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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)-β3. 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-β3 in turn, is a less investigated protein. Low solubility of

TGF-β3 has long complicated its spectroscopic studies, although it is known that the

active solution structure of TGF-β3 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 α-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-β3 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), Rg, secondary

structure content and α-proton chemical shifts) and the nature of stabilizing inter-

actions (hydrophobic, H-bonds, salt bridges, cation-π). 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-β3 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-β3 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.



sArA\f

p}oVFn k� Gol kF jAnkArF, Ejsm�\ kI aSpkAElk m@yvtF
 s\rcnAe\ fAEml

h{\, p}oVFn ek/FkrZ s� s\bEDt do m� Hy c� nOEtao\ kA hl EnkAln� k� Ele rZnFEt

bnAn� m�\ shAytA kr sktF h{ − (i) trl p}oVFn yogo\ kF E-TrtA aOr (ii) p}oVFn

kF kAy
prk u(pAdn mA/A। p}oVFn k� Gol kA g� ZA(mk prF"Z krn� k Ele upy� ?t

p}AyoEgk tknFk�\ mh(vp� Z
, Ek\t� aA\Efk jAnkArF p}dAn krtF h{\ ?y�\Ek ins�\ u(p�n

X�VA k� &yApk sAmEyk aOr g� ZA(mk aOst hon� k� kArZ aSpkAElk m@yvtF


p}oVFn s\rcnAao\ kF phcAn krnA jEVl ho jAtA h{। inh{\-X s{\E=l\g moEl?y� lr

XAynEm?s tknFk�\, j{s� m�VAXAynEm?s, fE?tfAlF k\=y� V�[nl upkrZ k� r� p m�\

uBrF h{\ jo p}oVFn th aOr sAT hF k� C a�y j{v aA\ZEvk p}E�yAao\ k� m� ?t

ujA
 pErd� [y ko uQc -TAnFy v sAmEyk -p	VtA s� EnDA
rZ krn� m�\ s"m h{\।

m�VAXAynEm?s m�\, a\tEn
Eht h{EmlVoEnan ko iEthAs−EnB
r poV�\Eqal k� s\cy

�ArA s\foEDt EkyA jAtA h{ Ejss� phl� s� EnDA
Ert p}oVFn s\rcnA "�/ jo kl�E?Vv

v�ErebSs (CVs) s� pErBAEqt hotA h{, k� p� n, EnDA
rZ pr j� mA
nA lgtA h{। is TFEss

m�\, v�l−V�\pX
 bAys e?sc�\j m�VAXAynEm?s (WT-BEMD) jo Ek m�VAXAynEm?s kA

ek p}kAr h{, kA upyog krk� do p}m� K EcEk(sAEvDAn p}oVFno\, i\s� Eln aOr TGF-β3

kF Gol m�\ pAI jAn� vAlF s\rcnAao\ k� sm� h tTA uss� s\b\EDt u�	mAgEtkF ev\

blgEtkF kA EnDA
rZ EkyA gyA h{। dono\ p}oVFn Tm
l aOr yA\E/k tnAv s� ekE/t

hon� k� Ele jAn� jAt� h{\, Ejss� unk� EcEk(skFy upyog pr asr pwtA h{। jhA\

i\s� Eln k� Ele pyA
=t -p�V~ o-koEpk ev\ E�-Vlog~ AE'k jAnkArF p}A=y h{, TGF-β3

isk� itr, ek km jA\cA gyA p}oVFn h{। TGF-β3 kF km G� lnfFltA n� l\b� smy

s� isk� -p�V~ o-koEpk a@yyno\ ko jEVl bnAyA h{, hAlA\Ek yh âAt h{ Ek TGF-β3

kF Gol m�\ pAI jAn� vAlF sE�y s\rcnA iskF X-ray E�-Vl s\rcnA s� kA'F alg

h{।

i\s� Eln kA WT-BEMD Esm� l�fn uQc tApFy aOr rAsAyEnk tnAv m�\ EkyA gyA

TA jo Ek is p}oVFn k� kI -p�V~ o-koEpk a@yyno\ m�\ i-t�mAl amAilA�iXoj�Enk

E-TEtyo\ kF nkl h{। i\s� Eln kF th k� u�	mAgEtkF ev\ blgEtkF mA�Xl k� EnmA
Z h�t�
BEMD p}"�pv�o\ pr Ebn−aADAErt sm� hFkrZ aOr mAko
Evan kAin�EVk V~ A\)Ffn

n�Vvk
 mA�Xl kA upyog EkyA gyA TA। p}A=t i\s� Eln Gol s\rcnA sm� h k� m� Hy
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a\f (72 p}Etft) ko is p}oVFn kF R-, Rf- aOr T- av-TAao\ m�\ pAyA gyA h{।

p}A=t kF gI sE�y s\rcnA k� sm� h aOr i\s� Eln kF amAilA�iXoj�Enk E-TEtyo\ m�\

kETt -p�V~ o-koEpk s\rcnA kF α-p}oVo\n k�Emkl Ef='V kF t� lnA krn� pr u(E�	V

shs\b\D EmltA h{। s\rcnao\ kA d� srA sbs� m� Hy a\f ek sGn EvE�t s\rcnA

sm� h (D) k� an� r� p TA aOr f�q s\rcnAe\ aA\Efk r� p s� bn� s\rcnA (PF) sm� h s�

s\b\EDt TF\। EvE�t aOr aA\Efk r� p s� bnF\ m@yvtF
 s\rcnAao\ m�\ amFno e�EsX k�

-TAnFy vAtAvrZ k� s\dB
 m�\ mh(vp� Z
 a\tr pAyA gyA h{। isk� alAvA, phl� k�

En	kfo\
 s� m�l krtA i\s� Eln th p}E�yA m�\ shkAErtA kA V� VnA avloEkt EkyA

gyA h{ jhA\ iskF ek aA\Efk r� p s� bnF\ av-TA (m@yvtF
 th s\rcnA) ko �y� ntm

m� ?t u�jA
 pT (LFEP) pr sE�y aOr EvE�t s\rcnA k� m@y pAyA gyA h{। in

aA\Efk r� p s� bnF m@yvtF
 s\rcnAao\ kF t� lnA i\s� Eln ek/FkrZ k� f� r� aAtF

crZo\ m�\ Ele ge -p�V~ o-koEpk, E�-Vlog~ AE'k aOr k{lorFmFEV~ k mApo\ s� kF gI

h{। isk� alAvA, Esm� l�V�X anFEl\g aOr kAin�EVk mo\V� kAlo
 (KMC) kln EvED

k� p}yog s� EvE�t s� sE�y s\rcnA r� pA\trZ kA smy 0.46 ms aOr aA\Efk r� p s�

bnF s\rcnA s� sE�y s\rcnA r� pA\trZ kA smy ek pErmAZ km EnDA
Ert EkyA

gyA h{।

TGF-β3 k� WT-BEMD Esm� l�fn ko p}Ay, p}y� ?t rF'oESX\g pErE-TEtyo\ k�

a\tg
t EkyA gyA h{। p}A=t BEMD p}"�pv�o\ k� Ebn−aADAErt sm� hFkrZ n� is

p}oVFn k� cAr m�VA-V�bl s\rcnA sm� h p}dAn Eky�। in sm� ho�\ kA kI s\rcnA(mk

mApd\Xo\ (VrEfyrF s\pk
 mAnEc/, r�EsEXy� −aADAErt EvlAyk s� lB "�/ (SASA),

r� V mFn -?vAyr X�Evefn (RMSD), Rg, s�k�\XrF -V~ ?cr mA/A aOr α-p}oVo\n k�Emkl

Ef='V) sAT hF E-TrtA p}dAn krn� vAl� s\pko
\ (hAiX~ o'oEbk, H-bA�X, sASV Eb~ j,

k{VAyn−π) kF p}k� Et k� aADAr pr Ev-t� t r� p s� Ev[l�qZ EkyA gyA। in m�VA-V�bl

s\rcnA sm� ho\ s� bn� s\p� Z
 Gol sm� h kF is p}oVFn kF kEtT -p�V~ o-koEpk s\rcnA

s� t� lnA krn� pr uE(�	V smAntA p}A=t hotF h{। isk� alAvA, yh BF pAyA gyA

h{ Ek sbs� dFG
 aAy� vAlA sm� h (s\p� Z
 Gol sm� h kA 50 p}Etft) TGF-β3 kF

kETt Gol s\rcnA k� sAT sbs� EnkVtm smAntA dfA
tA h{ aOr isFEle, isko

is p}oVFn kF Gol m�\ sE�y s\rcnA mAnA gyA h{। is sE�y s\rcnA ko �y� ntm

m� ?t u�jA
 pT pr ek aOr dFGA
y� m�VA-V�bl sm� h Ejsm�\ EvE�t s\rcnAy�\ h{\, k

sAT ek aA\Efk r� p s� bnF s\rcnA k� mA@ym s� s\pk
 m�\ pAyA gyA h{। t(p[cAt,

Ep}'r�\Efyl i\Vr�?fn ko'FEfe\V k� mA/A(mk âAn s� TGF-β3 k� m� ?t u�jA
 pErd� [y

ko s\foEDt krn� m�\ ek j� iVrAyEnk EXVj�\
V, CHAPS kF B� EmkA kA a@yyn EkyA

gyA h{। gZnA s� ptA cltA h{ Ek sE�y smr� p s\rcnA aOr aA\Efk r� p s� bnF

yA EvE�t s\rcnAao\ k� EvlAykyojn m�\ mh(vp� Z
 a\tr h{\। Edlc-p bAt yh h{

Ek, inm�\ s� do m�VA-V�bl sm� ho\ n�\ CHAPS kF an� pE-TEt m�\ kF gI lG� aAZEvk

gEtfFltA Esm� l�fn m�\ mh(vp� Z
 s\rcnA(mk bdlAv p}dEf
t Eky�।
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