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Background: The formation of amyloid fibrils is associated with many age-related degenerative diseases. Never-
theless, the molecular mechanism that directs the nucleation of these fibrils is not fully understood.

Methods: Here, we performed MD simulations for the NFGAILS motif of hIAPP associated with the type Il diabetes
to estimate the stabilities of hIAPP,,_,g protofibrils with different sizes: from 2 to 16 chains. In addition, to study
the initial self-assembly stage, 4 and 8 IAPP,,_»g chains in explicit solvent were also simulated.

Results: Our results indicate that the ordered protofibrils with no more than 16 hIAPP,;_»g chains will be structur-
ally stable in two layers, while one-layer or three-layer models are not stable as expected. Furthermore, the olig-
omerization simulations show that the initial coil structures of peptides can quickly aggregate and convert to
partially ordered [3-sheet-rich oligomers.

Conclusions: Based on the obtained results, we found that the stability of an IAPP,,_»g oligomer was not only
related with its size but also with its morphology. The driving forces to form and stabilize an oligomer are the
hydrophobic effects and backbone H-bond interaction. Our simulations also indicate that IAPP,,_»g peptides
tend to form an antiparallel strand orientation within the sheet.

General significance: Our finding can not only enhance the understanding about potential mechanisms of hIAPP
nuclei formation and the extensive structural polymorphisms of oligomers, but also provide valuable information

to develop potential 3-sheet formation inhibitors against type II diabetes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Amyloidogenesis is a common pathogenic process associated with
many age-related degenerative diseases, including Alzheimer's disease,
Parkinson's disease, Huntington's diseases, and type II diabetes [1-4],
which share a striking number of common pathological features or
events, such as evidence of membrane damage, oxidative stress, mito-
chondrial dysfunction, upregulation of autophagy and cell death. In
these diseases, proteins or peptides of diverse sequences form toxic
soluble oligomers and insoluble amyloid fibrils, sharing a highly similar
“cross3” spine and suggesting a common mechanism [4,5]. The
atomic architecture of a spine has been revealed, showing that it is a
pair of B-sheets, with the facing side chains of the two sheets interdigi-
tated into a dry ‘steric zipper’. Sawaya et al. [6] summarized more than
30 segments from fibril-forming proteins which can form amyloid-like
fibrils, microcrystals, or usually both, and also suggested that common
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structural features were shared by amyloid diseases at the molecular
level.

Studies have further suggested that amyloid fibril formation has
many characteristics of a “nucleated growth” mechanism [1]. Once a nu-
cleus is formed, fibril growth is thought to proceed rapidly by further as-
sociation of either monomers or oligomers. However, the structural
characteristics and oligomer size of this ensemble of fibril nucleating spe-
cies have yet to be determined, and the mechanism of further fibril elon-
gation is unclear. This is due, in part, to the limited access of experimental
characterization to this earliest aggregation stage, thus providing an op-
portunity for theoretical studies to bridge the experimental gap between
the monomer, oligomer and fibril. Now many computational studies
have focused on the fibril-formation mechanism. For example, atomistic
models have been employed to study the conformational space of
amyloidogenic polypeptides in the monomeric state or dimer [7-9],
the nucleation phase or fibril formation [10-18], the structural stability
of fibril model [19-21], and the elongation phase [22-24].

It is well known that atomistic molecular dynamics simulation is a
versatile tool for studying protein misfolding and aggregation. However,
one of its major challenges is choosing an appropriate force field as
different force fields have possible biases toward certain types of sec-
ondary structure [25-32]. Some recent studies have indicated that
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modern MD force fields slightly overestimate the presence of helical
structure in small peptides [25,32]. Nevertheless, an uncapped peptide
can fold into a native-like B-hairpin structure at 310 K when Amber
ff03 or other seven force fields were used, such as Amber ffO9SB-ILDN,
Amber ff99SB*-ILDN, Amber ff99SB, Amber ff99SB*, Amber ff03,
Amber ff03*, GROMOS96 43alp, and GROMOS96 53a6 [26]. Further-
more, the simulations based on CHARMM27 force field were able to
form native hairpins in some of the elevated temperature simulations,
while the OPLS-AA/L ones did not yield native hairpin structures at
any temperatures tested [26].

Islet amyloid polypeptide (IAPP, or amylin) is a hormone coexpressed
with insulin by pancreatic islet 3-cells and its abnormal aggregation into
amyloid fibrils is a hallmark of type II diabetes [33]. Conversion from sol-
uble monomer, IAPP(1-37), to 3-sheet fibrils involves changes in the
molecular conformation, cellular biochemistry and diabetes-related fac-
tors [34]. For reasons not clearly understood, human IAPP (hIAPP) aggre-
gates in type Il diabetes to form oligomers that have cytotoxic properties
and interfere with beta-cell function, eventually leading to the loss of in-
sulin production [35].

As the appearance of IAPP fibrils in pancreatic tissue is a hallmark of
diabetes type I, to design therapeutic agents to combat the progression
of diabetes type II, it is worthwhile to investigate the mechanisms of
the IAPP fibril growth. The central region of amylin, residues 20-29
(SNNFGAILSS), has been implicated as a key determinant of amyloid
formation. Previous experimental results indicate that residues 22, 24,
and 26-28 play a key role in formation of amyloid by amylin [36]. Posi-
tions 23 and 25 also appear to be important, but may be less critical than
positions 22, 24, and 26-28 [36]. These results may help to understand
the formation of hIAPP amyloid, however, the mechanisms of how the
seed forms and the extensive structural polymorphism of oligomers
are still not fully understood. These questions have unique, indispens-
able values for understanding the pathogenesis and designing the in-
hibitors against type 2 diabetes. Due to the importance of nuclei in the
formation of amyloid, in this work, we present a systematic study
with standard molecular dynamics simulation aimed at investigating
the characteristics of the nuclei and structural stabilities of hIAPP;;_»g
oligomers.

2. Methods

For steric zippers of hIAPP,q_»9 peptide, the spine can be either par-
allel or antiparallel within each p-sheet strand and also parallel or
antiparallel between each sheet [37,38], and their differences might de-
pend on different sample preparations or initial seedings. Here, we built
our model systems in a similar way with Yang and Zhou [39]. The
intersheet space was set to 10.5 A, and the interstand space was set to
4.87 A. However, in our current study, we mainly considered the stabil-
ities of the hIAPP,,_,g steric zipper which shares a basic unit of two par-
allel, in-register B-sheets with their different sides facing each other
(‘face-to-back’ or ‘up to down’) and each sheet composed of antiparallel

2KB (@

3-strands based on the full high-resolution structure of antiparallel
IAPP,,_ys fibrils (PDB ID: 2KIB) [38]. The model is an antiparallel ladder
“hetero zipper”; the peptides in one -sheet are antiparallel, and the
sheets are parallel so that the two faces of the protofibril are different
(Fig. 1). Here, we estimate the stabilities of different size protofibrils
formed by IAPP,;_»g peptide: from 2 chains to 16 chains (Table 1). In ad-
dition, to study the initial self-assembly stage, 4 and 8 IAPP,;_»g chains
in explicit solvent were also simulated. In our simulations, the N- and
C-termini of IAPPy,_»g are capped, respectively, by neutral acetyl and
methylamino groups.

The different oligomer models were first placed in a cubic box with
periodic boundary conditions, and the distance between the model
and the box edges was set to be about 1.0 nm. Initial configurations
were minimized in three steps, first keeping the peptides fixed, and
then only keeping the backbones fixed, and finally keeping all of the
molecules free.

All MD simulations were carried out using the AMBER 10.0 package
[40] together with the ff03 force field [41,42]. The TIP3P [43] solvent
model was used to describe water molecule. A 2 fs time step was used
to integrate the equations of motion with the Verlet leapfrog algorithm.
The long-range electrostatic interactions were treated with the particle
mesh Ewald method [44]. A nonbonded pair list cutoff of 1.0 nm was
used. The SHAKE algorithm [45] was used to constrain all bond lengths.
Temperature (310 K) and pressure (1 atm) were controlled by the
Berendsen thermostat and barostat [46] with coupling constants of 0.1
and 1.0 ps, respectively. For all simulations, the atomic coordinates
were saved every 2 ps for analysis.

The trajectories were analyzed using amber [40] and VMD [47] pro-
grams. The STRIDE algorithm [48] was used to assign secondary struc-
tures. To evaluate the hydrogen-bond (H-bond) preference of each
residue of IAPP; s, backbone H-bonds were considered by using
VMD [47]. One backbone H-bond is taken as formed if the N...O distance
is less than 0.35 nm and the N—H...O angle is greater than 150° [49].

3. Results
3.1. Structural stabilities of hIAPP,,_,g oligomers with different size

3.1.1. Overall structural stabilities

We performed all-atom molecular dynamics simulations with a
number of IAPP;_,g fragments ranging from 2 to 16, arranged in a sin-
gle, double, or triple layer (see Table 1). The peptides were capped with
ACE and NME at two ends, respectively. All simulations were performed
for 50 ns.In Table 1, the initial and final configurations of all systems are
presented. As can be seen, final single layer models of 2 and 4 chains lost
their native 3-sheet structures completely, which suggests single layer
{3-sheets were unstable. Although double layer model of 6 chains mainly
maintained its high 3-sheet contents after 50 ns simulations, its struc-
ture was completely dislocated. For other double layer models, as a
whole, they were relatively stable, although one of the edge chains

Zipper

Fig. 1. Cartoon representation of the respective NMR IAPP,, g fibril (PDB ID: 2KIB). a) 3-Strands are arranged by hydrogen bonding (shown as orange lines) into a ladder, which is an-
tiparallel here. b, c) Two ladders combine into a steric zipper. Atoms are shown as lines without hydrogen atom in Fig. 1c.
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Table 1

Structural evolution during the MD simulation of several configurations of IAPP,;_»g system with different number of chains (ranging between 2 and 16). The second column reports the
number of chains. The third column is a schematic representation of the starting configuration, in which the gray layers are 3-sheets, the circle with a central dot represents a 3-strand
pointing outside the paper plane, and the circle with a cross represents a 3-strand pointing inside the paper plane. The third and fourth columns are cartoon representation of the struc-
tures before and after the MD simulation. The fifth one shows the number of trajectories. The last column is the simulation time.
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was lost in some runs. We also performed simulations for triple layer
models with 9, 12 and 15 IAPP,,_»5 chains. The initial and final struc-
tures of them can be seen in Fig. S1. Most of the peptides in three-
layer models maintained their 3-sheet conformations, but the sheets
twisted around the axis perpendicular to the 3-sheets. Hence, the stabil-
ity of an IAPP,;_»g oligomer is not only related with its size but also with
its morphology.

Ca root-mean-square fluctuations (RMSFs) around the first struc-
ture for the last 25 ns were calculated and averaged for each chain in
all runs since they can give an indication of backbone flexibility and mo-
bility of IAPP,;_»s. The results of averaged RMSFs for different systems
are shown in Fig. 2. As can be seen, the single layer with 4 chains has
the largest RMSF values, while RMSF values of the dimer are relatively
small during the last 25 ns. For all systems of double layer and triple

layer, Coe RMSFs fluctuate in a very similar manner and the RMSF values
are almost smaller than 2 A, especially the middle residues of IAPP,,_»g
fragment. Therefore, we can conclude that during the last 25 ns the
double layer and triple layer models are relatively stable, and the single
layer with 4 chains having the largest backbone flexibility and mobility
is the most instable one.

The equilibration of the MD trajectories for the systems with more
than 8 chains was further tested based on the convergence of the aver-
aged backbone H-bond numbers and the contact numbers between
sheets. As can be seen in Fig. S2, their relative fluctuations were very
small during the last 25 ns, especially the last 15 ns, hence the studied
systems were up to convergence in 50 ns. To further test whether our
simulations converged over the 50-ns time scale, we elongated some
trajectories to 100 ns, such as two-layer models with 8 and 10 chains
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Fig. 2. Averaged Co root-mean-square fluctuations (RMSFs) around the first structure for the last 25 ns for each chain in all runs.

and three-layer models with 12 and 15 chains. By comparing the snap-
shots at 100 ns extracted from the elongated trajectories with the corre-
sponding snapshots at 50 ns, we find that almost nothing has changed
in these oligomers (Fig. S3), indicating that in our present work, our
simulations are converged in 50 ns.

3.1.2. Backbone hydrogen-bond map and contact map between sheets

As we know, amyloid fibrils are generally formed by peptides in ex-
tended conformations (3-strands) into 3-sheets through parallel or an-
tiparallel backbone hydrogen bonding bridges, which further stack
tightly through steric effects at a completely dry interface, called a zip-
per [6]. Here, the 3-strands of IAPP,;_»g are arranged by backbone hy-
drogen bonds into a ladder, which is antiparallel, and then the ladders
combine into a steric zipper (Fig. 1a). Therefore the details of changes
in ladders or sheets can be seen from backbone H-bond information,
while the contacts between side chains in different sheets can be used
to investigate the interaction between sheets. Here, two amino acids
are considered to form a contact if the distance between their side-
chain atoms is within 3.2 A,

Fig. 3 shows the main-chain H-bond contact map where the strength
of contacts is proportional to the number of H-bonds between two
amino acids. In each system, the largest H-bond number is considered
as 1 for reference. As the 3-strands are antiparallel in a ladder, one res-
idue in IAPP,,_,g should form H-bond with another one on the contrary.
In most trajectories, H-bond between G24 and 126 is strongest, and the
one between F23 and L27 is also very strong, which suggest that these
four residues may play a key role to help stabilize the already existing
p-sheets. A disordered H-bond map means that the ladders are unsta-
ble. As can be seen, most of the double and triple models have very sim-
ilar H-bond maps, indicating that these models can be stable in solution,
while single layer models with disordered H-bond maps are unstable.
Furthermore, the H-bond maps also show that 6, 8, and 9 chain models
have some additional hydrogen bonds, implying their weaker stabilities
than those of the other double and triple models.

Just as Fig. 1c shows, in a double layer model, the interfaces of two
sheets are different. In Fig. 4, for one sheet, N22, G24, 126 and S28 are
buried in the interface, while for the other one, F23, A25 and L27 are
buried. However, as the side chain of G24 only has one hydrogen
atom, G24 almost has no contact with the other sheet. As for the termi-
nal residues, N22 and S28, they are more flexible, so their interactions in
the stacking are much smaller than those of 126. Therefore, in sheet A,
126 is the most important residue. In sheet B, as can be seen in Fig. 5,
F23, A25 and L27 all have obvious interaction with 126, especially F23.
Residues F23, A25, 126 and L27 are all hydrophobic, and they are
major components of the interface inside the seeds. Hence, we can
infer that hydrophobic interaction plays an important role in the seed
formation of IAPP,,_»s. Furthermore, for the model with 6 chains, its

contact map is disordered compared with the other models, indicating
that it is the most unstable model. We can see from Fig. 5 that for triple
layer models, the middle sheet has two different interfaces with sheet A
and sheet C, and the two contact maps in the same model are very com-
plementary. More specifically, hydrophobic residues F23, A25, 126 and
L27 are vital in the stacking interaction, the same as in the double
layer models.

As Fig. 3 shows, the three-layer model with 12 peptides has weaker
inter-strand H-bond interaction than the two-layer model with 8 pep-
tides in the middle of the peptide, which can also be found in models
with 5 chains per sheet. As for the inter-sheet interaction, ideally an
oligomer should have a contact map like that of the two-layer model
with 16 chains. By comparing the two-layer and three-layer models
with 4 or 5 chains in one sheet, we find that the contact map of two
layer models is more ordered and closer to the ideal one (Figs. 4 and 5).

3.1.3. Changes of secondary structures

Furthermore, we investigated the secondary structural stability of the
studied oligomers with different sizes, and the 3-sheet contents are plot-
ted as a function of simulation time in Fig. S4. The analysis of secondary
structures is very useful for further understanding of the stability of
p-sheets. Our results show that the 3-sheet contents for single layer
models fluctuate wildly indicating that they are unstable. However, it
can be seen that the double and triple layer models adapt quite well
to the native p-sheet-rich structure with R-sheet contents about 60%.

In order to investigate the 3-sheet content of each residue, we aver-
aged the secondary structure information to each residue for each runin
the last 10 ns simulation (Fig. 6). Just as expected, the single layer
models had the lowest B-sheet contents. For the double and triple
layer models, except 6, 8 and 9 chains, the other models had at least
two residues among NFGAILS having sheet contents larger than 85%.
Residues G24, A25 and 126 have a stronger tendency to form B-sheet.
The results also indicate that the residues in the small size models
have relatively lower 3-sheet contents.

3.1.4. The stabilities of protofibril ends

The nematic order parameters, P2 [50], which describe the orienta-
tional order of the system and discriminate between ordered and disor-
dered conformations, were considered here and the obtained results
were shown in Fig. S5. In order to measure the detailed stabilities, we
partition the protofibrils into three parts labeled as A, M, and B (end A,
the middle part, end B), respectively (Fig. S5c). Fig. S5 shows that
most of the P2 values of the two-layer models are larger than 0.6 indi-
cating the formation of ordered conformations. However, end A or end
B in some runs has low P2 values, which indicates that these ends are
not very stable or they become disordered in some trajectories after
50 ns simulations. As for three-layer models, the P2 values for different


image of Fig.�2

J. Guo et al. / Biochimica et Biophysica Acta 1840 (2014) 357-366 361

Single layer Double layer Triple layer

S|
L|
N F G A | L S

L|

Al
G|

N F G A I L S

A G A. | . N G A I- L S
2 chains 6 chains 12 chains 9 chains
1
S
L 0.8
+10.6
Al
G 1104
0.2
N
N F G A I L S N F G A | L S N F G A I L S o
4 chains 8 chains 14 chains 12 chains
1
S|
L] 0.8
! 106
0.4
0.2
N
NFGA.ILS NFGA_ILS NFGA\.LSO
10 chains 16 chains 15 chains

Fig. 3. H-bond contact map of IAPP,,_»g peptide in some representative trajectories. The number of main-chain hydrogen bonds is calculated during the last 25 ns and the largest one in
each system is considered as 1 for reference.

Double layer

6 chains 8 chains 10 chains
1
S S
L L 0.8
m
— (0.6
8 A A
|
£ g e 04
¢p]
0.2
N N
N F G A I L S N E G A | L S N E G A | L S 0
12 chains 14 chains 16 chains
1
S| S| S|
1 1 0.8
m
— t o6
8 A A A :
£ ¢ G G {104
¢p]
0.2
N N N
N F G A I L S N F G A | L S N F G A | L S 0

Sheet A Sheet A Sheet A

Fig. 4. Side chain contact map of double layer models in some representative trajectories during the last 25 ns. The horizontal axis represents sheet A, while vertical axis represents the
other sheet, sheet B. The most contact between the two sheets in each system is considered as 1 for reference.


image of Fig.�3
image of Fig.�4

362 J. Guo et al. / Biochimica et Biophysica Acta 1840 (2014) 357-366

m
©
0
} L
Triple layer B
> SheetC
Ny m
: L i ©
= B ~F < > SheetB @
o N N <
; e N w
_ =. 7.~ Sheet A
m
©
Q
_C
wn

[72]
os S
4]
| A e
gt o
(2]
N F G A | L S
2]
<
(4]
£
[&]
N
-
[72]
<
@
H o
[&]
wn
b

Sheet A Sheet C

Fig. 5. Side chain contact map of triple layer models in some representative trajectories during the last 25 ns. The horizontal axis represents sheet A or sheet C, while vertical axis represents
the middle sheet, sheet B. The most contact between two sheets in each system is considered as 1 for reference.

trajectories of the same model are different, which may be due to their
instabilities and contribute to different mechanisms. As a whole, the
two-layer models (8-mer to 16-mer) have more ordered conformations
than the three-layer models (9-mer to 15-mer). The probability distri-
bution of P2 values (Fig. 7) suggests that for two-layer models, one
end and the middle part are more stable compared with the other
end, while for the three-layer models, the distribution is disordered.
This also indicates that the three-layer models are not very stable.

It is known that the formation of a nucleus is a reversible process de-
pendent on the concentration of the peptide monomer. The oligomers
might constantly form and dissolve [51]. In our present work, we
only simulated the protofibrils with no extra free peptides around. In

addition, the IAPPy;,_»g fragment is very short, and the sheets are not
aligned very well (Fig. 1). Hence, the edge peptides cannot be stabilized
by the adjacent ones as the inner ones. Our results show that the overall
oligomer stability increases with its size. However, in some systems, the
edge peptides are not as stable as expected. When the sheet is composed
of very few peptides, the inter-sheet interactions will not be very strong,
and dislocations will occur along with simulation time causing the edge
peptides more unstable, such as the hexamer (two-layer) and nonamer
(three-layer). Furthermore, the stabilites of IAPP,,_»5 oligomers are not
only relevant to their size but also to their morphologies. For instance,
all three-layer models are less stable compared with the corresponding
two-layer models.
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Fig. 6. Averaged [3-sheet contents of each IAPP,,_»g residue during the last 10 ns.


image of Fig.�5
image of Fig.�6

J. Guo et al. / Biochimica et Biophysica Acta 1840 (2014) 357-366

363

80 80 80
7nofl —A| 8chains 70l| 4| 10 chains 70 —#| 12 chains
60}{—B 60|l —B 60{—B
50 50 50
L ('8 [V
Q 40 0 40 O 40
o o o
30 30 30
o 20 20 20
g{ 10 10 10
© 0 0 v 0
— 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Q0 P2 P2 P2
el 80 80
3 ol | 14 chains 70l | 16 chains
(] 60 —B 60f—B
50 50
L L
Q 40 0 40
a o
30 30
20 20
" JAA °
0 0
0 02 04 06 08 1 0 02 04 06 08 1
P2 P2
50 . 50 - 50 .
—A| 9 chains —A|12 chains —A|15 chains
— 40f—M 40f—M 40f—M
(0] —B —B —B
% w 30 w 30 w 30
oy [a)] (o} (]
QD oy 0 20 o 2o
o
i: 10 10 10
0 | S 0 N 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
P2 P2 P2

Fig. 7. Probability distribution of the P2 values averaged by all runs for each system. Only the last 5 ns simulations are considered.

3.2. The dynamics association of peptides from disordered state

As we know, the aggregation process is a slow process. Firstly, the
change of a peptide chain from either a random or an ordered confor-
mation to a B-conformation is a slow process. Secondly, the aggregation
of peptides to a stable seed is a considerably slower process and takes a
very long time to incubate to reach its formation. Therefore, it is very
difficult to obtain a stable oligomer directly from all-atom simulations
of random peptide conformations in our present study. Furthermore,
the more the peptides involved in the aggregation simulation, the
longer the time to obtain a stable oligomer is. So, here, for simulations
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of the aggregation process, only tetramer and octamer were considered.
As Fig. 8 shows, the initial coil structures quickly convert into 3-sheet
structures, suggesting that hIAPP,,_»5 has a strong propensity to form
B-sheet. To explore the role of hydrogen bonds in the aggregation of
hIAPP,;_5s, the number of backbone hydrogen bonds between peptides
was monitored and given in Fig. 9. It can be seen that the hydrogen-
bond (H-bond) number for 4 peptides increases and achieves a balance
after the first 25 ns, and for the 8 peptides it increases more quickly in
the initial phase. At the beginning, all of the peptides are in disordered
structure state, and the number of H-bonds is very small, while later,
most of the peptides are converted into extended conformations
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Fig. 8. Graphical representation of secondary structure analysis for 4 and 8 IAPP,,_,5 peptides. The peptides are labeled as C1 to C4 and C1 to C8, respectively.
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Fig. 9. a, b) The number of backbone hydrogen bonds was plotted as a function of simulation time and structural evolution (0 ns, 50 ns, 100 ns, 150 ns, 200 ns) was shown. The peptides

were shown as cartoon: 3-sheet in yellow, and others in white.

(Fig. 8). Our results suggest that H-bonds for 8-peptide model are more
stable than those for 4 peptides. In addition, the H-bond number and
-sheet content have the same change tendency, which indicates
that H-bond interaction plays an important role in the formation of
hIAPP,;_»g B-sheet-rich oligomers.

In summary, hIAPP,,_,s peptides are inclined to form partially or-
dered 3-sheet-rich oligomers with high p-sheet contents for both 4
and 8 peptides. Although the aggregation runs suggest that the tetramer
and octamer have high p-sheet contents, they continually adjust their
conformations during the aggregation simulations, consistent with pre-
vious studies [51,52].

By connecting the aggregation simulations and the simulations of
stability test, for the stability of octamer with double layers, although
octamer cannot maintain a very stable oligomer state, it still can keep
the oligomerization state with high beta sheet content. In the aggrega-
tion simulation of 8 peptides, partially ordered two-layer R-sheet-rich
octamers are observed. As for tetramer, as we observed, the single-
layer tetramer is certainly unstable. It almost loses the original second-
ary structure and converted to coil structure after 50 ns simulation.
To further test the stability of tetramer, we performed the tetramer
with double-layer arrangement. As Fig. S6 shows, the tetramer with
double-layer structure persists high beta-sheet content although the
double sheet twists largely, which is consistent with our aggregation
simulation of 4 peptides. Consistent with a previous research [53], our
results also demonstrate that a two-layer 3-sheet cannot be formed
with only 4 small chains, but a 3-sheet-rich tetramer can be formed
(Fig. 9). So, overall, the aggregation simulations are in line with the sim-
ulations of stability test of the studied oligomers.

4. Discussion

In recent years, there have been considerable experimental efforts
devoted to determine the detailed atomic structure of amyloid fibrils,
as well as the mechanisms and the driving forces for peptide self-
assembly. Because of experimental difficulties, computer simulations
provide a much-needed complement to existing experimental studies

and offer precise predictions that serve as a basis for further experimen-
tal studies.

Amyloid formation with a “nucleated growth” mechanism by which
proteins assemble into highly ordered amyloid fibrils poses several in-
triguing questions. First, what is the conformation of the seed and its
minimal size? Second, what is the mechanism by which the seed
forms and amyloid grows? Third, what is the driving force of amyloid
formation? An answer to one of these problems would aid in illuminat-
ing the others. In order to obtain a clear understanding of the amyloid-
forming mechanism, simulations were performed on distinct poly-
peptides using different levels of chain representation and different
molecular dynamics approaches [8,19-20,54-61]. For example, Wei'
group [54] conducted coarse-grained MD simulations for the 32m83-
89 NHVTLSQ and AR16-22 KLVFFAE fragments. Their results indicate
that the critical nucleation size from which rapid fibril growth occurs
is very likely larger than 8 chains for both peptides. However, Teplow
and co-workers [62] reported that kinetic models of amyloid formation
fit time-course data when the number of chains involved in the aggre-
gation nucleus for AR aggregation is set to 10 chains. In agreement
with that, it's reported that below this critical nucleus the edge chains
of the 4-, 6-, and 8-chain protofibrils are instable, shifting the popula-
tions from ordered fibril C, to populations with increased free monomer
Cn—1[23].

Additionally, in recent years, much effort has been spend on the fibril
formation of the NFGAIL peptide (IAPPy,_»7), which is a good model sys-
tem and forms amyloid fibrils similar to those formed by the full-length
IAPP polypeptide. Wu and co-workers carried MD simulations to inves-
tigate the early-stage aggregation on IAPP,;_»; systems containing ei-
ther four peptides or a single peptide [51], four dimer subunits [52],
and to probe the B-sheet elongation process [63]. And they observed
partially ordered tetramers and well-ordered octamers. As in the elon-
gation study, they did not observe significant preference toward either
parallel or antiparallel 3-sheets at the elongation stage in the restrained
simulations, while in the unrestrained simulations, the dominant
growth mode was disordered aggregation. However, the work of
Zanuy et al. [60] suggests that the most stable conformation is an anti-
parallel strand orientation within the sheets and parallel between
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sheets, and established that an oligomer of 6-9 IAPP,,_,- peptides is sta-
ble enough to be a seed. Starting from a preformed parallel dimer and
ten disordered chains, the IAPP,,_»7 peptides form essentially amor-
phous oligomers or more rarely ordered 3-sheet structures indicating
that a dimer is not a sufficient seed for avoiding amorphous aggregates
[24].

Our simulations for the stabilities of IAPP,,_»g oligomers show that
the one-layer model and the three-layer models are not as stable as
expected. Although the peptides remain associated, the native back-
bone H-bond and side-chain contact networks are weaken or broken
at the end of the simulation. As for the two-layer models, some runs
of them lost one edge chain, but the other part of them still maintained
stable p-sheet rich conformation. Hence, we think with the same num-
ber of chains per sheet that the two-layer models are more stable than
the three-layer ones. Generally speaking, the smaller 3-sheet oligomers
with no more than 10 peptides are less stable.

Many amino acid sequences can assemble into amyloid fibril, further
lead to the occurrence of diseases. Thus, it is necessary to understand
how this process happens and what are the driving forces promoting
this process. It is well established that the propensity to form fibrils
highly depends on the pH, ionic strength, and concentration of the solu-
tion. In addition, macromolecular crowding [64] can also influence the
amyloid aggregation. In general, self-assembly is driven by noncovalent
interactions, including Van der Waal's forces, hydrogen bonding, Cou-
lombic interactions, and hydrophobic effects. Hydrophobic residues
with high propensities to form p-strand conformation and residues
with complementary charges promote fibril formation, and positively
and negatively charged peptides can copolymerize. It appears that a del-
icate balance between hydrophobic forces [11,59], Coulombic interac-
tions [65], and secondary structure propensities [17,65] is involved in
the formation of fibrils.

The fibril-forming sequences KFFE and KVVE show partial B-strand
conformation in solution, whereas the non-fibril-forming sequences
KLLE and KAAE show random structure only, suggesting that inherent
propensity for 3-strand conformation promotes fibril formation [65].
The peptides KFFK or EFFE do not form fibrils on their own but do so
in an equimolar mixture. Thus, intermolecular electrostatic interactions,
either between charged dipolar peptides or between complementary
charges of co-fibrillating peptides favor fibril formation [65]. There is
also strong experimental evidence that aromatic interactions resulting
from the phenylalanine and tyrosine rings play a crucial role in amyloid
formation [66,67]. For instance, KFFE forms fibrils, but KLLE does not
[65]. The work by Wu and co-workers [52] also suggests that F23
plays an essential role in the formation of ordered oligomers, so an aro-
matic inhibitor may prevent the amyloid seed formation by inhibiting
3-sheet stacking, for example, phenol red [68], congo red [69] and
esveratrol [70]. Our previous work [71] also showed that carbon
nanoparticles can inhibit the aggregation of IAPP,;_ s, and F23 played
an important role in the adsorption process. However, based on the ex-
perimental method, the study [72] on the F15L/F23L/Y37L triple mutant
of IAPP indicated that aromatic residues were not an absolute require-
ment for amyloid formation by IAPP, but they did influence the rate of
fibril formation and fibril morphology. In our hIAPP,,_,g protofibril
models, F23 does not contact with the other F23 residues. Therefore,
in our study, the high hydrophobicity of F23 is more important.

Additionally, our mechanism also displays the crucial role of the
main-chain H-bonds in guiding the peptides to fully ordered aggregates.
For protofibrils, breaking native H-bond network will destabilize their
structures. This result is consistent with the previous experimental
study that high urea concentration will destabilize AB1g_2> (KLVFFAE)
oligomers as well as other amyloidogenic peptides largely depending
on hydrogen bond formation between urea and the peptide backbone
[73].

Generally speaking, nonnative side-chain electrostatic and hydro-
phobic interactions bring the peptides together, which allow the
native backbone-backbone H-bond interactions to start the assembly

of B-sheets. Once these are formed, the final organization appears to
be driven by native side chain-side chain interactions. Furthermore,
the formation is sequence-specific.

5. Conclusions

Our simulations probing the stability and formation of the IAPP,,_»g
oligomers are a simplification of complex amyloid formation. Neverthe-
less, it enables us to address several key questions: how is the initial
seed stabilized and formed? What are the driving forces, hydrogen
bonds, hydrophobicity or others? What is the smallest size of a nucleus?
Through the simulations, we found that the driving forces to form and sta-
bilize an oligomer are the hydrophobic effect and backbone H-bond inter-
action. Our results also indicate that the ordered protofibrils with no more
than 16 hIAPP,,_,g chains will be structurally stable in two layers, while
one-layer or three-layer models are not stable as expected. Based on the
obtained results, we found that the stability of an IAPP,,_»g oligomer
was not only related with its size but also with its arrangements. In
many cases, as the edge chains are not binding tightly to the rest part as
the inner peptides, during simulations, some of them are lost. Further-
more, the aggregation simulations show that the initial coil structures of
peptides can quickly aggregate and convert to partially ordered [3-sheet-
rich oligomers. Our simulations also indicate that IAPP,, g peptides
tend to form an antiparallel strand orientation within the sheets.
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