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A B S T R A C T   

The misfolding and aggregation of human islet amyloid polypeptide (hIAPP), also known as amylin, have been 
implicated in the pathogenesis of type 2 diabetes (T2D). Heat shock proteins, specifically, heat shock cognate 70 
(Hsc70), are molecular chaperones that protect against hIAPP misfolding and inhibits its aggregation. Never
theless, there is an incomplete understanding of the mechanistic interactions between Hsc70 domains and hIAPP, 
thus limiting their potential therapeutic role in diabetes. This study investigates the inhibitory capacities of 
different Hsc70 variants, aiming to identify the structural determinants that strike a balance between efficacy 
and cytotoxicity. Our experimental findings demonstrate that the ATPase activity of Hsc70 is not a pivotal factor 
for inhibiting hIAPP misfolding. We underscore the significance of the C-terminal substrate-binding domain of 
Hsc70 in inhibiting hIAPP aggregation, emphasizing that the removal of the lid subdomain diminishes the 
inhibitory effect of Hsc70. Additionally, we employed atomistic discrete molecular dynamics simulations to gain 
deeper insights into the interaction between Hsc70 variants and hIAPP. Integrating both experimental and 
computational findings, we propose a mechanism by which Hsc70’s interaction with hIAPP monomers disrupts 
protein-protein connections, primarily by shielding the β-sheet edges of the Hsc70-β-sandwich. The distinctive 
conformational dynamics of the alpha helices of Hsc70 potentially enhance hIAPP binding by obstructing the 
exposed edges of the β-sandwich, particularly at the β5-β8 region along the alpha helix interface. This, in turn, 
inhibits fibril growth, and similar results were observed following hIAPP dimerization. Overall, this study elu
cidates the structural intricacies of Hsc70 crucial for impeding hIAPP aggregation, improving our understanding 
of the potential anti-aggregative properties of molecular chaperones in diabetes treatment.   

1. Introduction 

The International Diabetes Federation reported that 537 million 
(10.5%) adults aged 20–79 years lived with diabetes in 2021, a figure 
which is expected to rise to 783 million (12.2%) by 2045 [1]. Type 2 
diabetes (T2D) accounts for 90% of all diabetes and is characterized by 
hyperglycemia and insulin resistance secondary to pancreatic β-cell 
dysfunction, gradual reduction in insulin secretion, and loss of β-cell 
mass [2]. Although insulin is widely associated with the expression of 
diabetes, a second hormone, human islet amyloid polypeptide (hIAPP; 
also called amylin), seems to be also involved [3]. In fact, post mortem 
studies of over 90% of T2D patients revealed the presence of deposits of 
extracellular hIAPP aggregates in their pancreas [4–6]. hIAPP is co- 

secreted with insulin in a molar ratio of ~1:100 from pancreatic 
β-cells, playing important roles in the regulation of body glucose levels 
[7]. Chronic hyperglycemia such as that in diabetes is characterized by 
an increase in the hIAPP to insulin ratio leading to a greater probability 
of local aggregation in the β-cell periphery post-release [8]. hIAPP ag
gregation and amyloid formation contributes to T2D pathophysiology 
by causing β-cell loss and apoptosis [9,10]. 

The 3-exon gene encoding hIAPP on chromosome 12 first expresses 
an 89-amino acid pre-pro-peptide that subsequently forms a 67-amino 
acid pro-peptide (proIAPP) following N-terminal cleavage of a 22- 
amino acid signal peptide [7,11]. Following post-translational changes 
in the endoplasmic reticulum and Golgi complex, the active 37-amino 
acid peptide hormone known as hIAPP is expressed [7,12]. This 
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peptide is characterized by its low solubility and high propensity to form 
aggregates and amyloid fibrils via a multistep nucleation-dependent 
process [13]. In solution it has been reported that hIAPP aggregation 
involves a primary and secondary nucleation and highlighted the 
importance of secondary nucleation in fibril formation [14,15]. This was 
explained by the fact that hIAPP possess particular residues or regions 
called amyloidogenic regions that lead to the formation of beta-sheet 
domains involved in the aggregation processes [16–19]. Although 
many studies indicated that residues 20–29 play a critical role in hIAPP 
fibril formation [17,18,20], other reports reported that the above
mentioned sequence is not the sole amyloidogenic determinant [16,21]. 
In one study, residues 25–29 corresponding to Ala-Ile-Leu-Ser-Ser 
demonstrated significant amyloidogenic propensity, while substitution 
of serine at position 28 with proline, a modification observed in various 
rodent species, notably suppressed the formation of amyloid fibrils to a 
large extent [18]. 

In vivo, it has been shown that the aggregation mechanism of hIAPP 
in the presence of membranes may lead to membrane dysfunction [22]. 
In fact, negatively charged lipids have been shown to enhance hIAPP 
fibrillation, a process that occurs through a nucleated growth mecha
nism, and dominated by secondary nucleation events, which occur at the 
interface between existing fibrils and the membrane surface [22–24]. 
hIAPP aggregation affects physiological mechanisms in the maintenance 
of cellular homeostasis and contributes to pancreatic β-cell failure and 
death [25]. Some mechanisms that have been proposed and investigated 
in literature include hIAPP oligomer-induced endoplasmic reticulum 
stress and subsequent impaired unfolded protein response [26], over
whelming the ubiquitin/proteasome system protein quality control 
system secondary to ubiquitin carboxyl terminal hydrolase L1 insuffi
ciency leading to accumulation of polyubiquinated proteins [27], with 
further contribution of extracellular hIAPP amyloidogenesis on the 
abovementioned intracellular events [28], hIAPP oligomer-induced 
disruption of autophagosomal and lysosomal membranes [29], IL-1β- 
mediated inflammation leading to impaired β-cell function, and the 
recently described role of thioredoxin-interacting protein in loss of β-cell 
mass [30,31]. 

Using human IAPP transgenic rat models, Matveyenko and Butler 
investigated the relationship between prospective changes in islet 
morphology and insulin secretion and showed that hIAPP-induced beta- 
cell apoptosis triggers deficiencies in insulin secretion and beta-cell 
mass, leading initially to hepatic insulin resistance and impaired fast
ing glucose, followed by peripheral insulin resistance, hyper
glucagonemia, and diabetes [32]. These observations have also been 
reproduced in human studies [10], highlighting that hIAPP-induced 
beta-cell loss may play an important role in the etiopathogenesis of 
T2D, especially given that studies have reported a strong inverse cor
relation between β-cell area and amyloid deposition [9]. 

Beside the pancreas, hIAPP amyloid aggregates have also been re
ported in various other organs of clinical significance in T2D patients 
[11]. Amylin oligomers and plaques were reported to be present in the 
grey matter of diabetic patients with dementia, with further substantial 
amylin deposition in both blood vessels and perivascular spaces [33]. 
Despite no evidence of amylin synthesis in the brain, amylin amyloid 
buildup in cerebral blood vessels may hinder Aβ clearance, contributing 
to dementia pathogenesis [34]. Other studies have identified amylin 
amyloid deposition as a risk for brain endothelial dysfunction, precipi
tating stroke [35]. One study reported that nearly half of all patients 
with diabetic nephropathy have amylin deposition and that this was 
directly associated with disease severity [36]. hIAPP has also been re
ported to deposit in the blood, heart and eyes of diabetic patients [11]; 
further research in this field is ongoing. 

Molecular chaperones, such as heat shock proteins (Hsps), are known 
to protect cells against the toxic accumulation of misfolded proteins that 
form under normal and stressful environments and maintain protein 
homeostasis [37]. Along with proteases, heat shock proteins form the 
first defense line to nullify cytotoxicity by refolding and degrading 

misfolded proteins. The constitutive (Hsc70) and inducible (Hsp70) are 
two forms of the 70 kDa cytosolic heat shock protein chaperones 
(Hsp70s) that inhibit aggregation of misfolded proteins in amyloid dis
eases [38]. Recently, it was reported that Hsp70 inhibits hIAPP aggre
gation by binding strongly to the heterogeneous prenucleation 
oligomers (but poorly with monomers) thus preventing nucleation of 
hIAPP in sub-stoichiometric concentrations, even in the absence of ATP 
and co-chaperones [39]. 

Hsc70, the constitutive form of Hsp70, consists of an N-terminal 
ATPase-nucleotide-binding domain (NBD) and a C-terminal substrate 
binding domain (SBD) containing the canonical binding cleft for mis
folded proteins [40]. The SBD consists of a peptide binding subdomain 
(PBSD), also known as substrate binding pocket, an α-helical subdomain 
comprising of five helices, namely αA, αB, αC, αD, and αE that help 
stabilize the binding of chaperone to target proteins, and lastly, an EEVD 
motif that binds to other co-chaperones and Hsps. Hsp70 attenuates 
protein misfolding via two well-known mechanisms: ATP-dependent 
“foldase” activity that helps refold the misfolded proteins back to their 
native conformation and the ATP- independent “holdase” function that 
binds to the misfolded proteins and prevents their aggregation to olig
omeric species [41]. It is debatable, however, whether the holdase 
function protects cells by preventing aggregation or exacerbates 
neurotoxicity by stabilizing harmful oligomers. 

In this study, we investigate the inhibitory potential of various Hsc70 
variants on hIAPP aggregation to identify the chaperone variant with the 
least cytotoxicity yet optimal activity via both in vitro and in silico 
methodologies and propose a general mechanism for their interaction. 

2. Material and methods 

2.1. Expression and purification of Hsc70 and its structural domains 

Hsc70 and its different structural domains (Figs. 1A and B) were 
cloned into a Pet14 vector, overexpressed in BL21 pLysS E.coli and 
purified as described previously [41–44]. The purified proteins (in PBS 
buffer:1.5 mM KH2PO4, 150 mM NaCl, 3 mM KCl and 8 mM Na2HPO4) 
were concentrated by Milipore Centricon, dialyzed against 50 mM Tris- 
HCl (pH 7.4), 150 mM KCl, filtered through a sterile 0.22 μM pore size 
filter and stored at − 20 ◦C. Before the use of Hsc70 or any of its struc
tural domains, the purity of these proteins was analyzed by SDS-PAGE 
(Fig. S1). To determine the molecular mass of the native protein and 
check the aggregation states, we analyzed the purified samples with 
high performance liquid chromatography (HPLC) using a superdex 70 
column previously equilibrated with 5 mM phosphate buffer (pH 7.4) 
with a flow rate of 0.5 mL/min (Fig. S1). Finally, protein concentrations 
were determined photometrically using the Lowry procedure [45]. The 
activity of Hsc70 was analyzed using a luciferase refolding assay as 
described by Pemberton et al. [46] 

2.2. hIAPP aggregation protocol 

Stock solution of hIAPP (1 mM) was prepared in 100% HFIP and 
stored at − 20 ◦C as described in a previous work [47]. Before starting 
the aggregation, aliquots of hIAPP peptide were filtered through a 0.22 
μm filter from the stock solution and freeze dried. 15 μM of hIAPP was 
prepared in 50 mM Tris HCl buffer (pH 7.4) and aliquots of hIAPP were 
prepared in the presence or absence of Hsc70 and its structural domains 
at different concentrations. The prepared solutions were incubated 
under the physiological conditions (pH 7.4 and at 37 ◦C) to allow am
yloid fibril formation. Samples were incubated for 36 h. Different ali
quots were taken at different times for the different analysis. 

2.3. Thioflavin T (ThT) fluorescence assay 

hIAPP fibril formation was monitored by characteristic changes in 
the Thioflavin T (ThT) fluorescence intensity. Samples co-incubated 
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without or with Hsc70 and their structural domains were diluted 25-fold 
with ThT solution (15 μM). ThT fluorescence measurements were per
formed in a 50 μL quartz black cuvette using Perkin Elmer model LS 55 
without shaking and at room temperature (25 ◦C). An excitation filter of 
440 nm and an emission filter of 480 nm were used [47]. The emission 
and excitation slits were set to 5 nm and a 1 cm cuvette was used for all 
experiments. Nonspecific background fluorescence was subtracted from 
the samples by using appropriate blanks in the absence of proteins. Each 
experiment was performed in triplicate and a median was represented 
and the time-dependence of ThT fluorescence will be fitted to a 
sigmoidal growth model using: 

Y = yi +mix+
yf + mf x

1 + exp
(

−

[
(x− x0)

τ

])

where Y is the intensity of fluorescence at different times, x is the in
cubation time, yi and yf are the maximal and minimal fluorescence in
tensity, x0 is the incubation time when we have 50% of the maximal of 
fluorescence, τ is the inverse of the apparent constant of growth Kapp and 
mi, mf the adjustment parameters. The lag time t is described by tlag = x0 - 
2τ. 

2.4. Aggregation of hIAPP observed at increasing concentration of Hsc70 
by ThT assay 

Concentration-effect data from the ThT fluorescence assays were 
fitted to a sigmoidal function using the Prism 6.0 software package, to 
extract the relevant inhibition parameters using the equation: 

F = Fmin + [Fmax − Fmin]
/[

1+ 10(log IC50–log x)/n ]

Where F is the fluorescence quantum yield of ThT in the presence of 
Hsc70 at concentration x, Fmax and Fmin represent the maximum and 
minimum of the fluorescence quantum yield of ThT in the absence and 
presence of inhibitors, respectively. The values of the parameters, n (Hill 
coefficient) and IC50 (the concentration of inhibitor that results in 50% 
of maximal inhibition) were determined by fitting the experimental data 
by non-linear least-square method. 

2.5. Cell viability assay 

Pancreatic INS-1E cells which show a high resemblance with native 
β-cells, were used [48]. The cells were cultured in RPMI 1640 medium 
(with 2 mM glutamine) supplemented with 5% fetal calf serum, 10 mM 
HEPES, pH 7.4, 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol, 100 
units/mL penicillin and 0.1 mg/mL streptomycin, at 37 ◦C, 5% CO2, pH 
7.4. Drug treatments were usually done 24 h after seeding the cells [49]. 
The cells were cultured then seeded into 96-well plates and grown for 
24 h prior to exposure to different intermediates of hIAPP or a mixture of 
hIAPP with different Hsc70 proteins. Samples of hIAPP solutions with 
and without chaperones were initially diluted in the culture medium and 
then added to the cells to achieve the required final concentrations. 
Treated cells with amyloid incubation buffer were used as control. 

The toxicity of hIAPP aggregate co-incubated without or with Hsc70 
and its structural domains were assessed by the MTT reduction assay (3- 
(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide), as previ
ously reported [41]. In our experiments, MTT were added in triplicate to 
cells to have a final concentration of 1 mg/mL. After that, cells were 
incubated for 2 h before removing the cell culture medium containing 
MTT. Finally, a buffer containing 25 μl of 0.1 M glycine, 0.1 M NaCl (pH 
10.5) and 200 μl of DMSO (Sigma) was added per well and absorbance 
will be measured at 550 nm. This experiment was repeated 3 times and 
treated cells with amyloid incubation buffer were used as control. 

2.6. Discrete molecular dynamic simulations 

Discrete Molecular Dynamic (DMD) simulations are a rapid and 
predictive event-driven molecular dynamics algorithm that utilizes 
discrete, distance-based stepwise potentials, rather than continuous 
potentials to mimic constraints [50]. DMD has been extensively 
employed to study protein folding and aggregation, conformational 
dynamics of intrinsically disordered proteins, and the supertertiary 
structure of proteins [51–55]. A detailed discussion of the DMD algo
rithm can be found elsewhere [56,57]. Briefly, in DMD, the atoms move 
with constant velocities between collision events until the potential 
between two atoms becomes discontinuous. At this point, the motion of 
atoms is immediately recalculated by solving the ballistic equations of 
motion that consider the principles of energy, momentum, and angular 
momentum conservation. To improve computational speed and increase 
sampling efficiency, DMD uses a quicksort algorithm to identify 
colliding atoms and only updates the velocities of those atoms partici
pating in the collision, instead of solving Newton’s equations of motion 
for every atom in the system. 

The sequence of Hsc70 chaperone protein was adopted from Uni
tProt (Entry: P11142). Three truncated domains of Hsc70 were consid
ered: Hsc70-β-sandwich (385-509aa), Hsc70 + helixA (385-540aa), and 
Hsc70 + alpha-helices (385-615aa). To study the binding of hIAPP 
peptides with Hsc70 chaperone and the effect of Hsc70 on the inhibition 

Fig. 1. Representation of Hsc70 and its respective structural domains. 
A: The Hsp70s schematic domains are based on the E.coli Hsp70 homologue, 
DnaK. This chaperone is made of two structural and functional domains: An N- 
terminal ATPase domain and a C-terminal peptide-binding domain (residues 
386–646) involved in unfolded protein binding. The C-terminal domain is in 
turn composed of 2 subdomains: the peptide-binding subdomain (PBSD) per se 
(residues 386–509) and the C- terminal α-helical subdomain (residues 510–646) 
that plays the role of a lid (composed of 5 helices) that regulates substrate 
binding and release under the control of ATP binding and hydrolysis. Also, at 
the end of the C-terminal, an EEVD motif participates in binding to co- 
chaperones and other Hsp’s. 
B: Schematic representation of Hsc70 and its structural domains used in the 
current study. 
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of hIAPP peptide aggregation, we considered the monomer and dimer of 
hIAPP peptide. The initial structure of hIAPP used in our simulation was 
taken from the protein data bank (PDB ID: 2L86). In the present study, 
20 independent DMD simulations, each lasting 700 ns, were performed 
for each system, starting with different initial states (coordinates, ori
entations, and velocities). Initially, the hIAPP peptides were placed 
randomly in the periodic simulation box of dimensions 125 × 125 × 125 
Å3. The initial separation in the intermolecular distance between hIAPP 
peptides and Hsc70 variants was 15 Å. The Medusa force field was used 
in all-atom DMD to describe the nonbonded interatomic interactions, 
namely van der Waals (vdW), solvation, hydrogen bonding, and elec
trostatics. The vdW parameters were adopted from the CHARMM19 
united-atom force field, and the distance and angular-dependent 
hydrogen bonds are explicitly modeled by a reaction-like algorithm. 
The inter-atomic interactions were modeled by stepwise functions 

mimicking the continuous potential functions. The solvation effects 
were implicitly modeled by the EEF1 implicit solvation model [58]. The 
hydrogen bond interactions were depicted by a reaction-like algorithm. 
Screened electrostatic interactions were modeled by the Debye–Hückel 
approximation with the Debye length set as 10 Å, corresponding to 100 
mM of NaCl under physiological conditions. The units of mass, time, 
length, and energy were 1 Da, ~50 femtoseconds, 1 Å, and 1 kcal/mol, 
respectively. The temperature of the system was maintained at 300 K 
using the Anderson’s thermostat. The DMD program is available free of 
charge to academic users via Molecules in Action, LLC (http://mo 
leculesinaction.com). 

2.7. Computational analysis 

Secondary structure analyses utilized the dictionary secondary 

Fig. 2. Analysis of hIAPP aggregation in the absence and presence of Hsc70. 
A: Time course of hIAPP (15 μM) aggregation monitored by ThT fluorescence in the absence and presence of increasing amounts of Hsc70. The time dependence of 
ThT fluorescence was fitted to a sigmoidal growth model. 
B: Percentage of Inhibition of hIAPP aggregation at increasing concentrations of [Hsc70]. This % of inhibition was calculated at 36 h taking the fluorescence of hIAPP 
in the absence of Hsc70 as 0% of aggregation. The percentage of inhibition of for each assay is calculated based on the plateau signal at 36 h using the GraphPad 
Prism nonlinear regression model for dose-response (three parameters). 
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structure of protein (DSSP) method described by Kabsch and Sander 
[59]. A hydrogen bond was formed if the distance between backbone N 
and O atoms was ≤3.5 Å and the angle of N–H⋯O ≥ 120◦. Inter-chain 
peptide interactions were analyzed by the residue-residue contact fre
quency. Here, a pairwise residue contact was defined when the distance 
between the heavy atoms of two non-sequential residues was <0.55 nm. 
The binding probability and number of interchain H-bonds between 
hIAPP and Hsc70 along the two exposed β-strand edges (β2 + β3 and β5 
+ β8 strands) of the β-sandwich were computed for each of the systems. 

3. Results and discussion 

3.1. Hsc70 inhibits hIAPP aggregation in a concentration-dependent 
manner 

Given that the oligomers are believed to be the primary pathologic 
species [60–62],we investigated the effect of Hsc70’s on hIAPP aggre
gation using ThT fluorescence (Fig. 2A). The results indicate that as 
Hsc70 concentration increases, there is a corresponding decrease in ThT 
fluorescence, suggesting that the inhibitory capability of Hsc70 depends 
on its concentration. Even when Hsc70 is present in sub-stoichiometric 
concentrations (0.15, 0.375, 1.5, 3.75 and 7.5 μM), it still delays the 
aggregation kinetics of Hsc70. An inhibitory effect from Hsc70 (1–646) 
can be seen at concentrations as low as 1/100 compared to hIAPP (42%). 
The maximum inhibition (96%) is observed when the ratio of [Hsc70] to 
[hIAPP] is 1 (Fig. 2A). Additionally, the length of the lag phase, before 
hIAPP starts aggregating increases with increasing Hsc70 levels. For 
instance, this lag time nearly doubles when Hsc70 is introduced, sug
gesting Hsc70 (1–646) hampers the hIAPP aggregation process (Fig. 2A). 
Furthermore, the results show that IC50 in Hsc70’s presence is 1.3 μM, 
and close to complete aggregation is seen with 15 μM of Hsc70 (Fig. 2B). 

3.2. The ATPase activity of Hsc70 is not required for inhibiting the 
aggregation of hIAPP 

The C-terminal domain of Hsp70/Hsc70 is known to engage target 
proteins and peptides due to its peptide-binding site [60]. Conversely, 
the N-terminal ATPase binding domain is not directly associated with 
target protein binding but influences peptide binding [60,63]. Contrary 
to prior understanding, ATPase activity in Hsc70, Hsp70, or Hsp90 was 
not essential to prevent the aggregation of amyloid proteins like α-syn
uclein. [41,64–66] Our study aimed to discern the role of the N-terminal 
ATPase binding domain in inhibiting hIAPP aggregation. To elucidate 
the role of various nucleotide-bound states during the ATPase cycle, 
aggregation tests were conducted in the absence or presence of ATP, 
ADP, or AMPPNP (a non-hydrolyzable ATP analog) as depicted in Fig. 3. 
The ThT fluorescence results revealed that Hsc70 loaded with any of 
these three nucleotides did not affect hIAPP aggregation when compared 
to its absence indicating that the N-terminal domain of Hsc70 was not 
essential for inhibition of hIAPP aggregation (Fig. 3A). Moreover, 
Fig. 3B shows that the SBD alone, consisting of residues 386–646, was 
equally efficient at inhibiting aggregation as the full-length Hsc70 pro
tein. These data align with the “holdase” mechanism of Hsc70, refuting 
the “foldase” mechanism that necessitates the catalytic domain. As such, 
the SBD domain of Hsc70 (386–646) can effectively sequester hIAPP 
monomers, hindering their aggregation or fibril formation. Recently, it 
was also shown that Hsp70 SBD domain can block α-synuclein oligo
merization in an ATP-independent holdase model without input from 
the NBD [40]. 

3.3. Structural domains of Hsc70 enhance its chaperone activity for 
hIAPP 

As highlighted earlier, previous studies have indicated that the C- 
terminal domain of Hsc70 is essential for peptide and target protein 
binding due to its inclusion of the peptide-binding site [41,64–66]. To 

pinpoint the regions of the C-terminal domain of Hsc70 crucial for 
inhibiting hIAPP aggregation, we evaluated the activity of its distinct 
structural sub-domains. Specifically, the C-terminal domain of Hsc70 
comprises two sub-domains: a PBSD (residues 386–509), which is 
exclusively composed of β-sheets, and a lid subdomain (residues 
510–646) consisting entirely of α-helices (Fig. 1) [67,68]. In this study, 
our emphasis was on eliminating those parts of Hsc70 known to function 
as lids, locking target peptide ligands into the chaperone’s binding site, 
as well as removing the EEVD sequence. This sequence is recognized for 
facilitating the interaction of Hsp70 or Hsc70 with Hsp90, aiding in 
refolding, and with CHIP, directing proteasomal degradation [40,69]. 

The results show that the PBSD, devoid of the Hsc70 lid subdomain, 
can inhibit hIAPP aggregation (with 32% inhibition at a [Hsc70]/ 
[hIAPP] ratio of 1/10, Fig. 4A). However, its efficiency is substantially 
lower than the complete C-terminal domain, inclusive of the Hsc70 lid 
(residues 386–646), which inhibits 88% at the same ratio. Intriguingly, 
the inhibition effect of the C-terminal with the lid subdomain (residues 
386–646) mirrors that of the entire Hsc70, as illustrated in Fig. 4A and 
detailed in Table 1. Removing the C-terminal EEVD residues from Hsc70 
(residues 386–616) doesn’t impede its ability to inhibit hIAPP aggre
gation, suggesting that this known site for protein-protein interaction 
isn’t involved in the detected inhibition. 

Further, the dissociation constant (Kd) for the PBSD binding to hIAPP 
was found to be 0.872 μM, over three times the Kd of the intact C-ter
minal domain of Hsc70 (0.256 μM) as shown in Table 1 and Fig. 4B. This 
suggests that the lid subdomain reinforces the binding stability of hIAPP 
to the chaperone. This is supported by the fact that the Kd for the entire 

Fig. 3. Effect of nucleotides and a competing peptide on the modulation of 
hIAPP aggregation by Hsc70. Bar diagram representing the relative ThT levels 
reached at the end of the aggregation reaction. 15 μM of hIAPP with or without 
A: full-length Hsc70 (1–646), B: Hsc70 (386–646), and ATP, ADP, or AMPNP, a 
non-hydrolyzable ATP analog were included in the reaction mixture where 
indicated. Error bars denote one s.d. from the mean, calculated from three in
dependent experiments. 
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Hsc70 protein is 0.254 μM, closely resembling that of the isolated C- 
terminal domain (0.256 μM). It appears that eliminating the α-helices 
from the lid increases Kd (Table 1). Furthermore, the lag time, which 
denotes the time taken to achieve 10% of hIAPP aggregation’s total 
fluorescence intensity with the isolated C-terminal domain (12.5 h), is 
roughly 40% longer than when devoid of the complete α-helices lid (7.5 
h). A decline in the lag phase is also observed upon removal of the 
α-helices. Excising the full lid and retaining only the PBSD (residues 
386–509) compromises the activity of the SBD. This suggests that the 
subdomain (residues 510–646), excluding the EEVD, is crucial in 

hindering hIAPP aggregation. Additionally, our findings suggest that the 
isolated C-terminal domain might reinforce its interaction with hIAPP’s 
monomeric and minor aggregated forms, subsequently postponing the 
formation of seeds and fibrils. 

3.4. Examining the delayed action of Hsc70 (386–646) on hIAPP 
aggregation 

To understand how Hsc70 (386–646) affects the aggregation of 
hIAPP and whether its inhibitory effect depends on when it is introduced 

Fig. 4. The inhibition of hIAPP aggregation by structural domains of Hsc70. 
A: The time dependence of hIAPP inhibition by structural domains of Hsc70. The time dependence of ThT fluorescence was fitted to a sigmoidal growth model. 
B: Percentage of Inhibition of hIAPP aggregation at a constant hIAPP concentration (15 μM) and increasing concentrations of Hsc70 and its respective structural 
domains at 36 h of incubation. This inhibition was fitted using the hyperbolic eq. Y = Bmax*X/(Kd + X), where Bmax is the maximum specific binding in the same units 
as Y. It is the specific binding extrapolated to very high concentrations of [Hsc70], and so its value is almost always higher than any specific binding measured in the 
experiment. Kd is the equilibrium binding constant, in the same units as X. It is the chaperone concentration needed to achieve a half-maximum binding at 
equilibrium. 
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during the aggregation process, we studied the impact of adding 15 μM 
of Hsc70 (386–646) to a 15 μM hIAPP solution at various stages of ag
gregation (Fig. 5). Specifically, we observed that the inhibitory effect of 
Hsc70 (386–646) is most pronounced when added early, before 8 h, 
corresponding to the lag phase, resulting in an inhibition rate of about 
97%. If added at 18 h, amid the growth phase, the inhibition rate is 82%, 
while adding it at 22 h and 24 h results in inhibition rates of almost 11% 
and 3%, respectively. This suggests that Hsc70’s inhibitory effect is most 

effective in the lag phase and diminishes as aggregation progresses, 
likely due to the irreversible formation of toxic polymers beyond a 
certain point [70]. 

When the chaperone is introduced during the prenucleation/nucle
ation phase, it delays hIAPP aggregation and slows down aggregate/ 
fibril growth. However, if added during the post-nucleation phase when 
large aggregates/fibrils are already present (e.g., at t = 20 h, t = 22 h, 
and t = 24 h), it has no inhibitory effect, indicating that Hsc70 
(386–646) may not modify the mature hIAPP’s structural properties or 
cause fibrils to dissociate. The Hsc70 (386–646) appears to prevent the 
primary nucleation of hIAPP rather than inhibiting fibril growth, 
possibly through interactions with hIAPP monomers and small aggre
gates/prefibrillar oligomers. A similar mechanism of action of Hsp70 has 
been previously reported against early stages of tau aggregation in 
Alzheimer’s disease [71]. 

3.5. Hsc70 abrogates hIAPP-induced cytotoxicity in INS-1E cells 

One common feature in amyloid-related diseases is the misfolding or 
impaired clearance of potentially cytotoxic protein species [40,72]. 
Given that the C-terminal domains of Hsc70 (386–646) efficiently 
inhibit hIAPP aggregation, we were interested in assessing the cyto
toxicity of the newly formed oligomers. We incubated hIAPP (15 μM), 
with or without 1.5 μM of Hsc70 (386–646), for 36 h. Samples were 
collected at different time points during incubation, and aggregation 
was analyzed using ThT assay (Fig. 6A). In parallel, cytotoxicity was 
assessed by MTT (Fig. 6B). ThT fluorescence revealed that oligomers 
obtained at different incubation times during the aggregation process 
exhibited varying degrees of cytotoxicity when added to the extracel
lular medium of INS-1E cells (Fig. 6B), confirming the previous report 
[47]. Small and medium hIAPP aggregates formed during the lag phase 
induced a significant reduction in cell viability by 66 ± 5% compared to 
the control sample or monomeric hIAPP solution. This aligns with the 
notion that amyloid proteins are more toxic in the early stages of ag
gregation [73]. However, when hIAPP samples incubated with C-ter
minal domains of Hsc70 (386–646) were added to the cells, cell survival 
increased (Fig. 6B), indicating that Hsc70 (386–646) mitigates the 
toxicity of hIAPP to INS-1E cells. 

3.6. In silico study of Hsc70 structural domains and their impact on 
hIAPP aggregation 

To further support our experimental findings and gain molecular 
insights into the binding of hIAPP to Hsc70 and its impact on hIAPP self- 
association, we conducted Discrete Molecular Dynamics (DMD) simu
lations. We explored the interaction between hIAPP monomers and 

Fig. 4. (continued). 

Table 1 
Kinetic parameters of hIAPP aggregation in the presence and absence of Hsc70 
and its structural domains as determined from fluorescence assays. The disso
ciation constant Kd is obtained from the hyperbolic eq. Y = Bmax*X/(Kd + X).   

Tlag (h) Dissociation constant, μM 

hIAPP 7 – 
Hsc70 (1–646) 12 0.2537 
Hsc70 (386–646) 12.5 0.2564 
Hsc70 (386–616) 11 0.3187 
Hsc70 (386–585) 10 0.3328 
Hsc70 (386–561) 9 0.3358 
Hsc70 (386–540) 8.2 0.5015 
Hsc70 (386–509) 7.5 0.8719  

Fig. 5. Effect of Hsc70 (386–646) on different stages of hIAPP aggregation. 15 
μM Hsc70 is added to a 15 μM of hIAPP solution at different stages of aggre
gation (as pointed out by the red arrows), at the beginning (t = 0), ‘lag’ phase (t 
= 4 h and 8 h), at the beginning of the growth phase (t = 12 h and t = 18 h) and 
the second half of the growing phase (t = 20, t = 22 h, and t = 24 h, respec
tively). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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dimers with different structural variants of Hsc70: Hsc70-β-sandwich 
(385–509), Hsc70 + helix A (385–540), and Hsc70 + alpha-helices 
(385–615). 

First, we performed a control MD simulation of the hIAPP monomer 
(Fig. S2), which demonstrated a predominance of a random coil 
conformation (coil content: 0.68) with a stable helical region between 
residues 8–16 (α-helix content: 0.21). Beta-sheet and turn regions 
constituted only a small fraction of the remaining secondary structure. 
Subsequently, we introduced the Hsc70-β-sandwich, known for its role 
in inhibiting aggregation, due to its experimentally established function 
as the PBSD. This domain possesses two exposed interfaces that could 
potentially interact with hIAPP monomers. This introduction resulted in 
a noteworthy increase in the residual β-sheet content, particularly 
around residues 15–20 and 24–32 (Fig. 7A). 

This increase was attributed to the formation of interchain hydrogen 
bonds between hIAPP and the exposed β-strand edges of Hsc70- 
β-sandwich, specifically β2 + β3 and especially β5 + β8 (Fig. 7B and 
representative simulation snapshots). Per-residue binding probability 
calculations indicated that hydrophilic interactions played a significant 
role in stabilizing the interaction between hIAPP and Hsc70-β-sandwich, 
primarily around residues 11–29, including the amyloidogenic region. 
This stabilization was due to the propensity for extended β-sheet for
mation (Fig. 7C). 

Considering that the combination of Hsc70-β-sandwich and helix A 
(Hsc70 + helix A, 385–540) exhibited greater inhibition than the 
β-sandwich alone in experimental studies, we further investigated their 
interaction with hIAPP monomers at the molecular level. The addition of 
helix A led to increased β-sheet content around residues 24–32, but the 
overall fractional residual β-sheet content in hIAPP reduced to 0.11 
(compared to 0.14 with only the β-sandwich). Simultaneously, there was 
a corresponding increase in α-helix content (from 0.19 to 0.21), as 
shown in Fig. S3A. Importantly, we observed preferential binding to the 
β-strand edges along helix A (β5 + β8) with increased interchain 
hydrogen bonds (Fig. S3B). Per-residue binding probability studies 
confirmed the stronger binding of the hIAPP amyloidogenic region with 
Hsc70 + helix A, leading to an increased propensity to adopt β-sheet and 
α-helix structures (Fig. S3C). The addition of α-helix thus enhanced the 
binding interaction between hIAPP and Hsc70-β-sandwich, resulting in 
greater inhibition of aggregation compared to the β-sandwich alone, in 
line with the in vitro results. Experimentally, the addition of additional 
α-helices increased the lag time of aggregation and further inhibited 
hIAPP aggregation, likely due to their role in ATP-dependent regulation 

of substrate binding and release. 
To explore how the remaining α-helices affect inhibition at the mo

lecular level, we simulated the interaction of hIAPP monomers with the 
entire helical lid subdomain (Hsc70 + alpha helices, 385–615). We 
excluded the EEVD sequence as no co-chaperone was utilized, and it did 
not seem to contribute to aggregation inhibition even in in vitro ex
periments (Fig. 4B) [40]. Our simulations showed a reduction in hIAPP 
β-sheet content to 10% (from 14% with only the β-sandwich) and 
continued preferential binding to the β-strand edges along alpha helices, 
with increased interchain hydrogen bonds as observed with helix A 
(Fig. 7D, E, and representative simulation snapshots). Per-residue 
binding studies yielded similar findings (Fig. 7F). These results 
demonstrate that the monomeric hIAPP binding to the Hsc70 chaperone 
disrupts protein-protein interactions. Ultimately, capping the exposed 
β-sheet edges of Hsc70-β-sandwich led to the inhibition of aggregation. 
While Hsc70-β-sandwich binding to hIAPP increased its residual β-sheet 
content, the presence of alpha helices revealed an asymmetric binding of 
hIAPP to the two exposed edges of the β-sandwich. Moreover, our ob
servations indicated that the amyloidogenic region of hIAPP preferen
tially binds to the Hsc70 chaperone, promoting β-sheet pairing and 
interchain hydrogen bonding in the complex. 

Subsequently, we investigated how the mentioned Hsc70 mutants, 
namely β-sandwich and alpha helices, interact with hIAPP dimers to 
understand if the addition of the chaperone at this stage within the 
aggregation cascade could still delay the process. Our findings showed 
that both β-sandwich and alpha helices of Hsc70 mutants stabilized the 
binding around residues 11–29 of hIAPP through hydrophobic in
teractions. The amyloidogenic regions exhibited stronger binding to the 
chaperone, resulting in the formation of extended β-sheet structures. 
This increase in β-sheet content was particularly pronounced in the 
amyloidogenic binding regions, favoring the formation of extended 
β-sheets with the exposed edge of the β-sandwich and with the N-ter
minal of the chaperone (Fig. 8A and B). When complexed with β-sand
wich, hIAPP predominantly formed anti-parallel β-sheets with β8, β3, 
and β5 strands of Hsc70, with the strongest binding to β5 and β8 
(Fig. 8C). The introduction of alpha helices reduced the cross-linking of 
β-sheets on both exposed edges of the β-sandwich, with the substrate- 
binding domain (SBD) interface favoring stronger binding with hIAPP 
(Fig. 8D). 

Similar to the monomeric hIAPP, the presence of both Hsc70 mutants 
led to reduced interchain hydrogen bonds (Fig. 8E) and reduced atomic 
contacts between hIAPP (Fig. 8F), suggesting that both chaperone 

Fig. 6. Cell viability assays. 
A: ThT fluorescence of hIAPP with or without incubation at 37 ◦C for 36 h. 
B: Samples removed at different times of aggregation and added to INS-1E cells at 1 μM final concentration of hIAPP with (grey line) or without (blue line). The 
values (average ± S.D.) are obtained from three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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mutants can inhibit intermolecular interactions between dimers. DMD 
simulations of hIAPP dimer and Hsc70 mutant complexes indicated the 
existence of a capping mechanism, which was favored along the 
substrate-binding interface. In the presence of Hsc70-β-sandwich and 
alpha-helices, hIAPP dimers exhibited reduced interchain hydrogen 
bonds, binding probability, and inter-chain atomic contacts, demon
strating their ability to reduce hIAPP aggregation. Notably, the alpha 
helices mutant exhibited unique conformational dynamics in the lid 
subdomain, which may facilitate hIAPP binding along the substrate- 
binding domain. The simulations suggest that Hsc70 (386–646) can 
delay hIAPP aggregation by interacting with hIAPP monomers and di
mers, leading to the disruption of intermolecular interactions and the 

formation of extended β-sheets. 

4. Summary and conclusion 

Misfolding of proteins is a key pathogenic factor in neurodegenera
tive and metabolic diseases [74]. Hsp70, a chaperone implicated in 
inhibiting hIAPP aggregation associated with Type 2 Diabetes, was 
investigated for its inhibitory effects on hIAPP aggregation through 
structural variants of Hsc70. We aimed to identify the optimal chap
erone variant and elucidate the interaction mechanism. Remarkably, 
even at low concentrations, Hsc70 demonstrated a concentration- 
dependent hindrance of hIAPP aggregation. Notably, the ATPase 

Fig. 7. DMD simulation of the interactions between hIAPP monomer and Hsc70-β-sandwich (A, B, C); and hIAPP monomer and Hsc70 + alpha helices (D, E, F). 
A: Residual secondary structure content corresponding to α-helix, β-sheet, random coil, and turn residues in hIAPP monomer. hIAPP shows stable helical 
regions around residues 8–16 and a significant increase in β-sheet content around residues 15–20 and 24–32. 
B: Number of interchain H-bonds formed between hIAPP and the two exposed β-strand edges of Hsc70-β-sandwich. hIAPP can directly bind to the two 
exposed β-strand edges of Hsc70-β-sandwich by forming interchain H-bonds and this interaction leads to an overall increase in residual β-sheet content in hIAPP. The 
representative structures show the binding of hIAPP to the two exposed β-strand edges along with binding to the N-terminal of the chaperone. The N-terminal residue 
is shown in sphere. The hot-spot regions of binding within the Hsc70-β-sandwich are color-coded according to the binding probability and the hIAPP monomer is 
colored in grey. 
C: Per-residue binding probability in hIAPP. Hydrophobic interactions mostly stabilize the binding to the β-sandwich around residues 11–29 of hIAPP. The 
amyloidogenic region has a stronger binding with Hsc70-β-sandwich which is also substantiated by the formation of an extended β-sheet. The residues with a high 
binding propensity to Hsc70 have strong probabilities of adopting β-sheet structures. The intermolecular contact frequency map between Hsc70 and hIAPP shows 
strong binding to the exposed edges. 
D: Residual secondary structure content in hIAPP monomer. hIAPP shows stable helical regions around residues 8–16 and an increase in β-sheet content in the 
amyloidogenic regions. In the presence of all alpha helices, the residual β-sheet content in hIAPP decreases to ~10%. 
E: Number of interchain H-bonds formed between hIAPP and the two exposed β-strand edges of Hsc70-β-sandwich. Similar to Hsc70 + helix A, hIAPP can 
directly bind to the two exposed β-strand edges by forming interchain H-bonds, however, binding to the β-strands along the alpha helices is preferred with increased 
interchain H-bonds. The representative structures highlight the binding of hIAPP to the two exposed β-strand edges along with alpha helices. The N-terminal residue 
is shown in sphere. The hot-spot regions of binding within Hsc70 + alpha helices are color-coded according to the binding probability and the hIAPP monomer is 
colored in grey. 
F: Per-residue binding probability in hIAPP. Hydrophobic interactions mostly stabilize the binding around residues 11–29 of hIAPP. The amyloidogenic region has 
stronger binding to the chaperone which leads to an extension in the β-sheet of hIAPP. The residues with a high binding propensity to Hsc70 have a higher probability 
of adopting β-sheet and α-helix structures. 
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activity of Hsc70 was dispensable, indicating a nucleotide-independent 
“holdase” mechanism, rather than a “foldase” mechanism. Subsequent 
investigations highlighted the pivotal role of the C-terminal substrate- 
binding domain of Hsc70, specifically the β-sandwich peptide-binding 
subdomain and the α-helical lid subdomain, in inhibiting hIAPP aggre
gation. Removal of the lid subdomain significantly attenuated the 
inhibitory effect of Hsc70, underscoring its overall importance. 

In silico simulations employing hIAPP-Hsc70 complexes provided 
sub-atomic insights into interactions. The introduction of Hsc70- 
β-sandwich to hIAPP increased β-sheet content and facilitated interchain 
hydrogen bond formation. Conversely, the addition of the entire helical 
lid subdomain (HSc70 + alpha helices) reduced hIAPP β-sheet content 
while maintaining preferential binding to alpha helices. Similar results 
were observed for Hsc70 mutants interacting with hIAPP dimers. In 

summary, hIAPP binding to Hsc70 disrupted protein-protein in
teractions by shielding exposed β-sheet edges of Hsc70-β-sandwich, 
thereby preventing aggregation. These findings indicate that Hsc70 
mutants effectively inhibit hIAPP aggregation by capping exposed 
β-sheet edges and disrupting protein interactions, with the alpha helices 
mutant displaying unique conformational dynamics, potentially facili
tating hIAPP binding. Certainly, a conclusive affirmation awaits struc
tural insights obtained from sophisticated techniques like AFM. 

Combining in vitro and in silico data, we propose a comprehensive 
mechanism for Hsc70’s binding to hIAPP monomers and dimers (Fig. 9). 
This binding disrupts the uncontrolled growth of fibrils, thereby delay
ing the nucleation phase of hIAPP aggregation and inhibiting the for
mation and propagation of small soluble oligomers. Our study enhances 
the understanding of protein misfolding and provides valuable insights 

Fig. 8. Hsc70-β-sandwich with hIAPP dimer and Hsc70 + alpha helices with hIAPP dimer. 
A: Per-residue binding probability of hIAPP dimer with Hsc70. Hydrophobic interactions mostly stabilize the binding around residues 11–29 of hIAPP. The 
amyloidogenic region exhibits stronger binding to the chaperone which leads to the formation of extended β-sheet in hIAPP. 
B: Residual secondary structure content of hIAPP dimer with Hsc70. hIAPP shows an increase in the β-sheet content upon binding to Hsc70 chaperones 
compared to the control. The increase in the β-sheet content is prominent in the amyloidogenic binding regions of hIAPP which in turn favors the formation of 
extended β-sheets with the exposed edges of the β-sandwich and also with the N-terminal of the chaperone (see the representative structures). The N-terminal residue 
is shown in sphere. In the case of Hsc70-β-sandwich, the hIAPP dimer can bind on both sides of the exposed β-sheet edges, although one of the β-sheet edges has a 
higher probability for binding. 
C: Intermolecular contact frequency map between Hsc70-β-sandwich and hIAPP. hIAPP forms anti-parallel β-sheets predominantly with β8, β3, and β5 strands 
of Hsc70. Stronger binding to β5 & β8 strands of the chaperone is predicted. The representative structures highlight hIAPP binding to the highlighted β-strands. The 
hot-spot regions of binding within the Hsc70-β-sandwich are color-coded according to the binding probability and hIAPP dimer is colored in grey and violet. 
D: Intermolecular contact frequency map between Hsc70 þ alpha helices and hIAPP. The presence of alpha helices reduces the cross-linking of β-sheets on both 
the exposed edges of the sandwich and the substrate binding domain interface favors stronger binding with hIAPP. hIAPP peptides can form either parallel or 
antiparallel β-sheets, which are stabilized by hydrophobic interactions. The color coding of representative structures is similar to that used in C. 
E: Number of interchain H-bonds formed between hIAPP in the presence of Hsc70. The histogram of interchain H-bonds between hIAPP suggests the peptides to 
have reduced interchain H-bonds in the presence of the chaperone. 
F: Per-residue number of atomic contacts between hIAPP. Similar to the observed trend in interchain H-bonds between hIAPP dimer, the interaction with Hsc70 
chaperone reduces the atomic contacts between hIAPP. This suggests that the chaperone can inhibit intermolecular interactions between hIAPP dimer. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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for potential targeted therapeutic strategies against diseases character
ized by amyloid-related pathogenesis, including metabolic and neuro
degenerative disorders. 
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Fig. 9. The proposed mechanism of the binding of Hsc70 chaperone with 
hIAPP monomer and dimer. 
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