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Abstract

The thesis entitled ""Study of Heme Proteins in Presence of Macromolecular Crowding
Agents" focuses on the understanding of the effects of macromolecular crowding agents on
the stability, structure and functions of heme proteins. This thesis features a detailed
investigation of the stability and the changes in the local environment of the functional part,
that is, the heme prosthetic group and environment around the heme of three heme proteins
Myoglobin (Mb), Synechocystis Hemoglobin (SynHb) and Cytochrome c, in presence of
macromolecular crowding agents utilizing various spectroscopic techniques. In addition the
micro environments of various mixed macromolecular crowding agents have been
investigated using fluorescence correlation spectroscopy (FCS).

Chapter 1 entitled 'Introduction’ provides a brief introduction to the structure - function
relationship of heme proteins and the phenomenon of macromolecular crowding agents and
its influence on the protein structure and function. It also describes the objectives of the
studies carried out in this thesis and the strategy devised to achieve the same.

Chapter 2 entitled 'Materials and Methods' describes chemical procurement, purification
and storage along with the techniques used during the investigation. Specifically, UV-VIS
spectroscopy, circular dichroism (CD), steady-state and time resolved fluorescence, flash
photolysis and fluorescence correlation spectroscopy (FCS) were used to carry out the
requisite characterization.

Chapter 3 entitled 'Unusual Effects of Crowders on Heme Retention in Myoglobin'
shows a detailed investigation of the heme stability of chemically denatured myoglobin in
presence of various macromolecular crowding agents like Ficoll 70, Dextrans (Dextran 70,
Dextran 40 and Dextran 6), Polyethylene glycols (PEG 8,00 and 35,000) and their respective
monomers (Sucrose, Glucose and Ethylene glycol) and protein based crowders, BSA and
lysozyme. Myoglobin (Mb) undergoes pronounced heme loss under denaturing conditions
wherein the proximal histidine gets protonated. Our data show that macromolecular crowding
agents (both synthetic and protein based) can appreciably influence the extent of heme
retention in Mb. Interestingly, glucose and sucrose, the monomeric constituents of dextran
and ficoll-based crowders were much more effective in preventing heme dissociation of Mb,
albeit, at much higher concentrations. The protein crowders BSA and lysozyme show very

interesting results with BSA bringing about the maximum heme retention amongst all the



crowding agents used while lysozyme induced heme dissociation even in the native state of
Mb. The stark difference that these protein crowders exhibit when interacting with the heme
protein is a testament to the varied interaction potentials that a test protein might be exposed
to in the physiological (crowded) milieu.

Chapter 4 entitled 'Effects of Macromolecular Crowding on a Hexacoordinate Heme
Protein: Structural and Functional Aspects' describes the detailed investigation of the
effects of synthetic macromolecular crowding agents on the conformational changes and
functional properties of a hexacoordinated heme protein Synechocystis hemoglobin (SynHb)
in vitro. We observed that both the folded and unfolded states of SynHb became more
compact in presence of macromolecular crowding agents. Moreover, the CO ligand binding
activity of SynHb is remarkably increased in presence of macromolecular crowding agents
both in absence and presence of denaturants (urea and GdmCl). In addition, macromolecular
crowding agents brought about appreciable local structural modulation, which we probed by
using the Stern-Volmer quenching analyses of the emission of the tyrosine residues of the
heme protein .

Chapter 5 entitled 'Effect of both individual and mixed crowding agents on (A)
unfolding of myoglobin, (B) electrochemical behaviour of myoglobin and (C) soret band
spectra of Cytochrome C' describes the effects of mixed crowding agents on thermal
unfolding of myoglobin. Our results are in contrast to our popular belief where synthetic
crowding agents are always stabilizing in nature, that is, the effect of mixed crowding agents
on myoglobin unfolding were destabilizing. Interestingly, the extent of destabilization
decreases when myoglobin unfolding was carried out as a function of urea. Our
electrochemical measurements show that macromolecular crowding agents are able to protect
the heme environment of Mb from external perturbation, that is, chemical denaturation. Our
results also reveals that macromolecular crowding agents can effectively modulate the heme
moiety and its surrounding environment of another heme protein cytochrome c, giving rise to
breakdown of the axial symmetry of the heme environment

Chapter 6 entitled 'Fluoroscence correlation spectroscopy (FCS) studies of translational
diffusion of FITC (Fluorescein isothiocyanate) in presence of mixed macromolecular
crowding agents' provides a detailed investigation of the diffusion characteristics of the

fluorescent probe FITC (fluorescein iso thiocyanate) in crowded media (both individual and
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mixed) by using the single-molecule based technique of FCS (fluorescence correlation
spectroscopy). Our FCS measurements show that the microviscosity of the mixtures is
always higher than the sum of the microviscosities of the individual crowding agents at their
respective mixture concentrations. This observation implies that the effect of mixed
macromolecular crowding is non-additive, that is, deviates from that of the sum of the
individual components of the respective mixtures. This deviation depends on the sizes and
nature of the crowding agents.

Chapter 7 entitled 'Conclusion and future prospects' presents the conclusions drawn from
the overall investigation including how the macromolecular crowding agents protect heme
prosthetic group, the key factor of heme proteins, of myoglobin against dissociation, affect
ligand binding properties and conformational changes of synechocystis hemoglobin and
modulate the heme moiety of cytochrome c. This thesis opens the door to a host of future
directions that will contribute significantly to the fundamental understanding of structure-

function relationship of heme proteins in crowded environment.
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agents. (The solid lines are the fits to the respective quenching
data according to equations 1 and 2 given in the text).
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Figure 4.6

Stern-Volmer plots for the quenching of Tyrosine fluorescence
of SynHb by (A) KI and (B) acrylamide in presence of 4 M
GdmCl with varying concentration of different crowding
agents. (The solid lines are the fits to the respective quenching
data according to equations 1 and 2 given in the text).

138

Figure 4.7

(A) Absorbance spectra of SynHb for different oxidation state
of hemes iron and complexed with CO. (B) Time courses for
CO rebinding to SynHb in presence of Dextran 6.
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Chapter 5

Figure 5.1

Thermal denaturation of Mb (20 pM) monitored at 222 nm
using CD in presence of various macromolecular crowding

agents as indicated in the figure legend having the
concentrations of (A) 100 g/l and (B) 200 g/I1.
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Figure 5.2.

Thermal denaturation of Mb (20 pM) monitored at 222 nm
using CD in presence of mixtures of macromolecular crowding
agents as mentioned in the figure legends. (A) 100 g/L and (B)
200 g/L. (The two crowders in each mixture were mixed as a
50:50 ratio which is in terms of weight the crowders.)
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Figure 5.3

Thermal denaturation of Mb (20 pM) in presence of 1 M urea
[(A) and (B)[ and 3 M urea [(C) and (D)] monitored at 222 nm
using CD in presence of mixtures of macromolecular crowding
agents as mentioned in the figure legends. (A) and (C) 100 g/l
and (B) and (D) 200 g/l. (The two crowders in each mixture
were mixed as a 50:50 ratio which is in terms of weight the
crowders.)
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Figure 5.4

Thermal denaturation of Mb (20 pM) in presence of 4 M urea
monitored at 222 nm using CD and in presence of mixtures of
macromolecular crowding agents as mentioned in the figure
legends. (A) 100 g/l and (B) 200 g/l. (C) Thermal unfolding of
Mb in presence of increasing concentration of urea.
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Figure 5.5

Cyclic Voltammetry plot of Myoglobin (150 uM) in presence
of increasing concentration of GdmCl at pH = 7.
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Figure 5.6

Cyclic Voltametry plot of Myoglobin (150 uM) in presence of
1.9 M GdmClI (at pH = 7) and increasing concentration of (A)
Ficoll 70 (F70), (B) Dextran 70 (D70) and (C) Dextran 6 (D6).
(D) Voltametric cathodic peak current ratio (Ao/A) of
myoglobin (150 uM) in presence of 1.9 M GdmCl at pH = 7 as
a function of crowder concentration.
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Figure 5.7

Absorption spectra of native cytochrome ¢ (A) in buffer (pH 7)
and in presence of (B) Dextran 6, (C) PEG 8 and (D) PEG 200.
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Figure 5.8

Absorption spectra of native cytochrome ¢ (at pH 7) remains
unaffected in presence of (A) Betaine and (B) Sucrose.
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Figure 5.9

(A) Absorption spectra of cytochrome € in presence of Dextran
6 and PEG 8 mixtures. Changes in absorbance at (B) 520 nm
and (C) 550 nm in presence of Dextran 6 and PEG 8 and their
mixture with varying concentration. (For mixture the X - axes
represent the concentration of Dextran 6).

172

Figure 5.10

Absorbance spectra of cytochrome ¢ in presence of (A) PEG 8
and Betaine, (B) PEG 8 and Sucrose and (C) PEG 8 and PEG
200.
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Chapter 6

Figure 6.1

Plot of tp/t0 as a function of the crowder concentration. (where
tp s the diffusion time of FITC in presence of crowding agents
and 1o is the diffusion time of FITC in buffer only, that is, in
absence of crowders).

184

Figure 6.2

(A) Plot of t/t0 of FITC vs crowder concentration for the
mixed crowders mixed crowder. Plot of tp/to against crowder
concentration for the different binary mixtures (B) Dextran 70
and Ficoll 70, (C) Dextran 40 and Ficoll 70, (D) Dextran 40
and Dextran 70, (E) Dextran 6 and Ficoll 70, (F) Dextran 6 and
Dextran 70, (G) Dextran 6 and Dextran 40 and (H) Dextran 6
and PEG 8 mixture [The concentration of Dextran 6 increases
along the x-axis in all the four mixtures having this crowder as
one of the components; Dextran 70 increases along the x-axis
in the ‘Dextran 70+Ficoll 70’ mixture; Dextran 40 increases
along the x-axis in the ‘Dextran 40+Ficoll 70’ and ‘Dextran
40+Dextran 70’mixtures ]. The red and black line in the figures
B-H represents the tpb/t0o of mixed macromolecular crowding
agents as given in panel (A) and sum of the individual
crowding agents respectively.
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Figure 6.3

A(T—Dj plotted as a function of crowder concentration with the
Ty

X-axis being identical to that in figure 6.2.
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Figure 6.4

Plot of tp/10 of FITC vs crowder concentration for the mixed
crowders.
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Figure 6.5

Plot of tn/to against crowder concentration for (A) Dextran 70
and Ficoll 70, (B) Dextran 40 and Ficoll 70, (C) Dextran 40
and Dextran 70, (D) Dextran 6 and Ficoll 70, (E) Dextran 6 and
Dextran 70, (F) Dextran 6 and Dextran 40 and (G) Dextran 6
and PEG 8 mixture. All the mixtures are in a 1:1 ratio with
respect to the weights of the crowders dissolved as mentioned
in the text. The red and black line represents the to/to of mixed
macromolecular crowding agents and sum of the individual
crowding agents respectively.
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Supplementary Information

SI Figure 3.1

Absorption spectra of native myoglobin (10uM) at pH=7
(phosphate buffer) in presence of various concentrations of
(A) F70, (B) D70, (C) D40, (D) P35, (E) Glucose, (F) Sucrose
and (G) EG.
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SI Figure 3.2

Absorption spectra of Mb (10 uM) in presence of (A) Urea at
pH=7 (phosphate buffer), (B) GdmCl at pH=7(phosphate
buffer) and (C) pH (D) Plot of the absorbance ratio (A409/A360)
as a function of chemical denaturant concentration and pH in
presence of buffer only. This ratio plot underlines the utility of
the absorbance ratio in monitoring denaturing transitions of
Mb.
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SI Figure 3.3

Absorption spectra of Myoglobin (10uM) at pH=4 and 1 M
Urea (acetate buffer) in presence of various concentrations of
(A) BSA, (B) Lysozyme, (C) D70, (D) D40, (E) D6 (F) P8,
(G) P35, (H) EG, (I) Glucose and (J) Sucrose.
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SI Figure 3.4

Absorption spectra of Mb (10uM) at pH = 7 (phosphate
buffer) in presence of 1.9 M GdmCl and various
concentrations of (A) BSA, (B) Lysozyme, (C) D40, (D) D6,
(E) D70, (F) P8, (G) EG, (H) Glucose and (I) Sucrose.
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SI Figure 3.5

Absorption spectra of Mb (10 uM) at pH = 7 (phosphate
buffer) in presence of 1.4 M GdmCl + 1.4 M Urea and various
concentrations of (A) BSA, (B) Lysozyme, (C) D70, (D) D40,
(E) D6, (F) P8, (G) EG, (H) Glucose and (I) Sucrose.
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SI Figure 3.6

CD spectra of (A) Myoglobin (25 uM) at pH=7 (phosphate
buffer), (B) BSA at (3 uM) at pH=7 (phosphate buffer), (C)
Lysozyme (5 uM) at pH=7 (phosphate buffer), Myoglobin (25
uM) in presence of (D), (E) and (F) pH = 4 + 1 M Urea
(acetate buffer), (G), (H) and (I) 1.9 M GdmClI at pH = 7
(phosphate buffer), (J), (K) and (L) 1.4 M GdmCl + 1.4 M
Urea at pH = 7 (phosphate buffer) and various concentrations
of different crowding agents.
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SI Figure 3.7

Ellipticity ratio (E/Eo) of Mb [25 uM] in presence of (A) pH =
4 + 1 M Urea (acetate buffer), (B) 1.9 M GdmCl at pH = 7
(phosphate buffer) and (C) 1.4 M GdmCl and 1.4 M Urea at
pH = 7 (phosphate buffer) with increasing concentration of
various crowding agents. Ellipticity was monitored at 222 nm
with Eo being the ellipticity in absence of any crowders and E
being the ellipticity once crowders are added.
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SI Figure 3.8

Tryptophan emission spectra of Mb (25 uM) as a function of
increasing concentration of (A) GdmCl at pH=7 (phosphate
buffer), (B-H) as a function of glucose, sucrose and EG as
mentioned in the respective panels. Aexe = 295 nm; (excitation
slit: 2 nm ; emission slit: 5 nm).
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SI Figure 3.9

Fluorescence intensity (Fo/F where Fo is the fluorescence
intensity in absence of crowders while F is the same as a
function of crowder concentration) plot of Myoglobin (Trp)
against increasing crowder concentration [F70(—e—), D70(—-),
D40(—=-), D6(—+-), P8(——), Glucose(——), Sucrose(-—*—) and
EG(-+)] in presence of (A) pH = 4 + 1 M Urea (acetate
buffer), (B) 1.9 M GdmCl at pH=7 (phosphate buffer) and (C)
1.4 M GdmCI + 1.4 M urea at pH=7 (phosphate buffer). In the
inset associated with every panel the plots for the crowding
agents that do not show appreciable changes have been
zoomed into for clarity. Aexc = 295 nm; Aem = 331 nm for panel
(A) and 342 nm for panels (B) and (C). [Mb] =25 uM.
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SI Figure 3.10

Comparison of the absorbance ratio trends of Mb in presence
of varying concentrations of (A) BSA and (B) Lysozyme
under conditions mentioned in the figure legend.
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SI Figure 3.11

Plot of relative intensity of ThT (20 uM) against increasing
concentration of (A) BSA and (B) Lysozyme in presence of
different denaturation conditions. Aexc = 430 nm; Aem = 490
nm (excitation slit: 2 nm ; emission slit: 5 nm).
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SI Figure 3.12

Plot of average life time of ANS (20 uM) as a function of
increasing concentration of (A) BSA and (B) Lysozyme in
presence of different denaturation conditions.
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SI Figure 3.13

Native PAGE analysis (8%) for: (A) Different concentrations
of BSA in pH = 7 (phosphate buffer), (B) reversal of BSA
oligomerization by diluting higher concentrations of BSA to 2
mg/mL in pH = 7 (phosphate buffer), (C) Different
concentrations of BSA in presence of 1.9 M GdmCl at pH =7
(phosphate buffer), (D) Different concentrations of BSA in
presence of 1.4 M Gdmcl + 1.4 M Urea at pH = 7 (phosphate
buffer), (E) Different concentrations of BSA in pH = 4
(acetate buffer) and (F) different concentrations of BSA in
presence of 1 M Urea in pH = 4 (acetate buffer).
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SI Figure 3.14

Plot of hydropathic index vs sequence number of native (A)
Myoglobin, (B) BSA and (C) Lysozyme.

233

SI Figure 4.1

Circular Dichroism spectra of native SynHb (pH 7) in
presence of increasing concentration of (A) Ficoll 70, (B)
Dextran 70, (C) Dextran 40 and (D) Dextran 6.

238

XXiv




SI Figure 4.2

Circular Dichroism spectra of SynHb in presence of 2.8 M
GdmCl and increasing concentration of (A) Ficoll 70, (B)
Dextran 70, (C) Dextran 40 and (D) Dextran 6.
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SI Figure 4.3

(A) Emission spectra of Synechcystis Hemoglobin with
increasing concentration of GdmCl (pH 7) and (B) plot of
Fo/F as a function of GdmCI concentration.
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SI Figure 4.4

Fluorescence Spectra of SynHb in presence of 2 M GdmCl
with increasing concentration of (A) Ficoll 70 (B) Dextran 70
(C) Dextran 40 and (D) Dextran 6.
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SI Figure 4.5

Fluorescence Spectra of SynHb in presence of 2.8 M GdmCl
with increasing concentration of (A) Ficoll 70, (B) Dextran 70
and (C) Dextran 6.
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SI Figure 4.6

Fluorescence spectra of SynHb in presence of 4 M GdmCl
with increasing concentration of (A) Ficoll 70, (B) Dextran
70, (C) Dextran 40 and (D) Dextran 6.
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SI Figure 4.7

Fluorescence spectra of SynHb in presence of 5 M Urea with
increasing concentration of (A) Ficoll 70, (B) Dextran 70, (C)
Dextran 40 and (D) Dextran 6.
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SI Figure 4.8

Fluorescence spectra of SynHb in presence of 8§ M Urea with
increasing concentration of (A) Ficoll 70, (B) Dextran 70, (C)
Dextran 40 and (D) Dextran 6.

244

SI Figure 4.9

Absorbance spectra of SynHb as a function of GdmClI
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SI Figure 4.10

Absorbance Spectra of SynHb in presence of buffer (pH 7)
with increasing concentrations of (A) Ficoll 70, (B) Dextran
70, (C) Dextran 40 and (D) Dextran 6.
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SI Figure 4.11

Plot of Ao/A against various crowding concentration (A)
Ficoll 70, (B) Dextran 70, (C) Dextran 40 and (D) Dextran 6
in presence of different GdAmCI concentration. (The solid lines
should just be regarded as aides to follow the trends. Amax =
408 nm for buffer, 2 M GdmClI and 2.8 M GdmCI and Amax =
399 nm for 4 M GdmCl).
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SI Figure 4.12

Plot of Ao/A as a function of (A) Ficoll 70, (B) Dextran 70,
(C) Dextran 40 and (D) Dextran 6 for different urea
concentrations as mentioned in the legend. (The solid lines

should just be regarded as aides to follow the trends. Amax =
408 nm.)
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SI Figure 4.13

Stern-Volmer plots for the quenching of free Tyrosine
fluorescence by (A) KI and (B) acrylamide in presence of 2 M
GdmCl with varying concentration of different crowding
agents. (The solid lines are the fits to the respective quenching
data according to equation 1 and 2 given in the text).
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SI Figure 4.14

Stern-Volmer plots for the quenching of free Tyrosine
fluorescence by (A) KI and (B) acrylamide in presence of 4 M
GdmCl with varying concentration of different crowding
agents. (The solid lines are the fits to the respective quenching
data according to equation 1 and 2 given in the text).
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SI Figure 4.15

Time courses for CO rebinding to SynHb (A) GdmCl and (B)
F70 in 2 M GdmCl.
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