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Abstract

Knowledge of the solution ensemble of proteins, consisting of many short-lived
intermediate conformations, can help in developing strategies to address two impor-
tant protein-aggregation related challenges - (i) stability of liquid protein formulations
and (ii) refolding yields of proteins. Experimental techniques used to characterize the
solution ensemble provide important, but partial information as extensive time and
ensemble averaging of data makes identification of individual short-lived intermedi-
ates difficult. Enhanced sampling molecular dynamics techniques, like metadynamics,
have emerged as powerful computational tools that enable determination of the free
energy landscape of protein folding as well as some other bio-molecular processes at a
high spatial and temporal resolution. In metadynamics, the underlying hamiltonian
is modified by adding a history-dependent potential that puts a penalty on already
sampled regions of protein conformational space defined in terms of one or more col-
lective variables (CVs), making possible the sampling of high free energy states. In
this thesis, we have implemented well-tempered bias exchange metadynamics (WT-
BEMD), a variant of metadynamics, to determine the solution structure ensemble
and associated thermodynamics and kinetics of two important therapeutic proteins,
namely insulin and transforming growth factor (TGF)-33. Both proteins are known
to aggregate under thermal and mechanical stress, thereby affecting their therapeu-
tic applications. While sufficient spectroscopic and crystallographic information is
available for insulin, TGF-33 in turn, is a less investigated protein. Low solubility of
TGF-33 has long complicated its spectroscopic studies, although it is known that the
active solution structure of TGF-£3 has several important differences with respect to
its X-ray crystal structure.

WT-BEMD simulation of insulin was performed under high thermal and chemical
stress replicating the amyloidogenic conditions used in several spectroscopic studies
of this protein. A bin-based clustering method in-combination with a Markovian ki-
netic transition network model was employed on the BEMD trajectories to construct

a thermodynamic and kinetic model of insulin folding. Major fraction ( 72 %) of the
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obtained solution structure ensemble of insulin was observed to retain the native fold
in form of the R-, Rf- and T-states of this protein. A comparison of a-proton chemical
shifts of the obtained folded state ensemble (F) with those of the reported spectro-
scopic structure of insulin under amyloidogenic conditions provided an excellent corre-
lation. The second largest fraction of structures corresponded to a compact denatured
state ensemble (D) and the remaining structures belonged to an ensemble of partially
folded states (PF) of insulin. Important differences in structure of the denatured and
the partially folded intermediates were identified in terms of the local environments
of amino acids. Moreover, in correspondence with the earlier findings, the break-
down of cooperativity in folding was observed for insulin where one of its partially
folded states (folding intermediate) was found to connect the folded and the denatured
states on the lowest free energy path (LFEP). These partially folded intermediates
were compared and contrasted with spectroscopic, crystallographic, and calorimetric
measurements during early stages of insulin aggregation. Further, a folding time of
0.46 ms for denatured to the folded state transition and an order of magnitude lower
timescale for the partially folded to the folded state transition was identified using
simulated annealing and kinetic Monte Carlo (KMC) algorithms.

WT-BEMD simulation of TGF-33 was performed under typical re-folding condi-
tions. Bin based clustering of the obtained BEMD trajectories provided four metastable
state ensembles of this protein. These ensembles were exhaustively characterized
based on several structural metrics (tertiary contact maps, residue based - solvent
accessible surface area (SASA), root mean square deviation (RMSD), Ry, secondary
structure content and a-proton chemical shifts) and the nature of stabilizing inter-
actions (hydrophobic, H-bonds, salt bridges, cation-m). A comparison of the entire
solution ensemble constituted by these metastable state ensembles, with the reported
spectroscopic structure of this protein provided excellent correspondence. Further,
it was also found that the longest lived ensemble (constituting 50 % of the overall
solution ensemble) provided the closest match with the reported details of solution
structure of TGF-/3 and therefore, it was identified as the folded state of this protein
in solution. This folded state was found connected to another long lived metastable
ensemble containing denatured states, through a partially folded state on the low-
est free energy path. Subsequently, the role of a zwitterionic detergent, CHAPS,
in modulating the free energy landscape of TGF-33 was studied by quantifying the
preferential interaction coefficient of the obtained ensembles with CHAPS. The calcu-
lations revealed significant differences in solvation of native-like and partially folded

/ denatured states. Interestingly, two of these metastable ensembles showed signifi-
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cant structural changes in short molecular dynamics simulations performed without

CHAPS.
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