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Figure 1.1.

List of figures

Ilustrative examples of Intrinsically Disordered Proteins (IDPs). Collapsed
disorder (molten globule like, MG), extended disorder (pre-molten globule-like,
PMG) and statistical coil (coil) disorder. For comparison, an ordered globular
protein (O) of same length is also shown.

Figure 1.2. Amino acid enrichment in IDPs showing the relative amino-acids composition

Figure 1.3.

of IDPs. The enrichment is calculated by the formula: 100 - (%aa in IDP*100/%aa
in total dataset). FOP stands for fully ordered protein.

Charge-hydropathy plot for ordered proteins (blue squares) and IDPs (red
circles). The area accessible to sequences encoding ordered and disordered proteins
are shown in contrast colours, cyan and pink respectively. is shown as a light cyan
triangle, whereas the area accessible to sequences encoding IDPs is depicted as light
pink pentagon. These two areas are defined by two boundaries, the known boundary
separating ordered proteins and IDPs and the boundary showing logical limits of
the CH-space.

Figure 1.4. Viral proteins to bind many partners through intrinsically disordered regions

Figure 1.5.

(IDRs). Disordered regions can adopt different fold upon binding to different
partners (A), small linear motifs within disordered regions can adopt different fold
to interact with different partners (B), viral proteins can interact with multiple
cellular proteins carrying a conserved domain through these small linear motifs (C).

Binding affinity and specificity of a rigid ordered protein and a flexible
disordered protein. (a) Interaction with target done via a relatively smooth
interaction surface by a rigid protein (b) Left: Interaction with target after sampling
multiple conformations (especially around binding site) by a flexible protein. The
dashed curves represent alternative conformations (as illustrated by dashed curves
representing alternative conformations. Right: After initial binding, flexibility aids
the protein in wrapping around the protrusions of the target, which then gives rise
to a convoluted interaction surface and high specificity. Middle: a hypothetical
protein (not flexible) that adopts the bound conformation even when unbound
would have a much higher free energy than a flexible protein. Unlike the flexible
protein, this hypothetical protein would have a high binding affinity for the target,
yet comparable specificity.

Figure 1.6. Energy landscape of ordered proteins and IDPs. The energy versus configuration

plots show the folding energy landscapes of a typical globular ordered protein (A)
and of a typical natively unfolded protein (B).

Figure 1.7. Abundance of intrinsic disorder in disease-associated proteins. Percentages of

TH-2378_ 11610609

disease associated proteins with greater than 30-100 consecutive residues predicted
to be disordered. For comparison, corresponding data for signalling and ordered
proteins are shown. Analyzed sets of disease-related proteins included 1786, 487,
689, and 285 proteins for cancer, CVD, neurodegenerative disease and diabetes,
respectively.
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Figure 1.8. Measurements of predicted disorder in reference proteomes and measurements
of missing regions in the PDB. Box plots are first quartile, second quartile (median),
and third quartile. Plot whiskers extend to 5% and 95% of the data. (a and b) The
fraction of predicted disorder per-protein in reference proteomes in eukaryotes (a)
and bacteria (b). (c and d) The fraction of missing residues per-protein in the PDB in
eukaryotes (c) and bacteria (d). (a—d) The blue diamond shows the relative fraction
of the full set of enzymes that each enzyme type occupies. (e and f) The longest
predicted missing region per-protein in reference proteomes in eukaryotes (e) and
bacteria (f). The red star shows the average protein length. (g and h) The longest
missing region per-protein in eukaryotes (g) and bacteria (h). The red diamond shows
the average number of removed residues per-protein before crystallization.

Figure 1.9. FRET (fluorescence resonance energy transfer) within a protein molecule. D,
donor; A, acceptor. Zigzag arrows of violet, light blue, and orange indicate
excitation light for the donor, emission from the donor, and emission from the
acceptor, respectively.

Figure 1.10. Turkey skeletal 2Ca-Troponin C. (Left) The crystal structure (Right)
Tryptophan-22 fluorescence lifetime intensity decays of Troponin C without
acceptor (D) and with an acceptor (DA), an IAEDANS on cysteine 52. Top panel:
without Ca?* and Bottom panel: with Ca?*.

Figure 1.11. Topological redesign of the enzyme MjCM. (Left) The thermostable MjCM
homodimer (Left) was converted into a monomer (mMjCM, middle) by inserting
a flexible hinge loop (red) into the long H1 helix. The models are based on the X-
ray structure of a related E. coli chorismate mutase domain complexed with a
transition-state analog (TSA), which is shown in in ball-and-stick representation
in the model. (Right) Both enzymes efficiently catalyze the rearrangement of
chorismate to prephenate.

Figure 1.12. Active site of monomeric chorismate mutase (sequence numbering based on
EcCM) [Adapted from Vamvaca et al.2008].

Figure 2.1. Jablonski diagram [Source: (Lakowicz, 2006)]

Figure 2.2. Image above showing the schematic of fluorescence anisotropy (Source: Principle
in Fluorescence Spectroscopy by J. R. Lakowicz, third edition, 2006).

Figure 2.3. Schematic for Time-domain fluorescence lifetime measurements (Adapted from
Principle in Fluorescence Spectroscopy by J. R. Lakowicz, third edition, 2006).

Figure 2.4. lllustration of the global and localized (Trp probe) motion in the protein mCM.

Figure 3.1. Graphical representation of the NMR structure of mCM (PDB: 2gtv) bound to
the ligand (TSA) showcasing the sites of mutation and FRET distances. The
respective distances from N-atom of indole in Trp 26 to S-atom of Cys 69 and C-
atom of all the selected alanine residues (Ala 6, Ala 32 and Ala 92) in the ligand-
bound NMR structure are shown in dashed red lines and numbers. The sequence of
wild-type mCM is also shown and the sites planned for mutations highlighted in red

viii
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and numbered. UCSF Chimera 1.13.1 visualization and analysis tool was used
for the distance calculations and graphical representation of mCM.

Figure 3.2. Strategy used for creation of mutation at a single site for amino acid
replacement through Site-Directed mutagenesis. Parental plasmid DNA
represented as green and yellow concentric circles. Primers and newly synthesized
daughter DNA plasmid represented as pink and blue concentric circles. The primers
are represented with a arrow head and the site of mutation marked as a small cross
in the strands/circles. The digested parent DNA is represtented by hyped circles.

Figure 3.3. (Left) Agarose gel showing mutated plasmid mMjCM DNA from positive colonies
(1,2,3,4,5) of Mutant 1 (W24K). Parental digested DNA (D) fragments after Dpn |
digestion can be observed in the gel. (Right) Luria-broth agar plates containing
ampicillin showing positive colonies of Mutant 1 after PCR-like amplification and
transformation into DH5a bacterial cells.

Figure 3.4. 15% SDS PAGE gel showing expression of mCM wild-type protein. Some protein
can also be observed in the pellet (lane 4).

Figure 3.5. 15% SDS PAGE gel showing expression and purification of mCM wild type protein
and its mutants (A)wild-type mCM, (B)Mutant 1, (C)Mutant 2, (D) Mutant 3

Figure 3.6. The mass spectrum (MALDI) of Wt mCM. Observed mass was 13174 Da.

Figure 3.7. The mass spectrum (MALDI) of Mutantl. Observed mass was 13104 Da.

Figure 3.8. The mass spectrum (MALDI) of Mutant2. Observed mass was 13071 Da.

Figure 3.9. The mass spectrum (MALDI) of Mutant3. Observed mass was 13102 Da.

Figure 3.10. Simplified 2-D representation of Wt mCM and its three mutants (Mutant1, Mutant2
and Mutant3) that were expressed and purified for further biochemical and
biophysical investigations. The mutated sites in the individual mutants are shown
as red crosses. Tryphophan sites are marked as green diamonds. A dansyl probe
labeled to the single cysteine for fluorescence studies in mCM is shown as light
orange hexagon.

Figure 4.1. Normalized absorbance spectra of mCM and its mutants. [Inset: protein absorbance
between 270-325 nm with a wavelength maximum ranging from 274-280 nm.]

Figure 4.2. Fluorescence spectra (steady-state) of mCM and its mutants obtained after excitation
with 295 nm wavelength (excitation slit: 2 nm, emission slit: 5 nm). 20 uM of each
of the proteins were used for the experiment. Fluorescence emission of NATA (10
HM) is shown as dotted curve.

Figure 4.3. Fluorescence spectra of 10 pM Wt mCM (unlabeled with any probe) in presence of
20 uM (1:2) and 200 uM (1:20) TSA.
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Figure 4.4. (Top) The binding of ANS (40uM) to Wt mCM and all the mutants (20uM). Addition of
TSA (40 uM) to mCM (20 uM) before ANS binding affected the binding process
negatively. An excitation slit of 2 nm and emission slit of 10 nm was used for the
measurements and all samples were excited at 375 nm. (Bottom, left) Integrated
fluorescence area and (Bottom, right) emission Amax Wavelengths corresponding to the
ANS fluorescence intensities for Wt mCM and its mutants in absence and presence of
TSA.

Figure 4.5. Steady state FRET between Trp24/26 and Cys 69 in Wt mCM. Emission spectra
corresponding to both Trp and the dansyl probe are observed after excitation at 295
nm (solid lines). Trp in unlabeled mMCM is represented in coloured dashed lines.
Addition of GdnHcl gradually increases Trp fluorescence in labeled mCM, whereas
the fluorescence of unlabeled mCM remains unaffected in presence of Gdn.HCI.

Figure 4.6. NMR structure of Wt mCM focusing on the Trp 24 and Trp 26 residues in a ball and
stick representation (red). The distance between the two tryptophan (NE1:NE1) is
calculated to be approximately 8.28 A (VMD program).

Figure 4.7. CD spectra of mCM and its mutants. A concentration of 15 uM protein in PBS pH 7.2
buffer was used for the CD measurement. (Inset) The values of the two characteristics
peaks of a-helices in CD spectra are compared across mCM and its mutants.

Figure 4.8. CD spectra of mCM variants (15 uM) in presence versus absence of TSA (30 uM).

Figure 4.9. Chemical denaturation of Wt mCM and its mutants (10 uM) monitored by UVCD
at 222 nm wavelength with increasing concentrations of GdnHCI (0-6 M). Solid
fitted lines represent a dose-response curve of non-linear regression analysis using
OriginPro 8 software.

Figure 4.10. Thermal denaturation of Wt mCM. (Left) Far UV CD spectra at temperature
intervals during the heating cycle (25-90 °C, solid coloured lines) and the reverse
cycle (90-25 °C, dashed coloured lines) measured in 10 mM phosphate and NaF
buffer, pH 7.2, concentration 10 puM. (Right) Thermal melting curve of Wt mCM
following changes in the ellipticity at 222 nm wavelength. Ellipticity was
monitored continuously in the temperature range from 25 to 90 °C (e) and during
a reverse scan from 90 to 25 °C (o).

Figure 4.11. Thermal denaturation of Mutantl. (Left) Far UV CD spectra at temperature
intervals during the heating cycle (25-90 °C, solid coloured lines) and the reverse
cycle (90-25 °C, dashed coloured lines) measured in 10 mM phosphate and NaF
buffer, pH 7.2, concentration 10 uM. (Right) Thermal melting curve of Wt mCM
following changes in the ellipticity at 222 nm wavelength. Ellipticity was
monitored continuously in the temperature range from 25 to 90 °C (e) and during
a reverse scan from 90 to 25 °C (o).

Figure 4.12. Thermal denaturation of Mutant2. (Left) Far UV CD spectra at temperature
intervals during the heating cycle (25-90 °C, solid coloured lines) and the reverse
cycle (90-25 °C, dashed coloured lines) measured in 10 mM phosphate and NaF
buffer, pH 7.2, concentration 10 uM. (Right) Thermal melting curve of Wt mCM
following changes in the ellipticity at 222 nm wavelength. Ellipticity was
monitored continuously in the temperature range from 25 to 90 °C (e) and during
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a reverse scan from 90 to 25 °C (o).

Figure 4.13. Thermal denaturation of Mutant3. (Left) Far UV CD spectra at temperature

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

intervals during the heating cycle (25-90 °C, solid coloured lines) and the reverse
cycle (90-25 °C, dashed coloured lines) measured in 10 mM phosphate and NaF
buffer, pH 7.2, concentration 10 pM. (Right) Thermal melting curve of Wt mCM
following changes in the ellipticity at 222 nm wavelength. Ellipticity was
monitored continuously in the temperature range from 25 to 90 °C (e) and during
a reverse scan from 90 to 25 °C (o).

Fitted time-resolved fluorescence intensity decay profile of 50 pM Wt mCM with
1ImM TSA and 6M GdnHCI compared to the Wt mCM without any additives.
Residuals for the fit are shown in the right panels. See Table 5.1 for fitted decay
parameters.

Fitted time-resolved fluorescence intensity decay profile of Wt mCM (50 uM) in
unlabeled and dansyl (50 uM) labeled forms. Residuals for the fit are shown in the
right panels. See Table 5.1 for fitted decay parameters.

Fitted time-resolved fluorescence intensity decay profile of 50 uM dansyl labeled
Wt mCM with varying concentrations of the TSA (50 uM, 100 uM and 1mM
corresponding to 1:1, 1:2 and 1:20 ratios respectively). Residuals for the fit are
shown in the right panels. See Table 5.3 for fitted decay parameters.

Histogram plot highlighting the variations in tryptophan lifetime in Wt mCM in
different conditions with or without TSA. The corresponding amplitude for each
lifetime value in the histogram in mentioned in Table 5.3.

MEM distributions for Trptophan fluorescence lifetime in Wt mCM. Top panel:
unlabeled protein in absence (no additives) and presence of 1 M TSA and 6 M
GdnHCI; Middle panel: unlabeled and dansyl labeled (at Cys 69); Bottom panel:
labeled protein in absence and presence of different protein: TSA ratios.

Fitted time-resolved fluorescence intensity decay profile of 50 uM Mutantl with 1
mM TSA and 6 M GdnHCI compared to the Wt mCM without any additives.
Residuals for the fit are shown in the right panels. See Table 5.4 for fitted decay
parameters.

Fitted time-resolved fluorescence intensity decay profile of 50 uM Mutantl in
unlabeled and 50 uM dansyl labeled forms. Residuals for the fit are shown in the
right panels. See Table 5.4 for fitted decay parameters.

Fitted time-resolved fluorescence intensity decay profile of 50 uM dansyl labeled
Mutantl with varying concentrations of the TSA (50 uM, 100 uM, 200 uM and
1mM corresponding to 1:1, 1:2, 1:4 and 1:20 ratios respectively). Residuals for the
fit are shown in the right panels. See Table 5.5 for fitted decay parameters.

Figure.5.9. FRET distance in Trp26-Cys69 of Mutant 1 observed before and after binding of the

TH-2378_ 11610609

ligand TSA (varying concentrations). The exact values with std. dev. are reported
in Table 5.5.
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Figure.5.10. Histogram plot highlighting the variations in tryptophan lifetime in Mutantl in
different conditions with or without TSA. The corresponding amplitude for each
lifetime value in the histrogram in mentioned in Table 5.5.

Figure 5.11. MEM distributions for Trptophan fluorescence lifetime in Mutantl. Top panel:
unlabeled protein in absence (no additives) and presence of 1 M TSA and 6 M
GdnHCI; Middle panel: unlabeled and dansyl labeled (at Cys 69); Bottom panel:
dansyl labeled protein in absence/presence of different protein: TSA ratios.

Figure 5.12. Fitted time-resolved fluorescence intensity decay profile of 50 uM unlabeled
Mutant2 with varying concentrations of the TSA (50 uM, 100 uM, 200 uM and
1mM corresponding to 1:1, 1:2 and 1:20 ratios respectively). Residuals for the fit
are shown in the right panels. Fitted decay parameters are listed in Table 5.6.

Figure 5.13. MEM distributions for Trptophan fluorescence lifetime in Mutant2. Unlabeled
protein in absence/presence of different protein: TSA ratios.

Figure 5.14. Fitted time-resolved fluorescence intensity decay profile of 50 UM Mutant3 in
unlabeled and 50 uM dansyl labeled forms. Residuals for the fit are shown in the
right panels. Fitted decay parameters are listed in Table 5.7

Figure 5.15. Fitted time-resolved fluorescence intensity decay profile of 50 uM labeled Mutant3
with varying concentrations of the TSA (100 uM, 1mM and 2mM corresponding to
1:2, 1:20 and 1:40 ratios respectively). Residuals for the fit are shown in the right
panels

Figure 5.16. Histogram plot highlighting the variations in tryptophan lifetime in Mutant3 in
different conditions with or without TSA. The corresponding amplitude for each
lifetime value in the histogram in mentioned in Table 5.7 and Table 5.8.

Figure 5.17. MEM distributions for Trptophan lifetime in Mutant3. Top panel: unlabeled and
dansyl labeled (at Cys 69); Bottom panel: dansyl labeled protein in
absence/presence of different protein: TSA ratios.

Figure 5.18. Histogram comparing tryptophan lifetime (not fluorescently labeled with dansyl
probe, acceptor) across all variants of mMCM in different conditions with or without
TSA. The corresponding amplitude and std. dev. for each lifetime value in the
histogram in mentioned in Table 5.1(Wt mCM), Table 5.4 (Mutantl), Table 5.6
(Mutant2) and Table 5.7 (Mutant3).

Figure 5.19. Dansyl anisotropy decay profile of Wt mCM in unbound and bound forms (with
TSA). Residuals for the fitted data are shown in the middle panel. Decay plots, r(t)
and residuals for fitted data of dansyl probe in Wt mCM with no added TSA (Top
row, A), 1:2 ratio TSA (Middle row, B) and 1:20 ratio TSA (Bottom row, C) are
shown.

xii
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Figure 5.20. Histogram representing a comparison of the correlation time(s) in dansyl labeled
Wt mCM in its unbound and TSA bound states. The fitted anisotropy decay
parameters and std. dev. are listed in Table 5.10.

Figure 5.21. Dansyl anisotropy decay profile of Mutantl in unbound and bound forms (with
TSA). Residuals for the fitted data are shown in the middle panel. Decay plots, r(t)
and residuals for fitted data of dansyl probe in Mutantl with no added TSA (Top
row, A), 1:2 ratio TSA (Middle row, B) and 1:20 ratio TSA (Bottom row, C) are
shown.

Figure 5.22. Histogram representing a comparison of the correlation time(s) in dansyl labeled
Mutantl in its unbound and TSA bound states. The corresponding amplitude and
std dev. for each correlation time in the histogram in mentioned in Table 5.11

Figure 5.23. Tryptophan anisotropy decay profile of Mutant2 in unbound and bound forms (with
TSA). Decay plots, r(t) and residuals for fitted data of dansyl probe in Mutant3 with
no added TSA (Top row, A), 1:2 ratio TSA (Middle row, B) and 1:20 ratio TSA
(Bottom row, C) are shown.

Figure 5.24. Histogram representing a comparison of the correlation time(s) in dansyl labeled
Mutant3 in its unbound and TSA bound states. The corresponding amplitude and
std. dev. for each correlation time in the histogram in mentioned in Table 5.13.

Figure 5.25. Dansyl anisotropy decay profile of Mutant3 in unbound and bound forms (with
TSA). Decay plots, r(t) and residuals for fitted data of dansyl probe in Mutant3 with
no added TSA (Top row, A), 1:2 ratio TSA (Middle row, B) and 1:20 ratio TSA
(Bottom row, C) are shown.

Figure 6.1. Eadie-Hofstee plot for enzyme kinetics. The v value is plotted along the y-axis and
v/[S] along the x-axis. The slope of the best-fit line is equal to -Km, the y-intercept
is equal to Vmax, and the x-intercept is equal t0 Vmax/Knm.

Figure 6.2. (Left) The absorbance versus time plot for the utilization of the substrate chorismic
acid (50 uM-350 pM) by Wt mCM (150 nM) in PBS buffer pH 7.2 with BSA
(Img/ml). The control sample (maroon dashed line) contains chorismic acid (150
UM) without the enzyme in the sample mixture. (Right) Eadie Hofstee plot with a
linear fit (red) giving the values for the slope (-Km, 165 £ 46uM), y-intercept (Vmax,
6.93*10° £ 0.00001 Mmin™) and R-square (0.87).

Figure 6.3. (Left) The absorbance versus time plot for the utilization of the substrate chorismic
acid (50 uM-350 puM) by Mutantl (150 nM) in PBS buffer pH 7.2 with BSA
(Img/ml). The control sample (maroon dashed line) contains chorismic acid (150
M) without the enzyme in the sample mixture. (Right) Eadie-Hofstee plot with a
linear fit (red) giving the values for the slope (-Km, 299 £ 91 uM), y-intercept (Vmax,
1.041*10* £ 0.00002 Mmint) and R-square (0.82).
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Figure 6.4. (Left) The absorbance versus time plot for the utilization of the substrate chorismic
acid (100 pM-350 uM) by Mutant2 (150 nM) in PBS buffer pH 7.2 with BSA
(Img/ml). The control sample (maroon dashed line) contains chorismic acid (150
M) without the enzyme in the sample mixture. (Right) The absorbance versus time
plot for the utilization of the substrate chorismic acid (50 uM-350 uM) by Mutant2

(5 uUM).

Figure 6.5. Eadie-Hofstee plot for Mutant2 (5 uM) with a linear fit (red) giving the values for
the slope (-Km, 603 £ 104 uM), y-intercept (Vmax, 2.067*10* + 0.00002 Mmin™) and
R-square (0.94).

Figure 6.6. (Left) The absorbance versus time plot for the utilization of the substrate chorismic
acid (100 pM-300 uM) by Mutant3 (150 nM) in PBS buffer pH 7.2 with BSA
(Img/ml). The control sample (maroon dashed line) contains chorismic acid (150
M) without the enzyme in the sample mixture. (Right) The absorbance versus time
plot for the utilization of the substrate chorismic acid (50 uM-350 uM) by Mutant3
(1.3 uM).

Figure 6.7. Eadie-Hofstee plot for Mutant3 (1.3 uM) with a linear fit (red) giving the values for
the slope (-Km, 295 + 46 uM), y-intercept (Vimax, 1.131*10* + 0.00001 Mmin) and
R-square (0.95).

Figure 7. Diagram highlighting some of the key findings in this thesis work.
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Statement regarding new finding

The tryptophan residues in mCM is solvent accessible and flexible.

The two tryptophans in wild type mCM undergo homoFRET.

Ligand binding doesn’t directly affect the tryptophan microenvironment.
Time-resolved anisotropy measurements reveal ligand-induced global
compaction in mCM as a mechanism for disorder-to-order transition for effective
catalysis.

The ability to undergo ligand-induced global compaction and thereby disorder-
to-order transition is drastically lowered in rationally designed mutants
(W24K/CB9A; W24K/CE9A/ABC).

The lowering of ligand-induced global compaction is correlated with decrease in
catalytic function of the enzyme.

. The mutants also show changes in secondary structure, chemical stability and

deviation in hydrophobic core geometry, which in turn could affect enzyme
activity.

The chemical denaturation states of Wt mCM and mutants are different from
thermal denaturation. All protein species show cooperative two-state chemical
denaturation while non-cooperative linear thermal denaturation.

mCM Mutant3 (W24K/C69A/A6C) show some degree of compensation in
perturbation of alpha helicity, chemical stability and enzyme activity when
compared to mCM Mutant2 (W24K/C69A).

The mCM Mutant2 (W24K/C69A) displayed greatest loss in alpha helicity and
showed least chemical stability among all mutants.

Few crucial non-active site residues impact conformational integrity and catalytic
function.

Alpha helicity, segmental dynamics, disorder-to-order transition and ligand

induced global compaction are essential determinants for effective catalysis in
mCM.
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ABSTRACT

Intrinsically disordered proteins (IDPs) are a class of proteins gaining immense attention
over the last two decades due to its unique structural characteristics and relevance in
many major human diseases. They are known to carry out a variety of crucial biological
functions viz. signalling, regulation and transcription in spite of lacking a well-defined
3-dimensional structure. An IDP exists in a flexible disordered state in its native
conformation and can adopt ordered structure(s) after binding to a suitable partner
biomolecule (protein/DNA/RNA) or ligand. Nevertheless, they have been observed to
perform catalytic activities in very rare cases. Monomeric chorismate mutase (MCM) is
one such rare disordered enzyme that efficiently catalyses the conversion of chorismate
to prephenate, a crucial step in the biosynthesis of aromatic amino acids. It possesses
characteristic of a molten globule (classified under IDPs), which are generally found as
intermediate structures in protein folding. Interestingly, it retains a relatively flexible
structure even after complex formation with its substrate/ligand. It is natural for

intrinsically disordered enzymes to draw considerable interest and attention in the field.

mCM is obtained through an engineered process of genetic selection in combination with
structure-based design from the enzyme AroQ chorismate mutase (Methanococcus
jannaschii), known as MjCM. This approach converts the dimeric helical bundle enzyme
(MjCM) to the monomeric four helix bundle protein (mMjCM or simply mCM) while
still retaining its enzyme activity. The simple four helical bundle structure and the
presence of only two tryptophan and a single cysteine residue allowed us to investigate
any environment and ligand associated structural transitions in mCM through
fluorescence methods viz. time-resolved FRET and anisotropy. The dominant view in
enzymology being that an increase in structural disorderedness tends to decrease
catalytic efficiency; therefore, in the case of the mCM with properties of a molten
globule, what then contributes to the enzyme catalysis? This is the broad theme of my
thesis. Does conformational plasticity play a lead role in the catalytic mechanism? If
yes, what kind of conformational diversity drives catalysis? Global vs. local
conformational plasticity- Which holds the key to regulation of enzyme activity? How
is the flexibility affected in the presence of ligands? The answer of some of these

challenging questions in the field is far from being understood and is a matter of intense
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debate. With regard to this, the project has been divided into two interconnected working

modules, each addressing specific aims:

Working module 1: What is the nature of structural plasticity mechanisms in engineered

monomeric chorismate mutase (mMCM) that enable catalysis?

Working module 2: How do designed mutations alter catalysis? How are the segmental

dynamics, conformational adaptation, and disorder-to-order transition correlated with

changes in catalysis?

Capturing the structural transitions in mCM associated with its catalysis can present us
with a much better understanding of how disordered enzymes function efficiently in spite

of such flexibility.

In this thesis, we probed the structure and dynamics of mCM using the intrinsic
fluorophore tryptophan and the extrinsic fluorophore dansyl (labeled to cysteine residue),
which also served as a FRET pair in our experiments. Through site-directed mutagenesis,
single tryptophan and single cysteine mutant pair of mCM protein were generated at
specific locations (based on NMR structure with substrate analogue) such that FRET
between a Trp (donor)-Dansyl (acceptor) pair can be measured effectively and without
perturbation of the substrate binding site of the enzyme. FRET acts as a molecular ruler
and measures ligand associated structural transitions in mCM in terms of linear distance
change. Three mutants namely Mutantl (W24K), Mutant2 (W24K/C69A) and Mutant3
(W24K/C69A/A6C) were extensively studied and their structural and functional
properties compared with the parent wild-type mCM enzyme (Wt mCM).

Steady-state fluorescence measurements showed distinct variations in fluorescence
intensity and emission maxima in the mCM variants indicating subtle changes in the local
environment around the tryptophan residue(s) after mutations. The lower fluorescence
intensity of the two closely placed (~8 A) tryptophan residues in the Wt mCM compared
to the single tryptophan residue in the mutants suggests the presence of Trp-Trp homo-
FRET (self-quenching) in Wt mCM. This was confirmed by measuring the 310/295
steady state anisotropy ratio for Wt mCM tryptophans which provided a value greater

than 2 (2.42), expected from systems exhibiting homo-FRET.

Fluorescence assays with the hydrophobic probe ANS showed noticeable difference in

fluorescence intensity of the different mutants when compared to the Wt mCM
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suggesting change in accessibility of ANS to hydrophobic patches in mCM probably due
to conformational changes in the mutants. Interestingly, substantial decrease in ANS
fluorescence was observed in Wt mCM as well as the mutants after a Transition-State
Analogue (TSA) was first allowed to bind mCM variants before ANS binding. This
suggests overlapping binding site for TSA and ANS in mCM, basically the hydrophobic
core of the enzyme. Since ANS fluorescence intensity in presence of TSA is drastically
reduced in all the mutants, they seem to have retained their ability to bind the ligand even
after secondary structure and conformational changes. Significant changes in secondary
structure of mCM was also observed in Mutant2 and Mutant3 through CD measurements.
A notheworthy decrease in a-helicity was observed in the mutants with cysteine mutants,
Mutant2 (W24K/C69A) and Mutant3 (W24K/C69A/ABC). Interestingly, some degree of
a-helicity was recovered in the Mutant3 where a single cysteine residue is introduced at

position 6.

Time-Resolved Fluorescence measurements could sensitively detect local changes in
structure of mMCM after TSA binding. The single tryptophan mutant (W24K) of mCM
displayed a substantial shift between the Trp-Cys FRET pair of approximately 6 A after
addition of the ligand. Moreover, the triple mutant (Mutant3) also showcased a decrease
in FRET distance from 29.4 A to 25.2 A after large excess of the ligand was used for
binding. Time-resolved fluorescence anisotropy decay measurements revealed global
structural alternations in mCM after ligand (TSA) binding in the Wt mCM as well as the
mutants. A long correlation time (0) of 8.6 ns, corresponding to the global rotation of
mCM, decreased to 6.3 ns after ligand binding in Wt mCM. This decrease in the long
component of correlation time indicates the formation of a more compact global
conformation. A similar pattern of decrease in the longer correlation time (0) was
observed in the mutants after ligand binding, but they reported larger values for the longer
correlation times (0) before (10-11 ns) as well as after (8.5-10.5 ns) ligand binding in
comparison to Wt mCM. Thus, it seems that the mutants possess a less compact structure
than the Wt mCM even after TSA binding.

Our enzyme kinetics studies shed light on the functional properties of Wt mCM and its
mutants. Wt mCM reported Km and keat values of 195 uM and 8.8 st respectively, close
to previously reported values by the Hilvert group (ETH Zurich). The enzyme efficiency
(keat/Km) was calculated to be 45128.3 M1s, Mutantl retained 85% of the enzyme
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activity, whereas drastic drop in enzyme efficiency to ~2.5% in Mutant2 and ~11% in
Mutant3 was observed. These experimental results also emphasize the role of the single
cysteine residue (Cys 69) in maintaining the structural and functional integrity of mCM,

even though Cys 69 doesn’t form a part of the enzyme active site.

The overarching theme that has emerged from the series of carefully designed
experiments in my thesis is that the integrity of the secondary structure and ligand-
induced global compaction (disorder-to-order transition) play a crucial role in catalysis
and that even minor perturbation in regions distant from the active site can significantly
impact the enzyme efficiency by changing the conformation, segmental dynamics,

ligand-induced global compaction and stability.
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Thesis Objectives

The work presented herein is in partial requirement for the completion of PhD thesis
from the Department of Biosciences and Bioengineering, Indian Institute of Technology,
Guwahati, India under the guidance of Prof R. Swaminathan. The current thesis work
describes the structure, function, and dynamics of an engineered chorismate mutase

enzyme with the properties of a molten globule.

Proteins are intrinsically flexible molecules spanning a continuum of partially or totally
disordered to finely folded, native states. Enzymes are predominantly associated with
species possessing a well-defined structure due to its requirement of precise positioning
of active site residues for effective catalysis. The engineered monomeric chorismate
mutase (MCM) displays the properties of a molten globule, but very efficiently catalyzes
the rearrangement of chorismate to prephenate similar to the wild type dimer. mCM has
therefore emerged as a valuable model system to study enzymatic catalysis by an
intrinsically disordered protein (IDP). The IDPs represent complex systems with
exceptional spatio-temporal heterogeneity that are chaotic and are tunable by various

means.

The thesis investigates the effects of conformational diversity and rationally designed
mutations on enzyme function. The project has been divided into two interconnected

working modules, each addressing specific aims:

Working module 1: What is the nature of structural plasticity mechanisms in engineered

monomeric chorismate mutase (MCM) that enable catalysis?

Working module 2: How do designed mutations alter catalysis? How are the segmental

dynamics, conformational adaptation, and disorder-to-order transition correlated with

changes in catalysis?

The disentanglement of IDP related complexity in modulating enzyme catalysis is the
central thrust of the thesis analyzed by highly sensitive fluorescence spectroscopy
coupled with site-directed mutagenesis.
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1.1. INTRINSICALLY DISORDERED PROTEINS

Over the past century, the function of a protein was defined by its ability to adopt and
adhere to a characteristic 3-dimentional (3D) structure that subsequently drove its
function. This phenomenon termed as the “structure-function paradigm” was the
cornerstone on which our understanding of protein function was laid upon. Fluidity in
structure was generally regarded as an anomaly and therefore ignored or neglected. In
1950, a study done on serum albumin by Karush, reported that albumin possessed high-
affinity binding capacity for small, hydrophobic, particularly anionic molecules in an
almost universal manner. Interestingly, molecules with very different shapes
demonstrated competitive binding. Through his experimental observations, Karush
arrived at the conclusion that albumin’s binding site can assume a variety of different
configurations of similar energies in equilibrium with each other. When albumin
encounters a given hydrophobic anion, the most fitting configuration is selected from the
protein’s structural ensemble. This phenomenon was referred to as configurational
adaptability by Karush (Karush 1950). In an independent work by Koshland, he also
proposed the concept of configurational adaptability, but referred to this process as
induced fit (D. E. Koshland 1958). Both configurational adaptability and induced fit are
the first known models that suggested the requirement of significant conformational
change for protein function to occur. Subsequent work on other proteins lead researchers
to believe that function depends on prior 3D structure, or on structural accommodations
within a prior 3D structure, or on regulatory shifts between alternate structures (Dunker
etal., 2001).

With the advent of the new millennium, the explosion in information on proteins that
deviate from the universal structure-function paradigm urged the scientific community
to expand their viewpoint on the relationship between protein structure and its function.
Many examples where non-structured segments of proteins or proteins that are

completely unstructured, gave rise to protein function emerged.

Early research work built a backbone around these non-structured proteins and sparked
a general interest and appreciation for them. These atypical proteins came to be
collectively known as intrinsically disordered proteins (IDPs, originally termed,

unstructured). It is now accepted that to be “intrinsic disordered”, a protein (or protein
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region) has to be biologically active, yet exists as collapsed or extended, dynamically
mobile conformational ensemble, either at the level of secondary or tertiary structure (V.
N. Uversky, Gillespie, and Fink 2000)(Daughdrill et al. 2005)(Wright and Dyson
1999)(Tompa 2002)(A K Dunker et al. 1998)(Dunker et al., 2001)(V. Uversky and Keith
Dunker 2010).

i Relative

: Hydrodynamic
@ ! Volumes

1

1

Source: Biochim et Biophys Acta | 2010 | Vol. 1804 | (V. Uversky and Keith Dunker 2010)

Figure 1.1. HNlustrative examples of Intrinsically Disordered Proteins (IDPs). Collapsed
disorder (molten globule like, MG), extended disorder (pre-molten globule-like, PMG) and
statistical coil (coil) disorder. For comparison, an ordered globular protein (O) of same length
is also shown.

IDPs and intrinsically disordered regions (IDRs) exist as dynamic ensembles, resembling
“protein clouds” (A Keith Dunker and Uversky 2010), in which the atom positions and
backbone Ramachandran angles vary significantly over time with no specific
equilibrium values and undergo non-cooperative conformational changes. Although
highly dynamic, often IDP structures can be described well by a limited number of
lower-energy conformations (Choy and Forman-Kay 2001)(Huang and Stultz 2008). A
random coil refers to a long-chain polymer wherein the entire backbone lacks a well-
defined structure, which is derived from the polymer theory. This concept assumes that
the polymer displays no significant intra-protein, non-local interactions and exists as a
freely-jointed, freely-rotating chain in a "theta solvent” undergoing unrestricted
sampling of the sterically allowed regions of the Ramachandran plot. In Flory's model
of the polymeric random coil, each monomer subunit is randomly oriented with respect
to the neighboring monomer subunits known as the “isolated pair hypothesis." The
random coil model is bereft of the idea that conformational propensities may be
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modulated by the interaction of peptide/protein with the solvent and with nearest-
neighbors. It is worthwhile to consider that unfolded proteins have greater structural
diversity than assumed previously. A compelling case in this regard has been made in an
elegant review by Toal and Scheitzer-Stenner where they discuss the experimental,
computational, and bioinformatic evidence for the necessity of avoiding the term random

coil for unfolded proteins/peptides at the local level (Toal and Schweitzer-Stenner 2014).

The Scheraga’s 'statistical coil' model would imply that Levinthal-like number of
denatured conformations will exist (Pappu, Srinivasan et al. 2000, Zaman, Shen et al.
2003), indicating significant conformational flexibility. However, correlations between
neighboring residues would influence this number. Therefore, assessing the influence of
nearest neighbors on the conformational ensemble in intrinsically disordered proteins is
crucial for a thorough understanding of the statistical coil state of the IDPs.
conformational sampling of individual residues in a disordered state is much more
restricted than the random coil model. Therefore, the ‘statistical coil’ depicts all aspects
of the disordered state. As a result, extended regions (statistical coil-like) as well as
partially collapsed regions with residual secondary structure (pre-molten globule like),
domains with noticeable secondary structure and compaction (partially folded or molten
globule-like), and domains with poorly packed side chains are included in the current
view of intrinsic disorder as depicted in Figure 1.1 (V. N. Uversky, Gillespie, and Fink
2000)(Uversky and Dunker, 2010)(V. N. Uversky 2002a)(V. N. Uversky 2002b)(A.
Keith Dunker et al. 2008)(A Keith Dunker and Obradovic 2001).

In the presence of a binding partner, IDPs can undergoes a disorder-to-order transition
(Daughdrill et al. 2005)(Wright and Dyson 1999)(Dunker et al., 2001)(Brown et al.
2002)(Dunker, Brown and Obradovic, 2002)(A Keith Dunker et al. 2002)(V. Uversky,
Oldfield, and Keith Dunker 2005)(A Keith Dunker et al. 2005)(Uversky, Oldfield and
Dunker, 2005)(lakoucheva et al. 2002)(A Keith Dunker and Obradovic 2001)(Spolar
and Record 1994)(Pontius 1993)(Dyson and Wright 2002)(Dyson and Wright
2005)(Plaxco, Gross, and Michael 1997). However, instead of binding associated
folding, some IDPs form highly dynamic complexes with their partners (Nash et al.
2001)(Baker et al. 2007)(Borg et al. 2007)(Sigalov 2010) (Mittag et al. 2008)(Mittag,
Kay, and Forman-Kay 2010)(Mittag et al. 2010).
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1.1.1.Experimental methods used to characterize IDPs

X-ray crystallography: More than 20 years ago, during protein crystal structure
determination, some protein segments were discovered to yield no discernible electron
density and yet participate in protein function. A common reason for missing electron
density is that the unobserved atom, side chain, residue, or region fails to scatter X-rays
coherently due to variation in position from one protein to the next, i.e., the unobserved
atoms are disordered. Although some of these missing density regions may correspond
to wobbly, structured domains rather than to intrinsically disordered ensembles, their
presence is quite rare among the long regions of missing electron density (Radivojac et
al. 2004). Data acquired from X-ray diffraction needs further validation from other
experimental techniques to ascertain whether a region of missing electron density is
intrinsically disordered or is the result of some technical difficulties (V. N. Uversky
2011).

NMR spectroscopy: One of the first evidence of functional disorder by NMR was found
in 1978, the same year that functional disorder was suggested by X-ray crystallography.
It was revealed by NMR that the functional and highly charged tail of Histone H5 protein
was disordered (Aviles et al., 1978). From that time onwards, NMR 3D structural
determination has led to the characterization of several proteins containing functional
disordered regions (Muchmore et al. 1996)(Riek et al. 1996). By utilizing a variety of
different isotopic labelling and pulse sequence experiments, NMR can provide motional
information of proteins on a residue-by-residue basis (Ishima and Torchia 2000). A
particularly useful measurement is ®N-'H hetereonuclear NOE, which generates
positive values for the slowly tumbling ordered residues and negative values for rapidly
tumbling disordered residues (Ishima and Torchia 2000)(Bracken 2001). For an entire
protein, NOE data is therefore evident as a series of consecutive positive values for the
ordered segments and consecutive negative ones for the disordered segments
(Muchmore et al. 1996). One relevant point for us to consider is that molten globules
(refer section 1.2.) represent a tough terrain when structural elucidation of these
disordered proteins are undertaken by NMR, while statistical-coil disorder can be studied
without much difficulty. This is because molten globules are heterogeneous with

structural interconversions on the millisecond timescale, which leads to extreme
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broadening of the side-chain NMR peaks. Moreover, an opposite effect of a lack of
chemical shift dispersion (rather than extreme line broadening) was observed for NMR
backbone data on molten globules, further adding to this challenge (Dunker et al., 2001).
Nevertheless, NMR is overall a more reliable technique for characterization of disorder
than X-ray diffraction. The affirmation that disorder existed, through NMR experiments,
apart from the evidence obtained from X-ray diffraction, made a major impact in the
growth of literature in IDPs (Plaxco, Gross, and Michael 1997)(Wright and Dyson 1999).

Circular dichroism (CD) spectroscopy: Disordered proteins can be distinguished from
ordered ones by structural information from CD spectra. Near-UV CD presents sharp
peaks for aromatic groups in ordered proteins, but as a result of motional averaging, these
peaks are not observed for molten globules and statistical coils. Whereas, far-Uv CD
spectra can distinguish ordered and molten globular forms from statistical coil by
estimates of their secondary structure (Kuwajima 1977) (Dolgikh et al. 1981)(Ohgushi
and Wada 1983). However, this technique lacks residue-specific information and hence
cannot provide definitive information for proteins that contain both ordered and
disordered regions.

Protease digestion: Information on protein structure and its flexibility have been
derived from protease digestion since the early 20" century (Markus 1965). Further
studies by Fontana et al. strongly suggests that flexibility, not mere surface exposure, is
the determining factor for digestion of possible cut sites (Fontana, de Laureto, and De
Filippis 1993)(Fontana et al. 1997)(Hubbard, Eisenmenger, and Thornton
1994)(Hubbard, Beynon, and Thornton 1998). They demonstrated that when the F helix
of myoglobin is converted to a disordered state in apomyoglobin, a significant increase
in digestion rates occurs. This disordered region arising from the F helix presented cut
loci for several different proteases. Hence, they concluded that hypersensitivity to
proteases is a reliable parameter to assess the presence of disorder in proteins. Moreover,
protease digestion also provides position-specific information. One limiting factor to the
extensive use of this technique for disorder determination is the requirement for protease-
sensitive residues within a protein. A combination of protein digestion with techniques
like X-ray crystallography, CD spectroscopy and mass spectrometry can provide more

useful insights into protein disorder (Dunker et al., 2001).
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Stoke’s radius determination: For a given molecular weight, an abnormally large
Stoke’s radius indicates protein disorder. Statistical-coil disorder can be detected by
measurement of the Stoke’s radius by methods viz. size exclusion chromatography and
small-angle X-ray scattering (Schweers et al. 1994). Independent evidence of statistical
coil structure has been obtained by a combination of the above-mentioned methods along
with CD spectroscopy (Kriwacki et al. 1997)(Weinreb et al. 1996).

Computational prediction tools: In the subsequent years following the discovery of
IDPs, a number of computational methods have also been developed that exploit the
sequence signatures of disorder to predict whether a protein is disordered, given its
amino acid sequence. The table below (Table 1) highlights a few popular methods and

their special predicting features.

Table 1. Computational predictors for structural disorder. (Adapted from: Ferron, Longhi,
Canard, & Karlin, 2006)

Predicter

What is predicted

Basis of prediction

PONDR

All regions that are not rigid including
statistical coils, partially unstructured
regions, and molten globules

Local aa composition, flexibility,
hydropathy, etc.

IUPred

Regions that lack a well-defined 3D-
structure under native conditions

Energy resulting from inter-
residue interactions, estimated
from local amino acid

composition

DisEMBL

LOOPS (regions devoid of regular
secondary structure); HOT LOOPS
(highly mobile loops); REMARKA465
(regions lacking electron density in
crystal structure)

Neural networks trained on X-ray
structure data

s2D

Predict secondary structure and intrinsic
disorder in one unified statistical
framework based on the analysis of NMR
chemical shifts

Neural networks trained on NMR
solution-based data

FoldIndex

Regions that have a low hydrophobicity
and high net charge (either loops or
unstructured regions)

Charge/hydropathy analysed
locally using a sliding window

Early use of these disorder predictors could reveal the abundance of disordered proteins
in the proteome. An analysis of the SwissProt database yielded more than 15,000

proteins with regions of disorder of at least 40 consecutive amino acids, with about a
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1000 proteins displaying very high disorder scores (P Romero et al. 1998). Moreover,
intrinsic disorder appeared to be a common phenomenon at the genome level, with a
higher percentage of disordered regions observed in eukaryotes (27-41%) compared to
archaea (4-24%) or bacteria (2-21%) (A K Dunker et al. 2000). Further bioinformatics
studies suggested that more than half of eukaryotic proteins possess long disordered
regions and about 25-30% of eukaryotic proteins were highly disordered (A K Dunker
et al. 2000)(Oldfield, Cheng, Cortese, Brown, et al. 2005)(Oldfield, Cheng, Cortese,
Romero, et al. 2005). Signalling proteins were found to harbour long disordered regions
in about 70% of the cases (lakoucheva et al. 2002). One related speculation is that more
disorder is needed for signalling and coordination among the various organelles in the
more complex eukaryotic domain (A Keith Dunker and Obradovic 2001). Although
IDPs don’t exhibit a fixed tertiary structure under physiological conditions, its high
natural abundance is a clear indication of their importance in biological functions (V. N.
Uversky, Gillespie, and Fink 2000)(Wright and Dyson 1999)(Tompa 2002)(A. Keith
Dunker et al. 2001)(Brown et al. 2002)(A Keith Dunker et al. 2002) (A Keith Dunker et
al. 2005)(V. N. Uversky 2002a)(V. N. Uversky 2002b)(lakoucheva et al. 2002)(Dyson
and Wright 2002)(Dyson and Wright 2005)(Fink 2005).

1.1.2.Characteristic features of IDPs

Charge and hydrophobicity: A striking feature of highly disordered proteins is their
high content of charged residues (V. N. Uversky, Gillespie, and Fink 2000). In fact,
charged residues are one of the defining attributes of IDP structure and function. The
high net charge is crucial for extended conformation to occur (Mao et al. 2010). In
aqueous solutions, a number of cases have been reported that show formation of
heterogeneous ensembles of collapsed structures from protein sequences that are rich in
uncharged, polar amino acids and devoid of canonical hydrophobic residues. (Crick et
al. 2006)(Wang et al. 2006)(Mdglich, Joder, and Kiefhaber 2006)(Vitalis, Wang, and
Pappu 2007)(Mukhopadhyay et al. 2007)(Dougan et al. 2009)(Walters and Murphy
2009). Moreover, recent studies have concluded that charge content can modulate the
intrinsic preference of polypeptide backbones for collapsed structures (Mao et al. 2010).
A good example validating this conclusion comes from proteins known as Nucleoporins
(Nups). They contain large intrinsically disordered domains with multiple Phe-Gly

repeats (FG domains). Highly charged Nups displayed more dynamic, extended coil
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conformations whereas the Nups with low charge contents gave rise to globular
configurations. Distinct categories of intrinsically disordered structures were adopted by
Nups depending on the content of charged residues (Yamada et al. 2010).

Amino acid sequence can also determine the tendency of a protein to fold or not to fold.
In disordered proteins, amino acids that promote order such as lle, Leu, Val, Trp, Tyr,
Phe, Cys, and Asn are significantly depleted and those known to be associated with
disorder such as Ala, Arg, Gly, GlIn, Ser, Glu, Lys, and Pro are significantly enriched as
shown in Figure 1.2 (Dunker et al., 2001)(R. M. Williams et al. 2001)(Pedro Romero et
al. 2001)(Radivojac et al. 2007)(Dunker et al., 2008)(Vacic et al. 2007).
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Adapted from: Plos one | 2016 | vol. 11 | (Birgi et al. 2016)

Figure 1.2. Amino acid enrichment in IDPs showing the relative amino-acids composition
of IDPs. The enrichment is calculated by the formula: 100 - (% aa in IDP*100/% aa in total
dataset). FOP stands for fully ordered protein.

Analysis of 275 natively folded and 91 natively unfolded proteins by Uversky et al.
concluded that a combination of low mean hydrophobicity (leading to low driving force
for protein compaction) and high net charge (leading to strong electrostatic repulsion) is
an important prerequisite for the absence of compact structure in a protein as depicted in
Figure 1.3 (V. N. Uversky, Gillespie, and Fink 2000)(Uversky et al., 2000).
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Figure 1.3. Charge-hydropathy plot for ordered proteins (blue squares) and IDPs (red
circles). The area accessible to sequences encoding ordered and disordered proteins are shown
in contrast colours, cyan and pink respectively, is shown as a light cyan triangle, whereas the
area accessible to sequences encoding IDPs is depicted as light pink pentagon. These two areas
are defined by two boundaries, the known boundary separating ordered proteins and IDPs and
the boundary showing logical limits of the CH-space.

Binding promiscuity: The inherit flexible nature of IDPs allows them to easily interact
with multiple partners, behaving promiscuously. This is a huge advantage as many IDPs
serve in protein interaction and signalling networks as nodes or hubs (A Keith Dunker
et al. 2005)(Uversky, Oldfield and Dunker, 2005)(Patil and Nakamura 2006)(Ekman et
al. 2006)(Haynes et al. 2006)(Dosztanyi et al. 2006)(Singh, Ganapathi, and Dash
2007)(Singh and Dash 2007). p53, p21, p27, a-synuclein, BRCAL, estrogen receptor are
some of the known disordered hub proteins with a large repertoire of binding partners.
The promiscuity of IDPs allow them to either act as a hub to bind many partners or
multiple IDPs can bind to a single structured hub protein as depicted in Figure 1.4. IDRs
(Intrinsically Disordered Regions within a protein) can also serve as linkers between
ordered functional domains allowing unhindered movement of the domains with respect
to each other as well as increase the binding diversity of the protein (A Keith Dunker et
al. 2005)(V. Uversky, Oldfield, and Keith Dunker 2005).
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Figure 1.4. Viral proteins to bind many partners through intrinsically disordered regions
(IDRs). Disordered regions can adopt different fold upon binding to different partners (A), small
linear motifs within disordered regions can adopt different fold to interact with different partners
(B), viral proteins can interact with multiple cellular proteins carrying a conserved domain
through these small linear motifs (C).

The structural flexibility and ability of IDPs
to undergo disorder-to order transitions provide them with unique functional advantages.
Literature on IDP functional features by several groups present the following
advantages: (i) decoupled specificity and strength of binding sets ground for the high-
specificity low-affinity interactions; (ii) increased capture radius for a specific binding
site as compared to ordered protein with its restricted conformational freedom; (iii) a
greater capture radius and the ability to spatially search through interaction space allows
increased speed of interaction; (iii) increased interaction (surface) area per residue; (iv)
the ability for one-to-many and many-to-one interactions; (vi) fast binding kinetics and
so on as depicted in Figure 1.5 (Wright and Dyson, 1999)(Dunker et al., 1998)(Dunker
et al., 2001) (Uversky and Dunker, 2010)(Romero et al., 2001)(Cortese et al., 2008).
The fast binding kinetics and increased capture radius is responsible for the “fly-casting
mechanism” of protein binding. According to this mechanism, the unfolded polypeptide
first binds weakly at a relatively large distance from the actual binding site and then

gradually folds as the protein approaches the binding site (Shoemaker et al.,2000).
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Figure 1.5. Binding affinity and specificity of a rigid ordered protein and a flexible
disordered protein. (a) Interaction with target done via a relatively smooth interaction surface
by a rigid protein (b) Left: Interaction with target after sampling multiple conformations
(especially around binding site) by a flexible protein. The dashed curves represent alternative
conformations (as illustrated by dashed curves representing alternative conformations. Right:
After initial binding, flexibility aids the protein in wrapping around the protrusions of the target,
which then gives rise to a convoluted interaction surface and high specificity. Middle: a
hypothetical protein (not flexible) that adopts the bound conformation even when unbound
would have a much higher free energy than a flexible protein. Unlike the flexible protein, this
hypothetical protein would have a high binding affinity for the target, yet comparable specificity.

Energy Landscape: Proteins can sample a large number of conformations in their
lifespan and the presence of any specific conformation is determined by the underlying
energy landscape (Fisher and Stultz 2011). The dependence of the free energy on all the
coordinates determining protein conformation is described by this landscape (V. N.
Uversky 2013). In well-folded proteins, the number of conformational states accessible
by the polypeptide chain is reduced as the protein approaches the native state; therefore
well-folded ordered proteins can be described by a funnel-like energy landscape with a
well-defined global energy minimum as shown in Figure 1.6 (Radford 2000)(Jahn and
Radford 2005). On the contrary, the free energy corresponding to the dynamic ensemble
of the large number of conformations characteristic of IDPs can be described as a large
“hilly plateau”, where the forbidden conformations are represented by the hills on the

plateau (V. N. Uversky, Oldfield, and Dunker 2008)(Fisher and Stultz 2011)(Turoverov,
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Kuznetsova, and Uversky 2010). The energy landscape of an IDP is characterized by
numerous local energy minima and hence is relatively flat. The multiple local energy
minima create a highly frustrated system without any stable well-folded conformation
(V. N. Uversky 2013). This gives rise to an exceptionally environment sensitive energy
landscape that in turn determines the conformational plasticity of IDPs. Different
environmental factors can produce different effects on the energy landscape, causing the
depth/height of the local energy minima to vary accordingly. Hence, IDPs can adopt
different folds depending on the environmental conditions and also upon interaction with
different binding partners. It is assumed that a particular binding interaction can affect
the folding landscape in a unique way, promoting the formation of a specific structure in

a template dependent manner (V. N. Uversky 2013).
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Adapted from: Biochimica et Biophysica Acta | 2013 | Vol. 1834 | (Uversky, 2013)

Figure 1.6. Energy landscape of ordered proteins and IDPs. The energy versus configuration
plots show the folding energy landscapes of a typical globular ordered protein (A) and of a typical
natively unfolded protein (B).

Abnormal electrophoretic mobility and heat resistance: Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—-PAGE) is a well-established method routinely
used to assess molecular weight (Mw) of proteins. Interestingly, owing to their highly
charged amino acid composition, IDPs bind relatively less SDS than normal globular
proteins. Experiments reveal that their apparent My, is often 1.2-1.8 times higher than
the actual one measured by mass spectrometry or determined theoretically from
sequence data (Tompa 2002). Abnormal electrophoretic mobility is a good indication of
the presence of substantial disorder in a protein (Sieber et al. 2011)(Popelka, Uversky,
and Klionsky 2014).
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Several previous studies indicated that IDPs are stable to heat denaturation. For example,
it has been shown that the solubility and limited secondary structure of the two IUPs,
p21 and p27, are virtually unaltered by heating to 90°C. It is anticipated that this thermal
resistance to denaturation/aggregation is due to the low mean hydrophobicity and high
net charge intrinsic to these proteins. This heat resistance is routinely utilized for
enrichment of IDPs in mammalian cells and purification of recombinant IDPs (Galea et
al. 2006)(Tsvetkov et al. 2012)(Kim et al. 2000).

1.1.3.Disorder and Diseases

Since IDPs play important biological functions and occupy central positions in protein
interaction networks, many IDPs are implicated in various human diseases (V. N.
Uversky, Oldfield, and Dunker 2008)(Midic et al. 2009). IDPs involved in protein
interaction networks known as "hubs" associate with large numbers of partners (as
mentioned earlier). In any organism, these hubs maintain normal function and stability
in protein—protein interaction networks. The deletion of a hub protein can prove to be
detrimental to the survival of the organism (Jeong et al. 2001). In fact, many IDPs
involved in the pathogenesis of human diseases are hubs (V. N. Uversky 2011). Hubs
are sensitive to the environment; they form different monomeric, oligomeric and

insoluble conformations depending on the milieu.

Taking in consideration the functional roles of IDPs, Uversky and co-workers proposed
that conformational diseases may originate, not only from misfolding, but also from
misidentification, misregulation and missignaling (V. N. Uversky, Oldfield, and Dunker
2008). In this view, mutations and changes in environment could lead to protein
confusion causing reduced ability of partner recognition in IDPs and instead lead to

formation of deadly aggregates (Dunker et al., 2008).

The prevalence of intrinsic disorder in proteins associated with cancer, cardiovascular
disease, neurodegenerative diseases, amyloidoses, and several other human diseases
were shown through the computational analysis by a number of disorder predictors on
specific datasets of proteins associated with a given disease (V. N. Uversky et al.
2006)(V. N. Uversky, Oldfield, and Dunker 2008)(lakoucheva et al. 2002)(Cheng et al.
2006)(Mohan et al. 2008)(Xue et al. 2010)(Goh, Dunker, and Uversky 2008b)(Goh,
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Dunker, and Uversky 2008a). Many of the analysed proteins were found to be either
completely disordered or contain long disordered regions. Figure 1.7 illustrates that
intrinsic disorder is highly prevalent in CVD, diabetes, cancer, and neurodegenerative
disease related proteins since their prevalence is comparable to that of signalling proteins
and significantly exceeds the level of intrinsic disorder in eukaryotic proteins from
SWISS-PROT and in non-homologous structured proteins from the PDB. A very
significant percentage of cancer-associated (79%) and CVD-associated (61%) proteins
were found to possess long regions of predicted disorder (lakoucheva et al. 2002)(V. N.
Uversky et al. 2006)(Cheng et al. 2006)(V. N. Uversky, Oldfield, and Dunker 2008).
This high frequency of intrinsic disorder in disease-associated proteins gave rise to the
disorder in disorders concept, popularly termed as "D? concept” by Uversky et al.(V. N.
Uversky, Oldfield, and Dunker 2008).
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Figure 1.7. Abundance of intrinsic disorder in disease-associated proteins. Percentages of
disease associated proteins with greater than 30-100 consecutive residues predicted to be
disordered. For comparison, corresponding data for signalling and ordered proteins are shown.
Analyzed sets of disease-related proteins included 1786, 487, 689, and 285 proteins for cancer,
CVD, neurodegenerative disease and diabetes, respectively.

Recent examples illustrating the D? concept include a large set of oncogenic chimeric
proteins (Hegyi, Buday, and Tompa 2009), such as the EWS-FLI1 fusion protein in
Ewing’s sarcoma (Erkizan, Uversky, and Toretsky 2010); tau protein whose misfolding

and aggregation are linked to Alzheimer’s disease and other taupathies (Narayanan et al.
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2010); an abundant chromatin architectural protein, methyl-CpG binding protein 2
(MeCP2), mutations in which lead to developmental abnormalities, such as Rett
syndrome (Ghosh et al. 2010)(Yang et al. 2011); myelin basic protein (MBP),
dysregulations of which are associated with the autoimmune disease multiple sclerosis
in humans (Homchaudhuri et al. 2010); a highly conserved tissue-specific transcriptional
regulator, Limb-bud and heart (LBH) protein, aberrant gain-of-function of which is
associated with partial trisomy 2p syndrome (Al-Ali et al. 2010), and many others (V.
N. Uversky 2011).

1.2. Intrinsically Disordered Enzymes

The existence of intrinsic disorder can come across as an unexpected feature in enzymes.
The catalytic step in an enzymatic process requires an enzyme to provide an environment
in which the transition state of the chemical reaction can be reached more readily than
in the absence of the enzyme (Wolfenden and J. Snider 2002)(J Benkovic and Hammes-
Schiffer 2003)(Warshel et al. 2006). This demands the presence of very specific
architecture of interacting molecules within their catalytic site for optimal function
(Kamerlin and Warshel 2010). As a consequence, enzymes are often used as prototypical
examples of the structure-function paradigm, in which the 3D structure of a protein
determines its function. This requirement of a highly accurate structural arrangement of
the active site was previously thought to extensively limit the occurrence of disorder in

enzymes.

In last decade or so, a significant number of cases have been reported of enzymatic
activity in disordered states. One of the first examples of a disordered protein capable of
performing enzymatic activity has been that of ribonuclease T1. Its native structure
contains four proline residues, two adopting the cis conformation (Tyr38-Pro39 and
Ser54-Pro55) and the other two adopting the trans conformation (Trp59-Pro60 and
Ser72-Pro73). The various folding intermediates of ribonuclease T1 reflect different
proline isomerisation states. They possess extensive secondary structure elements and
near-native topologies. Some of these intermediates have been shown to exhibit a
significant fraction (40-50%) of the ribonuclease activity of the native state (Kiefhaber
et al. 1992)(Aumiller and Fischer 2008).
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Another work on the non-native folding intermediates of the acylphosphatase from
Sulfolobus solfataricus reveals that they are enzymatically active. Data from stopped-
flow kinetics experiments and MD simulations concluded that the catalytic site is
structurally heterogeneous, whereas the remainder of the structure acts as a scaffold. In
spite of being relatively disordered, the intermediate state displayed conformations in
which the catalytic residues are in native-like positions. The researchers suggested that
this structural organisation in the presence of the substrate creates an environment in the

active site suitable for efficient catalysis (Bemporad et al. 2008).

Other noteworthy examples include a circularly permutated dihydrofolate reductase
from Escherichia coli (V. Uversky et al. 1996) and a double mutant of a staphylococcal
nuclease (Li and Jing 2000). The molten globule states of both these two proteins were

found to be enzymatically active.

The molten globules are generally viewed as non-functional protein folding
intermediates with near native secondary structure yet highly dynamic tertiary form with
mobile side chains and a loosely packed protein core (Ohgushi and Wada 1983).The
molten globule was initially discovered as an equilibrium structure observed in studies
on protein denaturation. As mentioned in the above examples, there exists now enough
proof in the scientific community of the fact that molten globules can carry out biological

functions.

In 2017, Shelly DeForte and Vladimir N. Uversky pioneered to quantifying the extent of
functionally significant intrinsically disordered protein regions (IDPRS) in enzymes.
They conducted a multilevel computational analysis of missing regions in X-ray crystal
structures in the PDB and predicted disorder in 66 representative proteomes. As
expected, they found that the fraction of predicted disorder was higher in non-enzymes
than enzymes, since non-enzymes were more likely to be fully disordered. But classes
of enzyme viz. transferases, hydrolases and enzymes with multiple assigned functional
classifications displayed similarity with non-enzymes in terms of the length of the
longest continuous stretch of predicted disorder as shown in Figure 1.8. In eukaryotes,
both enzymes and non-enzymes were shown to exhibit greater disorder content than that

observed in bacteria (DeForte and Uversky 2017).
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Figure 1.8. Measurements of predicted disorder in reference proteomes and measurements
of missing regions in the PDB. Box plots are first quartile, second quartile (median), and third
quartile. Plot whiskers extend to 5% and 95% of the data. (a and b) The fraction of predicted
disorder per-protein in reference proteomes in eukaryotes (a) and bacteria (b). (c and d) The
fraction of missing residues per-protein in the PDB in eukaryotes (c) and bacteria (d). (a—d) The
blue diamond shows the relative fraction of the full set of enzymes that each enzyme type
occupies. (e and f) The longest predicted missing region per-protein in reference proteomes in
eukaryotes (e) and bacteria (f). The red star shows the average protein length. (g and h) The
longest missing region per-protein in eukaryotes (g) and bacteria (h). The red diamond shows
the average number of removed residues per-protein before crystallization.

Recent evidences also suggest that disordered proteins could display catalytic activity by
becoming structured in the region housing the active sites, yet retain a significant degree
of conformational heterogeneity. Nevertheless, there exist two main challenges for
conducting optimal catalysis in a disordered state. Firstly, the requirement to establish a
catalytic environment by quick conformational search of the disordered state in a time
frame less than that of the overall turnover time of the enzyme. Secondly, to be able to
maintain this catalytic environment long enough for catalysis to occur, in spite of its
inherit structural fluctuations. These conditions can be difficult to satisfy for most

proteins and hence existence of disordered enzymes is not very commonplace
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(Vendruscolo 2010). The study of these rare disordered proteins can increase our general
understanding of the mechanism of enzymatic catalysis and enable us to manipulate the
unique attributes of these proteins to our advantage.

One crucial factor to consider in order to understand how these intrinsically disordered
enzymes operate is the functional dynamics of the protein. A comparative and
quantitative study of structure, dynamics and activity of two homologs (hyper-
thermophilic and mesophilic) of adenylate kinase revealed a close link between the
enzyme dynamics and catalytic turnover. They measured the residue-specific protein
dynamics and catalytic turnover by NMR relaxation studies and found that the nucleotide
binding lids in this enzyme, a dynamic process, was rate-limiting for both homologs
(Wolf-Watz et al. 2004). Therefore, the catalysis by an enzyme is not only defined by

the actual chemical steps but also by its structure and dynamics.

To monitor the conformational dynamics of protein in native and functional states,
Fluorescence Resonance Energy Transfer (FRET) has emerged as a powerful,
reproducible, sensitive and site-specific tool (Stryer 1967)(Ma, Yang, and Zheng 2014).
For example, the local conformational changes after binding a suitable ligand/substrate
in the vicinity of a FRET pair in a protein can be interpreted in terms of the deviations
in distance between this FRET pair as a result of increase/decrease of FRET efficiency
between the donor and acceptor pair as depicted in Figure 1.9. (refer Chapter 2, FRET
section for details)
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. a B

A
| / Conformational .
change ~

Source: Annual Reviews Biochemistry | 2011 | Vol. 80 | (Miyawaki 2011)

Figure 1.9. FRET (fluorescence resonance energy transfer) within a protein molecule. D,
donor; A, acceptor. Zigzag arrows of violet, light blue, and orange indicate excitation light for
the donor, emission from the donor, and emission from the acceptor, respectively.
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The intrinsic fluorophore in proteins, tryptophan (trp), is a very convenient probe to
detect local transitions in protein structure and dynamics (Ghisaidoobe and Chung 2014).
The high sensitivity of tryptophan to its local environment (solvent/amino acid residues)
further makes it a reliable tool to assess the subtle changes in the immediate environment
surrounding the tryptophan moiety (Vivian and Callis 2001). A native protein containing
tryptophan as a fluorescence donor and an extrinsic probe labeled to another suitable
amino acid (usually cysteine/lysine) as the fluorescence acceptor can act as a system to
monitor any transition in structure and dynamics accompanying the protein’s switch to
a function state through FRET analysis (J. R. Lakowicz et al. 1994)(J. Lakowicz
2006)(Gustiananda et al. 2004).

For example, the Ca?" sensitivity of a muscle contraction protein Troponin C, a
tryptophan less protein, was studied using a combination of FRET and site-directed
mutagenesis (Figure 1.10). A FRET pair was constructed by inserting a single trp
residue at position 22 to serve as the donor and a cysteine (cys) residue at position 52 to
act as a reactive site for the acceptor fluorophore IAEDANS [N-(lodoacetaminoethyl)-
1-naphthylamine-5-sulfonic acid]. Time-dependent FRET was used to determine the

variations in donor-acceptor distance in Ca?* unbound and bound states (She et al. 1998)
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Source : J Mol Biology | 281:445-452 | (She et al. 1998) and Principles of Fluorescence
Spectroscopy| 3" Edition | (J. Lakowicz 2006)

Figure 1.10. Turkey skeletal 2Ca-Troponin C. (Left) The crystal structure (Right)
Tryptophan-22 fluorescence lifetime intensity decays of Troponin C without acceptor (D) and
with an acceptor (DA), an IAEDANS on cysteine 52. Top panel: without Ca** and Bottom panel:
with Ca?".
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For this thesis work, we decided to adopt a similar strategy based on site-directed
mutagenesis (SDM) coupled with FRET based methods to study the structure-function
relationship of an intrinsically disordered enzyme, monomeric chorismate mutase
(mMjCM). mMjCM or simply referred to as mCM (in this thesis) contains two
tryptophan residues at positions 24 and 26 as well as a single cysteine residue at position
69. This feature makes it a very suitable candidate to monitor the changes in enzyme
structure and dynamics in response to a substrate/ligand utilizing FRET between the Trp
(24/26) and Cys (labeled with a fluorescence acceptor probe, dansyl) (Bhatia,
Krishnamoorthy, and Udgaonkar 2018)(Hammarstro and Persson 2001). Moreover, by
introducing this single Cys residue at different sites on the protein via amino acid
replacement (Cys scanning site-directed mutagenesis), a better understanding of how
different segments of mCM come together during catalysis can be established. Details
of the sites selected for mutagenesis and the logic behind the selection process will be

discussed in Chapter 3.

Monomeric Chorismate Mutase (mCM): mCM is a 109 amino acid residues protein
obtained by the topological redesign of the highly active enzyme, AroQ chorismate
mutase, from Methanococcus jannaschii (MjCM). A process of genetic selection in
combination with structure-based design was utilized to convert the dimeric helical
bundle enzyme (MjCM) into a monomeric four-helix-bundle protein (mMjCM), while
still retaining its enzymatic activity (MacBeath, Kast, and Hilvert 1998). This structural
re-design was achieved by inserting the hinge-loop sequence ARWPWAEK (loop
positions referred to as 23a-h by the Hilvert group) into the long, dimer spanning N-
terminal helix of the dimeric naturally occurring MjCM (MacBeath, Kast, and Hilvert
1998) as shown in Figure 1.11.
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Figure 1.11. Topological redesign of the enzyme MjCM. (Left) The thermostable MjCM
homodimer (Left) was converted into a monomer (mMjCM, middle) by inserting a flexible hinge
loop (red) into the long H1 helix. The models are based on the X-ray structure of a related E. coli
chorismate mutase domain complexed with a transition-state analog (TSA), which is shown in
in ball-and-stick representation in the model. (Right) Both enzymes efficiently catalyze the
rearrangement of chorismate to prephenate.

The active mCM protein catalyzed the conversion of chorismate to prephenate, as done
by its natural dimeric parent enzyme (MjCM). This catalytic conversion is a crucial step
in the biosynthesis of aromatic amino acids. The parameters keat and Kn for both these
enzymes were found to be comparable (Keat 3.2 s, Km 170 uM), thus implying their near
identical functional efficiency (Vamvaca et al., 2004)(MacBeath, Kast, and Hilvert
1998).

The active site of monomeric chorismate mutase is depicted in Figure 1.12. The network
of electrostatic and hydrogen bonding networks between the transition state analog and
the active site residues is indicated in the figure. The numbering of residues is based on
EcCM as the active site closely resembles the E.coli chorismate mutase (Lee et al. 1995,
Vamcava et al.2008). Overall, there are 12 hydrogen bonds or electrostatic interactions
between the enzyme and the ligand (TSA) and every oxygen atom of the TSA is involved
in two polar interactions. The TSA has no solvent-accessible surface area in the complex
and is completely buried. A tightly bound water bridging the two carboxylates and Arg

51 is present.
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Figure 1.12. Active site of monomeric chorismate mutase (sequence numbering based on
EcCM) [Adapted from Vamvaca et al.2008]. The ligand (TSA) atoms are numbered 1 to 11 in
red. The hydrophobic active-site residues that are involved in van der Waals contacts
with the apolar portions of the ligand are not represented here.

The fact that mCM could retain the functional attributes of its parent enzyme came as a
surprise to the concerned investigators. This is due to the fact that mCM possessed
biophysical properties associated with a non-native molten globule state, viz. poor NMR
signal dispersion, rapid hydrogen-deuterium exchange, binding to 8-anilino-1-
naphthalene sulfonate (ANS) and noncooperative thermal denaturation (Ptitsyn et al.
1990)(Dolgikh et al. 1981)(Kuwajima 1989)(Betz, Raleigh, and DeGrado
1993)(Ohgushi and Wada 1983).

In NMR analysis, the [**N, 'H]-TROSY spectrum of the monomer mCM displayed
properties of a poorly packed protein with multiple energetically accessible
conformations. The observed peaks were poorly dispersed and the number of signals
obtained were much less than that expected for a native-like protein. In a disordered
state, the rapid interconversion of many energetically accessible conformations lead to
the poor dispersion of resonances (Vamvaca et al., 2004). Interestingly, after addition of

a ligand, a transition state analogue (TSA), mCM exhibited a well resolved NMR
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spectrum typical of a folded protein. This was a clear indication of a disorder to order

transition of mMCM in presence of a suitable ligand (Vamvaca et al., 2004).

A substantial increase in fluorescence intensity as well as a characteristic blue shift of
the emission spectra was observed for the hydrophobic dye ANS bound to mCM, as
expected from a molten globule (Demarest et al. 1999) (Semisotnov et al. 1991). ANS
can also bind to mCM to some extent in presence of the ligand TSA. This suggests that
mCM, in ligand bound state, can still retain considerable dynamic character (Vamvaca
et al., 2004).

H/D exchange experiments added to the proof of high conformational flexibility inmCM
(Englander et al. 2008). Electrospray ionization MS was used to monitor the rate of
exchange. Merely after initiation of the exchange (10s), most of the labile protons in
mCM were deuterated. A significant fraction (35%) of the protons could be protected
from exchange initially by the addition of TSA, but within 5 mins, the mCM-TSA
complex reported a degree of deuteration comparable to that of the unbound enzyme.
These results indicated that mCM retained a highly mobile structure even in the ligand
bound state (Vamvaca et al., 2004).

It was suggested by Hilvert et al. that the intrinsically disordered molten globular nature
of ligand unbound mCM arose as a consequence of the absence of a well packed
hydrophobic core. The active site in the interior of mMCM was found to be highly polar
(Lee et al. 1995) and this high density of charged residues at the core of the protein might
have prevented the formation of a stable native-like folded state in absence of ligand.
However, a ligand/substrate can fill up this core, providing a template around which the
protein can start “crystallizing”. Furthermore, improved packing throughout the protein
structure can then be achieved by the extensive H-bonding and electrostatic interactions
between ligand/substrate and mCM (Vamvaca et al., 2004).

Interestingly, the energy cost for the enhanced flexibility of mMjCM in comparison to
MjCM is very small. The catalytic efficiency (Kcat/Km) of mMCM and the dimer MjCM
differ only by a factor of three (approximately 0.6 kcal/mol), due to their differences in
Km (MacBeath, Kast, and Hilvert 1998). Some preliminary calorimetric measurements
show that the unfavourable entropy associated with preorganizing the enzyme is
counteracted by enthalpic gains from the noncovalent interactions between the TSA and

mCM (Vamvaca et al., 2004). This finding was in accordance with the proposal by
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William et al. that catalytic efficiency can originate from improved packing interactions
in the transition state (D. H. Williams, Stephens, and Zhou 2003). The structural ordering
seen in case of mCM can be considered as an extension of the classic induced-fit model
of enzyme catalysis (Daniel E. Koshland 1995) in which the active site structural
rearrangement by the substrate lead to a high affinity complex. mCM represents an
extreme case of this classical model, where structural rearrangement is not just confined

to local structuring but in fact induces a global ordering (Vamvaca et al., 2004).

DeGrado in his Nature article discussed that many if not most modern-day enzymes
could have evolved from molten globules (DeGrado 1993). In a primitive cell in the
primordial world, the structural plasticity of a molten globule enzyme which confers
relaxed substrate specificity and/or catalytic promiscuity (James and Tawfik 2003)
would have provided significant evolutionary advantage, allowing the performance of
several functions in the primitive cell (Katherina Vamvaca, Jelesarov, and Hilvert 2008)
(Vamvaca et al., 2004). mCM holds a strategic position in designing a variety of novel
structures and functions by taking advantage of its inherent conformational diversity and
channelling it down multiple evolutionary trajectories by applying random mutagenesis

and powerful selection or screening technologies (Vamvaca et al., 2004).
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1.3. Key questions addressed in the thesis

e What is the nature of structural plasticity mechanisms in engineered monomeric

chorismate mutase (MCM) that enable catalysis?

e How do designed mutations alter catalysis? How are the segmental dynamics,

conformational adaptation, and disorder-to-order transition correlated with changes

in catalysis?

With the following specific aims

TH-2378_ 11610609

Generation of single tryptophan-cysteine pair mutants in mCM through
site-directed mutagenesis

Expression and purification of wild-type mCM (wt mCM)and its mutants
Comparison of the biochemical (enzyme activity) and biophysical
properties of mMCM and its mutants

Monitoring changes in dynamics of the wt mCM 