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ABSTRACT: The development of computational e cient
models is essential to obtain a detailed characterization of the
mechanisms underlying the folding of proteins and the
formation of amyloid brils. Structure-based computational
models (Go-model) with C or all-atom resolutions have been
able to successfully delineate the mechanisms of folding of
several globular proteins and o er an interesting alternative to
computationally intensive simulations with explicit solvent
description. Here, we explore the limits of Go-model
predictions by analyzing the folding of the nonglobular repeat
domain proteins Notch Ankyrin and p16™** and the
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formation of human islet amyloid polypeptide (hIAPP) brils. Folding trajectories of the repeat domain proteins revealed
that an all-atom resolution is required to capture the folding pathways and cooperativity reported in experimental studies. The all-
atom Go-model was also successful in predicting the free-energy landscape of hIAPP brillation, suggesting a “dock and lock”
mechanism of bril elongation. We nally explored how mutations can a ect the co-assembly of hIAPP  brils by simulating a
heterogeneous system composed of wild-type and mutated hIAPP peptides. Overall, this study shows that all-atom Go-model-
based simulations have the potential of discerning the e ects of mutations and post-translational modi cations in protein folding
and association and may help in resolving the dichotomy between experimental and theoretical studies on protein folding and

amyloid brillation.

INTRODUCTION

A fundamental understanding of protein folding is critical to
predict the potential e ects of mutations and post-translational
modi cations on protein structure and stability. Despite
decades of intense research, the question of whether the
folding of proteins occurs through multiple routes or through a
single dominant pathway remains yet the subject of intense
debates.” * Experimental folding studies suggest that most
proteins fold along a single dominant pathway™® in contrast to
theoretical studies or computational simulations, which often
show the presence of parallel folding pathways.”® From a
theoretical point of view, protein folding is regarded as the
process by which a polymeric chain di uses on a multidimen-
sional free-energy landscape to nd and occupy a minimum
energy state. The energy landscape theory posits that evolution
has selected protein sequences for which the energy gap
between the native state minimum and the ensemble of non-
native minima is maximized.” This results in minimally
frustrated, funnel-shaped free-energy landscapes that favor the
rapid and e cient di usion of proteins into their folded
states.”” 2 This theory led to the development of coarse-
grained computational models, called Go-models, that allow the
simulation of proteins on an ideal, perfectly unfrustrated, free-
energy landscape by attributing an attractive potential to native
contacts and a simple sphere repulsion term to any non-native
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contacts.”® ** Go-models are the so-called structure-based
models because they require a reference structure to establish
the list of native contacts. Previous studies using Go-models
with C resolution have provided insights into the folding
mechanisms of two-state folders™ but are known to fail in some
instances, Particularly for proteins that exhibit high degree of
symmetry,"” a problem that can potentially be resolved with all-
atom Go-model simulations.'® #* The phenomenon of amyloid

brillation related to diseases such as Alzheimer's and type 2
diabetes*® is another challenging process for computational
simulations. Understanding the mechanisms of bril formation
is yet crucial for the design of small molecules and peptide-
based inhibitors.?>?® Conventional all-atom molecular dynam-
ics simulations of amyloid brils can potentially provide
atomistic level information but are highly computational-
intensive, especially for systems with a signi cant number of
peptides.?’

In the present study, we used Go-model simulations to
characterize the folding mechanism of the repeat domain
proteins Notch Ankyrin (Notch AR)?® and p16™K**° and the

brillation landscape of the human islet amyloid polypeptide
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Figure 1. Reference structures used in this study with four repeats of Notch AR (PDB ID: 10T8) in (a) all-atom and (b) C representation, (cg
four repeats of p16'N4 (PDB ID: 1BI7) in all-atom representation, and (d) a tetramer extracted from the reference structure of the hIAPP  bril ®
(e) Lennard-Jones (LJ) potential with respect to distance is presented for the all-atom and C models. The potential function is described in eqs 1

and 2.

(h1APP), a disordered peptide whose brillation is linked to
type 2 diabetes.*® We chose these model proteins to test the
limit of Go-model predictions and ask whether structure-based
models can accurately reproduce the association and/or folding
of nonglobular, non-two-state systems. We rst addressed this
question by comparing the folding trajectories of Notch AR
obtained with the di erent level of coarse graining, i.e, C and
all-atom resolutions. We showed that compared to the simple
C model, the introduction of all-atom resolution increases the
folding cooperativity of Notch AR and o ers a signi cantly
better agreement with the experimental studies. We also
compared the folding trajectories obtained for Notch AR to
that of p16'™K4 a repeat protein with a very similar topology,
and observed that the all-atom Go-model is able to distinguish
the di erences in the folding mechanisms of these two repeat
domain proteins. When applied to the problem of bril
formation, all-atom Go-model simulations revealed that
partially folded dimers were the smallest nucleus formed
along the brillation pathway of hIAPP and suggest a general
“lock and dock” mechanism similar to that of the amyloid

brils. We nally took advantage of the all-atom resolution
0 ered by our Go-model to design an in silico mutant of the
hIAPP peptide and study the mechanisms of association in the
context of a heterogeneous system composed of wild-type and
mutated peptides. On the basis of these ndings, we concluded
that all-atom Go-models have a high potential for predicting the
e ect of mutations and post-translational modi cations on
protein folding and bril formation and may help in developing
e cient peptide-based inhibitors for targeting pathogenic
amyloid assembly.

MATERIALS AND METHODS

We used PDB IDs 10T8,* 1BI7,* and 2A5E* (the latter
being the NMR structure of p16™** used for comparison
purpose) as reference structures for Notch AR and p16™K<4,
from which the coordinates of 2, 3, or 4 repeat domains were
extracted for the purpose of the simulations. The missing
residues in the PDB le were replaced using PyMOL, followed
by energy minimization.** The coordinates of the hIAPP
amyloid  bril were obtained from the solid-state NMR
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structure reported by Luca et al.*> The lists of native contacts

were determined for each reference structure using the Shadow

Contact Map-SMOG algorithm,***” and only heavy atoms

were considered for establishing native contacts. The following

energy functions were used in the C and all-atom models:
For C Representation.
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where rj; is the distance between atom i and j and r j; represents
the distance between i and j at which the interaction energy is a
minimum (Figure 1€). The instantaneous bond lengths, bond
angles, and dihedral angles are given by r, ,and , respectively,
and ry, o, and  are the corresponding values in the reference
PDB structure. The ratios between interactions parameters for
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The dihedral interaction weights for the backbone and side
chains are given by ggand ., respectively. The ratios between
interactions parameters for this model are K, =50 , K =40 ,
and K =10

Renormalization of Native Contact Weights. For all-
atom models, SMOG normalizes the weight of native contacts
1 e and gc by the ratio of the number of atoms/number of
native contacts in the systems such that the total stabilizing
energy is rou hI}/ the same between molecular systems of
di erent sizes.®>" However, because of their speci ¢ elongated
architecture, the number of native contacts found in repeat
proteins does not scale linearly with the total number of atoms
as the number of repeats increases. For example, 488 native
contacts are formed by the 492 atoms of Notch AR with two
repeats, but Notch AR with four repeats form 1232 native
contacts for 981 atoms resulting in low value of normalizing
factor. We noted that the normalization conditions imposed by
SMOG for all-atom models tend to excessively decrease the

weight of native contacts for longer repeat proteins or brils
compared to the shorter constructs. We therefore rescaled the
native contact weights of our all-atom model for the constructs
with three and four repeat domains based on the SMOG output
obtained for our shorter construct (with two repeats). For
example, the native contact ( ;) and dihedral ( gz and o)
weights of Notch AR with four repeats were uniformly
renormalized by factors of 1.27 and 1.02, respectively, to
match the weights obtained for Notch AR with two repeats.
This renormalization of the all-atom models allowed us to
monitor the folding transitions of the longer constructs on a
relevant time scale, which was otherwise not possible under the
initial normalization conditions obtained from SMOG (see
Figure S1). Reversing the weight normalization imposed by
SMOG is potentially useful for any system in which the number
of atoms is much lower than the number of contacts and helps
in deriving the folding trajectories in reasonable computational
time. The same renormalization methodology was applied for
hIAPP. Lists of native contacts for the hIAPP dimer, trimer, and
tetramer were generated in a manner that individual peptides
may swap their position during the simulations, which is
accomplished by swapping coordinates of the peptides when
establishing the list of native contacts to account for all
combinatorial possibilities. Repeated intramolecular and
intermolecular interactions were deleted to prevent redun-
dancy.

Details of Simulations. All simulations were performed
using GROMACS 5.0.7°® program with the leapfrog stochastic
dynamic integrator and a time step of 0.0005. For each system,
independent simulations were performed over a wide range of
temperatures and the folding temperature (T;) was determined
using the weighted histogram analysis method (WHAM).* In
the case of Notch AR and p16™** T, represents the
temperature at which both the unfolded and folded ensembles
are equally populated. We de ne T, in the case of the hIAPP
system as the temperature at which both dissociation and
association events can be equally observed.

Analysis. The fraction of native contacts (Q) was used as a
reaction coordinate to monitor the folding of Notch AR and
p16'™** and hIAPP assembly. A contact is considered formed
when the distance between two atoms, ry, is less than 1.2 .
Free-energy landscapes were obtained using root-mean square
deviation (RMSD) and Q as two coordinates using g_sham
module in the GROMACS program.*® The heat capacity (C,)
is derived as the partial derivative of the total energy E with
respect to temperature

_E _ 1
CV(T)_—T_R

( B?

where kg is the Boltzmann constant and T is the temperature in
reduced units. The resulting graphs were further processed
using in-house python scripts. The intermediate conformations
were analyzed using cluster algorithm as implemented in
g_cluster module of GROMACS,* using a cuto  of 1.35 nm,
which was selected to nd the top three clusters representing
the majority of conformations (ca. 90 95%).%° This seemingly
high cuto is due to the partially folded nature of the
conformational ensembles selected for Notch AR and hIAPP
from the free-energy landscape analysis.

DOI: 10.1021/acs.jpch.7b12129
J. Phys. Chem. B XXXX, XXX, XXX XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b12129/suppl_file/jp7b12129_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.7b12129

The Journal of Physical Chemistry B

Figure 2. Folding free-energy pro les at T; as a function of native fraction (Q) and root-mean-square deviation (RMSD) calculated from the Go-
model simulations of Notch AR with C () and all-atom representations (b). The scale bar represents the free-energy scale in ki/mol. The inset
shows the respective change of speci ¢ heat over a wide range of temperatures around T;. Contact map analysis of intermediate states populations
identi ed from (a) and (b) (Q=0.45 0.75 and RMSD = 0.5 1.5 nm, highlighted with red dots in the free-energy maps) for Notch AR in C (c)
and all-atom representations (d). The color code in the upper half of the map corresponds to the probability, ranging from 0 to 1, to nd each atom
in its native contact conformation, whereas the lower half of the map represents all of the native contacts present in the native state. The insets show

the central conformation of the dominant cluster (Figure S2).

RESULTS

Folding Behavior of Notch AR in All-Atom and C
Representation. We rst explored the e ect of coarse
graining on the cooperativity of folding by simulating Notch
AR with four domain repeats in C and all-atom
representations (Figure 1ab). The folding temperature (T;)
was independently determined for both systems using the
WHAM?* algorithm, and both systems were then simulated at
T = T; for 10° time steps. The change in speci ¢ heat over the
wide range of temperatures sampled shows a sharper folding
transition, indicative of a more cooperative folding mechanism
for the all-atom representation compared to the C -model
(insets in Figure 2a,b). Two-dimensional free-energy landscape
analysis, based on the fraction of native contacts (Q) and the
root-mean-square deviation (RMSD) from the reference PDB
structure, revealed a clear di erence in the folding cooperativity

between the C and all-atom Go-model simulations (Figure
2a,b), suggesting that the incorporation of side-chain
information in all-atom Go-model increases the cooperativity
of Notch AR folding. The results from these all-atom Go-model
simulations are therefore in closer agreement with the
experimental studies, which showed that Notch AR folding
kinetics can be tted to the classical two-state mechanism.** *
In contrast, the free-energy landscape obtained from the C

Go-model simulations is characteristic of a non-cooperative
folding process with signi cant population of intermediate
states (Figure 2a). The main intermediate population appears
within the region de ned by Q=0.45 0.75 and RMSD = 0.5

15 nm (Figure 2a). This basin of intermediate states
conformations corresponds to  35% of the frames of the C

system trajectories and 9% of the all-atom simulation frames.
A contact map analysis revealed that these intermediate states
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Figure 3. (a) All-atom representations of AR2, AR3, and AR4 with two, three, and four Notch ankyrin repeats, respectively. (b) Speci ¢ heat capacity
of folding calculated from independent simulations of AR2 (green), AR3 (magenta), and AR4 (brown). The error bars represent variations in C,

values estimated by dividing the trajectories into two equal parts.

are predominately populated by conformations with folded
central repeats, in both all-atom and C representations
(Figure 2c,d).

Thermodynamics Characterization of Notch AR
Folding Cooperativity. To explore if nearest-neighbor
interactions are responsible for the observed folding cooper-
ativity of Notch AR in all-atom representation, we compared
the folding trajectories obtained from Go-model simulations of
two (AR2), three (AR3), and four (AR4) ankyrin repeats
(Figure 3a). Constant-temperature runs were carried out at
over a wide range of temperature for each construct, and the
speci ¢ heat capacity values were independently calculated
using the WHAM algorithm.*® The change of speci ¢ heat over
a wide range of temperatures showed that cooperativity and the
stability of Notch AR globally increase with the number of
repeats, with a drastic di erence between AR2 and AR3 but a
much subtler change from AR3 to AR4 (Figure 3b). This
analysis suggests that two domain repeats are su cient to
obtain a simple two-state folding behavior, but the three central
repeats present in AR3 are required to reproduce the folding
cooperativity of the longer Notch AR constructs.

Folding Routes of Notch AR and p16™*, To test the
ability of the all-atom model to distinguish the folding routes of
repeat proteins with similar topologies, we compared the results
obtained for Notch AR to those obtained for p16™ 4, Although
these two proteins have very similar structures and topologies
(Figure 1ac), they have been shown experimentally to fold
through distinct folding pathways.?® The folding of Notch AR is
primarily initiated from the central repeats, with a slight
polarization toward the N-terminus,** whereas PlG'NK“ is
known to fold primarily from the C-term repeats.”* To gain
detailed insights into the folding mechanism of these two
model proteins, we analyzed the free-energy landscape in terms
of interfacial contacts between the repeat units. In the case of
protein with four domain repeats (A, B, C, and D), we de ned
the three interfaces present between repeats as AB, BC, and CD
(Figure 4a).

In line with the contact map analysis presented above (Figure
2¢), the interface free-energy surface of Notch AR showed a
slight preference for the BC interface compared to the AB
interface but a clear di erence in stability between the BC and

CD interface (Figure 4b,c). This analysis con rms again that
the folding nucleus of Notch AR lies in the central repeats with
slight polarization toward the N-term unit. In contrast, the
folding intermediate state identi ed for p16™** shows a much
stable BC interface compared to AB and a slight preference for
CD over BC interface (Figure 4d,e), suggesting that the folding
of p16™K* is initiated from the central and C-term units.
Overall, these results demonstrate that the simple all-atom Go-
model used here is able to distinguish the folding mechanisms
of two proteins with very similar topologies.

Free-Energy Landscape of Fibril Formation. The
concept of free-energy landscape established in the eld of
protein folding can also be applied to understand the
mechanisms of amyloid brillation.*> We used our renormal-
ized all-atom Go-model to understand the brillation process of
the human islet amyloid polypeptide (hIAPP) using the
coordinates determined by solid-state NMR as reference
structure for the determination of native contacts™ (Figure
1d). We ran independent simulations with two, three, and four
hIAPP peptides over a wide range of temperature and
determined T, as the temperature at which we observed an
equivalent number of association and dissociation events. The
two-dimensional free-energy landscape analysis performed at T
= T, revealed the presence of intermediate states for all three
systems studied, i.e., dimer (Figure 5a), trimer (Figure 5b), and
tetramer (Figure 5c). Interestingly, the tetrameric system
exhibited two distinct basins of intermediate states in the
regions 0.45 < Q< 0.60 and 1.8 < RMSD < 3 (intermediate I)
and 0.6 < Q< 0.75 and 0.75 < RMSD < 1.8 (intermediate I1),
corresponding to 6 and 5% frames of the trajectories
(Figure 5¢). A cluster analysis on these basins showed that
intermediate | is primarily populated with conformations
having fully formed dimer with docked and unfolded peptides,
whereas the most dominant conformation in intermediate 11
corresponds to the trimer of hIAPP with one unfolded peptide
(inset of Figure 5c).

Understanding Co-Assembly in Amyloid Formation.
In the complex in vivo environment, amyloid peptides and
proteins can carry mutations and post-translational modi ca-
tions that may lead to cross-seeding and co-assembly of  brils.*°
It has been well documented that mutations in amyloid
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Figure 4. (a) Schematic representation of the four domain repeats representing the interfaces found in both Notch AR and p16'™K4 The dashed lines
in the gure indicates intermolecular contacts present between repeats. (b) Free-energy surface plots of the formation of AB and BC interface of
Notch AR in all-atom representation. (c) BC and CD interface of Notch AR in all-atom representation. (d) p16™** AB and BC interface in all-atom
representation. () Free-energy surface of formation of BC and CD interface in p16™K in all-atom representation. The scale bar in all of the plots

represents the free-energy in kJ/mol.

peptides can modulate their brillation propensity and their
ability to incorporate into pre-existing brils.*” This informa-
tion is especially important for the design of peptide-based
inhibitors of amyloid brillation. We examined here the
mechanisms of co-assembly by simulating the formation of an

hIAPP trimer with two wild-type peptides and one mutant,
where phenylalanines at positions 15 and 23 have been replaced
by alanines (Figure 6a). The choice of phenylalanine is based
on the previous studies highlighting the importance of

interactions in the formation of amyloid brils.** The
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Figure 5. Free-energy landscape of hIAPP brillation as a function of fraction of native contacts (Q) and root-mean-square deviation (RMSD). (a)
Dimerization of hIAPP; (b) trimerization of hIAPP; and (c) tetramerization of hIAPP. The two distinct intermediate-state basins observed for
tetrameric system (intermediate 1: 0.45 < Q < 0.60 and 1.8 < RMSD < 3 and intermediate 11: 0.6 < Q< 0.75 and 0.75 < RMSD < 1.8) are highlighted
with red dashed squares. The main conformations populating these basins are shown as insets (Figures S3 and S4). The scale bar in all of the plots

represents the free energy in ki/mol.

introduction of these two mutations results in a loss of 29
native contacts (about 1.5% of the total number of native
contacts present in the trimeric conformation), among which
16 were present at the interface between two peptides.
Simulations of this heterogeneous system were carried as
previously described, and the temperature of association/
dissociation T, was determined from independent simulations
over a broad range of temperatures. Interestingly, the two-
dimensional free-energy landscape at T = T, shows a clear
increase in the population of the dimeric intermediate states
(labeled “D” in Figure 6b) compared to the homogeneous
trimer (Figure 5b). Further analysis on the intermediate-state
region 0.5 < Q< 0.7 and 1.0 < RMSD < 2.0 revealed that the
conformations populating this basin are composed of 90% of

partially folded homodimers and only  10% of partially folded
heterotrimers.

Overall, the results presented in Figures 5 and 6 con rm that
the dimeric state is the smallest stable nucleus on the brillation
pathway, in good agreement with previous experimental
studies, showing that dimerization is indeed a rate-limiting
step in the formation of amyloid brils.*® This feature is
accentuated by the introduction of destabilizing mutations, such
as F15A and F23A, to form a heterotrimeric system, which
increases the stability of the dimeric intermediate states relative
to the folded trimer (Figure 6).

DISCUSSION

Folding Mechanism of Repeat Proteins. Although the
fundamental mechanisms underlying the folding of globular
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Figure 6. (a) All-atom representation of hIAPP trimer with phenylalanine and mutated residues highlighted with sticks representation; this hIAPP
heterotrimer contains two wild-type peptides and one mutated peptide, where phenylalanines 15 and 23 are replaced with alanines. (b) Free-energy
landscape as a function of the total number of native contacts Q and RMSD from the reference structure. The intermediate-state region is
highlighted with a red dashed square and labeled as D (dimeric intermediate states). The scale bar represents the free energy in ki/mol.

proteins are well understood from a statistical mechanics point
of view,” *? the understanding of how pathogenic mutations
and post-translational modi cations a ect the folding of
proteins is yet limited. There is therefore a need for
computational methods that can accurately describe the
mechanisms of protein folding at an atomic resolution, in
relevant time scales, without being computationally too
intensive. We showed here that the choice of model of
representation (C vs all-atom) signi cantly a ects the
outcomes of folding simulations of the repeat domain protein,
Notch AR. The energy landscape and heat capacity analyses
demonstrate that all-atom representation increases the overall
folding cooperativity of Notch AR (Figures 2 and 3). In
addition to the resolution (i.e., C vs all-atom), it should be
noted that the type of energy function used in Go-model
simulations, that is, a three-term LJ potential instead of the
classic two-term potential can also strongly in uence the
folding cooperativity of the simulated system.” Moreover, our
simulations show that the folding nucleus of Notch AR lies in
the central repeats (Figures 2 and 4b,c), in good agreement
with the experimental data reported by Mello and Barrick.**
Our results also demonstrate that a simple all-atom Go-model
is able to distinguish the folding pathways of two proteins with
very similar topologies, such as Notch AR and p16™** (Figure
4). The folding mechanism described by our all-atom Go-

model for pl16'™** was consistent with the previous
experimental studies®®** and did not reveal any signi cant
population of intermediate states with folded N-terminal
repeats, as reported by Ferreiro et al®® in their C  Go-model
study. We believe that the di erences between our results and
previous simulations can in part be attributed to the choice of
reference structures used for establishing the list of native
contacts. By comparing simulations derived from two di erent
pl16'NK4 reference structures, 1BI7°* (determined by X-ray
crystallography) and 2A5E*® (determined by NMR spectros-
copy), we obtained di erent outputs from the folding
simulations ran with C models, whereas the all-atom Go-
model simulations gave the same results for both reference
structures (Figure S5). A close examination of these two
structures revealed about 12% more native contacts in the N-
terminal repeats (i.e., the AB interface as de ned in Figure 4) in
the NMR-derived structure 2A5E compared to 1BI7, which
explain the N-terminal intermediate states observed from the
C simulations based on the 2A5E reference structure (Figure
S5). These comparisons highlight the extreme sensitivity of C
models to small di erences in the reference structures, whereas
in the case of all-atom models, these di erences are distributed
over a much larger number of contacts and have less impact on
the simulations.
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Figure 7. Schematic representation of the formation of an hIAPP trimer from three disordered peptides. The dimeric intermediate states observed in
our trajectories represent in this model the docking surface onto which the third peptide can be locked, rst in an extended state before a U-shaped

conformation leading to the nal formation of trimer.

Because all-atom Go-model simulations can successfully
reproduce the folding mechanisms of repeat domain proteins,
such as Notch AR and p16™** we tested if this simple model
could also describe the formation of brils using hIAPP as a
model peptide. Our all-atom Go-model simulations of hlIAPP

bril formation suggest that dimers are the smallest
intermediate states signi cantly populated upon brillation
(Figure 5). The bril elongation mechanism observed here for
hIAPP closely reassembles to lock and dock mechanism
described for the amyloid  brils.>* Docking is described as
a mechanism by which an incoming monomer loosely
associates with a bril template to form contacts leading to
its incorporation in the bril or to readily dissociate. We believe
that the dimeric intermediate states observed here represent the
simplest form of template available for the elongation of hIAPP

brils (Figure 7).

To test the lock and dock hypothesis of hlIAPP  bril
formation, we designed a heterotrimer formed by two wild-type
peptides and one peptide with F15A and F23A mutations. The
all-atom Go-model simulations showed a clear increase of the
population of dimeric intermediate states relative to the fully
formed trimer (Figure 6b compared to Figure 5b) and we
noted that 90% of the conformations present in the
intermediate states basins were homodimers, and less than
10% heterodimers. This observation suggests that even for a
heterogeneous system, such as the one simulated here, these
stable homodimers represent the minimal template required for
docking of the third peptide and further elongation of the bril.
This simple in silico experiment also highlights the potential of
all-atom Go-model simulations for designing peptide-based
inhibitors of hIAPP brillation that are critically needed for the
treatment of type 2 diabetes. Such agzproach will likely require
Go-models with hybrid potentials,”® including salt bridges,
desolvation potential,>* and hydrogen bonding, for a more
realistic depiction of peptide interactions that are currently
under development in our group.

CONCLUSIONS

We have presented here a “proof of concept” that all-atom Go-
model simulations can accurately reproduce the essential
features of protein folding and assembly. We tested the
accuracy of our model with two challenging systems, the folding
of nonglobular proteins and the formation of an amyloid bril.
The results obtained from the all-atom Go-model simulations

were in good agreement with the experimental reports, thereby
con rming that structure-based models represent an interesting
alternative to computationally intensive molecular dynamics
simulations with explicit solvent description. The coarse
graining approach o ered by structure-based models is
especially promising for the study of bril formation as
demonstrated here in the case of hIAPP. Our all-atom model
was able to identify the key intermediate states populated on
the elongation pathway in the context of homogeneous
formation and cross-seeding. We believe that structure-based
models have a high potential for the characterization of disease
causing mutations and post-translational modi cations on
protein folding and brillation.
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