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The a-helical structure of the N-terminus of the ‘native’ amylin
Lys1—-Cys7 consists of a disulfide bond between Cys2 and Cys7. The
‘native’ amylin oligomers demonstrate polymorphic states. Removal
of the disulfide bonds in the ‘native’ amylin oligomers decreases the
polymorphism and induces the formation of longer stable cross-§
strands in the N-termini.

Type 2 diabetes (T2D) is a part of a group of amyloidogenic
diseases, among them are Alzheimer’s disease (AD) and
Parkinson’s disease (PD). The common hallmarks of these
amyloidogenic diseases are the deposition of misfolded pro-
teins, such as AP deposits in AD, a-synuclein in PD and amylin
or human Islet amyloid polypeptide (hIAPP) in T2D. Amylin is a
37-residue peptide hormone that is normally co-secreted with
insulin from the B-cells of the pancreas. In more than 95% of
patients with T2D, amylin deposits lead to the loss of B-cell
mass and consequently to the reduction in insulin production.®
The soluble amylin under physiological conditions is in an
unstructured form.>* The N-terminus of amylin consists of a
disulfide bond between Cys2 and Cys7, which is required for
activity and the C-terminus is amidated.*

Disulfide bonds are presented in more than 50% of mis-
folded proteins that are involved in amyloidogenic diseases.’
Disulfide bonds are important covalent bonds that are neces-
sary with a wide range of protein properties, such as folding,
stability, oligomerization and amyloidogenicity. The role of
disulfide bonds in amyloidogenic proteins has been reviewed
by Li et al.® Previous studies have shown that modifications of
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of the ‘native’ amylin oligomersf
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the disulfide bonds may change the morphology of amyloids”"®
and the chemicals that stabilize or disrupt disulfide bonds may
affect the amyloid aggregation.®'°

Native disulfide bonds play crucial roles in protein stability
and disruptions of the disulfide bonds usually destabilize the
native structure of proteins.’* Consequently, the disruptions of
disulfide bonds induce the misfolded proteins to adopt a cross-f3
structure more easily and thus increase amyloidogenicity.">™*
Furthermore, native disulfide bonds protect hydrophobic residues
from being accessed by solvents and thus assist in the folding of
the misfolded amyloidogenic proteins,">'® leading to the forma-
tion of oligomers, protofibrils and fibrils."” The non-native
disulfide bonds, especially inter-molecular disulfide cross-linking,
play roles in protein aggregation.'®'® The formation of the non-
native disulfide bonds usually leads to protein misfolding, aggrega-
tion and malfunction.”**"

The disulfide bond in the amylin forms a helix-like structure
and therefore does not participate in the cross-p structure of the
amylin aggregation.”>”** It has been shown that the disulfide
bond in amylin limits the aggregation propensity of amylin.>*
The removal of the disulfide bond in amylin eliminates the lag
phase of aggregation and accelerates the aggregation.>>° It was
suggested that the disulfide bond in the amylin monomer
affects amylin aggregation in two pathways. First, it protects
the amylin monomer from adopting a f-sheet structure by
stabilizing the N-terminal o-helical structure.”””® Second, the
disulfide loop in the amylin monomer interacts with highly
amyloidogenic regions of other amylin monomers and therefore
protects these highly amyloidogenic regions from interacting
with each other, ie. prevents the self-assembly of amylin.>®
However, the aggregation mechanisms with regard to the role
of disulfide bonds in amylin to form oligomers (which are the
toxic species) at the molecular level are still elusive. In this paper
we examine the effect of the removal of the disulfide bonds in
amylin oligomers. We particularly focus on how the removal of
the disulfide bonds affects the morphology of amylin oligomers,
the conformational change of the various amylin oligomers
and the populations.
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We have applied our previous amylin oligomeric models:*°
M1, M2, M5 and M6 that are based on experimental ssNMR*
and crystal structures.*! In this work we annotated models M1,
M2, M5 and M6 as models M1, M2, M3 and M4, respectively.
We then removed the disulfide bonds between Cys2 and Cys7
in each amylin monomer for each oligomeric model and
constructed eight new amylin oligomeric models: D1-D4 and
E1-E4 (Fig. S1 and S2, ESIf). In models D1-D4 the disulfide
bonds were removed and the helical structures of the N-termini
(Lys1-Cys7) remained. In models E1-E4 the disulfide bonds
were removed and the N-termini (Lys1-Cys7) of the amylin
monomers were extended to form B-strand structures. In order
to study the relative conformational energies and the structures
of the various amylin oligomers, we applied all atom explicit
molecular dynamics (MD) simulations (ESIt) for each one of
these amylin oligomers in the NPT ensemble at 330 K for 50 ns,
using the NAMD program®? with the all-atom CHARMM?27°%>*
force-field. The simulated oligomers E1-E4 are seen in Fig. 1
and the simulated oligomers D1-D4 are seen in Fig. S3 (ESIT).

The preference of each model for a specific arrangement has
been obtained by comparing the relative conformational energies
of all constructed models, using the generalized Born method
with molecular volume (GBMV) (ESIT).*?° By applying Monte
Carlo (MC) simulations, the relative probability of model n was
evaluated as P, = N,,/Nota1, Where P, is the population of model #,
N,, is the total number of conformations visited for model n, and
Niorar 18 the total steps. The advantages of using Monte Carlo (MC)
simulations to estimate conformer probabilities lie on the good
numerical stability and on control of the transition probabilities
among the conformers, as we have extensively applied in
similar systems. We compared the relative conformational
energies and the populations between D1-D4 and E1-E4 in
order to learn whether starting from helical structures to
extended B-strands in the N-termini of amylin oligomers have
different conformational energies and different populations
after MD simulations. Interestingly, after MD simulations the

Fig. 1 Simulated models of amylin oligomers through which the disulfide
bonds between Cys2 and Cys7 were removed. Residue colors: Argll (red),
His18 (blue), Asn19 (purple) and Asn31 (green).
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Fig. 2 Calculated populations of the constructed models of the native’ amylin
oligomers (models M1-M4) and the constructed models after removal of the
disulfide bonds (models D1-D4 and E1-E4) using the GBMV method**** and
Monte Carlo simulations.

amylin oligomeric models D1-D4 with the initially helical
structure illustrated similar populations to the amylin oligo-
meric models E1-E4, respectively (Fig. S4, ESIT). These results
indicate that different initial structural states of amylin oligo-
mers in which their disulfide bonds are removed lead to similar
populations. We also compared the relative conformational
energies and the populations between all four amylin oligomers
D1-D4, all four amylin oligomers E1-E4 and the ‘native’ amylin
oligomers M1, M2, M3 and M4 (Fig. 2 and Fig. S5 and Table S1,
ESIt). One can see that while in the ‘native’ amylin oligomers
there are two preferred polymorphic states (models M1 and M2),
but when the disulfide bonds in the native’ amylin oligomers are
removed only one oligomeric model is preferred: model D2/E2
which is equivalent to model M2. Therefore, we propose that the
removal of the disulfide bond leads to a slight decrease of
polymorphism in amylin oligomers and induces conformational
change of the populations of the ensemble of amylin oligomers.

There is great interest in investigating the effect of the
removal of the disulfide bond in amylin on the structural features
of amylin oligomers in order to provide insights into the effect
on amylin aggregation. Previous studies have shown that the
removal of the disulfide bond in amylin monomers promotes
the formation of B-strands along the sequence of amylin
monomers.””*® These studies however were focused on the
amylin monomer level and not on the oligomer level, which are
known to be the toxic species. Herein, we examine the effect of
the removal of the disulfide bond on the structural features of
amylin oligomers. After removing the disulfide bond in amylin
oligomers the N-termini are free, flexible to move and do not
have a helix-like structure. Interestingly, during the MD simula-
tions Asn3 that has shown B-strand properties in the ‘native’
amylin oligomers (with exclusion of model M4) does not exhibit
B-strand properties in models D1-D4 and E1-E4 (Fig. 3). However,
these models show some B-strand properties in the sequence
“Thr-Ala-Thr-"Lys, which are not shown in the ‘native’ amylin
oligomers in this sequence. We, therefore, suggest that the
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Fig. 3 The secondary structure of the simulated models of the ‘native’
amylin oligomers (models M1-M4) and the constructed models after
removal of the disulfide bonds (models D1-D4 and E1-E4) along the
sequence of amylin. The arrows illustrate the B-strand structure.

removal of the disulfide bond promotes the elongation of the
B-strand that is located in ®Ala-"®His and thus may induce the
formation of a stable cross- structure that leads to the promo-
tion of amylin aggregation. Interestingly, the formation of
B-strand properties in the N-termini of models D1-D4 and
E1-E4 disrupts the C-termini to exhibit B-strand properties
(Fig. 3): the sequence of **Asn-Thr®” Tyr that illustrates p-strand
properties in M1-M4 does not exhibit B-strand properties in
models D1-D4 and E1-E4.

We further compared the stability of the ‘native’ amylin
oligomers M1-M4 with models D1-D4 and E1-E4 by investigat-
ing their backbone solvation. It is expected that the N-termini
(residues Lys1-Cys7) of models D1-D4 and E1-E4 will be highly
exposed to the solute in comparison with the helix-like structure
of the N-termini of models M1-M4, and thus these models will be
more solvated in this domain. Interestingly, all the ‘native’ amylin
oligomers and the models studied here show a similar solvation
backbone (Fig. S6, ESIT). The N-terminal domain (Lys1-Ala8),
Leul2, Ser29, and the C-terminal domain (Gly33-Tyr37) are
relatively highly solvated. The turn domain (Ser19-Gly24) is
also highly solvated in all models.

To examine the structural stability of the ‘native’ amylin
oligomers in comparison to the models studied here, it is
important to investigate whether the fibril-like structure is well
packed by following the percentage of the hydrogen bonds along
the cross-f structure during the MD simulations, and by measuring
the inter-sheet distance between two [-strands within each
monomer in each model. Furthermore, one can monitor the
root-mean-square deviations (RMSDs) and the root-mean-square
fluctuations (RMSFs) of all models in order to investigate their
stability. All the ‘native’ amylin oligomers and the models studied
here demonstrate a well-packed fibril-like structure (Fig. S7
and S8, ESIt) with a relatively large percentage of hydrogen
bonds along the cross-f structure, which are retained through
the MD simulations (Fig. S9 and $10, ESIt). Interestingly, one can
see from Fig. S11 (ESIY) that the inter-sheet distances of the
‘native’ amylin oligomer models M1 and M2 are similar to those
obtained in models D1 and D2 and E1 and E2 (Fig. S7 and S8,
ESIt). However, the inter-sheet distances of models D3 and D4
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and E3 and E4 are dramatically smaller than those of models M3
and M4. Interestingly, models M1, M2, D1, D2, E1 and E2 have
similar orientations of the residues along the B-strands, and the
orientations of residues along the B-strands are similar for
models M3, M4, D3, D4, E3 and E4. Therefore, one can divide
these models into two groups, according to the orientations of
the residues along the B-strands: group one includes models M1,
M2, D1, D2, E1 and E2, and the second group includes models
M3, M4, D3, D4, E3 and E4. We therefore suggest that the
removal of disulfide bonds in amylin oligomers does not affect
the packing of the cross-f structure of amylin oligomers in group
one, while the disulfide bonds stabilize the packing of the cross-§
structure of amylin oligomers in the second group.

Finally, the RMSDs (Fig. S12 and S13, ESIt) show that all the
‘native’ amylin oligomers and all the models studied here exhibit
similar values of RMSDs. Therefore, all models have relatively
stable structures thus indicating that all models converged during
the simulations of 50 ns. The RMSFs (Fig. 4) for all the models of
the ‘native’ amylin oligomers and the models studied here show
a similar scenario. However, one can see that the N-termini
(residues Lys1-Asn3) in models D1-D4 and E1-E4 relatively show
more fluctuations in comparison to these residues in models
M1-M4. But these fluctuations compensate the relatively low
fluctuations in the turn domain of models D1-D4 and E1-E4.

< 2.5

o 2 +~M1 +~M2 +~M3 -=-M4
€ 1.5

8 '1

2

Q 0.5

Residue #

& . 2 B - —Xh
Th g5 Tk TTEE VRS E

§ 2

815

v

= i

(o]

0.5 - ‘
1 4 7 101316 19 22 25 28 31 34 37
Residue #

_ 3

25 4+D1 —D2 «D3 ~—D4
g 2

ELS

@ 1

Qo5

1 4 7 1013161922 2528 313437
Residue #

Fig. 4 RMSFs of the simulated models of the ‘native’ amylin oligomers
(models M1-M4) and the constructed models after removal of the disulfide
bonds (models D1-D4 and E1-E4).
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While in the ‘native’ amylin oligomers (particularly model M4)
the turn domain fluctuates relatively more, in models D1-D4
and E1-E4 the fluctuations in the turn domain are smaller. We
therefore suggest that the removal of the disulfide bond in the
amylin oligomers stabilizes the turn domain and therefore may
induce amylin aggregation.

We also estimated the helicity pitch values of the ‘native’
amylin oligomers (models M1-M4) and models D1-D4 and E1-E4
(Table S2, ESIT). We compared the computed helicity pitch values
with the experimental value that has been obtained by Eisenberg
and coworkers.”’ While models M1-M4 show similar values of
helicity pitch and agree with the experimental value, models
D1-D4 and E1-E4 do not agree with the experimental value and
exhibit relatively large values. The experimental helicity pitch value
has been obtained for the ‘native’ amylin oligomers. Therefore, it is
expected that removal of the disulfide bond may change the
helicity pitch values. We thus propose that removal of disulfide
bonds in amylin oligomers allows the N-termini to be flexible and
therefore induces the formation of a more twisted helical cross-f
structure and larger helicity pitch values.

In summary, the ‘native’ amylin oligomers demonstrate
polymorphism, ie. there are several structural models of amylin
oligomers that are produced. The polymorphism is a common
phenomenon in amyloids, among them are AB,*”"*® prions®® and
tau and mutated repeats.*®"*> Herein, by applying all-atom explicit
MD simulations we examined the effect of the removal of the
disulfide bonds in the ‘native’ amylin self-assembled oligomers
considering the amylin oligomers that have been observed by the
experiment.***! Our study leads to several conclusions: first, the
removal of the disulfide bonds decreases the polymorphism of
the ‘native’ amylin oligomers. While in the ‘native’ amylin oligomers
there are two preferred structural models of amylin oligomers,
after the removal of the disulfide bonds there is one preferred
structural model of amylin oligomers. Second, the removal of the
disulfide bonds in amylin oligomers induces the formation of
B-strand properties in the N-termini and thus promotes this
domain to adopt a cross-f structure. Therefore, our study suggests
that the removal of the disulfide bonds in amylin oligomers
induces longer cross-f strands in the N-termini of amylin oligo-
mers and consequently increases the amyloidogenicity. In some
amylin oligomers the removal of the disulfide bonds does not
affect the packing of the cross-f structure, while in others it
stabilizes the cross-f structure and leads to more packed struc-
tures. Third, these longer cross-§ strands in the N-termini of
amylin oligomers fluctuate more, but their turn domains fluctuate
less also in comparison with the turn domain of the ‘native’ amylin
oligomers. We therefore propose that the turn domains stabilize
the cross-f structures and thus induce amylin aggregation.

Because amylin aggregation is a complex process a full
understanding of the pathology caused by the formation of
amylin aggregates requires establishing both the identity of the
morphology of the intermediates along the amylin aggregation
pathway and the kinetics of their formation. The propensity for
native and non-native amylin oligomers to aggregate may also be
linked to kinetic aspects and future work is needed to provide
insights into these aspects.
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