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ABSTRACT: Insulin, a simple polypeptide hormone with huge
biological importance, has long been known to self-assemble in
vitro and form amyloid-like fibrillar aggregates. Utilizing high-
resolution NMR, Raman spectroscopy, and computational analysis,
we demonstrate that the fluctuation of the carboxyl terminal (C-
ter) residues of the insulin B-chain plays a key role in the growth
phase of insulin aggregation. By comparing the insulin sourced
from bovine, human, and the modified glargine (GI), we observed
reduced aggregation propensity in the GI variant, resulting from
two additional Arg residues at its C-ter. NMR analysis showed
atomic contacts and residue-specific interactions, particularly the
salt bridge and H-bond formed among the C-ter residues Arg31B,
Lys29B, and Glu4A. These inter-residue interactions were reflected in strong nuclear Overhauser effects among Arg31BδH−Glu4AδH
and Lys29BδHs−Glu4AδH in GI, as well as the associated downfield chemical shift of several A-chain amino terminal (N-ter)
residues. The two additional Arg residues of GI, Arg31B and Arg32B, enhanced the stability of the GI native structure by
strengthening the Arg31B, Lys29B, and Glu4A salt bridge, thus reducing extensive thermal distortion and fluctuation of the terminal
residues. The high stability of the salt bridge retards tertiary collapse, a crucial biochemical event for oligomerization and subsequent
fibril formation. Circular dichroism and Raman spectroscopic measurement also suggest slow structural distortion in the early phase
of the aggregation of GI because of the restricted mobility of the C-ter residues as explained by NMR. In addition, the structural and
dynamic parameters derived from molecular dynamics simulations of insulin variants highlight the role of residue-specific contacts in
aggregation and amyloid-like fibril formation.

■ INTRODUCTION

Protein misfolding has become a topic of high-thrust research
in biophysics and medicine because of the prevailing number
of amyloid diseases.1 Clinical conditions such as Alzheimer’s,
Parkinson’s, and Huntington’s disease, as well as lifestyle
disorders such as type II diabetes, are associated with the
aggregation of normally soluble proteins into insoluble amyloid
fibrils.2 Importantly, diabetes has become endemic in several
regions, affecting about 300 million people globally.3 Diabetes
management strategies include administration of insulin
secretagogues and/or subcutaneous injection of insulin.
Hence, maintaining insulin stability and identifying reasons
behind its misfolding into nonfunctional amyloid fibrils are
vital because of its clinical importance. Consequently, the
clinical relevance of insulin has garnered the interest of many
groups to explore the structural and kinetic aspects of its
fibrillation process.4−8

Human insulin (HI) is a key hormonal protein and plays an
important role in the regulation of glucose homeostasis.9

Insulin is, however, amyloidogenic in nature and produces
fibrillar aggregates under favorable solution conditions such as

low pH and high temperature.10,11 Futhermore, other
amylodogenic proteins, like hiapp and ab40 mutants, have
shown to alter aggregation behavior.12−16 The mechanism of
insulin fibril formation is a complex process. Previous studies
have demonstrated that insulin initially forms a multimeric
complex, in dynamic equilibrium with monomers.17 In the
multimers, insulin essentially retains the structure of the
monomer;18 however, long exposure to an environment-
favoring aggregation ultimately leads to misfolding of the
protein and produces amyloid-like fibrillar aggregates.
While the fibril formation and its structural characterization

are well reported, the knowledge of early events during insulin
fibrillation is still obscure. Previous reports have shown that
early insulin aggregates form a molten globule-like19,20 state
with the partial loss/modification of tertiary structure while
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retaining most of its secondary structure. This is considered as
a key event in the early stage (lag phase) of fibril formation and
accelerates hydrophobic collapse of favorable protein segments
that lead to the formation of highly stable and well-ordered β-
sheet-rich amyloid fibrils.21,22 However, the formation of the
molten globule-like state depends on the native structure of
insulin and the severity of the solution condition.
The goal of the present work was to dissect the relationship

between the native structures of three insulin variants and
explore the factors taking part in their stability: bovine insulin
(BI), HI, and modified glargine insulin (GI). We observed how
structural instability influences the formation of molten
globule-like state and, in turn, fibrillation which proceeded
via nucleation through oligomeric intermediates.23 We
addressed this issue by comparing the structural features of
BI, HI, and GI in order to identify how structural and sequence
similarities determine their thermal stability. Using high-

resolution NMR and Raman spectroscopy, we observed the
atomic resolution dynamics of the C-ter of insulin B-chain.
Importantly, GI has two additional Arg residues at the C-ter
end of its B-chain (Figure 1A), which increases its pI to 6.7
(compared to HI which has a pI of 5.4),24 making it less
soluble at physiological pH. While it is known that Arg25 may
increase the thermal stability in proteins of thermophiles,26−29

there is a lack of knowledge with respect to the effect of C-ter
Arg residues on GI structure and the resultant effects that this
may have on the prolonged activity in the human body.
Moreover, we found that there is a key salt bridge between the
residues Glu4A and Lys29B that restricts the flexibility and
preserves the stability of insulin. Our results show that GI
resists the formation of oligomers via a stabilization of Glu4A−
Lys29B, while this is not the case for BI and HI.

Figure 1. Comparison of kinetics of BI, HI, and GI insulin variants. (A) Sequence alignment showing the residue-specific differences (red) or
additional residues (blue). (B) ThT kinetics of (mean ± SD of three independent experiments) 350 μM of BI (black), HI (red), and GI (blue) in
20% acetic acid (pH 1.9) incubated at 335 K. Aliquots were drawn from fibrillating samples at regular intervals, and the normalized fluorescence
intensities were plotted against the incubation duration. (C) Bar plot of kinetic parameters of amyloid fibrillization.

Figure 2. Changes in the secondary structure during fibrillation. (A) Aliquots were drawn at regular intervals during the ThT assay and diluted to
25 μM insulin in PBS (pH 7.4) to record the CD spectra. (B) Residue-specific changes in the secondary structure with respect to the MD
simulation time. Color codes used for the assignment of secondary structure denotes Tturn, Eextended β, Bbridge β, Hα-helix, G310
helix, Iπ helix, and Ccoil.
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■ RESULTS

In order to realize the role of B-chain C-ter dynamics and salt
bridge stability in the initial steps of insulin fibrillation in
greater detail, we investigated the structural features and
kinetics of fibril formation of three insulin variants: BI, HI, and
GI. These three insulin variants have very high sequence
similarity (Figure 1A); thus, to compare their fibrillation
propensities, we used thioflavin T (ThT) fluorescence to
monitor their aggregation kinetics. ThT is a well-known
external fluorogenic probe to monitor amyloid fibrillation as it
specifically binds to the β-sheet structure of amyloid fibrils,
producing an intense fluorescence. The ThT fluorescence
intensity is an indirect measure of amyloid fibril mass.30−32 BI,
HI, and GI were incubated at low pH (20% acetic acid, pH
1.9) and high temperature (335 K) at a concentration of 350
μM. Under these conditions, insulin was initially monomeric,
yet readily formed amyloid fibrils.33,34 For all three variants
(Figure 1B), the ThT fluorescence response showed sigmoidal
growth kinetics typical of nuclei-dependent fibrillization with
three stages: (i) the quiescent lag phase, (ii) an elongation
phase, and (iii) a final stationary phase. In the lag phase, the
monomers of insulin undergo structural changes and form the
oligomers, which are the stepping stones for the formation of
the protofibrils. Knowles et al. have previously shown that the
sigmoidal growth kinetics of insulin involve competing
aggregation pathways, which includes orderly structural
transition of oligomers and protofibrils, as well as fibril
fragmentation at the different stages of the aggregation
pathway.35

The obtained sigmoidal shapes of growth curves suggest a
high probability of mechanistic similarity of insulin fibril
formation in all of the examined insulin variants. This is likely
due to the fibrillating core of all insulin variants, that is, the
sequence and structure of the B-chain central helices are
identical. Nevertheless, we observed significant differences in
the fibrillation kinetics based on the ThT assay (Figure 1C). BI
aggregated faster than the other two variants with a t1/2 and tlag
of 45.7 ± 0.3 and 39.6 ± 1.4 h, respectively, and for HI, t1/2
and tlag were 58.6 ± 0.4 and 49.3 ± 1.2 h, respectively.
Interestingly, GI is the slowest aggregating protein as t1/2 and

tlag are equal to 63.8 ± 0.7 and 58.7 ± 1.6 h, respectively
(Figure 1C). The tlag data suggests comparatively higher
stability (a relative delay in oligomer formation) of GI than HI
and BI. The minor sequence variation probably causes the
difference in oligomerization duration for BI, HI, and GI.
Far-UV circular dichroism (CD) spectra were obtained to

detect the content of secondary structure of insulin variants.
To identify the structural changes over the course of
fibrillation, aliquots were drawn at regular intervals from the
insulin samples for measurement. As shown in Figure 2A, the
helicity of all three insulin isoforms decreases with incubation
time. The time-course CD spectroscopy shows similar CD
profiles between insulin variants during the lag phase. Although
oligomers are known to form during the lag phase,36,37 the
secondary structure of insulin monomers within the oligomers
underwent a minimal change, as evidenced by the marginal
changes in the minima at 208 and 222 nm with time. These
data depict no major secondary structural transition prior
entering the growth phase of fibrillation. In contrast, a dramatic
difference was observed for the fibril conformation in the CD
spectra (Figure 2A), recorded after 72 h of incubation.
Retention of helicity in GI could be attributed to the
comparatively slower fibrillation observed in the ThT assay
than the other two variants. We refrained from deconvoluting
the spectra to find structural composition as the deconvolution
of the CD spectra using available algorithms often introduce
errors, particularly for aggregated samples where scattering
varies with the shapes and sizes of aggregates.38

The secondary structural changes occurring during fibrilla-
tion were further studied in silico. Simulations were run at high
temperature and low pH to recapitulate the experimental
conditions. The trajectories of 500 ns simulations were
analyzed to observe the residue-specific contribution to
transitions in secondary structure. The changes in secondary
structure with respect to simulation time are shown in Figure
2B. From the simulation, it was found that most changes were
in the A-chain between the α-helix (pink) and the 310 helix
(blue) for BI, while for HI, the change was observed in the B-
chain. However, this transition was found in both A and B
chains in the trajectory of GI. Next, to identify the relationship
between oligomerization/fibrillation and transitions in the

Figure 3. Morphology of amyloid aggregates of different insulin: AFM images of HI (A), BI (B), and GI (C) incubated for 42 h and HI (D), BI
(E), and GI (F) incubated for 78 h. Scale bar is 1 μm for all images. The insulin concentration was 50 μM.
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secondary structure and, as seen in the ThT assay and time-
course CD spectra, respectively, we utilized atomic force
microscopy (AFM) to observe changes in the morphology of
aggregates.

■ MORPHOLOGY OF AGGREGATES COMPLEMENTS
THE KINETIC STUDY RESULTS

The mutations in the protein sequence demonstrated the
formation of different aggregation end products.15,39−42 AFM
was used for imaging all three insulin intermediates at different
incubation times (Figure 3) to observe the higher-order fibril
morphology. The prominent differences in the biophysical
properties of BI, HI, and GI aggregates can lead to the
microscopic changes in structure.43−46 The AFM results
confirmed the formation of fibrils in all the three cases and
hence reinforced the “on-pathway” fibrillation.47 As expected,
the morphology and physical dimensions of aggregates are not
identical for all the three insulin variants. After 42 h of
incubation, HI formed fibrillar aggregates (Figure 3A), while
BI formed a mixture of prefibrillar and fibrillar aggregates
(Figure 3B) and GI formed small globular aggregates (Figure
3C), justifying its longer lag time. After 78 h of incubation, all
insulin variants showed amyloid fibrils with different
morphologies. We further characterized the fibrils with
Gwyddion and FiberApp (Figure S1 and Table S1). The
analysis revealed that HI fibrils are 9.6 ± 1.6 nm high with 45.5
± 6.9 nm wide. The large width derives from the bigger
clusters of the fibrils that laterally associate with one another.
Likewise, BI fibrils also displayed a lateral association with
individual fibrils of 11.0 ± 0.3 height and 40.4 ± 5.6 nm width.
However, the BI fibrillar aggregates were longer (656.9 ± 53.0
nm) than the HI aggregates (528.7 ± 32.8 nm). However, GI
formed extensive twisted fibrils (9.2 ± 0.4 nm high and 828.7
± 45.4 nm long) after 78 h. GI also exhibited mixed fibril
population with two distinct twist distances of 136.5 ± 6.3 and
163.4 ± 5.3 nm (Figure S1 and Table S1). The morphology of

the aggregates agrees with the ThT fluorescence and CD
spectroscopic findings;48 however, it does not explain the
structural basis of the difference in fibrillation propensities of
BI, HI, and GI. To further understand the structural changes
during fibrillation, we turned to Raman spectroscopy.

■ RAMAN SPECTROSCOPY AGREES WELL WITH CD
SPECTROSCOPY

Raman spectroscopy is a unique nondestructive technique for
the structural analysis of proteins and is a powerful tool for
studying protein aggregation and related phenomena. The
flexibility of Raman spectroscopy allows for the measurement
of conformational changes in proteins whether in solution or in
solid/semisolid states, that is, soluble monomers/oligomers or
fibrils, respectively. This method measures molecular vibra-
tions and, consequently, directly reports on the structure of the
polypeptide backbone based on the amide mode, for example,
amide I and III bands. The amide I Raman band of a protein
provides explicit secondary structural information as it is
largely associated with the CO stretching mode and a lesser
extent of C−N stretching and Cα−C−N deformation
nodes.48−54 Consequently, the band position is highly
dependent on the nature/type of protein secondary structure.
Further, decomposition of the amide I Raman band allows one
to determine the overall composition of protein secondary
structure.
The amide I region of Raman spectra recorded for different

samples were fitted using a previously established protocol
(please see details in Material and Methods section) by Maiti
et al. and Dong et al.50,52,55 Figure 4A shows the amide I
region of the Raman spectra (1590−1700 cm−1) for BI, HI,
and GI of freshly prepared and incubated samples. For the 0 h
sample, in all the three cases, a broad amide I band at ∼1659
cm−1 was observed with a shoulder at ∼1685 cm−1

corresponding to α-helix and PPII+ β-strand (extended)
conformations, respectively.38,52,55,56 The bandwidth at half

Figure 4. Secondary structure analysis from the amide I region of the Raman spectra obtained from incubated samples at different time points of
incubation and NOEs showing interaction of B-chain C-ter with A-chain N-ter: (A) expanded amide I region (1590−1700 cm−1) of the Raman
spectra was fitted with six different curves/bands. Details of fits are given in Material and Methods section. The component bands were obtained
after the fitting analysis, and the color codes are as follows: α-helix: orange, ∼1660 cm−1; organized β-sheet: blue, ∼1673 cm−1; loose β-strand,
PPII, ∼1685 cm−1: pink, undefined structure: green, ∼1640 cm−1, and two for the aromatic residues (yellow, ∼1603 cm−1 and cyan peaks, ∼1615
cm−1). The area under each curve represents the fraction of the secondary structure assigned to the bands. Among the six bands, four represent
different secondary structure components. The incubation duration and variants are denoted in Figure 1. (B) Strip plot showing the interaction
between Arg31B and Glu4A or Lys29B and Glu4A from the 2D 1H−1H NOESY experiments. The experiment was performed with a Bruker Avance
III 600 MHz and at 298 K.
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maxima of amide I band was ∼49 cm−1, suggesting the
presence of multiple conformations.38 Figure 4A also displays
fitted bands (details are given in the Material and Methods
section) associated with distinct protein conformations and the
integrated areas under each fitted curve quantify relative
abundance of the particular type of secondary structure. The
component band at ∼1660 cm−1 indicates α-helical con-
formation and the contribution was ∼50% for all the three
insulin variants at 0 h, whereas cross-β-sheet component at
∼1673 cm−1 accounted for ∼13%. The combined intensity of
bands appeared at ∼1685 and ∼1640 cm−1 represents
polyproline II (PPII) conformations, β-strands, and other
disordered structures. The amide I band in the experimentally
obtained Raman spectra of insulin samples in the fibrillar state
was relatively narrow compared to the spectra obtained for
monomeric samples (0 h incubation) and appeared at ∼1673
cm−1 (Figure 4A). This indicated the transformation of the
peptide bonds (some if not all) into a compact cross-β-sheet
structure. The band fitting analysis revealed that ∼52% peptide
bonds of the protein attained this conformation in the fibrillar
state (Table 1).
Time-dependent Raman spectroscopic analysis (Table 1)

further indicated no major changes in the secondary structural
fold prior to the start of the fibril formation, involving compact
cross-β-sheet structure. GI reached an equilibrium state of fibril
formation over a longer time frame, and the content of β-sheet
structure at 38 h of incubation was lower than that observed
for BI and HI, which agrees with observations from the ThT
assay (Figure 1B). Collectively, time-dependent Raman
analysis, CD experiments, and the ThT fluorescence assay
demonstrated that the lag phase time was longer for GI. These
data suggest some alteration/realignment in the tertiary
structure. This comparatively slow transition from α-helix to

β-sheet in the case of GI could be due to greater structural
stabilization, resulting from the two additional residues
(Arg31B and Arg32B) at the C-ter of GI. The Arg residues
may protect the monomer from extensive thermal distortion
and retard the aggregation and further fibril formation. Further,
the unstructured B-chain C-ter may play a crucial role in the
oligomerization/nucleation process. To find robust structural
evidence in support of this rationale, we carried out high-
resolution two-dimensional (2D) NMR spectroscopy for
verification at the atomic level.

■ NMR STUDIES DEMONSTRATE THE INTERACTION
OF B-CHAIN C-TER WITH A-CHAIN N-TER

NMR Spectroscopy. To probe what makes GI more
structurally stable than BI and HI, 2D 1H−1H nuclear
Overhauser effect spectroscopy (NOESY) was used for all
the three isoforms. 2D 1H−1H NOESY spectra of all the three
Zn-free insulin in 20% d4-acetic acid were well resolved with a
sufficient number of nuclear Overhauser effect (NOE) cross-
peaks (Figure S2). We were able to assign all residues for BI
and HI, while for GI, ∼52 residues were assigned out of 53
residues by sequential inter-residue NOE cross-peaks; Table
S2A−C shows the assigned chemical shifts of BI, HI, and GI,
respectively. The signature region of the spectrum is displayed
in Figure S2.
For BI, the chemical shifts of residues Cys11A, Leu13A,

His5B, Leu6B, Gly8B, Ser9B, and Leu11B shifted upfield from
those of HI, while Ser12A exhibited a downfield shift.
Mutations at Thr8A → Ala8A and Ile10A → Val10A from HI
to BI likely give rise to the observed chemical differences
between these two insulin variants.57 Though GI has higher
sequence identity with the HI, the C-ter modification of both
A-chain and B-chain has introduced differences.

Table 1. Raman Spectroscopic Analysis of Aggregation Products of Insulin Variants

α-helix organized β-sheet loose β-strand and PPII undefined

amide I band
width (cm−1)

time
(h)

peak
(cm−1)

width
(cm−1)

a

area %
peak
(cm−1)

width
(cm−1)

a

area %
peak
(cm−1)

width
(cm−1)

a

area %
peak
(cm−1)

width
(cm−1)

a

area %

BI 46.7 0 1660 23.0 49 1675 19.7 13 1688 22.3 27 1647 25.0 11
39.6 38 1662 23.3 44 1671 19.6 25 1684 22.5 16 1647 21.2 15
34.6 72 1660 23.4 26 1671 23.0 55 1688 19.9 4 1645 25.0 15

HI 49.0 0 1660 24.5 51 1672 20.1 12 1687 23.0 26 1644 22.1 11
45.3 38 1659 23.8 44 1673 24.5 27 1685 22.7 18 1643 24.4 11
41.2 72 1659 20.7 35 1670 20.3 50 1681 19.8 5 1643 22.1 10

GI 45.6 0 1662 22.4 54 1671 19.7 13 1685 22.4 23 1644 19.7 10
41.1 38 1663 22.7 51 1672 19.7 18 1685 24.3 21 1644 21.2 10
39.6 72 1658 19.6 32 1672 19.1 52 1687 20.5 11 1647 21.3 5

aFor area percentage calculation, only the given peaks were considered, i.e. ranging from 1633 to 1690 cm−1.

Figure 5. Summary of NOEs of GI: bar diagram summarizing NOEs observed for 350 μM GI in 20% acetic acid-d4 (pH 1.9). The experiment was
performed with a Bruker Avance III 600 MHz and at 298 K.
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Upon comparison of the NOESY spectra of GI with HI, we
observed the downfield shift of Ile2A, Val3A, Glu4A, Tyr19A,
Ala14B, Glu21B, Gly23B, Tyr26B, and Thr27B (Table S2). A
closer inspection of the NOESY spectrum of GI suggests a
strong NOE between Arg31BδHs−Glu4AH, which would
explain the downfield chemical shifts of the A-chain N-ter
residues. Critically, we observed NOEs between Lys29BβHs−
Glu4AH and Arg31BγHs−Glu4AH NOEs in GI; however, these
interactions were absent in the other two isoforms (Figure 4B).
Because the crystal structures for HI and BI are available, we
determined the structure of GI with the above NOEs (Figures
5 and S2) using simulated annealing. Amide chemical shifts are
very sensitive to the chemical environment, and mutation at a
certain position or addition of certain residues can result in
chemical shift perturbation of the surrounding residues.58 To
examine this, we considered the amide proton chemical shifts
of HI, GI, and BI. Results show that the natural mutations in
A-chain, that is, the Ala to Thr and Val to Ile at positions 8 and
10 of A-chain (Figure S3A,B), respectively, had a minimal
effect on the adjacent residues. This suggests that there are
minimal structural differences due to these point mutations.
However, residues 25−29 of GI showed chemical shift
perturbations of 0.05−0.14 ppm (Figure S3A,B). Comparative
analysis of the NOESY spectra of all three insulin variants
points to a unique interaction present in GI not present in BI
or HI, namely, between residues Lys29B−Glu4A and Arg31B−
Glu4A. Furthermore, those NOEs between Glu4A and both
Lys29B and Arg31B point to a transient structure that provides
added structural stability of GI over BI or HI.
Structure of GI by Simulated Annealing. The assigned

NOEs of GI (Figure 5) were used to compute the complete
structure using a simulated annealing method. Of note, the
available crystal structures of GI (accession code: 5VIZ) lack
the C-ter residues “Thr30ArgArg32” in the B-chain. Our NMR
data provide the complete structure and explain the additional
reluctance of GI to undergo fibrillation when compared to BI
and HI. Moreover, our insights can also help to develop better
aggregation inhibitors by restricting the dynamics of B-chain
C-ter of GI. The structure calculation statistics are given in
Table S3. The ensemble structure showed a root-mean-square
deviation (rmsd) of 0.58 Å when aligned on the B-chain N-ter
residues from 4 to 18. The obtained structure shows the
important contact between the Arg31B and Lys29B with the
Glu4A, shown by the dotted red line (Figure S3D) with the
corresponding NOEs from the NOESY spectra shown in
Figure S3E. The obtained PDB was analyzed with “protein
contact map” tools59 on nanoHUB.org, which assists to
observe the overall distances and contacts within the protein.
The contact map (Figure S3F) reflects the similarities shown
in Figure 6D. From the contact map, it can be observed that
there are ample number of contacts in the corner region
(shaded red) and the corresponding distance map (Figure
6D), shown in blue in the corner region; both suggest the
proximity of the C-ter of B-chain and the N-ter of A-chain in
GI.
The well-defined secondary structural motifs (Figures 5 and

6) are comparable to the previously reported insulin structures;
however, the three polar residues Thr30B, Arg31B, and Arg32B

of GI have affected the random coil segment at C-ter of B-
chain. The medium range αN (i, i + 3/4) NOEs from Ile2A to
Thr8A and Leu13A to Tyr19A imply a helical structure, and the
two helices were joined by a loop between Ser9A to Ser12A. In
contrast, only a weak αN (i, i + 3) NOE Gln15A−Asn18A was

observed in the C-ter of A-chain, suggesting an extended
conformation in this segment. In B-chain, Ser9B to Cys19B

displays a dominant helical content, followed by a turn from
Gly20B to Gly23B. Random coil structure is found in the N-ter
(Phe1B−Gly8B) as well as in the C-ter (Phe24B−Arg32B)
segment. Overall, the lowest energy ensemble structures show
conserved backbone and side-chain atoms with a low rmsd
value of 0.8 ± 0.3 Å for backbone atoms (N, Cα, and C′). The
structural stability of GI was also found to be mediated either
by salt bridges or by hydrogen bonds between Glu4A−K29B,
Glu4A−R31B, and Glu17A−Arg22B (Figure 4B). In addition,
the salt bridge or hydrogen bond between Glu13B/Arg32B also
contributes to the structural stability.
When compared with the X-ray structure of GI (accession

code: 5VIZ), the backbone and side-chain rmsd values
between the two structures were found to be 1.84 ± 0.13
and 1.91 ± 0.14 Å, respectively. Comparing the backbone
rmsd values for individual chains, the values are 1.55 Å for A-
chain and 2.55 Å for B-chain, suggesting that the inclusion of
“T30RR32B” segment at the C-ter decreases the dynamicity in
the NMR structure at the C-ter of B-chain. More specifically,
positively charged T30RR32B residues restricted the flexibility
either by salt bridge or hydrogen bond interaction between
Glu4A and Arg31B/Lys29B. However, we cannot rule out that
the additional positive charges may also prevent intermolecular
interactions that would lead to fibril formation.
The electrostatic surface potential of GI shows that the

electropositive residues Gln5A, Gln15A, and Asn18A are
solvent-exposed. Additionally, the electropositive characteristic
of this surface is also supported from the B-chain with exposure
of residues Lys29B and Arg31B. On the other hand, the surface

Figure 6. 3D solution structure of GI (PDB: 6K59). Superposition of
backbone atoms (N, Cα, and C′) of the 10 lowest energy structure of
GI for (A) A-chain and (B) B-chain. (C) APBS-calculated
electrostatic surface potential of GI, where red and blue represent
the electronegative and electropositive potential, respectively. (D)
Amino acid contact map of GI. Comparison of NMR GI structure
with (E) X-ray structure of GI (PDB: 5VIZ), (F) HI (PDB: 3W7Y),
and BI (PDB: 2ZP6) structures. The black dotted line indicates the
hydrogen bond or salt bridge between Lys29B and Glu4A.
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rotated by 90° shows electronegative characteristics with polar
residues Ser12A, Tyr14A, Glu17A, and Glu21B. Structural
statistics of the refined models are shown in Table S3. The
spatial distribution of amino acids in GI is shown as a residue
contact map (Å) in Figure 6D.

■ DISCUSSION
Although insulin aggregation has been extensively studied,
there are still gaps in our understanding of this process.
Environmental factors such as variations in pH or salt
concentrations alter the aggregation kinetics, resulting in
polymorphic structures of insulin fibrils. For example, in a
Fourier transform infrared spectroscopy study, researchers
demonstrated the insulin fibril polymorphism formed at
variable pH (pH 1.6 and 2).60 Further, salt concentration
plays an important role in the formation of supramolecular
assembly of insulin fibrils which are termed spherulites.11

Here, using zinc-free forms of BI, HI, and GI with identical
buffer conditions provided a fair comparison of their
fibrillation, ensuring that the differences in fibrillation kinetics
were due to the internal factors of protein. Gibson and Murphy
reported that the equimolar concentration of a peptide with
sequence RRRRRRLVEALYL (where LVEALYL is part of the
B-chain central helix) can attenuate the insulin fibrillation.61

Additionally, it was demonstrated that point mutations (H10D
and L17Q) in B-chain can slow down the insulin fibrillation.62

These reports demonstrate the importance of the B-chain
central helix in the context of insulin fibrillation. As shown in
our results, GI fibrillates slower than BI and HI, likely owing to
site-specific differences in their amino acid sequences.
Although BI, HI, and GI have identical sequences in their B-
chain central helix, the marked difference in the fibrillation
kinetics of these three proteins can be attributed to their
flexible regions. Interestingly, truncation at the B-chain C-ter
can accelerate the insulin fibrillation by exposing the fibrillation
core or the hydrophobic pocket of globular insulin.63,64 Hence,
we can deduce that the B-chain C-ter plays a vital role in
progression of the insulin fibrillation.
The structural study of GI with NMR spectroscopy herein

sheds light on the forces stabilizing the B-chain C-ter with the
A-chain N-ter. Our findings are supported by crystallographic
evidence, which suggested that the presence of Gly21A, Arg31B,
and Arg32B helped in the formation of additional polar
contacts with nearby residues in the crystal packing, an
important comparison made with respect to HI. A key
distinction, however, is that the crystal structure was studied
in the presence of phenol and divalent zinc ions to facilitate
crystallization.65,66 Hence, to fully understand the mechanistic
details that govern insulin dynamics, an atomic level NMR
study provides a unique advantage over other techniques.
Residues Arg31B and Arg32B in GI increase its pI and render

the solubility of the protein at physiological pH, increasing the
duration of its activity in blood. The overall positive charge at
the B-chain C-ter increases the probability of salt bridge
formation with the A-chain N-ter residues, namely, Glu4A and
Ile2A. The proximity of the B-chain C-ter and A-chain N-ter
also increases the possibility of interchain hydrogen bond
formation, as shown by the solution structure of GI in this
study. Together, the salt bridge and hydrogen bond increase
the stability of the monomeric protein. Additionally, the
computational analysis of the insulin variants also supports the
crucial differences in the pI of side-chain residues (Table S4).
The residues His10B and Glu13B are part of the B-chain helix

and are known to participate in fibril formation. The nearby
Glu21B in GI also shows a comparatively lower pKa (shown in
Table S4), which may also play a vital role in hindering the
formation of initial oligomeric species by electrostatic
repulsion as shown in amyloid-β67 and TDP-43.68

The present work thus demonstrates that the increased
flexibility in the C-ter of insulin generates conformational
states conducive to structural rearrangement and hydrophobic
association, resulting in the formation of molten-globule
structures prone to aggregate into high-order fibrillar
assemblies.17 Of particular importance is the formation of a
salt bridge in GI that makes its tertiary unfolding more difficult,
staving off nucleation events occurring more readily in the
wild-type proteins.

■ CONCLUSIONS

Based on our results, we hypothesized that despite the identical
sequence of the fibrillating core, the difference in the
fibrillation kinetics arises from the difference in structural
features of the insulin variants. Our results point to higher
stability of GI because of the presence of the T30RR32B

residues, which increase the strong electrostatic interaction at
the B-chain C-ter. AFM images show the formation of
protofibrillar and fibrillar species of HI and BI; however,
only globular oligomers of GI are observed at the same time
point. Additionally, the computational analysis of the insulin
variants also supports the crucial differences in the pKa of side-
chain residues. Finally, NMR-derived structures demonstrate
that the structural stability of insulin is regulated by C-ter
residues Arg31B and Lys29B, forming a salt bridge and/or a H-
bond with Glu4 of the A-chain. Collectively, our results
provide structural and dynamic evidence for the initial
misfolding events that trigger and stave off insulin aggregation.

■ MATERIALS AND METHODS

Bovine pancreatic insulin and HI were procured from Sigma
(St. Louis, Missouri, USA), while GI was purchased from
marketed drug Basalog of Biocon (Bangalore, India).
Tetradeutero acetic acid and D2O were purchased from
Cambridge Isotope Laboratories. Reagents used in the
experiments were of high grade and purchased from either
Sigma (St. Louis, Missouri, USA), SRL (Mumbai, India), or
Merck (Darmstadt, Germany).

ThT Fluorescence Assay. The insulin samples were made
zinc-free by extensive dialysis in a volatile buffer, followed by
lyophilization.69 For GI, after extensive dialysis for removing
the excipients from the pharmaceutical formulation, the sample
was passed through the Superdex peptide 10/300 GL (GE
Healthcare Life Sciences, Chicago, Illinois, USA), followed by
lyophilization to ensure high purity. The zinc-free samples, viz.,
BI, HI, and GI, were solubilized in 20% acetic acid at a final
concentration of 350 μM and pH adjusted to 1.9 with HCl.
The UV absorbance (276 nm) was used to determine the
concentration of insulin. ThT was dissolved in Milli-Q water
and centrifuged at high speed to get rid of the undissolved
solvent. The concentration of ThT solution was determined by
using a molar extinction coefficient70 of 36,000 M−1 cm−1.
Insulin samples (350 μM) were incubated at 335 K in a water
bath and aliquots were drawn at regular time intervals. The
aliquots were diluted in 10 mM phosphate buffer (pH 7.4)
with 100 mM NaCl.70,71 The ThT fluorescence was measured
in a quartz cuvette by setting the spectrofluorometer (PTI) at
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an excitation wavelength of 450 nm. The emission was
observed at 482 nm. All results shown are mean ± standard
deviation (SD) of three independent experiments.
The observed fluorescence intensity at 482 nm for different

time points was plotted against the time points, and the curve
was fitted by Boltzmann equation72,73 (eq 1)
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where A1 is the initial fluorescence, A2 is the maximum
fluorescence, t0 stands for the time where the fluorescence has
reached to half of the maximum value, and 1/τ is the apparent
rate constant of fibril growth and lag time approximated to t0 −
2τ.
CD Spectroscopy. During insulin amyloid fibrillation, the

changes in the secondary structure of insulin samples (BI, HI,
and GI) were observed using CD spectroscopy. The
incubation condition was kept identical to the ThT assay,
prior to recording the spectra; the drawn aliquots were diluted
to 25 μM with PBS pH 7.4. The far-UV CD spectra were
recorded on a quartz cuvette (0.2 cm) over a range of 200−
260 nm with a 1 nm data interval and a scanning speed of 100
nm/min at 298 K using a Jasco J-815 spectrophotometer. Each
CD spectrum represents an average accumulation of four
scans. The recorded raw spectra data in millidegrees were
subtracted from the blank buffer and transformed to molar
ellipticity using the following equation (eq 2)

m M L CMolar ellipticity ( ) /100θ = × × (2)

where m0 represents millidegrees, M stands for molecular
weight (g mol−1), L is the path length of quartz cuvette used
(cm), and C is the molar concentration of protein.
Atomic Force Microscopy. For AFM, the insulin samples

were diluted to a concentration of 50 μM with ultrapure water.
Aliquots of 10 μL were cast on freshly cleaved mica and left for
10 min to adsorb. The samples were rinsed with ultrapure
water and dried under N2 gas. The images were taken using a
Veeco di Innova atomic force microscope in a tapping mode
under ambient conditions using a triangular silicon nitride
cantilever SNL-10 (Bruker AFM Probes) with a tip radius of 2
nm, a typical resonance frequency of 65 kHz, and a spring
constant of 0.35 N/m. All images are unfiltered. Analysis of
AFM images was performed using Gwyddion software (for
height and width) and FiberApp software (for length of fibrils).
NMR Experiments. The NMR experiments were per-

formed at 298 K on an AVANCE 600 MHz spectrophotometer
equipped with a QCI Cryoprobe. For data acquisition and
processing, TopSpin v3.1 was utilized. For all the experiments,
Zn-free insulin was used.69

The sample was dissolved in 20% acetic acid-d4, 70% water,
and 10% D2O, pH 1.9, at a final concentration of 350 μM.
Spectra were recorded immediately in a Shigemi tube. 2D
homonuclear total correlation spectroscopy (TOCSY) and
NOESY were performed at 298 K with mixing times of 40 and
200 ms, respectively. The NOESY spectrum was calibrated
with respect to the residual methyl group peak (2.03 ppm) of
d4-acetic acid. The NOESY spectra of insulin were recorded
with 64 scans and 512 increments in t1 and 2048 data points in
t2. The spectral width was 12 for both dimensions. For
quadrature detection in t1 dimension, states TPPI was used
and water suppression was done using excitation sculpting.

The insulin TOCSY and NOESY spectra were analyzed with
Sparky software (https://www.cgl.ucsf.edu/home/sparky).

Raman Spectroscopy. The insulin samples (BI, HI, and
GI) were incubated in 20% acetic acid (pH 1.9) at 335 K. The
aliquots were drawn at 0, 38 (before entering into elongation
phase), and 72 h (mature fibril). The collected aliquots were
drop-cast on a fresh clean aluminum foil mounted on the glass
slide.56 Raman spectra were obtained in backscattering
geometry using a LabRAM HRJobin Yvon (Horiba,
Kyoto, Japan) spectrometer equipped with a Peltier-cooled
CCD. A diode laser of wavelength 785 nm was used as an
excitation source, and the light was focused on the sample
using a 50× objective.56 All data were recorded within a
wavenumber range from 800 to 1800 cm−1.
For curve fitting, Origin program was used. First, the Raman

spectra were processed by multipoint baseline correction. To
derive the content of secondary structure, the amide I region
(1590−1700 cm−1) of the spectra was selected for curve fitting
analysis. For the band fitting, we first selected, by peak picking
option, six peaks in the broad amide I region obtained from
experimental data, and to define the shape of the fitted curves,
a mixed Gaussian and Lorentzian function embedded in the
Origin program was used. Four of the peaks are assigned to
different protein conformation/secondary structures and two
of them were assigned to aromatic residues. The peaks are
assigned values, which are most probable for the particular
conformation/residue based on several references.50 For α-
helical conformation, it was selected at 1658 cm−1; for β-sheet
component, it was assigned at 1673 cm−1; for PPII and
disordered structure, it was assigned at 1685 cm−1; and for
other disordered and extended structures, it was assigned at
1644 cm−1. For aromatic residues, the peaks were assigned at
∼1605 and ∼1615 cm−1. In the fitting protocol, we also
provide a window of bandwidth range between 15 and 35 cm−1

and allowed a ±5 cm−1 window for the band maxima. After
incorporating these parameters, the band fitting analysis was
performed, and the best fitted results are taken. The total area
under the four conformation-linked fitted curves represents the
total secondary structure, and the area under each curve
represented the corresponding fraction (%) of the protein
secondary structure.

Solution Structure of GI. Three-dimensional (3D)
solution structure of GI was calculated based on the
experimentally measured NOEs and ff14SB force fields in
AMBER.74 The protonation states of titratable residues were
determined using the H++ server.75 The interproton distance
from the NOE along with the torsional information was used
as the restraint for structural model building. The torsional
angle restraints were calculated from the PREDITOR76 web
server with the help of a 1H chemical shift deviation, and ±20
to 25° from the calculated torsional angles were used for
structure calculation. The resolved ring protons of F24B (viz.,
F24-2H and F24-3H) or Y26B (viz. Y26-2H and Y26-3H) were
used to calculate the upper bound distance constraints from
the NOE intensities. The 2.0 Å distance was fixed for lower
distance constraints. A strong (2.5 Å), medium (2.6−3.5 Å),
and weak (3.6−5.0 Å) distances were categorized from NOE
intensities for further structure calculation using AMBER.
Hydrogen bonds were included in the structure calculation. A
total of 319 short range, 35 medium-range (2 < |i − j| < 5), and
25 long-range (|i − j| ≥ 5) NOEs (382 total) and 101 torsion
angles were used in this procedure. A starting coordinate of GI
with an additional “Thr30ArgArg32” motif at the C-ter of B-
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chain was prepared using homology modeling approach, taken
from the previous experimental structure of GI from the
Protein Data Bank (PDB) (accession code: 5VIZ) as a
template. For the homology modeling, automated SWISS-
MODEL protocol was used.77 Using the restraint information,
simulated annealing was performed for 20 ps with a
generalized born model. The force constant values for the
distance restraint varied from 0 to 20 kcal/mol Å2 for the lower
and upper bound values. System temperature was regulated
using the Berendsen coupling algorithm, and the nonbonded
interactions were accounted with a cutoff value of 15.0 Å. The
lowest energy conformation of GI representing the exper-
imental average structure was presented as a structural
ensemble. Structural analysis was performed using the
SuperPose v1.0 server.78 The electrostatic surface potential
for GI was calculated using the APBS program.79

Molecular Dynamics Simulation. A comparative struc-
tural analysis for GI with similar variants, viz., BI and HI, were
studied using molecular dynamics (MD) simulation (Figure
7). The coordinates of BI and HI were obtained from PDB
(accession code: 2ZP6 and 3W7Y, respectively). The 3D
structural coordinates of insulin variants were processed in a
protein preparation wizard of Schrödinger Suite 2017-4.80 The
objective here was to correct the bond order, addition of
missing hydrogen atoms, and removing the crystallographic
water molecules.80 The structures were finally refined at acidic
pH 1.9, thereby changing the protonation states of titratable
residues. Solvation of the protein was modeled using the
TIP3P water model in a octahedral box with a 9.5 Å edge
distance using the H++ server.75 The system was neutralized
by addition of appropriate number of Cl− ions. For calculation
of pKa values, internal and external dielectric constants were set
to values 10 and 80 as recommended by Grimsley et al.81

MD simulation was performed using the ff14SB force field
using the AMBER program.74 The adapted force field is a
modified version of ff99SB, containing adjustment of φ and ψ
parameters, side-chain rotamers, and alternate protonation
states of ionizable residues. The force field has been tested
against the secondary structure content of short peptides and is

recommended for proteins and peptides. The SHAKE
algorithm82 was applied to constrain the bonds involving
hydrogen. Gradual heating of the system to 335 K was
controlled using Langevin dynamics83 with a restraint force
constant (100 kcal/mol Å2) on solute atoms. The particle
mesh Ewald method84 was used to demonstrate the non-
bonded interaction with a cutoff value of 8 Å. System
equilibration was performed with gradual release of restraint
force constant, from backbone atoms and then from side-chain
atoms, at an interval of 10 ns. Equilibration steps of all systems
were performed for a total of 35 ns, in which a final 20 ns time
step was performed without any positional restraints.
Production trajectories were calculated for a timescale of 500
ns, where the snapshots were saved at an interval of 20 ps, for
analysis. Cluster analysis was performed using K-means
algorithm with a radius of 4 Å, using MMTSB tools.85
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