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Abstract

Background: Protein misfolding and aggregation are the main causes of serious diseases; thus the study of mechanism and effec-
tive factors is necessary to find the cure. Since most of the proteins have the ability to produce aggregations, available and non-
infectious proteins can be studied as models. Insulin is one of the best models in this field.
Methods: The current study evaluated the effect of three temperatures of 0°C, 37°C and 47°C and neutral and acidic pH on insulin
structure and misfolding by silico simulation. An insulin structure obtained by nuclear magnetic resonance (NMR) spectroscopy is
simulated by GROMACS package under different conditions. The secondary structure of insulin amino acids was studied in acidic
and neutral conditions.
Results: Based on the study findings the low temperature, 0°C, and acidic condition change the structure more strongly than other
mentioned conditions. The low temperature and acidic conditions seem to have the most misfolding effect on insulin structure. It
is hoped to find more details about the misfolding mechanism and the inducing agents.
Conclusions: Accordingly, it can be concluded that locally low temperatures and acidic conditions are the main suspected reasons
for protein misfolding.
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1. Background

Insulin is the most important hormone that regulates
blood glucose levels in animals. Insulin malfunction leads
to serious metabolic disturbances of diabetes mellitus (1).
In human, the hormone is comprised of 51 amino acids
in two chains; the A chain residues 1 - 21 and the B chain
residues 22 - 51. Native insulin has three alpha helices in
its secondary structure; two in the A chain and one in the
B chain. There is a hydrophobic core of non-polar residues
primarily in B chain that is essential for correct folding of
insulin (2). In insulin tertiary structure, there are three
disulfide bonds, two interchain bridges are made between
A7-B7 and A20-B19 and one intrachain bridges residues of
A6 and A11 simultaneously (3). It should be remembered
that these disulfide bonds take part in protein stability and
functionality. However, any deletions in disulfide bonds
deactivate the hormone (4, 5). Nevertheless, these disulfide
bonds cannot protect insulin at high temperatures. Under
physiological conditions, zinc-coordinated trimers of in-
sulin make dimeric super structures while the absence of
zinc insulin makes dimeric or tetrameric associations (6-
8).

Protein misfolding and aggregation are the main
causes of certain diseases such as Alzheimer, Huntington,
Parkinson and type 2 diabetes (9, 10). To study the mech-
anisms underlying such diseases, non-infective proteins
can be used as a model to aggregate experiments. Cur-
rently, insulin is widely used as a useful model in this
field, both for in vivo and in vitro studies (11). Previous
studies showed that insulin is susceptible to fibrillation at
acidic pH, heating and agitation conditions with rate de-
pendence on the type of acid used and oligomeric status, i
e, high rate of monomeric form (12). It is also shown that at
acidic pH and high temperatures, oligomeric forms of in-
sulin dissociate into monomers, with higher tendency to
aggregate (7, 13). Increase in beta sheets is a common in-
dex for protein aggregation which can be used to follow ag-
gregation and fibrillation (14). Moreover, there are increas-
ing data regarding insulin folding, assembly and dynamics
that help the precise study of structural basis for this phe-
nomenon. For example, coordinate data on protein data
bank (PDB) for insulin aggregates comprise the most excit-
ing data in this context (15).

Copyright © 2016, Ahvaz Jundishapur University of Medical Sciences. This is an open-access article distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in
noncommercial usages, provided the original work is properly cited.

http://jjhres.com/
http://dx.doi.org/10.17795/jjhr-36931


Baheri M and Dayer MR

2. Objectives

The current study aimed to investigate the effect of dif-
ferent temperatures and pH conditions on insulin misfold-
ing. The misfolding of insulin can be the first phase of ag-
gregation. The investigations on protein misfolding and
aggregation can help to find more effective cures for dis-
eases arising from misfolding.

3. Methods

To study the effect of different temperatures and pH
on insulin structure, a full length coordinate structure of
insulin was needed. There were 199 available coordinate
structures for insulin in PDB site. Among these structures,
a wild type structure with PDB ID 1XGL obtained by nuclear
magnetic resonance (NMR) spectroscopy with native con-
formation was selected. The acidic pH and extreme tem-
peratures are well known parameters that threaten pro-
tein stability and promote its misfolding. Molecular dy-
namic simulation experiments provide a reliable tool for
this study. Accordingly, the study carried out molecular dy-
namic experiments on insulin coordinate structure at neu-
tral and acidic pH in three temperatures of 0°C, 37°C and
47°C separately. Insulin molecule was placed in the cen-
ter of rectangular boxes, with dimensions of 3.75 × 4.39
× 3.84 nanometers for each experiment. Then the boxes
were filled with explicit water molecules of SPC/E to mimic
the native aqueous conditions. Acidic pH of the system
was set by aspartate and glutamate in non-ionized state
and assigning positive charges for lysine, arginine and his-
tidine. However, neutral pH was set by considering ion-
izable residues in their ionized forms. To parameterize
the simulated systems for molecular dynamics (MD) cal-
culations the force field of 53A5 in GROMACS 4.5.5 with
double-precision was used constantly. System neutraliza-
tion which is a prerequisite for simulation was checked by
preprocessor engine of GROMACS package and balanced
by adding appropriate counter ions using genion com-
mand in GROMACS package. Energy minimization of the
study systems that guarantee the safe progression of sim-
ulation was set to lower 300 kJ/M. Then, a short bonds-
restrained molecular dynamic of 500 ps was performed
prior to the final molecular dynamic simulation for 50 ns
at one atmosphere total pressure. Other molecular dy-
namic parameters were set as reported before (16). Sev-
eral analyses were done after simulation, including root
mean square deviation (RMSD), root mean square fluctu-
ation (RMSF), Gyrate, solvent accessible surface (SAS) and
hydrogen bonds.

Protein secondary structure alterations were in-
duced by 0°C and acidic pH in the systems was ana-

lyzed on PDBsum (protein data bank summary) website
(http://www.ebi.ac.uk). This website provides the at-
tributed Ramachandran plots. The Ramachandran plots
were analyzed by visual molecular dynamics (VMD) soft-
ware to follow amino acids contribution in protein sec-
ondary structure and misfolding process. All calculations
were performed in Excel and SPSS.

4. Results

The present study carried out six MD simulations, three
in acidic pH at temperatures of 0°C, 37°C and 47°C and
three in neutral pH similarly. The first extracted result
of the simulations was RMSD, shown in Figure 1. As it
shows higher RMSD values for insulin at 0°C and acidic in-
dicate more structural changes of insulin under these con-
ditions. This finding means that acidifying the protein at
0°C induces these structural changes. However Figure 1 re-
veals that the same effect is not observed at 37°C. Increasing
the temperature to 47°C masks these structural changes
probably by increasing kinetic energy that accelerate con-
formational changes behind that excreted by pH. It should
be mentioned that increase in RMSD curve could be inter-
preted as structural alteration, either in the direction of
over folding or unfolding of protein.
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Figure 1. The RMSD Curve for Human Insulin Obtained From Six Simulations Per-
formed at 0°C, 37°C and 47°C, in Both Neutral and Acidic Solutions

The RMSF for protein alpha carbons during simulation
period comprises the useful index for protein flexibility at
each residue. Figure 2A represents RMSF curve for six simu-
lations. Since the curves do not have similar baselines, the
comparison of RMSF curves is not applicable for the cur-
rent study simulations. Therefore, the surface under each
curve and represent the areas in Figure 2B was calculated.
The larger surface under the curve is related to the more
flexibility of protein and vice versa. Expectedly, the flexibil-
ity of protein at 0°C is significantly less than those of other
temperatures; while acidic pH ameliorate this decreased
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flexibility at this temperature. The decrease in protein flex-
ibility at 0°C is obviously related to decrease in kinetic en-
ergy when compared to other temperatures.

Figure 2. A, the RMSF Curve Represents the Changes of the RMSF Obtained in Differ-
ent Temperatures in Both Neutral and Acidic Conditions; B, the Column Graph of the
Area Under the RMSF Curve; the Temperature 0°C Shows Lower Area, Which Means
Lower Kinetic Energy
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It can be a result of over folded structure.

Figure 3 shows time course change in SAS for protein
during simulation period. In confirmation to the current
study results SAS curve shows higher values for protein at
0°C and acidic pH compared to other conditions. The ele-
vated SAS could be interpreted as more structural changes.

Another useful parameter to study the effect of acidity
in this study was the distance between the first hydration
layer and protein backbone or first hydration layer thick-
ness. It is a useful index to follow with protein folding sta-
tus. The increase of this distance known as desolvation
phenomenon occurs while the protein is folding and vice
versa. Figure 4 represents the distance between the first
hydration layer and protein backbone at 0°C. Comparison
of the curves shows the role of acidity in desolvation of in-
sulin protein. But the same effect of acidic pH is not ob-
served at 37°C and 47°C (data not shown).

Secondary structure changes can provide valuable in-
formation about the mechanism of misfolding and aggre-
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Figure3. The SAS Curve for Human Insulin Structure Obtained From Six Simulations
Performed at 0°C, 37°C and 47°C, in Both Neutral and Acidic Solutions
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Figure 4. The Interspace Between the First Hydration Layer and the Backbone
Atoms; in the Acidic pH This Distance is Higher Which Means the Protein is Going
to Fold More

gation. Figure 5 shows the status of each residue dur-
ing the simulation at 0°C. There is an area between two
residues Cys7 and Cys 19, surrounded by two disulfide
bonds, that does not take any specific secondary structure
at neutral pH. This unstructured state continues till the
end of the simulation. Unlike acidic condition the area
takes secondary structures and spends most of the sim-
ulation period in alpha helix or beta sheet structures. It
should be noticed that acidifying the solution increases
the beta sheet content in insulin structure.

Another important point is that the insulin peptide
proceeds to gain more beta sheet structures. These beta
sheets appear mostly in the B chain N-terminal and the A
chain C-terminal.

5. Discussion

Protein aggregation and misfolding are the underling
phenomenon in serious diseases such as Alzheimer and
type 2 diabetes. Insulin is one of the most used models
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Figure 5. The Secondary Structures Analysis of the Human Insulin at 0°C; the First Column Shows the Amino Acid Numbers and Names

 

1 Phe 1 Phe
2 Val 2 Val
3 Asn 3 Asn
4 Gln 4 Gln
5 His 5 His
6 Leu 6 Leu
7 Cys 7 Cys
8 Gly 8 Gly
9 Ser 9 Ser

10 His 10 His
11 Leu 11 Leu
12 Val 12 Val
13 Glu 13 Glu
14 Ala 14 Ala
15 Leu 15 Leu
16 Tyr 16 Tyr
17 Leu 17 Leu
18 Val 18 Val
19 Cys 19 Cys
20 Gly 20 Gly
21 Glu 21 Glu
22 Arg 22 Arg
23 Gly 23 Gly
24 Phe 24 Phe
25 Phe 25 Phe
26 Tyr 26 Tyr
27 Thr 27 Thr
28 Pro 28 Pro
29 Lys 29 Lys
30 Thr 30 Thr

1 Gly 1 Gly
2 Ile 2 Ile
3 Val 3 Val
4 Glu 4 Glu
5 Gln 5 Gln
6 Cys 6 Cys
7 Cys 7 Cys
8 Thr 8 Thr
9 Ser 9 Ser

10 Ile 10 Ile
11 Cys 11 Cys
12 Ser 12 Ser
13 Leu 13 Leu
14 Tyr 14 Tyr
15 Gln 15 Gln
16 Leu 16 Leu
17 Glu 17 Glu
18 Asn 18 Asn
19 Tyr 19 Tyr
20 Cys 20 Cys
21 Asn 21 Asn

AcidicNeutral

Next column shows the times, each 5 ns. The red color represents beta sheet, pink almost allowed for beta sheet, dark blue alpha helix, and light blue for almost allowed for
alpha helix. The non-colored regions represent the random coiled areas. Eventually Cys7 - Cys19 does not take any specific secondary structures. This area is surrounded by
two disulfide bridges.

in misfolding and aggregation studies. The present study
simulated insulin structures at three temperatures of 0°C,
37°C and 47°C in neutral and acidic pH conditions to ex-
plore aggregation inducing agents. The results of the sim-
ulation are represented by molecular parameters. As re-
ported before, analysis of the current study RMSD curves
indicates the important role of low pH and temperatures
as well as high temperatures on the structural changes
during the simulation period (17). The study data indi-
cate that at 0°C the acidic pH insulin shows higher RMSD
values compared to that of neutral condition, probably
because of higher structural alterations in such circum-
stances, the structural alterations are interpreted as pro-
tein misfolding and aggregations (18). Increased RMSD val-
ues and structural disturbance at high temperature of 47°C
may be due to the high kinetic energy at this condition re-
gardless of pH condition.

The misfolding process does not necessarily mean pro-

tein unfolding. Instead, misfolding may be manifested as
protein partially unfolding or over folding through pro-
tein turnover in cells.

During misfolding event, one of the characteristics
which changes during this process, is the protein flexibil-
ity degree. Protein flexibility index, RMSF, is a useful pa-
rameter to follow with the protein misfolding (19). De-
creased RMSF at 0°C could be considered as decreased pro-
tein flexibility, which implies protein over folding. Ex-
pectedly, the flexibility of protein is significantly higher in
acidic pH than neutral condition (P < 0.05) that can give
protein the ability to experience more alterations that fa-
cilitates protein over folding. In fact the RMSD and RMSF
results confirm the insulin over folding and misfolding si-
multaneously.

Another usable index in survey on misfolding is SAS
area of the protein. The results of SAS parameter calcula-
tion in the current simulations indicate a significant in-

4 Jentashapir J Health Res. 2016; 7(4):e36931.

http://jjhres.com/


Baheri M and Dayer MR

crease at 0°C and in acidic condition, which expectedly
confirms structural changes of protein that leads to mis-
folding.

As already reported, all calculated molecular parame-
ters in the study confirmed the misfolding of insulin at 0°C
and in acidic condition (20, 21). Unlike the study by Ka-
chooei et al. the current study found that low temperature
in presence of low pH can affect the insulin structure sim-
ilarly or even more than high temperature (21). For more
assurance, the study analyzed the thickness of first hydra-
tion layer. Increase of the distance between first hydration
layer and backbone of protein shows that protein is mis-
folding, actually by over folding. To find out what regions
are playing the critical role in over folding, analyses of the
secondary structures were necessary. The region between
residues Cys7 and Cys19 has the largest changes during
acidification. The mentioned region that is surrounded by
a disulfide bond can be a valuable point for more investi-
gation about protein misfolding and aggregations, as well
as the increase of total beta sheets.

The current study results confirmed several similar
studies. Whittingham et al. worked on the conditions that
promote the insulin misfolding. They confirmed the effect
of acid and temperature on the insulin structure that can
lead to misfolded aggregated insulin. One of the proper-
ties of the misfolded insulin was the increase in beta sheet
structures (12).

Insulin is one the most studied proteins in biochem-
istry. Since 1922, after extraction, it became a popular
molecule to study various factors (12). Recently, insulin be-
came a popular model to study protein misfolding. The
current study also used insulin as a suitable protein to in-
vestigate the effect of misfolding agents. Similar to the pre-
vious reports, the current study results showed the certain
effect of temperature and acidity on protein misfolding.
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