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ABSTRACT

The thesis entitled “Insights into the Intricacy of Protein Aggregation in Crowded
Environments” describes the different ways of probing the effects of macromolecular
crowding agents on different aspects of aggregation of bovine serum albumin (BSA), hen-

egg white lysozyme (HEWL) and bovine B-lactoglobulin in varying aggregation conditions.

Chapter 1 entitled “Introduction” describes the basics of protein aggregation and the
effects of various macromolecular crowding agents on the aggregation of different proteins.
It also describes in detail the different ways of monitoring/probing protein aggregation using
various extrinsic and intrinsic probes and employing different techniques including FRET,

solvation dynamics, antibody dot assay etc.

Chapter 2 entitled “Materials and Methods” describes all the chemicals and experimental
techniques used in this thesis for studying protein aggregation and related characterisation
such as fluorescence spectroscopy, time-resolved fluorescence spectroscopy, circular
dichroism spectroscopy, Raman spectroscopy, scanning electron microscopy etc. This

chapter also describes in detail the protein labelling and purification processes.

Chapter 3 entitled “Exploring the potency of the naturally occurring polyphenol
curcumin to probe protein aggregation in crowded environments” shows that the
polyphenolic dye curcumin can also probe the aggregation of BSA in an effective manner
similar that of the widely used aggregation probe thioflavin T. The distinct spectral profile of
curcumin in response to the varying aggregation conditions is a further indication of the

sensitivity of the same towards detection of aggregates. Moreover, curcumin was also found

v



to be highly effective in determining the underlying heterogeneity of the aggregation medium
at any point of time even in highly crowded environments. SEM images of BSA aggregates
formed in presence of different macromolecular crowding agents indicated that morphology

of the aggregates became independent of the solvent conditions on prolonged incubation.

Chapter 4 entitled “Crowder induced structural modulation of a multi-domain protein
during the early stages of aggregation: A FRET-based and protein solvation study”
describes the conformation modulation of domains I & II and dynamics of domain I in
particular of the multi-domain protein BSA in the early stages of its aggregation in buffer and
in presence of macromolecular crowding agents. Conformational modulations of BSA at the
early stages of its aggregation were monitored by measuring Forster resonance energy
transfer (FRET) between the donor tryptophans (W134 & W213) and acceptor IAEDANS,
the latter being labelled at the free —SH group of Cys34 at domain I of BSA. Domain I
dynamics of BSA at the early stages of aggregation was also followed with the help of
solvation dynamics, for which the same free —SH group of Cys34 was labelled with another
dye BADAN. FRET measurements showed that there was an initial compaction in the
domain I size during the early time points of aggregation followed by an increase in the
distance between the donor-acceptor pair implying elongation of the same. Analysis of the
solvent correlation function of BADAN labelled BSA revealed that the domain I became
rigid initially subsequent to which the domain lost its rigidity gradually with concomitant

increase in the flexibility.

Chapter 5 entitled “Is the effect of macromolecular crowding on protein aggregation
universal in nature? A study to unveil the complex nature of crowding” describes the

effect of macromolecular crowing agents of different size, shape and molecular weight on the



aggregation properties of two proteins, lysozyme and B-lactoglobulin having different
structural dispositions. Lysozyme is mosly a-helical while B-lactoglobulin is rich in B-sheets.
Lysozyme followed nucleation dependent polymerisation irrespective of the nature and
concentration of crowding agents. On the other hand the kinetic profiles of the aggregation of
B-lactoglobulin were found to be dependent on the nature and concentration of the crowding
agents. The switch from the nucleated to non-nucleated polymerisation of B-lactoglobulin
aggregation kinetic profile in presence of different macromolecular crowing agents shed light
into the crossover from the soft interactions to the excluded volume effects of the crowding
agents. Secondary structural evolution during aggregation showed that lysozyme
accumulated B-sheet structure at the later time points of incubation. However, -lactoglobulin
formed intermediates that were rich in a-helical content which subsequently got transformed
into disordered structure. SEM studies suggest the presence of multiple aggregation pathways
co-existing together for both the proteins thereby forming aggregates with different
morphology in presence of different macromolecular crowding agents. These results
therefore suggest that the effects macromolecular crowing agents are rather protein

dependent as opposed to be being universal in nature.

Chapter 6 entitled “Conclusions and Future Prospects” include the conclusions drawn

from chapter 3 to chapter 5 and the future scope of the work reported in this thesis.

vi
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Dextran6 (D6), Dextran 40 (D40), Dextran 70 (D70) & Ficoll 70
(F70).
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Figure 3.9

SEM images of BSA aggregates, as a function of the number of
days, formed in presence of 200 g/L of the different crowders (as
mentioned) and in absence of B-cyclodextrin. Magnification was
10K and scale bar is 1um. Aggregation was carried out at 65 °C.
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Figure 3.10

Circular dichroism spectra of monomeric BSA and BSA
aggregates formed in (A) Buffer only (B) 100 g/L of Dextran 40
and (C) 200 g/L of Dextran 70.
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Chapter 4

Figure 4.1

Schematic representation of the crystal structure (PDB: 4JK4) of
bovine serum albumin (BSA) showing the Trpl34, Trp213 &
Cys34 residues in space-filling representation in pink, grey and red
colors respectively as indicated. Chemical structures of IAEDANS
(acceptor in the FRET studies) and BADAN (solvation probe) that
were labeled at the free Cys34 in domain I of BSA have also been
shown.
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Figure 4.2

Simulated plot of the efficiency of energy transfer (£) between the
donor (Trp134 & Trp213) and acceptor (IAEDANS) as a function
of inter-dye distance (7).
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Figure 4.3

Variation in the Efficiency & inter-domain (domain I & 1)
distance (r) in JAEDANS labeled monomeric BSA (5 uM) as a
function of temperature in buffer and in presence of 100 g/L
(A&B) and 200 g/L (C&D) of different crowding agents.
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Figure 4.4

Comparative plot of the efficiency of energy transfer (E) as a
function of incubation time in buffer only and in presence of 100
g/L (A) and 200 g/L (B) of different crowding agents. Aggregation
of BSA (concentration: 30 uM; 15 uM IAEDANS labeled BSA +
15 uM unlabeled BSA) was carried out at 60 °C temperature in

191

XVi




phosphate buffer (pH 7) and in presence of 100 and 200 g/L of
different macromolecular crowding agents Dextran 6 (D6),
Dextran 40 (D40), Dextran 70 (D70) & Ficoll 70 (F70).

Figure 4.5

Far & Near-UV CD spectra of BSA in buffer (A & C) and in
presence of 100 g/L of Ficoll 70 (B & D) as a function of
incubation time.
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Figure 4.6

Normalized time resolved emission spectra (TRES) of BADAN
labeled BSA in buffer at (A) 0 min & (B) 180 min of incubation.
Panels (C) & (D) are the representative time-resolved emission
decays of BADAN labeled BSA as a function of wavelength at 0
min & 180 min of incubation, respectively, in buffer. Aexc = 375
nm. Aggregation of BSA (final 30 uM; 15 uM BADAN labeled
BSA + 15 uM unlabeled BSA) was carried out at 60 °C
temperature in phosphate buffer (pH 7).
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Figure 4.7

Comparison of the solvent correlation functions of domain I of
BSA-BADAN as a function of incubation time in buffer.
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Figure 4.8

Comparison of the average solvation response time ({ts)) of
domain I of BSA BADAN as a function of incubation time in
buffer and in presence of 100 g/L (A) and 200 g/L (B) of different
crowding agents.
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Figure 4.9

SEM images of BSA aggregates formed after 240 h of aggregation
under different aggregation conditions. Aggregation of BSA (30
uM) was carried out at 60 °C temperature in phosphate buffer (pH
7) only and in presence of 100 & 200 g/L of different crowders.
Scale bar is 1 pm.
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Chapter 5

Figure 5.1

Crystal structure of lysozyme (PBD: 1DPX) and B-lactoglobulin
(PDB: 3NPO) proteins.
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Figure 5.2

Relative fluorescence intensity (F/Fy) profiles of lysozyme (35
puM) aggregation in buffer and in presence of varying
concentrations of macromolecular crowding agents (A) Dextran 6
(D6) (B) Dextran 40 (D40) (C) Dextran70 (D70) (D) Ficoll 70
(F70) & (E) PEG 8000 as monitored using thioflavin T
fluorescence (20 uM). Aggregation of lysozyme was carried out in
glycine buffer (pH 2.7) in presence of 80 mM NaCl and at 65 °C
temperature with constant stirring.
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Figure 5.3

Relative fluorescence intensity (F/Fy) profiles of B-lactoglobulin
(35 puM) aggregation in buffer and in presence of varying
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concentrations of macromolecular crowding agents (A) Dextran 6
(B) Dextran 40 (C) Dextran70 (D) Ficoll 70 & (E) PEG 8000
monitored through thioflavin T fluorescence (20 pM).
Aggregation of B-lactoglobulin was carried out in phosphate
buffer (pH 7) in presence of 80 mM NaCl and 70 °C temperature
with constant stirring.

Figure 5.4

Variation in the rate constant values of aggregation of (A)
lysozyme & (B) pB-lactoglobulin as a function of crowder
concentrations.
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Figure 5.5

Circular dichroism spectra of lysozyme (20 pM) and B-
lactoglobulin (20 uM) as a function of incubation time in presence
of (A) 100 g/L of Dextran 70 & (B) 100 g/L of PEG 8000,
respectively.
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Figure 5.6

Isothermal titration calorimetry profiles for the titration of PEG
8000 and Ficoll 70 with lysozyme at pH 2.7. (A&C) The raw data
for the sequential addition of 2 pL of 250 uM lysozyme to 15 uM
of Ficoll 70 and PEG 8000, respectively. (B&D) Plot of the heat
evolved (kcal) per mole of lysozyme added to Ficoll 70 and PEG
8000, respectively. These has been corrected for the heat of
dilution of lysozyme.
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Figure 5.7

Scanning electron micrograph of the lysozyme aggregates formed
as a function of short and long incubation time in buffer and in
presence of 250 g/L of different macromolecular crowding agents.
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Figure 5.8

Scanning electron micrograph of the B-lactoglobulin aggregates
formed as a function of short and long incubation time in buffer
and in presence of 250 g/L of different macromolecular crowding
agents.
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Scheme 5.1

Schematic representation for the formation of fibrilar structure by
lysozyme following colloidal aggregation under the experimental
conditions, showing the involvement of different steps (adapted
from ref. 41).
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Supplementary Information

SI Figure 3.1

Fluorescence spectra of curcumin (18 uM) as a function of
incubation time in buffer only. Aexe= 420 nm.
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SI Figure 3.2

UV spectra of curcumin (18 pM) (A) in buffer only (B) in
presence of 10 uM BSA as a function of time.
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SI Figure 3.3

Plot of the amplitudes of the different Gaussian bands used to fit
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the emission spectra of curcumin in buffer only as a function of
the incubation time during aggregation. The central wavelengths
of the bands have been mentioned in the figure legend. Acx.= 420
nm.

SI Figure 3.4

Plot of amplitude of different population of curcumin (A)
strongly bound form (520 nm) (B) loosely bound form (540 nm)
(C) free or unbound form (580 nm) and (D) bound anionic form
(625 nm) obtained after Global Gaussian fitting of the
fluorescence spectra of curcumin (18 uM) in presence of
aggregates formed in 100 g/L of different crowders and in
presence of B-cyclodextrin. Aggregation was carried out at 65°C
and in presence of 50 mM of NaCl , 10 mM, B-cyclodextrin and
100 g/L of different crowders: Dextran6 (D6), Dextran 40 (D40),
Dexatran 70 (D70) & Ficoll 70 (F70).
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SI Figure 3.5

Steady state emission spectra of curcumin (9 uM) in presence of
monomeric BSA, (5 uM) as a function of crowder (A) Dextran 6
(B) Dextran 40 (C) Dextran 70 & (D) Ficoll 70 concentrations.
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SI Figure 3.6

Fluorescence spectra of BSA (5 uM) in presence of varying
concentrations of B-cyclodextrin (B-CD) in buffer. Aexe= 295 nm.
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SI Figure 3.7

Fluorescence spectrum of ANS (5 uM) in presence of BSA (10
uM) & 10 mM of B-cyclodextrin (Black curve) and in presence
of 10 mM B-cyclodextrin only (Red curve) in buffer. Aexe= 350
nm.
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SI Figure 3.8

Fluorescence spectra of ANS (5 uM) in presence of BSA (5 uM)
and varying concentration of B-cyclodextrin in buffer. Here
buffer meaning in presence of protein only and in absence of B-
cyclodextrin. Aexe= 350 nm.
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SI Figure 3.9

Fluorescence spectra of BSA (5 uM) in presence of 100 g/L of
different crowders (A) Dextran 6 (B) Dextran 40 (C) Dextran 70
& (D) Ficoll 70 and varying concentrations of B-cyclodextrin.
Here, Buffer meaning in presence of crowder only and no -CD.
Aexe= 295 nm.
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SI Figure 3.10

Fluorescence spectra of BSA (5 uM) in presence of 200 g/L of
different crowders (A) Dextran 6 (B) Dextran 40 (C) Dextran 70
(D) Ficoll 70 and varying concentrations of B-cyclodextrin. Here,

Buffer meaning in presence of crowder only and no B-CD. Agxe=
295 nm.
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SI Figure 3.11

Circular dichroism spectra of BSA (3 uM) in presence of varying
concentrations of B-cyclodextrin.
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SI Figure 3.12

Relative fluorescence intensity (F/Fo) of (A) Nile Red (4 uM) (B)
ANS (80 uM) in presence of BSA (8 uM) as a function of
crowder concentrations.
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SI Figure 4.1

Plot of F/Fy of IAEDANS (covalently bound at Cys-34 of BSA)
in buffer and in presence of 100 g/L of different crowders as a
function of temperature. Aee = 340 nm. ‘F’ is the fluorescence
intensity at t=0 minute and ‘Fy’ is the fluorescence intensity at
any time t.
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SI Figure 4.2

Steady state emission spectra of IAEDANS (covalently bound at
Cys-34 of BSA) as a function of temperature in buffer only.
Aexc=340 nm.
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SI Figure 4.3

Plot of F/Fy of IAEDANS (covalently bound at Cys-34 of BSA)
in buffer and in presence of 200 g/L of different crowders as a
function of temperature. Ax=340 nm. ‘F’ is the fluorescence
intensity at t=0 minute and ‘Fy’ is the fluorescence intensity at
any time t.
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SI Figure 4.4

Variation in the inter-domain distance (r) as a function of
incubation time in buffer only.
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SI Figure 4.5

Plot of F/Fy of IAEDANS (covalently bound at Cys-34 of BSA)
in buffer and in presence of 100 g/L of different crowders as a
function of incubation time. Aee = 340 nm. ‘F’ is the
fluorescence intensity at t=0 minute and ‘Fy’ is the fluorescence
intensity at any time t.

285

SI Figure 4.6

Far-UV circular dichroism spectra of BSA (3 uM) as a function
of incubation time in (A) 100 g/L of Dextran 6 & (B) 200 g/L of
Dextran 40.
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SI Figure 4.7

Near-UV circular dichroism spectra of BSA (30 uM) as a
function of incubation time in (A) 100 g/L of Dextran 40 (B) 200
g/L of Dextran 6 (C) 200 g/L of Dextran 70 (D) 200 g/L of Ficoll
70.
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SI Figure 4.8

Normalized time resolved emission spectra (TRES) of BADAN
labeled BSA in presence of 100 g/L of Dextran 6 at (A) 0 minute
(B) 180 minutes of incubation time. Panel (C) & (D) are the
respective time-resolved emission decays as a function of
wavelength. Aexe= 375 nm.
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SI Figure 4.9

Normalized time resolved emission spectra (TRES) of BADAN
labeled BSA in presence of 200 g/L of Dextran 6 at (A) 0 minute
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(B) 180 minutes of incubation time. Panel (C) & (D) are the
respective time-resolved emission decays as a function of
wavelength. Aexe =375 nm.

SI Figure 4.10

Comparison of the solvent correlation functions, C(#), of domain
I of BSA-BADAN at different incubation times in 100 g/L of (A)
Dextran 6 (D6) (B) Dextran 40 (D40) (C) Dextran 70 (D70) &
(D) Ficoll 70 (F70).
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SI Figure 4.11

Comparison of the solvent correlation functions, C(#), of domain
I of BSA-BADAN at different incubation time in 200 g/L of (A)
Dextran 6 (D6) (B) Dextran 40 (D40) (C) Dextran 70 (D70) (D)
Ficoll 70 (F70).
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SI Figure 4.12

Steady state emission spectra of spectra of BSA (3 uM) in buffer
and in (A) 100 g/L (B) 200 g/L of different crowders. Aexe = 295
nm.
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SI Figure 4.13

Aggregation kinetic profiles of BSA (30 uM) measured by
thioflavin T (40 uM) fluorescence in buffer and (A) 100 g/L (B)
200 g/L of different crowding agents. Aexc=440 nm.
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SI Figure 4.14

Variation in the hydrodynamic radius (Ry) of primary (Ry,;) and
secondary aggregates (Rp2) of BSA as a function of incubation
time in buffer. Inset: Variation in the hydrodynamic radius of
primary aggregates (Ry 1) as a function of incubation time in
buffer.
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SI Figure 5.1

Circular dichroism spectra of (A) lysozyme & (B) B-
lactoglobulin as a function of incubation time in buffer only.
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SI Figure 5.2

Circular dichroism spectra of lysozyme as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of Dextran 6.
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SI Figure 5.3

Circular dichroism spectra of lysozyme as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of Dextran 40.
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SI Figure 5.4

Circular dichroism spectra of lysozyme as a function of
incubation time in presence of (A) 50 g/L (B) 150 g/L & (C) 250
g/L of Dextran 70.
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SI Figure 5.5

Circular dichroism spectra of lysozyme as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of Ficoll 70.
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SI Figure 5.6

Circular dichroism spectra of lysozyme as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of PEG 8000.
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SI Figure 5.7

Circular dichroism spectra of B-lactoglobulin as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L (D) 250 g/L of Dextran 40 & (E) 50 g/L of Dextran 6.
Circular dichroism spectra of [-lactoglobulin at other
concentrations of Dextran 6 cannot be acquired due to too much
scattering.
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SI Figure 5.8

Circular dichroism spectra of B-lactoglobulin as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of Dextran 70.
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SI Figure 5.9

Circular dichroism spectra of B-lactoglobulin as a function of
incubation time in presence of (A) 50 g/L (B) 100 g/L (C) 150
g/L & (D) 250 g/L of Ficoll 70.
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SI Figure 5.10

Circular dichroism spectra of P-lactoglobulin as a function of
incubation time in presence of (A) 50 g/L (B) 150 g/L of PEG
8000. CD spectra of B-lactoglobulin at 250 g/L. of PEG 8000
cannot be acquired due to too much scattering.
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SI Figure 5.11

Isothermal titration calotimetry profiles for the titration of PEG
8000 and buffer with B-lactoglobulin at pH 7. (A&C) The raw
data for the sequential addition of 2 pL of 250 uM -
lactoglobulin to 15 uM of PEG 8000 and buffer only,
respectively. (B&D) Plot of the heat evolved (kcal) per mole of
lysozyme added to PEG 8000 and buffer, respectively.
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SI Figure 5.12

Evolution of aggregate population of different sizes of (A)
lysozyme & (B) B-lactoglobulin as a function of incubation time
in buffer only. Determination of aggregate’s hydrodynamics
radius in presence of crowding agents cannot be performed due
to very high background scattering.

307

XXii




List of Tables

Table No. Table Title Page No.
Table 1.1 Human pathological disorders arising out of protein aggregation. 15
Table 1.2 Major factors that affect protein aggregation. 28
Table 1.3 Local probes for studying protein aggregation in intact cells. 49
Table 1.4 Various analytical techniques used for studying protein aggregation. 55
Rate constant values of spontaneous fibril formation in presence of
Table 3.1 100 g/L and 200 g/L of different crowders. 147
Variation of Ar (rgpec — r10°c) of monomeric (S5uM) TIAEDANS
labeled BSA in buffer and in presence of 100 & 200 g/L of different
Table 4.1 | crowding agents. ‘7’ is the distance between the donor tryptophan 188
and acceptor TAEDANS.
Efficiency of energy transfer (£) in a mixture of 5 uM [AEDANS
Table 4.2 labeled BSA and 5uM unlabeled monomeric BSA in buffer and in 190
) presence of 100 & 200 g/L of different crowding agents.
Time-resolved Stokes shift and solvation response time (t5) of
Table 4.3 domain I of monomeric BSA-BADAN (5 uM) and aggregated 198
€ BSA-BADAN as a function of incubation time in buffer (pH 7).
Rate constant (k) values of aggregation reaction of lysozyme and -
Table 5.1 lgctoglobulm in buffer and in presence of varying concentration of 273
different macromolecular crowding agents.
Secondary structural contents of lysozyme and B-lactoglobulin
Table 5.2 | formed during aggregation under different solvent media. 230
Supplementary Information
Global Gaussian fitting parameters of fluorescence spectra of
SI Table 3.1 | curcumin as a function of aggregation time in buffer only. 267
Shared parameters for Global Gaussian fitting of the fluorescence
spectra of curcumin collected in presence of aggregates formed in
buffer (in presence and absence of B-cyclodextrin) and in presence
SI Table 3.2 of 100 g/L of different crowders (in presence and absence of B- 268
cyclodextrin).
SI Table 4.1 | Variation of FRET efficiency in various mixtures of IAEDANS 280

XXiii




labeled and unlabeled BSA in buffer.

Time-resolved stoke shift and solvation response times (ts5) of
domain I of BSA-BADAN in 100 g/L of different crowding agents

SI Table 4.2 as a function of incubation time. 281
Time-resolved stoke shift and solvation response times (1) of
SI Table 4.3 domain I.of BSA—BADAN in 200 g/L of different crowding agents 280
as a function of incubation time.
Hydrodynamic diameter of lysozyme aggregates formed as a
SI Table . . . . .
5.1A function of incubation time in buffer. 295
SI Table Hydrodynamic diameter of B-lactoglobulin aggregates formed as a 295
5.1B function of incubation time in buffer.

XXiv




	2012CYZ8159.pdf
	Fisrt all pages
	title 1st page.pdf
	Blank page
	Blank page
	Copyright
	title 2nd page
	Blank page
	dedication
	Blank page
	certificate
	Blank page
	Acknowledgement
	Abstract_revised
	Blank page
	Abstract_Hindi
	Blank page
	Table of contents_revised
	Blank page
	List of figures_revised
	Blank page
	List of tables_revised

	Chapter 1
	Chapter 1_title.pdf
	Blank page
	Chapter_1_revised

	Chapter 2
	Chapter 2_title.pdf
	Blank page
	chapter2_revised

	Chapter 3
	Chapter 3_title_revised.pdf
	Blank page
	Chapter 3_revised

	Chapter 4
	Chapter 4_title.pdf
	Blank page
	chapter_4_revised

	Chapter 5
	Chapter 5_title.pdf
	Blank page
	Chapter 5_revised

	Chapter 6
	Chapter 6_title.pdf
	Blank page
	Conclusion and Future Prospects_revised

	Annexure I
	ANNEXURE I.pdf
	Blank page
	Chapter 3_SI_revised

	Annexure II
	ANNEXURE II.pdf
	Blank page
	Chapetr 4_SI_revised

	Annexure III
	ANNEXURE III.pdf
	Blank page
	Chapter 5_SI_revised

	BIODATA_revised




