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yloid aggregation through
osmolytes as a probable therapeutic molecule
against Alzheimer's disease and type 2 diabetes†

Anchala Kumari, ab Pallavi Somvanshi *a and Abhinav Grover *b

Large numbers of neurological and metabolic disorders occurring in humans are induced by the aberrant

growth of aggregated or misfolded proteins. Alzheimer's disease (AD) and type 2 diabetes (T2D) are two

of the most prevalent disorders that lead to toxic protofibrils of amyloid beta (Ab) and human islet

amyloid polypeptide (hIAPP) in the form of intrinsically disordered proteins (IDPs). IDPs are important

functional proteins or peptides that have no common structures and are found in various organisms;

they play an imperative role in multiple biological mechanisms, changing their folding and unfolding

patterns depending on the environment. Osmolytes are low molecular weight naturally occurring small

molecules present in almost all organisms that act as denaturants or counter-denaturants, helping to

alter the environmental surroundings under stressful or pathological conditions. These molecules aid in

imparting steadiness on accumulated proteins and defending them from aggregating. In the current

study, we performed an advanced sampling technique, replica-exchange molecular dynamics (REMD)

simulations, to investigate the activities of osmolytes, with guanidine hydrochloride (G-HCL) acting as

a denaturant and L-proline (L-PRO) acting as a counter-denaturant, and to explore the regulation and

aggregation of Ab and hIAPP. We report that G-HCL and L-PRO have noticeable natural effects on Ab

and hIAPP, leading to conformation modulation. Our results highlight that G-HCL attenuates peptide

aggregation and transitions peptides into unfolded conformations, while L-PRO helps produce folded

conformations of Ab and hIAPP.
Introduction

Alzheimer's disease (AD) and type 2 diabetes (T2D) are two of
the most prevalent neurodegenerative disorders in the current
worldwide population. AD is the most common neurodegener-
ative disease of the central nervous system, ahead of Parkin-
son's disease. The disease affects approximately 50 million
people worldwide and 5.8 million people of all ages in the US
suffer from AD or related forms of dementia.1 AD is most
common in elderly populations of around 65 years of age.
Reports of death from other diseases, like heart disease and
prostate cancer, have been reduced, whereas reports of death
due to AD have enhanced by 145%.1 The global cost of the
disease in 2018 for around 16 million people was nearly $234
billion, with about 18.5 billion hours of care provided to people
with AD or related dementias, and this is estimated to be
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around $290 billion in 2019.1 Pathologically, AD is identied by
extracellular plaques of amyloid b (Ab) and intracellular
neurobrillary tangles of hyper-phosphorylated tau. The most
common symptoms include dizziness, nausea, vomiting, diar-
rhea, loss of appetite, abdominal pain, and salivation. On the
other hand, T2D is the most common type of diabetes found in
the world's population. T2D is marked as a metabolic disease,
described by hyperglycemia and insulin resistance. T2D is
caused due to islet amyloid deposits consisting predominantly
of misfolded and aggregated islet amyloid polypeptide (IAPP),
which are detected in more than 90% of patients with T2D.2

Around 9.4 percent of the U.S population has diabetes, which
includes 30.2 million adults aged 18 years and over. In reports
from the Centers for Disease Control and Prevention (CDC),
79 535 deaths occur every year because of diabetes. The esti-
mated cost of T2D is about $327 billion, including $237 billion
in medical costs and $90 billion in reduced productivity.3

Increased thirst, frequent urination, increased hunger, unin-
tended weight loss, fatigue and blurred vision are some of the
serious symptoms of T2D. In accordance with pathophysiology,
AD and T2D are associated with Ab and hIAPP due to the
abnormal accumulation of these proteins in the brains4–6 and
pancreatic islets of patients.7–9 Several ways have been
mentioned in previous studies by which Ab and hIAPP can lead
This journal is © The Royal Society of Chemistry 2020
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to AD and T2D pathogenesis; nevertheless, the most prevalent
mechanism states that the aberrant aggregation of peptides
leads to soluble oligomeric states called protobrils, which are
generally toxic and result in neuronal cell death in the case of
AD and b-cell dysfunction in the case of T2D.10–15

Intrinsically disordered proteins (IDPs) are anomalous poly-
peptide chains without any stable tertiary structures in the
physiological environment in vitro. IDPs remain functional
despite the absence of a well-dened structure, opposing the
concept that the functional activity of a protein is elucidated by
its structure. Several studies in previous years have explained the
functional importance of IDPs,16–18 and the most fascinating
aspect, connected to IDPs having over 40 amino acid residues, is
that they make up more than 33% of known sequenced eukary-
otic proteins.19,20 Such IDPs are now contemplated as playing
a pivotal role in the prior steps of the development of several
protein conformational diseases.21 hIAPP and Ab are prominent
IDPs responsible for amyloid formation and conformational
diseases.22 hIAPP, also known as amylin, is a 37 residue small
peptide co-secreted with insulin from b-cells inside the islets of
Langerhans in the pancreas, which is involved in amyloid
aggregation, causing T2D; Ab is a 42 residue peptide predomi-
nantly found in the brains of people with AD and Down
syndrome. Both hIAPP and Ab are signicant components of
amyloid plaques and share several features, including having
similar b-sheet secondary structure conformations.22 Several in
vivo and in vitro studies have been performed in previous years to
investigate AD23,24 and T2D,25–27 which have provided basic
structural and overall dimensional details relating to IDPs but
have rarely provided a unied image of the overall proteins. In
order to understand the conformational dynamics of IDPs and
themethods of structural ensemble recognition involving various
binding neighbors and small molecule inhibitors, primarily,
sampling techniques (knowledge and physics based) are used in
silico accompanied by structural data obtained from experi-
ments.28 Grasso et al. investigated the conformational dynamics
and stabilities of S-shaped and U-shaped Ab assemblies because
the C-terminal residues are involved in many interactions.29 They
also claimed that the U-shapedmotif is signicantly described by
distortions leading to an assembly with higher disorder.29 Alex-
andre et al. analysed the importance of the conserved disulde
bond in hIAPP between two cysteine at positions 2 and 7 using
a combination of experimental studies and MD simulations.30 A
wild type fragment (hIAPP1–8) led to amyloid aggregation through
a different pathway than a fragment without disulde bonds and
a fragment having cysteinemutated to serine at positions 2 and 7;
hence, they claimed that an intact disulde bond might help
protect from amyloid aggregation because of decreased inter-
peptide hydrogen bonding30. Moreover, IDP amyloid aggregation
can harm the membranes of related cells and can induce various
neurodegenerative diseases. It has been observed that small IDP
oligomers are majorly toxic and, because of the enhanced
aggregation, it is very difficult to identify the structures of IDP
oligomers experimentally in the complex membrane surround-
ings. On the contrary, MD simulation studies provide atomistic
insights into the structural dynamics of IDP amyloid aggregation.
Recently, Liu et al. showed the structural propensities of dimeric
This journal is © The Royal Society of Chemistry 2020
hIAPP in themembrane surroundings, where they claimed that N
terminal b-sheet structure formation occurred before C terminal
b-sheet structures were formed in the nal aggregates, and they
also included insights into various other secondary structural
intermediate changes31. Similarly, the putative structures of
oligomeric Ab11–40 trimers with a dipalmitoyl phosphatidylcho-
line (DPPC) lipid bilayer membrane were determined by Son
et al.32

One factor that can inuence protein folding and interac-
tions with cell membranes and interfaces is small co-solutes,
known as osmolytes, which inuence and counterbalance the
osmotic pressure of the cell and the cellular environment.33 The
denaturation mechanism of a well-known osmolyte, urea, has
been the focus of most previous research.34–36 While the exten-
sive efforts devoted to this subject in the past decades, and the
ongoing controversial discussions, justify the exclusive role
urea has been given until now, it remains to be determined how
other denaturants or even counter-denaturants work. Is the urea
mechanism transferable to other denaturants? Can common
traits be found among osmolytes with stabilizing or destabi-
lizing effects on proteins? To address these questions, and to
put the results obtained for urea in our previous work37 into
a more general framework, we investigated the interactions of
Ab and hIAPP with another denaturant, guanidine hydrochlo-
ride (G-HCL), and a counter-denaturant, L-proline (L-PRO).

Other than urea, G-HCL is the most frequently used dena-
turant.38–40 Its chemical structure is similar to that of urea,
except that a third amino group, instead of an oxygen atom, is
bound to the carbon atom. With the resulting positive charge,
G-HCL is a monovalent cation. Hence, it is always accompanied
by an anion in an electrically neutral salt. Because ions them-
selves are known to have a signicant effect on protein
stability,41 the ionic character of G-HCL, as well as the presence
of additional anions, renders the total effect of G-HCL salts on
proteins highly complex. For instance, at high concentrations,
G-HCL is an even stronger denaturant than urea, whereas it has
a stabilizing effect on proteins at low concentrations.42 Alex-
ander et al. found that G-HCL at low concentrations shows
osmolyte-like stabilizing effects on D-glucose/D-galactose-
binding proteins.43 G-HCL was also found to show biphasic
behavior during amyloid aggregation, increasing the aggrega-
tion kinetics at low G-HCL concentrations and decreasing the
aggregation kinetics at high G-HCL concentrations.44 Several
studies on the inactivation and unfolding of related proteins
have been done, leading to denaturation due to G-HCL.45–47 Not
much is known about the origin of the denaturing effect of G-
HCL or even if it is similar to that of urea. While some
studies have suggested that the mechanisms of these two
denaturants are similar,48 other ndings support the view that
the mechanisms differ.38 Various MD simulation studies have
been performed related to G-HCL38,49,50 but these were found to
be less efficient for the conformational sampling of several
IDPs. Therefore, using advanced sampling techniques, e.g.,
REMD simulations, to examine such aspects might be quite
effective for obtaining insights into conformational ensembles
of Ab and hIAPP in the presence of G-HCL.
RSC Adv., 2020, 10, 12166–12182 | 12167
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Unlike urea or G-HCL, the protecting amino acid osmolyte L-
PRO helps stabilize the native structures of proteins by under-
going interactions with solvent water and excluding it from the
protein surface51. L-PRO plays a vital role in the folding and
unfolding of proteins,52,53 and protein modulation and aggre-
gation.54 L-PRO also plays a pivotal role in promoting the utili-
tarian forms of proteins.55 Furthermore, it is known for domain
swapping56,57 and amyloid bril formation through protein
aggregation.58–60 In previous studies, it was reported that L-PRO
is responsible for amorphous aggregates in polyQ,61 poly-
morphism in glucagon,62 and inhibiting the aggregation of both
lysozyme63 and insulin.64 However, in a recent study, L-PRO was
considered as a switch for the conformational changes leading
to amyloid bril formation.65 Hence, we can say that L-PRO has
varied effects on different IDPs and proteins. Therefore, it will
be interesting to explore the behavior of L-PRO on Ab and hIAPP.

In this study, we performed 100 ns all-atom explicit solvent
REMD simulations on Ab and hIAPP under the inuence of G-
HCL and L-PRO. To put our work into a broader framework,
we characterized Ab and hIAPP, where the counter-denaturant L-
PRO supports protein folding and amyloid bril formation,
whereas the denaturant G-HCL supports protein unfolding and
inactivation. We used these osmolytes to show the regulation
and aggregation of IDPs through an intensive conformational
sampling technique, REMD simulations, and to check the
modulation of the conformations of Ab and hIAPP. Initiated
from extended coiled structures, REMD showed that in the
presence of the denaturant G-HCL, Ab and hIAPP peptides
transiently underwent the formation of more random coils and
loops, while the inuence of the counter-denaturant L-PRO acts
oppositely on the morphologies of Ab and hIAPP, showing b-
sheet formation along with reduced a-helix formation. Several
statistical and quantitative analysis results accompanying this
study provide a detailed understanding of the effects of
different osmolytes on various IDPs.
Materials and methods
Peptide preparation

Aqueous solution 3D structures of AD-associated
Ab1–42 (PDB ID: 1ZOQ) and type 2 diabetes (T2D)-associated
hIAPP1–37 (PDB ID: 2L86) were downloaded from the RCSB
PDB.66 The sequence of Ab1–42 is 1DAEFRHDSGYEVHHQ
KLVFFAEDVGSNKGAIIGLMVGGVVIA42, and that of hIAPP1–37 is

1KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY37. The
peptides were preprocessed and optimized by enumerating
missing atoms and amending the overlapping coordinates;
furthermore, the energy was minimized via an optimized force
eld. To avoid any bias in the preliminary secondary structures, the
extended coil states of the Ab and hIAPP monomers were obtained
through simulations at 500 K. Moreover, to minimize the effects of
unanticipated outcomes from uncapped and non-neutralized
peptide ends, amidation and acetylation were performed at the C
and N terminals of both monomer peptides. The nomenclature for
the six systems of Ab and hIAPP peptides involving osmolytes is
as follows: AbG-HCL+Water and hIAPPG-HCL+Water (G-HCL and water);
12168 | RSC Adv., 2020, 10, 12166–12182
AbL-PRO+Water and hIAPPL-PRO+Water (L-PRO and water); and AbWater

and hIAPPWater (water).

Replica exchange molecular dynamics (REMD)

REMD simulations involving the six systems (AbG-HCL+Water,
AbL-PRO+Water, AbWater, hIAPPG-HCL+Water, hIAPPL-PRO+Water, and
hIAPPWater) were performed on GROMACS.67 Newton's equa-
tions of motion were unied with a time step of 2 fs, using the
leapfrog algorithm integrator. The van der Waals interactions
were calculated, including both long and short range elec-
trostatic forces, and the particle mesh Ewald algorithm68 was
implemented with the algorithm, with fast Fourier transforms
used to reduce the MD simulation impediments. Further-
more, periodic boundary conditions were used to control the
system size effects, and to derive the Ab and hIAPP topologies,
an all-atom optimized potentials for liquid simulations
(OPLS)69 forceeld was used. Moreover, three-point rigid
water with transferable intermolecular potential70 was utilized
as the solvent, incorporating charged ions to nullify the
charges of Ab and hIAPP.

At the beginning, all six systems were NPT equilibrated (i.e.,
a static number of atoms, and constant temperature and pres-
sure) at 300 K and an isotropic pressure of 1 bar, employing the
Berendsen weak-coupling thermostat and a barostat71 to ach-
ieve box dimension equilibrium at a compressibility of 4.5 �
10�5 bar�1. In addition, NVT equilibrium conditions (i.e.,
a static number of atoms, and constant temperature and
volume) were applied with a Nosé–Hoover thermostat72 and an
advanced Hamiltonian associated supercially with a heat-bath
to accomplish precise thermodynamic ensembles. The peptide
and water bonds were constrained via the linear constraint
solver algorithm73 and SETTLE algorithm,74 respectively. The
two algorithms use Lagrange multipliers and a symplectic
integrator to constrain the chemical bonds.

REMD simulations were performed to enhance the sampling
in such scenarios; various independent replicas were run with
slightly variant ensembles, exchanging the coordinates of the
replicas within the ensembles periodically. In recent studies,
temperatures were selected and distributed based on an expo-
nential spacing law to perform REMD studies.75 Another tech-
nique widely used in previous studies76 was a web server
(http://folding.bmc.uu.se/remd),77 which we utilized for
temperature selection in REMD simulations ranging from 298
to 501 K for 32 replicas, having 20% average exchange proba-
bility within replica purses every 2 ps. The peptide in each of the
six systems was simulated for 100 ns per replica, and further
analysis was performed on the last 80 ns of each timeframe. The
osmolytes G-HCL and L-PRO were used according to models
developed by Nozaki and Tanford78 and at specic concentra-
tions (i.e., 5 M for G-HCL and 2 M for L-PRO), as previously
described.37

MD analysis

A series of MD simulation analyses were performed via GRO-
MACS tools and using in-house scripts. Initially, energy factors
or distance restraint data from the energy les were extracted
This journal is © The Royal Society of Chemistry 2020
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using the GROMACS in-built facility “g_energy.” Furthermore,
we conrmed that all physicochemical properties of the system
had attained equilibrium, where their averages no longer
altered as a function of time. The easiest way to calibrate
stability was throughmeasuring the root mean square deviation
(RMSD) using “g_rms.” Similarly, root mean square uctuation
(RMSF) analysis was performed to calculate the peptide exi-
bility, using “g_rmsf,” thus determining the variations in the C-
alpha atom coordinates from a neutral position. Intramolecular
hydrogen bonds were considered using “g_hbond” to predict
the nature of the peptide folding or unfolding, and hydrogen
bonds were calculated with an oxygen–hydrogen–nitrogen angle
of 30� or less, along with an oxygen–hydrogen distance of 2.5�A
or less.

To detect the compactness of Ab and hIAPP, the radius of
gyration (Rg) about the center of mass was determined with the
help of “g_gyrate,” and the end-to-end peptide distance (Ree)
was calculated utilizing “g_polymer.” Ree was determined from
the center of mass of the acetylated terminal (i.e., the C
terminal) to the center of mass of the amidated terminal (i.e.,
the N terminal). Secondary structure analysis was also imple-
mented via “do_dssp,”which uses a pattern-recognition process
involving hydrogen-bonded and geometric features. Peptide
clustering analysis was performed to identify similar structures
sampled during the MD simulations, using “g_cluster” with
a cutoff of 0.35 nm. The most frequently used clustering algo-
rithms applied to MD trajectories developed by Daura79 were
utilized for peptide conformations that were clustered together,
in order to compare various orientations of protein backbones
without terminals, and the clusters were grouped together
depending on the RMSD. The radial distribution functions
(RDFs) of water, the denaturant (G-HCL), and the counter-
denaturant (L-PRO), corresponding to the peptide surface and
center of mass of the osmolyte, were measured using “g_rdf”.
Population density analysis

Population density analysis was achieved using GNUPLOT v5.0,
a portable command line program widely used for graphing on
various operating systems. Population density analysis takes
into consideration the well-known quantities of associated
phenomena and ramies them across a landscape based on the
quantity determined at each location and the spatial relation-
ships between the locations of the determined quantities.
Population density graphs presenting a function of Rg and Ree in
each case were plotted in GNUPLOT v5.0. Salt bridge analysis
was also performed on nearby and distant residues displayed in
the population density plot.
Results

This study was designed to investigate the roles played by
osmolytes (G-HCL and L-PRO) in the modulation and aggrega-
tion of intrinsically disordered Ab and hIAPP, which are
responsible for AD and T2D, respectively. We performed REMD
simulations on six systems: Ab and hIAPP in the presence of G-
HCL and water (AbG-HCL+Water and hIAPPG-HCL+Water), L-PRO and
This journal is © The Royal Society of Chemistry 2020
water (AbL-PRO+Water and hIAPPL-PRO+Water), and water only
(AbWater and hIAPPWater). A comprehensive computational
approach was used to obtain conformational insights into the
effects of G-HCL and L-PRO on amyloids.

REMD simulations of Ab and hIAPP in G-HCL, L-PRO, and
water

REMD studies were performed on a total of 32 replicas in the
temperature range of 298–500 K, and further analysis was
conducted at 300 K. Simulation convergence assessments were
performed where the average acceptance ratio was found to be
higher than 20% for each case, and the convergence of the
REMD simulations was checked using the trajectories, which
showed that the temperature space was explored widely by each
replica throughout the simulation time (Fig. S1A and B†).
Further, the distributions of the potential energy of each replica
along the REMD simulation time were determined and were
also found to converge (Fig. S1C†). RMSD analysis of the
peptides gave insight into their structural conformations during
REMD simulations, providing an explanation for the peptide
stability and whether the simulation had equilibrated. The
average backbone RMSD values for all Ab and hIAPP systems
varied (0.5–1.5 nm and 0.5–2.5 nm, respectively) and they
adopted multiple conformations through the entire REMD
simulation time period (Fig. 1(A)). The existence of stable
peptide RMSD values until the end of the simulation implied
that the simulations were ideal for further precise analysis.

An RMSF graph for each residue was determined, and the
peaks showed local uctuations along the peptide during the
REMD simulations. Both terminals (the N and C terminals)
uctuated more than any other part of the peptides (Fig. 1(B)).
Furthermore, residues 10–28 of Ab were found to uctuate more
in the presence of G-HCL and similar uctuations were seen in
the presence of L-PRO and water. In the case of hIAPP, all three
systems showed similar uctuations, with a small increase in
the presence of G-HCL from residues 13–17. Both Ab and hIAPP
in the presence of G-HCL showed more uctuating residues,
which are responsible for amyloid formation.

Contradictory effects of G-HCL and L-PRO on Ab and hIAPP

The response of osmolytes in terms of protein aggregation is
crucial, since they can act as drugs for diseases related to
amyloid formation. In this study, we showed that the stabilizer
L-PRO (2 M) and denaturant G-HCL (5 M) osmolytes had
remarkably different effects on the peptide conformations. The
addition of G-HCL helped the formation of unfolded structures
in the cases of both AbG-HCL+Water and hIAPPG-HCL+Water, while
L-PRO (AbL-PRO+Water and hIAPPL-PRO+Water) inhibited unfolded
conformations from emerging in the dense and folded struc-
tures of Ab and hIAPP. In the case of the water systems, both
peptides were more prone to exhibiting compact folded forms,
and there were few cases of b-sheet formation.

Population density graphs: Rg vs. Ree

Population density graphs were sketched as functions of Rg and
Ree for all six systems (Fig. 2). Aer urea, G-HCL is the most
RSC Adv., 2020, 10, 12166–12182 | 12169
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Fig. 1 (A) Root mean square deviation (RMSD) plots for Ab [top] and hIAPP [bottom] in the presence of water, G-HCL, and L-PRO, demonstrating
that the peptides adopt various conformations. (B) Root mean square fluctuation (RMSF) plots for all residues of Ab [top] and hIAPP [bottom] in
the presence of water, G-HCL, and L-PRO.
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effective denaturant, known to enhance the formation of
unfolded conformations, and L-PRO has a stabilizing effect
similar to trimethylamine N-oxide (TMAO). The population
density graphs show that the incorporation of G-HCL guided
population shis in both AbG-HCL+Water and hIAPPG-HCL+Water to
unfolded conformations. However, the addition of L-PRO led to
population shis in both AbL-PRO+Water and hIAPPL-PRO+Water to
folded structures, identical to those of AbWater and hIAPPWater,
respectively.

In the population density graphs, the blue regions represent
densely populated areas, and the yellow, green, red, and white
regions represent continuously less-densely populated areas.
The relative observations from the population density
graphs for all six systems affirm that the blue regions are
complementary for AbWater, hIAPPWater, AbL-PRO+Water, and
hIAPPL-PRO+Water, but in the cases of AbG-HCL+Water and
hIAPPG-HCL+Water, the blue regions shied to higher
coordinates.

Table 1 shows the Ree and Rg values measured for all six
systems. The results in Table 1 clearly show that AbG-HCL+Water

and hIAPPG-HCL+Water had higher Ree and Rg values (3.252 and
3.420 nm; and 1.386 and 1.461 nm, respectively), which led the
peptides to adopt extended unfolded conformations. In the
cases of AbL-PRO+Water and hIAPPL-PRO+Water, the Ree and Rg values
(2.545 and 2.155 nm; and 1.146 and 1.139 nm, respectively)
demonstrated that the peptides were compact, folded, and
further stabilized. The control systems (i.e., AbWater and
hIAPPWater) had Ree and Rg values (2.316 and 2.227 nm;
and 1.084 and 1.192 nm, respectively) similar to those of
AbL-PRO+Water and hIAPPL-PRO+Water. Population density plots for
Rg and Ree were also determined in different time windows of 0–
25, 25–50, 50–75 and 75–100 ns in order to check the REMD
convergence throughout the simulation time (Fig. S2†).

Intramolecular hydrogen bonding probability

The presence of G-HCL led to drastic changes, with the
decreased formation of intramolecular hydrogen bonds leading
to unfolded and extended conformations of AbG-HCL+Water and
hIAPPG-HCL+Water (Fig. 3), whereas L-PRO had minimal effects on
12170 | RSC Adv., 2020, 10, 12166–12182
intramolecular hydrogen bonding, having a highest probability
of more than 9.3% (24 hydrogen bonds) in the case of
AbL-PRO+Water and 9.6% (13 hydrogen bonds) in the case of
hIAPPL-PRO+Water. Similar results were found for AbWater and
hIAPPWater, leading to folded and compact conformations.
However, AbG-HCL+Water and hIAPPG-HCL+Water only had proba-
bilities of 8.9% (19 hydrogen bonds) and 8.9% (18 hydrogen
bonds), respectively. Similar intramolecular hydrogen bond
probability percentage (%) values were also found in four
different time frames, as seen in the case of Fig. S2,† when
investigating the convergence of all the REMD simulations
(Fig. S3†).

Population density graphs: salt bridge formation

Population density graphs were sketched for salt bridges
between adjacent residues (D23 & K28) and distant residues
(D23 & K16) in the cases of AbWater, AbG-HCL+Water, and
AbL-PRO+Water (Fig. 4). No salt bridge formation occurred in
hIAPP due to the absence of negatively charged or acidic amino
acids (like aspartic acid and glutamic acid) as acidic protein side
chains. Peptide unfolding occurred in AbG-HCL+Water, conrming
salt bridge formation between adjacent residues (D23 & K28)
rather than distant residues (D23 & K16). However, in the case of
AbWater, more salt bridge formation occurred between distant
residues (D23 & K16) rather than between adjacent residues
(D23 & K28). Both of these systems showed comparable
numbers of salt bridges, with fewer formed in AbG-HCL+Water

than in AbWater. However, a drastic decrease in the number of
salt bridges formed between adjacent residues (D23 & K28) and
an increase in distant residue bridges (D23 & K16) occurred for
AbL-PRO+Water.

Based on the results obtained from intramolecular hydrogen
bonding and salt bridge formation studies, we concluded that
an increase in salt bridge formation compensated for a decrease
in intramolecular hydrogen bonds. Therefore, both
AbL-PRO+Water and AbWater showed similar patterns without
conformational disparity. Similar plots were generated in four
different time windows (as in Fig. S2†), to check the conver-
gence of REMD throughout the simulation time (Fig. S4†).
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Population density analysis for Ab and hIAPP, showing peptide end to end distance (Ree), i.e., C to N terminal, and radius of gyration (Rg)
around the center of mass. A blue colour implies heavily populated conformations, whereas red and yellow colours indicate lesser populated
conformations.
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Conformational transitions of Ab and hIAPP in G-HCL and L-
PRO

Secondary structure analysis was performed on all systems of Ab
and hIAPP in the presence of G-HCL and L-PRO. Fig. 5(A) shows
the secondary structure proles for Ab and hIAPP, with the
associated coil, b-sheet, b-bridge, bend, turn, a-helix, 5-helix,
and 3-helix probabilities. As evident in the gure, G-HCL was
responsible for the pronounced formation of coiled secondary
structures when compared to the L-PRO and water systems.
AbG-HCL+Water and hIAPPG-HCL+Water showed maximum coiled
secondary structure probability percentages of 59.96 and
This journal is © The Royal Society of Chemistry 2020
62.16%, respectively; AbL-PRO+Water, hIAPPL-PRO+Water, AbWater,
and hIAPPWater showed probability percentages of 35.36, 41.95,
31.10, and 38.99%, respectively. Furthermore, the b-sheet
secondary structure probability percentages were quite low for
both AbG-HCL+Water and hIAPPG-HCL+Water (0.28 and 0.13%,
respectively) when compared values of 9.73, 17.38, 18.36, and
19.95% for AbL-PRO+Water, hIAPPL-PRO+Water, AbWater, and
hIAPPWater, respectively. Here, the b-sheet element was xed in
both control systems (i.e., AbWater and hIAPPWater). Subse-
quently, the other secondary structures showed lower proba-
bility percentages, as depicted in Fig. 5(A). Moreover, elaborate
residue-specic secondary structure probability percentages
RSC Adv., 2020, 10, 12166–12182 | 12171
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Table 1 Average peptide end to end distance (Ree) and radius of
gyration (Rg) values

Peptide in water and osmolytes Average Ree Average Rg

AbWater 2.316 nm 1.084 nm
AbG-HCL+Water 3.252 nm 1.386 nm
AbL-PRO+Water 2.545 nm 1.146 nm
hIAPPWater 2.227 nm 1.192 nm
hIAPPG-HCL+Water 3.420 nm 1.461 nm
hIAPPL-PRO+Water 2.155 nm 1.139 nm
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were calculated, as shown in Fig. 5(B). The b-sheet probability
was prominent at the N terminal hydrophobic residues of
AbL-PRO+Water and AbWater; correspondingly, hIAPPL-PRO+Water,
hIAPPG-HCL+Water, and hIAPPWater showed similar b-sheet prob-
abilities. The a-helix probabilities were apparently quite high in
the middle region residues of AbG-HCL+Water, AbL-PRO+Water, and
Fig. 3 Probability percentage (%) values of intramolecular hydrogen bon

12172 | RSC Adv., 2020, 10, 12166–12182
AbWater, as well as at the C terminal residues of hIAPPL-PRO+Water,
hIAPPG-HCL+Water, and hIAPPWater. Other residue-specic
secondary structure probabilities are shown in the ESI
(Fig. S5†). Furthermore, we also performed similar work in four
different time windows to check the convergence of the REMD
simulations (Fig. S6†).
Clustering of Ab and hIAPP in G-HCL and L-PRO

Each REMD simulation assembled ample conformational
ensembles for every REMD simulated temperature. To examine
the 3D conformations of Ab and hIAPP, we implemented cluster
analysis of the monomer conformations generated in all six
systems. This analysis helps to identify the more populated
structures and divides the low-temperature structures developed
from OPLS-treated REMD simulations into new clusters with
analogous geometric characteristics. Hence, we obtained the
salient structural properties of all six systems via highlighting
d (C]O to N–H) formation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Population density analysis of monomeric salt bridges formed
between ASP (D) and LYS (K) of Ab.
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precise structures that were representative of their particular
clusters. Using a chain-independent main-chain RMSD cutoff
value of 0.35 nm, the monomer conformations in all six
systems (AbG-HCL+Water, AbL-PRO+Water, AbWater, hIAPPG-HCL+Water,
hIAPPL-PRO+Water, and hIAPPWater) were separated into different
This journal is © The Royal Society of Chemistry 2020
clusters. The centers of the three most dominant clusters and
their ensembles are delineated in Fig. 6. In the control
systems (i.e., AbWater and hIAPPWater), the most dominant
conformations had cluster probabilities of 2.88 and 2.92%,
respectively, having folded and compact conformations, with
b-sheet formation in the subsequent clusters, unlike the
native structure. Similarly, AbL-PRO+Water and hIAPPL-PRO+Water

had folded conformations with enhanced b-sheet structures,
showing cluster probabilities of 3.13 and 3.84%,
respectively, for the most dominant conformations.
Conversely, AbG-HCL+Water and hIAPPG-HCL+Water both showed
denatured peptides, with cluster probabilities of 0.54 and
0.55%, respectively, for the most dominant conformations.
Also, the most dominant clusters in four different time
windows (as in Fig. S2†) were observed to check the REMD
convergence throughout the time period of simulation
(Fig. S7†).
Peptide dehydration in G-HCL and L-PRO containing systems

The dehydration states of Ab and hIAPP were determined
around 5 �A of the peptide surfaces. To explain the dehydration
of the peptides in all six systems, the quantities of water
molecules around 5 �A of the peptide surfaces were calculated.

Table 2 shows the number of water molecules and osmo-
lytes present within 5 �A of the entire peptide surfaces for all
six systems. As per Table 2, the quantities of water molecules
in the cases of AbG-HCL+Water and hIAPPG-HCL+Water were
signicantly decreased, only being hydrated by 326 and 257
water molecules, respectively, whereas AbWater and hIAPPWater

were hydrated by 545 and 454 water molecules, respectively.
These signicant reductions in the numbers of water mole-
cules can be explained in terms of the mechanism of G-HCL
molecules, which are more prone to seek the side chains
and backbones of Ab and hIAPP, thus leading to the elimi-
nation of water molecules from the peptide surfaces
(Fig. S8†). Furthermore, decreased numbers of water mole-
cules were also observed in the cases of AbL-PRO+Water and
hIAPPL-PRO+Water (i.e., from 545 to 360 and from 454 to 299,
respectively, with AbWater and hIAPPWater as the respective
standards) but to a smaller extent than the observed
decreases in the cases of AbG-HCL+Water and hIAPPG-HCL+Water.
Therefore, reduced numbers of L-PRO molecules28and22 were
bound to the surfaces of AbL-PRO+Water and hIAPPL-PRO+Water,
respectively, leading to AbWater : AbL-PRO+Water and
hIAPPWater : hIAPPL-PRO+Water ratios of 12.85 and 13.59,
respectively. Conversely, 77 and 55 G-HCL molecules were
very closely bound to the surfaces of AbG-HCL+Water and
hIAPPG-HCL+Water, respectively, leading to AbWater :
AbG-HCL+Water and hIAPPWater : hIAPPG-HCL+Water ratios of 4.23
and 4.67, respectively.

A similar ratio of water to urea (4.5) was obtained for denatured
deca-alanine peptides,80 conforming with our results. This clearly
explains that G-HCL densely surrounds and prefers enhanced
electrostatic interactions with the side chains of Ab and hIAPP
compared to L-PRO, which is dispersed at the peptide surfaces.
RSC Adv., 2020, 10, 12166–12182 | 12173
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Fig. 5 (A) Probability (%) of secondary structure formation for Ab and hIAPP. (B) Detailed residue specific probability (%) of secondary structures
[coil (top), b-sheet (middle), and a-helix (bottom)] for Ab and hIAPP.
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Fig. 7 shows the peptide dehydration proles of Ab and hIAPP
in the presence of G-HCL and L-PRO, representing the enhanced
dehydration in the case of G-HCL, but reduced dehydration in the
case of L-PRO. Similar dehydration patterns for Ab in the presence
of urea and TMAO were obtained in our previous study,37 and for
a-synuclein, showing the depletion of water from its surface.81
The distribution of G-HCL and L-PRO around the peptide
surface

The capability of an osmolyte to attract water molecules plays an
important role in determining the peptide hydration prole, and
12174 | RSC Adv., 2020, 10, 12166–12182
the mechanisms involved in the distribution patterns of G-HCL
and L-PRO for each residue at specic distances (i.e., 0.25–0.50,
0.50–0.75, and 0.75–1.00 nm) from the Ab and hIAPP backbones
were determined (Fig. 8). Based on the gure, it is evident that G-
HCL accumulates around the peptide hydrophobic residues,
which explains the prominent reduction in the number of water
molecules around the peptide surface. Furthermore, although L-
PRO also clusters around the peptide hydrophobic residues, it
does not do so to the same extent that G-HCL does. We also
analysed the distributions of osmolytes at different distances
from the peptide surface in four different time windows in order
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The ideal conformations of the three most populated clusters of Ab and hIAPP obtained under different conditions. The corresponding
time spent in each conformation over the production run of all systems is shown by the percentage value.

Table 2 The peptide dehydration forms of the six systems around 0.5 nm of the surfaces of Ab and hIAPP in their most dominant conformations

Ab and hIAPP peptide system Water + osmolyte Water (# of molecules) Osmolyte (# of molecules) Water/osmolyte

AbG-HCL+Water Water + G-HCl 326 77 4.23
AbWater Water 545 0 N/A
AbL-PRO+Water Water + L-Pro 360 28 12.85
hIAPPG-HCL+Water Water + G-HCl 257 55 4.67
hIAPPWater Water 454 0 N/A
hIAPPL-PRO+Water Water + L-Pro 299 22 13.59
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to investigate the convergence of every REMD simulation per-
formed in this study (Fig. S9†). Previous studies have shown the
importance of proline residues in relation to the conformational
changes leading to amyloid formation.65
The effects of G-HCL and L-PRO hydration on peptide
stabilization

To illustrate the antithetical natures of Ab and hIAPP in the
presence of G-HCL and L-PRO, we computed the RDFs of water,
Fig. 7 The structural resolution of water, G-HCL, and L-PRO 0.5 nm from
dehydration and the systems with L-PRO display mild peptide dehydratio
water molecules are displayed as lines (heteroatom colors: red and grey);
and dot representation (heteroatom colors: G-HCL: blue, green, and gre

This journal is © The Royal Society of Chemistry 2020
G-HCL, and L-PRO with respect to the full peptide surface
(Fig. 9(A)). In this gure, the structures of the G-HCL solutions
surrounding the peptides are considerably more distinctive
than those of the L-PRO solutions. The AbWater and hIAPPWater

systems show the maximum hydration peaks relative to the
peptide surfaces, having two hydration peaks at 0.04 and
1.5 nm, respectively. In the presence of osmolytes, the hydration
shells preferentially changed in the cases of the AbG-HCL+Water,
AbL-PRO+Water, hIAPPG-HCL+Water, and hIAPPL-PRO+Water systems.
the Ab and hIAPP surfaces. The systems with G-HCL display peptide
n. Ab and hIAPP are displayed with cartoon representations (rainbow);
and the surfaces (aqua-blue) and osmolytes are displayed using sphere
y; L-PRO: green, red, and grey).

RSC Adv., 2020, 10, 12166–12182 | 12175
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Fig. 8 The residue-specific distributions of osmolytes at various distances from the backbones of Ab and hIAPP for the most dominant peptide
conformations. The positively charged side chains are heavily surrounded by G-HCL, whereas L-PRO does not show this type of activity.
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All four systems showed distinctive decreases in both the rst
and second hydration shells. As G-HCL has a higher dipole
moment than L-PRO, the interaction of G-HCL with the peptide
surfaces was closer (0.04 nm) than those of L-PRO, as shown in
Fig. 9 (A) The radial distribution functions, g(r), of water, G-HCL and L-
distribution functions, g(r), of G-HCL and L-PRO in bulk water relative to

12176 | RSC Adv., 2020, 10, 12166–12182
Fig. 9(A). Furthermore, modications in the densities of surface
water were found to complement the calculated results in
Table 2. Fig. S8† shows that G-HCL tends to bind to
surrounding G-HCL and the peptide surfaces more compactly
PRO relative to the surfaces of Ab and hIAPP peptides. (B) The radial
their centers of mass.

This journal is © The Royal Society of Chemistry 2020
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than L-PRO. Previous studies reported that, despite the forma-
tion of extensive hydrogen bonds, G-HCL is mainly involved in
short-term stacking interactions with itself82 and also with
various planar groups.50,82,83 These stacking interactions allow
for an understanding of the behaviour of G-HCL around the
surfaces of Ab and hIAPP. The results here correlate with the
reduced number of intramolecular hydrogen bonds in the G-
HCL treated systems, leading to unfolded conformations of
both peptides. Similarly, the RDFs of water, G-HCL and L-PRO
with respect to the peptide surfaces were analysed in different
time windows to investigate the REMD simulation convergence
(Fig. S10†).

Conversely, L-PRO enhances protein stability, as its pyrroli-
dine ring decreases the conformational ability of the protein
backbone in its unfolded form. The RDFs of osmolytes in bulk
water, relative to their center of mass, were also calculated
(Fig. 9(B)). Because G-HCL has a higher dipole moment than L-
PRO, the G-HCL–G-HCL association was found to be greater
than the L-PRO–L-PRO association.
Superposition of conformational ensembles and their
importance for regulation

Various modeled peptides have been considered as IDPs,
showing completely diverse properties except for all having
organized 3D structures84–86. Both Ab and hIAPP in the presence
of G-HCL and L-PRO showed various conformational ensembles
of structures that interconvert simultaneously. G-HCL and L-PRO
help in the regulation of these peptides in order to obtain some
groups of conformations, as in the case of deviations of the
conformational ensembles. Here, a few groups of conformations
occurred, but no contemporary structures could be obtained in
the monomeric state. Based on this result, this study states that
each conformational ensemble present within the entire
conformational arena of Ab peptides sampled together was
complementary; the same applies in the case of hIAPP.

The unfolded and extended structures of Ab and hIAPP were
stable throughout the REMD simulations when no hydrogen
bonds were permitted (or salt bridges in the case of Ab). It is
known that salt bridge interactions have a particular tendency
to affect various backbone conformations. Therefore, irre-
spective of salt bridge breakage, Ab peptides change their
conformations. This happens because of entropy changes
during the transitions and a lack of an energetic drawback due
to the absence of hydrogen bonds. Hence, various interchang-
ing conformational structures are possible within the hydrogen
bonded conformations and non-hydrogen bonded conforma-
tions (i.e., unfolded structures for salt bridges related to
compact Ab conformations, and hIAPP conformations without
salt bridges).

When the salt bridge structure is converted to a hydrogen
bond stable structure, a prominent transformation of energy
occurs as a result of a decrease in entropy and an increase in
enthalpy (Fig. 10). A lesser chance of salt bridge breakage leads
to extended peptide structures with a loss of entropy due to
various main salt bridge structures, and energy is equilibrated
via increasing the conformational entropy of the system.
This journal is © The Royal Society of Chemistry 2020
Conformational changes of Ab and hIAPP occur with the help of
osmolytes (e.g., G-HCL and L-PRO), and extended peptide
interactions between G-HCL and Ab or hIAPP are stable,
whereas L-PRO is similar to water, having moderate effects on
both peptides. Furthermore, despite the simultaneous conver-
sion of structures having fewer hydrogen-bonded ensembles
and more salt bridge ensembles, both Ab and hIAPP endured in
the folded form in L-PRO treated systems because of crowding
effects.

Conformational changes due to intramolecular hydrogen
bonds and salt bridges play vital roles in maintaining the
balance between several conformational ensembles of IDPs.
Therefore, disparities within the shis in equilibrium were
prominent on either side. A critical observation due to these
disparities is that none of the new structures appeared in the
monomeric stage. This result shows that every ensemble was
found to be complementary and was sampled synchronously
over the entire conformational space available to Ab and hIAPP
peptides.
Discussion

Several diseases, such as neurodegenerative disorders, cancers,
and cardiovascular diseases, involve IDPs. Drug discoveries for
these diseases based on explorations of disease protein struc-
tures and functions could be of great importance. Ab and hIAPP
are two such IDPs responsible for amyloid aggregation and
toxicity, leading to AD and T2D, respectively. Ab is the major
component of extracellular senile plaques, is intrinsically
disordered, and is considered the hallmark of a brain affected
by AD and associated amyloidopathies. hIAPP is a peptide
hormone that plays an integral role in b-cell dysfunction and
death by forming islet amyloid aggregates during T2D. Various
studies have reported that conformational changes in these
IDPs can lead to their aggregation in brains with AD and in
pancreatic b-cells exposed to T2D, which thus supports the
characterization of the structures of both Ab and hIAPP.87 As is
known, IDPs are highly dynamic in nature and have ample
conformational ensembles, restricting, to a limited extent, the
use of experimental methods to design new drugs.88 To study
the conformational transitions (i.e., folding/misfolding) of
various IDPs, a computational technique called REMD can be
used for various replicas simulated over a wide range of
temperatures.

Ab and hIAPP monomeric structures are known to have the
characteristics of IDPs. Ab serves various physiological func-
tions in humans, such as being involved in antimicrobial
action, tumor suppression, sealing exposures in the blood–
brain barrier, encouraging recovery from brain injury, and
rectifying synaptic function.89 hIAPP serves as part of the
endocrine pancreas, helping with glycemic control, and is
a synergistic ally of insulin and the bone metabolism.90

However, both Ab and hIAPP have shown conformational
changes in their monomeric states that can lead to amyloid
aggregation, which is crucial to the pathology of AD and T2D.4,91

Comprehending the conformational changes of the monomeric
RSC Adv., 2020, 10, 12166–12182 | 12177
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Fig. 10 Substantial aid from the surroundings results in the dominant conformations. The inclusion of osmolytes makes compact conformations
less favorable (G-HCL breaks hydrogen bonds; moving from native to unfolded Ab and hIAPP) and extended conformations favorable (L-PRO
makes intramolecular hydrogen bonds; moving from unfolded to native Ab and hIAPP).
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states of Ab and hIAPP is important to prevent their aggregation
and, therefore, AD and T2D.

Osmolytes, a group of small intracellular organic molecules
and chaperones, are vital for regulating the folding and
unfolding of proteins. G-HCL shows a robust denaturing effect
on IDPs at physiological concentrations,92 although it has been
shown that the protecting osmolyte L-PRO redirects amyloid
aggregates to non-amyloidogenic amorphous aggregates
through solubilizing monomers and decreasing the assembly of
early transient aggregates.61 In this study, we performed REMD
simulations on Ab and hIAPP in the presence of a denaturant
osmolyte (G-HCL) and a protecting osmolyte (L-PRO), observing
exceptionally signicant effects in the cases of the denaturant
and protective osmolytes in terms of the behavior of the peptide
conformational ensembles. With G-HCL, Ab and hIAPP were
found to be in unfolded and extended conformations; however,
we observed a shi in the populations toward folded and
compact forms in the case of L-PRO. We also observed AD-
associated Ab and T2D-associated hIAPP, both of which are
intrinsically disordered proteins that change their unfolded and
folded conformations under the inuence of G-HCL and L-PRO,
respectively. The local conformational changes in Ab and hIAPP
could further lead to modied folding, unfolding, or binding,
conclusively culminating in altered functionality. The osmo-
lytes affect Ab and hIAPP amyloid aggregation and the associ-
ation of insoluble brils that lead to AD and T2D, respectively.

Many previous studies have used REMD to investigate the
conformational behavior of Ab and hIAPP. One study investi-
gated the role of osmolytes in protein misfolding and the
aggregation of amyloid peptides.37 The effects of urea and
TMAO during conformational sampling through REMD helped
gain understanding regarding the shis in populations between
compact and extended structures. Another study analyzed the
effects of osmolytes, using circular dichroism spectroscopic
12178 | RSC Adv., 2020, 10, 12166–12182
data from Ab fragments, IAPP amyloidogenic fragments, and
polyglutamine peptide fragments for conformational analysis
and aggregation.93 Furthermore, Mimi and Roland examined
the amyloidogenic properties of hIAPP in the presence of
crowders and osmolytes in terms of their effects on the aggre-
gation pathways of hIAPP and the roles of varied neutral and
charged lipid bilayer systems, including biological
membranes.94 Moreover, the atomic structures and thermody-
namic details of hIAPP wild-type and mutant dimers and
trimers were studied via REMD.95 Atomistic simulations showed
oligomerization as a result of anti-parallel b-sheet formation
between C-terminal segments. The central20–29 and C-
terminal30–37 segments aid in maintaining stable secondary
structures and encouraging intermolecular interactions. The
hydrophobic amino acids (I26 and L27) facilitate oligomeric
conformations and help in the elongation of brils.95

We implemented the REMD technique to cross potential
energy barriers between unfolded conformations and to
enhance convergence toward native structures. This atomistic
simulation approach determined that the unfolding and
folding mechanisms of IDPs depend on the osmolytes: G-HCL,
as a denaturing agent, helps a-helix destabilization followed by
b-sheet destabilization, and L-PRO, as a counter-denaturing
agent, helps in the stabilization of a-helices and b-sheets.
Furthermore, we observed an increase in Ree and Rg values in
the cases of AbG-HCL+Water and hIAPPG-HCL+Water, showing the
formation of extended peptide conformations. Additionally,
secondary structure analysis revealed a decrease in b-sheet
formation in the cases of AbG-HCL+Water and hIAPPG-HCL+Water,
whereas formation was enhanced in the cases of AbWater,
hIAPPWater, AbL-PRO+Water, and hIAPPL-PRO+Water. Moreover, the
hydration patterns of AbG-HCL+Water and hIAPPG-HCL+Water indi-
cated that G-HCL confronted water molecules from both
peptide surfaces, leading to the attachment of molecules at the
This journal is © The Royal Society of Chemistry 2020
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peptide backbone and side chains. Conversely, L-PRO did not
bind to the peptide backbone as much and helped to distribute
water molecules around the peptide surfaces, leading to the
stabilization of compact peptide structures.

Here, we report the role of osmolytes (G-HCL and L-PRO) on
the regulation and aggregation of intrinsically disordered Ab
and hIAPP, displaying conformational ensembles of inter-
converting structures. The results from this study could
enhance the understanding of the conformational behaviour of
AD-associated Ab and T2D-associated hIAPP.
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Author summary

Amyloid beta (Ab) and human islet amyloid polypeptide (hIAPP)
are considered to be prominent intrinsically disordered
proteins (IDPs), which aggregate into neuritic plaques and toxic
protobrils, the hallmarks of Alzheimer's disease and type 2
diabetes. Here, we delineate the roles of some regulating agents,
i.e., guanidine hydrochloride (G-HCL), a denaturant, and L-
proline (L-PRO), a counter-denaturant, which can remarkably
alter the balance of hydrogen bonds and/or salt bridges in IDPs,
and successively explore the most dominant conformations.
Through several replica exchange molecular dynamics (REMD)
simulations, which act as atomistic simulations, we observed
that the unfolding and folding of Ab and hIAPP depends on the
osmolytes, where G-HCL leads to a-helix destabilization fol-
lowed by b-sheet destabilization and L-PRO leads to a-helix
stabilization followed by b-sheet stabilization. These ne
disturbances can drastically shi the population of IDPs from
compact to extended conformations and thus can be exploited
to modulate the critical aggregation mechanisms implicated in
Alzheimer's disease and type 2 diabetes.
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