
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 3
:2

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
De Novo designe
Department of Biophysics, Bose Institute, P

Kolkata 700054, India. E-mail: subhro_c@j

† Electronic supplementary informa
10.1039/d0ra00832j

Cite this: RSC Adv., 2020, 10, 14991

Received 28th January 2020
Accepted 18th March 2020

DOI: 10.1039/d0ra00832j

rsc.li/rsc-advances

This journal is © The Royal Society o
d 13 mer hairpin-peptide arrests
insulin and inhibits its aggregation: role of OH–p
interactions between water and hydrophobic
amino acids†

Meghomukta Mukherjee, Nilanjan Banerjee and Subhrangsu Chatterjee *

Background: Protein aggregation in the cellular systems can be highly fatal causing a series of diseases

including neurodegenerative diseases like ALS, Alzheimer, Prion Diseases, Parkinson's and other diseases

like type II diabetes. To date, there is no crucial mechanism invented that shows how a protein molecule

unfolds or misfolds. Insulin fibrillation in type II diabetes is an alarming event that brings every year

deaths of millions of people around the globe. Pharmaceutical companies are still in the cultivation of

finding newer therapeutic agents which halt/impede insulin aggregation to combat diabetes II and

improve the patient's life expectancy. Methods and Results: Here in this report, we have engineered four

short 13 mer peptides (N-term-DMYY-RYNGKVWWR ; N-term-DITT-RYNGKVWWR ; N-term-DIFF-

RYNGKVWWR ; N-term-KVYY-RYNGKVWWR ) which target monomeric insulin in its globular form. The

de Novo designed peptides are found to be non-cytotoxic in human HEK293 cells. Among these four

peptides, only DITT-RYNGKVWWR showed complete inhibition of insulin fibrillation, whereas DIFF-

RYNGKVWWR and DIYY-RYNGKVWWR and KVYY-RYNGKVWWR lost their functionality to impede

insulin aggregation to a great extent. High-resolution multi-dimensional NMR experiments portrayed the

13 mer sequences of peptides in the beta-hairpin forms. A series of biophysical techniques like CD, ThT

assay, DLS, SEM, ITC, size-exclusion chromatography, and molecular dynamics simulation strongly

evidenced inhibition of insulin fibrillation by N-term-DITT-RYNGKVWWR ; compared to those by the

other peptides. Conclusion and significance: Here we tried to unravel how DITT-RYNGKVWWR could

impede insulin fibrillation.
1. Introduction

Protein aggregations have been found to be associated with
many human diseases such as Alzheimer's disease, Creutzfeld-
Jacob, type-2 diabetes, Parkinson's, etc.1,2 The protein aggre-
gates to form amyloid plaques under several environmental
conditions.3,4 This amyloid bril formation undergoes several
stages-including aggregation of soluble oligomers, the forma-
tion of protobrillar structure and their assembly to mature
brils.5,6

Insulin is a globular protein hormone that has several
functions including regulation of lipid synthesis, regulation of
enzymatic activity but the majorly it regulates glucose metabo-
lism in cells.7,8 Insulin has the propensity to undergo aggrega-
tion in its partially unfolded state.9–11 The previous report states
that in Parkinson's disease affected type II diabetic patients;
1/12 CIT, Scheme VII M, Kankurgachi,
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f Chemistry 2020
insulin starts to aggregate and deposits into the cells.12 In vitro
studies proposed by Walsh G. et al. states that insulin aggre-
gation disables the normal insulin function i.e. regulating the
cellular glucose level and thus concealing the therapy for type 2
diabetes.13 In fact, regular intravenous injection of insulin
results in its deposition into the dermal site of injection. This
condition is known as ‘amyloidoma’.14 In such a condition,
insulin becomes futile for treating diabetes.15

It is known that heat treatment of insulin, (especially in
acids), results in the formation of insulin brils.16 This process
of bril formation involves nucleation, growth, and precipita-
tion and is dependent on pH (in the acid range) and the type of
acid in which brils are formed. Insulin brils are long and
unbranched with a marked degree of variations in the cross
section.17,18 Few reports propose the specic interactions
(between the amino acid residues) that lead to insulin brilla-
tion which induce insulin dimerization.9,24,25 There have been
many reports on the prevention of brillation of insulin by
organic and inorganic molecules,20–23 however, little is known
about the underlying molecular mechanisms of inhibition of
insulin bril formation. Identication of the interacting
RSC Adv., 2020, 10, 14991–14999 | 14991
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domains in the aggregates has been the subject of research for
many years.19

Insulin unfolding is initiated from the C-terminal of B-chain.
According to Hua et al. partial unfolding in B-chain increases
the possibility of aggregation by exposing the non-polar side
chains.9 Residues responsible for such brillations are Phe1(B),
Val2(B), Leu6(B), Phe24(B), and Tyr26(B). Eisenberg et al. sug-
gested that the smallest fragment of B-chain 11-LVEALYL-17 (B)
is responsible for the initiation of insulin aggregation. Brange
et al. reports that desoctapeptide-(B23–B30) and despentapep-
tide-(B26–B30) are able to form brils.19,26

Designing peptide sequence which targets protein–protein
interaction is a promising approach for drug designing. A study
indicated that when b-strands are localized at the edge of b-
sheets containing proteins they are found to prevent further
bril formation.27,28 Based on this idea we designed these 13-
mer b-hairpin peptides and hypothesized that these peptides
might interact with protein that has a tendency to brillate in
some environmental condition and impedes its brillation
process. DITTRYNGKVWWR sequence was rst idealized from
1,4 a-glucan branching enzyme. Aer choosing the sequence we
made some selective modication to bring the perfect beta-
hairpin structure. This sequence also fullls the criteria to be
a beta-hairpin peptide by maintaining the hydrophobic/
hydrophilic ratio. We further modied the rst four amino
acid of the parent sequence and designed three more sequences
that form the beta-hairpin structure. Since there was the
previous report that states beta-hairpin peptides act as an
inhibitor for amyloid formation,29 it was our concern to nd out
the structural specicity of the beta-hairpin peptides which
inhibits the brillation process. We kept the 9 residues
RYNGKVWWR constant because the YNGK sequence helps in
the formation of the beta-turn where VWWR formed beta-
strand. Keeping this in mind cultivation of therapeutic agents
targeting the C-terminal of B-chain of insulin would be of high
interest to arrest insulin in its globular form and impede its
aggregation to develop brils. The b-turn sequence was taken
from the previous experiment.29 The proteolytic degradation in
the cellular system and membrane permeability limits the
larger sized peptides to become a drug. So, in that case, small-
sized peptides are desirable. To investigate the efficacy of four
peptides against insulin a series of biophysical experiments
have been performed. Isothermal Titration Calorimetry was
ThT Assay was performed to check if the peptide can arrest the
insulin bril formation, CD spectroscopy was employed to
check the secondary structural changes of insulin upon peptide
binding, dynamic light scattering, nuclear magnetic resonance
spectroscopy for peptide structure determination, saturation
transfer difference NMR spectroscopy, SEM, size exclusion
chromatography was executed. XTT assay was performed to
evaluate the cytotoxicity of the peptides.

2. Methods and materials
2.1 Reagents

All the reagents for peptide synthesis were from Sigma and
Merck. The bovine insulin is from Sigma.
14992 | RSC Adv., 2020, 10, 14991–14999
2.2 Peptide synthesis

The four peptides were synthesized in solid-state peptide
synthesizer from Aapptec endeavor 90. All the amino acids are
F-moc linked. PyBOP was used as an activator of the reaction
during peptide synthesis. We used DIPEA (N,N-diisopropyle-
thylamine) as a base of the reaction. Also, the coupling reagent
was DMF (N,N-dimethylformamide) and the de-coupling
reagent was 20% piperidine. All the four peptides were
synthesized and to provide stability to these peptides during
synthesis it was acetylated at the end of the synthesis. The
synthesized peptides were cleaved from the resin and side chain
blockers by cleaving with triuoroacetic acetic acid, anisol,
phenol, tri-isopropanol saline. Then all the peptides were
puried by reverse-phase HPLC. The puried peptides were
further used to study insulin brillation.

2.3 ThT-assay

Thioavin-T is a dye specic for the detection of brillation of
proteins. It has an excitation wavelength at 440 nm while the
emission wavelength at 480 nm. We prepared insulin in the
citrate–phosphate buffer, pH 2.6. The concentration of insulin
was 350 mM. All the four hairpin peptides were co-incubated
with insulin monomers at the very beginning of the experi-
ments. At several time intervals, the data were collected.

2.4 Circular dichroism

Secondary structural change of insulin over time was analyzed
from circular dichroism. Insulin is a globular protein that
shows a helical structure at 222 nm and 208 nm. All the spectra
were analyzed by Jasco 815 circular dichroism spec-
tropolarimeter at 25 �C. The nal concentration of insulin was
350 mM. The scanning wavelength was from 200 nm to 260 nm.
The speed of each scan is 100 nm s�1 and bandwidth 1 nm. The
results of each spectrum were an average of 3 scans. Buffer's
spectra were subtracted from the insulin spectra. All the spectra
measured were time-dependent.

2.5 SEM (scanning electron microscopy)

Scanning electronmicroscopy is a low resolution instrument for
taking images of a molecule's morphology. Insulin samples
were prepared in 1 mM, 5 mM, and 10 mM concentration.
Samples were coated with gold in Edward's S150 Sputter Coater
before scanning. Finally, images were taken using the FEI
QUANTA 200 scanning electron microscope. Insulin was mixed
with the all four hairpin peptides in 1 : 1 ratio.

2.6 DLS (dynamic light scattering)

DLS studies were performed on Malvern nano dynamic light
scattering equipment. The insulin sample was taken at
a concentration of 350 mM in the presence and absence of
hairpin peptides for analysis. All the samples were ltered
through a microlter containing a pore size of 0.2 mM.

The measured size was presented as the average value of 25
runs. Dynamics 7.10.0.10 soware at optimized resolution was
used for data analysis. The mean hydrodynamic radius (Rh) and
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 De Novo designed 13-mer peptides.
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polydispersity (Pd) were estimated on basis of an autocorrela-
tion analysis of scattered light intensity based on translational
diffusion coefficient, by Stokes–Einstein equation: Rh � KT ¼
6pgD250CW where Rh is the hydrodynamic radius, k is the
Boltzman's constant, T is the absolute temperature, g is the
viscosity of water and D25uC w is the translational diffusion
coefficient.
2.7 Isothermal calorimetric titration

ITC experiment was carried out in 25 �C in VP ITC micro calo-
rimeter equipment. The insulin solution was taken in the cell and
hairpin peptides were taken in the syringe and the buffer was
taken in the reference cell. We performed the experiment in
citrate–phosphate buffer pH-2.6. The insulin solution was stirred
Fig. 1 (a) ThT-assay of insulin, insulin in presence of B2T_YY, B2T_TT, B2
of all peptides, (c) initial stage (0 min) of insulin and insulin presence of
complex after 800 min of heat incubation.

This journal is © The Royal Society of Chemistry 2020
at 300 rpm by the syringe. This titration of insulin with B2T
peptides was performed of a total of 14 injections. The rst
injection was of 1 : l, which was not assumed in analysis, and
remaining all the injections were of 3 ml. The heat of dilution was
subtracted from the main titration data. Aer the equilibration
was reached, then only the titration was started. All the data were
analyzed in origin soware. The heat change (DG) and the entropy
change (DS) were calculated from the thermodynamics law
equation. The buffer was subtracted from the results.
2.8 Size exclusion chromatography

Size exclusion chromatography was performed at room
temperature in the Biorad torosh column. The insulin was
taken in 1 mgml�1. Hairpin peptides were added in a 1 : 1 ratio.
Three samples were separately run in the column. The total
column volume was 50 ml. The void volume of the column was
15 ml. We start collecting the sample aer the void volume was
released. A total of 50 ml of the sample was collected from the
column for each sample.
2.9 NMR (STD, TOCSY, and NOESY)

For performing STD NMR we prepared samples in 99.0% D2O
and the pH was adjusted as per requirement. NMR is a high-
T_FF, and B2T_KV up to 800min of incubation at 62 �C. (b) CD spectra
all four peptides and (d) CD spectra of insulin and all insulin peptide

RSC Adv., 2020, 10, 14991–14999 | 14993
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Fig. 2 SEM images of (a.i) Insulin after 800 min of heat incubation at 62 �C, (a.ii) insulin–B2T_FF complex after 800 min of heating, (a.iii) insulin–
B2T_TT complex after 800 min of heating, (a.iv) insulin–B2T_KV complex after 800 min of heating, (a.v) insulin–B2T_YY complex after 800 min
of heating, and (a.vi) insulin before heating at 62 �C.
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resolution spectroscopy technique used to detect the structure,
dynamics, and interactions between molecules. We carried out
this NMR technique to check the molecular interaction between
insulin and MB. All NMR spectra were recorded using a Bruker
AVANCE III 500 MHz spectrometer equipped with a 5 mm
SMART probe at 298 K. Data acquisition and processing were
performed using Topspin 3.1 soware. All NMR samples were
prepared in 50 mM citrate–phosphate buffer, containing 10%
D2O and using TSP as an internal standard (0.0 ppm). Insulin
powder was dissolved in 600 ml citrate–phosphate buffer (pH-
2.6) with D2O and TMS with it. STD NMR was done for three
samples, reference, in the presence of insulin and in the
absence of insulin. We performed the STD NMR experiment to
nd out the possible residues of the hairpin peptides interact-
ing with the insulin monomer.
2.10 Docking

Docking was used by using online peptide docking soware
Z_DOCK.30 10 predicted docked models were given with REMD
value by this server. The most common pose among the 10
models was chosen for a further simulation run.
14994 | RSC Adv., 2020, 10, 14991–14999
2.11 Molecular dynamics simulation

Overall 5 systems were considered for simulation analysis i.e. all
four peptides complexed with insulin and insulin in an
unbound form. Simulations were performed with AMBER14.
General Amber Force Field (GAFF)31 which uses simple
harmonic function and ff14SB forceeld32 was used for
parameterization of peptide–insulin complex. All systems were
neutralized by adding counter-ions and further solvated with
a 14�A TIP3PBOX water model. The standard protocol of AMBER
simulation was followed; two-step minimization, heating for 50
ps at 300 K, and equilibration phase for 1 ns. The macroscopic
parameters like density, temperature, and RMSD of all the
systems were equilibrated prior to production run. Equilibrated
systems were used for further production run of 100 ns on an
NPT ensemble at 300 K temperature and 1 atm pressure, with
a step size of 2 fs.
2.12 Cell culture

HEK293 (gied from Dr Samit Chattopadhay, Indian Institute
of Chemical Biology) were maintained in complete DMEM
(Himedia; AL007G) media, supplemented with 10% FBS (fetal
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 DLS data of insulin and insulin–B2T_YY complex (a.i), insulin and insulin–B2T_TT complex (a.ii), insulin and insulin–B2T_FF complex (a.iii)
and insulin and insulin–B2T_KV complex (a.iv) 0min and 800min of incubation. ICT data of insulin and B2T_YY, B2T_TT, B2T_FF and B2T_KV (b.i
to b.iv respectively).
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bovine serum), 1% penicillin and 1% streptomycin in a fully
humidied incubator at 37 �C and 5% CO2/95% air.
2.13 XTT assay

HEK293 cells were grown in DMEM medium supplemented
with 10% FBS, 1% penicillin and 1% streptomycin. Cells were
seeded into 96-well culture plates at a density of 1 � 104 cells
per well and cultured overnight at 37 �C and 5% CO2/95% air in
a humidied incubator. The cells were then treated with varying
concentrations of peptides (1 mM, 5 mM, 10 mM, 25 mM and 50
mM) in triplicate condition and incubated for 24 hours. The XTT
dye (Cell Signalling) at a prescribed concentration was added
aer 24 hours and again incubated at 37 �C for 3 hours. The
optical density of each well was then read at 450 nm using a BR
Biochem Microplate Reader. The percent of cell viability of
treated cells was calculated by the following equation:

(Atested � Amedia control)/(Adrug-free control � Amedia control) � 100%

where A is the mean value calculated by using the data from
three replicate tests.
3. Results and discussion

The purpose of the current study is the inhibition of insulin
brillation by de novo designed 13-mer peptides. The four 13-
mer de novo designed peptides are N-DMYYRYNGKVWWR -C,
N-DITTRYNGKVWWR -C, N-DIFFRYNGKVWWR -C, and N-
This journal is © The Royal Society of Chemistry 2020
KVYYRYNGKVWWR -C which are denoted here in this study as
B2T_YY, B2T_TT, B2T_FF, and B2T_KV respectively (Scheme 1).

3.1. Kinetics of insulin brillation and morphology analysis
study by ThT-assay and SEM

ThT assay is one of the most effective and quantitative assays to
evaluate amyloid bril formation. From ThT-assay we observed
that among the four hairpin peptides B2T_YY, B2T_FF, and
B2T_KV showed an inducing effect on insulin brillation,
whereas B2T_TT showed an inhibitory effect on insulin bril-
lation. B2T_TT showed the efficiency to delay the lag phase of
insulin brillation even aer 800 min of incubation at 62 �C. In
contrast, B2T_YY and B2T_FF stimulated insulin brillation by
shortening the lag phase (Fig. 1a). Surprisingly B2T_KV desta-
bilized insulin and promoted its brillation to a high extent.
Insulin peptide 1 : 1 complex structures were monitored
through SEM. Aer 800 min of incubation, there was no brils
observed in the insulin–peptide (B2T_TT) complex, while others
showed visible morphology like brils (Fig. 2a.i–vi).

3.2. Structural transition of insulin and increment of the
size of oligomers during brillation study by CD and DLS

To attain more gravity in the resolution of insulin–peptide
complex we investigated the secondary structural changes of
insulin by CD spectroscopy in presence of the peptides. Insulin
in presence of B2T_YY, B2T_FF, and B2T_KV showed majorly
helices structure at the initial stage (0 min) of the incubation
(Fig. 1c). Aer 80 0 min of heat incubation, we observed that
RSC Adv., 2020, 10, 14991–14999 | 14995
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Fig. 4 (a) Noesy spectrum of B2T_TT. (b) Ensemble structure of B2T_TT calculated fromCYANA. (c) Comparison of two different types of hairpin
structure formed by B2T peptides (ci- B2T_TT and cii-B2T_KV), the orientation actually making B2T_TT a potent inhibitor of insulin fibrillation.
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insulin co-incubated with B2T_YY, B2T_FF, and B2T_KV
showed a loss of helices and an increment of random coils and
b-sheet structures while B2T_TT maintains the native insulin
structure (Fig. 1d). The percentage of helices, beta-sheets, and
random coils are listed in ESI Table 1(i)–(iv)† DLS data also
showed a size increment of insulin in the presence of B2T_YY,
B2T_FF, and B2T_KV while no changes in the presence of
B2T_TT (Fig. 3a.i–iv) were observed.

3.3. Study of interaction between insulin and hairpin-
peptides by ITC and SEC

For a better understanding of inhibition of insulin brillation,
we performed ITC and size-exclusion chromatography to nd
out the interaction between insulin and hairpin peptides
(Fig. 2b.i–iv and ESI Fig. 5†). We get a sequential binding nature
of B2T_TT with insulin monomers with Ka1¼ 2.3� 104 M�1, Ka2

¼ 6.01 � 104, Ka3 ¼ 4.16 � 104 and Ka4 ¼ 2.16 � 104 M�1

(Fig. 3b.iii) indicates (1 : 4) insulin-B2T_TT complex may
require for the inhibition. Our previous experiment suggested
that insulin: B2T_TT ratio is sufficient to inhibit the brillation
process of insulin. Insulin: B2T_YY, insulin: B2T_FF and
insulin: B2T_KV showed a lower dissociation constant (Fig. 3b.i,
b.ii and b.iv) compared to that of insulin: B2T_TT complex. All
14996 | RSC Adv., 2020, 10, 14991–14999
other thermodynamic parameters are listed in ESI Table 2a–d.†
SEC data suggested that B2T_TT inhibits the brillation process
of insulin in 1 : 1 complexation, as insulin: B2T_TT complex
elutes latter. As the brillation occurs and the size of the
complexes increases all other peptide insulin complexes
(insulin: B2T_YY, insulin: B2T_FF and insulin: B2T_KV) elute at
the beginning of the chromatographic run in SEC (ESI Fig. 5†).

3.4. Structural adaptation of all four peptides by TOCSY-
NOESY NMR spectroscopy

The four hairpin structure has a common C-terminal nona-
meric sequence RYNGKVWWR : The First 4 residues were
modied in the 13-meric peptide. B2T_YY contains DMYY,
B2T_TT contains DITT, B2T_FF contains DIFF and B2T_KV
contains KVYY. B2T_TT differs from B2T_YY by three residues
(ITT), B2T_FF by two residues (FF) and B2T_KV by four residues
(DITT). We have observed two different types of beta-hairpin
structures that were adopted by the four peptides (Fig. 4 and
ESI Fig. 1–3†). B2T_TT and B2T_YY adopt a specic hairpin
structure with identical fold type where the carboxyl group of
11Trp has interacted with amide group of 4Thr and 4Tyr
respectively. This structural orientation inuences the side
chain of the arginine residues in the 5th position to reside in
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) B2T_TT interacting with insulin's B-chain. (b) The residues of B2T_TT involved in the interaction, (c) 0 ns, 10 ns, 40 ns, 70 ns and 100 ns
md simulation run structures of insulin–B2T_TT complex showing peptide binding throughout the 100 ns of md simulation. (d) STD NMR of
B2T_TT.
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such a position that it can bind with insulin A-chain residue
13Leu. Quite the reverse, B2T_FF and B2T_KV show similar
hairpin structures just the opposite conformation than the
previous type. In both B2T_FF and B2T_KV, the position of
11Trp is quite different than the B2T_TT and B2T_YY. The
carboxyl group of 11Trp is faced towards the outer surface
protruding out causing no signicant hydrogen bonding
between the amide group of 4Phe and 4Tyr respectively. More-
over, (H2O) OH–p the interaction between 3Phe/4Phe/3Tyr/4Tyr
and surrounding H2Omolecules (ESI Fig. 1b & c; 2b & c; 3b & c†)
is the predominant factor in stabilizing the beta-hairpin
conformation causing 3Phe and 4Tyr residues more dynamic
in the water medium, which was missing in case of B2T_TT
peptide where 3T and 4T residues repel water molecules
keeping the peptide less dynamics and restricting arginine
residues on 5th position to arrest the A-chain of insulin. For the
former two, B2T_FF and B2T_KV due water-induced dynamicity
of 3Y/F, 4Y/F capturing the B chain of insulin by these peptides
are in vain.

3.5. The mechanism behind insulin–peptides interaction
study by STD-NMR spectroscopy and molecular dynamics
simulation

From a mechanistic perspective, it has been observed that the
binding of B2T_TT with an insulin monomer prevents the
insulin brillation process. From previous reports, it is
conrmed that during insulin brillation the C-terminal of B-
This journal is © The Royal Society of Chemistry 2020
chain (residue 45–50) opens up so that all the hydrophobic
residues become exposed and the residues can bind to other
residues to forms aggregates.20,33 Under this consideration, the
opening of the C-terminal of B-chain has to be prevented for
further dimerization or oligomerization. To study the details
mechanism of peptide–insulin interaction we performed STD-
NMR (Saturation Transfer Difference) NMR spectroscopy and
molecular dynamics (Fig. 5a–d, 3b–c and ESI Fig. 1–3†).
Molecular dynamics suggest that 5Arg, 6Tyr, 7Asn, and 8Gly of
B2T_TT forms hydrophobic interactions and van der Waals
interaction between 41Gly, 38Leu, 35Ala, 34Glu respectively of
B-chain of insulin. The 5Arg of B2T_TT interacts with 13Leu A-
chain of insulin. This is the crucial binding where 5Arg residues
playing the major role of stabilizing insulin monomer. All these
possible bindings suggest that B2T_TT stabilizes the opening of
the C-terminal of B-chain as well as occupying all the epitopes
for brils of insulin monomer (30-SHLVEA-35)20 that were
responsible for dimerization. B2T_TT binds with the C-terminal
of the B-chain so that insulin remains in the same conformation
without exposing its hydrophobic core. 12Trp and 11Trp of
B2T_TT bind with B41 and B40 respectively which belong to the
helix of B-chain. This helix has the tendency of losing its helicity
and forming b-sheet34,24. Thus, B2T_TT binds with insulin
monomers in a clump like structure. This clump structure
blocked the residues majorly involved in the insulin brillation
process, by stabilizing the exibility nature of those residues.
From STD-NMR also it is conrmed that 4Thr, 11Trp, 5Arg,
RSC Adv., 2020, 10, 14991–14999 | 14997
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Fig. 6 (a) XTT assay data of B2T_YY, (b) XTT assay data of B2T_TT and (c) XTT assay data of B2T_FF and (d) XTT assay data of B2T_KV. 1 ¼
Controls, 2 ¼ 1 mM, 3 ¼ 5 mM, 4 ¼ 10 mM, 5 ¼ 25 mM and 6 ¼ 50 mM concentration of each peptides.
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8Gly, 6Tyr, 13Arg and 9Lys of the peptide bind to insulin
monomer (Fig. 5d). The two Thr residues form a ‘S’ shaped
conformation within the hairpin structure making the Arg5
more stable and anchors to staple the A-chain of insulin so that
the bindings between RYNG of B2T_TT with a helix of B-chain of
insulin remains stable. Also, a very strong hydrogen bonding
was found between 8Gly and 9Lys of B2T_TT with 37Tyr and
38Leu respectively. We found all these interactions all along the
100 ns of simulation run (Fig. 5c). All the total 100 ns of MD
simulation of insulin and insulin–peptides complexes are
shown in ESI Fig. 7a–e.†

We have run 100 ns MD simulation of insulin and insulin–
peptide complexes. We have calculated the RMSD value and
RMSF value from the total run. The RMSD value implies the
stability of insulin and insulin–peptide complex and RMSF
value implies the total uctuation of residues of insulin. Insulin
shows an increasing RMSD value for 60 ns. The RMSD value
rises up to 8.5 �A. Aer 60 ns the RMSD value uctuates and
gradually decreases to 4 �A. Insulin–B2T_TT complex shows
a low RMSD value for 45 ns and then rises to 4�A and was stable
for 100 ns indicating B2T_TT upon binding stabilizes insulin
(ESI Fig. 4a†). Insulin–B2T_YY complex, insulin–B2T_FF
complex and insulin–B2T_KV complex shows high RMSD value
which indicates these peptides are not efficient to stabilize
insulin. The RMSF value was also shown in ESI Fig. 4b.†
3.6. Cell toxicity assay of all four peptides by XTT-assay

Finally, we examine the cytotoxic effects of the peptides; we have
treated HEK293 cell lines with B2T_YY, B2T_TT, B2T_FF, and
14998 | RSC Adv., 2020, 10, 14991–14999
B2T_KV with increasing concentration gradient (0–50 mM) for
24 hours, and monitored cell proliferation by XTT assay. There
has been no marked reduction in cell proliferation aer 24
hours of treatment. All these four peptides induce meager to no
cytotoxicity to HEK293 cells even at 50 mM (cell viability-95.6%,
89.9%, 82.5%, and 89.5% respectively) concentration (Fig. 6).
These non-toxic natures of the peptides establish them as a safe
and tolerant drug for normal tissue use.
4. Conclusion

In conclusion, from thioavin T assay, CD spectroscopy and
DLS we can say that insulin upon binding with B2T_TT delays
insulin brillation process even aer 800 min of heat incuba-
tion. SEM images suggest that there are no such morphological
changes in the presence of B2T_TT in the insulin–peptide
complex (insulin: B2T_TT). Here in this study, we designed such
a beta-hairpin structure that binds with insulin monomers and
prevents its brillation process. Our study has two signicant
prospects: (a) In future this type of peptide will open the path
for treating different types of diseases caused by protein
aggregation and (b) this type of peptide can be used as an
insulin stabilizer. Therefore, we can suggest that beta-hairpin
peptide can be used as a therapeutic drug in the future.
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