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Abstract

Protein aggregation has been identified as one of the main problems in the man-
ufacture and storage of biotherapeutics. Mechanistic understanding and quan-
titative predictions of aggregation kinetics would enable design of effective miti-
gation strategies. A comprehensive understanding of the aggregation process at
the molecular level is essential to gain better structural insights and a quantita-
tive understanding of protein-protein interactions (PPIs) and to predict kinetic
parameters involved in each stage (folding/unfolding, nucleation, and fibrillation).
However, studying the entire process at a single resolution is not feasible due to
the different time and length scales at which these stages occur. In the present
thesis, we have developed a multiscale computational model to accurately predict
protein aggregation kinetics parameters, provide insights into molecular determi-
nants of PPIs involved in aggravating aggregation, and quantify the effects of
various stress factors (monomer concentration, excipients, temperature) on the
aggregation kinetics. Two representative biotherapeutic proteins were studied: in-
sulin, a small globular protein, and rituximab, an IgG1 antibody, as representative
biotherapeutic proteins. These proteins are of commercial significance and neces-
sitate stable formulation designs. However, due to the substantial disparity in size
(with rituximab being approximately 25 times larger than insulin), computational
complexities arise, particularly in terms of computational resource requirements
and achieving convergence in sampling. The designed predictive model was used
successfully to make accurate predictions for insulin aggregation kinetics and dis-
cover FDA approved inactives to inhibit its aggregation. Finally, we developed a
protocol to sample aggregation prone regions (APRs) of rituximab, which can be
extended to other classes of monoclonal antibodies.

Even at its lowest complexity, understanding protein aggregation requires com-
prehensive knowledge of single molecule conformational flexibility and bio-molecular
assembly over a broad range of timescales. For insulin and mAbs, this spans
timescales on the order of femtoseconds (bond vibrations) to seconds and hours
(aggregation nucleation). We combined kinetic, thermodynamic, and structural
information from single molecule (protein folding) and two molecules (association)
explicit-solvent simulations for the determination of kinetic parameters in protein
aggregation nucleation with insulin as a model protein. We observed this "early-
events” enough to accurately predict the kinetic parameters up to the nucleation
event. A structural bioinformatics approach was developed to account for hetero-
geneity of aggregation-prone species with the transition complex theory applicable



in modelling association kinetics involving non-native species. Specifically, the ki-
netic pathway for formation of aggregation-prone oligomeric species was found to
contain a structurally specific dominant binding mode, making the kinetic pro-
cess similar to native protein association. The kinetic parameters thus obtained
were used in a population balance model and accurate predictions for aggregation
nucleation time varying over two orders of magnitude with changes in either in-
sulin concentration or an aggregation-inhibitor ligand concentration were obtained,
while an empirical parameter set was not found to be transferable for prediction
of ligand effects. Further, this physically determined kinetic parameter set pro-
vided several mechanistic insights, such as the identification of the rate-limiting
step in aggregation nucleation and a quantitative explanation for the switch from
Arrhenius to non-Arrhenius aggregation kinetics around the melting temperature
of insulin.

Establishing structural and interaction specificity in insulin self-association
along the non-native aggregation pathway enabled us to use structure-based, com-
puter aided methods for identification of ligands with high-specificity for inhibiting
protein-protein interactions (PPIs) implicated in early-stage aggregation nucle-
ation. We proceeded to identify lead molecules from the FDA inactives database
that can inhibit insulin aggregation using a multi-level virtual screening proto-
col. Some key challenges specific to the present problem, when compared with
native protein association, include structural heterogeneity of the protein species
involved, multiple association pathways, and relatively higher probability of con-
formational rearrangement of the association complex. A first-level screening of the
inactives database was based on dominant pharmacophore features of three short
peptides and an organic fluorogen, both shown to significantly inhibit insulin ag-
gregation nucleation by binding to aggregation-prone conformations of insulin. We
then performed ensemble docking of various low-energy ligand conformations on
aggregation-prone conformers of insulin followed by molecular dynamics simula-
tions and binding affinity calculations on a subset of docked complexes to identify
a subset of lead molecules with a high probability for inhibiting insulin aggregation
nucleation. We then applied our designed aggregation nucleation kinetics model
to account for protein-ligand interaction details and conformational rearrangement
effects during protein oligomerization to determine ligand concentration for effec-
tive aggregation inhibition. The effect of these select ligands (lead compounds)
aggregation inhibition was extensively investigated by incubating insulin at var-
ious concentrations under aggregation-prone aqueous buffer conditions (low pH,
high temperature). Herein, aggregation kinetics were quantified using size exclu-
sion chromatography and the secondary structure was determined using circular
dichroism spectroscopy to quantify effect of ligand on native structure content after
co-incubation with insulin under aggregation-prone conditions. Specifically, two
lead compounds (Riboflavin and Aspartame) showed significant retardation of in-
sulin aggregation at formulation concentration when used at a 2:1 ligand: protein
molar concentration.

The second biotherapeutic of interest, rituximab, is a IgG1l monoclonal an-
tibody used in the treat chronic lymphocytic leukemia. Linear response driven
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molecular dynamics simulations, based on accelerating conformational transition
along the slow normal modes, were used to efficiently and extensively explore the
configuration space, and thus, identify partially-folded aggregation-prone confor-
mations of rituximab at acidic conditions. A structural bioinformatic protocol
based on combining information on residue hydrophobicity, solvent accessible sur-
face area, [-propensity, and protein tertiary structure (3D structure) was used
to identify potential aggregation hotspots in these partially-folded rituximab con-
formers. A set of putative non-native dimeric complexes, totaling 57 complexes,
was generated through a multi-step approach involving rigid body docking with
APRs as the target and subsequent molecular dynamics simulations for conforma-
tional rearrangement. MMPBSA calculations were performed on these complexes
to evaluate the contribution of APRs to the non-native binding free energy. Based
on the ranking obtained from these calculations, we identified nine critical APRs
(six in Fe, two in Fab, and one in Hinge) that play a key role in driving the aggre-
gation of rituximab. The APRs identified in the Fc region were explicitly localized
within the Cpy domain, which aligns with the findings from Differential scanning
calorimetry (DSC) investigations conducted on IgG1 antibodies under different
pH conditions. Additionally, the presence of the identified APR in the hinge
region has already been substantiated through mutation studies. Furthermore,
the APRs in the Fab region were found to reside within the complementarity-
determining region (CDR) loop, with their sequences overlapping with residues
involved in antigen binding. These findings provide valuable insights into the un-
derlying mechanisms of rituximab aggregation and its potential implications in
bio-pharmaceuticals development.
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overall dimer association rate, k.., (see equation A.27) on secondary
y—axis (red o) and amyloid fibril growth rate, kapqr, as reported in

Arora et al. [99], on primary y—axis (blue ). . ... ........

Multi—stage Virtual Screening (VS) Protocol. Number of lead molecules
left at end of a given step, n, is shown. FDA approved inactives list
(FDA,) was pruned by removing multiple conformations of same
entry (FDA,). Next, molecules were selected based on 2D similar—
ity to dominant pharmacophores of query molecules (LBS) followed
by rigid—body docking and ranking based on single structure binding
energy and receptor (species A) active site coverage (SBS). The fi—
nal step consisted of binding affinity and binding kinetics calculations

from converged MD simulation trajectories (MD). . . . . ... .. ..
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4.2 Determination of significant pharmacophore features.(A) Pharma-—

4.3

cophores of BSPOTPE, P;, were defined using Pharmit [278](atom
groupings of each pharmacophore in inset): two charged sulphonate
groups (P, Py5), four aromatic hydrophobic phenyl rings (P, — P;),
four aliphatic hydrophobic units (P, Ps, Py, Pi1), and two R— 0 —
R polar ether group (Ps, Piy). The fractional contribution of each
pharmacophore to the binding energy, p(E;) (equation Appendix B:
B.2), was obtained from MMPBSA-IE binding energy calculated from
eight MD trajectories of the insulin:BSPOTPE complex. A cut—off value
of p(E,) = 0.3 (dashed line, — — —) is used to mark dominant phar—
macophores (see text for details). (B) p(E,) from individual MD
trajectories on a 2D representation of BSPTOPE (color scale blue (0)
to red (1)). (C) BSPOTPE pharmacophores significant to binding
(p(E,) > 0.3) are shown in a surface mesh 3D view (white).

Application of 2D LBS on the inactives database. Tanimoto coefficient
calculated from the overlap in the ECFP4 representation of the the
database molecule and the selected significant features of the query,
Tt (see Appendix B: equation B.4), is reported for (A) BSPOTPE,
(B) Pepy, (C) Peps, and (D) Peps. The red curve in each panel
represents the best fit normal distribution. The mean (x) and the
cut—off value (i + o, where o is the standard deviation) are marked
by dashed vertical lines. (E) Overlay of five highest—ranked A.L
complexes (only one pose taken for each ligand) obtained by global
docking of inactives database molecules filtered through 2D LBS on
partially—folded conformer A of the kinetically dominant N.A® in—
sulin dimer. Ligands are in licorice representation (aTA (green), Rib
(pink), vTc (blue), PPP (purple), dTc (orange); see Appendix B: Ta—
ble B.7 for full chemical names), and species A is in licorice mesh

view (red), its aggregation hotspot in the N.A® dimer in white.
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4.4  Kinetic model estimate for aggregation nucleation time. Nucleation
time, t,,, was calculated using an insulin aggregation kinetics model[94]
for a 600 um (= [M,]) insulin formulation at pH 2 and 333 K for var—
ious ligand concentrations (reported as molar ratio, [L][MO]) Data
is reported for Rib (— o), Bez (-¢-), Asp (-0-), BeB (— %), and
aTA ().

4.5 Aggregation inhibition with two highest efficacy inactives. Insulin
was incubated under amyloidogenic conditions with either riboflavin
(Rib) or aspartame (Asp), or with no stabilizer (control). Temporal
evolution of retained monomer (determined from SEC) is shown for
(A) 100 pm and (B) 600 um insulin formulations. The data is for the
control (black %), formulations with Rib at [L]:[M,]= 1:1 (blue +,
only at 600 um) and 2:1 (blue o), formulations with Asp at [L]:[M,]=
2:1 (red O). (C) Far—UV CD spectra at the end of incubation for the
600 pm formulations: control at 0h (black—) and 48 h (black— ),
1:1 (blue ——) and 2:1 (blue —) Rib formulations at 48h, 2:1 (red
—) Asp formulation at 48h.(D) ThT growth curves for the 600 um
formulations: control (black %), formulations with Rib at [L]:[M,]=
1:1 (blue +) and 2:1 (blue o), formulation with Asp at [L]:[M,]=
2:1 (red ). Bars represent the standard deviation. Panels A and B
(SEC) have data from two technical replicates and Panel C (ThT) has

data from four technical replicates. . . . . . ... .. .. ... ...
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4.6

5.1

5.2

A.L interface interaction map of Rib and Asp. 2D chemical finger—
print similarity to the parent query molecule for (A) Rib (parent:
BSPOTPE, significant pharmacophores circled) and (B) Asp (Parent:
Peps, only significant pharmacophores shown) are shown by lines
connecting matching atom pairs. A.L interface interactions involv—
ing these specific atoms of L and hotspot residues of conformer A
are shown for (C) Rib and (D) Asp. Conformer A is taken from the
highest inhibited binding mode: N.A for Rib and N.A! for Asp. Hy—
drophobic interaction pairs are denoted by red brick eyelashes and
red dashed lines; hydrogen bonds by green dotted lines (donor—
acceptor atom distance is mentioned). Black, red, blue, and yellow
circles represent carbon, oxygen, nitrogen, and sulphur atoms, re—

spectively. . . . .

A flowchart illustrating a concise overview of the protocol employed
in the presentstudy. . . . . . . .. . Lo
3D structure of Rituximab: The structure of Rituximab was obtained
through homology modelling using the X—ray structure of the Fab
domain (PDB ID — 20SL) and Fc domain (PDB ID — 1L6X) as template
and modelling the hinge region. The obtained structure has been
shown in blue ribbon view and hinge region has been highlighted
in blue surf view. The X-ray crystal structure of Fab and Fc (red

ribbon view) has been overlapped with the modelled structure. All

91

16 di—sulphide bridges have been shown in green ball and stick view. 105
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5.3

5.4

5.5

5.6

Sample structure obtained through MDeNM: APRs of a conformation
obtained through MDeNM (St in Table 5.1a) has been compared
against base structures from APR#1 [St} and St in Table 5.1a]. The
function f(cos ©5uSt%) = min(max(cos ©5¥5's ) max(cos ©5N-5%)) reports the APRs
unique to StiS; when compared with Stj; and St} and has been
shown as a bar plot (Panel A). Two APR is unique in the given mode
(one each in Vi and Cy,) and marked by ¥ over the bar. In panel
(B), a 3D snapshot showcases the aforementioned two APRs. The
green arrows represent the direction vectors (identified from the cor—
responding normal mode 18) along which Sty was excited. The
unique APR exposed as a result of this excitation has been shown in
green surf view (one in Vy and one in Cy, region) . . . . ... ...
Final ensemble of partially folded aggregation prone conformations of
Rituximab: 3D ribbon view of the final set of ten partially folded near
native conformations (shown in green) overlaid on the native struc—
ture (shown in red). Secondary structure content has been shown in
Appendix C: C.18 . . . . . . .
Binding affinity of poses obtained from flexible docking: B.Egoc 0b—
tained from Prodigy has been plotted (as o) in decreasing order for
all obtained poses. A six degree polynomial was fit (shown in yellow
—) and the first plateau was taken as the cut—off (shown in black
——), resulting in a cut off B.Egoe of —17kcalmol ™ and selection
of 57 poses (shown ininset). . . . ... ... ... ... ......
Energetically dominant APRs in putative aggregation—pathway rit—
uximab dimers: (A) AG4pri of obtained APR clusters (see Method
section 5.4.6 for details) in decreasing order of favourable binding
affinity with the cut—off show in (—). The top nine APR shortlisted
are shown in (B) licorice view coloured w.r.t to residue name on the
2D representation of mAb domains and (C) surf view (red) on native
Rituximab molecule with Fab fragment shown in blue ribbon and Fc

fragment shown in green ribbons. . . . . .. ... . Lo
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A1l

A.2

A.3

A4

A.5

Plane Fitting on interface: The plane fitted to the C,, atoms of the
interface residues of the native protein, N. The aggregation prone
protein A moved along the normal by a distance of Debye length
showing its new position A” . . . . ... o o o
Convergence of MD trajectories: cos ©N-4:N-4 tracked for every frame
during the CG—MD trajectory for all the parent structures is reported
showing a stable value for at least 200ns . . . . . . . . .. .. ..
Family of structures: The complexes obtained at the end of MD sim—
ulations are categorized into families based on their common distinct
polar “donor—acceptor” contacts on their interface according to the
work of Gabdoulline et al. [42]. Complexes belonging to the same
family have two or more common polar contacts and one or zero
common polar contacts with the complexes of a different family. (A)
Distribution of obtained structures among various families. (B) The
heavy atom inter—atomic distance between inter—protein residues
need to be less than 0.5nm to be considered as a contact and the
distance between two intra—protein contact needs to be more than
0.6nm to be considered as a distinct contact. . . . . . ... ... ..
Identification of dominant complex. (A) The concentration profile of
[N A?] obtained by solving the equations A.14 and A.15 using the
parameters listed in Table 2 ,showing the existence of a dominant
complex. (B) Interface of the dominant complex showing the hotspot
residues for A in blue (1) and N inred (Il) in panel . .. ......
Kinetically favourable binding modes: Binding modes identified in
the present study with favourable binding energy (AG < 0). The
complexes have been shown in ribbon and surf view with A shown

in blue and N showninred. . . .. .. . . . . . . ... ... ....
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A.6

A7

A.8

A.9

Calculation of k, by fitting monomer data: Value of k,. in Equation
A.27 was obtained by using it as a fitting parameter and fitting to
the monomer data of Murray et al [120]. upto the nucleation time.
Goodness of fit has been shown in the figure with ( -- ) showing
Murray et al monomer data without fibrillation and ( — ) showing
monomer data in present study upto ny .« . ..o
Calculating k,.: (A) Interface area of the AL complex during the
simulation . (B) cos ©454L calculates the inner product between
the A of the final AL complex and A of the complexes formed during
the trajectory (C) The standard deviation of the rotational angle (),
oy, is plotted as a function of total number of contacts, N, for the A.L
complex. The transition state was determined from the distribution
o, (N.). (D) Scatter plot for the total number of contacts, N,, for the
A.L on a given rotation (specified by the rotational angle x) away
from the bound complex. The data is shown for the highest ranked
A.L complex where the total number of contacts in the bound state
and in the transition state was equal to 17 and 5, respectively.

Effect of ligand on insulin aggregation nucleation time. (A) Nucle—
ation time t,, calculated for three different K 4; values: ( — 0 — )
K= 10pm, (=4+—) Kz = 5umand (—x —)K,p = 1pm. (%)
represents data from Hong et al. [235]. (B) Nucleation time calcu—
lated using the reduced kinetic model with parameter values for pro—
tein folding and various protein—protein association steps taken from
Murray et al. [120] and parameters for protein—ligand association—
dissociation kinetics were taken from the present study. . . . . ..
Temperature scaling of kinetic parameters Linear scaling of log (rate)

against 1/T for kinetic parameters Kas, Kna, Ko ko) kyr ke« o . .

A.10 Obtaining t,, from sigmoidal curve of fibril concentration, Cg: Con-—

centration profile of Cr for a [My] = 344 uym with the tangent at the

point of inflection shown. . . . . . . ... .. ... ... ... ...
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A.11 Stability of partially folded intermediates, PF;, with MARTINI CG force—

A12

B.1

B.2

B.3

B.4

field: RMSD of the C,, backbone atoms of the native(yellow), PF,(pink),

PF,(red) and PFs(green) after running a simulation with MARTINI
force field with EINeDyne elastic restraints on the secondary struc—
tures of the complex. . . . . . . . . . ... . L
Scaled vs Unscaled MARTINI: As a graphical representation, we re—
port two trajectories obtained through (A) Scaled parameters (B)
Unscaled parameters. Scaled parameters trajectory shows sufficient
variation in the interface area of V. A as compared to original param—
eters trajectory where the complex is formed almost instantaneously

with an almost constant interface area. . . . . . . . . . . .. ...

Trajectories in which pharmacophore features (a) P, and (b) P,
are buried (RASAy < 60%)or exposed (RASAy > 60%). Frames in
which P; is buried was given a flag value of 1 or O for exposed for the
full length of trajectory. Cells in red represent buried (trajectories in
which more than 50 % of frames are 1) and in blue represent exposed
foragiven P, . . . .
Significant residues of peptide set The peptide set (A) Pepy, (B) Pep,
and (C) Peps shown in red ribbon view (surface covered in mesh

view) with the hexameric Arg hydrophillic tail shown in blue ribbon

view. The significant residues have been shown in white licorice view. 230

Strucuture Based Screening: A from N.A? and its aggregation prone
hotspot shown in red and white surface mesh view respectively. The
top pose for various ligand (aTA (green), Rib (pink), 7Tc (blue), PPP
(purple), dTc (orange); see Table B.7 for full chemical names) has
been shown in licorice view. (A)N.A' (B)N.A? (C)N.A? (D)N.A*

RP—HPLC chromatogram of excipients incubated in fibrillation buffer
(0.01 N HCl'and 0.1 N NaCl, pH 3.0) at 40 °C A) Riboflavin (0 h and
48 h); B) aspartame (0 h and 48 h); C) Benzoin (0 h and 48 h)
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B.5

B.6

B.7

B.8

B.9

Far—UV CD spectra at the end of incubation for the 600 um formula—
tions: (A) control at 0h (B) control at 48h (C) 2:1 Asp formulation at
48h (D) 1:1 Rib formulation at 48h (E) 2:1 Rib formulation at 48 h.
Bars represent the signal/noise ratio calculated from three repeat
scans (accumulations) onone sample. . . . . ... ... ... ...
Monomer retention % of insulin obtained from SEC (for [M,] =
600 pm) for control (*) and in presence of ligand (o) (A) BeB (B)
Bez (C) aTA(D)DMSO . . . . o v
Monomer retention % of insulin obtained from SEC in presence of (a)
designed Peptides of Mishra et al[62]. in 600 pm insulin formulation
with peptides (Pep; (*) Peps (o) Peps (+)) present in [L]:[Mo]
2:1, pH 3, 340K; control () (b) BSPOTPE (*) at [L]:[M,] 1:1 in
100 ym insulin formulation (conditions same as for Riboflavin and
Aspartame in the present work). . . . . . . . . ... ...
SEC chromatograms of (A) 600 um insulin at 0 h (Control, Rib (1:1,
1:2), Asp (1:1, 1:2)); (B) 600 um insulin at 48 h (Control, Rib (1:1,
1:2), Asp (1:1, 1:2)); (C) 100 uM insulin at 0 h (Control, Rb (1:1,
1:2), Asp (1:1, 1:2)); (D) 100 pm insulin at 48 h (Control, Rib (1:1,
1:2), Asp (1:1, 1:2)); (Inset) calibration curve of amount of insulin
vs area under the curve. [M] = AUC/(1.3382 x volume of sample);
[M]% retention = M—; x 100; [M,] = Concentration of insulin at time
t; [MO] = Concentration of insulin attime 0. . . .. ... ... ...
Temporal profile of [M]: Temporal profile of [M] obtained from our
multi—scale predictive model plotted along experimental SEC data at
two different [My] i.e (A) 100um and (B) 600um. [M] obtained
from computational model for Rib—insulin solution at 2:1 [L]:[Mj]
(blue-), Rib—insulin solution at 1:1 [L]:[M,] (blue——), Asp—insulin
solution at 2:1 [L]:[Mo] (red ). SEC data [M] of Rib—insulin solution
at 2:1 [L]:[My] (blue o), Rib=insulin solution at 1:1 [L]:[M,] (blue
+) and Asp—insulin solution at 2:1 [L]:[Mo] (red O) . . . ... ..
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B.10 Temporal profile of [M]: (A) Interface area of BSPOTPE A.L complex
during the simulation. (B) cos ©4%4% calculates the inner product
between the A of the final AL complex and A of the complexes

formed during the trajectory . . . . . . . ... oL

C.1 Charged Residues along with their sequence number for Rituximab
atpH= 3.5 310K . . .. ... ... ...
C.2 Backbone C, RMSD of (a)Fab and (b)Fc fragment tracked over a
30ns MD simulation trajectory in native formulation conditions (pH
6.5 T=2TTK) . . ..
C.3 TM-score reported for the trajectory under formulation conditions ( pH
= 6.5, T = 277K) calculated w.r.t to the starting structure of the
trajectory. . . .. .
C.4 Residue wise RMSF, calculated from trajectory under formulation con—
dition, has been reported. Flexible region has been marked with ver—
tical lines, where A: CDR H1, B: CDR H2, C: CDR H3, D: Hinge, E: A:
CDR L1, F: CDRL3. . . . . o
C.5 Secondary structure content of the trajectory obtained from formula—
tion condition, with % Coil (hydrogen bonded turn, bend, loops and
irregular elements) shown in black, % Strand (Residue in isolated
beta—bridge, Extended strand, participates in beta ladder) shown in
red and % Helix (a—helix, 3—helix (3/10 helix), 5 helix (7—helix))
shown ingreen. . . . . . . ..
C.6 C, RMSD of generated modes against the initial structure. . . . . .
C.7 Backbone C, RMSD of (a)Fab and (b)Fc fragment tracked over a
30ns MD simulation trajectory in non—native amyloidogenic condi—
tions (pH 3.5, T= 310K) . . ... ... . ...
C.8 Cluster population obtained on applying Gromos clustering algorithm
on non—native MD trajectory with a C,, cut—off of 0.2nm . . . . ..

C.9 (C, RMSD of generated modes against the initial structure. . . . . .
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C.10

C.11

C.12

C.13

C.14

C.15

C.16

Obtained frequency (in ps~*) of the modes calculated from the mod—
elled elastic network. The time—period has been shown in the inset.
Cumulative contribution of slowest modes to the overall conforma—
tional variance. The mode index has been shown in decreasing order
of their frequency in the x—axis . . . . . . . .. ... ... .....
(A) Correlation values at various cut off radius, with highest cor—
relation observed at R, = 11A (B) RMSF values obtained from low
pH simulation (shown in blue) and excited normal mode simulation
(showninred) .. ... ... . ... ... ...
Sample structure obtained through linear combination of shortlisted
normal modes:Excitation along linear combination of selected normal
modes provided new structures containing APRs of each mode in a
single structure. An example of such sampled structure, St¥%9* con—
taining all the APRs of shortlisted modes St} and St3. APRs in each
structure have been shown in black stripes in their respective do-—
mains. Unique APRs to the structure have been shown in red stripes.
All APRs (including unique APRs) of St} and St was present in St3792,
Backbone C, RMSD of the obtained structures through linear com—
bination (St} ) calculated against the starting structure (St )
Backbone C, RMSD of the obtained structures through linear com—
bination (St! ) calculated against the native structure (Stgy)
Secondary structure content of the ensemble obtained from linear
combination excitation of slow modes, with % Coil (hydrogen bonded
turn, bend, loops and irregular elements) shown in green, % Strand
(Residue in isolated beta—bridge, Extended strand, participates in
beta ladder) shown in blue and % Helix (a—helix, 3—helix (3/10
helix), 5 helix (m—helix)) shown in red. Secondary structure content

of Stgy have been shown in black line. . . . . . . .. ... ... ..
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C.17

C.18

C.19

C.20

C.21

Categorisation of interface contacts: All distinct interface contacts
were identified using the protocol applied in other computational
studies on protein—protein association[62], [94], [95], [318], [319].
All heavy atoms with inter—atomic distance < 5A were listed and all
contacts with intra—atomic distance < 6A were categorised as de—
pendent contacts to obtain a final list of independent interface con—
tacts for all 57 poses. The interface contacts were categorised on
APR type, and fraction of total contacts belonging to APR#1—-APR#1,
APR#2—APR#2 and APR#1—APR#2 have been shown as bar plot. The
red and green bar shows values for docked complexes and docked
complexes after MD refinement respectively . . . . . . ... ... ..
Secondary structure content of the final ensemble of partially folded
conformations with Coil (hydrogen bonded turn, bend, loops and
irregular elements) shown in red, Strand (Residue in isolated beta—
bridge, Extended strand, participates in beta ladder) shown in blue
and Helix (a—helix, 3—helix (3/10 helix), 5 helix (7—helix)) shown
inyellow. . . . ..
Stability of trajectories were observed by clustering them using FCC
algorithm and reporting the fraction of trajectories present in the most
populated cluster. Various values of FCC was used as cut—off {0.10,
0.25, 0.40, 0.75, 0.80, 0.85} and fraction of trajectory present in
top cluster was reported for all the poses as a barplot. . . ... ..
Plot of first derivative (dy/dx) calculated for the 8 degrree polynomial
((—3.295x 1071%) 2% +(1.492 x 10710)27 — (2.816 x 10~%) 2%+ (2.862 x
1070)2% — (1.692 x 10~4)z* + (5.832 x 1073)2 — (1.131 x 10~ 1)2? +
1.176 x 102" — (2.403 x 10" ) fit to B.Egoe Of first 100 poses in
Figure 5.5B. . . . . . .

Flowchart explaining the protocol for calculation of cos™Y© . . . . .
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2.1
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3.1

List of commonly used protein aggregation models in literature . . . . 19
Coarse grained models with residue level resolution. . . . ... ... 20
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Experimental studies reporting aggregation proceeding through a par—
tially folded intermediate with the name of the protein, conditions
and experimentalused . . . . . . . . ... ... o 26

Enhanced sampling techniques to explore protein conformational land -

Aggregation kinetics schemes. Scheme A: early events of aggre—
gation involving inter—conversion between native protein () and
an aggregation—prone monomeric species (A;, also referred to as
A for ease of notation) (rates: k., k,) and sequential addition of
A to various species to form higher order oligomers (A;) up to a
critical nucleus of size n* (rates: kyu, k_n,). Scheme B: same as
Scheme A, but protein association step explicitly represents diffu—
sional association (rates: k,, kq) and conformational rearrangement
(rates: k,,k_,). Scheme C: addition of ligand to aggregation—prone
species (rates: kur, kar,). Scheme D: formation of higher—order fib—
rillar species and fibril fragmentation (rates: kb, ktin—, k:frag). For all

schemes, 1 <7 < n’. All species of size > n are labelled F. . . . . . 39
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3.2

3.3

4.1

Kinetic and thermodynamic parameters for eight binding modes of
N.A dimer. The association rate of V.A dimer, k,, and the electro—
static interaction energy of the corresponding transition state com—
plex, AG}(?EC), were determined using the transition complex theory.
The binding free energy of the N.A dimer, AGY, 4, was calculated
using the MM—PBSA method on a 20 ns MD trajectory. It also includes
the contribution from protein configurational entropy change esti—
mated using an atom specific weighted surface area (WSAS) method
[220]. . ..
Kinetic parameters in insulin aggregation nucleation. Column A :
Present work; Column B : Full set of parameters determined empir—
ically by fitting to aggregation growth data [120]; Column C : direct
experimental measurements for individual elementary steps for in—

sulin or other globular proteins. . . . . . .. ... ... ...

Lead candidates from the inactives database after SBS. Top nine
molecules (abbreviation in column P, see Appendix B: Table B.7 for
full chemical name) selected against each A conformer from five
N.A* dimers, identified on basis of ligand—binding affinity from Vina
(Gyma in column R), are listed. The molecules are arranged in in—
creasing order of MMPBSA—IE binding energies calculated from MD
trajectories (Gqm, in Column Q). The molecules with limited aqueous
solubility are shown in red and those taken forward for in vitro char—
acterization are in green (see text for details). All binding energies

arereported in kcalmol™. . . . . ... ... ...
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4.2

5.1

5.2

Insulin aggregation dependence on ligand concentration. Insulin was
incubated for 48 h under amyloidogenic conditions (pH 2, 313K, 0.1
N NaCl) in presence or absence (control) of screened FDA inactives.
Insulin monomer retention at end of incubation (determined using
SEC) is reported for 100 um and 600 pm formulations at various lig—
and:protein molar concentration ratios, [L]:[M,]. For comparison,
the inhibitory effect of the query molecules (peptides and BSPOTPE)
is shown in Appendix B: Figure B.7 and Appendix B: Table B.10. For
a 600 um insulin formulation (T = 333 K, pH 1.6), the peptides
were able to inhibit insulin aggregation for 72 hrs at a [L]:[MO]
2:1 whereas BSPOTPE inhibited 500 um insulin for upto a week for

[L:[Mo] 2:2]61]), [62] . . 0

Distribution of sampled APRs on various domains of Rituximab: The
distribution of aggregation prone regions (APRs) in the shortlisted
configurations were analyzed on a per—domain basis. The results
were presented in the form of (m, n), where m represents the total
number of APRs, and n represents the number of unique APRs in the

particular domain. The values of (m, n) with n > O were shown in

bold. Distribution of APR#1 has been shown in (a) and APR#2 in (b).109

Distribution of APR Across Antibody Domains: Categorization of APRs
according to their specific antibody domain location. “Nos of APR’
indicates the total count of APRs identified within each domain. The
"Buried in Native' and "Exposed in Native’ columns detail the num—

ber of these APRs that are buried or exposed, respectively, in the

antibody’s native state . . . . . .. ...
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5.3

5.4

Summary of APR Characteristics Across Different Antibody Domains:
Enumeration of dominant APRs, detailing their location within the
antibody domain (Domain), their exposure status in the native con—
formation (Status in Native), and the percentage of secondary struc—
ture retention after unfolding (Sec. Structure Retention). Solvent
accessible surface area (SASA) measurements for each APR are pro—
vided both for the native state (SASA in Native) and for the partially
folded (PF) state (SASA in PF). The 'APR Exposed Count in PF’ column
quantifies the occurrences of the APR being exposed across identified
12 partially folded instances. The "Docked Interface Count’ reflects
the prevalence of APRs at the interface in the 57 putative non—native
docked complexes. The "% of APR Validated’ column, along with its
"Activity” and "Aggregation’ sub—columns, indicates the proportion
of the APR sequence previously validated for functional activity and
importance in aggregation, respectively. . . . . .. .. ... ... L.
Sequences Involved in Shortlisted APRs: Amino acid sequence of
shortlisted APRs with their domain wise location and their type (APR#1
or APR#2). The secondary structure of each sequence has been re—
ported in column Z in the form of (P,Q) where P is the secondary
structure in the native structure and Q in the aggregation prone
conformation (C: hydrogen bonded turn, bend, loops and irrequ—
lar elements; E: Residue in isolated beta—bridge, extended strand,
participates in beta ladder; H: a—helix, 3—helix (3/10 helix), 5 helix
(7m—helix)). Energetic contribution of each amino acid to its AG 4pgi
has been reported in column Y. The sequences have been colour
coded with hydrophobic residues shown in green, polar residues in
red, charged residues in blue and aromatic residues in black. APRs
identified in previous experimental studies on aggregation/func—
tional activity has been denoted in bold, with experimentally val-

idated residues denoted initalics. . . . . . . .. ... .. ... ...
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A1l

A.2

A.3

A4

A.5

A.6

A7
A.8

Smoluchowski kernel rates: Higher order oligomer association rates

ki (rate of association of A; and A;) in terms of k!l as ki = a x k!! 197

Multi—scale Modelling Schematic: A summarized table of the objec—
tive of each step in the multi—scale model and the computational
technique used to achieve it. . . ... ... ... ... ......
Interface area of the structures obtained at the end of CG run and after
extending it in its back—mapped AA form (in nm?). The structures in
bold are the parent structures. . . . . . . . ... ... ... . ...
Inner product, cos ON-AGNAT of the structures obtained at the end
of CG run (Column A) and after extending it in its back—mapped
AA form against its parent initial docked structure (Column B). The
highest cos ON-AN-47 of each diffusional complex with any of the
initial docked structure is reported (Column C). The structures in bold
are the top ensemble structures obtained after LIP. . . . . ... ..
The binding interface area of top 16 docked structures is listed. The
highest cos ON-AN-A of docked structure against a set of diffusional
complex obtained from its own set of simulation is reported in Column
A. The highest cos ON-A"N-4" of docked structure against the whole
set of all diffusional complexes is reported in Column B. . . .. ..
Aggregation Hotspot in A% Residues of A* involved in binding in N. A
with their energetic contributions ( AH and —TAS in kcalmol™!)
to the overall binding energy AG . Residue X*! represents residue
X with residue number i belonging to chain A. . . . . ... ... ..
Ky at various initial monomer concentration, [Mp] . . . . . . . . ..
The temperature dependence of overall dimer dissociation constant
(Kp.a,) and the unfolding equilibrium constant (K, ), was deter—
mined using the Van't Hoff equation, wherein the standard enthalpy
change (AH®) and the standard entropy change (AS?) of the reac—

tion are taken to be constant. These values were taken respectively

from Strazza et al. [231] (for Kp a,) and Choi et al.[253] (for K,).

XXXV

206



A.9

A.10

A1l

Sensitivity analysis for all kinetic parameters in our model between
the temperature range of 315.5 K — 373K by varying the values
of each parameter sequentially at the mentioned temperature and

315.5K 373K
by —tny

measuring t,,. We report 7 where 7 = B SR— gk, The pa—
nu nw exp

rameters with 7 values greater than one were considered significant
in our model and Relative Root Mean Square Error (Equation A.28)
for those parameters were reported. Opposite signs for Kpn.a and
K., k. signifies they are oppositely correlated in the model. . . . .
As MARTINI overestimates the short range interactions, the forcefield
parameters were scaled down. The scaling down parameter a was
determined by running MD simulation for 100 ns on each of the 16
top ranked complexes obtained from Avinash et al[62]. and calcu-
lating Sy, the percentage of total simulations in which the starting
complex remained stable for at least 50 ns. The scaled down well-
depth, ¢, in Lennard Jones 12-6 potential function for a scaling factor
of av is given by € = €repusive + @ X (Eoriginal — Erepulsive) WNEre, €epulsive

is 2.0 kJ/mol, and €original 1S the original MARTINI well—-depth used

for the interaction of interest . . . . . . . . . . . .. ... ... ...

Unfolding rate, k,, at 333 K and its activation energy, F,, have been
taken from Singh et al.[93] where metadynamics simulations were
used to obtain kinetics and thermodynamics of insulin unfolding. The
temperature dependence of diffusional association rate, k,, as cal-
culated from equation A.10, was determined by taking the electro—
static interaction energy of the transient state complex, AGH“ as
a constant and modeling temperature dependence of the basal as—

T

1
sociation rate by the Stokes—Einstein equation(ZOT2 = %—Z? where u
0

is the dynamic viscosity). . . . . . . ... ...
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constant, Kpx.a, equation C.1 was used with A Eypy (—49.56 kcal mol ™)
and configurational entropy (AS = —111.15calmol™') taken inde-
pendent of temperature, while the temperature dependence of ap—
olar surface tension taken from EoOtvos rule [254],7V§ =k(T.—-1T)
where V is molar volume (assumed constant in present study) , k
is a universal constant (2.1 x 10~ 7 JK 'mol??) and 7., is the critical

temperature (647K in presentstudy). . . . . .. ... ... .. 227

Calculated p(Ei) for all pharmacophore features, P;, of BSPOTPE in

each trajectory . . . . . . . L 229
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G A 231
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432 screened ligands from ligand based screening (all top nine com-

plex per ligand considered) to the identified binding modes. Column

A: Distribution for all 432 screened ligands. Column B: Distribution

for top 50 (ranking based on AGY™ ) ligands. . . . . ........ 232
Interface similarity (cos ©N-4%A-L) for final list of ligands (see Table

2)). Column A: Maximum and minimum cos ©N-4%4-L of the top nine
complexes of each ligand against its parent binding mode. Column

B: cos ON-A5A-L of the best pose (most negative G2 ) of the ligand
against its parent bindingmode. . . . . . .. ... 232

Acronyms for shortlisted FDA inactive hit molecules. Molecules with

600
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Interface area of A.L for the hits obtained from each binding mode.

solubility < um are showninred. . . ... .. ... ....... 232

Column X and Y represent the area of A.L in docked complex and

after molecular refinement respectively innm? . . .. ... ... .. 234
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B.9 Diffusion—Limited Association Rates: k, and k., (obtained from SDA7)
for the dominant binding mode, N.A” and A.Lx y i respectively
where X is the inhibitor under study and N.A® is the binding mode
from which X is obtained. Dissociation constant Kp n (= Z—j) and
Kpar(= %) were obtained using MM /PBSA-IE through g mmpbsa[317]236
B.10 Monomer retention % of insulin obtained from the work of Hong et
al[61] (Data reported for an incubation time of 121, [MO] = 500 ym,
pH = 1.6, and T = 338K, no shaking or stirring.) . . .. ...... 240
B.11 Deconvolution of the CD data for calculating secondary structure con—
tent (at the end of 48 h incubation for [MO] = 600pm pH 2 (0.01
N HCl), 313K, 0.1 N NaCl with constant shaking at 300 rpm.) was

performed using Bestsel web server[308]. . . ... .. ... ... .. 240

C.1 Amino acid sequence of Rituximab in FAASTA format. . . . . . . . .. 245
C.2 Two pairs of conformations, one from APR#1 and the other from
APR#2, were specifically chosen based on their high APR cluster
counts. These conformations were subjected to docking with the APRs
as the target. Consequently, two distinct sets of docked complexes
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List of Symbols

X Rotational angle
Kn Relative fibril concentration at t,,,

p(E;) Boltzmann averaged energetic contribution of a pharmacophore feature to

binding energy
T.¢ Tanimoto coefficient
A Aggregation Prone Conformation
cos© Interface similarity index
D Denatured conformation
f Fractional monomer conversion
kar, kqr, Ligand association /dissociation rate
k., ks Non-—native association/dissociation rate
kfin, ks Fibril growth/dissociation rate
knu, k—_nw Nucleus growth and dissociation rate
k., k_,. Conformation re—arrangement rate
k., ks Unfolding, Folding rate
N Native conformation

N, Total number of inter—atomic contacts
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Total number of inter—atomic contacts in the transition state

Critical nucleus size
Pharmacophore feature
Protein melting temperature

Nucleation time
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