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Abstract

The aberrant aggregation of a-Synuclein (aS), an intrinsically disordered protein, leads to
a fatal neurodegenerative disease — Parkinson’s disease (PD). This study investigates
the kinetics and thermodynamics of aS aggregation using extensive coarse-grained (CG)
and atomistic simulations, implementing both conventional and enhanced sampling
techniques. We examined the self-assembly of wild-type (WT) aS and its five abundant
deleterious mutants (A30P, A53T, E46K, G51D, and H50Q) to understand their
aggregation behaviour. aS mutants that alter charge (E46K, G51D, and H50Q) exhibit
distinct trends in their relative rates of self-association and association with the WT chain.
Among the neutral mutations, A30P dimerizes (either with itself or with WT aS) at a faster
rate than AS3T. The backbone contributes to the intra-chain hydrogen bond framework
stability and the side chains dictate the inter-chain and protein-water interactions, possibly
being more exposed. Whereas, the electrostatic and van der Waals forces specifically
stabilize the intra-chain interactions over the inter-chain and protein-water talks — the
former being the major protagonist. However, the pattern changes when the inter-chain
binding affinity of the matured protofibrillar state is considered, compared to the initially
aggregated constructs. One of the neutral mutations (A53T) and one of the charge-
altering mutations (H50Q) show the highest and the lowest protofilament binding affinities
(respectively) in homo-dimers, whereas E46K (a different charge-altering mutation)
displays the highest binding affinity in hetero-dimers. Interestingly, the rate of association
does not correlate with the protofilament binding affinity pattern, suggesting that faster

aggregation does not necessarily lead to stable aggregates.
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1: Introduction

Proteins are polymers made up of amino acids. A specific class of proteins, known as
globular proteins, folds into a distinct three-dimensional structure, either independently or
with the help of chaperone molecules. This folded state is crucial for maintaining their
biological activity and function. In contrast, some proteins, called intrinsically disordered
proteins, lack a defined three-dimensional structure. Changes in cellular conditions like
pH, temperature and mutation can lead to changes in this defined structure which are
protein misfolding or protein unfolding.” Protein misfolding occurs when proteins do not
fold into their proper three-dimensional shapes, which is essential for biological functions.
These misfolded proteins form aggregates because misfolding exposes hydrophobic
regions that should typically remain hidden. Misfolded proteins tend to undergo a process
called protein aggregation, where proteins self-assemble to form macromolecular
assemblies called protein aggregates. Protein aggregation is implicated in several
diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), and some forms

of cancer.?
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Figure 1. The nucleation growth mechanism of fibril formation.?



Experimental studies on protein aggregation demonstrate that fibril formation follows a
characteristic sigmoidal curve, which represents a standard nucleation mechanism. In
this mechanism, partially folded monomers associate with one another and form a critical
nucleus, which is termed the “nucleation phase”. Once the critical nucleus forms, a small
fibril starts to grow. After the nucleation phase, the growth phase begins, where fibrils
elongate by adding more monomers. The elongation of the fibril occurs through one or
many of the growth mechanisms, as highlighted in Figure 1. 47 After completion of the
growth phase, i.e. the log phase, we reach a saturation phase, which is characterised by

the presence of the matured aggregates.
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Figure 2. The free-energy landscape of protein folding, misfolding, and aggregation.®

In Figure 1, we have seen a generic overview of protein aggregation through the lens of
kinetics. The thermodynamic perspective of protein aggregation can be understood by
the energy landscape theory of protein folding proposed by Ken A. Dill in 1997. Figure 2
shows a representative free energy landscape of protein aggregation. Mainly, proteins
have two states: the unfolded state with broad conformational space and the folded state
with narrow conformational space for local fluctuations. Under cellular conditions, a

protein's native state corresponds to its lowest free energy state.® Proteins that are



partially unfolded can be trapped in non-native local minima. A folding funnel, which
creates deep free energy minima, can lead to a native state with a single well-defined
tertiary structure. Typically, the aggregation-prone regions of the protein are within the
hydrophobic core, so proteins may need to unfold to some extent before they can proceed
to aggregation. Protein folding is primarily driven by intramolecular contacts, whereas
protein aggregation is driven by intermolecular contacts. That's why basins representing
protein aggregation are separated from folded states in the energy landscape.®

The need to study protein aggregates appears due to its role in several fatal diseases
and one of the diseases is PD. Dr. James Parkinson first described PD in 1817 in his
work "An Essay on the Shaking Palsy."'° It is a neurodegenerative disorder. According to
global estimates from 2019, more than 8.5 million people were living with PD."" PD affects

movement, causing symptoms such as tremors, rigidity, and bradykinesia.'?

N-Terminal Domain C-Terminal Domain

Figure 3. Human micelle-bound NMR structure of a-synuclein (a.S).

The protein found to form Lewy bodies, a hallmark of PD, is aS. It is abundant in the
human brain, and controls synaptic function and neurotransmitter release. aS is an
intrinsically disordered protein that has three main regions, each responsible for different

molecular and biological functions.’® The N-terminus region is from amino acid residues
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1-60. This region contains amphipathic repeats that form a a-helix structure. This
structural feature is crucial for aS's ability to interact with cell membranes.'* The non-
amyloid-3 component (NAC region) is from amino acid residues 61-95. The C-terminus
is from amino acid residues 96-140. This region is negatively charged and involved in
Ca2+ binding. 1°

Since this protein has been implicated to a life-threatening disease, it is essential to
understand the process of its aggregation. While the natural variant, i.e., the wild-type
(WT) aS is known to aggregate in the elderly population and lead to disease, there are
also known mutations to aS which are familial and more prone to aggregation which
sometimes leads to early-onset of the disease, some of which are shown in table 1.

Mutation Amino Acid Change
A30P Alanine — Proline (30)
A53T Alanine — Threonine (53)
E46K Glutamic Acid — Lysine (46)
G51D Glycine — Aspartic Acid (51)
H50Q Histidine — Glutamine (50)

Table 1. Five abundant deleterious mutations in o.S. 1617

As both WT and a specific mutant (A30P and A53T are neutral mutations, whereas E46K,
G51D, and H50Q are charge-altering mutations) can be found together in an individual,
the focus of our project was to study the kinetics and thermodynamics of both the self-
and cross-assembly of WT and its mutants to better understand the molecular mechanism
of PD pathogenesis. To investigate protein aggregation, we performed molecular
dynamics (MD) simulations of protein dimers, which is a model to study protein

11



aggregation. We used extensive CG and atomistic simulations, along with conventional
and enhanced sampling techniques, to study the kinetics and thermodynamics of
aggregation.

Because of the huge size of our system, we used CG simulations to investigate the self-
and cross-assembly processes over long time scales. However, CG simulations have
limitations, as they cannot capture hydrogen bonding, electrostatic interactions, and van
der Waals forces. To compensate for these shortcomings, we employed atomistic
simulations. Additionally, we used enhanced sampling techniques with CG description of
the protein systems to gain deeper insights into the thermodynamics of aggregation.

12



2: Methodology

2.1. Unconstrained CG simulations of two randomly placed protein chains to
quantify the self-assembly process.

A B

WT-WT WT-A30P
A30P-A30P WT-A53T
A53T-A53T WT-E46K
E46K-E46K WT-G51D
G51D-G51D  WT-H50Q,
H50Q-H50Q

Figure 4. The simulation box with proteins placed at least 1.5 nm away for one another. Table showcases

all the 11 systems that we simulated in our study.

GROMACS software version 2022.1'® And MARTINI force field version 2.2."° Were used
to perform all MD simulations. We used the PyMOL software package?® for the mutation
of the WT structure of aS (PDB ID: 1XQ8 2' ). MARTINI python script martinize.py was
used to convert the all-atom system to a MARTINI coarse-grain system. Subsequently,
two monomers were placed in a simulation box using the Packmol package.?? Where two
monomers were placed randomly in a box that was at least 1.5 nm away from one
another. Afterwards, the system was solvated using the MARTINI representation of water
molecules.?® Then the system was minimized by using the steepest descent algorithm.
After minimization, each system was equilibrated for 200 ps under an NPT ensemble at
300 K temperature and 1 bar pressure using a Berendsen thermostat ¢ and barostat 24
For faster convergence. Final production was done for 200 us at 300K and 1 bar pressure
using the modified Berendsen thermostat’®® and Parrinello-Rahman barostat.?6 A

standard minimum image convention with PBC was applied in all three directions.
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2.2. CG conformations back traced to all-atom for the simulations of the dominant
dimeric states.

Coarse-Grain to All-Atom
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Figure 5. CG to all-atom conversion scheme.

From all the 11 self-associated systems the most possible states were identified using
Principal Component Analysis (PCA) 27?8, Each of these 11 CG configurations was
reverse-mapped using the Martini Backward program. 2°, where the CG structures were
back-traced to atomistic configurations. Each of these 11 back-traced atomistic structures

was used for atomistic simulations.

The system was parameterized using the CHARMM36m force field.3® Subsequently, each
system was solvated with the TIP4P-D explicit water model 3" in a triclinic box. Then the
genion module was used to make the system electroneutral by randomly placing Na* and
ClI~ ions in the place of water molecules and the salt concentration was fixed at 100 mM.
The steepest descent method of energy minimization was used to remove steric clashes
in the system. To equilibrate the water molecules around the protein, an NVT equilibration
was performed for 100 ps at 300 K temperature with the modified Berendsen
thermostat.?® Then, an NPT equilibration was performed for 100 ps at 300 K temperature
and 1 bar pressure using the modified Berendsen thermostat?> and Parrinello-Rahman
barostat.?® The final simulation was performed for 100 ns at 300 K temperature and 1 bar
pressure using the modified Berendsen thermostat?® and Parrinello-Rahman barostat?® .
The standard minimum image convention with periodic boundary conditions (PBC) was
applied in all three directions; the Particle Mesh Ewald (PME)3*? method was applied to
deal with long-range electrostatic interactions having a real-space cutoff of 10 A; and a
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distance cutoff of 10 A was used for Lennard-Jones interactions having a Fourier spacing

of 1.6 A.33

2.3. Steered molecular dynamics (SMD) and umbrella simulations of the
protofibrils.
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Figure 6. (A) The complete fibril structure of oS (PDB ID: 2NOA **). (B) The protofibrillar state of a.S is

used for SMD and umbrella sampling.

The structure shown in Figure 6B was used for SMD and umbrella sampling. From the
fibrillar structure of aS Figure 6A two chains F&G with residues 28-98 were extracted
using PyMOL software Package?® for umbrella sampling, which is shown in Figure 6B.
This was done to remove the disordered regions in the structure to ensure better
convergence and avoid any artefacts they may introduce. The MARTINI python script
was used to convert the all-atom system to a MARTINI coarse-grain system. The system
was solvated with the MARTINI representation of water molecules. The steepest descent
method of energy minimization was used to remove steric clashes in the system. Then,
NPT equilibration was performed for 200 ps and at 300 K temperature and 1 bar pressure
using the modified Berendsen thermostat. 2° and Parrinello-Rahman barostat 2. For the
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entire duration of equilibration, the protofibril was kept at one of the edges of the box using
a harmonic force constant of 1000 kJ mol~' nm~2. Finally, the centre of mass of one chain
was held fixed, and that of the other chain was pulled along the Y-axis, having a pulling
rate of 0.1 A/ps over a time of ~2000 ps, utilizing a harmonic spring with a spring constant
of 1000 kJ mol~' nm=2. After that, configurations were taken for centre of mass (COM)
distances from 0.5 nm to 3 nm along the y-axis using 0.1 nm spacing and for 3 nm to 6
nm along the y-axis using 0.2 nm spacing. NPT equilibration was performed for 200 ns
for each configuration using Berendsen thermostat?* and barostat 2* at 300K temperature
and 1 bar pressure. A final simulation run of 1 us was performed for each configuration,
using a berendsen thermostat?* and barostat 2*. Then Weighted Histogram Analysis
Method (WHAM)3® was used to extract the potential of mean force (PMF).
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3: Results

3.1. Kinetics of association.
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Figure 7. Normalized ACF of inter-chain distances of — (A) homo-dimers and (B) hetero-dimers.

The data presented in Results sections 3.1 to 3.7 were obtained from the coarse-grained

simulations described in Methodology section 2.1.

The distance between the centres of masses of two protein chains of a dimeric species

was calculated as a function of time, and the normalized auto-correlation function(ACF)

of the distance was calculated for each of the eleven systems (Figure 7). The timescale
of association are as follows: the homo- (E46K-E46K< A30P-A30P < G51D-G51D < WT-
WT < A53T-A53T < H50Q-H50Q, Figure 7A) and hetero-dimeric (WT-A30P < WT-AS53T
< WT-G51D < WT-H50Q < WT-E46K, Figure 7B) cases — (1) among the mutations that
alter charge density of the protein chain, the rate of association decreases from E46K to
G51D to H50Q in homo-dimers and G51D to H50Q to E46K in heterodimers (2) between
the neutral mutations, A30P shows faster rate of association over A53T.
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3.2. The overall trend of the global compactness of the charged mutations retains
its identity in homo- and hetero-dimers.
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Figure 8. Normalized probability distributions of Rg — (A) homo-dimers and (B) hetero-dimers.

Rg (radius of gyration) is a measure of the distribution of mass around the centre of mass
of a molecule and describes how compact a system is. This parameter was utilized to
rank order the global compactness of the six homo- and five hetero-dimeric species

evolved in the kinetic assembly simulations.

For homo-dimers (Figure 8A), the relative order of Ry displays the following trend: WT-
WT < G51D-G51D < A53T-A53T =~ A30P-A30P < H50Q-H50Q < E46K-E46K. Here we
see that two out of three mutants that alter charges (E46K and H50Q) show the least
compact and 2" least compact structures, respectively, while the WT homo-dimer
produces the most compact state. Interestingly, the neutral homo-dimers generate

ensembles with comparable compactness.

For the hetero-dimers (Figure 8B), the relative order of Rq appears as the following: WT-
A30P =~ WT-G51D < WT-H50Q < WT-AS53T < WT-E46K. Interestingly, the relative order

18



of global compactness among the hetero-dimers involving mutations that alter charges
remains the same as observed for homo-dimers, i.e., the ability to generate compact
ensembles decreases from G51D to H50Q to E46K. Additionally, as observed for the
homo-dimers, E46K mutations tend to create the least compact hetero-dimer as well.
However, the neutral mutations break the comparable relative compactness trend as the
A30P hetero-dimer produces a much more compact ensemble than the A53T hetero-

dimer.

3.3. The variability in the solvent exposure among the aS variants mimics the
trend of global compaction.
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Figure 9. Normalized probability distributions of SASA — (A) homo-dimers and (B) hetero-dimers.

A broadly correlated parameter to the compactness of a protein is its solvent exposure
which is measured in terms of solvent-accessible surface area (SASA), the higher the

compaction, the lower the solvent exposure.

The relative order of solvent exposure of the homo-dimers (WT-WT ~ A30P-A30P <
AS3T-AS53T =~ G51D-G51D <H50Q-H50Q < E46K-E46K, Figure 9A) matches nicely with
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the compaction trend in multiple counts: (1) WT and A30P have the least exposure, (2)
AS53T and G51D have comparable exposures, (3) solvent exposure increases from G51D
to H50Q to E46K, and (4) E46K has the maximum solvent exposure.

Similarly, the hetero-dimers display a solvent exposure trend which is very similar to their
compactness order: WT-G51D < WT-A30P < WT-H50Q < WT-AS53T < WT-E46K (Figure
9B). Moreover, the relative trend of solvent exposure of the homo-dimeric species retains
its signature in the hetero-dimers, specifically for mutants which change the charge
density of the protein chain.

3.4. Compaction signature of the dimer-forming individual chains persists in the
global compactness.
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Figure 10. Normalized probability distributions of Rq of individual chains — (A) homo-dimers, (B) WT chain

of hetero-dimers, and (C) mutant chain of hetero-dimers.

For the homo-dimers, we concatenated the Ry values of the individual chains (Figure
10A). The relative order of Rq displays a trend (G51D-G51D < WT-WT < A53T-A53T <
A30P-A30P < H50Q-H50Q < E46K-E46K) which is very similar to the global compactness
of the homo-dimers. This consistency in the relative trend of compactness between the
global and chain-wise compactness also appears in the relative compactness order of the
WT chain of the hetero-dimer (WT-A30P ~ WT-G51D =~ WT-H50Q < WT-A53T < WT-
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E46K, Figure 10B), though majorly for AS3T and E46K mutant-based hetero-systems.
However, the mutant chains (G51D < H50Q < E46K < A30P < A53T) fail to replicate the
relative compactness trend of the hetero-dimers. Specifically, the E46K chain does not
create the least compact ensemble. However, the relative compactness among the
mutants that alter the charge density of the protein remains consistent. Moreover, A53T
creates the least compact ensemble which mimics the global compactness of the WT-
AS53T hetero-dimer. So, overall, the global compactness of a dimeric state is dictated by
the chain-specific compactness. The extent of contribution toward the hetero-dimeric
compaction shits from the WT to the mutant chain, depending on the sequence identity

of the mutant.

3.5. A consistent appearance of specific thermally labile regions in aS variants.

©
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Figure 11. RMSF as a function of residue index — (A) averaged over the two chains of the homo-dimers,

(B) WT chains of the hetero-dimers, and (C) mutant chains of the hetero-dimers.

Root mean square fluctuation (RMSF) analysis was performed to study the flexibility of
the protein during the simulation. It helps in identifying regions with high or low movement,

providing insights into structural dynamics.

For homo-dimers (Figure 11A), charged mutants (E46K-E46K, G51D-G51D, and H50Q-
H50Q) show more fluctuations compared to the other variants. However, for hetero
dimers, the WT chain of WT-A30P displays a greater extent of thermal fluctuations
compared to the other WT chains (Figure 11B) and concomitantly, the mutant chain of

WT-A30P (Figure 11C) shows more fluctuations compared to other variants.
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Interestingly, irrespective of the nature of the dimeric species or the protein variant being
considered (WT or mutant), two specific regions of the protein consistently display a
higher degree of fluctuations compared to the rest of the sequence — residue 35-45 and
residue 95-115.

3.6. Regions that participate in forming the dimer interface.
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Figure 12. Inter-chain contact maps for — homo-dimers (panels A-F) where both x- and y-axes represent
the two chains of the same variant and hetero-dimers (panels G-K) where the x- and y-axes represent the

WT chain and the mutant chain, respectively.

Inter-chain backbone-based contact map for a protein dimer represents residue-residue
interactions between two chains (similar or dissimilar). A contact was defined if the two
backbone beads belonging to two different chains came within a distance cut-off of 0.6

nm.

For the homo-dimers (Figure 12, top panels), the mid-part of the protein chain appears
as a major contact-forming segment that predominantly forms contact with the mid-part
or N-terminal of the other chain, and they prefer an anti-parallel orientation (increasing
residue number along x-direction with a concomitant decreasing residue number along
the y-direction). However, the variability originates due to the extent of contact of
formation: most prevalent for WT and A30P; moderately visible for A53T, G51D, and
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H50Q; and sparsely evident for E46K. This observation justifies the variability in
arrangements of two protein chains in the homo-dimers observed in the conformational
ensemble analysis as the most dominant states are mostly overlapping for WT and A30P,

partially overlapping for A53T, G51D, and H50Q, and barely overlapping for E46K.

In the case of the hetero-dimers (Figure 12, bottom panels), the prevalent contact
formation is observed for A30P and G51D and moderate contact formation is observed
for the other three cases which is justified because of the specific orientations of the
protein chains as obtained from the conformational landscape analysis. Here too, the mid-
part and the N-terminal segment of the protein chains participate in contact formation.
The variability among the mutants appears due to the simultaneous and alternate

participation of the above-mentioned segments.

3.7. Search for the dominant conformational ensembles of the aggregates.

PCA was performed to identify the most dominant conformations of the protein
aggregates based on the two major collective motions. The emerged conformational
landscapes can be broadly classified as the following: (1) narrow distribution with one
major sharp peak (WT-WT and E46K-E46K) or a slight broadening of the single-peaked
narrow distribution (A53T-A53T) and (2) a broad distribution with merged (A30P-A30P)
or separated (G51D-G51D and H50Q-H50Q) multiple peaks. Homo dimers with a
narrower distribution would hint toward a more definitive dominant conformational
ensemble, while the others with a broader distribution would suggest a heterogeneous

conformational ensemble, i.e., the presence of more than one dominant structure.
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Figure 13. Conformational landscapes are generated using the first two principal components (PC1 and
PC2).

The fundamental classifications of the conformational landscapes evolved for the homo-
dimers reappear in the hetero-dimeric states, where the mutants chiefly retain the nature
of the landscape — (1) a narrow distribution with a sharp peak (WT-A53T and WT-E46K)
and (2) a broader distribution with multiple peaks (WT-A30P and WT-H50Q). Only the
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G51D mutant switches from a broad to a narrower distribution while moving from homo-
to hetero-dimer. This is possibly because of the presence of one WT chain as the homo-
dimeric conformational landscape of the WT chain contains a narrower single-peaked
distribution. So, in general, mutants retain their features irrespective of the nature of the
dimeric state. And the G51D hetero-dimer can be seen as a perfect hybrid of WT and
G51D homo-dimers.

3.8.The overall hydrogen bonding pattern of the dimeric state.
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Figure 14. Normalized probability distributions of protein-protein and protein-water hydrogen bonds of the

homo- and hetero-dimers.
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The data presented in Results sections 3.8 to 3.10 were obtained from the atomistic
simulations described in Methodology section 2.2.

We calculated the number of hydrogen bonds present within the dimeric species and
between the dimer and surrounding water and deconvoluted them to the backbone- and
side-chain based ones to identify the relative contributions (Figure 14). It appears that the
major contribution to the overall hydrogen bonding network within the dimeric species
originates from the backbone irrespective of the nature of the dimer (homo or hetero).
Contrarily, the side chain appears as the dominant contributor to the protein-water
hydrogen bonding pattern — be it homo- or hetero-dimers. So, there is a clear distinction
between the roles of backbone and side chains in the hydrogen bonding network — the
backbone holds the dimer together and side chains help to solvate the dimer. However,
the variability among species majorly appears due to the varied extent of hydrogen bonds
contributed by the backbone in both intra-dimer and dimer-water instances for both homo-
and hetero-dimers.

3.9. The chain-wise intra- and inter-chain hydrogen bond network of the dimeric

state.
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Figure 15. Normalized probability distributions of intra-chain, inter-chain and protein-water hydrogen

bonds (per chain) were obtained for the homo- and hetero-dimers.

One of the crucial cohesive forces active in a protein is the hydrogen bond.3¢ We
calculated intra-chain and inter-chain hydrogen bonds. For both homo- and hetero-
dimers, the contribution to the intra-chain hydrogen bonds gradually decreases from
backbone-backbone to backbone-side chain to side chain-side chain. The intra-chain
hydrogen bond formation is dominated by the backbone. In the inter-chain hydrogen
bonds, the previously observed trend reverses. The contribution to the inter-chain
hydrogen bonds decreases from side chain-side chain to backbone-side chain to
backbone-backbone. In conclusion, intra-chain hydrogen bonds are dominated by
backbone-backbone interaction while inter-chain hydrogen bonds are dominated by side
chain-side chain interactions. The side chains majorly contribute to the formation of
hydrogen bonds with the surrounding water molecules and this mimics the pattern

obtained from the dimer-water hydrogen bond.

3.10. The role of electrostatic and van der Waals interactions in the dimeric
structures of the aS variants.

We calculated intra-chain, inter-chain, and protein-water electrostatic®” and van der
Waals®® Interactions (Figure 16). Intra-chain electrostatic interactions are stronger than
inter-chain and protein-water electrostatic interactions. Similarly, intra-chain van der
Waals interactions are stronger than inter-chain and protein-water van der Waals
interactions. Overall, electrostatic interactions dominate over van der Waals by a large

margin.
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Figure 16. Normalized probability distributions of the electrostatic and van der Waals interactions

operative in homo- (first and third rows) and hetero-dimers (second and fourth rows), respectively. (A)
intra-chain, (B) inter-chain, and (C) protein-water electrostatics for homo-dimers; (D) intra-wildtype, (E)
intra-mutant, (F) inter-chain, (G) WT-water, and (H) mutant-water electrostatics for hetero-dimers. The

next two rows display the operative van der Waals interactions in the same order as shown for the

electrostatics.
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3.11. The inter-peptide binding free energy of the protofibrillar construct.
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Figure 17. Potential of mean force profiles of — (A) homo-dimers and (B) hetero-dimers.

The PMF profiles generated using SMD and WHAM provide the free energy of binding
between a couple of chains that form a specific protofibrillar construct, where the free
energy change associated with the unbinding process of one protein chain from the other
was estimated by taking the difference between the minimum value of the PMF profile
(zero) and the asymptotic limit of the PMF profile.

In the homo-dimeric protofibrils, the rank ordering of binding affinities displays the
following order: A53T (55.73 £ 2.19 kJ/mol) > WT (47.77 + 1.96 kdJ/mol) ~ A30P (47.62 +
2.24 kJ/mol) ~ E46K (47.13 + 2.43 kd/mol) ~ G51D (46.10 + 2.11 kJ/mol) > H50Q (34.03
+ 1.82 kJ/mol). So majority of the homo-dimers display comparable protofilament binding
affinities as observed for the WT, i.e., mutation, either neutral or charge-altering does not
impact the protofibrillar stability. However, A53T and H50Q break the above-mentioned
trend in two extreme ends — the former being a neutral mutation increases the affinity,
while the latter being a charge-altering mutation decreases it, compared to the WT
protofibril.

The hetero-dimers display a somewhat similar pattern (multiple variants with comparable
protofilament binding affinities), but with a different relative order — E46K (53.37+2.22
kJ/mol) > H50Q (44.93+3.00 kd/mol) ~ A30P (43.53+2.17 kJ/mol) ~ G51D (43.10+£3.13
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kd/mol) = A53T (43.06+1.99 kJ/mol). Here, the E46K mutant stands out as an outlier

displaying the maximum extent of binding affinity.

A few conclusions can be made by comparing all the binding free energies:

1. Except for the E46K mutant, all the other mutants form a slightly less stable hetero-
protofibril compared to the homo-protofibril of the WT variant.

2. The protofilament binding affinities are comparable between homo- and hetero-
protofibrillar states of A30P and G51D along with the WT homo-protofibril.

3. The mutants with very high binding affinities change their identities from neutral
(A53T) to charge-altering (E46K) as the protofibril changes its identity from homo
to hetero.

4. No hetero-protofibrils show extremely decreased binding affinities as does the
H50Q homo-protofibril.
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4: Discussion

In this work, the entire aggregation landscape of aS was analyzed by characterizing its
kinetic and thermodynamic aspects. The comparative analysis of the WT oS features
compared to its five prevalent deleterious mutants provides a detailed understanding of

the differences between protein variants.

aS mutants that alter charge exhibit distinct trends in their relative rates of self-association
and association with the WT chain. Among the neutral mutations, A30P dimerizes (either
with itself or with WT aS) at a faster rate than AS3T (Figure 7). The homo- and hetero-
dimeric structures originating from such associations always display lesser compactness
and larger solvent exposure for the mutant-containing ones compared to the WT homo-
dimer (Figures 8-9). Moreover, the ability to generate compact/exposed ensembles
decreases/increases from G51D to H50Q to E46K (Figures 8-9). Additionally, the global
compactness of a dimeric state is dictated by the chain-specific compactness (Figure 10).

All the dimeric species display two common highly fluctuating regions for their constituting
chains (Figure 11). Interestingly, the inter-chain contacts are formed majorly by the N-
terminal and mid-part of the oS chain (both WT and mutant, Figure 12), both of which
belong to the least fluctuating regions of the protein chain. Despite the commonality in the
fluctuation pattern, the dimeric conformational landscapes display a considerable
diversity among variants. Still, except for G51D, the conformational landscape features
remain consistent in homo- and hetero-dimers for a specific set of variants (narrow for
E46K and A53T and broad for A30P and H50Q (Figure 13). The origin of multiple common
and consistent features observed for the homo- and hetero-dimers of six considerably
different variants could be attributed to the consistent nature of specific operative
cohesive forces. In general, the backbone contributes to the intra-chain hydrogen bond
framework stability and the side chains dictate the inter-chain and protein-water
interactions (Figures 14-15), possibly being more exposed. Whereas, the electrostatic
forces specifically stabilize the intra-chain interactions over the inter-chain and protein-
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water talks (Figure 16). The dispersion interactions also contribute to all the possible
protein-protein and protein-water cross-talks, but their contribution is always weaker
compared to the electrostatic forces.

The above analyses talk about the dimeric states that appear during the course of
aggregation. However, the dimeric constructs are not the final fibrillar states. To check
whether there is any correlation between the initially associated dimeric structures and
the fibrillar states, we shifted our focus to the protofibrillar constructs made up of two
protein chains with the same or different sequence identities. Surprisingly, the
distinguishing features of the charge-altering mutants do not appear prominently in the
protofilament binding affinity estimations (Figure 17) where a neutral mutant (A53T)
appears as the species with the highest binding affinity and one of the charge-altering
mutants practically shows the lowest protofilament binding affinity (H50Q). Moreover, the
charge-altering mutants switch their ability to form a stable protofibril from the highest
among hetero-dimers (E46K, gain in positive charge) to the lowest among homo-dimers
(H50Q, loss of positive charge). In addition, the rate of association also does not correlate
with the protofilament binding affinity pattern, suggesting that faster aggregation does not
necessarily lead to stable aggregates.
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5: Conclusions

In this work, we have tried to answer a few relevant questions of aS aggregation. We
have used extensive CG and atomistic simulations along with conventional and enhanced
sampling techniques to answer the kinetics and thermodynamics of the aggregation
process to uncover the complex mechanism. We found that binding free energy does not
directly correlate with self-association, suggesting that other factors may be influencing
the process. To gain further insight, | will study the literature to identify potential

influencing factors and alternative mechanisms.

Still, some limitations exist in the present work: approximations of the CG model, the use
of only two chains for aggregation studies, the consideration of only two chains of the
fibril, and the inability to include the unstructured segments of the fibril. The reason behind
all these limitations lies in the present hurdle of handling very large systems with adequate
computing facilities within a realistic timescale to achieve viable quantitative
measurements with trustable statistics. Future work would be directed toward the
identification of the connection between disease phenotype and physical properties of the
protein.
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