remain widely separated from each other in

presence of ATP, giving rise to random coil conformation.
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Figure 3.32: Effect of ATP on: (a) B-sheet and (b) coil percentages for each vesidue of
RIAP Py oz for different systems.
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Figure 3.33: Snapshots of five hIAPPay o5 peptlides in different systems al the end of
simulation time. The peptides are vepresented in cartoon form, depicting B-sheet in yellow,
coil in silver, bend in cyan and 3g-heliz in blue.

3.2.3.2 Conformational Changes of hIAPP:; s in Presence of ATP

To nnderstand the effect of ATP on the interactions between the hIAPPyy o5 peptides, the
contact map consgidering the Co-Co atoms between all pairs of residues is analyzed (Fig
3.34). The Ca atoms of most of the residues are in close contact with each other for the

hIAPPy; g4 fragment system. However, a marked decrease in the dark spots is observed for
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the ATP systems, signifying that the distance between the Co atoms increases, especially
with inereasing ATP concentration. Hence it 15 further confirmed that the peptides are far

apart from each other in presence of ATP, thus resulting in low pairwise residue-residue

inter-peptide contact.

il ks
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Figure 3.34:
femns,

The interception of ATP on the aggrepation of hIAPPs 54 is reflected by the
structural changes of the peptides in absence and presence of ATP. Hence the solvent
accessible surface area (SASA) of the hIAPPz; s fragments is caleulated, where it is seen
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that, in absence of ATP, SASA is much lower than that in presence of ATP (Table 3.9).
Moreover, an increase in SASA 15 also observed with increasing concentration of ATP.
Since, SASA represents the area available for solvation by solvent molecules, lower values
of SASA indicate more aggregation between the peptides and, hence, less is the available
solvation area. The radius of gyration (R,) further gives a measure of the compactness

of the peptides, hence higher Ry values is indicative of a loosely packed and disordered

conformer (Table 3.9).

System SASA (AY) Rg (A)
Frag 2330 + 41.36 | 974 +£ 0.7
Frag(a) 2340 + 45.52 | 9.84 £ 0.65
Fragt+ ATP20 3210 4 16.32 | 17.61 + 046
Frag+ATP25 3204 4+ 2012 | 16.35 + 0.37
Frag4+ATP30 3511 4 14.13 | 20.93 -+ 1.64
Frag—I—ATPm(a} 3320 + 1250 | 20.61 + 0.59

Table 3.9: Solvent Accessible Surface Area (SASA) and Radius of gqyration (R,) of
RIAPPyy oy for different systems.

Together with the SASA walues, it 18 clear that, ATP promotes the segregation of the
peptides and hence inhibits hIAPP to form a compact oligomerized strocture.

Interactions Peptide-Peptide Peptide-ATP
Contributions Ele vdW Ele vdW
Frag 28164104 | -11.5+£3.3
Frag(a) -199.54138.2 | -12.5424 - :
—— Frag+ATP20 | -14904487 | 23402 | -183#81 |-26.14+22
Frag+ATP25 1423455 | 0.7+0.2 | -243.2410.9 | 35.7+2.6
Frag - ATP30 | -134.1+69 | h.7+16 | -431+20.5 | -381+1.7
Frag+ATP30(a) | -142.6%52 | 7.1£16 |-3586%17.4 | -374E34

Table 3.10: Decomposition of peptide-peptide and peptide-ATP inderaction energies (in
keal/mol) of hIAPPy 55 for different systems.

The modification in the peptide-peptide interactions due to the ATP molecules is
further analyzed by the interaction energy between the peptides (Table 3.10), where the
total interaction energy is divided into electrostatic as well as van der Waals components.

The electrostatic energy is more negative than the van der Waals component, indicating
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that the former dominates over the latter. The interactions in-between the peptides become
unfavourable with increasing ATP concentration for both the energy components. Hence
it is further confirmed that ATP helps in the reduction of the interaction between the pep-
tides. Further, hydrogen bond interactions play a very important role in the stabilization
of oligomers, especially in the formation of F-sheets[62]. On considering the number of
hydrogen honds formed between the peptides for each hIAPPa s fragment (Table 3.11),
we observe a significant decrease in the average hydrogen bond number, with increasing
ATP molecules, mdicating that the peptide-peptide hydrogen bonds are broken, due to
which the peptide aggregation is hindered.

System Peptide-peptide | Peptide-ATP
Frag 387+ 07 .
Frag(a) 3.74 £ 08
Frag LATP20 1.52 + 0.42 2.60 + 0.46
Frag+ATP25 0.92 + (.32 3.13 £ 0.72
Frag-+ATP30 0.51 + 0.3 499 + 05
Frag+ATP30(a) 0.98 + 0.4 435+ 038
Dimer 21.50 + 1.95 :
Dimer(a) 18.80 + 1.04 =
Dimer+ATP 11.97 + 1.42 1727 £ 2.75
Dimer4ATP(a) 1248 + 1.75 1521 £ 1.5

Table 3.11: Average hydrogen bond numbers of WAPPy_as and MAPP dimer between
peptide-peptide and peptide- ATP interactions for different systems.

The radial distribution functions (RDFs) between the hIAPP,; g4 fragments is
calenlated considering the centre of mass of the backbone (Fig 3.35a) as well as the side-
chain atoms (Fig 3.35b) of the peptide fragments. For the hIAPP fragment system, a sharp
peak at around 3.5 A is observed, but with the addition of ATP, the maximum, which
now has a much less intense peak, shifts to a higher distance. Moreover, on increasing the
concentration of ATP, the distance at which the first maximum appears also inereases, This
further proves that the contact between the peptide fragments is hindered by ATP. Since
- stacking interaction between the Phe residues enhances the stability of the ordered
G-sheets[28], the RDFs between the Phe23 residues is also ealeulated to analyze the effect
of ATP on the Phe-Phe interactions. The maximum RDF considering the centre of mass

of the backbone atoms of Phe23 appears at 4.85 A, but the peak shifts beyond 10 A in
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presence of ATP (Fig 3.35¢). The RDF between the side chain aromatic ring of Phe23
appears at. 5.25 A, hinting the existence of 77 stacking arrangement between them (Fig

3.35d). However, here also, ATP interrupts the Phe-Phe stacking interactions.
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Figure 3.35: Radial distribution functions between center of mass of (a) backhone and
(b) side chain of WMAPPr s and (¢) backbone and (d) side chain of Phe28 for different

systemns,

Since hIAPP has a high tendeney to aggregate with itself, the hlIAPP,, o4 frap-
ments prefer to interact with each other rather than the solvent water molecules, which is
further confirmed by the calenlation of the preferential interaction parameter (I'y,). From
Fig 3.36a, it can be observed that, I}, for the hIAPP system has a high positive value, but
the incorporation of ATP led to a marked decrease in 'y, which eventually has a negative
value. From equation 1.18, a positive 'y, value indicates that the peptides preferentially
interact with each other, leading to its self-assembly. On the other hand, when peptides
interact more with water, i.e., higher peptide solvation oceurs, I'p, tends to be negative,

indicating lower ageregation propensity. This further proves that, hIAPP, in the control
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system, preferentially interact with itself, causing aggregation. However, in presence of
ATP, this preference is reduced, and the peptides interact more with the solvent molecules,

due to which they remain in random coil conformation.
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Figure 3.36: Preferential interaction parameters of the (a) hIAPPy _ss peptides and (b)
RIAPF dimer for different systems.

3.2.3.3 Potentials of Mean Foree

To further examine the impact of ATP on the aggregation of the hIAPPyy_se fragments, we
have ealenlated the potentials of mean foree {PMFs) of association between two hIAPP,; 5
fragments (Fig 3.37a). The PMF is caleulated as a function of the distance between the
centre of mass of the backbone Ca atoms of the fragments. In absence of ATP, the free
energy minimum is observed at 5.09 A, which implies that the interactions between two
hIAPP., s fragments is most stable when the distance between them is 5.00 A. However,

the minimnm increases (PMF becomes unfavourable) on addition of ATP, pointing to the

Abstract-TH-3247 176122023



Chapter 3.2 123

fact that the interconnection of the two peptides is destabilized by ATP. Since 7-mw stacking
between the two phenyl rings in Phe23 is critical for the self-association of hIAPP[79], the
free energy profile considering the distance between the centre of mass of the phenyl ring of
two Phe23 is also estimated (Fig 3.37h). Here also, we observe that, the stability between
the two aromatic rings is maximum at 5.58 A. With the addition of ATP, the stacking
interaction between the two aromatic rings is inhibited, thus causing an increase in the
free energy value. Thus, it is clear that the aggregation of hIAPP4 s is unfaveurable in

presence of ATP.
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Figure 3.37: Potential of mean force of two hIAPPay. s between the centre of mass of (a)
the peptides and (b) the side chain of Phe23 for different systems.

3.2.3.4 Effect of ATP on the Aggregation of Full Length hIAPP Dimer

The previous seetions provide substantial evidence proving that ATP has the ability to
inhibit the aggregation of hIAPP,; s and also certifies the concentration at which ATP

can best act as an inhibitor. In this section, we focus on the effect of ATP on two fall
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length hIAPP to obtain a thorough understanding of the inhibition mechanism. From the
snapshots (Fig 3.38), we can see that the two peptides are initially set apart and, with
progression of time, arrange themselves in an ordered F-sheet conformation. However, the
peptides are disassembled and randomly spaced in the system containing ATP. In order
to examine the effect of ATP on the change of peptide conformation, we have caleulated
the change in S-sheet formation and SASA of the hIAPP dimer with time. Here also, a
decrease in the f-sheet content of the dimer is observed in presence of ATP (Fig 3.3%a).
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Figure 3.38: Snapshots of hIAPP dimer in different systems al the end of simulation
time. The peptides are represented in cartoon form, depicting G-sheet in yellow, coil in
silver, bend in cyan and 3 5-heliz in blue.

The SASA value of the peptides with ATP is higher than the one without it, which demon-
strates that the peptides are unable to aggregate with ATP around it (Fig 3.39b). Moreover,
the above analyses also support that the conformational ensembles converge in the last 200

ns of the simulations. The R, of the dimer also increases in presence of ATP, depicting
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that the peptides are loosely packed (Fig 3.39¢).
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Figure 3.39: Time cvolution of (a) 3-sheet content, (b) SASA and (¢) Ry of hIAPP dimer

wm different systems.

From the average secondary structure contents of each system (Table 3.12), it is
observed that the hIAPP dimer has the highest g-sheet content of 18.43%, which reduces
to only 6.31% in the presence of ATP, while the coll percentage increases from 39.37%
to 53.86%. The helix content remains almost the same. Hence, it is confirmed that the
ATP reduces the average f-sheet content of hIAPP dimer, by keeping the peptides away
from each other. analogous to the hIAPPy; 5 fragments. Similarly, the evolution of the

secondary structures of each residue over the entire simulation time (Fig 3.40) also reveals
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that the hTAPP residues form stable F-sheets, but, with ATP, the peptides prefer to remain

mm random coill conformation.

System Dimer | Dimer(a) | Dimer+ATP | Dimer4ATP (a)
Extended 4 | 12.7 £ 0.3 | 9.1 & 0.0 28+ 0.0 4.7+ 0.3
A-sheet % | Bridged 8 | 584+ 02 | 44400 30102 4.7+ 0.2
Total 18.4 13.5 6.3 0.4
"“Helices % | 3y-helix | 20+00 | 26 + 0.0 2.0+ 0.0 1.2+ 0.0
a-helix 0.0 400 | 65400 0.1 &+ (.0 0
w-helix () 0 0.0 £ 0.00 0
Total 2.0 9.2 2.1 1.2
Turn % 1834 (3| 14.7 4+ 0.0 153+ 03 15.6 4+ 0.3
Bend % 220+03 222400 224404 26.1 + 0.3
Coil % 394 40.6 53.9 478

Table 3.12: The secondary structure contents of MAPP dimner for different systems.
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Figure 3.40: Time evolufion of change of sccondary structures of each residue of hIAPP
dimer for different systems.

The F-sheet probability of each residue of hIAPP (Fig 3.41a) clearly depicts that Asn22-
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Thr30 region has the highest f-sheet content, followed by Ala8-Lenl2 region. The Asn22-
Leu27 region is reported to be part of the amylmdogenic region of hIAPP and the effoct of

ATP on its aggregation is already analyzed in the previous sections.
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Figure 3.41: Effect of ATP on: (a) B-sheel and (b)) coil percentages for each residue of
hAPP dimer for different systems.
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Figure 3.42: Residue-residue contact map of the MAPF dimer for different systems.

In presence of ATP, the S-sheet content distinctly reduces for both the regions and the
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random coil content. increases (Fig 3.41b).

To probe the effect of ATP on the peptide-peptide interactions, first the residue-
residue contact 18 calculated. The contact map analysis reveals an increase in the distance
between the Cor atoms of the residues and thus a decrease in the interactions between the
peptides, in presence of the inhibitor (Fig 3.42). The value of the preferential interaction
parameter () further indicates that the two peptides in the dimer preferentially interact
with each other, but ATP mduces the solvation of the dimer in water (Fig 3.36h). Further,
from the interaction energy values between the hIAPP dimer (Table 3.13), we observe that,
here again, the electrostatic energy dominates over the van der Waals energy and both the

energy components, are less favourable for the systems with ATP, than the one without it.

Interactions Peptide-Peptide Peptide-ATP
Contributions Ele vdW Ele vd'W
Dimer 1103.5+0.7 | -90.8+0.3 -
Sutamid Dimer(a) -1096+0.8 | -87.3+03 -
Dimer+4+ATP -981.540.7 | -27.64£0.2 | -1928.54£3.3 | -134.440.2
Dimer4+ATP(a) | -1030.5:£0.6 | -35.6:£0.6 | -1780£3.7 | -118.840.3

Table 3.13: Decomposition of peplide-peptide and peptide-ATP interaction energies (in
keal/mol) of hIAPP dimer for different systems.

A notable reduction in the number of hydrogen bonds formed between the peptides is also
perceived (Table 3,11j. implying that the ATP molecules disrupt the hydrogen bonding
interaction between hIAPP molecules. Hence it is confirmed that, the agpregation of the

hIAPP dimer, similar to h(IAPPg; s, is inhibited by ATP.

3.2.3.5 Imteraction of ATP with hIAPP

In order to investigate the role of ATP as an inhibitor of hIAPP aggregation, detailed
analysis on the interaction of ATP with hIAPP is necessary. Hence, for the characterization
of the interaction between hIAPP and ATP, the RDF between the centre of mass of the
heavy atoms of the ATP molecules and that of each residue of hIAPP is calenlated, which
helps us to identify the specific residues interacting with the inhibitor. From Fig 3.43a, we
observe that the first maxima of the hydrophobic residues in the hIAPPy, 45, 1.¢., Phe23,
Gly24, 1le26 and Leu27, appear around 5 A, which signifies that these residues have a
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strong affinity to interact with ATP.

5 ®
4.5 z
4
&
15
5
3
Iy Eey
25 E 4 5
E 3
1:5
2
i
05 1
i 0 [i]
N22 F23 G24 AZ5 126 27 528 5 I 15 20 25 30 35
Residue Index Residuc Mumber

Figure 3.43: A lwo dimensional heat map displaying the radial distribution funclions
(RDF) between centre of mass of ATP and that of each residue of (a) hIAPPy; 35 and (b)
IMAPP dimer for different systems.

On the other hand, both the hydrophilic and the hydrophobie residues in the hIAPP dimer
are close in contact with ATP (Fig 3.43b). Mostly, the terminal regions of full-length
hIAPP (Lysl-CysT and Ser28-Thr3() and the Phel5-Asn21 region are strongly interacting
with ATP. Moreover, the RDF between ATP and Argll has a very high peak value, which
appear at around 4 A, displaying a high affinity of ATP towards Argll.

3

Fragt+ATP30 Dimer+ATP

Figure 3.44: Spatial distrilulion functions of ATP around MAPPy;_ g5 and RMAPP dimer.

For a detailed probabilistic three-dimensional structural view of the distribution of ATP
molecules around the peptides, the spatial distribution functions of ATP around a distance

of 5 A of the peptides are estimated. We observe that the ATP molecules are densely
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populated around the hydrophobic region of hIAPPx_ o5 fragments (Fig 3.44). A compact
arrangement of ATP molecules around the hIAPP duner 15 also observed, especially around

the N-terminal region.

To obtain further insight into the primary interaction sites of ATP with hIAPP, the
first solvation shell coordination number of ATP is calenlated. For the hIAPP,, 5 fragment.
(Fig 3.45a), Asn22 and Phe23 have the highest content of ATP surrounding them, followed

by the residues Gly24, Leu27 and Ser28.
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Figure 3.45: First shell coordination number of {a) ATP, (b) adenosine and () triphos-
phate moicty around cach residue of RIAPPsy o in different systemns.
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Here again, for the hIAPP dimer, it is observed that ATP has a high propensity around
the terminal regions (Lysl-Alab and Ser28-Thr36) and the turn region (Asnl4-Asn21) (Fig
3.46a). Marcover, GInll) and Argll have the highest coordination number of ATP around

them.
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Figure 3.46: First shell coordination number of (a) ATP, () adenosine and (¢) triphos-
phate moiety around each residue of hMAPP dimer.

The distributions of ATP around both hydrophobic and hydrophilic residues suggest that
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the hydrophobic as well as the hydrogen bond interactions play an important role in the
association of ATP with hIAPP. Hyman's group found that the hydrophobic adenosine ring
of ATP strongly enhances the effect of the charged triphosphate moiety on the stability of
proteins|67|. To identify which section of ATP has a dominant contribution in its binding
with the peptides, we calculate the number of adenosine (Figs 3.45b and 3.46b) and triphos-
phate (Figs 3.45¢ and 3.46¢) moieties in the first solvation shell around the peptides. The
epordination number of adenosine is greater than that of the charged triphosphate moiety

i both hIAPPz; o fragments and hIAPP dimer.

(a) W Fag+ATPE0
| Frag+ATRE)

Total interaction energy (Kcal/mol)
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10 I 15 0 I 5 I L] I 5
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Figure 3.47: The total interaction energy of ATP with each residue of (a) MAPPy o
and (b) WAFPP dimer.

The charged triphosphate group only interacts with the polar residues. However, the
presence of hydrophobie ring and the amino group in adenine and the hydroxyl groups
in ribose makes 1t possible for adenosine to interact with more residues. Hence we can

conclude that the contact of ATP with the peptides is mostly due to hydrophobic adenosine
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rather than the hydrophilic triphosphate group. Similar results are also reported for the
interaction of ATP with Ag[69].

The extent of the interaction of ATP with hIAPPs sy fragment and hIAPP dimer
15 further analyzed by estimating the interaction energy between them. From the interaction
energy of hIAPPys o systems (Table 3.10), we observe that the interaction with ATP
increases with increasing concentration of ATP and is most favourable for the system with
highest ATP concentration. Here again, the electrostatic energy dominates over its van
der Waals counterpart. Favourable interaction energy values are also observed for the
dimer+ATP systems (Table 3.13). To further pinpoint the residues involved in interacting
with ATP, the total interaetion energy of each residue with ATP is caleulated (Fig 3.47).
The interaction energy is most favourable for Phe23, Gly24 and Tle26 in the hIAPPa 2
fragments. Similarly, for the dimer system, the region Phel5-Phe23 has the most favourable
interaction energy, along with Argll, Ser28 and Thr30 residues.

The cluster analysis is also performed to investigate the effect of ATP on the hIAPP
structure. The hIAPP;; .s systems are divided into 10 and 11 different eonformations in
absence and presence of ATP, ont of which three most populated structures are presented
(Fig 3.48). The hIAPPy o fragments, in absence of ATP, form a 3-barrel like structure,
consisting of anti-parallel f-strands. However, the fragments remain separated in presence
of ATP. The dimer conformations, on the other hand, are distributed into 16 and 8 clusters
for the systems without and with ATP respectively. Three of the most populated structures
for each system are shown in Fig 3.48. The most populated structure in hlAPP dimer
consists of a three stranded cross 3-sheet structure with a §-hairpin, formed by Ala8-Phelb
and Asn22-5er29 residues of one chain and a F-strand formed by Asn24-Thr32 residues of
the other chain. Similar three stranded -sheet structure has been reported previonsly[10].
The other clusters consists of short F-sheets and also random coll conformations. However
the dimer mostly exists in random coil in presence of ATP, indicating that ATP prevents
the formation of ordered f-sheet structures in hIAPP. Moreover. 1t 18 also observed that
the distribution of ATP is higher around the terminal (especially the N-terminal) residues.

The hydrogen bonding interactions play a pivotal role in the binding of ATP with
hIAPP (Table 3.11). On increasing the ATP concentration, the average hydrogen bond
mimber hetween ATP and hIAPPy; 54 fragment increases, displaying a stronger mteraction

between the peptide and inhibitor molecules. Substantial number of hydrogen bonds is also
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formed between ATP and the WIAPP dimer.

Cluster 1 (19.6%) Cluster 2 (12.7%)

W

Cluster 1 (28.6%) Cluster 2 (18.7%) Cluster 3 (9.5%)
Dimer
Cluster 1 (14.7%) Cluster 2 (11.8%) Cluster 3 (7.5%)
Dimer+ATP

Cluster 1 (53.8%) Cluster 2 (6.1%) Cluster 3 (4.9%)

Figure 3.48: Hepresentalive conformations of the clusters of MMAPPy ¢ and hIAPP
dimer of different systems.

Moreover, the residue wise hydrogen bond nmumber for the peptide-peptide and also the

peplide-ATP interactions help us to pinpoint the residues that mostly contribute to the
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hydrogen bond disruption of the peptides. The hydrogen bond number between hIAPP2y o4
[ragments 1s the highest for the terminal polar residues, Asn22 and Ser28, followed by Gly24,
He26 and Len27 (Fig 3.49a), The polar residues have the maximum hydrogen bond number
with ATP as well, closely followed by Phe23 and Gly24 (Fig 3.49b).
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Figure 3.49: Average hydrogen bond number of (a) peptide-peptide and (b) peptide-ATP
with each residue of hIAPPy g,

The small size of Gly24 makes it feasible to easily form hydrogen bonds with ATP. Con-
sequently, in hIAPP dimer, hydrogen bonds formed in the C-terminal region, especially
by Ser20, Asn22, Ser29-Asn3l residues and also by Asnl0 aid in the aggregation of the
peptides (Fig 3.50a), However, Argll has the maximum hydrogen bond number with ATP
followed by Lysl-Asn3, Asnl(, Asnl4, His18-Asn22, Ser28-Asn3l, Thr36 and Tyr37 (Fig

3.50b). As expected, the polar residues present at the terminal regions and at the turn
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regions are more involved in hydrogen bonding with ATP. Hence the residues, which are
responsible for hydrogen bonding between the peptides, form hydrogen bonds with ATP,

thus preventing peptide aggregation.
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Figure 3.50: Average hydrogen bond number of (a) peptide-peptide and (b) peplide-ATP
with each residue of hIA PP dimer.

Apart from hydrogen bonding, stacking interactions play a very important role in
the drug design for amyloid inhibition[33, 66]. Hence w-7 stacking interaction between the
aromatic group of ATP and the aromatic residues of hIAPP is another erucial factor to the
binding of ATP with hIAPP (Fig 3.51a-d). Following previons studies, the w7 stacking
pattern is elucidated by the free energy plot as a function of the distance between the
centre of mass of the two aromatic residues and also the angle formed between them (Fig

1.6a). The stacking patterns are categorized as parallel, herringbone and perpendicular,
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depending upon the angle made by the two aromatic rings. From Fig 3.52, we can conclude
that all forms of stacking are present between ATP and Phel5, His18, Phe23 and Tyr37

residues of hIAPP.
Phels ATP His1&
v ATP
(k)
Arglt
b_{ _; ATP
1
313-
n

Figure 3.51: Representative snapshots showing (a-d) n-n and (e,f) NH-n stacking ovien-
tation between ATFP and the aromatic residues of hIAPP.

However, parallel stacking is most dominant in Phe23, while herringbone stacking is mostly
observed for Phelb and Tyr37 and Hisl8 residues is primarily involved in perpendicular

arrangement with the aromatic ring of ATP.

In the above analyses, we observe that ATP has a strong affinity to interact with
Argl1[64]. This may be due to the existence of N-H-w stacking interaction between them
(Fig 1.6b), which is further examined (Fig 3.51e). In the plot of the distance between the
centre of mass of the NHz* group of Argll and the aromatic ring of ATP (Fig 3.53a), a
sharp peak is observed at 4 A, indicating the presence of amino-aromatic contact. Moreover,
the NH; group of ATP is also involved in N-H-w stacking interaction with the aromatic
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ring of Phe23 (Figs 3.511 and 3.53b). From all of the above analyses, it can be deduced
that the hydrogen bonding, hydrophobic, 7-7 and N-H-7 stacking interactions collaborate
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Figure 3.52: Free encigy surface (in keal/mol) as a function of the distance and angle
between the centre of mass of the aromalic rings of ATP and the aromatic residues of
hAPP.
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in assisting the interaction of ATP with hIAPP, thus impeding hIAPP aggrepation.

3.2.3.6 Destabilization of hIAPP Protofibrils by ATP

After having concluded that ATP can, indeed, prevent hIAPP aggregation, we are now in-
terested to learn the effect of ATP on pre-formed hIAPP fibrils. To that effect, independent
1 ps simulations on two different hIAPP protofibrillar structures in absence and presence
aof ATP are carried out. The ssNMR derived hIAPP protofibnl consists of five hIAPP; a7
chains, where each chain is folded into a #-hairpin made up of two fF-strands (Ala8-Vall7
and Ser28-Tyr37) joined together by a loop (His16-Len27) (Fig 1.4a). The cryo-EM model
of the polymorph, on the other hand, comprises of hIAPP;; a7 arranged in a S-shape,

(a) g

(Fo]

Probability of B-sheet (%)

Time (ns)

Figure 3.54: Time series of (a) BMSD and () f-sheel content of WMAPP protofibril for

different systems.
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involving  f-strand (Asnl4-Ser20) loop (Asn21-Ala25)- F-strand (1e26-Val32)} loop
(Gly33-Ser34 }-F-strand {Asn35-Tyr37) (Fig 1.4c).

The structural stability of both hIAPP protofibrils in presence of ATP is analyzed
by first caleulating the time evolution of the root-mean-square deviation (RMSD) of the
Cer atoms of hIAPP residues, with respect to the initial structure, From Fig 3.54a, we
observe that the RMSD of the both protofibril models are around 2 A, and, in presence of
ATP, it is increased to nearly 4 A for the NMR model.

GG?.\,-’-?-':M-;\_ . A . e - -—.

Protofibril cryotATP

Figure 3.55: Snapshots of RMAPP protofilvil in different systems at the end of simulation
time. The peplides are represented in cartoon form, depicling G-sheet in yellow, coil in
silver, bend in eyan and 3y -helic in blue.

On the other hand, the RMSD values of the eryo-EM model Huctuate with time and reach as
large as 6 A. The increase in RMSD of the protofibrils on addition of ATP suggests that the
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peptide chains undergo significant conformational deviations on binding with ATP, which
can also be seen from the snapshots (Fig 3.55). The symmetric F-sheet conformation
of the NMR model is destabilized, and the S-shaped structure of the cryo-EM model is
impaired. Since the secondary structure of hIAPP protofibrils mainly consists of [-sheets,
the change in F-sheet structure is associated with the stability of the pentamer. From the
time evolution of the f-sheets of the hIAPP protofibril (Fig 3.54b), we observe that the
f-sheet. probability of hIAPP with ATP is much lower than the one without it, depicting
the instability of F-sheets of the protofibrils in presence of inhibitor. Similarly, the average
contents of the different secondary structures also reveal a modest decrease in the F-sheet
content from 45.48/39.43 % to 29.8/31.26 %, and also an increase in the coil content from
32.66/33.83 % to 48.08/42.54 % for the NMR /eryo-EM model (Table 3.14).

System Ext-3 | Bridge-7 | Helix Turn Bend | Coil
Protofibril 27+04| 28+0.1 |1.4+0] [9.4+03[11.3+03 | 32.7
Protofibril(a) 375404 | 08500 | 1.6+01 | 6.0£02 | 164103 | 37.7
Protofibril_cryo 331804 | 6302 | 0.0+0 | 39402 229+04 | 338
Protofibril - ATP 26.7H04 | 3.2+0.1 | 09+£0.0 | 9403 11.8+03 | 48.1
Protofibril+ATP(a) | 301404 | 43+02 |40+02|82+02 ] 134+03 | 30.0
Protofibril.cryo+ATP | 29.2404 | 21401 | 01400 | L.740.1 | 244404 | 42.5

Table 3.14: The secondary structure contents of hIAPFP protofibril for different systems.

Hence incorporation of ATP induces the conversion of dominant secondary structure from

f-sheet to random coil composition in hIAPP protofibril as well.

The most populated structure of the protofibril with surrounding ATP is obtained
from the cluster analysis, where the ATP molecules are seen to occupy mainly the edges
of the protofibrils, ie., near the turn regions, and the terminal regions (Fig 3.56). The
residue-wise (-sheet content 1s calculated, for a precise analysis into the influence of ATP
on the specific residues of the protofibrils. The regions having the highest G-sheet content,
Ala8-Vall7 and Gly24-Thr36 in the NMR model (Fig 3.57a), match with that reported
by Luca et. al[53]. For the cryo-EM model, Asnl4-Asn22, Tle26-Asn31 and Ser34-Thr36
have higher g-sheet content (Fig 3.57b)(74]. ATP drastically induces a reduction in the
f-sheet probability of most of the residues, particularly the C-terminal residues. Further,

the first solvation shell coordination number of ATP around each residue of the protofibril
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establishes that the ATP molecules

(a) Protofibril+ATP {b) Protofibril cryot+ATP

Figure 3.56: Snapshots of the distribution of ATP molecules around 5 A of the (a) NMR
and (b) cryo-EM model of hIAPP protofibril in different systems.
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cach residue of NMR model of the hIAPP protofibril for different systemns.
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are in contact with the turn (Lenl6-Asn21) and the terminal regions (Lysl-Argll and
Thra30-Tyr37), with higher preference towards the N-terminal region (Lysl-Argll) in the
NMR model (Fig 3.57¢), equivalent to the results obtained for hIAPP dimer systems. Since
the first 12 N-terminal residues is absent in the eryo-EM model of the protofibril, ATP
molecules are higher in number around the C-terminal residues (Fig 3.57d). Moreover, in
presence of ATP, the electrostatic as well as the van der Waals interaction energy become
unfavourable (Table 3.15) and also the average hydrogen bond number decreases (Table
3.16) for the peptide-peptide interactions. The strong binding of ATP with the protofibrils,
on the other hand, is also coneluded from the number of hydrogen bond and interaction
energy values between the protofibrils and the ATP molecules. Hence the interactions
hetween the peptide chains are interrupted, leading to a partial destabilization of the hIAPP

protofibrils.
Peptide-peptide Peptide-ATP

System Ele VAW Ele vaw
Protofibril -1139.4+ 85 | -1276 £ 39
Protofibril(a) 1131 + 9.8 |-118.14 + 4.2

Protofibril_cryo 761+ 95 | -1023 £ 45
Protofibril-4- ATP -1127.2 + 84 | -119.9 + 4.3 |[-351.8 + 61.5 | -32.8 + 2.0
Protofibril+ATP (a) | -1150 + 12.1 | -123.88 £ 4.5 | -261.4 £ 53.1 | -306 & 1.6
Protofibril cryo4+-ATP | -7334 - 69 | -76.28 + 35 |-2534 + 3h.0 | -184 + 1.8

Table 3.15: Decomposition of peptide-peptide and peptide-ATP interaction energies of
RAPP protofibril (in keal/mol) for different systems.

System Peptide-peptide | Peptide-ATP
Protofibril 260 4+ 1.2
Protofibril(a) 256 + 1.2
Protofibril cryvo 2084+ 13
Protofibril 4+ ATP 237112 83+ 0.7
Protofibril4+ATP (a) 218+ 14 43 % 0.6
Protofibril cryo+ATP 178 &£ 0.9 354+ 06

Table 3.16: Average hydrogen bond numbers of MAPP protofibril between peplide-peptide
and peptide-ATP inferactions for different systems.
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3.2.4 Discussions

hIAPP,; 45 is part of the amyloidogenic core of hlIAPP, consisting of a hydrophobic core
(Phe23-Leu2T) with terminal hydrophilic residues (Asn22 and Ser28). The aggregation
of hIAPPy; 35 under the imHuence of ATP is, therefore, investigated. In pure water, the
WIAPPy, s fragments instantly self-assemble into anti-parallel 8-sheets. The formation of
antiparallel A-sheets by hIAPPg; 45 1s also observed in the erystallographic structure,[72]
from where the initial structure for this study is extracted. However, in presence of ATP,
the interaction between the peptides decreases, hindering the self-aggregation of the pep-
tides (Fig 3.58). A compact arrangement of ATP around the peptides is observed, with
ATP preferentially interacting with the hydrophobic core (Phe23-Leu27). A compact ar-
rangement. of ATP around the peptides 1s observed, with ATP preferentially interacting
with the hydrophobic core (Phe23-Len27). Since dimerization is the initial step of hIAPP
aggregation, the conformational change of hIAPP dimer in presence of ATP is also in-
vestigated. The initial extended coil states of the dimer adopts a three-stranded S-sheet
conformation. The G-strand regions consist of N-terminal residues, Alad Lenl2 and the C-
terminal residues, Asn22-Thr30, which resemble with a REMD simulation study on hIAPP
dimer|10].
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Figure 3.58: A schematic representation of the effect of ATP on the aggregation of hIAPP.

However, the hIAPP dimer maintains its random coil conformation on addition of ATP,

disfavouring dimerization (Fig 3.58). The hydrogen bonds and hydrophobic interactions
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between the peptide residues, which stabilize the oligomerization of hIAPP, are disrupted
by ATP, thus, reducing the probability of amylod aggregation. Further, in-depth analyses
revealed that ATP preferentially interacts with the terminal residues (Lys1-CysT and Ser28-
Thr30) and Phel5-Asn2l region in hIAPP dimer. Both the hydrophilic and hydrophobic
residues are involved in the hIAPP-ATP interactions. The aromatic residues ( Phel5, Hisl8,
Phe23 and Tyr3T) are also involved in stacking interactions with ATP. The significance of
Phe residues in amyloid aggregation is widely known[28, 79|, due to which 77 stacking
between Phe and inhibitor molecules is very crucial for drug design.  Further, disparate
hIAPP aggregation pathways are noticed on mutation of His18[65]. A high contact num-
ber is observed between hIAPP and Argll, which plays an essential role in hIAPP-ATP
association, by forming hydrogen bonds and N-H-w stacking interaetions. The propensity
of small organic polyphenols towards the aromatic and hydrophobic residues of hIAPP is
recognized in numerous studi&l[ﬂ, 10, 32], Muoreover, a recent study of destabilization of
Af3, 4 oligomer by ATP reported a higher interaction of the hydrophobie adenosine with
the backbone of the peptide resnlted in forming off-pathway species[69]. Similarly, in our
study. the hydrophilie triphosphate moiety has a much lower contribution towards protein-
ligand association than the hydrophobie adenosine group. The presence of both polar and
aromatic groups in adenosine ensures a higher contact number with the peptides. Hence
hydrogen bonds, hydrophobic interactions, m-7 and N-H-w stacking interactions between
ATP and WIAPP prevent the oligomerization of the peptides, Further, the destabilization
of pre-formed hIAPP aggrepates by ATP is also analyzed. ATP disrupts, albeit, modestly
the stable f-sheet rich structure of the protofibrils by interacting with the terminal and
turn regions of the protofibrils. Due to the escalating growth of T2D, the necessity to
discover a drug, especially one which is easily bioavailable, is of utmost importance. Hence
ATP can be utilized in this regard, so that it can not only prevent hIAPP monomers to ag-
gregate, but also disassemble preformed fibrils. However, experimental evidence is required

to support onr findings.

3.2.5 Conclusion

In this work, we have studied the oligomerization of a small amyloid fragment and the
full length sequence of hKIAPP, along-with the influence of ATP on their aggregation prop-

erty using all atom molecular dynamics simmlations. To begin with, we observe that the
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randomly placed hIAPP.y s peptides instantly ageregate to form g-sheet rich oligomers,
mchiding a F-barrel hike structure in pure water. From the secondary structure analysis,
we notice that these F-sheet aggregates are stable throughout the entire simmlation run.
However, on addition of a biological molecule, ATP, the hIAPPy: .y fragments are unable
to ageregate and remain in random, loosely-packed conformation, as inferred from SASA,
Ry and preferential interaction parameter values. The contact map, interaction energy as
well as hydrogen bond number of the hIAPPy s peptides further conelude that the in-
terception in the interactions among the peptides due to the binding of ATP. hlIAPP2; a5
is located in the amyloidogenic segment of hIAPP and consist of the smallest fragment
of hIAPP which leads to aggregation. Having deduced the ideal concentration at which
ATP inhibits WIAPPy, .4 ageregation, we venture out to examine the effect of ATP on the
full length peptide to acquire a complete understanding of the interaction mechanism of
ATP with hIAPP. In pure water, the two randomly placed hIAPP monomers aggregate
to form a three stranded A-sheet structure, which 18 éventually prevented in presence of
ATP. Focusing on the interaction site of ATP with hIAPP, we observe that, ATP preferen-
tially interacts with the hydrophobic residues in hIAPPs_ o fragment, ie.; Phe23-Len27.
However, in case of the full length hIAPP dimer, ATP has a greater affinity towards the
terminal residues and also the turn region. Moreover, the contribution of hydrophobic
adenosine towards ATP contact with hIAPP exceeds that of the hydrophilic triphosphate
group. Hence the hydrogen bonding, hydrophobie interactions, -7 and N-H-rr stacking
interactions collectively stabilize the binding of ATP with hIAPP. The structural stability
of hIAPP protofibrils is also disturbed by ATP. Hence, we can finally conclude that ATP
not only inhibits the aggregation of hIAPP monomers, but also disassembles pre-formed
fibrils. This study imparts a concise information about the inhibition of ATP on hIAPP

agegregation and can be used for other amyloid diseases.
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Chapter 4

Inhibitory Effect on hIAPP
Aggregation by
Peptides/Peptidomimetics

“Fromm humble beginnings as substances isplated from livestock glands, peptides have es-
tablished a unique thermpeutie niche and will continue to be an important element in the pharma-

ceutieal landscape.”

— Jolene Lau, et. al
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Overview

Very few studies have been conducted on the peptide based inhibitors against amyloid
aperegation. The short peptide fragments derived from hIAPP have a high propensity to
interact with hIAPP, thus interfering with hIAPP-LhIAPP interactions. In this thesis, two
peptide based inhibitors have been investipated against hTIAPP agpregation. These peptides
are derived from the amyloid core sequence of WIAPP, i.e., hIAPPx 47, and consists of NIF-
GAIL residues. In the first part, the L-amino acids in the peptide fragment 1s replaced with
D-amino acid residues, which is used as an inhibitor, As a control, the effect of L-NFGAIL
fragment on the oligomerization of hIAPP is also studied. While L-NFGATL (which consists
of L-amino acids) stabilizes the f-sheet-rich ageregates of full-length hIAPP, D-NFGAIL
promotes the random coil conformation of hIAPP and interrupts hIAPP-hIAPP interaction.
In the second part, one (Ile26) and two (Gly24 and Ie26) residues in the NFGAIL frag-
ment is replaced with three different isomers of aminobenzoic moieties (ie., 4, v, 4). The
presence of non-proteinogenic aminobenzoie acid moiety renders the BSBHps to be more
stable towards proteolylic degradation. The different isomeric BSBHps exhibit contrasting
influence on the self-assembly of hIAPP. The BSBHps containing 8 and ~-aminobenzoic
acid can sufficiently prevent hIAPP aggresation, but those with d-aminobenzoic group sta-
bilize the F-sheet rich aggregate of hWIAPP. The difference in the angle between the amino
and carboxyl groups in the isomers of the annnobenzoie moiety canse the BSBHps to attain
discrete conformation and hence leads to variation in their binding preference with hIAPP,
and nltimately their inhibitory potency. Hence, in this chapter, we have conveyed the effect
of stereochemistry of the amino acid residues or modified organic moeieties on the inhibitory

potential of peptides or peptidomimetics.
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4.1 A hIAPP-Amyloid-Core derived D-peptide
prevents hIAPP Aggregation and destabilizes its
Protofibrils
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4.1.1 Introduction

A variety of inhibitors, ineluding small organic moleenles, peptides, nanoparticles, has been
developed, which interfere the aggregation or eliminate existing aggregates of hIAPP[1].
Out of these, fewer studies have been conducted in the design of small peptides or peptide
mimetics which can inhibit hIAPP appregation. The merits and demerits of peptide-based
WIAPP inhibitors are discussed in Chapter 1. Maost of these peptides are derived [rom
the original sequence of hIAPP and are modified by replacing with different amino acid
residues or organic moieties, which favours the interaction of hIAPP with these peptides
over itself(1]. Another strategy implemented to design peptide inhibitors is to replace the
natural L-amino acid residues with their stereochemical mirror images (i.¢. D-amino acids).

Although the biological activity of D-amino-acid containing peptides resemble with
that of their L-amino acid connterparts, the D-peptides have a resistance towards prote-
olytic degradation and vascular clearance in vive, and, hence, have longer half-life times.
Due to their high selectivity, enhanced bioavailability and less immunogenics nature[2],
they are suitable for therapentics. The effectiveness of the D-peptides as a drog is re-
ported in the treatment of tumors(3]. Furthermore, the interaction between D-amino-acid
containing S-hairpin peptides and hIAPP, which is enhanced by the presence of hydropho-
bic sites of aromatic residues, intercepts the hIAPP-hIAPP interactions, thus preventing
aggregation|4]. Ten-fold excess of WW2, a f-hairpin more potent than rIAPP, completely
suppresses hIAPP cytotoxicity in rat insulinoma cells[4]. The peptides eonsisting of alter-
mating - and D-amino acid residues, designed by Daggett, inhibit both AS and hlIAPP
aggregation|5, 6]. The inhibitory potency of all D-amino acids as inhibitor against A fibiril
formation has already been reported|7-9|. Moreover, in silico study of the stability of Ag
fibril in presence of full-length retro-inverso D-peptide (DRI) was also explored, where it
was suggested that DRI-AA enhanced the fibril formation and henee decreased the ratio
of toxic oligomers[10]. A similar study on hIAPP fibril disclosed that DRIEWIAPP lowers
the stability of the hybrid hIAPP fibrils by separating the protofibrils and changes the
elongation process, which suggested the potential inhibitory role of DRI-WIAPP on fibril

formation[11].

In our study, we have investigated the imbibition of hIAPP aggregation by a novel
peptide segment derived from the amyloidogenic core of hIAPP|12-14], hIAPPy o7 or
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NFGAIL, consisting of all-D-amino-acid residues (D-nl). The presence of equimolar D-nl
in bulk solution of hIAPP completely suppressed the Th'T finorescence intensity and only
small pieces of fibrils were observed in the TEM images{15]. Moreover, hIAPP-induced toxic
cells were recovered by D-nl at a dose-dependant manner, which increased the cell viability
of INS-1 cells at a hIAPP:inhibitor molar ratio of 1:20[15]. The above study also reports
the inhibition of hIAPP aggregation at the phospholipid membrane by D-nl peptides|15].
However, the exact mechanism by which D-NFGAIL intercepts the aggregation at the -
sheet oligomeric intermediate state in the bulk solution is nnknown. Therefore, in this
work, we have investigated the possible role of D-nl as a inhibitor of hIAPP via molecular
dynamics simulations. We begin our study by first observing the effect of D-nl on the
atability of an aggregated structure of L-NFGAIL (L-nl). Having confirmed that D-nl
peptides completely destabilizes the aggregated structure of Lenl, we explore how D-nl
inhibits the aggregation of randomly packed full-length hIAPP and compare the results with
the effect of L-nl peptides on hIAPP. We ohserve that, while L-nl enhances the stability of
aggregated structure of hIAPP, D-nl intermipts the aggregation. Moreover, we also analyize
the destahilization effect of D-nl on the fibrillar strueture of full length hIAPP.

The simulations and the analysis methods are deseribed in the Simulation Method
section, In-detail explanation of our findings and our deductions are stated in the Results
and the Discussion sections respectively, and the Conclusion section summarizes our overall

observations.

4.1.2 Simulation method

4.1.2.1 Simulation Setup

All-atom molecular dynamics simulations were performed to examine the effect of D-nl pep-
tides on the agegregation of different structures of hIAPP. In the previous chapter (Chapter
3.2), we had seen that the most populated conformation of hIAPP,, 55[16] in pure water
is a fA-barrel like conformation|17]. In this study, we have extracted the barrel structure,
consisting of four hIAPP 5y (NFGAIL) strands arranged in an anti-parallel 3-sheet struc-
ture, which serves as the L-nl model (Frag-L). Two alternate peptide strands in the above
model were then replaced by their respective D-amino acid residues (Fig 4.1), such that

the LD-hybrid models were composed of alternate L and D-amino acid containing peptide
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strands|18] (Frag-LD). Another set of the above systems were simulated (Frag-L(a) and
Frag-LI(a)) to conclude the convergence of the systems.

L-amino acid D-amino seid
o
, Y .
5 Aa ) L f" . R
Lo ow A 1 R B T~ 1
Lo GRS, o> L
N b s . x ) A.
A L
.lr'
. X-ray siruciurc (PIHE ID: SES5V)

erye-Km structare (FDB (D: 6¥1A)

Figure 4.1: Structures of L- and D-nl peptides used in the simulations. The Co, N, O, H
and the remaining C atoms are depicted in orange, blue, red, silver and eyan respectively

The aggregation of four full length hIAPP in presence of L-nl and D-nl peptides
were also examined. The initial strueture of full length hIAPP was extracted from the
solid-state NMR structure[19], while that of the L-nl peptide was obtained from PDB ID
2KIB[20]. The D-nl peptide was constructed using AMBERTools[18, 21] (Fig 4.1). The
four hIAPP were sufficiently separated from each other initially and the nl peptides were
randomly placed around them. Two sets of simulations each for hIAPP in water (hIAPP
and hIAPP(a)), with L-nl peptides (hWIAPP+L and hIAPP+L(a)) and D-nl peptides (hl-
APP+L and hIAPP-+L(a)) were carried out with different starting structures, such that
the results do not depend on the initial configuration of the systems,

The stahility of two different hlIAPP protofibrils in presence of L-nl and D-nl pep-
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tides were further analyzed. One of the hIAPP protofibrillar polymorph was extracted
from the above mentioned ssNMR strocture[19] (Fib-N). The L-nl (Fib-N+L) and D-nl
pepfides (Fib-N+D) for these systems was generated from PDB ID 2KIB[20] as well (Fig
4.1). The other hIAPP protofibril was a eryo-EM model, obtained from PDB ID 6Y1A[22]

(Fib-C).
System hIAPP | L-nl | D-nl | Solvent | Box length (A)
Frag-L 4 4000 49.97
Frag-L(a) 4 4000 40.94
Frag-LD 2 2 A000 19.04
Frag-LD(a) 2 2 4000 19.99
hIAPP 4 10000 69.71
hIAPP(a) 1 10000 69.25
hIAPP+L 4 12 10000 69.27
hIAPP+L(a) 4 12 10000 69.29
hIAPP+D 1 12 | 10000 69.38
hIAPP4+D(a) 4 12 | 10000 69.36
Fib-N 5 10000 68.91
Fib-N(a) 5 10000 68.94
Fib-N+L 5 25 10000 70.32
Fib-N+4-D 5 25 | 10000 70.35
Fib-N-+D(a) 5 25 10000 70.30
Fib-C 5 10000 68.08
Fib-C(a) 5 10000 68.46
Fib-C+L 5 25 10000 7003
Fib-C+D 5 95 | 10000 70.13
Fib-C+D(a) 5 25 | 10000 69.99
Dimer 2 5000 54.41
Dimer4-D 2 i3 5000 | 54 08

Table 4.1: Details of the simulated systems.

The coordinates of Ny FGAIL,; was extracted from this structure for the L-nl peptide
(Fib-C+L) and its chirality was flipped using AMBERTools|21] to generate the D-nl pep-
tide used with the cryo-em model of hIAPP protofibril[18] (Fib-C+D) (Fig 4.1). Each of
the protofibrillar systems in pure water (Fib-N{a) and Fib-C{a)}) and in presence of D-nl
peptides (Fib-N+D{a) and Fib-C4+ID{a) was simulated twice with different initial config-

urations. following simulation protocols mentioned in Chapter 1 (Section 1.5.2). Owerall,
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for this study, a total of 20 us of simulation time was carried out.

4.1.2.2 Simulation Analysis

The simulation analyses were carried out following the protocols discussed in Chapter 1
(Section 1.5.3). The preferential interaction parameters (I'p, and 'y, ) were caleulated

using the following equations,

Upn = ppl Gy — Gipm) (4.1)

L = pp(Com — Gio) (4.2)

where p, w and n represent. hIAPP, water and nl peptides respectively, and p, corresponds
to the mumber density of hIAPP. Gy, Guw and Gy are the Kirkwood-Buff (KB) integrals
and they are caleulated from the radial distribution funetions of the centre of mass of the
peptides with itself, water and nl peptides respectively. The radius of gyration (R;) and
the nnmber of inter-peptide hydrogen bonds are used to plot the free energy landscape
(FEL), using the equation 1.19. The first solvation shell coordination numbers are defined
by the number of water and nl peptides present within 3.5 A of LWIAPP[23]. For the spatial
distribution functions of nl peptides around hIAPP, an isovalue of (L5 was considered.

In order to estimate the effect of D-nl peptides on hIAPP dimer formation, we
calculate the potentials of mean force (PMFs) of hIAPP dimer via nmbrella sampling (US)
method(24]. All the US simulations were renormalized nsing Weighted-Histogram Analysis
Method (WHAM)[25, 26|. For this, two full-length hIAPP peptides, in absence (Dimer)
and (Dimer+D) presence of D-nl peptides, were simulated, following above mentioned
protocols, for 250 ns. The starting structures for the US simmlations are taken from the
final trajectory of the above simulations, For each US| the reaction coordinate applied was
the distance between the centre of masses of the Ca atoms of two hIAPP monomers. The
US simulations spanned through 3 to 20 A distance, with 0.2 A increment, thus populated
by 86 windows. The peptides were sampled with a pull force of 2.5 keal mol™' A? under
NPT ensemble at 300 K over 30 ns per window. Hence, the two PMFz resulted in additional

5.16 ps of simulation time.
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4.1.3 Results

4.1.3.1 D-nl peptides Disassemble hlAPP,; o Aggregates

We begin our study by first determining how D-nl affects the apgpregation of its L-
counterpart, The structural stability of the LD-hybrid structure is compared with that
of the original L-model, which is extracted from an earlier study[17], to analyze the in-
fluence of D-nl peptides. At first, we perform the root mean square deviation (RMSD)
analysis, which provides a thorough insight into the structural changes of the peptides

during the simulations.

— FragL Frag-LD
— Frag-lim — Frag-Loga)

SASA [x100 A %)

el 1 [ Py |
0 W0 A0 o0 80D
Time (ns)

Figure 4.2: Time cvolution of (a) RMSD, (b) R,, (c¢) SASA and (d) 3-sheet content of
WAPPy o7 peptides in different systems.

From Fig 4.2a, we observe that the backbone RMSD of L-nl is stable at around 1.25 A,
while that of LD-nl 15 higher than its L conformation, which hints at the large structural
deviations of the barrel with the incorporation of D-nl. Moreover, the RMSD of the peptides
stabilize during the course of the simulation and hence makes it ideal for further analysis

of the similations.

The radins of gyration (R,) is an important order parameter to differentiate be-
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tween the structures of [DP morphologies. The compact assembly of the L-nl barrel yields

| 4 WS
- A Iy
g = ?J // '\\
N
U r\f) '\6)0

Figure 4.3: Representative conformalions of the most populated structure of WAPPy g
peptides in different systems. The peptides are r\E_“p{'ESEﬂiEIW cartoon form, depicting f-
sheet in yellow, coil in silver, turn in cyan and 3g-helig in blue.

Figure 4.4: Time evolution of change of secomdary structures of each residue of
RAPPy; oy pepfides in different systems.
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System | Extended-# | Bridge-f | 3;p-helix | a-helix | Coil
Frag-1 57.2 + 0.5 03+00 [0 0 11.3
Frag-L(a) 54.8 + 0.5 0300 [0 0 20.1
Frag-LD 2.4 + 0.0 16100 [18L0000L£001]355 |
Frag-LD(a) 0.0+ 0 0500 [24£00[22+0.1]513
hTAPP 156 + 0.3 34+01 |41+02[00+0 |474
hTAPP(a) 107 + 0.3 40401 [17+01[26=+02]407
hIAPP L 126 + 03 37+01 [22+01 (25101455
hIAPP+L(a) | 170403 |67+£02 [11+00[23+01][429
hIAPP--D (19 4 0.0 4.7+02 38402 394+02 | 448
hIAPP--D(a) | 2.5 + 0.1 50+£02 [13+00[20+0.1]504
Fib-N A0.0 1 04 02400 [00+0 |0 30.0
Fib-N(a) 373 +04 32+01 |08 +01 |0.1=x0.0|37.0
Fib-N+L 37.0 + 0.5 41 +02 (04000 35.8
Fib-N4+D 341 + 04 42401 |[13+01 [0 52.6
Fib-N+D(a) | 330+ 04 3.9+02 [29+F01 [03+0.0] 409
Fib-C 40.8 o+ 0.5 0.09+01 |0 0 333
Fib-C(a) 435 £ 04 25101 |02+X00 (000 |288
Fib-C+L 16.0 + 0.4 18+01 [0 0 95.9 |
Fib-C4-D 306 4+ 04 534+02 [0 0 40.0
Fib-C4+D(a) | 345 + 0.4 26 +01 [0 i 34.4

Table 4.2: The primary secondary structure contents (in %) of hIAPP in different systems.

which is consistent at around 7 A (Fig 4.2b). However, large fluctuations are observed for
the R, of LD-nl peptides, ponting out the shift in the conformation of the peptides towards
an extended unfolded state. The random loosely packed conformers interact more with the
solvent. moleenles 1 and eventually result in higher solvent accessible surface area (SASA)
(Fig 4.2¢).

The preference of the peptides for extended structures in presence of D-nl is also
revealed in the snapshots of the most populous structures (Fig 4.3). As expected, L-nl
maintains its starting barrel conformation, consisting of anti-parallel f-strands. However,
LD-nl adopts a seattered disordered coiled structure. A closer look into the secondary
structure contents further reveal that, while the average value of F-sheet percentage is
57.19 % throughout the simulation run for L-nl peptides, it is much lower for the LD-nl

peplides (Fig 4.2d and 4.4). The average value of random coil conformation, on the other
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hand, increases in presence of D-nl peptides (Table 4.2, last column). The snapshots of the
peptides at the beginning and the end of the simulations further justify our results (Fig
4.5).

0ns 1000 ns

Figure 4.5: Snapshots of the initial and the final configuration of WIAPFPy, o7 peplides in
different systems. L-NFGAIL is depicted in orange and D-NFGAIL s depicted tn green.

To understand the structural preferences of the different peptides by characterizing
the interactions between the peptides, we first compute the residue-residue contact maps
(Fig 4.6). The contact map between the backbone atoms of the L-nl peptides exhibit sig-
nificant interpeptide contacts, mostly among the residues Phe23, Gly24, Ala2b and [le26.
Similarly, substantial contact between the side chain atoms is also present (Fig 4.7). How-
ever, hardly any contact is observed for the LD-nl systems. The interaction energy of the
peptides also provides a quantitative idea of the intrapeptide interactions. The interaction

energy is dissected into electrostatic and van der Waals (vdW) contributions, where the
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first dominates over the latter one (Table 4.4).

Peptlde Nuimber

Figure 4.6: Residue-residue contact map of the backbone atoms of WAPP;,. 57 peptides
in different systemns.

T

T %
Feqtitly A nubars

Figure 4.7: Residue-residue contocl map of the side-chain atoms of MAPPy, 4 peplides

in different systems.
Even though the electrostatic interaction hardly changes with the incorporation of D-nl
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peptides, the vdW energy becomes nnfavourable. A marked decrease in the number of
hydrogen bond between the peptides is also ohserved for the LD-nl peptides compared to
that of the L-nl parent (Table 4.3). From all the above analysis, we can conclude that the
barrel structure formed by L-nl peptides remains stable throughout the simmlation run.
However, the incorporation of D-nl into the barrel completely destabilizes the structure
and the peptides attain loosely packed random conformation, following a marked decrease

in the interactions between the peptides.

__‘E].rstem Peptide-peptide | Peptide-nl
Frag-L 1401 + 003 "
Frag-L(a) 15.79 + 0.03
Frag-LD 849 + 0.05
Frag-LD(a) 047 + 0.03
Fib-N 131.95 4 0.12
Fib-N(a) 133.2 + 0.08
Fib-N4-L 135.5 + 0,08 40.58 + (.06
Fib-N+D 116 + 0.53 47.03 + 0.47
Fib-N+D(a) 108.4 + 0.08 113 £ 0.03
~ Fib-C 125.6 + 0.12
~ Fib-C(a) 133 + 0.07
Fib-C+1L 126.4 + 0.07 36.74 + 0.07
Fib-C4+D 113.2 + 0.32 28.00 + 0.22
Fib-C+D(a) 0407 £ 007 |[2312 +£0.04

Table 4.3: Average hydrogen bond numbers between WAPP-hIAPP and hIAPP-nl inter-
actions for different systems.

4.1.3.2 D-nl peptides Modify the Secondary Structure of Full Length hIAPP

After exploring the effect of D-nl peptides on the conformation of L-nl oligomers, we turn
our attention to examine the inhibitory property of D-nl on the aggregation of full length
hIAPP and compare the outcome with the effect of L-nl peptides. At first, we describe the
conformation of the four full length hIAPP peptides in each of the system by performing
cluster analysis. The hIAPP conformation in hIAPP, hIAPP+L and hIAPP+D systems
are separated into 4, 8 and 8 clusters respectively. Three of the most populated structure

in each system are represented in Fig 4.8, In absence of any nl peptides, hIAPP have a
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preference to adopt an ordered three-stranded f-sheet strueture, where one chain forms
a fA-hairpin (Argll-Hisl8 and 11e26-Ser29), and another chain forms the third S-strand
(Argll-His18). Disordered conformation consisting of helix and short [F-sheet structures
are also observed. The G-hairpin has been previously reported to be the amyloidogenic
precursor of hIAPP and the position of its S-strands obtained in our study resemble with
that of the NMR-derived hIAPP fibrils[19].

ek hIAPP-hIAPP hIAPP-NL
Ele vdW Ele vdW
Frag-L -766.5 + 0.78 | -41.33 & 0.11
Frag-L(a) 7801 + 0.5 | -51.07 + 0.12
Frag-LD 7767 £ 132 | -11.48 £ 0.23
Frag-LD(a) | -766.4 + 1.03 | -10.4 & 0.21
hIAPP ~4409 + 0.57 | -343.6 + 0.25
hIAPP(a) | -4545 + 0.71 | -389.8 + 0.27
hIAPP+L | -4380 + 0.74 | -380.2 4+ 0.29 | -953.9 + 1.7 | -207.4 + 0.21
hIAPP+L(a) | -4303 £ 0.64 | -398.6 + 0.26 | -1264 + 1.61 | -249.5 + 0.26
 hIAPP4D | 4378 + 064 | 3145+ 036 | -104] £ 1.75 | -3104 +0.19
hIAPP4D(a) | -4305 + 0.69 | 352.2 + 0.37 | -896.6 + 1.35 | -3584 + 0.19
Fib-N -5630 + 1.01 | -670.5 + 0.39
Fib-N{(a) -5841 + 0.82 | -621.2 £ 0.29
Fib-N+L 5438 + 0.60 | -685.2 + 0,29 | -1545 + 1.99 | -375.6 + 0.27
Fib-N+D 5304 £ 059 | 5881 £ 0.20 | 1422 £ 147 | -391.9+ 04
Fib-N+4D(a) | -5218 £+ 0.7 | -593.8 + 0.32 | -1386 + 1.86 | -368.9 + 0.27
Fib-C -3963 + 0.67 | -588.95 + (.32
Fib-C(a) 3741 £ 053 | 4343 + 024
Fib-C+L 3859 + 0.4 | -439.3 £ 0.22 | -895.8 £ 1.23 | -410.2 + 220.22
Fib-CH+D | -3870 + 29.64 | -426.7 + 15.45 | -717.6 + 53.14 | 3153 + 1287
Fib-C+4+D(a) | -3927 +0.42 | -401.4 + 022 | -528.2 + 0.67 | -270.1 +0.22

Table 4.4: Interaction energy (heal/mol) of RIAPP-RIAPP and hIAPP-nl interactions in
different systems,

In presence of L-nl peptides, the f-sheet rich structure of hIAPP, alongwith with the three
stranded [F-sheet, is maintained. However, the f-hairpin vanishes when D-nl is included in
the system and hIAPP mostly exists in disordered coil rich states, with much shorter helix
and [-sheets.

The average secondary structure contents of hIAPP in all the systems draw a
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quantitative picture on the influence of D-nl on the secondary structures of hIAPP (Table
4.2). The probability of extended F-sheet structure of hIAPP in pure water is 15.58%,
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Figure 4.8: Representative conformations of the clusters of full-length MAPP in different
systems, The peptides are represented in cartoon form, depieting [-sheet in yellow, coil in
silver, turn i cyan, a-heliz n purple and 3,5-heler in blue. The blue and red balls represent
the N and C-terminal ends respectively.
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Figure 4.9: Snapshots of the initial and the final configuration of MAPP peptides in
different systems. The full-length peplides are represented in cartoon form, depicting [3-
sheel in yellow, coil in white, bend in cyan and 3g-helir in blue, L-NFGAIL is depicted in
orange and D-NFGAIL s depicted in green, represented in CPK form.

which remains almost same in presence of L-nl peplides, but decreases to a negligible value

in presence of D-nl (Table 4.2, first column). However, hardly any change in the value

of bridged 4 structure is observed with the incorporation of the D-nl peptides (Table 4.2,
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Figure 4.10: Time evolulion of (o) extended 3, (b) bridged 3 and {¢) SASA of full-length
RIA PP in different systems.

The disappearance of F-sheet in the peptides en addition of D-nl peptides is alse
observed in the spapshots of the initial and final configuration of the peptides (Fig 4.9).
On analyzing the evolution of 4 structure percentage of hIAPP with time, we observe that
the percentage of bridged f hardly changes (Fig 4.10b), in presence of either L- or D-nl
thronghout the simulation time, but the extended F-sheet conformation is much lower in
presence of D-nl peptides (Fig 4.10a). The presence of bridged 3 in hIAPP+D system
suggests that hIAPP initially starts forming 7 structures. However, further extension of
bridged 3 into extended G-sheet rich aggregates is blocked by the D-nl peptides (Fig 4.11).

The findings of our simulations corroborate with that of the experimental results, where
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it was observed that, in bulk solution, D-nl peptides target short f-sheeted intermediates
to prevent further growth of hIAPP oligomers[15]. Moreover, the random structures of
hIAPP in pure water increases after D-nl peptides are added to the system. Hence, while
L-nl peptides do not have any noticeable effect on the secondary structures of hIAPP, the
D-nl peptides can prevent hIAPP from forming f-sheet rich prefibrillar aggrepates, thus
inhibiting fibrillation.

Figure 4.11: Time evolution of change of secondary structures of cach residue of full-
length WAPP in different systems.

4.1.3.3  D-nl peptide Interrupts the Interactions between hIAPP

The conformational heterogeneity in the ensemble of peptide structure is explored by an-
alyzing the peptide-peptide and peptide-solvent interactions. SASA helps to determine
the peptide area exposed to the solvent and thus regulate the peptide conformation (Fig
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4.10c¢). An inerease in the SASA values is observed for the system containing D-nl peptides,
indicating that the disordered, loosely packed conformers of hTAPP hawve higher mnteraction
with water, favouring disaggregation.

The tendency of hIAPP to aggregate in pure water is further analyzed by calcu-

lating the preferential interaction parameters.

Figure 4.12: Preferential interaction parameters of full-length hWIAPP for (a) hIAPP-
RAPP over hiAPP-water, (b) hIAPP-RIAPP over WAPP-nl and (c) MAPP-nl over
A PP-water inderactions,

Fig 4.12a represents the preferential interaction parameter I'p,,, which caleulates the prefer-
ence of the peptides to interact with each other over the solvent. The positive value of 'y,
{equation 1.18) indicates that hIAPP tends to self aggregate rather than be in a random
coil conformation and interact more with the solvent in hIAPP and hIAPP+L systems.
However, in presence of D-nl peptides, the propensity of hIAPP to aggregate decreases.

The interconversion between the different states of hlAPP is visualized by con-
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structing the free energy landscapes that highlight protein ensembles as a function of radins
of gyration (R,) and the mumber of hydrogen bonds formed between hIAPP (Fig 4.13).

hIAPP+L

Figure 4.13: Free energy plot (keal/mol) as a function of Ry of full-length hIAPP and the
average number af hydrogen bonds formed between them. '

The free energy basin of hIAPP without any nl peptides i positioned at Ry below 15 A
with average number of hydrogen bonds ranging between 80 to 90, Similar free energy
basin is also observed for the system with L-nl peptides. However, in presence of D-nl
peplides, there is an increase in R, accompanied by a deerease in the number of hydrogen
bonds formed. The aggregation of hIAPP gives rise to compact structures and consequently
lower R, values, while, in presence of D-nl peptides, the disordered hIAPP conformers result
in higher R,. Since, hydrogen bonds formed between hIAPP contribute to the structural
mtegrity of the aggregates, an interruption in the inter-peptide hydrogen bonds promotes
hIAPP to form disordered structures, hampering aggregation.

The interaction energy between hIAPP also provides information about the extent
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of contacts between the peptides (Table 4.4). Here again, the contribution of the electro-
static interactions to the total interaction potentials 15 higher than the vdW counterpart.
The electrostatic energy hardly changes while the vdW interaction becomes unfavourable
in presence of D-nl peptides. Hence the total interaction potential becomes unfavourable,
suggesting decrease in the interaction between hlAPP, thus intercepting hlIAPP aggrega-

tion.

4.1.3.4 Potentials of Mean Force

The effect of D-nl peptides on the adhesion between two MIAPP monomers was further
explicitly investigated by the potentials of mean force extracted from umbrella sampling
simulations. Fig 4.14 indicates that the PMF of interaction between two hIAPP monomers
is most favourable when the distance between them is 7.5 A, in absence of D-nl peptides.

PME (kecal/mol)

Distance (&)
Figure 4.14: Potendial of mean force of two full-length RMAPP for different systems.

However, the well depth decreases and the hIAPP dimer formation is completely desta-
bilized, in presence of D-nl peptides. This indicates that, the dimer formation is most
stable when the two hIAPP monomers are separated by a distance of 7.5 A, but it becomes
unfavourable with D-nl peptides surrounding them. Hence, hIAPP dimerization, which is

the first step towards aggregation, is prevented.
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4.1.3.5 [Effect of D-nl on the Residues of Full Length hIAPP

To investigate the contribution of each residue towards the aggregation of full-length hIAPP,
we first calculate the residue-residue contact map, considering both the backbone and the
side-chain atoms of the hIAPP residues (Figures 4.15 and 4.16). The hIAPP peptides in
pure water exhibit ample interpeptide contact between them, verifying their propensity
to aggregate. The presence of inter-peptide contact among residues AlaS-Glnl(), Argll-
Vall7, Asnl4-Gly24, Len27-Asndh and Serd34-Tyrd7 are distinet in the backbone contact
map. Some intra-peptide contacts between residues Ala8-Glnl0 and Gly33-Tyr37 are also
observed. Similar contacts are also visible among the side chain atoms of hIAPP with
additional contact between residues Asn22-Ser28 and Ser20-Ser29. In presence of L-nl
peptides, contact analogous to hIAPP in pure water is observed. However, both the inter-
and intra-peptide contacts disappear for the system with D-nl peptides. Thus D-nl peptides
weaken the contact between hIAPP residues, shifting the conformation of hIAPP from /-

sheet rich to random coil.
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Figure 4.15: Residue-residue contact map of the backbone atoms of full-length hIAPP in
different systems.
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Figure 4.16: Residue-residue contact map of the side-chain atoms of full-length WAPP
in different systems.

This is further confirmed by calculating the residue-wise probability of g-sheet (Fig
4.17a) and random coil structure (Fig 4.17b) formation of hIAPP for all the systems. The
f-sheet percentage for hWIAPP in pure water is the highest for the residues Ala8-Glnl0,
Alal3-Vall7, Asn22-Ser28, Thr30 and Asn3l. The presence of L-nl peptides gives rise
to high F-sheet for Thr9, Glnl(, Asnld-Serl9 and Asn22-Asnd5 residues. The contact
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map and the residue-wise G-sheet percentage analyses validate the residues involved in the
formation of the three-stranded F-sheet structure in hIAPP and hIAPP+L systems, which
is observed in the most populated structure (Fig 4.8). Significant decrease in the f-sheet
is observed for most of the residues with the incorperation of D-nl peptides, indicating the
suppression of f-sheet rich structures. On the other hand, the coil percentage increases for
most of the hIAPP residues. Overall, D-nl peptides significantly prevent S-sheet formation

and induce eoll conformation in hIAPP.
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Figure 4.17: Residue wise (a) 3-sheet percentage, (b) coil percentage, (¢) hydration num-
ber and (d) WAPP-hIAPP hydrogen bond number of full-length hIA PP in different systems.

Since the interactions between the peptide and solvent molecules play an important
role in the peptide structure, we have caleulated the hydration number, which defines the
number of water molecules directly in eontact with the MAPP residues (Fig 4.17¢). An
increase in the hydration pumber around hIAPP indicates that hIAPP 18 more looscly

packed due to which the hIAPP residues are interacting with higher number of solvent
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molecules. For the system containing L-nl peptides, the hydration number around hIAPP
cither decreases or 1s unchanped compared to that of the pure water system, (except for
some residues in the N-terminal region of hlAPP, where a shght increase is ohserved).
Howewver, the hydration nnmber of hIAPP4D system is higher for most of the residues in
contrast to the pure water system. Sinee any drastic change in the hydration number is
not, observed, we can infer that the number of solvent molecules do not vary much around
hIAPP, possibly because hIAPP interacts more with either nl peptides or itself rather than
with the solvent.

The hydrogen bonds formed among the hIAPP residues allows us to identify how
they enhance the stabilization of the amyloid structure (Fig 4.17d). The polar residues,
Asnd, Thr6, Thr9, Glnl0, Asnld, His18, Asn2l, Ser29, Asn3l, Asnd5, Thr36 and Tyrd7
have the highest hydrogen bond number for the hIAPP system. Hydrogen bonds formed
between three regions, Asn3-Glall), Asnld-Asn?2 and Ser28 Tyrid7 enhance the aggrega-
tion between the amyloidogenic regions. In presence of L-nl peptides, hydrogen bonds
between the hIAPP residues mostly increase. On the other hand, the hydrogen bond num-
ber decreases in all the above regions in presence of Denl peptides. Hence we can conclude
that D-nl peptides block the hydrogen bond interactions between hIAPP peptides and thus

prevent aggregation.

4.1.3.6 D-nl peptides Interact with hIAPP

To understand the molecular mechanism of D-nl peptides inhibiting the ageregation of
hIAPP, we first estimate the spatial distribution function of L- and D-nl peptides around
hIAFP, which provides a three dimensional probability of the distribution of the nl peptides
around 5 A of hIAPP. From Fig 4.18, we observe that the A-sheet rich aggregates of hIAPP
lie in the midst surrounded by a dense population of L-nl peptides in the outer surface.
However, Denl peptides are interspersed randomly in-between hIAPP, such that there is
muich less interaction between hIAPP itself. This observation is further supported by the
calculation of the preferential interaction parameter, Iy, (Fig 4.12b). A large positive value
of I'p (equation 4.1) for the hIAPP 4L system signifies that hIAPP would rather interact
with itself than with L-nl peptides, However, the preference of hIAPP to interact with D-nl

peptides over itself is indicated in the negative value of I'y,. Similarly, ', caleulates the
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preference of hIAPP to interact with either L~ or D-nl peptides over the solvent molecules
(equation 4.2), Here also the positive value of Ty, suggests that both L-nl and D-nl peptides
directly interacts with hIAPP (Fig 4.12¢). The similar Iy values in both hIAPP-+L and
BIAPP+D systems further explain the subtle difference in the hydration number values of

these systems (Fig 4.17¢).

REAPPHL(a) WIAPP+I(a)

Figure 4.18: Spatial distribution functions of nl around full-length h(IAPP in different
systerns.  The peptides are represented in cartoon form, depicting f-sheet in yellow, coil
i silver, turn in eyan, a-hele mopurple and 3g-heliz in bue. The broum surface arouwnd
WAPP represents the distribution of nl peplides around .

To identify the amino acid residues responsible for the association between hIAPP
and D-nl peptides, the frequency of contact of D-nl with each residue of hIAPP is calen-
lated by the first solvation shell coordination number. For comparison, the first solvation
shell coordination number between the residues of hIAPP and L-nl peptides is also pro-
vided. From Fig 4.19a and b, we have observed that, while L-nl interacts mostly with the
central and the C-terminal residues of hIAPP, the coordination number of D-nl peptides
is homogeneonsly distributed throughout the hIAPP sequence. On elosely monitoring how
each of the residues of L- or D-nl peptides are interacting with hIAPP residues, we find
that the residues of D-nl are more in contact with hIAPP than that of L-nl peptides (Fig
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4.20). The hydrophobic core of L-nl, consisting of L-Phe, L-Gly and L-Ala residues have
higher contact number with hIAPP than the remaimng L-nl residues. On the other hand,
D-Asn and D-Phe residues at the N-terminal of D-nl have higher coordination number
values. Further, the heatmap representing the radial distribution function (RDF) between
the centre of mass of heavy atoms of each residue of D-nl peptide is plotted as a function
of hIAPP residues (Fig 4.21).
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Figure 4.19: Residue wise (a,b) coordination number and (e,d) hydrogen bond number of
nd peptides with full-length MAPP in different systems.

The RDF of the first maxima is highest for the interaction between the C-terminal residues
of hIAPP and D-Asn, D-Phe, D-Gly and D-Ala. However, D-Tle and D)-Leu have higher

RDF for the interactions with the N-terminal residues.

The detailed binding sites of D-nl peptides with hIAPP is identified by caleulat-
ing the residue based binding free energy of the inhibitor peptide with hIAPP. Table 4.5
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represents the favourable values of total binding free energy of D-nl with hIAPP. Negative
values of both electrostatic and vdW interactions infer that they sigmificantly contribute to
the binding of hIAPP with D-nl. Here also, the electrostatic contribution deminates over
its vdW counterpart.
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Figure 4.20: First shell coordination number of (a) Asn, (b) Phe, (¢) Gly, (d) Ala, () lle
and (f) Lew residues of nl around each residue of full-length hWIAPP in different systems.
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Figure 4.21: A lwo dimensional heal map displaying the radial distribution funclions
(RDF) between centre of mass of the residues of D-nl with that of full-length hTAPP in

MAPP+D system.

System | hIAPP4D
AR, | -312.80 + 0.31
AE.. | -926.82 + 2.64
AGeap | 1087.88 + 2.63
AGyp | -44.62 £ 0.04
AGioa | -106.45 £ 0.31

Table 4.5: Decomposition of binding energy (keal/mol) of D-nl with full-length hIAPP for

the WAPP+D system.
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Figure 4.22: Binding free energy between (a) Asn, (b) Phe, (¢) Gly, {d) Ale, (e} le
and (f) Lew residues of D-nd peptides with cach residue of full-length hIAPP in WAPP+D

systen.

Probing into the residue wise contribution to the binding energy values (Fig 4.22), we

observe that the results match with that of the previous analyses (D-Asn, D-Phe and D-

Gly have higher binding affimity with the C-terminal residues of hIAPP, while D-Ala, D-Ile

and D-Leu has more interaction with the N-terminal residues).

The magnitude of the interaction between the L or D-nl peptides and hIAPP is

first analyzed by calculating the interaction energy values (Table 4.4). Both the L and
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D-nl peptides have substantial interaction energy values with hIAPP, with more favourable
interaction energy values for the hIAPP+D system. Since hydrogen bonds between hIAPP
and inhibitors play an important role in the inhibition mechanism, we estimate the average
hydrogen bond numbers between each residne of hIAPP with L- and D-nl peptides (Figures
4.19¢, d and 4.23).
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Figure 4.23: Average hydrogen bond number between (a) Asn, (b) Phe, (¢) Gly, (d) Ala,
(e) lle and {f) Lew residues of nl with each residue of full-length WA PP in different systems.

The trend of the hydrogen bond number between hIAPP and unl peptides is similar to the
trend of first shell coordination number. The polar residue in D-nl peptide, D-Asn, has the
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highest number of hydrogen bonds with hIAPP, mostly forming with the polar residues of
hIAPP. Fewer hydrogen bonds are formed with the other residues of D-nl peptides due to
the absence of polar groups in the side chain of these residues. Among them, D-Gly and D-
Ala, utilizing their backbone atoms, form hydrogen bonds with hIAPP, owing to the small
size of their side chain atoms. The mumber of hydrogen bonds between hIAPP and L-nl
peptide are much less. Moreover, the hIAPP residues having the highest hydrogen bond
mimber in hIAPP+4L system differ from those in the hIAPP+D system, which sugpests
that the change in the stercochemistry of the nl peptide residues modities the interaction
pattern of nl peptides with hIAPP.
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Figure 4.24: Representative snapshots showing w-w stacking between (a) Phelb (eyan)
and (b) Phe23 (cyan) of MAPP with L-Phe (orange) and (¢) Phels, (d) Phe23 and (e)
His18 (eyan) of WAPP with D-Phe (purple).

Another interaction which is important in amyloid formation and also in the
peptide-drug desipn 18 - stacking between the aromatic rings of the aromatic aming
acids[27]). Hence, we investigate the presence of possible m-stacking interactions between
the aromatic ring of either L-Phe or D-Phe with those of the aromatic residues of hIAPP
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(Fig 1.6a). In hIAPP+L system, it is observed that Phelb of hIAPP is involved in n-n
stacking with four L-Phe residues (Fig 4.24a). Similarly, three stacking interactions are ob-
served between Phe23 and L-Phe (Fig 4.24b). However, the probability of stacking between
WIAPP and D-Phe is much less. There is only one each of - stacking between D-Phe and
Phels (Fig 4.24¢) and Phe23 (Fig 4.24d). Additionally His18 is invelved in stacking with
three D-Phe residues (Fig 4.24e). Moreaver, the orientation of the stacking interaction also

changes with the stereochemistry of the nl peptides (Fig 4.25).
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Figure 4.25: Probability of stacking orientation between aromaiic residues of hIAPP and
Phe in (a) L-nl peptide and (b) D-nl peptide.

In case of stacking interaction between Phelb and Phe of either of the nl peptides, it is
observed that the probability of all orientations is almost similar for Phel5-1L-Phe stacking.
However, D)-Phe is mostly involved in herringbone stacking with Phelb, followed by a
perpendicular arrangement. Phe23, on the other hand, is involved in parallel stacking with
L-Phe and herringbone orientation with D-Phe. Hence, while parallel stacking is most
favourable for the L-nl peptides, herringbone stacking orientation predominates in case of

D-nl peptides.
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The binding mode of the nl peptides with hIAPP can also be visualized by some
snapshots, which corroborate with the results obtained from the above analyses. We had
mentioned earlier that the L-peptides gather around the ageregated hIAPP structure and
stabilizes it (Fig 4.26a). In Fig 4.26b, it is observed that the f-hairpin in the three stranded
fA-sheet structure of hIAPP in system hlAPP+L i3 stabilized by strong hydrophobic con-
tacts with L-nl peptide.

Figure 4.26: Representative snapshots shouring internctions between full-length hIA PP and
L-nl peplides. MAPP is represented in cartoon form, depicting B-sheet in yellow, cod in
stlver, turn in cyan, a-helir in purple and 3yg-helix in blwe. The L-nl peptides are depicied
in orange. The black dashed civcles highlight the interactions of specific L-nl peptides with
hAPP.

The contacts between Phe23 and Gly24 in the turn of S-hairpin with [-Ala and L-Gly
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and also between Leul6, Vall7, Ala2b, Len2T and L-Phe and L-Leun enhance the stability
of the F-hairpin structure. Moreover, an extended [F-sheet structure composed of a G-
strand formed by L-nl peptide and two f-strands of hIAPP is observed (Fig 4.26¢). The
hydrophobic interaction between the side chains of L-Tle and Leul2 and that of L-Ala and
two Vall7 enhances the stability of this G-sheet structure. Further the aromatic rings of

L-Phe and Pheld are involved in stacking interaction.

Figure 4.27: Representative snapshots showing interactions between full-length hIA PP and
Dnd peplides. hRIAPP is rvepresented in cartoon form, depicling f-sheet in yellow, coil in
silver, turn in cyan, a-helix in purple and 3g-heliz in blue. The D-nl peptides are depicted
in purple. The black dashed civcles highlight the inferactions of specific D-nl peptides unth
RIAPP.

Another L-nl peptide on the other side of the hIAPP f-strands interacts with this F-sheet
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structure via hydrophobic contacts as well as by forming hydrogen bonds (L-Asn-Ser19 and
L-Leu Glnl10) (Fig 4.26d), adding extra stability to the f-sheet structure. Similar hydrogen
bonds and hydrophobic interactions between hIAPP and L-nl peptides are shown in other
snapshots (Fig 4.26e-g), which compliments the results obtained earlier. From all the
snapshots, we maostly observe that the hIAPP peptides strongly interacts with each other

and their aggregation is enhanced by L-nl peptides.

The circumstance is different in the hIAPP+D system. Most of the D-nl peptides
are interacting with the C-terminal residues of hIAPP (Fig 4.27a). D-Asn is involved
in hydrogen bonding with His18-Serl9 (Fig 4.27h), Ser19-Asn2l (Fig 4.27¢), Asn22 (Fig
4.27d), Ser29-Val32 (Fig 4.27¢), Gly33-Thr36 (Fig 4.27f) and Ser29-Thr30 (Fig 4.27g).
Hydrophobic interaction between the phenyl ring of D-Phe and lle26 (Fig 4.27f) and the
long chain of Argll (Fig 4.27d) is also observed. The methyl group in the side chain of
D-Ala interacts with 1e26, Val32-Gly33 (Fig 4.27¢) and Cys7-Gln10 (Fig 4.27d). Finally D-
[le and D-Len interacts with Vall7-Ser19 (Fig 4.27h), Cys2-Thrd (Fig 4.27d), Phe23-Gly24
(Fig 4.27f) and Val3-Thr36 (Figs 4.27¢ and g).

From all the above observations, we can conclude fhat the favourable interaction
of Lenl peptides with Asnl4-His18 region of h(IAPP enhances the stability of the S-sheet
formed by this region in h(IAPP. L-nl peptides, not only favour the aggregation of hIAPP,
but. also stabilize the ageregated fS-sheet rich structure. On the other hand, D-nl peptides
interrupt the interactions between hIAPP by mostly interact with the C-terminal region of
hlAPP,

4.1.3.7 D-nl peptides Destabilize hlIAPP Protofibrils

We now focus our attention on how D-nl peptides destabilize pre-formed hIAPP protofibrils.
In order to compare the results, we have also analyzed the effect of L-nl peptides on
the hIAPP protofibrils, For this, we have carried out independent 1 p= simulations on
hIAPP protofibrillar structure obtained by two different methods, NMR and cryo-EM. The
snapshots of the protofibrils at the beginning and the end of the simulations are provided
(Figures 4.28 and 4.29). The effect in the structural stability of hIAPP protofibrils is first
analyzed by the change in the RMSD of Ca atoms of hIAPP, which is caleulated using the
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initial structures as the reference.

Fib-N

Fib-N(a)

Fib-N+L

Fib-N+D

Fib-N+D(a)

s 1000 ns

Figure 4.28: Snapshots of the initial and the final configuration of NME-derived hIAPP
protaofibrils in different systems. The protofibrils are vepresented in cartoon form, depicting
f-sheet in yellow, codl in white, bend sn cyan and Sig-helie in blue. L-NFGAIL 15 depicted
in orange and D-NFGAIL is depicted in green.
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Fib-C

Fib-C(a)

Fib-C+L

Fib-C+D(a)

Figure 4.29: Snapshots of the initial and the final configuration of cryo- EM-devived hIAPP
protofibeils in different systems. The protofibrils ave represented in cartoon form, depicling
A-sheet in yellow, coil in white, bend in cyan and 3yg-heliz in blue. L-NFGATL is depicted
in orange and D-NFGAIL is depicted in green.

We observe a slight increase in the RMSD values for the Fib-N systems with the addition
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of D-ul peptides (Figures 4.30a and 4.31a).
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Figure 4.30: Time cvolution of (a.b) RMSD, (c.d) B-sheet and (e.f) R.. of hIAPP
profafibrils in different systems.

However, the deviation is much more pronounced for the cryo-EM structure of hlAPP
protofibril (Fig 4.30b and 4.31a). Similarly, in presence of D-nl peptides, the end-to-end
distance, i.e., the distance between the terminal ends of each hIAPP chain, (Re.) increases
for the protofibrillar systems. This increase in R, sugpgests that the two terminals of the
hIAPP protofibril move farther from each other, thus destabilizing the g-hairpin network.
The S-shaped protofibrillar structure in the Fib-C systems (Fig 4.30f and 4.31¢) results
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in higher value of R.. compared to the hairpin structure in the Fib-N systems (Fig 4.30e

and 4.31¢). L-nl peptides, on the contrary, hardly have any destabihzation effect on the
protofibrils.

— Fib-N{a)
— Fib-C(a)

— Fib-MN+Di{a)
— Flb-C+[a)

1000

Percent of p-sheetT
8 & B

Lak
=

Bk
=

0 200 400 600 800
Time (ns)

Figure 4.31: Time evolution of (a) RMSD, (b) B-sheet and (¢) R.. of hIAPP fibrils in
different systems.

1000

Increase in RMSD and R, values for the systems containing D-nl peptides point out the
deviation of the ordered fibrillar strocture and the destabilization of the S-sheet arrange-
ment. On imvestigating the change in the S-sheet strueture of the protofibrils, we observed
a decrease in the F-sheet conformation along the simulation time for the protofibrils in
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presence of D-nl peptides, compared to that of L-nl peptides or the pure water systems
(Figures 4.30c,d and 4.31b),

Fib-N-+1)a) Fil-C+1Mz)

Figure 4.32: Representative conformations of the most populated structure of WMAPP
protofibrils in different systems. The peplides are represented in cartoon form, depicting
A-sheet in yellow, coil in silver, turn in cyan, a-heliz in purple and 3yq-helix an blue. The
blue and red balls represent the N and C-terminal ends respectively.

From the average secondary structure contents (Table 4.2), we also find that not only the

f-sheet percentage decreases but also the random coil percentage increases in presence of
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D-nl peptides. Since both the hIAPP protofibrils consists of S-sheet rich conformation, a
reduction in the F-sheet percentage hints at the instability of the packed hibrils.

The most populated structure, obtained from the cluster analysis, adequately ex-
hibits the change in the hIAPP protofibril conformation in presence of D-nl (Fig 4.32).
The coordination number of Denl peptides around WIAPP protofibrils represent an even

distribution of D-nl peptides at the ferminal and the turn regions of the protofibrils (Fig

4.33}.
0= I Fi-M+D
- | Fil-hDfa)
F )
o
'
2T
&
8
=
£
E:—I
o lll'

5 iy 15 20 5 n E L

10— | Fib-CeD
| Fib-C+ixa)

Coordination number of D-nl

Du 15 1w px] p AN '\ 33 3
hiAPP residue index

Figure 4.33: Residue wise coordination number of D-nl around MAPP protofibrils in
different systems,

A high distribution of D-nl is observed around Alal3-Phe23 region of both the hIAPP
protofibrils. The electrostatic and vdW interaction energy between hIAPP peptides he-

comes unfavourable (Table 4.4) accompanied by a decrease in the average hydrogen bond
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values in presence of D-nl peptides (Table 4.3). Considerable values of hydrogen bonds
(Table 4.3) and interaction energy (Table 4.4) between hIAPP and D-nl peptide further
suggest the binding between hlAPP and the inhibitor peptides.

4.1.4 Discussions

Due to the high specificity and low toxicity of peptide inhibitors, they are a viable choice
for inhibitors against hIAPP aggregation. The application of an amyloidogenic core frag-
ment of hIAPP, NFGAIL, as an inhibitor of hIAPP aggregation by changing the chirality
of the amino acid residues motivated this study. At first, we analyze how the insertion of
D-NFGAIL alters the stability of regular L-NFGAIL aggregates. In our previous study|17],
we had observed that this amyloidogenic core of hIAPP aggregated to form a 3-barrel like
structure. This structure is replaced with alternate D-amino acid strands to produce a
hybrid LD structure. On comparing the stability of this hybrid structure with the original
aggregate, the barrel structure of the LD hybrid is found to be completely destabilized,
due to which the S-sheet conformation almost vanishes. The interaction energy of the pep-
tides becomes less favourable, accompanied by a reduction in the peptide-peptide hydrogen

bonds, with the meorporation of D-nl into L-nl peptides.
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Figure 4.34: A schemalic representation of the effect of LNFGALL and D-NFGAIL on
the aggreqation of hiA PP.
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The inhibitory activity of D-NFGAIL on hIAPP aggregation is then examined on the full
length hIAPP. For this, we have also compared the effect of [-NFGAIL on the hIAPP
aggregation. The full length hIAPP aggregates to form a three stranded S-sheet confor-
mation in pure water, which is also observed in case of hIAPP dimer(17, 28|. This f-sheet
conformation is also prevalent in presence of L-nl peptides, but is absent for the system
containing D-nl peptides. Henee, the tendency of hIAPP to form S-sheet rich aggregates in
pure water or in the presence of L-nl peptides is disconraged by D-nl peptides and, thus, hl-
APP remains in random coil conformation. This leads to enhancement in the Rg and SASA
values, which further confirmed that, while the aggregation propensity is hardly affected
by L-ul peptides, it is strongly disfavoured by D-nl peptides, resulting in decrease in the
interaction between hIAPP. hIAPP preferentially interacts with itself over L-nl peptides,
but the formation of f-sheet rich agpregates is stabilized by L-nl. D-nl, on the other hand,
mterferes with the hIAPP-hIAPP inferaction by adhering to hIAPP itsell (Fig 4.34). In-
detailed analyses reveal that the hydrophohbic core residues in L-nl interact with the F-sheet
favouring region of hIAPP, thus promoting hIAPP aggregation. The D-nl peptides have
higher contact with hIAPP residues, where D-Asn, D-Phe and D-Gly mostly interact with
the C-terminal region of hIAPP, and the remaining D-nl residues favour the N-terminal
region. Furthermore, the number of hydrogen bonds formed between D-nl and hIAPP ex-
ceeds that between L-nl peptides. On the other hand, the number of stacking interactions
between L-Phe and Phe residues in hlAPP 18 greater than with D-Phe. The destabilization
of the ordered hIAPP protofibrils comprising of parallel arrangement of F-sheets by D-nl is
also analyzed. D-nl partially destabilizes the hIAPP protofibrillar structures obtained from
NMR as well as cryo-EM methods, although, the effect is more prominent for the eryo-EM

maodel.

4.1.5 Conclusion

[n summary, our study highlights the mhibitory activity of a small peptide, which is derived
from hIAPP and cousists of all D-amino acid residues (D-NFGAIL), on the aggregation of
hIAPP, A series of moleenlar dynamies simulations validates that D-NFGAIL can effectively
refrain randomly packed full-length hIAPP from self-association. After S-sheet is initially
formed at a small region of hIAPP, further growth of of hIAPP aggregates is abrogated
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by D-NFGAIL. On the other hand, L-NFGAIL strengthens the S-sheet rich aggregates of
WIAPP by binding to the F-sheet prone regions of hIAPP. The incorporation of D-NFGAIL
further denatures the ordered A-barrel structure, comprising of L-NFGAIL peptides. From
umbrella sampling simmlations, it is also conjectured that the formation of hIAPP dimer,
which is the initial step towards aggregation, is obstructed by D-NFGAILL. The hydrogen
bond and hydrophobic (stacking) interactions between hIAPP and NFGAIL peptides are
crucial in the binding mechanism. In addition, the presence of D-NFGAIL can also lead to
the partial dissolution of preformed fibrils of hIAPP. These findings adequately deseribe
the pathway via which the pancreatic f-cell amyloids can be effectively regulated by a
small hIAPP derived peptide. The results also highlight the WAPP residues responsible
for aggregation, thereby imparting information about the biochemical targets for mitigating
cytotoxic amyloid species. Lastly, this study guides us in designing potent peptide inhibitors

to combat Type LI diabetes and other amyloid diseases.
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4.2 Disparate Effect of Hybrid Peptidomimetics
Containing Isomers of Aminobenzoic Acid on
hIAPP Aggregation
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4.2.1 Introduction

The small peptides or peptide mimetics derived either from the hlIAPP sequence or by
de novo design have proven to be excellent hIAPP inhihih:m{?!ﬂ. Nonetheless, due to
the sequence resemblance of small peptide inhibitors derived from hIAPP with the parent
peptide, they often self-aggregate at low concentrations to form amyloid-like aggregates,
several of which are toxic to the cells[29]. Consequently, various g-breaker elements have
been incorporated in the parent sequence, which prevent the misfolding of hIAPP into

f-sheet rich structure|29],

However, most of the conformationally restricted elements contain a-amino acids,
which makes them proteinogenie, thus unstable against proteolytic degradation. Therefore,
Paul et al. have designed a set of conformationally constrained S-sheet breaker hybrid pep-
tidomimetics (BSBHps), which contains 8 (2-aminobenzoic acid), v (3-aminobenzoic acid),
and & (4-aminobenzoic acid) aromatic amino acids[30]. The presence of these structurally
rigid aromatic amino acids in the hybrid peptides enhances their stability toward prote-
olytic degradation and hence are promising candidates against amyloid aggregation. The
derivatives of 2-aminobenzoic acid have been used as inhibitors of amyloid 3 aggregation|31]
and also transthyretin amyloid fibril[32]. The conformationally constrained aminobenzoic
acids (Abz) are inserted into the peptide segment extracted from the amyloidogenic core
of hIAPP, hIAPP2: 27 or NFGAILL.

Here, [le26 is replaced Lo give rise to three BSBHps containing one breaker element
(single substituted BSBHps) and Gly24 and [e26 are both simultaneously replaced to de-
sign another set of two breaker element containing BSBHps (double substituted BSBHps).
The modulation of Gly24 and [1e26 residues in the wild type sequence, NFGAIL, has pre-
viously produced peptide inhibitors against hIAPP aggregation[33, 34]. Interestingly, the
A and y-Abz containing peptide analogues efficiently inhibit hIAPP aggregation, whereas
the 4 BSBHps do not display inhibitory activity. Also, & BSBHps are itself found to be
amyloidogenic in nature, unlike the other two isomeric BSBHps. Furthermore, the double
substituted BSBHps are not only superior in their inhibitory capacity, but also are more
stable in presence of proteolytic enzymes as compared to single snbstituted BSBHps. Also,

these designed BSBHps disrupted pre-formed amyloids into nontoxic forms and did not af-
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feet the cell viability of human embryonic kidney (HEK) cells (up to 1 uM concentration).
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Figure 4.35: (a) Sequence of hIAPP monomer and (b) Structures of the BSBHps used in
the simulations. The N, O, H and C atoms in the BSBHps are depicted in blue, red, silver

[ P N |

and eyan respectively. ‘o', ‘m" and ‘p’ residues indicate ortho, meta and para-aminobenzeic
acid moielies ms;;ﬂ:t-imely.

[t is intriguing to perceive that the incorporation of three different isomers of the
same aromatic amino acid, i.e., aminobengoic acid, in the BSBHps displays such contrasting
influence on hIAPP aggregation. The stereochemistry of amyloid inhibitors often plays a

significant role in their anti-amyloid activity. Stereoisomers of polyphenols have displayed
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distinet binding modes and differential inhibitory ability towards amyloid aggregation[35,
36]. The utility of these conformationally restricted peptides as potential inhibitors of the
amyloid aggregation of hIAPP is a novel approach for the treatment of T2D. Therefore,
the dissimilar pathway via which these hybrid peptides interact with hIAPP needs to be
determined. Keeping this in mind, we have performed molecular dynamics simulations
of hIAPP monomers in presence of different hybrid peptides.  Corroborating with the
experimental results[30], onr simulation results also depict that the aggregation of hIAPP
is inhibited by # and +-BSBHps. The 4 BSBHps, on the other hand, facilitate the S-sheet
formation of hIAPP and thus assists in its ageregation. This contrast in the effect of the
different. isomeric hybrid peptides on hlAPP aggregation is due to the variation in the
preferential binding conformation of hIAPP.

The methods applied in this study are deseribed in the Simulation Method section.
The in-detail explanation of our findings and our deductions are stated in the Results

section, and the overall observations s summanized in the Conclusion section.

4.2.2 Simulation method

4.2.2.1 Simulation Setup

The initial coordinates of the hIAPP monomer is extracted from the solid state NMR strue-
ture of WIAPP[19] (Fig 4.35a). The small peptide based inhibitors used in our study was
constructed by AMBERTools[21] (Fig 4.35b). The isomers of aminobenzoic acid inserted
in the peptides was parameterized using pyRED caleulations[37] on the R.E.D server|38

41|. Four hIAPP monomers were placed sufficiently apart in a cubic box such that the
hIAPP monomers are at least 20 A apart. Eight BSBHps are added to in the systems
at a minimum distance of 10 A from each of the hIAPP monomers. In the experimental
study[30], three hIAPP:BSBHp molar ratios (1:2, 1:5 and 1:10) were used, and the BSBHps
showed inhibitory ability towards hIAPP aggregation at all molar ratios, with the effect be-
ing most pronounced at the highest concentration of BSBHps (i.e., 1:10). However, in our
study, we have used hIAPP:BSBHp ratio of 1:2, which will enable us to properly identify
the specific interactions between hIAPP and BSBHps, without the interference of excess

BSBHps molecules. As a control, hIAPP was simulated in absence of any BSBHps. Each
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system was repeated twice with different initial configuration, in order to overcome the
mnfluence of the starting strueture. and the details of each of the system are mentioned in
Table 4.6. Each of the simulation was conducted for 1000 ns, following simulation protocols
mentioned in Chapter 1 (Section 1.5.2). Overall, a total of 14 ps of unbiased moleeular

dynamics simulation was carried out for this study.

System | N, | Ng|N,|N;| N, | Box length (A)

1 | 4 10000 68.64
WARE T 10000 68.62
65 17 1408 15000 85.86

2 [ 4 | 8 15000 85.85

¥ 4 5 15000 85.0
B &2 | 4 8 15000 8588
pS 1[4 8 | 15000 85.03

BEE! 8 | 15000 B503 .

1 | 4] 8 15000 85.90
O —rit18 15000 85.01

1| 4 8 15000 85.03
M 2 | 4 8 15000 85,88

1 | 8 | 15000 85.0
< S 8 15000 8500
Dimer+0S | 2 | 4 5000 54 81
Dimer4+MS | 2 ] 5000 R4.81
DimeriOD | 2 | 4 5000 54 85
Dimer4+MD | 2 1 5000 54.84

Table 4.6: Systemn Delails. Ny, Ng, N, Ny and N, defines the number of hIAPP
monomers, 3-BSDHps, «-BSBHps, 8-BSBHps and waler incorporated into the systems.
The addition of single and double substituled peptides is ndicaled by 'S" and ‘D’ alphabets
respectively in the system names.

4.2.2.2 Simulation Analysis

The simulation analyses were carried out following the protocols diseussed in Chapter 1
(Section 1.5.3). The free energy landscapes (FELs) were computed using radins of gyration
(Ry) and SASA (and number of contacts between the heavy atoms of the hIAPP residues
and the hydrogen bonds formed by hIAPP) as the reaction coordinates, following the

equation 1.19. An isovalue of (L5 was considered for evaluating the spatial distribution
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functions of the inhibitor peptides around hIAPP. The first solvation shell coordination
mumber of the BSBHps was deternuned by the number of the respective BSBHps present
within a distance of 5 A from each residue of hIAPP, considering all the heavy atoms|23],
while a non-polar contact between hIAPP and BSBHps was defined by same, considering
only the aliphatic carbon atoms|42).

The potentials of mean force (PMFs) of hIAPP dimer formation was caleulated
via umbrella sampling (US) method[24] to estimate the effect of the BSBHps on hIAPP
dimerization. The US simulations were renormalized using Weighted-Histogram Analysis
Method (WHAM)[25, 26]. Initially two full-length hIAPP peptides were simulated for 400
ns, in presence of single and double substituted # and ~~BSBHps, following above mentioned
proftocols for unbiased simulations. The starting structures for the US simulations were
extracted from the final trajectory of the above sitmulations. The distance between the
center of masses of the Ca atoms of two hIAPP monomers was applied as the reaction
coordinate for the US simulations, which spanned from 3 to 20 A, with 0.2 A increment.
A pull foree of 2.5 keal mol™ A? was applied and each window was simmlated in NPT
ensemble at 300 K for 30 ns. Hence, the four systems resulted in additional 11.92 (1.6 of
unbiased and 10.32 of hiased) ps of simulations. The PMF of hIAPP dimer in pure water
was plotted nsing fhe results obtained in the previous study (Chapter 4.1)[43].

4.2.3 Results

4.2.3.1 Effect of BSBHps on the conformation of hIAPP

In this study, at lirst, we have investigated how the structure and the apgregation propensity
of hIAPP is regulated by the different hybrid peptidomimetics, Figs 4.36 and 4,37 represent
the snapshots of the four hIAPP peptides along the course of the simulation. The initially
separated peptides accumulate to form F-sheet rich structure in absence of any BSBHps. In
presence of 4 and v-BSBHps, hIAPP mostly remains in an nnstructured coil conformation.
On the other hand, mmerous F-sheet conformation is observed for the system containing
a-BSBHps.

Since the conformation of hIAPP undergoes deviation from random coil to S-sheet

during its aggregation, to probe the influence of the BSBHps on this conformational space,
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we have constructed a 2D free energy landseapes (FELs) that highlight protein ensembles
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Figure 4.36: Representative snapshots of MAPP al different simulation time in pure
RIAPP (RIAPP1/hIAPP2) systems and that in presence of single substituted 3 (081/052),
v (MS1/MS2) and 6 (PS1/PS2) BSBHps. The peptides are represented in cartoon form,
depicting 3-sheet in yellow, coil in silver, twrn din cyan, o-heliz in purple and 3yg-heliz in
blue.
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Figure 4.37: Representative snapshotls of hIAPP at different simulafion time in systems
containing double substituled 5 (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps.

The peptides are represented in carloon form, depicting G-sheet in yellow, coil in silver,
turn in cyan, o-heliz in purple and 3yy-heliz in blue.

as a function of radius of gyration (R,;) and solvent accessible surface area (SASA) of the

hIAPP peptides. From the FELs (Fig 4.38), we observed that, in case of isolated hIAPP, the
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minimum is centered around R,=10.8 A and SASA=8200 AZ. The center of the minimum
shifts to much larger valnes of R, and SASA for the systems containing single substituted
A and vBSBHps, indicating the occupancy of extended morphologies. In addition, the
‘energy basins in these systems are broader and are accompanied by other shallower wells.
The incorporation of single substituted §-BSBHps into the systems leads to the appearance
of a minimum well with much lower R, (10.6 A) and SASA (7000 A?) values. The SASA
and R, of hIAPP surrounded by double substituted BSBHps (Table 4.7) follow a similar
trend as the above systems.

The presence of loosely mckadHIAPP monomers in the # and -BSBHps con-
faining systems is evident from their higher R, values of hIAPP compared to that in the
isolated hIAPP and also in presence of -BSBHps.

' .. . mn-'m ] Im HHN L]

SASA (A7) SASA (A7)

Figure 4.38: Free energy plot (keal/mol) as a function of R, and SASA of hIAPP in pure
RIAPP (WAPP) system and that in presence of single substituted 8 (OS), v (MS) and &
(PS) BSBHps. The last 200 ns of simulation of the two replicates is used for analyzing
cach system.
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System | R, (A) | SASA (A?)
op | L| 167 £ 0001 | 0738 £ 235
2| 16.9 + 0.003 01056 4 1.7
MD 1] 18.12 + 0.005 | 10160 + 2,93
2| 1931+ 001 | 9692 + 2.57
PD 1] 10,91 £ 0.002 | 8145 + 4.36
2 | 1227 £ 0.003 | 8680 + 5.65

Table 4.7: The average radius of qymbion (R, ) and SASA of hIAPP in systems containing
double substituted 3 (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps.

{a) 3

Distance (A)

Figure 4.39: FPreferential interaction parameters of RMMAPP for WIAPP-hIAPFP over
hAFPP-water interactions for pure APP (WMAPP) system and that in presence of (a)
single substituled 8 (0S), v (MS) and & (PS) and (b) double substituted 3 (OD), v (MD)
and & (PD) BSBHps. The last 200 ns of simulation of the twe replicates is used for ana-

lyzing each system.

These extended hIAPP conformers demonstrate much less propensity to aggregate, and
hence are more exposed to the solvent molecules, resulting in higher SASA values for the

systems bearing 8 and v-BSBHps. Hence this leads a low negative value (upto ~12 A) of
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the preferential interaction parameter (I'p,) in these systems (Fig 4.39). [y, explores the
preference of hIAPP to interact with itself over the solvent molecules, and from equation
1.18, its positive value indicates that hIAPP favorably interacts with itself rather than the
solvent. A positive value of I'y, is observed after ~2 A for pure hIAPP and also in presence
of &-BSBHps (Fig 4.39). This suggests that at lower distances, the hIAPP peptides are
more solvated in water, leading to less propensity to aggregate in the systems having 3 and
7-BSBHps.

The secondary structure conformation of amyloid peptides plays a erucial role in
their aggregation. Hence we probe into the secondary structure details of hIAPP in presence
of the conformationally restricted peptides. Th&:pmgrm:iuu of the secondary structures of
each residue of hIAPP with time (Figs 4.40 and 4.41) shows that, in pure system,

Figure 4.40: Time evolution of change of secondary structures of each residue of hIAPP
in pure MAPP (RIAPP1/MAPP2) systems and that in presence of single substituted 3
(0S1/082), v (M§1/MS2) and & (PS1/PS2) BSBHps.
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iy, e

Time (ns)

W0 400 W0 B0 1060

System | Extended-j | Bridge-J | 3,,-helix | o-helix | Coil
LiApp | 1| 125404 | 48402 | 62E03 [03+00] 405
2| 123L08 | 4308 | 4403 |28+L03| 351

osz |L| 0300 [26+02 4102 [70£04] 402
2| 37403 |36+03| 6103 |51+03]|314

sz | Ll 03007 [ 5708 | 51+02 |21#02] 411
2 04AL00 |BBLO03|21+01 6003|410

pgg | 1| 219E05 |[38+02 [ 13+01 [41£02]370
2| 148 +04 | 41+02 | 24£01 |04 L 00| 304

opz | 1| 03E£00 82502 [31+02 [00%00] 413
2] 41+£03 |[28+02|106%03| 2801 340

MDz | L] 32+02 [49+03|50+03 [01+00] 497
2| 37102 |58:03| 48L03 |07L01] 456

pD2 |L| 131506 |41+03 [ 24+03 [18+£02] 367
2| 11704 |30+02| 33+02 |53+03| 380

219

Figure 4.41: Time evolution of change of secondary structures of each residue of WAFPP
in double substituted 3 (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps systems.

Table 4.8: The secondary structure contents of hIAPP in pure MAPP (WAPFP1/hIAPFP2)
systems and that in presence of single substituted § (O0S1/082), v (MS1/MS2) and 4
(PS1/PS2) and double substituted 3 (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BS-
BHps.
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Figure 4.42: Time evolution of change of B-sheel af MAPP in pure MAPP (hi-
APP1/hIAPP2) systems and that i presence of single substituled § (0S1/082), ~
(MS1/MS2) and & (PS1/PS2) and double substituted 8 (OD1/0D2), v (MD1/MD2) and
8 (PD1/PD2) BSBHps.

the hIAPP monomers instantly aggregate to form ordered f-sheet structure (marked in
yellow)., Similar phenomenon is also observed for the system with -BSBHps. However,
in presence of 3 and -BSBHps, some unstable S-strands are formed, which eventually
dwindles. This corroborates with the CD and FTIR results obtained in the experimental
study[30]. The total F-sheet percentage along the simulation time quantify the above
discussed evolution of this conformation in all the system (Fig 4.42), which decreases to
0.25 % (5-BSBHp)/ 0.3 % (y-BSBHp) from 12,49 % (pure hIAPP) (Table 4.8) towards
the end of the simulation. With decrease in f-sheet conformation, the hIAPP monomers

mostly remain in a disordered, random coil state.

The impact of the BSBHps on the three dimensional conformation of hIAPP is
investigated by the cluster analysis. Three of the most populous structure are represented
in Fig 4.43a-d (and 4.44a-¢). In absence of BSBHps, hIAPP is mostly present in dis

ordered conformation, which corroborates with prior reports[28]. However, more f-sheet
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conformation is observed in the pure system compared to the ones with 8 and 4-BSBHps.
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Figure 4.43: HRepresentative RIAPP structures of three of the most populeted clusters
(a-d} and the free energy plot (keal/mol) with respect to the number of contacts and the
hydrogen bond formed befween WMAPP (e-h) in pure hTAPP system (RIAPFP) and in presence
of single substituted 3 (0S), v (MS) and & (PS) BSBHps respectively. The distribution of
the respective BSBHps are shown in dots around RWIAPP. The last 200 ns of simulation of
the two replicates is used for analyzing each system.
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Figure 4.44: HRepresentative MAPP structures of three of the most populated clusters
(a-¢) and the free energy plot (keal/mol) with respect to the number of conlacts and the
hydrogen bond formed between hIAPP (d-f) en pure RAFPP system (RIAPP1/hIAPP2) and
in presence of double substituted BE (OD), v (MD) and & (PD) BSBHps. The distribution
of the respective BSBHps are shouwm in dots around WMAPP. The last 200 ns of simulation
af the two replicates is used for analyzing each system.

The G-strands stretch over Ala8-Phelb, Asn21-1e26 and Ser29-Gly33 residues of hIAPP,

42).

consistent with previous simulation reports
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tain similar f-sheet rich structure, with mostly parallel f-strands, agreeing with earlier
studies|[28, 44]. For 8 and 4-BSBHps bearing systems, hIAPP predominantly exists in ran-

dom coil conformation with some short S-strands. This complements our results obtained

from secondary structure analyses (Fig 4.40, 4.41 and 4.42).

Systems P-P P-N
: 19360+ 0.08
hIAPP 55705 £ 0.0
og | L7799 %007 | 24.46 £ 0.04
2 | 84.16 + 0.07 | 2356 & 0.04
Ms | L] 7281007 | 20.29 £0.04
2 | 7525 £ 0.07 | 20.45 + 0.04
pg | 1| B721 £ 007 [ 24.43 £ 0.06
2 | 8117 + 0.07 | 26.06 + 0.04
ob |2k 7548 + 0.07 | 26.21 + 0.04
2 | 7T8.88 £ 0.07 | 15.88 + 0.04
Mp |11 7L74 0.0 30.58 + 0.05
27281 £0.07 | 31.1 £0.05
pp | 18591 & 0.9 23.04 + 0.04
218292 £ 0.07 | 24.06 = 0.05

Table 4.9: Average hydrogen bond numbers between WAPP-RIAPP (P-P) and hIAPP-
BSBHp (P-N) interactions in pure hIAPP (WAFPP1/hIAPP2) systems and that in presence
of single substituted 3 (OS1/082), v (MS1/MS2) and § (PS1/PS2) and double substituted
A (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps.

In order to examine the effect of the BSBHps on the hIAPP-hIAPP interactions, the
number of contacts and hydrogen bond formed between hIAPP are employed to compose a
{ree energy plot (Fig 4.43e-h and 4.44d-f). The center of the energy well of isolated hIAPP
appears when the number of contacts and hydrogen bonds are 11646 and 98 respectively.
However, in presence of 1 and 4-BSBHps, it shifts to much lower values of contact and
hydrogen bond, reflecting a reduction in interactions between hIAPP (Table 4.9), and hence
impeding aggregation.  For the systems containing &~BSBHps, broad energy basins are
observed, which extend towards higher values of both collective variables, which stabilize
the aggregated oligomers. The average mumber of hydrogen bonds formed between hIAPP
are shown in Table 4.9, which quantifies the change in the aggregation-favoring hIAPP-
hIAPP hydrogen bonds. The top three clusters of each system (acquired from cluster
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analysis) lie in the energy well of the respective systems, This decrease in the hIAPP
mnteractions 1s quantified by the non-bonded interaction energy values, which 15 categorzed

into electrostatic (ele) and van der Waals (vdW) energies (Table 4.10).

P-P P-N
System ele velw ele vdw
1| -4657 + 0.69 | -486.3 £ 0.43
WIAPP e 071 | A33.4 £ 0.8
os | 1[-4300+ 086 2815+ 0.29 | 462.1 £ 0.7 | -266.7 + 0.21
2 | -4347 + 0.64 | -318.7 + 0.27 | -5939 + 1.03 | -223.2 + 0.24
Ms | 114271 £ 059 3507 £ 0.27 | 5254 £0.68 | 1885 + 0.15
2 [ 4273 % 094 | -336.8+ 0.28 | -562.6 + 1.04 | -169.7 + 0.23
ps | L|-1465 %054 351 £0.29 | 7743 + 1.09 [ 2259 & 0.19
2| 4401 & 0.78 | -366.0 £ 0.27 | 684.2 + 1.79 | -285.6 + (.30
op | 1| -1374 %06 | 28394031 | 3715 + 062 | 2398 £ 0.15
2 [ 4313 £ 0.64 | 3004 £ 028 7884 + 0.96 | 3107 + 0.19
MD j’ -4280 + (.66 | -312.5 + 0.3 - -702.7 + 0.88 3075+ (.18
2 | -4300 + 0.67 | -276.7 £ 0.33 | -566.9 + 0.84 | -303.8 + 0.18
pp- B ~4494 + 0.48 | -340 + 0.24 -421.6 + 1.05 | 2015+ 017
2 1-4330 & (.76 | -356.4 £ 0.31 | 4955 + 0.85 | -192.2  0.14

Table 4.10: Interaction energy (keal mol™') of hWIAPP-RIAPP (P-P) and hIAPP-BSBHp
(P-N) inderactions in pure hIAPP (hIAPP1/RIAPP2) systems and that i presence of sin-
gle substituted B (081/082), v (MS1/MS2) and § (PS1/PS2) and double substituled j
(OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps.

In presence of 3 and +-B5SBHps, both the energy contributions for the hIAPP-hIAPP
interaction is less favorable compared to that for isolated hIAPP and also for the one
containing &~BSBHps systems.  Also, the effect is more pronounced for the vdW eontri-
bution. The contribution of the BSBHps on the dominant hIAPP interactions is further
understood by constructing contact map displaying the distance between the Ca atoms
of each pair of hIAPP residues (Figures 4.45 and 4.46), Contacts between Ala8-Vall7,
Asn21-Ser29 and Val32-Tyr37 stretches are abundant in the pure hIAPP system, depicting
the closeness of the hIAPP monomers. [F-strands are also predominant in these regions, as
observed in the elusters (Fig 4.43a-d and 4.44a-¢). Similar interaction interface between hl-
APP dimer (GIn10-Leu27) is also reported in a prior study[28]. Also finorescence titration
binding assays report analogous region {Ala8-Hisl8 and Asn22-Ser28) for hIAPP-hIAPP
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interaction|45].

R P T B _
Feplude Mumber Peptide Numbes
Figure 4.45: Residue-residue contact map of the backbone atoms of WMAPP in pure hil-

APP (WAPP1/MAPP2) system and that in presence of single substituted 5 (081/0852),
(MS1/MS2) and & (PS1/PS2) BSBHps.
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Figure 4.46: Residue-residue contact map of the backbone atoms of MAPP in systems
containing double substituted 3 (OD1/0D2), v (MD1/MD2) and & (PD1/PD2) BSBHps.
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However, the contacts markedly disappear with the addition of 4 and v-BSBHps, suggesting
a decrease in the hIAPP-hIAPP interaction.

Hence, it 18 deduced that interaction between hIAPP is intervened by the A and -
BSBHps, which promotes hIAPP to remain in a disordered conformation, thus preventing
hIAPP agpregation. The -BSBHp, on the other hand, enhances the formation of ordered
[A-sheet rich aggregates, and hence is unable to inhibit the amyloid aggregation, verilying
with previous experimental report[30]. In addition, the time evolution of F-sheet percentage
(Fig 4.42) ascertains that the convergence of all the systems is achieved in the last 200 ns

of the trajectory.

4.2.3.2 Potentials of Mean Force

The effect of the BSBHps on the stability of hIAPP-hIAPP interaction is further investi-
gated by caleulating the potential of mean foree (PMF) of association between two hIAPP
monomers via nmbrella sampling simulations. The PMF of two hIAPP monomers in ab-

sence and presence of 7 and -BSBHps are shown i Fig 4.47.

PMF (kcalimol)
L=
U S T

o

PMF (kcal/mcd)
=

4] 4 a8 12 16 20
Distance (A)

Figure 4.47: Potential of mean foree of two hRIAPP monomers in pure RAPP system (hi-
APP) and thal in presence of 3 (Dimer+ Q8 and Dimer+ QL) and v-BSBHps (Dimer+MS
and Dimer+MD).
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Since d-BSBHps possess no inhibitory effect on hIAPP aggregation, PMF for the system in
presence of d-BSBHps is not caleulated. The hIAPP dimer is most stable (with minimum
free energy), when the distance between the eenter of mass of the monomer is 7.5 A. For
the system containing single substituted 8 and 4-BSBHps, the distance at which the free
energy minimum oceurs shifts beyond 14 A (Fig 4.47a). The addition of double substituted
fA and 4-BSBHps also pushes the free energy minimmm to around 12 A distance (Fig 4.47h).
Further, the mimmum for the pure system not only appears at a lower distance but the
well depth is also more favorable than the systems containing BSBHps. Hence the hIAPP
dimer formation is stable when the monomers are closer to each other, but the BSBHps drift
the hIAPP monomers apart, impairing the dimerization propensity. Since dimerization is
the first step towards aggregation, an interruption in this stage hinders further hIAPP

aggregation.

Figure 4.48: Spatial distribution functions of BSBHps around WIAPP in presence of single
substituted 8 (OS), v (MS) and & (PS) and double substiluted 8 (0OD), v (MD) and 8 (PD)
BSBHps. The peptides are represented in cartoon form, depicting J-sheet in yellow, coil in
silver, twrm in cyan, a-heliz in purple and Jyg-heliz in blue, The last 200 ns of simulation
of the two replicates s used for analyzing each systemn.
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4.2.3.3 Interaction of BSBHps with hIAPP

In order to rationalize the dissimilarity in the inhibitory alility of the three isomeric BS-
BHps on MAPP aggregation, we have conducted an in-depth examination into the inter-
actions between them. The extent of interaction of hIAPP with the hybrid peptides is

examined by the non-bonded interaction enerey values (Table 4.10).
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Figure 4.49: Residue unse coordination number of single substituted (a) 3 (0S), (b) ~
(MS) and (¢) & (PS) and double substituted (d) g (OD), (¢) v (MD) and (f) & (PD)
BSBHps around MAPP. The last 200 ns of simulation of the two replicates is used for

analyzing each system.

Significant values for the electrostatic as well as the van der Waals energy is ohserved for
all systems. Here again, the electrostatic energy contributes more towards the total energy.

The spatial distribution function provides a three-dimensional view of the organization of
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the BSBHps around hIAPP monomers at a distance of 5 A (Fig 4.48).

a—
%)

na LIS = =

Binding FE {kcal/mol)
ik

(b)

Binding FE (keal/mal}

(1 gt | ey | b ]
0 5 10 15 M0 25 30 35

(©
0

ol

P
g

Binding FE (keal/m

]

I|||||||||r|||_4
0 5 1 15 0 I 3 35 @ N CESFER F ST

hIAPP Residue Index BSBHps Residue Index

Figure 4.50: Binding free energy between cach residue of (a-¢) MAPP with the respective
single substituted @ (OS), v (MS) and 6 (PS) BSBHps and (d-f) the corresponding BSDHps
with WMAPP. The last 200 ns of simulation of the two replicates is used for analyzing each
system.

To identify the primary binding sites, at first, we have caleulated the first shell
coordination number of each BSBHps around the hIAPP residues (Fig 4.49). The single
substituted 5-BSBHps was observed to have maximum coordination number around Phel 5
Asn21 residues (Fig 4.49a). In addition, secondary interaction hotspots are also identified in
the N-terminal region encompassing Cys2-Argl1 residues and [e26-Asn31 in the C-terminal
streteh. The single substituted 4-BSBHps display abundant interaction with Thré-Argl 1,
Phel5-Vall7, Asn21-Phe23, 1e26 and Leu27 residues (Fig 4.49h). In presence of single
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substituted §-BSDBHps, most frequent contact is perceived in the Cterminal end around
Len27-Tyrd7 (Fig 4.49). The double substituted BSBHps display relatively similar inter-
action pattern with hIAPP. The 5-BSBHps exhibit highest coordination number around
GIn10-Asn2] residues, as well as considerable contact with Cys2, Asnd, Thr6, CysT, Phe23,
Len27, Ser28, Val32 residues (Fig 4.49d). The 4-BSBHps mostly interact with Ala8-Argll
and Asnl4-Phe23 in the N-terminal region, along with some lesser extent of interaction
with [e26-Gly33 residues (Fig 4.4%9). The C-terminal region stretching from Ser2( to
Len27 and Asndl-Tyr37 residues of hlIAPP display the highest coordination number
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Figure 4.51: Binding free energy between each residue of (a-¢) hIAPP with the respective
double substituted 3 (OD), v (MD) and & (PD) BSBHps and (d-f) the corresponding BS-
BHps unth hIAPP. The last 200 ns of simulation of the fwo replicates is used for analyzing
ech system,
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with 4-BSBHps (Fig 4.49f). The probable binding sites of the different BSBHps is further
ivestigated by the binding free energy values between the BSBHps and hIAPP. Here we
observed that, favorable free energy values are obtained for the binding interaction in all
the systems. Also, the residue-based binding free energy data (Figs 4.50a-¢ and 4.51a-¢) is

eomparable to that of the first shell coordination mumber (Fig 4.49).
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Figure 4.52: Average (a-c) non-polar contact and (d-f) hydrogen bond number between
single substituted § (OS), v (MS) and & (PS) BSBHps and each ressdue of hIAPP. The
last 200 ns of simulation of the two replicates is used for analyzing each system.

The primary factors which drive the interaction of amyloid peptides with their
inhibitors are hydrophobic interactions and hydrogen bonding between them, To account

for this, we have calculated the number of non-polar contacts and hydrogen bonds formed
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between the hIAPP residues and the different BSBHps (Figs 4.52 and 4.53). Maximum

non-polar contact 15 observed with the fellowing hIAPP residues in the respective systems:
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Figure 4.53: Average (a-c) non-polar contact and ( d-f) hydrogen bond number between
double substituted 8 (OD), v (MD) and & (PD) BSBHps and cach residue of hIAPP, The
last 200 ns of simulation of the two replicates is used for analyzing each system.

Asnd, Thrd, Thr6, Thr9, Glnll), Phel5-Ser20, Phe23, [Le26-Ser28, Thral in single sub-
stituted F-BSBHps system (Fig 4.52a), Thré, Ala8-Argll, Phel5-Vall7, Asn21, Phe23,
[Le26 and Tyr37 in single substituted 4-BSBHps system (Fig 4.52b), Thrd, Alab, Lenl6,
Phe23, Len27-Ser29, Val3d2 and Asn35-Tyr37 in single substituted 4-BSBHps system (Fig
4.52¢), Thrd, Thr6, Cys7, Glul0-Leul2, Asnld-Leul6, His18-A=n21, Phe23, Leu27, Gly33,
Tyr37 in double substituted #-BSBHps system (Fig 4.53a), Thr6, Ala8-Argll, Asnl4-
Phe23, Leu27, Ser29, Thrd0, Val32, Gly33 in double substituted 4+-BSBHps system (Fig
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4.53b), and Thr4, Cys7-Thr9, Argll, Leul2, Phel5, Phe23, Ala25-Leu27, Asn31-Gly33
and Asn35-Tyr37 in double substituted 4-BSBHps system (Fig 4.53¢).

The average number of hydrogen bonds formed by each BSBHps with hIAPP is
shown in Table 4.9. A detailed look into the residue wise hydrogen bond of hIAPP with
the BSBHps reveals that Lysl, Asn3, Thr9-Argll, Vall7, Serl®, Asn21 and Ser29-Asn31 in
single substituted A-BSBHps system (Fig 4.52d), Lys1, Thr, Thr9, Argll, Asn21-Phe23,
[Le26, Ser28, Serdd, Tyr37 in single substituted ~-BSBHps system (Fig 4.52¢), Lysl, Argll,
Ser28-Asn3l, Ser34-Tyr3T in single substituted d-BSBHps system (Fig 4.52f),
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Figure 4.54: Coondination number, non-polar contact and hydrogen bond number between
each residue of kIAPP and that of BSBHps for the single (OS] and double (OD) substituted
[A-BSBHps containang systems. The last 200 ns of simulation of the two replicates is used
for analyzing each system.

Aszn3, Thr6, Argll, Asnld, Asn3dl, Serl9, Asn2l, Ser28, Tyrd7 in double substituted §-
BSBHps system (Fig 4.53d), Thr9-Argll, Asnld-Leul6, His18-Asn22, Ser20 in double sub-
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stituted 4-BSBHps system (Fig 4.53¢) and Thr9, Ser20-Asn22, Ala25, Val32, Gly33, Asn3s
Tyrd7 in double substituted 4-BSBHps system (Fig 4.53f) forms the highest mumber of
hydrogen bonds with the corresponding BSBHps.

For a more detailled inspection, the interaction between each residue of hIAPP
with that of the varions BSBHps have also been investigated. The residues of hIAPP and
BSBHps are represented by the three and one letter codes of amine acids respectively. Also,
ortho, meta and para-Abz is indicated by ‘o', ‘m' and ‘p’ letters. Considering the system
containing single substituted A-BSBHps (Fig4.54), F2 and o5 of single substituted BSBHp
have the most frequent contact with the hIAPP residues followed by L6 and N1. N1 and
F2 in the N-terminal end of the BSBHps mostly interact with the Pheli-Asn21 of hIAPP,
while 05 and L6 have more association to the N-terminal end of hIAPP.
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Figure 4.55: Coordination number, non-polar contact and hydrogen bond number between
each residue of WIAPP and that of BSBHps for the single (MS) and double (MD) substituted
v-B8BHps condaining systems, The last 200 ns of simulation of the two replicates 15 used
for analyzing each system.
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Now, in presence of double substituted 5-BSBHps (Fig 4.54), also F2 and o5 mostly domi-
nate the interaction between the BSBHps and the N-terminal stretch of hIAPP. In addition,
the other hydrophobic residues in the BSBHps, such as 03, A4 and L6 also display signifi-
cant contact.

The interaction propensity of v-BSBHps with hIAPP is dispersed in the N-terminal
region of hIAPP, with comparatively higher around Ala8-Argll, Phelb, Leul6, Ser20-Gly24
(Fig 4.55). Among the residues of BSBHps, here also, the aromatic F2 display most frequent
contact, while N1, A4, ob, L6 also possess abundant contacts. The contact frequency of
the double substituted BSBHps 18 more pronounced than the single substituted peptides
(Fig 4.55). The terminal residues of the BSBHp, N1, F2, m5, L6 have the highest contact
propensity followed by remaining inner core residues with Asnl4-Phe23 of hIAPP.
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Figure 4.56: Coordination number, non-polar contact and hydrogen bond number between
ench residue of RIAPP and that of BSBHps for the single (PS) and double (PD) substituted
a-BSBHps condaining systems. The last 200 ns of simulation of the two replicates is used
for analyzing each system.
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The 4-BSBHps, on the other hand, binds to hIAPP in a considerably different fash-
ion. The single substituted 4-BSBHp favorably interacts with the C-terminal of hIAPP, via
maostly N1, F2 and L6 residues (Fig 4.56). The hIAPP-BSBHps interaction is dominated
by F2, p3, A4 and pb residues of double substituted 4-BSBHp (Fig 4.56), which preferen-
tially interact with the amyloid prone region of hlAPP, Ser1%-Ser29. Further a secondary
interaction hotspot also exist in the N-terminal region of hIAPP. All these interactions are
ruided by hydrophobic interactions and hydrogen bonding which are also analyzed in detail
(Figs 4.54, 4.55 and 4.56).
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Figure 4.57: Stacking orientation of (o) Phe23 (WAPP)-F2 (BSBHp), (b) Phels
(hMAPP)-05 (BSBHp) and (¢) Phe23 (RIAPP)-05 (BSBHp) in presence of single substi-
tuted A-BSBHps. The hIAPP and the 3-BSBHp residues are depicted in cyon and orange
respectively. The probabilitics of the parallel (Par), herringbone (Herr) and the perpendic-

ular (Perp) are also provided. The last 200 ns of simulation of the two veplicates is used
for analyzing each system.
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Figure 4.58: Stacking orientation of (a) Phels (WIAPP)-F2 (BSBHp), (b) Phe23
(hAPP)-F2 (BSBHp), (¢) Phels (hIAPP)-03 (BSBHp) and (d) Phe23 (hIAPP)-03 (BS-
BHp) in presence of double substituted 5-BSBEHps. The A PF and the 5-BSBHp residues
are depicted in cyan and orange respectively. The probabilities of the parallel (Par), herring-
hone {Herr) and the perpendicular (Perp) are also provided. The last 200 ns of simulation

of the two replicates is used for analyzing each system.

The aromatic amino acid residues in all the different BSBHps, i.e., F2 and Abz moieties

has the most favorable binding energy with hIAPP, closely followed by L6 residue (Figs
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4.50d-f and 4.51d-T),

The interaction between Phe2d residues aids in the oligomerization of hlAPP and,
hence, contact between this residue and inhibitors is crucial for f-sheet reduction|46].
Therefore, the aromatic stacking pattern between the aromatic ring of F2 and that of the
aminobenzoic acid (Abz) residues in the BSBHps with that of Pheld and Phe23 residues
of hIAPP is further investigated (Fig 1.6a). In Fig 4.57, we observe that perpendicular mmr
stacking is most dominant in all stacking pairs for the system containing gingle substituted
3-BSBHps. On the other hand, all three types of arrangement is observed in the double
substituted G-BSBHps system (Fig 4.58). F2 of single substituted ~~BSBHp is favorable to
parallel stacking with both Phel5 and Phe23 of hIAPP (Fig 4.59). In presence of double
substituted v-BSBHps also, all the different stacking arrangement are perceived (Fig 4.60).
Further, among all the other systems, stacking probability is highest in this system. The
herringbone and perpendicular stacking s most favorable in single (Fig 4.61) and double
(Fig 4.62) substituted 4-BSBHps systems respectively.
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Figure 4.59: Stacking orvientation of (a) Phel5 (WAPP)-F2 (BSBHp) and {b) Phe23
(RIAPP)-F2 (BSBHp) in presence of single substituted v-BSBHps. The hIAPP and the -
BSBHp residues arve depicted an eyan and pink vespectively. The probabilities of the parallel
(Par), herringbone (Herr) and the perpendicular (Perp) are also provided. The last 200 ns
of simulation of the two replicates is used for analyzing cach system.
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Figure 4.60: Stacking orientation of (a) Phels (RIAPP)-F2 (BSBHp), (b) Phe23
(hMAPP)-F2 (BSBHp), (¢) Phels (RWIAPP)-m3 (BSBHp), (d) Phe23 (RIAPP)-m3 (DBS-
BHp), (e) Phels (WIAPP)-mb (BSBHp) and (d) Phe23 (hIAPP)-m& (BSBHyp) in presence
of double substituted ~-BSBHps. The MAPP and the ~-BSBHp residues are depicted in
cyan and pink respectively. The probabilities of the parallel (Par), hervingbone (Herr) and
the perpendicular (Perp) are also provided. The last 200 ns of stinulation of the two repli-
cates is used for analyzing cach system.
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Figure 4.61: Stacking orvientation of (a) Phel5 (MAPP)-F2 (BSBHp), (b) Phe23
(RAPP)-F2 (BSBHp), (c) Phels (RWAPP)-p5 (BSBHp) and (d) Phe23 (RIAPP)-p5 (BS-
BHp) in presence of single substituted 6-BSBHps. The WMAPP and the 4-BSBHyp residues
are depicted in eyan and ochre respectively, The probabilities of the parallel (Par), herring-
bone (Herr) and the perpendicular (Perp) are also provided. The last 200 ns of simulation
af the two replicates is used for analyzing each system.
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Figure 4.62: Stacking orientation of (a) Pheld (WAPP)-F2 (BSBHp), (b) Phe23
(hMAPP)-F2 (BSBHp), (¢) Phels (RIAPP)-p3 (BSBHp), (d) Phe23 (WAPP)-p3 (BSBHp),
(e) Phell (hIAPP)-p5 (BSBHp) and (d) Phe23 (WIAPP)-p5 (BSBHp) in presence of dou-
ble substituted 8-BSBHps. The MAPP and the 8-BSBHp residucs are depicted in eyan and
achre respectively. The probabilities of the parallel (Par), hervingbone (Herr) and the per-
pendicular { Perp) ave also provided. The last 200 ns of simulation of the two replicates s
wsed for analyzing cach system.
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Due to the disordered structure of the § and v-BSBHps, a variety of stacking arrangement.
is perceived in those systems. However, the planar arrangement of the &-BSBHps favor
specific orientation of m-w stacking. In addition, apart from the double substituted 4-
BSBHps system, stacking between all possible aromatic pairs of BSBHps and hIAPP is
only observed for the systems containing -BSBHps (which enhance hWIAPP aggregation).

4.2.3.4 Interaction Mechanism of BSBHps with hlAPP

Assembling the results in the above section, we propose a mechanism via which the con-
trasting effect of the different BSBHps can be explained. The hIAPP monomer mostly
remains in a random coil, disordered strueture. However, the monomers aggregate to form
an ordered, straight chain F-sheet conformation, which is favored by 4-BSBHps, but not by
A and v-BSBHps. The amine and carboxylic groups in orthe-aminobenzoie acid form an
angle of 60°, hence the short hybrid peptides containing this meiety ocenpy a disordered
conformation. The single substituted BSBHps attain a bend structure, while the double
substituted peptides are present in a random, S-shaped structure (Fig 4.35b). These disor-
dered, bend hybrid peptides easily bind to the disordered morphology of hIAPP, impeding
their transition into ordered F-sheet structure (Figs 4.63 and 4.64). Henee, the interaction
between the hIAPP monomers is interrupted by the binding of BSBHps to them. Similar
phenomenon is observed for the systems containing - BSBHps, which guides the inhibitory
action of these BSBHps on hIAPP aggregation (Figs 4.35b, 4.63 and 4.64). Now, in case of
d-BSBHps, the situation is vastly different. Here, due to the presence of 1807 angle between
the amino and carboxylic groups in para-aminobenzoic acid, the BSBHps can adapt into
straight chain arrangement (Fig 4.35b). Hence these BSBHps can easily interact with the
planar #-sheet arrangement of hIAPP, thus promoting hIAPP aggregation (Figs 4.63 and
4.64). The conformational difference of the isomeric BSBHps is validated by their R, values
(Table 4.11), where it is observed that the R, of £ and +-BSBHps are much lower than that
of the §-BSBHps, validating the bend, compact structure of the former peptidomimetics,
and an extended conformation for the latter (resulting in higher R, ), Experiments report
that this planar conformation of 4-BSBHps also gives rise to f-sheet formation among

themselves, which is not observed for 3 and +~B5BHps, due to a kink in their peptide
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backbone[30].
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Figure 4.63: Representative snapshots shownng interactions between single 3 (OS),
(MS) and & (PS) substituted BSBHps and hIAPP. MAPP is represented in cartoon form,
depicting A-sheet in yellow, coil in silver, turn in eyan, o-heliv in purple and 3yg-helic in
blue. The A, v and 6-BSBHps are depicted in orange, pink and ochre respectively. The
and ~-BSBHps attain a bend conformation and bind to disordeved hIAPP conformation.
The planar arrangement of 6-BSBHps interact with the planar #-sheet of MAPP. The
images on the right side of the arrow prowvide a closer ook info the image on the left. The
last 2000 nis of simulalion of the two replicates i used for analyzing each system.

In addition, from the coordination number, hydrophobic contacts and hydrogen
bond analyses, it ean be concluded that the @ and +~BSBHps favorably interact with the N-
terminal stretch of hIAPP, while -BSBHps prefer to bind with the C-terminal region. The
donble substituted -BSBHp specifically interacts with the amyloidogenic region of hIAPP,
Ser2(-Ser29, which substantiates the concept that the &-BSBHps preferably attaches itself
to the F-sheet prone region of hIAPP. This is further verified by the residue wise secondary
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structure details of hIAPP monomers. In Fig 4.65a, it is observed that the residues Thrd-
Leul6 in the N-terminal region and Asn22-Val32 in C-terminal region have the highest 3-
sheet percentage for the isolated hIAPP system. Similar F-sheet propensity is also noted for
the 4-BSBHps containing systems (Fig 4.65b and ¢), verifying that the 6-BSBHps interact
with f-sheet region of hIAPP, thus stabilizing it. The S-sheet percentage of hIAPP in
presence of 8 and 4-BSBHps is negligible, conforming with the results from secondary

structure analyses.

Figure 4.64: Representative snapshols shownng interactions between double substituted 3
(OD), v (MD) and & (PD) BSBHps and hMIAPP. hIAPP is represented in cartoon form,
depicting A-sheet in yellow, coil in silver, twrn in cyan, a-heliz in purple and 3-heliz in
blue. The 3, v and 6-BSBHps are depicted in orange, pink and ochre respectively. The
and «v-BSHHps aitain a bend conformation and bind to disovdered hIAPP conformation.
The planar armangement of §-BSBHps inferact with the planar 3-sheet of KWIAPP. The
images on the right side of the arrow provide a closer look into the image on the leff. The
last 200 ns of simulation of the two replicates is used for analyzing each system.
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System | R, (A)
OS | 448 + 0.56

~ MS  [477 015
PS [5.91+ 064
OD [ 458 + 0.34
MD | 5.59 + 0.0

 PD | 7.87 £0.39

Table 4.11: Radius of gyration (R,) of 8 (OS/0D), v (MS/MD) and & BSBHps (PS/PD).

The last 200 ns of simulation of the two replicates is used for analyzing each system.
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Figure 4.65: Residue wise A-sheet percentage of WIAPP in (a) pure water (RWIAPP) and
in presence of (h) single substituted 3 (O8), v (MS) and & (PS) and (¢) double substituted
f{(0D), v (MD) and 6 (PD) BSBHps. The last 200 ns of simulation of the two replicates

is used for analyzing each system.
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4.2.4 Limitations

Since intrinsically disordered peptides lack well-defined three-dimensional structures, ap-
plying the appropriate force field is essential. Even though, the use of AMBER145B has
been validated to study amyloid peptides, this force field overestimate the CD-derived heli-
cal content in the peptide conformation[47]. In our study, the f-sheet percentage for hIAPP
in absence of any inhibitors is 12.49%, which matches with the results (12.39%) of a previ-
ous sinmlation study carried out using CHARMMS36[48] (another popular force field used
for studying [DPs). However, due to the overestimation of helical content by AMBER, the
helix percentage in our study (6.47%) is slightly higher than the one reported in the above
study (0%)[48]. Also the effect of ions on the aggregation of hIAPP is not considered in this
study. In addition, the experimental study on which our work is based on, have reported
three hIAPP:BSBHps molar ratios (1:2, 1:5 and 1:10)) at which the BSBHps affect hIAPP
aggregation.  We have considered only 1:2 molar ratios of hIAPP:BSBHps in our work
so that we can effectively identify the detailed interactions between hIAPP and BSBHps
residues, without the interference of extra BSBHps. However, the presence of higher con-
centrations of BSBHps might have an influence on their binding with hIAPP. Finally, the
sampling deficiency in simulating disordered peptides is omnipresent and affect the struc-
ture and dynamics of the aggregation process. We have tried to address this problem by
repeating each simulation with different initial confipuration, such that various aggregation
pathway can be accessed. Nevertheless this issue can be overcome by performing multiple
long simulations, which is computationally very expensive and also time consuming and

hence, difficult to tackle.

4.2.5 Conclusion

This work focuses on the inhibitory ability of a class of (-sheet breaker hybrid pep-
tidomimetics (BSBHps) on the aggregation of hIAPP. The BSBHps consists of a small
peptide sequence derived from the amyloidogenic core of hIAPP (N FGAILz: ) with three
different isomers of aminobenzoic acid (Abz), 1.e., 8, v and 8-Abz, inserted into them. In
our molecular dynamies simulations, we observed that the S-sheet rich structure, which is
formed by hIAPP in pure water, is absent in presence of § and 5-Abz containing BSBHps.
The 6-BSBHps, on the other hand, favor the hIAPP-hIAPP interactions and stabilize ago-
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gregated structure of hIAPP. Hence the 7 and +-B5SBHps can effectively act as inhibitors
of hIAPP aggregation, unlike A~BSBHps, which closely corroborate with the experimental
resulis[30]. The disparity in the inhibitory ability of the 3 and 4-BSBHps with that of the
a-BSBHps i1s attributed to the variation in the angle formed by the amino and carboxyl
groups in Abz moiety. This causes a significant difference in the orientation of the BSBHps,
and, hence, the individual BSBHps prefer to align themselves to distinet conformations of
hIAPP and display variational effect on hIAPFP aggregation. The § and y-BSBHps intor-
acts with the disordered hIAPP structures, while A-BSBHps preferably binds to the amyloid
prone region of hIAPP and interacts with its A-sheet conformation. Also, the BSBHps with
two breaker elements ( Abz) display greater interaction with hIAPP than the BSBHps with
one Abz gromp. This further validates the reports asserting that the former BSBHps are
more efficient in their inhibitory ability against hIAPP aggregation[30]. The hydrogen
bonding, hydrophobic and stacking interactions drive the binding of BSBHps to hIAPP.
The interactions between the aromatic moieties of BSBHps and hIAPP play a pivotal
role in their binding, The planar structure of &-BSBHps offers a specific type stacking ar-
rangement with Abz/Phe of BSBHps and Phe residues of hIAPP, which stabilize F-sheet of
hIAPP. However, the 3 and 4-BSBH ps are more receptive to different types of arrangement
(parallel, perpendicular and herringbone), due to their bend backbone, further signifying
their disordered binding alignment. Hence the conformation attained by BSBHps guides
the pathway of their interaction with hIAPP, and thus their inhibitory ability. The use of
conformationally restricted peptides for the inhibition of hIAPP aggregation has produced
excellent results[49, 50], which led to the clinical trials of some of these peptides as drug
candidates against T2D[51]. In addition, the non-proteinogenic nature of Abz adds to the
stability of BSBHps, in presence of proteolytic enzymes|[30]. Hence, our study provides key
information which might be helpful in the drug design with better pharmacodynamic and

pharmakinetic profile against type 11 diabetes and other amyloudoses.
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Inhibition of hIAPP Aggregation by
Boron Nitride Nanomaterials
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“Nanotechnology in medicine is going to have a major impact on the survival of the
human race.”

— Bernard Mareus
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Overview

Nanoparticles, particularly carbon nanoparticles, have gathered significant interest in the
field of anti-aggregation research. However, due to their eytotoxicity, the exploration of
hiocompatible nanoparticles has become a new frontier in the quest for drugs against -
man amyloid diseases. The application of non-cytotoxie and biocompatible boron nmitride
(BN) nanoparticles against amyloid aggregation has been probed to tackle this issue. BN
nanoparticles have displayed inhibitory activity against the aggregation of A3 and a-syn
peptides. In this work, the effect of BN nanoparticles on the dimerization of hIAPP, which
15 associated with the pathogenesis of type 2 diabetes, is studied. BN nanoparticles pre-
vent the misfolding of hIAPP into A-sheet rich aggregates. On varying the curvature, the
nanoparticles display variation in the interaction preference with hIAPP. Interestingly, as
the hydrophobicity of the nanoparticles increase from (5,5) BN nanotube to BN nanosheet,
the interaction propensity shifts from N-ternnnal to the amyloid prone C-terminal of hIAPP,
The hydrophobie and aromatie stacking interactions play a contributing factor towards the
binding between hIAPP and BN. Due to this, the Hat surface of the nanoshect ghows better
interaction potential towards hIAPP, compared to the nanotubes. Further, the nanopar-
ticles can also disassemble preformed hIAPP fibrils and the effect is more pronounced for
(5,5) nanotube and the nanosheet, This study provides an insight into the inhibitory mech-
anism of hIAPP aggregation by boron nitride nanoparticles and also an understanding of
the significance of the curvature of nanoparticles in their interaction with amyloid peptides,

which is valuable for the design of anti-amyloid drugs.
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5.1 Introduction

Due to the ease of blood-brain barrier penetration, applhication of surface-functionalized
ligands, and body clearance, utilization of nanoparticles in anti-aggregation research has
received great attention in recent years[1]. The nanoparticles have a large surface-to-volume
ratio, which enables them to provide strong adsorption sites to trap amyloid peptides, both
in vitro and in vive, thus controlling self-aggregation possibility[2]. The efficiency of these
inhibitors depends on the shape, size, surface charge and ligands, and lattice facets of the

nanoparticles(1].

Although mnch effort has heen devoted to the application of carbon nanoparticles
in the field of amyloid aggregation, the cytotoxicity of these nanomaterials, along with
their effect on cell damage, swelling of endoplasmic reticulum and nervous system toxicity
proves to be a disadvantage[3]. In this respect, boron nitride nanotube (BNNT), which
is structurally similar and iseelectronic to CNT, serves as a superior alternative. The
higher Young's modulus, thermal conductivity, and chemical stability of BNNTs makes
it superior to CNTs[4, 5]. BNNTs also have a wide band gap, regardless of its chirality
and are resistance to cadation. More importantly, they are npontoxic and hiocompatible
to living cells and possess antibacterial properties|6], due to their chemieal inerfness and
structural stability over CNTs. These characteristics make BNNTs adeal candidates for
therapeutic and diagnostic applications|7, 8] and superior to CNTs. BNNTs have also
been used to deliver anticancer drugs in brain|8| and also DNA oligomers{9]. Recently, the
application of boron nitride (BN) nanoparticles in the inhibition of aggregation of amyloid
peptides has also been explored[10-12]. Sorount et -al discovered that (3,3)BNNT stabilizes
helical AfF trimers and inhibits their conformational transition to F-sheet rich agpregates,
thus preventing Af self-assembly[10]. Furthermore, they have also observed that, with
variation in curvature of BN nanoparticles, structural changes of A3 and its interactions
with the nanoparticle differs[11]. Although all BN nanoparticles interrupt the transition
of helical AF monomer to a F-sheet, the pathway followed in this process varies[11]. The
helical structure of A monomer is stabilized in presence of (3,3)BNNT i.e., BN with highest
eurvature, (as seen in the previous study(10]), while, in presence of BN nanosheet (BNNS),
which has zero curvature, it forms random coil conformations[11]. The destabilization effect

of BNNT and BNNS on amyloid aggregation of a-synuclein, which is associated with PD,
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is also reported[12]. Here, BNNS demonstrates better inhibitory potential against a-syn
aggregation than BNNT[12]. These studies suggest that the curvature of nanoparticles
influences peptide-nanoparticle interactions|13, 14]. In addition, the polar nature of the
B-N bonds results in variation of interaction between BN nanoparticles and amino acids of
different polarities[15]. Hence, an understanding in this regard is erneial for the application
of nanoparticles in anti-amyloid drug research.

The application of nanoparticles in the modulation of protein aggregation and also
in the biomedical field have received significant attention in the recent years. In addition, as
the research of multi-target amyloid drugs (drugs which can simultaneously target multiple
amyloid peptides) is encouraged, many candidates have been identified which can prevent
the aggregation of both hIAPP and AG[16-23]. Keeping these in mind, the quest to employ
non-toxic and biocompatible nanomaterials for the inhibition of hIAPP aggregation led us
to speculate the effeet of BN nanoparticles on the peptide self-assembly. Using molec-
ular dynamies simulations, we have investipated hIAPP dimerization in presence of BN
nanoparticles with three different chiralities, i.e., (55)BNNT, (10,10)BNNT and BNNS.
Like in Ag[10, 11]. the conformational transition of hIAPP to g-sheet oligpmers is pre-
vented by BN nanoparticles. The nanoparticles exhibit differential interaction preference
with hIAPP, which varies with its eurvature and surface area. This variation gives rise
to change in the hydrophobicity of these nanoparticles, which plays a erucial role in the
nteraction preference. Further, BN nanoparticles also display the ability to destabilize
preformed hIAPP fibrils and the effect is more pronounced for (5,53)BNNT and BNNS.

The rest of the chapter contains the details of the methods nsed for condueting
and analyzing the simulations in the Simulation Method section, which is followed by the
discussion of the results in Hesults section, and Discussions and Conclusions section, finally,

provides a summary of this study.

5.2 Simulation method

5.2.1 Simulation Setup

In this work, we have investigated the mhibitory potential of BN nanoparticles on the

dimerization of hIAPP. For this, we have considered two WIAPP monomers and examined
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its aggregation behavior in presence of three BN nanoparticles with varying chiralities, i.e.,
(5,5)BNNT, (10,10)BNNT and BNNS. The perimeter vector of the nanotubes is calenlated
from the its chiral indices (n.m), which can be further used to determine its diameter]24),

The structure of hIAPP (Fig 5.1a and b) was taken from the solid state NMR structure[25].

MRS 37
(e 126 529 bl Gz a4
Fi3 Tao Va2

Figure 5.1: Structures of (a) WAPP monomer, (b) hIAPP protofibril, (¢) (5,5)BNNT, (d)
(10,10)) BNNT and (¢) BNNS. The pular, non-polar and basic residues i hIAPP monomer
are represented in blue, ved and green respectively. B and N atoms in BN nonoparticles are
en prink and blue colors.

The hIAPP chain extracted from the protofibril is simulated at a high temperature of 500
K and cooled gradually to obtain the structure which was used as the initial structure for
further simulations. The open-ended boron nitride nanotubes (BNNTs) were modelled with
chiralities (5,5) and (10,10), each of which had a length of 62,6 A, while the square boron
nitride nanosheet (BNNS) were of 82x82 A? dimension (Fig 5.1c-¢). The BN nanoparticles
were positioned such that they were at least 10 A away from the hIAPP monomers, which
were randomly dispersed sufficiently apart from each other. In the isolated dimer system,
only two hIAPP monomers were considered. Multiple independent simmlations were car-
riedd out for the systems to negate the dependence of the simulation results on the initisl
configurations. Each of the systems contaiming BN was repeated thrice, such that, in each

replica, the position of the hIAPP monomers was altered with respect to the nanoparticles.
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The control system was simulated twice starting with different initial configuration.

System Nutarr | Ny | Nuater
o MDI | 2 T 15000
MDZ | 2 1T 15000

MDI | 2 15000

Dimer+BNT5 ' MD2| 2 1 15000
MD3 2 1 15000

MDD 2 1 15000

Dimer4+BNT10 | MD2 2 1 15000
MD3 | 2 1| 15000

MD1 i 1 20000

Dimer4+BNS [ MD2| 2 I | 30000
MD3 | 2 1| 30000

— MDI| 5 1| 15000

MD2| 5 [T 15000

. MDI| 5 T 15000
Fib-+ B S S e e T | 15000

: —MDL| 5 1| 15000
Fib+BNTISSI Mo & T 1 15000
. _ MDI | 5 [ 30000
Fib:BNS S "me | & 1| 30000

Table 5.1: System Details. Nyjapp., Npn. and Nypger define the
monomers, BN nanoperticles and water incorporated into the systems.

number of RIAPP

Bond Length (A)
" B-N 1446
Non-bonding Parameters
Atom | ¢ (kJ/mol)) | Ry /2 (A) | Partial Charge

B (.3971 1.937 +0.4
N 0.606 1.888 -0.4
H (LO683 1.578 0
Table 5.2: Parameters of boron nifride parameters.

The effect of BN nanoparticles on the stabilization of preformed hIAPP protofibrils was

also studied. Similar simulation protocols were followed for the protofibril systems. The

nanoparticle was placed at a distanee of 10 A on either side of the U-shaped model of the
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protofibril, producing two initial structures, which were sinmlated individually. The entire
system was placed in an octahedral box. The mimmmm distance between the solute and
water box wall was 10 AThe details of the simulation systems are presented in Table 5.1.
The parameters for boron nitride were obtained using previons studies[4, 5, 26, 27| and are
provided in Table 5.2.

The molecular dynamics simulations were carried out in AMBER20 package[28],
following simulation protocols mentioned in Chapter | (Section 1.5.2). In all the sim-
ulations, B and N atoms were harmonically constrained with 100 keal mol ™ A~? force

constant[26]. Altogether, 19 s of simulation was carried ont for this study.

5.2.2 Simulation Analysis

The simulation analyses were carried out following the protocols diseussed in Chapter 1
(Section 1.5.3). For most of the analyses, the results were averaged over the replicas for each
system. An isovalue of .5 was considered for evaluating the spatial distribution functions
of hIAPF around BN nanoparticles[29]. A contact between hIAPP and BN was taken into
account il any heavy atom of hIAPP was with a distance of 4 A from BN surface|10].
To represent w-m stacking, the free energy landscape (FEL) was plotted with the distance
between the center of mass of each ring (r) and the angle formed by the normals of these
rings (0), using the equation 1.19 (Fig 1.6a).[30] The distance between the centre of mass of
NH; ' group of Argll and BN nanoparticles was applied to examine the presence of NH-7
stacking (Fig 1.6b)[17]. The contact surface area (CSA) was defined as half of the difference
hetween SASA of the hIAPP protofibrib BN and the sum SASAs of hIAPP protofibril and
BN caleculated separately[23, 27].
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5.3 Results

5.3.1 Effect of BN Nanoparticles on the Conformation of hIAPP
dimer
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Figure 5.2: Time evolulion of change of secondary structures of each residue of WAPP

dimer.
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The aggregation of amyloid peptides is prunarily accompanied by a transition in the see-
ondary structure conformation of the peptides. Previous reports suggest that hIAPP
monomers misfold to form F-sheet rich oligomers|31]. To probe into this matter, we begin
our study by investigating the progression of secondary structures of hIAPP with time (Fig
5.2). In absence of any nanomaterials, the formation of F-sheet structure is detected at
the onset of the simulation. The generation of the F-sheet between two WIAPP monomers
are observed in the snapshots (Figures 5.3 and 5.4). This #-sheet conformation encloses
GIn10-Leul6 and Ala25-Ser30 in the N- and C-terminal regions

Ons 500 ns 1000 ns
?;_\_,__ - .a"jl ; H..
e r#l L
e /" J% (‘:{. i@} {f)
hlAPP > o '\5‘: ?;
(MD1) OB oo Ay
At ‘1\ f' { P w
B L VNS
e
3 i T}T’ '.T_F'
Doy @A 5
hAPP “5 §, EYS
+EMT5 ’_} “'.__. l,_"_!: 3 1 T ;:-_.-
N -4 & Al
{MD]-] r____,.;r:-"- 1.-':--?' -.." I::“.. 3 j_;_r_,','
e~ - "'-.‘? o

'._:_ f AN .,"..__ ___q_.f ;
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Figure 5.3: Snapshotls of hIAPP dimer at 500 ns time interval. The monomers are
represented in cartoon form, depicting S-sheet in yellow, eoil in white, bend in cyan and
Go-heliz in blue. The blue and red balls at the end of the peplides chains indicate the N-
and C-termanal respectively.
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Figure 5.4: Snapshots of WAPP dimer at 50 ns time inierval. The monomers are
represented in cartoon form, depicting 8-sheet in yellow, codl in white, bend in cyan and
Fio-heliz in blue. The blue and ved balls at the end of the peptides chains indicate the N-
and C-terminal respectively.
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respectively (Figures 5.5b and 5.2). #-sheet at N-terminal region is observed to be less stable
towards the simulation end than that at C-terminal, which comprises the amyloidogenic

core of WIAPP(16, 31, 32| (Fig 5.2).

10
E‘ - B Dimer .
= &0 |- W Dimer+BNT S el |
B W Dimer+ENTI0 I
E B Dimer+BNS
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b
E‘ 40
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5
IE 10
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a[n,;, Bridged 3, ielic a el Tum  Bend  Coi

100

Percant of f-sheet (%]

i} 5 14 15 20 25 30 15
hIAPP Residue Index

Figure 5.5: (a) The different secondary structure contenis and (b) Residue wise 3-sheet
percentage of WAPP dimer.

Addition of BN nanoparticles leads to f-sheet conformation to be almost inconspicuous
(although some S-sheets are observed in one simulation run of hTAPP with (10,10)BNNT).
On quantifying this change in secondary structure components (Fig 5.5a), it iz noted that
f-sheet percentage of hIAPP decreases from 18.2% (in isolated system) to 0.01/1.76/0.0
% in presence of (5.5)BNNT/(10,10)BNNT /BNNS. This decrease is accompanied by an
increase in the disordered coil formation, Besides helix percentage ig higher in the systems
containing (5,5)BNNT, compared to that of the other nanoparticles, where coil structures

is mostly perceived. The hIAPP monomers, therefore, depict extended coil conformation,
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alongwith some helices in the snapshots of the systems containing BN nanoparticles (Figures
5.3 and 5.4). Hence, the formation of S-sheet structures in hIAPP is prevented by BN

nanoparticles, which promote hIAPP to attain helical and disordered coil conformers.

The modulation of the aggregation of hIAPP by BN nanoparticles is further mon-
itored by the solvent accessible surface area (SASA) of hIAPP peptides (Table 5.3). In
absence of nanoparticles, SASA of hIAPP is 4591 A% The incorporation of BN nanoparti-
cles shifts the SASA to much higher values. In presence of (5,5)BNNT, SASA appears at
113 A2, while for the systems containing (10, 10)BNNT and BNNS, further higher SASA
values are observed. In presence of nanoparticles, the peptides have a low propensity to ag-
gregate, and hence hIAPP monomers attain extended conformation. This enhances solvent
exposure of the peptide chains, resulting in higher SASA of hIAPP. Further, the helical
conformers in the systems containing (5,5)BNNT lead to lower SASA of peptides, compared

to other nanoparticles.

System SASA (A?) | Hydrogen Bonds
Dimer 4591 + 166 41.66 + 2.1
Dimer4+-BNTS5 6113 + 77 12,56 + .3
I Dimer4+BNT10 | 6162 + 207 12.61 + 1.8
Dimer+BNS 6181 + 196 11.36 + 0.9

Table 5.3: SASA and hydrogen bond number of WAPP dimer.

Representative snapshots of the most probable conformation are obfained by performmng
cluster analysis using all trajectories and the conformation of the four most populated
clusters (covering more than 60% of the conformation) are shown in Fig 5.6. Isolated
hAPP dimer clusters exhibits an assortment of disordered structures, containing significant
fF-sheet and helical conformers (Fig 5.6a and 5.2). f-strands cover Thr9-Vall7 and Gly24-
Ser29 regions, which is almost in accordance with our secondary structures analyses (Fig
5.5b). These G-sheet regions closely resemble with prior reports[16, 32]. hIAPP dimer,
adsorbed on the nanoparticle surface, are predominantly disordered. Some short helical
structures are noticed on (55)BNNT (Fig 5.6b) and BNNS (Fig 5.6d), while one cluster
depicts f-sheet structure on (10,10)BNNT (Fig 5.6¢). The large surface area of BNNS

enables WIAPP monomers to attain an extended conformation. Hence, with decrease in
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enrvature of BN nanoparticles (from (55)BNNT to BNNS), the peptide chains are more
prone to procure disordered extended conformation, which results in higher SASA values

and hence lower aggregation propensity.

{3@3 @g\ ’ .
Clusler | (50.5% Ghusler 2 {15.5%) N w1 i :
: 2 5
l: h *. .
| ) T Clustes 1 Clusies?  Custerd Cliser d
Cluzhar 3 (3.5%) Cilistr 4 (1.5%) (33.3%0  (29.0% (3.5%4) (3.5%]

{c)

Clus,ter Z Cluster 3 Cluster 4
{27 %) (7 2uh el

Cluster 3 J11 855 Cluster 4 (7.0%q)

Figure 5.6: Represenfative conformation of the four most populated clusters in (a) Dimer,
(b) Dimer+BNTS, (e} Dimer+BNT10 and (d) Dimer+BNS systems. The two chains of
RAPP are represented by green and orange colors and the blue and red balls at the end of
the chains imdicate the N- and C-terminal respectively.

A deeper understanding into the effect of nanoparticles on the dominant interac-
tions between hIAPP is gained through Co-Co contact map, which depicts the distance
between Cor atoms of each residue pair (Fig 5.7). Distinetive interaction patterns are
observed in the isolated hIAPP dimer, which 1s also corroborated by the strength of hy-
drogen bonds formed between the hIAPP monomers (Table 53). Residues Ala5-Vall7 and
Ala25-Gly33 are in close contact, indicating strong hydrogen bonding and hydrophobic

imteractions between them. These interaction prone regions are in accordance with those
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having high (-sheet probability (Fig 5.5b), and is endorsed by previous studies|[18, 19, 31].

Dimer BNTS _

_b

—

Peptide Number

Peptide Number

LR VTTTTTITATIITE

Peptide Number

1 z
Pephide Mumber

Figure 5.7: Residue-residue contact map of the Ca atoms of hIAPP dimer. The color bar
designates the distance between Gy atoms.

Syt hIAPP-—hIAPP hIAPP—BNT
Ele vdW Ele | vdW
Dimer 93471 + 385 | -7538 £ 515
Dimer+BNTS5 | -8836.6 £ 41.8 -91.9 + 27.2 -24.3 + 2.5 -1264.1 + 4.6
Dimer4+BNT10 | -2076.3 + 17.9 -59.2 + B.6 -30.7 + 3.8 -1621 -+ 133.5
Dimer+BNS -8563.3 £ 48.9 o i B o 1264 £ 59.8 | -2229.2 + 108.8
Fibril -20476.5 + 61.9 | -2702.0 + 9.6
Fibril4+ BNTS | -22346.7 + 115.1 | -1297.5 + 68.6 238+ 04 -1273.6 + 43.5
Fibril4+-BNT10 | -22480.6 + 127.2 | -1228 + (0.8 -20.1+13 -1760 + 53.5
Fibril4+-BNS -21380.2 + 2.9 -802.7 4+ 6.3 | -1004.8 4+ 334.3 | -3605.1 + 302.9

Table 5.4: Non-bonded interaction energy (kJ mel™') of hIAPP-hIAPP and hIAPP-BN
nanoparticle interactions.

On addition of BN nanoparticles, these patterns disappear, indicating interruption in
hIAPP-LIAPP interactions, which is also deduced from the decrease in the hydrogen bond
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numbers (Table 5.3). A closer look into the non-bonded interaction energy between hIAPP
depicts that BN nanoparticles modifies van der Waals as well as electrostatic energy towards
more unfavorable values, compared to that of the isolated system (Table 5.4). However, a
greater effect on the alteration is observed on the van der Waals energy. Hence the inter-
peptide interactions, which stabilize its aggregation, are mhibited by BN nanoparticles and

the hydrophobic interactions between hIAPP are more affected by it.

5.3.2 Interactions between hIAPP and BN nanoparticles

The impact of BN naneparticles towards the aggregation behavior of hIAPP is attributed
to the adsorption of peptides over the nanoparticle surface. A three dimensional probahilis-
tie distribution of hIAPP around the nanoparticles is provided by its spatial distribution
function plots. From Fig 5.8a, it 1s observed that, hIAPP is distributed along the sur-
face of (5,5)BNNT, parallel to the nanotube axis. Due fo increase in the radial surface of
(10,10)BNNT, hIAPP is adsorbed more around the axis perpendicular to the nanotube (Fig
5.8b). The flat surface of BNNS assists hIAPP to attain extended conformation, leading
to a spread-out distribution (Fig 5.8¢). This varying distribution of hIAPP is ascribed to
the difference in curvature of nanoparticles, which causes differential binding preference of
hlAPP.

()

Figure 5.8: Spatial distribution functions of hIAPP over the surface of (a) (5,5)BNNT,
(b) (10.10)BNNT and (¢) BNNS.

In order to explore the binding site of hIAPP, contact number between each hlAPP residue
and the nanoparticles is caleulated (Fig 5.9a-¢), With (5,5)BNNT, higher contact propen-

sity 15 noticed by Glnll(-His18, along with Asn21-Phe23 residues, i.e., the propensity is
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mostly confined to N-terminal (Fig 5.9a). The residues Glnl0-Argll, Asnl4-Leu2T7, de-
pict substantial contacts with (10, 10)BNNT (Fig 5.9b). On the other hand, the contact
propensity of hIAPP around BNNS is considerable in the N-terminal residues (Glal(-
Argll, Phel5) and is more significant around Asn21-Val32 residues in C-terminal (Fig

5.9[‘.].
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Figure 5.9: Residue wise (a-¢) contact number and (d-f) interaction energy between hi-
APFP and BN nanoparticles.

The residue wise interaction energy pattern of hIAPP with nanoparticles corrobo-
rate with the above results (Fig 5.9d-f). 1t is observed that Glul(-Phe23 and Glnl(0-Lea27
have favorable interactions with (5,5)BNNT and (10,10)BNNT respectively. BNNS inter-
acts with Gln10-Argll, Phelb and Asn21-Val32 residues. Overall, the interaction strength
of hIAPP with BN nanoparticles increases with decrease in the curvature of nanoparticles,
from (5,5)BNNT to BNNS. In addition, (5,5)BNNT displays higher interaction propensity
towards N-terminal of hIAPP, while BNNS towards C-terminal region. Comparing these
results with that of residne wise 3-sheet percentage of hIAPP, it is evident that (5,5)BNNT
targets the high propensity F-sheet region in N-terminal, while BNNS does the same for
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Cterminal.
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Figure 5.10: Stacking orientation of the aromatic residues Phelb (tan), His18 (blue),
Phe23 (green) and Tyrd7 {orange) with (a-d)(5,5)BNNT, (e-h) (10,10)BNNT and (i-i)
BNNS. The free energy landscape (AG in kJ/mol) is plotted with respect to COM dis-
tance of the aromalic rings and the angle between them and the stacking conformations

corresponding to the minima states are presented.
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The interaction site of (10,10)BNNT resembles with the other two nanoparticles. The
hydrophobic nature of BNNS enables it to preferentially interact with the more hydrophobic
C-terminal. Due to lower extent of hydrophobicity in (5,5)BNNT) it interacts better with
N-terminal region. Further, significant interaction between positively charged Argll/His18
residues and BNN'Ts are observed, owing to their hydrophilicity. BNNS, on the other hand,

displays notable contacts with residues which can participate in 7 stacking interactions.

Aromatic stacking mteraction i1s necessary for the binding of hIAPP with amyloid
drugs, as it destabilizes the aggregation-prone stacking among the aromatic residues of
hIAPP itself|33]. The aromatic residues Phell, His18, Phe23 and Tyr37 are involved in
w- stacking interactions with BN nanoparticles (Fig 5.10). Phe23 and Tyr37 in C-terminal
display greater stacking probability with BNNS than Pheld and His18 in N-terminal and the
reverse is true for the systems containing BNN'T's, va]idal,in_g the aforementioned interaction

preference of BN nanoparticles (Fig 5.11).

Dimer + BNTS- 0.09 0.34 0.27 0.24

Dimer+ BNTI10- 0.28 0.21 023 0.24

Phel5 Hisl8 Phe23 Tyr37 | |97

Ayi10eqoid

Figure 5.11: Probability of stacking between the different aromatic residues of WMAPP and
BN nanoparticles.

Further, the planar surface of BNNS facilitates parallel stacking arrangement with all
the residues, except Phelb (where herringbone and perpendicular is also observed) (Fig
5.12¢). In case of (5,5)BNNT,| parallel stacking predominates, but the other orientations
are also observed (Fig 5.12a). However, all different stacking probabilities are observed

with (10, 10)BNN'T (Fig 5.12b}. Since parallel alignment is most favorable among aromatic
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stacking in proteins, and it is dominant in the systems containing BNNS, stacking inter-
actions between hIAPP and BNNS can be stipulated to be most favorable. In addition,
narrow cnergy basins are observed for parallel stacking between aromatic residues and
BNNS (Fig 5.10i-1), which appear at lower distance and angle values, compared to that
of the nanotubes (Fig 5.10a-h). This further substantiates that the flat surface of BNNS
results in stronger stacking interactions with hIAPP, rather than the enrved nanotubes

(where energy basins are much broader, especially for (10,10)BNNT).
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Figure 5.12: Probability of the orientation of stacking between the different aromatic
residues of hIAPP and (a) (5,5)BNNT, {b) (10,10)BNNT and (¢) BNNS.
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Furthermore, the contact number and interaction energy analyses depict strong interactions
with Argll, which can advocate the presence of NH-w stacking between NHJ group of
Argl1 and the hexagonal rings of BN nanoparticles (Fig 5.13). Here also, higher probability
occurring at lower distance depicts that the extent of NH-w interactions is mmuch greater

with BNNS.
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Figure 5.13: Probability distribution of the centroid distance between NHy' group of Amgli
and (a) (55)BNNT, (b) (10,10)BNNT and (¢) BNNS, alongwith the corresponding snap-
shots. This figure represents NH-n stacking between Armgll and BN nanoparticles.

Thus, the aggregation of hIAPP is prevented by BN nanoparticles, which interact,

with the peptides mostly via hydrophobic and stacking interactions. Also, the binding site
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between hIAPP and the nanoparticles differs with the change in curvature and surface area

of BN nanoparticles. Among the three, BNNS exhibits maximum interaction propensity

with hIAPP.

5.3.3 Destabilization of hIAPP Protofibrils by BN nanoparticles
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Figure 5.14: Time evolution of (o) RMSD, (b) #-shect of hIAPP protofibril and (c)
Contact surface area between BN and WMAPP profofibyil. The blue and red balls at the end
of the peplides chains indicate the N- and C-terminal respectively.

o this section, the inhibitory ability of BN nanoparticles on amyloid aggregation of hIAPP

is further determined by their capacity to destabilize preformed fibrils. In this regard,
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the stabilization of hIAPP protofibrils in absence and presence of BN nanoparticles is
mvestigated. The RMSD of hIAPP protofibrils considering backbone atoms is caleulated
using the initial structure as reference (Fig 5.14a). RMSD of hIAPP protofibrils in presence
of nanoparticles extends from 8 to 12 A, which is much higher than that of the isolated
system.  The protofibrils adsorbed on BNNS depicted lower RMSD than those on the
nanotubes, Further, F-sheet percentage of hIAPP protofibrils adsorbed on nanoparticles
decreases steadily in first 200 ns of simulation and approaches a value of 5% (Fig 5.14b).
This is a significant drop from #-sheet percentage of the isolated system (45%), maintained

throughout the simulation time (Fig 5.15).
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Figure 5.15: The different secondary structure contents of RIAPP prolofibril,

The increase in RMSD signifies the deviation of ordered protofibrillar structure and desta-
bilization of F-hairpin chains, indicated by the decrease in G-sheet probability. This desta-
bilization effect is most pronounced by (5,5)BNNT, followed by BNNS. The snapshots of
the protofibrils provide a elear picture of the observations stated above (Figures 5.16 and
5.17). The ordered hairpin structure of the protofibril becomes dispersed, in presence of
nanoshect and the f-strands mostly transition into random coils, leading to an considerable
inerease in the random coil conformation (Fig 5.15).

The adsorption of hIAPP protofibrils on BN nanoparticles iz ascertained by their
contact surface area (CSA) (Fig b.14¢). CSA of hIAPP-nanoparticle increases along the
simulation time, implying stronger interaction between the protofibrils and nanoparticles.
CSA of hIAPP with nanoparticle follows the order: (55)BNNT < (10,10)BNNT < BNNS,
as the surface area of nanoparticles inereases in that order. This increase in the interactions

is observed in the non-bonded interaction energy values (Table 5.4). Here again, van
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der Waals contribution dominates over electrostatic energy. This leads to weakening of
hWAPP-hIAPP interactions, where the effect on vdW energy 18 mueh more pronounced
than electrostatic energy. Hence, much like hIAPP dimer, hydrophobicity of nanoparticles

plays a crueial role on the adsorption of hIAPP protofibrils.
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Figure 5.16: Snapshots of hIAPF protofibrils at 500 ns time interval. The protofibrils are
represented in cartoon form, depicting f-sheet in yellow, coil in white, bend in cyan and
So-heliz in blue. The blue and red balls at the end of the peplides chains indicate the N-
and C-terminal respectively.

In order to identify the specific residues which are fundamental for protofibril-
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nanoparticle interactions, the protofibrillar regions which nndergo most fluctnation on ad-
sorption is determined by root mean square fluctuation (RMSF) (Fig 5.18). The last two
hIAPP chains of the protofibrils display most fluctuation in all systems containing nanopar-

ticles. The protofibrils in presence of (10,10)BNNT display least fluctuation.
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Figure 5.17: Snapshots of hIAPP protofibrils at 500 ns time interval. The protofibrils are
represented an cartoon form, depicting fG-sheet in yellow, coil in white, bend in cyan and
Fip-heliz in blue.

There is greater fluctuation among the N-terminal residues, especially the first 20-24

residues in most chains, DBesides, the moderation of S-sheet in N-terminal { Ala8-Ser20)
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is much more conspicuous than that in C-terminal (Ala25-Thr36) by BN nanoparticles
(Fig 5.19(a-c)). This suggests preferable interaction of nanoparticles with the N-terminal
of protofibrils, which is further manifested by the contact number between protofibrillar

residues and the nanoparticles (Fig 5.19(d-f)).
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Figure 5.18: Root mean square fluctuation (RMSF) of each residue in WMAPP prolofibrils
in isolated system and in presence of (a) (5.5)BNNT, (b) (10,10)BNNT and (¢) BNNS.

Consequently, hIAPP residues which have lowest contact with BN project highest
f-sheet percentage, further signifying that adsorption of hIAPP over nanoparticles disin-
tegrates S-sheets, (5,5)BNNT depiets greater contacts with Glnl0-Hisl8 residues, while
BNNS displays considerable interaction with C-terminal {le26-Vald2), in addition to N-
terminal (Thré-Argll and Asnl4-Phe23) region. This interaction pattern relates to that
perceived for hIAPP dimer. The least contact is observed with (10,10)BNNT. Hence, in
conclusion, hIAPP protofibrils are destabilized by BN nanoparticles, which interacts with
N-terminal region of the protofibrils. Further, (5,5)BNNT and BNNS display greater desta-
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bilization capacity than (10,10)BNNT towards hIAPP protofibrils.
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Figure 5.19: Residue wise (a-c) f-sheet percentage and (d-f) contact number of hIAPP
protofibrils with BN nanoparticles.

5.3.4 Discussion and Conclusions

This study outlines the impact of boron nitride nanoparticles on the aggregation of hIAPP.
Since the application of nanoparticles in the field of amyloidosis is fast growing, the prospect
of this biocompatible candidate in the control of T2D is of particular interest. In this work,
we have evalnated the dimerization of hIAPP in presence of three BN nanoparticles of

different curvature, i.e., (5,5) and (10,10) BN nanotube and BN nanosheet. Via all-atom
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molecular dynamies simulations, we observed that, in isolated system, hIAPP monomers
apgregate to form F-sheet rich conformers, encompassing Thr3-Vall7 and Ala25- Asn3() seg-
ments. With the addition of BN nanoparticles, these monomers attain disordered, coiled
structures, in conjunction with helices. (5,5)BNNT induces helix conformation in hIAPP
more than the other nanoparticles, while disordered, extended monomers are formed on
BNNS surface. Similar secondary structure propensity is also observed for A8 monomer
adsorbed on BN nanoparticles, where higher curvature of the nanoparticles stabilized he-
lical structures, while BNNS induces the formation of random nnil:-;[ll]. The esxtended
monomers result in higher SASA and lower inter-peptide contacts and hydrogen bonding,
compared to the isolated system. wvan der Waals contribution towards inter-peptide in-
teractions becomes more unfavorable in presence of BN nanoparticles than electrostatic
interactions, as the former dominates over the latter in hIAPP-nanaparticle interactions.
Hence, hydrophobic interactions play a dominant role in the adsorption of hIAPP over
the nanoparticles. With varation in curvature of BN nanoparticles, their binding prefer-
ence toward hIAPP differ. (55)BNNT preferentially interacts with Glnl0-Phe23 region,
(10,10)BNNT interacts with Asnl4-Leu27, and BNNS with Asn21-Val32. This is justified
by the change in the hydrophobicity of nanoparticles. With increase in enrvature of BN
nanoparticles from BNNS to (5.5)BNNT, the hydrophobicity decreases, and the interaction
preference shifts from hydrophobic C-terminal to the N-terminal region. The adsorption of
hIAPP over BNNS is more favorable compared to that of (5,5)BNNT, and BNNS also pref-
erentially interacts with amyloidogenic C-terminal of hIAPP. The planar surface of BNNS
leads to superior stacking orientation with hIAPP, making it moest favorable as an inhibitor
of hIAPP dimenzation. The better performance of BNNS over BNNT is also detected in
their inhibition towards o-syn aggregation[12]. These BN nanoparticles also display the
potential to destabilize ordered protofibrillar structure of hIAPP by interacting with N-
terminal side of protofibrils. The destabilization effect is more pronounced for (5,5)BNNT
and BNNS. In summary, we can conclude that BN nanoparticles can inhibit aggregation
of hIAPP and destabilize preformed fibrils. However, extensive experimental studies are
recuuired to further validate our findings and determine the potential of BN nanoparticles in
the anti-amyloid drug research. The curvature of nanoparticles is crucial in its inhibitory
potential, which is proven in our results and, hence. is pivotal for their use in anti-amyloid

drug research.
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Chapter 6

Summary and Our View on hIAPP
Aggregation and its Inhibition

“One never notices what has been done; one can only see what remaing to be done.”

— Marie Clurie
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The aggregation of human islet amyloid polypeptide (hIAPP) is connected to the
pathogenesis of Type 11 Diabetes, a metabolic disorder affecting nearly 460 million indi-
viduals globally, with projections of a further rise in the near future. Functioning as a
neurcendocrine hormone, hIAPP is co-secroted alongside insulin from the #-cells of the
islet of Langerhans in the pancreas. In order to counteract the advancement of this dis-
ease, a possible therapeutic avenue is to curb the misfolding and aggregation of hIAPP.
Within this thesis, we embark on a comprehensive exploration on the intricate journey of
WAPP aggregation, conpled with the myriad classes of compounds harboring the potential
to impede this process.

[n order to devise therapeutic strategies targeting the aggregation of hIAPP, the
intermediates encompassing the early oligomerization process has to be investigated. There-
fore, we begin our study with the the aggregation pathway of hIAPPgy_ 20 dimer, which
consists of the amylowd prone residues of the full-length hIAPP sequence. Via Markov
State Modeling, the different metastable states of hIAPPay_ 20 dimer is discovered, where
the most populated state is featured by an anti-parallel f-sheet, consisting of F#GAILS*
residues. Investigation of the transition pathway from a relatively disordered state to this
extended- 8 conformation reveals a number of pathways, most of which entails a transient
e-helical intermediate. In addition, turn conformers are also prominent prior to the for-
mation of F-sheets. Since the fF-sheet confignration is considered to be the amyloidogenic
precursor, this study provides information on the process leading to the amyloid formation
of hIAPP.

Furthermore, the inhibitory potency of an assortment of compounds on the ag-
gregation of hIAPP is studied. Three such categories of inhibitors are explored, starting
from small molecules, to peptides and then nanomaterials. Among the small molecules, the
effect of norepinephrine, which is a common neurotransmitter, on the amyloidogenesis of
hIAPP is investigated. Norepinephrine preferentially interacts with the C-terminal amyloid
prone region of hIAPP to interrupt its self-assembly. Also, the tendency of ATP, which is
recognized as the energy source for biochemical processes, to prevent the oligomerization
of hIAPP is discerned. Both norepinephrine and ATP, not only prevent the aggregation of
hIAPP, but also disassemble previously formed aggregates, These molecules are bioavail-
able and possess aromatic moieties, as well as hydrophilic groups, and hence ean interact

effectively with the hydrophobic and hydrophilic amino acid residues and interrupt the
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interactions among hIAPP monomers. However, the contribution of the adenosine moiety
of ATP towards hIAPP-ATP interactions dominates over the triphosphate chain, which
indicates that the hydrophobic interactions are preferred.

To study the role of peptides and peptidomimetics in shaping the aggregation
narrative, a peptide fragment is extracted from the amyloid core region of hIAPP, consisting
of N?FGAIL*" sequence. The residues in this hIAPP frasment are replaced with their
stercochemical Dasomer, and is nsed to prolibit the self-assembly of full-length hIAPP.
While L-NFGAIL (which consists of L-amino acids) stabilizes the G-sheet-rich aggregates
of full-length hIAPP, the inhibitor, D-NFGAIL, promotes the random coil conformation
of hIAPP and interrupts hIAPP-hIAPP interaction. In another study, a econformationally
restricted element, aminobenzoic acid (Abz) is incorporated into the NEFGAIL fragment, by
replacing 126 and for G24 residues. Here, three different isomers of aminobenzoic acid, i.e.,
(3, v, ) are used. While 3 and 4-Abz containing peptidomimetics successfully prevent the
self-assembly of hIAPP, 4-Abz peptidomimetics promete if, highlighting the contrasting
behaviour of the isomers. The difference in the angle between the amino and earboxyl
groups in the isomers of the Abz molety results in the diversity of the binding affinity of
the peptidomimetics with hIAPP, and consequently their inhibitory efficacy.

Finally, the alliance between boron nitride nanomaterials and hIAPP apgregation
is also explored. These biocompatible nanomaterials not only inhibit the dimerization of
hlIAPP, but also disaggregate pre-formed fibrils. The curvature of the nanomaterials is
observed to have an impact on their interaction site with hIAPP, As the hydrophobicity
of the nanomaterials vary with their curvature, their binding athnity shifts from the amy-
loidogenic C-terminal to the N-terminal region of hIAPP. These studies enlighten us about
the diversity of the molecular structures that ean modulate the agpregation of hIAPP and
the effect of these structures on the activity of the inhibitors. In addition, the impact of
stereochemistry of the amino acid residues or modified organic moleties on the inhibitory
potential of peptides or peptidomimetics is also conveved., Finally, the significance of the
curvature of nanomaterials in their interaction with amyleid peptides is also implied. In
unity, this thesis stands as an ardent exploration, deciphering the aggregation pathway of
WIAPP and unveiling a constellation of agents poised to intervene. The information regard-
ing the structure and activity of the various inhibitors provides a holistic comprehension

of the crucial molecular scaffolds and properties required to design drugs for combatting
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T2D’s relentless advance.

Climical trials in search of drugs targeting T2D are ongoing. However, develop-
ing new drugs, which pass through the clinical trials are both cost- and tfime-consuming,.
Due to the disordered nature of 1DPs, high resolution characterization of protein-protein
and protein-inhibitor interactions are limited experimentally. This issue is tackled by MD
simulation studies, Our thesis, thus, attempts to provide information on the interactions
in-between hIAPP that stabilize its amyloid aggregation and also the interactions with
the diverse inhibitors, which disfavours this sell-assembly, which will assist in the drog de-
gign against 2D, However, advanced experimental studies are necessary to translate these

results into elinical outeomes.
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4.63 Representative snapshots showing interactions between single 7 (08), v
(MS) and & (PS) substituted BSBHps and hIAPP. hIAPP is represented
in cartoon form, depicting G-sheet in yellow, coil in silver, turn in cyan,
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picted in orange, pink and ochre respectively. The A and v-BSBHps attain a
bend conformation and bind to disordered hIAPP conformation. The planar
arrangement of 6-BSBHps interact with the planar S-sheet of hIAPP. The
images on the right side of the arrow provide a closer look into the image
on the left. The last 200 ns of simulation of the two replicates is nsed for
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5.3 Spapshots of hIAPP dimer at 500 ns time inferval. The monomers are
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