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Abstract 
 
 
 
A central tenet of biology states that proteins attain three-dimensional structures that 

are uniquely suited to their associated biological functions. The stability and activity 

of proteins are modulated by the primary amino acid sequence as well as external 

environmental factors such as temperature, pH, pressure, molecular crowding, solvent 

composition, etc. Intrinsically disordered proteins (IDPs) defy the structure-function 

paradigm and populate thermodynamically equivalent low energy states separated by 

barriers. Misfolding or dysregulation of IDPs render them exceedingly prone to 

aggregate into higher order structures including polymorphic soluble oligomers and 

amyloid fibrils that accumulate in intracellular and extracellular regions. These 

polymeric assemblies have inappropriate interactions with the cellular components 

and have been linked to several neurodegenerative and other diseases. The broad 

conformational heterogeneity and transient nature of IDPs pose manifold challenges 

to the conventional experimental techniques used in their detailed structural 

characterization. Computer simulations play essential complementary roles and 

generate structural ensembles of IDPs that can help in the interpretation of the 

ensemble-averaged experimental observations. In this thesis, fully atomistic 

molecular dynamics simulations has been employed to discern the effects of 

temperature, crowded environment and structural perturbations on the conformational 

stability, dynamics and early self-assembly of representative IDPs, namely the full-

length amyloid beta (Aβ) peptide, cellular prion protein (PrPC) and an amyloid 

oligomer of αB-crystallin (ABC). Investigation of the thermal stability of the amyloid 
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oligomer reveals that the cold thermal response of the amyloid assembly contrasts 

with the general behavior exhibited by globular proteins. The oligomer is increasingly 

stabilized as the temperature is lowered below the melting temperature of the water 

model used in the study. However, the equilibrium free energy profile based on 

packing of the hydrophobic core is similar to the response of globular proteins. 

Evaluation of the energetic coupling between the oligomer and the hydration waters 

highlights the crucial association of the solvation waters with the oligomer structure 

and stability. In view of the growing evidences linking type-2 diabetes mellitus 

(T2DM) with Alzheimer’s disease (AD), the physical effects of glucose crowding on 

the early self-assembly (dimerization) of the Aβ peptide is studied. The results 

suggest that glucose crowding does not promote Aβ self-assembly and the dimers 

formed in this environment are weakly bound than those formed in pure water. 

Glucose molecules cluster away from the surface of the peptides and entrap the 

solvation waters thus shielding the hydrophobic interactions, which drive the process 

of Aβ self-assembly. The structural and dynamic effects of a minor perturbation in the 

network of native interactions of PrPC are studied. Eliminating a single inter-domain 

hydrogen bond cascades into enhanced conformational flexibility of the protein, 

overall increased solvent exposure of the hydrophobic core and disruption of the 

inter-domain salt-bridge network. These changes corroborate with those reported for 

PrPC under destabilizing conditions of low pH, high temperature and in disease 

mutants. The results suggest that perturbing the cooperative interplay of the native 

network of PrPC interactions trigger structural and dynamical changes leading to 

conformations prone to pathogenic transitions. The thesis provides insights into 

aspects of conformational stability, dynamics and self-assembly of amyloidogenic 

proteins.  
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CHAPTER 1 
 
 

Introduction 
 
 
 

1.1     Protein Folding 

Proteins are complex biological macromolecules performing myriad essential 

functions that sustain living systems. They are constituted of various combinations of 

20 naturally occurring amino acid residues connected by peptide bonds and 

synthesized by the ribosomal machinery of the cell. The specific order of amino acids 

in a protein, referred to as its “primary structure”, is encoded in the deoxyribonucleic 

acid (DNA) that is the genetic material of all living organisms. The polypeptide chain 

upon synthesis undergoes post-translational modifications and folds to attain a unique 

three-dimensional structure associated with distinct biological function. One of the 

prime theories and a major milestone in the field of protein science is the 

“thermodynamic hypothesis” put forth by Christian Anfinsen in the early 1960s, based 

on denaturation and renaturation studies of the protein, ribonuclease A1-2. This 

hypothesis asserts that the native state, i.e. the three-dimensional structure adopted by 

a protein under normal physiological conditions (pH, temperature, ionic strength,  

 
A part of this Chapter is based on the review articles: 
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 presence of metal ions, etc.), is energetically most favorable or at the global 

minimum of their accessible free energies. The native conformation is dictated by the 

sum total of interatomic interactions and thus by the primary amino-acid sequence3. 

Thereafter, in the late 1960s, Cyrus Levinthal conjectured the protein folding paradox, 

also referred to as “Levinthal’s paradox”. According to this conjecture, a protein 

would require cosmological timescales to attain the native fold if it systematically 

samples every possible conformation4. Thus it was suggested that proteins must fold 

via specific “folding pathways”. The paradox is essentially a matter of two mutually 

exclusive alternatives: (i) thermodynamic control in which a protein folds to the 

global minimum energy structure in a path independent manner, (ii) kinetic control in 

which a protein folds quickly or in biological timescales in a pathway dependent 

manner5-6. This pivotal argument led to a major experimental and theoretical quest to 

characterize the kinetics of protein folding and identify partially structured 

intermediates along the folding pathway7-10.  

 

1.1.1    Energy Landscape Perspective of Protein Folding  

The classical view of protein folding is based on simple phenomenological models 

and postulates a unique folding pathway with structured and sequential 

intermediates5,8-9. The new view5,11-13, derived from theoretical models and computer 

simulations describe the process in terms of folding funnels or energy landscapes. 

Protein folding energy landscape is a statistical description of the potential energy 

surface of a protein as a function of its conformational degrees of freedom14. Each 

conformation represents a point on the multidimensional potential energy surface; the 

unfolded conformations are the high-energy species whereas folded conformations are 

energetically downhill15. As folding proceeds, a nascent polypeptide chain diffuses 



Chapter 1 
"

" 3"

downward in terms of energy owing to the increase in the number of stabilizing 

interactions15-17. The folding process is thus a stochastic search of the multiple 

conformations accessible to a polypeptide chain such that the protein folds rapidly 

and efficiently16.  

 In recent years, a growing arsenal of advanced experimental techniques18-28 

and substantial enhancement in computing power29-32 harnessed in computational 

methods has revolutionized our understanding of the protein folding process33. Since 

the number of conformations that can be sampled by a polypeptide chain grows 

exponentially with its chain length, folding of small single domain proteins (<100 

amino acid residues in length) were mainly studied by experimental and theoretical 

techniques34-36. The folding landscape of small globular proteins is generally smooth, 

devoid of deep valleys and high barriers; the folding reaction can be modeled by a 

two-state transition between a disordered unfolded state and the ordered native 

state17,37-38. Most globular proteins fold on rugged energy landscapes and need to 

cross substantial kinetic energy barriers; consequently populating transient partially 

folded intermediate species16-17,39. The roughness in the folding funnel can be 

attributed to topological frustration during the formation of native interactions and the 

extent of non-native interactions40-42. A schematic representation of the funnel-shaped 

protein folding energy landscape is depicted in Figure 1.1. During folding, unfolded 

polypeptides sample a multitude of conformations as they evolve downhill towards 

the thermodynamically favorable native state, occupying the narrowest part of the 

funnel with minimum energy.  
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Figure 1.1. Schematic description of a protein folding energy landscape. Folding 

proceeds with an increment in the number of native interactions and a corresponding 

decrease in the energy as the polypeptide attains the native conformation.  

 

Protein folding processes, in essence, are driven by random fluctuations in the 

unfolded conformation that results in the formation of native and non-native 

interactions; the former assumed to be more stable17. Rapid and efficient 

conformational search during protein folding involves formation of native interactions 

between key residues that establish the folding nucleus about which the rest of the 

structure organizes to attain the native topology17. These intermediate states have 

rudimentary native-like architecture that when correctly formed invariably leads to 

the native state16. The role of these heterogeneous species in assisting the folding 

process or serving as kinetic traps is largely debated16-17,43. Characterization of the 
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species encountered in the process of protein folding by employing advanced 

biophysical methods of faster timescales and greater sensitivity in combination with 

computational methods and simulations have provided insights into the underlying 

principles of protein folding44-46. According to one plausible model of protein folding 

known as the “hydrophobic collapse” model, in the early steps of folding, 

hydrophobic forces lead to the collapse of the unfolded polypeptide chain and the 

burial of non-polar amino acid residues within the core of the protein47-48. Locally 

folded structures called “secondary structure elements” are formed concomitant with 

the increase in compaction. The free energy preference for sequestering hydrophobic 

residues coupled with the weak preference for formation of various kinds of 

secondary structures drives the protein molecule towards the native conformational 

space, thus restricting the conformational search during folding15-17,49. In an 

alternative model referred to as the “framework” model, nascent secondary structures 

form first which coalesce and are connected by long–range interactions to slowly 

develop tertiary structure50-52. The most commonly occurring secondary structures in 

proteins are α-helices and β-sheets that are primarily stabilized by hydrogen-bonding 

interactions between the carbonyl and amide groups of the polypeptide backbone16-17. 

In an α-helix, the carbonyl oxygen of the peptide linkage of an amino acid is 

hydrogen-bonded to the amide hydrogen of the fourth amino acid down the chain53. 

The helical twist is right-handed in all proteins with 3.6 amino acids in each turn and 

side chains protruding outward from the helical backbone. In a β-sheet, segments of a 

polypeptide chain with extended backbone, termed as β-strands, are laterally 

connected by backbone hydrogen bonds; the side chains of adjacent amino acid 

residues point in opposite directions, above and below the plane of the sheet. The β-

strands can run in the same direction (parallel β-sheet) or in the opposite direction 
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(antiparallel β-sheet), having the same or opposite amino-to-carboxyl orientations, 

respectively. Secondary structure elements subsequently form domains stabilized by 

tertiary interactions. The final stage of folding is highly cooperative in which close 

packing of the side chains of residues, excluding water from the protein core results in 

the formation of the native state16,49.  

 

1.2     Protein Misfolding, Aggregation and Amyloid   

          Formation 
The protein folding process is complex and inherently error-prone due to the 

enormous number of possible conformations that polypeptide chains can adopt16-17,54-

55. Since the kinetically trapped partially folded species inevitably expose the residues 

that are otherwise buried in the folded native state, to the solvent; they entail the 

chances of misfolding and aggregation owing to the formation of non-native contacts 

with other proteins in the cellular crowded environment6,16-17. Such situations are 

further aggravated by disease-associated mutations, environmental stress and aging55. 

Cells have therefore evolved rescue strategies with molecular chaperones and protein 

degradation machineries or “proteostasis network” that identify and annihilate such 

misfolded protein products for maintaining a healthy proteome54. Molecular 

chaperones synthesized in all cell-types and cellular compartments are involved in de 

novo protein folding and aid in efficient folding, while preventing aberrant 

aggregation reactions56. Some chaperones are associated with the ribosome and 

interact with nascent chains emerging from the ribosome by transiently shielding the 

exposed hydrophobic residues, thus averting formation of unfavorable intra- and 

intermolecular interactions56. On the other hand, some chaperone proteins function 

downstream of the ribosome and assist the final stages of the folding process57.  
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 Despite the cellular strategies of protein quality control, proteins often misfold 

and have a heightened tendency to aggregate, resulting in the malfunctioning of the 

cellular machinery58. Such events are linked to a range of debilitating human diseases, 

generally referred to as protein misfolding or conformational diseases that can be 

categorized into loss-of-function and toxic gain-of-function diseases16,55,58-59. Loss-of-

function pathologies arise from incorrect protein folding mostly due to familial 

mutations, leading to protein dysfunction and disease60-61. In other cases of disorders, 

misfolding of a particular protein is manifested by the formation of intracellular and 

(mostly) extracellular aggregates associated with cellular toxicity. These pathologies 

include neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s 

disease (PD), spongiform encephalopathies like Creutzfeldt-Jakob diseases (CJD) as 

well as type-2 diabetes, cardiovascular diseases and cancer, caused by deposition of 

such aggregates in tissues of the brain, heart and spleen16,62-63. Aggregation may also 

result from genetic mutations in the causative proteins such as in Huntington’s disease 

(HD) and in early-onset AD and PD; the majority, however, are sporadic and age-

related, facilitated by a gradual decline in the cellular proteostasis capacity with 

aging58,64-65. 

 

1.2.1    Nature of the Amyloid State 

Protein aggregation diseases, also called “amyloidosis”, involve abnormal build-up of 

a specific protein in the form of elongated and unbranched fibrils known as “amyloid 

fibrils”16. Figure 1.2 depicts the folded and amyloid fibrillar form of human α-

synuclein protein implicated in Parkinson’s disease. Amyloid quantities can be as low 

as to be practically undetectable, to even kilograms of aggregates found in systemic 

amyloid diseases66. The precursor proteins involved in these diseases are structurally 
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diverse including small peptides, natively unfolded proteins, natively folded 

monomeric proteins, and large protein assemblies17. A remarkable feature of these 

diseases is that despite having no sequence similarity and varied native folds, the 

insoluble, aggregated forms of these proteins have a well-defined fibrillar nature of 

very similar morphologies and a characteristic cross-β diffraction pattern67-70.  

 

 

 

 

Figure 1.2. (a) Solution nuclear magnetic resonance (NMR) structure of the micelle 

bound human α-synuclein71 (PDB ID: 1XQ8) (b) Solid-state NMR structure of α-

synuclein amyloid fibril72 (PDB ID: 2N0A).  

 

  The core of amyloid fibrils is composed of β-strands running perpendicular to 

the long fibril axis giving rise to a cross-β pattern of two diffuse reflections; one at 
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~4.8 Å along the vertical axis corresponding to the fibril direction arises from the 

stacked extended  β-strands and the second diffuse reflection at a spacing of ~10 Å 

along the horizontal axis arises from the separation of the adjacent β-sheets67-70. 

Several biophysical methods such as cryo-electron microscopy73-74, X-ray fiber 

diffraction75-80, site-directed spin labeling81, atomic force microscopy82, solid-state 

nuclear magnetic resonance (ssNMR)72,83-84 have been progressively employed to 

elucidate the atomic-level structural details of the amyloid fibril. An atomic model of 

Aβ42 amyloid fibril74 with parallel cross-β structure is shown in Figure 1.3. A pair of 

β-sheets forms the repeating unit of all amyloid protofilaments, running parallel to the 

fibril with their β-strands perpendicular to the fibril axis85. Each sheet is a standard 

Pauling-Corey β-sheet model86, in which each β-strand forms backbone hydrogen 

bonds with the strand above and below it; the β-strands can be either parallel74-75,87 or 

antiparallel88. The β-sheets associate in pairs and the side chains emanating from the 

two sheets are tightly interdigitated85. The interface of this motif is devoid of water 

and has been termed as “steric zipper”78,85. Two or more protofilaments are tightly 

twisted around each other and held together by weak forces to form mature amyloid 

fibrils. They appear as long, unbranched filaments when observed by electron 

microscopy, typically 7–13 nm in diameter and often several microns in length89-90. 

These fibrillar structures display remarkable mechanical properties such as high 

tensile strength that can be largely attributed to the array of hydrogen bonds of the 

cross-β structure91. 
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Figure 1.3. Atomic model of Aβ42 fibril determined by cryo-electron microscopy74 

(PDB ID: 5OQV). Two intertwined protofilaments with Aβ42 molecules are stacked 

in a parallel in-register manner. The interface consists of interdigitated residue side 

chains. Interstrand backbone hydrogen bonds in each sheet, shown as red broken lines 

are parallel to the fibril axis. 

 

1.2.2    Models of Amyloid Formation 

Understanding protein aggregation is one of the grand challenges in biophysics with 

its relevance spanning pathological events to biotechnological and pharmaceutical 

applications. It is a complex process that has generally been described within the 

thermo-kinetic framework of nucleated polymerization processes92-96. This involves 

an initially unfavorable process, wherein primarily enthalpic factors cause monomers 

to coalesce into a critical nucleus, the pathway element with the net highest free 

energy. The size and structure of the critical nucleus has therefore drawn substantial 
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attention, particularly for key amyloidogenic proteins97-101. Addition of monomers to 

the critical nucleus results in energetically downhill growth into amyloid protofibrils 

and then to fibrils accompanied by a disorder to order transformation102-103. Indeed, in 

vitro amyloidogenesis depicts many characteristics of the nucleated polymerization 

process, such as the requirement of a threshold (critical) concentration for amyloid 

formation, a lag time prior to fibrillogenesis, and a concentration dependence of the 

rate of fibril formation104. Also, monomers and fibrillar species should be detectable 

during the entire aggregation time course while the concentrations of the nucleus 

should be very low at all times. However, this model is not consistent with many 

experimental observations of early non-fibrillar oligomers without detectable amyloid 

fibril formation105-107. This indicates that several proteins exhibit amyloid formation 

by processes more complex than nucleation-polymerization105-108. Another competing 

hypothesis accounting for the sigmoidal protein aggregation kinetics is the nucleated 

conformational conversion model. This model suggests that oligomeric intermediates 

are formed at high monomer concentrations and undergo a slow conformational 

transition to form protofibrils and eventually fibrils107-109. The nature of structural 

transition as well as the role of monomeric forms in fibril elongation are however 

elusive. Protein amyloidosis is further complicated by more intricate reactions of 

aggregation and fragmentation that determine whether fibrils undergo elongation or 

fragmentation into smaller aggregates95,110-111. It is thus a highly complex process that 

is sensitive to the reaction conditions and accumulates a plethora of soluble and 

insoluble intermediates over a multitude of kinetically competing pathways operating 

in a huge range of timescales. Importantly, the observation of self-assembly and 

fibrillar growth in soluble and functional proteins (such as insulin) has supported the 

notion that a protein’s functionally folded state is merely metastable, and kinetically 
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separated from deeper conformational minima corresponding to amyloids and their 

intermediates in an extended free energy landscape17,56,112-114 depicted in Figure 1.4. 

In the process of conversion from the unfolded state to the native folded 

conformation, protein folding and aggregation are competing reactions56,115. The 

downhill progression of folding towards the thermodynamically favorable native state 

is driven by “intramolecular” interactions. During this process, proteins may adopt 

kinetically trapped, folded or partially folded species. These kinetically trapped 

intermediates are prone to establish “intermolecular” interactions, thereby leading to 

the assembly of various aggregated species such as amorphous aggregates, β-sheet 

rich oligomers, protofibrils and amyloid fibrils17. The landscape in the aggregation 

regime is more rugged relative to folding, characterized by deeper kinetic traps, with 

amyloid fibrils postulated as the thermodynamic ground state112-114,116. The emergence 

of protein self-assembly and amyloid formation as crucial triggers for a range of 

proteopathies has encouraged extensive efforts into extricating the detailed molecular 

mechanisms underlying these processes95,97-98,101,111,117-122. 
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Figure 1.4. Schematic energy landscape for protein folding and aggregation.  

 

1.3     Intrinsically Disordered Proteins 

Over the past century, functional integrity of proteins has been intrinsically associated 

with their ability to fold rapidly into unique, three-dimensional structures. 

Interestingly, newer perspectives developed over the last few decades establish the 

existence of a class of polypeptides known as “intrinsically disordered proteins” 

(IDPs) whose biological roles are fundamentally associated to their ability to adopt 

multiple conformations at physiological conditions123-125. In addition, many proteins 

also have intrinsically disordered segments or regions (IDRs) that are key to their 

functions. These IDPs or IDRs are highly abundant in nature and involved in a 

plethora of biological activities. The inherent structural plasticity of IDPs confers 
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them with unique functional modalities in cellular processes such as cell-cycle 

regulation, gene expression, protein-protein interactions, etc126. Several evidences 

have recognized structural disorder in proteins that act as chaperones127-129. A well-

characterized example of such a protein is the heat shock protein (Hsp)-33 that 

functions as a chaperone under oxidative stress127. The transitions of this protein 

between ordered and disordered conformations are key to its functioning as a 

chaperone. The promiscuous binding nature of IDPs makes them well suited as hubs 

in protein interaction networks, especially those involved in cell signaling, as 

exemplified by the tumor suppressor protein, p53130. On the flip side, these 

characteristics also render IDPs more prone to aggregation and associated diseases63. 

The formation of insoluble and intractable aggregates of IDPs highlights their 

implications in human diseases (listed in Table 1.1). Examples of such IDPs are 

amyloid beta (Aβ) and α-synuclein involved in neurodegenerative diseases62 

(Alzheimer’s and Parkinson’s disease, respectively), p53 and HPV associated with 

cancer131 etc. 

 Owing to their structural heterogeneity, dynamic nature and subtle dependence 

on solvent and thermodynamic conditions, detailed structural characterization and 

probing the mechanistic origins of IDP function can pose manifold greater challenges 

than corresponding studies of well-defined folded proteins. In recent years, however, 

large strides have been made in biophysical experimental techniques for probing IDP 

structure and function, most notably in solution132-133 and solid-state NMR134, small-

angle X-ray scattering135-136, fluorescence microscopy137-138, cryo-EM139, fluorescence 

correlation spectroscopy140-141, and some single-molecule techniques142-143. It is 

important to note, however, that experiments are essentially a ‘top down’ approach to 

understanding IDP behaviour, and often provide only limited insights on the specific 
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nature of interactions and the resultant physical forces underlying their observed 

thermodynamic, kinetic, structural and thereby functional behavior. In this regard, it 

has been realized that theoretical models and advanced molecular computations can 

provide an alternative ‘bottoms up’ view, and thereby can provide a powerful 

repertoire of complementary methods to probe the physical underpinnings of IDP 

structure and function144-146.  

 Conformational energy landscapes of IDPs describing their thermodynamic 

free energy as a function of one or more collective variables are typically more 

rugged in comparison to the ‘funnel shaped’ landscapes adopted by the landscapes of 

folded proteins, illustrated in Figure 1.4. Thus, the conformational ensembles of IDPs 

are characterized by several thermodynamically equivalent low energy states. These 

states are often separated by relatively small energy barriers and therefore the 

landscapes have sometimes been referred to as ‘glassy’147. Infrequently, however, 

thermodynamically equivalent states may be separated by barriers that exceed thermal 

levels by more than an order of magnitude; such situations may ‘trap’ specific states, 

and may be trigger the onset of systemic malfunction or disease in biological 

organisms17,56. Specially designed computational studies are often necessary to 

understand the thermodynamic and kinetic origins of such traps and to strategize 

plausible physico-chemical means to lower the barriers and repopulate the 

biologically advantageous conformations148-150.  
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Disease 

 
 

Type of disease Associated 
IDP 

aNumber 
of 

residues 

bStructural 
class of the 

native 
protein or 

peptide 

 
Alzheimer’s 

disease 
 

 
Neurodegenerative Amyloid-β 

peptide 
40 or 42 

Natively 
unfolded 

Parkinson’s 
disease 

 
Neurodegenerative 

 
α-synuclein 140 

Natively 
unfolded 

 
Spongiform 

encephalopathies 
 

 
 

 
Neurodegenerative Prion protein 253 

 
Natively 

unstructured 
(res 1-120);  
 α -helical 

(res 121-230) 
 

Huntington’s 
disease 

 
 

Neurodegenerative 
 

 
Huntingtin 

with 
polyglutamine 

expansion 
 

3144 
Largely 
natively 
unfolded 

Amyotrophic 
lateral sclerosis 

 
Neurodegenerative 
 

Superoxide 
dismutase 1 

153 
 

All-β, Ig like 

Type-2 Diabetes 

 
Non-neuropathic 

localized 
 

Amylin 37 
Natively 
unfolded 

 
 

Insulin 
amyloidoses 

 

 
 
 

Non-neuropathic 
localized 

Insulin 

 
Two 

chains of 
lengths  

21 and 30 
residues 

 

All-α, insulin 
like 

 
Cataract 

 

 
Non-neuropathic 

localized 
γ-crystallins Variable All-α, γ-

crystallin like 
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Disease 

 
 

Type of disease Associated 
IDP 

aNumber 
of 

residues 

bStructural 
class of the 

native 
protein or 

peptide 

 
Haemodialysis-

related 
amyloidosis 

 

 
Non-neuropathic 

systemic 
 

β2-microglobulin 99 All-β, Ig like 

 
Senile systemic 

amyloidosis 
 

 
Non-neuropathic 

systemic 
 

Wild-type 
transthyretin 

127 
All-β, 

prealbumin 
like 

 
aThe number of residues correspond to that of the processed polypeptide chains that aggregate and not 

the precursor protein. 
bStructural class refers to the fold of the processed protein or peptides prior to aggregation according to 

the Structural Classification Of Proteins (SCOP) database. 

 

Table 1.1. Some amyloid-related human diseases and the associated protein/peptide 

in the amyloid state   

 

1.4     Factors Affecting Protein Stability and Self-Assembly 

Protein stability is attributed to the net balance of forces that determines the state it 

attains; natively folded or unfolded. It can be quantified using the difference in Gibbs 

free energy between the unfolded (U) and folded (N) conformation as, 

ΔGU =GU −GN  

          = ΔH −TΔS              (1.1) 

where, ∆H denotes the change in enthalpy, T is the temperature and ∆S is the entropy 

change or extent of disorder between the two states. The overall free energy change is 

determined by the effects arising from the exposure of the internal non-polar and 

polar groups, their solvent interaction as well as the consequential changes in the 
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solvent-solvent interactions49. A negative value of ∆G indicates that the unfolded 

conformation is favored over the folded conformation. ∆G is positive when the folded 

state has a lower free energy and hence the folding reaction is favored. An unfolded 

protein has high entropy and also high enthalpy owing to few stabilizing interactions. 

The folded state is stabilized by non-bonded interactions such as hydrophobic, 

electrostatic, hydrogen bonds and van der Waals interactions as well as disulfide 

bonds and hence has low enthalpy and entropy. The temperature dependent enthalpic 

and entropic quantities compensate each other to such a large extent that the folded 

states are only marginally stable relative to the unfolded state151-156.  

 The stability of the native state of proteins is a function of the primary amino 

acid sequence as well as the surrounding environmental variables such as 

temperature, pressure, pH, ionic strength and solvent composition. Variations in these 

extrinsic factors from ambient conditions manifest as perturbations in the molecular 

determinants of protein structural stability and functional integrity. Mutations in 

protein structure, as small as a point mutation or change of a single amino acid 

residue may result in change or loss of the native structure, which in turn can alter 

protein stability and function157-158. Destabilization of the native state leads to an 

increased population of partially folded intermediates, susceptible to amyloid 

formation16-17,159-161. External factors can also modulate amyloid fibrillation kinetics 

and morphology of the intermediates and the final aggregated species162-169. 

Moreover, biological milieu in which proteins fold and function is a crowded 

environment that may cause noticeable alterations to the protein structure, dynamics, 

and folding170-179. Therefore, it is increasingly recognized that estimations of protein 

stability and self-assembly should be studied with careful considerations of the cell 
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interior179-187. This section is intended to provide a brief overview of some of the 

factors that affect protein stability and self-assembly processes.  

 

1.4.1    Temperature 

Proteins in vivo adapt to function efficiently within the normal temperature range, 

which defines cell survival. This generally implies that proteins have a limiting 

temperature range in which their structural integrity is maintained and undergo 

denaturation beyond this range188. On increasing the temperature above the native 

temperature of the organism, the enhanced thermal energy can disrupt the 

intermolecular interactions leading to unfolding or denaturation and have a 

deleterious effect due to loss of function189. However, proteins are also known to 

display decreased stability at low temperatures, a phenomenon called “cold 

denaturation”190-194. Discerning the thermal stability of proteins is crucial to elucidate 

the adaptability of organisms to extreme environments195-197. It also has practical 

applications in the context of cryopreservation and optimization of protein-based 

biotechnological and biopharmaceutical processes198-199. 

 For small globular proteins, thermal denaturation can be approximated as a 

cooperative transition between two macroscopic states, native and denatured200. The 

free-energy of thermal unfolding of small proteins obtained from microcalorimetry 

experiments exhibit an inverse bell-shaped profile and crosses the zero point of free 

energy difference (∆G=0) at two points corresponding to the heat and cold 

denaturation temperatures190,201. This indicates that as temperature is increased or 

decreased from the temperature at which the native state resides, the population of 

folded conformations gradually decreases with higher population of unfolded species 

beyond the transition temperatures. The enthalpic and entropic contributions are 
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strongly temperature dependent and hence have important consequences in aspects of 

protein stability and self-assembly phenomena202-203. Heat denaturation causes an 

increase in enthalpic and entropic contributions while cold denaturation causes a 

decrease in both190,192,204-206. Furthermore, the change in specific heat upon order-

disorder transition of proteins, ΔCp =CpD −CpN  (where, Cp is the heat capacity at 

constant pressure; D and N are the denatured and native states, respectively) is thus 

generally assumed to be positive at the transition or melting temperatures. Therefore, 

cold and heat denaturation may be driven by different mechanisms that access non-

overlapping ensembles207-208.  

Cold unfolding of most proteins occurs below the freezing point of water that 

precludes experimental observation of this phenomenon due to freezing of the 

solvent. The most common approach to circumvent the inaccessibility of experimental 

techniques to extremely low temperatures is to raise the cold-melting temperature of 

the protein by weakening the folded protein through pressure, pH, chemical 

denaturants, ad hoc mutations190,201,209-212 or supercooling the sample solutions207,213-

214. Numerous theoretical and simulation studies have been performed to understand 

the mechanistic elements of cold unfolding of proteins49,208,215-218. The phenomenon of 

cold denaturation is largely attributed to the weakening of the hydrophobic effect and 

reduced free energy penalty of the entropically unfavorable interaction between the 

exposed hydrophobic residues and surrounding water at low temperature49,207-208,215-

216,218-219. There is substantial ordering of water molecules around the nonpolar 

residues, characterized by low entropy and low enthalpy owing to the enhanced 

network of hydrogen bonds of the hydration shell waters. The solvent-induced 

packing defects at the protein surface and favorable water-protein interactions leads to 

destabilization of the native protein structure upon cooling208. In contrast to globular 
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proteins, cold thermal response of protein amyloid assemblies is less explored214,220-221 

and lacks general consensus on the detailed molecular mechanism. 

 

1.4.2    Pressure 

Understanding the effects of pressure on protein structure and stability is important in 

the context of extremophiles that have evolved to live under high hydrostatic 

pressure222-223. Increasing pressure, similar to thermal effects, disrupts the 

thermodynamic equilibrium between the folded native state and the unfolded 

denatured state224. For a two state equilibrium between the native and denatured states 

in response to thermodynamic variations, the van't Hoff equation can be used to 

derive the pressure-temperature phase diagram for protein stability225. 

  The volume change ( ΔVu ) upon protein unfolding under high-pressure 

conditions is the primary factor determining the effect of hydrostatic pressure on 

protein stability224,226. Le Chatelier’s principle states that the system equilibrium shifts 

toward the states that occupy the least volume in order to minimize the external 

perturbation of high-pressure conditions226. Hence, if ΔVu  is negative, it will lead to 

decrease in stability since the equilibrium is shifted towards the denatured states while 

stability increases if ΔVu  is positive224. Experimental and simulation studies probing 

the effects of hydrostatic pressure on protein stability have shown that most proteins 

denature or unfold upon increase in pressure227-230. The volume changes calculated 

from these studies however are very small, ranging from –4 % to +0.5 %, relative to 

the total volume of the protein231-233. Native folded proteins contain small packing 

defects (voids and cavities) of varying shapes and sizes and are often devoid of 

solvent226,234. These voids and cavities occupy 20–30 % of the total volume fraction 

of the native protein224,234-235. Using a probe size of 0.04 Å, Chen and Makhatadze 
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calculated the decrease in void volume between the folded and unfolded states of 

proteins and found this quantity to be quite large224. They asserted that the large 

decrease in volume is countered by the increased hydration volume consequently 

leading to only ~7 % decrease in the total molar volume upon unfolding224. Studies 

have shown that change in the void volume of a protein greatly influences ΔVu  

value236-237 while change in the size of the protein, which reflects in its solvent 

accessibility has no effect226,238. Thus, while theoretical studies report density 

differences between bulk water and hydration waters239-241, these differences do not 

contribute significantly to the pressure denaturation of proteins226. 

 

1.4.3    Macromolecular Crowding 

The cellular interior is an extremely crowded milieu where macromolecular 

concentration can be in the range of 80–400 g/L occupying 5% to 40% of the total 

volume of the cell242-243. This crowded environment differs dramatically from the 

dilute, idealized conditions usually used in most biophysical studies. It is increasingly 

clear that it is crucial to consider protein folding and aggregation from the standpoint 

of the cell since nascent polypeptides are synthesized and released in an environment 

crowded with biomolecules. Macromolecular crowding, often termed as the “excluded 

volume effect”, is known to have significant effects on the stability of biological 

macromolecules, equilibria of macromolecular associations as well as the rates and 

extent of supramolecular amyloid assemblies171,244-245. The macromolecular crowding 

effect arises from two phenomena, hare-core repulsions and nonspecific chemical 

(soft) interactions246-247. The hard-core repulsions can be attributed to the excluded 

volume effect of the crowded medium and are inherently entropic248.  Most studies on 

protein folding and stability have mainly focused on steric excluded volume effects of 
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crowding and found to reduce configurational entropy of extended states and stabilize 

compact globular conformations245,249-250. Soft or chemical interactions can be 

attractive or repulsive in nature having destabilizing or stabilizing effects, 

respectively247.  

" The complexity of the aggregation process and the partitioning between 

different pathways makes it difficult to predict the potential altering effects of 

crowding on different steps and species along the pathways. Several studies designed 

to probe this aspect indicate that macromolecular crowding may have variable effects 

on different aggregation pathways; it may be favorable for some aggregating 

pathways and unfavorable for some others172,179,181,183,185-187,251-253. A general physical 

picture (Figure 1.5) of the complex process of protein aggregation and amyloid 

formation in crowded environments can be drawn based on several experimental and 

theoretical studies244,254. The acceleratory or hindering effect of crowding on the 

complex aggregation process can be ascribed to two key competing effects. First, the 

excluded volume effect in crowded environments promotes protein self-association, 

leading to increased thermodynamic favorability towards the formation of more 

compact intermediates, thereby reducing conformations associated with energetic 

penalties172,179,181,183. In contrast, crowding has limiting effects on protein diffusion, 

and leads to decreased favorability of oligomerization, and thereby to reduced 

propensities of fibrillation179,185,187. The relative extent of these competing effects 

depends on the nature and concentration of the crowding agent, as well as the nature 

of the protein and its amyloidogenic propensity179,181,183,186-187. 
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Figure 1.5. Schematic of the modulatory effects of macromolecular crowding on 

amyloid fibril formation process. The kinetics of fibril formation is shown as a 

sigmoidal trace that can be attributed to three phases, namely nucleation, elongation 

and saturation. Amyloid self-assembly can be accelerated by stabilization of the 

nuclei (shortening of lag phase) or inhibited due to hampered peptide diffusion in 

crowded environments.  

"

1.4.4    Mutations 

Native globular proteins are only marginally stable under physiological conditions, 

with an overall thermodynamic stability (∆Gfolding) in the range of –5 to –15 kcal mol-1 

151-156. The chemical interactions stabilizing the native conformation include disulfide 

bonds and weak noncovalent interactions like hydrogen bonds, hydrophobic and ionic 

interactions49. Disruption of a single hydrogen bond requires only 2–5 kcal mol-1 
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implying that even a single amino acid substitution could dramatically alter the 

stability of a protein and perturb protein-protein interactions due to change in the 

protein interaction interface. Mutations in proteins occur via molecular mechanisms 

primarily at the genetic level introducing variability in the population. This variability 

is important for biodiversity as evolutionary selection pressure retains functionally 

advantageous mutations255. Studies investigating the folding free energies of 

mutations in proteins have shown that amino acid mutations could be both 

stabilizing256-257 and deleterious258-261, depending upon the protein and nature of the 

substitutions. For example, most of the familial mutations linked with amyloid 

diseases lead to destabilization of the native proteins and enhanced propensity to 

aggregate16,262-264. It is crucial to have a comprehensive understanding of how familial 

and sporadic disease mutations manifest in structural and dynamical changes of the 

disease-associated protein. These insights can be further leveraged in developing 

molecular diagnostic strategies to effectively combat diseases. 

Systematically mapping the effect of mutations on the kinetics of protein 

folding and unfolding is a seminal technique used to probe the role played by specific 

residues in the folding process10,265-269. Mutations are strategically engineered into the 

protein to disrupt stabilizing interactions in the folded structure. These mutations act 

as specific probes for structural changes during unfolding and kinetic experiments 

detect transiently formed intermediates during the folding pathway10,265,270. 

Mutagenesis strategies are also utilized in protein engineering to design proteins with 

enhanced stability, activity and specificity271-276, predicting evolutionary dynamics of 

proteins277 and de novo protein design for therapeutic strategies278-281. 
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1.5     Thesis Organization 

As discussed thus far, proteins fold into unique three-dimensional structures that are 

intricately associated with their biological functions.  Failure to attain the correct fold 

or loss of the native functional states are known to cause malfunctioning leading to 

pathological conditions. Misfolded proteins have an enhanced propensity to aggregate 

into higher order amyloid fibrils implicated in debilitating diseases. It is postulated 

that proteins, in their physiologically relevant conformations are only metastable with 

respect to amyloid fibrils.  

 The stability of the functionally competent states of proteins is crucially linked 

not only to the intermolecular interactions in the three-dimensional structure but also 

to the environmental variables such as pH, temperature, pressure, solvent composition 

etc. Perturbations of the molecular forces in protein structure or deviations in the 

environmental factors from ambient conditions can have a significant impact on the 

overall stability of globular proteins. Molecular level understanding of the underlying 

mechanisms of these perturbations can provide comprehensive insights into the 

relative stabilities of protein conformational states and how they are modulated by 

sequence and conditions. These can be effectively harnessed in designing enzymes for 

industrial usage as well as developing therapeutics. In this context, molecular 

dynamics (MD) simulations provide atomic-level characterization of the structural 

and energetics of biomolecular systems like proteins.  

The studies encompassing the present thesis have deployed fully atomistic MD 

simulations and statistical analyses methods to study the potential effects of structural 

perturbation as well as external factors such as temperature and molecular crowding 

on the structural integrity and dynamics of proteins. The proteins subjected to these 

studies are representative IDPs, namely the prion protein, the full-length Aβ peptide, 
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and an amyloid oligomer of αB-crystallin (ABC). The diverse ensemble of 

conformational substates that describes the native state of IDPs poses unique 

challenges in experimentally characterizing the structural features of IDPs. MD 

simulations are widely used to elucidate the heterogeneous ensembles of IDPs.  

 

The thesis is organized into six chapters as follows: 

Chapter 1, the present chapter provides an overview of the protein-folding problem 

with a brief discussion of the energy landscape theory. Protein misfolding and the 

consequential aggregation or amyloid formation, its structure and existing models of 

amyloid formation is discussed. A class of proteins called intrinsically disordered 

proteins is highlighted and a non-exhaustive list of the associated diseases is provided. 

Some key factors affecting protein stability and self-assembly process, namely 

temperature, macromolecular crowding and mutations, explored in this thesis work 

are discussed.  

Chapter 2 provides a theoretical overview of MD simulations method harnessed in 

this thesis work. 

Chapter 3 discusses a molecular investigation of the cold thermal response of an 

amyloid oligomer. This chapter provides insights into the divergent response 

exhibited by the amyloid assembly from that of typical globular proteins. It highlights 

the microscopic influence of the hydration layer on the low-temperature response. 

Chapter 4 describes the effect of macromolecular crowding on the early self-

assembly or dimerization of the full-length Aβ peptide, implicated in Alzheimer’s 

disease. This chapter provides a comparison of the binding strength and solvation 

patterns of the assembled dimers in the two environments. 
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Chapter 5 describes the effects of a minor perturbation of a stabilizing non-bonded 

interaction of the native prion protein. The pathological relevance of structural and 

dynamical transitions induced by the perturbation is discussed.  

Chapter 6 summarizes the work presented and discusses future directions. 
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CHAPTER 2 

 
 

Methodology 
 

 

2.1     Abstract 

Computational and theoretical modeling approaches, over the years, have garnered 

significance in complementing experimental techniques to understand the physics and 

chemistry of biomolecular systems. Biomolecules like proteins are inherently flexible 

at ambient conditions and these dynamical properties reflect the mechanistic aspects 

of their biological functions. This necessitates molecular level understanding of the 

structure and dynamics of these macromolecules thereby providing insights in the 

structure-dynamics-function linkage. In this regard, molecular dynamics (MD) 

simulations have proven valuable as they capture the behavior of proteins and other 

biomolecules in atomic detail and at very fine temporal resolution. MD simulations 

provide insights in a wide variety of biomolecular processes such as protein folding, 

conformational changes, ligand binding, the structural basis of diseases and designing 

small molecules, peptides and proteins in therapeutics. The key motivation of this 

thesis is to probe the structural and dynamical response of proteins and protein 

assemblies subject to alterations of thermodynamic variables such as temperature, 

structural perturbations such as mutations and in crowded environments. The proteins 

investigated here belong to a class of proteins called “intrinsically disordered 

proteins” (IDPs) that attribute their biological function to the intrinsic structural 

disorder and are also implicated in several aggregation diseases. Experimental 
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limitations in understanding the complex nature of conformational fluctuations of this 

class of proteins have motivated the rigorous implementation of computer modeling 

and simulations in capturing the molecular origin of their unique structure and 

function. We have extensively used atomistic MD simulations for the work presented 

in this thesis. This chapter gives an overview of the basic tenets of classical atomistic 

MD simulations and some of the associated statistical analyses performed routinely to 

analyze MD data. 

 

2.2     Molecular Dynamics Simulations  

The underlying principle of classical atomistic MD simulations (in contrast with 

quantum or ab initio simulations, which are not discussed here) is that classical 

Newtonian mechanics can be applied to molecular systems to accurately describe the 

dynamics of the system. Electrons are considered implicitly through the Born-

Oppenheimer approximation, which states that timescales of nuclear motion are much 

slower than electronic motions. Thus, nuclear motions, rotations and vibrations can be 

studied independently from electronic fluctuations since electrons are assumed to find 

their equilibrium distribution once the positions of the nuclei are known.  

  In the classical atomistic MD model, the nuclei and electrons together are 

treated as spherical particles or hard spheres, possessing a net point charge. The radii 

as well as net charges of the atoms are determined experimentally or from high-level 

quantum calculations. Atomic interactions are calculated based on harmonic 

approximations or classical potentials that determine the spatial distributions of atoms 

and their corresponding energies. In MD simulations, the time evolution of a system 

of interacting particles is determined by solving Newton’s equations of motion thus 

sampling the phase space of the system yielding a trajectory defined by the positions 
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and velocity vectors1. Application of force on each atom causes it to accelerate that is 

dependent upon the atomic mass. This fundamental relationship, described by 

Newton’s second law of motion, can be used to calculate the motion of a particle 

under an applied force as: 

    (2.1) 

The current position ( ), velocity ( ) and instantaneous forces ( ) acting upon a 

particle of mass m are used to numerically integrate the second-order differential 

equation (Equation 2.1) to yield the velocities and change in positions at the next time 

step. The net force experienced by a particle due to interactions from the rest of the 

system is derived from the negative gradient or first derivative of the potential energy 

(V) with respect to the atom positions as, 

     (2.2) 

The equations of motion are deterministic in nature, i.e. the positions and velocities at 

time zero determine the position and velocities at any time, t. The calculation of a 

trajectory therefore, requires an initial set of positions and an initial distribution of 

velocities. The initial coordinates may be obtained from experimental methods such 

as X-ray crystallography and NMR spectroscopy or theoretical homology models or a 

combination of the two. The initial velocity vector is typically chosen randomly such 

that the total kinetic energy of the system corresponds to the value expected at the 

target temperature T and adjusted such that the total momentum of the system is zero. 

This is usually accomplished by assigning velocity components from a Maxwell-

Boltzmann or Gaussian distribution, which gives the probability that an atom i of 

mass mi has a velocity vix in the x direction at a temperature T. 

!
F =m!a =m d!v

dt
=m d 2!r

dt2

!r !v
!
F

!
F = − dV

dr
= −∇V
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    (2.3) 

The instantaneous temperature can be calculated from the particle’s momentum, p 

given by the relation, 

     (2.4) 

 

2.2.1    Integration of Equations of Motion 

The integration of the equations of motion is a many-body problem that cannot be 

solved analytically and hence they are discretized and solved numerically. The “finite 

difference method” is used to propagate the system in time with continuous potentials 

that are assumed to be pairwise additive. The basic idea is that the integration is 

discretized into small time steps of !t. The total force on each particle in the system at 

time t is calculated as the vector sum of interaction with the other particles in the 

configuration. The accelerations of the particles can be computed from the forces and 

then used along with the positions and velocities at time t to obtain the new positions 

and velocities at a time t+!t. In the same way, the forces on the particles at the new 

positions are calculated and used to determine the positions and velocities at the next 

time step t+2!t. 

Some of the commonly used algorithms for integrating Newton’s equations of motion 

in MD simulations are described in this section. 

 

2.2.1.1   Verlet Algorithm 

The Verlet algorithm2 is the most widely used method employed in MD simulations. 

It uses the positions and accelerations at time t and the positions from the previous 

p vix( ) = mi

2πkBT
!

"
#

$

%
&
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step,  where  is a small timestep, to calculate the new positions, , 

at the next time step, . The basic formula can be derived from a Taylor series 

expansion and is read as, 

    (2.5) 

     (2.6) 

The summation of the above two equations yields,  

     (2.7) 

It must be noted that the velocities are not required for the calculation of the new 

positions. The velocities can be derived as: 

    (2.8) 

 

The Verlet algorithm is straightforward and of modest precision. Several flavors of 

the Verlet algorithm have been developed to propagate velocities explicitly, such as 

the velocity Verlet method3, the leap-frog algorithm4 and Beeman’s algorithm5.  

 

2.2.1.2   Velocity Verlet Algorithm 

The widely used velocity Verlet algorithm utilizes a computer’s finite precision 

efficiently and yields positions, velocities and accelerations at the same time. The 

equations implemented in the velocity Verlet method are as follows: 

     (2.9) 

             (2.10) 

r t −δt( ) δt r t +δt( )

t +δt

r t +δt( ) = r t( )+ v t( )δt + 1
2
a t( )δt2

r t −δt( ) = r t( )− v t( )δt + 1
2
a t( )δt2

r t +δt( ) = 2r t( )− r t −δt( )+ a t( )δt2

v t( ) =
r t +δt( )− r t −δt( )"# $%

2δt

r t +δt( ) = r t( )+ v t( )δt + 1
2
a t( )δt2

v t +δt( ) = v t( )+ 1
2
a t( )+ a t +δt( )!" #$δt
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The standard implementation scheme of the algorithm is as follows: 

(1)!From the initial configuration at time t, the new positions are calculated     

using equation 2.9 

(2)!The velocities at an intermediate time step are determined as: 

             (2.11) 

(3)!The new forces are calculated using the current positions thereby giving                  

. The velocities at time are determined using: 

            
(2.12) 

This method is simple and easy to implement, with accuracy reaching up to the order 

of . 

 

The choice of the timestep  is an important consideration in a simulation protocol; 

it should be smaller that the fastest motion in the system. The size of the timestep is 

particularly relevant to the computational demands since a simulation with a longer 

timestep will rapidly sample the phase space in less iterations. The highest frequency 

vibrations, typically bonds containing hydrogen atoms, limit the magnitude of the 

simulation timestep. It is therefore of considerable interest to increase the timestep by 

imposing constraints on the internal coordinates thus freezing the high frequency 

motions without affecting the other internal degrees of freedom. Some commonly 

used methods for implementing constrained dynamics include the SHAKE6, 

RATTLE7 and LINCS8 algorithms. 

 

t + 1
2
δt

v t + 1
2
δt

!

"
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2.3     Force Fields 

The potential energy function used to calculate the energy and geometry of a 

molecular system is called the “force field”. This section provides an overview of 

atomistic force fields employed in classical MD simulations that is used in the studies 

pertinent to this thesis. An atomistic force field comprises of a functional form 

describing the multidimensional potential energy surface of a system as well as a 

parameter set of atom types and bonded parameters contained in the system. A typical 

molecular mechanics force field consists of components describing intra and 

intermolecular forces. Among the most commonly used force fields are the 

CHARMM9-10, AMBER11-12, GROMOS13 and OPLS14-15 force fields. The energies of 

the biomolecules studied in this thesis were calculated using the CHARMM force 

field and hence explained below in terms of this force field. The CHARMM potential 

energy function is based on intrinsic coordinates on bonded and pairwise non-bonded 

energy terms. The bonded potentials, Ebonded calculate the energy corresponding to 

deviations of bond lengths and angles away from their equilibrium values as well as 

bond rotations in a molecule, as depicted in Figure 2.1. The non-bonded energy terms, 

Enon-bonded account for pairwise interactions between non-bonded atoms i.e., atoms 

separated by three or more covalent bonds. The total potential energy, Etotal of an N 

atom system as defined by the functional form of the CHARMM force field is given 

by: 

     

         (2.13) 

 

 

Etotal = Ebonded +Enonbonded

= Ebonds +Eangles +Edihedrals +Eimpropers +EUB( )+ EvdW +Ecoulomb( )
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2.3.1    Bonded Potentials 

 

 

 

Figure 2.1. Schematic representation of the bonded interactions terms, (a) bond 

stretching, (b) angle bending, (c) proper and (d) improper dihedrals, contributing to 

the bonded potential in the force field. 

 

Ebonds is defined by a harmonic potential representing the interactions between two 

atoms separated by one covalent bond and is given by: 

             (2.14) 

This term accounts for the energy of a bond of bond length, b as it deviates from the 

ideal or equilibrium bond length, b0 and kb is the force constant that determines the 

strength of the bond. The ideal bond length, b0 and the force constant kb depend upon 

the chemical nature of the atom constituents of a bond and are specific for each atom 

pair. 

 

Ebonds = kb b− b0( )2
bonds
∑
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Eangles corresponds to the angular potential upon alteration of bond angles, " from 

their equilibrium values, . This term is also represented as a harmonic potential of 

force constant, . 

             (2.15) 

 

Edihedrals represents the torsional angle potential which models the torsional barriers 

between four atoms separated by three covalent bonds (i.e.1,4 pairs). It describes the 

rotation of a dihedral angle, # around a bond with a force constant, , phase $ and 

multiplicity, n. This potential is expressed as: 

                 (2.16) 

 

Eimpropers is the energy term that accounts for improper dihedral angles in which the 

four atoms are not bonded in a sequential manner i.e. three atoms centered around a 

fourth atom. This potential has been designed to maintain chirality and planarity about 

certain groups in a molecular structure and is defined as: 

             (2.17) 

where is the force constant around the ‘out-of-plane’ torsional angle.  

 

EUB is the Urey-Bradley energy term and accounts for the stretch-bend cross term by 

using 1,3-non-bonded interactions i.e. atoms bound to a common atom. This potential 

is modeled by a harmonic function of the distance between the 1,3 atoms and has the 

form: 

θ0

kθ

Eangles = kθ θ −θ0( )2
angles
∑

kφ

Edihedrals = kφ 1+ cos nφ −γ( )( )
dihedrals
∑

Eimpropers = kω ω −ω0( )2
impropers
∑

kω
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                 (2.18) 

where ku is the Urey-Bradley force constant and u is the distance between the 1,3 

atom pairs under consideration.  

 

2.3.2    Non-bonded Potentials 

The non-bonded potential, Enon-bonded has two components arising from the van der 

Waals interaction energy, EvdW and electrostatic interaction energy, Ecoulomb. 

 

Van der Waals Potential 

Van der Waals interactions comprises of attractive and repulsive forces between two 

atoms that are not bonded to each other. These interactions can be associated with 

dipole-dipole or dipole-induced dipole forces that arise due to fluctuations in the 

electron clouds. The energy of these interactions varies as a function of the 

interatomic distance. It is zero at infinite distance and as the distance between the 

atoms decreases, the energy decreases, reaches a minimum and then rapidly increases 

as the distance further decreases. 

The van der Waals potential for a non-bonded distance, rij for an atom pair (indexed i 

and j) is commonly described by a Lennard-Jones 12-6 potential as: 

                   (2.19) 

where rij is the interatomic distance between the two atoms, %ij is the depth of the 

Lennard-Jones potential and &ij is the location where the potential is zero, also known 

as the collision diameter. This potential mimics the balance of two forces, a short-

ranged repulsive force that varies as , and a slower decaying attractive or 
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dispersive force that varies as . In the CHARMM force field, each atom type is 

assigned the characteristic Lennard-Jones parameters i.e. & and % rather than specific 

atom pairs. To calculate the van der Waals interactions between different types of 

atom pairs, the Lorentz-Berthelot combining rules16 are applied to the corresponding 

one-body parameters as: 

                    (2.20) 

                     (2.21) 

Since van der Waals forces are short-ranged, for computational convenience, these 

interactions can be computed for atom pairs only within a pre-defined cutoff radius. 

 

Coulomb Potential 

The ionic interactions between charged groups can be approximated by Coulomb’s 

law for each atom pair as: 

               (2.22) 

where % is the effective dielectric constant of the medium, rij is the distance between a 

pair of atoms with partial charges qi and qj . Owing to the long-ranged nature of 

electrostatic interactions, simple truncation methods based on cutoff distances are 

poor approximations to the energy functions. Hence, more sophisticated algorithms 

such as the Ewald summation and other lattice techniques17-20 and fast multipole 

methods21-22 have been developed for the correct treatment of long range forces. The 

simulations performed for the work presented in the following chapters were done 

using the particle mesh Ewald (PME) method19 as implemented in the CHARMM 

force field. 

r−6

σ ij =
1
2
σ i +σ j( )

εij = εiε j

Ecoulomb =
qiqj
εriji, j

∑
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2.4     Periodic Boundary Conditions 

In MD simulations, it is crucial to treat boundaries and boundary effects appropriately 

since it allows the calculation of macroscopic properties from a relatively small 

number of particles. Boundary or surface effects dominate in such small systems since 

the ratio of number of surface atoms to the total number of atoms is large. The 

application of “periodic boundary conditions” (PBC) in simulations eliminates 

artifacts arising due to surface effects and enables relatively small number of atoms to 

experience forces similar to a bulk system. Essentially, the modeled system of finite 

size is placed in a unit cell and considered to have replicas in three-dimensional space 

forming an infinite lattice1. Figure 2.2 depicts a standard square lattice in two-

dimensions, with the unit cell (center) surrounded by its images or replicas. Non-cubic 

periodic cell shapes such as the hexagonal prism, truncated octahedron, rhombic 

dodecahedron and elongated dodecahedron can also be modeled. 

In a simulation with PBC, only the coordinates of the unit cell are recorded and 

propagated. As an atom crosses the boundary and leaves (enters) the unit cell, an 

image enters (leaves) to replace it with the same velocity, from the opposite direction 

such that the total number of atoms in the simulation cell is conserved.  

 



Chapter 2 
#
#

# 63#

 

 

Figure 2.2. Schematic representation of periodic boundary conditions in two 

dimensions applied to a cubic unit cell (shaded in red). A vector depicts the velocity 

of each constituent atom. Short-range interactions are considered only within the 

spherical cutoff.  

 

  With the incorporation of periodicity, the number of interacting atom pairs 

increases enormously because each atom not only interacts with the other atoms in the 

box but also with its images in the neighboring replicas. In practical terms, this 

problem is countered by using PBC in combination with the “minimum image 

convention”. In the minimum image convention, an atom ‘i’ interacts only with the 

closest image of the other (N – 1) atoms in the periodic array. In addition, a spherical 

cutoff (rc) is applied to restrict the potential in a finite range. A consistent 

combination of spherical cutoffs and minimum image convention is obtained when 

the cutoff is at most half the length of the simulation cell.  
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2.5     Non-bonded Neighbor Lists 

The time required to calculate the distance between every pair of atoms within the 

system is proportional to the number of distinct pair separations, , in an N 

atom system. To reduce the cost of performing the non-bonded interaction 

calculations, a non-bonded pair list is made which contains all the atom pairs for 

which non-bonded interactions should be calculated (as implemented in the NAMD 

simulation package used in two chapters of this thesis). A distance greater than the 

non-bonded cutoff is specified by the parameter pairlistdist to construct a list of all 

the neighbors of each atom with a pair separation within this distance. Over the next 

few MD steps, only the atom pairs present in the neighbor list are considered for the 

force calculation routine. The neighbor list is reconstructed at regular intervals during 

the course of the simulation. The value of pairlistdist should be chosen such that no 

atom, initially outside this distance moves more than the non-bonded cutoff distance 

before the neighbor list is updated. It is also important to update the neighbor list at 

the correct frequency such that it ensures energy conservation and efficiency. 

 

2.6     Thermodynamic Ensembles 

MD simulations generates microscopic information of a system in the form of 

trajectories that can be analyzed using the principles of statistical mechanics to yield 

macroscopic properties such as pressure, energy, heat capacity etc. The atomic 

positions ‘r’ and momenta ‘p’ forming the coordinates in a multidimensional space 

called “phase space” describe the microscopic state of a system. An “ensemble” is 

defined as a collection of all possible microscopic states of a system that possess the 

same thermodynamic state. A simulation trajectory consists of a sequence of points in 

N N −1( ) 2
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phase space, corresponding to different conformations of the system and their 

momenta, generated as a function of time in the same ensemble. A fundamental 

postulate of statistical mechanics, the “ergodic hypothesis” states that the time 

average is equal to the ensemble average1. This implies that if a system is allowed to 

evolve in time indefinitely, it will eventually sample all possible states in the phase 

space. MD simulations can generate several different ensembles corresponding to 

different thermodynamic constraints. 

a. Microcanonical ensemble (NVE): The thermodynamic state characterized by a 

fixed number of atoms, N, a fixed volume, V, and a fixed energy, E; corresponding to 

an isolated system. 

b. Canonical ensemble (NVT): An ensemble of systems whose thermodynamic state 

is defined by a fixed number of atoms, N, a fixed volume, V, and a fixed temperature, 

T. 

c. Isobaric-Isothermal ensemble (NPT): The thermodynamic state of this ensemble 

has fixed number of atoms, N, a constant pressure, P, and a constant temperature, T. 

d. Grand canonical ensemble (mVT): The thermodynamic state for this ensemble is 

characterized by a fixed chemical potential, m, a fixed volume, V, and a constant 

temperature, T. 

  The simulation algorithmic framework discussed thus far conserves the energy 

of the system, corresponding to the microcanonical ensemble. However, studies of 

molecular properties of systems under thermal or mechanical equilibrium with the 

surroundings require simulations to be performed with constant temperature or 

pressure or both. The description in the following subsections gives a flavor of the 

methods for temperature and pressure control, enabling simulations of the NVT and 

NPT ensemble. 
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2.6.1    Temperature Control 

The “equipartition theorem” of statistical mechanics states that each particle in an 

equilibrium system has an average kinetic energy of , where kB is the 

Boltzmann constant and T is the temperature of the system. The temperature T of a 

system with Nf  degrees of freedom is related to the mean kinetic energy as:  

                     

(2.23) 

The total kinetic energy of the system is the sum of the individual kinetic energies of 

the particles in the system. The temperature of the system can be therefore expressed 

as:  

                (2.24) 

In the above expression, mi and vi represent the mass and velocity of the i’th particle 

in the system. The above relation suggests that the temperature of the system can be 

regulated based on the velocity phase space variable of the particles. In the following 

subsections, some of the methods designed to generate thermodynamic ensembles at 

constant temperature, referred to as ‘thermostat’ are discussed. 

 

2.6.1.1   Velocity Rescaling 

A simple approach to control temperature is to scale the velocity vector at each 

timestep such that the system kinetic temperature, T reaches the target value, T0. This 

can be achieved by scaling the velocity of each particle as:  

               (2.25) 

The scaling factor, ct is calculated as: 

kBT 2

K.E =
1
2
N f kBT

T = miv
2
i

kBN fi=1

N

∑

νnew = ctνold
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               (2.26) 

This method however, leads to rapid pumping of energy among the various degrees of 

freedom and does not reproduce the fluctuations expected from the canonical 

ensemble. 

 

2.6.1.2   Berendsen Thermostat 

Another approach to isothermal molecular dynamics is the weak coupling method 

introduced by Berendsen et al.23. This method couples the system to an external heat 

bath fixed at the target temperature. The velocities of the particles are scaled such that 

rate of change of temperature is proportional to the temperature difference between 

the bath and the system. 

                  (2.27) 

Here, T(t) is the instantaneous kinetic temperature, Tbath is the temperature of the heat 

bath and ' is the time constant of the coupling to the heat bath. 

 

The change in temperature between subsequent timesteps is given by: 

                     (2.28) 

This scales the velocity vector as: 

                   (2.29) 

This scaling of the velocities exponentially decays the system temperature to the 

desired value. The factor ' is the coupling parameter that controls the characteristic 

decay time and its magnitude determines the strength of the coupling to the heat bath. 
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When ' is large, the coupling will be weak. When ' is small, the coupling to the heat 

bath will be strong such that the energy exchange between the system and the thermal 

reservoir will be significant. When , the algorithm reduces to the simple 

velocity rescaling method for constant temperature simulations. This method is 

deterministic, stable and easy to implement, but it does not generate rigorous 

canonical ensemble. 

 

2.6.1.3   Andersen Thermostat 

The Andersen thermostat24 implements stochastic molecular dynamics for canonical 

sampling. In this method, a particle is chosen at random intervals and its velocity is 

reassigned a random value from the Maxwell Boltzmann distribution. This is 

equivalent to coupling the system to a heat bath and bombarding randomly chosen 

particles with a thermal particle at the desired temperature T. The strength of the 

coupling to the heat reservoir is specified by a collision frequency, (. This parameter 

signifies the mean rate at which each particle suffers stochastic collisions. The 

probability that any random particle suffers a stochastic collision in any small time 

interval is ()t. The time intervals between two successive collisions is distributed 

according to the relation: 

                    (2.30) 

where  is the probability that the collision interval is between t and . For 

each particle i of the N particle system, a random number ri is generated. If ri <()t, 

then the velocity of the i’th particle is rescaled with a value from the Maxwell 

Boltzmann distribution. 

 

τ = δt

P t( ) =υe−υt

P t( )Δt t +Δt
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2.6.1.4   Langevin Thermostat 

Another stochastic thermostat employs Langevin dynamics and random damping 

force to the momenta of the particles. In this formalism, for each particle i of the 

system, Newton’s equations of motion are modified as: 

                           (2.31) 

In the above expression, $i represents the frictional drag on the particle, Ri is the 

random force acting on particle i due to the interaction potential. The random 

fluctuating force represents the thermal kicks to the particles from the surrounding 

particles. The damping factor and the random force combine to simulate the correct 

canonical ensemble. 

 

2.6.1.5   Nosé-Hoover Thermostat 

Extended system methods of temperature control, originally proposed by Nosé25 and 

subsequently developed by Hoover26, incorporate an extended Lagrangian containing 

additional, artificial coordinates and velocities. The system is coupled to a thermal 

reservoir at the target temperature, thereby adding an additional degree of freedom to 

the physical system, and assigned a fictitious mass. The augmented equations of 

motion of the extended system represent the evolution of both the internal and 

external variables in the desired ensemble. The magnitude of the fictitious mass 

ensures that the thermalization process is efficient. The Nosé-Hoover thermostat is an 

efficient method to simulate a real canonical ensemble with correct fluctuations. 

 

 

fi −γ i
dri
dt
+ Ri =mi

d 2ri
dt2
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2.6.2    Pressure Control 

MD simulations in the isobaric ensemble are more relevant for validation of 

experimental measurements that are made under constant pressure conditions. In the 

same spirit as temperature control by weak coupling to a heat bath, for isobaric 

simulations, the system is coupled to a pressure bath23. The atomic coordinates and 

volume of the simulation box are scaled as the instantaneous pressure approaches the 

external applied pressure. However, a major drawback of this approach is that it does 

not produce trajectories from any known ensemble that makes it difficult to relate 

fluctuations in any observable to thermodynamic properties. 

  In the extended pressure coupling method24, an additional degree of freedom, 

corresponding to the volume of the simulation cell is included, that fluctuates to 

balance the internal and external applied pressures. This extra degree of freedom 

effectively acts as a piston and is assigned a mass of W. Solving the extended 

Lagrangian produces trajectories consistent with the isobaric ensemble.  

  The Langevin piston method27 allows partial damping of the piston by 

describing the piston degrees of freedom with a Langevin equation as: 

                   (2.32) 

                            (2.33) 

                        (2.34) 

 

where ri , pi, mi and fi denote the position, momentum, mass and force acting on the 

i’th particle in the system, respectively. P(t) is the instantaneous pressure, V is the 

dri
dt
=
pi
mi

+
1
3V

dV
dt
ri

dpi
dt

= fi −
1
3V

dV
dt
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d 2V
dt2

=
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volume of the system, Pext is the imposed pressure, W is the piston mass, $ is the 

collision frequency and R(t) is a random force obtained from a Gaussian distribution. 

R(t) has zero mean and a variance given by: 

                        (2.35) 

When $=0, this method is same as the extended system method in which the motion 

of the piston is completely undamped.  

 

2.7     Analysis of MD Simulation Trajectories 

MD simulation yields a trajectory that describes the structural ensemble explored by 

the system in terms of temporal evolution of the positions and velocities of the atoms 

in the system. Equilibrated MD trajectories can be further processed by statistical 

measures to obtain structural, dynamical and functional insights about the 

biomolecular system studied. Various observables are calculated from the trajectories 

based on the ergodic hypothesis that equates equilibrium time averaged properties to 

ensemble averages. Some of the routinely used measures of biomolecular MD data 

analysis to extract equilibrium properties are briefly described below. 

 

(i) Root mean squared deviation (RMSD): It is a measure of the mean distances 

between atom positions of two superimposed structures. The smaller the deviation, 

the more spatially equivalent are the two conformations. RMSD analysis of the 

trajectory can be used to understand the global conformational changes of the 

biomolecules (for example, protein) as a function of simulation time. RMSD is 

mathematically represented as: 

                     (2.36) 

R 0( )R t( ) =
2γkBTδ t( )
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Here,  and  are the atomic positions of the i’th atom in the two aligned 

structures. 

 

(ii) Root mean squared fluctuation (RMSF): It is a measure of the extent of 

deviation or fluctuation in the mean position of an atom i with respect to the 

corresponding position in the reference structure. It is calculated using the formula: 

                  (2.37) 

Here, T is the time period over which the averaging is done for every atom i,  is 

the atomic position at time t and is the time-averaged position of atom i. 

 

(iii) Radius of gyration (Rg): It is an indicator of the overall compactness of a protein 

conformation. Rg can be calculated from the root mean square distance of each atom 

from the center of mass of the molecule. Rg can be mathematically expressed as: 

                    (2.38) 

where (ri – rcm) is the distance between the atom i and the center of mass of the 

molecule. 

 

(iii) Constant volume specific heat capacity (CV): The isochoric specific heat 

capacity at temperature T is related to the energetic fluctuations as: 

                    (2.39) 

In the above expression, the numerator is the variance of energy and kB is the 

Boltzmann constant. CV is calculated to determine the size of thermodynamic 

ri
α ri
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fluctuations in the system. It is a major thermodynamic quantity measured in 

biophysical studies of proteins to obtain insights in protein folding and its stability. 

Protein unfolding is associated with a positive heat capacity difference between the 

unfolded and folded states at the transition temperature, both in heat and cold 

denaturation events.  

 

(iv) Principal Component Analysis (PCA) 

Protein dynamics is manifested as a temporal change in its molecular structure or 

conformation. The broad range of time and spatial scales of these accessible motions 

can be appropriately represented as a vector space of a large number of dimensions 

equal to the number of degrees of freedom describing these motions. MD simulations 

generate trajectories sampling the accessible conformational ensemble characterized 

by these degrees of freedom. The configurational space can be separated into two 

subspaces:  

(a)!An “essential subspace” comprising only a few degrees of freedom in which 

anharmonic motion occurs. Most of the positional fluctuations are 

concentrated in this subspace and are essential for function. 

(b)!The remaining space with all other degrees of freedom represent much less 

important motion and has a narrow Gaussian distribution that can be 

considered as physically constrained. 

Interestingly, it has been found that the vast array of protein dynamics can be 

characterized by a surprisingly small number of collective degrees of freedom28. 

Owing to the complexity of biomolecular systems, however, simulation trajectories 

can be challenging to analyze and decipher the functional essential motions among the 

noise of protein dynamics.  
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  MD simulation trajectory is multivariate data in which a large number of 

variables (atomic positions) are typically interrelated, correlated or dependent on each 

other. These large data sets are most suited for statistical multivariate analysis to 

extract meaningful information. In particular, principal component analysis (PCA) is 

the simplest multivariate statistical technique that is used to reduce or simplify the 

original large number of dependent variables to a smaller and independent set to 

explain the phenomena of interest. In the context of biomolecular simulations, PCA is 

based on the assumption that the major collective modes of fluctuation dominate 

functional dynamics of the biomolecule. This approach has the advantage that the 

individual modes can be examined and visualized separately and hence enables the 

major modes of collective motion to be separated for more local fluctuations.  

  The theory underlying the PCA technique is briefly described in this section. 

PCA reduces the dimensionality of a multivariate data set by taking the p interrelated 

variables, x1, x2, …. ,xp , and based on variances, finding combinations of these 

variables to generate a transformed set of variables, z1, z2, … , zp  that are uncorrelated. 

These transformed independent variables (indices zi) are called the “principal 

components” (PCs). The steps involved in the analysis are listed below: 

 

(i) Construction of the covariance matrix: The process of determining the principal 

components starts with the construction of the  covariance or correlation matrix 

from a set of configurations from MD trajectories.  It is necessary to first transform 

the trajectory to eliminate the overall rotational and translational motions that do not 

contribute to the real dynamics of the system. This is accomplished by aligning the 

structures in the trajectory to a reference structure, which is typically an experimental 

structure or an average structure from the trajectory. The alignment is commonly done 

p× p
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using a subset of atoms,  *-carbons or the heavy atoms in the structure. A matrix x(t) 

describes the aligned trajectory, where x is a 3N-dimensional vector of all atomic 

coordinates represented by a column vector and t is the timestamp that defines each of 

the rows. A variance-covariance matrix of positional fluctuations is constructed as: 

                      (2.40) 

where  denotes an ensemble average. 

(ii) The covariance matrix C is a symmetric matrix that can be diagonalized by an 

orthogonal coordinate transformation T as: 

                       (2.41) 

Here, is the diagonal (eigenvalue) matrix and T contains the eigenvectors of C as 

columns. The eigenvectors ( ) and eigenvalues ( ) correspond to the modes and 

amplitude of collective motion.  

(iii) The eigenvectors are sorted such that their eigenvalues are in a decreasing order.  

(iv) If is the i’th eigenvector of C, then the original configuration can be projected 

onto each of the principal components to yield the principal coordinates  as: 

                  (2.42) 

The variance  is equal to the corresponding eigenvalue  

  Although PCA technique can be a very powerful tool in MD data analysis, it 

has some limitations that can introduce bias and lead to misinterpretation of data. An 

important source of error is the sampling limitation of MD simulations. If the 

conformational sampling is insufficient, PCA will provide an incomplete 

representation of the phase space of the molecule. The correct choice of the set of 

atoms depending upon the desired molecular motion is crucial to a successful PCA.  

C = x t( )− x( ) x t( )− x( )
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v) Free energy  

The probability of finding a molecular system in one microstate or another depends 

on the free-energy difference between the two states. Free-energy calculations are 

useful for quantifying biophysical properties of biomolecules such as protein–protein 

and protein-ligand binding affinities, partition coefficients, protein stability etc. 

According to the principles of statistical mechanics, free energy difference between 

two states can be calculated from the ensemble averages of atomic-level 

conformations of the system, which can be generated from MD or Monte Carlo (MC) 

simulation methods. The free energy of a system can be expressed as Helmholtz free 

energy, for the NVT ensemble or the Gibbs free energy relevant to NPT ensemble. In 

MD, the free energies are calculated as a function of specific order parameters also 

referred to as “collective variables” or “reaction coordinates” that describe 

transformations as the system evolves from the initial, reference state to the final or 

target state. The choice of the collective variables may significantly influence the 

accuracy and efficiency of the free energy calculations. In this section, the formalism 

of two of the widely employed simulation methods for calculating free energy 

changes is briefly discussed.  

 

Thermodynamic Integration 

This method is specifically utilized to obtain Helmholtz free energy differences of a 

canonical ensemble. The evolution of the system is described in terms of a continuous 

coupling parameter  + varying from 0 to 1. The free energy as a function of  + can be 

expressed as: 

     
              (2.43) ΔA =

∂A λ( )
∂λ0

1

∫ dλ
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The partition function of a canonical ensemble is given by: 

            (2.44) 

where H(pN, rN) is the Hamiltonian of the system.  

The Helmholtz free energy of the system can be obtained from the partition function 

as: 

                    (2.45) 

With the partition function expressed in terms of +, the above free energy expression 

can be written as: 

      
             (2.46) 

 

From equations (2.43) and (2.44), the following relation can be obtained: 

                 (2.47) 

                      (2.48) 

Thus, the free energy change is given by the formula: 

                  (2.49) 

While applying the thermodynamic integration method, a number of simulations are 

run sampling the ensemble of equilibrium conformations at a series of + values that 

are discrete but closely spaced.  
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The average quantity: 

                 (2.50) 

is calculated for each simulation run. This quantity can then be plotted as a function of 

+ and the area under the curve gives the free energy difference )A. 

 

Umbrella Sampling 

When large energetic barriers separate the two thermodynamic states of interest, 

regions in configurational space are insufficiently sampled. Several techniques have 

been developed to resolve the sampling issue. In the umbrella sampling method, the 

reaction coordinate is restrained and driven to the desired final value by using a bias 

potential29. The sampling is usually done in a series of windows and are finally 

combined using with the weighted histogram analysis method (WHAM)30-31 or 

umbrella integration32. This method drives a system over an energy barrier by 

augmenting the potential energy function of the system with a bias potential. The 

modified potential function to connect energetically separated regions in phase space 

is also referred to as the “umbrella potential”. 

The bias potential wi corresponding to a window i is an additional energy function that 

is a function of the reaction coordinate ,. The net potential is given by: 

                 (2.51) 

Here, the superscript b denotes biased potential and superscript u refers unbiased 

quantities. A commonly used bias function is a quadratic, harmonic potential: 

    
             (2.52) 

The unbiased probability distribution of the system along , can be expressed as: 

∂H pN , rN ,λ( )
∂λ

λ

Eb r( ) = Eu r( )+wi ξ( )

w ξ( ) = K 2 ξ −ξ ref( )
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            (2.53) 

The biased simulation generates a non-Boltzmann distribution along the reaction 

coordinate. Assuming an ergodic system, this biased probability can be expressed as: 

                   (2.54) 

 

The integration is performed over all degrees of freedom expect ,, which is the only 

factor on which the bias depends, 

 

                     (2.55) 

 

Using equation (2.53), 

 

         

 

     

              

                 (2.56) 
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From the above equation, Ai(,) can be evaluated as: 

                 (2.57) 

In the above expression, -.(,) is obtained from the biased simulation, wi(,) is 

provided analytically and   

 

The free energy difference, , between the states described by , and ,0 is 

expressed as: 

            (2.58) 

Combining equations (2.53), (2.54) and (2.58): 

     

           
           (2.59) 

 

The free energy difference, , calculated by sampling the system with the non-

Boltzmann probability density -.(,) can be written as:  

             (2.60) 

Substituting the above expression in equation (2.59), one can obtain: 

          
            (2.61) 

The above formula is used to obtain free energy difference of interest from a 

simulation performed using non-Boltzmann sampling.  

Ai ξ( ) = −kBT ln "ρ ξ( )−wi ξ( )+Fi

Fi = −kBT ln exp − 1 kBT( )wi ξ( )"# $%

ΔA ξ( )

ΔA ξ( ) = A ξ( )− A ξ0( ) = −kBT ln
ρ ξ( )
ρ ξ0( )

ΔA ξ( ) = −kBT ln
w ξ0( ) !ρ ξ( )
w ξ( ) !ρ ξ0( )

= −kB ln
"ρ ξ( )
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+ lnw ξ0( )− lnw ξ( )
#
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%
%

&

'
(
(
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Umbrella sampling method and its various modified versions are extensively for free 

energy calculation in biomolecular systems30,32-34. 
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CHAPTER 3 
 
 

The Cold Thermal Response of an 
Amyloid Oligomer Differs from Typical 
Globular Protein Cold Denaturation 
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3.1     Abstract 

In contrast with the general behavior of folded proteins, the cold thermal response of 

amyloid assemblies is difficult to elicit with simple models. We exploit exhaustive 

simulations to evaluate the thermal response of a barrel-shaped model amyloid 

oligomer, with a distinct hydrophobic core akin to that of folded proteins. Cumulative 

thermal data over the range of 210–483 K indicate a sharp inflection and rise in 

structural stability as the temperature is lowered below the melting temperature of the 

water model. This is not commensurate with the equilibrium free energy profile 

obtained with core packing as the order parameter. However, energetic analyses and 

the size of their fluctuations indicate the crucial role of hydration in mediating 

structural transitions, beyond the expected temperature-dependent hydrophobic effect. 

Structural ordering of the hydration layer over bulk water is maximized at the 

transition and vanishes at high temperatures. This is a first direct demonstration of the 

microscopic influence of hydration water on the low-temperature response of an 

amyloid assembly close to the cryo-regime. 

  



Chapter 3 
#
#

# 87#

3.2     Introduction 

The conformational and functional response of proteins to intensive thermodynamic 

variations, particularly temperature, is of great interest owing to their physiological 

and biophysical ramifications. Few examples of such ramifications include role of 

proteins in the viability of robust life forms such as tardigrades, adaption of life forms 

to extreme conditions1-3, and even the plausibility of extra-terrestrial life4. In addition, 

the cold response of proteins and protein assemblies is crucially important from the 

standpoint of cryogenic preservation of biospecimens and recovery of their 

functionality with temperature reversal5. Understanding and effectively leveraging 

such phenomena necessitate molecular-level demonstrations of the interplay of key 

thermodynamic factors underlying thermostability of proteins and protein assemblies. 

 Studies of thermal stability of globular proteins now surpass three decades6-11. 

Temperature induced unfolding in small globular proteins is generally well 

approximated as a cooperative, two-state transition6-8,12. Indirect observation via 

external manipulation of the thermodynamic conditions may alter underlying 

energetics13-14. However, despite experimental limitations, free energy 

decompositions using microcalorimetric methods indicate that the overall temperature 

trends of enthalpy and entropy effectively counter and cancel each other at the ‘cold’ 

and ‘heat’ denaturation points1,6-7. Increasing the temperature reduces the fractional 

population with native contacts, with the population balance reversed beyond a 

melting temperature that coincides with a sharp peak in the protein heat capacity15-16. 

The counterintuitive favorability of the unfolded state increases at temperatures below 

physiological conditions and is variously referred to as protein “cold denaturation” or 

“cold melting”16-17. Cold denaturation has been directly observed in just a handful of 

globular proteins11,18-20. In general, it is often achieved by supercooling small sample 
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volumes, lowering the freezing point of water, or by enhancing denaturation by 

various means (pH, mutation, denaturation)6,13-14,21. The cold melting temperature of 

globular proteins is frequently estimated by extrapolation of free energy difference 

plots to the low temperature regime to the point where the difference reduces to 

zero16.  

 Studies of the cold thermal response of amyloid assemblies are more recent, 

and till date has been reported for only a handful of self-assembled aggregates22-25. 

Folding and amyloidogenesis are competing processes that result in sharply divergent 

physiological consequences26-27. The molecular-level interactions that lead to folding 

and self-assembly are not different but superposed differently in the two processes. 

Unlike the downhill folding transition in a rough energy landscape, amyloidogenesis 

begins with slow nucleation followed by favorable growth into ordered fibrils26. 

Hydration plays subtle roles during amyloidogenesis; backbone hydrogen bonds offer 

substantial stability to the cross β-sheet architecture of the assemblies28. A recent 

study of dissociation of α-synuclein amyloid fibrils in supercooled water 

demonstrates that the fibrils have lower stability than globular proteins at low 

temperatures22. Ikenoue et al.24 have demonstrated that while the fibrils of α-

synuclein dissociate to monomers within 253 K, the fibrils of other key amyloids only 

show small decrease in stability in this temperature range. Underlying microscopic 

mechanisms leading to their dissimilar cold response over folded proteins remain 

unresolved.  

 The differential response of amyloid fibrils and globular proteins to cold 

thermal conditions must largely arise from the dissimilarities in the relative 

contributions of the non-bonded interactions. The hydrophobic effect contributes 

predominantly to the folding free energy of single domain globular proteins, but its 
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effects are relatively subtle in amyloid self-assembly29-31. Backbone hydrogen bonds 

are more crucial for the cross β-sheet architecture in amyloids, whereas side chain 

hydrogen bonds are relatively more important in folded proteins31. In both cases, 

however, specific side chain packing is a requisite feature that, for example, preserves 

the dry hydrophobic core in folded proteins or provides extra stability to amyloid 

fibrils25. Both protein folding and amyloidogenesis take place in predominantly 

aqueous milieu. In folding, initial collapse of the polypeptide chain led by the 

expulsion of solvating water molecules results in the formation of a hydrophobic 

core25,32. In the amyloid pathways of several polypeptides, initial self-assembly is 

facilitated by subtle yet significant dewetting transitions33. High temperature protein 

unfolding is attributed to increased configurational entropy. In contrast, weakening of 

the hydrophobic effect and a sharp reduction in the entropic cost of apolar solvation 

are considered as primary driving forces of protein cold denaturation, supported by a 

number of theoretical models and computer simulations17,34-40. 

 The present report is an investigation of the thermal response of a peptide 

oligomer that has the distinguishing features of an amyloid assembly, but has an 

interior stabilized by the packing of hydrophobic side chains akin to folded globular 

proteins. The amyloidogenic segment was derived from the eye-lens protein, αB 

crystallin (ABC) and the oligomeric crystal structure reported by Laganowsky et al.41. 

The oligomer is a three double-stranded antiparallel barrel of cylindrical shape 

(termed “cylindrin”) formed from a tandem repeat of the 11-residue segment, 

KVKVLGDVIEV, with a sequence variation of Leu replacing Val at position 2 and 

covalently linked by a double glycine linker and an additional N-terminal glycine41. 

The cylindrin assembly could serve as a model for the elusive toxic oligomers 

implicated in various amyloid diseases41; this hypothesis is supported by recent 
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reports of β-barrel arrangement along amyloid pathways42-43. The cylindrical β-barrel 

is consolidated with strategically located intra and inter-peptide hydrogen bonding 

interfaces. The strong interface is formed by a network of inter-hairpin backbone 

hydrogen bonds between the tightly twisted β-strands, while the weak interface is 

stabilized predominantly by inter-peptide backbone, side chain and water-mediated 

hydrogen bonds41. In addition, the interior of the β-barrel is characterized by tight 

packing of the inward facing hydrophobic side chains of valine and leucine residues. 

Schematic representations of the stabilizing non-bonded interactions of the oligomer 

are depicted in Figure 3.1. Herein, we have leveraged fully atomistic simulations of 

the oligomer over a temperature span exceeding 230 K to delineate the cold response 

of amyloid oligomers from that observed for globular proteins. 

 

 

 

Figure 3.1  Crystal structure of the cylindrin oligomer composed of 3 peptides, 

colored in blue, orange and red. (a) Hydrogen bonds at the strong and weak interface 

are depicted as broken lines in blue and black, respectively, along with the side chain 

atoms of outward facing residues (b) Surface representation of the hydrophobic core 

(leucine in pink; valine in green) are depicted and overlaid with side chain atoms.  
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3.3     Methods 

3.3.1    System Setup and MD Simulations 

The X-ray crystal structure of the oligomer, resolved by Eisenberg et al. was obtained 

from the Protein Data Bank (PDB ID: 3SGR)41 and solvated with water molecules in 

a cubic simulation box such that the protein assembly is at least 15 Å from the edges 

of the box. All-atom molecular dynamics (MD) simulations were performed using the 

GROMACS package (version 5.0.7)44 at 33 temperatures ranging from 210 to 483 K 

(list of temperatures in Table 3.1). The CHARMM36 force field45 was employed for 

the protein and TIP4P-2005 water model46 was used due to its ability to reproduce 

temperature-dependent thermodynamic properties47-48. The particle mesh Ewald 

(PME) method49 was used for computing long-range electrostatic interactions with a 

cut-off of 12 Å and the covalent bonds involving hydrogen atoms were constrained 

using the LINCS algorithm50. Temperature and pressure coupling (1 bar) of the 

system was done using a v-rescale thermostat51 and Parrinello-Rahman barostat52, 

respectively. Energy minimization of the system was first performed using the 

steepest descent method. The leap-frog integrator algorithm with a time step of 2 fs 

was used to integrate Newton’s equations of motion in the isothermal-isobaric (NPT) 

ensemble. Trajectories of 1 µs were generated at each temperature, amounting to a 

cumulative simulation time of 33 µs. We note that the volume of the box remains 

stable over the last 0.95 µs of each simulation trajectory. 
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3.3.2    Trajectory Analysis 

3.3.2.1   Structural Persistence Parameter 

The structural persistence parameter, P, characterizing the secondary structure content 

of a protein, relative to a reference structure, is defined as: 

 

P = 1
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             (3.1) 

Here (Δφj, Δψj) represent the magnitude of the changes in backbone torsion angles 

over the crystal structure; (Δφmax, Δψmax) represent the magnitudes of the maximum 

changes allowed in the dihedral angles in the Ramachandran space ignoring the 

direction of rotation; Nres represents number of residues. P represents the extent of 

secondary structural persistence of the original conformation; a value of 1.0 is 

indicative of a fully unchanged secondary structure, while lower values denote 

decreased overall secondary structural persistence of the reference conformation. 

 

3.3.2.2   Contact Area 

The contact area of the inner hydrophobic core of the oligomer is calculated as: 

CA = SASAhphob−res
i=1

n

∑ − SASAcore             (3.2) 

Here, SASAhphob-res represents the solvent accessible surface area (SASA) of the each 

of the individual ‘n’ hydrophobic residues of the core and SASAcore is the SASA of the 

entire hydrophobic core. The SASA is calculated within the VMD package53 with a 

spherical probe of diameter 1.4 Å. 
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3.3.2.3   Radius of Gyration 

The radius of gyration of the oligomer was calculated using the gmx gyrate tool of 

Gromacs. 

 

3.3.2.4   Free Energy  

The free energy change (ΔGCA(T)) due to distortion of core packing of the oligomer 

interior at a particular temperature T is calculated as: 

ΔGCA (T ) =GD (T )−GN (T ) = −RT ln
1− x T( )
x T( )

#

$
%%

&

'
((            (3.3) 

where x(T) is the fraction of the oligomer in the native conformational state (N) at 

temperature T. A minimum change of 10% over crystal structure values represents the 

distorted (D) states at T. This cutoff was chosen based on analysis of the probability 

distribution of the hydrophobic contact area at 300 K (see Figure 3.2). 
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Figure 3.2  Probability distribution of the contact area (CA) obtained from the 

simulation trajectory at 300 K. Point A represents the crystal structure contact area 

(2648.0 Å2). Points ‘B’ and ‘B´’ correspond to ±10% change in CA from the crystal 

structure value. A 10% cutoff covers the entire dominant mode in the distribution. 

Points ‘C’ (6% change) and ‘D’ (8.5% change) represent positions of the first 

minimum and the first maximum, respectively, towards the lower edge of the 

dominant mode. Points ‘E’ and ‘F’ represent 11% and 15% change over the crystal 

structure value, respectively. 

 

3.3.2.5   Tetrahedral Order Parameter 

The structural order of water molecules can be quantified using the tetrahedral order 

parameter54 (q) that is given by: 

 q =1− 3
8

cosθ jk +
1
3
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4
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3

∑              (3.4) 

Here, θjk represents the angle formed between the oxygen atom of a given water 

molecule and the O–O bond vectors rij and rik, of its nearest neighbors, j and k  
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(j, k ≤ 4). The average value of q varies between 0 and 1; the latter corresponding to 

perfectly tetrahedral ice. 

 

3.3.2.6   Water-mediated Inter-residue Contacts 

A water-mediated inter-residue contact is defined as a contact formed between a pair 

of residues that are hydrogen bonded to a common water molecule. The donor-

acceptor distance threshold for a hydrogen bond was considered as 3.5 Å and the 

angle connecting the donor, hydrogen and the acceptor atoms did not exceed 30°. 

 

3.4     Results and Discussion 

3.4.1    Structural Response to Temperature Changes 

We begin by evaluating conformational transitions from the initial state at varying 

thermal regimes. Figure 3.3 depicts the backbone root-mean-square-deviation 

(RMSD) from the crystal structure at representative temperatures spanning the low to 

high regime. At the lowest temperature of 210 K, the RMSD undergoes only a slow 

increase over the simulation period and saturates to about 1.4 Å at 0.8 µs, suggesting 

that the crystal structure-like conformation is largely preserved at these conditions. 

The conformational fluctuations undergo an overall increase with rising temperature. 

In the physiological regime, the RMSD fluctuates in the range of 1.8–1.9 Å 

throughout the simulation timescale. The high temperature regime is marked by large 

periodic deviations from the crystal structure over time spans of 100–200 ns. The 

highest simulation temperature of 483 K brings about dissociation in the oligomeric 

assembly at 0.3 µs; we have not considered the dissociated state in the analyses 

below.  
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Figure 3.3 Time evolution of backbone RMSD for representative temperatures in the 

(a) low, (b) medium and (c and d) high temperature regime shown as running 

averages, from the starting structure. 

 

 

 

 

Figure 3.4  Thermal trend of the mean values of the backbone RMSD of the oligomer 

calculated over simulation trajectories at individual temperatures. Standard deviations 

are shown as error bars.  
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No. 
Temperature  

(K) 

<RMSD> 

(Å) 

 
1 

 
210 

 
1.3 

2 215 1.06 

3 221 1.66 

4 227 1.36 

5 233 1.96 

6 238 1.89 

7 243 1.94 

8 248 1.89 

9 253 2.17 

10 258 1.82 

11 263 1.76 

12 273 1.80 

13 283 1.86 

14 292 1.89 

15 300 1.92 

16 310 1.86 

17 320 1.85 

18 330 1.83 

19 340 1.81 

20 350 1.77 

21 363 1.77 
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No. Temperature 

 (K) 

<RMSD> 

(Å) 

 
22 

 
372 

 
1.74 

23 383 1.97 

24 392 1.81 

25 400 1.82 

26 410 1.74 

27 421 1.86 

28 433 3.26 

29 443 1.70 

30 453 1.68 

31 463 1.79 

32 473 2.20 

33 483 17.89 

 

Table 3.1  List of simulation temperatures and the mean RMSD for the last 100 ns of 

the simulation trajectories 

 

Our preliminary observations contrast the usual cold response of folded 

globular proteins, where an increase in RMSD at low temperatures signals cold 

denaturation and loss of native conformational states38-39. We characterized the extent 

of secondary structure persistence of the oligomer at varying temperatures from the 

structural persistence parameter defined by Equation 3.1. The <P> vs. T plot, along 

with representative snapshots spanning the thermal regime, are depicted in Figure 3.5. 

Consistent with the trends of RMSD, structural persistence is highest at the lowest 

temperatures of 210 and 215 K. With increase in temperature, a sharp drop in <P> to 
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a value of 0.76 is observed up to 263 K; it thereafter remains stable till 473 K. The 

trend in the <P> value indicates that the regime commencing with cooling below 

~250 K marks important structural transitions in the structural evolution of the 

system. In this structural “transition regime”, the oligomeric stability rises almost 

linearly with lowering of temperature. This transition regime coincides with the 

transition observed in the thermal trend of the backbone RMSD, as reported in Figure 

3.4. Collectively, these observations indicate that the global structural integrity of this 

amyloid system is susceptible to increasing distortion with heat, but relatively 

resistant to denaturation in the low temperature regime; the latter appears to contrast 

the cold denaturation phenomenon of globular proteins38-39. 

 

 

 

Figure 3.5  Thermal trend of <P> with standard deviations shown as error bars. 

 

 We further assessed the finer architectural properties to identify the effect of 

temperature on two key aspects of the system’s stability, namely hydrophobic 
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associations and hydrogen-bonding interactions. The β-barrel oligomeric stability may 

therefore be attributed to a combination of thermodynamic factors associated with 

both these features. The mid-axis region, situated ~11 Å from the axis ends, is 

characterized by the presence of 6 glycine residues. At the ends of the barrel, two sets 

of leucine and valine triplets, with inward pointing side chains are located ~10 Å from 

the mid-axis region; leucine triplet is present on the outer side. Hydrophobic 

interactions between the side chains of the valine triplets close the axial channel and 

keep it dry. In the text below, we refer to the valine triplets on either ends of the barrel 

as the “gate”, and the mid-axial region as the “waist” of the barrel (Figure 3.6). 

 

 

 

Figure 3.6.  (a) The residues in the gate and waist region are shown as atoms in CPK 

representation with a transparent surface (valine in green, glycine in blue). (b) Solvent 

facing hydrophilic residues are shown as atoms with a cyan colored transparent 

surface representation. 

 



Chapter 3 
#
#

# 101#

 

 

Figure 3.7 Thermal trend of the average value of (a) number of inter-residue 

hydrogen bonds (b) barrel waist diameter (dw) and (c) gate diameter (dg) for the last 

800 ns of the trajectories. Standard deviations are shown as error bars. 
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As depicted in Figure 3.7, the total number of interfacial residue-residue hydrogen 

bonds within the oligomer shows an overall decline with increasing temperature in the 

transition regime and then attains saturation at higher temperatures. In Figure 3.7b 

and c, we have compared temperature dependence of the average pore waist (<dw>) 

and the average gate (dg) diameters. The <dw> is lowest and close to the crystal 

structure value in the low temperature regime up till ~227 K, followed by a rapid 

increase by ~2–2.5 Å with marked fluctuations in the transition regime, and is stable 

over physiological temperatures. As the high temperature regime is reached, a nearly 

smooth decrease with temperature is observed. It is crucial to note that the general 

thermal trend of the mean gate diameter, <dg>, is opposite to that of <dw>. While the 

lowest value of <dg> is achieved below 273 K, there is an overall rise in this value 

with the lowering of temperature till 210 K. The low temperature trend is marked by 

strong fluctuations, which commences as the transition regime of the P-value plot. 

The <dg> remains stable in the physiological regime and increases rapidly, 

accompanied by large fluctuations, in the high temperature regime. The pore 

dimension at the gate ends increase by ~1 Å at low temperatures with respect to the 

crystal structure, while it increases by ~0.5 Å at intermediate temperatures. 

 Lack of convergence in the trends of structural parameters suggests an 

intriguing interplay of factors towards the overall structural robustness of the 

amyloid-like β-barrel oligomer over a large temperature range exceeding 230 K that 

borders on the cryo as well as the high temperature melting regime. Interestingly, 

despite indications of structural robustness, the transition regime is commensurate 

with the beginning of high fluctuations in the low temperature regimes. Since the 

hydrophobic interactions of residues at the gate ends keep the inner core dry, change 

in dimensions of the gate end at low temperature signals that cooling may affect the 
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packing and hydration of the barrel interior. The gate widening at high temperatures, 

on the other hand, could possibly arise from increasing thermal disorder. Thus, while 

the gross structural changes indicate that withdrawal of thermal energy preserves the 

structural integrity of the oligomer, subtle yet key structural deviations hint possible 

cold denaturation events. These observations led us to further investigations as 

described in subsequent sections. 

 

3.4.2    Packing of the Hydrophobic Core and Hydration of the     

    Barrel 

A key driving force underpinning globular protein stability is the sequestration of the 

hydrophobic core from water. The hydrophobic effect is also important in protein 

self-assembly and amyloid fibrillogenesis; however, other non-bonded interactions, 

including hydrogen bonding and electrostatic interactions, alter the overall balance. 

Hansmann et al.55 recently highlighted the role of hydrophobic interactions within the 

barrel interior on the stability of the oligomer’s cylindrin geometry. Herein, we 

proceed to investigate the extent to which temperature affects hydrophobic packing in 

the oligomer. We quantified the packing of the inner core by calculating the contact 

area (Equation 3.2) of the hydrophobic residues whose side chains are packed to form 

the core of the barrel, depicted in Figure 3.8. The mean core contact area drops 

sharply below 260 K, by about 200 Å2 from that in the crystal structure (~2647 Å2). 

This indicates loosening of the sterically packed side chains of hydrophobic residues 

in the low temperature range studied. In the physiological regime of temperatures, the 

mean contact area remains stable at ~50 Å2 higher than the crystal structure value. At 

high temperatures, the contact area falls smoothly below the reference value, also 

indicating a perturbed packing of the core. Interestingly, we observe that the thermal 
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trend of the contact area reflects that of the mean pore waist diameter (Figure 3.7b). 

This suggests that the relatively tighter packing of the hydrophobic core at 

physiological temperatures causes an expansion of the barrel in the waist region. In 

the waist region, glycine residues (G7 and G20) are involved in main chain hydrogen 

bonds with core forming valines (V5 and V18), located in the adjacent β-hairpin i.e. at 

the weak interface of interactions. We note that the tighter packing of the core 

residues at physiological temperatures reduces the propensity of these glycine 

residues to form hydrogen bonds with the neighboring valines at the weak interface, 

which renders them more flexible.  The increased flexibility at the center of the β-

strands thus introduces a bulge at the waist of the barrel that leads to an increase in 

central diameter of the pore observed at these temperatures.  

 

 

 

Figure 3.8  Thermal trend of the total contact area of the hydrophobic core residues 

for the last 800 ns of the trajectories. Standard deviations are shown as error bars. 
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  Figure 3.9 depicts the distributions of solvent accessible surface area (SASA) 

of the conformations explored at representative temperatures from the low, 

intermediate and high temperature range; the thermal trend of average value of SASA 

is provided in Figure 3.10. Upon cooling, the oligomer exhibits a distinct shift in 

SASA towards higher values indicating enhanced hydration. The low temperature 

regime below the transition regime is characterized by sharp rises and fall in solvation 

of the protein. The spike in solvation appears at 227 K with a mean value of ~5600 Å2 

which then plummets upon cooling or heating. A second small peak in <SASA> is 

observed at 253 and 258 K with mean values of ~5400 Å2. It is rather interesting to 

note that this trend of SASA at low temperatures is consistent with the trend of <dg> 

(Figure 3.7c) indicating that the increased hydration of the barrel may be partly 

attributed to the perturbed arrangement of residues at the gate ends. The <SASA> 

fluctuates closely, around 5300 Å2 at physiological and high temperatures; the high 

temperature ensembles however, exhibit greater deviations in solvation as indicated 

by their broader distribution of SASA (Figure 3.9).  
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Figure 3.9  Probability distributions of SASA of the oligomer at representative 

temperatures in the (a) low, (b) physiological and (c) high temperature regime. 

Snapshots of the oligomer at one representative temperature in each regime (low: 210 

K, physiological: 300 K and high: 473 K) are provided with surface representations of 

leucine and valine residues at the gate ends of the oligomer shown in pink and green, 

respectively. Waters inside the core are shown in CPK representation. 
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Figure 3.10  Thermal trend of average SASA of the oligomer for the last 800 ns of 

the trajectories. Standard deviations are shown as error bars. 

 

3.4.3    Thermal Response of the Hydrophobic Core 

External perturbations that shift the balance of non-bonded forces (primarily 

hydrophobic, electrostatic and van der Waals) in proteins and protein assemblies can 

alter their energy landscapes. In folded proteins, however, the hydrophobic effect 

emerges as a predominant factor that is attributed to a large fraction of the overall free 

energy change of folding; indeed, this appears consistent with the temperature 

dependent unfolding curve of globular proteins (discussed previously). Amyloid 

aggregates, on the other hand, are kinetically stable entities characterized by ordered 

hydrogen bonded networks, though hydrophobic forces are understood to play crucial 

roles, especially during the early events of aggregation31. 

We have leveraged the unique β-barrel architecture of ABC with a distinct 

hydrophobic interior and our large simulation ensembles to delineate and compare the 
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key non-bonded effects, and their relative contributions to the net thermostability of 

the system. Temperature induced unfolding in small globular proteins has been well 

approximated as a two-state transition, with the folded and the denatured states 

equally populated at the transition temperatures6-8,56. In case of the oligomer studied 

here, we designated the two states as “native” (N) and partial “distorted” (D); 

classification of the ‘D’ states relative to the crystal structure is described in Methods. 

We used Boltzmann weighting of the equilibrated trajectory data to obtain 

temperature dependence of free energy of distortion of core packing of the oligomer 

interior, quantified from the contact area (CA) of the hydrophobic residues.  

 

 

 

Figure 3.11  ΔG(CA) profile generated as a function of temperature 

 

Figure 3.11 depicts the free energy change (ΔG(CA)) for distortion of the native 

like-oligomer with temperature. A polynomial fit yields a bell-shaped stability trend 

reminiscent of the overall free energy response of globular proteins. For several 
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globular proteins, the folded state is usually stabilized over unfolded state under 

physiological conditions by 10–30 kcal mol–1 12,39,57. In the case of the amyloid 

system studied here, the largest value of ∆G(CA) (~25.3 kcal mol–1) is obtained at  

~363 K, corroborating the exceptional high temperature structural robustness of the 

oligomer. The ΔGCA(T) profile depicts a growing distortion of the hydrophobic core 

with lowering of temperature. ΔGCA(T) is 0 at a low temperature of ~215 K (Tlow), and 

a high temperature of ~463 K (Thigh). However, as discussed earlier, the distortion of 

the core is not reflected significantly in the overall structural changes (see Figure 3.3), 

plausibly owing to the compensating effects of the intra- and inter-peptide hydrogen 

bonds. We note here the markedly dissimilar trends in <P(T)> and ΔGCA(T); this 

indicates that unlike globular proteins,  the weakened hydrophobic packing at very 

low temperatures is inadequate for destabilizing amyloid oligomeric structure. It also 

suggests that the overall free energy profile of an amyloid oligomer should be 

dissimilar to that of globular proteins. In particular, the amalgamation of different 

non-bonded effects in the amyloid oligomer gives rise to marked thermostability, and 

may be expected to confer complex topologies to the multi-dimensional free energy 

landscapes. 

 

3.4.4    Amyloid Hydration Modulates Low Temperature   

     Fluctuations 

Prima-facie, the previous results suggest no important associations between the local 

solvent environment and the system’s thermal stability. However, we note that the 

sharp inflexion in P(T) occurs close to the melting temperature of the water model at 

0.1 MPa pressure46. To unravel underlying hydration effects, we evaluated the 

temperature dependence of the energetic coupling between the oligomer’s 
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stabilization and its first solvation layer (defined as water molecules within 4.5 Å of 

the heavy atoms). In panels a and b of Figures 3.12, we report the mean protein 

internal energy difference and mean protein–water interaction energy difference over 

the corresponding value at 300 K as: 

     ΔEa T( ) = Ea T( )−Ea 300( )              (3.5) 

              ΔEaw T( ) = Eaw T( )−Eaw 300( )             (3.6) 

Here, Ea(T) and Eaw(T) are the oligomer internal energy and its interaction with the 

hydration layer at temperature T, respectively. 

  A decrease (increase) in energy is indicative of enhanced (reduced) interaction 

strength. We note that up to physiological temperatures, both ∆Ea(T) and ∆Eaw(T) 

decrease smoothly with the lowering of temperature. This indicates progressive 

strengthening of the oligomer, and reduced interaction of the protein with hydration 

waters with reduction in temperature up to this regime. Interestingly, both trends are 

disrupted and characterized by greater fluctuations as the system shifts to the cold 

structural transition regime. While the oligomer is further strengthened upon cooling, 

its interaction with the hydration waters shows a sharp reversal in trend. The oligomer 

exhibits strongest interaction with hydration waters at ~253K; the interaction trails off 

as the temperature is decreased further. These observations strongly suggest that 

stability of the amyloid oligomer at low temperatures is crucially linked with 

interactions associated with the hydration layer. 
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Figure 3.12  Thermal trends of (a) ΔEa , (b) ΔEaw , (c) C$a and (d) C$aw . See text for 

details. 

 

The heat capacity of globular proteins is characterized by a sharp peak at the 

high temperature melting transition, accompanied by a net increase15-16. Experimental 

studies as well as more recent theoretical models suggest a peak in partial heat 

capacity of globular proteins at the cold denaturation event as well6-7,35.  

The isochoric heat capacity of an equilibrated system at temperature T is related to the 

energetic fluctuation (variance) as: 

C =
δE 2

kBT
2               (3.7) 
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We calculated the following ratios over 300 K values using 0.8 µs of equilibrated 

data: 

!Ca =
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             (3.9) 

These quantities are plotted as a function of temperature in panels c and d of Figure 

3.12. It is revealed that C#a(T) and C#aw(T) are nearly identical in their thermal trends 

despite the apparently dissimilar temperature dependence of the corresponding 

energetics. Importantly, both C#a(T) and C#aw(T) display a rise with lowering of 

temperature, before a sharp fall commencing at ~227 K. This surprising result 

indicates an intimate, temperature dependent coupling between the hydration layer 

and the overall amyloid energetics with clear low temperature manifestations. We 

note that the broad, hydration influenced peaks in C#a(T) and C#aw(T) occur at 

temperatures close to the heat capacity peaks reported for bulk TIP4P/2005 water58. 

It is well known that water diverges from its bulk characteristics in the vicinity 

of biomolecular solutes59-61. Globular protein unfolding is known to be accompanied 

by structural reordering of the hydration layer62-63. Our results thus far clearly 

implicate the hydration layer in the complex thermal response of the barrel oligomer. 

We therefore investigated the oligomer hydration layer’s temperature dependent 

structural response by evaluating the tetrahedral order parameter (q) introduced by 

Errington and Debenedetti54. 
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Figure 3.13  (a-j) Normalized probability density distributions of the tetrahedral order 

parameter (q) of hydration water (orange) and bulk water (blue) for 10 representative 

temperatures; (k) population ratio at qhigh for hydration layer to bulk waters. See text 

for details. 

 

Normalized probability distributions of the q-value calculated with 0.8 µs of 

equilibrated data are compared for hydration layer and bulk water at various 

temperatures in Figure 3.13a–j. We note the presence of two peaks that occur at qhigh 

of ~0.8 and qlow of ~0.55 for bulk water at physiological temperatures (300 K). For 

the oligomer’s hydration layer at 300 K, there is a noticeable decrease (increase) in 

the peak height at qlow (qhigh) indicating its enhanced structural ordering over bulk, 

consistent with earlier reports64. In the high temperature regime, relative populations 

at qhigh and qlow decrease and increase, respectively. Structural differences between 

bulk and hydration waters diminish with increasing temperature, and vanish from  

363 K onwards. Using the normalized distributions, we estimated the hydration layer 

vs. bulk population ratios (qratio) of the peak heights obtained at qhigh. An interesting 

water structural ordering over bulk, distinct from the high temperature regime, 

emerges upon cooling. With temperatures decreased below 300 K, qratio consistently 

increases over 1.0 within the temperature range that corresponds to peak positions of 

C#a(T) and C#aw(T) (see Figure 3.13k). As the temperature is lowered further, there is a 
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sharp fall in qratio. Thus, the maximum structural ordering of the hydration layer over 

corresponding bulk water is directly associated with fluctuations in the assembly-

water interactions. These analyses provide corroborating evidence of solvent coupling 

to the thermal response of protein oligomers.  

 

3.5     Conclusions 

This exposition reveals molecular phenomena underlying differential cold response of 

amyloid oligomers and folded globular proteins. The enhanced structural integrity 

with lowering of temperature supports the experimental observation of greater 

resistance of amyloid cold degeneration. Unlike globular proteins, the presence of a 

hydrophobic core in the amyloid assembly is insufficient for triggering low 

temperature destabilization. However, temperature dependent energy fluctuations 

within the hydration layer are expected to have strong modulatory effects on the 

thermodynamic response. We note here previous work establishing the intimate 

thermal association between temperature driven protein conformational fluctuations 

and hydration dynamics65. In this light, we note that cooling results in slight increase 

in the number of water-mediated inter-residue contacts (Figure 3.14). Further detailed 

studies are required to unravel their nature and lifetimes, and possible associations 

with the structural transitions.  
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Figure 3.14  Thermal trend of the mean number of water-mediated inter-residue 

contacts, <NWC>, over the trajectories simulated at the individual temperatures. 

Standard deviations are shown as error bars. 

 

  Our study is a first direct demonstration of the critical importance of 

temperature dependent microscopic influence of water on amyloidogenic 

conformation and stability that goes beyond its roles in sequestering hydrophobic 

contacts. The association of hydration water with the divergent behavior of folded 

proteins, strands and fibrillar assemblies to low temperature has important bearings. It 

is currently believed that water undergoes a liquid-liquid phase transition (LLPT) 

between high- and a low-density form at extreme cooling and at high pressure58,66. 

This phenomenon onsets below 180 K and at pressures orders of magnitude higher 

than atmospheric pressure for the TIP4P/2005 water model58. The large structural and 

thermodynamic changes thus brought about can be expected to sharply influence 

water-protein associations. We note that recent investigations implicate the barrel-

shaped cylindrin motif as an on-pathway, toxic motif encountered by a number of 
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disease-related amyloidogenic proteins41-42,67. In this light, the observations reported 

in this study can be expected to represent general features of the cold response of 

crucial, on-pathway toxic amyloid oligomers. However, further detailed studies are 

necessary to delineate any sequence-specific differences. Investing efforts on 

establishing collective variables that distinguish the complex energy landscapes of 

amyloid assemblies vis-à-vis protein thermal response should be useful. This could 

potentially arise from the powerful energy landscape formalisms currently employed 

for amyloid assembly pathways68. Further studies of the interplay of thermodynamic 

conditions, solvent state, hydrophobicity and protein conformations are necessary for 

improved understanding and also for applications ranging from cryo-preservation to 

studying the plausibility of extreme life forms.  
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4.1     Abstract 

Clinical studies have identified a correlation between type-2 diabetes mellitus and 

cognitive decrements en route to the onset of Alzheimer’s disease (AD). Recent 

studies have established that post-translational modifications of the amyloid beta (Aβ) 

peptide under hyperglycemic conditions; particularly, the process of glycation 

exacerbates its neurotoxicity and accelerates AD progression. In view of the assertion 

that macromolecular crowding has an altering effect on protein self-assembly, it is 

crucial to characterize the effects of hyperglycemic conditions via crowding on Aβ 

self-assembly. Toward this purpose, fully atomistic molecular dynamics simulations 

were performed to study the effects of glucose crowding on Aβ dimerization, which is 

the smallest known neurotoxic species. The dimers formed in the glucose-crowded 

environment were found to have weaker associations as compared to those formed in 

water. Binding free energy calculations show that the reduced binding strength of the 

dimers can be mainly attributed to the overall weakening of the dispersion 

interactions correlated with substantial loss of interpeptide contacts in the 

hydrophobic patches of the Aβ units. Analysis to discern the differential solvation 

pattern in the glucose-crowded and pure water systems revealed that glucose 

molecules cluster around the protein, at a distance of 5–7 Å, which traps the water 

molecules in close association with the protein surface. This preferential exclusion of 

glucose molecules and resulting hydration of the Aβ peptides has a screening effect 

on the hydrophobic interactions, which in turn diminishes the binding strength of the 

resulting dimers. Our results imply that physical effects attributed to crowded 

hyperglycemic environments are incapable of solely promoting Aβ self-assembly, 

indicating that further mechanistic studies are required to provide insights into the 
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self-assembly of post-translationally modified Aβ peptides, known to possess 

aggravated toxicity, under these conditions.  

 

4.2     Introduction 

Alzheimer’s disease (AD) is the most common form of senile dementia and currently 

affects nearly 45 million people worldwide. It is a progressive, multifactorial, and 

irreversible disorder characterized by various pathological markers in the brain, 

particularly fibrillar deposits of the 4 kDa Amyloid beta (Aβ) peptide in the neuronal 

synapses1-3. Aβ is an intrinsically disordered protein (IDP) and hence defies the long-

standing protein structure-function paradigm4-7. The lack of a single, well-defined 

equilibrium structure usually makes IDPs highly prone to self-assembly and 

aggregation, and in several cases such as Aβ, the insoluble aggregates are associated 

with the onset of debilitating neurodegenerative and other diseases8-10. The amyloid 

hypothesis postulates that the aggregation of Aβ into insoluble, fibrillar aggregates 

marks the onset of AD11. However, in recent years, accumulating evidence 

substantiates the hypothesis that small, soluble Aβ oligomers, rather than mature 

fibrils formed subsequently, may be the critical players in the pathology of AD12-16. 

Hence, uncovering the mechanisms of early self-assembly and oligomeric 

interactions, as well as factors that can potentially accelerate or slow down the rate of 

self-assembly of Aβ are among the key prerequisites for developing effective 

therapies against AD onset and progression. 

Over the last few decades, increasing clinical evidence has shown a correlation 

of AD onset and cognitive decline with the occurrence of hyperglycemia and type-2 

diabetes mellitus (T2DM) in elderly individuals17-21. It has been observed that 
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elevated blood glucose levels caused by several factors including insulin dysfunction 

and resistance may increase the chances of AD pathogenesis21-22. However, 

conclusive evidence demonstrating mechanistic linkages between excess glucose in 

the bloodstream and the onset of AD is still lacking. The search for the underlying 

causative factors is further complicated due to seemingly contradictory evidences. For 

example, it has been suggested that glucose may have some beneficial effects on the 

cognitive abilities of healthy individuals, whereas hyperglycemia may trigger 

neuronal death by excessive amyloid deposition in those already predisposed towards 

AD23. An emerging consensus appears to associate the post-translational chemical 

modifications of Aβ in hyperglycemic environments to its rate of self-assembly23-24. 

Particularly, Aβ modified as an advanced glycation end product (AGE) is thought to 

possess aggravated toxicity compared to that of the unmodified Aβ25-26. Using 

extensive atomistic computer simulations, we have recently demonstrated that Aβ 

with AGE modified lysines possesses greater β-sheet propensity and is 

thermodynamically predisposed to stronger self-association27. 

It is noteworthy here that although AGE modifications of Aβ are found to 

enhance the peptide’s self-assembly, there exist no studies to date on how 

hyperglycemic conditions may directly influence the protein’s self-assembly 

thermodynamics and thereby modulate the process in an alternative manner 

independent of plausible chemical modifications. This aspect becomes particularly 

important when one notes that macromolecular crowding of the aqueous environment 

can play a major role in altering the physical characteristics of a protein and its rate of 

self-association28-34. Particularly, simple sugars such as glucose, trehalose, sucrose, 

and polysaccharides such as dextran and Ficoll, frequently used as molecular 

crowding agents and as components for mimicking cytoplasmic crowding 
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environments, can have profound effects on protein self-assembly35-39. Various 

experimental and theoretical studies have demonstrated modest to drastic effects of 

macromolecular crowding on protein self-assembly and aggregation29,40-47. It is 

further interesting to note recent works demonstrating that mixtures of solvents may 

influence protein conformation and solubilities in a manner distinct from those 

brought about by pure solvents48-49. 

In light of the crucial influence of glucose in the aggregation propensities of 

Aβ, and thereby in the onset of AD, it is imperative to decouple its potential physical 

effects vis-à-vis crowding and its possible roles via chemical modifications in the 

modulation of Aβ self-assembly. Molecular dynamics (MD) simulations have been 

widely used to provide molecular insights into the structure, dynamics and self-

assembly of amyloidogenic proteins such as Aβ, islet amyloid polypeptide, α-

synuclein, and prion50-69. Herein, we present a systematic study based on fully 

atomistic computer simulations of the role of glucose molecules in modulating the 

dimerization of independent, full-length Aβ units. This earliest step in Aβ self-

assembly is a crucial component in the nucleation-polymerization growth of Aβ 

oligomers, protofibrils and fibrils50,70. Our studies reveal that high glucose 

concentrations have a small effect on the overall properties of the Aβ monomer 

including conformational fluctuations, structure compactness, intrapeptide contacts 

and secondary structure propensities. Upon analyzing the early dimerization of Aβ 

peptides in glucose solution, we observed that there is a small but appreciable 

weakening in the binding strength of the dimers, concurrent with an observable loss in 

contacts between the hydrophobic domains of the peptide units. A component-wise 

analysis of the binding free energy reveals that the loss arises primarily from the 

weakening of the van der Waals (vdW) interaction energies accompanying the loss in 
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residue contacts. Considering the potential crowding effects brought about by glucose 

molecules, we further investigated solvent distributions in the vicinity of the Aβ 

dimeric complexes and found important effects that arise due to the presence of 

glucose. Our calculated preferential interaction parameters indicate that glucose 

molecules form a “cage” within about 5–7 Å of the protein heavy atoms that trap 

water molecules in the vicinity of the protein and create a distinctive increase in side 

chain hydration. This excess hydration reduces the efficacy of the hydrophobic effect 

and weakens the interactions between the hydrophobic domains of the Aβ units, 

accounting for an approximately 50% reduction in the strength of the binding free 

energy. Our results offer strong credence to the hypothesis that “standalone” physical 

effects of hyperglycemic conditions are incapable of consolidating Aβ self-assembly 

and enhancing its aggregation. Therefore, the observed clinical effects of 

hyperglycemic conditions on AD should be primarily via chemical modifications of 

Aβ, and plausibly through AGE modifications. 

 

4.3     Methods 

4.3.1    System Setup and MD Simulations 

All MD simulations reported in this study were performed using the NAMD 

simulation package71. The details of the Aβ conformations generated and used are 

described below. The simulations were performed under periodic boundary conditions 

using the NAMD2.9 simulation package71. The CHARMM22 force field with CMAP 

correction72 was used to simulate the peptides, the CHARMM36 all-atom 

carbohydrate force field72 was used for glucose parameters, and the TIP3P73 water 

model was used for the solvent. We point out that the CHARMM force field has been 
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noted to sample Aβ conformations with high levels of accuracy74. A time step of 2 fs 

was used. A constant temperature of 310 K was maintained with Langevin dynamics 

at a collision frequency of 1 ps-1, and a pressure of 1 atm was maintained with the 

Nosé–Hoover method75. Long-range electrostatic interactions were computed using 

the particle-mesh Ewald (PME) method76 and covalent bonds involving hydrogen 

atoms were constrained using the SHAKE algorithm77. The systems were first energy 

minimized for 15000 steps using the conjugate gradient method followed by 

simulations in the isothermal–isobaric (NPT) ensemble. Three independent MD 

simulations were performed for full-length Aβ units in pure water (PW) and glucose–

water mixture (PG) solvents. Each trajectory was of 200 ns duration, amounting to a 

cumulative simulation time of 0.6 µs for each system. 

 

4.3.1.1   Aβ  Simulations 

The details of the generation of the Aβ monomeric conformation can be found in 

previous work conducted in our group27,78. Briefly, the solution state NMR structure 

of the full-length Aβ1-42 peptide obtained in a 3:7 mixture of hexafluoro-2-propanol 

and water (PDB ID: 1Z0Q)79 was heated in the gas phase at 373 K. From the 

ensemble of the random coil configurations, ten structures were independently 

simulated at 310 K in explicit water for a minimum of 150 ns, generating a 

cumulative simulation data set of over 1.6 µs. Principal Component Analysis was then 

performed on the ensemble of the Aβ conformations and a conformation of the 

peptide representing one of the most populated clusters was chosen as the starting 

monomeric structure for our studies. The representative structure was benchmarked 

with experimental data by simulating it for 6 ns and comparing the 15N and 13Cα 
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chemical shifts, which were calculated using the SHIFTS program80. We point out 

here that the structural propensities of the chosen initial conformation are remarkably 

similar to those of the full-length Aβ conformation reported to populate the peptide’s 

ensemble in water51,53. 

The dimeric simulations were initiated by placing the two Aβ monomers at a 

center of mass distance of 33 Å and solvating in pure water (PW) and glucose 

solution to obtain the PW-D and PG-D systems, respectively. The PW-D system was 

solvated explicitly in a cubic box containing 22284 TIP3P73 water molecules. The 

glucose simulation box of the PG-D system was built by placing the two monomeric 

structures at a center of mass distance of 33 Å with a random distribution of glucose 

molecules using the Packmol81 program, followed by solvation with TIP3P73 water 

molecules. The glucose concentration chosen was 108 g L–1, which amounted to 218 

glucose molecules in a cubic box containing 14968 water molecules. The minimum 

distance from the extremities of the protein to the edge of the simulation box was at 

least 15 Å. Similarly, for the monomeric systems, the Aβ peptide conformer described 

above was solvated in a cubic box of water and glucose solution at a concentration of 

108 g L–1 to obtain the PW-M and PG-M systems, respectively. For each protein–

solvent system, three independent trajectories of 200 ns each were generated. The 

system and simulation details are summarized in Table 4.1. All of the trajectories 

were equilibrated for 50 ns and the nontemporal analyses were done for the 

equilibrated part (last 150 ns) of the trajectories. 
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Type Name Solvent d0 SW SG 

 

Box 

dimensions 

(Å3) 

Ttotal 

 

Monomer 

 

PW-M 

 

water 

 

-- 

 

12905 

 

-- 

 

74 x 79 x 69 

 

0.6 

 Monomer PG-M water-
glucose 

-- 9136 135 71 x 76 x 67 0.6 

Dimer PW-D water 33 22284 -- 107 x 91 x 71 0.6 

Dimer PG-D water-
glucose 

33 14968 218 103 x 87 x 67 0.6 

!
Table 4.1  Details of the simulated Aβ systems. The initial intermonomer center of 

distance (d0 in Å), number of solvent water (SW) and solvent glucose (SG) molecules, 

initial dimensions of the simulation box, and the cumulative simulation times (Ttotal, in 

 µs) are specified. 

 

4.3.2    Trajectory Analysis 

4.3.2.1   Secondary Structure 

Secondary structural propensities for individual residues were obtained using the 

STRIDE algorithm82, as implemented in VMD83. 

 

4.3.2.2   Protein-Protein Interaction Energy 

The nonbonded interaction energies (electrostatic and vdW) between the peptide units 

were calculated using the NAMD Energy plugin available in the NAMD package71. 

The interaction energy, E, composed of electrostatic and vdW interactions, for a pair 

of atoms of charges qi and qj, separated by a distance rij, is given by:  
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where the parameters σij, εij and D are obtained from the force field. 

 

4.3.2.3   Solvent Accessible Surface Area  

Solvent accessible surface area (SASA) values were calculated using the VMD 

package83 by rolling a spherical probe of radius 1.4 Å over the protein residue surface. 

 

4.3.2.4   Binding Free Energy 

The absolute binding free energies between the two Aβ monomers were obtained 

using the Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) 

method, as implemented in the NAMD package84-85. The calculation was performed 

using the single trajectory method on the dimer as well as each of the monomeric 

subunits constituting the complex. The total free energy of each of the components is 

defined as: 

Gtotal = HMM +G solv−pol+Gsolv−np −TSconfig             (4.2) 

where HMM, Gsolv-pol, Gsolv-np and Sconfig represent the total internal energy, the polar 

solvation free energy, the nonpolar solvation free energy, and the configurational 

entropy, respectively. The internal energy, HMM, constitutes the bond, angle, dihedral, 

improper, electrostatic, and vdW energies. The solvent dielectric constant of water at 

310 K was used to compute the polar solvation free energy86. The nonpolar solvation 

free energy, Gsolv-np, is quantified as the product of the surface tension of water  

(γ = 0.0072) and the SASA of the solute.  
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The binding free energy is estimated as the difference: 

      ΔGbinding =Gtotal (complex ) −Gtotal (monomer1) −Gtotal (monomer2)            (4.3) 

The entropic changes are ignored as in previous recent studies56,84-85,87. The binding 

free energy of the dimer complex is thus obtained as: 

ΔGbinding = ΔHMM +ΔGsolv−pol +ΔGsolv−np  

    = ΔEelectrostatic +ΔEvdW +ΔEbonded( )+ΔGsolv−pol +ΔGsolv−np        (4.4) 

where, ΔEelectrostatic, ΔEvdW and ΔEinternal are the changes in the electrostatic, vdW, and 

bonded energies, respectively. 

 

4.3.2.5   Preferential Interaction Parameters 

To obtain information about the enrichment or exclusion of solution species at the 

protein surface, we estimated the solute–solvent preferential interaction parameters. 

These parameters have provided profound insights on protein solvation in several 

earlier works36,88-91. Accordingly, the time-averaged normalized preferential 

interaction parameters of solution species, water (POw) and glucose (Pglc ) can be 

defined as: 

         
POw r( ) =

nOw r( ) NOw + Nglc
!" #$

NOw nOw r( )+ nglc r( )!" #$
             (4.5) 

         
Pglc r( ) =

nglc r( ) Nglc + NOw
!" #$

Nglc nglc r( )+ nOw r( )!" #$
              (4.6) 

where nOw and nglc refer to the local number of water oxygen atoms and glucose 

molecules, respectively, located at a distance r from the heavy atoms of the protein. 

NOw and Nglc correspond to the total number of water oxygen atoms and glucose 

molecules in the simulation box, respectively. If the ratio Px(r) is greater than 1 in 

close proximity of the peptide, then the respective solvent species preferentially 
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interacts with the peptide. Conversely, if the ratio is lower than 1, the solvent 

molecules are preferentially excluded from the surface of the peptide. 

 

4.3.2.6   Tetrahedral Order Parameter 

To quantify the local degree of tetrahedrality, we calculated the tetrahedral order 

parameter92-93 (q) of water molecules (by considering only the water oxygen atoms as 

potential hydrogen bonding sites) around the heavy atoms of high probability 

interpeptide contact residues in the dimeric (PW-D and PG-D) systems as: 

q =1− 3
8

cosθ jk +
1
3

"

#
$

%

&
'
2

k= j+1

4

∑
j=1

3

∑              (4.7) 

θjk represents the angle between the O–O vectors i,j and i,k from the oxygen atom, i 

with its nearest neighbors (j and k; ≤ 4). The average values of q range from to 0 to 1; 

the order parameter value of 1 resembling the perfect tetrahedral structure of water in 

its ice-state. We have considered the water molecules, which lie within 5 Å of the 

residue heavy atoms. 

 

4.4     Results and Discussion 

4.4.1    Effects on Monomeric Conformation 

We begin first by investigating the effect of glucose molecules on the conformational 

dynamics of the Aβ monomeric conformation. Representative snapshots from the 

PW-M and PG-M ensembles are illustrated in panels a and b of Figure 4.1. In Figure 

4.1c, we present the root-mean-square deviation (RMSD) of the monomer relative to 

the initial structure in the PW-M and PG-M systems, averaged over multiple 

simulation trajectories. We find that amongst the two systems, the average RMSD of 
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the monomer is only slightly lower in glucose solution than that in PW, indicating a 

very marginal difference in fluctuations of the monomer in the presence of glucose. 

The mean RMSD values for the PG-M and PW-M systems, averaged over the last  

150 ns, are 12.2 (±0.8) Å and 13.7 (±0.6) Å, respectively.  

 

 

 

Figure 4.1  Representative structure from the monomeric ensembles (a) PW-M and 

(b) PG-M. The peptides are colored segment-wise. (N-terminal region (NTR)-blue, 

central hydrophobic core (CHC)-red, turn region (TR)-green, second hydrophobic 

region (SHR)-orange, C-terminal region (CTR)-magenta) (c) Time evolution of the 

backbone RMS deviations from the starting structure, averaged over multiple 

trajectories. (d) Distributions of the radius of gyration (Rg) of the PW-M and PG-M 

ensembles. Data for the PW-M and PG-M systems are shown in turquoise and orange, 

respectively.  
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 Several studies have reported that in water, Aβ peptide adopts collapsed 

conformations that are attributable largely to the strong hydrophobic interactions of 

the CHC, and the hydrophobic regions at the C-terminus of the peptide94-101. We 

analyzed the radius of gyration (Rg) of the monomer of the two systems as a measure 

of the peptide’s overall compactness. The mean Rg value of the Aβ monomer is 12.9 

(±0.8) Å in the PG-M system and 11.5 (±0.5) Å in the PW-M system over the last 150 

ns of the trajectories, indicating a small decrease of the mean Rg by 1.4 Å in the latter 

system. In Figure 4.1d, we compare the distributions of Rg values, where the overall 

shift to slightly higher values accompanied by a slight narrowing of the distribution is 

evident in the PG-M system. We note here that the probability distribution of Rg of 

the PW-M system peaks at 10.4 Å, which is in close agreement with a previous 

report53. The peak positions in the Rg distribution in PG-M can be observed at 11.4 Å 

and 13.8 Å, further underscoring the changes in compactness in the presence of 

glucose within the solvent environment. 

 

 

 

Figure 4.2  Intramonomer residue-residue contact probabilities for the (a) PW-M and 

(b) PG-M systems. Axes denote the residue numbers. The color scale for the contact 

probability is shown at the extreme right of each plot. The color bar at the top and 

right of each plot represents the segments in the Aβ peptide. 
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 As reported extensively in previous studies27,52, the collapse of the Aβ peptide 

in aqueous environment arises due to dewetting transitions and the resulting favorable 

interactions between distal hydrophobic residues located within the peptide sequence. 

To understand the key inter-residue interactions that are altered in the presence of 

glucose, we have compared the intramonomer contact maps, which are presented in 

Figure 4.2. For our analyses, we considered five segments of the Aβ peptide: NTR 

(D1AEFRHDSGYEVHHQK16), CHC (L17VFFA21), TR (V24GSN27), SHR 

(G29AIIGLM35) and CTR (V36GGVVIA42). The NTR and TR segments are mostly 

hydrophilic, whereas the CHC, SHR, and CTR segments are mainly hydrophobic. The 

contacts obtained in PW-M are similar to those reported in previous studies. The 

strongest inter-residue contacts are observed in the CHC/SHR, TR/CTR and 

SHR/CTR regions. Importantly, a large number of the strongest contacts observed in 

PW-M are lost in the PG-M system; upon inspection, it was revealed that the contacts 

lost in PG-M are predominantly hydrophobic contacts. The number of high 

probability, non-nearest neighbor contacts, defined as contacts between residues 

spaced by three or more units in the sequence, is 41 in the PW-M system and 28 in the 

PG-M system. Interestingly, we find that in addition to the loss in key hydrophobic 

contacts, a few strong contacts involving nonhydrophobic residues emerge in the PG-

M system, suggesting a subtle alteration in the role of the solvent environment in 

contact formation upon the addition of glucose. This aspect is further corroborated 

when we compare the SASA of the high probability contact residues in both systems. 

The SASA per contact residue side chain is 69.2 Å2 in PW-M and 81.0 Å2 in PG-M, 

indicating that the contacts formed are relatively more exposed to the solvent in the 

latter system. 



Chapter 4 
!
!

! ! ! ! !138!

We finally examined the residue-wise secondary structural propensities of the 

monomers in the two systems; the comparisons are depicted in Figure 4.3. In PW-M, 

the β-strands are mainly located in the NTR, CHC, SHR, and CTR regions; it is 

noteworthy that these regions participate maximally in the intramonomer contacts and 

in the overall compactification of the peptide monomer in water. We point out that 

similar conformational contacts in these regions have been reported previously in 

experimental and computational studies51,78,98,101-103. The comparison between the 

PW-M and PG-M systems indicates that the presence of glucose is correlated with an 

overall decrease in β-strand propensities within the monomer. 

 

 

 

Figure 4.3  Residue-wise percentage secondary structure content of the (a) helix, (b) 

β-sheet, and (c) coil for the PW-M (in turquoise) and PG-M (in orange) ensembles.  

 

These preliminary analyses indicate that the presence of glucose in the 

aqueous environment triggers small changes in the peptide’s conformational 

fluctuations, compactness, intrapeptide hydrophobic contacts, solvent accessibility, 

and in the overall secondary structural propensities. In the following sections, we 

investigate in detail the ramifications of these changes on the peptide’s self-

association into the dimeric structure, and the associated differential role of solvation 

attributed to the presence of glucose. 
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4.4.2     Intermonomer Association and Structural Propensities      

It is well-known that the Aβ peptide can self-associate to form several different 

assembly forms ranging from dimers to higher oligomers and aggregates of amyloid 

fibrils13,16,101,104-105. The Aβ dimer is of particular interest as it is the smallest 

neurotoxic species that impairs synaptic plasticity and memory, and further it is a key 

component in the nucleation mechanism104,106-109. Experimental and computational 

studies showed that Aβ1-42 forms stable dimers in solution110-112. Herein, we have 

characterized the physical effect of glucose crowding on the spontaneous Aβ dimeric 

assembly process from the initial monomeric state. The dimerization event was first 

monitored via the center of mass distance between the two monomers in PW and in 

the glucose solution. Figure 4.4a shows the time evolution of the center of mass 

distance between the two monomeric units. The distributions of the distances obtained 

from the first 25 ns, as well as from the last 150 ns of the independent trajectories of 

the PW-D and PG-D systems are compared in Figure 4.4b,c. We observe that within 

the first 25 ns, the intermonomer distance in the PW-D system decreases dramatically 

from 33 Å to 10 Å. A similar phenomenon is observed in the PG-D system in which 

the intermonomer peptide distance, on an average, decreases to 11 Å within the initial 

25 ns. The mean intermonomer center of mass distances in the PW-D and PG-D 

systems are similar within the first 25 ns of simulations, being 21.5 (±7.1) Å and 25.3 

(±5.5) Å, respectively. In the PW-D system, after the initial 25 ns, the intermonomer 

distance fluctuates around 10–11 Å for the remaining part of the trajectory. However, 

in the PG-D system, beyond 25 ns, the distance increases to about 20 Å in the next 10 

ns and then fluctuates between 18 and 20 Å subsequently. Within the last 15 ns, the 

interpeptide center of mass distance in this system again decreases to 16 Å. This is 

reflected in the bimodal distance distribution in the PG-D system, with a smaller 
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population peaking at 16 Å and a relatively larger population peaking around 18–20 

Å. The mean intermonomer center of mass distances in the PW-D and PG-D systems 

over the last 150 ns are 10.5 (±1.2) Å and 17.8 (±1.9) Å, respectively. It is worth 

noting here that although both systems exhibit a drop in the interpeptide distance 

within the first 25 ns and a relative stability in this value over the last 150 ns, at any 

point of time, the mean distance is always greater in the PG-D system, suggestive of a 

discernable effect of glucose crowding on the spontaneous dimerization ability of Aβ 

in water. 

 

 

 

Figure 4.4  Evolution of the (a) interpeptide center of mass distance and (d) 

interpeptide interaction strength over the simulation timescale. Data for the PW-D and 

PG-D trajectories are shown in light blue and gold, respectively, and the averages 

corresponding to them are shown in teal and orange, respectively. (b and e) 

Probability distributions for the first 25 ns and (c and f) last 150 ns, corresponding to 

the data in (a) and (d). PW-D and PG-D are shown in turquoise and orange, 

respectively. 
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 We further evaluated the intermonomer interaction energies as a function of 

simulation time in the PW-D and the PG-D systems; this quantity has previously been 

used as an (preliminary) indicator of the interpeptide interactions (binding 

strengths)27,78,110,113-114. Figure 4.4d depicts the time evolution of the interactions as 

observed in the trajectories of the PW-D and PG-D systems. Spontaneous 

dimerization of the Aβ peptide in both systems is marked by a lowering of the 

interaction energies within the first 50 ns, followed by a stability in the interaction 

energies over the latter part of the trajectories. Figure 4.4e,f depicts the probability 

distributions of the interpeptide interactions over the first 25 ns and the last 150 ns. 

The distribution over the first 25 ns peaks at 0.0 kcal mol-1 in both the PW-D and PG-

D systems, indicating a lack of any significant initiation of dimerizing interactions in 

the earliest part of the trajectories. We mention here that the lack of significant 

interactions in the earliest parts of the simulations, noted previously in other reports, 

corresponds to the diffusive part of the Aβ dimerization process110,115. Unlike the 

early distributions, the distributions over the latter parts of the trajectory peak at  

–268.0 kcal mol-1 and –160.0 kcal mol-1, respectively, in the PW-D and PG-D 

systems, indicating the presence of strong interpeptide dimerizing interactions. It is 

noteworthy that although the peaks corresponding to the two systems are well 

separated, there is a distinct degree of overlap between the two distributions. 

However, the distribution for the PG-D system is markedly narrower than that of the 

PW-D system, indicating a lower extent of fluctuations in the interactions in the 

presence of glucose in the solvent environment. The mean and standard deviation 

values of the interaction energies over the final 25 ns of the PG-D and PW-D 

simulation trajectories are –175.0 (±23.7) and –192.2 (±29.8) kcal mol-1, respectively. 
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We next proceeded to analyze the structural features of the dimers formed in 

the two systems by comparing the intermonomer residue-residue contact probability 

map, illustrated in Figure 4.5a,b respectively. We computed the contact probability 

for the last 150 ns of each trajectory, leading to a cumulative simulation time of 450 

ns for each system. As in other recent studies, a pair of residues forms a contact if the 

center of mass distance between their side-chains does not exceed 7 Å27,78,98,114. As 

apparent from the comparison of contact maps, there is a significant reduction in the 

total number of intermonomer contacts in PG-D as compared to that of the PW-D 

system. We note that in the PW-D ensemble, the region of high contact density 

involves hydrophobic interactions between the CHC and CTR segments, which is in 

agreement with the previously reported studies27,116. The SHR/CHC, SHR/TR, 

SHR/SHR, and SHR/CTR regions also display high contact density. Interestingly, 

there is a high density of contacts between the hydrophilic NTR and hydrophobic 

CTR regions. In addition, a moderate density of contacts is localized in the NTR/CHC 

and NTR/TR regions. On the other hand, in the PG-D system, a reduction in the 

intermonomer contacts is evident amongst the hydrophobic segments CHC, SHR, and 

CTR, whereas there is a modest density of contacts between the hydrophilic NTR 

with NTR as well as the hydrophobic CHC and SHR segments. Contacts are also 

formed between the hydrophilic TR and hydrophobic CTR region.  
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Figure 4.5  Interpeptide residue-wise contact probability maps for the (a) PW-D and 

(b) PG-D systems. Interpeptide residue-wise average vdW interaction energies (in 

kcal mol-1) for the (c) PW-D and (d) PG-D ensembles. 

 

We have further provided the intermonomer interaction energy maps corresponding to 

the average vdW interaction among the residues in Figure 4.5c,d for the PW-D and 

PG-D systems, respectively. We observe that the inter-residue contact probabilities 

among the monomers are vividly reflected in the average vdW interaction energies. 

Especially noticeable is the substantial weakening of vdW interaction energies in the 

hydrophobic patches of the peptides in the PG-D system, which corroborates with a 

loss of contacts in these regions. We further analyzed the secondary structural 

propensities of the Aβ peptides of the dimeric systems in the two solvent 
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environments. Comparing the overall secondary structure content in the two systems, 

depicted in Figure 4.6a-c, we observe a subtle β-sheet propensity of the residues in 

the hydrophobic CHC, TR and CTR segments in PW-D. It is interesting to note that 

β-sheet propensity in these regions is absent in the PG-D system. The discussion 

above demonstrates that the spontaneous dimerization of Aβ peptide is discernably 

compromised in the presence of glucose molecules. Importantly, the dimerization 

process is primarily affected by the distinct loss in key hydrophobic contacts that are 

known to play important roles in Aβ assembly. 

 

 

 

Figure 4.6  Residue-wise percentage secondary structure content of the (a) helix, (b) 

β-sheet, and (c) coil for the PW-D (in turquoise) and PG-D (in orange) ensembles.  

 

4.4.3    Thermodynamics of Aβ  Binding 

The analyses presented thus far demonstrate that hyperglycemic conditions within the 

aqueous environment of the full-length Aβ peptide alter its conformational 

fluctuations, secondary structure, compactness, solvent exposure, and propensity for 

self-association in a noticeable manner. For deeper insights into the origins of the 

distinct weakening of Aβ dimerization observed in the presence of glucose, we have 

calculated and compared the intermonomer binding free energy of the peptide units, 

along with the individual contributing components. This was done with the MM-
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GBSA protocol as described in the Methods section. We point out that this method 

has been routinely used to obtain binding affinities of biomolecules84-85,117. The mean 

and standard deviations of the various contributions to the total binding free energy 

are presented in Table 4.2. From these data sets, it can be observed that the mean 

value of the binding free energy, ΔGbind, is lower in the PW-D system than that in the 

PG-D system by a value ranging from 25.2 to 27.2 kcal mol-1, reflecting the relatively 

stronger dimerizing interactions in the former system. It is observed in both systems 

that the favorable binding free energy of dimerization originates predominantly from 

the nonpolar terms, namely ΔEvdW and ΔGsolv-np. Interestingly, the fluctuations 

observed in each component of the binding free energy are consistently higher in the 

PW-D system. The contribution of the electrostatic interactions between the two 

monomers (ΔEelec) is offset by the contribution arising due to the polar solvation free 

energy (ΔGsolv-pol). It is important to note here that a critical component of the binding 

ΔGbind is obtained from the solvation free energy of the nonpolar moieties of the 

dimerizing units, ΔGsolv-np; this quantity is markedly lower in the PW-D system. This 

observation suggests a relatively greater thermodynamic favorability of sequestering 

hydrophobic contacts in the PW-D system; this is corroborated by results discussed 

later. The magnitude of the differences in ΔGsolv-np between the two systems varies 

between 6.6 and 7.5 kcal mol-1. Overall, these results suggest that in the crowded 

environment of glucose solution, there is a distinct weakening of the binding free 

energies that contributes to the dimerization of the full-length Aβ units. Such behavior 

qualitatively agrees with experimental and computational findings that sugars, which 

function as osmolytes within cells, hamper the aggregation of amyloidogenic peptides 

or globular proteins36,118-121. We point out that previous reports of Aβ dimerization 

have ignored the contributions arising due to loss in configurational entropy115,122. We 
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estimated the cumulative configurational entropy of the protein backbone atoms of the 

Aβ peptides for the PW-D and PG-D systems, calculated for the initial 10 ns of the 

dimerizing trajectories when the proteins exist as individual units as well as for the 

last 10 ns when the proteins have dimerized, using Schlitter’s method123. The entropy 

change of Aβ peptides upon dimerization (ΔSmonomer-dimer) is small and comparable for 

the PW-D and PG-D systems, the values being 1.1 x 10-3 and 0.9 x 10-3 kcal mol-1 K-1, 

respectively. Therefore, they are not considered in the calculation of ΔGbind. The 

results presented thus far establish that the self-association of full-length Aβ units is 

thermodynamically weakened when an excess of glucose molecules is present.  

 

Contribution PW-D PG-D 

 
ΔGbind 

 
–54.739 (±18.685) 

 
–27.584 (±11.847) 

ΔHMM –241.996 (±105.642) –185.145 (±68.752) 

ΔEelec –169.391 (±95.823) –150.682 (±71.374) 

ΔEvdW –72.605 (±18.753) –34.463 (±19.895) 

ΔGsolv 187.257 (±90.258) 157.561 (±61.259) 

ΔGsolv-np –15.660 (±3.712) –8.202 (±3.090) 

ΔGsolv-pol 202.917 (±93.074) 165.763 (±61.767) 

!
Table 4.2 Individual contributions of the interpeptide binding free energies calculated 

for the last 150 ns of each trajectory in the PW-D and PG-D systems (in kcal mol-1). 

See the text for details. Standard deviations are provided in brackets. 
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4.4.4    Glucose Caging Modulates Aβ  Hydration and Interactions       

The solvent environment has a profound influence on the self-assembly behavior of 

IDPs such as Aβ52,115,124-128. Importantly, dewetting transitions and hydrophobic 

associations between Aβ monomers play a crucial role in a peptide’s self-

association52,99-100. In Figure 4.7, we depict representative snapshots of the dimeric 

state of the protein in the absence and in the presence of glucose in the solvent 

environment. The weakened association between the Aβ units and the resultant loss in 

the compactification of the dimeric state in the presence of glucose in the solvent is 

evident upon comparison. 

 

 

 

Figure 4.7  Representative structures from the dimeric ensembles (a) PW-D and (b) 

PG-D; the two peptide units are colored in pink and green. The residues involved in 

interpeptide high probability contacts are depicted by a translucent gray surface, with 

side chains represented as sticks and colored teal. Glucose molecules around the PG-

D dimer within a distance of 7 Å from the protein units are shown as orange colored 

spheres and the water oxygens around the dimers in both the systems are shown as 

spheres colored skyblue. 

!
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In light of our findings, we further investigated how the nature of surface 

hydration could be altered in the presence of glucose. We first computed the selected 

site-site radial distribution functions, g(r), involving the protein and the different 

solution species in PW and glucose solution, for both the monomeric and dimeric 

systems. The g(r) between the protein heavy atoms and center of mass of glucose 

molecules in the PG-M and PG-D systems is shown in Figure 4.8a,b, respectively. We 

note that the protein-glucose g(r) begins to gradually increase from 3.5 Å and forms a 

broad peak centered at 6 Å. This indicates that there is a high density of glucose 

molecules in the shell between 5 and 7 Å around the protein. Figure 4.9a,b display the 

g(r) calculated between the protein heavy atoms and water oxygen atoms in the 

monomeric (PG-M and PW-M) and dimeric (PG-D and PW-D) systems, respectively. 

Interestingly, we observe that in the first and second peaks of the protein-water g(r), 

positioned at 2.8 and 3.8 Å, respectively, there is a marginal but noticeable 

enhancement in the hydration (see the figure inset) in the glucose system over that in 

PW; this enhancement is consistently observed in both the monomeric and dimeric 

systems. For insights into the origin of this marginal difference, we calculated the 

radial distribution functions between the water oxygens and the full side chains of the 

residues that participate in internal contacts (monomeric systems), and in the 

interpeptide contacts (dimeric systems) with high probability. This comparison, 

presented in Figure 4.8c,d for the monomeric and dimeric systems, respectively, 

clearly shows marked enhancements in the first and second solvation peaks in the 

presence of glucose. This indicates that the differences observed earlier can be largely 

attributed to the enhanced hydration of the internal contacts formed within the 

monomer in the PG-M compared to that in the PW-M system, and to the interpeptide 

contacts formed within the dimer in the PG-D compared to that in the PW-D system. 
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In Table 4.3, we have tabulated the number of high probability, nonlocal internal 

contacts (in monomer) and interpeptide (in dimer) contacts observed in absence and 

in the presence of glucose. It is noted that while some of the contacts are common, 

there is an overall decrease in the number of hydrophobic contacts in the presence of 

glucose. Interestingly, in the dimeric PG-D system, most of the nonlocal contacts 

formed involve the participation of polar residues (see Table 4.4), reflecting the 

relatively greater difference between the g(r) observed in Figure 4.8d. We further note 

here that the average SASA of the side chains that contributes to the nonlocal 

interpeptide contacts increase about three-fold in the PG-D system in comparison to 

the PW-D system. (see Table 4.5) Furthermore, we evaluated the mean tetrahedral 

order parameter (q) of the water molecules that lie within 5 Å of the interpeptide 

contact residues in the dimeric systems (see Table 4.5). The tetrahedral order 

parameter is an indicator of the structural ordering of the local hydration waters93,129-

130. A marginal decrease in the average q of the waters in the vicinity of the contacts 

in the PG-D relative to that in the PW-D system reflects a small decrease in the 

overall local ordering of hydration waters around the contact residues.  
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Figure 4.8  Site-site radial distribution function, g(r), between protein heavy atoms 

and glucose center of mass of the (a) PG-M and (b) PG-D systems is represented in 

red. The g(r) between the water oxygen atoms and full side chains of residues 

involved in high probability contacts of the (c) monomeric (PW-M and PG-M) and 

(d) dimeric (PW-D and PG-D) systems. Data corresponding to the PW and glucose 

solution (PG) are shown in turquoise and orange, respectively.  
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Figure 4.9  Site-site radial distribution function, g(r), of the protein heavy atoms and 

water oxygen atoms of the (a) monomeric (PW-M and PG-M) and (b) dimeric (PW-D 

and PG-D) systems. The inset bar plots show the first and second g(r) peaks. Data for 

PW and glucose solution are shown in turquoise and orange, respectively. 
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 PG-M PW-M PG-D PW-D 

Ntot 28 41 8 31 

NP 15 21 6 14 

NH 13 20 2 17 

 

Table 4.3  Summary of number of nonlocal contacts in the monomeric systems (PG-

M and PW-M), and the dimeric systems (PG-D and PW-D). Ntot represents the total 

number of contacts, NP represents the number of contacts involving at least one non-

hydrophobic residue, and NH represents the number of contacts involving only 

hydrophobic residues 

 

Contact pair System Type 

 
Ala 2-Gln 15  

 

PG-D 

 

P 

Glu 3-Arg 5 
 

PG-D P 

Glu 3-Val 18 
 

PG-D P 

Glu 3-Lys 28 PW-D 
 

P 

Phe 4-Lys 16 
 

PG-D P 

Arg 5-Glu 3 PW-D PG-D P 

Arg 5-Phe 19 
 

PG-D P 

Arg 5-Val 36 PW-D 
 

P 

His 6-Met 35 PW-D 
 

P 

His 6-Gly 37 PW-D 
 

P 

His 6-Gly 38 PW-D 
 

P 

Asp 7-Asp 1 PW-D 
 

P 

Ser 8-Gly 37 PW-D 
 

P 

Tyr 10-Ala 2 PW-D 
 

P 

Tyr 10-Phe 4 PW-D 
 

P 
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Contact pair System Type 

    

Tyr 10-Val 36 PW-D 
 

P 

Tyr 10-Asn 27 PW-D 
 

P 

Phe 19-Tyr 10 PW-D 
 

P 

Asn 27-Leu 34 PW-D 
 

P 

Phe 4-Met 35 PW-D 
 

H 

Gly 9-Ala 2 PW-D 
 

H 

Leu 17-Val 39 PW-D 
 

H 

Val 18-Val 40 PW-D 
 

H 

Phe 19-Val 12 
 

PG-D H 

Phe 19-Val 40 PW-D 
 

H 

Phe 20-Val 39 PW-D 
 

H 

Ala 21-Met 35 PW-D 
 

H 

Val 24-Gly 9 PW-D 
 

H 

Val 24-Ile 31 PW-D 
 

H 

Val 24-Leu 34 PW-D 
 

H 

Val 24-Met 35 PW-D 
 

H 

Gly 25-Leu 34 PW-D 
 

H 

Ala 30-Gly 9 
 

PG-D H 

Ile 31-Leu 34 PW-D 
 

H 

Gly 33-Leu 34 PW-D 
 

H 

Val 36-Gly 29 PW-D 
 

H 

Val 36-Ile 32 PW-D 
 

H 

Val 36-Gly 33 PW-D 
 

H 

 

Table 4.4  Interpeptide residue contacts found in the dimeric Aβ in PW-D and in the 

system with glucose (PG-D). Each contact is classified as purely hydrophobic (H) 

when both the participating residues are hydrophobic and polar with the participation 

of at least one polar or charged residue (P). 
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Contribution 

 
PW-D 

 
PG-D 

<q> 0.399 0.306 

<SASA>/Ncon-res 50.922 155.277 

 

Table 4.5 Average values of the tetrahedral order parameter (<q>) and SASA/contact 

residue (<SASA> / Ncon-res) of the dimeric systems (PW-D and PG-D).  

 

 To further ascertain the preferential hydration of Aβ peptides in glucose 

solution, we characterized the relative local distribution of water and glucose 

molecules around the Aβ dimers, as described in the Methods section. Figure 4.10 

depicts the normalized fraction of glucose molecules (Pglc) and water oxygen (POw), 

as a function of the distance from the protein heavy atoms in PW and glucose 

solutions. Commensurate with the g(r) trends, it can be observed that up to a distance 

of 4.5 Å from the protein heavy atoms, POw is greater than 1, which signifies that the 

Aβ peptides are more preferentially hydrated in the glucose solution. In addition, Pglc 

is lower than 1 at a distance below 4.5 Å with a peak greater than 1 in the distance 

range 5–7 Å. This indicates that the glucose molecules are excluded from the surface 

of the dimer and form a dense space-filling network surrounding the dimer at a 

distance of 5–7 Å, which causes a depletion of water in this region. This cage-like 

network traps the water molecules at the surface of the protein resulting in enhanced 

hydration of the dimer. Considering the relevance of a dewetting-induced 

hydrophobic collapse to Aβ self-assembly, we further investigated if the phenomenon 

of glucose caging and enhanced protein surface hydration occurs at the dimer 

interface. Analyses of the preferential interaction parameters for the dimer interface 

region, depicted in Figure 4.9, reveal that concurrent to the whole dimer, the 
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interfacial region is characterized by a water-enriched hydration shell resulting from 

the caging effect of glucose. We remark here that the presence of the water molecules 

caged at the protein surface by the glucose clusters reduces the overall interactions 

between hydrophobic residues that provide a major driving force for Aβ self-

assembly, and account for the reduced binding strength of the resulting dimers. 

 

 

 

Figure 4.10  Time-averaged normalized preferential interaction parameters of the 

relative local distribution of glucose (Pglc) and water (POw) in the dimeric trajectories. 

The upper panel shows Pglc for the PG-D dimer (in red) and the dimer interface (in 

violet) while the lower panel represents POw for PW-D and PG-D (whole dimer), in 

turquoise and orange, respectively while the ratio for PG-D dimer interface is shown 

in green.  
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4.5     Conclusions 

Numerous epidemiological studies over the last few decades have linked T2DM to an 

increased risk of AD17-21. Notably, evidence has suggested that hyperglycemia-

mediated glycated Aβ (Aβ-AGE) is significantly more pathogenic than the 

unglycated one and augments AD progression both in vitro and in vivo25-26. However, 

with accumulating knowledge on the implications of macromolecular crowding on 

protein self-assembly, there are currently no studies probing the physical aspects of 

crowded hyperglycemic conditions on the thermodynamics of Aβ self-assembly. 

Further, it is important to note complex effects that may be brought about on 

biomolecular conformations by the crowding interactions of solvent mixtures48-49. In 

light of such observations, we have, in the present study, used classical MD 

simulations to delineate the physical effects of the crowded environment of aqueous 

glucose solution on the conformational stability and the self-assembly characteristics 

of full-length Aβ peptide. We find that the glucose-crowded environment has a 

narrow but discernable impact on the Aβ monomer with respect to its conformational 

fluctuations, compactness, internal contacts, solvent exposure, and in its overall 

secondary structure propensities. Our simulations of the early self-assembly of Aβ 

monomers reveal that the resultant dimers in glucose solution exhibited weakened 

peptide-peptide binding free energies and a substantial loss in the number of 

intermonomer contacts. It is noteworthy that the reduced binding strength of the 

dimers mainly arises from overall weakening of the dispersion interactions that is 

commensurate with the loss of inter-residue contacts in the hydrophobic segments of 

the peptides. Considering the critical role that hydration water plays in protein 

aggregation as well as the excluded volume effect owing to the presence of glucose 

molecules, we evaluated the local hydration pattern of the dimers to elucidate if 
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crowding modulates Aβ hydration. Our analysis of the preferential interactions of Aβ 

with the solvent species indicates that glucose molecules cluster around the peptides 

at a distance of 5–7 Å and enriches the shell in the vicinity of the protein surface with 

water molecules. This preferential hydration of the Aβ peptides and the caging effect 

of glucose molecules screen the hydrophobic interactions between the peptides and 

weaken the binding strength of the resulting dimers. Our results demonstrate the 

physical effects of hyperglycemic conditions and the resultant crowding effects on the 

conformational properties and early self-assembly of Aβ. 

 Further studies in our laboratory are underway to dissect the effects of 

crowding on the microscopic details of the structural and dynamical properties of the 

hydration layer of the Aβ dimers in glucose solution. In view of the enhanced Aβ 

neurotoxicity upon hyperglycemia induced chemical modifications, it is further 

important to gain a molecular level understanding of the self-assembly of these 

chemically modified Aβ peptides under hyperglycemic conditions. These studies will 

aid in gaining molecular insights into the copathogenesis of T2DM and AD as well as 

provide incentives to design effective therapeutic strategies to counteract the harmful 

effects of these debilitating diseases. 
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5.1     Abstract 

Conversion of the predominantly α-helical cellular prion protein (PrPC) to the 

misfolded β-sheet enriched Scrapie form (PrPSc) is a critical event in prion disease 

pathogenesis. However, the conformational triggers that lead to the isoform 

conversion (PrPC to PrPSc) remain obscure, and conjectures about the role of 

unusually hydrophilic, short helix H1 of the C-terminal globular domain in the 

transition are varied. Helix H1 is anchored to helix H3 via a few stabilizing polar 

interactions. We have employed fully atomistic molecular dynamics simulations to 

study the effects triggered by a minor perturbation in the network of these non-bonded 

interactions in PrPC. The elimination of just one of the key H1-H3 hydrogen bonds led 

to a cascade of conformational changes that are consistent with those observed in 

partially unfolded intermediates of PrPC, with pathogenic mutations and at low pH 

environments. Our analyses reveal that the perturbation results in enhanced 

conformational flexibility of the protein. The resultant enhancement in the dynamics 

leads to overall increased solvent exposure of the hydrophobic core residues and 

concomitant disruption of H1-H3 inter-domain salt bridge network. This study lends 

credence to the hypothesis that perturbing the cooperativity of the stabilizing 

interactions in the PrPC globular domain can critically affect its dynamics and may 

lead to structural transitions of pathological relevance. 
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5.2     Introduction 

Prions are proteinaceous infectious agents that cause fatal neurodegenerative diseases. 

These diseases, collectively termed as transmissible spongiform encephalopathies (or 

TSEs), include Creutzfeldt–Jakob disease, fatal familial insomnia, Gerstmann–

Sträussler–Scheinker disease, Kuru in humans, scrapie in sheep, and bovine 

spongiform encephalopathy in cattle1-2. Such diseases occur as sporadic, acquired or 

inherited disorders hallmarked by the accumulation of an abnormal isoform of the 

prion protein1,3-4. According to the “protein-only” hypothesis, prion diseases arise 

from conformational changes in the normal isoform of cellular prion protein (PrPC) to 

a protease-resistant, pathogenic form called Scrapie (PrPSc)3,5. The PrPSc template has 

the ability to further recruit cellular isoforms of PrPC and subsequently induce them to 

alter their conformation to the misfolded form, thus ensuring self-propagation1,3,6. 

The cellular prion protein, PrPC, is a highly conserved cell surface 

glycoprotein of ~210 amino acids that is bound to the cell membrane by a 

glycosylphosphatidylinositol (GPI) anchor at its C-terminal residue7. The N-terminal 

domain of PrPC is largely disordered, while the C-terminal region consists of a 

structured, globular domain. The globular domain, depicted in Figure 5.1b, is 

composed of two short β-strands, S1 (Y128MLG131) and S2 (V161YYR164), forming an 

anti-parallel β-sheet, and three α-helices, H1 (D144YEDRYYRENM154), H2 

(N173NFVHDCVNITIKQHTVTTTTK194) and H3 (E200TDVKMMERVVEQMCITQ- 

YERESQAYYQR228), with H2 and H3 covalently bridged by a disulfide-bond 

between Cys179 and Cys2148. The structure of the scrapie form, PrPSc, is poorly 

defined as its insolubility and high conformational heterogeneity eludes high-

resolution structural analysis techniques9. However, it is known that PrPSc has 

substantial β-sheet content and reduced α-helical content compared to the native 
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form, which implies that the structural transition of PrPC to PrPSc involves large 

conformational rearrangements10. 

The conformational changes that drive PrPC to its pathogenic PrPSc 

counterpart, as well as the mechanistic details of PrPSc self-propagation have not yet 

been established9. Several models have been proposed for the structure of PrPSc that 

provide clues on the fibrillation and oligomerization processes11(14.$However, a point 

of contention concerns the regions in PrPC that harbor residue sequences vulnerable to 

conformational changes thereby facilitating initial seeding and further promoting 

fibrillar growth. Previous studies have suggested that the S1H1S2 region in PrPC 

plays a crucial role in the structural transition11-12,15-17. Interestingly, based on 

experimental and computational studies, views have also emerged about the potential 

role of H2 and H3 in the conversion of PrPC to PrPSc 18-23. The PrPC structure is 

stabilized by a core of hydrophobic residues, together with many salt-bridge and 

hydrogen-bonding interactions between the secondary structure elements8,24-26. A 

number of pathogenic mutations reside in the hydrophobic core of PrPC that display 

varied effects on the mature protein27. Numerous studies indicate that perturbations to 

the structure, brought about by amino acid point mutations and changes in 

environmental conditions such as pH, temperature, and presence of denaturants can 

substantially destabilize the PrPC conformer, affect its thermodynamic stability and 

induce structural transformations of pathological significance28-31.  

In the globular domain of PrPC, helix H1 has certain intriguing properties32 

and its plausible roles in triggering the onset of TSEs has been the central topic in a 

series of experimental and computational studies33(41.$ In contrast with other helices 

usually found in globular proteins, H1 is characterized by a large abundance of 

hydrophilic, solvent exposed residues, making it the most soluble of all the protein α-
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helices found in the PDB32. Circular dichroism (CD) and Nuclear magnetic resonance 

(NMR) studies of the isolated forms of H1 report its extreme stability, and thereby 

suggest the lack of its role in PrPSc generation34. Conversely, molecular modeling 

studies have proposed a model of PrPSc aggregate, namely the β-nucleation model in 

which helix H1 unravels and favorably adopts β-sheet conformations32. These 

aggregates whose core consists of hydrophilic H1 components are mainly stabilized 

by the formation of inter-molecular salt-bridges between H1 residues. Many 

experimental and computational studies have postulated that a key molecular event in 

PrPC misfolding is the detachment of the S1H1S2 region from the H2H3 

subdomain17,42-45. Further, evidence from computer simulations suggests that a 

partially unfolded intermediate of the globular prion domain that is a possible 

candidate for PrP aggregation, displays the detachment and high mobility of the H1 

from the relatively stable core formed by helices H2 and H317. Such an analogous 

behavior has also been observed in simulation studies of PrPC in response to low pH 

as well as in some disease-associated mutants15-16,46-48. These studies suggest that 

interactions between the helices H1 and H3 could be playing significant roles in the 

conformational propensities of PrPC. 

 We point out that all mammalian species of the prion protein are highly 

conserved in sequence and architecture8. This is evident from a superimposition of 

PDB structures corresponding to different species8,49-51 as shown in Figure 5.1a, as 

well as the RMSD and percent identity values reported in Table 5.1. Local differences 

in the backbone conformations are manifested in the C-terminal of helix H3, the loop 

between S2 and H2 and the orientation of H1. Helix H1, owing to its charged nature, 

does not contribute to the hydrophobic core and is engaged in a cluster of electrostatic 

interactions, stabilizing the tertiary structure. Three non-local salt bridges E146–
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K204, E146–R208 and R156–D202 connect the stable H2H3 core with the more 

flexible domain consisting of H1 and strands S1 and S2. The interface of H1 (C-

terminal) and H3 consists of three polar residues Y149, Y150 and N153. Of these 

residues, residue Y149 is involved in an inter-helix side chain (H1H3) hydrogen-

bonding interaction with residue D202. Residue Y150 forms a hydrogen bond with 

P137 that is located in the S1H1 loop region, while residue N153 forms an intra-

helical backbone hydrogen bond with Y149. These interactions involving H1 residues 

are depicted in Figure 5.1b. We note here that although the hydrogen bond Y149–

D202 is not reported in the NMR structure of human prion protein used in this work, 

it is highly likely to form the bond during the course of an unbiased MD simulation.  
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Figure 5.1  (a) Superimposed structures of prion protein of four different species: 

Human, Mouse, Syrian Hamster and Bovine PrP. (b) Charged interactions of helix H1 

residues with H3 and the S1H1 loop. These include hydrogen bond interactions: 

Y149–D202, Y150–P137 and N153–Y149; and salt bridge interactions: E146–K204, 

E146–R208 and R156–D202. The residues are represented as sticks and the 

interactions as dashed lines. 
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 PDB ID 1QM2 1AG2 1B10 1DWY 

1QM2 – 2.612 2.156 1.371 

1AG2 80.73 – 2.065 2.007 

1B10 85.58 86.11 – 1.614 

1DWY 91.43 83.33 86.67 – 

 

Table 5.1  Structural superimposition of mammalian prion proteins of four species 

1QM2: Human, 1AG2: Mouse, 1B10: Syrian Hamster, 1DWY: Bovine PrP. The 

upper triangular half of the matrix is RMSD (Å) and the lower triangular half is 

percent identity among pairwise PrP structures. 

 

 Molecular dynamics (MD) simulations have been extensively used to provide 

an atomistic understanding of the structural, dynamical and self-assembly propensities 

of amyloidogenic proteins13,52-57. In this study, using fully atomistic MD simulations, 

we have studied the conformational and dynamical implications of a minor 

perturbation of H1 interactions, namely the loss of a single side chain-side chain 

hydrogen bond Y149–D202, that links H1 with the rest of the globular domain of 

PrPC. This perturbation was brought about by the replacement of residue Y149 with 

phenylalanine. Phenylalanine is identical to tyrosine except for the absence of the  

–OH group, which thus effectively obliterates the possibility of forming the Y149–

D202 hydrogen bond in the artificially mutated system Y149F. Moreover, this 

replacement largely bypasses volume constraints without drastically affecting the 

structure of the protein. Such a minor perturbation could also be induced by 

stochastic, thermal or dynamical fluctuations or alterations to the solvent conditions. 

With 0.5 µs of simulated data in each case and the dominant clusters elicited from 
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Principal Component Analysis (PCA), we have evaluated and compared the 

conformational and dynamical behavior of the globular C-terminal domain of PrPC in 

its native form (Figure 5.2a) with that of the singly mutated form with the Y149F 

mutation in H1 (Figure 5.2b).  

 

 

 

Figure 5.2  (a) Structure of the C-terminal globular domain (residues 125–228) of 

Wild type human PrPC indicating the Y149–D202 hydrogen bond (b) Mutant Y149F, 

in which residue Y149 in H1 is replaced by a hydrophobic residue phenylalanine.  

 

Our analyses show that this apparently small perturbation in H1-H3 interaction can 

result in conformational changes causing an overall weakening of the structural 

stability of PrPC. The hydration of the hydrophobic core and weakening of H1-H3 

salt-bridge propensities due to the perturbation suggests a cooperative interplay in the 

network of these associations in maintaining structural stability of the protein. 

Interestingly, the decay of the internal associations resulted in marginal decrease in 

the degree of helicity, and a small overall increase in the length of the β-sheet 

domains. These changes in structure and dynamics are in agreement with the 
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conformational changes observed at low pH, high temperature environments and in 

response to pathogenic point mutations15-16,30-31,46-48. Our results suggest that the 

origins of PrPC to PrPSc transition may be present in stochastic perturbations to the 

native network of interactions that stabilize the PrP form. 

 

5.3     Methods 

5.3.1    System Setup and MD Simulations 

The NMR structure of the C-terminal domain (residues 125–228) of human PrPC 

(PDB ID: 1QM2) determined by Zahn et al.8 were chosen as the initial structure for 

wild type prion protein (hereafter WT). A variant of the protein was obtained by 

replacing the Tyr residue at position 149 of the WT protein with a residue of Phe, to 

yield the Y149F system. The NH3+ and COO– groups were added to the N and C-

termini of the protein and three Na+ counterions were used to neutralize the systems. 

Each system was solvated explicitly in a cubic box containing approximately 9600 

TIP3P water molecules58 and simulated under periodic boundary conditions. The 

systems were simulated using the NAMD2.8 simulation package59 with the 

CHARMM22 all-atom force field with CMAP correction60. A time step of 2 fs was 

used. A constant temperature of 310 K was maintained using Langevin dynamics with 

a collision frequency of 1ps–1. A pressure of 1 atmosphere was maintained using the 

Nosé-Hoover algorithm61. Covalent bonds involving hydrogen atoms were 

constrained using the SHAKE algorithm62. Long-range electrostatic interactions were 

computed by particle-mesh Ewald (PME) method63. The cutoff for non-bonded 

interactions was 12 Å, with smooth truncation starting from 10 Å. The systems were 

initially energy minimized for 15000 steps on the basis of the conjugate gradient 

method followed by simulations in the isothermal–isobaric ensemble for 100 ns each. 
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Five independent MD simulations were performed for WT and Y149F to generate 

trajectories of 100 ns each, amounting to a total of 0.5 µs of simulation time for each 

system. One control simulation trajectory was generated for each of the systems with 

the same simulation protocols described above, using the AMBER force field64. 

 

5.3.2    Trajectory Analysis 

5.3.2.1   Principal Component Analysis 

Principal component analysis (PCA) of the combined trajectories of WT and Y149F 

was performed to capture the motional complexity of the systems using the Carma 

program65. PCA is a widely used technique to obtain functionally relevant collective 

motions from MD simulation ensembles66-70. The analysis is based on the 

diagonalization of the variance-covariance matrix of atomic fluctuations along the 

simulation trajectory. The eigenvectors and eigenvalues obtained from the 

diagonalization represent the various modes of motions and can be used to cluster the 

ensemble of structures. The eigenvectors corresponding to the largest eigenvalues are 

the ‘Principal Components’ (PC) that describe the largest amplitude collective 

motions of the protein. The probability distributions of the first two principal 

components (PC1 and PC2) corresponding to the Cα atomic fluctuations are used to 

calculate the free energy using the following equation: 

    ΔG = −kBT ln
p
pmax

#

$
%

&

'
(               (5.1) 

where kB is the Boltzmann’s constant; T is the absolute temperature; p is the 

probability distribution of the first two principal components; and pmax is the 

maximum probability.  
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The two extreme projections sampled along the trajectory on PC1 were further 

used to build porcupine plots that depict a graphical view of the dominant motion 

represented by the most populated cluster. In a porcupine plot, each Cα atom has a 

cone pointing in the direction of its motion along the trajectory; the length of the cone 

represents the amplitude of the motion. The plots were generated using PyMOL71.$ 

 

5.3.2.2     Dynamic Cross Correlation Analysis 

To identify the protein regions whose motions are correlated with one another, the 

cross-correlation of the atomic fluctuations obtained for the most populated cluster 

was obtained from PCA. The pairwise cross-correlation coefficient, Cij, for the 

displacement of all Cα atom pairs, i and j, is given by: 

    Cij =
Δri ⋅ Δrj
Δri

2 Δrj
2

              (5.2) 

where Δri
  and Δrj 

 are the displacement vectors of the atoms i and j, from their mean 

positions respectively, which is determined from all configurations in the cluster. All 

frames of the cluster are superimposed on the initial structure and a matrix of all 

atom-wise cross-correlations is generated. The elements of the matrix are displayed in 

a graphical representation termed as a “dynamic cross-correlation map” (DCCM). 

The value of Cij = 1 for completely positively correlated motion while Cij = –1 for 

completely negatively correlated motion. Positively correlated residues move in the 

same direction, whereas negatively correlated residues move in the opposite direction. 

The magnitude of the cross-correlations of fluctuations of backbone Cα atoms was 

calculated and plotted using the Bio3D Package72.  
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5.3.2.3   Configurational Entropy 

We have calculated the configurational entropy per Cα atom of the WT and Y149F 

systems using Schlitter’s method73 as implemented in the Carma65 program. 

According to Schlitter’s formula, the absolute entropy S is approximated as: 

   !
"

#
$
%

&
+=< σMTekkSS B

Babs 2

2

1detln
2
1

!
            (5.3)                                    

Here, kB is the Boltzmann’s constant, ħ is Planck’s constant reduced by 2π, T is the 

absolute temperature, e is the Euler value, M is the diagonal mass matrix of rank 3N 

and σ is the covariance matrix of the atomic positional fluctuations. 

 

5.4     Results and Discussion 

5.4.1    Conformational Integrity 

We have studied conformational and dynamical changes in the PrPC globular domain 

brought about by an elimination of an inter-domain hydrogen bond, namely Y149–

D202, via a tyrosine to phenylalanine mutation at the residue position 149. In Figure 

5.3a, we compare the probability distributions of the side chain interaction energies of 

residue pairs Y149–D202 and F149–D202, belonging to the native and the mutated 

systems, respectively. Mean non-bonded interaction energies between these residues 

in the WT and Y149F systems are –11.46 (±7.66) and –0.87 (±0.94) kcal mol-1, 

respectively. Overall, the loss of the inter-domain H-bond between helices H1 and H3 

causes a significant weakening of the side chain interactions. To compare the 

conformational stabilities, the root-mean-square-deviation (RMSD) of the backbone 

atoms was calculated for the two systems.  In Figure 5.3b, we have plotted the RMSD 

of the backbone atoms of the WT and Y149F proteins relative to the initial structure 
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over the simulation timescale, averaged over the five independent runs. The average 

RMSD of the mutant Y149F is markedly higher than that of WT system over the 

entire timescale, indicating that compared to the WT, marked conformational changes 

occur in the mutant system. The mean RMSD values for the WT and the Y149F 

systems, averaged over the last 80 ns, are 3.22 (±0.10) Å and 3.97 (±0.18) Å, 

respectively. We further compared the cumulative configurational entropy per Cα 

atom as a measure of the extent of disorder of the two systems. As depicted in Figure 

5.3c, the net configurational entropy of Y149F is larger than that of WT. The mean 

configurational entropy per Cα atom for the WT and the Y149F systems, averaged 

over the last 2 ns, is 32.94 (±0.12) and 34.13 (±0.13) JK-1mol-1, respectively. Thus, 

the loss of the single H1-H3 hydrogen bond induces fluctuations and conformational 

disorder in PrPC.  

 We also evaluated the above characteristics for the control simulation 

generated with the AMBER force field, which is presented in Figure 5.4. The 

probability distribution of the side chain interaction energies, depicted in Figure 5.4a, 

indicates that the interaction strength of residue pair F149–D202 of the mutant is 

significantly reduced as compared to the WT residue pair Y149–D202. The mean 

interaction strengths in the WT and the Y149F systems are –13.765 (±6.96) and –0.92 

(±0.84) kcal mol-1, respectively, and therefore comparable to the values obtained with 

CHARMM. We note here that the RMSD trends obtained for AMBER trajectories 

show a higher deviation for the WT. However, similar to the corresponding data 

obtained with CHARMM, the configurational entropy per Cα atom of the mutant is 

higher than that of the WT system. The mean configurational entropy averaged over 
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the last 2 ns of the WT and Y149F systems simulated with AMBER are 36.55 (±0.09) 

and 38.84 (±0.12) JK-1mol-1 respectively. 

 

 

 

Figure 5.3  (a) Probability distributions of interaction energy strength between 

residues Y149–D202 in WT and F149–D202 in Y149F system. (b) Backbone RMS 

deviations from the starting structure as a function of simulation time (c) Cumulative 

configurational entropy per Cα atom of the WT and Y149F systems. 
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Figure 5.4  Control simulation, using the AMBER force field. (a) Probability 

distributions of interaction energy strength between residues Y149–D202 in WT and 

F149–D202 in Y149F system. (b) Backbone RMS deviations from the starting 

structure as a function of simulation time (c) Cumulative configurational entropy per 

Cα atom of the WT and Y149F systems. 

 

 

 



Chapter 5 
$
$

$ 185$

5.4.2    Principal Component Analysis (PCA) and Essential Dynamics      

PCA, as described in Methods, was performed on the simulation ensembles of the WT 

and Y149F systems. The overall flexibility of the two systems was calculated by the 

trace of the diagonalized covariance matrix of the Cα atomic fluctuations. The trace 

values for the WT and Y149F systems were found to be 701.82 and 1042.92 Å2, 

respectively, suggesting that there is higher flexibility in the collective motion of the 

protein in Y149F as compared to that of WT. In Figure 5.5a and b, we present the free 

energy landscape projected on the first (PC1) and second (PC2) principal 

components, and provide snapshots of representative conformations of the most 

populated cluster of the two systems. In all further analyses, we considered the most 

populated clusters obtained from the PCA of the simulated systems for comparing the 

structural and dynamical characteristics of PrPC of the WT system and the system 

with induced perturbations in inter-domain interactions. 
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Figure 5.5  Free energy landscape on the plane defined by the first (PC1) and second 

(PC2) principal components for the a) WT ensemble, and b) the Y149F ensemble. 

Representative structures for the most populated cluster are depicted. 

 

To identify key differences in the modes of motion in the WT and Y149F 

systems, we generated porcupine plots from the extreme projections on PC1 

generated from the simulation ensembles; these are presented in Figures 5.6a and b. 

The unidirectional motion of the helices H1 and H3 indicates dynamical correlation 

between them in the WT system. However, this correlation is largely lost in the 

perturbed Y149F system, and the two helices are observed to move in opposite 
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directions. The S1H1 loop, preceding helix H1, exhibits large amplitude 

displacements in both the systems, albeit in opposite directions. In WT, the S1H1 

loop moves in a direction towards the H2H3 sub domain with which it forms the 

hydrophobic core in PrPC. In Y149F, on the other hand, it moves in a direction away 

from H2H3 subdomain. Moreover, the short, anti-parallel β-sheet linked by a 

hydrogen bond network shows concerted motion. We note here that earlier studies 

have reported the movement of H1 and the S1H1 loop away from H315-16,47-48. 

However, we observed that S1H1 loop movement is opposite to that of H1. The 

helices H2 and H3 that together form bulk of the hydrophobic core do not move 

unidirectionally, but the magnitude of this displacement is low in both the systems.  

We remark here that H2 and H3 are connected by a disulfide bridge between residues 

Cys179 and Cys214. In Figure 5.7, we have plotted the distribution of the distance 

between the sulfur atoms of these residues. The mean distance between the two atoms 

increases from 4.99 (±0.36) Å in the WT, to 7.40 (±0.68) Å in the Y149F system. 

While the possibility of bond breakage cannot be assessed with classical simulations, 

this analysis indicates that the structural changes in the Y149F system markedly 

affects the stability attributed to the disulfide bridge. 
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Figure 5.6.  Porcupine plots of the first principal component (PC1) obtained from 

PCA depicting dominant motions of residues in (a) WT and (b) Y149F of the most 

populated cluster. The dominant motions in PC1 are illustrated as cones colored in 

cyan. The length of the arrows represents the amplitude of the cones while the 

direction indicates the direction of motion. Dynamic Cross-Correlation Map 

computed for the most populated cluster of c) WT and d) Y149F systems. Axes 

denote the residue numbers. The color scale for correlation and anti-correlation are 

shown at the right of each plot. 
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Figure 5.7  Distance between the sulfur atoms of the disulfide bond Cys179-Cys214 

between helices H2-H3 in the most populated cluster for the WT and Y149F systems. 

 

To further corroborate the observed dynamics, we quantified the interatomic 

cross correlations of the fluctuations in Cα atomic positions of the two systems. In 

Figure 5.6c and d, we have illustrated the Dynamic Cross-Correlation Map (DCCM) 

representing the correlated motions of WT and Y149F ensembles projected along 

PC1. In the WT, H1 is positively correlated with N-terminal of H3, in agreement with 

their concerted motion as a unit observed in the porcupine plot. On the other hand, in 

Y149F, H1 has a strong negative correlation with H3; interestingly, this correlation is 

of a higher degree with the N-terminal end of H3, which is the region of contact of H1 

and H3. Further, helices H2 and H3 are anticorrelated with each other in WT and have 

less pronounced negative correlation in the mutant. The short, anti-parallel β-strands 

are positively correlated with each other in both the systems as they are connected by 

a hydrogen bond network and move in phase. These analyses show that small 
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perturbation in the network of interactions in the PrPC domain can critically affect its 

flexibility and modes of internal motions.  

 

5.4.3    Hydration of the Hydrophobic Core   

In PrPC, a tightly packed hydrophobic core consists of the twenty residues Met134, 

Pro137, Ile139, Phe141, Pro158, Val161, Phe175, Val176, Cys179, Val180, Ile184, 

Phe198, Val203, Met205, Met206, Val209, Met210, Cys213, Cys214 and Ile215.24 

These residues provide hydrophobic contacts between helices H2 and H3; between 

the S1H1 loop and H3, and between the anti-parallel β-sheet and H2 or H3. The 

hydrophobic core residues between helices H2–H3 and at the S1H1 loop–H3 interface 

are depicted in Figures 5.8a and b respectively. We note here that several pathogenic 

mutations are located in the hydrophobic core, and importantly, a number of studies 

relate the instability of the hydrophobic core to the early steps in the misfolding 

process16,27,48. Herein, we investigated how the dynamical changes induced by the 

minor perturbation in the H1–H3 interactions could affect the stability of the 

hydrophobic core. We first assessed the solvent-accessible surface area of the 

hydrophobic core, SASAHC, calculated within the VMD package74 by running a 

spherical probe of 1.8 Å radius over the protein surface, as a measure of its 

compactness and solvent exposure. In Figure 5.8c, we depict the probability 

distributions of SASAHC computed for the WT and Y149F. In Y149F, there is a clear 

shift of the SASAHC of the hydrophobic core towards higher values; the peak 

positions in the WT and Y149F systems are centered at ~425 and ~550 Å2, 

respectively. We have plotted, in Figure 5.9, the SASA of the hydrophobic core 

residues, averaged over the independent trajectories in each system as a function of 

simulation time, along with corresponding standard deviations. Thus, the perturbation 
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caused by loss of a single H1–H3 hydrogen bond in Y149F effectively leads to about 

30 % increase in the solvent exposure of the hydrophobic core. We also analyzed the 

probability distributions of SASAHC of the AMBER simulation trajectories. There is 

enhanced hydration of the Y149F system as compared to the WT, with the peak 

positions at ~325 and ~510 Å2, respectively, which is comparable to the observation 

with CHARMM. We note here that the SASAHC increase is observed in Y149F 

despite the slightly higher hydrophobicity of phenylalanine compared to tyrosine. The 

increase, therefore, should be attributable to the increased conformational flexibility 

and the loss of structural coherence in the perturbed system. 

 

 

Figure 5.8  The hydrophobic core residues of PrP C-terminal globular domain at (a) 

H2-H3 interface (b) S1H1 loop-H3 interface. The residues are shown as translucent 

grey surface, with side chains represented as sticks. (c) Probability distributions of 

SASA of hydrophobic core residues calculated for cluster 1 obtained from PCA. (d) 

Per-residue side chain SASA of the hydrophobic core residues.  
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Figure 5.9  Mean SASA of the hydrophobic core residues, calculated over simulation 

time. The standard deviations show the spread of the values among multiple 

trajectories. 

 

To elucidate the residue-level changes, we present in Figure 5.8d, the residue-

wise mean solvent accessible surface area, or SASAres, of the individual hydrophobic 

core residues analyzed for the WT and Y149F systems. The comparison reveals that 

the mean SASAres of residues Ile139, Pro158, Phe175, Val176, Cys179, Val180, 

Met205, Met206, Val209, Val210, Met213, Cys214 and Ile215 is higher in Y149F. 

Of these residues, Met205, Val209 and Met213 in H3 have hydrophobic interactions 

with residues of the S1H1 loop. This is commensurate with the observed decorrelated 

motion of H1 and H3 in Y149F that causes the exposure of the H3 residues linked by 

hydrophobic contacts with the S1H1 loop. Residues Phe175, Val176, Val180 and 

Ile184 of H2 have hydrophobic interactions with residues Val203, Met206, Val210 

and Ile215 of H3. The increased SASAres
 of these residues shows that the stability of 

hydrophobic interactions in the H2H3 subdomain is affected due to increased solvent 
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exposure. Helices H2 and H3 are connected by a disulfide bond formed between 

residues Cys179–Cys214 that also shows enhanced SASAres. This suggests that the 

packing of helices H2 and H3 in the hydrophobic core is perturbed significantly in the 

Y149F system. Residue P158, located in the loop between H1 and S2, shows 

remarkable increase in SASAres in Y149F as compared to the WT system. In the WT 

system, the side chain of P158 is oriented towards H3, which is part of the 

hydrophobic core, and thus shielded from the surrounding water. However, in Y149F, 

the enhanced dynamics and flexibility of the S1H1S2 region in a direction away from 

the hydrophobic core, results in exposure of the P158 side chain to solvent molecules. 

The analyses above shows that the dynamics of PrPC resulting from the perturbation 

of H1–H3 interaction and the resulting mobilities of the structural elements causes 

marked decrease in the stability of the hydrophobic core. 

In addition, we analyzed two hydration sites previously identified by De 

Simone et al.75 with tightly bound structurally conserved waters that are necessary in 

maintaining local elements of the PrPC fold. The water at site 1 mediates the 

interaction between the carbonyl of S132, the amide of V161 and the Q217 side chain 

oxygen; thus connecting three protein regions that belong to different secondary 

structure elements S1, S2 and H3, respectively. In Figure 5.10a, we have plotted the 

probability distributions of the distance between S132:O–V161:N in the dominant 

cluster of the two systems. The peak positions of the distribution are  ~5.2 Å and ~7 Å 

for WT and Y149F systems, respectively. The increase in the distance between the 

backbones of S132 and V161 of ~2Å in Y149F indicates that the increased 

fluctuations and dynamics in this system destabilize the water-mediated interaction at 

site 1. Another identified hydration site, with long residence time (exceeding 1ns) is 

located at the end of strand S2 and H2. This site bridges the backbone oxygen of 
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residue F175 and the amide of R164; it also interacts with the side chain of D178. We 

analyzed the distance between the atoms of the F175:O–R164:N interaction; the 

probability distance distributions of this interaction are depicted in Figure 5.10b. 

Interestingly, the mutant exhibits a bimodal distribution with the higher peak position 

at ~5.5 Å, while the WT system has a peak position of ~7.5 Å. The reduced distance 

between the interacting atoms indicates that the water-mediated interaction at site 2 is 

strengthened in the mutant Y149F. We mention here that there is very little overlap of 

the hydrophobic core residues with the residues participating in these tightly bound 

hydration sites. 
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Figure 5.10  Probability distance distributions of atoms (a) S132:O–V161:N and (b) 

F175:O–R164:N belonging to hydration Site 1 and Site 2, respectively. 

 

5.4.4    Inter-domain Salt Bridge Stability 

The PrPC structure contains a diverse set of salt bridges that have been proposed to 

play an important role in stabilizing secondary structural elements and maintaining 

the overall tertiary fold26. Hence, disruption of the salt bridge network may 

substantially destabilize the folded conformation. To understand how a minor 

perturbation of the interactions that tether H1 to the rest of the protein may affect the 

stability of the salt bridge network, we examined the three non-local salt-bridges that 

anchor H1 to H3: E146–K204, E146–R208 and R156–D202. Previous studies have 

asserted that these salt-bridges contribute to the stabilization of PrPC and that their 
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abolition, either due to protonation of the acidic amino acids in response to low pH or 

by relevant genetic mutations, decreases the stability of PrPC and favors 

misfolding16,26-27,76-77. In Figure 5.11a-c, we depict distributions of the salt bridge 

distances (dSB) between each pair in the WT and the perturbed Y149F system. In 

Y149F, the dSB distributions shift to higher values compared to the unmutated system 

for all the three salt-bridge pairs. In Table 5.2, we have reported the mean values of 

the inter-residue distances and interaction energies of these salt-bridge forming 

residue pairs in the most populated cluster of the WT and Y149F systems. The 

interactions for all the three salt-bridges are weakened in Y149F as compared to the 

WT system. 

 

 

Salt-bridge 

 
< d > 

(Å) 

 
< E > 

(kcal mol-1) 

 

\ 

 

 

 

 

WT Y149F WT Y149F 

 
E146-K204 

 
10.40 (±4.95) 

 
13.47 (±2.58) 

 
-21.21 (±32.38) 

s 
-1.45 (±2.74) 

 
E146-R208 

 
8.30 (±4.26) 

 
16.16 (±1.43) 

 
-31.11 (±37.33) 

 
-0.045 (±0.08) 

 
R156-D202 

 
5.15 (±2.10) 

 
8.47 (±1.31) 

 
-59.61 (±30.79) 

 
-7.59 (±6.46) 

 

Table 5.2  Mean inter-residue distances, d and interaction energies, E of the salt-

bridge forming residues of the most populated cluster of the WT and Y149F systems. 

Standard deviations are provided within braces 
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Figure 5.11  Salt-bridge analyses of the most populated cluster obtained from PCA.  

Distribution of the H1-H3 inter-domain salt-bridge distance, dSB, in the most 

populated cluster obtained from PCA for the residue pairs (a) E146–K204, (b) E146–

R208 and (c) E156–D202. Radial distribution functions (RDFs) calculated between 

the oxygens of the solvent water molecules, and the Cβ of the salt-bridge forming 

residues (d) E146–K204, (e) E146–R208 and (f) R156–D202 

 

We note here that the formation of stable salt-bridge networks is generally 

associated with a desolvation barrier78-81. Thus, the overall destabilization of the salt 

bridge network in Y149F may be commensurate with a higher local desolvation 

barrier resulting from the increased hydration accompanying the dynamical instability 

in this system. We probe this effect by comparing the protein-water radial distribution 

functions, g(r), calculated between the oxygen atoms of solvent water molecules and 

the Cβ atom of the salt-bridge forming residues for the WT and Y149F systems; these 

results are shown in Figures 5.11d-f. Commensurate with stronger salt-bridge 
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interaction in the E146–K204, E146–R208 and R156–D202 pairs in the WT, the first 

and second solvation peaks in g(r) are marginally weaker in this system compared to 

Y149F. These analyses illustrate how a minor loss in the H1-H3 association results in 

major perturbations within the salt-bridge network of the folded domain of PrPC. 

 

5.4.5    Secondary Structural Propensity 

We finally attempt to understand if the disruption of H1-H3 interactions and the 

resulting conformational dynamics may cascade into secondary structural effects 

relevant for prion propagation. In Figure 5.12, we compare the residue-wise helical 

and β-sheet propensities of dominant clusters in the WT and Y149F systems, obtained 

with the STRIDE algorithm82 in VMD74.  

 

 

 

Figure  5.12  Percentage of secondary structure content per residue in the WT (upper 

panel) and Y149F (lower panel) systems. The secondary structure assignments were 

done by STRIDE algorithm in VMD. 
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The structure of helix H1 is found to be stable in both the WT and Y149F systems. 

However, the region near the C-terminal end of H1, consisting of residues M154YR156, 

is labile. In the WT system, these residues formed a 310-helix in about 20% of the 

conformations within the most populated cluster. On the other hand, in the Y149F 

system, these residues adopt α-helical conformations. We note here that increased 

disorder is known to exist in residues D167EYSN171 in the S2H2 loop8. Our analysis 

shows that these residues exhibit transient 310 helicity in both systems, but with a 

distinctly lower propensity in Y149F. We further note that experimental and 

computational studies have shown that residues at the C-terminal end of H2 are 

frustrated in their helical state8. However, surprisingly, we observe here that the N-

terminal end of H2 up to the disulfide-bond forming residue, Cys179, undergoes 

structural loss in Y149F system, while the C-terminal region remains fairly stable. 

Furthermore, we observed that the lengths of the β-strands in Y149F were enhanced 

relative to the WT system. This was corroborated with an analysis of inter-strand 

backbone hydrogen bonds in S1 and S2; the donor-acceptor distance threshold for a 

hydrogen bond was 4.0 Å and the angle connecting the donor, hydrogen and the 

acceptor atoms was more than 135º. In the starting structure, the short anti-parallel β-

sheet consists of four inter-strand backbone hydrogen bonds, namely, M129:N–

Y163:O, M129:O–Y163:N, G131:N–V161:O and M134:N–N159:O. These hydrogen 

bonds are fairly stable in the WT system. In addition, two new hydrogen bonds, 

V161:N–G131:O and A133:N–N159:O, are observed in the Y149F system, resulting 

in a slight elongation of the native β-sheet. The glycine at the end of strand S1, which 

promotes a conserved β-bulge, was proposed to be a “negatively designed element”83 

to prevent edge-to-edge intermolecular β-sheet aggregation in PrPC 84. Furthermore, 

residue R220 interacts with S132, thus sustaining the β-bulge in the edge strand S1. 
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We remark here that the enhanced fluctuation of the S1H1 loop in Y149F causes the 

displacement of S132, which destabilizes the β-bulge. Interestingly, the disruption of 

the β-bulge exposes the unsaturated amides and carbonyls on the edge strand S1, 

which results in the formation of the V161:N–G131:O bond. A fifth hydrogen bond, 

A133:N–N159:O is formed in Y149F. These additional hydrogen bonds in Y149F 

have the effect of elongating and stabilizing the native β-sheet. This observation is 

consistent with previous simulation studies on partially unfolded states of PrPC, 

effects of pathogenic mutations, and influence of low pH environment17,46. The effect 

of perturbing inter-domain associations is thus manifested in notable secondary 

structural changes of the globular domain. However, it is appropriate to keep in mind 

that secondary structure propensities could be sensitive to force field effects. 

Therefore, the correlation between the conformational dynamics and secondary 

structural propensities yielded by MD trajectories generated with other atomistic force 

fields should also be compared. 

 

5.5     Conclusions 

In this work, we have examined the effects of the disruption of a single hydrogen 

bond between the H1 and H3 helical domains on the overall behavior of the folded, 

C-terminal globular domain of PrPC. We observed that this relatively minor 

perturbation in the inter-domain association cascaded into several key conformational 

and dynamical effects. The effect is manifested in the dynamics of the various 

secondary structural domains, which in turn resulted in increased solvent exposure of 

residues of the hydrophobic core and overall reduced stability of the inter-domain salt 

bridges. The changes were further accompanied by an overall helical destabilization 

and subtle elongation of the β-strands, which could potentially mark the onset of 
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conformational transitions to the PrPSc forms. We note that the observed changes are 

consistent with the conformational changes observed in misfolding studies, at low pH 

or in studies with pathogenic mutations15-17,27,48. 

As mentioned previously, earlier studies have highlighted the role of several 

inter-domain non-bonded interactions in the early structural determinants of PrPC to 

PrPSc transition17,42-45,64,77. Our study strongly underscores that the cooperative 

interplay of various non-bonded associations, particularly inter-helical hydrogen 

bonding between H1 and H3, hydrophobic contacts and salt bridge network, are 

necessary to maintain the structural integrity of the folded domain of PrPC. Small, 

transient perturbations in the network of these interactions may critically disrupt this 

cooperativity and thereby induce dynamical and conformational instabilities 

potentially leading to structures that are prone to pathogenic transitions. In the light of 

these findings, it could be useful to design anti-prion strategies that bias the folded 

state by reducing dynamical fluctuations and stabilizing key inter-domain 

associations. Further investigations on longer timescales, coupled with precise 

experimental measurements, are required to characterize the transient nature of the 

observed fluctuations, and the extent to which they are capable of modulating the 

heterogeneous pathways inherent to the PrPC to PrPSc transition. 
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CHAPTER 6 
 
 

Summary and Future Outlook 
 
 
 
6.1     Abstract 

The body of work assembled in this thesis sought to investigate the effects of 

structural perturbation and environmental factors on the conformational dynamics and 

self-assembly of proteins classified as intrinsically disordered proteins (IDPs). 

Towards this purpose, MD simulations technique was employed as it can provide a 

molecular-level understanding of the physical underpinnings of IDP structure and 

dynamics. The principal goals of these studies were, (1) to evaluate the thermal 

response of an amyloid oligomer, (2) to delineate the physical effects of glucose 

crowding on the early self-assembly of the Aβ peptides, and (3) to probe the structural 

and dynamical implications of a minor perturbation in one of the native 

intermolecular interactions of the cellular prion protein. In this chapter, the key results 

of the studies performed with the above stated objectives are summarized and the 

future perspectives emerging from this work are briefly discussed.  

 

6.2     Summary 

This thesis presents an exploration of the conformational and dynamical response of 

amyloidogenic proteins to extrinsic (temperature, molecular crowding) and intrinsic 

(structural) factors. The results discussed here are a step towards better understanding 
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of the molecular determinants of the stability of this class of proteins implicated in 

diseases. The conclusions and future perspectives pertaining to these studies are 

discussed in this section.  

 The cold thermal response of an amyloid oligomer was found to be divergent 

from that typically observed in globular proteins1. The model amyloid oligomer 

studied has characteristic features of an amyloid assembly and a hydrophobic core 

similar to that of globular proteins. Exhaustive conformational sampling in a broad 

temperature range revealed a sharp inflection indicative of structural transition and 

growth in overall structural stabilization upon cooling, in contrast to that exhibited by 

folded proteins. However, the equilibrium free energy profile of hydrophobic core 

packing reflects the temperature-dependent hydrophobic effect upon globular protein 

unfolding. A significant role of solvation waters in mediating the structural response 

of the oligomer emerges from the energetic coupling between the oligomer 

stabilization and the hydration layer as well as the extent of fluctuations therein. 

Furthermore, the structural ordering of the solvation shell exhibits maximal difference 

over bulk at the transition and become negligible at high temperatures. The 

differential cold thermal response and the critical role of the hydration waters on the 

stability of amyloid assemblies and modulating its thermal behavior emerge from this 

exposition. 

 Evidences from several epidemiological studies linking type-2 diabetes 

mellitus (T2DM) with AD pathogenesis2-4 have encouraged elucidation of the 

molecular basis of hyperglycemic conditions in T2DM in the pathophysiology of AD. 

An investigation in this direction was performed to discern the physical effects of 

glucose crowding in hyperglycemic conditions on the early self-assembly or 

dimerization of Aβ peptides5. The results imply that crowding in excess glucose 
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conditions do not promote Aβ self-assembly. The weaker dimers formed in glucose 

solutions relative to pure water can be attributed to greater hydration of the peptides 

owing to clustering of glucose molecules away from the peptide surface screening the 

hydrophobic interactions that drive the self-assembly process. Recent evidences 

indicate that post-translationally modified glycated Aβ peptides are more toxic than 

the unglycated peptide6-7 and have enhanced propensity to self-assemble8. Hence, it 

would be beneficial to understand the self-assembly of these modified peptides in 

crowded hyperglycemic solvent conditions.  

 Native interactions are key determinants of protein stability and play important 

roles in mediating protein-folding mechanisms9-10. Disruption of these interactions 

under non-ideal conditions compromise protein stability leading to misfolding and 

aggregation associated with diseases9,11. In this thesis, the significance of native non-

bonded interactions in maintaining the structural integrity of the cellular prion protein 

(PrPC) is underscored12 by studying the conformational and dynamical effects of a 

relatively minor perturbation of a native non-bonded interaction. Elimination of a 

single hydrogen bond led to a cascade of structural and dynamical transformations 

consistent with those observed in destabilizing conditions of low pH and in 

pathogenic mutants of PrPC. Enhanced flexibility of the perturbed protein exposed the 

sequestered hydrophobic core residues with a concomitant loss of the inter-domain 

salt-bridge network. Since the small perturbation introduced is not a familial disease-

causing mutation, this study indicates that stochastic, transient perturbations in the 

native network of interactions have the potential to cause conformational and 

dynamical changes inducing pathogenic transformations in PrPC. This strategy can be 

effectively employed in verifying the contributions of the other native interactions to 

the overall stability of PrPC. This information will be useful in designing therapeutic 
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approaches directed at preventing or reducing PrPC transition to the pathogenic 

scrapie form. 

 

6.3     Future Outlook 

The work presented in this thesis is a step towards understanding aspects of 

conformational stability, dynamics and self-assembly of amyloidogenic proteins. 

Understanding the stability of both globular proteins and IDPs as a function of key 

thermodynamic variables, sequence and other influencing external factors is of 

fundamental importance and can be explored using interdisciplinary approaches 

combining insights from experimental biophysical techniques as well as theoretical 

and computational studies. Characterization of the protein conformational energy 

landscapes by using various perturbation variables such as temperature, pressure, pH, 

chemical denaturants etc. can provide comprehensive insights into the relative 

stabilities of the various conformational states populating the energy landscape of 

proteins and how they are modulated by amino-acid sequence and environmental 

conditions. The overall knowledge base thus developed may be leveraged for deeper 

understanding of the molecular basis of protein stability. Before concluding, some 

directions of future research that lead from the work presented in this thesis are 

discussed below.  

 

i) Order parameters for protein thermodynamic response 

Development of order parameters encompassing the multifactorial determinants of 

oligomer stability would be useful in describing the overall free energy profile of the 

amyloid self-assembly. In addition to the core packing parameter studied in this 

thesis, these may incorporate other stabilizing factors such as number of native 
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residue-residue and water-mediated inter-residue hydrogen bonds, fraction of native 

contacts and other geometric parameters that best characterize the thermally induced 

conformational transitions. 

 

ii) The work presented here indicates the temperature-dependent microscopic 

influence of hydration waters on the stability of the self-assembled amyloid motif is 

greater than its primary role in sequestering the hydrophobic residues as seen in 

globular proteins. Further detailed investigations are needed to delineate the 

temperature-dependent role of water in mediating inter-residue stabilizing hydrogen 

bonding interactions, the lifetimes of these hydrogen bonds and ensuing structural 

transitions. 

 

iii) Evidences indicate that amyloidogenic proteins share common structural motifs 

regardless of the sequence13-17. However, further detailed studies carried out over the 

various polymorphic forms if naturally occurring, artificial and functional amyloids, 

and also heterogeneous assemblies with other biomolecules, would be helpful in 

consolidating these findings. 

 

iv) Hydration dynamics 

Studies of the role of solvent in conformational and self-assembly behavior of 

proteins have showed that the coupling of water molecules with the protein surface 

causes distinct deviations from bulk behavior18-20. These aspects are extensively 

studied for globular proteins but largely unexplored for IDPs and amyloidogenic 

proteins21-26. The dynamical retardation induced in the hydration waters in the vicinity 

of the protein is characterized by sublinear diffusion, slower tumbling time and higher 



Chapter 6 
$
$

$ $ $ $ $214$

residence times in the solvation shell22-26. In view of the role of solvent in modulating 

the dimerization of Aβ peptides in glucose-crowded environment studied in this 

thesis, further systematic investigation of the translational and rotational dynamics of 

the water molecules entrapped near the surface by glucose crowding studied in this 

thesis would provide additional mechanistic insights. Particularly, local hydration 

dynamics around the interpeptide contacts of the dimers formed in pure water and 

glucose solution can be compared and correlated depending upon the nature of the 

contacts. 
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