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Abstract

Intracellular environment is considered as crowded due to the high concen-
trations (300 — 400 g/L) of tightly packed biomolecules such as nucleic acids,
proteins, polysaccharides and small metabolites. The impact of crowded mi-
lieu on thermodynamics and kinetics of the processes like protein folding is
being increasingly recognized. The well-established effects of crowding in-
clude the compaction of biomolecules caused by entropic excluded volume
effects of crowders due to their size. Recent investigations, however, have
indicated the significance of the soft, energetic interactions in such complex
systems. Therefore, a comprehensive microscopic understanding of these ef-
fects remains elusive. In this thesis, we have explored the effects of molecular
crowding on the self-assembly and collapse of macromolecules using molec-
ular dynamics simulations. To investigate this phenomena, simplified solute
models were considered, such as the organic cationic pseudoisocyanine chlo-
ride (PIC) dye, which forms fibril-like structures similar to intrinsically disor-
dered proteins, offering insights into protein aggregation. It was found that
the soft-attractive, non-specific interactions of ethylene glycol as a molec-
ular crowder disfavoured dye oligomerization. The dye-crowder attractive
interactions reduced the hydration density of dye oligomers, leading to an
energetic penalty that disfavored dye oligomerization in crowded solutions.
The study highlighted the effects of crowding on the hydration of the self-
assembling dye molecules that influence their oligomerization. To gain a
deeper insights, we refined the theoretical framework to quantify the pref-
erential interactions between crowders and dyes, from both simulations and
experiments (performed by our collaborators) based on Kirkwood-Buff the-
ory. In the subsequent study, we examined the differential effects of model
charged molecular crowders on the collapse equilibria of generic hydrophobic
linear and branched polymers. It was once again found that the polymer
hydration played a crucial role. Weakly hydrated anions were found to dis-
criminate between linear and branched polymers, inducing the collapse of
branched polymers through a surfactant-like mechanism. These crowders
interacted significantly with both the backbone and side chains of the poly-
mer, disrupting the structure of hydration waters around the side-chains and
backbone to different extents, leading to different propensities of collapse of
linear and branched polymers. Finally, we extended our investigation into
the effects of charged crowders on the structural preferences of a 16—residue
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B—hairpin peptide to validate these findings. The model anionic crowders
promoted more collapsed non-native peptide conformations via surfactant-
like mechanism, indicating the sensitivity of the unfolded ensemble of the pep-
tide states to the type of charged molecular crowders. However, the cationic
and anionic crowders were found not to significantly affect the folded ensem-
ble of the peptide. Overall, the results obtained in this thesis underscore
the emerging view of molecular crowding effects on biomolecular structure
and self-assembly. The findings highlight that soft, attractive interactions in
crowded systems need to be accounted for in order to understand the effects
on biomolecular collapse. The work also showed that molecular crowders
with attractive interactions can disfavour oligomierization of dyes. Whereas,
the charged molecular crowders can discriminate between polymer architec-
ture and regulate their collapse based on the hydration structure around the
polymers. The findings have implications for the role of crowding in shap-
ing the free energy landscapes of intrinsically disordered proteins, charged
crowded environments for liquid-liquid phase separation of biomolecules and
for designing responsive polymer-based materials for tailored applications.
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