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Thesis Abstract

Spectroscopic techniques, like electronic absorption or fluorescence, allow us to understand
proteins and their structure-function relationship. Extrinsic probes (fluorescent dyes) and
intrinsic chromophores (aromatic amino acids, prosthetic groups, peptide bonds) are routinely
studied to decipher the knowledge about protein structure and dynamics. Till the 20" century,
intrinsic UV-Visible absorption and fluorescence in apo-protein were thought to be arising
from the conventional chromophores, i.e., aromatic amino acids like tryptophan (Trp), tyrosine
(Tyr) and phenylalanine (Phe). Intrinsic chromophores like Trp yield information about their
local fluctuations in the protein, surrounding the chromophore. However, the need to conjugate
a protein with extrinsic probes to yield information about protein dynamics, can sometimes
alter the protein structure. Thus, the importance for an intrinsic label-free alternatives showing
similar UV-visible absorption and luminescence properties is a recent topic of interest. There
have been reports of novel UV-Visible absorbance above 315 nm from various non-aromatic
amino acids both in crystal and solution form. Similar to absorption, intrinsic deep-blue
luminescence under UV light excitation, has been observed in charged monomeric proteins,
crystals, aggregates and small molecules. However, the origin of such luminescence is still
controversial. Electron Transfer among the charged moieties in these amino acids and proteins
has been thought to be the most potential explanation behind these novel optical phenomena,
however, it is still unclear. Although these novel phenomena have been often linked mainly to
highly charged clusters of amino acids or oligomeric proteins and aggregated. Recently, our
research group in collaboration with VVenkatramani group, have shown the intrinsic UV-Visible
absorption and fluorescence in a highly monomeric charged protein a3C with no aromatic
amino acids and proposed. Charge Transfer among various Lys-Glu, Lys-Lys and Glu-Glu
contacts is expected to be the plausible reason behind the phenomenon. TDDFT calculations
from various snapshots of MD simulations indicated the photoinduced electron transfer from
electron donors (Glutamate anion or polypeptide backbone) to electron-deficient acceptors
(Lysine cation or polypeptide backbone). Moreover, the subsequent charge recombination from
the electron-deficient acceptors to the electron donors is proposed to be the reason behind the
novel deep-blue luminescence. This phenomenon of photoinduced electron transfer and
subsequent charge recombination has been termed Protein Charge Transfer Spectra
(ProCharTS). Most of the studies on ProCharTS absorbance and luminescence have been well

characterized for proteins predominantly rich in Lysine and Glutamate amino acid residues.
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However, no reports of in vitro studies of ProCharTS on proteins devoid of Lysine or

Glutamate have been performed.

In Chapter 3, we report for the first time ProCharTS absorbance and luminescence in homo-
polypeptides of Arginine and Aspartate and also in a highly charged protein Symfoil 4P/PV2
which has 126 amino acids with 30% charged content. Symfoil 4P/PV2 has an abundance of
Arginine, Aspartate and Histidine residues, with no lysine or aromatic residues. The ProCharTS
absorbance and luminescence arising from the Arginine, Aspartate and Histidine residues
showed surprisingly similar features as that of Lysine and Glutamate and are highly conserved
among all charged amino acids, peptides, and proteins. Absorbance in UV-Visible wavelength
extending till 800 nm, deep-blue luminescence upon UV light excitation, accompanied by large
Stokes shift, low quantum yield, excitation wavelength-dependent emission maxima, and fast
luminescence lifetime decay are some of the novel characteristic features of ProCharTsS.
Moreover, the fast luminescence lifetime decay is characterized by the prominent contribution
from the shorter luminescence lifetime (< 1ns), where the charge recombination phenomenon
is quite fast. The lower quantum yield (®3ss ~0.003-0.04) points to the fact that most of the
photoexcitation (> 97%) relaxes via non-radiative transfer. The strong correlation between the
slope of integrated luminescence intensity with the molar extinction coefficient and also with
the product of extinction coefficient and quantum yield, signifies the major role of extinction
coefficient in the ProCharTS luminescence. Thus, the origin of ProCharTS is evident as long
as electron transfer takes place among the proximal charged species, irrespective of the kind of
charged residues present in the system. However, the ProCharTS absorption and fluorescence

output from Arginine, Aspartate and Histidine are relatively lower as compared to Lysine.

Chapter 4 brings forward the additional luminescence of charged amino acids, namely
Arginine, Aspartate, and Histidine, on the indole fluorescence. The significant overlap of the
absorbance and luminescence spectrum of these charge amino acids and the fluorescence from
the indole group in NATA (a tryptophan analogue), sully the fluorescence of the indole group.
Efforts have been made to address the question why NATA exhibits one exponential
fluorescence decay, while Tryptophan shows two or more exponential fluorescence decay. The
luminescence from these amino acids contaminating the fluorescence of the indole group in
NATA is believed to contribute to the Trp-like fluorescence observed in proteins. Both the
Non-linear least square (NLLS) and Maximum Entropy Method (MEM) analysis hint at the

possible contribution of the emergence of the shorter fluorescence component from the indole

Vi
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ring in Trp. Moreover, the charged residues were found to sully the indole fluorescence,
irrespective of whether its fluorescence is getting quenched or not. Amino acids in clusters
quench the NATA fluorescence more than that of proteins. In contrast, the close-spaced
charged clusters in protein contribute more to the complexity of the fluorescent lifetime of the

indole group.

In Chapters 5 and 6, the applications of ProCharTS on AP peptide aggregation and HBV Cp
capsid assembly were performed. Aggregation of A is basically an intermolecular event where
the individual peptides stack together to form oligomers and subsequently form fibrils. Switch
peptides (SwPs) of AP were synthesized here to systematically study the early events of Ap
aggregation. When pH changes from acidic (~pH 2) to neutral or slightly basic conditions (~pH
6.8-7.2), the O to N acyl migration in the molecular switch triggers the self-assembly. During
AP1e-22 aggregation, the Phenylalanine residues in the hydrophobic core are stacked together.
The initially random coiled peptides start to convert into B-sheet, and subsequently, the charged
residues in the flanking ends come close, and ProCharTS is enhanced. A distance of 4.8 A
spaces the arrangement of each individual anti-parallel B-strand; thus, Lys/Lys or Lys/Glu
interactions are expected during APie-22 aggregation. ProCharTS was able to detect the early
events of SwP oligomerization and aggregation, which showed enhanced absorption and
luminescence upon aggregate formation. Moreover, both 8-Anilinonaphthalene-1-sulfonic acid
(ANS) and Thioflavin T (ThT) assays showed increased fluorescence upon aggregation and
complimented the results obtained from both Circular Dichroism (CD) and ProCharTS.
ProCharTS luminescence decay study revealed the characteristic 3 luminescence lifetime
components with higher contribution (> 60%) from the shorter lifetime component (< 1ns).
However, the mean luminescence lifetime decreased upon aggregation. The sensitivity of CD
and ProCharTS absorbance was found to be higher than the rest of the techniques. Moreover,
the kinetics of the early events of AP aggregation obtained from ProCharTS followed a

sigmoidal profile and correlated well with CD data.

Similarly, Hepatitis B Virus core protein (HBV Cp) capsid assembly can be considered a
systematically controlled aggregation where clusters of individual HBV core proteins arrange
in an icosahedral symmetry enhancing molecular 3D contacts within charged species. HBV Cp
dimer assembled under 50 mM HEPES plus 0.25-0.5 M NaCl (pH 7.5) and have been
characterized by conventional methods: Circular Dichroism (CD), Dynamic Light Scattering
(DLS), Atomic Force Microscopy (AFM), Transmission Electron Microscopy (TEM) and Size

vii
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Exclusion Chromatography (SEC). The kinetics of the HBV Cp 149 capsid assembly is studied
by ProCharTS, Tryptophan fluorescence and 90° light scattering. The half-time of the capsid
assembly (t12) showed a faster rate kinetics (~ 2min) from 90° light scattering, whereas it was
found to be marginally longer (3-5min) from ProCharTS and Tryptophan fluorescence study.
The ProCharTS and intrinsic Tryptophan fluorescence, thus may be was able to pick up the
relatively later stages of maturation and subsequent reorientation of the dimers in capsids. Next,
the HBV Cp dimers were successfully labelled with both Dansyl Chloride and 1,5-1AEDANS.
Compared to dimers, around 25% increase in fluorescence anisotropy for the extrinsic probes
was observed upon capsid formation. However, the fluorescence anisotropy change for
Tryptophan was significantly less upon capsid assembly, most probably because of the
possibility of home FRET in the Trp-Trp pair among the nearby Tryptophan in dimer-dimer

interface in the capsids.

Taken together, this study reveals ProCharTS phenomenon even in proteins devoid of Lysine
residues and further enhances the applicability of ProCharTS in the field of protein aggregation

and capsid assembly.

viii
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1.1. Introduction

Proteins are essential components in living systems, and understanding their role and structure-
function relationship is a common topic in biophysics. Spectroscopic techniques like
absorption and fluorescence allow us to study protein structural changes. Optical features
arising from extrinsic fluorescent dyes and intrinsic chromophores such as aromatic amino
acids, prosthetic groups, and peptide bonds have been studied extensively in this regard?.
Whether other intrinsic chromophores exist in proteins is a topic worth investigating.
Spectroscopic features from such novel intrinsic probes can thus be used to detect biophysical
processes in a non-invasive manner. They can further add new insights into the spectroscopic
analysis in the UV-Visible range (200-800 nm). This problem statement broadly constitutes
the topic of my project, and I am highlighting below the recent advancements in this field along

with the objectives of my work.

1.2. Conventional chromophores in proteins

Molecules undergo electronic transitions such that their electrons are promoted from lower to
higher molecular orbitals when excited by higher energy electromagnetic radiation. Most of
these transitions lie in the UV (200-400 nm) and visible (400-800 nm) range of the
electromagnetic spectrum. Although absorbance below 200 nm in the UV range from proteins
is evident, electronic absorption from the water, which takes place below 170 nm, can
contaminate them?®. So, for studying biological macromolecules, we often restrict ourselves
above 200 nm. The phenomena underlying the UV-Visible absorption by proteins and other
macromolecules have been utilized as a conventional method in molecular biology since the
early days®. Here, in this section, | tried to highlight briefly the most commonly involved
chromophores employed in protein biology that are often used as a probe to detect structural
and conformational changes in protein, along with the nature of the origin of such optical

features.

1.2.1. Peptide bond

Valence electrons existing in any molecular orbital, whether being in single (c-bonding
orbitals), double/triple bonds (n bonding orbitals) or non-bonding orbitals (lone electron pair),
can make electronic transitions from o; m; n to o*; n*° as shown in Figure 1.1. In the UV-
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Visible spectrum, n-n* and n-z* transitions involving unsaturated centres are most prominent
ones® whereas the o-o* and n-c* transitions which are reflected in relatively lower wavelength

due to larger energy gap, are generally less studied.

oic* atom nln* HITE*

Energy levels

&)

Figure 1.1: Molecular orbital of electrons with varying energy levels. The most prominent transitions (in blue)

involve n-* and n-n* transitions, and the less frequent transitions (in green) are also highlighted.

In proteins, the most common electronic transitions include the peptide bond and have
characteristic absorbance in the far-UV region. Predominantly, the delocalized = valence
electrons in the peptide bonds over the N, C, and O atoms and nonbonding n-orbital electrons
near the O atom are involved. Two distinct peaks: one strong peak at 190 nm with extinction
coefficient e = 7000 M~cm™ (involving n- n* transitions) and another weaker intensity peak at
about 210-220 nm with € = 100 M*cm (involving n- m* transitions) characterizes the peptide
bond’®. In addition to both these peaks, a third peak at around 175 nm involving an n-c*

transition can also be observed.

1.2.2. Aromatic amino acids

Apart from the peptide backbone, which shows absorbance below the 220 nm region, the only
known chromophores in an apoprotein with absorption features are the side chains of the
aromatic amino acids Tryptophan (Trp), Tyrosine (Tyr) and Phenylalanine (Phe). Their optical
properties display significant absorption at wavelengths longer than 230 nm (near-UV region)
and are, in fact, the gold standard of protein quantification and estimation. Among the three
aromatic amino acids, Trp shows the strongest absorption arising from the indole group present
in the side chain. It is characteristic of two major peaks: at around 220 nm with &€ = 36,000 M-
em™? and e = 5,600 Mcm™ at 280 nm®°. Tyr is one of the other aromatic residues having

absorbance properties with € = 1400 M-tcm™ at 275 nm and with £ = 9000 M~cm™ at 222 nm.
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The optical properties of the Tyr residues in proteins are highly pH dependent and the most
among the aromatic amino acids**. Phe shows considerable absorbance in the UV region with
two prominent absorption bands: one with £ = 200 M~cm™ at around 257 nm?*2%2 and another
band at around 205 nm with £ = 9600 M-*cm™. In addition to the aromatic amino acids, the
imidazole group in the side chain of Histidine, Cysteine and Methionine also display
appreciable absorbance in the lower wavelength region between 185-220 nm and 230-240 nm
range, respectively'®. However, the disulphides (cystine) show absorption bands at longer
wavelengths as compared to cysteine between 250-270 nm with ¢ of 300 Mcm™.

1.2.3. Charge Transfer complexes

Apart from the already mentioned chromophores as described above, there exists another
category of chromophores which mainly rely upon Charge Transfer (CT) of electrons from
donor to acceptor. Although such charge transfer complexes are relevant in various
biomolecules like DNA, porphyrins, saccharides, lipids, vitamins and even in microorganisms,
here only the prominent cases of Charge-Transfer observed in protein systems are highlighted.
Various biological processes like photosynthesis in bacteria and plants* or that of electron
transport chain in the respiratory pathway mainly rely on the formation of such Charge Transfer
complexes. The commonly studied systems are two species of purple bacteria (Rhodobacter
sphaeroides and Rhodopseudornonavsi ridis), where CT transitions occur between two
bacterial chlorophylls. The most common and well-studied examples of biomolecules are
metalloproteins and enzymes. Generally, metal-ligand complexes in metalloproteins show
absorptions through charge transfer transitions®®. It is generally categorized into two categories:
ligand-to-metal charge-transfer (LMCT) bands (Eg. KMnOs) or metal-to-ligand charge-
transfer (MLCT) bands (For e.g. [Ru(bpy)s]Cl2)*®. Such metal-protein complex (e.g., Azurin,
stellacyanin, Xanthine oxidase, plastocyanin); heme-containing proteins (cytochrome c, b5,
and myoglobin) along with many important coenzymes of proteins such as FAD, NADH and
NAD* display strong absorption in UV-Visible region. In addition to metal-ligand complexes,
transition metal series and inner transition metals belonging to the d and f electronic transitions
alone can also display d-d transitions involve the electronic transitions in the filled and unfilled
d-orbitals and show broad absorption bands in the visible region and most are brightly
coloured’. The intensity of absorption is quite weak and is caused due to vibronic coupling,

and are Laporte forbidden.
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Charge Transfer (CT) mechanism has also been reported in peptides containing aromatic amino
acids, Tyr and Trp'8, where the conversion of indolyl into phenoxy radical is mediated via
electron transfer either through single step super-exchange!® or by multistep hopping
mechanism?°. Moreover, the conformation of protein also plays an important role in CT.
Electron transfer was found to be dependent upon the dipole moment, where faster rates are
observed in the direction of the dipole moment of a-helix while slower rates in the opposite
direction. Moreover, long-range electron transfer via the amide bonds through the a-helical
peptides as intermediate relay junctions has also been reported?!?2, Recently, the peptide bond
and the side chain of charged amino acids have been reported to act like donor-acceptor pairs

for the charge transfer phenomenon?.

1.2.4. Non-conventional chromophores

Most of the chromophores mentioned above are either the chromophores present in apoproteins
like peptides and aromatic amino acids or are metal complexes. Recently in the 21% century,
there have been multiple reports of unusual UV-Visible absorbance spectra above 315 nm and
sometimes extending up to 800 nm as observed in the aqueous solution of charged amino acid
S/R-Lysine?*, L-Lysine-HCI?® and poly-L-lysine-HCI?®. Similar absorbance has been found in
various amino acids?”?® and other solutes?®, but the chromophore giving rise to such spectra
was not known. In contrast to absorption, intrinsic luminescence from not only proteins but
also from various biopolymers, nucleic acids as well as carbohydrates has been a recent topic
of interest. There have been many reports of intrinsic fluorescence or deep-blue/blue
luminescence arising from monomeric proteins®®, oligomeric proteins®:®2, crystals®, and
amyloid aggregates®®. Similarly, dendrimers (PAMAM) and various small molecular
structures®, synthetic and natural polymers, which lacked any conventional fluorophores, also

showed such intrinsic blue luminescence.

The chromophores responsible for these systems are mainly the C-O, N-H, C-N, C=0, and
COOH groups and not from the indole or phenyl ring in aromatic amino acids, as shown in
Figure 1.2. Hydrogen bonding and other weak interactions, Through-space conjugation (TSC)
arising from n—o*, n—n*, and n—=* orbital overlap have been proposed to be the origin of such
luminescence. Proton transfer and electron delocalization are also thought to be the possible

reason for such phenomenon. But whether this luminescence is due to the above-mentioned
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hypothesis or any other phenomenon is still unresolved. Apart from fluorescence,

phosphorescence and room temperature phosphorescence have also been reported"=8,

e
@tslasslrgelatslate

Conventional
Building Blocks

Luminogens

Nonconventional
Chromophores

Figure 1.2: Schematic illustration of the building blocks of conventional and non-conventional chromophores.
(Adapter from Zhang Yuan & Zhang, 2017)%

1.3. Objectives

Based on the novel intrinsic absorbance and luminescence properties from unconventional
chromophores, there is a need to investigate more into the spectral origins in these systems and
understand the role of the chromophores involved. However, our work is restricted to
unconventional chromophores in proteins. Knowledge of these unconventional chromophores
can help biophysicists look into the optical properties in proteins in an entirely new way, and
these novel label-free intrinsic probes can be used not only in apoproteins but also in other
proteins systems, be it in monomeric or oligomeric forms. Most of the work involved in my
thesis mainly highlights understanding the optical phenomenon of these unconventional

chromophores and their potential application in various biophysical phenomena. The major
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objectives of my PhD thesis are summarised below, and the discussion on each of these topics

is carried out subsequently.

A: ProCharTsS arising from Arginine, Aspartate amino acids observed in peptides &
proteins which are devoid of Lysine residues.

B: Role of charged amino acids in sullying the fluorescence of Tryptophan in monomeric

protein.

C: To monitor the early events of Amyloid beta (Ap) Switch peptide aggregation in real-
time using ProCharTS.

D. To monitor the Hepatitis B Virus Core protein (HBV Cp) capsid assembly in real-time

using ProCharTS and extrinsic chromophores.

Analyzing Charge Transfer Spectra arising from non-aromatic
Amino acids in proteins, aggregating peptides and viral proteins

|

[ Introduction(ProCharTs)

k_?m / Chapter1
s % l

ProCharTS in Arginine, Aspartate
and Histidine rich protein
Chapter3

*+,

Uy
[Ef‘fect of ProCharTS on Tryptopha n] @

] _— [Appl ication(s) of ProCharTS]

Experimental Techniques Monitoring AB Switch peptide
n > aggregation in real time

Chapter5

ProCharTS absorbance
Steady State ProCharTS luminescence
Time resolved ProCharT$ luminescence

Chapter2

Luminescence
Chapterd

Analyzing Hepatitis B virus Core

protein Capsid assembly
Chapteré
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1.4. ProCharTS arising from Arginine, Aspartate amino acids observed in
peptides & proteins which are devoid of Lysine residues

1.4.1. Protein Charge Transfer Spectra (ProCharTS) absorbance

As discussed in Section 1.2.4, the tremendous rise in the study of non-conventional
chromophores from various biopolymers has gained importance recently. Here only the
absorption phenomenon from apoproteins is being highlighted. Novel absorbance in the near
UV-Visible region was reported not only in amino acids?’, L-Lysine-HCI? but also from small
molecules such as HCL as well as NaOH*. Electron charge transfer in the hydrogen bond
network in the water clusters as well as from the side chain of charged amino acids was thought
to play an important role. Moreover, the origin of the novel absorbance features in the 300-800
nm region was also reported to arise from the amyloid fibrils*. Charge Transfer in the termini
of these amyloid peptides was suggested to tune the optical properties characterizing a weak

but broad absorption profile in the near-UV-Visible range, as shown in Figure 1.3.

A =245.1 [nm]
fi,=0.011

A=245.2 [nm] A =285.7 [nm]
f = 0.002 S, f,=0.017 S14
y{ «' CT P~ o9
cT ~ | cr e
\ . cT

Figure 1.3: Iso-surface plot showing Charge Transfer between the ground and first excited states in the dimer of
the segment of Ap (AIIGLM) in linear parallel (a), antiparallel (b) and parallel (c) configurations. Electrons (red)
and holes (blue) are highlighted. (Adapted from Jong et al., 2019)*
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Similar absorbance features were also observed in larger proteins as well, devoid of any
aromatic amino acids. Proteins with higher charged content were reported to show more
absorbance in the UV-Visible region than in proteins with moderate charge content, shown in
Figure 1.4 (left), hinting at the role of Charge Transfer in giving rise to the novel absorption
feature?®. Recently, the intrinsic UV-Visible absorption in a highly charged protein asC rich in
Lysine (Lys) and Glutamate (Glu) with no aromatic amino acids was reported?>#?, as can be
seen in Figure 1.4 (right). Time-dependent density functional theory (TDDFT) calculations on
MD simulation snapshots revealed various Lys-Glu, Lys-Lys and Glu-Glu contacts in the
protein to be the reason for intrinsic absorption. This phenomenon has been postulated as

Protein Charge Transfer Spectra (ProCharTS).

asC
0.4 - 8000+
— 6000+
8 %
= §
‘g 0.2 1 s 4000-
§ w 20 40 60 1 80 100 120
20004 Concentration (uM,
0 T i 0 T T r T
250 300 350 300 450 600 750
wavelength / nm wavelength (nm)
a: HSA ) e: Lysozyme
b: L-lysine [f* Poly-L-lysine
c: Subtilisin carlsberg g: Calf thymus histone
d: Barstar - ’

Figure 1.4: Novel ProCharTS spectra in charged-rich proteins (left) (Adapted from Homchaudhuri &
Swaminathan, 2004)?® and and o3C (right) (Adapted from Prasad et al., 2017)%

ProCharTS absorption arises when excited state electrons in the side chains of cationic amine
group in Lysine (acceptor) or anionic carboxylate head groups in Glutamate (donor) act as
electron acceptors or donors for charge transfer, either to or from the polypeptide backbone or
to each other in proteins as shown in Figure 1.5. The electronic transition from the HOMO (in
donor) to the LUMO (in acceptor) occurs after electrons are photo excited, resulting in
absorption spectra in the UV-Visible range (250-800 nm). Spatial proximity among the
charged amino and carboxylate groups across the protein chain plays a major role and dictates

the fate of the electronic transitions and optical features in ProCharTS.
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Figure 1.5: Simulated absorption spectra (oscillator strength vs wavelength) for dimers of a) Lys-Lys, b) Glu-
Glu, and c) Lys-Glu. Subfigures 1, 2, and 3 represent the Charge Transfer at different distances; Subfigure 4
represents their respective Radial Distribution. (Adapted from Prasad et al., 2017)%

ProCharTS absorbance has been successfully utilized to analyse not only the conformational
changes in proteins due to changes in pH or temperature but also was found to be a potential
tool to monitor the aggregates of Human Egg White Lysozyme (HEWL)*,

1.4.2. Protein Charge Transfer Spectra (ProCharTS) luminescence

Subsequent to absorption, the photochemical features of intrinsic novel luminescence in
proteins were investigated by various groups. As already discussed in Section 1.2.4., the
multiple reports of intrinsic deep-blue/blue luminescence in monomeric proteins, oligomeric
proteins, amyloid aggregates, and even crystals of amino acids and proteins hint at multiple
hypotheses. Similar to intrinsic absorbance, the origin of deep blue luminescence is quite
elusive. The origin of such intrinsic fluorescence includes proton transfer in fibrils of
aggregated protein via hydrogen bond* as shown in Figure 1.6, inter or intramolecular

electron delocalization® shown in Figure 1.7, or from modification in the chemistry of amino
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acids by oxidation®. Moreover, carbonyl double bonds present in proteins (HEWL, BSA, and
B-lactoglobulin) were also thought to be the chromophore for such blue luminescence®,

suggesting the role of charge transfer involving carbonyl double bonds. Although the deep blue

c)
) Excitation proton delocalization

Y

N-terminus, 3 Cﬁ'ﬂn‘ﬁtﬂj“

Fluorescence

Figure 1.6: Structural arrangements of Ap (AIIGLM). (a) AFM image (b) Schematic view of the 3D peptide
arrangement in a protein fibril stacked by B-strands. (c) Cross-section of the magnified section from same two
adjacent protofilaments. The shaded ellipsoid depicts predicted proton transfer. (Adapted from Pinotsi et al.,
2016)*

luminescence is evident in various biological systems, mainly in clusters of charged species,
amyloid fibrils or protein aggregates, and various phenomena such as Clustering Triggered
Emission (CTE) or Aggregation Induced Emission (AIE) have been addressed, reports of

similar deep blue luminescence have also been reported recently in various monomeric proteins

Figure 1.7: Images of (a) hydantoinase and (b) truncated (bab) Pyrococcus furiosus protein at 364 nm excitation.
(Adapted from Shukla et al., 2004)% (c) Structure of D-hydantoinase. (Adapted from Xu et al., 2003)*
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rich in charged amino acids®, as shown in Figure 1.8. The monomeric nature of the protein
was confirmed by the linear increase in luminescence with an increase in Human Serum
Albumin (HUSA) concentration, and any possibilities of oligomeric or aggregated state to
contribute to enhancement in luminescence was ruled out, contrary to earlier reports which
argued only aggregation or oligomerization gives such blue luminescence®?#’. Furthermore,
recent work® involving concentrated aqueous HCI/NaOH solutions also displayed such
intrinsic fluorescence, although no such aggregated fibrillary moieties were present. Moreover,
the luminescence of other proteins in crystal form38, other small molecules?’ lacking any
aromatic amino acids and in a monomeric state has also been reported. Similar to ProCharTS
absorbance, ProCharTS luminescence was proposed to be the origin of such novel
luminescence from monomeric proteins and amino acids®.

A 10°y B
i 1E ——PEST M1 105 ------ Lysine  seeees Lysine-HCI
' £ 9 — PEST wt HuSA i a) 5 omi . Glutamate = «eveee Glycine
ye - i — I 1 1. . 7CHeeases Proline =~ eeeeee Cysteine
‘To 4 : o cSynucIeln 32:;1 10 cho—c—LI‘—N—C\\o «+2=++N-Acetyl-Glutamic Acid
= 10" i % 103 <|‘”_~ ------ N-Acetyl-Lys Methyl Ester-HCI
~ \ cH,
5 ! 1()2 LI‘H: b) H H i
~CH,
‘S 3 1 CH, HO—C—C—N—=Cg,
£ 10°; 10 iim L
|7} g !
b cH,
= ~
c 2 o u
= 1074
g A N
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a.C Human Serum Albumin Hen Egg White Lysozyme

Figure 1.8: Extinction coefficient of (A) charged rich proteins and (B) charged amino acids. Subfigure C, D, and

E highlight the charged content Lys (red), Glutamate(green) in asC, human serum albumin, and hen egg white
lysozyme, respectively. (Adapted from Kumar et al., 2020)%
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The concept of charge-transfer transitions between various charged species is thus raised to be
the reason for blue luminescence. This novel luminescence is suggested to arise from the
charge recombination phenomenon between excited state electrons and the created holes in the
protein. Charge recombination is proposed to meditate by 1. direct electronic recombination to
the hole or 2. delayed recombination with electrons hopping on the backbone of protein and

then recombination either with the same or a new hole, as shown in Figure 1.9. ProCharTS in

S
"\\/“,c\"’?g
Peptide bond ggmea \a 4
:‘*’ =%
&R i
S I
S €7 (3a) =55
hv Lys J & \
LN o0
L ;"o
\ 2 =™
Glu (% Ca oo 5
o & i 30 2
‘é/\,',\ & R ?(o\e“‘o
JCHec kit |
B M~ cH-C-N-CH—G-N= " ’
H R °
(1) w Photo-excitation; (2) = Photo-induced Charge Transfer; (3) srereerrnens » Recombination
C \L.’fl'—'_
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photo-induced charge recombination
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Figure 1.9: Subfigure A and B show the schematic illustrations of the two major pathways for photoinduced
charge transfer and charge recombination. Subfigure (C) shows the schematic of charge transfer states and

electronic transitions. (Adapted from Kumar et al., 2020)%°

monomeric proteins is generally characterized by low quantum vyield with multiple
luminescence lifetimes. The origin of multiple luminescence lifetimes where charge
recombination is mediated via multiple pathways also supports the charge recombination
hypothesis. ProCharTS luminescence was found to be highly correlated with the product of
molar extinction coefficient and quantum yield suggesting the major role of the molar
extinction coefficient in enhancing intrinsic luminescence intensity given the poor

luminescence quantum yield®. Thus, it was found that ProCharTS luminescence too is highly
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dependent on the close spatial 3D proximity of the head groups of charged amino acids and is

more pronounced in charge-rich proteins than in proteins with low or moderate charge content.

1.4.3. Evidence of ProCharTSs in peptides and proteins devoid of Lysine

The majority of the monomeric proteins studied that showed intrinsic ProCharTS
absorbance/luminescence are predominantly rich in lysine and glutamate amino acid residues.
However, there are no reports of ProCharTS on proteins or peptides that lack Lysine or
Glutamate while being rich in other charged amino acids like Aspartate, Histidine and
Arginine. Although there are reports of novel intrinsic absorbance in the near UV-Visible
region and also intrinsic blue luminescence from amino acid clusters of Arginine, Aspartate
and Histidine in solution, there is no literature as of now that addresses and links the role of
these charged amino acids in peptides or proteins. However, recently, TDDFT calculations on
various amino acids have been reported and, as seen in Figure 1.10, and they have shown
similar simulated optical features as that of Lysine and Glutamate in Arginine, Aspartate and
Histidine amino acids®. It is hypothesized that ProCharTS exists as long as charged residues

are involved, irrespective of the type of charge present in the protein.
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Figure 1.10: Simulated absorption spectra (oscillator strength vs wavelength) for various amino acids along with

their average energy gaps in HOMO-LUMO and dipole moment values. (Adapted from I. Mandal et al., 2018)*°
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1.5. Role of charged amino acids in sullying the fluorescence of Tryptophan
In monomeric protein

1.5.1. Introduction

As already mentioned in Section 1.2, spectroscopic techniques like electronic absorption or
fluorescence are often the most common methods to gain insights into the structure and
dynamics of various conformations of protein and study their structure-function relationship.
Although extrinsic (fluorescent dyes) are frequently used to yield information about protein
dynamics, like in FRET, some inherent problem with extrinsic probes lies in the fact that they
can sometimes alter the protein structure and conformation as they are conjugated to the protein
surface®®>L, Intrinsic chromophores in proteins such as aromatic amino acids, prosthetic
groups, and peptide bonds, however, are non-invasive and hold an advantage over extrinsic
dyes in this regard. Among the aromatic amino acids present in protein, Tryptophan is the most
extensively used probe to monitor the protein dynamics due to its relative higher absorbance
and fluorescence features as compared to Tyr and Phe. The indole group present in Trp is
thought to be the chromophore responsible for the emissive properties>. Moreover, Trp is
highly sensitive to solvent and local environmental changes as well as local fluctuations and
provides precise information about the surrounding of the chromophore. The emission
spectrum of Trp shows varied maximum emission (Amax) from about 310—350 nm, multiple
fluorescence lifetimes components ranging from 50 ps to 8 ns, and relatively high fluorescence
quantum yields (®) with a maximum of around 0.35. Proteins which contain buried Trp inside
the hydrophobic core when excited at 295 nm wavelength show blue-shifted fluorescence
maxima, whereas marginal exposure of Trp in protein to its surface displays red-shifted
emission maxima due to solvent exposure. Moreover, FRET and quenching studies of Trp also
yield valuable information regarding the overall conformation of proteins as well as its

interaction with other biomolecules.

1.5.2. Factors affecting indole fluorescence

Single Trp residue in a protein typically gives rise to fluorescence decays that are generally
fitted by sums of 2 to 4 exponential terms, i.e., fluorescence lifetime components with varying
respective amplitudes. N-Acetyl-tryptophan-amide (NATA), which is a tryptophan analogue
however, displays only one fluorescence lifetime component in water. The reason why
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Tryptophan displays multiple fluorescence lifetime components in proteins is quite
controversial. The opinions on this phenomenon can be broadly divided into two categories.
First and the most generalized explanation is the “classical rotamer model” that emphasizes
ground-state heterogeneity, which suggests that discrete subpopulations of different Trp y1 and
x2 rotamers, as shown in Figure 1.11 exhibit different decay times that arise from the various
interactions of the different Trp ground state conformers within the protein matrix>2->4, Similar

observations were also made regarding the different rotameric structures in the Ca-Cp

bonds>>*°. The second type of explanation is in terms of an excited-state process instead of the
more popular ground-state heterogeneity theory>®’. In this case, it is assumed the excited
chromophore can reorient from its initial configuration to a whole new fluorescent species after
electronic excitation. Although both these popular models find success in model studies, they
are not justifiable in many circumstances. Certain other models thus were also proposed for
Trp multi-exponentiality. In these cases, reversible generation of a nonfluorescent species that
return to the emissive state is thought to be involved®®. Here, Electron transfer from the
proximal excited tryptophan indole group to a nearby quenching residue results in a subsequent

charge recombination phenomenon, thereby displaying multiple lifetime components.
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Figure 1.11: Rotamers of the indole side chain present in Tryptophan. The rotation of the indole group along the

C.-Cg bonds is indicated by the Newman projections. (Adapted from Clayton & Sawyer, 1999)53

Various reports on the effect of Electron Transfer have been observed on Trp fluorescence.
Reports of efficient electron transfer from the peptide group present in the peptide bond near
to indole were also reported®®®. Some groups also observed quenching of Trp fluorescence
from Histidine cation and disulphide bonds®-:%2, Moreover, the role of proximal charged amino
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acids Lys, Glu, Arg, and Asp in the presence of the indole group was also thought to be a
plausible reason for Trp quenching by excited state proton transfer®-%.The charged groups in
the vicinity of the indole group in proteins were shown to shift the emission maxima of Trp
through long-range coulomb interactions®.The proximity and orientation of these amino acid

side chains surrounding the indole ring highly affected the Trp fluorescence.

1.5.3. Effect of ProCharTS on Tryptophan fluorescence

Recently, it has been reported that ProCharTS may play a role in sullying the fluorescence from
Tryptophan, where Charge Transfer between the indole ring in Trp and the excited electronic
states of various charged charge amino acids are expected®. It can thus create a heterogenous
system where recombination phenomena could take place. The work highlighted the role of the
interference from ProCharTS luminescence in the collective influence of a group of charged
amino acids in amino acid clusters as well as in protein on the Trp fluorescence. Spectral
overlap of both excitation and emission from Trp with ProCharTS was reported, as can be seen

in Figure 1.12. Since both ProCharTS absorbance and luminescence pattern tend to overlap in
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Figure 1.12: Spectral overlap of indole fluorescence with ProCharTS absorbance and luminescence (left).

Boarding of Trp fluorescence spectra in the presence of ProCharTS (right). (Adapted from Kumar et al., 2022)5"

the same wavelength range of Tryptophan, the contribution of the additional optical properties
from ProCharTS to the Tryptophan fluorescence in charged-rich proteins was suggested.

Moreover, a characteristic red-shifted spectrum with broadened emission features in a
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relatively longer wavelength region was observed. Free NATA in solution in the presence of
charged proteins displayed similar multiple fluorescence lifetimes as that of Tryptophan but
less so in moderately rich charged proteins, as shown in Figure 1.13. Also, proteins, in
comparison to free amino acids, sully the intrinsic NATA fluorescence manifold as the free

charged amino acids cannot create a realistic protein-like environment where charged clusters
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Figure 1.13: Schematic illustration of the effect of ProCharTS on the Tryptophan fluorescence in protein with

high charge content. (Adapted from Kumar et al., 2022)¢

in proteins are in close proximity with the indole group. The effect of ProCharTS on
Tryptophan was observed mainly in Lysine-rich proteins as compared to proteins rich in other
charged non-aromatic amino acids. One reason that was argued was that Lysine, among the
charged non-aromatic amino acids, showed high molar absorptivity in the UV-Vis spectrum
with superior luminescence properties. Moreover, the effect of charged amino acids was not
only restricted to intrinsic chromophores like Tryptophan but also on extrinsic dyes like Dansyl
Chloride when labelled in charged proteins. A similar influence on Dansyl fluorescence was
observed with quenched fluorescence, broader emission and the addition of a shorter
fluorescence lifetime component to the relatively higher fluorescence lifetime of Dansyl.
Therefore, in this study, we tried to further address the effect of ProCharTS from other charged
amino acids Arginine, Aspartate and Histidine on Trp. Moreover, proteins and peptides
containing exclusively these residues were considered in this study which will be discussed in

later sections.
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1.6. To monitor the early events of Amyloid beta (Ap) Switch peptide
aggregation in real-time using ProCharTS

1.6.1. Introduction

Alzheimer’s disease (AD) is a severe neurodegenerative disorder where insoluble amyloid
fibrils deposit in the neuropil as ordered aggregates and is caused by AB40 or AB42 peptides.
As per the 2015 Alzheimer world report, AD has adverse effects on many individuals, close to
46 million people and has cost more than 800 billion dollars globally®. Amyloid precursor
protein (APP) cleavage forms the Ap42/AB40 peptides, which are the main contributors to AD.
APP gets cleaved in the fibrillogenic C terminal domain by the y secretase within the membrane
region. This y secretase cleavage is not specific and may cause many isoforms where the more
common fragments being AB42 and AB40. The less amyloidogenic N terminus gets cleaved by

the extra cellular 3 secretase.

42-residues sequence of Amyloid beta peptide

(A) [p|a]e[r[r[u[p]s|c|v[E|[v[n[u|o[k|L]v]F[F|a]E[p|v]a]s|n[k|c|a]1]1]c]LM]v]c|G|v]v]1]A]

metal binding central central polar C-terminal hydrophobic
region hydrophobic region region core
core
A ’\\
®) "‘ YeOHevi A © \
‘!;jSL .V/;ZJS N > (—"’/ \\ / h\
( ‘
. N-terminus ]
N-terminus (7} '
i \ v
C-terminus
\\\ : C-terminus
Alpha-helix rich conformer Beta-sheet rich conformer

Figure 1.14: Subfigure A shows the sequence of AB42; subfigures B and C show the NMR-resolved structure of
AB42 a-helix (120Q) and B-sheet (2NAO) rich conformers, respectively. (Adapted from K. Y. Wu et al., 2021)%°

The composition of the monomeric AB42/AB40 peptides possesses various different types of
secondary structural varieties. The fragment APi7-21 constitutes the hydrophobic core. While
both fragments Ap2s-42 and APe-21 are able to show alpha helix/beta-sheet secondary structure,
the AP2s-42 fragment is more prone to form the beta sheets. More specific information regarding
small fragments is predicted from structural studies and have found that the fragments ABzs-42

and ApPi7-21 show the greatest hydrophobicity while the C-terminus Apass-42 showed a much
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higher probability of forming B-sheet shown in Figure 1.14. Two B-turns are predicted to
constitute the full-length AP and are found between APes-s and APzs-27 fibrils™®":,

1.6.2. Biological relevance of the oligomeric stages of the peptide Ap

The initial fibrillary oligomers play a detrimental role in the pathogenicity in AD and need to
be researched further’>", For example, when cerebral microinjections of Ap monomers and
oligomers were injected in rats in vivo, it affected long-term hippocampal potentiation, whereas
no such effects could be seen with microinjections containing mature amyloid fibrils™.
Similarly, recent evidence also points out the very fact in the case of humans too, the small and
soluble AP oligomers in cerebrospinal fluid (CSF) of AD patients are highly correlated with
AD onset than in mature insoluble fibrils. Moreover, Ap oligomers play a vital role in the death
of neuronal cells and brain disorders affecting the ionic flow, loss of synaptic function and
kinase activity’>®, Thus, understanding Ap aggregation and inhibiting it in its early stages by
identifying potential drugs is of utmost importance for treating AD and other related

amyloidogenic diseases.

1.6.3. Reason for the choice of the ABis-22 (KLVFFAE) fragment of the peptide

Different amyloid fibres possess a common beta structure, and it has been hypothesized that
steric zippers, a motif of tightly stacked beta sheets, not only serve as the spine of the
protofilaments but also can mediate the interactions between protofilaments that associate to
form mature fibrils’’. Multiple segments within AB11-25sand AP27_42 are predicted either to self-
associate into homotypic or to form heterotypic steric zippers. These predicted heterotypic
interactions correlated well with ss-NMR studies of AB407®7°. Thus, understanding the nature
and interaction of such steric zippers can give insights into the actual mechanism of full-length
AP peptide aggregation. Another reason to choose the segment AP1s22(KLVFFAE) is that it
forms an anti-parallel beta-sheet structure similar to that in the full-length AB. Such anti-
parallel conformation is also quite commonly associated with the “Towa” A mutant, a familial
early-onset AD8%8!, Thus, AB1s-22 being one of the shortest sequences to form aggregates and
IS easier to synthesize and form stable fibrils, whereas other fragments like AP10-23 and AP29-42
can form very short fibrils, which are quite insoluble or relatively longer fibrils. Thus, AP 1622
turns out to be an ideal and alternate candidate for aggregation study as special and costly
synthetic and purification skills are required to prepare the full-length Ap.
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1.6.4. AP switch peptides

One potential problem with studying A peptide is that it is extremely amyloidogenic in nature,
thus making it hard to synthesize and purify extremely challenging, and in-depth information
regarding its mechanism of early events of aggregation pathway is still limited®. Therefore,
developing an alternate model is of particular interest, which is reliable, can be readily
accessible and can facilitate the study of initial amyloidogenic events to look for potential Af
inhibitors. During the last decade, reports emerged®84 of a precise mechanism to study early
events of amyloid aggregation by introducing molecular switches into polypeptides which are
termed Switch peptides. Here, the switch peptide (SwP) of ABis-22 (KLVFFAE) is being studied
here in this study. Its principle is simple and based on a host-guest system where two [-sheet-
promoting [Leu-Ser]n sequences (host) flank our selected Ap fragment comprising ABis-22
(KLVFFAE) (guest) where the main role of the [Leu-Ser]x is to help forming oligomers thus
promoting fibrillization, which is illustrated in Figure 1.15. Switch elements were placed
strategically into the guest sequence, and this was done by placing them outside of the target
sequence in the peptide so that the sequence of our guest was not disturbed. When pH is

changed from acidic pH (~pH 2) to neutral or slightly basic pH (~pH 6.8-7.2), the O to N acyl

chamical
synthesis

Figure 1.15: Proposed mechanism of Switch peptide aggregation. (Adapted from Dos Santos et al., 2005)%*

migration in the molecular switch propels the initially random coiled peptides to convert into

B-sheet and trigger self-assembly. In other words, the speed of the acyl migration by restoring
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the peptide backbone from its respective molecular switch can be tuned very precisely by
adjusting from acidic pH (~pH 2) to neutral or slightly basic pH (~pH 6.8-7.2). Thus, this
efficient host-guest switch peptides model specifically serves our interest in systematically
characterising the early folding mechanism of AP peptides aggregation.

1.6.5. Conventional techniques to study A aggregation

Many techniques like solution NMR, novel methods based on nanopore technology®, and
fluorescence techniques with extrinsic fluorophores such as ThT, ANS>'#8" are used to
analyse the kinetics of aggregation. Also, some other techniques’®®-°2 which are of routine use
to perform structural studies of soluble Af are analytical ultracentrifugation (AUC), Dynamic
Light Scattering, Circular Dichroism (CD) and Fourier-transform infrared spectroscopy
(FTIR), Atomic force microscopy (AFM) technigues, Transmission Electron Microscopy
(TEM), ss-NMR and FTIR. Moreover, antibody-based techniques, and aptamers-based
techniques® have been used recently to monitor the aggregation of AP peptides. But these
methods have some limitations as some are quite expensive, labour intensive and not feasible
for easy detection, while some do not provide information on molecular level interactions and
only give information on the gross shape and size. Moreover, extrinsic fluorophores such as
Thioflavin T (ThT) binding®®>! and similar other dyes used for AB aggregation are invasive in
nature and can interact with the aggregation process and alter the kinetics of the AP

aggregation.

1.6.6. ProCharTsS as a novel approach to study Ap aggregation

To overcome the limitations from the conventional techniques, there is a need for an alternative
label-free approach using intrinsic probes to monitor AB peptides aggregation. Recent reports
of aggregation of HEWL showing increased ProCharTS absorption upon aggregation*® and
intrinsic fluorescence or intrinsic deep-blue/blue luminescence arising from oligomeric
proteins®? have been encouraging in this aspect, as shown in Figure 1.16. Thus, it would be
exciting to see the role of ProCharTS in peptide aggregates as no such literature involving
ProCharTS monitoring A peptides is present till now. Light scattering from aggregation is not
expected to interfere with ProCharTS since only the soluble oligomeric aggregates in the initial
stages of aggregation are involved in our study, and scattering is often associated with higher
order insoluble mature fibrillar aggregates.
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Figure 1.16: The structure of HSA along with its emission spectra at 2 to 500 xM concentration upon excitation
of 375 nm (a) and the schematic illustration of fibril formation (b). (Adapted from Bhattacharya et al., 2017)%,
Subfigures ¢) and d) show fluorescent microscopy images of amyloid fibrils in completely hydrated and
dehydrated states, respectively. (Adapted from Sharpe et al., 2011)%

An aggregation is basically an intermolecular event where proteins/peptide assemble to form
oligomers and finally forms fibrillary structures. Since during AP1s-22 aggregation, Phe residues

Less ProCharTS More ProCharTSs

| I
I I I I

AP Monomer  Partially Folded Nuclei with Hairpin-  Protofibrils  Fibrils
B-sheet Structures Stl uctured -sheet

Slow ééa
—_— —D‘
Q| at S %%

§
3\‘

QS =z
&\) ('y:‘—— f Cu’*, pH|
o 3 4 }Relati\‘ely .

Fast
Amorphous
Aggregates

Figure 1.17: Illustration of possible ProCharTS in the oligomeric states of AB. (Adapted from Jiang et al., 2012)%

are stacked together by forming the hydrophobic core, the charged residues are expected to
come at close proximity, and ProCharTS is expected to arise from it, which is expected to be

absent in its monomeric state as illustrated in Figure 1.17. Interestingly, it has been found by
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multiples groups®® that the arrangement of each individual anti-parallel B-strand in any f-
sheet has a hydrogen bonding distance of 4.8 A, and each sheet has a spacing of 10-11 A. Since
these distances of 4.8 A and 10-11 A (each individual anti-parallel p-strand and between p-
sheets, respectively) are in close 3D proximity, we can expect Lys/Lys or Lys/Glu interactions
in their flanking ends of APie22. So, it will be worth determining whether ProCharTS
absorbance and luminescence can detect the time-dependent growth of aggregates in AP

peptides.

1.7. To monitor the Hepatitis B Virus Core protein (HBV Cp) capsid
assembly in real-time using ProCharTS and extrinsic chromophores

1.7.1. Introduction

Hepatitis B virus (HBV) is a small enveloped parsimonious virus that generally infects the
hepatocytes and belongs to the hepadnavirus genus. It is transmitted from the parents to the
child, through sexual means or through any other parenteral pathway. HBV virions are 40-42
nm in diameter, having double layered morphology. The outer lipoprotein layer contains three
distinct glycoproteins called surface antigens®”%. Inside the outer envelope is the viral core®
which contains a relaxed-circular, partially double-stranded DNA with a genome size of 3.2 kb
and a polymerase, which acts as reverse transcriptase in synthesizing the viral DNA in virus-
infected cells'®. The partially double-stranded DNA consists of a full-length (-) strand and an
incomplete (+) strand which replicates via an intermediate single-stranded pregenomic RNA
(pgRNA). When an individual is infected, the DNA genome converts itself into a covalently
closed circular DNA (cccDNA) in the nucleus and mRNAs are transcribed from it1%1%2 The
DNA has four open reading frames®”%, First is the presurface/surface (preS1/preS2/S) region,
and it encodes the S protein (HBsAg), which constitutes the bulk of the envelope proteins: the
M (preS2) protein and the L (preS1) protein which help the virus to bind to host-cell receptors
The PC/CP regions encode hepatitis B core antigen (HBcAg) or core protein (HBV Cp), which
encapsids the viral RNA and hepatitis B e antigen (HBeAg) which helps in modulation of the
host immune response. The third coding region encodes the viral polymerase which helps in
DNA synthesis as well as RNA encapsidation'®. The forth reading frame encodes the viral X

protein (HBX) helps in the modulation of host-cell signal transduction®.
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1.7.2. Biological relevance of HBV Core protein (HBV Cp)

The capsid assembly in the HBV virus is driven by the HBV Cp, which encapsulates the viral
RNA inside these empty capsids and aids in synthesising relaxed circular DNA (rc DNA) from
PgRNA as well as for virus maturation and release!®®1%". The root of chronic HBV infection is
the covalently closed circular DNA (cccDNA). Recently it was reported through Chromatin
Immuno-Precipitation (ChlP) assay that HBV Cp does interact with the CpG(cytosine-
phosphate-guanine) islands of ccc DNA. HBV Cp thus indirectly helps in recycling the mature
rc DNA to the nucleus, thus replenishing the cccDNA reservoir to maintain chronic infection
levels!®, Since treatment with nucleoside analogues (NAs) which prevent new virions
formation only sporadically, leads to loss of viral infection'®, there is a need for other novel
approaches to cure chronic HBV. Recently, Core Protein Allosteric Modulators (CpAMS) that
drive HBV Cp assembly*'° showed depletion of cccDNA-bound HBV Cp and decreased levels
of other viral proteins't. Also, the HBV Cp capsid is highly immunogenic and is reported to
induce both B and T cell responses'!?. Thus, understanding the HBV Cp protein and its
assembly can be of immense help in eliminating chronic HBV infection. Moreover, human
HBV is found to be highly specific to organs and species which challenges its analysis and
therapy under in vivo conditions*®. So, for the initial screening of drugs and understanding
their mechanism, simpler models like in vitro studies are generally carried out. However,
human HBV is not known to infect cell lines in vitro!'®, whereas the HBV Cp assembly process,
which is an important step in HBV infection, can be studied quite easily even with or without
the involvement of nucleic acids. It has been reported that although most virion is uniform,
some may appear small or outwardly aberrant'#, A recent study too illustrated that as much as
90% of capsids might be empty'®. Thus, targeting the empty and filled capsid assembly
formation in HBV infection provides a very efficient yet simplistic model for its cure and

provides better alternative therapies to cure HBV infection.

1.7.3. HBV Core protein (HBV Cp) structure and capsid assembly

The HBV Cp is a 22 kDa protein exists as a homodimer in the cytosol and consists of 183 or
185 amino acid (aa) residues depending on the genotype. It is one of the proteins in the HBV
genome which is highly conserved among all the HBV isolates!!s. HBV Cp is basically
comprised of 5 alpha helices. Helices a3 and o4 comprise the dimerization interface of each

monomer which pack together to form a stable dimer by a disulphide bond, whereas the other
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three helices a1, a2, and as form the base of the protein, giving the template for the hydrophobic
dimer-dimer contacts during HBV capsid assembly!’. From the functional aspect, HBV Cp
can be divided into two functional domains. The first 149 residues, Cp149, alone can assemble
spontaneously into capsids which are morphologically similar to capsids formed from full-
length HBV, as shown in Figure 1.18. The C-terminal domain Cp150-183 (34 residues) is
highly charged, rich in arginine residues that help in RNA packaging as well as in reverse

transcription of the pgRNA-Pol complex*!8,

NTD cTD

ASSEMBLY LINKER P-DOMAIN
——
1 140 150 183

HBc

Capsid formation

Figure 1.18: Schematic illustration of structure of HBV Cp 149 and its assembled capsids.

The HBV Cp capsid is formed in the cytosol and is initiated by the homodimerization of two
HBV Cp, where a disulfide bond between Cys-61 residue stabilizes the protein'*®?°, The dimer
then continues to oligomerise in an icosahedral symmetry forming capsids: (i) of 90 dimers (T
= 3) with a diameter of 30 nm and (ii) a larger capsid of 120 dimers (T = 4) of about 34 nm in
diameter. However, the T = 4 capsids are found more commonly in virally infected individuals,
although both capsids are present simultaneously*?'. Moreover, the capsids can be either empty
or filled with nucleic acids. In vitro assembly of Cp183, regardless of the absence or presence
of heterologous RNA, showed morphologically indistinguishable capsids'?2. A high level of
salt favours capsid assembly by disrupting electrostatic repulsions and forming weak
interdimer interactions that stabilize the capsids*'’*?3, In fact, such dimer contacts are

characterized by the burial of ~1,700 A? surface area during capsid formation. The assembly
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Kinetics is a 2-step phenomenon where ‘n’ subunits go through a rate-limiting nucleation step

followed by rapid addition dimers each at a time.
120 Cp149 — nucleus (n) + (120—n) Cp149 — capsid.

As revealed by cryo-electron microscopy (cryo-EM), the capsid morphology indicates that the
capsids have pores about 12—15 A in diameter through their surface'*’. The entry and exit of
nucleotides during DNA synthesis and degradation of the pgRNA are mainly facilitated by

these pores.

1.7.4. Conventional tools to detect HBV Cp capsid assembly

Here, we highlight recent advances in virus capsid characterization and review both ensemble
and single-particle methods. Virus capsid characterization and assembly have been studied in
vitro by 90° light scattering'?, Transmission Electron microscopy (TEM)? X-ray
crystallography!'’, Dynamic Light Scattering (DLS)!?® and have contributed to our
understanding of HBV virus capsids formation. Recently, Mass spectroscopy is found to
provide effective temporal resolution to analyse HBV virus assembly in real-time!?. Charge
Detection Mass Spectroscopy (CDMS)*? has emerged as a powerful tool to characterize the
intermediate products of the HBV assembly. Also, resistive-pulse sensing, based on fluid-based
particle counters, has been developed. As a matter of fact, currently, the highest resolution
obtained for HBV capsids is performed with a combination of multi-cycle resistive-pulse
sensing and with CDMS?*?8, Atomic Force microscopy (AFM) has also been used to analyze
HBV morphology*?°. Moreover, cryo-EM techniques have been used recently to analyse the
3D structure of HBV*®, This eliminates the inherent problems faced due to dehydration and
adsorption of the sample damaging viral capsids in conventional microscopy. In cryo-EM,
samples are not fixed or stained but are frozen-hydrated, thus maintaining the 3D structure of
the viral capsid. Separation technique such as Size Exclusion Chromatography*?* has also been
used extensively to characterize HBV dimers from capsids. Similarly, Multiangle light
scattering (MALS)'®, small-angle X-ray scattering (SAXS)'*?, Nano particle Tracking
analysis (NTA)', solid-state NMR™*, fluorescence correlation spectroscopy (FCS)*®,
differential scanning calorimetry (DSC)** are some of the recent techniques often used to

characterize various viral capsids.
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1.7.5. ProCharTS as a novel approach to study HBV Cp capsid assembly

The methods discussed above have some limitations as some are unable to detect heterogenous
morphology, whereas others are high in cost, labour intensive, or invasive in nature, causing
damage to samples. Thus, we try to explore the intrinsic optical properties of the HBV capsids
and dimers through our novel technique, ProCharTS and analyse the aggregation kinetics by
ProCharTS absorbance/luminescence. It is a simple method and requires only a portable UV
Vis spectrophotometer or fluorimeter compared to the above techniques. It thus eliminates the
need for careful pre-processing or advanced infrastructure and the high cost to characterise the
viral assembly process. Emerging reports of Clustering Triggered Emission (CTE) from
various common polymers and also from small molecules without aromatic amino acids
displaying deep blue luminescence have been motivating. Viral capsid assembly, being
considered a systematically controlled aggregation forming clusters of individual HBV core
protein in an icosahedral symmetry, should enhance molecular 3D contacts within charged
species. Such large clusters of HBV dimers in capsids are expected to give enhanced
ProCharTS as opposed to when in isolated monomeric forms. It thus can reveal the details of
molecular level contacts among key charged atoms and residues within the capsids. Moreover,
it being a non-invasive technique is not expected to interfere with the capsid assembly process,
unlike many fluorescent-based techniques.
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2.1. Experimental techniques

In this section, I discuss mainly the techniques used to accomplish the various experiments.
UV-Visible Absorption Spectroscopy, Fluorescence spectroscopy, Circular Dichroism, Light
Scattering, and Size Exclusion Chromatography are the important techniques that broadly

encompass the thesis work and are explained briefly under various headings.

2.1.1. Absorption spectroscopy

Absorbance is the measure of the quantity of light absorbed by a sample using spectroscopy,

particularly for quantitative analysis. The general setup of a spectrometer is shown below in

Figure 2.1
S Chopper | i
L S F \ PP \ Mirror
et S N\ N\
Source Monochromator Sample

\ ' \\ DGT.;tor

Mirror Reference Semi Transparent
Mirror
Amplifier
Recorder

Figure 2.1: Schematics of UV-Visible spectroscopic set up. (Adapted from Cantor & Schimmel, 1980)%

When the light with intensity lo, incident on the sample in a section sufficiently thin section
(d1) having total path length 'I' (in cm) with a molar extinction coefficient of £ (M cm™) and
concentration 'C", then the fraction of incident light absorbed by chromophores in the sample

is given by

dl
~ —=Cedl 2.1)

Integrated the equation 2.1, we get-
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AA) = logIT0 = Ce(A)! (2.2)

where € = €'/2.303 and A is the optical density or absorbance of the sample.

Sp > Iy
A
B.p Aba Bba
, 2 hv
hv hv hv o
Tnes it e |
v v

S,.n,

Absorption Spontaneous Emission Induced Emission

Figure 2.2: Schematics of the mechanism for absorption, spontaneous emission and induced emission.

Electronic transitions take place in femtosecond timescale from the singlet ground state (Sa) to
the various higher excited states (Sp)>**". Einstein coefficient for stimulated absorption is an
essential parameter in absorption which measures the probability of absorption by an electron
from state a with na density of electrons to state b with np density of electrons as shown in

Figure 2.2 and is represented by-

dn,  dng

PTa T Bapngp(v) (2.3)

B, is Einstein's coefficient for induced absorption, which is related to the molar extinction

coefficient by the following equation
B,, = (1000c/N,h) f(e’/v) dv (2.4)

where No is Avogadro's number, v is the frequency of light, c is the velocity of the light and p

(v) represents the energy density of the isotropic radiation field for the transition.
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Two other important parameters are used to define the absorption phenomenon. Day is the
dipole strength, which measures the transition dipole strength, and fay is the oscillator strength
that expresses the probability of absorption that compares the absorption intensity to that of the
expected quantum mechanical transition rate. Dap and fap are related to the molar extinction

coefficient by-

fap = (87%mc/3hv) Dy, = 4.315x10‘9f(£’/v) dv (2.5)

where m is the mass of an electron.

2.1.2. Emission

Subsequent to absorption, the electrons from the higher excited state (Sp) come down to the
singlet ground state (Sa), emitting photons. This process is called emission. Two types of
emissions can broadly occur, as seen in Figure 2.2. First, through spontaneous emission, the
electrons can come down to the ground state emitting photons. Secondly, the electrons, coming
down to the ground state, encounter another photon and emit two photons of the same

frequency. The rate of emission from the excited state (Sp) to the singlet ground state (Sa) is

given by-
dn, _ dny, =A t 2.6
= g = Ava™ (spontaneous) (2.6)
dn, dn, .
== Byanpp(v) (induced) (2.7)

where A,, and B, are the Einstein's coefficient for spontaneous and induced emission,

respectively.

The relationship between Einstein's coefficient for spontaneous A,, and induced B, are the

emission can be expressed as-

Aba _ 87Thv3
B,,  ¢3

(2.8)

where v is the frequency of light and c is the speed of light.
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Thus, the higher frequency of light, the more is the probability of spontaneous emission.
Spontaneous emission is responsible for most of the luminescence and Fluorescence we

observe in the real world, which is discussed in the next section.

2.1.3. Fluorescence

Fluorescence spectroscopy is one of the most routinely used techniques in biochemistry and
biophysics due to its sensitivity to detecting the dynamic fluctuations in proteins and other
macromolecules. The sensitivity arises since the emission process occurs at a nanosecond, and
any perturbations or effect of solvent interacting with the fluorophore is reflected in the
emission spectrum. Fluorescence is mediated by electronic transitions from excited singlet state
(S1) to ground singlet state (So) with visible or ultraviolet light emission. Emitted light generally
has a longer wavelength than absorption wavelength due to the loss in energy through various
non-radiative processes, as shown in Figure 2.3. The non-radiative process includes the A)
Internal Conversion due to vibrational relaxation from the higher S states to the S; state in the
picosecond timescale, dissipating heat. B) Intersystem crossing where an excited electron in
the S; state can spin convert itself to the first excited triplet state T1. The electron from the T
state then comes to the So state at a longer time scale (in milliseconds) since the transition is
spin forbidden. C) Quenching may occur by either depopulating the fluorophore in the excited
state or interacting with the ground state fluorophore forming a non-fluorescent complex. All

these three processes significantly affect the fluorescence intensity of a chromophore.

Sz w
| Internal
1 Conversion
|
S | = Intersystem
1 Y v ‘ an
; ‘ —— 4
Absorption |
' | Fluorescence
§ . hv,
hVA hVA 4 > NVe
| Phosphorescence,
2 |
So C1) N

Figure 2.3. A simplified form of the Jablonski diagram. (Adapted from Lakowicz, 2006)?

2-4
TH-2985 156106032



Chapter 2

For a fluorophore where both the non-radiative as well as the radiative process occurs, the rate
of Fluorescence significantly decreases, and the observed fluorescence lifetime (z) is expressed

as-

1
T =
F kr + kisc + kic + kq [Q]

(2.9)

where ki, kisc and kic represent the rate of the radiative decay, intersystem crossing, internal
conversion. kq and [Q] represent the fluorescence quenching rate and molar quencher
concentration. The above equation can be simplified by combining all the rates of non-radiative
decay processes as knr.

1
T = m (210)
Since the fluorescence efficiency or the quantum yield (¢) is defined as
k k
b = r — r (2.11)

kr + kisc + kic + kq [Q] kr + knr

The natural lifetime (zn) of a fluorophore is defined as the case where no non-radiative process

occurs and can be represented as-

Ty =—— (2.12)
Combining equations 2.10, 2.11 and 2.12, we get-

TF

D= 2.13
% (213)

This equation represents that quantum yield decreases with decreases in fluorescence intensity
caused by non-radiative processes.
2.1.3.1. Steady-state fluorescence
Fluorescence measurements are broadly classified into two types: steady-state and time-

resolved measurements. Here, the steady-state Fluorescence is discussed. In general, when light

is incident on a fluorophore, the excited electrons jump from the So state to the S; state. The
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electrons then come down from the lowest vibrational level of S; to the ground state, emitting
Fluorescence. In steady-state, an equilibrium is created between the population of electrons in
the excited states S: and ground-state level So. The fluorescence intensity arising from the
equilibrium state is measured as a function of wavelength and used to calculate various other
fluorescent properties: quantum vyield of a fluorophore, steady-state anisotropy, Forster
resonance energy transfer, static or dynamic quenching etc. In contrast to time-resolved
Fluorescence, steady-state Fluorescence is limited to time-averaged information of excited
state fluorophore. Steady-state Fluorescence thus can reveal various information about the local

fluctuations and perturbations around any fluorophore.

2.1.3.2. Steady-state fluorescence anisotropy

Steady-state Fluorescence anisotropy is an essential aspect of fluorescence measurements
which can give important information regarding the shape and size of the fluorophore by
calculating the magnitude of depolarization through rotational motion. As shown in Figure
2.4, when vertically polarized light (along Z-axis) is incident on a fluorophore, the molecules
are excited, and the extent of the absorption mainly depends on cos?d, where the angle (6)
between the absorption dipole of the molecule and the electric vector of the light incident on
it. This phenomenon is called photo selection. Absorption probability is maximum when both

Iy
Polarizer

Detector

Figure 2.4: Schematic of the principle behind fluorescence anisotropy (Adapted from Lakowicz, 2006)?

the absorption dipole and electron vector are parallel (¢ = 0°) and cos?d = 1 is maximum.
Subsequently, the excited state fluorophores depolarize due to rotational diffusion in a similar
timescale of fluorescence emission (in nanoseconds). The degree to which the depolarization

is affected due to tumbling motion in the molecules is measured by the detectors with emission
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polarizer either in parallel I} or in perpendicular I to the excitation polarizer in terms of steady-

state anisotropy (7ys)

The following equation defines anisotropy-

o=l = Gh 2.14)
58 I” + ZGIJ_
I
G=22 (2.15)
IHV

Here, G is a geometric factor defined by the ratio of the monochromator and detector sensitivity
to the vertical 1y and horizontal I+ components of the polarized light.

Steady-state anisotropy (r.5) can be explained in terms of the average of anisotropy decay over

fluorophore fluorescence intensity decay as-

Jy, r(®) I(Ddt
J, 1mat

Tes = (2.16)

Both intrinsic or extrinsic fluorophores attached to macromolecules can show steady-state
anisotropy as long as the fluorophore has a fluorescence lifetime comparable to its rotational
tumbling time. The anisotropy value is close to zero for smaller molecules with faster rotational
diffusion. Moreover, anisotropy is not much sensitive where the intensity decay time of the
fluorophore is much shorter than the rotational tumbling of the large macromolecule.
Anisotropy has been successfully utilized to study various protein-protein; protein-ligand

binding, protein aggregation, protein-DNA or protein-lipid membrane interactions.

2.1.3.3. Time-resolved fluorescence decay

Time-resolved measurements are generally performed either in the time domain or frequency
domain. Here only the time domain fluorescence intensity decay is discussed. An ultrashort
pulse (~101°-1012 ) of excitation light far shorter than the decay time of the fluorophore of
interest is incident on the sample. As soon as the excitation happens, the excited electrons from
the S; state come down to the Sp state emitting photon, and its fluorescence decay time is
measured through a polarizer at 54.7° from the vertical Z-axis. This technique is called Time-
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Correlated Single Photon Counting (TCSPC), and the set is shown in Figure 2.5. Less than
one photon for each excitation is detected by keeping the fluorescence count rate at < 1% of
the pulse repetition rate. The decay time is measured by the difference in arrival time of
excitation pulse and emission through two different constant fraction discriminators (CFD).
This decay time is measured in terms of increase in voltage ramp, through time to amplitude
converter (TAC) and subsequently converted to a numerical value by a programmable gain
amplifier (PGA). The process is done for N repetitions of photons arriving at the detector, and
a photon distribution is obtained, representing the decay kinetics of the fluorophore. The decay

Kinetics is expressed as the slope of log I(t) vs t (ns), and the fluorescence decay time (z) is

measured.
Photon 1
g e
"]
S Laser c L A
J: ;g le—=A'¢ > N repetitions E A
. T 7‘3
T il Ex CFD Time (ns) 1% A,
At K offset gain T N -
1 =
A TAC ) Photon
l ss""" / =11 PGA ﬂ ADC distribution

A

to
S A Time (ns)
CFD _lL 4 :
Em. res (WD /\
o W %

Detector Time (ns)
signal:

—

Slope =1/t
!

1 1 3

Figure 2.5: Electronic schematic for TCSPC. Adapted from (Lakowicz, 2006)?
The expression for the fluorescence intensity decay is expressed as-
I(t) = Ioexp (—tl7) (2.17)

where lo and I(t) are the fluorescence intensity at time = 0 and t, respectively, and z is the

fluorescence lifetime of the fluorophore.

The average time a fluorophore stays in the excited state before returning to the ground state
emitting a photon is represented by <t>. For a single exponential decay, this average time <t>

can be expressed as the average time t over the fluorescence intensity decay by-
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s J, t1(®)dt _ J, exp (=t/ DI(t)dt (2.18)

[y 1(®)dt J; exp (—t/ T)dt

Solving the equation,

<t>=71 (2.19)

Thus, for a single exponential decay, the average time of a fluorophore stay in the excited state
equals fluorescence lifetime z.

Fluorophores generally are not restricted to single exponential decay, and a single fluorophore
may exhibit two, three or even four exponential decay components. For multi-exponential

decay, the time-dependent intensity decay can be expressed as

n

I(t) = z a;exp (—t/ty) (2.20)

=1

where 7i and ai represent the lifetime and amplitude of the i decay component, respectively.

n

z @ =1 (2.21)

i=1

n
Tm = z a;T; (2.22)

where 7, is the mean lifetime of the fluorophore.

2.1.3.4. Time-resolved intensity decay analysis

The intensity decay curve essentially has three different curves: Instrument Response Function
(IRF) L(tx), measured intensity decay N(tk) and calculated (fitted) intensity decay Nc(tx). The
instrument response function (IRF) L(t) is an instrument response to a sample with zero
fluorescence lifetime, meaning the shortest time profile that TCSPC can detect. N(tk) is
obtained by convoluting the actual intensity decay of the sample, Nc(tx), with the IRF L(t).
Each excitation impulse response Ik(t) is a delta function excited at time tx. which can be
represented by-

I,(t) = L(t, )I(t — t;)At (t>tg) (2.23)
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Since no emission is observed before time t, the term (t- t«) is used in the equation where the

counted photons are collected into channels, each with width (47).

The measured intensity decay N(tk) can thus be expressed as the summation of each of the

impulse responses as shown in Figure 2.6 and is represented by-

t=tg

N(ty) = Z L (t)I(t—t;) At (2.24)
t=0

Generally, the value of 4¢ is often small, and thus the above equation can be re-written as-

N(t) = [, LI — t)dt’ (2.25)
CN(E) =T () +T5(4) +T5(t) Nlte) =Y I (t)
2 >
(7] o
= 12H)=L((2)exp[°“"2)/.t] E Lity)
[Ik 7
0 Htt Time (ns) 0 t
Time (ns)

| j 11 Excitation Pulses |

Figure 2.6: Convolution of an impulse response function I(t) with three excitation pulses L(tk) to yield the

measured data N(tx). (Adapted from Lakowicz, 2006)?

The decay analysis for Time-resolved fluorescence data collected through TCSPC are generally
analyzed by various methods: non-linear least square analysis (NLLS); maximum entropy
method (MEM); Laplace transformation and phase-plane method etc. In this section, the
analysis of the TCSPC data through Least square fit and maximum entropy analysis are

discussed briefly.

In this NLLS method, the best match of the fitted decay Nc(t,), from measured decay N(tx), is

obtained by minimizing the value parameter %> to judge the goodness of fit. The x%can be

expressed as
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[N(ty) — Nc(t)]?

[N(ty) — Ne(t)]* = N(to)

X2 = zn: (2.26)

k=1

?:"q[\,)| -

n
k=1
where ok is the standard deviation at each data point and n is the total number of channels used
for the analysis.

Another more useful parameter x% is often used instead of x?which often eliminates the

dependence on the number of data points' n" and is represented as-

Xk = =— (2.27)

where p denotes the number of floating parameters and v is the N degrees of freedom.

A value of x2 will be close to 1, signifies a better fit, and the iterative re-convolution process

is carried out until x% reaches close to 1.

Although x2 hints at the goodness of a decay fit, but it is not always necessary that x4 reaches
close to 1 justifies the fitting in every possible scenario. For this, another parameter known as
the distribution of residuals (Dx), which is essentially the difference between measured and
fitted function, often supplements the x2 . The randomness of residual distribution signifies a
better fit as compared to improper decay fit, as seen by some patterns in the distribution. The

deviation (Dx) can be expressed as

D, = 1(ty) — 1c(ty)

NS

Although the luminescence decay parameters are obtained by discrete non-linear least square

(2.28)

analysis, there are two major inherent limitations related to the method. First, it assumes a
model prior to the data set being fitted. Secondly, even if the decays are fitted assuming a
model, for higher-order exponential decays, each model has to be fitted gradually from lower
to higher-order exponential models to find out the model in which the decay will fit, which is
quite tedious. In maximum entropy method (MEM) analysis®*®'® these limitations are
overcome as it is based on a model-free approach, and no knowledge regarding the decay is
required prior to fit. Each iteration is performed to generate a distribution of lifetimes by
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maximizing the entropy S (known as Shannon-Jaynes entropy) and minimizing x°. The
goodness of fit is characterized by ¥ value as well as the increased S value, both of which are

expressed as-

S = z —p; log p; (2.29)
i

= (1/m) Y[F, (t) — F, ()]

E, (6) (2.30)

where p; is the probability for the i lifetime, m is the number of data sets and F. (¢;) and

F, (t;) are the calculated and experimental intensity decay, respectively, at the time t;.

2.1.4. Circular Dichroism (CD)

Electromagnetic radiation comprises two oscillating components: electric and magnetic fields,
which are perpendicular to each other and also to the direction of propagation. An oscillating
electric field vector characterizes linear polarized light in only one plane where the direction
of the vector stays constant, but its magnitude oscillates. Whereas, in circularly polarized light,
the direction of the electric field vector continuously oscillates about its propagation axis,
maintaining a constant magnitude, as shown in Figure 2.7. The prerequisite for displaying the
CD spectrum is that the chromophore must have chirality since circularly polarized light by
itself is "chiral”. When circularly polarized light passes through a chiral centre, the
speed, wavelength and absorptivity between right and left polarizations differ. Thus, the change
in the molar circular dichroism depends not only on wavelength but also on the conformation

of the absorbing molecule.

) ) -
Y Com— | —) —
o -_J__- I'I
/
Ordinary Light Polariser Plane Anisotropic Cirf:ularl_v
{movingin all directions) polarized light quartlertwave polarized light
plate

Figure 2.7: Origin of Circularly Polarized Light from ordinary light. (Adapted from Karnik & Hasan, 2021)4°
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Moreover, a linear charge displacement is observed in the electric field of light, whereas the
magnetic field experiences a charge circulation. This causes the excitation of an electron in a
helical motion, which both translational and rotational operators characterize. These quantities
together reflect the rotational strength (Roa) for state O to state a transition of the molecule. It is
equivalent to the dipole strength measured in absorption. The relationship between
the rotational strength and the molar ellipticity of a molecule [4], an intrinsic parameter for

polarization ellipticity, is given by

3hc
Roa = gz | (601204 (231)

An optically active chiral molecule absorbs the right and left-handed circularly-polarized
components of circularly polarized light in different amounts. Differences in absorbance can

be represented as

A = A, — Ay (2.32)

where AL and Ar are the absorbance for left and right-handed circularly polarized light,

respectively.

Molar absorptivity AA can be expressed in terms of molar circular dichroism Ae using Beer-
Lambert Law (A = €Cl)

Ag = g — g (2.33)
AA = AeCl (2.34)

The CD spectrum is mostly reported in terms of ellipticity, 8, which is, in fact, a measure of

the polarization ellipticity. It can be represented in terms of the electric field as given by-

E, — Eg
E, + Eg

tan 0 = (2.35)

where E is the magnitude of the electric field vector of right and left circularly polarized light
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The ellipticity can be written in terms of molar absorptivity as-

[n10_ 180
O(degrees) = AA (T)(T) (2.36)
Moreover, similar to molar circular dichroism, molar ellipticity defines the intrinsic property
of the chiral molecule by removing the dependence of concentration and pathlength and is

given as,

1006

[6] = —— (2.37)

Combining equations 2.34, 2.36 and 2.37, we get the relationship between molar ellipticity and

molar dichroism,
[0] = 3300A¢ (2.38)
The units of molar ellipticity are historically (deg. cm?/dmol).

Circular Dichroism (CD) is used to detect the changes in conformations in proteins and nucleic
acids. The far-UV CD spectra in the region of 240 to 190 nm give information about the
secondary structure of the protein. In contrast, Near-UV CD spectra in the region of 250 to 290
nm reveal information about the tertiary structure of the protein. When the chromophores in
the amides of the polypeptide chain in proteins are aligned in a specific orientation, the optical
transitions experiences “exciton" interactions and are split into multiple transitions. This is why
different secondary structures like a-helix, B-sheet, B-turn and random coil show characteristic

individual CD signals.

2.1.5. Light scattering

Light Scattering is an important phenomenon used to gain information about biomolecules in
solution. As compared with X-Ray Diffraction studies where the static orientation of
biopolymers is studied from crystallized samples, light Scattering reveals the actual
conformation of the molecules in solutions since most of the biomolecules are soluble rather
than crystallized. When light is incident on macromolecules in solution, the light is scattered

in all directions with varying intensity and is detected by the detector. Information regarding
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the size and shape of macromolecules is stored in the scattered light'4!. Here we discuss two

types of Scattering: static light Scattering and dynamic light scattering.

Static light scattering (SLS) is a technique to measure absolute molecular weight by measuring
scattered light intensity as time-averaged intensity giving information regarding molecular
weight and radius of gyration of macromolecules. For a system containing a biomolecule with
molecular weight M having a concentration of C, the equation for Rayleigh scattering can be

written in terms of the Rayleigh ratio Ry as-

_ 2m*n(dn/dC)? c
" 3 N2*

M (2.39)

igTZ

Rg=—20
0 I,(1+ cos?6)

(2.40)

where no is the refractive index of the solution, N is the Avogadro's number, and 4 is the
wavelength of the incident light

The measurement of Ry is generally carried out in a photometer, and the intensity of the light
scattered is measured at a 90° angle with respect to the incident light and the molecular weight,
M is estimated. Moreover, the molecule's radius of gyration (R;) can also be estimated from
the angular-dependent scattering experiments, considering the size of the molecule is large

enough. The equation can be written as-

h2RZ

Pp=1-— 4o (2.41)

where Py is the function defining how Scattering at an angle & would be for a biomolecule if
the molecule was shrunk to much smaller than A. It should also be noted that this angular
dependence of scattering relies explicitly on its shape only if the biomolecules are large enough.

For small molecules, low values of & or for long incident wavelength, Py approaches 1.

Dynamic Light Scattering (DLS) is used to characterize the size of protein aggregates, nucleic
acids and other biopolymers based on their diffusion behaviour in solution. The fluctuation in

the intensity of scattered light (due to Brownian motion) is defined by the translational
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diffusion coefficient (D;) of the macromolecule in solution. The distribution in the size of the
macromolecules is generated from the time autocorrelation function of the scattered light. The
relation between the first-order autocorrelation function of scattered light and D, can be

expressed as

G, = 1+ pe2Da’t (2.42)
dmn,
lg| = 7 sin(6/2) (2.43)
(]

Here, £ is a parameter which depends upon the geometry and optical setup of the instrument, ¢
is the decay time, q is a scattering vector, 7o is the refractive index, Ao is the wavelength of

incident light in vacuum, and @ is the scattering angle.

The relation between D, and the hydrodynamic radius (Rn) of the spherical macromolecule can

be expressed by the Stokes-Einstein equation as:

kT
T 6mnR,

(2.44)

where kg is Boltzmann's constant (1.381 x 1022 J/K), T is absolute temperature, # is the

viscosity of the medium and Rn is the hydrodynamic radius of spherical macromolecule.

2.1.6. Size Exclusion Chromatography

Size exclusion chromatography (SEC) is mainly used to separate higher molecular-weight
species, such as polymer, large proteins or aggregates, from lower molecular weight proteins.
Its principle is based on the movement of the molecules based on their size differences. When
a sample containing various-sized solutes is injected into the column, the individual solutes,
based on their size, travel different paths and are carried by the solvent through the highly rigid
and porous material of the packed column, as shown in Figure 2.8. The smallest molecules can
penetrate deeply into smaller pores of the column, whereas the larger molecules cannot enter
such smaller pores. Small solutes travel longer paths and thus elute at longer times (more

retention time) than larger solutes. In both liquid and gas chromatography, the movement of
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the solute is often governed by the type of mobile phase as it is held back either by the column
packing or the stationary phase. However, in Size Exclusion Chromatography, molecular size

or the hydrodynamic radius dictates the separation of the solutes.

: . (C) large (D) small
Time 3y (A)sample (B)size Soliiies.  sciitos

eluted eluted

sequence injected separation

Solvent flow

@)
o=
d)

Sample gz
mixture

Ho
S0

g
»
=
¥
s

%)
a

Porous
packing

%‘Q
O
©

O.8
9089594
090°0%%

%)
o
©o

Concentration
detector

Injection
Elution curve ¢
L 1 L A

(A) (B) (C) (D)
Retention time or volume
—>

Figure 2.8: The schematic of the principle of Size Exclusion Chromatography (Adapted from Barron, 2015)4?

The molecular weight (My) of a solute is directly linked with the retention time or the elution
volume. My can be estimated by plotting a standard curve between partition coefficient (Kay)
against the log (Mw) of standard proteins. Kay can be expressed in terms of elution volume

K., = (2.45)
Ve, Vo, and V; are the measured elution volume, void volume and the total column volume.

For polymeric biopolymers, the weight averaged molecular weight (My), and the number
averaged molecular weight (M,) composed of Ni numbers of individual solutes with sizes of
Mi can be defined by the

M. = 2 NM;
XN

(2.46)
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y X NM}
Y Y NM;

(2.47)

The polydispersity index (PDI), a significant parameter in polymer chemistry, can be estimated
by the Mw/ M ratio. It measures the distribution of the molecular mass of individual chains in
a biopolymer. The more Mw/ My is, the more highly dispersed the polymer is. A ratio nearer to

1 corresponds to a perfectly monodisperse polymer.

2.2. Materials

2.2.1. Chemicals and Reagents

Glycine (G8898); Streptomycin Sulfate salt (S6501); Triton X-100 (T9284); B
Mercaptoethanol (63689); PMSF (P7626); Sinapic acid (85429); CaCl, (C8106);
Urea(U5378); 1, 4-Dithiothreitol (D0632); Folin & Ciocalteu’s phenol reagent (F9252);
Guanidine hydrochloride (G3272); Gel loading buffer (G2526); Trifluoroacetic acid (T6508);
Thioflavin T (T3516); 8-Anilinonaphthalene-1-sulfonic acid (A3125); Acrylamide (A3553);
L-Arginine (A5006); L-Arginine monohydrochloride(A5131); L-Aspartic acid potassium salt
(A6558); L-Histidine (53319); poly-L-arginine hydrochloride(P4663); poly-(a,p)-D,L-aspartic
acid sodium salt (P3418); N-acetyl tryptophan amide (A6501) were purchased from Sigma
Aldrich Chemicals Pvt. Limited, Bengaluru, India. The Luria Broth (M1245); Luria Agar
(M557); MgCl2 (TC186) and Imidazole (GRM1864); Lithium Chloride (GRM768); HEPES
(MBO016); Dithiothreitol (RM525); Kanamycin sulphate (MB105); Isopropyl p-D-1-
thiogalactopyranoside (MB072); Sodium chloride (GRM031); Sodium dihydrogen Phosphate
monohydrate (PCT0013); Ampicillin sodium salt (TC021); EDTA(GRM3915); Sucrose
(MBO025) were procured from HiMedia Laboratories, India. 5-(Dimethylamino) naphthalene-
1-sulfonyl chloride (D23) was purchased from Invitrogen, Molecular Probes, USA. The PD-
10 desalting column (17-0851-01) was purchased from GE Healthcare. The Tris (Hydroxy
methyl amino methane) (93315); SDS (184190); and Potassium chloride (91635); Cyclohexane
(1028220500); Ammonium Sulfate (101217); Sodium hydrogen carbonate (106329); Sodium
hydroxide (193102); Dimethylformamide (17754) were purchased from Merck India Limited.
Nuvia IMAC Ni-Charged Resin (780-0800) was purchased from Bio-Rad. All chemicals used

were analytical grade with purity >98%.
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2.2.2. Amino acid sequences of the proteins

A. Symfoil 4P/PV2 (131 amino acids) [PDB ID: 4D8H]

HHHHHHEVLLRSTETGQLLRINPDGTVDGTRDRSDPGIQLQISPEGNGEVLLRSTE
TGQLLRINPDGTVDGTRDRSDPGIQLQISPEGNGEVLLRSTETGQLLRINPDGTVDG
TRDRSDPGIQLQISPEGNG

B. Hepatitis B Virus Core protein (149 amino acids) [ PDB ID: 1QGT]

MDIDPY“EFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSPHHTALRQ
AILCWGELMTLATWVGNNLEDPASRDLVVNYVNTNMGL“IRQLLWFHISCLTFGRET
VLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVV

Charged amino acids: Arginine(red); Aspartate(blue); Lysine(green); Glutamate(purple);
Histidine(green) are highlighted in bold fonts.

2.2.3. Amino acid sequences of the switch peptides

Switch peptides with various combinations of Lysine, Glutamate residues with the core
fragment AP 16-22 (KLVFFAE) intact are shown below-

;
Pep1{2Ac] (1K/1E):Ac-SLKLVFF(H )SELSG-NH,_
Pep2 (1K/1E): NH -SLKLVFF(H )SELSG-NH_
Pep3 (1K/0E): NH -SLKLVFF(H )SSLSG-NH_

Pep4 (2KIOE): NH -SLKLVFF(H )SKLSG-NH_

Pep5(OKﬂE):NH{SLSLVFFGi)SELSG-NHZ Acetyl Lysine Switch Glutamate
Pep6 (OK/2E): NHZ-SLELVFF(H)SELSG-NH2

Pep7 (OK/OE): NHZ-SLSLVFF(H)SSLSG-NH2

Pep8[7Ac] (0K/OE): -SLSLVFF(H)SSLSG-NH2

Pep9[3Ac] (1K/OE): Ac-SLKLVFF(H )SSLSG-NH,_

Charged amino acids: Lysine (red); Glutamate (blue); acetylated N terminus (green) are
highlighted

We used a peptide concentration of 50 uM for all peptides, but we could only observe
controlled aggregation in peptides 1 and 9. In contrast, peptides 5, 7, 8 turned turbid and thus

precipitated out of the solution, meaning aggregation assay could not be performed, therefore
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discarded for this study. Consequently, we tried to increase the working concentration of the
rest of the peptides to 200 uM. It turned out that peptides 2 and 3 both showed aggregation, as
observed in Circular Dichroism data discussed later and is used for this case study. In contrast,
pep 4 and pep 6 did not show any aggregation even in that condition and are not being studied
here. Thus, we were left with four peptides, two of which were acetylated (peptides 1 and 9)
with a working concentration of 50 uM, whereas both the non-acetylated (peptides 2 and 3)
were kept at 200 uM. In addition to that, the aggregation mechanism of pep 1 with a working
concentration of 200 uM was also studied here. Thus, to sum up, we have 5 cases named as

mentioned below and used the same terminology everywhere in this article.

Pep I:  Ac-SLKLVFF(H") SELSG-CONH; (50 tM)
Pep 11: Ac-SLKLVFF(H*) SSLSG-CONH; (50 uM)
Pep 111: NH3"-SLKLVFF(H*) SELSG-CONH2 (200 M)
Pep 1V: NH3*-SLKLVFE(H") SSLSG-CONH; (200 M)
Pep V: Ac-SLKLVFF(H") SELSG-CONH; (200 M)

2.3. Methods

2.3.1. Protein(s) purification

2.3.1.1. Cloning

Symfoil 4P PV2 containing 131 amino acids were cloned in a pET21a(+) expression vector
with a hexahistidine (His6) tag fused with terminus. The construct was provided by Prof.
Michael Blaber from Florida State University, USA. On the other hand, HBV Cp 149 were
cloned in pRSF_T7-HBc1490ptTetPrRep plasmid vector with a T7 promoter and had no
additional tag attached to them. The construct was provided by Prof. Michael Nassal from the

University of Freiburg, Germany.

2.3.1.2. Preparation of competent cells

E. coli BL-21 (DE3) and E. coli BL-21 codon®™ (DE3) strains were used for Symfoil 4P/PV2
and HBV Cp 149, respectively. For both strains, the method of preparing competent cells is the
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same, which is described below. A single bacterial colony was collected from the plate of Luria
Agar and inoculated into 5 mL of Luria Broth (LB) medium and allowed to incubate at 37 °C
and 180 rpm for 10-12 hours in a shaking incubator. 500 uL of the culture was then collected
and allowed to grow in a 50 mL volume of LB medium under similar conditions till the culture
turned slight turbid and absorbance at 600nm(Asoo) ~0.3 or 0.4 was reached. The culture was
then placed on ice for 10-15 minutes, cells were centrifuged at 3000 rpm for 10 minutes at 4
°C, and the pellet was collected. The pelleted cells were then resuspended in a 15 mL solution
of 80 mM MgCl> + 20 mM CaCl cold solution and were centrifuged again at similar
conditions. The pelleted cells thus collected were mixed slowly and gently in a solution mixture
of 900 pL of 0.1 M CaClz + 100 uL glycerol and were kept as aliquots of 100-200 pL in
microcentrifuge tubes at -80 °C for further use.

2.3.1.3. Transformation

The E. coli BL-21 (DE3) and E. coli BL-21 codon* (DE3) competent cells kept at -80 °C were
thawed, and about 0.2-0.6 pL of the Symfoil PV2 and HBC Cp plasmid respectively were
added and incubated for 15 minutes at 4 °C. In each case, a negative control set with competent
cells with no plasmid was also prepared. After incubation, the cells in microcentrifuge tubes
were placed at 42 °C for 90 seconds and transferred to ice immediately. After a few minutes of
incubation, the cells were suspended in 800-900 uL of LB media with no antibiotic and were
incubated in a shaking incubator at 37 °C and 180 rpm for 1 hour. As soon as the culture turned
slight turbid, they were centrifuged at 6,000 rpm for 10 minutes. The cells were then pelleted
and resuspended in 100 pL of fresh LB media and plated on an LB agar plate with Ampicillin
(100 pg/mL) for Symfoil 4P/PV2 and Kanamycin (50 pug/mL) for HBV Cp. The LB agar plates
were then kept in an inverted manner in a static incubator at 37 °C for 10-12 hours until colonies

of transformed cells started appearing.

2.3.1.4. Expression

E. coli BL21 cells transformed with individual recombinant plasmids were grown in LB broth
containing 100 pug/mL ampicillin at 37°C. For transformed E. coli BL-21 codon™ (DE3) cells,
LB broth containing 50 ug/mL kanamycin at 37°C was used. When the culture achieved an
optical density of 0.6-0.7 at 600 nm, Isopropylthio-p-d-galactoside (IPTG) was added to a final
concentration of 1.0 mM for both the E. coli strains. After an additional 3-4 hours of incubation,
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the cells were harvested by centrifugation at 6000 rpm for 15 min, and the pelleted cells were
kept at -20°C.

2.3.1.5. Purification

Purification of Symfoil 4P/PV2 was carried out similar to that of previously reported
protocol**® with some modifications. From a 1litre culture, the pelleted cells were mixed in ice-
cold lysis buffer (50 mM phosphate buffer (pH 7.4); 500 mM NaCl; 5 mM Imidazole).
Subsequently, 2 uL of 20% Tween 20 and 1mM phenyl-methyl-sulfonyl-fluoride (PMSF) were
added, and the cells were lysed by sonication. The cell lysate was then centrifuged for 30 mins
at 13000g, 4°C. Supernatants were filtered with a 0.45 um filter and were loaded on the affinity
column of nickel-NTA agarose resin (Qiagen) with 2 mL Ni-NTA agarose beads. Before
supernatants were loaded, the column was pre-equilibrated with binding buffer (50 mM
phosphate buffer (pH 7.4); 500 mM NaCl; 5 mM Imidazole). The resin containing the protein
was kept for 4-5 hours in a rocker at 4 °C allowing the NI-NTA beads to bind to His tag of
protein. 2-3 column volumes (CVs) of the same binding buffer were used to wash the protein-
bound-Ni-NTA beads. The proteins were then eluted with elution buffer 1 (50 mM phosphate
buffer (pH 7.4); 500 mM NaCl; 50 mM Imidazole) and with elution buffer 11 (50 mM
Phosphate buffer (pH 7.4); 500 mM NaCl; 250 mM Imidazole). The samples were collected in
multiple fractions. Quantifying proteins in these fractions was done using UV-Visible
spectroscopy, and fractions with relatively higher protein concentrations were pooled together.
The protein was dialyzed against enough water to remove the imidazole from the elution buffer.
Subsequently, the proteins were further characterized by SDS-PAGE and MALDI -TOF to
check the purity of the purified proteins.

HBV Cp 149 purification was carried out similar to that reported previously** with minor
modifications. Cells harvested from 1-litre culture were lysed and sonicated in 50 mM Tris-
HCI buffer. 1 mM EDTA, 5 mM DTT, 1 mM PMSF, 0.025-0.05 mg/mL DNase (pH 7.4) and
centrifuged for 1 hr at 13000g, 4°C. Solid sucrose was added to 0.15M to the supernatant and
was ultracentrifuged at 100000g for 1 hr. Solid streptomycin sulphate was added to 1% w/v of
supernatant and centrifuged for 30 min, 4°C. Subsequently, solid ammonium sulphate was
added to 40% w/v of the supernatant and centrifuge for 1 hr, 4°C. The pellet is collected and
stored at 4°C. The pellet was then dissolved in 100 mM Tris-HCI, pH 7.5,100 mM NacCl, 50
mM sucrose, and 2 mM DTT (purification buffer), filtered and passed through Hi-load
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Superdex 16/600 200pg column (120 ml for one CV) at 1 mL/min during Size Exclusion
Chromatography (SEC). The elute in the void volume was collected, which contained the HBV
Cp 149 capsid. SEC was carried out using AKTApurifier™ FPLC (GE Healthcare)
chromatography system. Capsids collected were dialyzed in 50 mM Tris-HCI, pH 7.5, 0.15 M
sucrose for 5-6 hours. The solution was titrated to pH 9.5 with 10 N NaOH, and solid urea was
added to 3.5 M. The mixture was allowed to equilibrate for 1.5 hours at 4 °C to disrupt the
capsid and form dimers. The dimers thus formed were then passed through the same SEC
column equilibrated in 100 mM sodium bicarbonate, pH 9.5, 2 mM DTT. Pure HBV Cp 149
dimers were concentrated by Vivaspin centricon to 50 uM and stored in -80° C. All the SEC
analyses were done after pre-equilibrating the column with 2 CVs, the same degassed buffer

used for proteins.

2.3.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

To estimate the expression and purification of the proteins, reducing SDS-PAGE was
performed based on the standard protocol**. Both the resolving gel (15% acrylamide) and
stacking gel [ a mixture of deionized water, Acrylamide, Tris(hydroxymethyl)aminomethane,
SDS, Ammonium persulphate, N, N, N, N Tetra-methyl-ethylenediamine] were prepared
accordingly for running all protein samples. Briefly, protein samples mixed in a 3:1 ratio with
the gel loading buffer were heated to 95 °C for 3-5 minutes. Different samples (in separate
wells); standard molecular markers to compare the approximate molecular weight of proteins
(in one well) were added to the casted gels and allowed to be separated on vertical Mini-
PROTEANR Tetra Electrophoresis System (Make: Bio-Rad). The system was run at 80-100
Volts for 1.5-2 hours until gel loading dye reached the bottom. Gels thus obtained were stained
with Coomassie stain (prepared by dissolving 0.025% (w/v) Coomassie Blue R-250 in a
solution of 45% methanol, 45% deionized water and 10% glacial acetic acid) for 4 hours.
Subsequently, the gels were allowed to de-stain in a solution prepared by mixing 30% of
methanol, 10% of glacial acetic acid and 60% of deionized water until clear bands of proteins

and markers were visible.

2.3.3. Protein estimation

Both Symfoil PVV2 and HBV Cp concentrations were estimated by the Lowry method*®. For
the standard curve, various dilutions of BSA ranging were prepared [0.05-1.00 mg/mL] from
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BSA stock of 1.00 mg/mL dissolved in water. With BSA dilution, 200 puL of Symfoil PV2 and
a blank (deionized water) were added to the aluminium foil-wrapped test tubes. Subsequently,
2 mL of Reagent I: a solution prepared by mixing 48 mL of solution (2 % Sodium carbonate
in 0.1 % NaOH, 100 mL; 1 mL of (solution 2.37 % Potassium sodium tartrate in water, 50 mL)
and 1 mL of solution (1.56 % Copper sulfate in water, 50 mL) was added to each of the tubes
and vortexed thoroughly. After all the samples were thoroughly mixed with the reagents, they
were incubated at room temperature for 10-15 minutes. To each of the samples, 200 pL of
Reagent 11, prepared by mixing an equal volume of Folin's reagent and water, was added,
mixed, and incubated in a dark space for 30 minutes. Finally, the absorbance of each sample
was measured in duplicates at 650 nm wavelength. Using the standard BSA curve, the protein
concentration was estimated quite accurately from the concentration versus absorbance plot.
However, while performing the experiments for AP switch peptides aggregation, the
lyophilized switch peptides were weighed, and their respective concentrations were calculated

instead of the Lowry method.

Moreover, both concentration of Symfoil PV2 and all the AB switch peptides were further
validated by measuring absorbances values 215 nm and 225 nm (A215 and Azzs) respectively in

the far UV region and using the following equation**’
Protein/peptide concentration (ug/ml) = 144*(A215-Azs)  (2.48)

Concentration of HBV Cp149 was calculated by taking the absorbance in UV region and using

extinction coefficient €280 of 60800 M~*cm™ for HBV Cp149 dimers'?.

2.3.4. Mass Spectrometry

MALDI-TOF mass spectrometer (Daltonics Bruker, Germany) was used to determine the mass
of Symfoil PVV2 and HBV Cp. A solution of Sinapic acid was dissolved in TA-30 solvent [0.1%
Trifluoroacetic acid and acetonitrile mixed in 7:3 ratios] to prepare the MALDI matrix. It was
then sonicated for 30 minutes, centrifuged at 12000 rpm at 25 °C for 15 minutes, and the
supernatant collected carefully was mixed with protein in a 2:1 ratio in PCR tubes. The mixture
was then spotted on the target plate and was allowed to dry for 3 hours. Data acquisition was
made with flex control in Linear Mode, and analysis was carried out by flex Analysis software

(make: Bruker Daltonics).
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2.3.5. Switch peptide aggregation

Switch peptides aggregation were performed as mentioned'#149, All the switch peptides were
weighed and dissolved in 0.1%(v/v) TFA (Trifluoroacetic acid) at pH 2, and the stock was
made up to ~2 mM. From the stock, two final working concentrations of 50 uM and 200 uM
were selected and the peptides were allowed to aggregate in phosphate buffer pH 7.2. Different
time scales were observed for each peptide, and their characterization was done using various

techniques at multiple time points.

2.3.6. HBV Cp capsid assembly

HBV Cp capsid assembly was performed as similar as reported previously!?*. The HBV Cp
149 dimer that was purified was dialyzed at 20 °C for 4 hrs against 50 mM HEPES 2 mM
DTT, pH 7.5 and its concentration was found to be ~50 uM and was used immediately. Capsid
assembly was studied by dissolving 10 uM of HBV Cp in 50 mM HEPES plus 0.25 M or 0.5M
NaCl, respectively, to initiate reaction and reaction was allowed for 30 minutes. Moreover, the
assembly for 5 uM HBV Cp in 50 mM HEPES plus 0.5 M NaCl was also performed.

2.3.7. UV-Visible and ProCharTS absorbance

Double beam Lambda-25 UV-Visible Spectrophotometer (Perkin Elmer, USA) was used to
record absorbance. A quartz cuvette with a path length of 10 mm (Hellma; Z600210) was used
for all measurements. Absorption spectra were acquired in duplicates between 250 nm and 800
nm with a scan speed of 480 nm/minute and are averaged. The spectra obtained from each
concentration were normalized with individual concentration to calculate the extinction

coefficient for all the samples

For amino acids, 10 different concentrations [0.1-1.0 M] for all amino acids except Histidine,
where 6 concentrations [ 0.05-0.3 M] were used and their absorbance at different wavelengths
were plotted versus concentration. The experiments were carried out in deionized water and at

room temperature

For Arginine and Aspartate homo-polypeptides, 5 different concentrations: 0.5, 1.0, 2.5, 5 and
7.5 mg/mL were used for polypeptides and their absorbance at 7 different wavelengths was
plotted versus concentration. The experiments were carried out in deionized water and at room

temperature
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For Symfoil PV2, absorbance was performed with 6 dilutions of protein: 15, 30, 50, 75, 100,
and 125 uM and their absorbance at 8 different wavelengths was plotted versus concentration.
Moreover, for quantifying Symfoil PV2, absorbance in far UV at 215 nm and 225 nm was also
carried out by various sample dilutions. The experiments were carried out in deionized water

and at room temperature

For switch peptide aggregation, ProCharTS spectra (250-800 nm) at different times for each
peptide were carried out in aggregation buffer (phosphate buffer, 50 mM pH 7.2). The change
in ProCharTS absorbance at various wavelengths versus aggregation time was calculated from
each spectrum and plotted versus time. The peptide concentration was kept at 50 uM and 200
uM depending on the peptides. Moreover, to eliminate possible interference from Scattering,
all the spectra were corrected for any possible scattering. The absorbance values were scatter
corrected from 450-600 nm as log A vs log A dependence and further extrapolating way till 250

nm*°, All the readings were done in duplicates and at room temperature.

For HBV capsid assembly: Assembly of the 10 uM dimer in 50 mM HEPES with 0.25 M NaCl
and 0.5 M NaCl, pH 7.4 (assembly condition) were monitored by collecting the UV-Visible
spectrum from 250-800 nm for 30 minutes and was compared with dimer with the same
concentration in 50 mM HEPES with no salt, pH 7.4 (non-assembly condition). From the
spectra, absorbance at various wavelengths: 295, 310, 325, 340, 355 and 370 nm were plotted

vs time (minutes) to monitor the kinetics.

Effect of amino acids on the NATA: NATA in the presence of a different concentration of amino
acids were prepared. The concentration of NATA was kept constant at 20 uM in all the
samples. A stock of NATA was prepared using an extinction coefficient of 5500 Mcm™ at

280 nm?*°L,

2.3.8. Steady-state luminescence

Luminescence Emission Spectra: Luminescence emission spectra for Symfoil PV2, homo-
polypeptides and amino acids were measured in the range 300-540 (hex 280); 315-570 (Aex 295);
330-600 (Aex 310); 360-660 (Aex 340); 375-720 (hex 355); 390-720 (hex 370) and 430-800 nm
(Aex 410). The slit width for excitation was 2 nm, and it was kept at 15 nm for emission.
Concentrations for all amino acids were 0.3 M, whereas, for poly-Arginine-HCI, poly-
Aspartate-NaCl, and Symfoil PV2, it was 5 mg/mL, 7.5 mg/mL and 50 uM, respectively. All

2-26
TH-2985_156106032



Chapter 2

the spectra were normalized to unity for comparison between various proteins and amino acids
for various luminescence properties. Moreover, the area under the curve for all the samples

was integrated for each spectrum and plotted versus the corresponding exciting wavelength.

Luminescence Emission of switch peptides was carried out with 50 uM of peptides and 3
different excitation wavelengths: 295 nm, 340 nm and 370 nm were used, and emission spectra
were collected between 315-570nm; 360-660 nm; 390-720 nm respectively. Slit width:
excitation = 2 nm, emission = 15 nm. All readings were taken in duplicates, and 10 scans were
recorded for each and averaged later. Moreover, the area under the curve for all the samples is

integrated for each spectrum and is plotted versus the corresponding exciting wavelength.

Assembly of the 10 uM HBV Cp dimer in 50 mM HEPES with 0.25 M NaCl and 0.5 M NacCl,
pH 7.4 (assembly condition), was monitored by collecting the ProCharTS luminescence for 30
minutes and was compared with dimer with the same concentration in 50 mM HEPES with no
salt, pH 7.4 (non-assembly condition). VVarious excitation wavelengths used were: 340 nm, 355
nm, and 370 nm, and the corresponding luminescence collected from 370-560 nm, 380-570nm,
400-570 nm with excitation slit at 2 nm and emission kept at 15 nm; Tryptophan fluorescence
for the same was carried out with excitation at 295 nm and emission collected from 315-450
nm. NATA was used as a control for the Tryptophan fluorescence study. Moreover, the change
in fluorescence intensity at 295 nm excitation while keeping the emission fixed at 320 nm was
monitored by data acquisition in kinetics mode with an integration time of 0.1s and was allowed
to run for 1800 seconds until the reaction was almost over. The slit width was kept at 2 nm and
5nm for excitation and emission, respectively. Also, data acquisition in kinetics mode
monitored the change in ProCharTS luminescence intensity at 340 nm excitation while keeping
the emission fixed at 420 nm. The spectra were recorded with an integration time of 0.1s for
1800 seconds until the reaction was almost over. The slit width was kept at 2 nm and 15 nm
for excitation and emission, respectively. Additionally, the area under the curve was integrated

for each spectrum and was plotted versus the corresponding exciting wavelength.

To study the effect of amino acids on the Fluorescence of NATA, NATA in the presence of a
different concentration of amino acids: Glycine and Arginine [0-300 mM]; Histidine and
Aspartate [0-200 mM] were excited at 295 nm with a slit width of 2 nm and the emission
collected in the range of 320-570 nm data with 10 nm of slit width. The concentration of NATA

was kept constant at 20 uM in all the samples. Two different integrated areas under the curve
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were measured for the integrated Fluorescence, one between 320 nm to 360 nm and another
between 320 nm to 570 nm. The former range of Fluorescence was selected since the bandpass
filter (34020 nm) was used for time-resolved measurements. All the samples were freshly
prepared in deionized water, and all measurements were made at 23-25 °C in duplicates.

Steady-state Fluorescence for the Dansyl-labelled HBV dimers was measured at 340 nm
excitation with a slit width of 2 nm and emission collected between 355-600 nm with a slit
width of 10 nm. Dansyl-labelled HBV dimers mixed with 1:15 and 1:30 dilutions of excess
unlabelled HBV dimers (total concentration kept at 10 uM), were allowed to aggregate in 50
mM HEPES with 0.5M NaCl, pH 7.4. Similarly, IAEDANS-Ilabelled HBV dimers mixed with
1:10 and 1:15 dilutions of excess unlabelled HBV dimers (total concentration of 10 uM) were

allowed to aggregate in the same buffer.

FRET studies of Labelled HBV dimers were carried out by measuring the Tryptophan
fluorescence in labelled and unlabelled dimers (1 uM of dimer). The samples were excited at
295 nm (slit width of 2 nm), and emission was collected between 310-570 nm (slit width of 10

nm).

Fluorescence polarization experiments were performed with 10 uM of HBV Cp in 50 mM
HEPES (for dimer) plus 0.5M NaCl (for capsids). Excitation was carried out at 295 and 310nm,
and emission was kept fixed at 345 nm. For HBV Cp, the slitwidth used for 295nm was 1
nm(excitation) and 15 nm(emission), whereas, for 310 nm, the slits used were 3 nm (excitation)
and 15 nm (emission). For HSA and PEST, the slitwidth used for 295nm was 1 nm(excitation)
and 15 nm(emission); however, for 310 nm, the slits used were 5 nm (excitation) and 15 nm

(emission). 3 independent readings were taken for each measurement with 10 scans each.

Luminescence Linearity: Linearity in luminescence was carried out at Aex 355 nm with similar
concentrations of all samples as used for acquiring emission spectra. The luminescence spectra
thus collected were integrated and linearly fitted with varied concentrations using OriginPro

8.5 software.

Luminescence Excitation Spectra: Excitation spectra for Arginine HCI, Arginine, Histidine and
Aspartate KCI, poly Arginine HCI, poly Aspartate NaCl, Symfoil PV2, and all the switch
peptides were collected at 3 different emission wavelengths: 425, 450 and 480 nm and the

excitation wavelength were scanned between 230-410, 240-430 and 260-460 nm respectively.
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The excitation slit width of 2 nm and an emission slit width of 5 nm was kept for all the

readings.

All steady-state luminescence was measured either using a Fluoromax-4 Spectrofluorometer
(Jobin-Yvon Horiba Inc., USA) equipped with motorized polarizers or FluoroMax3 (Jobin
Yvon, Horiba). To study HBV capsid assembly and the effect of charged residues on the
Fluorescence of NATA, Fluoromax-4 Spectrofluorometer was used, whereas, for the rest of
the experiments, FluoroMax3 was used. The luminescence intensity from buffers was
subtracted from the emission spectra of the sample. Samples were always freshly dissolved in
deionized water or respective buffer, and all the measurements were done in a 500 pL quartz
cuvette with 10 mm path length (Hellma; Z802875) at room temperature. Emission spectra for
all samples were corrected with a data acquisition set as an S1c¢/R signal. Scanning was carried

out with an integration time of 0.1s and a wavelength increment of 1 nm.

2.3.9. Stokes shift

We calculated the excitation wavelength-dependent Stokes shift (in wavenumbers) by the

following equation-

1 1

Stokes Shift(cm™') = (/1 7
ex em

) (2.49)

where Aex is the excitation wavelength, and Aem is the wavelength of emission maxima, both in

cm.

For the emission spectra of Arginine HCI, Arginine, Histidine and Aspartate-KCl,
polyArginine-HCI, polyAspartate-NaCl and Symfoil PV2, Stokes shift for the following
exciting wavelengths: 280, 295, 310, 340, 355, 370, and 410 nm were measured.

2.3.10. Quantum yield
Quantum vyield for Arginine HCI, Arginine, Histidine and Aspartate-KClI, poly-Arginine-HCI,

poly-Aspartate-NaCl and Symfoil PV2 at 355 nm excitation were calculated using the

following equation-
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. Fifend

Here, 9, 10 diphenyl anthracene (DPA) was used as a reference!®2, d)}‘ , F* ' n,, f, denote the
luminescence quantum vyield, integrated luminescence, refractive indices, and absorption
factor, where f,, = 1104~ (A = absorbance at 355 nm). Subscript or superscript i and s denote

measurements for the sample and the reference, respectively.

All the proteins were prepared in deionized water, while for the 9,10-DPA, cyclohexane (99%)
was used. For both sample and reference (DPA), the absorbance values at 355 nm were kept
below 0.04. Corrections for the refractive index of cyclohexane (DPA) and aqueous samples
were carried out with a refractometer. Excitation was done at 355 nm (slit width of 1 nm),
emission was collected between 370-690 nm (slit width of 5 nm), and the integrated
luminescence area was calculated. All the measurements were done in triplicates at room

temperature.

2.3.11. ANS binding assay

8-Anilinonaphthalene-1-sulfonic acid (ANS) binding measurement was carried out by
measuring the steady-state ANS fluorescence intensity. 20 uM of aggregated SwPs were
collected at various time intervals and mixed with 20 uM ANS (from the stock) in a 1:1 ratio,
and their spectra were recorded. Moreover, a spectrum with 20 uM ANS alone mixed in the
same buffer was taken as control. The buffer was kept the same as the phosphate buffer (pH
7.2) used for aggregation kinetics. ANS was prepared by using an extinction coefficient of
4,900 Mcm™ at 350 nm®®3, Excitation was done at 380 nm, and emission was collected
between 400 nm to 700 nm. Slit width for excitation was kept at 2 nm and emission at 5 nm.
The background luminescence from the buffer was subtracted from emission spectra for each
sample. All readings were taken in duplicates, and 2 spectral scans were recorded for each

reading.

2.3.12. ThT assay

For Thioflavin T(ThT) assay, a stock of ThT (~700 uM) was prepared in deionized water using

an extinction coefficient of 31600 M™cm™ at 412 nm*®*. All readings were taken in duplicates,
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and 4 scans were recorded for each. 20 uM of aggregated SwPs were collected at various time
intervals and mixed with 20 uM ThT (from the stock) in a 1:1 ratio, and the spectra were
recorded. Also, a control experiment with only 20 uM ThT alone mixed in the same buffer was
measured. The buffer was kept the same as the phosphate buffer (pH 7.2) used for aggregation
kinetics. Samples were excited at 450 nm (slit width = 2 nm) and emission is collected from
465-550 nm (slit width =5 nm).

2.3.13. Time-resolved fluorescence

All the luminescence time-resolved intensity decay measurements were done by time-
correlated single-photon counting (TCSPC) instrument, using the Delta-Pro™ equipped with
a motorized polarizer, supplied by Horiba Scientific, UK. The emission of all samples was
measured at a magic angle position of 54.7° with an emission polarizer. Signal acquisition was
performed with a Photo Multiplier Tube (PPD-900; Horiba Scientific). The luminescence
intensity decay for all the samples was collected in 4096 channels with 28.38 ps/channel
resolution. IRF was collected using a scattering suspension of chalk powder. The absorbance
of samples either prepared in deionized water or respective buffers were kept below 0.08 at
excited wavelengths to avoid inner filter effects. All lifetime measurements were done at room
temperature (25 °C), and measurements were recorded in triplicates. All measurements were
done with 10 mm path length quartz cuvette (Hellma; Z802875) at 25 °C.

Fluorescence lifetime of NATA + Symfoil 4P/PV2: All samples were excited with a pulsed light
source, 295 nm DeltaDiodeTM with ~810ps FWHM Instrument Response Function (IRF); and
20 MHz repetition rate. Emission was collected using a 340+20 nm bandpass filter (Chroma,
ET340/40x). Total peak counts were collected up to 15,000 counts.

To measure the luminescence intensity of switch peptides: All samples were excited with a
pulsed light source, 340 nm Delta Diode™ having 800ps FWHM IRF and a repetition rate of
20MHz. Emission was measured using a 370 nm long-pass filter (KV370) to cut the excitation

light. Total peak counts were measured up to 10,000 counts.

Fluorescence lifetime of Symfoil 4P/PV2; all amino acids and homo-polypeptides: All samples
were excited with both pulsed light source, 295 nm DeltaDiode™ with ~810ps FWHM
Instrument Response Function (IRF); and 20 MHz repetition rate and 340 nm Delta Diode™
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having 800ps FWHM IRF and a repetition rate of 20MHz. Subsequently, emission was
collected using a 320 nm long-pass filter (Schott; WG320) or 370 nm long-pass filter (KV370),

respectively. Total peak counts were collected up to 15,000 counts.

2.3.14. Luminescence decay analysis

Extraction of decay parameters for all the luminescence intensity decays was done using
discrete analysis software (kindly provided by Dr. N. Periasamy, Tata Institute of Fundamental
Research (TIFR), Mumbai, India)'®® as mentioned in Section 2.1.3.4.1. For NATA+Symfoil
experiments, both 1 and 2 exponential models were used, whereas, for the switch peptide
aggregation, these two models could not fit the data, so 3 exponential fit was used. The discrete
analysis generated various parameters from the intensity decay: individual lifetime components
with their respective amplitudes, their mean lifetime along with the reduced chi-square. Non-
linear least-squares analysis'® was used to extract these parameters (ai and 7) in successive
iterations. Also, the Maximum Entropy method was used to supplement the data 138%° as
mentioned in Section 2.1.3.4.2. In this approach, the luminescence intensity decay of each
sample was fitted for 100 exponentials. The lifetime range 0.01ns to 20ns of with 0.001 as an
initial value was used for flat distribution. The goodness of fit was evaluated by analyzing 2
parameters: the reduced chi-square y? closer to 1 and the randomness of residuals.

2.3.15. Circular Dichroism

A CD spectrometer (Make: Jasco, Model J-1500, Jasco Inc., Maryland, USA), was used to
obtain CD spectra. Spectra were collected starting from 190 to 260 nm, keeping scan speed at
100 nm/minute; data pitch at 0.1 nm and bandwidth at 2 nm. 2 mm quartz cuvette (Starna
Scientific Ltd) was used for measurements. Blank subtraction for deionized water or buffers
was corrected before data acquisition. A thermoregulator is equipped with the CD spectrometer
for stabilizing temperature at any defined temperature. For each sample, two independent scans

were carried out at 25°C.

For SwP aggregation study, 50 uM and 200 uM of peptide concentrations (depending on the
individual SwP peptides) in phosphate buffer (pH 7.2) in various time intervals were used for

the CD study. All the readings were done in duplicate scans and at room temperature.
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For HBV dimer and capsid study, 2 uM of concentrations of dimer were used. CD of the capsids
(2 uM) collected in the purification process in the void volume in Tris-HCI (pH 7.4), along
with the dimers (2 uM) in HEPES (pH 7.4) and the capsids (1.8 uM) assembled by adding 0.5
M NaCl were performed. For each sample, three independent scans were carried out.

2.3.16. Size Exclusion Chromatography

AKTA purifier™ FPLC (GE Healthcare) chromatography system was used for Size exclusion
chromatography. HiLoadTM 16/600 SuperdexTM 200pg (GE Healthcare, 28-9893-35)
column was used to purify the HBV dimers to check the capsid assembly formation. This
column has a resolution of 10-600 kDa, and the bed volume of the column is 120 mL. SEC was
basically carried out thrice during HBV purification. First, the protein pellet was dissolved in
100 mM Tris-HCI, pH 7.5, 100 mM NaCl, 50 mM sucrose, and 2 mM DTT (SEC purification
buffer) and filtered and passed the column at 1mL/min and the elute in the void volume (~45
min) was collected which contains the HBV Cp 149 capsid. Second, the purified HBV Cp
dimer was passed through the SEC column equilibrated in 100 mM sodium bicarbonate, pH
9.5,2 mM DTT and pure HBV Cp 149 dimers were collected at around 82 min. Blue Dextran
(2,000 kDa) was passed through the column, and its elution time (void volume of column) was
measured to be ~45.34 mL. Various protein standards used were: alcohol dehydrogenase (150
kDa), bovine albumin serum (66 kDa), carbonic anhydrase (29 kDa), and hen egg-white
lysozyme (14.3 kDa). They were also run in the same elution buffer (25 mM Tris.HCI (pH 7.4,
2 mM DTT) and their elution time were collected, and a standard curve was obtained from
those protein standards. Subsequently, the column was equilibrated with the sample elution
buffer (25 mM Tris.HCI (pH 7.4); 2 mM DTT), and then HBV dimers were loaded, and its

molecular weight was estimated from the standard curve.

Third, the aggregation of HBV Cp dimer was carried out in 50 mM HEPES with 0.5 M NaCl
(pH 7.4) with 10 uM dimers, and 1 mL was loaded in the column to check aggregation and the
peak was collected again at the void volume, i.e., ~45 min thus confirming capsid assembly
formation. The column was washed with 1-2 column volume of degassed water between the
usage of different buffers. Also, the column was generally equilibrated with 2 column volumes
of equilibration buffer. A flow rate of 1 mL/minute was maintained for all samples and
standards throughout all individual experiments. Moreover, all the buffers were carefully

degassed and filtered with a disc filter attached to a vacuum pump.
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2.3.17. Dynamic Light Scattering (DLS)

LiteSizer 500 (Anton Paar) was used to carry out Dynamic Light Scattering measurements.
Scattering experiments for the sample were done in backscatter mode with an equilibration
time of 10 seconds each. Each measurement was performed with 10 processed runs, each with
a time duration of 5 seconds, and the distribution was volume-weighted. All the measurements
were done in triplicates and were performed at room temperature (25 °C). Before the
measurements, all samples were filtered) to remove dust particles through a 0.22 um syringe
filter (GE healthcare life sciences Whatman TM Cat n0.9908-2502) which can otherwise give
erroneous results. DLS for dimer was carried out with a dimer concentration of 4 uM, whereas
for capsids, 4 uM capsids were used from the capsids assembled in 50 mM HEPES with 0.5 M
NaCl (pH 7.4) with 10 uM dimers.

2.3.18. 90° Light scattering

90° light scattering was performed using Fluoromax-4 Spectrofluorometer (Jobin-Yvon Horiba
Inc., USA) equipped with motorized polarizers. The scattering kinetics was observed in capsids
(10 uM) in 50 mM HEPES with 0.5 M NaCl (pH 7.4) at 320 nm and 340 nm excitation
wavelengths, and scattering was collected at 90° at the same wavelengths. The data acquisition
was carried out in kKinetics mode with an integration time of 0.1s. The assembly was allowed
to run for 1800 seconds until the reaction was almost over. The slit width was kept at 1 nm and

5 nm for excitation and emission, respectively.

2.3.19. Labelling of HBV Cp149 with Dansyl Chloride

Labelling of HBV Cp 149 with Dansyl chloride was carried out as described previously*®’,
Briefly, the labelling reaction was started by adding 30 pL of 14 mM stock of Dansyl chloride
prepared in dimethyl formamide (DMF) to 0.67 mL of 40 uM of HBV Cp 149 dimer prepared
in 0.1 M bicarbonate buffer (pH 9.3). This reaction continued for 3 hours at 4 °C with
continuous steering. After incubation, the labelled sample was passed through PD-10 columns
(GE Healthcare) pre-equilibrated with 50 mM HEPES buffer, pH 7.5 and elution was
performed where the unlabelled dyes separated. Protein and labelled dye thus collected were
quantified by measuring the absorbance values at 280 nm (for dimer protein) and 339 nm (for

dye) using a double beam Lambda-25 UV-Vis spectrophotometer (Perkin Elmer, USA). The
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extinction coefficient of HBV Cp 149 is 60,900 M*cm™ at 280 nm*?*, while for conjugated
dye, it is 3370 M1cm™ at 339 nm®®81%° The concentration of dye and protein was measured
spectrophotometrically using a 10 mm path length quartz cuvette (Hellma; Z600210) at 25 °C.
The dye to dimer protein (D/P) ratio was around 1.4.

2.3.20. Labelling of HBV Cp 149 with 1,5-IAEDANS

Labelling of HBV Cp 149 with 1,5-IAEDANS (1,5-IAEDANS, 5- ((((2-iodoacetyl) amino)
ethyl) amino) naphthalene-1-sulphonic acid) was carried out as recommended by Molecular
Probe with minor modifications'®. Similar to that of Dansyl chloride labelling, the labelling
reaction was started by adding 14 pL of 16 mM stock of Dansyl chloride prepared in dimethyl
formamide (DMF) to 0.48 mL of 40 uM of HBV Cp 149 dimer prepared in 25 mM Tris. buffer
(pH 9.3). The duration of the reaction and elution buffers were the same as Dansyl chloride
labelling. Protein and labelled-dye concentrations were calculated by measuring the
absorbance values at 280 nm (for dimer protein) and 337 nm (for dye). The extinction
coefficient of HBV Cp 149 is 60,900 M~cm™ at 280 nm*?*, while for conjugated dye, it is is
6100 M*cm™ at 337 nm?®L, The D/P ratio was calculated to be around 0.7.

2.3.21. Steady-state fluorescence anisotropy

Anisotropy measurements were performed using Fluoromax-4 Spectrofluorometer (Jobin-
Yvon Horiba Inc., USA) equipped with motorized polarizers. For measurements, three
different conformations of HBV dimers: dimers in the denatured state using 6 M Gdn.HCI,
dimers in native form and dimers in capsid state were explored. For all tryptophan steady-state
fluorescence anisotropy measurements of HBV Cp149, samples were excited at fixed 295 nm
(slit width = 2 nm) and emission was collected at fixed 323 nm (slit width = 10 nm). For
collecting steady-state anisotropy of IAEDANS labelled with cysteine of HBV Cp, all samples
were excited at fixed 340 nm (slit width = 2 nm), and emission was collected at fixed 483 nm
(slit width = 10 nm). For collecting steady-state anisotropy of Dansyl labelled with lysine of
HBV Cp, all samples were excited at fixed 340 nm (slit width = 2 nm), and emission was
collected at fixed 437 nm (slit width = 10 nm). Anisotropy measurements were repeated at least
three times each with an average of 10 independent measurements. All experiments were
performed at room temperature (25 °C) in a 700 uL quartz cuvette with a 10 mm pathlength
[Hellma (Z802875)].
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2.3.22. Transmission Electron Microscopy (TEM)

Freshly assembled HBV Cp 149 capsids were adsorbed to freshly glow-discharged grids on a
300-mesh copper substrate. Excess samples were removed by placing wet tissue paper at one
of the corners of the grids and washed with water immediately. Next, the samples were stained
with freshly prepared 2% uranyl acetate salt'®2 and subsequently washed with water to remove
the excess salts. Samples were then kept overnight. Samples were visualized on a Transmission
Electron Microscope (TEM), Make JEOL, Model: JEM 2100 retrofitted with a charge-coupled

device camera. Images captured have dimensions of 500 nm x 500 nm.

2.3.23. Atomic Force Microscopy (AFM)

Freshly assembled HBV Cp 149 capsids were placed on a glass slide cleaned with lint-free
tissue paper and allowed to stay overnight. The glass slides were then stuck with double-sided
carbon tapes and placed under the Atomic Force Microscope (Make: Oxford Instruments,
Model: Cypher S). The samples under the AFM and the force between a probe and the
sample were measured in non-contact mode. Images captured have dimensions of 2 um x 2

um.
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3.1. Introduction

Spectroscopic techniques, like absorption or fluorescence, use various extrinsic (fluorescent
dyes) and intrinsic chromophores (aromatic amino acids, prosthetic groups, peptide bonds) to
monitor proteins' structure, function, and dynamics. Since extrinsic probes can alter protein
structure, intrinsic chromophores like Tryptophan (Trp) are often used to study protein
structure-function relationships. However, unusual absorbance and even luminescence have
been reported to arise from non-aromatic amino acids in proteins. Multiple hypotheses for the
origin of such novel absorbance and fluorescence have been postulated, but the reason remains
unclear. Recently, a study on the intrinsic UV/Visible absorption was performed in an
extensively charged protein o3C with no aromatic amino acids?®. Photoinduced electron
transfer from various Lys-Glu, Lys-Lys, and Glu-Glu contacts present in the protein was
thought to be the reason for the intrinsic absorption in the range 250-800 nm and was termed
as Protein Charge Transfer Spectra (ProCharTS). Intrinsic luminescence due to ProCharTS was
also observed in monomeric proteins rich in Lysine and Glutamate residues. Moreover,
ProCharTS has been used as a tool to monitor the structural changes in Intrinsic Disordered

proteins and the aggregation of Human Egg White Lysozyme (HEWL)*,

Figure 3.1: PDB structure of Symfoil 4P/PV2. (PDB ID: 4D8H)
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The majority of the proteins studied so far involve intrinsic ProCharTS
absorbance/luminescence arising predominantly from lysine and glutamate amino acid
residues. Apart from the initial works by Swaminathan and group in 2017 on a3C and the other
proteins, time-dependent density functional theory (TDDFT) calculations were performed on
various Arginine, Aspartate, and Histidine side chains, as well as on phosphorylated Serine and
Threonine residues. However, no reports of in vitro studies of ProCharTS observed in
proteins/peptides rich in other charged amino acids like Asp, His, and Arg while lacking Lys
and Glu have been reported. In this study, we report ProCharTS absorbance and luminescence
in Arginine, Aspartate, and Histidine-rich protein/peptides for the first time. A highly charged
protein rich in Arg/Asp with no lysine and any aromatic residues was selected, consisting of
126 amino acids with 30% charged content, the structure shown in Figure 3.1. Moreover, the
novel absorbance and luminescence arising from these amino acids and their respective homo-
polypeptides were investigated to understand the phenomenon better. Subsequently, we tried
to find the correlation among the observed optical properties in all these amino acids, homo-
polypeptides, and Symfoil 4P/PV2. Also, whether the observed absorbance and luminescence
arising from these amino acids mimic the optical features of Lysine and Glutamate were
analyzed to decipher the origin of such a novel intrinsic phenomenon. It is to be noted that

Symfoil 4P/PV2 has been represented as Symfoil PV2 throughout in the thesis.

3.2. Results and Discussions

3.2.1. Symfoil PV2 expression and purification

In this study, only Symfoil PV2 protein has been purified, while the other peptides and amino
acids have been purchased. So, the expression and purification of Symfoil PV2 have been
carried out and further analyzed. Symfoil PV2 has been expressed in E. coli BL21 (DE3) and
subsequently purified as per the procedure mentioned in Chapter 2. Figure 3.2A shows the
expression of Symfoil PVV2 in 15% SDS PAGE. It could be seen that the protein got expressed
(a distinct band near 14 kDa) in all induced conditions whereas, in the uninduced control, no
such bands were visible. The result suggested the protein has been expressed successfully under
induced conditions with 0.1-1.0 M IPTG concentrations. Consequently, the purity of the
protein is shown in Figure 3.2B. The single band for the purified Symfoil PV2 is clearly visible
in lane 6, showing a molecular weight of around 14.3 kDa.
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Lane 1: Protein Ladder

Lane 2&3: Induced IPTG 1.0mM
Lane 4&5: Induced IPTG 0.5mM
Lane 6&7: Induced IPTG 0.1mM
Lane 8: Uninduced

90 kDa

70 kDa

40 kDa

28kDa

19kDa

14kDa

Induced
Protein

Lane 1: Protein Ladder

Lane 2,3,4: Elution with 250 mM Imidazole
Lane 6 : Elution with 50mM Imidazole

Lane 7: Last wash(120-130ml) 5 mM Imidazole
Lane 8: First wash(0-10ml) 5 mM Imidazole
Lane 9 : Flow Through

90 kDa

70 kDa

40 kDa

28kDa

19kDa

14kDa

Purified
Protein

Figure 3.2: Expression (A) and purification (B) of Symfoil PVV2 shown in 15% SDS PAGE.

3.2.2. MALDI of Symfoil PV2 and homo-polypeptides

To further cross-check the purity of the protein, MALDI was performed. In Figure 3.3C, a
clear spike with an m/z value of 14451.13 Da (z = 1) and 7223.847 Da (z = 2) could be seen,
suggesting the experimental molecular weight to be 14451.13 Da, which is quite close to the
theoretical mass of 14304.58 Da. The additional mass of 150 Da may be due to some charge
ions or adducts attached in the gaseous phase, like protons or water molecules. Moreover, the
MALDI for the Arginine and Aspartate homo-polypeptides, as seen in Figures 3.3A and 3.3B,
reflected the typical distribution of m/z peaks for homo-polypeptides, with values ranging in
the 5000-15000 Da and 2000-11000 Da, respectively. The weighted-molecular mass was
calculated to be 8753 Da and 5714 Da for Arginine and Aspartate polypeptides, respectively.
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Figure 3.3. MALDI image of (A) poly-Arginine, (B) poly-Aspartate, and (C) Symfoil PV2.

3.2.3. ProCharTS absorbance

ProCharTS absorbance of the amino acids: Arginine Salt, Arginine, and Aspartate Salt were
measured for 10 concentrations from 0.1 M to 1.0 M, except Histidine, where 6 concentrations
were used, and the dependence of ProCharTS on concentration at different wavelengths were
measured, as shown in Figure 3.4. Similarly, the absorbance profile of poly-Arginine-HCI,
poly-Aspartate-NaCl, and Symfoil PV2 was also recorded, as shown in Figure 3.5. 5 different
concentrations of poly-Arginine and poly-Aspartate were used to measure ProCharTS. In
contrast, for Symfoil PV2, 6 different concentrations between 15-125 pM were taken. All the
amino acids, homo-polypeptides, and Symfoil PV2 displayed a linear fit with distinctive slopes
having an R? value of > 0.97, > 0.98, and > 0.99, respectively. Symfoil PV2 and the homo-
polypeptides showed significantly higher slopes than amino acids for any given wavelength,
as seen in Figures 3.4 and 3.5. Subsequently, the extinction coefficients "&" were calculated

as ProCharTS absorbance per unit increase in concentration is indicative of e.
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Figure 3.4. The absorbance of Arginine-HCI, Arginine, Histidine, and Aspartate-KCI is shown here.10 different
concentrations were used for all samples, except Histidine, which is shown in subfigures A, C, E, and G. The
corresponding absorbance versus concentration plots at different wavelengths are shown in subfigures B, D, F,

and H.

3-5
TH-2985_156106032



A Poly-Arginine-HCI
1.8
1.5 — 0.5mg/ml
—1.0mg/ml
= 2.5mg/ml
1.2 ———5.0mg/ml
T .5mg/ml

Absorbance
o [=] (-]
w o ©

=
°

N

0.5

0.4

0.3

Absorbance

270

270

300 330 360

Wavelength (nm)

390

Poly-Aspartate-NacCl

— 0.5mg/ml
——1.0mg/ml
———2.5mg/ml
= 5.0mg/ml
7.5mg/ml

300 330

360
Wavelength (nm)

390

F Symfoil PV2

0.25
o 020 —15uM
g ——30uM
© —— 50uM
'E 0.15 ——75uM
=) —— 100uM
[72] —
o o.10 125uMm
<

0.05

u.oo M v v v v b

300 400 500 600 700 80O

Wavelength (nm)

Absorbance

Absorbance

o

o

@
r

Chapter 3

Poly-Arginine-HCI

280
295
310
340
355
370
410

v A & 4 »p o

1 2 3 4 5 6 7 8
Concentration (mg/ml)

Poly-Aspartate-NaCl
280
295
310
340
355
370
410

v A ¢ 4 > o 8

T T T T T T T

1 2 3 4 5 6 7 8
Concentration (mg/ml)

Symfoil PV2
255

® v A & 4 > o

120

40 60 80 100
Concentration(uM)

20

Figure 3.5. The absorbance of poly-Arginine-HCI and poly-Aspartate-NaCl, Symfoil PV2 is shown here. 5

different concentrations were used for polypeptides, and their absorbance versus concentration plot is shown at 7

different wavelengths in subfigures A, C, and B, D, respectively. The absorbance of Symfoil P2 for wavelengths

ranging from 250-800 nm for 6 different concentrations and its absorbance versus concentration for 8 different

wavelengths is shown in subfigures F and G.

ProCharTS spectra across all samples displayed a similar profile with decreasing absorbance

with increasing wavelength and an absorbance tail till 800 nm. However, Histidine and

Arginine showed unusual humps at 280 nm and 300 nm, respectively, the reason for which is

not yet known. Also, the ProCharTS intensity was found to vary linearly with concentration

suggesting all the samples were in a monomeric state.
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Wavelength 255 280 295 310 340 355 370 410 500 600 700 800

(nm)

Arginine HCI | 0.046 | 0.017 | 0.012 | 0.01 0.003 | 0.001 | -~ | o | e | e | e |
(0.006) | (0.005) | (0.004 | (0.007 | (0.005 | (0.003

Arginine 0.131 | 0.098 | 0.116 | 0.092 | 0.018 | 0.013 | 0.009 | 0.004 | - | cooome | coeem | e
(0.007) | (0.008) | (0.007 | (0.007 | (0.005 | (0.004 | (0.004 | (0.004

Histidine 0.264 0.325 0.137 0.102 0.073 0.050 0.030 0.011 | —=-mmmm | e | e | e
(0.004) | (0.007) | (0.004 | (0.001 | (0.000 | (0.000 | (0.000 | (0.000

Aspartate 1.103 0.464 0.269 0.191 0.079 0.045 0.025 0.002/ | =m==mem | mmmemmes | emeeee [ e
KCl (0.014) | (0.012) | (0.011 | (0.008 | (0.007 | (0.007 | (0.006 | (0.004
) ) ) ) ) )

Poly- 1023 88 63 51 27 21.6 13.8 7.3 4.7 3.1 3.2 33
Arginine-HCl | (9.3) (21.0) | (14.5) | (11.5) | (5.3) (6.4) (3.2) (2.1) (2.6) (1.9) (2.5) (2.9)
Poly- 264.2 45.9 26.2 19.2 7 7.7 5.4 6.1 6.0 7.9 10 7.3
Aspartate- (17.4) (5.5) (3.5) (3.0) (3) (1.8) (1.6) (2.3) (3.6) (6.8) (11) (6.2)
Nacl
Symfoil PV2 1979 838 512 396 274 261 247 208 145 108 89 69

(130) (77) (74) (74) (73) (66) (73) (50) (50) (45) (44) (34)

Table 3.1. The extinction coefficient (M*cm™) of Arginine-HCI, Arginine, Histidine, Aspartate-KCI, poly-
Arginine-HCI, poly-Aspartate-NaCl, and Symfoil PV2 is tabulated at various discrete wavelengths. The blank
boxes indicate the extinction coefficient could not be calculated precisely due to the very low S/N ratio. The data

in parenthesis represents standard deviation.

The molar extinction coefficients were calculated from the slopes of the absorbance versus
concentration plots. The molar extinction coefficients for Arginine-HCI, Arginine, Histidine
and Aspartate-KCI, poly-Arginine-HCI, poly-Aspartate-NaCl, and Symfoil PV2 were
calculated as shown in Figure 3.6. As can be seen, the amino acids showed relatively lower
values of "¢" than the homo-polypeptides and Symfoil PV2, not only at 255 nm but for the
entire spectrum. The extinction coefficient for all amino acids, polypeptides, and Symfoil PV2
at multiple wavelengths between 255-410 nm was shown in Table 3.1. It could be observed
that € at 280nm (e280) of all amino acids were far less (<1.0) followed by homo-polypeptides (~
46-88), while Symfoil PV2 displayed the highest value (~ 838). For some amino acids like
Arginine HCI, the & could not be estimated accurately after 355 nm. In contrast, the values of
poly-Arginine-HCI and poly-Aspartate-NaCl were barely measurable at longer wavelengths.
Symfoil PV2 showed significantly higher absorption, which extended way till 800 nm. Among
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the amino acids, Aspartate-KCl showed the most ProCharTS absorbance, followed by

Histidine and Arginine, and the least was calculated for Arginine-HCI.
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Figure 3.6. Absorption spectra and molar extinction coefficient of different amino acids, homo-polypeptides, and
Symfoil PV2 are shown here. The extinction coefficient for amino acids is shown in the left panel, whereas homo-
polypeptides and Symfoil PV2 are shown in the right panel.

Free amino acids showed lower ProCharTS due to limited interactions of charged terminals in
the 3D space. Even in higher concentrations where they may form clusters, the absence of any
peptide bond probably might keep the charged terminals of the amino acids at distances greater
than 5-10 A. However, the polypeptide backbone in the folded structure of Symfoil PV2 and
the unfolded homo-polypeptides structures can facilitate charged terminals' interactions and

increase the number of contacts among charged residues increasing ProCharTS absorbance.

The long ProCharTS absorbance tail in Symfoil PVV2 suggests that charged residue contacts
without Lys involvement can also give rise to the characteristic absorbance tail in ProCharTS
absorption. A similar absorbance tail in the ProCharTS absorption spectrum was reported for
highly charged Lysine-rich monomeric protein asC?® and in some ordered proteins and IDPs*,
Moreover, aged solution of glycine, where increased interaction of the charged terminal with
time, has been reported to show higher ProCharTS absorbance as compared to fresh glycine!®,
Thus, it can be said that ProCharTS absorbance is not only dominant in Lysine-rich proteins
but also can be observed in any charged proteins, irrespective of the type of charged amino

acids present, even without Lysine residues.
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3.2.4. Steady-state luminescence emission

An in-depth study on the luminescence properties of Arginine, Aspartate, Histidine residues in
amino acids, homo-polypeptides, and Symfoil PV2 is carried out by both steady-state as well

as time-resolved studies. In this section, steady-state luminescence is discussed.

3.2.4.1. Dependence of luminescence on concentration

Luminescence emission spectra for Arginine-HCI, Arginine, Histidine, and Aspartate-KClI,
poly-Arginine-HCI, poly-Aspartate-NaCl and Symfoil PVV2 were collected in the range 300-
540, 315-570, 330-600, 360-660, 375-720, and 430-800 nm, respectively when excited at the
corresponding wavelengths: 280, 295, 310, 340, 355, 370 and 410 nm, as seen in Figure 3.7.
We observed that although the luminescence at 280 nm excitation showed varied spectra for
different samples, the luminescence spectrum for all the remaining excitations behaved
similarly. The luminescence intensity stayed consistent till 355 nm and then started declining
afterward. It thus suggested that the origin of such novel luminescence from all the samples

follows a similar mechanism.

The sensitivity of luminescence to sample concentration was further calculated for all amino
acids, peptides, and proteins. Since the emission intensity stayed almost constant till excitation
of 355 nm, and drastically drops thereafter, we selected a common excitation wavelength of
355 nm for this study with various concentrations of each sample. The area under the curve
from each emission spectrum was calculated, and the integrated luminescence intensity was
plotted against concentration, as shown in Figure 3.8. All the samples displayed a linear fit
with distinctive slopes and an R? values > 0.98. Symfoil PV2 showed a maximum slope,
followed by poly-Arginine-HCI and poly-Aspartate-NaCl, the values of which were 8.3 x 10°
(intensity/uM), 4.3 x 10° (intensity/uM), and 1.3 x 10° (intensity/uM), respectively, whereas
the amino acids showed the least slopes. Among the amino acids, Histidine showed maximum
slope, followed by Aspartate-KCI, Arginine, and least for Arginine-HCI, the values of which
were 5.9 x 10° (intensity/uM), 5.7 x 10° (intensity/uM), 1.5 x 10° (intensity/uM) and 0.44 x
103 (intensity/uM), respectively. The luminescence sensitivity followed the trend observed for
molar extinction coefficients among the amino acids, homo-polypeptides, and protein. One
striking feature was the higher slopes (intensity/uM) observed in proteins and peptides, where
the charged terminals are expected to come in close proximity than amino acids, which
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indicates ProCharTS luminescence is also reflective of the proximal charged residues. The
correlation between both the ProCharTS luminescence and absorbance is described in the

subsequent section.
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Figure 3.7. The luminescence intensity of Arginine-HCI (A), Arginine (B), Histidine (C) and Aspartate-KCI (D),
poly-Arginine-HCI (E), poly-Aspartate-NaCl (F), Symfoil PVV2 (G) is shown here. Excited wavelengths were:
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330-600 nm, 360-660 nm, 375-720 nm, and 430-800 nm.
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3.2.4.2. Luminescence emission parameters as a function of excitation wavelength

The luminescence emission features were extracted by normalizing individual spectra from the
luminescence spectra shown in Figure 3.7. The normalized luminescence emission spectra for

all the samples at various excitation wavelengths are shown in Figures 3.9 and Figure 3.10.
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Figure 3.10. Peak intensity normalized luminescence spectra for all samples at different excitation wavelengths:
280, 295, 310, 340, 355, 370, and 410 nm in subfigures A to G, respectively, as a function of excitation

wavelengths.

We observed that the luminescence emission spectra for excitation at 280 nm showed poor
overlap, but with gradually increasing excitation wavelengths, i.e., for 310, 340, 355, and 370
nm, the individual spectra converged significantly. As already shown in Figure 3.7, the

emission intensity decreased with increasing excitation wavelength. The integrated
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luminescence area was calculated as a function of excitation wavelength for each sample, as
shown in Figure 3.11A. It was observed that the total luminescence intensity between 280-340
nm remained nearly constant, but after 340 nm, a distinct decline in emission was visible. We,
however, found a strikingly similar pattern of decreasing integrated luminescence in all of the
samples. Interestingly, ProCharTS absorbance too showed a considerable decrease after 310-
340 nm. This similarity might be because both the ProCharTS absorbance and luminescence

underlie the same principle of the electronic charge transfer phenomenon at work.
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Figure 3.11. Integrated luminescence intensity vs. excitation wavelength (A); Stokes Shift vs. excitation
wavelength (B); Emission Maxima as a function of excitation wavelength (C) of Arginine-HCI, Arginine,

Histidine and Aspartate-KCI, poly-Arginine-HCI, poly-Aspartate-NaCl, and Symfoil PV2 is shown.

The Stokes shift from the emission spectra was calculated for each sample and plotted as a
function of excitation wavelength, as shown in Figure 3.11B. All the samples showed
significantly higher Stokes shift at 280 nm (7000-12000 cm™) than any known chromophores
like the indole ring of Tryptophan, whose Stokes shift is ~ 7143 cm™. A possible explanation
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for this high Stokes Shift is a significantly greater loss in excitation energy, in the form of rapid
internal conversion and solvent relaxation, compared to Tryptophan. However, a general
decreasing trend of the Stokes shift with increasing excitation wavelength was observed. The
Stokes shift decreased steeply from around ~12000 to ~5000 cm™ for 280 and 310 nm.
However, from 340 to 370 nm, the decrease is marginal and is somewhat constant (~ 4500 cm”
1. At an even higher excitation wavelength of 410 nm, it decreased further to ~3000 cm™.
Strikingly, the changes are consistent across all the samples for each excitation wavelength
with the odd outlier.

Although the integrated luminescence decreased with increasing excitation wavelength, when
their corresponding emission maxima were plotted with excitation wavelength, a linear trend
of emission maxima converging to a narrower spread was evident, as shown in Figure 3.11C.
Emission spectra were always red-shifted in wavelength irrespective of the excitation
wavelength, which is much against the very essence of Kasha's rule. Intramolecular charge
transfer was proposed to be the reason behind such observation, as a similar phenomenon has
been observed in various other reports'®#1%, Such an increase in the emission maxima with
increasing excitation wavelength across all the samples in this study has been consistent with
other reports®®324>166  Thjs excitation wavelength-dependent ProCharTS luminescence
suggests the possibility of different singlet CT energy levels from where the electrons after
excitation (due to ProCharTS absorbance) can come down to the ground states. A similar

observation has also been reported in ligand-fabricated Si nanoparticles®’.

3.2.4.3. Excitation spectra

To get an idea about the nature of the chromophores and understand the excitation bands
responsible for the novel ProCharTS luminescence, the excitation spectra of each of the
samples were collected, keeping emission wavelength fixed at 3 definite wavelengths: 425,
450, and 480 nm. The choice for these emission wavelengths is simply because most of the
luminescence was distributed in the 400-500 nm region when excited at various wavelengths,
as seen in Figure 3.9. The excitation spectra for all amino acids, peptides, and Symfoil PV2
displayed multiple excitation peaks with broad excitation bands, which showed significant
overlap, as shown in Figure 3.12. Most of the excitation bands were between 250-400 nm.
Both Symfoil PV2 and Histidine showed 2 or 3 excitation bands, whereas Arginine-HCI,
Arginine, Aspartate-KClI, poly-Arginine-HCI, and poly-Aspartate-NaCl showed 2 excitation
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bands. Broadly, two major excitation bands were evident: one peak at A <300 nm and the other
at A >300 nm. Our result is in contrast to the previously reported excitation spectra for Lys, Glu
amino acids, and Lys/Glu rich proteins, where only one excitation peak was reported®. The
observance of such multiple excitation bands suggests that the heterogeneous nature of the
chromophore is a characteristic of the ProCharTS luminescence. Moreover, the origin of the
multiple excitation bands across all the wavelengths appeared similar. It further justified that

the heterogeneity in chromophores is conserved across all the amino acids and proteins.
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Figure 3.12. Luminescence Excitation Spectra of Arginine-HCI, Arginine, Histidine and Aspartate-KClI, poly-
Arginine-HCI, poly-Aspartate-NaCl, and Symfoil PV2 for emission wavelengths: 425, 450, and 480 nm in
subfigures A, B, and C, respectively.

3.2.4.4. Quantum yield and its correlation with the extinction coefficient

The quantum yield at 355nm excitation (®Ps3s5) for all the samples was calculated using 9,10-

diphenyl anthracene (DPA) as reference'® and is shown in Figure 3.13A. It was observed that

3-16
TH-2985_156106032



Chapter 3

the quantum yield values were comparatively lower than those of conventional chromophores
like NATA? which are around ~0.14. Homo-polypeptides showed the maximum quantum yield
at 355 nm, with polyAspartate-NaCl and polyArginine-HCI showing ®3s5 around 0.0398 and
0.030, respectively. Among the amino acids, Aspartate-KCl, and Arginine showed similar ®3ss5
~0.026, followed by Histidine (~0.017) and Arginine-HCI (~0.005). Interestingly, Symfoil P\2
showed the least @355 value of 0.0027. Since luminescence is related to quantum yield, we
investigated their inter-dependence on luminescence sensitivity. We investigated the
relationship between the luminescence output with the molar extinction coefficient (e3ss) and
luminescence quantum yield (®3s5). The slopes for luminescence intensity versus
concentration were obtained from Figure 3.8. It was observed that the slope of luminescence
was directly proportional to the product of the molar extinction coefficient and quantum yield,
as well to the molar extinction coefficient alone, as shown in Figure 3.13B and Figure 3.13C,
respectively. However, no correlation between e3ss and ®3s5 was observed, which was quite
striking, as shown in Figure 3.13D. Moreover, Symfoil PV2 was found to have the lowest
d3s5, although having the highest e3s5s among all the samples. However, amino acids and poly-
amino acids which had relatively lower e3ss as compared to Symfoil PV2, showed higher ®3ss.
It thus signifies that the greater luminescence slopes observed for protein and peptides were
observed mainly because of their higher values of ess5 rather than their lower quantum yield
dss5, as compared to amino acids. Similarly, the low luminescence slopes observed in amino

acids were primarily dictated by the lower molar absorptivity

Here, the luminescence quantum yields (®3s5 ~0.003-0.04) observed among all the samples
were relatively low. The low efficiency of radiative recombination compared to the competing
non-radiative pathways could justify the lower quantum yields. Similar reports of low quantum
yield have also been reported among identical chromophores®. It is interesting to point out the
fact that Symfoil PV2 being a protein, showed a relatively lower quantum yield than
polypeptide or even amino acids. The only shortcoming in ProCharTS luminescence is related
to their low quantum yield since around ~97% of the relaxation occurs by the non-radiative
pathway. Thus, effective modulation of ProCharTS by harnessing these electrons to recombine
radiatively would help develop ProCharTS as a better tool for studying different protein
dynamics. Recently, various strategies to increase the quantum yield of non-conventional

chromophores have been reported!®®. Such modulation of successfully improving the quantum
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yield at longer wavelength spectral regions, i.e., above 400 nm, would be a monumental feat

in the field of protein chemistry and in vivo studies.
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Figure 3.13. Luminescence Quantum yields of all samples excited at 355 nm (A); Correlation between the slope
of luminescence integrated intensity/concentration plot with extinction coefficient at 355 nm (B); Correlation of
emission slope with the product of @ and extinction coefficient at 355 nm (C); and Correlation of @ with
extinction coefficient at 355 nm (D), for Arginine-HCI, Arginine, Histidine and Aspartate-KCI, poly-Arginine-
HCI, poly-Aspartate-NaCl, and Symfoil PV2 are shown.

3.2.5. Time-resolved luminescence intensity decay analysis

In the earlier sections, the interplay between ProCharTS absorbance and the steady state
ProCharTS luminescence and their intrinsic properties like Stokes Shift, Quantum Yield, and
emission maxima have been analyzed. Here, we tried to characterize the time-resolved
luminescence decay parameters at 295 and 340 nm. The choice of the wavelength was based

on the fact that conventional intrinsic chromophore like Trp is excited chiefly at 295 nm. Thus,
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excitation at a similar wavelength could give us an idea about the relative timescale of
ProCharTS decay kinetics compared to Trp. Moreover, 340 nm was used because most samples
showed relatively higher luminescence emission intensity at 340 nm excitation. Furthermore,
we extracted parameters from the luminescence intensity decay data by Non-linear least square
(NLLS) and Maximum Entropy Method (MEM) based luminescence lifetime analysis as

discussed below.

3.2.5.1. Non-linear least square (NLLS) analysis

The ProCharTS luminescence decay when excited at 295 and 340 nm, respectively, for all the
samples were obtained and subsequently fitted. The fitted decays and their residuals are shown
in Figure 3.14 and Figure 3.15. Parameters extracted from the decay analysis of luminescence
intensity at 295 nm excitation are shown in Table 3.2 and Figure 3.16 (A, C, E, G). A 3-
exponential model fitted best for all the samples with three discrete lifetimes with varying
amplitudes. Both 1 and 2-exponential fits were performed, but the fit did not converge properly.
As evident from Figure 3.14, the residuals shown beneath every fitted decay appear random,
signifying that decay data have been fitted properly in the 3-exponential model with x% closer

to 1.0 for all the samples.

All the amino acids, peptides, and Symfoil PVV2 were characterized by a short luminescence
lifetime component of t1 ~ 0.5-1.1 ns, followed by an intermediate lifetime of T2~ 2-4 ns and a
longer lifetime of 13~ 6-11 ns. For poly-Aspartate-NaCl, however, all the lifetime components
showed longer lifetime values than the rest. The contribution to the luminescence decay from
the shorter component was most with ai~ 0.7-0.8, followed by the intermediate lifetime
component with oz ~ 0.1-0.3, and least for the longest lifetime component with asz < 0.1. The
mean luminescence lifetime tmean Was least for Arginine-HCI and Symfoil PV2 (~0.9 ns),
moderate for Arginine and poly-Arginine-HCI (~1.0-1.5 ns), followed by Histidine and poly-
Aspartate-NaCl (~1.7 ns) and most for Aspartate-KCI (~2.1 ns).

The parameters extracted from the decay analysis of luminescence intensity at 340 nm
excitation are shown in Table 3.3 and Figure 3.16 (B, D, F, H). Similarly, in this case, the 3-
exponential model fitted best for all the samples with three discrete lifetimes with varying
amplitudes and with better residuals with the x% closer to 1.0 for all the samples. All the
samples showed a shorter lifetime of ~ 1 ns with the most amplitude a; ~ 0.7, followed by an

intermediate lifetime of ~ 2-3 ns with a2 ~ 0.17-0.3 and a relatively long lifetime component
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of ~ 6-13 ns with a3 ~ 0.02-0.07. Interestingly, Aspartate-KCI showed a significantly lower a1

value of 0.54 and a higher a3 value of 0.17 than the rest of the samples. The Tmean Was least for
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Figure 3.14. Luminescence Intensity Decay of Arginine-HCI (A), Arginine (B), Histidine (C) and Aspartate-KCI
(D), poly-Arginine-HCI (E), poly-Aspartate-NaCl (F), Symfoil PV2 (G) when excited at 295 nm is shown here

along with their respective residuals.

TH-2985_156106032

3-20



Chapter 3

11(NS) T2(NS) 13(NS) o o a3 Tmean(NS) | X%
Arginine-HCI | 0.48(0.027) | 2.16(0.065) | 6.26(0.050) | 0.807 | 0.162 | 0.031 | 0.92(0.043) | 1.26
Arginine 0.54(0.004) | 2.28(0.022) | 6.20(0.091) | 0.752 | 0.213 | 0.035 | 1.10(0.003) | 1.14
Histidine 1.00(0.010) | 2.94(0.015) | 10.23(0.309) | 0.691 | 0.291 | 0.018 | 1.73(0.002) | 1.07
Aspartate-KCl | 0.68(0.013) | 3.49(0.038) | 9.22(0.054) | 0.732 | 0.246 | 0.083 | 2.10(0.025) | 1.01
Poly-Arginine- | 0.76(0.016) | 3.23(0.055) | 10.03(0.048) | 0.796 | 0.171 | 0.033 | 1.48(0.008) | 1.13
Ecily-Aspartate- 1.15(0.012) | 4.18(0.114) | 11.43(0.108) | 0.869 | 0.104 | 0.027 | 1.76(0.003) | 1.10
gl;r?foil PV2 | 0.40(0.007) | 3.03(0.113) | 7.69(0.219) | 0.869 | 0.086 | 0.045 | 0.90(0.049) | 1.08

Table 3.2. Parameters obtained from 3 exponential-fit for all the samples at excitation wavelength 295 nm. The
individual lifetime components tjand mean lifetime tmean Values obtained from 3 exponential-fit are averaged for
at least 2 independent measurements and shown here, while the values in the parenthesis represent their standard
deviation. The amplitude values o; and the reduced Chi Square y? represent the best fit data from the 2 or more

measurements for each sample.

11(ns) 12(ns) 13(ns) o1 a2 03 Tmean(NS) | X3
Arginine-HCI | 1.05(0.009) | 3.77(0.048) | 10.55(0.497) | 0.730 | 0.253 | 0.017 | 2.00(0.030) | 1.08
Arginine 1.07(0.065) | 3.34(0.224) | 9.36(1.084) | 0.664 | 0.298 | 0.038 | 1.96(0.003) | 1.02
Histidine 0.76(0.053) | 2.38(0.146) | 6.18(0.228) | 0.665 | 0.281 | 0.054 | 1.54(0.038) | 1.09
Aspartate-KCl | 0.65(0.058) | 2.83(0.169) | 7.85(0.132) | 0.546 | 0.284 | 0.170 | 2.52(0.068) | 1.07
Eoé)I/-Arginine- 0.76(0.005) | 2.78(0.125) | 7.78(0.228) | 0.751 | 0.176 | 0.073 | 1.60(0.011) | 1.13
Eolc):/l-Aspartate- 1.11(0.018) | 3.18(0.210) | 8.56(0.477) | 0.754 | 0.182 | 0.063 | 2.01(0.008) | 1.06

al

Symfoil PV2 | 0.69(0.039) | 3.18(0.190) | 13.03(0.717) | 0.763 | 0.186 | 0.051 | 1.82(0.048) | 1.01

Table 3.3. Parameters obtained from 3 exponential-fit for all the samples at an excitation wavelength of 340 nm.
The individual lifetime components 1; and mean lifetime tmean Values obtained from 3 exponential-fit are averaged
for at least 2 independent measurements and shown here, while the values in the parenthesis represent their
standard deviation. The amplitude values a; along with the reduced Chi Square %2 represent the best fit data from

the 2 or more measurements for each sample.

3-21
TH-2985_156106032



Chapter 3

o

10* —IRF 104 ——IRF
Arginine-HCI —— Arginine
-‘é 10°4 — Fit -E 10’1 —Fit
O 10°4 O 10°4
o 3"
=
S0 5’10‘-
10° 10°
2 s @2 5
é -5 LJ LJ L L g -5
0 10 20 30 40 xr T 10 20 30 40 50 60
C Time (ns) Time (ns)
104 ——IRF 10*4 ——IRF
Histidine Aspartate-KCI
-g 10°4 ——Fit -g 10°4 —Fit
310“ g10“
o o
D40l
S0 ‘_3‘10‘-
10° v T T 10°
0 5 -
E £
0 10 20 30 r o 10 20 30 40
E Time (ns) F Time (ns)
4 4
10°1 ——IRF 10°4 ——IRF
n poly-Arginine-HCI poly-Aspartate-NaCl
£ 10% —Fit ag 10° ——Fit
=
5
3 109 310
[~
10'- Dt
o a1
0
m10 L] L] L) L) L 10D
2 s, 2 s,
3 oA s
a % 04
& -5 v v v v ) € -5 ' ' y r .
0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns)
G 10* ——IRF
—— Symfoil PV2
80 —Fit
c
3 2
0 10
o
D anl
S0
10°4 r y T ,
o5
1]
30
7
0 54 ' . ' .
E o 5 10 15 20
Time (ns)

Figure 3.15. Luminescence Intensity Decay of Argini

ne-HCI (A), Arginine (B), Histidine (C) and Aspartate-KCl

(D), poly-Arginine-HCI (E), poly-Aspartate-NaCl (F), Symfoil PV2 (G) when excited at 340 nm is shown here

along with their respective residuals.
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Figure 3.16. Luminescence Intensity Decay and the 3-exponential fitted data using Peri software at excitation 295
nm and 340 nm for all the samples: Arginine-HCI, Arginine, Histidine and Aspartate-KClI, poly-Arginine-HCI,
poly-Aspartate-NaCl, and Symfoil PVV2 were shown in panel A and B. Subfigures C, E, and G show the mean

luminescence lifetime, the amplitude of individual lifetimes and individual lifetime components when excited at
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295 nm respectively, and subfigures D, F, H indicate the same for 340 nm respectively. All the lifetime values
shown here are averaged from 2 independent experiments, and their respective amplitude values represent their
best fit.

Histidine and poly-Arginine-HCI with values of ~ 1.5-1.6 ns, followed by Symfoil PV2,
Arginine, Arginine-HCI, poly-Aspartate-NaCl showing moderate values of ~ 1.8-2.0 ns, and
highest for Aspartate-KCI at ~ 2.5 ns. Also, Tmean at 340 nm showed higher or similar values
than at 295 nm for most of the samples, with the only exception being Histidine. Such ultrafast

decay kinetics has been observed in Lysine rich proteins and amino acids3%16%170,

3.2.5.2. Maximum Entropy Method (MEM) analysis

Here, the MEM was used to alternately extract the luminescence lifetime distribution from the
fitted intensity decays at both the 295 and 340 nm excitation. The MEM fit residuals for the
295 and 340 nm excitation for all the samples are shown in Figure 3.17 and Figure 3.18,
respectively. All the samples displayed a trimodal luminescence lifetime distribution with
varying amplitudes as shown in Figure 3.19. A common trend of longer lifetimes with lower
amplitudes while shorter lifetimes had higher amplitudes was quite evident in most samples. It
could be observed that the luminescence lifetime distribution for the short component t1 at 295
nm was more shifted towards shorter lifetime values as compared to 340 nm. However, the
lifetime distributions for the two other longer components (t2 and 13) Were consistent. Similar
behaviour could also be seen in Figure 3.16 from the discrete fit analysis. The luminescence
distribution at 295 nm was found to be more conserved for each lifetime than at 340 nm. The
spread for the distribution for an individual lifetime at 295 nm (11 < 0.5 ns, 12~ 1-3 ns, 13~ 3-8

ns) was found to be less as compared to that of 340 nm (11 < 1 ns, 12~ 1-6 ns, 13~ 3-14 ns).

The origin of these three different luminescence lifetimes is proposed to arise from the
three separate charge recombination pathways of electrons coming down from a single excited
state to the ground state. The shorter luminescence lifetime (<1 ns) is thought to be arising from
the direct recombination of electrons from the less to the more electronegative species.
However, the longer lifetime component is proposed to originate from delayed recombination.
In delayed recombination, the excited state electron from the less electronegative species
presumably hops first onto the protein surface and subsequently to more electronegative
species in the protein matrix. Although the MEM distribution supplements the Discrete fit
analysis, the broad distribution of the shorter lifetime component observed in MEM sheds light
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on the possibility of multiple additional short lifetime subcomponents that were not resolved

in the Discrete analysis.
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Figure 3.17. Residuals of luminescence lifetime decay by MEM analysis at 295 nm excitation are shown here.

The panel represents residuals for fitted data of Arginine-HCI (A), Arginine (B), Histidine (C), Aspartate-KCI
(D), poly-Arginine-HCI (E), poly-Aspartate-NaCl (F), and Symfoil PV2 (G).
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Figure 3.18. Residuals of luminescence lifetime decay by MEM analysis at 340 nm excitation are shown here.
The panel represents residuals for fitted data of Arginine-HCI (A), Arginine (B), Histidine (C), Aspartate KCI
(D), poly-Arginine-HCI (E), poly-Aspartate-NaCl (F), and Symfoil PV2 (G).

Similarly, studies on the origin of multiple luminescence lifetime components have been
reported in cases of amyloid oligomers and Lysine-rich proteins®®32, However, it is for the first
time that such common characteristics have been found in Arginine/Aspartate rich
peptide/protein systems. Thus, ProCharTS has the potential to characterize various protein
systems along with their interaction with other biomolecules. This may open the door to newer
applications and possibilities in this field of non-conventional chromophores. Recently,
different cell-penetrating Arginine polypeptides have successfully delivered many biologically
active macromolecules'’*. Although, more work needs to be done to improve the luminescence
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quantum yield by channelling the charge-separated excited states to recombine radiatively so

as to enhance the applicability of ProCharTS.
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Figure 3.19. MEM luminescence lifetime distribution on excitation at 295 nm and 340 nm for Arginine-HClI,
Arginine, Histidine, Aspartate-KCI, poly-Arginine-HCI, poly-Aspartate-NaCl, and Symfoil PV2 are shown in

subfigures A to G, respectively
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3.3. Conclusions

» The ProCharTS absorbance and luminescence features are highly conserved among
charged amino acids, peptides, and proteins lacking Lysine. ProCharTS is characterized
by a long absorbance tail extending till 800 nm, significant Stokes shift, low quantum
yield, the origin of three luminescence lifetime components, and emission maximum

increasing with increased excitation wavelength.

» The origin of ProCharTS is evident as long as charge transfer occurs among proximal

charged residues, irrespective of the type of charged amino acids present in such systems.

» The emergence of multiple excitation peaks and varied luminescence lifetime indicate that

a heterogeneous population of chromophores manifests the ProCharTS phenomenon.

» The significantly higher contribution from the lower luminescence lifetime values suggests
that the charge recombination phenomenon is quite fast. The lower quantum yield further
indicates that most of the photoexcitation relaxes via non-radiative transfer.

» The strong correlation between the slope of integrated luminescence intensity with the
molar extinction coefficient and also with the product of extinction coefficient and
quantum yield points out that it is the extinction coefficient that dictates the ProCharTS

luminescence, rather than any other factor.
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4.1. Introduction

Tryptophan (Trp) is a naturally occurring amino acid popularly used as an intrinsic fluorescent
probe to monitor protein conformation and dynamic changes. The indole group in Trp is mainly
responsible for its emissive properties. The extreme sensitivity of the Trp fluorescence
emission towards environmental changes near the indole group makes Trp a novel intrinsic
probe to study protein interaction with other biomolecules. The change in the emission is
reflected in its emission maxima (Amax), fluorescence quantum yields (®) and its fluorescence
lifetimes components. Proteins or peptides with a single Trp residue typically display
fluorescence decays that are fit by sums of two to four exponential terms, with varying
amplitudes and lifetime components. Such a single Trp system has been extensively used due
to the ease of analysis of the multi-exponential changes upon conformational changes.
However, the origin of such multi-exponentiality has been controversial. In fact, NATA, a
tryptophan analogue with the same indole group, displays one fluorescence lifetime component
in water. Various opinions about the role of electron transfer towards the origin of the
fluorescence in the indole group inside the protein matrix have been hypothesised®263172-175,
Recently, ProCharTS is thought to play a role in sullying the Trp fluorescence®’. Lysine was
found to have the most significant contribution to contaminating the indole fluorescence,
presumably because of its higher absorptive and luminescence properties among the charged
amino acids. The charge recombination process observed in ProCharTS through direct or
delayed pathways could further explain the origin of Tryptophan’s multiple fluorescence
lifetimes.

In this chapter, | mainly focussed on the role of charged amino acids other than Lysine and
Glutamate in contaminating the Trp fluorescence. A protein system with a single Tryptophan,
surrounded by Arginine, Aspartate and Histidine residues, was mimicked by the tryptophan
analogue, NATA, in the presence of these charged amino acids. Subsequently, the changes in
its luminescence lifetime were analysed using the nonlinear least square (NLLS) and Maximum
Entropy Method (MEM). Moreover, a similar study has been carried out in the presence of
Symfoil PV2, which is rich in Arginine, Aspartate and Histidine. In Symfoil PVV2, an even more
realistic scenario is reproduced due to the close 3D proximity of NATA to the terminal head
groups of the charged amino acids and to the backbone of the peptide bond inside the protein

matrix.
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4.2. Results and Discussions
4.2.1. Quenching of NATA fluorescence by charged amino acids

The steady-state fluorescence of NATA is measured in the presence of increasing amino acid
concentration. NATA shows an extinction coefficient of 5500 M*cm™ at 280 nm*®! and a
quantum yield of around 0.14 at 295 nm?2. Since both the quantum yield (0.017-0.026) and the
extinction coefficients (0.12-0.27) of Arginine, Aspartate and Histidine residues at 295 nm are
around 10and 1000 times lower than that of NATA, respectively, a 10000-fold excess of amino
acids was used to have a noticeable impact on its fluorescence. Also, such a high concentration
would mimic a protein-like environment where charged amino acids are close to the indole
ring in NATA. For all the cases, the fluorescence of NATA was quenched with increasing
concentration, as shown in Figure 4.1.
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Figure 4.1: Steady-state fluorescence emission of NATA in the presence of charged amino acids at 295 nm
excitation. Subfigures A, B, C, and D show the fluorescence of NATA in the presence of Glycine, Arginine,
Histidine and Aspartate, respectively. Insets show the corresponding fluorescence emission from 400-500 nm
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Figure 4.2: Area (normalised) under NATA emission spectrum in the presence of different amino acids for A)

emission between 310-570 nm and B) emission between 320-360 nm.

We wanted to quantify the changes, and thus we considered two spectra regions: one from 310-
570 nm and the other from 320-360 nm. It has been observed that for both these regions, the
decrease in integrated fluorescence of NATA was consistent, and it was found to be most for
Arginine, followed by Aspartate, Histidine, and the least for Glycine. Here, Glycine, which
does not have a charged side chain, showed the least quenching of NATA, which was quite
expected. Thus, the amino acid’s charged side chain plays a significant role in quenching
NATA fluorescence. Also, one important observation, as seen in Figure 4.1, was that as the
fluorescence was quenched, the spectra shifted more towards the red region, as decreased
fluorescence at 320-360 nm resulted in an increase of fluorescence in the 420-570 nm region.
Similarly, the decrease in fluorescence integrated area in Figure 4.2A was less than that in
Figure 4.2B. Thus, in the presence of charged amino acids, a common trend of noticeable
concentration-dependent decrease of fluorescence intensity in the spectral region (320-360 nm)
of NATA emission was observed with a modest increase in emission on the red side of the
spectrum contaminating the indole fluorescence. This rise in luminescence beyond 430 nm was
thought to arise from individual amino acids emission as the charged amino acids have their

Amax around 400-420 nm when excited at 295 nm, as shown in Chapter 3.

4.2.2. Fluorescence intensity decay of NATA in the presence of charged amino acids

4.2.2.1. Non-linear Least Square (NLLS) analysis

Time-resolved fluorescence intensity of NATA in the presence of different charged amino

acids was recorded at hex 295 nm. The decay was fitted to a one exponential decay model as
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NATA, when excited at 295 nm, was expected to follow the single exponential decay. Although
the fluorescence intensity decays of NATA could be fitted in one-exponential with lower
concentrations, but not with increasing concentration of charged amino acids, as can be seen
from the residual distribution [Figure 4.3, 4.4, 45 (A and C)]. However, when the same
intensity decays were fitted to the two-exponential model, the fits were acceptable with better

residuals [Figure 4.3, 4.4, 4.5 (B and D)]. This pattern was consistent for all the charged amino

acids.
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Figure 4.3: Fluorescent Intensity Decay of NATA at 295 nm excitation in the presence of different concentrations
of Arginine. Subfigures A, C and B, D show the decay of NATA and the fitted residuals for the same data set

fitted in 1 and 2 exponential models using the NLLS method, respectively.
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1 exponential-fit 2 exponential-fit
Trmean AR o1 o2 T T Tmean xR
(ns) (ns) (ns) (ns)
NATA 3.05 1.143 1 3.05 3.05 1.143
(0.006) (0.006) (0.006)
NATA+50 mM Arg 2.84 1.005 0.706 | 0.294 3.17 1.99 2.85 1.004
(0.026) (0.013) | (0.051) (0.014)
NATA+100 mM Arg 2.70 1.109 0.647 | 0.353 3.09 2.04 2.72 1.085
(0.016) (0.037) | (0.004) (0.019)
NATA+200 mM Arg 2.51 1.297 0.317 | 0.683 3.17 2.17 2.52 1.047
(0.005) (0.058) | (0.008) (0.019)
NATA+300 mM Arg 2.34 1.302 0.104 | 0.896 3.62 2.21 2.37 1.079
(0.005) (0.054) | (0.014) (0.010)

Table 4.1: Parameters obtained from 1 and 2 exponential NLLS fit for NATA in the presence of Arginine

Counts (log)
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Figure 4.4: Fluorescent Intensity Decay of NATA at 295 nm excitation in the presence of different concentrations

of Histidine. Subfigures A, C and B, D show the decay of NATA and the fitted residuals for the same data set

fitted in 1 and 2 exponential models using the NLLS method, respectively.
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1 exponential-fit 2 exponential-fit
Tmean XR2 o1 a2 T1 T2 Tmean XR2
(ns) (ns) (ns) (ns)
NATA 2.95 1.016 1 2.95 2.95 1.016
(0.025) (0.024) (0.024)
NATA+50 mM His 2.75 1.232 0.759 0.241 3.06 1.99 2.77 1.144
(0.006) (0.024) (0.135) (0.001)
NATA+100 mM His 2.68 1.118 0.495 0.505 3.19 2.20 2.68 1.072
(0.018) (0.006) (0.016) (0.003)
NATA+150 mM His 2.56 1.448 0.324 0.676 3.25 2.26 2.58 1.08
(0.003) (0.000) (0.009) (0.0007)
NATA+200 mM His 2.48 1.267 0.131 0.869 3.79 2.32 2.49 1.078
(0.005) (0.113) (0.012) (0.012)

Table 4.2: Parameters obtained from 1 and 2 exponential NLLS fit for NATA in the presence of Histidine.
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Figure 4.5: Fluorescent Intensity Decay of NATA at 295 nm excitation in the presence of different concentrations

of Aspartate. Subfigures A, C and B, D show the decay of NATA and the fitted residuals for the same data set

fitted in 1 and 2 exponential models using the NLLS method, respectively.
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1 exponential-fit 2 exponential-fit
Tmean XR2 o1 a2 T1 T2 Tmean XRZ
(ns) (ns) (ns) (ns)
NATA 3.04 1.034 1 3.04 3.04 1.034
(0.026) (0.026) (0.026)
NATA+50 mM Asp 2.94 1.167 0.698 | 0.302 3.31 2.13 2.96 1.037
(0.011) (0.013) | (0.068) (0.014)
NATA+100 mM Asp 2.93 1.061 0.67 0.33 3.28 2.21 2.93 1.048
(0.006) (0.019) | (0.098) (0.017)
NATA+150 mM Asp 2.86 1.139 0.601 | 0.399 3.30 2.24 2.89 1.038
(0.011) (0.010) | (0.001) (0.009)
NATA+200 mM Asp 2.84 1.091 0.462 | 0.538 3.37 2.34 2.85 1.011
(0.008) (0.066) | (0.059) (0.007)

Table 4.3: Parameters obtained from 1 and 2 exponential NLLS fit for NATA in the presence of the Aspartate

We, thereby plotted the yg? values from the fit for each amino acid, as shown in Figure 4.6.
The yr? values deviated from 1 when fitted in one exponential, whereas it stayed close to 1 in

the two-exponential model, thus justifying the multi-exponentiality seen in Trp fluorescence.
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Figure 4.6: Reduced Chi-Square of the fluorescence intensity decay of NATA. Subfigures A, B, and C show the

vr? values from both exponential fit for NATA in presence of Arginine, Histidine and Aspartate, respectively.
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From the two-exponential fitted data, we obtained the mean lifetime for all the concentrations
for each amino acid. We found that the mean lifetime ‘z’° decreased with increasing
concentration suggesting quenching of the NATA in the presence of amino acids. We thus
calculated the o/t for all the amino acids with increasing concentration. Distinctive slopes were
seen for each of these amino acids. A linear Stern-Volmer plot was generated, suggesting
dynamic quenching of NATA. NATA was uniformly accessible to the quencher in each case,
as seen from the linear Stern-Volmer plot (Figure 4.7), with Arginine having the highest slope
followed closely by Histidine and then least being Aspartate. Moreover, the bimolecular
quenching constant from the slopes was calculated to be around 0.3 x 10° M1 for Arginine,
followed by Histidine and least for Aspartate (~0.1 x 10° Ms?).

A B
H Arg
0.5-
13 LAY .
= = Linear fit of Arg —_
= Linear fit of His - U‘o 0.44
- Li fit of A e -
1.2 inear fit of Asp ': %
) — 0.3
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R .. x
nE e
e - 0.14
1.0{ & -
T T T T 0.0'
0.0 0.1 0.2 0.3 Arg His Asp

Concentration (M)

Figure 4.7: Subfigure A shows the Stern VVolmer plot for the quenching of NATA in the presence of different
amino acids. The dotted lines represent the individual fits. Subfigure B shows the bimolecular quenching constant

for the same.

The fluorescence lifetime of NATA is generally found to be within 2.8-3.1 ns and is known to
have only a one-lifetime component. However, with the increasing concentration of charged
amino acids, the emergence of the shorter fluorescence lifetime component t1, as evident from
the 2-exponential fit shown in Tables 4.1, 4.2 and 4.3. The decrease in the mean lifetime was
most for Arginine, where it changed from 3.05 ns to 2.37 ns, followed by Histidine, which
changed to 2.49 ns and least value of 2.85 ns for Aspartate, as can be observed in Figure 4.8.
This decrease in the mean lifetime of NATA when excited at 295 nm resulted from the
emergence of the shorter fluorescence lifetime component. The steady decline in the values of

mean lifetime closely resembles the pattern observed in the steady-state quenching analysis.
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Thus, the time-resolved analysis complemented the steady-state data, suggesting quenching of

NATA in the presence of amino acids.
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Figure 4.8: Mean fluorescence lifetime of NATA in the presence of increasing amino acid concentration. Panel
A, B, and C show the mean fluorescence lifetime of NATA in the presence of Arginine, Histidine and Aspartate,

respectively.

4.2.2.2. Maximum Entropy Method (MEM) analysis

Lifetimes and amplitudes extracted from the discrete analysis of NATA fluorescence intensity
decay with a forced two-exponential model [Table 4.1, 4.2 and 4.3] do not reveal the true
physical scenario due to difficulty in resolving closely spaced lifetimes and challenges in
recovering amplitudes and lifetimes from multiexponential decays. An alternative approach to
investigating the influence of charged amino acids on the fluorescence lifetime of NATA was
attempted using the Maximum Entropy Method (MEM). It is based on a model-free approach
to analyse the fluorescence intensity decays and generate fluorescence lifetime distributions.
Since the MEM analysis is based on a model-free approach, it was not necessary to constrain
for a 2-exponential lifetime; rather, we fit it for 100 exponentials. As seen in Figure 4.9,
Arginine, which showed the most quenching with higher kg, displayed a two-lifetime
distribution where an additional shorter lifetime distribution was observed (for concentration
> 200 mM), although the two-lifetime distribution for Aspartate and Histidine was not evident.
This lifetime was similar to those originating from Arginine alone when excited at 295 nm (t
< 1ns). In contrast to the observations of MEM analysis, the discrete analysis method could not
reveal the distribution of the short lifetime components. The fitted residuals for the MEM
analysis, as shown in Figure 4.10, showed a similar pattern as that of the residuals for 2-
exponential fit in the NLLS method. Thus, MEM lifetime distributions distinctly brought out
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the additional luminescence contribution originating from charged amino acids, which could
account for deviations observed in single exponential decay fits of NATA. Although, it should
be noted that the shorter lifetime distribution was only observed when the amino acids were in
excess compared to NATA and that too for the amino acid with a higher quenching propensity

than others.
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Figure 4.9: MEM Lifetime Distribution for NATA in the presence of charged amino acids. Subfigures A, B and
C show the lifetime distribution for increasing concentrations of Arginine, Histidine and Aspartate, respectively,

compared to NATA.
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Figure 4.10: Residuals for MEM Lifetime Analysis for NATA in the presence of charged amino acids. Subfigures
A, B and C show the residuals in the presence of different concentrations of Arginine, Histidine and Aspartate,

respectively, compared to NATA alone.
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4.2.3. Fluorescence intensity decay analysis of NATA in the presence of a monomeric
protein: Symfoil PV2

4.2.3.1. Non-linear Least Square (NLLS) analysis

As discussed in the earlier section, although it could be said that the charged terminals in the
amino acids contribute to the complexity in NATA fluorescence and mimic Trp-like behaviour
in charge-rich proteins, it would be justifiable to validate the statement only when we explore
NATA in the presence of Arginine, Aspartate and Histidine rich proteins. Thus, we repeated
the experiments and replaced the amino acids with Symfoil PVV2, a monomeric protein with no
aromatic amino acids with a high content of Arginine, Aspartate and Histidine residues. But
before that, we checked the steady-state fluorescence anisotropy of NATA in the presence of
Symfoil PV2 to confirm whether NATA was in close proximity to the protein. To our surprise,
in Figure 4.11, we found that the anisotropy did change marginally, suggesting some non-
specific binding to the protein. This observation, in a way, favoured our study as it would
behave like having a Tryptophan placed inside a protein, and the proximity of charged amino
acids side chains in the protein around the indole ring would create a more realistic
environment. Further compared to amino acids, far less concentration of protein is needed to
create ambiance of charged amino acids The fluorescent intensity decay of NATA with varied
concentrations of Symfoil PVV2 was collected in the 320-360 nm range with a band pass filter
and analysed when excited at 295 nm.
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Figure 4.11: Steady-state fluorescence Anisotropy of NATA in the presence of Symfoil PV2. Subfigure A shows
the anisotropy of NATA in the increasing presence of Symfoil PV2. Subfigure B shows a schematic representation
of the non-specific binding of NATA to Symfoil PV2.
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Here, the 1 and 2 exponential models were used to fit the fluorescent intensity decay, as shown

in Figure 4.12. It has been found that the two-exponential model fit much better for all the
samples than its one exponential model as the reduced Chi-Square, = values of close to 1

depicted a better fit.
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Figure 4.12: Fluorescence lifetime decay analysis of NATA in the presence of Symfoil PV2 at 295 nm. Subfigures
A and B show the fitted decays for one exponential and two-exponential fit, respectively, along with their

residuals.
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1 exponential-fit 2 exponential-fit
Tmean X,R2 o1 a2 T1 T2 Tmean XR2
(ns) (ns) (ns) (ns)
NATA 3.10 1.058 1 0 3.10 3.10 1.058
(0.003) (0.003) (0.003)
NATA+5 pM PV2 3.08 1.077 0.864 | 0.136 3.33 1.44 3.06 1.047
(0.033) (0.031) | (0.131) (0.031)
NATA+10 uM PV2 3.08 1.047 0.875 | 0.125 3.33 1.51 3.07 1.099
(0.002) (0.036) | (0.212) (0.012)
NATA+20 uM PV2 3.09 1.176 0.853 | 0.147 3.34 1.52 3.07 1.011
(0.007) (0.035) | (0.012) (0.023)
NATA+40 uM PV?2 3.07 1.374 0.843 | 0.157 | 3.366 1.57 3.08 1.057
(0.004) (0.017) | (0.044) (0.012)
NATA+60 uM PV2 3.04 1.411 0.829 | 0.171 3.33 1.65 3.04 1.051
(0.007) (0.017) | (0.006) (0.021)
NATA+100 pM PV2 3.01 3.658 0.799 | 0.201 3.32 1.62 2.98 1.028
(0.010) (0.004) | (0.048) (0.007)

Table 4.4: Parameter values of fitted decay for NATA in the presence of Symfoil PV2 at 295 nm excitation for 1

and 2-exponential fit. T and a denote the lifetime and amplitude obtained from the fitted data, respectively.
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Figure 4.13: Subfigures A, B and C show the individual fluorescence lifetimes, respective amplitudes and mean

lifetimes, respectively, from NLLS analysis of NATA in the presence of Symfoil PVV2 at 295 nm. Subfigure D

shows the reduced Chi-Square obtained from the 1 and 2 exponential fits.
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It could be seen in Figure 4.13D and Table 4.4, although for lower protein concentration (<

20 uM), the decay could be fitted in one exponential, but with higher concentrations of protein,
the decay fitted better in the 2-exponential model. The %% value even reached around 3.658 in
one exponential fit for 100 uM concentration, whereas, in the case of the two-exponential fit,
the %= values were hardly above 1.06. The better randomness in the residuals of the 2-
exponential fit compared to the 1-exponential fit, seen in Figure 4.12, also justified the result.
On close inspection, we could notice that although the concentration of protein used was very
low (in order of uM) compared to amino acids (in mM), the deviation from one exponential
was surprisingly far more significant in proteins ()& of 3.658) than that of amino acids ()’ of
1.302 for Arginine). It thus suggested that the contribution to the complex lifetime distribution
in NATA fluorescence is far more dominant in the case of proteins as compared to amino acids.
Strikingly, the decrease in the mean lifetime was smaller in the case of protein than amino acids
as shown in Figure 4.13C. However, the deviation in %% values was in contrast to the changes
in mean lifetime values. It could be because the NATA fluorescence was marginally quenched
in the case of proteins compared to amino acids. Moreover, the emergence of the shorter
fluorescence lifetime with increasing protein concentration could be observed in Figures
4.13A and 4.13B, with a marginal increase in their amplitude values, with no change in the

individual lifetime values.

4.2.3.2. Maximum Entropy Method (MEM) analysis

We performed the Maximum Entropy Method to further understand the contribution of the
shorter lifetime component and its distribution as analysed from the 2-exponential fit. Good
randomness in the residuals was observed in the MEM analysis, as seen in Figure 4.15. We
could clearly see in Figure 4.14 that a shorter fluorescence lifetime emerged with the increase
in protein concentration (>60 uM), which was earlier absent in NATA alone. Moreover, unlike
amino acids, the longer lifetime did not shift towards lower values, and only the contribution
from each component changed. Thus, this result is in agreement with our Discrete analysis data
(Figures 4.13 A and B), where the amplitude values of each lifetime component (o1 and o)
changed with no change in the individual lifetimes (t1 and t2), with a marginal decrease in

mean lifetimes signifying no possible quenching.
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Our observations thus indicate that a charged protein is more potent towards contributing
additionally to the fluorescence lifetime in NATA than charged amino acids, resembling Trp
fluorescence. Even when taken in excess, free amino acids cannot create a 3D localised charged
environment around NATA. In contrast, in proteins, the close spatial 3D proximity of variously
charged termini around NATA makes a more confined charge cluster, thus influencing Trp

emission with stronger luminescence.
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Figure 4.14: Fluorescence Lifetime distribution of NATA in the presence of Symfoil PV2 from MEM.
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Figure 4.15: Residuals for MEM analysis of NATA in the presence of increasing concentrations of Symfoil PV2.

4-16
TH-2985_156106032



Chapter 4

4.3. Conclusions

» This study brings forward the contribution of charged amino acids, namely Arginine,
Aspartate, and Histidine, which can drastically influence Trp fluorescence. The
luminescence from the amino acids alone mixes with the fluorescence of NATA or indole,

thus mimicking the Trp-like fluorescence as observed in proteins.

» Both the Discrete and MEM analysis shed light on the phenomenon underlying the origin

and contribution of the shorter fluorescence component from the indole ring in Trp.

» One exciting observation is the propensity of these charged residues to sully the indole
fluorescence, irrespective of whether its fluorescence is quenched or not.

»  Amino acids in clusters quench the NATA fluorescence more than that of proteins, but the
close 3D proximity of charged clusters in protein is more potent in contributing to the
complexity of the fluorescent lifetime of the indole group.

» Although, ProCharTS luminescence cannot compete with Trp fluorescence due to lower
luminescence output, the possible interference from the novel ProCharTS luminescence
from the side chain of such non-aromatic charged residues should be taken into account.
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5.1. Introduction

Alzheimer's disease (AD) is a life-threatening neurodegenerative disorder related to the A 40
or AP 42 peptide, where insoluble amyloid fibrils deposit in the neuropil. The initial fibrillary
oligomers of AP are thought to be the potential reason behind it. Thus, inhibiting the peptide
oligomer and protofibrils formation in its early stages by identifying potential drugs is
important for treating AD. Here, in this study, the early stages of aggregation of the
hydrophobic core segment APis22 (KLVFFAE) are being analyzed using switch peptides
(SwP). The pH-dependent O->N acyl migration in the molecular switches inserted deliberately
in the AP1s-22 sequences enables the systematic study of conversion of random coiled peptides
into B-sheets. The pH change from acidic (~pH 2) to neutral or slightly basic (~pH 6.8-7.2)
dictates the acyl migration.

Limitations from various expensive techniques prompted us to look for simpler, cost-effective,
non-invasive techniques to monitor the aggregation of AP peptides. Here, we used intrinsic
absorbance/ luminescence arising from ProCharTS to address the issues often experienced by
other techniques. ProCharTS signal is expected to increase due to the increased propensity of
the proximal contacts between charged terminals of Lys/Glu residues in each anti-parallel -
strand having distances less than 4.8 A%. It eliminates the higher-end, expensive techniques
that do not provide information on molecular level interactions but only on the gross shape and
size. The non-invasive nature of ProCharTS minimizes the effect often experienced by extrinsic
dyes during aggregation, which can alter the kinetics. Furthermore, the recent report on the
photochemical features of intrinsic luminescence in monomeric proteins and its applicability
to screen drugs for early inhibition of amyloids!’® encourages the use of ProCharTS in peptide

aggregation.

Below mentioned are the different peptide cases which have been used in this study.
Pep I: Ac-SLKLVFF(H") SELSG-CONH; (50 uM)

Pep I1: Ac-SLKLVFF(H*) SSLSG-CONH; (50 uM)

Pep 111: NH3*-SLKLVFF(H*) SELSG-CONH; (200 uM)

Pep IV: NH3*-SLKLVFF(H*) SSLSG-CONH, (200 uM)

Pep V: Ac-SLKLVFF(H*) SELSG-CONH; (200 pM)

5-1
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5.2. Results and Discussions

5.2.1. Circular Dichroism (CD) to detect secondary structure changes in SwWP aggregation

CD was performed to assess the time frame of the early events of the aggregation of SwP during
which the secondary structural transitions took place. Based on this time scale, all the other

related techniques were carried out for the same peptides. Aggregation of SwPs started when

A pepl __ . B pep Il
2 ——2hrs —Ohrs
y ——dhrs = 2hrs
0. f\ __——6hrs J ——4hrs
= o =——10hrs 245N ——6hrs
g -2 ——18hrs : Z ——10hrs
= 4] —— 26hrs -4 ——18hrs
£ ] 34hrs 6 —— 26hrs
= 64 . 50hrs E ——34hrs
= 1 § ——7Tahrs .84 =
R g ——sshrs 8 ] o
2 .10 a 104 2 ——T4hrs
E 1 E ‘E ——98hrs
=124 > -124 al” .
] 0 30 60 90
-144 I 0_ 3','%'“':’53‘?? D. N -144 Time(hrs)
200 210 220 230 240 250 260 200 210 220 230 240 250 260
C Wavelength [nm] Wavelength [nm]
pep llI on D peplV —omin
—Ohr -
o] — =2 0 t2min
§ ) = ;:rs ——18min
= — rs o
2 8hrs N 7 —m::
z -10 ——10hrs 104 [\ ——36min
= /4 ——42min
£ 15 | ,:;S -151 50 a |20 5 ——48min
= -20 o S ¥ 5.3 —_ § ——54min
= ’s 2 g 20 g \__/ 108 —— 60min
w - E E .25. =g LNy =
< e £ " E
-30 0 2 4 6 & 10 .30+ “ ol '\/ [0S
Time(hrs) 0 20 40 &0
-354— v ¥ . v v ' Time (min)
200 210 220 230 240 250 260 77200 210 220 230 240 250 260
Wavelength [nm] Wavelength [nm]
E 5'V\ pepv ——0hr
—— 0.25hr
. 04 | m— 1hr
2 skt ——1.5hr
= . 2.5hr
=-104 ——3.5hr
% o 7 ——a.5hr
. 1Tin$e(h::s) 45
-35

200 210 220 230 240 250 260
Wavelength [nm]

Figure 5.1: CD spectra for switch peptide aggregation at different times in aggregation buffer (phosphate buffer,
50 mM, pH 7.2). Inset shows the change in ellipticity at 220 nm and 202 nm versus time.
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the peptides were transferred in pH 7.2 (50 mM phosphate buffer). Different time frames were
observed for each peptide, where a complete secondary structural transition from random coil
to B-sheet structure takes place. As shown in Figure 5.1, all the switch peptides had an
ellipticity value with minima near 190-200 nm, characteristic of a random coil. As the
aggregation proceeded, the ellipticity at 190-200 nm increased, with a decrease at 220 nm,
which characterizes B-sheet formation. The changes in the ellipticity at 220 nm and 202 nm
were plotted as shown in Figure 5.1 [insets]. For all the SwPs, a sigmoidal decrease in
ellipticity at 220 nm was evident. The sigmoidal profile signifies the complete transition from
random coil to B-sheet structure, as the ellipticity values flattened out. Interestingly, the
ellipticity at 220 nm increased at even longer time scales. It hints that higher-order insoluble
mature fibrillary structures formed precipitates as the aggregation proceeded further. We thus
restricted ourselves to the study of only the formation of soluble oligomeric aggregates in the
initial stages of aggregation kinetics, with minimal contribution from light scattering, which

arises from mature fibrils.

For all the SwPs, the change in ellipticity at 220 nm was consistent, and a gradual decrease was
observed. However, in the case of pep Ill, an abrupt reduction in ellipticity at 190-200 nm
between 6-8 hrs was observed, suggesting that pep Il had a lag phase in its aggregation
mechanism till 6 hrs. The fastest aggregation kinetics was observed for pep IV (~1 hr), followed
by pep V (~4 hrs). The slowest kinetics were observed for pep | (~98 hrs), and pep 11 (~ 98hrs),
where the peptide concentrations used were at 50 uM. For all other cases, 200 uM
concentrations were used since with 50 uM concentration, aggregation could not be performed.
Thus, the higher initial concentration of the peptide increases the seeding of peptides in
aggregation kinetics, speeding up the process. Our results are consistent with similar other
reports for AP aggregates®®’’. A similar timeframe was used to study the AP peptides
oligomer formation and subsequent fibril formation using conventional fluorescence-based

extrinsic probes: ANS and ThT, which is discussed in the next section.

5.2.2. 8-Anilinonaphthalene-1-sulfonic acid (ANS) and Thioflavin T (ThT) assays

8-Anilinonaphthalene-1-sulfonic acid (ANS) is a fluorescent probe commonly used to assess
the hydrophobic content in proteins. On excitation at 380 nm, it shows a manifold increase in
fluorescence intensity at 480 nm when bound to hydrophobic cores of proteins or assembly, as

compared to being free in solution with minimal fluorescence at 520 nm. Moreover, the change
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was characterized by a blue shift with an increased fluorescence signal. Similarly, when excited

at 450 nm, an increased fluorescence at 480 nm in ThT-bound fibrils was observed as compared

to free ThT, with a slight blue shift from 490 nm to 480 nm in aggregates with increased

fluorescence*’. Here, the ANS assay is expected to give more information about the early

events of the SwP aggregation where the peptides come nearby and form hydrophobic pockets,

compared to ThT.
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Figure 5.2: ANS spectra for switch peptide aggregation in phosphate buffer, 50 mM, pH 7.2. The concentration

of ANS was kept at 20 pM with peptides in a 1:1 ratio. All the readings were done in duplicates with 2 scans each.

Inset shows the change with respect to O hrs in integrated fluorescence area and the shift in emission maxima

Versus time.
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Similar to CD analysis, the aggregation of all the switch peptides was recorded in similar
conditions. The data acquisition was made at different time intervals keeping the maximum
time duration of the aggregation identical to that of the CD to compare the aggregation kinetics
with that of ANS and ThT.

As can be seen in Figure 5.2, all the SwPs, upon aggregation, showed 2 to 3-fold increase in
ANS fluorescence with prominent blue-shifted emission maxima (Amax). Peptides in
monomeric states showed Amax at ~520 nm, while for the aggregated forms, the Amax shifted to
~480 nm. The integrated fluorescence area under the curve of each spectrum was calculated
and shown in the respective insets. All the peptides showed a gradual sigmodal change in the
integrated ANS fluorescence intensity. The lag phase observed in the CD analysis in Pep Il
where the ellipticity at ~202 nm increased quite drastically, was also evident in the ANS assay,
as shown in Figure 5.2C. Moreover, the decrease in the Amax profile for all the peptides also
complemented the increasing fluorescence intensity pattern. The respective time frames for the
assay completion seemed to match quite well with CD analysis, which will be discussed in
Section 5.2.7. From the ANS study, it can be said that ANS could give us similar insights as
compared to CD, where the formation of hydrophobic clusters during the conversion of the

random coil to B-sheet is observed.

Similarly, ThT assay picked up similar kinetics compared with CD and ANS data, as shown in
Figure 5.3. Increased fluorescence intensity at ~487 nm was observed with time in pep I, pep
I, pep V. A 4 to 5-fold increase in the ThT fluorescence upon aggregation was observed,
suggesting aggregate formation in the SwPs. However, as seen in Figures 5.3C and 5.3D, not
much change was observed for pep 11l and IV. One exciting observation was that both these
peptides were non-acetylated, whereas the other three peptides, which showed increased
fluorescence, were acetylated. The reason for this marginal increase is not apparent at this
point. However, the binding of ThT being hampered by the presence of the free N-terminal
amino group can be a possible reason behind the observation. Similar reports of ThT altering
the Kkinetics or perturbing the assembly mechanism have been observed’8. Moreover, when the
change in ThT intensity was plotted versus time for the 3 acetylated peptides, a similar
sigmoidal pattern could be seen in all of them. Thus, ThT could track the aggregation kinetics
but not in all cases. CD and ANS proved to be better techniques for characterizing the early
events of aggregation than ThT. Optimizing the peptide to dye ratio while using fluorescent
dyes like ThT or ANS pose several challenges in studying the aggregation of proteins.
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Variations or erroneous data due to self-aggregation of dyes or limited dye per peptide present
in the solution can hamper the aggregation kinetics®®. Thus, we turned our attention toward
more straightforward methods where the dependence on extrinsic probes can be avoided.
Therefore, the aggregation kinetics of Ap was carried out by ProCharTS absorbance and

luminescence, subsequently.
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Figure 5.3: ThT assay for switch peptide aggregation at different times in aggregation buffer (phosphate buffer,

50 mM, pH 7.2). The concentration of ThT was kept at 20 uM with peptides in a 1:1 ratio. Inset shows the change
with respect to 0 hrs in fluorescence integrate area versus time.
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5.2.3. ProCharTS absorbance

ProCharTS absorbance of SwPs was performed in conditions similar to that of CD. During
early aggregation events, the peptides stack together by the hydrophobic interactions of
Phenylalanine (Phe) with multiple Phe-Phe contacts in the peptide core!’®8, As a result, the
charged residues in the flanking ends of the peptides are expected to come closer, and enhanced
ProCharTS is expected in aggregates as compared to monomers. Previously, the absorbance at
220 nm and 257 nm was used to track the early events of aggregation in AB**°. The absorbance
at 220 nm is characterized by the amide group in the peptide backbone. In comparison, the
changes in absorption at 257 nm are presumed to be caused by the n-* transitional perturbation
involved in the Phe residues during aggregation. But here, we are interested in the longer
wavelength region in the UV-Visible spectrum where ProCharTS primarily dominates the

absorbance.

In Figure 5.4, the ProCharTS absorbance from 250-800 nm is shown, whereas the spectra from
200-250 nm, are shown in the insets. As all the SwPs used in this study have only Phe as their
sole aromatic amino acids, thus we observed the characteristic triple humps near 257 nm of
Phe. As the aggregation proceeds, the ProCharTS absorbance in the 250-800 nm increased
considerably throughout the spectrum, and the increment was consistent in all cases. Moreover,
apart from the Phe peaks, no additional peaks were observed, but a prolonged absorbance tail
was prominent, characteristic of ProCharTS absorption. The change in ProCharTS absorption
was calculated for various definite wavelengths: 257, 295, 340, 370, 450, 600, and 750 nm. As
shown in Figure 5.4. (B, D, F, H, J), the increase followed a similar sigmoidal trajectory.
Although the rise in ProCharTS was relatively consistent for all the wavelengths measured way
till 700 nm, the sensitivity was drastically reduced at longer wavelengths. However, it should
be noted that some minor contributions from scattering could sully the absorbance measured
during aggregation. So, to eliminate the possibility of scattering, all the absorbance values were
scatter corrected starting from 450-600 nm. The logarithmic dependence of ProCharTS
absorbance and wavelength (log A vs. log A) was used'*®, and scattering for lower wavelengths
was extrapolated way till 250 nm, shown in Figure 5.5. Thus, whatever increase in absorbance
is observed is likely due to the sole contribution from ProCharTS, nullifying any possible

scattering.
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ProCharTS absorbance after scatter-correction was plotted as shown in Figure 5.6. Similar to
our observation before scattering correction, it too showed a consistent increase in ProChartS
absorbance. Interestingly, the percentage increase in ProCharTS absorbance before and after
scatter-correction was similar for most of the peptides. The ProCharTS absorbance values of
each peptide were plotted with time for various definite wavelengths: 255, 295, 310, 340, and
355 nm. As seen in Figure 5.6 (B, D, F, H, J), the aggregation was fastest pep IV, followed
by pep V, pep Ill, and finally, the peptides with a lower concentration, i.e., pep Il and pep I.
Similar aggregation kinetics has been observed in CD, ANS, and ThT assay.

Moreover, in the case of pep Ill, the same lag phase was also observed as that of ANS and CD.
Thus, ProCharTS absorbance is sensitive to detecting the early stages of aggregation. Similarly,
computational studies on the role of charge transfer related to the structural changes in Af
peptides and similar polypeptides also support the applicability of ProCharTS on amyloid
aggregation®-18-182 A similar observation has been reported in di and tri peptide aggregates of

Phe, with increased optical absorbance in 400-650 nm*83.184,

5.2.4. ProCharTS luminescence

Since ProCharTS absorbance has been applied successfully to characterize the early events of
SwP aggregation, it prompted us to use ProCharTS luminescence to monitor the same.
Moreover, both ProCharTS absorbance and luminescence are based on the same principle of
electron charge transfer and subsequent recombination of the relaxed electrons. Luminescence
of SwPs was collected at different times, similar to that of other techniques. Three different
excitation wavelengths: 295, 340, and 370 nm, were selected, and their emission was collected
between 315-570 nm, 360-660 nm, and 390-720 nm, respectively. As the aggregation
continued, a gradual increase in luminescence intensity could be observed for all the SwPs,
except for pep 1V, as seen in Figure 5.7. The increment in luminescent intensity was prominent
across all the wavelengths; however, the emission intensity decreased drastically with
increasing excitation wavelength. Strikingly, a similar decrease in the ProCharTS absorbance
with increasing wavelength was observed. One single peak for every excitation wavelength
could be seen for all of the peptides, except for pep 11, where one additional minor peak at ~490

nm was observed, the origin of it is unknown, and further investigation is required.
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Figure 5.7: ProCharTS Luminescence Emission spectra for switch peptide aggregation at different times for 3

different excitation wavelengths of 295 nm, 340 nm and 370 nm shown in subfigures (A, E, I, M, Q); (B, F, J, N,

R) and (C, G, K, O, S), respectively. Subfigures D, H, L, P, and T show the change with respect to 0 hrs in

integrated luminescence versus time for individual excitation.

The integrated luminescence area under each peptide's emission curve was calculated and

plotted versus time, as shown in Figure 5.7(D, H, L, P, and T). Similar to that of ProCharTS

absorbance, the increase in ProCharTS luminescence showed a sigmoidal curve for all the

peptides, except pep IV, where hardly any change could be seen, as shown in Figure 5.7P.

TH-2985_156106032
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Among the peptides which showed a noticeable increase in ProCharTS luminescence, the
aggregation kinetics was fastest for Pep V, followed by pep 11, and then the peptides with the
lower concentration, i.e., pep Il and pep I. Similar kinetics was found in earlier analysis too.
Interestingly, the delay observed in the case of pep Il till 6 hrs was also evident from this

luminescence study.

The excitation-dependent shift in emission maxima as opposed to Kasha's rule is a well-studied
feature in ProCharTS luminescence often observed in monomeric proteins. During the SwP
aggregation, the emission maxima (Amax) shifted towards higher wavelengths with increasing
excitation wavelength: emission maxima ~415 nm (4., 295 nm); ~425 nm (4., 340 nm), and
~440 nm (A., 370 nm). However, irrespective of whether the peptides were in monomeric or
aggregated states, the emission maxima for any particular excitation did not change as opposed
to conventional chromophores like ANS and ThT, which were discussed earlier. For excitation
wavelengths of 295, 340, and 370 nm, the emission maxima observed were around 415, 425,
and 440 nm, respectively. It thus hints that the chromophores, although heterogeneous, are

similar intrinsically and show similar traits.

Intrinsic luminescence has been recently observed in amyloids!’®8>-18" in concentrated amino
acids, monomeric proteins as well as oligomeric proteins and peptides?’*°. Moreover,
fluorescence waveguiding in amyloids by multiple absorption/reabsorption photon recycling
has been observed!®®. Although multiple phenomena like Clustering Triggered Emission (CTE)
and Aggregation Induced Emission (AIE) have been proposed, where aggregates or clusters of
biomolecules are assumed to be the prerequisites for the observed luminescence. We believe
that the observed luminescence intensity is due to the ProCharTS luminescence, which
originates from proximal charge distribution, irrespective of protein being in monomeric or
aggregated states. Aggregation only facilitates the charged residues to come closer where
charge recombination of the photo-excited relaxed electron to nearby holes in the peptide
backbone can occur, thereby increasing the luminescence intensity. Similar reports of charge
transfer in monomeric peptides also support our hypothesis!®18_ In summary, it can be said
that ProCharTS luminescence is as good a technique as compared to other conventional
methods and has the potential to be used to detect the kinetics of any aggregating proteins or

peptides.

5-13
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5.2.5. Time-resolved luminescence intensity decay analysis

In the earlier section, ProCharTS luminescence was used to track the early events of SwP
aggregation. Here, the luminescence lifetime properties of the SwP are being studied. In
contrast to steady-state luminescence, the time-dependent luminescence measures the duration
an excited state electron responsible for the luminescence stays in the singlet excited state.
Here, the luminescence decay features of the monomers and aggregates (at the final time point)
are emphasized instead of the aggregation kinetics. Also, the relatively longer time during data
acquisition for luminescence lifetime makes it impossible to track down the faster kinetics of
the SwP aggregation. All the peptides were excited for this study with a 340 nm excitation
pulse. The primary reason for choosing this specific wavelength was that most conventional
intrinsic chromophores show absorption below 310 nm. Thus, no possible contamination from
such conventional chromophores is expected to affect ProCharTS luminescence. Moreover,
one of the excitation wavelengths used in steady-state ProCharTS luminescence was set to 340
nm. Thus, it seemed appropriate to perform a similar set of time-dependent luminescence
studies in the same wavelength. The luminescence intensity decays for all the SwPs were

analyzed by both Discrete fit and MEM analysis, as discussed below.

5.2.5.1. Non-linear Least Square (NLLS) analysis

The time-resolved luminescence lifetime decay analysis was initially done using the discrete
analysis. Although ProCharTS luminescence decays for monomeric proteins have been fitted
to 3 exponential fits as discussed in the previous chapter, we first tried fitting the data in both
1 and 2-exponential models. The reduced chi-square y2 for both the fits was far from unity
along with non-random residuals, suggesting a bad fit. Subsequently, the 3-exponential fit
showed better-reduced chi-square y2 values of less than 1.2, along with better residuals, as
shown in Figure 5.8. The parameters obtained from the fit have been shown in Figure 5.9 and
tabulated in Table 5.1. As could be seen, the 3-exponential model generated three different
lifetime components with varied amplitude. Whether aggregates or monomers, the shorter
component (t1 < 1 ns) had the highest amplitude (o1 > 0.6), followed by the intermediate
lifetime component (12 ~ 2-3 ns) with a relatively higher amplitude (o2 ~0.1-0.3), while the
longer component (t3 > 7 ns) showed the least amplitude (o3 < 0.1). The amplitude values a;
represented the amplitude for best-fit. In contrast, the lifetime components ti and mean lifetime

Tmean Values represented the averaged values for 2 or more independent measurements.

5-14
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Figure 5.8: Luminescence Intensity Decay fit of all the peptides in monomeric and aggregated states when excited
at 340 nm along with their respective residuals. The decays were fitted in a 3-exponential model using discrete

analysis. All the measurements were made at 25 °C in duplicates, and the best-fitted data is shown here.
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a1 t1(ns) a2 T2(NS) a3 73(Ns) Tmean(NS) x5

pep | monomer | 0.718 0.74 0.196 25 0.086 9.04 1.92 1.02
(0.067) (0.369) (0.787) (0.090)

aggregated | 0.787 0.70 0.154 2.15 0.059 9.74 1.54 1.18
(0.026) (0.445) (1.140) (0.009)

pep Il monomer | 0.852 0.53 0.118 1.90 0.03 13.08 1.08 1.13
(0.009) (0.131) (0.860) (0.002)

aggregated | 0.639 0.30 0.332 1.18 0.029 9.60 0.82 1.29
(0.0007) (0.074) (0.286) (0.030)

pep 111 monomer | 0.657 0.72 0.261 3.24 0.082 9.42 1.98 1.19
(0.033) (0.446) (1.042) (0.060)

aggregated | 0.887 0.49 0.073 2.10 0.041 10.51 1.00 1.26
(0.013) (0.139) (0.120) (0.020)

pep IV monomer | 0.596 0.85 0.295 3.22 0.109 7.34 2.26 1.12
(0.009) (0.002) (0.024) (0.006)

aggregated | 0.657 0.85 0.269 3.302 0.075 11.74 2.08 1.07
(0.004) (0.349) (1.162) (0.037)

pep V monomer | 0.708 0.57 0.187 2.14 0.105 8.76 1.54 1.00
(0.063) (0.134) (1.353) (0.127)

aggregated | 0.778 0.36 0.176 1.38 0.045 9.03 0.94 1.14
(0.001) (0.048) (0.012) (0.019)

Table 5.1: Parameters obtained from 3 exponential-fit for all the samples at excitation wavelength 340 nm. The
individual lifetime components 7; and mean lifetime Tmean Values obtained from 3-exponential fit are averaged for
2 independent measurements and shown here, while the values in the parenthesis represent their standard
deviation. The amplitude values a; along with the 2 shown here represent the best fit data from the 2 or more

measurements for each sample.

As seen from Figure 5.9C, except for pep Il, the amplitude of the shorter component in
aggregates showed higher values than in monomers. While for the intermediate and the longer
lifetimes, the respective amplitudes decreased marginally. Similarly, for each lifetime
component, the shorter and the intermediate lifetimes had lower values in aggregates, whereas
the values for longer lifetime components increased compared to the monomeric peptides. The
combined effect of the variation in the amplitude and individual lifetime values between the
monomers and aggregates is reflected in their mean luminescence lifetime. Peptides in the

aggregated states showed a shorter mean luminescence lifetime than the monomers. The
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increased contribution from the shorter lifetime components along with the shortened

individual lifetime values in aggregates as compared to monomers resulted in the decrease in

their mean luminescence lifetime. However, in the case of pep Il, the shortened individual

lifetime for all the components outweighed the decreased contribution from the shorter lifetime

component, thus contributing to the overall shorter mean lifetime.
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Figure 5.9: Luminescence intensity decay at 340 nm excitation along with the fitted dataset of switch peptides in

the monomeric state (A) and in the aggregated state (B). Individual luminescence lifetime (D) along with their

amplitude (C) and the mean lifetime tmean Values (E) are indicated in the panel. The individual lifetime components

7i and mean lifetime tmean Values are averaged for 2 independent measurements. The amplitude values a; shown

here represent the best-fitted data.
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The emergence of three luminescence lifetimes has also been reported in other groups®.
Moreover, similarly decreased mean luminescence lifetime has been observed in aggregated
insulin fibrils®®. The most plausible reason for the reduced mean lifetime in aggregates could
be related to changes in the fluorophore microenvironment or its interaction with surrounding
charged moieties, thereby quenching the fluorophore. Moreover, the reduced mean lifetime
suggests that increased steady state intensity in growing aggregates arises due to increased
extinction coefficient ‘€’ and not due to higher quantum yield ‘®’. Thus, it can be stated that
the change in ProCharTS luminescence lifetime both in the individual values along with their

respective amplitudes can characterize SwP aggregates from their monomers.

5.2.5.2. Maximum Entropy Method (MEM) analysis

As described earlier, the time-resolved luminescence intensity decay at 340 nm was analyzed
using the Maximum Entropy Method (MEM). MEM brings out the realistic contribution and
distribution of the possible lifetime components along with their relative amplitudes. Here, the
dataset is not confined to following any specific analysis model; instead, the decay is fitted to
100 exponential and provides the best possible fit for the decays. The luminescence intensity
decays were fitted, and all the SwPs displayed trimodal distribution with 3-lifetime
components, as shown in Figure 5.10. The randomness judged the goodness of the fit in the
residuals shown in Figure 5.11. Similar to our Discrete analysis, the shorter lifetime
components had the highest amplitude, while the longer lifetime components showed a
decrease in respective amplitudes seen in Figure 5.10. The shorter lifetime, 11, is shifted more
towards smaller lifetime values in aggregates than monomers. However, the intermediate and
the longer lifetime components, T2 and t3, with significantly reduced amplitudes, showed nearly
similar lifetime values in both the aggregates and monomers. For all the cases, the shorter
component, t1, had luminescence lifetime values less than 1 ns, followed by the intermediate
lifetime component with T2 in between 2-3 ns, while the longer component, 13, ranges between
7-10 ns. The changes are fairy conserved among all the SwPs, both in aggregates as well as in
monomeric states. However, the broad distribution in the shorter lifetime component indicates
the presence of multiple hidden additional lifetime subcomponents, which could not be
resolved due to data acquisition limitations. Thus, the MEM analysis could distinguish the
aggregates from the monomers of the SwPs and further solidify its trimodal nature and

supplement the Discrete fit analysis.
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Figure 5.10: Luminescence Lifetime Distribution of SwP by MEM analysis at 340 nm excitation. Each subfigure

shows the lifetime distribution of both the monomeric and aggregated states.
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Figure 5.11: Residuals of luminescence lifetime decay for all the SwPs by MEM analysis at 340 nm excitation.

5.2.6. Comparison of the techniques

In this chapter, aggregation of SwP peptides have been monitored by multiple techniques. Next,
we compared each of the techniques we have used thus far to track the early events of SwP
aggregation and find out the sensitivity of each method. To compare ProCharTS absorbance
and luminescence with the other conventional techniques: CD, ANS, and ThT, we calculated
the percentage change in each of the methods at definite wavelengths. The difference was
measured in terms of change in values of [(aggregated-monomeric)/monomeric] x 100%. The
values at the start of the aggregation, i.e., 0 hr/min, defined the monomeric values, whereas for

aggregated, the values at the end data point were considered in each technique. For CD, the
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ellipticity values at two different wavelengths of 220 and 202 nm were used. For ProCharTS
absorbance and luminescence, the respective absorption and integrated luminescence values at
340 nm wavelength were used. However, for ANS and ThT, their respective luminescence
integrated areas under the curve for the aggregated and monomeric samples were considered.

For Lifetimesso, the mean luminescence lifetime values were used in the analysis.

800 -
600 - Abs,,,

400 -
ThT

CcD

202 Lly,, ANS

% (aggregated- monomer)/monomer
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Figure 5.12: Comparison of the percentage change in the aggregated and monomeric states of SwPs for the
various techniques. CD2, and CDgg, define the percentage change of CD data at 220 nm and 202 nm,
respectively, whereas Abssao, L.l 340, and Lifetimesso represent the percentage change in ProCharTS absorbance,
integrated steady-state ProCharTS luminescence, and their mean luminescence lifetime on excitation at 340 nm,

respectively.

As seen in Figure 5.12, the percentage change was found to be the most for CD2o and
ProCharTS absorbancesso. For most SwPs, around 200% change was observed and reached as
high as 500% in some peptides. However, for the other techniques, the difference was below
100% for most of them and the least observed for Lifetimesso. It is to be noted that the negative
values indicate the reduced values of the aggregated samples in comparison to the monomeric
states. Interestingly, the sensitivity calculated by CD220 and CD202 Were different, although both
are based on the same technique. The CD values at wavelength 220 nm measure the propensity
of B-sheet, whereas the values at 202 nm define the random coil conformations. The
incremental change at 220 nm was higher and had better sensitivity than at 202 nm. Thus, it is
concluded that ProCharTS absorbance is as good as a technique as CD, if not better, to
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characterize the early events of aggregation in terms of sensitivity and provides better

information than ANS and ThT assays.

5.2.7. Modelling the SwP aggregation pathway

Thus far, we have analyzed each technique separately and tried to monitor the kinetics for the
early events of SwP aggregation through ProCharTS and other methods. Here, we attempted
to quantify the rate of the aggregation kinetics by introducing the term ty2. It defines the half-
life of the aggregation and represents the time at which half of the aggregation is complete. We

modelled the kinetics of SwP assembly and generated ti/2 (v = %) in Boltzmann equation4814,

which is shown below-

A1 — 4,

0 A2 T 1+ e(t=to)/dt

(5.1)

where v is the observable value, A1, A2, and to are constants.

The aggregation kinetics of the SwPs as already observed for CD (Figure 5.1. Insets),
ProCharTS absorbance (Figure 5.4.B, D, F, H, J), and ProCharTS luminescence (Figure
5.7.D, H, L, P, T) were used. The aggregation curves fitted mostly as a sigmoid (R? > 0.90).

h - CD 220
25 -1 - CD 202
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- L.l 295
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t1.|'2 {hl’S)
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Figure 5.13: Half-life of the aggregation kinetics of SwPs obtained in CD, ProCharTS absorbance, and
ProCharTS luminescence. CDago, and CD2oy, represent ti, of aggregation kinetics obtained from CD data at 220
nm and 202 nm respectively. Absags, and Absaao, represents ty, of aggregation kinetics obtained from ProCharTS
absorbance at 295 and 340 nm, and L.l.og5, L.l.340, indicate the same for integrated ProCharTS luminescence,

respectively.
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As shown in Figure 5.13, the t12 obtained from the CD220 showed the fastest aggregation in
that pep 1V (~0.33 hrs), followed by pep V (~0.77 hrs), pep I11 (3.37 hrs), pep 1l (~5.64 hrs),
and slowest for pep I (~15 hrs). Similarly, the ti2 for CD202 was calculated, but the values were
marginally higher. However, the order of the kinetics was consistent in both the wavelengths,
i.e., pep IV <pep V <pep Il <pep Il < pep I. The change in t1> values at different wavelengths
from the same technique points out the difference in sensitivity at the different wavelengths.
For pep I, pep 1V, and pep V, the ti. calculated from ProCharsTS absorbance and
luminescence at 295 and 340 nm showed almost similar values. However, for pep I, the ti»
values from ProcharTS absorbance and luminescence showed higher and lower values,
respectively, compared to that from CD. For pep Il, ProCharTS absorbance more or less
matched the CD, whereas ProcharTS luminescence showed marginally lower values. The
variation in ti» values among these techniques can be expected. Different methods are based
on different principles that shed light on the information related to the different molecular
phenomena occurring during the aggregation kinetics. The ti2 values from CD inform about
the kinetics for the transition from random coil to 3-sheet, whereas the ProCharTS highlights
how fast the charged residues are coming close. Moreover, the ti» for both ProCharTS
absorbance and luminescence at 295 and 340 nm are quite comparable, suggesting the
measured ty is the same irrespective of the wavelength. To sum up, in this study, ProCharTS
was found to be a successful technique for monitoring the early events of SwP aggregation
with high sensitivity. However, more work needs to be done to establish ProCharTS as an

analytical tool to study the kinetics of any aggregated proteins or peptides.
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5.3. Conclusions

» ProCharTS absorbance could detect the early events of SwP oligomerization and
aggregation with a long tail extending to 800 nm. ProCharTS absorbance correlated well
with CD data.

» Both ANS assay and CD can detect early events of aggregation. ANS showed drastic blue-
shifted spectra with an increase in intensity as the oligomerization of peptides happens in

the early stages of aggregation.

» ProCharTS luminescence generally increased with aggregation but was not consistent for
all peptides. Similar results were observed for the Thioflavin T assay. The acetylated
peptides showed considerably more changes in ThT as compared to non-acetylated

peptides

» Luminescence lifetime studies revealed 3 exponential decay characteristics of ProCharTS.
The mean luminescence lifetime decreased with aggregation; the possible reason being

quenching.

» The sensitivity of CD220 and ProCharTS absorbance was higher than the rest of the

techniques.

» The aggregation kinetics of the peptides could be modelled successfully for ProCharTS

absorbance and luminescence, which followed a sigmoidal profile similar to that of CD.
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To monitor the Hepatitis B Virus
Core Protein (HBV Cp) capsid
assembly in real-time using
ProCharTS and extrinsic
chromophores

TH-2985_156106032



Chapter 6

6.1. Introduction

Hepatitis B virus (HBV) is a small enveloped virus with a diameter of 40-42 nm belonging to
the hepadnavirus genus. It has a double-layered morphology and predominantly infects the
hepatocytes. Hepatitis B virus Core protein (HBV Cp) is an essential protein found in the HBV
virus, which mainly encapsulates the pgRNA during assembly of icosahedral capsid formed by
dimers of HBV Cp. Moreover, it regulates DNA synthesis, transports partially double-stranded
DNA into the nucleus, and virus maturation and release. Thus, HBV Cp is one of the promising
targets for new antiviral agents to cure HBV epidemiology. To understand the capsid assembly
and for the initial screening of drugs, in vitro or in silico studies are often routinely used. Here,
in this study, the truncated mutant HBV Cp 149 capsid assembly is studied in vitro
characterized by a slow nucleation step (formation of a trimer of dimers), followed by a rapid
elongation phase upon addition of NaCl. Weak dimer-dimer contacts are sufficient to initial
the capsid assembly!?1%° Moreover, multiple pathways characterizes the HBV Cp capsid
assembly and the assembly kinetics is highly dependent on ionic strength and temperature®-
193 In fact, rapidly forming capsid intermediate in the early stages of assembly is found to

dictate the assembly pathway*.

We attempted to use the novel ProCharTS absorbance and luminescence to analyze the
assembly kinetics in HBV Cp dimers. It is based on a simplistic, cost-effective approach and
does not require careful pre-processing or high infrastructure facilities. Instead, a portable UV
Visible spectrophotometer or fluorimeter is used to monitor the viral assembly process.
Moreover, the information about the molecular level contacts among key charged residues can
be ascertained from ProCharTS. Furthermore, unlike many fluorescent-based techniques, it is
non-invasive and does not interfere with the capsid assembly process. HBV Cp capsid
assembly formation can be considered a systematic aggregation mechanism where each HBV
Cp dimer arranges itself in icosahedral symmetry and comes in close contact. Each HBV Cp
monomer has 4 Tryptophan and 3 Cysteine residues, out of which two exist as free cysteines,
while one is involved in a disulphide bond stabilizing the dimer. It is a moderately charged
protein with 20% charged content with 8 Arginine, 7 Aspartate, 2 Lysine, 10 Glutamate and 4
Histidine. Thus, it presents an ideal situation to study ProCharTS, which depends on the

proximity between charged amino acid residues during capsid assembly formation.
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6.2. Results and Discussions
6.2.1. Purification of HBV Cp 149

HBV Cp 149 has been expressed in E. Coli BL21 codon® (DE3) strain, and the purification
protocol has been elaborately described in Chapter 2. Here, the results obtained during the
purification of HBV Cp 149 are highlighted. HBV Cp was initially separated from most other
proteins through ammonium sulphate precipitation. The HBV Cp 149, which was expressed in
the E. Coli strain, remained predominantly in its capsid form. Thus, the chromatograph (shown
in black line) shows that most of the protein collected in the void fractions of the SEC column

mainly consisted of the HBV capsids with some impurity at lower molecular weight along with
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Figure 6.1: The purification of HBV Cp 149 by Size Exclusion Chromatography is shown in subfigure A. The
elution volumes of various standard proteins (B) and the determination of the molecular weight of HBV Cp dimer

(C) are shown, respectively. mAU.g, represents absorbance at 280nm.
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some dimers, which could be seen from 60-100 minutes of elution time as shown below in
Figure 6.1A. Subsequently, HBV Cp 149 capsids were disassembled by 3.5 M urea and fed
into the SEC column. The urea concentration was sufficient to disrupt the weak dimer-dimer
contacts without disrupting the secondary structure of the dimers. The dimers eluted at longer
elusion times at around 82-83 min (shown in red line), where all the impurities at higher
molecular weight separated. Dimers thus collected were stored at -80°C for capsid assembly

analysis.

For further characterizing the HBV Cp dimer, protein standards of different molecular weights
were used, and their elution times were recorded. The standards used were: alcohol
dehydrogenase (150 kDa), bovine albumin serum (66 kDa), carbonic anhydrase (29 kDa), and
hen egg-white lysozyme (14.3 kDa) and the elution volumes observed for them were 67, 75,
87 and 103 mL respectively as shown in Figure 6.1B. Also, the column's void volume was
characterized by running Blue Dextran, which is 2000 kDa and eluted at around 45 mL. The
molecular weight for HBV Cp 149 dimer was derived by plotting the partition coefficient (Kay)
vs log (kDa). The calculated molecular weight was estimated to be ~34.4 kDa, shown in Figure

6.1C, which roughly matches the molecular weight of the dimer.
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Lane 1: Protein Ladder

Lane 2: HBv Cp 149 Purified
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Lane 4: HBv Cp 149 Induced IPTG 0.5mM
Lane 5: HBv Cp 149 Induced IPTG 1.0mM

Figure 6.2: The Gel Image of expression and purification of HBV Cp 149 in 15% SDS-PAGE is shown in
Subfigure A. Subfigure B shows the MALDI data for the purified protein. The expected molecular weight of HBV
Cp 149 monomer is 16852.36 Da.
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The HBV Cp dimers thus collected were run in 15% SDS-PAGE gel to check for purity. The
gel image of the expression and purification of the protein has been shown in Figure 6.2A. It
can be seen that in lanes 4 and 5, the HBV Cp 149 got expressed (a distinct band ~ 17 kDa)
under all induced conditions. However, under the uninduced condition where no IPTG was
added, a faint band at ~17 kD was visible (lane 3). The other proteins got similarly expressed
in both the induced and uninduced conditions. The purified HBV Cp 149 protein could be seen
in lane 2 with a clear, distinct single band. MALDI determined the exact mass of the protein to
validate the purity of the HBV Cp 149. The m/z value (z = 1) for the MALDI, as shown in
Figure 6.2B, was found to be 16845.42 Da. This calculated mass is very close to that of the
theoretical value of 16852.36 Da. The peak at 8403.45 is the m/z value for z = 2 of the same.

6.2.2. Capsid assembly

The purified HBV Cp 149 dimer was dialyzed at 20 °C for 4 hrs against 50 mM HEPES 2 mM
DTT, pH 7.5. The concentration was calculated to be 45 uM and was used as stock for all the
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501 —— Capsid (10 uM) in 0.5 M NaCl = —— Capsid (10 uM) in 0.25 M NaCl
404 40+ . . _
o [Capsid]/[Dimer]=0.70/0.30 g Gl L DLy
w
' 30+ D 30-
2 <
E 204 € 20l
10._/___J u\ﬁ/ 10-
0 T T T T T T T T T T T 1 0 ] T T — T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time(min) Time(min)
C s —— Capsid (5 M) in 0.5 M NaCl
404 N
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[-=]
= 30-
g
£ 2.

) J\___J\——/J
0 ———
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Figure 6.3: Size Exclusion Chromatographs for capsid assembly at dimer concentration of 10 uM in 0.5 M NaCl
(A), 10 uM in 0.25 M NaCl (B) and 5 uM in 0.5 M NaCl (C) are shown, respectively.
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experiments. Capsid assembly was studied by dissolving an appropriate amount to 10 uM in
50 mM HEPES plus 0.5 M NacCl, respectively, to initiate reaction and reaction was allowed for
30 minutes. The assembly for 5 uM in 50 mM HEPES plus 0.5 M NaCl and that for 10 uM
dimer in 0.25 M NaCl were also checked. The percentage of capsids formed for 10 uM dimer
in 0.25 M, 5 uM in 0.5 M NaCl and 10 uM dimer in 0.5 M NaCl were 20%, 37% and 70%,
respectively, as shown in Figure 6.3 (A, B, C). The capsid to dimer ratio was obtained by
integrating the area from the SEC chromatographs with proper baseline corrections. Thus, it
could be said that NaCl accelerated the capsid assembly and increasing initial dimer
concentration further increased the final capsid formation. All further study for HBV Cp
assembly from here on mainly considers the capsid formation by 10 uM in 0.25 M and 0.5 M
NaCl unless mentioned otherwise.

6.2.3. HBV Cp dimer and capsid structural analysis

To ensure whether the capsids formed during assembly were in the icosahedral geometry with
a correct native fold, we performed Circular Dichroism. The capsids collected in the
purification process in the void volume [Capsid], along with the dimers [Dimer] as well as the
capsids we assembled by adding NaCl [Assembly], all showed predominant a-helix, as shown
in Figure 6.4A. We did not see structural changes in the respective structures because the HBV
assembly is a controlled accumulation of individual dimers and is not random aggregates.

Moreover, the normalized ellipticity was shown in Figure 6.4B, which also showed that no

A B
304 2 — Dimer
) — Dimer 5 1.0 — Capsid
— 201 — Capsid € —— Assembly
g ! —— Assembly = 0.5
T 10+ w -
E' 0' Wavelengt'h [nm] E 00k Wav:alength [nm']
= ® 225 255
=-104 E
2 | 6 0.5
i -20- z
1 -1.0+
=304

Figure 6.4: Subfigure A shows CD of the capsids (2 uM) collected in the purification process in the void volume
in Tris-HCI (pH 7.4), along with the dimers (2 uM) in HEPES (pH 7.4), the capsids (1.8 uM) assembled by adding
0.5 M NaCl. Subfigure B shows their respective normalized CD spectra.

6-5
TH-2985_156106032



Chapter 6

conversion from the native o helix occurred during the purification and assembly. The changes
in CD intensity, as seen in Figure 6.4A, can be expected since they were in different buffers

and with slight differences in dimer concentrations.

6.2.4. HBV capsid morphology analysis

The morphology of the HBV capsids was observed using Atomic Force Microscopy (AFM),
Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM) for the
capsids assembled in 50 mM HEPES with 0.5 M NaCl. In Figure 6.5, we observed the

distribution of HBV capsid structures with shapes predominantly in spherical geometry.
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Figure 6.5: AFM of capsids (10 uM) in 50 mM HEPES with 0.5 M NaCl in non-contact mode.
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Figure 6.6: The Size Distribution by DLS (A) and morphology of HBV capsid by TEM (B, C) are shown,

respectively.

Although AFM could not provide any conclusive evidence of the distribution of capsid size
distribution and morphology, we subsequently performed DLS and TEM. In DLS, the
distribution of the capsids was evident, with a mean diameter of 31.23 + 2.19 nm (Figure 6.6A)
which roughly matches the mean diameter of T=3 and T=4 capsids. The HBV dimer showed a
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distribution around 2 nm, far less than that of capsids. In TEM, both T=3 and T=4 capsids with
a diameter of around 30-34 nm with perforated pores distributed throughout the capsid can be

observed, as seen in Figures 6.6B and C.

6.2.5. ProCharTS absorbance

Thus far, we have only characterized the capsid assembly under various conditions and
confirmed the capsid formation. Next, we used our novel ProCharTS to investigate the capsid
assembly process. During HBV Cp capsid assembly, 120 dimers arrange in an icosahedral
geometry (T=4) with a diameter of around 34 nm, shown in Figure 6.7A. From the PDB
structure of HBV Cp149 (1QGT), we constructed a distance matrix of the charged amino acid
residues. It was found that 44 such contacts in each dimer of dimers are possible among charged
atoms within 10 A in monomer, dimer interface and dimer-dimer interface, which is shown in
Figure 6.7B. Such additional contacts during assembly formation make the study of HBV
capsids an ideal system for ProCharTS, which is dependent on the 3D proximity of the charged

amino acids.

A

Capsid Assembly

‘ ; ProCharTS
NTO \ cro
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7/ 2
5)

3
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Figure 6.7: Subfigure A shows the HBV Cp dimer and capsid structure. Subfigure B shows the calculated distance

of closely spaced charged residues in monomer, dimer interface and dimer-dimer interface within 10 A.

6-7
TH-2985_156106032



Chapter 6

Here, the capsid assembly from 10 uM Cp dimers in 50 mM HEPES with 0.25 M NaCl and
0.5 M NaCl were analyzed. Capsid assembly under similar conditions were previously reported
to be over within 30mins!?*. The ProCharTS absorbance for the entire capsid assembly was
thus recorded at 2 min intervals, and the values for the initial (t = 0 min) and final (t = 30 mins)
absorbance were shown in Figure 6.8. It can be seen that during capsid assembly, enhanced
ProCharTS absorbance could be observed, and the changes were prominent at longer
wavelengths, i.e., after 315 nm. Although slight differences in ProCharTS could be observed
below 315 nm, as shown in the Inset, the Tryptophan absorbance completely masked the
ProCharTS. Reduced change in ProCharTS may be due to the addition of NaCl which
diminishes ProCharTS.
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= 0.04— : . _ :
o 255 270 285 300 315
3 0.024 Wavelength (nm)
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0.00 . : _ _ '
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Figure 6.8: ProCharTS absorbance of values for the initial (t = 0 min) and final (t = 30 mins) observed during

capsid assembly. Inset shows the change in Tryptophan absorbance below 315 nm for the same.

The changes in the ProCharTS absorbance observed in capsids for the various wavelengths:
310, 325, 340, 355, 370 and 400 nm for both dimers and capsids are shown in Figure 6.9. As
the capsids assembled, a steady increase in ProCharTS could be observed, and the change was
consistent for all the wavelengths. Dimers showed least difference in ProCharTS absorbance,
whereas the capsids in both 0.25 M and 0.5 M NaCl showed a profound increase in absorption.
The changes in 0.5 M NaCl were significantly greater than in 0.25 M NaCl. We further plotted
the changes in ProCharTS at each wavelength: 325, 340, and 355 nm to compare the dimers
and capsids, which too showed similar results as observed in Figure 6.10. ProCharTS
absorbance decreases drastically as wavelength increases. The increase in ProCharTS signal
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for every time increment (2min) fitted to a perfect sigmoidal curve below 355nm. However, at
longer wavelengths greater than 400nm, the change in ProCharTS decreases to nearly one-
tenth of the magnitude as compared to 295nm. Thus, the sensitivity or signal to noise ratio
(S/N) of ProCharTS to monitor the sigmoidal curve falls off with increasing wavelength and
were subsequently discarded in this study. Thus, it can be said that ProCharTS absorbance
could detect both the very fast kinetics of assembly formation observed in 50 mM HEPES 0.5
M NaCl and the comparatively slower kinetics in 0.25 M NaCl. ProCharTS absorbance got
saturated within 30 minutes in the case of 0.5 M NaCl, whereas for that of 0.25 M NaCl, the

assembly was not entirely over.
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Figure 6.9: Kinetics of HBV capsid assembly by ProCharTS absorbance in 10 uM dimers (A), capsid formed the
dimers in 50 mM HEPES with 0.25 M NaCl (B) and 0.5 M NaCl (C), respectively. Various wavelengths used
were: 310, 325, 340, 355, 370 and 400 nm.
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Figure 6.10: Kinetics of HBV capsid assembly by ProCharTS absorbance for different wavelengths 325 nm (A),
340 nm (B) and 355 nm (C), respectively.
To better understand the kinetics rate in the capsid formation, we tried to fit the ProCharTS
absorbance using Equation 6.1. Since the capsids formed in 50 mM HEPES, 0.25 M NaCl was
sufficiently less than 0.5 M NaCl (Figure 6.3B). We only used the ProCharTS absorbance in
50 mM HEPES 0.5 M NaCl for the fitting and all the subsequent studies.

Capsid Assembly kinetics is represented by-

r=4 (1 -]I(-tkt>n 61

where A is a constant, k is the time constant, and n is the exponential term.
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No simple model can adequately describe the virus assembly reaction where multiple small
subunits sequentially add to the growth in the capsid. However, this simplified hyperbolic curve
with the exponential term 'n' approximates the kinetics of capsid with a sigmoidal fit
characterized by either a long lag phase or fast initial kinetics which slowly, asymptotically
approach equilibrium. This term 'n' is analogous to the Hill coefficient!*!, which is often used
for cooperative binding isotherm. For HBV aggregation, where the lag phase is not so
prominent, it is safe to assume a value of n=11%°. However, the initial value of n was both
allowed to move freely as well as keeping the value of n fixed to 1 and comparing the fitting.
Reliable kinetics were generated for n=1 under all the circumstances, as shown in Table 6.1.
The inverse of the time constant 'k’ signifies the time at which 50% of the capsid formation is

over, which is referred to as tip.

A n k(st) | twzor 1/k (s) R?
n as Absszs 0.00507 0.87643 | 0.00253 395.25 0.99349
variable Absaso 0.00359 | -718.825 | 355.6006 -—-- 0.97651
Abssss 0.00274 | 1.50366 | 0.00816 122.55 0.92729
n=1 ADbsazs 0.00499 1 0.00315 317.46 0.99382
Absszao 0.00374 1 0.00554 180.51 0.97269
Absass 0.00279 1 0.00463 215.98 0.93194

Table 6.1: Parameters obtained from the fitted curve for ProCharTS for n=1 and n as a variable. Abszgs, AbSszs

and Abssss represent the different ProCharTS absorbance at 325, 340 and 355 nm, respectively.

As seen in Table 6.1, the parameters for the sigmoidal curve represented better fits for all the
wavelengths when n was set to 1. The fitted curves yielded good R? with ti/2 values around 3-
5 minutes. Such fast kinetics of capsid assembly is often observed for various other viruses®®.

The fitted curve has been shown in Figures 6.11 A, B, and C, respectively.

Thus, it can be summarised that ProCharTS absorbance can monitor the fast kinetics of HBV
capsid assembly. During assembly formation, the addition of the individual dimers to the capsid
forms clusters of charged residues with increased contacts, thereby enhancing the ProCharTS
absorbance.
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Figure 6.11: Fitted HBV capsid assembly curves for ProCharTS absorbance at 325 nm (A), 340 nm (B), and 355

nm (C) respectively. The black line shows the fit for the curve.

6.2.6. Tryptophan fluorescence and ProCharTS luminescence

Similar to ProCharTS absorbance, the steady-state luminescence properties arising from the
HBV capsids were explored. Initially, the fluorescence of Tryptophan was monitored at 295
nm excitation, and the emission was collected from 310-450 nm. As the capsids were formed,
the fluorescence emission maxima (Amax) Shifted from 323 nm (dimers) to 320 nm. The blue
shift in the Amax Was accompanied by increased fluorescence intensity, as shown in Figure
6.12A. This decrease in emission wavelength and increased fluorescence intensity was
primarily due to the Tryptophan's more buried position in capsids than dimers. To eliminate
the possibility of increasing NaCl to the observed emission during capsid assembly, we
performed a control experiment keeping NATA (a tryptophan analogue) under the same
conditions. However, no change in fluorescent intensity or Amax Was observed, as shown in

Inset. We further observed ProCharTS luminescence at various excitation wavelengths: 340,
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355, and 370 nm and collected the corresponding luminescence from 370-560 nm, 380-570

nm, and 400-570 nm. Interestingly, the luminescence was more in the case of the capsids as

compared to dimers, as shown in Figures 6.12B, C, and D. The area under the emission curve

for both the Tryptophan fluorescence and ProCharTS lum
versus wavelength. It was found, as seen in Figure 6.

increased appreciably, whereas the ProCharTS luminesce

inescence was integrated and plotted
12E, that Tryptophan fluorescence

nce intensity approximately doubled

in capsids. However, it should be noted that the ProCharTS luminescence intensity was

nowhere close (~100 times less) to the fluorescence intensity of Tryptophan.
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Figure 6.12: The Tryptophan fluorescence emission at 295 nm (A) and ProCharTS luminescence at 340 nm (B),

355 nm (C) and 370 nm (D) are shown. The Inset in Subfigure A shows the fluorescence from NATA. Subfigure

E compares the integrated Trp fluorescence with ProCharTS luminescence at different excitation wavelengths.
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Since the time required for data acquisition in scanning the entire emission spectra at an
excitation wavelength in steady-state luminescence was significant compared to the assembly
kinetics. The change in ProCharTS luminescence intensity was carried out at the selected
excitation wavelength keeping the emission fixed at the Amax. The assembly Kinetics using
Tryptophan fluorescence at 295 nm and ProCharTS luminescence at 340 nm excitation was
subsequently carried out with emission fixed at 320 nm and 420 nm, respectively. The time
interval between each acquisition was set at 0.1s, and the kinetics was analyzed for 30 minutes.
We found that the increase in ProCharTS luminescence was similar to that observed for
ProCharTS absorbance and followed a sigmoidal curve shown in Figure 6.13. Surprisingly,
the enhanced ProCharTS luminescence was consistent with Tryptophan fluorescence. Both the
luminescence was fitted to the Equation 6.1 already discussed, and calculated ti» values were
around 3-5 minutes. The goodness of the fit was assessed by the decent R values > 0.96. The
parameters obtained from the fit are shown in Table 6.2. Similar t1> values have also been
obtained from ProCharTS absorbance, although they were not precisely the same. Although
Tryptophan fluorescence has been utilized to monitor other viral capsid assemblies®’, this is
the first time that ProCharTS luminescence has been used to observe and distinguish the

capsids as compared to dimers.

A
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« Luminescence 340nm
— fit

ProCharTS luminescence
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Figure 6.13: Subfigure A shows the time dependence of Tryptophan Fluorescence when excited at 295 nm and
emission collected at 320 nm. Subfigure B shows the change in ProCharTS intrinsic luminescence at 340 nm

excitation and emission collected at 420 nm. The black line indicates the fit for the curve.
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A k(sD) | twor 1/k () R?
n=1 F.l.205 5492 x 10 | 0.00538 185.87 0.9648
F.1.320 2.340x 10° | 0.00332 301.20 0.9830

Table 6.2: Parameters obtained from the fitted curve for ProCharTS luminescence at 295 and 340 nm for n=1.

F.l.295 and F.l.340 represent the ProCharTS luminescence at 295 and 340 nm, respectively.

6.2.7. 90° Light scattering

90° Light scattering is often used as a gold standard to detect the formation of aggregates or
any assembly or cluster formation. Here, we used scattering to assess the capsid assembly
kinetics generated from ProCharTS, both qualitatively and quantitatively. Similarly, the capsid
assembly was carried out at 320 nm and 340 nm separately, and the scatter was collected at
90°. The scatter for HBV Cp 149 assembly is often carried out at 320 nm, but here we also
included the 340 nm excitation to compare with the ProCharTS phenomenon.

A B
Scatter 320nm
7 Scatter 340nm
4,0x10 — fit , g
2x10'4 —fit
5 =
/ 7] <
< 2.0x10 15107
90° Light Scattering
t;;» <2min
)L . S S E—— 1 e S A T S E———
0 450 900 1350 1800 0 450 900 1350 1800
Time(s) Time(s)

Figure 6.14: 90° light scattering curve for capsid assembly at 320 nm (A) and 340 nm (B) in real-time for capsids
(10 uM) in 50 mM HEPES with 0.5 M NaCl. The black line shows the fit for the curve.

A k(sD) | twor /K (s) R?
n=1 Sa0 3.948x 107 | 0.01416 70.72 0.9844
Sa0 2.077x 107 | 0.00929 107.64 0.9860

Table 6.3: Parameters obtained from the fitted curve for 90° Light scattering at 320 and 340 nm for n=1. Sz and

Saqo represent the 90° Light scattering at 295 and 340 nm, respectively.
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Strikingly, the scatter too followed a sigmoidal curve that fitted to Equation 6.1. The R? values
for the fit were > 0.98, and the parameters generated from the fit have been shown in Table
6.3. The calculated ti> values were less than 2 minutes. The ti> values thus showed faster
kinetics as compared to both ProCharTS absorbance and fluorescence. Most probably, the more
rapid kinetics observed in light scattering measured the elongation of the capsids due to the
addition of each dimer subunit. However, the ProCharTS and intrinsic Tryptophan fluorescence
were able to pick up the relatively later stages of maturation and subsequent reorientation of
the dimers in capsids (tu2 ~3-5 minutes). Such reorientation of misaligned dimers and proper
capsid formation in the late stages has been a characteristic feature in HBV capsid assembly
127,128 Interestingly, similar delayed kinetics from Tryptophan fluorescence has been observed
to detect the post-assembly structure modification in capsid assembly of human
papillomavirus-like particles (VLPs)'®’. Thus, ProCharTS and 90° light scattering, although
measuring different morphological features in HBV capsid assembly, are simple, inexpensive,
label-free techniques than can accurately monitor HBV capsid assembly formation. Moreover,
the ease of use and reproducibility observed from ProcharTs in characterizing such ultra-fast
kinetics could eliminate the usage of extrinsic probes and sophisticated high-end technologies

for rapid sensing and screening of antivirals (CpAMSs) for HBV infection.

6.2.8. Labelling of HBV dimer with 1,5-1AEDANS and Dansyl Chloride

Thus far, ProCharTS and light scattering have been used to characterize HBV capsid assembly.
Next, the capsid assembly is interrogated by using extrinsic fluorescent probes. The HBV
dimers were labelled with: 1,5-IAEDANS and Dansyl Chloride separately. 1,5-IAEDANS was
used to label the free Cysteine, whereas Dansyl Chloride was used for lysine. Each monomer
of HBV has 2 Lysine and 3 Cysteines, out of which one of the cysteines are involved in di-
sulphide bond formation in the HBV dimer. Both the probes were successfully labelled to the
HBV dimer separately with a Dye/Protein (D/P) ratio of 0.7 and 1.4 for 1,5-IAEDANS and
Dansyl Chloride, respectively. It is to be noted that the protein referred to here in the D/P ratio
is not the HBV monomer but the dimer instead. For the capsid assembly formation, varying
dilutions of dimers (labelled/unlabeled) were used with a final dimer concentration of 10 uM.
For 1-5-IAEDANS, the labelled/unlabelled dimer ratios were 1:10 and 1:15, whereas, for
Dansyl Chloride, the proportions were 1:15 and 1:30. The reason for the two-fold dilution of

labelled dimer in Dansyl Chloride was due to its doubled D/P ratio. Although the labelling of
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both the probes to HBV dimer was confirmed by UV-Visible spectroscopy, the labelling for
1,5-IAEDANS was further cross-checked by Foster Resonance Energy Transfer (FRET). The
Foster critical distance, Ro value is 22 A for Tryptophan (donor) and 1,5-IAEDANS (acceptor)
pair'®® When Tryptophan was excited at 295 nm, the proximity of the labelled donor-acceptor
pair is reflected in the FRET, where an enhanced acceptor fluorescence at 480 nm was observed

with a respective decline in the donor fluorescence at 323 nm, as shown in Figure 6.15.
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Figure 6.15: FRET observed in HBV dimer (PDB 1D:3J2V) labelled with 1-5-IEADANS (Dye/Dimer:0.7) is
shown in subfigure A. Subfigure B shows the changes in the fluorescence spectrum of Tryptophan in successfully
tagged Cysteine during FRET in HBV Cp149 dimer.

6.2.8.1. Steady-state fluorescence of labelled HBV

The steady-state fluorescence for each case of the labelled HBV dimers was recorded. Figures
6.16 and 6.17 show the fluorescence spectra for capsid and dimers using both 1,5-IAEDANS
and Dansyl Chloride, respectively. Unlike Tryptophan fluorescence which showed a marginal
decrease in fluorescence emission maxima (Amax) from 323 nm to 320 nm during capsid
formation, it could be seen that for both the probes and each dilution, the fluorescence emission
maxima (Amax) did not change at all. The Amax observed for 1,5-IAEDANS, and Dansyl Chloride
at 340 nm excitation was 488 + 1 nm and 439 + 1 nm, respectively.

However, minor changes in the fluorescent intensity could be observed. This small change
could be due to the subtle differences in the local environment around the probes during capsid
formation. Next, we proceeded to characterize the capsids using steady-state fluorescence

anisotropy.

6-17
TH-2985_156106032



Chapter 6

Dansyl Chloride

A B
o 1 1.00- —— Dimer 1:30
- 5 —— Dimer 1:15
@ 6.0x10 e 1 Capsid 1:30
s w 0.75- Capsid 1:15
£ . °
o 4.0x10°1 ‘g 1
e S 0.50-
3 E
@ 2.0x10°1 S
S 0.254
3 ]
L 0.04
T ol T v T v T o 0'00- T T T T
400 450 500 550 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 6.16: Steady-state Luminescence intensity (A) and Normalized Intensity (B) of Dansyl Chloride labelled
Dimers and Capsid of HBV
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Figure 6.17: Steady-state Luminescence intensity (A) and Normalized Intensity (B) of 1,5-IAEDANS labelled
Dimers and Capsid of HBV

6.2.8.2. Steady-state fluorescence anisotropy of Tryptophan and labelled HBV

The steady-state fluorescence anisotropy for both the probes: 1,5-IAEDANS and Dansyl
Chloride, was carried out along with that for Tryptophan. Steady-state fluorescence measures
the magnitude of depolarization through rotational motion. It thus gives essential information
on the rotational diffusion of the macromolecule to which the fluorophore is attached. The
steady-state anisotropy can provide insights into the macromolecule’s size and shape as long as
the fluorescence lifetime of the fluorophore is in the range of its rotational tumbling time of the

macromolecule.
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Figure 6.18: Steady-state fluorescence anisotropy for 1,5-IAEDANS, Dansyl Chloride attached to HBV Cp dimer
and Tryptophan, is shown in subfigure A. Shaded represents capsids, whereas non-shaded represents dimer.
Subfigure B shows the % change in fluorescence anisotropy in capsids compared to dimers. Subfigure C shows

the occurrence of homo-FRET in HBV Cp dimer and capsids.

It was observed in Figure 6.18A that fluorescence anisotropy for both the extrinsic probes:
1,5-IAEDANS and Dansyl Chloride, as well as Tryptophan, increased considerably on capsid
formation. The percentage change in fluorescence anisotropy upon capsid formation was
calculated. It was found that the difference was more for the extrinsic probes than Tryptophan.
Moreover, the changes observed for lower labelled/unlabelled dimer concentrations were
marginally higher for both the probes. The percentage change in fluorescence anisotropy was
most for low labelled dimers (> 20%), followed closely by the relatively highly labelled dimers
(~ 17%) and the least for Tryptophan (~ 12%), as shown in Figure 6.18B.
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The sensitivity of fluorescence anisotropy depends on the rotational correlation time of the
macromolecule and the mean fluorescence lifetime of the tagged fluorophore. A fluorophore
with a significantly shorter mean fluorescence than the rotational correlation time cannot reflect
changes in fluorescence anisotropy. Both 1,5-IAEDANS and Dansyl Chloride generally show
a relatively long mean fluorescence lifetime, around 10-15 ns, when attached to proteins®®.
Tryptophan, on the other hand, shows a mean fluorescence lifetime below 3.2 ns in proteins?.
HBV capsids are large macromolecules with a mean diameter of 34 nm and long rotational
correlation time. Thus, the labelled extrinsic probes with relatively longer mean lifetimes were
more sensitive to the fluorescence anisotropy changes and could characterize the dimers from
the capsids. In fact, the main motive behind labelling the dimers was to analyze the HBV capsid
using such extrinsic probes. However, the subtle changes in Tryptophan fluorescence
anisotropy were mainly because of the changes in the local conformation in its vicinity during
HBV capsid formation. Also, the diminished sensitivity of Tryptophan fluorescence anisotropy
to the slow tumbling of capsid can be attributed to the possibility of Trp-Trp homo-FRET.
Decrease in Tryptophan fluorescence anisotropy has been observed in c-Myc PEST M1 dimers
but not in monomers, due to possible homo-FRET phenomenon®®. The Foster critical distance,
Rovalue is 6-12 A for a Trp-Trp pair 2°* and thus, homo-FRET can be observed within distance
of 2 Ry, i.e., 12-24 A. Figure 6.18C shows homo-FRET in HBV Cp dimers which is more
pronounced in capsids, indicated by the polarization ratio (310/295) greater than 2 in
protein®®2, During HBV capsid assembly, the dimer-dimer contacts result in the two of the Trp
residues (Trp102 and Trp125) in each monomeric unit to come within 13-18 A, as obtained
from PDB structure of HBV Cp149 (1QGT). Thus, the possible interference from Trp homo-

FRET can contribute to the marginal increase in Trp fluorescence anisotropy.

6.2.9. Effect of 6 M Gdn.HCI on the steady-state fluorescence

In this section, the effect of Gdn.HCI on the structure of HBV dimers was monitored and
subsequently compared to the capsids. In general, 6 M Gdn.HCI is often used to completely
denature proteins and study protein folding and unfolding mechanisms*. Here, 6 M Gdn.HCI
was used to denature HBV dimers completely, and the fluorescence intensity changes from the
extrinsic probes: 1,5-IAEDANS and Tryptophan were analyzed. Furthermore, the changes
associated with the fluorescence could give valuable insights into the position of both 1,5-
IAEDANS and Tryptophan in the HBV dimers. Since both the 1,5-IAEDANS and Dansyl
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Chloride showed similar behaviour with no changes in the steady state fluorescence upon
capsid assembly, as seen in Figures 6.16 and 6.17. We studied the unfolding of the 1,5-
IAEDANS labelled dimers and intrinsic Tryptophan fluorescence.

Tryptophan
A B
——Dimer
> —— Capsid 1.004
‘B 6 ——Dimer 6M Gdn.HCI.
s 2x10°1 = !
£ < 0.75-
2 8
e ©
@ 0.50+
S 1x10°1 £
o 2
S 0.25+4
(T J
0 —_— 0.00- : : ,
350 400 450 350 400 450
Wavelength (nm) Wavelength (nm)

Figure 5.19: Steady-state Luminescence intensity(A) and Normalized Intensity (B) of Tryptophan in 6 M
Gdn.HCI, Dimers and Capsid of HBV
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Figure 6.20: Steady-state Luminescence intensity (A) and Normalized Intensity (B) of 1,5-IAEDANS labelled in
6 M Gdn.HCL, Dimers and Capsid of HBV

Here, it could be seen in Figure 6.19 that upon unfolding, the fluorescence emission maxima

(Amax) of Tryptophan increased from 323 nm to 339 nm during capsid formation. Interestingly,
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the increase in the Amax towards a longer wavelength is accompanied by enhanced luminescence
intensity. It points out the effective quenching in most of the Tryptophan buried inside the HBV
dimer. Upon unfolding, all the Tryptophan residues get exposed to solvent, thereby minimizing
the quenching, which showed the red-shifted enhanced luminescence emission. Our result is in
agreement with a similar observation from Tryptophan fluorescence in HBV dimers'®.
Similarly, for 1,5-IAEDANS labelled dimers, it could be seen in Figure 6.20 that upon
unfolding, the fluorescence emission maxima (Amax) increased marginally from 488 nm to 502
nm during capsid formation. The increase in the Amax towards a longer wavelength is

accompanied by decreased luminescence intensity.
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Figure 6.21: Steady-state Luminescence Anisotropy and Emission Maxima of Tryptophan (A) and labelled 1,5-
IAEDANS (B) for 6 M Gdn.HCI denatured dimers, native dimers and capsid of HBV. Subfigure C shows the
structure of the HBV dimer highlighting Tryptophan (red) and Cysteine (green).

To better understand the steady state fluorescence of 1,5-IAEDANS and Tryptophan in the

HBV dimers, the changes observed in the fluorescence anisotropy and Amax Were plotted for
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6M Gdn.HCI unfolded dimers, native dimers and capsids. As can be seen in Figures 6.21A
and B, the fluorescence anisotropy and Amax Were highly anti-correlated. As the HBV dimers
approached a more compact structure, the fluorescence anisotropy increased with a decrease in
Amax. It should be noted although the change Amax is negligible for 1,5-IAEDANS from dimers
to capsid, the slope observed for fluorescence anisotropy essentially increased. However, the
slope for fluorescence anisotropy for Tryptophan from dimers to capsid flattened out compared
to that from 6 M Gdn.HCI unfolded dimers to native dimers. At this point, it can be justified
that the sensitivity in the fluorescence anisotropy for 1,5-IAEDANS labelled dimers is better
in distinguishing HBV capsids from the dimers than intrinsic fluorescence from Tryptophan.
We can thus conclude that during capsid assembly, the Tryptophan (highlighted in red) make
weak dimer-dimer contacts and thus, the blue shift in Amax Was observed for Tryptophan.
However, the free cysteines in the dimer are positioned in such a way that it remains solvent
exposed irrespective of whether in dimer or in capsids as shown in Figure 6.21C. Thus, no
significant change in the local environment surrounding the labelled 1,5-IAEDANS is
expected. As a result, the Amax observed for 1,5-IAEDANS showed no change upon assembly

formation.

On the other hand, the increase in the fluorescence anisotropy in 1,5-IAEDANS is highly
dependent on the increased rotational correlation time upon capsid formation and is not much
dependent on the local environment and position of the free cysteines. Thus, the changes in
fluorescence anisotropy during capsid assembly are more pronounced in 1,5-IAEDANS
labelled dimers. However, the marginal increase in Tryptophan fluorescence anisotropy mainly
arises from the changes in the local conformation and not primarily due to the addition of HBV
dimers during HBV capsid formation.

In this study, only a tiny fraction of labelled dimers was required for the fluorescence
anisotropy study as opposed to already established quenching experiments where higher
labelled: un-labelled fractions were used. Fluorescence quenching of BODIPY dye in capsids
has been used to monitor HBV capsid assembly in real time, where a labelling ratio of 1:4 was
used?%3. Such high labelling ratio necessitates the need for more HBV dimers to be labelled for
each set of reactions. Thus, it can be said that the steady-state fluorescence anisotropy can
prove to be a promising tool for characterizing HBV capsids.
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6.3. Conclusions

»  HBV Cp dimer was successfully purified and assembled under 50 mM HEPES plus 0.25-
0.5 M NaCl (pH 7.5). Subsequently, the dimers and capsids have been characterized by
conventional methods: CD, DLS, AFM, TEM and SEC.

»  Capsid assembly kinetics by 90° light scattering further confirmed the successful capsid

assembly. The ty> was less than 2 minutes at both 320 nm and 340 nm excitation.

»  HBV capsid formation was monitored in real-time by both ProCharTS absorbance and
luminescence. The kinetics could pick up the relatively later stages in capsid assembly at

different excitation wavelengths with t12 ~3-5 minutes.

»  HBV dimers were successfully labelled with both Dansyl Chloride and 1,5-IAEDANS.
Compared to dimers, enhanced fluorescence anisotropy (~25%) was observed upon

capsid formation.

»  Thus, ProCharTS can be a promising tool to study the effect of metal ions and RNA
interaction during capsid formation and for rapid screening of antiviral drugs, i.e., capsid

allosteric modulators (CpAMS).
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7.1. Thesis summary

Novel intrinsic chromophores in apo-proteins lacking aromatic amino acids has gained
importance, and understanding the underlying phenomenon behind such observation has been
a recent topic of interest. Here in this thesis, ProCharTS, which is proposed to be the origin of
such intrinsic absorbance and luminescence features, is being studied. Although the ProCharTS
phenomenon has been observed recently in highly charged Lysine-rich proteins, and the major
contribution of Lysine has already been ascertained. Here we report for the first time ProCharTS
in proteins and peptides rich in Arginine, Aspartate residues lacking Lysine residues. Similar
absorbance and luminescence properties as that in Lysine-rich protein are observed. ProCharTS
is found to be independent on the nature or type of charged amino acids and is a highlighting
aspect of this study. Thus, ProCharTS can be expected to be evident as long as charge transfer
takes place, irrespective of the type of charged species. Since ProCharTS and conventional
chromophores like Tryptophan share a similar spectral domain in the UV-Visible region, the
influence of ProCharTS on the indole fluorescence in Tryptophan is studied. The luminescence
from the charged amino acids is found to contaminate the indole fluorescence with a relative
broader luminescence spectrum, accompanied with a slight red-shift in the longer wavelength
region. One exciting observation is the propensity of these charged residues to sully the indole
fluorescence, irrespective of whether its fluorescence is getting quenched or not. Moreover, the
decay kinetics from the excited state population in the indole ring is found to be affected by the
presence of charged residues, thereby generating multiple luminescence lifetimes. This result

could further explain the multi-exponentiality of Tryptophan often observed in proteins.

Finally, we focussed our attention on the applicability of ProCharTS on peptide aggregation
and capsid assembly. It is found that ProCharTS is able to monitor the aggregation of AP
peptides and HBV Cp 149 capsid assembly in real-time. The interconversion of the random coil
to B-sheets in these AP peptides observed in CD highly correlated with our novel ProCharTS
absorbance. Similarly, ProCharTS could detect the formation of the large clusters of 120 HBV
Cp dimers arranged in an icosahedral geometry in capsids. During aggregation or capsid
assembly, the increased interactions among the charged residues at close proximity in their
oligomeric states or capsids are proposed to enhance ProCharTS signal. ProCharTS, being a
simple technique, can thus be used for rapid initial screening of drugs for amyloid-linked

diseases and viral infections. Moreover, this novel ProCharTsS is a label-free technique which
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does not interfere with the aggregation or capsid assembly kinetics. Additionally, the HBV
capsids has been characterized using the fluorescence anisotropy from Dansyl Chloride and
1,5-IAEDANS probes attached to HBV Cp 149 dimers. Our approach uses relatively lower
labelling ratio of fluorescence dyes. It thus eliminates the need for more HBV dimers to be
labelled as opposed to already established quenching experiments, where higher labelled: un-

labelled fractions were used.

7.2. Future directions

The ProCharTS phenomenon has been observed in monomeric proteins as well as in aggregates,
and the major contribution of extinction coefficient for the observed ProCharTS phenomenon
has already been established. But one inherent limitation that restricts the use of ProCharTS
from mere spectroscopy to in vivo studies is the significantly low quantum vyield. Thus,
effectively modulating the quantum efficiency in ProCharTS by harnessing these electrons to
recombine radiatively would help develop ProCharTS as a better tool for studying different
protein dynamics. Moreover, there is a need to investigate the effect of post-translational
modification, such as phosphorylation and acetylation in proteins. Phosphorylation increases
the negative charge content, whereas acetylation results in decline in the positive charge in
proteins. Thus, it would be interesting to look for whether ProCharTS can pick the subtle
changes in the electron distribution in the protein. Also, as the kinetics for both the aggregation
of AP peptides and truncated HBV Cp 149 capsid assembly in real-time was monitored using
ProCharTs, it will be interesting to investigate the effect of potential drugs that inhibit or
accelerate the kinetics. Screening of potential drugs based on ProCharTS would widen the
applicability of ProCharTS even further. Moreover, full-length HBV Cp 183 is known to
encapsidate heterologous RNA inside the capsid. The strong electrostatic interaction of the
highly positively charged C-terminal domain in the full-length HBV Cp 183 with the nucleic
acid is responsible for encapsulating the genetic material. Thus, the study of the assembly
kinetics of the nucleic-acid-filled capsids using ProCharTS would be an interesting topic to
work on. In fact, the Electron Transfer during the interaction of nucleic acid with any highly
charged rich protein would provide a reliable platform to understand the origin of ProCharTS

even further.
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