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Synopsis

Synopsis:

This thesis entitled, “Effect of Anthranilic Acid Insertion in B-Sheet Breaker Hybrid
Peptidomimetics on hIAPP Aggregation,” has been divided into five main chapters, including
the experimental sections and the future perspectives. The abstracts of the main chapters are

described below-
Chapter 1: Introduction and objectives

Protein misfolding and its subsequent aggregation into amyloids in the biological system
cause numerous human diseases, including Alzheimer’s disease (AD), Type II Diabetes
(T2D), and Parkinson’s disease, out of which T2D is one of the fastest-growing health
challenges of the 21% century. The growing evidence suggests that T2D is developed by the
deposition of amyloid plaques in the pancreatic cells, caused by the accumulation of the
aggregating IAPP (Islet Amyloid Polypeptide). The mechanism of human IAPP (hIAPP)
aggregation is not fully understood yet. However, research over the past few years suggests
that monomeric hIAPP misfolds into a B-sheet structure by an unknown pathway, which
leads to aggregation, forming toxic oligomers, and amyloid deposits. hIAPP aggregates
initially into oligomers, primarily responsible for the dysfunction of pancreatic B-cell and
glucagon, leading to T2D. Hence, preventing the amyloidogenic peptide from acquiring a -
sheet rich conformation may arise as a therapeutic strategy for inhibiting the amyloid
formation and uprooting amyloidogenic diseases. Although there is no cure for T2D, further

research will undoubtedly lead to developing proper therapeutics against T2D.

In the past two decades, various strategies, including small organic molecules, insulin therapy
and B-sheet breaker peptides, have been developed to modulate the aggregation of hlAPP.

However none of them has yet achieved a suitable platform for therapeutic applications.
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Peptide-based molecules are excellent drug candidates due to their therapeutic superiority
over the small molecules in target specificity, binding affinity, and low toxicity. However, the
peptide-based strategy also suffers from several drawbacks, including peptide solubility,

ineffective against cytotoxicity, proteolytic stability, restricting their use as drugs.

Our main objective is to develop modified B-sheet breaker hybrid peptides to fight against
T2D using conformationally restricted peptides. For this purpose, we have selected various
isomers of aminobenzoic acid (especially 2-aminobenzoic acid) as a B-breaker element. 2-
aminobenzoic acid or anthranilic acid (Ant) is an exciting component for peptidomimetics
due to the conformational restriction imposed by its structure. In the structure of Ant, both the
amine group and the carboxyl group are directly connected to the aromatic moiety,
constituting a planar structure with a fixed dihedral angle, ® = 0°. Therefore, the peptide
sequence containing Ant in its backbone exhibits enhanced conformational rigidity due to the
n-stacking ability of the aromatic moiety. Due to its higher structural rigidity, we planned to
insert Ant as a B-breaker element into the peptide backbone within the central hydrophobic

region of the h1APP peptide.

Furthermore, the Ant moiety favours the formation of either a turn or a helical conformation
when incorporated into the peptide sequence. Moreover, Ant is found in many biologically
active naturally occurring peptides (e.g., psychrophilin, cycloaspeptide, asperterrestide), and
it is the precursor for the biosynthesis of tryptophan. Most importantly, it is a 3-amino acid,;
hence its presence in peptidomimetics can enhance their proteolytic stabilities over the -

amino acid.

Therefore, in the various chapters of the thesis, we have reported on developing different
Ant-containing f-sheet breaker hybrid peptides for inhibiting hIAPP aggregation and

disruption of preformed amyloid at physiological conditions.
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Chapter 2: Introduction of B, y, and 6 aminobenzoic acid as B-sheet breaker hybrid
peptides and their applications in the inhibition of hlAPP aggregation

Initially, Westermark et al. pointed out that a limited segment of hIAPP has an intrinsic
tendency to form amyloid, which might be responsible for T2D. The small peptide fragments
of hIAPP, such as FGAIL (hIAPP23.27), NFGAIL (hIAPP22.27), SNNFGAIL (hIAPP2.27) and
SNNFGAILSS (hlAPP2.29) are sufficient for the formation of amyloid in vitro. Hence, if one
focuses on these peptide sequences and plans for a small peptide-based inhibitor constituting
a breaker element inside the recognition sequence, it would be considered as a promising
therapeutic strategy against the formation of amyloid and its disruption. Soto et al. initiated
the concept of B-sheet breaker peptides (BSBPs) via incorporating proline residue into the
recognition motif of AP peptide, which emerged to be a great discovery in the field of
amyloid disruption. In line with this, various small peptide-based inhibitors containing
different breaker elements have already been reported, including N-methylated amino acids,
a-aminoisobutyric acids (Aib), a, B-dehydrophenylalanine, and aspartic acid derivatives.
However, one of the major drawbacks of these breaker elements is proteolytic instability, as

they contain a-amino acids and degrade quickly in the presence of proteolytic enzymes.

On the contrary, 2-amino benzoic acid (Ant) is a B-amino acid with higher structural rigidity,
and its insertion in a peptide sequence induces a turn or helical conformation. Hence, we
believed that the insertion of B, y, and 6 aminobenzoic acid in a small recognising peptide
sequence would increase proteolytic stability and emerge as a better candidate as peptide-

based inhibitor against hIAPP amyloid aggregation. These peptides are termed as [-sheet

breaker hybrid peptides (BSBHps), as they are formed by combining a- and -amino acids.
To achieve our goal, we synthesized three BSBHps by inserting various isomers of

aminobenzoic acid (2, 3, and 4-amino benzoic acid) separately as breaker components in the
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peptide hlAPP22.27 at 126 position. After that, we investigated the inhibition and disruption
efficiencies of the resulting peptidomimetics against amyloid aggregation of hIAPP. Along
with these, we synthesized one control breaker peptide via incorporating a-aminoisobutyric
acid (Aib) in the peptide sequence to compare the results.

From the results, we have outlined an innovative strategy of p-sheet breaker hybrid
peptidomimetics (BSBHps) as impressive inhibitors of hIAPP amyloid fibril formation and
its disruption. We demonstrated that BSBHps containing ortho (2-Abz) and meta (3-Abz)
isomer were highly effective inhibitors against hlAPP amyloid formation. On the other hand,
the para (4-Abz) isomer could hardly inhibit hIAPP aggregation; rather, it enhances the
aggregation process, which might be due to its structural lack of kink formation efficiency.
Moreover, we also expressed that these BSBHps containing the ortho and para isomers
effectively disrupt the preformed amyloid of hIAPP into non-toxic fragments as confirmed by
membrane leakage assay. Peptides containing B and y-amino acids are proteolytically more
stable than standard o-analogs. BSBHps having ortho- and meta- isomers of aminobenzoic
acid exhibited superior inhibitory and disruption efficiencies than control breaker peptides
containing a-amino isobutyric acid (Aib). Hence, these peptidomimetics may emerge as a
better candidate for developing an efficient therapeutic tool against hIAPP-based

amyloidogenesis.
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Figure 1: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition
process of amyloid formation by single mutant BSBHp
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Chapter 3: Application of double breaker unit via incorporating isomers of
aminobenzoic acid as B-sheet breaker hybrid peptides in the anti-amyloidogenic activity
of hlIAPP

From our previous studies, we found that single breaker peptidomimetics were active as
efficient breaker peptides. However, to gain better efficiency in arresting the amyloid
aggregation of hIAPP, we planned to insert the breaker elements simultaneously at two
different positions of hlAPP2,.7. After that, we wished to investigate their inhibition and
disruption efficiencies over the aggregation of wild-type hIAPP and anticipated that these
might be more effective than the single-site mutated peptidomimetics in fighting against

amyloidosis.

To test our hypothesis, we have incorporated the three isomers of aminobenzoic acid
individually as breaker elements at two different positions, i.e., at G24 and 126 positions of
hIAPP2.o7. Further, we also synthesized one control breaker peptide by incorporating ao-

aminoisobutyric acid (Aib) at the same positions of the peptide to compare the results.

From the investigations, we observed that double mutant ortho (2-Abz) and meta (3-Abz)
isomer containing BSBHps were more effective inhibitors against the amyloid formation of
hIAPP than the single mutant peptidomimetics. However, the para (4-Abz) isomer does not
act as an inhibitor; instead, it enhances the aggregation process similarly to its single mutant
analog. We have also discussed that these double breaker containing BSBHps disrupts the
preformed amyloid of hIAPP efficiently into non-toxic fragments as confirmed from
membrane leakage assay. Further, the double breaker comprising BSBHps were observed to
be highly stable in the presence of proteolytic enzymes. Hence, these results can be used as a

scaffold for drug designing against T2D and other amyloid-related diseases.

Vi
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Figure 2: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition
process of amyloid formation by double mutant BSBHp
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Chapter 4: Investigation of anti-amyloid activity of peptidomimetics designed by single
point mutation by rigid p-amino acid in hlAPPs-37 at different positions

Our earlier chapters demonstrated that the BSBHps designed by incorporating different
isomers of aminobenzoic acid in the core hydrophobic region of hlAPP2227 exhibited
satisfactory results in inhibiting hIAPP aggregation. However, among the different isomers,
2-aminobenzoic acid or Anthranilic acid (Ant) was the best breaker element, but 4-
aminobenzoic acid did not exhibit any inhibition behaviour; instead, it enhanced the
aggregation process. This effect might be due to the favourable kink formation ability of 2-
aminobenzoic acid (Ant) in the sequence. As the conformational rigidity is higher in the
peptidomimetics containing anthranilic acid (Ant) due to the fixed dihedral angle, we selected

Ant as the B-breaker element inside the peptide backbone.

In a report of Raleigh et al., it was investigated that insertion of a single proline moiety in the
hydrophobic region of hIAPP emerges the designed peptidomimetic as a highly efficient
inhibitor. Further, Pramlintide (PM), containing three proline residues in the sequence of
hIAPP has been accepted for clinical trials; however, it possesses several drawbacks,
including poor solubility, which prevents itself co-formulation with insulin, especially at
physiological pH. Moreover, one of the significant drawbacks of peptides-based therapeutics
is that they are highly susceptible to degradation in the presence of proteolytic enzymes.
However, inserting 3-amino acids over the a-amino acids into the peptide sequence increases

the stability of the peptides towards proteolytic degradation.

We, therefore, targeted the hydrophobic core region of hIAPP and designed two
peptidomimetics by a single point mutation with Ant at two sites (i.e., G24Ant and 126Ant)
for the two different peptidomimetics within full-length hlAPPsg.37. Moreover, we also
designed a control peptidomimetic inserting the same breaker element in the hlAPP2.27

viii
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smaller sequence. In our earlier chapters, we have described that the Ant containing small
BSBHps could inhibit the aggregation of hIAPP and disrupted its preformed fibrillar
structures at comparatively high doses (10-fold molar ratios). Moreover, due to the presence
of non-coded -amino acid, Ant, they were found to be proteolytically stable. However, due
to the smaller size and lack of residual interaction, these BSBHps may not be efficient in
binding with the aggregating hlAPP, explaining why their use in a higher dose for the

inhibition or disruption of hIAPP aggregation.

Through our experimental findings, we have demonstrated the superior effect of a single
point Ant mutated hlAPPg.37 (longer peptidomimetic) over its smaller Ant mutant variant in
hIAPP2.,7 (smaller peptidomimetic) in modulating aggregation caused by hIAPP.
Experimental data supports that long peptidomimetics were potent inhibitors of amyloid
formation at a significantly lower concentration than the smaller one. On the other hand,
differences in the mutant position at G24X and 126X, (X=Ant) did not show any significant

difference in their abilities to inhibit the amyloid formation of hlAPP.

Furthermore, we demonstrated the effect of peptidomimetics in terms of disruption of the
preformed amyloid of hIAPP. Both the breaker peptides could disrupt the preformed amyloid
into non-toxic species, as evident from LUV studies. Furthermore, in methodical DLS and
TEM experiments, it was observed that the long peptidomimetics were able to alter the
aggregation pathway of hIAPP and the soluble oligomers thus generated were found to
rupture the lipid membrane slightly. The improved efficacies of the long peptidomimetics
may be attributed to their better sequence recognition and packed binding to the fibrillar
assembly generated by hIAPP over the smaller one. Moreover, MTT assay revealed that Ant-
containing peptidomimetics are non-toxic to RIN-5F cells and rescue from hIAPP mediated

toxicity. Hence, a single point anthranilic acid mutant of full-length hlAPPg37 at G24X or
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126X (X=Ant) enhances significantly anti-amyloidogenic activity associated with hlAPP.
Finally, it can be concluded that these peptidomimetics are highly efficient inhibitors of
hIAPP induced aggregation as well as disruptors of the preformed amyloids at low molar
ratios. These peptidomimetics can be lead scaffolds for therapeutic design towards T2D and

other amyloid-related diseases.
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Figure 3: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition
process of amyloid formation by single point mutated hlAPPs.37
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Chapter 5: Disruption of hlAPP aggregates into non-toxic species by side-chain to tail

stapled peptides

Despite tremendous research and scientific development on protein misfolding and amyloids,
no complete cure for amyloidogenic diseases has been established to date. In recent years,
stapled peptides have emerged as one of the most efficient drug candidates for various
biological dysfunctions due to their various structural advantages. The stapling technique has
been rapidly developed as one of the most accepted strategies for inhibiting protein-protein
interactions (PPI) in the living system. Peptidomimetics made by one-component stapled
peptides have also been investigated recently to inhibit amyloid fibrillogenesis. Looking into
these enormous advantages and clinical activities, the stapled peptide approach can pave

some new possibilities as critical therapeutics for targeting some incurable diseases like T2D.

Herein, we have designed two side-chain to tail stapled peptides in the absence and presence
of a turn-inducing moiety, anthranilic acid (Ant) incorporated into the highly aggregating
fragment of h1APP22.27. Further, we have also synthesized two linear control peptides, one
without the anthranilic moiety and another containing the turn-inducing element maintaining
the sequence homology with the hIAPP for proper recognition and binding with the same.
The anthranilic moiety was introduced in both the stapled and linear one in 126 position of
hIAPP 257, i.e., the NFGAIL sequence. Besides this, one glutamic acid (E) and one arginine
(R) moieties were introduced at the C-terminus of the designed stapled peptides. The stapling
process was carried out between the side chain of glutamic acid and the tail of the backbone,
i.e., the N-terminus of asparagine. The arginine group was inserted to increase the aqueous

solubility of the peptides.

From the systematic studies, it is clear that both the stapled peptides (SPs) are potent

inhibitors of the highly aggregated amyloid fibrils generated from hIAPP, with a 2-fold molar

Xi
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excess of them showing the most efficient inhibition abilities. Further, these two SPs can
potentially disrupt the preformed amyloid fibrils of hIAPP into non-toxic species, as
confirmed by the dye leakage assay. The structural rigidity of the SPs contributes to their
efficiencies as better inhibitors only in two-fold molar excess in contrast to other breaker
strategies. Further, these two SPs showed far better efficiencies towards inhibition and
disruption than their linear analogs. Further, the potential of the SPs towards suppressing the
hIAPP induced aggregation was independent of the turn-inducing moiety (Ant), which
indicated the factor of ‘peptide stapling’ in terms of conformational restriction plays a vital

role in arresting the amyloids formed.

Moreover, the systematic analyses via DLS and TEM established that SPs altered the native
aggregation pathway of hIAPP into off-pathway aggregation, and the generated species were
found to be non-toxic as revealed by LUVs dye leakage assay. After that, we demonstrated
that the SPs were relatively stable than their linear analogs in the presence of proteolytic
enzymes. The enzymatic stability enhancement of the SPs was supposed to be due to the
conformational strain imposed by the stapling. Hence, with more fruitful analysis and survey
in this direction, the staple peptides may emerge as a new therapeutic implementation

towards the society to challenge against T2D or related diseases shortly.

xii
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Figure 4: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition
process of amyloid formation by the stapled peptide.

Overall, in this thesis, we have demonstrated four different strategies for designing peptide-
based molecules, their potentials in inhibiting the amyloid formation and disrupting
preformed fibrillar networks under physiological conditions. We have also investigated the
inhibitory action of the designed peptides upon amyloid aggregation using different
biophysical tools. Such strategies may hold a promising approach for developing therapeutic
agents for combating Type Il diabetes and other amyloidoses.

xiii
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Chapter 1 Introduction and objectives

Chapter 1: Introduction and objectives

1.1. Introduction:

This thesis demonstrates a detailed study of type-2 diabetes (T2D), one of the growing world
wide health problems, its causes, pathogenic consequences, and relation with human islet
amylin polypeptide (hIAPP). This thesis primarily focuses on establishing the rational design
of peptide-based molecules as drug candidates against T2D and their various chemical

modifications to enhance therapeutic values.
1.2. Peptides and proteins:

Peptides and proteins are essential biological macromolecules, which play vital roles in our
living system, including muscle movement, metabolic action, and immune protection.
Proteins consist of polypeptide chains, consisting of usually 50 or more amino acids, where
an amino group of one amino acid couples with the carboxyl group of the second amino
acid.>® The amino acid consists of an amine, a carboxylic acid, and an R (side chain) group at
its a-carbon (Figure 1.1).2 There are 20 different naturally occurring amino acids, which are
the fundamental building block of all the peptides and proteins. The different R groups make
a diverse family of proteins, which differ in charge, size, solubility, H-bonding capacity, and
chemical reactivity. The size of the proteins may vary from one hundred to several kilo

Daltons.
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b
(a) R, (b) o R
)QWOH NHN\HLN)\H/NH%
H,N N
o R o

Figure 1.1: General structure of (a) an amino acid and (b) a peptide bond in a protein sequence

Generally, protein molecules adopt specific three-dimensional arrangements to perform
various biological functions associated with the living system. There are different structural
architectures for proteins, such as primary, secondary, tertiary, and quaternary structures.*®
The sequence of amino acids connected linearly with one amino acid to another constitutes
the primary structure of a polypeptide chain. The secondary structure refers to the local
folded structure that forms within a polypeptide due to interactions between the backbone
atoms. The short-range structure of protein stabilized through the hydrogen bonding between
the amide (-NHCO-) moieties of the protein backbone is observed in the secondary structure.
The most common secondary structures are o-helix, B-sheet, and p-turn, which play
significant roles in developing the structure, functionality, and stability of proteins. An
amalgamation of -sheet may lead to several amyloidogenic human diseases by forming
protein aggregates and insoluble fibrillar assembly.®” However, in rare cases, o-helix is also
found to form amyloid by self-aggregation.® Further arrangements of the secondary structure
to provide the next level of comprehensive three-dimensional protein structure is known as
the tertiary structure. This structure is stabilized by the interactions between the R-groups of
the constituted amino acids in the protein. Interactions that contribute to the tertiary structure
include hydrogen bonding, ionic bonding, dipole-dipole interactions, and disulfide bond,
which results in covalent bonding between the cysteine amino acids. Many proteins are made
up of a single polypeptide chain and have only three levels of structure, i.e., primary,

secondary, and tertiary structures. However, some proteins are made up of multiple
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polypeptide chains, known as a subunit. When these subunits assemble in three-dimensional

complexes, they constitute the quaternary structure of a protein, for example, hemoglobin.*®
1.3. Protein folding and misfolding:

Protein folding, misfolding and unfolding are widespread processes in biological systems.
These processes are crucial for synchronizing biological activity and directing the protein into
its different cellular positions. The phenomenon by which a protein molecule undergoes
conformational changes to achieve its compact three-dimensional structure for performing
normal biological functions in the living body is known as protein folding.®° The mechanism
of protein folding is still a matter of debate; however, the driving force for the process is
thought to attain the lowest possible energy. The protein folding depends on the R groups of
the amino acids present in the sequence as the process depends on some coherent factors like
H-bonds, hydrophobic effect, electrostatic, and Van der Walls interactions.? Another critical
factor for the folding process is the secondary structure, as H-bonding assists the a-helix
within the same strand between the CO and NH groups. However, the H-bonding of the j-
strand is stabilized by the next neighbouring strand. Higher-order structures like f-hairpin

and B-sheets are based on these secondary structures.

A protein remains folded in its native state, which is functionally active, and in this state, they
are both thermodynamically and kinetically stable. Proteins are involved in all stages of
neuronal activities and biological activities in the folded form only. However, sometimes
during folding, proteins fail to fold into their desired functional conformations. Instead, it
transforms into another structure, which differs from its native state, or remains partially
unfolded. This wrongly folded or unfolded process is referred to as protein misfolding, which
leads to the onset of various diseases, commonly known as protein misfolding diseases

(Figure 1.2).° Although the exact cause of protein misfolding is uncertain; however, it is
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thought that some standard parameters are associated, including pH, temperature, ionic

factors, genetic, and mutations. Protein misfolding is a pathological state in which the native

protein drops down from its standard functional form, leading to amyloidogenic diseases.

1.4. Amyloids:

Misfolded Protein
(Amorphous aggregate)

= =E

Native protein  Partially folded Native protein
(Unfolded) protein (folded)

1l
Z—=S

Misfolded Protein
(Leading to aggregation)

Figure 1.2: Protein folding and misfolding

11,12

For some unknown reason, numerous unfolded, misfolded proteins or peptides accumulate

together and deposit in the biological system as insoluble material by undergoing transitions

from their native conformational structure (random coil) into ordered B-sheet conformations.

These insoluble extracellular protein aggregates are known as amyloids.® Although different

amyloidogenic proteins may generate amyloid fibrils, they all show similar properties,

including morphology and insolubility. Amyloids get organized in a stacked cross-p sheet

conformation and are usually seen as long filaments with a diameter of 3-10 nm and

indefinite length, characterized by TEM and X-ray diffraction patterns.’*8 In the amyloid
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fibrils, proteins are arranged in B-sheets perpendicular to the fibrillar axis, while amyloids

exist as cross-p structures bound to each other mainly by H-bonds.

Saturation phase

1004
Amyloid
= fibrils
E
<
S
< 25
c -
= Lag phase
ative  Partially
0_ protein_ folded protein

0 10 20 30 40 50
Time (h)

Figure 1.3: The process of amyloid formation characterized by a slow lag phase, followed by a
growth phase and finally a saturation phase

The formation of amyloid fibrils is a nucleation-dependent process.'®*?° The amyloid
formation process obeys the sigmoidal profile, where three phases are observed, a) nucleation
or lag phase, b) elongation or growth phase, and c) saturation phase (Figure 1.3).%° In the
process of amyloid formation, initially protein monomers come closer to form the nuclei, i.e.,
the formation of soluble oligomers in the nucleation phase, followed by elongation with other
monomers to form the protofibrils in the growth phase, which later convert to mature
insoluble fibrils in the saturation phase. The time-dependent kinetics of amyloid formation is
typically monitored by the Thioflavin T (ThT) based fluorescence technique, where the
sigmoidal curve is observed for amyloid formation after a lag period, depending on the

concentration of the aggregating protein.?-23
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Many amyloid-related human diseases originating from amyloid toxicity have been
identified. More than 30 proteins or peptides are known to form amyloids in various human-
related diseases.?* 2 Some amyloid-forming proteins or peptides and their respective

diseases, commonly known as protein conformational disorders (PCD), are shown in Table

1.1.
Disease Protein involved No. of residue
Type Il Diabetes Amylin or IAPP 37
Alzheimer disease Amyloid 40 or 42
Parkinson disease a-Synuclein 140
Huntington’s disease Huntingtin with polyQ expansion 3144
Sickle cell anaemia Hemoglobin 141 or 146
Creutzfeldt-Jacob disease Prion protein (PrP) 253
Spinocerebellar ataxius Ataxin with polyQ expansion 816
Cystic Fibrosis CFTR protein 67
Cataract y- Crystallins Variable

Table 1.1: List of some protein misfolding diseases and the proteins involved.?
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1.5. Diabetes:

Diabetes is considered a persistent metabolic disorder, which prevails either when the
pancreas cannot generate a sufficient amount of insulin or when the body system is no longer
capable of using the secreted insulin, finally leading to an increased glucose level in the
blood.?® Insulin is a hormone that originates from pancreatic B-cell, which act as a key to let
glucose from the bloodstream into the cells in the body for energy production.?’
Ineffectiveness of insulin may lead to secondary complications in the body systems, which
includes nerve and kidney failures, vulnerability to develop heart diseases, weakening of

blood vessels and eyesight.?®

Human beings require nutrition to prompt energy for normal growth and metabolic activities.
The carbohydrates being consumed daily are broken down into glucose in due course and
proceeds into the bloodstream. For the produced glucose to be utilized by body cells, the
effectiveness of insulin hormone is required. However, for persons with diabetes, the
outcome is an elevation of glucose level in the bloodstream, which eventually streams into
the urine. This increased blood glucose is the “culprit” for numerous health-related issues
associated with diabetes (Figure 1.4).28 Until date, no such remedy has been approved for the
chronic disorder; however, therapeutics comprises recasting way of life, fatness modification,
and oral medications, including insulin administration for controlling the disease, which is

still recommended as first-line medication.?°
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Figure 1.4: Glucose Homeostasis

1.5.1. Diabetes prevalence:

Diabetes is one of the fastest-growing health challenges of the 21 century. The prevalence of
diabetes is continuously propagating worldwide. Fast urbanization is giving rise to various
lifestyle changes, which adversely affect the metabolic processes, leading to an epidemic of
diseases associated with such lifestyle changes. In the present global scenario, 463 million
people are suffering from the disease, out of which in India, the figure comes out to be 77
million.*® According to IDF (International Diabetes Forum), the prevalence of diabetes may
rise to 578 million by 2030 and 700 million by 2045. About 4.2 million people passed away
worldwide due to diabetes and its complexities in 2019, which is equivalent to one death in
every eight seconds, despite approximately 760 billion U.S. dollars was spent on diabetes in
that same year (IDF 2019). Globally 11.3% of deaths occurred due to diabetes, out of which
almost half of this death occurred under 60 years of age. Diabetes is speculated to be the 7™
leading cause of death globally by 2030. It imposes a significant economic impact on

countries, as it is considered that the “indirect costs” of diabetes account for over 35% of
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annual global health disbursement.*3! Considering these data, prevention of diabetes could

be improved with a robust health system, fruitful policy and informed public.
1.5.2. Types of Diabetes:

Mainly three forms of diabetes exist (1) Type-1 diabetes (T1D), which is also recognised as
insulin-dependent diabetes mellitus (IDDM), where the pancreas secrets a little or no insulin.
(2) Type-2 diabetes (T2D), which is also recognised as non-insulin-dependent diabetes
mellitus (NIDDM), where persons suffering from this type of diabetes have a combination of
either resisting insulin from its specific assignment or limitation in producing insulin. (3)
Gestational diabetes, which only affects pregnant women, and normally cures, as the

pregnancy is over.?’
1.5.2.1. Type 1 Diabetes (T1D):

Type 1 diabetes (formerly recognised as insulin-dependent, juvenile, or childhood-onset) is
characterized by the destruction of pancreatic B-cells, which leads to insufficient production
of insulin and needs imposition of external insulin on a daily basis to control the blood
glucose level. The exact reason for the destruction of B-cell is unrevealed; however, genetic
and environmental factors may stimulate type 1 diabetes.®? Insulin triggers the conversion of
blood glucose into energy to carry out body functions by the cells. In the absence of sufficient
insulin hormone, the body’s glucose intake persists in the bloodstream, and the body system
will enter into a state of elevated glucose level, called hyperglycemia.®® Therefore, all T1D
are accounted as insulin-dependent, as the body cannot produce enough insulin for proper
functioning , so people suffering from T1D must boost the insulin in their body systems. T1D
accounts for 5-10% of the people who suffer from diabetes, in which symptoms include

excessive excretion of urine (polyuria), thirst (polydipsia), unexpected weight loss, continual
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hunger, change in vision and tiredness.>* These symptoms may occur suddenly and person
bearing such symptoms are advised to check their glucose levels intermittently.

1.5.2.2. Type 2 Diabetes (T2D):

Type 2 diabetes (formerly recognised as non-insulin-dependent or adult-onset) is the most
common form of diabetes associated with the body’s ineffective insulin use. T2D accounts
for approximately 90-95% of all the diabetic patients and is the significant consequence of
excessive body weight and physical inactivity.?” Type 2 diabetes differs in presentation from
type 1 in that T1D typically occurs in the early stage of life, whereas T2D appears mostly in
older adults from about 40-45 age onwards. However, in recent years, the drastic increase in
childhood obesity accompanies the higher rates of prediabetes and T2D in people under
twenty.?” Prediabetes is one of the forms before developing full-fledged diabetes, in which
the glucose level is at an elevated point from 100-126 mg/dL, which is marginally upright
than the recommended 80-100 mg/dL. According to the American Diabetes Association, to
be recognized as T2D, the value of blood-glucose level has to exceed 126 mg/dL. To be
diagnosed adequately from the disease, the identification of prediabetes stage has become
extremely important for the physician, as the treatment at this condition may lead to the

safeguard from a more pathetic situation.*

With an increase of glucose level in the bloodstream, the body system may be badly affected,
and all cellular activities undergo obstruction in smooth functioning as cells lack the requisite
energy that they would get from the glucose conversion. In normal conditions, the insulin
hormone is secreted from the pancreas in small quantities to control glucose transported to
cells for energy. However, as the number of glucose increases in the bloodstream, the
pancreas prompted more insulin amounts to make up and impel the increased glucose into the

cells. In T2D, the pancreas produces insulin, unlike in T1D; however, the pancreas cannot
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produce a sufficient amount of insulin, or the body may not correctly utilize the produced
insulin, which leads to elevated glucose levels in the bloodstream.®® The symptoms of T1D
and T2D are similar but ignored most of the time by individuals. As a result, the disease

remains undiagnosed for up to several years.

1.5.2.3. Gestational Diabetes:

Gestational diabetes is hyperglycaemia with blood glucose values above normal but below
those diagnosed with diabetes occurring during pregnancy. This type of diabetes may affect
about 5% of all pregnant women. Women suffering from gestational diabetes are at an
elevated risk of obstacles during the periods of pregnancy and delivery. Moreover, women
experiencing gestational diabetes have a considerable possibility of developing T2D later in

life.%®

Out of three types of diabetes, T2D affects around 90-95% of all world cases. T2D generally
develops after the age of 45, and the possibility of its effect increases with age. However,
nowadays, T2D is increasing rapidly in the case of children too. One of the most critical
activities to initiate efficient diabetes therapy is understanding the molecular mechanism that

causes the disease.®®

1.5.3. Diabetes risk factors:

Diverse risk factors are associated with diabetes. If a person is affected by T2D, it could be a
consequence of numerous risk factors, including obesity or family history. The genetic effect,
lifestyle modification, and environmental changes can dominate the risk factor for developing
T2D. The fast-growing prevalence of T2D may be due to the increasing aging population due
to medical science development. However, another factor, which includes an increasing

number of obese people, like obesity, coupled with lack of exercise, can lead to T2D because

11
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it can cause insulin resistance to the body.” Moreover, if family members have a history of

diabetes, the risk increases 2-6 times than those without a family history.3®

1.5.4. Popular methods for diagnosis of Diabetes:

The diagnosis of diabetes is usually carried out by symptom management. Persons bearing any
symptoms of diabetes are advised for screening test for diagnosis of diabetes and prediabetes,
which includes Fasting Plasma Glucose Test (FPGT), Oral Glucose Tolerance Test (OGTT),
Glycated Haemoglobin Test (GHT, shows average plasma glucose concentration) and
Random Blood Glucose Test (RBGT). Among the tests, the FPGT is the most widespread, as
it is appropriate and cheaper. To measure blood glucose levels by the FPGT, the most
convenient results are obtained when the test is carried out in the morning after fasting for at
least 8 hours. If the fasting glucose level is obtained 100-125 mg/dL, it is considered
prediabetes. If it exceeds 126 mg/dL, the physician proceeds for further tests to confirm the
disease. Further blood glucose level is monitored by OGTT after 2 hours of taking normal
food (which contains 75 g of glucose in water) and if the value lies between 140-199 mg/dL
or greater than 200 mg/dL, it is considered as prediabetes and diabetes respectively. The GHT
also gives an effective route for monitoring prediabetes and T2D, as the value lies between
42-47 mmol/mol indicates the prediabetic stage; however, a value above the range indicates
the diabetic stage.

Moreover, RBGT is carried out to detect diabetes during a normal health assessment
procedure, where a value of above 200 mg/dL with any symptoms is considered for a further
test of diabetes. Furthermore, the presence of a higher amount of glucose in urine also gives
indications for diabetes. However, other diagnostic procedures are used to identify T1D or
T2D, including ketone tests, C-peptide tests, and glutamic acid decarboxylase autoantibody

tests (Diabetes UK, 2016, NIDDK, 2014).
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1.5.5. Secondary consequences of Diabetes:

Diabetes may influence several secondary complications, including kidney failure, heart
problems, blindness, nerve blockage etc. Diabetes multiplies the chances of heart disease; as
from an international survey, it was observed that 50% of people with diabetes expired due to
cardiovascular diseases.®® Furthermore, reduced blood flow and neuropathy in the feet
enhances the risk of foot ulcers and finally requires limb amputation in people with diabetes.
Moreover, blindness may occur due to diabetic retinopathy caused by the damage of the
retina’s small blood vessels in the tissue, where 1% of worldwide blindness may be attributed
to diabetes. Further, in the overall risk of dying, persons suffering from diabetes are at least
double the risk than a healthy non-diabetic individual. As there is no complete cure for the
disease, therefore for controlling diabetes and its complications, the necessary and essential
part is to maintain a healthy diet, weight regulation, retaining activeness with regular exercise

and medication, including insulin therapy and other medications.*%4

The future options for the therapeutics of T2D are being investigated continuously from
various aspects. The existing therapy for the disease depends on symptoms of the individuals.
In future, people are looking for a complete cure for the disease, through either genetics
management, new therapeutic agents, or a biochemical approach. During the investigations,
one very encouraging lead appeared, which constitutes a particular polypeptide, Amylin or

IAPP, and its prospective effects towards the deadly disease faced worldwide.*> %3

1.6. Amylin or 1APP:
Amylin or hIAPP (human Islet Amyloid Polypeptide) is a 37 amino acid residue long peptide
hormone, co-stored and co-secreted from the pancreatic- cells with insulin hormone at a

constant molar ratio of 1:100 (amylin: insulin).** Mature IAPP contains an amidated C-
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terminus and there is a disulfide linkage between Cys-2 and Cys-7 residues. The
physiological role of soluble IAPP is still not understood to date; however, it is believed to
complement insulin by suppressing postprandial glucagon secretion and regulating the rate of
gastric emptying and maintaining glucose homeostasis. %> Moreover, it is reported that
IAPP takes a role in regulating body weight and it may cause apoptosis in isolated human

islets.

1.6.1. Processing of IAPP:

IAPP is translated from an 89 amino acid residual prepropeptide containing 22 amino acids of
signal peptide. The 37 residual IAPP is flanked by two short peptides, one at N-terminal (11
residual amino acid) and another at C-terminal (19 residual amino acid). The 22 amino acid
residue signal peptide is cleaved by a signal peptidase to form a 67 amino acid propeptide
IAPP (prolAPP).*547 Further, prolAPP undergoes processing in the Golgi complex and
insulin secretory granule. The N- and C-terminals of prolAPP are cleaved by two enzymes,
prohormone convertase PC1/3 and PC2, at the two dibasic sites (lysine and arginine).*®
Additional processing of human pro-1APP at C-terminus by carboxypeptidase E and a glycine
residue at the start of the C-terminal propeptide serves as the nitrogen donor for amidation by
the peptidyl amidating mono-oxygenase complex (PAM). Finally, the polypeptide
experiences post-translational tempering, forming a disulfide bond between Cys-2 and Cys-7
residues to form mature IAPP (Figure 1.5). IAPP is deposited along with the insulin in

secretory granules and co-secreted from pancreatic B-cells as required.*’

14
TH-2686 146122023



Chapter 1 Introduction and objectives

N-terminal C-terminal

Signal peptide IAPP region
gnal pep Pro peptide & Pro peptide

IMGILKLQVFLIVLSVALNHLKA ZTPIESHQVEKR 3*KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY 7?"GKRNAVEVLKREPLNYLP®SL

Human pre pro IAPP

IMGILKLQVFLIVLSVALNHLK22A Dl Signal peptidase

TPIESHQVEKR KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY GKRNAVEVLKREPLNYLPL

Human pro IAPP PC1/3
PC2 :
Carboxypeptidase E
PAM

TPIESHQVEKR GKRNAVEVLKREPLNYLPL
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-CONH,

l Post translational modification

H,N-KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-CONH,
Human IAPP

Figure 1.5: Processing of 89-residual human preprolAPP to form a mature native IAPP through
various translational modifications.

Although the concentration of IAPP in the secretory granule is approximately 1-2% of that of
insulin, the same is more than sufficient to promote fast amyloid formation in vitro.
Therefore, there should be some criteria, which prevent premature and irreversible
aggregation inside the granule.*®*® As the formation of IAPP amyloid is pH-dependent, the
lower pH environment of the granule may take part in decreasing the aggregation rate.
Moreover, soluble insulin may also control the inhibition process of amyloid formation inside
the granule.>®5!

1.6.2. Sequence of IAPP and its relation with T2D:

IAPP belongs to the calcitonin-related peptide family, consisting of CGRP (a and B calcitonin
gene-related peptide), adrenomedullin, and intermedin. However, it is most similar to CGRP
with 37 amino acid residues (Figure 1.6).%2 They both accommodate a 2-7 residual disulfide
bond, containing an amidated aromatic residue at the C-terminus along with their monomeric
state; both have a propensity to form a transient helical structure. Various studies revealed

that amylin or IAPP at physiological conditions misfolds its native structure and causes
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amyloid fibres in vitro, but CGRP does not.>® Both the peptides have reasonable similarities
in sequence, especially in N- and C-terminal regions; however, they differ substantially in the
mid-region, i.e., 20-29 positions. This observation guided the research community to propose
that sequence within the 20-29 region of IAPP plays a significant role in forming amyloid

fibrils.>

Moreover, IAPP exists in the pancreatic-p cells of all mammals, birds, and teleostean fishes.*®
However, earlier issues in considering the function of IAPP derived amyloid in the
pathogenesis of T2D might have appeared from the fact that some mammalian species, such
as rats and mice, neither form amyloid of IAPP nor develop diabetes.>® The rat or mice IAPP
has variations to human (hlAPP) at only six positions, apparently at 20-29 positions,
accounting for five out of the six alterations. The rat IAPP (rlAPP) contains three proline
residues at 25, 28 and 29 positions, while no proline is present in hIAPP. Proline is a
significant secondary structure disruptor, and its presence makes the sequence energetically
unfavourable for B-sheet formation, due to which it is attributed to the inability of amyloid
formation by rlAPP.%" These studies explain the importance of the IAPP20-29 in the formation
of amyloid. However, multiple proline substitution outside the specific region as Asn-14 or

Asn-21 was found to help in abolishing IAPP amyloid formation.8°

Human IAPP: IKCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNT?"Y-(NH>)
Rat IAPP: IKCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNT?"Y-(NH,)

(Disulphide linkage between 2 & 7 cysteine residue in both the case)
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Figure 1.6: Structure of hlIAPP

hIAPP misfolds and causes amyloid formation resulting in shrinkage of p-cell mass in the
pancreatic islets of Langerhans via an unrevealed mechanism. hIAPP aggregates in vitro, and
it is one of the most aggregation-prone naturally occurring peptides.®® hIAPP itself is not the
cause of T2D, but it leads to B-cell dysfunction and cell death, characteristic of the reduced
mass of islet B-cell.* Amyloid formation occurs only in T2D; as in T1D, the hIAPP source is
removed due to the destruction of the B-cells. Hence, to elucidate possible amyloidogenic and
cell membrane interacting species, various investigations were carried out using different
fragments of hIAPP through biophysical experiments. Current investigations revealed that the
formation of amyloid and membrane disruption processes proceed via non-identical pathways
restrained in two specific regions of hIAPP. The structural study suggested that hlAPP1.19 is
primarily accountable for the interaction with the membrane, whereas, from the theoretical
prediction, hlIAPP1.g is the only region unable to form amyloid as the amino acid residue of
this region contains a disulfide bridge.®>%® However, further studies revealed that other
regions of the polypeptide such as hlAPPg20 and hlAPPso.37 also play a significant role in
fibrillogenesis, which implies that hIAPP1.g has exclusive membrane interacting ability; but,

h1APPs.20 and hIAPP3o.37 are responsible for membrane insertion.®45
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Moreover, hIAPP involves six Asn residues in the sequence, and Asn deamidation is one of
the most familiar post-translational processes, which involves amyloid formation by other
amyloidogenic peptides. A neutral amino acid residue is put back by a negatively charged
one in the deamidation process, which reduces the net charge of hIAPP and solubility. Hence,
Asn deamidation leads to the acceleration of hlIAPP amyloid formation, followed by a
morphological change.%® Furthermore, aromatic-aromatic and aromatic-hydrophobic
interactions are thought to play a crucial role in hIAPP amyloid formation. However, studies
revealed that aromatic residues are not necessary for the amyloid formation, although
aromatic-aromatic interaction may interfere in the kinetics of fibril formation and dominate
the amyloid fibril structure. Replacement of two phenylalanine and one tyrosine moiety in
hIAPP by leucine reduced amyloid formations by five-fold than unsubstituted hIAPP,
indicating alteration of the rate of self-assembly. Therefore, it could be proposed that
hydrophobic and aromatic residues might be necessary for assisting protein-protein
interaction leading to acceleration of fibrillization, however not that much necessary for the

nucleation process.®:6’

One of the most exciting factors in the sequence of hIAPP is the Cys-2 and Cys-7 bridging
disulfide bond at the N-terminal. The bridge does not significantly impact the amyloid core
structure due to conformational restriction imposed by the disulfide bond, but disruption of
this disulfide bond effectively reduces the amyloid fibril formation. Moreover, a change in
pH could cause a crucial change in the conformational and aggregation profile of the
polypeptide, as switching from acidic to basic accelerates the aggregation process. Hence,
structural ordering by disulfide bridge or by a change in pH, the fibrillization process of the

polypeptide may be facilitated.5®
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Several factors recommend an intimate association between insulin and IAPP. The
pathogenesis of T2D is characterized by systematic insulin resistance, which might be
overcome by triggering the higher secretion of insulin. However, elevated secretion of insulin
will lead to higher secretion of IAPP as well. The toxicity arising from a higher concentration
of IAPP will result in a gradual reduction of B-cell mass, which has to be present to meet the
increased demand for insulin.®® Moreover, in healthy adults, IAPP to insulin molar ratio of
secretion is about 1:100; but, the ratio converts to 1:20 for T2D affected adults resulting in
higher concentration of IAPP.”® Nevertheless, the relationship between IAPP and insulin
sensitivity is still questionable, as secretion of IAPP from the pancreatic B-cell may not be
modulated by insulin sensitivity.®®’* Furthermore, from different studies, it is observed that in
healthy people, insulin could perform a contrasting role in IAPP aggregation by inhibiting the
aggregation, triggering IAPP aggregation during the T2D pathogenesis. Due to these
conflicting consequences of insulin, it might not be useful as an inhibitor of IAPP
aggregation.”? Hence, further investigations are necessary to monitor the interactions of
insulin and 1APP in both healthy and T2D suffering individuals. However, 1APP is
considered as a crucial component in the transformation and pathology from the early phases

to the later phases of the T2D disease.

1.6.3. Conformation of monomeric |APP:

Amyloid-forming proteins may be divided into two categories, one that folds to a globular
structure in their native state, such as 2-microglobulin, another, which is natively unfolded
like Ap and IAPP. Although the monomeric IAPP cannot fold into a globular structure, it
does not belong to the classic random coil.” Theoretical studies predict one a-helical region
at h1APPg.14 and three B-strand regions at hlIAPP1g.23, hIAPP24.29, and hlIAPP32.37, one B-turn at

Asn31 position.”®”™ From the secondary structure estimation by CD measurement, hIAPP
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contains 10% a-helical content in solution, which complements that monomeric hlAPP is a

predominantly random coil or unstructured in solution.

1.6.4. Structure of IAPP induced amyloid fibril:

The unstructured and monomeric IAPP experiences aggregation at physiological conditions
leading to the development of amyloid fibril via toxic soluble oligomers, which are primarily
responsible for the onset of T2D by depositing them as pancreatic amyloid.”* The
fundamental observation during the pathogenesis of T2D in the islet B-cells is detecting
amyloid fibrils of IAPP. In the structural modification of IAPP amyloid, fibrils acquire a
cross-p orientation where the B-strand moves perpendicularly to the fibrillar axis with
interstrand hydrogen bonds oriented parallel to the axis. However, the strands may be either
parallel or antiparallel for other amyloidogenic proteins. Two atomic-level models have been
suggested for the fibrillar structure of hIAPP; the first model is acquired from solid-state
NMR, while the second is from structural and morphological studies of hIAPP fragments.
Both the models proposed that the fibrillar assembly contained a parallel B-strand, while the
protofibrils adopting a U-shaped structure, made up of two columns of hIAPP monomers.
However, due to the rapid aggregation propensity to form amyloid fibre and non-crystalline
or insolubility issues of IAPP, it is highly challenging to determine a detailed molecular
structure from NMR and X-ray crystallography.” Studies with electron microscopy revealed
that amyloid fibrils are relatively straight, having a diameter around 10 nm range. The same
study observed that the monomeric IAPP, which experiences aggregation, leading to the
formation of an oligomer having a diameter 2.7-4.0 nm which further aggregates to form a
non-spherical filamentous structure known as protofibrils, having a width of approximately 5
nm.”® The fibrillar structure developed from IAPP was similar to that of AP peptides,

responsible for Alzheimer’s disease. Recent evidence proposed that amyloid-forming proteins
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or peptides might be different in their sequences; however, the amyloid fibrils generated from
these proteins may show common structural characteristics such as folding/misfolding

process containing predominantly cross p-sheet structures.’®

1.6.5. Mechanism of IAPP aggregation:

In solution, IAPP exists as a natively unstructured protein, however on incubation at
physiological conditions or in the presence of model membrane, hIAPP has been observed to
change its conformation from random coil to characteristic B-sheet, leading to amyloid
formation. Despite multiple investigations on IAPP, very little is known about the mechanism
of IAPP aggregation. Based on this, the process may be divided into the following essential

steps:

a) The native soluble monomer of hlIAPP is transmuted into a long-lived partially folded
intermediate. Thus, the intrinsically folded polypeptide of hIAPP exposes the C-terminal
residues (20-37) by hydrophobic region, out of which hlAPP2q-29 exists the key region for
fibril formation. This exposure results in a flanking hydrophobic surface, which interacts with
each other forming ‘“aggregation-prone” partially folded conformers. The partially folded
intermediates associate in a specific manner to form oligomers or “nuclei”. The nucleation
phase is kinetically disfavoured and considered the rate-limiting phase of aggregation;
however, no fibr