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PREFACE

The foods we eat contain different biomolecules viz. carbohydrates, proteins, fat etc. Among

them, carbohydrates after digestion, converted to monosaccharide like glucose, fructose,
galactose. Glucose is the simplest form of carbohydrate and main fuel for our body activities.
Blood glucose concentration is a vital parameter that is maintained majorly by two hormones
secreted from pancreas namely insulin and glucagon. After digestion of food followed by
absorption into bloodstream, the increased
level of blood sugar signals the beta cells of
pancreas to release insulin. Insulin helps to
channelize the blood sugar into the body
cells to oxidize them for energy production
in the form of ATP. Insulin also signals the

liver to store blood sugar for later use.

However, if the pancreas does not produce Insulin acts like a key to let blood sugarinto cells

enough insulin or cells respond poorly to insulin and take in less sugar, then the fatal
condition may lead to the development of type 2 diabetes. Eventually, high blood sugar levels

can lead to disorders of the circulatory, nervous and immune systems.

Insulin therapy is common under such condition while initial fasting plasma glucose is
greater than 250 mg/dl or the HbAlc is greater than 10%. Recombinant DNA technology
advents execute the large-scale production of human insulin for therapeutic purpose. The first
genetically engineered, synthetic human insulin, which was non-allergic and
immunologically safe for human, was produced in 1978 using E. coli bacteria, and licensed
as well as marketed by Eli Lilly in 1982 under the brand name Humulin. Though
Humulin/other such market based therapeutic insulin are structurally identical to natural
insulin, still their mode of action can be hampered if they would aggregate at the site of
injection in diabetic patients taking insulin injections and thus cannot become absorbed in the
body system. Such clump formation was reported in many people undergone insulin therapy
through injection and common symptoms includes aesthetic discomfort, local site abscesses
and may lead to chronic hyperglycemia and unpredictable hypoglycemia. This harmful event
is known as Insulin amyloidosis. Such amyloidosis may take place with a number of other
significant proteins like Apolipoprotein 1, Fibrinogen A alpha, Lysozyme, Atrial natriuretic

factor, B2-microglobulin etc and affect a number of organs like heart, kidneys, liver,
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peripheral nervous system, skin, Gl tract, osteo-articular tissue and circulatory system.
Industrial processing of Insulin as well as its delivery confronts by the major problem of
aggregation.  Conventional pharmaceutical processing of insulin includes agitation, pH
lowering, and different shearing forces generated by filtration, pumping, centrifugation and

administration. All these processes

may account for conformational
destabilization and partial unfolding
of insulin followed by harmful
amyloid generation. Amyloidosis
collapses the functional properties of

proteins and  causes  various

neurodegenerative  disorders like
Alzheimer’s disease, Parkinson’s
disease,  Huntington’s  diseases,
Spongiform  encephalopathy  etc.
Diabetic patients taking regular
insulin injections are commonly

affected with the pathogenic

deposition at the injection site

Fig.- Different symptoms of protein amyloidosis | followed by poor absorbance,
reduced insulin functionality,

cytotoxicity and immunogenicity. Additionally, pharmaceutical and clinical formulations,

storage and delivery of insulin require critical care against amyloid generation.

It is necessary to understand the mechanism of insulin aggregation and the ways that can
potentially prevent amyloid formation. The insulin amyloid inhibitors should be specific
enough to avoid interfering with the normal processes under physiological conditions.
Naturally occurring compounds like micronutrients, vitamins, amino acids expected to show
little/no side effects were chosen to proceed with the investigations of the present work. The
stepwise approaches to attain the goal under the scope of the thesis were as follows. Firstly,
the physical parameters (pH, temperature, duration of thermal exposure) were optimized to
get the most aggregated/ amyloid form of insulin in vitro. The effects of micronutrients in the
form of metal ions (Cu?* and Fe®"), water soluble B complex vitamins (Vitamin B1, Bs and

B12) and sulphur containing amino acids (cysteine and methionine) on insulin amyloidosis
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were investigated with different in-vitro and in-silico approaches. In this regard, the influence

of fluorinated co-solvent on insulin fibrillation was also examined.

Insulin composed of A and B polypeptide chains which are greatly stabilized by inter and
intra-chain disulfide bonds. The fluorescence property of it is majorly rendered by the
structural Tyrosine residues. The hexameric form of insulin found in its market available
therapeutic formulations should be converted to monomeric form at acidic pH to proceed
with the said objectives as the stability consideration of the monomeric form is vital in the

functioning of insulin in vivo and also this form is susceptible to form amyloid structure.

The kinetics of insulin fibrillation is traced along with the effects of metal ions Fe®** and Cu?*
in Chapterl. Fe3* is more effective in inhibiting the heat induced amyloid generation than
Cu?*. Fe** maintains the alpha helical conformation of insulin by binding it with greater
affinity. AG® for its binding is -7.02 kcal/mol where that for Cu?* is -6.31 kcal/mol. Cu?* has
shortened the lag phase by promoting self association of insulin but decreases the propensity
of its aggregation. Fe3* treated insulin, under aggregated condition produces small spherule
and ‘worm-like’ globular morphology of insulin as detected under FESEM imaging but Cu?*
causes ‘needle shaped’ fibrillar morphology. Being transition metal ions, both of them
possess d-electrons and are assumed to form either octa or hexa-conjugated complex with
water in aqueous media of interaction. They preferably access with protein side chains
through surface H-bonds. Besides this, being very good heat and electrical conductors, these
metal ions somehow have neutralized the thermal incubation effect on protein structure. The
metal coordination sites are aspartate/asparagine, glutamate, histidine and cysteine residues of

insulin as found in molecular docking simulations.

Chapter 2 explores the effect of vitamin B1, Bs and B2 on insulin aggregation. Vitamin B;
potentially retains the monomeric alpha helix rich conformation of insulin in aggregating
conditions whereas vit.Bs mediated inhibition is feeble. In contrast, vit.Bi> aggravates the
aggregation process. The thiazolium ring of vit.B1 is assumed to favourably interact with
insulin with H-bond and electrostatic interactions. The sulphur group present in vit.B1 may
form inter molecular disulphide bond within two or more vit.B1, This assembly in turn
interacts with insulin side chains and serves as a shield to prevent more insulin molecules to
come closer during aggregation. The resulting polar environment created in presence of
Vitamin B: disfavours the hydrophobic association and burying event of non-polar residues
of insulin. Vit.Be makes similar interactions but with lesser stability. Unlike the rest, Vit.B1>
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induced the said aggregation of insulin. The bulky structure of vit.B12 cannot fit itself to
interact with insulin and induces the protein misfolding by hampering the stability and thus

aggregation is favoured.

Chapter 3 addresses the influence of fluorinated co-solvents, 1,1,1,3,3,3-
Hexafluoroisopropanol (HFIP) and 2, 2, 2-Trifluroethanol (TFE) during the course of
insulin aggregation. Maintenance of hydrophobicity of protein is critical in the inhibition of
its amyloidogenic behaviour. Unlike HFIP, TFE greatly lengthened the Lag phase up to 150
minutes and thus assumed to delay the onset of fibrillation. Overall, HFIP at 10% v/v
interaction ratio provided better protection to insulin monomeric form against the fibrillation.
HFIP being a volatile solvent disrupts assembly of unfolded monomers to generate amyloid
fibrils. Additionally, in aqueous solution the acidity of HFIP was enhanced which in turn
maintained the monomer predominating form of insulin due to the protonation of its His
residues. The possible formation of HFIP micro droplets at the amphoteric protein-alcohol
interfaces in the aqueous medium can explain the results of the present study. However,
above 10% v/v of fluorinated alcohol, the aggregation of insulin may take place. Then the
HFIP mediated insulin fibrils gives needle shaped crystal-like morphologies whereas TFE
mediated are of branched higher aggregates of insulin as revealed in Transmission Electron

Microscopic imaging.

Chapter 4 gives a brief account of insulin aggregation in presence of sulphur containing
amino acids. Cysteine and methionine when employed interact with insulin freely but cannot
protect it against heat induced fibrillation. In the process of mature fibril formation, insulin
first unfolds itself followed by refolded in an erroneous manner to generate the seed of
nucleation. Here the data suggests, the unfolding of insulin is followed by a random coiling
under the influence of Cys and Met individually. Increase in amount of beta-sheet and beta-
turn rich species is prevalent in the aggregates. At higher interacting ratio with insulin, Cys
produces larger particles than Met. However, at lower interacting ratio, the size of

aggregating particle gets smaller under influence of Cys than Met.

xiii



ABBREVIATIONS

Abbreviations Full form Abbreviations Full form
used used

1 «a Alpha 2. Ap Amyloid-beta

3. ANS 8-Anilinonaphthalene-1- 4. APS Ammonium persulphate
sulfonic acid

5. Arg Arginine 6. Asp Aspartic acid

7. B Beta 8. PB-lg B-lactoglobulin

9. °C degree Celsius 10. CD Circular dichroism

11. CD4 Cluster of Differentiated 12. cm centimeter

cells

13. Cys Cysteine 14. Da dalton

15. DLS Dynamic light scattering 16. DNA Deoxyribonucleic Acid

17. E.coli Escherichia coli 18. ex/em excitation/emission

19. FTIR Fourier Transform Infrared 20. X g relative centrifugal force
Spectroscopy

21. Gly glycine 22. Glu glutamic acid

23. h hours 24. H bond hydrogen bond

25. His histidine 26. HFIP 1,1,1,3,3,3-

Hexafluoroisopropanol

27. HPLC High Performance Liquid 28. lle isoleucine
Chromatography
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29. U International unit 30. kv kilo volt

31. Leu leucine 32. Lys lysine

33. M Molar 34. mg Milligram

35. mL Milliliter 36. L Micro liter

37. mM Milli molar 38. yM Micro molar

39. MRE Mean residual ellipticity 40. nm nano meter

41. ns nano second 42. PAGE Polyacrylamide gel
electrophoresis

43. Phe phenyl-alanine 44. Pro proline

45. RLS Rayleigh light scattering 46. SDS sodium dodecyl sulphate

47. Ser serine 48. TFE 2, 2, 2-Trifluroethanol

49. Thr threonine 50. Tyr tyrosine
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INTRODUCTION

1.1. PROTEIN-THE INDISPENSABLE BIOMOLECULE

Every feature of any living organisms is defined in different genes located within its
chromosome. A gene expresses (Fig.1.1) when the specified protein is produced through an
MRNA intermediate from it. Proteins serve a number of fundamental functions in an

organism. Their versatility of function nearly includes them in every cellular process.

Transcription \r-\ Translation =
‘ DNA ” >{ RNA >PROTEIN

Reverse

Transcription ree GTGCATCTGACTCCTGAGGAGAAG  *+ DNA
pee CACGTAGACTGAGGACTCCICTIC oo
Tablel.1: Biological significance of proteins J/ (transcription)

M o GUGCAUCUGACUCCUAGGAGARG +o  RNA

Structural protein  Collagen (translation)
Enzymes Pepsin « VHLTPEE K « protein
Hormones Insulin
Transporters Hemoglobin Fig.1.1 Protein sequence is coded by its
particular gene (DNA)

Receptors lon channel

: : As indicated in Table 1.1, proteins serve in
Storage protein Casein

various domains of life like the exoskeleton

LTITLe TEEEnED el framework, enzymes, hormones, transporters,

Motor protein Actin, Myosin cellular receptors, different biological processes

like DNA replication, cell division, cellular

metabolism, transcription of RNA, translation of proteins, and cellular apoptosis initiators.
1.2. STRUCTURAL ORGANIZATIONS OF PROTEINS

Proteins are synthesized in ribosome from its precursor mMRNA as linear polypeptide chain
(Fig.1.2, right panel) of amino acids by the process known as translation. Twenty types of

biologically prevalent L-amino acids comprise the structure of proteins. These amino acids



having both carboxylic acid and amino group show amphoteric properties (Figl.2, left panel).

carboxyl
, end
amino GO0
end HE+N_C|>_|_| o carbon
K \_/
side
chain

Fig.1.2 General Structure of an amino acid [left] and the Translation process [right]

Primary structure of protein formed primarily during the translation process is linear chain
of amino acids joined with peptide linkages. The
polypeptide chain should fold itself in a stepwise
manner viz., primary - secondary-> tertiary —->
quaternary to perform a specified function. Primary

structure then orients themselves through H-bonds

to produce secondary structure. The most common

Beta pleated sheets

Alpha helix

Fig 1.3, Secondary structures of protein- of them are o-helix and S-pleated sheet (Fig.1.3). In

8-pleated sheet [left] & a-helix [right] a-helix, the carbonyl group (C=0) of one amino
acid is hydrogen bonded to the amino H (N-H) of an amino acid that is four residues apart
and thus forms a twisted ribbon like helical structure. There are 3.6 amino acids per turn. p-
pleated sheets are lateral arrangements of B-strands connected by backbone hydrogen bonds.
A B-strand consists of a polypeptide chain typically 3 to 10 amino acids long and is with
right-handed twist due to of the L-amino acids. Two types of B-pleated sheets are parallel and
Antiparallel beta-sheet anti-parallel. If residue i in strand 1 forms a H-bond with residue j in

1

..... . strand 2, then the next bond can be formed in two different ways.

T Either residue i+2 in strand 1 binds to j+2 in strand 2 (referred to as
+ + a parallel B-sheet), or residue i+2 in strand 1 binds to j—2 in strand 2

+ ¢ ¢ ¢ (referred to as anti-parallel pB-sheet). The increased stability of

s -
-~ |~ |-

Rl I antiparallel 3 sheets compared to parallel one is due to more

Pl -]

S . - energetically favorable [1] H-bonding pattern in it. . Proline, the

- -
- - -

Parallel beta-sheet amino acid known as ‘helix breaker’ is generally found in bends

and gap filling regions between consecutive secondary structures. Similarly, the aromatic
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amino acids like, tryptophan, tyrosine, and phenylalanine, having large ring structures inside
chain, are favorably found in 3 pleated sheets. The groups on the amino acid side chains (—R)
make stabilized bonds between side chain groups and the groups on the polymer backbone to

(a) —Lys — Ala — His — Gly — Lys — Lys — Val — Leu — Gly - Ala —
Primary structure (amino acid sequence in a polypeptide chain)

Tertiary structure: Quatermnary structure:

ona complete protein chain the four separate chains (5]
{f chain of hemoglobin) of hemoglobin assembled &3
Secondary into an oligomeric protein

structure
(helix)

Fig.1.4 Development of protein structure (a) Primary structure, (b) secondary structure, (c)

tertiary structure, and (d) quaternary structure. [lllustration, Irving Geis. adapted from

Biochemistry by Voet and Voet, 4" edition]

get a more stable configuration of overall protein. This is defined as the tertiary structure
of a single polypeptide chain (Fig. 1.4c) having three-dimensional arrangement [2]. The
association of several same/different tertiary structures to have a specified function is known
as the quaternary structure of a protein. If the subunits are identical, the protein is said to

be a homomeric but if the subunits are
§ e weisavoen  different, it is heteromeric [3]. E.g.,

W:w,%@.m- @/\ Hemoglobin, the oxygen and carbon-di-
\

oxide transporter protein in the blood is

]
= Cmover made up of four polypeptides: two a and
| I\ two P subunits (Fig.1.4d).

Fig 1.5. Pathway of protein folding by

chaperones and other factors. Misfolding
leads to inappropriate trafficking or degradation or to aggregation. The aggregated
product is often resistant to proteolysis and forms aggregates, such as amyloid plaques
(adapted from Bhagavan N.V., 2002, Medical Biochemistry, Ed.4)



1.3. PROTEIN FOLDING

Nascent polypeptides are synthesized on ribosome located in the lumen of the endoplasmic
reticulum (ER). Molecular chaperones (chaperonins) helps to direct and target the folding
event of polypeptides to the fully folded structures. Chaperones are a family of proteins that
bind hydrophobic patches of nascent polypeptide to prevent them from premature
aggregation and become nonfunctional (Fig. 1.5). The folding event is necessary to expose
the proper binding sites of the protein as per its role in biological system and thus it too
maintains how it interacts with other proteins and molecules. Countless molecular processes
and structural transitions are partly dependent on the proper folding of a protein. Thus, the
stabilizing forces of a properly folded protein are of greater concern.

1.4. FORCES ORTHODOX TO PROTEIN FOLDING, STABILITY AND FUNCTION

Hydrophobic
effect
conventional hydrogen bonding,
H-bonding Coulombic interaction, van der Waals
Coulombic
interactions
PRIMARY
FOREES van der Waals
interactions
Disulfide
Co-ordinate linkage
bonds with
metalions

Scheme 1.1: the major primary forces behind protein
folding and stability protein and there develops an

The primary forces behind protein

folding are - the hydrophobic effect,

interactions, disulphide linkage and co-

ordinate bonds with metal ions (Fig.
1.6).

1.4.1. The hydrophobic effect is the

major driving force for globular protein

folding. The hydrophobic amino acid

residues tend to bury in the core of the

association between other hydrophobic residues buried similarly. The free energy of transfer

of a non-polar compound from an organic solution into water, Gy, IS,

‘ﬂGﬁ'z "i"H“'_ TﬂSﬂ', where AH = enthalpy, T= absolute temperature and

AS=Entropy. The size of globular proteins when is smaller, the hydrophobic residues then
cannot be buried completely and the charged side chains are placed more closer than that of a
larger protein [4]. Thus depending on the size of the protein the stability may change.

Hydrophobic effect is dependent on temperature changes as entropy and enthalpy change



with it. It is observed that with lowering of temperature, the hydrophobic effect will be

lowered and this event is termed as cold-denaturation of proteins [5].

1.4.2. Conventional Hydrogen bonding is crucial in stabilizing protein structure. Hydrogen
atoms bonded to oxygen or nitrogen atoms can make H-bonds with any oxygen or nitrogen
atom in vicinity. In case of protein, these bonds occur between side chains of amino acids like
serine, asparagines, tyrosine, polar amino acids, backbone groups etc. The first experimental
evidence was provided by Fersht et. al [6] in1985 about the contribution of H-bonds in
protein stability. 0.5-1.8 kcal/mol binding energies is provided by a single hydrogen bond

[7]. The packing density within the interior of a protein is favorably increased by H-bonding

Random coils Cavalent bond Hydrophilic
interaction

Hydrophobic
) interaction

H
c E
S
s \‘“CH_

o, :
o
S,

N
o
= Ry

s
C\ H,&
o,

Alpha-Helix

—
4

Metal ion 7
coordination

= o Hydrophilic interaction

Fig.1.6 Hlustration of the primary stabilizing forces in protein folding

[8]. A study revealed that, in a folded protein the average number of hydrogen bonds formed
is 1.1 per residue, among which 65% are contributed by H-bonding within peptide groups,
23% by H-bonding between peptide groups and side chains, and just 12% for H-bonding
within side chains [9]. Kelly et.al suggested that these are stronger in a nonpolar environment
than a polar environment [10-11]. H-bonds are stronger in a lower dielectric constant

environment [12-18].

1.4.3. Coulombic interactions accounts for the electrostatic interactions in protein structure.
For protein in aqueous medium, the dielectric constant of water is ~80 at room temperature
where the protein interior is being nonpolar posses a dielectric constant generally 2—4, up to
40 [19-22]. This interaction can be affected majorly in the following three ways. Firstly, the
charges of Asp, Glu, His, Lys, and Arg side chains of a protein can be modulated by pH [23]

and may lead to denaturation of it [24]. Secondly, charge alteration can be done by
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phosphorylation and dephosphorylation of Ser, Thr, and Tyr and it affect protein—protein
interactions and also results in a cascade of signal transduction pathways in vivo [25].
Moreover, the posttranslational charge-altering events like acetylation of Lys can be a
commonplace of the strength of protein-DNA association like in nucleosome. The
pathogenic single amino acid change from glutamate (an ionizable amino acid) to valine (a
non-polar amino acid) in the B-subunit results in production and polymerization followed by
aggregation of sickle hemoglobin [26-27]. The long-range electrostatic interactions (placed
5-10 A apart) within charged particles is very relevant in determination of rate constants for
interactions of protein with small and large molecules [28-29]. Water solubility of protein is
imparted by as well as aggregation is prevented by the electrostatic interactions of charged
residues. Proteins involved in proton transport are largely dependent on the acidic amino acid
residues [30-32]. Metal ion and ionic ligands mostly bind to the charged residues of proteins
[33-35]. Under physiological ionic strengths (0.10 M), if two charges are 10 A apart then the
interaction energy is around 0.1 kcal/mole. This increases to 0.5 to 1.0 kcal/mole when the
charges are separated by only 5 A, which is similar to the energy of interaction in 0.01 M
ionic strength at these short intercharge distances. In 0.01 M, interaction energies of 0.1
kcal/mole are still present when the charges are separated by 20 A. At ionic strength 1.5 M,
charges separated by 5 A or less in a protein structure have a measurable interaction,

equivalent to 0.3 kcal/mole [36].

1.4.4. A Van der Waals interaction is a non-ionic weak force of about 0.5 to 1 kcal/mol.
Electronegative atoms, like oxygen and nitrogen, tends to attract the electron cloud through
the covalent bond toward itself and thus a charge dispersion; that is, a partial positive (o+) as
well as a partial negative (6—) charge inside the same molecule. The attraction between
opposite charges helps to align them in close proximity and strong electronegative atoms
create permanent dipoles. In turn, their influences bring about induced dipole in neighboring
molecules. The interaction between two permanent dipoles is known as Keesom force
whereas between a permanent and an induced dipole is termed as Debye force. Another
significant London force is within two induced dipoles located in two closely occurred
neutral residues (e.g., aliphatic hydrocarbon) of amino acids. In particular, all the three
forces named above contribute to the van der Waals interactions. As the van der waal force is
inversely proportional in sixth power to the distance between interacting atoms thus it is

termed as a short range interactions [37-38].



1.4.5. Disulfide linkage (—S—S-), occurs when the thiol (—SH ) groups of two cysteine
residues in a folded protein chain come closer and joined covalently. Intra-chain (within a
single polypeptide chain) and inter-chain (within two or more polypeptide chains) disulfide
linkages maintain and protects protein structure from unfolding and aggregation. The dihedral
angle for disulfides is + 90°, and deviation from this may lead to increase in redox potential
by 10-100 mV [39]. Vicinal disulfides in chain or loops create strain in structure [40-41]
even distortion of trans-planar conformation to cis conformation was reported [42].
Spontaneous formations of intra-molecular and inter-molecular disulfide bonds prevent the
damage in the structure of secretary proteins caused by highly oxidizing environment of cells
[43].

1.4.6. Co-ordination with metal ions. Protein structure bonded to a particular metal ion is
formed by coordination and any residue/atom of protein capable of donating a pair of

o electrons to metal is called a

Asp(n +23) ~,

S —— ’ * is(n - - .
Hi;(,,:,’z) o i’/ \ J*P-=" |igand. Central metal ion with
/ | bound  ligands  forms a
I o i Mn OH,

i o . .
I St | coordination sphere.
i ~ .. .
Cystn+2+18)  Cys(n+2+18+3) SN Aspln+23+ 4+ 109) Coordination number is the
"-._._.-—-"—.- -'-"\ .-"'---.._-..'-.
CHCC Zn 2 18 3, CN = 4 (in 1rmd) HDDD Mn 23 4 104, CN = 5 (in Irla) number of donor atoms bound to
Fig.1.7 Schematic illustration of coordination groups. [ adapted from - b
Harding, M. M. (2004). Acta Cryst. D60, 849-859, the metal ion within the target

10.1107/80907444904004081] .
distance + 0.75 A. Monodentate

ligand refers to the ligands make coordination to the only site of a metal ion. Here only one
pair of electrons is donated to the metal ion. Bidentate ligands are those that occupy two sites
of a metal ion. Polydentate ligands/ chelators are formed when more than two sites are
occupied of the same metal ion. Structural, regulatory and enzymatic properties as well as
stability of proteins are majorly rendered by its co-ordinate metal-ion. The term “Life metals”
is used to mention the significant contributions of sodium (Na), potassium (K), magnesium
(Mg), calcium (Ca), manganese (Mn), iron (Fe), cobalt (Co), zinc (Zn), nickel (Ni), vanadium
(V), molybdenum (Mb), and tungsten (W) in maintaining living state. The two types-
nontransition metal ions having constant oxidation state (valency) and transition metal ions
having variable oxidation state due to incompletely filled electron shells are involved.
Irrespective of the large size of ions (0.95 and 1.33 A, respectively), Na and K possess low
ionization potentials where Mg and Ca have no preferences in bonds formation directions due
to completely filled electron shells (2s2 2p6 and 3s2 3p6) and ionic radii of 0.65 and 0.99 A,
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respectively. Ca?*, Mg?*, Na* and K", are preferably bind to “hard” ( have more concentrated,
less polarizable electron shells) oxygen ligands but not to nitrogen or sulfur ligands and thus
forms purely electro-static interactions. In contrast, Zn** and transition metal ions select
nitrogen, sulfur as well as oxygen ligands for coordination. In left panel of Fig. 1.7, the metal
co-ordinations are CHCC Zn 2 18 3, since Zn is coordinated to the sulfur of cysteine (n) with
sequence number n, N of histidine (n + 2), S of cysteine (n + 2 + 18) and S of cysteine (n + 2
+ 18 + 3). The total coordination number (CN) is 4. The sequence differences (seqdif), in the
three chelate loops are 2, 18 and 3. The relative sequence number of each donor amino acid
in the coordination group is given by relseq. In this example there are cysteines at relseq = 0,
20 and 23, and histidine at relseq = 2. nspan is the sequence-number difference between the
last and first amino-acid donors, which is the sum of all the seqdifs between them; nspan is
23 in this example. In the right panel of Fig. 1.7, the chelate loops i.e., the building blocks of
coordination groups, such as CH 2, HC 18, CC 3 are shown. For full identification of a
particular coordination group or a chelate loop, the protein name and the residue number and
chain letter of the first amino acid is written e.g. the above group occurs in 1ali at A137 (and
another at A165). In comparing the Generally, the equilibrium association (binding) constant
Ka is considered as Ka = 1/Kg (M), where Kg is equilibrium dissociation constant and is a
ratio of dissociation (off) and association (on) rate constants Kefi/kon (S /Mt st i.e., M) [44].
Mg?*, Co?*, Ni?* due to of their rigid and stable first hydration shell, produces tetrahedral or
octahedral geometry but Zn?* possesses both of them. The calcium binding sites of proteins
are found in coordination with oxygen atoms bestowed by carboxylates of Asp and Glu
residues and carbonyls of polypeptide chain. This oxygen atom is placed in vertexes of a
slightly distorted pentagonal bipyramide or octahedron [45- 47]. The Atomic radius of Mg**
and oxygen are 0.65 A and 0.99 A respectively. This is why, in the octahedral geometry, only
six oxygen atoms can be fitted near Mg?*. Ca?* having a greater atomic radius, forms
bidentate ligand with carboxylates , while Zn?* prefers soft ligands. Sulfur atoms of Cys and
nitrogen atoms of His are considered soft ligands as they have less concentrated, more
polarizable electron shell. Coordination with oxygen atoms of Asp and Glu are also
observable for Zn?* [47-48]. Generally, Zn?*" is coordinated tertahedrically in proteins with
zinc fingers and zinc-containing enzymes whereas; the ligands used by transition metal ions
are histidine, cysteine, and methionin residues of protein. Burying of residues into interior
portion during protein folding involves 81% of the nonpolar side chains, 70% of the peptide
groups, 63% of the polar side chains, and 54% of the charged side chains so that they can

avoid the water contact [49].



Except the primary forces, additional contributors of protein folding involving main

polypeptide chain (weak but plentiful) and side chain R groups (strong but scarce

interactions) termed as secondary forces (Scheme 1.2, table 1.2) have been identified. They

are C—H---O hydrogen bonding, n—=z* interactions, C5 hydrogen bonding, cation-z, X-

H---z, 7—r, anion—z, and sulfur—arene, chalcogen bonding interactions.

1.4.7. C-H---O H-Bonding Commonly the Co—H protons donate for conventional H-bonds,

there found some acidic protons serving same purpose, e.g., the Ce.—H is donated by

Histidine side chains [50]. This type of contacts occurring at a shorter distance that efficiently

Secondary
forces

Involving
main chain

Involving |
side chains

avoid repulsive van der

Waals interactions and found

—H--0
Hydrogen
Bond
n—>m*
Interactions

C5 Hydrogen
Bonds

mostly in interstand H-
bonding (fig.1.8.A) in p-
sheets [51-52]. The C-H--O
hydrogen bonds formed by a

Cation—
7T Interactions

X—H:--rr
Interactions

-7
Interactions

anion—Jrt

proline a-proton to carbonyl

Interactions

acceptors [53] may prevent

Sulfur—Arene
Interactions . . .
proline from helix breaking.
Chalcogen

Bonding

These bonds are also found

Scheme 1.2: the major secondary forces behind protein folding and srability

in Collagem triple helix [54] and transmembrane helices [55].

Table 1.2: The secondary forces behind protein folding

Secondary force behind

Protein folding

Type of interaction and Interacting residues

C—H---O Hydrogen bond

hydrogen bond between a carbon-based acid and an oxygen

lone pair

n—7* Interaction

stereo-electronic interaction between a lone pair and z anti-

bonding orbital, especially that between two carbonyl groups

C5 Hydrogen bond

intra-residue hydrogen bond between backbone N-H and C=0

groups in a S-strand

Cation—r interaction

interaction of a positive charge with the face of aromatic ring




X—H---z Interaction hydrogen bond donated to the face of an aromatic ring

7—r Interaction interaction between two aromatic rings in either an edge-to-

face or offset-stacked geometry

Anion—z interaction interaction of a negative charge with the edge of an aromatic
ring

Sulfur—arene interaction short contact between sulfur atoms and aromatic rings

Chalcogen bonding stereo-electronic interaction between a lone pair and o anti-

bonding orbital of a C-S or S-S bond

(*Table adapted from Newberry R.W.and Raines R.T. 2019. Secondary Forces in Protein
Folding, ACS Chem Biol.,14(8): 1677-1686,10.1021/acschembio.9b00339).

Fig. 1.8 Secondary interactions involving the main chain. (A) Structural model of an
idealized p-sheet, showing conventional main-chain hydrogen bonds (black dashes), C-
H--O hydrogen bonds (green dashes), and C5 hydrogen bonds (blue dashes). (B)
Structural model of an idealized a-helix, showing main-chain hydrogen bonds (black
dashes) and n—a* interactions (blue arrows). (C,D) Orbital overlap that underlies
formation of n—a* interactions (C) and C5 hydrogen bonds (D). *Fig. adapted from
Newberry R.W. etal, 2019, ACS Chem Biol, 14(8): 1677-1686,
10.1021/acschembio.9b00339bv
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1.4.8. n—z* Interactions Donation of lone pair (n) electron density from a carbonyl oxygen
into the * orbital of another carbonyl group causes n—z* interactions. Though they are
weak, (Figures 8B and 8C) yet contribute a lot to proper protein folding [56-57]. There are a
number of evidence that signify n—n* Interactions in protein structure [58-60]. In collagen,
the correspondence of pyrrolidine ring pucker with cis-trans conformation of prolyl peptide
had explained by this interaction [61]. The energy of a typical n—n* interaction is 0.3-0.7
kcal/mol as obtained from different experiment based [56] and reckoning [62] studies. It was
found that the antecedent n—n* Interactions potentially compete with H-bonds (Fig.1.9) in
imparting protein stability [63]. One-third residues of a protein nearly show this type of
interaction [57]. n—n* Interactions are prevalent in stabilization of a-helices [57, 64], 310
helix [57] and Poly Proline Il helices [65-66] but less common in 3-sheets [57].

NbzQ

MQ,}UW

)
o

Fig.1.9 Stability of a-helix in the absence of hydrogen bonds: Modulation of the strength
of n—n* interactions with strong donors promoting a-helix and polyproline Il helix
conformations through peptide acyl N-cap, but weak donors resulting in more extended
conformations. These results suggest the broader consideration of specific capping motifs
for conformational control of peptides. *Fig. adapted from Wenzell NA. et
al., ChemBioChem., 20 : 963-967, https://doi.org/10.1002/cbic.201800785.

1.4.9. C5 Hydrogen Bonds refers to the intra residue hydrogen bonds between the f-strands
amide proton and its carbonyl oxygen (Figures 1.8A and 1.8D) placed within 2.5 A distance
[67-68]. However, the energy contributions is very low (0.25 kcal/mol) compared to the
canonical hydrogen bonds yet around 5% residues are engaged with this interaction in a
stable folded protein making it significant. Even C5 hydrogen bonds contribute to the
formation of harmful amyloid fibrils [68-69] during misfolding or aggregation event of

biological proteins.
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1.4.10. Cation—r Interaction occurs electrostatically within negatively charged residues of
aromatic ring of amino acids and electric monopoles with corresponding quadrupole
moments [70-71]. For each such interaction 0.5-1.0 kcal/mol energy is imparted to the
stability of the protein [72]. The desolvation penalty of ion binding to protein cavities/pocket
can be overcome by this energy [73]. The most important fact about this cation—x interaction
is that this can be used to detect the smaller ligands [74] and post-translational modifications
on histone proteins [75]. Cation—= interactions are formed with aromatic amino acid residues
in the following relative frequency: tryptophan > tyrosine > phenylalanine whereas arginine
interacts more than lysine [76]. These interactions are prevalent in protein—protein interfaces
[77] and in protein secondary structures [78- 79].

Cation—r1r X—H-:--17 1T - - 1T Interactions
Interaction Interaction
ey
T,
T2
g 5
H H
R o Sl
S — oy
H
Anion—r1r Sulfur—Arene Chalcogen Bond
Interaction Interaction

Fig.1.10 The possible secondary interactions in a protein involving side chains. * Fig.
adapted from Newberry R.W. etal., 2019, ACS Chem Biol., 14(8): 1677-1686,
10.1021/acschembio.9b00339

1.4.11. X-H---z Interactions. Besides engaging in cation-n interactions, aromatic rings of
amino acids can form hydrogen bonds (Fig.1.10) donated from weaker acids [80]. This
interaction is helpful in ligand binding especially for carbohydrates [81-83] e.g., tryptophan
rich lectin binding site conformed via X—H-- -7 interactions. Though weaker than Cation-n
interaction, the individual strength of a C—H:--m interaction confer thermo stability of

designed mini-proteins [84].
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1.4.12. =—= Interactions. The aromatic rings of proteins make attractive interactions within
themselves at an inter-centroid distance of less than 7 A through their preferable electron
distributions [85]. It is known as the n—= Interactions of attraction and it engage nearly over
half of the aromatic amino acid residues of a protein. There are two geometries of interactions
of aromatic rings namely, T-shaped (or edge-to-face) and displaced-stacked (or offset-
stacked) [86]. It was also shown to be prevalent in proteins of thermophilic organisms than do
mesophilic organisms [87]. 0.5-1.5 kcal/mol energy is imparted by a single interaction [88-
89]

1.4.13. Anion—-z Interactions. It is a kind of electrostatic interactions in a protein within its
aromatic rings and anions (Fig.1.10) e.g., carboxylate residues in an edge-to-edge fashion
[90-91]. 0.5 kcal/mol energy is contributed by a single anion—= interaction [92]. Anion—=n
interactions occur more frequently with tryptophan may be due to its size and dipole moment
than with phenyl alanine or tyrosine [93]. Anion-z interactions are co-operative with
hydrogen bonds [94], n—= interactions [95] and cation-= interactions [95]. These types of
interactions generally observed at protein-protein interfaces [94]. DNA having negatively
charged phosphate groups and electron-deficient z-systems are more prone to form protein —
DNA interactions through anion—=n interactions [95]. Another example of stabilization by
anion-wt interaction is S-hairpin in the WW domain [96], which is an isolated three-stranded

antiparallel beta-sheet domain.

1.4.14. Sulfur-Arene Interactions. Frequent occurrence of cysteine, cystine, and methionine
near the aromatic ring of protein structures [97] and protein-protein interfaces [97] had been
documented many times in literature. This is due to the ability of aromatic rings in a protein
structure to make contacts with lone pairs [98] through sulfur—arene interaction (Fig.10) and
involve nearly 50% of sulfur residues with aromatic rings in a protein [99]. The energy of
stabilization imparted by this type of interaction is 0.5 kcal/mol [100-101]. Though in this
interaction, the hydrophobic effect is the dominating power [101] yet in protein this sulfur-

arene interactions cannot be replaced by pure hydrophobic interactions [97].

1.4.15. Chalcogen Bonding is the stereoelectronic bond with sulfur atoms formed by transfer
of electron cloud from a donor like carbonyl oxygen into any one of the o* orbital (Fig.1.10)
of sulfur itself [102-103]. 0.64 kcal/mol energy is imparted to protein stability due to the said
charge transfer [104]. Cystine disulfides interact strongly than thioesters of methionin [104].
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The significant contributions of chalcogen bonding were observed mainly for heterocyclic
ligands [105-106].

1.5. PROTEIN MISFOLDING: MOLECULAR AND CELLULAR IMPLICATIONS

Misfolding of protein is an intrinsic tendency of biological proteins unable to fold in a proper
manner to get a functional form. It is attributed by several factors like (i) autosomal mutation
(if) transcription or translation errors (iii) defective

w chaperone machinery (iv) error in post-translational

modifications (v) mistakes in protein trafficking (vi)

Folded (normal)

structural modification due to environmental factors or
(vii) induction of the harmful events of protein
misfolding and aggregation [107]. The self-aggregation
of proteins while transition to large proportion of f-sheet
motifs occurs is the most observed phenomenon
generally contributed by exposure of otherwise buried
residues of protein in the hydrophilic face [108]. The
resulting large and heterogenous polymeric structure of
protein is known as oligomers, protofibrils and fibrils
(Fig. 1.11), among which oligomers are most toxic forms
[109-111].

Aggregates  Oligomers Fibril
Fig. 1.11 Schematic diagram showing different fates of

unfolded/misfolded protein species due to the different stresses. * Fig. adapted from Maiti
P. et al, 2014, BioMed Research International.,,  2014: 495091,
https://doi.org/10.1155/2014/495091

1.5.1. Oligomers are generally soluble assemblies of 2-24 misfolded protein units [110-
111]. Oligomers are involved in a numbers of harmful approaches viz., (i) even at minute
concentrations, they are apoptosis or programmed cell death inducers in cell cultures both
synthetically and naturally [112-114], (ii) long term potentiation in brain slice cultures is
blocked by them [115] and (iii) in animals the synaptic plasticity and memory impairment is
done by oligomers [116-117].

1.5.2. Protofibrils are arciform shaped structure of misfolded protein having 4-11 nm

diameter, <200 nm long [109, 118] and they may elongate and grow more with time [119].
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Protofibrils can form annular assemblies that form pores in cell membrane and thus disrupt
osmotic balance of cell followed by cell death [120-121]. Besides this, the protofibrillar
annular assemblies proved themselves harmful in various in —vitro systems also [121-122].

1.5.3. Fibrlis or Amyloid structures are irreversibly formed, unbranched, non-funtional
harmful structures of misfolded/aggregated protein of around 10 nm diameter and several pm
long [123]. In 1639, amyloidal plaques were firstly observed [124] and in 1854, it got the
name by Rudolph Virchow. The term amyloid coming from the Latin word ‘amylum’ and
Greek word ‘amylon’ both of which means starch and this is due to the positive results of
» Uross-ji structure iodine staining of cerebral

plagues and thereby they

Cross-f5 diffraction

were identified initially as
starch. The identifying

W
Ik

4.8 AI

Interstrand / feature of amyloid fibrils is
spacing
/ the perpendicular
alignment of B-strands to
WD et of eirands
Intersheet the fibril axis forming
spacing

extended regular ‘cross-f’
100 A (Fig. 1.12) form [125].

S

Fig. 1.12 Amyloid fibrils
showing the characteristic cross-g diffraction pattern under X-rays. The extended protein
chains running perpendicular to the fibril with diffuse reflection at 4.8 A vertical spacing
was shown. The sheets are placed ~10 A apart. Reflection of the lesser-oriented fibrils blur
into circular rings. *Fig. adapted from David Eisenberg D. etal , 2012,
https://doi.org/10.1016/j.cell.2012.02.022

The presence of amyloid fibrils in solution of protein can be sensed in vitro by different
fluorescent dyes like Congo red and Thioflavin T. as shown in Fig.12, the peptide chains lay
about 4.8 A inter-stand spacing while the generated sheet are around 10 A apart. Most
importantly, the morphology of fibrils varies with types of protein, solvent/buffer system,
concentration of protein and impurities, change in temperature and/or pH etc [126]. E.g., the
hormonal protein insulin depending on pH, temperature and solvent conditions shows

different level of organization and fibrillation [127- 129].
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1.5.4. Energy states of Protein misfolding and aggregation

Levinthal’s proposal about protein folding also known as Levinthal’s paradox, 1968, [130]
proposed that the rapid folding of a protein folds rapidly is due to the local interactions of its
constituent amino acids. In this respect, the funnel-like energy landscape model that allows
the protein to take most stable folded conformation is popular. In this model of energy
landscape, unfolded states bearing high-energy and high-entropy are placed at the top of the
funnel (Fig. 1.13). They subsequently fold themselves to acquire a low-energy, low-entropy
native conformation [131] supported with stabilizing forces as discussed in paragraph 1.4.

Protein misfolding results due to improper interactions followed by folding in spaces of

actual folds and it
results in
development of
energy - minimizing
funnel  where the
involvement of
multiple competing
conformations [132]
separated by
substantial  Kkinetic

barriers are common.

oligomeric aggregates

conformation > Fig. 1.13  The

Energy  landscape
cartoons depicting native folding (left) and aggregation (right) of protein. The relative
stabilities of different states (e.g. native, partially folded intermediate, unfolded, misfolded,
soluble oligomer, or insoluble aggregate) and the separating energy barriers are shown.
*Adapted from Dee DR. et. al, 2016. Prion. 10 (3):207-220. doi:
10.1080/19336896.2016.1173297

The aggregated structure of protein corresponds to rugged morphology (Fig. 1.13) in the

landscape with deeper kinetic traps. Amyloid fibrillation is actually the structural transition of



protein from alpha helix to beta-sheet rich configuration [133] with resulting exposure of
buried hydrophobic residues of protein.

1.5.5. Significance of determining energy landscapes and kinetics of folding

The energy landscape for a protein is a useful tool to determine the harmful transition from a
natively folded protein into a disordered aggregate. Aggregation kinetics reveals the time
scale and pattern of such transition event and thus very helpful in designing/ choosing
inhibitors [134-137]. The ironic fact is that, if the aggregated form is found more
thermodynamically stable than the native fold [138], the only way to prevent its spontaneous
aggregation is the Kinetic barriers. For example, ligands can be designed to stabilize native
fold [139] of that particular protein and thus retaining its functional form while inhibiting the
pathogenic aggregation. This is the basis of development of therapeutic strategies against the
deadly diseases caused by protein aggregation. Simulation [140-142] and partial free-energy
surfaces are calculated in Energy Landscapes. This also gives a view of activation energies

along with thermodynamic stabilities for amyloid formation of protein [138, 143].
1.6. IN-VIVO CONSEQUENCES OF PROTEIN MISFOLDING

In a cellular system, the misfolded proteins at first are targeted to be degraded by chaperones
or homeostasis oriented housekeeping mechanisms of the organism. If there is a deviation in
the process of homeostasis, the pathogenic effects of generated fibrils can be of great concern
[144]. The following table 1.3 shows some such fatal consequences of protein misfolding

with their corresponding proteins of cause and target organs.

Table 1.3: Diseases associated with Protein misfolding

Protein misfolding Protein involved Affected organs
disorders
Alzheimer’s Disease p-Amyloid Hippocampus and cortex of brain
Amyloidoses Insulin Subcutaneous injection sites
Amyotrophic Lateral Superoxide dismutase Motor cortex and Spinal motor
Sclerosis (ALS) (SOD1) neurons
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al-Antitrypsin

al-Antitrypsin

Lungs, liver, skin

deficiency
Atrial amyloidoses Atrial natriuretic Heart
factor (ANF)
Cancer P53 Any organ
Cataract Crystallin Mature fiber cells of eye lens
Cerebral amyloid Cystatin C Meninges of brain, central

angiopathy (Hereditary)

nervous system

Creutzfeldt Jakob

Disease/ Scrapie

Prion protein PrP

Cerebellum , thalamus ,cortex,

brain stem

Cystic fibrosis

Trans-membrane

regulator protein

Lungs, pancreas, intestines

Diabetes (type II)

Islet amyloid
polypeptide (IAPP)

Pancreatic islets

Familial amyloid

polyneuropathy I

Transthyretin

Autonomic nervous system

Familial amyloid

polyneuropathy 111

Apolipoprotein Al

Peripheral nervous system, heart,

liver, kidneys, skin

Finnish systemic

amyloidoses (Hereditary)

Gelsolin

Eye cornea

Haemodialysis related

p2-Microglobulin

Joints of body

amyloidoses
Huntington’s Disease Huntingtin Basal ganglia, Striatum
Medullary carcinoma of Calcitonin Thyroid gland

thyroid
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Non-neuropathic Lysozyme Liver, kidneys
systemic amyloidoses
(Hereditary)
Parkinson’s Disease a-Synuclein Basal ganglia, substantia nigra

Phenylketoneuria

Phenyalalanine
hydroxylase (PAH)

Brain tissue, Cerebrospinal fluid,
Plasma

Primary systemic

Immunoglobulin light

Autonomic and peripheral

amyloidoses chain nervous system, heart, liver, Gl
tract, kidneys
Renal amyloidoses Fibrinogen Liver, Kidneys
(Hereditary)
Senile systemic Transthyretin Heart
amyloidoses
Sickle-cell anaemia Haemoglobin Heart, liver, kidneys, GI tract
Spongiform Prion Cerebellum , thalamus ,cortex,
encephalopathies brain stem
Tay-Sach Disease B-Hexosaminidase Brain

Generally some proteins that posses repetitive amino acid motifs, such as poly-glutamine are
prone to misfolding e.g., the cause of Huntington's disease [145]. Cerebral proteopathies is
collectively used term indicative of the pathogenic conditions of accumulation of protease-
resistant aggregated and misfolded proteins in different body sites due to the harmful
transition of soluble proteins into insoluble plaques. These neurodegenerative disorders like
Alzheimer's disease and Parkinson's disease are caused by endogenous errors of protein
folding in vivo [146]. Sometimes, the misfolded configurations of protein are able to interact
with other wild type copies of similar proteins to make them toxic unfolded aggregates.
Proteins with such devastating contagious capabilities are known as infective conformers,

e.g., prion protein [147], which repeats this process in a self-sustained manner and results in
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amplification of toxic effects. In this way, a catastrophic effect, which disrupts the cell
function or kills the cell, is generated.

1.7. IMPACT OF PROTEIN AGGREGATION IN-VITRO

Protein aggregation arrives as a profound challenge in different fields like research,
development, and commercialization of protein-based drugs and products. During the
commercial processes of protein production, transport, and storage, various factors may lead
to protein aggregation. Majorly this phenomenon affects the vast domain of Protein
Pharmaceuticals based industry as follows:

Reduction in production yield: There are a large number of protein-based pharmaceuticals
necessarily produced in industries on daily basis. Some of the examples of protein-based
pharmaceuticals are Insulin, drugs against some cancer and autoimmune disorders,
monoclonal antibodies, various drugs under clinical trials etc. The maintenance of quality
standards is a necessity in this regard. Protein aggregation greatly hampers the functional

ability and thus affecting the overall drug yield.

Product quality and efficacy compromisation : The alterations in protein configuration due
to aggregation weaken/inactivate activity of proteins, leading to a reduction in therapeutic
effectiveness. Most of the protein based drugs cannot be taken orally. They should be
delivered via liquid injections viz., intravenous (IV), intramuscular (IM), or subcutaneous
(SC). That is why the drugs are manufactured and stored in aqueous state [147]. Aggregation
is reported also in aqueous phases of protein due to the solvent contributions, state of

hydration and/or external effects.

Problems in dose generation: The general dosage of therapeutic proteins requires a certain
amount of protein per unit mass of the patient body weight. IM and SC injections are
preferred to deliver in the maximum volume of approximately 1 mL, while the target dose of
protein to the patient can be over 200 mg. Therefore, the drug concentrations should be in the

range of 102 mg/ml. such higher concentration is prone to aggregate formation [149].

Immunogenicity posed by aggregated therapeutic drug: Aggregated therapeutic protein

naturally triggers immune system and may be a cause of heightened immunogenic properties.

20



Antigen

Plasma cell ﬂ?
7
B cell activation
-3
_

Y

(CD40L/CD40)

CD4+T cell CD4+ T cell

If the aggregates form a larger size to be recognized as foreign antigen by body cells, then it

(CD28/CD80)

induces a humoral immune response. In this response, the therapeutic agent is internalized,

Fig. 1.14 The Classical pathway of humoral immune response: the polymeric aggregates
of the protein drug sensed as antigen, which is internalized by APC. APC process them to
peptide fragments to be recognized by major histocompatibility complex Il (MHCII).
Subsequent interaction of CD4* T-cells stimulates plasma B-cells to secrete antibody. *Fig.
adapted from Ratanji KD. et. al, 2013, J. Immunotoxicol. 11(2):99-109,
https://doi.org/10.3109/1547691X.2013.821564

processed, and presented by antigen-presenting cells (APC). CD4 T-cells are there to sense it
(Fig. 1.14) and in turn activates plasma B-cells which secrete antibody to react with the
antigen (here it is the therapeutic protein aggregates). Huge side effects can occur and
adverse condition may leads to anaphylaxis (severe, instantaneous life-threatening allergic
reaction) [150].

Harmful Impact on the Storage and Utilization of Protein Pharmaceuticals:
Environmental factors such as temperature and humidity may induce aggregation during
storage of protein-based drugs. The high requirements for storage conditions increase the cost
and complexity of pharmaceutical storage. The most terrifying factor is that, in most of the
cases, the aggregates cannot be seen in naked eye as they are ‘molecular’ aggregates. It was
also reported that pharmaceutical proteins may undergo crystallisation [151] or LLPS

(liquid—liquid phase separation) [152].

Instability of Clinical Efficacy: The reasons behind untrustworthy efficiency of a protein-

based drug are as follows: i. Aggregation followed by decreased solubility of the drug may
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require low protein concentrations, and the maximum dose to be delivered via IM or SC

should be compromised. 1V delivery then is forced to be done.

ii. The solution viscosity of therapeutic protein may be altered that also affect IM or SC
delivery. A compact aggregate like microcrystals or amorphous nanoparticles may lower the
viscosity [153] while an aggregate with extended conformation can entangle within them and

increases the viscosity [154].

Nowadays, the risk of protein aggregation in the drug design and production is a major
concern. Standardization and unfolding the causes and mechanisms of protein misfolding/
aggregation is necessary to develop safer and effective generations of protein-based

therapeutics.
1.8. HUMAN INSULIN - A THERAPEUTIC PROTEIN

Technically, any protein-based drug is a “therapeutic protein,” but the term was first used to
describe medicines that are genetically engineered versions [155] of naturally occurring
human proteins. Protein therapeutics serve better than a small-molecular/chemical drugs in
the following ways. Firstly, genetically engineered proteins often serve a highly complex set
of functions that a chemical compound cannot do. Secondly, enzymatic/ therapeutic proteins
produced through modified/controlled gene expression shows high specificity toward their
target [156]. Third, normal biological processes are not hampered by them and thus show
lesser side effects [157]. Fourth, the benefit of using genetically engineered proteins is — as
they closely resemble the natural proteins, immunogenic induction of body can be eliminated
[158]. Fifth, for a genetic disease where gene mutation/deletion is the cause of pathogenicity
but gene therapy cannot be possible/ avoided, protein therapeutics is the option of treatment.
Sixth, the clinical development of a protein therapeutic is more reliable and the following
Food and Drug Administration (FDA) approval rate is faster in this case than that of small-
molecule chemical drug [159]. Lastly, because of their uniqueness and high specificity in
structure, they can be necessarily being patent-protected. Companies prefer the last two

options for market based benefits from protein therapeutics.

Human insulin is a biological protein hormone produced by beta cells of islets of langerhans
of pancreas. Its normal secretion in response to higher blood sugar level is to control the
same. It performs the function by activating /deactivating a cascade of processes in the body.

Some of which may include but not limited to activation of glycolysis (the first catabolic
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pathway of glucose utilization in both aerobic and anaerobic organisms to get energy and
product pyruvate) and glycogenesis (the process of formation of storage form of carbohydrate
i.e., glycogen from glucose) [160]. While it causes simultaneous deactivation (fig.1.15) of
glycogenolysis (the process of glycogen break down to release glucose) and gluconeogenesis
(the process of synthesis of glucose from non-carbohydrate sources).

insulin

§ Pyruvate — glucose

L Acetyl-CoA —> fatty acid
3} Protein synthesis

. Gene expression
Amino acid uptake
Glucagon—a cells : f (Na* K*)-Pump
Somatostatin—A cells iDNA synthesis

€ Insulin—B celis %4~ pApoptosis
~ - 3 Autophagy

Fig. 1.15 Schematic representation of mode of action of human insulin. *Fig adapted from
White, M.F. et. Al. 2012.In: Skyler, J. (eds) Atlas of Diabetes. Springer, Boston, MA.
https://doi.org/10.1007/978-1-4614-1028-7 2

1.8.1. The need of insulin therapy and commercial production of human insulin

Medical treatment with insulin is required when there is inadequate/zero production or an
increased insulin demand occurs in the body. The possible diseases requiring insulin

treatment are as follows:

Type 1 Diabetes Mellitus (T1DM) or juvenile diabetes or insulin-dependent diabetes, is a
chronic condition characterized by the body’s inability to produce insulin due to the
autoimmune destruction of the beta cells in the pancreas [161]. The disease may develop in
adults too. As a result, the patients with type-1 diabetes are always in need of insulin therapy
[162-163].

Type 2 Diabetes Mellitus (T2DM) is the commonest form of diabetes occurring generally
after the age of 45 years. However, in children and teenagers the occurrence of this disease
had reported. In type 2 diabetes, cells showing less/no response toward insulin i.e., they

become resistant to the action of insulin. Although, the authentic cause is unknown still the
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risk factors include hereditary occurrence, obesity, metabolic syndrome, high-calories in
maximum diet or sluggish and lethargic habits in lifestyle. Body primarily makes more
insulin to maintain glucose homeostasis, but over time, insulin production decreases and
T2DM can be diagnosed. Treatment is done by changing diet; oral anti diabetic drugs and

later stages of T2DM requires insulin therapy [164-165].

Maturity Onset Diabetes of Young (MODY): In this genetically inherited disease, a gene
mutation disables the pancreatic beta cells to secrete insulin [166]. Here the young patients
lack any antibodies against the islets of pancreas and have some siblings with this disease in

common. Patients are recommended Insulin or sulfonylurea treatment.

Gestational Diabetes Mellitus (GDM) is a condition seen in some pregnant women where
the glucose cannot get into the cells, so the amount of glucose in the blood gets higher and
higher. This is called Gestational Diabetes Mellitus (GDM). It is screened during 24 to 28
weeks of pregnancy, and initial treatment is done with diet and exercise. Such pregnant
women are at higher risk of high blood pressure, preeclampsia (a sudden, dangerous rise in
blood pressure), pregnancy loss during the last 4 weeks to 8 weeks, early/preterm labor and
delivery leads to C-section Surgery to deliver the baby and the related infection risks. If diet

and exercise fail to control the blood sugar level, insulin therapy is prescribed [167]

Cystic fibrosis is the related disease requiring insulin therapy as in this case, thick mucus is
produced that causes scarring in the pancreas. This scarring can inhibit the pancreas to secrete

sufficient insulin [168].

Hemochromatosis is a pathogenic condition that causes the body to store too much iron. If
the disease is not treated, iron can build up in and damage the pancreas and other organs.

Thus, insulin is required as one of the medications [169].

1.8.2.The gradual development of insulin therapeutics It was 1922 when, to treat patients
having Diabetes Mellitus insulin was first purified from bovine and porcine pancreas [170].
The difficulties made during the extraction procedure of insulin are as follows: firstly, the
fresh supply of animal pancreases for purification of insulin is challenging; secondly, the
process of insulin purification from animal pancreas need expertise and very costly; and

thirdly, a number of patients show immunogenic responses against the animal insulin.
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To overcome the issues it is necessary to get human insulin only as the therapeutics and this
was possible due to advent of recombinant DNA technology (RDT). In RDT, at first the gene
responsible for insulin production in human is isolated and purified. Next, the gene is cloned
and inserted into the chromosome of fast growing bacteria like Escherichia coli. The
successfully transformed bacteria having the

"' X recombinant insulin gene then allowed to
0 D Dachericn grow in cultures (fig.1.16). In a very short

S | e |

enzyme time scale, huge amount of bacteria can
cleaves
insulin gene  #FL oA grow and from which sufficient amount of

DHASgaRe seals NS S panm recombinant insulin of human origin can be
isolated and purified [171]. The advantages
of this process over the rest are- large-scale
commercial production can be attained in a
short time, cost-effectiveness of the process,

;Ag more reliability, insulin with lesser/no

immunogenicity.

Fig.1.16 Schematic representation of

- - - - - - .
cloned Insulin gene  insulin human insulin production in E.coli by

recombinant DNA technology

1.9. STRUCTUAL OVERVIEW OF HUMAN INSULIN

Insulin was discovered in 1922 [172] and after its discovery, the large-scale production of
insulin was commenced in 1923 by the USA company Eli Lilly, Insulin was crystallized in
1926 [173] and the molecular weight was calculated in 1931 [174]. The consisting of A and
B chains linked with disulfide bonds within insulin structure was revealed in 1949 [175]

where the two chains were sequenced by Sanger in 1950 [176-177].

B30

QLSGELALPQLSGAGPGGGLEVQGVQLDEA

Fig.1.17 Schematic representation of sequence of human insulin in primary structure
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Number of amino acid residues of human insulin is 51 while the molecular weight is 5808
Da. It has an A-chain (2lamino acids) and a B-chain (30 amino acids) linked by
disulfide bonds (Fig.1.17).

The A chain possesses of two nearly antiparallel a -helical segments (A1-A8 and A12-A19).
A non-canonical turn of residues A9-A12 connects the two helices (Fig.1.18a), to bring the
N- and C-chain termini in close contact. The central a -helix (residues B9-B19) of B chain
(Figure 1.18Db) is flanked by disulfide bridges (cystines A7-B7 and A20-B19) and B -turns
(B7-B10 and B20-B23). There is a pB-strand within residues B24-B28. The noticeable a-turn-
B super secondary structure occurred by close contact between the conserved aromatic side
chains of Phe B24 and Tyr B26 with Leu B11, Val B12 and Leu B15 of the central o -helix of

B chain.

Insulin at acidic pH and
concentrations~10°% M  exists
primarily as a monomer while it
forms  dimer at  higher
concentrations and a neutral pH.
At high concentrations and in the
presence of zinc ions, insulin
generally  forms  hexameric
structure [178].

Fig.1.18a. The structures of
insulin A- chain b. B-chain of

insulin. Both were determined

A from the three-dimensional X-
P ok as j ray analysis of the T s hexamer

b - _- ! (2-Zn insulin) in perpendicular
== T to the threefold symmetry axis.

*Fig adapted from Weiss M. et.
al, 201, https://www.ncbi.nlm.nih.gov/books/NBK279029/
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1.10.STABILITY OF NATIVE FOLDS OF INSULIN

The sulfur atoms of cystines A6-Al1l and A20-B19 as well as the nonpolar side chains of
lle A2, Val A3, Leu A16, Tyr A19, LeuB6, LeuB1l, and Leu B15 are buried in the
properly folded insulin [179] in a conserved manner . Val A3, lle A13, Val B12, Val B18,
Phe B24 , and Tyr B26 are exposed partly due to they are being located at edge of the above
stated hydrophobic centre [180]. This is the basis of stability and surface interactions of
insulin.There present three conserved amino acid Tyr A19 -Cys A20 -Asn A21 of special
importance in the C-terminal of A-chain of insulin residues. Tyr A19 plays crucial role in
packing of insulin in collaboration with lle A2. While the hydroxyl group of it is being
exposed towards the hydrophilic surfaces are ready to interact with solvents/ligands. It was
revealed in mutagenic studies of insulin that, if Phe or Trp substitutes the Tyr A19, then the
activity of insulin is badly hampered [180]. Though another tyrosine in the A-chain

(Tyr Al4) is not necessarily that much conserved.
1.11. INSULIN-DERIVED AMYLOIDOSIS

In 1982, the FDA (Food and Drug Administration) approved the insulin produced via
recombinant DNA technology [181]. The recombinant human insulin pharmaceutical is in
hexameric state which should be converted to monomer in order to become absorbed and

remain in active state within body [182].

Monomer L

Biologically
Active
.. Conformation
&,
- [
' 3
| F'Eatfaf"tli“tejlIlgu:ér'j
i : unfolde
Fibrils Oligomers MORGRer

Fig. 1.19 Schematic diagram of pathway of insulin aggregation *Fig adapted from Yang Y.
et. al. 2010. J. Biol. Chem., 285 (14):10806— 10821, 10.1074/jbc.M109.067850
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Under different in vivo and in vitro conditions like repeated injection sites in case of diabetic
patients or during formulation/storage / delivery of insulin, pH alteration, solvent condition,
elevated temperature, and exposure to hydrophobic environment, insulin may undergo partial
unfolding, seed generation followed by seed elongation i.e., irreversible fibrillation (Figure
1.19). This event is termed as amyloidosis of insulin [183].

The amino acid residues GlyB8, SerB9, GluB13, ValB12, TyrB16, GlyB23, PheB24,
PheB25, TyrB26, and ThrB27 of insulin B chain are associated with this fibrillation process
[184]. The seed nucleus for fibrillation is generated by the significant involvement of PheB1,
ValB2, GluB13, GInB4, AlaB14, LeuB17, ValB18, CysB19, and GlyB20 from the insulin B-
chain and LeuA13, TyrAl14, and GIuA17 from the insulin A-chain. The amyloid structure is
almost stabilized by Hydrogen bonding and hydrophobic interactions between the interacting
amino acid residues. As per suggestions of Ivanova et al., the B-chain residues LVEALYLV
form the core of insulin fibrils [185]. This is reason behind the findings of parallel B-sheets

along the whole length of the fiber.
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OBJECTIVES & SCOPES

2.1. ANALYSIS OF THE RESEARCH PROBLEM

Conformational changes of the native amyloidogenic therapeutic proteins leading to
aggregation followed by deposition are detrimental to human system. When these natively
folded proteins are converted into nonnative cross-fS-sheet rich fibrous structures under
different interacting or solvent conditions, their functional properties are lost forever. This
process is called protein fibrillation or, more commonly, amyloid like aggregation.
Neurodegenerative diseases and amyloidosis are closely related as the fibrils are the causative
agents of many misfolding-based diseases such as Alzheimer’s disease (ad), Parkinson’s
disease (pd), Huntington’s diseases, Spongiform encephalopathy, Type 2 diabetes mellitus
(type 2 DM) etc. Insulin, a therapeutic protein may undergo aggregation under stressful
conditions and thus become misfolded and loses its functional ability by provoking the
unwanted immune responses. Literature evidences indicates fatal consequences of the insulin
amyloid formation in diabetic patients taking insulin .This is of great concern, as the number
of people suffering from this disease is immense. In 2000, 171 million people were estimated
to be suffering from diabetes and the number is expected to increase to 300 million in 2030.
More than 20 neurodegenerative diseases have been found to owe their etiology to amyloid
aggregation of proteins. Use of small molecules is considered an affordable method to

counteract this aggregation process and stabilize insulin.

In vivo, human insulin is stored as a Zn-coordinated hexamer in B-cells of the pancreatic
islets. In the active form of Insulin structure, there are two chains A and B chains. Both of
which are covalently bonded through three
disulfide linkages, among which two are
inter-chain disulfide bonds, A7-B7 and A20—
B19, covalently binding the two chains
together, and the third one is an intra-chain
disulfide bond within chain A, A6-ALl.

Fig.2.1 The method of subcutaneous delivery of insulin
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At highly acidic pH, insulin assembles into oligomeric intermediates of non-native B-sheet
rich structure and other secondary intermediates prior to fibril formation. Diabetic patients
taking regular intravenous and subcutaneous insulin injections (Fig.19) are more prone to
pathogenic insulin deposition due to high local concentration at the site of injection. Such
patients are susceptible to have insulin fibril deposits in various body parts such as shoulders,
arms (Fig. 20), thighs and abdominal walls at or around the site of injections. Insulin
aggregates are present in the circulation of diabetic patients, treated with the, showing
reduced biological activity, and increased immunogenicity. Besides, it is also a threat for
pharmaceutical and clinical formulations. It is thus important to understand the mechanism of
insulin aggregation and the ways that can potentially destabilize the preformed fibrils and/or
prevent its formation. Amyloidogenesis is a major concern during insulin manufacture and
storage too, as insulin in the amyloid form is not bio-available, and any degree of amyloid
formation leads to reduced efficacy of insulin administration.

The amyloid inhibitors should be specific enough to avoid interfering with the normal
processes under physiological conditions. One of the possible ways to achieve this criterion is
to identify the inhibitors from natural products, which are consumed by us. The principle was
taken in this work. The naturally occurring micronutrients, vitamins and sulfur containing
amino acids were included in this research. Beside this solvent effect on inhibition of insulin

fibrillation had also considered.
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Fig. 2.2 Clinical and paraclinical features of the patient under insulin therapy showing
amyloid deposition (A) Two subcutaneous nodules on the left arm
(arrows), (B) Ultrasound of the soft tissue of the left arm depicting one subcutaneous
mass, (C) left upper limb MRI frontal slices of the (T1 with gadolinium injection on the
left, and T2 on the right), and (D) 18-FDG-PET-CT scan of the left arm nodule
considering a 18-FDG uptake (arrow) *Fig adapted from Dubernet A. et. al, 2023, Front.
Med., https://doi.org/10.3389/fmed.2023.1064832
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2.2. SUMMARIZED OBJECTIVES

From the brief analysis of research problem, the major objectives can be summarized as

follows. Protecting the native form of human Insulin by small biological molecules in vitro

and thus inhibiting amyloid structure generation at the site of repeated injection is a necessary

therapeutic strategy for diabetic type Il patients.

1)

2)

3)

4)

During storage of human insulin, such kind of aggregation was also reported in
literature. This problem should have to be addressed.

Various studies indicated the amyloid inhibitory property in a number of small
molecules, antioxidants, synthetic peptides etc but biological molecules like
micronutrients; vitamins etc can also be selected in this regar due to their negligible

toxicities.

Standardization of the concentration of interacting residues is of significant
importance as in high concentration of interacting molecules, the chances of toxicity
will have to be considered. So it is required to be customized in such a way that they
can be effective at very low interaction ratio with human insulin and thus can

minimize the side effects and possible immunogenic development of body.

The study of co-solvent effects on human insulin can be very useful to compose
solvents and physical standards for both short and long term storage of human insulin

for clinical or laboratory purposes.

2.3. SCOPES OF THIS STUDY ACCORDING TO THE OBJECTIVES

® Optimization of physical parameters like pH, temperature, duration of thermal exposure

to get the most aggregated form of protein i.e., insulin amyloid in vitro.

® |nterrupting the process of in vitro fibrillation of human Insulin employing small

interacting charged molecules like micronutrients.

® Employing water soluble B-complex vitamins to inhibit the process of fibrillation

® |nvestigation of the effect of fluorinated co-solvents during in-vitro insulin fibrillation

® Effect of sulfur containing amino acids on insulin fibrillation in-vitro
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MATERIALS AND DETAILED
METHODOLOGIES APPLIED
THROUGHOUT THE STUDIES

3.1 Reagents, Chemicals and Fine Equipments used

Reagents and chemicals used for the studies narrated in the Thesis work were procured

as follows

Table 3.1 The directory of chemicals and reagents and equipments

ITEMS OBTAINED FROM

Human insulin (Huminsulin R)100 1U/ml (r-DNA origin)

HPLC grade 100% Pure Distilled Water, Acrylamide, N,N'-

Methylenebisacrylamide,

N,N,N,N tetramethylethylenediamine (TEMED), ammonium

per sulphate(APS), bromophenol blue, Coomassie briliant blue

Methanol & Fluorescent probes, viz., 8-Anilinonaphthalene-1-
sulfonic acid (ANS), Thioflavin T (Th T)

Glycine, KOH, Acetone

2, 2, 2-Trifluroethanol (TFE)

1,1,1,3,3,3-Hexafluoroisopropanol (HFIP)

Iron(111) chloride hexahydrate (FeCls), Copper(Il)
chloride(CuCl.), HCI, NaOH

Thiamine hydrochloride(Vitamin B1), Pyridoxine-HCI

(Vitamin Bg), Cyanocobalamine(Vitamin B1)

Eli Lilly and Company
India Pvt. Ltd.

Sigma-Aldrich

Sigma-Aldrich

Sigma Chemical Co. (St.
Louis, USA)

Merck (Mumbai, India)

Spectrochem  Pvt. Ltd.
(India).

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
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L-Cysteine (C3H7NO>S)
L-Methionine(CsH11NO>S)

Copper grids (mesh size-300) for TEM

Quartz cuvettes and Hellma absorption cuvettes

Uranyl acetate

Glass plates for AFM

Magnetic beads, Membrane dialysis tubing

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma, Steinheim

Germany
Merck (Mumbai, India)

Sigma-Aldrich

All the chemicals and reagents stated in the table 3.1 were of analytical grade and used

without further purification. Human insulin was dialyzed and processed before use.

PREPARATION OF MONOMERIC INSULIN AND SAMPLE SOLUTIONS

3.2. Dialysis and preparation of insulin monomer

The insulin (Huminsulin R) 100 1U/ml purchased from pharmacies are in the hexameric state

[1] and there present 16mg
glycerine/ml as  tonicity
modifier, 2.5 mg meta-
cresol/ml as preservative and
HCI/NaOH for pH
adjustment purpose in it. In
order to remove these
compounds, dialysis was
done against water (Fig. 3.1,
left panel). The concentration

of this dialyzed native insulin

of pH 5.0 was calculated using the molar extinction coefficient 5734 cm M * [2].
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Fig. 3.1 The dialysis of hexameric insulin against water [left] and the Millex -G Millipore

syringe filter of pore size 0.22mm [right]

The dialyzed protein was diluted with 80% glacial acetic acid to get a final concentration
of 20% acetic acid in solution [3, 4]. The concentration of insulin was maintained at

1.5mg/ml (258.3 uM). The resulting clear solution was filtered through 0.22 mm pore sized

20%
Dialysis acetic

( acid

Marketed Hum.an Insulin, Hexameric form Monomeric Insulin:
complexed with meta- Human Insulin Eibril Inducer
cresol

Fig. 3.2. Schematic representation of insulin monomer formation from marketed hexamer

Millipore filter membrane placed in a Millex-G filter (Fig. 3.1, right panel). In order to get
homogeneous solution of monomeric insulin, the filtrate was maintained at 37°C overnight

[3]. This solution was considered as stock insulin monomer having pH 1.6.
3.3. Interaction of insulin with micronutrients

Stock solution of chloride salts of important cationic micronutrients, viz., CuCl,, FeCls were
prepared in HPLC water while keeping concentration at 50mM freshly each time before use.
From the stock, aliquots were taken and added with insulin keeping insulin
concentrationl.16mg/ml (200uM) in final solution. While the interacting ratio of insulin and
metal ion were 1:0.5, 1:1, 1:3, 1.5, 1:10, 1:15, 1:30 respectively in the said final solution

prepared in separate sets for each of the metal ions.
3.4. Interaction of insulin with vitamins

Vitamin B, Bs and B2 stock solutions were prepared separately in HPLC water to get 10mM
of concentration of each. At the time of interaction with insulin monomer, each of the vitamin
solutions was added to obtain the ratio of Insulin: Vitamin as 1:0.5, 1:3, and 1:5 respectively.
In each case, insulin concentration was kept 1.16mg/ml (200uM) in solution. Volume of the

solutions had adjusted with HPLC water.
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3.5. Interaction of insulin with fluorinated co-solvents Stock solutions for both HFIP (1, 1,
1, 3, 3, 3-Hexafluoro-2-propanol, C3H2F¢O) and TFE (2, 2, 2-Trifluoroethanol, C2H3F30)
were prepared as 60% (v/v) with HPLC water. Each of the two co-solvents was added at 2%,
5%, 10%, 15% and 20% concentrations separately to made the final solution with fixed

Insulin concentration of 1.16mg/ml (200uM).
3.6. Interaction of insulin with sulfur containing amino acids

The stock solutions of the two sulfur containing amino acids, L-Cysteine and L-Methionine
each were prepared in HPLC water at a concentration of 20mM. From the freshly prepared
stock, aliquots were taken and added with insulin keeping insulin concentration1.16 mg/ml
(200uM) in final solution. While the interacting ratio of insulin and each amino acid were
1:0.5, 1:3, 1:6, 1:12, 1:24 respectively. Separate sets were prepared for each of the two amino
acids with their respective control set-up.

PREPARATION OF INSULIN AGGREGATES

3.7 Aggregation inhibition studies: thermal aggregation of insulin in presence and

absence of modulators

Insulin fibrillates favorably from its monomer state when the pH is acidic [5-7]. Insulin
monomer was diluted using 1(N) HCI to get final concentration of 1.16mg/ml (200uM). This
is heat treated at 60-70°C for minimum 4 h [8-9] and was considered as heat treated (HT)
insulin in all the forthcoming assays. In order to avoid premature aggregation, the optimum
conditions were maintained throughout [10]. To study the effect of modulators on insulin
aggregation, similar conditions of aggregation were followed for insulin with metal ions,
vitamins and co-solvents separately. The solutions were prepared before aggregation as stated

in paragraph 3.3, 3.4 and 3.5 respectively and were subjected to the aggregation conditions.
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Schemel. Schematic representation of methodologies signifying insulin monomer preparation

from marketed insulin
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Negative control «jj}® Positive control ['T‘S”"t:' Tzno_rtnher
. . . . Incupatea wi
[insulin [insulin modulators at diff.
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Fig. 3.3. Schematic representation of general methodologies followed to study effect of

metal ions, vitamins, amino acids and co-solvents on insulin aggregation
ELECTROPHORESIS STUDIES

3.8. Native Polyacrylamide Gel Electrophoresis (Native-PAGE) of Insulin Monomer and
Aggregates

Insulin possesses low molecular weight and inter-chain as well as intra-chain disulfide bonds
in its structure and that’s why the native-PAGE [11] was done for tracing insulin monomer
under non-denaturing conditions. There was no use of SDS in preparation of gel, tray running
buffer and sample loading buffer. 18% Polyacrylamide gel electrophoresis (Native-PAGE)
was done to check the homogeneity of the purified monomeric insulin. It was performed
according to the standard protocol [12]. The monomeric insulin and heat treated insulin each
at a concentration of 1.16mg/ml (200uM) were loaded onto the wells after getting mixed with
sample loading buffer. Electrophoresis was done applying an initial voltage of 50 volts to
maximum voltage of 100 volts for 1.5 h. The gel was stained with Coomassie Brillant
Blue R-250 without any SDS and de-staining was done using the solution containing

methanol and acetic acid.
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3.9. Composition of solutions of native-PAGE
(A) Preparation of 18% resolving gel
Table 3.2 Composition of 7.5ml of 18% resolving gel

Reagents Volume
30% acryl amide 4.5 ml
1.5(M) Tris-Cl, pH 8.8 2.34 ml
10% APS 75 pl
TEMED 5 ul
Water 0.58 ml

(B) Preparation of 5% stacking gel

Table 3.2 Composition of 2 ml of 5% stacking gel

Reagents Volume
30% acryl amide 0.33 ml
1(M) Tris-Cl, pH6.8 0.25 ml
10% APS 20 pl
TEMED 2l
Water 1.4 mi
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(C) Preparation of stock Running Buffer for native-PAGE
Table 3.3 Composition of 10X Running Buffer for native-PAGE (pH~ 8.3)

Component Amount Concentration
Tris base (mw: 121.14 g/mol) 30.3 ¢ 0.2501 M
Glycine (mw: 75.07 g/mol) 144.4 g 1.924 M

Distill water was added to make up the volume of running buffer. This stock Running buffer
was ten times diluted with cold distilled water to use as tray buffer in native-PAGE.

FLUORIMETRIC STUDIES
3.10. Intrinsic fluorescence emission study

The effect of metal ions, vitamins and fluorinated co-solvents on insulin aggregation was
considered in separate set-ups. Each time under the same experimental condition as stated in
paragraph 3.6, the heat-treated insulin in absence of any modulator i.e., (HT) was kept as
positive control. The samples of all the set-ups were diluted with HPLC water to get 2 ml of
total volume each having insulin concentration of 5.5uM. The fluorescence measurements
had been done with a Horiba scientific Spectrofluorometer (Model: FLUOROMAX-4C,
Serial no. 1734D-4018-FM). Excitation had done at 276 nm and emission recorded at 305
nm. 1 cm path-length rectangular quartz cuvette was used. Excitation and emission, both the
slits were kept at 3 nm and each spectrum was an average of three scans having a scan rate of

100 nms™,
3.11. Thioflavin T (ThT) emission measurement

Th T being a cationic dye and having benzothiazole ring that strongly binds with the amyloid
fibrils rich in crossed B-sheet structure. This binding causes a notable rise of the emission
intensity [13]. The stock solution of 3.136 mM (1mg/ml) concentration had prepared by
dissolving ThT in HPLC water while the concentration was calculated by using a molar
extinction coefficient of & 412 =31600 M *cm™ [14]. All the samples sets had separately
added with ThT to get 5.5uM and 31.36puM working concentration for the insulin and ThT
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respectively and final volume of 2ml. Samples were excited at 440 nm in a Horiba
Spectrofluorometer (Model: FLUOROMAX-4C, Serial no. 1734D-4018-FM) and emission
were found in the range between 460 to 600 nm. The slits were kept at ex/em slit widths of 3
nm. Each spectrum was blank (spectra of ThT only) corrected. Each data averaged from
triplicates.

3.12. Kinetic study for aggregation

The aggregation kinetics was studied by taking aliquots during heat treatment under
experimental condition of insulin in absence and in presence of modulators [metal ions,
vitamins and co-solvents, refer 3.6] at different time intervals ranging from 0-300 min. The
aliquots were separately added with ThT as described in paragraph 3.10 and the emission
spectra were recorded in the range of 460-600 nm after getting excited at 440nm.

Fp, the percent change in fluorescence intensity was calculated for each sample [15] using
eqn. (1):

Fp= {(Fe-Fo)/Fo} X 100..cccuueeeeereeeinreeeeeereesneeessnees Eqn. 1

Here, Ft is the fluorescence at a specific time point and Fo is the fluorescence at the starting

time of incubation.
Percent inhibition, Fx was also calculated [15] using eqn.(2):
Fx =100 - (100F s FC)eurererierereeneneeeeenenaseensosnsosesesnsnnes Eqn. 2

Here, Fx is the percent inhibition; Fs is the percent increase in fluorescence intensity in the
presence of the modulators and Fc is the percent increase in the fluorescence intensity of

insulin monomer alone.
3.13. 8-Anilinonaphthalene-1-sulfonic acid (ANS) interaction study

Being an extrinsic fluorescent probe, ANS nonspecifically interact with any surface
hydrophobic patches present in solution [16]. Aggregation directed exposure of hydrophobic
clusters in proteins and change of its microenvironments can be traced by blue shift of
emission wavelength with rise in intensity by ANS binding. The ANS stock solution of
1.2mM was prepared by dissolving ANS in methanol. Spectral corrections were done with

only ANS as negative control for all experimental sets. ANS added with Insulin monomer
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had served as positive control and heats incubated insulin samples with and without
modulators and co-solvents (paragraph 3.6) separately were mixed with ANS. The
concentrations of insulin and ANS in final solution were 5.5uM and 30 UM respectively. The
solutions were kept at room temperature in dark for 30 min. Excitation had been done at 350
nm while the ANS fluorescence intensities were recorded in the range of 390-600 nm with a
Horiba Spectrofluorometer (FLUOROMAX-4C, Serial N0.1734D-4018-FM and Fluoromax
Software). Slit widths for excitation and emission were set at 3 nm. Each of the

measurements was performed in triplicates.
CONFORMATIONAL STUDIES
3.14. Far-UV Circular Dichroism (Far UV-CD) spectroscopy and Deconvolution studies

CD measurements had been performed in a JASCO Spectropolarimeter (J-815, Jasco, Tokyo,
Japan) and a thermostat cell holder equipped with a Peltier unit and MultiTech water
circulator. Samples were diluted to 1 ml solution to get the final protein concentration of
6.5uM in each PerkinElmer quartz cuvette having 2mm path length. Subtraction of control
i.e., solvent spectra were done for each sample. The range for far UV-CD was 190-260 nm
and scanning speed maintained at 100nm/min. The purging of spectro-polarimeter was done
with nitrogen gas before starting and continuously throughout the measuring process. All
measurements had been performed in triplicates and averaged spectra were taken in each
case. The mean residual ellipticity (MRE) values were obtained by following the Equation 1

[17] and the unit was deg.cm?.dmol*
MRE = 0obs (mdeg)/10 X n X Cp X1 oiuviiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniciecinienes Eqn. 3

Here, Oobs is the observed ellipticity (CD) in mill degree, n is the number of amino acid
residues in protein monomer (for insulin, n is 51), | is the path length of the cell in

centimeters (here | is 0.2 cm) and Cp is the molar fraction of proteins in solution.

Spectra analysis was done using Origin Lab 8.0 software while CDNN 2.1 software and
BeStSel CD spectra analysis v1.3.230210 [was used to get a quantitative measurement of the

beta-sheet rich amyloid transitions [18].
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3.15. Fourier-Transform Infrared (FT-IR) Spectroscopic studies

For this assay, heat treated insulin samples both in presence and absence of metal ions/
vitamins /co-solvents had collected in micro filter device and prepared in 200 uL of D2O.
Centrifugation had done at 4000xg for 10 min to reduce the volume up to 50 L. In this way,
D20 was exchanged 3—4 times. Thereafter, the samples were placed between two CaF>
windows separated by a Teflon spacer (50 mm thick). A PerkinElmer Spectrum (Version
10.4.1) instrument (resolution 2 cm™) in N2 environment had used in this assay. Solvent
contribution was corrected by subtracting spectrum of D>O at pD 7.5. The final spectra of
each sample had acquired by average of 16 consecutive scans. From the gross range of
spectra i.e., 4000-400 cm™, only selected region of amide-1 (1800-1500 cm™) had normalized

and under consideration in results.
LIGHT SCATTERING ASSAYS
3.16. Rayleigh Light Scattering (RLS) Study

RLS was a reliable tool to determine presence of higher ordered particles in solution [19].
Both the excitation and emission wavelength intensities were set at 307 nm and measured
using a Horiba Scientific Spectrofluorometer (Model: FLUOROMAX-4C, Serial no. 1734D-
4018-FM and Fluoromax Software). The assay had done at room temperature. The quartz
cuvette of 1 cm path-length was used to measure the sample solutions for tracing effects of
modulators on insulin amyloid fibrillation. In each solution, insulin concentration kept fixed
at 5.5uM.

3.17. Dynamic light scattering (DLS) Assay

The principle of DLS Assay lies in the fact that the fluctuations in the intensity of the
scattered light by different sized particles in solution. Here the variable size of particle
diameter in solution can be observed as different peaks having particular intensities [20-21].
The DLS instrument used for this analysis was a back-scatter apparatus (Malvern Nano
ZS, Malvern, UK) performed at a constant scattering angle of 90° and temperature of
25+1°C. The instrument was equipped with 632.8 nm He/Ne laser. Rectangular Hellma
cuvette of 10 mm path length was used to measure the samples. The changes in particle size
distribution during the process of insulin aggregation in presence and absence of different

modulators under study was observed. Concentration of insulin was maintained at 20 uM in
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each solution. Auto correlation function was done by twelve consecutive acquisitions for

each sample and was time dependant.
MORPHOLOGICAL IMAGING

3.18. Surface Morphology Study with Field Emission Scanning Electron Microscope
(FE-SEM)

A scanning electron microscope (SEM) is a type of electron microscope that produces images
of a sample by scanning it with a focused beam of electrons. The electrons interact with
atoms in the sample, producing various signals that can be detected and that contain
information about the sample's surface topography and composition. The morphology of the
monomeric form of the insulin was compared with its aggregates formed in absence and
presence of the modulators under experimental protocol using FE-SEM (Hitachi S-4800,
JAPAN). The instrument had been operating with a voltage of 20 kV. The concentrations of
proteins were maintained at 200 uM. As the samples to observe were in agueous media, the
drop casting method of sample preparation was followed. One drop from each aliquot of
sample was taken on a glass cover slip. The glass containing samples were allowed to dry by
slow evaporation in open air and then under vacuum for further gold coating just prior the

imaging.

3.19. Transmission electron microscopic (TEM) study

The aggregation-inhibitory effect of the three types of modulators, viz., metal ions, vitamins
and co-solvents were further confirmed by TEM studies. The heat treated samples in presence
and absence of modulators in minute volume was applied separately onto fine copper grid
with 300 meshes and the sample number noted against its corresponding type. The grid was
supported and coated with a thin, electron-transparent carbon film. Incubation at 25°C for 10
min of the sample loaded Grids were done. Excess solution was carefully wiped off and 1%
uranyl acetate was applied to negatively stain the grids. Excess stain was removed by
washing thoroughly with HPLC water. Complete air drying was required to visualize the
sample under TEM. The instrument used for this study was Jeol-HRTEM-2011, Tokyo,
Japan performing an accelerating voltage of 120 kV under different resolutions. 1,15,000x

magnification in image view was achieved through it.
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3.20. Atomic Force Microscopic imaging

Sample preparation for AFM included firstly the preparation of AFM grid slides. The glass
was cleaned with detergent and water, then with acetone and water to remove oily and water
soluble contaminants, respectively. Then it was dried under N2 (g). Samples were drop casted
each having protein concentrations of 200uM on a square AFM glass slide with plain surface.
Samples included for AFM was heat-treated insulin in absence and presence of different
modulators respectively. The drop-casted samples were homogenously spreaded over the
slide and carefully air dried overnight. The instrument Bruker Multimode 8 Atomic Force
Microscope had used in this study. In all the sets, the images of 512 by 512 pixels were
captured at a scan size ranging between 0.6 and 9 um. The images were captured at

comfortable resolutions.
COMPUTATIONAL TECHNIQUES

3.21. Molecular docking

The conformation and orientation (pose) of modulators into the protein insulin during
interaction was analyzed by molecular docking [22]. Auto Dock is a reliable software tool
for this [23]. In the first step, the structure of insulin was retrieved from the RCSB Protein
Data Bank (PDB ID: 3140) and through analysis was done. Density Functional Theory (DFT)
at the level of B3LYP/6-31G was utilized to optimize the structures with the minimized
energy level to realize the most probable site of interaction for the protein. The software used
was the grid-based docking program Auto Dock 4.2. And a default parameter and generic
algorithm was used for the calculation. Atom Kollman charges was assigned to the protein
whiles the ligand in the protein and water molecules were removed. Discovery Studio 4.1
Client was used to create the visual effects. Gibbs free internal energy change was calculated

for separate interactions of modulator with insulin.
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4.1 Prologue of the study

A protein has to maintain its properly folded conformation to become thermodynamically
stable as well as functionally active [1]. Protein misfolding and aggregation (amyloidosis)
leads to development of a number of different pathogenic conditions [2] collectively termed
as ‘disorders due to amyloidosis’ depending on the nature and biological functions of that
protein. Some well studied examples are Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease [3-4] etc. Therapeutic protein may undergo such amyloid generation
under different in-vivo (when injected) or in-vitro (during storage) conditions. Such amyloid
deposits are common at the insulin injection sites for patients undergoing insulin therapy [5].
Amyloids are insoluble cross- B-sheet rich irreversible fibril like forms that are generated via
soluble toxic oligomeric intermediates [6]. Having mess of cytotoxic [7] fibrillar network in
structure, they tend to deposit onto the cell membranes causing fatal membrane pores
followed by cell lysis [8]. The proteins possessing marginal stability in secondary structures
tends to form amyloid species under deviation from optimum conditions or in presence of
stress inducers [9]. Thus it is also a great concern in vitro while proteins during commercial
manufacture, processing, transportation, storage or delivery get fibrillated/ aggregated [10-

11].

A number of proteins are reported to show amyloid fibrillation like Human insulin (amyloid
deposition causing Alzheimer’s disease), amyloid precursor protein (Ab peptides causing
Alzheimer’s disease), atrial natriuretic factor (amyloid ANF causing atrial amyloidosis), and
prion protein (causing spongiform encephalopathies) etc. Among them human insulin
showing similar type amyloid structure like the rest is a common model protein [12]. It is
studied for the greater understanding of structural assemblies of amyloid and possible
inhibition strategies of its formation. The pathogenic amyloidosis followed by deposition of
insulin injected for therapeutic purpose was reported in various body parts like the shoulders
[13], arms [14], thighs [15] and abdominal walls [16]. As amyloidogenesis and
neurodegenerative diseases are closely related [17] thus the study can help to get rid of the

fatal diseases [18].

While studying insulin amyloid inhibition, the knowledge of insulin amyloid formation
mechanism is necessary. Prior to its biological hypoglycemic function, insulin is converted to

monomeric form to become active. Therapeutic human insulin is formulated as hexamer.
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Fig.4.1. (left panel) Three-dimensional structure of insulin monomer (the A and B chains
are in purple and green respectively; protein data bank [PDB] ID = 1LPH), insulin dimer
(PDB ID = 1LPH), and insulin hexamer (three insulin dimers and 2 Zn**) (PDB ID =
2INS). (Right panel) (1) The hexameric form of regular huminsulin is formulated and (2)
is subcutaneously injected (3) dissociation of insulin hexamers into dimmers followed by
monomer formation (4) absorption of monomers into the blood across the microvascular
endothelium. *Fig adapted from
https://www.rcsb.org/pdb/static.do?p=general_information/about pdb/index.html and
Pampanelli S., Diabetes Care. 1995.18(11):1452—1459.

But it will be converted to monomeric form (Fig 4.1. right panel). Hexamer to monomer
conversion leads to shift and exposure of hydrophobic residues of the protein. This transition
may promote amyloid generation [19]. Inhibition of amyloidogenesis is of significant
importance in running the smooth application of insulin therapeutics. Before the research
proceedings, the detail knowledge about interaction of protein with various molecules should

have to be considered.
4.2 Amyloid inhibitors: Literature findings

The problem of amyloid generation was approached in two possible ways. Firstly, inhibition
of the amyloid transition of via pre-interacting it with different molecules. Another approach
was disintegrating already generated fibrils. The common goal was to either stabilize the
native state of insulin by different additives or disorienting/destabilize the already misfolded

proteins. The targets for inhibitors were also different as depicted in Fig. 4.2.
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4.2.1. Natural compounds

Natural compounds employed for amyloidogenic inhibitions are flavonoids, phenolic
compounds, quinones, pyridines, aldehydes, sugar alcohols, terpenes, etc. The polyphenol
compounds, curcumin, resveratrol and epigallocatechin-3-gallate (EGCG) are popular for
their metal chelating, anti-oxidant and anti-inflammatory properties. Their structural
backbone are used in designing multifunctional anti-amyloid compounds [20-21]. Amyloid
generation risk with aging is common and can be managed by diets supplemented with
oleuropein and oleocanthal (present in olive oil), resveratrol (from fruit and red wine),
curcumin (from turmeric), EGCG and myricetin (from green tea) [22-24]. The possible
interactions between target protein and amyloid inhibitors are covalent bonds [25-26] and/or
non-covalent interactions like n-m interactions, H- bond, or electrostatic interactions [27-28].
Ferulic acid (FA), a phytochemical isolated from fruits and vegetables like tomatoes, sweet
corn and rice bran, inhibits insulin fibrillation in vitro [29]. The said inhibitory activity of FA
was shown to be contributed by the phenyl, hydroxyl, and carboxylic residues in it. Amino
acids like arginine and its derivatives were proved to interact with proteins via hydrophobic,
electrostatic and cation-m interactions [30] and suppresses heat stressed protein aggregation
[31-32]. 4-7 Residues long arginine rich oligopeptides inhibited the fibrillation of amyloid
B42 [33]. L-Cysteine (Cys) interacted with lysozyme via thiophilic interactions between thiol
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groups of side chain-Cys residues and in turn inhibited its fibrillation [34]. AP fibrillation was
also shown to be inhibited by D-amino acids [35] and Tannic acid [36] and free AP binding
to prevent its oligomerization was seen by curcumin, papain (from raw papaya), rosmarinic
acid (herbs of the family Lamiaceae) and bromelain ( from the fruit and stem of the pineapple
plant) [37]. Inhibition of islet amyloid polypeptide (IAPP), Amyloid beta peptide (AP) and
insulin amyloid were reported by phensulfonphthaleine while o-synuclein aggregation
inhibition by baicalein polyphenols (present in the dry roots of Scutellaria baicalensis

Georgi) [38]. Gallic acid (found in green tea) is a metal based amyloid inhibitor [39].
4.2.2. Thermo stability contributors

Some micro-organisms like Pyrococcus aerophilum, Thermus thermophilus were found to
tolerate and grow at temperature above 100°C by accumulating some unusual organic solutes
called stress molecules or thermo stability contributors [40-41]. Trehalose and betaine are
such compounds found at high concentrations in the Thermophiles [40] and also shown to

stabilize the native conformations of enzymatic proteins [41-42].
4.2.3. Dietary supplements

Morin is a dietary bioflavonoid compound of Moraceae family plants with antioxidant, anti-
inflammatory, cardio protective, neuro-protective, anti-diabetic, and anti-microbial versatile
properties. Morin was shown to interact and consequently inhibit the amyloid formation of
human yd-crystallin (HGD) through hydrogen bonding and van der Waals forces [43]. Morin
hydrate (2', 3, 4', 5, 7-Pentahydroxyflavone) was found to inhibit the amyloid formation of
the polypeptide hormone Islet Amyloid Polypeptide (IAPP, amylin) which is responsible for
islet amyloid formation in type-2 diabetes [44]. IAPP was dangerous in islet cell transplants
by causing graft failure. Peptides derived from bromelain found in fruit and stem of
pineapple, was found effective in prevention of insulin amyloids [45]. Vitamin C was
demonstrated to both inhibit the formation and disaggregate [46] the insulin amylid fibrils
while nullified the effect of amyoid induced cytotoxicities on human neuroblastoma cell line
(SH- SY5Y). Slower rate of aggregation of hen egg-white (HEWL) as well as stabilization of
its secondary structure was demonstrated by (—)-epigallocatechin gallate (EGCG), a green
tea constituent [47].



4.2.4. Osmolytes and denaturants

The native folds of globular proteins are naturally stabilized by small stabilizers and
osmolytes and thus they can present themselves as inhibitors of amyloid formation. Glucose,
sucrose, trehalose as well as polyhydric alcohols were shown to inhibit aggregation of
HEWL [48-49], insulin [49-50], oa-lactalbumin [51], bovine serum albumin [52] while
trimethylamine N-oxide (TMAQ) inhibited insulin fibrillation [53-54]. But some sugars
were shown to aggravate B-amyloid fibrillation [55-56] though.

4.2.5. Molecular chaperones

Molecular chaperones, a class of molecules help in proper folding of protein in vivo was of a
choice for amyloid inhibition. They were found to shield the effect of heat shock and other
proteotoxic stresses [57-58] and secondary nucleation of the amyloid  aggregation in vitro
[59]. The fibrillation of polyglutamine peptides responsible for Huntington disease
development was inhibited by DNAJB6 [60], a human molecular chaperone belonging to the
Hsp40 heat shock protein family. a-Crystallin which is a small heat-shock protein in lens,
possesses a peptide chaperone (functional site sequence DFVIFLDVKHFSPEDLTVK)

known as mini-adA-crystallin. The fibril formation of AP peptides was arrested by
application of Mini-aA-crystallin and rat pheochromocytoma (PC12) cells were protected
[61].

4.2.6. Several nanoparticles

Stable gold (AuNPs(Tyr), AuNPs(Trp)) and silver (AgNPs(Tyr)) nanoparticles were
exhibited insulin amyloid inhibitory as well as amyloid disintegrating properties [62]. On the
other hand, beta casein-coated iron oxide nanoparticles (BCas IONPs) was found protective
against oligomerization of Amyloid B and toxic effect like inflammation, apoptosis, and
abundance of autophagy proteins in AB-injected mouse brain [63]. Additionally, insulin fibril
formation inhibition was reported by stable silver nanoparticles [64] and gold nanoparticles
AuNPs functionalized with linear- (i.e. dextrin and chitosan) and branched- (i.e. dextran-
40 and dextran-10) biopolymers [65]. Bovine Serum Albumin amyloid fibrillation was

effectively inhibited by Zinc Oxide Nanoparticles [66].
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4.2.7. Conjugated polymers

At physiological temperature, conjugated polymer-based thermo responsive micelles
(CPMs) were surprisingly capable of capturing the harmful AP aggregates [67]. There present
a reactive-oxygen-species (ROS)-generating core with thermo responsive surface in the
structure of CPM. The ROS generated under white light irradiation were effective in
disaggregating AP aggregates and thus reducing cytotoxicity. Another approach had shown
amyloid inhibition, preformedfibril degradation and cytotoxicity prevention by poly (p-
phenylene vinylene) derivative, functionalized with p-nitrophenyl esters (PPV-NP) [68].
AP plaques in brain slices were also eliminated by PPV-NP in ex vivo findings. The
mechanism of interaction of PPV-NP with protein was found to be irreversible covalent
interactions and non-covalent hydrophobic forces. Fluorogenic “nanogrenades” were
prepared by supramolecular assemblies between conjugated polymers and fluorescent probes.
They were very effective in irreversible destruction of amyloid B fibrils under white light as

shown in fig 4.3 [69]
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Fig. 4.3. Schematic representation of the mode of action of nanogrenades. *Fig adapted
from Dou W-T. et al, 2016, J. Mater. Chem. B, 4: 4502-4506,
https://doi.org/10.1039/C6TB01351A

4.2.8. Monoclonal antibody

Food and Drug Administration (FDA) approved the only drug named, Aducanumab against
Alzheimer’s disease (AD). Being a monoclonal antibody, Aducanumab sold under the brand
name Aduhelm can selectively binds to oligomeric amyloid aggregates or mature fibrils and
effectively reduced the number of beta-amyloid plaques. In this way, the neurological

functions of patients were restored as well as the calcium permeability of neurons [70].
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4.3. Selecting metal ions to investigate insulin amyloid inhibition

From the information of previous reports, amyloid inhibitors from natural sources and of
synthetic origin were found maximum of which showed concentration dependent effects. In
high or moderate concentrations side effect and effectors generated toxicities were of prime
concern. Aducanumab applied to inhibit beta-amyloid plaques showed common side effects
like headache, diarrhea, and other constitutional symptoms [71-73]. The most serious side
effect of it as noted while applied against AP formation was Amyloid Related Imaging
Abnormalities ( ARIA-E) [74- 76]. Even death was reported in case of bapinezumab and
solanezumab, another two anti AP drug treated patients [72-74]. Small molecules having
binding efficacy and lesser side effects are considered in the present study regarding
inhibition of insulin fibrillation. Metal ions can serve both the purposes as they are the

important macro and micronutrients of our body.
4.3.1. Interaction of insulin with different metal ions

At minute concentrations, metal ions can interact well with insulin. During its storage in the
secretory vesicles or granules, six monomers of insulin coordinates with two Zn*' ions to
form insulin hexamer [77]. Insulin secretion and activity is dependent on local Ca** and Mg**
concentration [78]. Crystallization as well as aggregation of insulin is facilitated by Co*" and
Cd*" [78]. The 10" positioned His residue of insulin B chain; HisB10 was found to interact
with Co** ions or Zn** to impart thermodynamic stabilization to insulin [79] while GluB13
residue of insulin can easily bind with Zn**, Cd**, and Pb*" separately [79]. Zn**, Co*" and
Cd?** conferred conformational changes in insulin structure as detected by red shift of tyrosine
bands in absorption spectra of insulin [78] while Ca** and Mg?" did not show any such effect.
It was also prevalent that the specificity of the metal-binding center of insulin is not restricted
for Zn** only; it was also shown to bind with Cu?" with increasing affinity [80]. Beef and
pork insulin were subjected to form larger aggregates with molecular weight ranging from
10° to 2x10° Da in artificial delivery systems under the influence of excess amounts of
divalent metal ions, Zn*", Cu**, Fe?* [81]. Zn?>" when coordinated at concentrations above
0.01 mM Zn—insulin with HisB10 of insulin, the hexameric form get stabilized [82]. At acidic
pH the HisB12 gets protonated and releases zinc. This insists the prevalence of monomeric
form of insulin [83] to become secreted. In this way, with decreasing pH, the hexameric

insulin gradually forms dimer and then monomer to become functionally active.



In monomer state i.e., at acidic pH, the aggregation of insulin is favored at high temperature
in vitro conditions [84-86]. The present study employed insulin at acidic pH (pH 1.6). The
two transition metal ions, Fe*" and Cu®* relevant to macro and micronutrient respectively for
our body were chosen for tracing the effect on insulin aggregation. These metal ions are
included in our diet as they serve and regulate different metabolic functions by interacting
with enzymes. Being block-d transition metal ions, they are very active in coordination with
protein domains. E.g., iron in hemoglobin. They were found to serve as supplements of

natural medicines too [87].



4.4. MATERIALS AND METHODOLOGIES

4.4.1.. The experiments were performed in HPLC water. All other reagents used were of

analytical grade and listed as follows

Table 4.1. Chemicals and equipments required

ITEMS OBTAINED FROM

Human insulin (Huminsulin R)100 [U/ml (r-DNA origin) Eli Lilly and Company
India Pvt. Ltd.

HPLC grade 100% Pure Distilled Water, Acrylamide, N,N'- Sigma-Aldrich
Methylenebisacrylamide,

N,N,N,N tetramethylethylenediamine (TEMED), ammonium Sigma-Aldrich
per sulphate(APS), bromophenol blue, Coomassie briliant blue

Methanol & Fluorescent probes, viz., 8-Anilinonaphthalene-1-  Sigma Chemical Co. (St.
sulfonic acid (ANS), Congo red (CR), Thioflavin T (Th T) Louis, USA)

Glycine, KOH, Acetone Merck (Mumbai, India)

Iron(IIT) chloride hexahydrate (FeCls), Copper(II) Sigma-Aldrich
chloride(CuCl2), HCI, NaOH

Copper grids (mesh size-300) for TEM Sigma-Aldrich
Quartz cuvettes and Hellma absorption cuvettes Sigma-Aldrich
Glass plates for AFM Merck (Mumbai, India)
Magnetic beads, Membrane dialysis tubing Sigma-Aldrich

4.4.2. Methodologies

The stock solutions of metal ions were made as described in section 3.3. The aggregates were

formed following the procedures described in the sections 3.7-3.17.



4.5. RESULTS OF RESEARCH FINDINGS
4.5.1. Purification and monomeric conversion of Human Insulin

After monomeric conversion of the protein, native polyacrylamide gel electrophoresis (native
PAGE) experiment gave single band which confirmed the monomeric form of purified

protein on 18% polyacrylamide gel bed shown in the following fig. 4.4

Fig.4.4. Native polyacrylamide gel electrophoresis (native PAGE) experiment showing
single band which confirmed the monomeric form of purified protein on 18%
polyacrylamide gel bed. The first lane of panel A shows the bands obtained for marker

ladder while the rest bands of the lanes in both panels show monomeric insulin

4.5.2. Standardization of physical parameters (pH, temperature, heating duration) to

get most irreversible aggregate formation i.e., amyloid fibril of human insulin

A wide range of pH was varied (from pH 1-11) while the insulin at different pH was allowed
to aggregate under heating. The results of pH optimization for getting insulin amyloid are as

follows:




125

250 - ——Ins (pH1) - Ins(pH1)
Ins_ht (pH1) Ins_HT(pH1) B
Ins(pH5.3) — 100 - Ins(pH5.3)
A Ins_ht (pH5.3) 2 Ins_HT(pH5.3)
iy Ins(pHT7.4) > Ins(pH7.4)
g Ins_ht(pH7 4) g o Ins_HT(pH7.4)
= Ing(eH11) £ :::%1‘1(;1411]
= = -
E 150 o = Ins_ht(pH11) E
£ § 1
@
= 100 §
e S 25
E w
-
L 50 0 —
5!':!) Eéﬂ GI!I!I)
Wavelength (nm)
o

400 450 500 560 600
Wavelength (nm)

[ThT Assay Results | D

7
L

Fluorescence Intensity at 482 nm
3 2

o
7

0 Lo B

g, ng s, by ny, g
\.I;’ @;f \lo D4y, ~
@9’) "?.?) %‘b )-'-fj Ih"’fw 7y ’?%’})

‘g,
h‘fy)"

Fig. 4.5.Panel A. 8-anilino-1-naphthalene sulfonic Acid (ANS) Fluorescence emission
assay showing increased fluorescence emission intensity accompanied by a blue shift from
512 nm (Ins only, black curve) to 475 nm, indicating the conformational change during
aggregation. Panel B. Thioflavin T (Th T) assay results showing huge rise in emission
intensity at 482 nm, which is a feature of amyloidal structure in case insulin aggregated at
PHI. Panel C. Rayleigh Scattering result showing highest scattering by fibril formed at pH
1.0. Panel D. ThT fluorescence emission intensity at 482 nm [characteristic wavelength of
emission for protein insulin amyloids| also depicts highest intensity for fibril formed at pH
1 [2nd column in graph]

Results suggested that (Fig. 4.5, panel A), the blue shift obtained in aggregated structure
through ANS assay indicated a decrease in wavelength thus increase in energy level i.e., the
disorientation in monomeric structure of insulin. The most blue shift occurred in case of
insulin heat treated at highly acidic pH shown in red curve. Panel B shows curves obtained
from ThT assay where the amyloid generation can be understood by rise in emission intensity
at 482 nm. This rise was prominent in case of insulin aggregated at highly acidic pH (red

curve). Panel C showed the Rayleigh scattering pattern of insulin at different pHs and their
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corresponding aggregates. Here it can be seen that with increasing pH, insulin itself scatter in
higher intensities. While here also the greatest scattering was observed in case of insulin
fibrillated at pH 1, and the difference in scattering intensity was largest between insulin and
its corresponding aggregate at pH1. Rayleigh scattering is an indication of particle size in
solution as higher scattering is observed in case of higher diameter particles or aggregates.
Thus this study also agreed with the previous results. The ThT emission intensities of the
insulin at different pHs and corresponding aggregated samples at 482nm were depicted in
panel D bar diagram. Here also the highest scattering intensity [2nd column in the plot] in

case of the fibril formed with monomeric protein at pH 1 was observed.

Similar experiments were done to optimize temperature of heating while incubating insulin at
pH 1.6 at different temperatures ranging from 37- 80° C. Results showed that [data not
shown] insulin aggregation take place within 3 hours at temperature range started from 60°C
and reached plateau region after 4 hours. So, the monomeric insulin was found to be most

aggregated while heating done at 60°C for at least 4 hours at the pH range of 1.4-1.8.

4.5.3. INHIBITION OF IN VITRO FIBRILLATION OF HUMAN INSULIN BY Fe**
AND Cu?" IONS

Th T fluorescence effectively measured the Insulin fibrillation propensity under the

influence of metal ions, Fe’*and Cu®*

The principle of Thioflavin T (ThT) assay to detect amyloid fibril is, the dye upon binding to
the amyloid fibrils give enhanced fluorescence intensity at 482 nm. The restricted rotation of
the benzothiozole and benzaminic rings of ThT as shown in fig.4.6.A is responsible for the
increase in intensity at a particular wavelength [88].Fe ** and Cu ?" ions effect on insulin
fibrillation was monitored by ThT and the result was shown in fig. 4.6.B. HTI represented
the heat treated insulin in absence of any metal ions and gave strong increase of ThT
fluorescence emission around 482 nm (HTI in Fig 4.6.B). It indicated the formation of

amyloid structure [89] of insulin under experimentally defined conditions i.e., at 60°C for 4h.
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Fig. 4.6. A. Schematic representation of the immobilized rotation of central C—C bond of
ThT upon binding to amyloid fibrils. B. End-point ThT emission intensity at 482nm of heat
treated human insulin without metals (HTI) and in presence of Fe** (blue) and Cu**
(magenta) separately at different millimolar ratios (from 1:0.5 up to 1:30) presented in Bar
diagram. The range of standard deviations was £5.0. Insulin conc. was fixed at 5.5uM for
ThT assay. Excitation wavelength was 440 nm and each of the data presented were average
of three scans. In positive control sample, the ThT assay was performed on only the
monomeric protein, and the data were blank corrected using the data obtained from ThT

solution alone (negative control).

The decrease in ThT fluorescence intensity with respect to HTI in presence of Fe ** and Cu **
ions individually were observed and were concentration dependant. Maximum decrease
occurred at a molar ratio of insulin: Fe** as 1:30 and insulin: Cu as1:3. Thus it can be stated
that the amyloid fibril generation was minimized at higher conc. of Fe ** but at lower conc. of

Cu 2+
Aggregation kinetics in presence of metal ions

In order to get the aggregation kinetics, metal untreated insulin and metal treated insulin
samples were heat incubated up to 300 min at 60° C and aliquots were withdrawn at specific
time intervals. The ThT assay was done with the aliquots separately. The results were

presented following equation 1 and eqn.2 as discussed earlier in section 3.11. Fig 4.7.A



depicted the aggregation kinetics of insulin in absence and presence of metal ions.
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Fig. 4.7. Insulin amyloid fibrillation kinetics as detected by ThT assay at pH 1.6. Panel A.
shows percent increase in ThT fluorescence intensity calculated by following eqn.1, section
3.11 as a function of time. The aggregation kinetics of only insulin showed in red squares.
Fé** treated insulin at ratiol:15 (cyan circle) and 1:30(upward blue triangle) were shown.
Similar experiment results obtained with Cu’" treated insulin at 1:0.5 (green star) and 1:3
ratio (left aligned magenta triangle) respectively were also shown. Error bars were given
within the range of £2.0. Panel B depicted the percentage inhibition of insulin aggregation
individually by Fe** and Cu®" ions as calculated from eqn.2, section 3.11. Standard errors

were within the range of £5.0. The insulin conc. was 5.5uM for all the samples examined.

The aggregation of insulin in absence of any modulator showed the three phase kinetics, viz.,
a lag phase, a log phase followed by a stationary phase. The said kinetics is consistent with
previous findings in literature. Unfolding of structure of insulin under heat influence followed
by seed formation and initiation of oligomerization was said to be prevalent in the lag phase
[90]. Elongation and growth of nascent fibrils occurred in the log phase [91]. The plateau
region corresponds to attaining maximum fibril formation at that instance of experimental
influences. Fig.4.7.A gave an idea of the mechanism of fibril inhibition by Fe*" and Cu*".
Extension of lag phase of fibril initiation, shortening of the log phase was observed in Fe**
treated samples. From fig.4.7.B, it was also evident that percent inhibition of insulin
aggregation was maximized in presence of Fe’". Both of the observations accounted for
major inhibition posed by Fe*" against insulin aggregation by decelerating the nucleation step

of aggregation and simultaneous discouraging of the growth of the insulin fibril. However,



Cu*" though cannot alter the onset of lag phase but effectively lower the amount of
fibrillation compared to heat treated insulin samples under experimental condition. On the
basis of aggregation inhibitory potentials, the two metal ions can be categorized as follows-

Ins: Fe** (1:30)> Ins: Fe** (1:15) > Ins: Cu?* (1:3) > Ins: Cu®* (1:0.5).
Alteration of hydrophobicity of insulin during aggregation in presence of metal ions

Hydrophobic changes in a protein structure are relevant to its aggregation. ANS, 8-
Anilinonaphthalene-1-sulfonic acid is a fluorescent molecular probe effectively binds the
solvent-exposed hydrophobic residues of the protein [92] upon aggregation. Enhanced
fluorescence intensity with blue shift in wavelength of ANS emission is a greater indication
of amyloid formation [93]. Fig 4.8 A and B showed the results obtained by ANS assay. Here
the visible increase in fluorescence emission intensity along with a blue shift of wavelength
maxima from 512 to 475 nm observed in case of heat treated insulin. This is due to the
thermal unfolding of protein followed by exposure of hydrophobic amino acid residues which
in turn facilitates ANS to bind more. If the said exposure can be prevented then protein
aggregation may also be inhibited. As the curves depicted, the presence of ferric and cupric
metal ions separately caused decrease in ANS emission intensity with red shift towards native
like spectra. It was also shown of Fe** ions in increasing conc. while Cu?* in decreasing conc.
minimized the ANS emission. At millimolar ratio, 1: 30 for ins: Fe*" and 1:0.5 for Ins: Cu?*"
were observed maximum inhibition of exposure of hydrophobic residues of insulin under
aggregation condition. Additionally, this suggested the interaction of metal ions with insulin
in a way to prevent its unfolding followed by misfolding and thus stabilizing the monomeric

form of human insulin in solution.
Monitoring secondary structural changes upon aggregation in experimental conditions

Circular Dichroism (CD) and Fourier transform infrared (FTIR) assays are considered to be
standard methods for detecting secondary structural forms of protein. Far UV-CD results of

insulin aggregation in presence of Fe’" and Cu**was noted in fig. 4.8.C and D respectively.
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Fig.4.8. Monitoring conformational changes of insulin under experimental conditions.
Fluorescence emission spectra as obtained by ANS assay (panels A and B) of monomeric
insulin (curve a) and heat treated (60°C for 4h) insulin (curve b). (panel A) rest of the
spectral curves were of thermally incubated insulin samples in presence of Fe’' ions at
different millimolar ratios viz., 1:0.5, 1:3, 1:5, 1:15 and 1:30 by curves c-g respectively.
Panel B showed thermally incubated insulin in presence of Cu’" ions at different
millimolar ratios (1:0.5, 1:3, 1:5 and 1:15) by curves c-f respectively. Excitation
wavelength was 350 nm while emissions range was 400—600 nm. Protein and ANS dye
concentrations were 5.5uM and 30 uM respectively. Path length of cuvette was 1 cm. Each
scan was performed in triplicates and averaged. Blank values (only 30 uM ANS) were
subtracted before presenting. Panels C and D showed Far-UV CD spectra of monomeric
insulin (black, heat treated insulin ( red), heat treated insulin in presence of Fe’*ions
(panel C) and in presence of Cu** ions (panel D) at different interaction ratio. The protein

concentration for CD assay was maintained as 6.5uM.
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The spectra obtained for monomeric insulin (black curve, both panel C and D) had two
prominent negative ellipticities at 208 and 222 nm. This is a characteristic feature of alpha-
predominating conformation of protein like insulin. The minima alteration occurred in case of
heat treated insulin to around 220 nm (red curve, in both Fig. 4.8 C and D), which is a
significant indication of beta-sheet rich population in secondary structure causing due to

amyloid formation.

Table. 4.1 Quantitative analysis of secondary structures of insulin under normal and

aggregating conditions in absence and presence of metal ions (Fe** and Cu*??

% of p-Sheet % of - % of

Samples %o O,f o= Antiparallel Parallel Turn szndom
Helix coil

Monomeric Insulin (MI) 22.41 21.0 18.82 17.41 20.35
Heat treated (HT) Insulin 17.92 21.98 22.18 17.84 20.08
MI :Fe’* (1:0.5) HT 22.42 17.75 19.70 17.75 22.38
MI :Fe’* (1:3)_ HT 20.57 20.22 20.53 20.69 17.98
MI :Fe’* (1:5) HT 13.25 26.28 10.24 15.14 35.10
MI :Cu*" (1:0.5) HT 17.04 24.62 9.46 16.23 32.60
MI :Cu?** (1:3) HT 18.77 24.12 9.26 16.52 31.32

# determined by CDNN 2.1 software

The decrease in percentage of alpha helix with concomitant increase of beta-sheet content
after heat aggregation of insulin was quantified in Table 4.1. In case of iron treated samples
the alpha helical conformation was greatly maintained near monomeric form. Negligible
increase occurred in parallel beta-sheet percentages while the total percentages of beta-sheet
remained same i.e., around 56 percent which closely resembled that of monomer form of
insulin. Though in a higher percentage, iron induces random coiling in insulin during
aggregation. Cu®* on the other hand was not so effective in maintaining alpha helical form
like Fe**. Though the total percentages of beta sheet population decreased slightly yet,
percentages of antiparallel beta-sheet had increased. Cu®* also increased the random coiling
of insulin more than Fe’*. Thus form results, it can be said that Fe** was more effective in

insulin amyloid inhibition than Cu?" even at lower interaction ratio.

FTIR was also done to confirm about the secondary structual changes of insulin under
thermal incubation (60°C for 4h). Insulin aggregated both in absence and presence of Fe**
and Cu*" was analyzed by FTIR and illustrated in fig.4.9. Insulin monomer gave the amide-I

transmittance minima around 1650 cm™! (black curve in panel A and B, selected portion of IR



spectra [1800-1500 ¢cm™'] were shown in brown in both panels C and D of the same fig) due
to the alpha-helical structure predominance. Where, the weaker amide-II bad position at 1547
cm™! was also confirmed the said predominance. After heat incubation, insulin showed an
inverted maxima in the amide-I region at ~1630 cm™ (red curve, panel Cand D) indicating
transformation of alpha-helix to cross-beta sheet which was due to insulin amyloid
generation. A small shoulder around 1618 ¢cm™ was also confirmed the prescence of stable
beta-sheet in the fibrils. The small band at~1712 cm™ indicated the presence of deuterated

carboxyl groups [94].
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Fig. 4.9. Fourier transform infrared (FTIR) spectra of insulin under aggregation in
presence and absence of Fe’* ion [Panel A, C] and Cu’" ions [Panel B, D] incubated at
different milimolar ratio with insulin (Ins). Protein concentrations was maintained at
0.1722 mM throughout the assay. Selected region [1800-1500 cm™] was shown in panel C
and D. Spectra of heat treated human insulin was shown in red curve while monomeric
insulin was in brown curve. Aggregation of insulin in the presence of Fe’*ion, i.e., ins:
Fé** at milimolar ratio of 1:3,1:5, 1:15, 1:30 was depicted in panel C while Cu** treated
insulin,i.e., ins: Cu**( at milimolar ratio of 1:0.5, 1:3, 1:5, 1:15) was given in panel D.

Each spectrum was obtained by average of 16 consecutive scans.



The pattern of spectra for the insulin aggregates formed in the presence of increasing
concentrations of Fe*" ions were found to have reduced transmittance and shifting of minima
towards that of monomeric form (Panel C). The lowering of transmittance percentage in both
the panels under metal influence was an indication of conjugation of insulin with metal ions
[95]. Upon conjugation, Fe** ions prevented the thermal exposure of the hydrophobic
clusters of insulin and thus inhibited the aggregation. Cu** ions affected the curve minima
slightly shifted toward insulin monomer. Inhibition of fatal structural transions (a-helix to B-
sheet preminating structure) during thermal co-incubation of insulin with Cu®** were also

prominent at lower molar concentration of it.
Performing light scattering assays to monitor aggregation

Rayleigh scattering assay (RLS) and Dynamic Light Scattering assay (DLS) were performed

to confirm about the particle size in solution under aggregating conditions with metal ions.
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Fig. 4.10.A Bar diagram representing Rayleigh Light Scattering emission intensity of
monomeric insulin (Ins), heat treated insulin (Ins_ ht), heat-treated insulin co-incubated at

different milimolar ratio, insulin: metal ion (I:M ratio)from 1:0.5 to 1:30 were shown both



in absence and presence of Fe** (in orange) and Cu** (in brown) separately. Excitation
and emissions both wavelength was 307 nm. The data represented were blank corrected
and averaged of three independent measurements. The error bars were within the range of
+2.0. Panel B. Schematic representation of Hydrodynamic radius (adapted from Maguire
CM. et. al., 2018, Sci. Technol. Adv. Mater., 19(1), 732-7435,
https://doi.org/10.1080/14686996.2018.1517587. Panel C and D represented the DLS assay

results of heat treated insulin in presence of Fe** and Cu*‘respectively. Particle size with
respect to their distribution intensities were shown here. Increase in particle size of
different range in aggregated form of insulin was compared with insulin in monomeric
form and metal —incubated heat treated forms depicted by different colors. Insulin

concentration was 20 uM in each sample.

Liquids with low concentrations of suspended particles may follow Rayleigh scattering event
[96]. Here, both the excitation and emission wavelengths were 307nm, as it is known that
neither loss nor any gain of energy is involved in this process. [97]. Significant rise of RLS
scattering intensity was observed in heat treated insulin (2™ bar, Fig.4.10.A) compared to
insulin monomer (1% bar, Fig.4.10.A) and is an indication of the presence of the aggregated
structure. The degree of light scatterings by heat incubated insulin in presence of Fe’" and
Cu?* ions were observed in orange and brown bars respectively in Fig.4.10.A. Both the
metals lowered the scattering intensity of insulin under aggregating conditions and thus
proved in maintenance of particle size like monomeric insulin by them during aggregating
condition. At higher interacting conc., though Cu** showed slight increase in size of particles.
Overall, the decrease in scattering intensity in presence of the two metal ions separately
evidenced the presence of smaller aggregates of insulin instead of higher aggregates.
Therefore, these two metal ions were considered to be possessing hindrance in thermal

aggregation of insulin and this is in accordance with the findings of previous studies.

Another important approach to study the objectives is DLS also known as photon correlation
spectroscopy (PCS). It employes a powerful light-scattering technique and reveals the particle
size distributions of suspensions and solutions of colloids, biological solutions,
macromolecules and polymers. The Brownian motion in solution caused by irradiating
monochromatic light from a laser source, gives a Doppler shift. The hitting of light on a
moving particle is sensed by alteration in wavelength (typically red light at 633 nm or near-
infrared at 830 nm for bimolecular applications) of the incoming light. This change is

corresponded to the size of the particles with their intensities in solution [98]. The
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hydrodynamic diameter is greater than the particle diameter because of the presence of ligand
and solvated water molecules as shown in Fig.4.10.B. Fig.4.10.C and D showed patterns of
distribution of particle size of human insulin as well as insulin aggregates in the absence and
presence of metal ions. Insulin aggregates expectedly showed significant increase in particle
size than monomeric insulin (red, in fig.4.10.C and blue, in fig.4.10.D). The hydrodynamic
radii of monomeric insulin were determined to be in the range of 95 to 110 nm but
enhancement in its size up to 2.8 pm due to thermal incubation at 60°C for 4h indicating the
generation of amyloid fibrils. The realization of particle size in the lower range i.e., 95-127
nm in Fe** co-incubated insulin (Fig.4.10.C) proved the protection imposed by Fe** on insulin
against thermal aggregation. Cupric ion also maintained the average size in between the
ranges 127-198 nm (Fig.4.10.D) and also proved to be less effective in protecting the
monomer form of insulin than Fe*". The best inhibition imposed by the two cations were in

the interaction ratio as follows - Ins: Fe** (1: 5) and Ins: Cu" (1: 0.5).

Morphological revealation of different insulin aggregates

FE-SEM (Field Emission Scanning Electron Microscopy) and Transmission electron
microscopy (TEM) are significant tools to confirm the previous studies and understanding of
morphology of insulin fibrils generated under different experimental conditions. FE-SEM
was used here to reveal the surface morphology of different aggregated species of human
insulin. Fig.4.11.a and b discovered the surface morphologies of monomeric insulin while ¢
and d showed the insulin aggregates. The aggregates were spherical having approximate
diameter of around 489.6 nm (shown under 5uM resolution in Fig. 4.11.d). In presence of
Fe’" ions (Fig.4.11.e and f) small spherules or very tiny worm-like aggregates were found.
Under 5uM resolution (Fig.4.11.f) the reduced size of the aggregates were determined to be
approximately 125-280 nm. Fe*'thus proved to be effective in reducing larger aggregate
formation of insulin. Cu?* under co-incubating conditions though formed small ragged fibrils
(Fig.4.11.g) under Sum resolution. The fibrillar morphology was greatly transformed to
‘needle like shape’ from spherical clumps due to effect of Cu?* ions as shown under lum

resolution (Fig.4.11.h).

For getting ultra structural views of insulin aggregates under different experimental
conditions, TEM imaging was performed on samples. Insulin formed dense, thick, fibrillar
network in absence of any metal ions under aggregation conditions. The said fibrils are

identical with the amyloid structure of insulin [99] and shown in Fig. 4.12 A and B.



Fig. 4.11. FE-SEM images of varied species of insulin aggregates: images ‘a’ and ‘b’ were
of surface morphology of monomeric insulin in absence of any metal ions. ‘c’ and ‘d’
represented the heat treated (60° C, 4h) form of insulin. Figure ‘e’ and ‘f’ showed insulin
aggregation in presence of Fe** ions while ‘g’ and ‘h’ exhibited the said aggregation in
presence of Cu’* ions. Vertically, all the four panels aligned left gave images of lower
resolution while that of right the morphologies of heat aggregated insulin in the presence
of, All images of left panel were produced under lower magnification where corresponding

images of right panel were of higher magnifications.
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b 200 nm

Fig. 4.12. The Transmission electron microscopic images of thermally incubated (at 60 °C
for 4h) insulin aggregates in absence and presence of Fe** and Cu’* ions: insulin
aggregates (without metal ion) were shown in Panel A and B under 500 nm and 200 nm
resolution respectively. Aggregated species in presence of Fe’* were depicted in C and
under 1 um and 200 nm resolution respectively. Lastly, panel E and F represented the
images of insulin aggregates formed in presence of Cu’" under 500nm and 200nm

resolution respectively.
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Fe** insulin samples (Fig 4.12. C and D) revealed the inhibition posed by the metal on
amyloid fibrillation as revealed by the appearance of very few fibrils. The fibrillar mesh like
structure was almost getting vanished under the influence of iron. The fewer fibrils that were
still formed showed thin and slender appearances. On the other hand, Fig. 4.12.E and F
represented Cu®* ion treated insulin aggregates. Here though the occurrence of generated
fibrils was higher than that of Fe*" treated one. The nature of the fibrils was less networked,
shorter and thinner and ragged compared to insulin amyloids. Thus it can be said that, the
metal ions Fe**and Cu®" reduced the propensity of amyloid fibrillation where the former is

more effective than the latter. Previous studies also supported the statement.

Molecular docking pose of metal ions on insulin

Fig. 4.13.Molecular Docking pose of hydrated (a) Cu’* and (b) Fe** treated human insulin
monomer

Binding of small molecules to proteins can be presumed by Molecular docking through
software proceedings. Not only the most probable binding position but also the pose as well
as the forces involved in the binding process can be determined. Here the metal ions used
were intended to be hydrated in solution. For that reason, molecular docking was perfomed
by presuming the hydrated of Cu** and Fe** with monomeric human insulin. The docking
results shown in Fig. 4.13 gave individual poses posed by Cu’** (a) and Fe** (b). the free
energy changes due to insulin binding was calculated as -6.31 kcal/mol for Cu®" and and
-7.02 kcal/mol for Fe**. These data clearly confirmed the more favorable and stable binding
by Fe*" than the other metal ion. Fe** upon binding may cause the increased positive charge

density on the protein surface which leads to inhibition of aggregation by preventing self



assembly of insulin. Additionally, it was found that both the docking of hydrated Cu** and
Fe*" took place at similar position of the protein and they are Y14, E17, and N18 amino acid
residues. The stabilizing force in this case was Hydrogen bonding between the water
molecules attached to the metal ion and the amino acid residues of the protein. Besides this,
polar interactions with Y14 may be the prime reason for the strong binding of Fe*" ion to the

protein.
4.6. DISCUSSIONS AND MAJOR CONCLUSIONS

Change of pH greatly alters the temperature driven human insulin fibrillation. Human insulin
tends to remain monomeric at acidic pH but near the neutral pH, the hexameric form is
prevalent. Temperature induction may aggregate insulin in storage conditions at low pH or
through monomeric intermediate formation. In an approach to inhibit temperature induced
aggregation, metal ions viz., Fe*'and Cu®" were employed and proved effective at low

interacting concentrations. The supporting experiments were as follows:

Fluorescent probe, Th T along with the kinetics study of insulin amyloid fibrillation hinted
that effectivity of Fe*" was lies in the delay of nucleation or lag phase. Shortening of log
phase by it also prevent fibril maturation and elongation event. Initiation of fibrillation
cannot be affected by Cu?* while it was effective only in preventing oligomerization during
heating. Thus amount of mature fibril generated in the course of aggregation kinetics was
lowered by it (Fig. 4.7.A). The order of the inhibitory potential on insulin aggregation was
Ins: Fe** (1:30) > Ins: Fe*" (1:15) > Ins: Cu?" (1:3) > Ins: Cu?* (1:0.5).

Fe*" and Cu?’, the two abundant transition metal ions were proved effective in inhibition on
insulin fibrillation, though Cu®* inhibits the amyloid fibrillation in less molar concentration
than Fe**. ANS spectral analysis showed the structural unfolding and subsequent misfolding
of insulin during thermal incubation promoted it to expose the abundant buried hydrophobic
amino acid residues. Fe** and Cu?" both effectively inhibited this kind of exposure and thus
maintained the hydrophobicity of the native fold (Fig.4.8.A and B). Far-UV circular
dichroism (Far-UV CD) spectral data analysis gave another clue to the mechanism of
inhibition by these two metal ions. Fe** maintained the percentages of alpha helices near that
of monomeric form while Cu?" inhibited the increased generation of cross beta sheet

formation during aggregation (Table 4.1).
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Fig.4.14. The proposed mechanism of inhibition of partial unfolding and aggregation
formation of human insulin by Fe’" and Cu?" metal ions while co-incubated separately

with insulin.

Dynamic light scattering study deciphered the diameter of monomeric insulin in the range 95-
110 nm which greatly increased with varying intensity in thermally aggregated form. The
aggregated diameter was shown to in a variable range of around 350-550 nm, 1.3-1.5 um, and
2.4-2.7 um (Fig.4.10.C and D). Fe*" ions possessed a great reduction of the said diameters of
insulin assembly which was ranging from 95-127 nm (majorly), 265-356nm (very few). Thus
it can be said that Fe** ions help to retain the native like structure of insulin. Cu** also
retained the native conformation of the insulin by maintaining the size of diameter in between
127-198nm (major), 300-550nm (very few). Morphological studies with FESEM technique
were in accordance with the results obtained from the said experiments and added the
information of the small spherule and worm-like structure formation in presence of Fe** and
‘needle shaped’ morphology of protein aggregates upon Cu?* binding (Fig.4.11). However,
although both Fe*" and Cu®* effectively reduced the diameter of aggregates separately by

inhibiting or slowing down the process of fibrillation, Fe*" reduced the affinity to form



cluster/aggregate of insulin as fewer aggregates were formed with lesser diameter.
Transmission electron microscopic images also agreed with the FESEM data and shown the
lesser fibril formation in case of iron and copper treated samples (Fig.4.12). Molecular
docking result (Fig.4.13) also confirmed the favorable binding of Fe’" with greater binding
affinity than Cu?*. AG® value for binding of Fe** with protein was found to be -7.02 kcal/mol

where for that for Cu®" was -6.31 kcal/mol.

The pHs for all of the experiments were acidic pH (pH 1.6). In that pH, the side chains of
insulin are protonated and an overall positive charge is imparted to the said protein. However,
the interaction of insulin with the positively charged metal ions may occur. The supporting
information for the interactions is as follows: both of they are transition metal ions. The
electronic configuration for Fe** is 3s?3p®3d° and that of Cu?" is [Ar] 3d° Both of them have
d-electrons. The experiments were performed in aqueous media having water as solvent and
both the metal ions favorably form either octa or hexa-conjugated complex with water in
dissolved conditions (respective hydroxides are also formed with water). For that reason, they
can easily interact with protein side chains while dissolved in solutions by means of water
mediated hydrogen bonding. The similar occurrence was observed for iron in vivo cases
where iron has made conjugation with protein like hemoglobin in order to perform oxygen
transport and electron transferring reactions. Secondly, the two said metal ions are very good
heat and electrical conductors and possibly because of their heat conducting nature they
somehow neutralized the thermal incubation effect on protein structure. There are many
evidences of co-ordination of insulin with Zn?>*[100],Mg?* [101], Ca*[101]. Zn?'stabilize the
native structures of proteins with high binding affinity, better bioavailability, increased Lewis
acidity, higher substitution rates for ligands, flexible geometry of coordination, and redox
inactivity [100]. Similarly Fe’" in a stable way makes co-ordination with proteins and the
hydrophobic surface of porphyrins. It was evident that most transition metal ions (Fe, Co, Ni,
Cu, Zn, and Hg) are generally present in the interface or in a non interfacial location and also
the metal ions can contingently bind to protein surfaces [101]. A protein’s native functional
conformation may well stabilized by metal coordination [102]. Generally,
aspartate/asparagine, glutamate, histidine and cysteine residues of proteins coordinate with
transition metal ions and strengthen the metal—protein interactions which further couples with
the protein—protein interactions. Cu®" is in an oxidized state and so a very good electron
acceptor. Cu?" at low pH may not fully bind with insulin monomeric form. Cu?**compared to

Cu" possess greater hydration energy and thus the binding of Cu?* in water with protein is



favored. At highly acidic pH, Cu*'ions in aqueous solution do not bind to proteins in an
appreciative manner but it favors the self association of insulin at a faster rate than Fe**. The
accelerated nucleation rate/self aggregation of insulin as well as quick nucleation (within 90
min) was the proof for it as compared to Fe’" (lag phase is of around 150 min). Though, the
aggregation propensity of insulin had greatly decreased in the presence of Cu** ions. Thus it
can be stated that, Cu®" favorably binds the self-aggregated structure of insulin with
accessible surface interactions through Tyr, Glu and Asn side chains of insulin and thus
preventing the extension of amyloid fibril of insulin and also inhibiting the formation of the
higher sized aggregates. These two metal ions are essential micronutrients for human being at

very low concentrations.
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CHAPTER 2

Employing water soluble B-complex
vitamins to inhibit the process of insulin
fibrillation
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5.1 Prologue of the study

Interaction study of different biological proteins with selected ligands is very helpful to figure
out various accelerating and inhibitory effects of the ligands on the protein function as well as
maintenance of native structure of it. It is quite common that sometimes the protein structure
get disassembled spontaneously or by some internal/external forces and render the protein
mal/non-functional. In that case, also such interacting molecules can act as shielding agent
from the adverse event of misfolding/fibrillation of it. Huminsulin (recombinant DNA origin)
is a therapeutic protein widely used against the disease Diabetes mellitus [1] and there are
many case reports of insulin aggregation at different body sites [2] after its administration.
Aggregation may occur during in vitro production and purification of insulin in commercial
scale or during delivery of it [3]. The elaborative study on such aggregation event reveals the
highly fibrillated beta-sheet rich irreversible non-functional form of Insulin known as
Amyloid [4]. The Amyloid/fibrillated structures were found in other significant proteins also
and are the reason behind a number of dreadful disorders like Creutzfeldt-Jakob disease,
Alzheimer's disease, Parkinson's disease, and lifestyle-related Type II diabetes [5]. Number
of case reports regarding fatal insulin deposition is alarmingly high [6]. Amyloid formation at
injection site may extend upto strong pathogenic attack to erythrocytes and nearby tissues
followed by fibril toxicity and deposition causing lump formation [7]. Amyloid fibril
elongation occurs in a positive co-operative manner and thus freshly incorporated insulin
even cannot be absorbed into blood of affected patient [8]. Mature amyloid fibrils can serve
as the source of harmful oligomers [9]. Therapeutic strategy development should precede the

understanding of protein-effectors interactions in vitro [10].

Vitamins and minerals are essentially required by the body to carry out a range of normal
functions. However, these micronutrients are not produced in our bodies and must be derived
from the food we eat. Vitamins are organic substances that are generally classified as either
fat-soluble or water-soluble. Fat-soluble vitamins (vitamin A, vitamin D, vitamin E, and
vitamin K) dissolve in fat and tend to accumulate in the body if ingested in large amounts.
Water-soluble vitamins (vitamin C and the B-complex vitamins, such as vitamin B6, vitamin
B12, and folate) are absorbed in solubilized form. The majority of B complex vitamins help
enzymes to function by serving as cofactor/precursors of co-factors [11]. More than 140
enzymes among which most are involved in amino acid metabolism are PLP-dependent

(vitamin B6-derived pyridoxal 5'-phosphate) [12]. There are many evidences in literature of
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interaction of vitamins with proteins like prediction of vitamin B interacting residues
(VBIRs) showed that Gly, His, Asn, Ser, Thr, Trp and Tyr were more abundant in VBIRs
[13]. Water soluble B-complex vitamins can be a great choice for interacting with protein and

tracing their effects on protein fibrillation.
5.2. Interaction of vitamins with protein molecules

To employ vitamins as amyloid inhibitors, it is of primary concern to understand the
interactions and interacting residues of vitamins with various proteins. The versatile roles of
Vitamins in vivo and also the necessary involvements in the various enzymatic reactions as
cofactors are well known. A web-based application, Two Sample Logo (TSL) and a SVM
(Support Vector Machines) based prediction method, VitaPred can calculate and visualize the
differences between two sets of aligned samples of amino acids and predict the vitamin-
interacting residues in protein sequences respectively [14- 17]. These techniques revealed
slight different preferences of vitamins than ATP, GTP, NAD, FAD and mannose binding to
proteins. The ATP, GTP, NAD, FAD and mannose interacted via {G,RK,S,H},
{G,K,T,S,D,N}, {T,G,Y}, {G,Y,W} and {Y,D,W,N,E} residues of protein respectively
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Fig.5.1. Prediction of VIRs by the TSL representation of sliding patterns (17-residues
length). The central residue (9" position) is showing VIRs (positive) and non-VIRs
(negative). *Fig. adapted from 13. Panwar B. et.al., 2013, BMC Bioinformatics, 14:44,
10.1186/1471-2105-14-44
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But the binding preferences for vitamins are different in some aspects (Fig. 5.1). The
predictions categorized vitamin interactions to protein in four different levels; they are (i)
vitamin interacting residues (VIRs), (ii) vitamin-A interacting residues (VAIRs), (iii)
vitamin-B interacting residues (VBIRs) and (iv) pyridoxal-5-phosphate (vitamin B6)
interacting residues (PLPIRs). Actually VIRs consists of the three rest categories, VAIRs,
VBIRs and PLPIRs howbeit prediction tools are available for all the four categories.
Literature reports showed that, Vitamin A make interactions with proteins preferably via
{Phe, Ile, Trp, Tyr, Leu, Val} residues, while Vitamin B (Fig.5.3) and PLP (Fig.5.4)
preferred {Ser, Tyr, Gly, Thr, His, Trp, Asn, Glu} and {Ser, Thr, Gly, His, Tyr, Asn}
residues respectively. The non-preferred residues were also predicted as {Glu, Pro, Asp, Asn,
Ser, Arg, Gln}, {Leu, Glu, Ala, Pro, Val, Ile, Lys} and {Leu, Glu, Ala, Pro, Val, Ile, Ala} for
Vitamin A, B and PLP respectively [13]. It can thus be said that, the mode and occurrence of

interaction of vitamins with protein may differ even within the sub-classes of vitamins.
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Fig.5.2. Comparative percentages of amino acids residues serving as non-VIRs, VIRs,
VAIRs, VBIRs and PLPIRs. *Fig. adapted from Panwar B. etal., 2013, BMC
Bioinformatics, 14:44, 10.1186/1471-2105-14-44
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The water soluble B-complex groups of vitamins were chosen in the current study. Their

interaction patterns are as follows:
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Fig.5.3. The representation of sliding patterns of TSL (17-residues length) for prediction of
VBIRs. The central residue at position 9 is showing VBIRs (positive) and non-VBIRs

(negative). *Fig. adapted from 13. Panwar B. et.al., 2013, BMC Bioinformatics, 14:44,
10.1186/1471-2105-14-44
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Fig.5.4. Predictions of PLPIRs via the TSL representation of sliding patterns (17-residues
length).The centrally positioned 9" residue represents PLPIRs (positive) and non-PLPIRs

(negative). *Fig. adapted from 13. Panwar B. et.al., 2013, BMC Bioinformatics, 14:44,
10.1186/1471-2105-14-44
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5.3. Effects of vitamins in amyloid formation/related disorders: Literature findings

There are many evidences of anti-amyloidogenic activities of fat-soluble vitamins. Literature
reports showed that vitamin K3 inhibit the fibrillation of hen egg white lysozyme (HEWL)
and AB-42 (amyloid beta 1- 42) peptide [18]. Deposition of amyloid beta followed by
inflammation is a common cause behind age-related macular degeneration (AMD) and
blindness, that can be overcame by the amyloid clearing effect of Vit.D [19]. Vit.D when
combined with memantine, an effective drug, synergistically prevents the AB-peptide and
glutamate toxicity in cortical neuronal cultures [20]. Vitamin A also showed in vitro anti
amyloidogenic activity against amyloid B-peptide [21]. Another study revealed that, retinoic
acid (Vit. A) and a-tocopherol (Vit.E) individually disrupt the process of AP aggregation both
in vitro and in vivo model of a C. elegans (a nematode) [22]. Some study on water-soluble
vitamins also proved beneficial. The inhibitory effect conferred by vitamin B12 against
fibrillation of AB-42 and amyloid induced cytotoxicity had been shown in human neuronal
cell line [23]. Ascorbic acid (Vit.C) had found to inhibit the AB42 aggregation [24]. Vitamin
B6 derivatives viz., pyridoxamine (PM), pyridoxine (PN), pyridoxal (PL), and pyridoxal-5'-
phosphate (PLP) were shown to inhibit the metal complexes of B-amyloid (AP) peptides

responsible for fatal cases of Alzheimer's disease [25].

Because of such inherent capability, in this work some of the B complex group vitamins (Vit.
B1, B6 and B12) had chosen to interact with insulin ex vivo followed by investigation on
their any amyloid inhibitory activities separately. The important point for choosing these
vitamins was, being soluble in water they are not stored in the body and generally shows no
toxicity in case of excess intake. Any water-soluble vitamins unused by the body are
primarily lost through urine. All the three vitamins are inevitable in maintenance of our

nervous system [26].

Vit.BI i.e., thiamine or anti-beriberi factor is very significant in monosaccharide/glucose
catabolism [27]. The Thiamine level of body is significant in activation of thiamine-
dependent enzymes. It was reported that, in patients having amyloid generated disorders like
Alzheimer's disease, the thiamine level is greatly reduced in the brains and peripheral tissues.
The cognitive functions had found to improve by oral thiamine trials [28]. Another study [29]
had also found that, Thiamine deficiency (TD) was found to involve with development of
fatal cases of protein amyloid generations. TD was found to play important role in processing

of amyloid precursor protein (APP) in cellular and animal models. Study was done on
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population of SH-SYS5Y neuroblastoma cells that over-expresses APP. In that case maturation
of B-site APP cleaving enzyme 1 (BACE1) was promoted by TD. TD there also advanced the
B-secretase activity and in turn results in elevated production of B-amyloid (AB). AP
accumulation exacerbated oxidative stress in cells. Here also thiamine supplementation is
very important in reversing the adverse phenomenon of TD-induced alterations. So, it can be
undisputedly stated that, vitamin B1 is required in glucose metabolism, neuro-transmission,
and inhibition of amyloid formation. Therefore in the present study, thiamine was chosen

along with other two B-complexes.

Besides being a part of protein metabolism, Vit.B6 also helps in the formation of RBCs, fatty
acids, neurotransmitters [30] etc. Reports found that, B vitamins (Folate, B6, B12) deprived
diet if applied on TgCRNDS8 mouse model of AD that over express APP, hyper
homocysteinemia, AP accumulation, and impaired spatial memory were caused [31].
Pyridoxal 5’-phosphate (PLP) served as a cofactor for a number of metabolic enzymes.
Vitamin B6 shows anti-inflammatory effects and therapeutic potential for different
inflammatory diseases. High-dose vitamin B6 supplementation (100 mg/day) is required to
suppress the levels of plasma IL-6 and TNF-a in patient with rheumatoid arthritis [32].
Vitamin B6 was shown to discourage the occurrence of colon cancer in both human and
animal model [33]. Though there is no direct evidence of amyloid inhibition, still recently it
was observed that, the shrinkage of the whole brain as well as atrophy in specific regions of
brain were diminished in Alzheimer's patients with vitamin-B supplementation (folic acid,
vitamin B6, and vitamin B12) [34]. The risk of developing Parkinson's disease was assessed

to high in case of low vitamin B6 intake [35].

Vit.B12 required during hematopoiesis, cell division, myelin formation and re-myelination of
neurons and managing the oxidative stress on cells [26]. The fibrillization of tau protein and
the formation of the neurofibrillary tangle were prevented by Vitamin B12 (Figure 5.4). This
is why the severity and progress of AD was greatly hampered by VitB12 [36]. Besides this,
proteotoxic stress generated due to protein aggregation disorders like AD, can be neutralized
by Vitamin Bi2 supplementation [37]. The anti-oxidative property of vitamin B12 render
itself effective against oxidation of lipids, proteins and nucleic acids within body cells and
thus an important contributing factor inhibiting the development of age-related diseases
where oxidative stress is the causing factor like AD, Parkinson disease and type 2

diabetes [38-39].
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Figure 5.5. Schematic representation of the vitamins as potential therapeutics against
Alzheimer’s disease. A plaque formation is prevented by vitamins. Tau protein
oligomerization and aggregation followed by formation of neurofibrillary tangles were also
supposed to be prevented by Vitamins. *Fig. adapted from Rai SN. etal.,
2021. Biomedicines. 9(10):1284. https://doi.org/10.3390/biomedicines 9101284
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5.4. MATERIALS AND METHODOLOGIES

5.4.1. Different fluorescent probes namely, ANS, Thioflavin T (ThT) were used as received
without further purification. The experiments were performed in HPLC water. All other

reagents used were of analytical grade.

Table 5.1. Chemicals and equipments required

ITEMS OBTAINED FROM

Human insulin (Huminsulin R)100 [U/ml (r-DNA origin) Eli Lilly and Company
India Pvt. Ltd.

HPLC grade 100% Pure Distilled Water, Acrylamide, N,N'- Sigma-Aldrich
Methylenebisacrylamide,

N,N,N,N tetramethylethylenediamine (TEMED), ammonium Sigma-Aldrich
per sulphate(APS), bromophenol blue, Coomassie briliant blue

Methanol & Fluorescent probes, viz., 8-Anilinonaphthalene-1-  Sigma Chemical Co. (St.
sulfonic acid (ANS), Congo red (CR), Thioflavin T (Th T) Louis, USA)

Glycine, KOH, Acetone Merck (Mumbai, India)

Thiamine hydrochloride(Vitamin B1), Pyridoxine-HCI Sigma-Aldrich

(Vitamin Be), Cyanocobalamine(Vitamin Bi2)

Quartz cuvettes and Hellma absorption cuvettes Sigma-Aldrich
Glass plates for AFM Merck (Mumbai, India)
Magnetic beads, Membrane dialysis tubing Sigma-Aldrich

5.4.2. Methodologies employed

In order to investigate the effects of vitamin on insulin aggregation, the stock solution of
vitamins were made as described in section 3.4. The insulin aggregates were formed in

absence and in presence of vitamins and experimented as described in the sections 3.7-3.17.
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5.5. RESULTS OF RESEARCH FINDINGS
Intrinsic fluorescence as a Measure of structural deformation of Insulin

Among the three aromatic amino acid residues responsible for intrinsic fluorescence of
protein, tryptophan is absent [40] in case of insulin. Therefore, the contribution of Tyr
chromophore is major in this study. Here the change of Tyr fluorescence was observed at
fixed wavelengths (excitation 276 nm, emission 305 nm) under non-aggregating and
aggregating conditions [at 60° C, 4h] in absence and presence of the three B-complex

vitamins.

50 1(;0 1&0 200
RFI at 304nm

Fig.5.6. Relative Fluorescence emission Intensity (RFI) of tyrosyl residues of monomeric
(Ins), heat treated ins (Ins HT) and insulin in the presence of Vit.Bl, B6 and BI2
separately followed by heat application at different mill molar ratios(1:0.5, 1:3, 1:5).The
excited and emitted wavelengths were 274 nm and 304 nm respectively. The protein
concentration had been kept 5.5 uM in solution and cuvette path length was 1 cm. Each
reading was blank corrected and was an average of three different scans. Standard

deviations were within the range of +4.13.
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At ambient temperature, upon excitation at 274 nm, Insulin gave emission maxima at 304
nm, which is majorly due to the Tyrosyl residues (Tyr-A14, Tyr-A19, Tyr-B16, and Tyr-B26)
present in both A and B chains of it. The relative fluorescence intensity (RFI) decreased for
insulin under aggregating conditions. This fluorescence-quenching event of Tyr may be due
to the burying event of Tyr into more hydrophobic region during aggregation and thus
become less accessible to act as a fluorophore [41]. Diminished RFI also indicated structural
deformation without the involvement of any chemical changes during the process of
aggregation [42]. In the vitamin B1 treated samples (showed in pink, Fig.5.5), the reverse
phenomenon was observed i.e., intrinsic fluorescence remain unchanged or slightly raised
and such observation may account for the fact of unchanged accessibility of Tyrosyl residues
in aggregation favored conditions in presence of Vit. B1. This hints to the inhibitory effect
exerted by Vit. B1 on insulin aggregation as well as helped to retain the initial folds of insulin
before fibrillation. In similar experiments with Vitamin B6 (yellow bars, Fig.5.5) and
Vitamin B 12 (green bars, Fig.5.5), gradual decrease in RFI was observed with higher conc.
of vitamins. Thus, it can be said that both of them helped the burying event of Tyr more and

so favored insulin aggregation under heating.

Thoflavin T Fluorescence emission spectra marked the comparative effects of three

water soluble Vit. B complexes on human insulin aggregation

ThT indicates the presence of amyloid fibrils in solution by giving a strong peak at 482 nm
[43] as shown in red curves, while this peak is missing in the emission curves of only insulin
samples showed in black curves in each of the above three panels. Such strong emission
accounts for the fact that the rotation of the C—C bond of Th T connecting between the
benzothiazole and aniline rings get blocked (Fig. 4.6.A) upon binding of the amyloid fibrils
[44].

Here ThT assay was performed to detect in-vitro formation of amyloid fibrils of human
insulin in presence of three water soluble vitamin B complexes. It was already reported that
ThT itself did not interfere with the event of insulin fibrillation at 60°C [45]. Results showed
that, Vit.B1 effectively nullified (panel A, Fig.5.6) the amyloid generation under aggregation
favoring condition as the peak intensity at 482 nm gradually decreased with increasing
concentration of it and reached to a monomer like state at 1:5 milimolar ratio of Ins: Vit. B1.
But the rate of amyloid generation was inconsistent with the concentration of Vit.B6

(Fig.5.6, panel B). On the other hand, Vit. B12 strongly aggravated the amyloid formation
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phenomenon with increasing milimolar ratio (Fig. 5.6.C) revealed by the sharp rise in
emission intensity than heat treated insulin itself at 482nm. ThT binding requires minimum
involvement of four successive B-strands [46, 47] in amyloid structure and thus it can be said
that among the three vitamins under observation,Vit. Bl prevented the mess like network

formation of consecutive B-strands in amyloid fibrils.
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Fig.5.7. Thioflavin T (Th T) fluorescence emission spectral curves as monitored in three
sets of experiment. Each set up is blank corrected by subtracting the emission values of
only Th T (negative control) while the positive control set up i.e., ThT emission spectra of
monomeric insulin only was shown in black curve in each of the above three panels. The
excitation wavelength is 440 nm where the emission spectras were recorded in the range
460-600 nm. ThT effectively indicated the presence of amyloid fibrils after heat treatment
of insulin at 60°C for Shrs as shown in red curves. The above three panels showed the
individual effects of co-incubation of insulin with Vit. BI (panel A), Vit. B6 (panel B) and
Vit. B12 (panel C) during heat treatment. Protein concentrations were kept 5.5uM and the

data presented here were average of three consecutive scans.

Circular Dichroism (CD) spectra and Deconvolution studies helped to quantify the

protein secondary structural measurements under experimental conditions

Far UV-CD spectral curve minimas are characteristic to realize the secondary structure of
protein. The black curve in each of the panels in Fig.3 represents the CD spectra of
monomeric human insulin where two inverted peak were found, viz., at 207 nm and 222 nm.

This corresponds to the alpha helical dominating structure of the protein insulin [48].
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Fig. 5.8. Circular Dichroism spectra in the Far UV-CD range of monomeric form of
human insulin (in black), heat treated form of the same (in red), in presence of Vit. Bl
(panel A), Vit. B6 (panel B) and Vit. B12 (panel C) at molar ratios Ins: Vit. solution of
1:0.5, 1:3 and 1:5. The protein concentration was 6.5uM and path length was 2 mm in

each measurement.

After heat treatment, the obtained curve (in red, all panels, Fig.5.7) showed a negative band at
218 nm and a positive one at 196 nm. This clearly revealed the presence of beta-sheet rich
conformation [49] generated during amyloid transition. Vit. B1 co-incubated insulin samples
at three different conc (Fig.5.7.A) showed the monomer like pattern that is earlier alpha helix
rich structural conformation having negative peaks at both 207nm and 222 nm were
conserved. In Vit.B6 treated samples (Figh. 5.7. B), though the monoer like conformation
peaks were obtained, still they gradually lost their peak minima i.e., the negative intensity of
mean residual ellipticity. The decrease in the said intensity can be understood as the partial
but not full inhibition of insulin amyloid generation by Vit. B6. In Vit.B12 treated protein (
Fig 5.7.C), the prominet transition toward beta-rich orientation from alpha helical primary
conformation was accountable for the fact that Vit.B12 itself exasperated the aggrgation

process of insulin.

The CD deconvolution study helped to get a quantitative idea about the secondary structure

of insulin undergoing harmful amyloid transition as indicated in the table 5.1.
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Table 5.1: A quantitative measurement of secondary structural transition using CD

Deconvolution method under experimental conditions

Samples % of a- % of B-sheet % of p-turn % of
helix random coil
Antiparallel Parallel
Monomeric 33.8 8.1 1.1 8.8 48.2
Insulin (MI)
Heat treated (HT) 22.4 24.3 7.5 12.4 33.4
Insulin
MI :Vit. Bl 30.7 13.3 3.0 10.3 42.7
(1:0.5) HT
MI :Vit.B1 31.3 4.0 2.9 9.9 519
(1:3) HT
MI :Vit. Bl 32.1 8.2 1.2 9.1 49.4
(1:5) HT
MI :Vit. B6 23.9 19.4 2.5 11.1 43.1
(1:0.5) HT
MI :Vit. B6 28.6 11.1 1.7 10.6 48.0
(1:3) HT
MI :Vit. B6 30.4 13.0 1.6 10.0 45.0
(1:5) HT
MI :Vit. B12 17.0 8.2 3.7 20.0 51.1
(1:0.5) HT
MI :Vit.B12 17.3 17.8 7.0 7.5 50.4
(1:3) HT
MI :Vit. B12 13.3 20.0 5.7 10.2 50.8
(1:5) HT

* Calculated by BeStSel CD spectra analysis v1.3.230210



Here we can found that, the percentage of alpha helix was higher in monomer sample where
the antiparallel beta-sheet was dominated in insulin undergone aggregation process. Vitamin
B1 when incubated with the protein in higher ratio (1:5) prior aggregation then not only the
percentages of alpha helix but also the overall secondary structural composition majorly was
clanged to the initial monomeric form. Vitamin B6 incubated samples could not effectively
maintain the dominating helical form and slight increase in the percentage of parallel beta-
sheet was recorded. Vitamin B12 treated samples completely reversed the scenario. With
Vitamin B12, major loss of helical structure, which indicated greater disorientation of stable
folds, were found. Increase in both the percentages of beta-sheet and beta-turns in insulin

secondary structure in the said case referred to the stimulatory effect of vitamin B12.

The Analytical aspects of Fourier transform infrared spectroscopy (FTIR) on insulin

aggregation under influence of vitamins

The wave numbers of amide I band was to monitor the structural conducts of insulin before
and after aggregation and a deliberate pursuit for knowing the effect of vitamin’s under
observation on it. The spectrum recorded before heating of insulin monomer (Fig.5.8, black
curve), had two minima at 1550 and 1650 cm'. This clearly confirmed the presence of alpha
helical structure [50-52] in higher percentages. After heat treatment, the minima were
transitioned to 1628 cm™! and a small shoulder at 1697 cm™ was appeared. The former peak
was due to the extended beta-sheet structures [53] that was in consistent with the CD results
and formed during heat aggregation. The shoulder in higher wavelength corresponds to beta-
turns and some off-diagonal involvement of beta-sheets [52]. In case of vitamin co-incubated
heating samples, peak minima transfer along with more deepening of curves had found
(Fig.5.8, blue, green and magenta curves). The more the negative intensity of transmission
indicated both the more the energy was absorbed and rise in polarity. Polarity decrease is an
indication of insoluble aggregates in solution [54] thus here the reverse phenomenon of
polarity increase may emphasize the percent decrease of insoluble mature fibrils with the
involvement of vitamins. The FT-IR peak at 1631 cm™ and 1694 cm™' may account for the
presence of some 3i10-Helix [52] which may be found during the misfolding followed by

refolding of the protein to native state. [55]

m 117



100

% Transmittance

— NS
=I|ns_HT
——Ins:Vit.B1(1:5)_HT

7o Ins:Vit.B6(1:5) HT
——Ins:Vit.B12(1:5)_HT
1631
v ' Ld ' Ld ' v ' v ' Ld
1800 1750 1700 1650 1600 1550 1500

Wavenumber (cm-1)

Fig.5.9. FTIR spectra considering percentage of transmittance with correspondimg wave-
numbers of monomeric insulin (black), only heat treated protein (red) and heat treated
insulin in presence of Vit. Bl (blue), Vit.B6 (green) and Vit. B12 (magenta). Data shown in
the curve was selected for amide I region [1800-1500 cm™] only. In each sample, protein

concentrations were kept at 0.172 mm. Every spectrum was an average of 16 scans.
Rayleigh scattering assay as a measure of larger particles in solution

Liquids with low concentrations of suspended particles may follow Rayleigh scattering event
[56]. Here, both the excitation and emission wavelengths were 307nm, as it is known that

neither loss nor any gain of energy is involved in this process [57].
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Fig.5.10. Schematic depiction of the proportionality of paticle size with light scattering.
*Fig. adapted from Vanous RD. et. al., 1982.
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From the bar diagram of Fig.5.10, it was evident that aggregation of insulin is responsible for
the elevation of scattering intensity. Here it can be said due to the rise in particle size
followed by aggregation [58]. The more the size of the particle the more is the scattering as

shown in Fig.5.9.
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Fig.5.11. Results showing increase in intensity of Rayleigh Light Scattering of heat treated
(60°C for 4h) insulin (Ins_ ht) than the monomeric insulin (Ins). The effect of Vit. B1 (red
bars), Vit.B6 (pink bars) and Vit.B12 (yellow bars) under experimental conditions on
insulin aggregation at different ratio (Ins:Vit.) viz.1:0.5 to 1:5 were shown. Both the
excitation and emissions were at 307 nm wavelength. Each data was average of three

independent measurements. Error bars were given within the range of £5.0.

From the Fig.5.10, it was clear that presence of Vit.B1 greatly reduced the scattering event of
insulin and thus inhibited the formation of larger aggregates. The scattering shown by the
samples treated with Vit.B1 with the ratio up to 1:5 was much like the scattering intensity
obtained for monomeric insulin (in red, fig.5.10). Vit. B6 (pink bars, fig.5.10) also reduced
the scattering up to a limit but presence of some higher order structure was accounted due to
the appearance of moderate level scattering. Vit.B12 (yellow bars, fig.5.10) though greatly
diminished the particle scattering with increasing concentration of the vitamin even the
scattering was lower than that of monomeric form. This abnormal decrease may be realized

as the misfolding/ disruption of monomeric configuration of insulin.
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5.5.6. Measures of Hydrodynamic radius by Dynamic Light Scattering Assay of insulin

and aggregates under experimental conditions
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Fig.5.12. Particle size distribution patterns from DLS studies. Monomeric Insulin (red,
each panel), heat treated (brown, each panel), heat treated in presence of Vit. Bl (panel A),
Vit. B6 (panel B), Vit. B12 (panel C) at different interacting ratio. Protein concentration

was maintained 20 uM in each solution.

The physicochemical quantity of Particle size distribution by DLS can easily correlates the
fluctuations in scattered light intensity proportionally to the sixth power of the corresponding
diameter [59]. The hydrodynamic diameter is greater than the particle diameter because of the

presence of ligand and solvated water molecules as shown in Fig.4.10.B.

From fig. 5.11, the particle size for monomeric insulin was condensed in the range of 95 to
110 nm (red, each panel), which was expected [60], but different size of particle distributed in
varying intensities were yielded upon heat aggregation (brown, each panel). The 190-458 nm
particles may be assigned as dimeric/tetrameric structural transition of insulin during the
process and 2.6-5.5um sized particles may be of higher ordered aggregated fibrils of insulin.
Vit. B1 though effectively maintained the particle size near the range of monomeric insulin as
shown in panel A. Vit.BI treated samples after aggregation showed particle size within the
range of 105-255nm (Ins:Vit.B1=1:3). Very few particles were found having larger size.
Vit.B6 maintained the size of aggregated particles within the range of 220-825nm (panel B,
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Fig.6), while co-incubating with insulin and Vit. B12 yielded 531nm-955nm size particles
(panel C, Fig.6), during the said process. Some aggregates in the range of 3.1-5.5 um size
were also formed in Vit.B6 and Vit.B12 treated samples separately. Thus it can be said that,
the phenomenon of inhibition of insulin aggregation was comparable in the order

Vit.BI>Vit.B6> Vit.B12.

Atomic Force Microscopic (AFM) view of Insulin aggregation under the influence of

Vit.B1,Vit. B6 and Vit. B12

Fig.5.13. AFM images representing the aggregate morphologies of Insulin only at 5um
resolution [A] and in the presence of Vit.B1 [B], Vit.B6 [C], Vit. B12[D] at 1 um, 2um and
3 um respectively

The huge mesh of needle like sharp aggregates in Fig.5.12.a was confirmed as amyloid fibrils
[61] of insulin obtained under experimental condition. Vitamin Bl treated samples after

heating however showed very few fibrils even in five times zoomed image than the former, as
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the image resolution was 1um instead of 5 um. thus Vit.B1 san be considered as an effective
inhibitor of human insulin amyloid formation under experimental conditions. Fibrils were
found in both the cases of Vit.B6 and Vit. B12 treated samples but the amount of fibrils was
less in Vi.B6 treated samples compared to Vit.B12. The AFM study results were consistent

with the previous experimental follow-ups.
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5.6. DISCUSSIONS AND MAJOR CONCLUSIONS

The results showed that vitamin B1 was effective in inhibiting the amyloid fibrillation of
insulin whereas vit.B6 partly did and vit.B12 aggravates the said process. In the chemical
structure of vit.B1, there present an aminopyrimidine and a thiazolium ring linked by a
methylene bridge (Fig 5.13.a). The thiazole is substituted with methyl and hydroxyethyl side
chains. Thiamine had found to bind directly with different proteins like malate
dehydrogenase, glutamate dehydrogenase and pyridoxal kinase with its thaizolium ring [62].
Because of the presence of cationic charge and hydroxyl group, there is a chance of
interaction of vit.B1 with polar R groups of insulin side chain by H-bond and electrostatic
interactions. The sulphur group present in vit.B1 may form inter molecular disulphide bond
within two or more vit.B1 and thus can form a shield to prevent more numbers of insulin

molecules to come closer during aggregation as shown in Fig.5.14.
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Fig.5.14. The chemical structures of a) Vit.B1, b) Vit. B6 (pyridoxal form) and c) Vit. B12

As found in experimental results, Vit.B1 had shown best inhibitory activity against
aggregation at an interacting ratio of 1:5 (Insulin: Vit.B1). That means at a conc. five times
more than insulin it will properly shield the protein to prevent aggregation. It had also known

that thiamin is much stable at the acidic pH of experimental conditions [63].
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Fig.5.15. Schematic representation of the shielding effect imparted by thiamine against the
aggregation event of insulin: many thiamine residues encircle single insulin molecule with

the help of different stabilizing forces in order to prevent the aggregation of insulin

The stabilization of Insulin—Vit.B1 interaction may be imparted by formation of H-bond
between insulin and vit.B1, disulfide bond within adjacent vitamin molecules, electrostatic
interactions, van der waal forces etc. In this polar environment, the formation of hydrophobic
association and burying event of non-polar residues of insulin followed by misfolding and
self-aggregation had potentially disfavored. Vit.B6 in pyridoxal form, the aldehyde derivative
of 3-hydroxy-2-methylpyridine (Fig 5.13.b) also was suitable to maintain the polar
environment because of presence of three exposed hydroxyl groups and thereby involve
insulin to interact with it through the polar side chains. However, the absence of any
sulfur/other interacting residues may not sufficient to stabilize the interaction between insulin
and vitamin B6. Thus during the course of heat treatment some insulin can be freed to form
self-aggregates. The metallo enzyme structure of Cobalamin i.e., VitB12 represents a corrin

ring with Cobalt positioned right in the center of the structure by four coordinated bonds of
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nitrogen from four pyrrole groups. These four subunit groups have separated evenly across
each other on the same plane (Fig 5.13.c). The fifth ligand connected to Cobalt is a nitrogen
of the 5, 6-dimethhylbenzimidazole. This benzimidazole is also connected to a five carbon
sugar, which eventually attaches itself to a phosphate group, and then straps back to the rest
of the structure.Vit.B12 though had found to aggravate the said aggregation of insulin. This
was due to the probable poor accommodation of such bulky structure of Vit.B12 within the
folds of insulin. The inner stability of Vit.B12 and decrease in sphere of solvation due to
unavailability of exposed polar residues made Vit.B12 poor ligand for insulin. This also
favors the separate accumulation of insulin in solution. Thus, the hydrophobic burying event

during heat treatment leads to aggregate formation of the said protein.

While drawing conclusions from the comparative study on effects of the three vitamins on
insulin aggregation, it can be conferred that, vitamin B1 was effectively maintained the alpha
helical fold of insulin by protecting it in solution from forming higher aggregates. It was so as
the potency of interaction with insulin was more profound for vitamin B1 than the rest two
vitamins. The morphology of aggregates was also very slender comparatively than other
forms. The quantity of aggregates though was less in vitamin B6 treated samples, yet the
nature of fibrils found were same for both the Vit.B6 and B12 treated samples. In both the
cases, long fibrils with blunt stems were observed which was mostly unlike the insulin
amyloid fibrils. The fibrillar morphology of insulin amyloid was needle like and messy. Thus
from the results it was evident that the inhibitory effect of vitamin B1 on insulin fibrillation

was considerable at an interacting ratio of 1:5 for insulin: vitamin.
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CHAPTER 3

Investigation of the effect of fluorinated
co-~solvents during in-vitro insulin
fibrillation
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6.1 Prologue of the study

Co-solvent can be defined as a solvent that in conjunction with another solvent can better
dissolve a solute. In aqueous solution, the folding/unfolding equilibrium of marginally
stabilized proteins can be moderated by co-solvents. If in presence of co-solvents, the said
equilibrium shifts toward the unfolded state then the co-solvent can be specified as
denaturants [1]. Urea for example, mainly serves as denaturants for maximum protein. On the
other hand, if folded native form is favored in presence of it, then it is termed as protein
stabilizing osmolytes. Some common and effective protein stabilizers are glucose [2], sucrose
[2-3], trehalose [3] etc. Trehalose was shown to impart thermodynamic stability against
chemical denaturation induced by guanidinium chloride (Gdn.HCI) to p-lactoglobulin at pH 6
and 2 [4]. Monohydric and polyhydric alcohols served well in protein stabilization. The
different modes of action of Polyols to confer protein stability are: (i) increasing retention of
structural conformation of protein to inhibit thermal [5] or chemical denaturation [6] (ii)
protecting the structure of protein during freezing [7] and drying [8-9] to prevent loss of
structure/activity. Temperature-induced denaturation of beta-lactoglobulin was shown to
overcome by polyols and sugars [10]. The exposure of buried residues in a protein structure is
mainly inhibited by the stabilizers as revealed by Hydrogen exchange studies. They do so by
preventing partial or total unfolding of protein under stress [11-14]. Reports also said that,
protein volume and compressibility also get decreased by polyols [15-16]. However,
primarily alcohols wre thought to denature protein still there are great evidendeces as their
protective roles on protein stability [17]. In a study, polyhydric glycol and glycerol were

shown to protect the assembly of the a- and f-domains of the model polypeptide BBAS [17].

Fluorinated alcohols (fluoroalcohols) are considered as excellent solvents of peptides,
proteins, and other compounds due to of their favourable physicochemical properties [18].
Trifluoroethanol  (2,2,2-trifluoroethanol;  TFE), hexafluoroisopropanol  (1,1,1,3,3,3-
hexafluoro-2-propanol; HFIP), and perfluoro-tert-butanol (1,1,1,3,3,3-hexafluoro-2-
(trifluoromethyl)-2-propanol; PFTB) are commonly used as solvents, cosolvents, and
additives in synthetic chemistry division [19]. Fluorinated alcohols like HFIP (C3H2F¢O) and
TFE (C2H3F30) are most notable performer.

Fluorinated alcohols were known inducers of alpha helices, though they are also effective in
disruption of native oligomeric forms of protein. These two are relevant criteria in affecting

insulin fibrillation. The current investigation on insulin fibrillation in vitro in presence of
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HFIP and TFE was preceded by the detailed inquiry on the effects of the two said alcohols on
protein as follows in the next passage.

6.2. Effect of Fluorinated alcohols on Protein structure and stability: a review of
Literature

HFIP was shown to induce alpha-helices in beta-lactoglobulin [20]. Fluorinated alcohols tend
to form clusters and thus impact largely on protein or peptide structures in solution [21]. Thus
they can favourably disorient the aggregated structures of Alzheimer’s amyloid-f (Af)
peptides [22]. Reports showed that TFE as well as some small alcohols can dissociate the
tetrameric potassium channel KcsA present in a lipid bilayer [23]. Fluoroalcohols can
interact well with proteins and there is a lot of evidence in literature of these interactions.
There found many membrane proteins whose functions were altered by fluoroalcohols at low-
to-mid mM concentrations. Some of such important membrane proteins are P2X receptors
[24], nicotinic acetylcholine receptors [25], the mechanosensitive channel of small
conductance (MscS) [26], KcsA channels [27], and Kv1.3 potassium channels [28]. HFIP on
the other hand was found to decrease the rate of human islet amyloid polypeptide fibrillation

at lipid bilayer interfaces [29].

A study to measure the effects of 2, 2, 2-trifluoroethanol (TFE) at low concentrations as
helix-stabilizing co-solvents, gained light about the mechanisms of TFE in this regard. The
study employed the dimeric a-helical coiled coil derived from the leucine zipper region of
bZIP transcriptional activator GCN4 to follow its thermodynamics and Kinetics of folding
both in absence and presence of 5% (v/v) TFE. Results indicated that, the expenditure of
energy associated with solvation of the polypeptide backbone had increased to a greater
extent due to of the increase in structure of the binary alcohol/water solvent by TFE. This in
turn destabilizes the unfolded species that indirectly hastens the kinetics of folding of the
coiled coil. This study emphasized that, the leading cause of the transition state for folding of
this small dimeric protein was the polypeptide backbone desolvation by TFE in higher
degrees [30].

Another study proved the effect of 1, 1, 1, 3, 3, 3-hexafluoroisopropanol (HFIP) under acidic
and neutral pH conditions in the formation of fibrils of human islet amyloid polypeptide
associated with type Il diabetes. The formation of amorphous aggregates was greatly

suppressed by addition of HFIP with an optimum effect at 25% (v/v) [31]. Low
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concentrations of HFIP strengthen both hydrophobic interactions and electrostatic
interactions [31].

Although it was believed that individual hydrogen bonds were weakened under the influence
of certain alcohols. But latter studies disclosed that the number of backbone hydrogen bonds
formed in alcohol/water solutions compared to that in pure water had built up under impact of
fluorinated co-solvents like TFE. In a comparative study (Fig.6.1) between normal and
fluorinated alcohols on the patterns of hydrogen bonding pattern revealed that, the ability of
the hydroxyl hydrogen of TFE is more than EtOH, but the TFE oxygen ability is much
lowered than ethanol [32]. The lower capacity of electron donation by the two lone pairs of
the oxygen was due to the higher hydrophobicity of TFE compared to EtOH.

y
l:andl }

trongly
Approachable

TFE EtOH

Fig. 6.1. Comparative effect of the Hydrogen bonding with TFE and Ethanol in solution,
separately. *Fig. adapted from Matsugami M. et. al.,, 2016, J. Mol. Liqg., 217: 3-11,
10.1016/J.MOLL10Q.2015.06.050

It was also revealed while comparing TFE with Methanol, that the stability conferred by the
two was different. Methanol enhances the stability of backbone hydrogen bonds of which the
carbonyl groups came from polar residues. However, TFE tends to stabilize the same
involving non-polar residues [17]. Hydrophobicity is closely related to the amyloidogenicity
of a protein. Insulin amyloid structure is dominated by the cross-p structure with an
unavoidable mess of hydrogen bond network of fibrils [33]. For that reason the co-solvent
effect should be considered in terms of hydrogen bonding propensities with native protein. In

this study, HFIP and TFE were used separately to trace the effects on insulin aggregation.
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6.3. MATERIALS AND METHODOLOGIES

6.3.1. Different fluorescent probes namely, ANS, Thioflavin T (ThT) were used as received
without further purification. The experiments were performed in HPLC water. All other

reagents used were of analytical grade.

Table 6.1. Chemicals and equipments required

ITEMS OBTAINED FROM

Human insulin (Huminsulin R)100 1U/ml (r-DNA origin) Eli Lilly and Company
India Pvt. Ltd.
HPLC grade 100% Pure Distilled Water, Acrylamide, N,N'- Sigma-Aldrich

Methylenebisacrylamide,

Methanol & Fluorescent probes, viz., 8-Anilinonaphthalene-1-  Sigma Chemical Co. (St.
sulfonic acid (ANS), Congo red (CR), Thioflavin T (Th T) Louis, USA)

Glycine, KOH, Acetone Merck (Mumbai, India)

2, 2, 2-Trifluroethanol (TFE) Spectrochem  Pvt. Ltd.
(India).

1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) Sigma-Aldrich

Copper grids (mesh size-300) for TEM Sigma-Aldrich

Quartz cuvettes and Hellma absorption cuvettes Sigma-Aldrich

Magnetic beads, Membrane dialysis tubing Sigma-Aldrich

6.3.2. Methodologies employed

In order to investigate the effects of co-solvents individually on insulin aggregation, the stock
percentages of fluorinated co-solvents were made as described in section 3.5. The aggregates
formed in absence and in presence of co-solvents were experimented through different

spectroscopic, fluorimetric, light scattering approaches as detailed in the sections 3.7-3.17.
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6.4. RESULTS OF RESEARCH FINDINGS
Intrinsic Fluorescence measurements

To determine the effects of fluorinated co-solvent on thermally induced insulin fibrillation,
the intrinsic tyrosine emission spectra of insulin was compared with that of fibrillated form.
The result was presented in Fig.6.2 where a decrease in Tyr fluorescence intensity during
insulin fibrillation was prevalent at emission intensity of 304nm. Tyrosine, being one of the
best intrinsic fluorophores, can speculate about the microenvironments [34] of the aromatic
moieties of insulin in TFE and HFIP solutions. Here the fluorescence quenching in heat
treated insulin [35] was very much relevant due to the placement of accessible tyrosine
residues into hydrophobic grooves generated during its fibrillation. Both HFIP and TFE
treated samples did not show any significant difference in the fluorescence wavelength
maxima (~304 nm) as well as the maximum fluorescence emission intensity (Imax) (Fig.
6.2.A and B respectively). However, the addition of HFIP and TFE at different percentages to
the insulin did not increase the emission intensity like that of insulin monomer at 306 nm
except at 5 and10 percent for HFIP (depicted in pink and cyan, Fig.6.2 A) and 10 percent for
TFE (depicted in pink, Fig.6.2 B).
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Fig. 6.2. Fluorescence emission spectra of Insulin monomer (black), heat aggregated form

of Insulin (red), in presence of 2-20% HFIP (panel A) and TFE (panel B) respectively.

The said scenario may account for the maintenance of monomeric form of insulin effectively

by fluorinated alcohols at lower concentrations. The inhibition of burying event of tyrosine
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due to thermal effect at lower pH can thus said to be optimized when 5-10% fluorinated

alcohol were used as co-solvents.

Effect of co-solvents on fibrillation propensity of insulin measured by Thioflavin T

(ThT) fluorescence and Kinetic studies
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Fig. 6.3.A. ThT emission spectra of insulin monomer (black), insulin amyloid (red) and
heat treated insulin with diff. conc. (5-15%) of co-solvents-HFIP and TFE. Panel B shows
kinetics of Insulin amyloid fibrillation in absence and presence of co-solvents. The percent
increase in ThT fluorescence intensity was calculated by eqn.l, section 3.11. The
aggregation kinetics of insulin was showed in black squares. Insulin aggregated in
presence of HFIP as well as TFE was shown accordingly in different colored symbols at

interacting percentages of 10% and 20% respectively. Error bars were given consequently.

Thioflavin T assay is an indicative tool of amyloid fibrillation [36-37]. Increase in ThT
fluorescence emission intensity of heat treated insulin at 482 nm as shown in red curve in Fig.
6.3.A is expected due to amyloid generation during thermal incubation [38-40] when excited
at 440 nm. The decrease in ThT emission intensity was observed in presence of HFIP and

TFE separately at an interaction ratio of 10% or more.

To clarify the effect of co-solvents, investigation was done on the kinetics of insulin

aggregation via ThT assay. Fig.6.3.B showed that insulin followed sigmoidal pattern Kinetics
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for fibril growth and it was one of the characteristic features of insulin fibrillation [41]. The
sigmoidal pattern also known as nucleation-elongation kinetics for heat treated insulin was
depicted in black squares in Fig.6.3.B. This growth curve of untreated human insulin showed
a considerable Lag phase of around ~ 100 min. The Lag phase is characterized by seed/nuclei
formations which give rise due to intermolecular interactions of non-native monomeric
insulin species followed by inevitable oligomerization [42]. However, the sharp elongation of
fibrils got a peak value at ~ 200 min. Once the fibrillation propensity reached peak value,
further elongation of fibrillation was inhibited. Rather the amount of mature fibril generated
maintained a constant value though heat incubation had been continued [43]. Both the HFIP
and TFE had best reduced the fibrillation growth kinetics of insulin at 10% v/v. Although
HFIP gave steeper curves with lower intensities at both low and high interacting
concentrations with insulin. This data indicated the slow rate of gradual fibrillation of insulin
in presence of HFIP accompanied by slight acceleration of Lag phase and fix duration of Log
phase. TFE on the other hand greatly reduced amount of mature fibril generation of insulin.
But the irony was, it somehow shortened the elongation phase. The most noticeable thing
was, TFE greatly lengthened the Lag phase up to 150 minutes for fibril growth as depicted in
green and blue shapes in Fig 6.3.B.

Monitoring the hydrophobicity changes of insulin in absence and presence of the

fluorinated alcohols by 8-Anilino-1-Naphthalene sulfonic Acid (ANS) assay

1-Anilinonaphthalene-8-Sulfonic Acid (ANS) is a solvato-chromic dye that may differentiate
between partially folded and molten globule states of a protein [44]. In this study, the ANS
assay was proved very relevant in showing the solvent-dependent shift in its emission spectra.
The dramatic increase in ANS fluorescence intensity along with visible blue shift (from 512
nm to around 475 nm) in thermally incubated insulin from monomeric no-heat incubated
insulin was portrayed in red curves and black curves, respectively in Fig .6.4.A and B. In
general, for most fluorophores, a blue shift and increased fluorescence intensity are seen with
decreasing polarity of the medium. In this case- the first excited electronic state of the
fluorophore is more polar than the ground state. If there are more polar groups around to form
stronger interactions with the fluorophore, these interactions will be even stronger for the
excited state, since it is more polar. Hence, in more polar environment, the difference in
energy between the excited state and the ground state will be smaller, and the fluorescence

red-shifted, and, vice versa, in less polar environment the energy difference will be larger,
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and the fluorescence will be blue-shifted [45]. Accordingly, the most suitable explanation for
the result is that insulin was becoming partially or fully unfolded so the ANS fluorophore got

access to less polar environment.
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Fig.6.4. ANS fluorescence emission spectra of monomeric (black curve, panel A and B)
and heat aggregated insulin (red curve, Panel A and B). The aggregation of insulin
followed by ANS assay was shown in the presence of 2-20% HFIP (Panel A), same in the
presence of 2-20% TFE (Panel B). Excitation was done at 350 nm and emission range
400-600nm. Panel C showed the Bar diagram of the Rayleigh Light Scattering emission
intensity to compare monomeric insulin with heat treated samples both without and with
fluorinated alcohol, HFIP (dark violet) and TFE (magenta) in the conc. range (2-20%).

Error bars were given accordingly.

From the ANS result, it was evident that, both the alcohols HFIP and TFE at lower
concentrations, 5-10% v/v, maintained the insulin monomer like spectra having Amax Of

around 510nm with very low fluorescence intensity. So it can be stated that, the two
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fluoroalcohols did not permit the access of ANS by preventing unfolding of protein and thus
indirectly prevented the misfolding and aggregation of insulin.

Rayleigh Light Scattering (RLS) Measurements

Rayleigh scattering assay showed in Fig 6.4.C. clearly indicated the occurrence of around 3.5
fold multiplied scattering by heat treated insulin (second couple of bars) compared to not-
heated monomer form (first couple of bars). The said increase can be explained in terms of
presence of larger particle size in solution after heat treatment. Consequently, the alcohol
incubated samples showed lower scattering but the degree of scattering was varied differently
for the two. TFE in very lower interacting percentages increased the scattering [46] which
was though decreased with increasing percentages of TFE. But above 15% v/v concentration,
HFIP and TFE both diminished the scattering than even the native monomeric form of
insulin. It though indicated the disruption of stable monomeric form of insulin itself. But at
moderate interacting ratio i.e., at 10% v/v, both the HFIP and TFE gave the monomer like
scattering. It also can be said that, decreasing the light scattering followed sharp fall pattern
with HFIP.

Interpreting Fourier Transform Infra Red (FTIR) spectral Peaks

Native spectra of insulin monomer (black curve, both panels A and B, Fig 6.5) grown at pH
1.6 exhibited maxima in the amide I’ region with the main minimum of 1640 cm™ and a
weaker one at 1550 cm? this indicates alpha helix predominating form of monomer [47].
While Insulin at Ph 1.6 fibrillated at 60°C for 4hrs at exhibited inverted maxima in the amide
I’ region at ~1627 cm™ which largely revealed the formation of predominantly cross beta-
sheet structures [48]. A small band outside of the amide I’ region at ~1712 cm-1 was present
and can be attributed to deuterated carboxyl groups. There found reduced transmittance as
well as minima shift towards native spectra, optimized when HFIP and TFE concentration
reached 10% (depicted by green and brown curves in panel A and B respectively, Fig 6.5).
HFIP and TFE individually though partly reduced the said transition towards beta-sheet rich
spectra yet the results also showed presence of cross-beta structures in these two fluorinated
alcohol treated samples separately. The amide | bands found in the regions of 1638-1634
cm ! attributed to N-H bending [49]. It was too observed that the use of HFIP and TFE as co-
solvents of insulin leads to a fall in the transmittance as shown by the sharp minima which

corresponds to higher absorption. The intensity of an absorption band depends on the polarity
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of the bond, the bond with higher polarity will show more intense absorption band. The
intensity also depends on the number of bonds responsible for the absorption; the absorption
band with more bonds involved has higher intensity. This indicates the interaction of HFIP

and TFE with insulin separately under experimental conditions.
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Fig.6.5. A and B showing selected region of FTIR spectra (1550 cm-1 to 1800 cm-1) of
native Insulin (black curves, both A and B panels) and insulin under different
experimental conditions. Heat treated insulin in absence (red curves, both A and B panels)
and in presence of 2-10% HFIP (Panel A) and TFE (Panel B) were depicted. Each
spectrum was an average of 32 scans. Panel C and D is showing Far-UV CD spectra of
monomeric insulin (black curves, both panels C and D) and heat incubated insulin (red
curves, both panels C and D) in the presence of HFIP (panel C) and TFE (panel D) at 2-
20% interacting concentrations with insulin. The insulin concentration was kept 6.5uM in

each of the cuvette.
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Far UV-Circular Dichroism (CD) spectra and deconvolution analyses

CD spectroscopy was used to examine the secondary structure of non-aggregated insulin at
pH 1.6 (black curve, in both Fig. 6.5.C and D) along with aggregated (red curve, in both Fig.
6.5.C and D) one. Peak minima occurred in case of insulin monomer at 208 nm (major) and
222nm (minor) were due to alpha helix rich secondary structure of insulin whereas mean
residual ellipticity at around 216 nm which was found in case of heat aggregated insulin was
due to of B-sheet predominating structure [50]. Increasing concentrations of HFIP and TFE
treated insulin separately were also thermally incubated and scanned for Far UV-CD and
depicted in Fig.6.5 C and D respectively. In cases of alcohol treated samples, the gradual
disappearing of ellipticity at 216nm and reappearance of ellipticity at around 207 nm were
found and optimized at low conc. (at 10%) of alcohol treatment.
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Fig.6.6 Representation in pie charts of CD Deconvolution data calculated by CDNN 2.1
software. Samples notified in the diagram are insulin (upper left), heat treated insulin in

absence (upper right) and in presence of 10% HFIP (lower left) and TFE (lower right).
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The Far UV-CD signals were deconvoluted using CDNN 2.1 software and represented as pie
charts in Fig.6.6. Pie Chart clearly depicted that HFIP when used as co-solvent (Fig. 6.6,
lower left panel) before heat treatment, greatly retained the alpha helical secondary
conformation of insulin monomer and thus protected insulin against fibrillation. Though
some rise in antiparallel beta-sheet percentage was prevalent and this may indicate formation
of mature fibrils in smaller extents in spite of the protection of HFIP. Similar experiment with
TFE (Fig. 6.6, lower right panel) revealed decrease in alpha helical percentages while
increase in both parallel and antiparallel beta-sheet percentages. This proved the occurrence
of insulin fibrils in solution. Though the percentage of random coiling was greatly reduced
with TFE and thus indicated the poor protection provided by TFE against fibrillation of

insulin.

Dynamic Light Scattering (DLS) of insulin fibrillation as monitored under co-solvent

influence
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Fig.6.7. The results of dynamic light scattering analysis as a function of particle size.
Changes in the particle size of insulin monomer (in black color, both panels) during heat
incubation in at 60« for 4 hrs without (in red color, both panels) and with co-solvents,
HFIP (panel A) and TFE (panel B) at different percentages v/v interactions depicted by

different colors. Each of the spectra was an average of 12 scans.

Based on the DLS assay results (Fig.6.7), it was found that the particle size of monomeric

human insulin ranged between 100-150nm whereas, in insulin aggregates there was
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significant increase in particle size, ranging from 350-550nm, 1.3-1.5 pm, 2.4-2.7 um [51].
The different sizes of particles mixed in a population were an indication of presence of
mature amyloid fibrils as well as soluble oligomeric intermediates of unfolded insulin. HFIP
remarkably restored the hydrodynamic radius of insulin within the range of 342 nm under
aggregating condition. TFE though showed the presence of some higher aggregates of having
maximum radius up to 530 nm. Another notable thing was that HFIP at higher interacting
percentages (>15%) could not exert any protective effect on aggregation (Fig.6.7.A) whereas
TFE at higher percentages yielded very small sized particles in solution having range of 20-
40 nm. This can be explained as the shattering of inter-chain and intra-chain disulfide bond
stabilized A and B chains of insulin monomeric form at higher percentages of TFE.

Transmission electron microscopic study (TEM) of Insulin Amyloid generation in
presence of HFIP and TFE

TEM imaging of heat aggregated insulin (Figure 6.8 A and B) showed the long unbranched
rod-like nature of insulin aggregates that were identical to amyloid fibrils as reported
previous literatures [52-53]. The fibrils generated in presence of 10% HFIP (Figure 6.9 A and
B) were found to be very few and slender whereas the same in presence of 20% HFIP (Figure
6.9 C and D) revealed with needle-like morphologies. This finding is consistent with previous

results in that the lower percentage of HFIP is more effective in protecting the monomer form

of insulin under heat treatment.

Fig.6.8. TEM images of insulin aggregates having amyloid fibril network viewed under 500

nm (panel A) and 200 nm resolution (panel B) respectively.
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Fig.6.9. TEM images showing insulin aggregates in presence of 10% HFIP under 500nm
(panel A) and 200nm resolution (panel B) respectively. Whereas, heat treated insulin in
presence of 20% HFIP were shown under 1um (panel C) and 500nm resolution (panel D)
respectively.

Fig.6.10. TEM images showing aggregated insulin in presence of 10% TFE under 500nm
(panel A) and 200nm resolution (panel B) respectively, and in presence of 20% TFE under
500nm (panel C) and 200nm resolution (panel D) respectively.
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TFE presented difference in fibrillar aggregates under similar experimental conditions as
shown in Fig.6.10. Here also the lower percentage of TFE showed better protection against
fibrillation of insulin. 10% TFE treated insulin formed fine mesh like fibrillar network as
shown under 500 nm and 200 nm resolutions in Fig.6.10 A and B. On the other hand, 20%
TFE treated samples (Figure 6.10 C and D) formed long, branched, scattered fibrils of insulin
which possessed subsequent difference from insulin amyloid structure (Figure 6.8 A and B).
The TEM results of TFE treated samples were also in agreement with the previous

experimental interpretations.
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6.5 DISCUSSIONS AND MAJOR CONCLUSIONS

It was also revealed while comparing TFE with Methanol, that the stability conferred by the
two was different. Methanol enhances the stability of backbone hydrogen bonds of which the
carbonyl groups came from polar residues. However, TFE tends to stabilize the same
involving non-polar residues [17]. Hydrophobicity is closely related to the amyloidogenicity
of a protein. Insulin amyloid structure is dominated by the cross-p structure with an
unavoidable mess of hydrogen bond network of fibrils [33]. For that reason the co-solvent
effect should be considered in terms of hydrogen bonding propensities with native protein. In
this study, HFIP and TFE were used separately to trace the effects on insulin aggregation.
The amounts of mature amyloid fibrils was greatly reduced. This study found that HFIP is
better protector of insulin monomeric form at pH1.6 than TFE. It also showed that 10 % v/v

interaction ratio is optimal for both HFIP and TFE to favor aggregation-limiting conditions.

The possible explanation of the observations can be, HFIP being a volatile solvent, may
disrupts assembly of unfolded monomers to generate amyloid fibrils under heating conditions
and thus the alpha-helical predominating structure of insulin persisted [55]. It was also
reported earlier in literature that at higher percentages of HFIP, protein tends to undergo a
molten globule state [56] which is and intermediate stage of amyloid generation. Thus this
present study results are logical and consistent with previous findings of literature. Another
report from literature showed that, low conc. of HFIP induced amyloid beta aggregation
whereas in the same study it was also reported that at 10 % v/v of HFIP interaction ratio,

exhibited no aggregation [57].

The acidity of HFIP is enhanced in aqueous solution [58]. Insulin in acidic pH tends to
remain in monomeric form due to the protonation of HisB10 [59]. In solution, the HFIP’s
nucleophilicity is reduced as shown in Fig.6.11 but hydrogen bond donating ability of HFIP
is markedly increased [60]. This also indicates favorable interaction of HFIP with insulin side

chains via H-bond.
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Fig. 6.11. The physical and chemical properties of HFIP as a co-solvent. In the fig., bp =
boiling point. Nots is the solvent nucleophilicity parameter (the higher the value, the
greater the nucleophilic strength of the solvent. *Fig. adapted from Colomer 1. et. al., 2017.

Super saturation had been considered to be a trivial factor that retards the initiation of
fibrillation. A study on protein super saturation and influence of HFIP and TFE [61] showed
that water/alcohol mixtures of TFE and HFIP separately decreased the solubility of insulin
and when supersaturated, the denatured insulin being metastable remained soluble. The study
used through strong agitation through ultrasonication and yielded of crystal-like amyloid
fibrils. This study also explained why lower-moderate concentrations of even highly
amyloidogenic protein remained stable until got supersaturated in alcohol-water mixtures.
Additionally, the ultrasonication mediated disruption indicated the stability of insulin in
fluorinated alcohol-water mixture involved protein-alcohol interfaces [62-63]. The possibility
of generation of HFIP microdroplets at the amphoteric protein-alcohol interfaces in the
aqueous medium can explain the finding of the present study. Previous reports on biophysical
analyses of aqueous HFIP solutions gave an idea of a micro droplet structure of HFIP [64].
Investigation and determination of protein stability under influence of HFIP as well as TFE
found that the two co-solvents were very much suitable in stabilizing the secondary structure
of peptides and also in inducing the alpha helical state of protein [65-68]. The interaction
mainly involves hydrophobic surfaces of protein and the cluster of HFIP molecules in a way
that resembles the interior of a hydrophobic lipid membrane or the interior of a folded protein
[65, 69].
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So it can be concluded that, the partial stability optimization of insulin in HFIP-water or TFE-
water system was done at 10% v/v concentration of alcohol. The possible interaction site is
hydrophobic surfaces of protein in aqueous solution with fluorinated alcohols. Above this
concentration range, insulin amyloid may form in alcohol-water mixture. The HFIP induced
fibrils are needle shaped crystal-like morphologies but TFE can give rise to branched higher

aggregates of insulin.
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CHAPTER 4

Effect of sulfur containing amino acids
on thermal fibrillation of insulin
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7.1 Prologue of the study

In the detail research to find amyloid inhibitory substances, it is equally important to get a
protein stabilizing feature in that substance. In solution or during in-vitro applications of
protein, the non-covalent interactions comprising electrostatic (including hydrogen bonds)
and van der Waals (dipole—dipole, dipole—induced dipole, and induced dipole—induced
dipole) are crucial for maintaing the native folds of a protein in a stable way. Besides the
aromatic-aromatic, aromatic-aliphatic and/or aliphatic-aliphatic interactions made by
different compounds employed for the said purpose, interaction made by sulphur containing
amino acid with a protein do have the potential to be a good choice to study with.
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Fig. 7.1. 2D histograms of the frequencies of occurrence of the following interactions,
clustered according to the conformational space defined by the distance d and the
angles P and 6. The orientation and strength of A. Met-Phe interactions, B. Met-Met
interactions, C. Met-Leu interactions and D. Cys—Phe interactions. The position in the 2D
histogram of the most representative structure in the cluster and the energy-minimized
structures are indicated by Roman and arabic numbers respectively. Ab initio geometry
optimization and calculated energy of interaction are shown inside dotted circles as solid
sticks. Representative structures obtained in the cluster analysis are shown as transparent
sticks. *Fig. adapted from Goémez-Tamayo J.C. et. al., 2016, Prot. Sci., 25: 1517-
1524. https://doi.org/10.1002/pro.2955
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The only two biologically prevalent amino acids are Cysteine and Methionine that contain a
highly polarizable sulfur atom due to presence of filled 3p and empty 3d orbitals creating a
permanent dipole [1]. There found a high frequency of contacts between sulfur-containing
residues and aromatic residues in proteins in the research work of Morgan et al. observed,
and identified large stacked arrangements composed of aromatic and Met or Cys residues [2].
In protein crystal structures, the occurrence of Cys- and Met-aromatic interactions were noted
[3-4]. Met—aromatic and Met—Met interactions in the family of G protein-coupled receptors
were defined in different literature reports [5-7]. Another similar research outlined that Met
and Cys often interact with Leu, lle, Val, Phe, and other Met or Cys as in their study
involving crystal structures of membrane protein [8]. The researchers also claimed that the
flexible side-chains of Met and Cys made them extra versatile (Fig. 7.1) and adaptable to

conformational changes of the protein.

Besides the said influences of Cys and Met when they are themselves located in the protein’s
sequences, different notable interactions were traced involving also the free cysteine and
methioninee residues with protein structures. Among the important discoveries, it was noted
that, a hydrogen bond involving the -SH group is more willing to donate its proton to a
carbonyl group inspite of accepting the proton. As a ligand, the —SH group performed very
poorely while bound to anionic substrates and its interaction with a carboxylate group is rare.
It preferably interacts in a non-hydrogen bond forming manner. The most notable thing is that
in the S...C=0 interaction, the main chain or side chain amide group which is close to the C
atom, is faced towards the S atom [9]. While in cases of S...N interaction, the S atom is
placecd on top of the N atom of another main chain or side chain guanidinium group. Cys
residues prefer to place itself nearby the aromatic amino acid residues in a protein interact
along its face [9]. A stereo image superimposition done with the structures of SARS 3CLpro
showed that cysteine residues favorably positioned in a hydrophobic environment of protein
and development of its hunched posture (Fig. 7.2) in the surroundings of aromatic residues
was identifiable [10]. So, the said research in literature concluded that, free cysteine
interaction with non-membrane proteins is potentially done with hydrophobic residues than

with polar/charged residues.

Another significant observation was that, when Cys located in protein’s own sequence, the
formation of intra-residue S...C=O interaction constrains the main-chain and side-chain

torsion angles (psi and chi). But when added externally, free cysteine prefers the inter-residue
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interactions which were non-local and were found to stabilize the tertiary structure of the
protein. The pKa values of the Cys residues was observed to be get lowered by S...C=0

interactions in enzyme active sites [9].

V296

Fig. 7.2. Stereo images of superimposition of cysteines on SARS 3CLpro (PDB code 1UJ1).
The neighboring residues of cysteine are Phe, Tyr (in purplepink color), His (in cyan),
Leu, lle, Val (in gold), Ala, Pro, Ser, Lys (in green) in a sphere of 3.7 A radius. *Fig.
adapted from Ho SL.etal, 2009, J Taiwan Inst Chem Eng., 40 (2): 123-129.
10.1016/j.jtice.2008.07.015.

All these observations motivated the selection of the two sulfur-containing amino acids,
cysteine and methionine in the present approach of modulating insulin amyloid formation in
vitro. The structure of insulin is itself stabilized by two inter-chain disulfide bonds between
the A and B chains (A7-B7 and A20-B19), and one intra-chain disulfide linkage in the A
chain (A6-All) [11- 13]. The exposure of hydrophobic grooves is consequential in insulin
aggregation and hydrophobic interactions as well as hydrogen bonding to get the access to
stabilize insulin monomer are observable feature in aggregation inhibitors [14-15]. The sulfur

containing amino acids can be a choice in this study as they are able to interact with proteins.
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7.2. Effect of free Cysteine and Methionine on protein stability : Literature evidences

The sulfur containing amino acids preferably Cys were shown to posses thiophilic interaction
between the aromatic side chains and in turn reduced the fibrillation of amyloid-p 1-40
(AB40) and 1-42 (AP42) [16]. It was also noted that, the aggregates of AB40 and Ap42
generated in presence of Cys were less cytotoxic. Methionine also proved itself good in
making interaction with proteins. The heme in cytochrome c protein is bound by the ligand
methionine through its sulfur atom [17]. In another enzyme myeloperoxidase, the methionine
generates a sulfonium ionic bond to link with heme [18-19]. In type IV Collagen, a sulfimine
bond (-S=N-) which was the nitrogen analogue of a sulfoxide (-S=0-), was discovered by a
combination of high-resolution mass spectrometric and nuclear magnetic resonance studies.
The crosslink between hydroxylysine-211 and methionine-93 was established as the
sulfimine group (-S=N-) [20]. Like Cysteine, methionine also preferred to interact with
neighboring aromatic residues [21], and confers stability of the protein as revealed by
crystallographic studies [22]. The stabilization of protein structure by Met, was due to wide-
spread methionine-aromatic interaction occurring at a distance ~6 A where that of a salt

bridge is <4 A [23]. Cysteine having the sulfur atom possesses numerous oxidation states

A [24] as shown in fig.7.3 in proteins.
1 s i
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Intracellular protein stability was reported to confer by methionine through inclusion of the
sulfur atom [22, 23]. The antioxidant activity of Cys is important in protecting protein
structure [25]. Methionine was shown to manage the various oxidative stresses on cell to
prevent cell damage [26]. Both Cys and Met possessed similar hydrophobicity and ability to

form protein stabilizing S-aromatic motifs [27] as depicted in Fig. 7.4.

Fig. 7.4. The S-aromatic motif of Methionine. The S-aromatic motif is formed between the
sulfur atom (yellow ball) of amino acids such as methionine and an aromatic residue, like
phenylalanine, within proteins. These common interactions stabilize protein structure.
*Fig. adapted from Savino RJ., etal, 2022, Molecules. 27 (12): 3679,
10.3390/molecules27123679.

The commonly found S-aromatic motifs formed by sulfur containing amino acids renders the

protein dynamic flexibility and in turn stabilizes their structure and functions [28].

Literature evidences inspired the present study on investigation of sulfur containing amino

acids, Cys and Met on insulin stability under thermally induced aggregation conditions.
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7.3. MATERIALS AND METHODOLOGIES
7.3.1. The reagents and chemicals required in the present study were enlisted in Table 7.1.

Table 7.1. Chemicals and equipments required

ITEMS OBTAINED FROM

Human insulin (Huminsulin R)100 1U/ml (r-DNA origin) Eli Lilly and Company
India Pvt. Ltd.
HPLC grade 100% Pure Distilled Water, Sigma-Aldrich

Methanol & Fluorescent probes, viz., 8-Anilinonaphthalene-1-  Sigma Chemical Co. (St.

sulfonic acid (ANS), Thioflavin T (Th T) Louis, USA)

KOH, Acetone Merck (Mumbai, India)
L-Cysteine (C3H7NO>S) Sigma-Aldrich
L-Methionine(CsH1:NO>S) Sigma-Aldrich

Quartz cuvettes and Hellma absorption cuvettes Sigma-Aldrich
Magnetic beads, Membrane dialysis tubing Sigma-Aldrich

Different fluorescent probes namely, ANS, Thioflavin T (ThT) were used as received without
further purification. The experiments were performed in HPLC water. All other reagents used

were of analytical grade.
7.3.2. Methodologies employed

In order to investigate the effects of Cys and Met individually on insulin aggregation, the
stock solution of Cys and Met were made as described in section 3.6. The amino acids were
allowed to interact with insulin and undergo fibrillation conditions. The aggregates formed in
absence and in presence of sulfur containing amino acids were experimented through
different spectroscopic, fluorimetric, light scattering approaches as detailed in the sections
3.7-3.17
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7.4. RESULTS OF RESEARCH FINDINGS

Intrinsic fluorescence changes in the course of insulin aggregation in presence of Cys

and Met
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Fig. 7.5. Intrinsic fluorescence emission intensities of tyrosyl residues of insulin recorded
in the excitation wavelength 274 nm. The samples depicted were monomeric human
insulin (black triangles, panel A and B), heat treated insulin (red circles, panel A and B),
insulin interacted with Cys and Met at different ratio (1:0.5, 1:3, 1:6, 1:12 and 1:24)
respectively in panel A and B. The emission was noted in the range of 290-400 nm and
intensities peaked at i.e., Amax was at 304 nm. Concentration of protein was kept at 5.5 uM
in each cuvette having path length of 1 cm. Each reading is blank corrected and is an

average of three different scans.

The emission fluorescence intensities had reached a peak value at 304 nm (black triangles,
fig.7.5 A and B) as expected for Tyr emission of human insulin [29]. The visible quenching
of fluorescence emission intensites with the same Amax Was observed in case of heat treated
insulin (red circles, fig.7.5 A and B) both in absence and presence of sulfur containing amino
acids under experimental conditions. The possible reasons of Tyr fluorescence quenching can
be : 1), phenol group protolysis of Tyr 2), resonance energy transfer from Tyr to Tyr, Tyr to
Phe, 3), excited chromophore interaction with hydrated peptide carbonyl groups; or 4),

interactions involving cystine groups with the excited chromophore [30]. At the experimental

165



pH 1.6, the first two possibilities are not justified. The initial structural reorganization during
insulin fibrillation causes aromatic residues to come in close proximity and thus energy
transfer is facilitated between donor and acceptor molecules within the protein matrix and in
solution. As a result quenching of Tyr fluorescence took place. It actually indicated the
emergence of solvent-exposed hydrophobic groups i.e., the partially folded intermediates, in

solution during the course of aggregation.

It was also observed that, with increasing concentration of Cys and Met, the quenching of Tyr
fluorescence became less. This can be due to availability of more sulfur containing amino
acids in solution and diminishing the fatal unfolding of insulin to expose its hydrophobic

grooves.
Thioflavin T assay to monitor fibrillation in presence of Cys and Met

ThT getting excited at 440nm, more preferably bind to the amyloid fibrils and possess
manifold rise in emission intensity at around 483nm [31]. The occurrence of this
phenomenon had observed for heat aggregated insulin depicted in Fig.7.6 A and B in red
curves. Thus the generation of amyloid fibrils in solution in absence of any sulfur containing
amino acids under experimental condition was prevalent. In oreder to get a clearer view of
the influence of amino acid on insulin fibrillation, the ThT emission intensities of thesamples
were plotted against the interacting ratio as shown in Fig.7.6 C. Ratio of addition of Insulin
and corresponding sulfur containhng amino acid was denoted as I: AA in Fig.7.6 C. Cys and
Methionine with increasing concentration of interaction with insulin showed different effects
on fibrillation. Overall, both the amino acids slightly decreased the amount of generated
amyloid fibrils in solution as indicated by lowering of emission intensities (Fig.7.6 C) in
presence of the two individually. Methionine was shown to decrease the said fibrillation
gradually with increasing concentration. But Cysteine performed in an inconsistent manner
i.e., the inhibitory effect of Cys on fibrillation did not follow any concentration dependence

and occurred randomly.

The unpredictable effect of Cysteine addition on insulin fibrillation may account for the
variety of oxidation states of Cysteine as depicted in Fig.7.3 during making interaction with
insulin. However, this also indicated lack of any stable intermediate formation by Cys with

insulin during the course of protection of the protein against fibrillation.
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Fig. 7.6. ThT assay results. Heat induced fibrillation of insulin in presence of A. Cysteine
and B. Methionine. ThT was excited at 440nm and emission recorded within the range
460-600 nm. 1 cm path-length rectangular quartz cuvette was used. The slits were kept at
ex/em slit widths of 3/3 nm. Insulin and ThT conc. in solution were 5.5uM and 31.36uM
respectively. Panel C showing the end-point ThT emission intensity (at 483nm) of insulin,
heat treated insulin (I) without amino acid (AA) and in presence of Cys (blue square with
green line) and Met (magenta square with olive line) separately at different millimolar
ratios (from 1:0.5 up to 1:24).

Spectra determination of insulin aggregation under amino acid influence with 8-

Anilinonaphthalene-1-sulfonic acid (ANS)

A hydrophobic fluorescence probe, 8-Anilino-1-naphthalenesulfonic acid (ANS) gives high
intensity in hydrophobic environments, and exhibit peak shift and intensity change in

response to change in microenvironment of protein [32].
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Fig 7.7. The effects of Cys and Met on conformational changes of insulin during
aggregation. ANS Fluorescence emission spectra of heat treated insulin in presence of Cys
(panel A) and Met (panel B) at different millimolar ratios viz., 1:0.5, 1:3, 1:6, 1:12 and
1:24 depicted in different colors. Excitation was done at 350 nm while emissions range was
400-600 nm. Protein and ANS dye concentrations were 5.5uM and 30 UM respectively.
Path length of cuvette was 1 cm. Each scan was performed in triplicates and averaged.
Blank values (only 30 uM ANS) were subtracted before presenting. Panels C and D
showed Far-UV CD spectra of monomeric insulin (black, heat treated insulin ( red), heat
treated insulin in presence of Cys (panel C) and Met (panel D) at different interaction
ratio. The protein concentration for CD assay was maintained as 6.5uM. PerkinElmer

quartz cuvette having 2mm path length was used.

The ANS spectra for heat treated insulin in Fig. 7.7 A and B in red curves was different in
both band position and intensity from the spectra found for untreated insulin sample (black
curve, panel A and B). The visible blue shift with rise in emission intensity was an indication

of less polar environment where the energy difference was larger. The hydrophobic clusters
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of insulin get exposed during aggregation and converted to a molten globule state as indicated
by the said enhancement of ANS fluorescence [33-35]. Under the influence of Cys and Met
individually in panels A and B respectively, however, there was prevalent blue shift with
increasing intensity occurred with respect to monomeric insulin ANS spectra (black curve,
panel A and B). But the shift is comparatively less than that of heat treated insulin itself (red
curve, panel A and B). It thus can be said that, insulin gets into molten globule state due to
aggregation in presence of Cys and Met under experimental conditions applied but in some

lesser amounts.

The mechanism behind the observation was, having two distinct contributing excited states of
ANS [36-37] during emission; the first Non-polar (NP) state localized on the naphthalene
moiety of ANS is the fluorescent state in hydrophobic solvents. The maximum wavelength of
fluorescence emission depends moderately on the polarity. In polar solvents however,
relaxation of NP state form the intramolecular charge-transfer state (ICT). ICT is dynamically
stabilized through intermolecular electron transfer (ET), ionization and subsequent electron
salvation in the aqueous solution. The major quenching mechanism for ANS fluorescence
yielding a low quantum yield is mainly done by the ET. Cys and Met thus can be said to
favor the changes necessary during the unfolding followed by misfolding of insulin during

aggregation leading to the low quantum yield in ANS fluorescence.

Far UV-CD spectral changes in courses of aggregation under sulfur containing amino

acid influences

The Far UV-CD spectral curve minima was found at 208nm ( ©1 — = *) with a negative
shoulder at 222nm ( n — = * ) as well as a strong positive band at 191-193nm (7t — « * )
(black curve, Fig. 7.7 panel C and D) are characteristic to realize the alpha helical dominating
structure of insulin monomer [38-40]. The transition of peak minima to around 216 nm ( n —
7 * ) with strong positive band at 195-200 nm ( 1 — = * ) had confirmed the generation of
beta-sheet during amyloid fibrillation of insulin in heat treated sample (red curve, Fig. 7.7
panel C and D). In the rest curves of both the panel C (Cys treated samples) and D (Met
treated samples), there observed no distinct curve minima as in the monomeric form of
protein. Here the content of a-helix decreased which indicates that the ordered structure of
insulin was destroyed. However, strong negative band was found around 192 nm (n — & *)
in Cys treated insulin samples (Fig.7.7, panel C). This majorly indicated the occurrence of

random coiling of insulin under heat treatment with Cys co-incubation. Far UV-CD of Met
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treated samples (Fig.7.7, panel D) gave close to zero CD signals in the 210-220 nm
regions, which is characteristic for an unfolded protein. Random coil conformation was also
prevalent here as shown by a weak positive band at ~ 212 nm (n — 7 *) and a relatively
strong negative band around 193 nm (& — = *). The positive ellipticity found at 200-210 nm
for Met treated samples at higher conc. ratio, ins: Met as 1:24 (magenta curve, panel D) was
accounted for type Il beta-turns. From the results, it can be stated that, the increased content
of random coils proved that the insulin tends to be loose and disordered under the
experimental conditions and also the fibrillation event of insulin is mediated in presence of

the Cys and Met individually.

Dynamic Light Scattering (DLS) assay of experimental insulin aggregates
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Fig. 7.8. Dynamic Light scattering assay of different insulin aggregates formed under
experimental conditions. Changes in the particle size of insulin during heat incubation
without or with Cys and Met at different millimolar ratios depicted by different colors.

Protein concentration was maintained 20 uM in each solution
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Results of DLS assay showed that monomeric insulin having particle size within110 nm
diameter gave sharp peak (brown curve, Fig.7.8). The heat incubation of insulin results in
different sized particle or higher order aggregates ranging upto 2uM in diameter (red curve,
Fig.7.8). Cys when co-incubated with insulin prior heating also yielded insulin aggregates. At
lower interacting ratio of Ins: Cys as 1: 6 (purple curve, Fig.7.8), the aggregate generated
gave sharp peak at the diameter range of particle size within 350-400 nm but at higher ratio
of Ins: Cys as 1: 24. 7.8), larger particle size obtained upto 710nm diameter indicated more
aggregation. Methionine on the other hand, at lower concentrations, yielded higher sized
aggregates having around 500nm average diameter as shown in blue curve, Fig.7.8. The
incubation at higher Met percentages produced sharp peak at diameter range of 390nm. These
data suggested that, Cys and Met individually was aggregation enhancer of insulin upon

heating.
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7.5. DISCUSSIONS AND MAJOR CONCLUSIONS

The studies on the effect of sulfur containing amino acids on heat induced insulin fibrillation
gave an insight into the interactions made by protein and free amino acids. Various ratio of
Ins: Cys and Ins: Met starting from 1: 6 to 1: 24 were allowed to interact followed by heat
treatment. Insulin alone was also underwent heat treatment to be served as positive control.
Various fluorimetric, spectroscopic and scattering assay suggested that, the insulin formed
aggregates in spite of the involvement of the sulfur containing amino acids. CD results had
shown the occurrence of random coiling of insulin and increased amount of beta-sheet and
beta-turn rich species in the amino acid influenced insulin aggregates. DLS results confirmly
proved thae higher order of aggregates were formed in presence of Cys and Met in solution.
But the sizes of aggregates formed in absence of any modulator varied greatly from that of in
presence of the same. At higher interacting ratio, Cys produced higher sized particles than

methionine. However, at lower ineracting ratio, the reverse was true.
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SUMMARY

Protein aggregation or amyloid formation is a common problem in different fields. In vivo
aggregation of therapeutic proteins at injection sites or in-vitro aggregation during storage,
transport or delivery is of major concern. Cases of amyloid plaque deposition from injected
insulin as well as during its storage and delivery are major threat to diabetic patients. Such
amyloid plaques generated from other proteins are the origin of a number of
neurodegenerative disorders. The proteins showing marginal stability are susceptible to such
pathogenic amyloid deposition. The approach to prevent such fatal aggregation needs to
develop the stabilization procedure of the native folds of the protein under study. In order to
stabilize the necessary conformations of protein, different small interacting molecules can be
employed. In this thesis work, the significant therapeutic protein human insulin was selected
to study its amyloid generation in vitro. The reason to choose the said protein lies in the fact
that, the amyloid generated from insulin shares common structural features with other protein
aggregates related to fatal disorders. Besides this, the availability of human insulin due to
recombinant DNA technologies and its solubility in water made it to study as a model protein
in this vast field. The knowledge on its beta-sheet rich amyloid structure transition from
alpha-helix rich native monomeric state, direct the study in search of helix stabilizers to
inhibit the said process. While doing investigations on the stabilization of insulin even in
aggregating conditions, natural molecules like micronutrients, vitamins and amino acids were
chosen to interact with. These molecules are generally considered essential in our diets and
are nearly devoid of any ill-effects at lower concentrations of application. Another approach
was taken to encounter the stability of insulin in aqueous-alcohol mixtures. Fluorinated co-
solvents like HFIP and TFE were employed in this purpose. The literature findings on the
protein interaction ability and alpha-helix inducing capabilities of the two co-solvents

inspired the said study.

Firstly the insulin monomer was allowed to form irreversible amyloid fibrils under laboratory
conditions. In the process of generating amyloid fibils, pH played a critical role. The most
aggregated fibrillar form for insulin was found at pH 1.6. The Kinetics study on the
temperature driven insulin fibrillation at highly acidic pH derived its three stages of amyloid
formation that was in agreement with previous findings. The initiation of fibrillation arrived

through a Lag phase in which the seed or nucleus for amyloid had been generated. The Log
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phase involved rapid elongation of fibrils where the Stationary phase maintained a constant
rate of fibrillation without any acceleration.

In the first approach to inhibit insulin aggregation with micronutrients in the form of metal
ions, Fe3*and Cu?" were employed. Through detail investigation with multispectroscopic,
fluorimetric, light scattering and imaging assays, the two metal ions proved effective at low
interacting concentrations against the said fibrillation. Fe** delayed the nucleation or lag
phase and also shortened the log phase of insulin fibrillation Kinetics. So it was effective in
preventing fibril maturation and elongation event. Cu?*on the other hand had affected the log
phase and noticeably shortened the lag phase fibrillation. It had been shown to moderately
prevent insulin oligomerization and reduced the amount of mature fibril in aggregation
favoring condition. The necessary structural unfolding and corresponding misfolding of
insulin during thermal incubation promote it to expose the abundant buried hydrophobic
amino acid residues. Fe** and Cu?* both effectively maintained the hydrophobic patches of
the native monomer but in this endeavor, the former was most effective in protecting the
percentages of alpha-helix in insulin secondary conformation. The fewer aggregates formed
in presence of Fe*" co-incubated insulin were in lesser diameter than that of Cu?* co-
incubated sample. Overall, the two metal ions individually prevented the generation of higher
diameter aggregates in experimental conditions. The very few aggregates generated in
presence of Fe3* revealed small spherule and ‘worm-like’ globular morphology but Cu?*
generated ‘needle shaped’ fibrillar morphology of protein aggregates. Thus it can be
concluded that, individually Fe3* and Cu?* effectively slowed down the process of insulin
fibrillation, among which Fe®* mediated prevention was more potent. As Fe3* did not totally
prevent the generation of aggregates upon heating but reduced their affinity to form clusters
of aggregate. The binding affinity for Fe** with insulin was also found greater than that of
Cu®". AG® value for binding of Fe** with protein was found to be -7.02 kcal/ mol where for

that for Cu?* was -6.31 kcal/ mol.

The mechanism for the observable inhibition posed by the two metal ions was also proposed.
Being transition metal ions, both of them possessed d-electrons. In the experimental aqueous
media, both the metal ions favorably formed either octa or hexa-conjugated complex with
water with the formation of respective hydroxides. In that condition, they made access with
protein side chains easily with surface hydrogen bonding. Besides this, being very good heat
and electrical conductors, they somehow neutralized the thermal incubation effect on protein

structure. The metal coordination sites preferably located in the protein metal interfaces were
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similar for the two as found in the molecular docking studies. The four amino acid residues
aspartate/asparagine, glutamate, histidine and cysteine of insulin were assumed to coordinate
with the two said transition metal ions. At low pH the Cu™ ions disproportionate into Cu and
Cu?*. Here also the greater hydration energy of Cu®‘compared to Cu*, had favored the
binding of it with protein interfaces. Cu?* was also more efficient in making self association
of insulin at a faster rate than Fe®* as revealed by the shortening of lag phase of fibrillation
kinetic study by it. The accelerated nucleation rate/self aggregation of insulin as well as quick
nucleation (within 90 min) was observed in the presence of Cu?*compared to Fe3* (around
150 min). As the study revealed Cu?* moderately inhibited the following process of fibril
elongation and mature fibril generation. Thus it can be stated that Cu®* favorably binds to the
self-aggregated structure of insulin through accessible surface interactions with Tyr, Glu and
Asn side chains thus preventing the elongation event of insulin aggregation and also
inhibiting the formation of the higher molecular weight irreversible aggregated form of the
said protein i.e., the amyloid structure. It was also assumed that, Cu?* can access only limited
surface residues of insulin assembly and prevent further clusterization of it. This was also the

reason behind requirements of lower interacting concentration of Cu?*compared to Fe3*.

The following study employing water soluble B vitamins, Vitamin Bi, Bs and Bi. in the
approach to protect monomeric conformation of insulin under aggregation inducing
conditions, also produced promising outcomes. Vitamin B1 was much stable at acidic pH and
effective in inhibition of the pathogenic amyloid fibrillation of insulin whereas vit.Bs
mediated inhibition was feeble. Vit.B1» aggravates the aggregation process. The thiazolium
ring of Vit.B1 was very prone to interact with protein structure according to literature reports.
The interaction of vitamin By with insulin structure was proposed to mediate by H-bond and
electrostatic interactions. The sulfur group present in vit.By may form inter molecular
disulphide bond within two or more vit.B1. This in turn served as a shield to prevent more
insulin molecules to come closer during aggregation. The best inhibitory activity was
observed at interacting ratio of 1:5 (Insulin: Vit.B1). Here the ratio clearly defined that five
times multiplied concentration than insulin was needed to give optimum shielding activity of
Vitamin B: against fibrillation. The proposed stabilizing forces behind the Insulin—Vit.B;
interaction were H-bond between insulin and vit.B1, disulfide bond within adjacent vitamin
molecules, electrostatic interactions, van der waal forces etc. The resulting polar
environment created in presence of Vitamin B disfavored the hydrophobic association and

burying event of non-polar residues of insulin. This in turn inhibited the misfolding and self-
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aggregation of insulin. Vit.Bs in pyridoxal form was able to maintain similar polar
environment because of presence of three exposed hydroxyl groups in it. It also was assumed
to make connection with insulin through the polar side chains. The interaction of insulin with
Vit.Bs did not satisfactorily prevent the fibrillation process. Vit.Bi» induced the said
aggregation of insulin. Because of poor accommodation bulky structure of Vit.B12 within the
folds of insulin, it could not fit itself. The inner stability of Vit.B1> and decrease in sphere of
solvation had made Vit.Bi> poor ligand for insulin. Moreover, the stability of monomeric
insulin in the aqueous solvent was greatly hampered in presence of Vitamin B12. The vitamin
B:1 was also shown to mediate the initial alpha-helical percentages regardless of the
aggregating conditions. The morphology of aggregates in presence of vitamin By was very
slender comparatively to other cases. Longer fibrils with blunt stems were produced in
presence of vitamin Be and Vitamin B12 separately. The amount of fibrils was markedly less
in presence of vitamin Bs. As a concluding remark it can be stated that the inhibitory effect of
vitamin Bz on insulin fibrillation was considerable at an interacting ratio of 1:5 for insulin:

vitamin.

Investigation on the interactions of insulin with fluorinated co-solvents, HFIP and TFE
during the course of aggregation was also informative. Maintenance of hydrophobicity of
protein is critical in the inhibition of its amyloidogenic behavior. Insulin amyloid structure is
dominated by the species of cross-p-sheet instead of the alpha-helix in monomer form. Effect
of HFIP on the progress of insulin fibrillation was found negligible as it shortened the lag
phase of fibrillation slightly without changing the duration of elongation phase. Whereas,
TFE greatly lengthened the Lag phase up to 150 minutes and thus assumed to delay the onset
of fibrillation. In spite of the fact, HFIP at 10% v/v interaction ratio provided better
protection to insulin monomeric form against the fibrillation than TFE at pH1.6. HFIP being
a volatile solvent disrupts assembly of unfolded monomers to generate amyloid fibrils.
Additionally, in aqueous solution the acidity of HFIP was enhanced which in turn maintained
the monomer predominating form of insulin due to the protonation of His residues at acidic
pH. Before getting supersaturated, HFIP and TFE interact with protein interfaces to maintain
its solubility in monomneric form. The possible formation of HFIP micro droplets at the
amphoteric protein-alcohol interfaces in the aqueous medium can explain the results of the
present study. Micro droplet structure was identified already in literature reports. HFIP as
well as TFE were found to induce the alpha helical state of protein and thus stabilize the

alpha helix dominated monomeric form of insulin. However, above 10% v/v interaction ratio
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of fluorinated alcohol, the aggregation of insulin may take place. The HFIP mediated insulin
fibrils were of needle shaped crystal-like morphologies whereas TFE mediated were of
branched higher aggregated structure of insulin.

Sulfur containing amino acids, Cys and Met on the other hand interacted with insulin freely
but could not protect it against heat induced fibrillation in a significant manner. In the
process of mature fibril formation, insulin first unfolds itself followed by refolded in an
erroneous manner to generate the seed of nucleation. Here the data suggested, the unfolding
of insulin was followed by a random coiling under the influence of Cys and Met. On the other
hand increased amount of beta-sheet and beta-turn rich species had found in the aggregates.
At higher interacting ratio, Cys produced higher sized particles than methionine. However, at

lower interacting ratio, the reverse was followed.
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FUTURE SCOPES

Initially, the biochemical parameters involving the effects of different natural modulators as
well as co-solvents on insulin fibrillation were verified in vitro. Various fluorescent probe
based assays were employed to get the results. Besides this, CD spectroscopic and Infra-Red
assays helped to determine the relevant secondary structural conformation changes of insulin
aggregates under modulator influences. The study of kinetics of fibril generation had delved
the hints of mechanism of modulator exhibited effects. Light scattering assays were
inevitable in this respect. The sizes of particle generated thus revealed to compare the effects
of different modulators on insulin under aggregating conditions. It was also proved that
different protein modulators had some commonality while making interaction with insulin.
Morphological imaging assays were to confirm the assumptions made by previous
experimental results. In silico prediction method had determined the efficiencies of modulator
binding with insulin. The study under the thesis heading had been utilized it scopes
maximally. This study results can enlighten and be referred in future studies on protein

aggregation and inhibition. The study even can be extended in the following ways.

All the said experiments were performed in vitro and in silico. In order to delve more
information about the modulators effect on insulin in native conditions within living system,
the study can be extended on in vivo models. Therapeutic efficiencies of the insulin amyloid
inhibitors found among the experimented modulators also have to be determined implying

their relevant toxicity levels in cellular systems.
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