- \
v
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

In Silico Studies to Predict the Role of Solvent in Guiding the
Conformations of Intrinsically Disordered Peptides and Their

Aggregated Protofilaments

Prabir Khatua, Souvik Mondal, Madhulika Gupta, and Sanjoy Bandyopadhyay™

Cite This: ACS Omega 2022, 7, 43337-43345

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The formation of amyloids due to the self-assembly
of intrinsically disordered proteins or peptides is a hallmark for
different neurodegenerative diseases. For example, amyloids
formed by the amyloid beta (Af) peptides are responsible for
the most devastating neuropathological disease, namely, Alz-
heimer’s disease, while aggregation of a-synuclein peptides causes
the etiology of another neuropathological disease, Parkinson’s
disease. Characterization of the intermediates and the final amyloid
formed during the aggregation process is, therefore, crucial for
microscopic understanding of the origin behind such diseases, as
well as for the development of proper therapeutics to combat
those. However, most of the research activities reported in this area
have been directed toward examining the early stages of the
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aggregation process, including probing the conformational characteristics of the responsible protein/peptide in the monomeric state
or in small oligomeric forms. This is because the small soluble oligomers have been found to be more deleterious than the final
insoluble amyloids. This review discusses some of the recent findings obtained from our simulation studies on Af and a-synuclein
monomers and small preformed Ap aggregates. A molecular-level insight of the aggregation process with a special emphasis on the
role of water in inducing the aggregation process has been provided.

1. INTRODUCTION

The dependence of the biological activity of a globular protein
on its three-dimensional structured state has long been known.
However, the discovery of intrinsically disordered proteins or
peptides (IDPs) has unraveled that all proteins do not
necessarily require unique three-dimensional structures to
perform their functions, thereby breaking the traditional view
of the protein structure—function paradigm.’ While IDPs play
crucial roles in several important biological processes, such as
molecular recognition, signaling, etc.,,' the induced conforma-
tional fluctuations of these IDPs due to their intrinsic
disordered nature can often make them prone to misfolding,
thereby causing various diseases. For instance, self-assembly of
IDPs leading to the formation of amyloids is responsible for
several neurodegenerative diseases, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), type II diabetes, Huntington’s
disease, etc.” Therefore, exploring the conformational behavior
of the IDPs and the factors causing these diseases has become
one of the most important current research areas for
experimentalists as well as for theoretical and computer
simulation researchers.

Two of the most prevalent neurodegenerative disorders are
Alzheimer’s disease and Parkinson’s disease. AD is the most
common form of dementia and is characterized pathologically
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by the accumulation of amyloid deposits, senile plaques, and
intracellular neurofibrillary tangles involving the Af peptides.
Ap peptides are 39—43 residues long and are produced by
endoproteolytic cleavage of the amyloid f protein precursor
(APP) by S and y secretases.’” The variation in the residue
lengths in Af peptides is due to the ability of y secretases to
cleave the APP at multiple sites along the C-terminus.
However, the chief component present in the senile plaques
or the fibrillar deposits of the AD affected brain is the Ap
protein containing 40 (Af,) and 42 (Apf,,) residues that
trigger the nerve cell damage. Af,, has even higher tendency
than A, to form amyloid fibrils.* The prominent pathological
hallmark of the other neurological disorder, PD, is the loss of
dopaminergic neurons in the substantia nigra and the presence
of intracellular inclusions called Lewy bodies and Lewy
neuritis.” These Lewy bodies are amyloid-like fibrils primarily
comprised of the fibrillated form of an IDP, a-synuclein.® a-
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Synuclein is a brain protein that consists of 140 residues. It is
characterized by three distinct segments, namely, the two
terminal segments (N-term (M61—K60) and C-term (K96—
A140)) and the central hydrophobic segment (E61—V95)
known as the “nonamyloid-f component” (NAC). It is
reported that hydrophobic residues (G68—A78) present within
the NAC region is crucial for a-synuclein aggregation.”

Although the symptoms and the responsible protein for the
above-mentioned two neurodegenerative diseases are not the
same, they share some commonalities. Moreover, it was
recently found that patients affected with one particular
neurodegenerative disease (say PD) are more prone to develop
another disease, such as AD.® This suggests that both diseases
involve a common mechanism. The results based on various
experimental and theoretical investigations indeed suggest that
the formation of amyloid fibrils follows a nucleation-dependent
polymerization mechanism.” According to this mechanism, the
key step is the formation of an aggregation-prone pf-rich
structure due to conformational fluctuation of the monomer.
This initiates the aggregation process and leads to the
formation of water-soluble oligomers that eventually self-
aggregate to form insoluble fibrils at higher concentrations.
While both soluble oligomers and mature insoluble fibrils are
responsible for the etiology of the diseases, small oligomers
and prefibrillar aggregates or protofilaments are reported to
exhibit toxicity greater than that of the insoluble mature
fibrils.'” The ideal strategy for therapeutic intervention is,
therefore, to restrict the growth of the soluble oligomers at an
early stage to combat the diseases. Thus, significant research
efforts have been made to characterize the conformations of
the monomeric state and identifying the intermediates along
the fibrillation pathways.

Several factors can modulate the fibrillation pathways of
IDPs. Here, we discuss the solvent environments that are
reported to have a significant impact on the conformations of
these IDPs and hence on their aggregation pathway. For
instance, Thirumalai et al."" in an important work showed that
the release of ordered water molecules from the interface of a
protein into the bulk resulted in an increase in entropy change
and hence is considered to be an important thermodynamic
driving force for IDP aggregation. In a recent study, Camino et
al.'> demonstrated that the extent of solvation around a-
synuclein plays a pivotal role not only in the nucleation process
but also in governing the polymorphism and growth of the
aggregates. In a series of studies, we used molecular dynamics
simulations to examine various aspects of both AS and a-
synuclein peptides including the role of solvent for their
aggregation. The present review summarizes the results
obtained from these studies. This review discussion is
organized mainly in two subsections: monomer (section 2.1)
and protofilaments (section 2.2). In both of the subsections,
the conformational aspects and the properties of interfacial
water are described, with an emphasize on outlining the
general mechanistic aspect on the role of water in the
aggregation of the peptides.

2. DISCUSSION

2.1. Peptide Monomers. An IDP does not possess a
unique folded three-dimensional structure but rather adopts
diverse conformations due to its inherent flexibility (Figure 1).
IDPs are also highly prone to aggregation in aqueous solution,
leading to various diseases. Extracting the precise details of the
conformational features of such proteins or peptides in
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Figure 1. Representative configurations of an intrinsically disordered
protein (A peptide). Distinct colors are used to display five segments
of Af peptide monomer: N-term (red), hpl (blue), turn (orange),
hp2 (green), and C-term (magenta). The peptide terminals are
represented as spheres. Reprinted from ref 13. Copyright 2022
American Chemical Society.

aqueous solution is challenging in standard experimental
techniques, such as X-ray crystallography, NMR, etc., although
monomer conformations of the Af peptide and a@-synuclein
were determined in the presence of cosolvents such as
fluorinated solvents by NMR experiments.'*'> On the other
hand, attempts have been made by researchers to probe the
behavior of IDPs in the monomeric states in aqueous solutions
using molecular simulations, and an exploration of complete
conformational space within reasonable computer time
remains a challenge in simulations, too. In our studies, we
performed independent molecular dynamics (MD) simulations
of A and a-synuclein monomer conformations with varying
secondary structural contents using atomistic force fields. The
primary objectives of these studies were to scrutinize the
conformational aspects of important segments of these
peptides and the hydration environment around those. In
particular, we considered five segments for Af peptides: two
crucial hydrophobic patches, denoted as hpl (Leu-17 to Ala-
21) and hp2 (Ala-30 to Met-35), connected by a hydrophilic
patch, denoted as turn (Glu-22 to Gly-29), a C-terminal
segment, denoted as C-term (Val-36 to Ala-42), and a
disordered N-terminal segment (N-term) containing 16
residues (Asp-1 to Lys-16). On the other hand, seven
imperfect repeat unit segments with a consensus motif of
KTKEGYV were considered for a-synuclein. These repeat units
are denoted as R1 (Ser-9 to Ala-19), R2 (Glu-20 to Ala-30),
R3 (Gly-31 to Gly-41), R4 (Ser-42 to Val-52), RS (Glu-57 to
Gly-67), R6 (Gly-68 to Ala-78), and R7 (GlIn-79 to Ala-89).
Among all of these repeat unit segments of a-synuclein, R6 is
known to be the most hydrophobic in nature.

It may be noted that most of the atomistic force fields
available in the literature are optimized for globular proteins.
Thus, an appropriate refinement of the existing atomistic force
fields is crucial to reproduce secondary structural character-
istics of an IDP. In fact, it has been reported that the global and
local properties of an IDP can change with a slight variation of
a force field.'® The research groups of Mittal and co-
workers'®'” and MacKerell and co-workers'®'” have made
significant contributions in refining the existing force fields by
introducing different backbone torsional terms to reproduce
the properties of IDPs. As CHARMM force fields are known to
better reproduce the radii of gyration of an IDP like the AS

https://doi.org/10.1021/acsomega.2c06235
ACS Omega 2022, 7, 43337—-43345


https://pubs.acs.org/doi/10.1021/acsomega.2c06235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06235?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

peptide,”” we have used CHARMM force fields in all of our
simulation works.

2.1.1. Conformational Features of IDP. Differential hydro-
phobicity of different segments of an IDP can influence their
flexibility and can have an impact on the overall conforma-
tional features. To probe such an effect, we computed the
configurational entropy of different segments of the IDPs using
a method developed by Schlitter.”' For clarity, Schlitter’s
method of calculating the configurational entropy (S) of a
macromolecule is described in brief in the Supporting
Information. Here, we specifically discuss the ensemble-
average configurational entropies of seven repeat units of the
a-synuclein peptides calculated for the non-hydrogen atoms.
Note that due to different numbers of non-hydrogen atoms in
different repeat units, here we present the results as the
normalized data obtained by dividing the total value with the
corresponding number of atoms used in the calculation. Figure
2a shows the time evolution of per-atom configurational
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Figure 2. (a) Ensemble-average per-atom configurational entropies
(S) of the a-synuclein peptide repeat units as a function of time, ¢. (b)
Bar plot for the corresponding cumulative value (S¢). Reprinted from
ref 22. Copyright 2021 American Chemical Society.

entropies for these repeat units with the cumulative per-atom
configurational entropy values included as the histogram in
Figure 2b for easy reference. The entropy buildup for each of
the peptide repeat units and its convergence to plateau at long
times are evident from the figure. Importantly, we notice that
all of the repeat units except R6 exhibit near-identical entropy
gains. In particular, the distribution shown in Figure 2b reveals
that the cumulative per-atom entropy of R6 is noticeably lower
than that of the other repeat units. Such lower configurational
entropies of the crucial hydrophobic segments (hpl and hp2)
of the Af peptide compared to those of the other segments
were also reported previously.”> This thus suggests that the
specific domains of an IDP having primary roles for driving the
aggregation process are, in general, rigid compared to those of
the other domains. The presence of such rigid domains is
expected to initiate the self-assembly process at higher peptide
concentrations by assisting the association of the nearby
flexible unstructured regions of the peptide.

2.1.2. IDP—Water Interactions. Nonuniform flexibilities of
various IDP segments as described in the previous section can
influence the peptide—water interactions heterogeneously. We
explored in detail such heterogeneous peptide—water inter-
actions around the segments of both peptides by various
calculations. Here, we present one such result for Af peptides.
Figure 3 depicts the variation of ensemble-averaged tagged
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Figure 3. Ensemble-average tagged potential energy (TPE),
(Urpg)(r), of water molecules vs distance from five segments of the
Ap peptide monomers. Bulk data are also shown for comparison.
Adapted with permission from ref 23. Copyright 2016 Royal Society
of Chemistry.

potential energy ((Urpg)(r)) as a function of distance from the
five segments of the A monomer with the pure bulk data
shown as a reference. The tagged potential energy (TPE)
(Urpg), which provides an estimate of the binding strength of
water, is the interaction energy of a tagged water molecule with
the rest of the system.””*’ The definition of Ugypg is provided
in the Supporting Information. The TPE plot is characterized
by three distinct regions irrespective of the segments: (i) a
minimum within 2—3 A (bound water), (ii) a thin layer with a
maximum within 3—4 A (quasi-free water), and (iii) bulk-like
water beyond 5 A (free water). Here, we find a clear difference
among the segments, especially in the first two regions. While
TPE values for bound water around hpl and hp2 are
approximately —20 kcal mol™', the corresponding water
around other segments are found to be relatively strongly
bound (within —22 to —23 kcal mol™). Moreover, we see a
difference in the maximum within 3—4 A, suggesting a
nonuniform barrier height for the water exchange rates
between the “bound” and “free” water molecules around the
Ap segments. Such a barrier height is found to be lower for the
hydrophobic segments, hpl and hp2. The calculation also
revealed weakly bound water with a relatively lower barrier
height for the R6 repeat unit of a-synuclein that is known to
play an important role in a-synuclein aggregation.22 Given the
fact that hp1, hp2, and R6 repeat units play unique roles in the
aggregation, based on the above discussion, we conclude that
weakly bound water molecules around these segments ease the
water expulsion process required for the aggregation at a
higher peptide concentration. This is a key finding that
explains a plausible reason why these segments play special
roles in peptide aggregation.
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2.1.3. Dynamic Heterogeneity at the Interface of IDP. In
this section, we discuss how nonuniform flexibility and
hydrophobicity of peptide segments resulting in heterogeneous
peptide—water interactions, as presented in the previous
section, influence the dynamics of solvent (water) around
these segments. The results presented here were obtained only
for the water molecules that are present in close vicinity
(within § A) of the peptide segments, termed as “surface
water”. Note that we present the results obtained for the a-
synuclein peptide; however, we emphasize highlighting the
commonality between Af and a-synuclein peptides as deduced
from our works. The dynamics of the surface water molecules
were probed by measuring different time correlation functions
(TCFs). For example, we measured the mean square
displacement (MSD), (Ar?), and the dipole—dipole time
correlation function (TCF), C,(t), of the surface water
molecules. For clarity, the definitions of these functions are
provided in the Supporting Information. The data shown in
Figure 4a,b suggest that nonuniform flexibilities of the peptide
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Figure 4. (a) Mean square displacement ({Ar?)). (b) Reorientational
time correlation function, C,(t), (c) Intermittent hydrogen bond time
correlation functions, Cpy(t), for the PW hydrogen bonds. (d) DOS
corresponding to the translational (Sg.n(@)) motions for water
molecules present at the interface (within 5 A) of different repeat
units (R1—R7) of the a-synuclein peptide. The results are presented
as an ensemble-average data. Reprinted from ref 24. Copyright 2022
American Chemical Society.

repeat units result in heterogeneous translational and rotational
movement of the water molecules. The results further revealed
that water molecules around the R6 unit exhibit relatively more
sluggish dynamics compared to those of water around other
repeat units. This correlates well with relative degree of rigidity
of the repeat units. Note that we noticed similar correlation
and relatively more retarded surface water around the
hydrophobic hpl and hp2 segments of the AS peptide."”
This commonality of slower dynamics around the segments
responsible for aggregation for the respective peptides is an
important observation. This leads us to propose that distinctly
slower dynamics of water around these crucial segments could

be a marker to track the early stages of the onset of the
aggregation process of an IDP at higher peptide concentration.

Water molecules present at the interface of Af or a-
synuclein peptide can form hydrogen bonds, either with the
peptide amino acid residues or with other water molecules.
Such a network of peptide—water (PW) and water—water
(WW) hydrogen bonds can be nonuniform around different
peptide segments. Such nonuniformity is expected to depend
on relative strengths of PW and WW hydrogen bonds and the
heterogeneous dynamics at the peptide interface. The network
of PW and WW hydrogen bonds is expected to be correlated
with the dynamics of surface water. To probe such an influence
of a hydrogen bonded network on surface water dynamics, we
analyzed the hydrogen bond dynamics of PW hydrogen bonds
by calculating the intermittent TCF, Cpy(t). The definition of
the function is provided in the Supporting Information.
Significantly longer relaxation time scales for the PW hydrogen
bonds around the seven repeat units of a-synuclein compared
to that for WW hydrogen bonds in pure bulk water as evident
from Figure 4c are signatures of sluggish surface water
dynamics, as discussed above. Besides, we find a direct one-
to-one correlation between the overall relaxation of PW
hydrogen bonds with the translational and rotational surface
water motions, suggesting that the PW hydrogen bond
strength directly controls the water dynamics. Here, we
emphasize the results obtained for the R6 repeat unit that
exhibits the maximum degree of slowness in the hydrogen
bond dynamics. We also noticed a maximum degree of
restricted PW hydrogen bond dynamics around hpl and hp2
for Af3 peptides.'” Note that sluggish water dynamics around
these crucial segments (hpl and hp2 for Af peptide, and R6
repeat unit for a-synuclein peptide) considered in this study
are anticipated to have a dominant role in the aggregation
process at higher peptide concentration. The results for PW
and WW hydrogen bonds thus illustrate that slower water
dynamics around these segments originate from slower
relaxation time scales of PW hydrogen bonds formed around
those. Besides, rigid surface water layers around the peptide
segments were found to originate from relatively more solid-
like caging motions. This results in relatively lesser surface
water entropy as reflected by noticeable blue shift in the O---
O--O bending mode corresponding to the low-frequency
vibrational spectra (see Figure 4d).

2.2. Aggregated Protofilaments. In the discussion so far,
we have presented a general perspective about the behavior of
surface water around some specific regions of two peptides,
namely, Af and a-synuclein peptides, that are known to play
dominant role in their aggregation. In this section, we discuss
the conformational features and the role of water in stabilizing
the preformed aggregates and driving their further growth. For
this purpose, here we emphasize highlighting the mechanism
for the growth of such preformed aggregates in terms of
conformational fluctuations and role of water as obtained from
our size-dependent simulation studies of a series of Af
protofilaments of different orders. We simulated Af protofila-
ments of five different sizes, pentamer (Os), octamer (Oy),
decamer (O,,), dodecamer (O;,), and tetradecamer (O,,),
that are formed by Ap,,_,, monomers. These protofilament
structures were designed based on the experimental
pentameric model as reported in the protein data bank with
identifier 2BEG.”® The details are provided in our previously
published work.”
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2.2.1. Amyloid Growth Mechanism. A careful analysis first
suggested that the end-to-end distance of each of the
monomers present in a protofilament and the degree of
twisting measured at the C-terminal interface between the
second and penultimate monomer can essentially capture the
size-dependent conformational aspect of the Af protofila-
ments. We noticed a one-to-one correlation between the free
energy values for the selected configurations lying on the
extremum of the free energy landscape based on the above-
mentioned two properties and the degree of monomer binding
estimated from binding free energy calculations. The data
further revealed that a protofilament after attaining a particular
critical size can transform from a relatively less stable
configuration to a more stable one due to low barrier heights
(Figure S). The low-order protofilaments do not exhibit similar

Pre-fibrillar Aggregates of Ap Peptides
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Figure 5. (a) Representative free energy landscape for Af
protofilaments with a size beyond a critical size based on end-to-
end distance and twist angle. (b) Schematic minimum free energy
pathway for these higher-order protofilaments with representative
configurations corresponding to the extremum points. Adapted from
ref 26. Copyright 2017 American Chemical Society.

conversion since they remain trapped within a minimum
surrounded by high energy barriers. The idea is that such a
critical size was also found to concur with another simulation
study.”” Based on our findings, we proposed a probable growth
mechanism of the protofilaments. We proposed that the
protofilament growth process passes through an intermediate
with a relatively less stable twisted structure, facilitating the
accommodation of a new incoming peptide monomer, and
such a process occurs after a critical size (Oj) of the
protofilament is attained (see Figure 5).%° In the next section,
we highlight the correlation of this critical protofilament size
obtained based on the conformational features of the Af

protofilaments and the behavior of water molecules confined in
and around those.

2.2.2. Role of Confined Water. A number of studies””**
highlighted the presence of a set of water molecules confined
within the amphiphilic cores of the A protofilaments, while
none of the structures deposited in the protein data bank
contains such water molecules.”” Our simulations also
indicated the presence of such types of water, which we
termed “core” water (Figure 6a).

The presence of core water molecules was further
qualitatively confirmed by the appearance of a depleted
water layer beyond the first neighboring shell, ie., around 4
A from the peptide, as reflected in the oxygen—oxygen pairwise
correlation function, g(r) (Figure 6b). Such a depleted layer of
water is prominent for the low-order aggregates O5 and O,
further suggesting Oy, to be the critical size. Structural
characterization of these core water molecules, such as
tetrahedral ordering, further added important insight about
the size-dependent behavior of the protofilaments. The result
illustrated simultaneous presence of a fraction of extremely
ordered water molecules surrounded by two neighboring
waters and randomly oriented three-coordinated disordered
water molecules within the nanocores of the protofilaments
(Figure 7). Further, we noticed a decrease in the fraction of
ordered water with a consequent increase in the fraction of
disordered water with the increase in the size of the
protofilaments. This trend seemed to be true except for Oy,
that represented the critical size. We anticipate both types of
water molecules confined within the protofilament core to play
equally important roles in stabilizing the aggregate (by ordered
water) and controlling its further growth (by disordered water)
by assisting water expulsion in accommodating a new incoming
peptide monomer.

2.2.3. Role of Hydrogen Bonds. The “core” water molecules
as mentioned above display extremely sluggish dynamics.*
Such a slowness in water dynamics is a manifestation of
confinement. The PW and WW hydrogen bonded network in
such a confined region may not be similar to that one expects
at the surface of a protein without confinement. We analyzed
the PW and WW hydrogen bonds formed by the water
molecules confined within the protofilament cores and
compared the results with that formed by the external surface
water molecules. The results provided interesting features
about how PW and WW hydrogen bonded network by the
core water gets modified with the confinement. This led us to
propose a plausible role of water in Af aggregation in terms of
hydrogen bonds, as presented in Figure 8.

According to this, the PW and WW hydrogen bonded
network within the amphiphilic core begins to be modified
once a monomer approaches a preformed Af aggregate.
However, a fraction of PW hydrogen bonds remains
unaffected, which we believe to be primarily responsible for
stabilizing the Af aggregate. It is the WW hydrogen bonds that
disrupt and initiate the growth process by moving away from
the core to bulk to accommodate the new incoming peptide
monomer. After the new monomer docks to the existing
prefibrillar aggregate, WW hydrogen bonds once again break,
but this time, the free water molecules form PW hydrogen
bonds with the new monomer instead of displacing themselves
away from the core. Thus, the proposed mechanism highlights
the equally important role of PW and WW core hydrogen
bonds in stabilizing the aggregates and controlling their further
growth.
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3. CONCLUSIONS

Intrinsically disordered proteins and/or peptides have received
significant attention over the years due to their connection
with the pathogenesis of various diseases. For example,
formation of amyloids due to self-assembly of IDPs is linked
with various neurodegenerative diseases. In this review, we
presented and discussed some of our recent findings on two
IDPs, namely, A and a-synuclein peptides, which are
responsible for Alzheimer’s and Parkinson’s diseases, respec-
tively. Here, we primarily focused on highlighting the
conformational aspects and the role of water crucial for
aggregation of such peptides based on the data obtained from
simulation studies on Af and a-synuclein peptides in their
monomeric states, as well as that on aggregated protofilaments
of Ap peptides.

It has been observed that the peptide segments vital for
aggregation process (hpl and hp2 for Af peptide and R6
repeat unit for a-synuclein peptide) exhibit relatively rigid
conformations compared to that of the other regions or
segments of the peptides. We conjecture that such rigid
conformations of these specific regions play pivotal roles in the
aggregation at higher peptide concentrations, since these
segments are expected to initiate the self-assembly process by
entropically favoring the association of adjacent unstructured/
disordered regions. The analysis further revealed that water

43342

molecules in the vicinity of these crucial segments compared to
those around the other segments of both Af and a-synuclein
peptides are relatively weakly bound with relatively low energy
barriers along the exchange pathway between the bound and
the bulk-like free water molecules. This was an important
finding, which convinced us to propose that relative ease of
water expulsion around these segments is the driving force for
the aggregation of both the peptides at higher peptide
concentration.

The review also highlighted the growth mechanism of Af
protofilaments based on size-dependent conformational
characteristics of Af preformed protofilaments and the role
of water. We showed that end-to-end separation of Ap
monomers present in the protofilament and the degree of
twisting essentially describe the size-dependent conformational
aspect of the protofilaments. Based on the binding free energy
calculation for the protofilament conformations we were
further able to predict the growth mechanism for the Af
protofilaments. We also identified a set of water molecules
confined inside the amphiphilic core region of the protofila-
ments, termed as “core” water, which display extremely
sluggish dynamics. The core water molecules were found to
be either extremely ordered or disordered, depending on their
coordination number. Based on the correlation of variation of
fraction of these two types of core water molecules with
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Royal Society of Chemistry.

protofilament size, we predicted that both types of water
molecules play an equally important role for stabilizing the
protofilaments and driving their further growth. We demon-
strated that protein—water and water—water hydrogen bonded
network within the core gets modified in a way that can be
correlated with the degree of confinement of the protofila-
ments. This led us to predict that such protein—water
hydrogen bonds are solely responsible for the stability of the
protofilaments, while the breaking of water—water hydrogen
bonds and simultaneous formation of protein—water hydrogen
bonds by the free water controls the growth process.

Based on the discussion in this review, it is apparent that
despite the importance of the problem, only a handful of
studies are reported on exploring the role of solvent in forming
aggregated protofilaments by IDPs and their stabilities. It
would be worthwhile to design suitable experimental studies to
verify the mechanism of solvent-mediated aggregation
characteristics of IDPs as presented in this review. We envisage
that further systematic studies on the molecular level
understanding of the problem will open up new horizons in
combating human neurodegenerative disorders caused by
aggregation of different IDPs.
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