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Abstract

It is generally accepted that oligomers of aggregating proteins play an important role in the onset
of neurodegenerative diseases. While in silico aggregation studies of full length amyloidogenic
proteins are computationally expensive, the assembly of short protein fragments derived from
these proteins with similar aggregating properties has been extensively studied. In the present
work molecular dynamics simulations are performed to follow peptide aggregation on the
microsecond time scale. By defining aggregation states we identify transition networks,
disconnectivity graphs and first passage time distributions to describe the kinetics of the assembly
process. This approach unravels differences in the aggregation into hexamers of two peptides with
different primary structures. The first is GNNQQNY, a hydrophilic fragment from the prion
protein Sup35, and the second is KLVFFAE, a fragment from amyloid fprotein, with a
hydrophobic core delimited by two charged amino acids. The assembly of GNNQQNY suggests a
mechanism of monomer addition, with a bias towards parallel peptide pairs and a gradual increase
in the amount of fstrand content. For KLVFFAE a mechanism involving dimers rather than
monomers is revealed, involving a generally higher f-strand content and a transition towards a
larger number of antiparallel peptide pairs during the rearrangement of the hexamer. The
differences observed for the aggregation of the two peptides suggests the existence of a sequence—
aggregation relationship.

Introduction

Amyloid protein aggregation is one of the main factors involved in the onset of several
neurodegenerative conditions, including Alzheimer’s, Parkinson’s, and prion diseases. The
aberrant assembly of proteins such as amyloid-£ (Af), a synuclein, and the prion protein
into fibrils has been associated with the death of neuronal cells. There is increasing evidence
that oligomers, present in the early stages of aggregation, are the neurotoxic species, rather
than highly organized fibrils.1-4 The prion protein and Afare two examples of
amyloidogenic proteins whose early assembly mechanisms have been investigated using
both experimental3>:6 and computational tools.”-10 Two short fragments from these proteins
exhibit aggregation behavior and cross-£ structures similar to the ones specific to fibrils
formed by the full length proteins. One is the GNNQQNY fragment from the N-terminal
prion determining region of the yeast protein Sup35 (abbreviated GNN). The second is the
KLVFFAE fragment from A/ (abbreviated KLV). The motivation for studying these shorter
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fragments of amyloidogenic proteins is the hypothesis that their behavior captures essential
features of the original proteins.11 Moreover, these two peptides have very different primary
structures: GNN is polar, while KLV has a hydrophobic core. They are therefore likely to
exhibit different aggregation pathways, whose elucidation would contribute to a better
understanding of the sequence—aggregation relationship.

Current stochastic models that describe the aggregation process!2 are mostly applicable to
simple cases involving the attachment or detachment of a monomer to a larger aggregate,
without any information about the conformational structure. A different method for
describing stochastic biological processes involves kinetic transition networks314 and
disconnectivity graphs'>16 and has already been applied to the study of conformational
dynamics of peptides or protein folding!’-20 and recently to aggregation.2! In the present
work we characterize the assembly of six monomers into one hexamer for GNN and KLV,
based on molecular dynamics (MD) simulations, and compare the pathways. Hexamers were
chosen because previous experimental?2 and theoretical?3-24 studies suggest a classical
nucleation process for the aggregation of GNN with a critical nucleus of four to six
monomers. To obtain a general picture of the complex aggregation process we first derive
coarse-grained transition networks (CGTNs) showing the transitions between oligomers of
different sizes. In order to provide a more detailed picture of the aggregation process, we
introduce so-called aggregation states defined on the basis of certain structural
characteristics in addition to oligomer size, and derive kinetic transition networks (KTNSs)
revealing the population and transitions between these states.1® As these KTNs are rather
complex, we apply the max-flow min-cut procedure allowing to remove less important
nodes and edges of the KTNs while preserving the maximum flow within the
network.1725-27 The resulting networks, which we denote mincut transition networks
(MTNs), provide a concise picture of the aggregation pathway in terms of stable aggregation
states and transitions between them. However, they lack kinetic information, which we
derive in a next step by describing the free energy landscape of aggregation through
disconnectivity graphs (DGs)1®:16 using the node and edge data from the MTNSs. Finally, we
provide information regarding the dynamics of aggregation through first passage time
distributions (FPTDs) for reaching the most populated aggregation states. Although both
peptides have been previously studied with both coarse-grained?324:28.29 and all-atom
models,14:21:30-32 e believe this is the first comparison of their aggregation behavior using
a kinetic description that involves transition networks (TN).

Materials and Methods

MD Simulations

For both GNN and KLV we performed five independent all-atom MD simulations of six
peptides inserted in a cubic box with side length 10 nm filled with explicit SPC water,33
resulting in a concentration of about 10 mM. Each simulation was 500 ns long, producing a
total of 2.5 us per sequence. The simulations were performed with the Gromacs 4.5.5
parallel software package3* and the GROMOS96 43A1 force field.3> Hydrogen atoms were
treated as virtual interaction sites, permitting an integration time step of 5 fs while
maintaining energy conservation.36 The system was maintained at 310 K and 1 bar via
velocity rescaling with a stochastic term algorithm37 and the Berendsen barostat,38
respectively. Electrostatic interactions were described using the particle mesh Ewald
algorithm3940 with a cutoff of 0.9 nm. Van der Waals interactions were cutoff at 1.4 nm
with a switching distance of 0.9 nm. During each MD simulation, structures were saved
every 5 ps, resulting in 500,000 collected snapshots per peptide.
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Definition of Aggregation States

The aggregation state is defined as a number with five digits, NIN2N3N4N5, where each
digit corresponds to a structural feature or to an oligomeric state. N1 represents the
oligomeric size, identified using a cutoff distance of 0.5 nm between any two atoms
belonging to different peptides. N2 is the number of peptides connected by at least one
hydrogen-bond. Hydrogen-bonds are defined based on distance and angle cutoffs of 0.41 nm
and 40°, respectively. N3 and N4 are the number of antiparallel and parallel peptides within
the oligomer. Two chains are antiparallel or parallel if they are connected by at least two
hydrogen-bonds involving two unique amino acids from each peptide. N5 is the average
number of amino acids in f-strand conformation per peptide in the oligomer. An amino acid
is defined to be in a #-strand conformation if the dihedral angles ¢ and  (in degree) of the
backbone are contained in the polygon with vertices (=180, 180), (-180, 126), (-162, 126),
(-162, 108), (-144, 108), (144, 90), (-50, 90), (50, 180).41

Transition Matrix

To calculate the transition matrix that includes all pairwise transitions between aggregation
states we first identified all the aggregation states and the number of transitions between
states along the 2.5 s trajectory using a lag time of 5 ps. Using these states and transitions
we built an NxN matrix, where N is the number of states encountered. Each element of the
matrix represents the population of a particular transition between two states. After
normalizing the rows, each element represents the probability for a particular transition to
occur. The transition matrix did not change significantly for longer lag times.

Kinetic Transition Networks

The row normalized transition matrices were converted into KTNs using the software
Visone*2 and the minimum stress algorithm. In the KTN plots, the nodes represent
aggregation states, the area of each node is proportional to the population of the state, and
the color of the node indicates the average number of amino acids in the f-strand
conformation (N5). The color of network edges corresponds to the value of the transition
probability. The CGTNs were constructed using oligomeric states with the thickness of the
edges encoding the total number of transitions between pairs of states. Based on KTNs we
have derived networks that preserve the maximum flow using the mincut procedure, which
we denote as MTNs.17:2527 |n the case of MTNSs the thickness of the edges corresponds to
the number of transitions and the color of the nodes to the quantity (N3 — N4).

Representative States and Conformations

For each KTN we selected representative aggregation states and illustrate representative
conformations in Fig. 2. To select representative states we first sorted by decreasing
population and then identified the states with the highest population for each N1 value (or
oligomer). For each state we selected a structure that reflects characteristics of the
aggregation state. The snapshots were generated with the software package VMD.43

Disconnectivity Graphs

The number of times state i was visited during the simulations was used to define the
partition function as Z; = Xj njj, where nj; is the number of transitions from state j to state
i.17.26 The free energy (FE) of state i was derived from Z; as F; = —kT In Z;, where k is the
Boltzmann constant and T is the temperature. To calculate the FE barrier between two states
we performed the following steps: (1) we derived the undirected graph with edge capacities
cij ~ (mjj + n;i)/2, (2) we applied the mincut algorithm to the new undirected network to
obtain the new transition capacities cfj = cfj, which reflect the maximum flow through the
network, (3) we derived the partition function Zjj = c/; (WKT)(1/tg), where h is the Planck
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constant, T is 310 K and tg is the sampling time interval of 5 ps, (4) we estimated the FE
barriers as Fij; ~ — KT In(Zij).26 Using the FE minima and barriers we constructed FE DGs
based on the method developed by Becker and Karplus.1®

First Passage Time Distributions

The first passage time is defined as the time interval needed to reach a certain aggregation
state along the MD trajectory. For a particular aggregation state, we calculated all the first
passage times for each of the five trajectories and then constructed a histogram. FPTDs
starting from specific states were calculated by considering only the time intervals
originating at positions where the specific states occurred.

Results and discussion

Coarse-grained Transition Networks

To obtain a general picture of the assembly process we have derived CGTNs that describe
the dynamics of the system at the oligomer level (Fig. 1). In the case of GNN (Fig. 1a),
hexamers are the dominant oligomers at 310 K, with a population of 77.2%, followed by
monomers (11.9%), pentamers (4.8%), dimers (3%), trimers (2.3%), and tetramers (0.7%).
For KLV (Fig. 1b), the hexamers are also the most populated oligomeric state (65.4%),
followed by monomers (15.2%), dimers (11.0%), tetramers (3.9%), pentamers (2.9%), and
trimers (1.6%). The high hexamer population indicates a fast initial assembly of small
oligomers into a hexamer that undergoes slower rearrangements. This result may reflect the
concentration (10 mM) used in our simulations. Studies using higher concentrations of
around 100 mM report a spontaneous collapse into one disordered aggregate.** The fact that
GNN has a larger population of hexamers (77.2%) than KLV/(65.4%) indicates faster
assembly, which might result from the presence of a tyrosine residue.3°

¢From the number of transitions between oligomeric states, encoded in the thickness of the
edges between the nodes, it is clear that the largest number of transitions occurs between
monomers and dimers in both systems. An important observation in the case of KLV is the
lack of transitions from monomers to pentamers. This result indicates that pentamers are
formed mainly through the combination of dimers and trimers. In the case of GNN,
monomers contribute to all oligomeric states, suggesting a growth/breakage of the oligomer
by the addition/removal of a monomer. This mechanism is supported by recent coarse-
grained studies,23:29 which emphasize the role of monomer addition/loss up to oligomers of
size 5 or 6 at 300 K. Beyond that size, the main aggregation mechanism involved oligomers
rather than monomers. The CGTNs described above indicate significant differences between
the aggregation of the two peptides. To obtain a better picture of the assembly process we
now consider more detailed kinetic transition networks.

Kinetic Transition Networks

KTNs for GNN and KLV, based on the aggregation state definition (NIN2N3N4N5) from
the Materials and Methods section, are shown in Fig. 2a and b, respectively. In both cases
there are three distinct interconnected clusters: C1 for states with N1 (oligomer size) values
of 1 to 4, C2 for states with N1 =5, and C3 for N1 = 6. For KLV the clusters are more
interconnected than for GNN, which suggests a more dynamic assembly process, with larger
oligomers breaking into smaller ones more frequently. The coloring of the nodes is based on
the average number of f-strand amino acids per peptide, encoded in N5. This information
reveals an overall higher #-strand content in KLV relative to GNN, even for the states with
low N1 values, indicating a higher degree of organization during the early assembly stages
for KLV. It is important to note the central location of the states with N1 = 1 (e.g. 10001) in
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the case of GNN, but not for KLV. This result agrees with the CGTNs, where we observed
that monomers contribute to all oligomeric states for GNN but not for KLV.

While both C1 clusters include states with different N1 values, the structure for GNN is
more compact and has fewer transitions to cluster C3 than for KLV. Representative
aggregation states for GNN are 10001 with a population of 4.6%, 22003 (0.4%), 33002
(0.3%), and 44203 (0.1%). Representative conformations for each state are shown in Fig. 2a.
They generally have a small number of parallel or antiparallel peptide pairs and an average
number of f-strand amino acids below 3. In the case of KLV representative aggregation
states from cluster C1 are 10003 (2.5%), 22104 (3.0%), 33113 (0.4%), and 44214 (1.7%).
For most of these states the number of parallel and antiparallel peptide pairs is larger than
for GNN and the number of antiparallel pairs is higher than the number of parallel peptide
pairs. In addition, the higher average number of #strand amino acids indicates more ordered
small oligomers for KLV (Fig. 2b).

The C2 clusters contain only states with N1 =5, with a larger population for GNN. The
representative aggregation states for this cluster are 55013 with a population of 1.1% for
GNN and 53123 (0.6%) for KLV. Both states have more parallel pairs than antiparallel, with
more pairs in total for KLV (antiparallel:parallel = 1:2) than for GNN (0:1) and thus more S
sheet-like structures. However, GNN has more chains connected by hydrogen-bonds. The
most populated cluster for both fragments is C3, containing states with N1 = 6. The most
representative aggregation states for this cluster are 66123 (8.7%) for GNN and 66314
(10.4%) for KLV. GNN samples a higher average number of parallel pairs (1:2), while for
KLV the states with more antiparallel pairs are more frequent (3:1). In terms of fstrand
content cluster C3 shows a gradual transition from low to high for GNN, while KLV has a
more uniform distribution of higher f-strand content. State 66314 of KLV has 4 f#-strand
amino acids on average.

Mincut Transition Networks

The KTNs described in the previous section provide a detailed picture of the aggregation
process. However, the large number of transitions and nodes make it difficult to pinpoint the
main pathways that dominate the assembly process. To identify the maximum flow in the
transition network we applied the minimum cut method (mincut) and derived MTNS.

The MTNs of the two peptides are shown in Fig. 3, where we identify the states with the
same value of N1 as basin Bi, withi =1, ..., 6. For GNN basin B6 has one central node
corresponding as state 66123, which is connected radially to the other states. The highly
populated states from B6 have an edge of high capacity in direct contact with the central
node, and some of them have one to three edges directly connected to less populated nodes.
The GNN assemblies from basin B6 have a higher propensity to form parallel pairs, but also
contain a significant number of antiparallel pairs. State 66123 is also the one that connects
B6 to the other basins. An important observation is that the transition to/from B6 from/to
B2, B3 and B4 occurs through B1, specifically through state 10002, which is not the highest
populated state within B1. This observation indicates the central role of monomers in the
assembly process for GNN.

The MTN of KLV is shown in Fig. 3b. The topology of basin B6 is very different from that
of GNN. Rather than having one central node surrounded radially by the other nodes, KLV
displays several nodes that are at the center of local clusters. One can identify five such
nodes interconnected with the central node, corresponding to state 66314. Three of four
nodes are among the top ten states with the highest population (Table 1). The difference in
antiparallel to parallel pairs (N3 — N4) shows a clear shift from negative to positive values
for the five local clusters. This shift corresponds to a gradual transition from more parallel to
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more antiparallel pairs. Overall, the nodes in basin B6 have a higher propensity for
antiparallel pairs. Interestingly, the nodes with more parallel pairs are connected to basin B5
through state 66124, while the the majority of nodes with more antiparallel pairs are closer
and connected to basins B1-B4 through state 66314. Basins B1, B3 and B4 are connected to
basin B6 through B2 (state 22103), suggesting that dimers play a central role in the pathway
to hexamers.

One major difference between the above networks is the complex nature of basin B6, which
suggests distinct paths for evolution of the collapsed hexamer in the two peptides. The
distribution of parallel and antiparallel pairs is another characteristic of the two B6 basins.
Numerous studies have reported a preference for parallel fstrands in GNN23:29-31 and
antiparallel fstrands in KLV,32 in agreement with our findings. The central role of
monomers in the assembly of small oligomers into hexamers is also clear from the MTN of
GNN, in contrast to the importance of dimers for KLV. A two stage “dock-lock”
mechanism32 for monomer addition to preformed structured oligomers was previously
proposed for KLV fibril formation. Our results suggest that pathways involving dimers
might also be relevant. To explore the role of electrostatic interactions during oligomer
formation we identified salt bridges between amino acids K and E from different
KLVpeptides. We found one, two and three salt bridges present in the system 23.6%, 4.3%
and 0.2% of the simulation time, respectively. Given the fact that we did not observe in-
register antiparallel Asheets as in the KLVFFAE fibrils* and that the salt bridges are not as
abundant as in a computational study of pre-formed KLVFFAE fibrils* we suggest that salt
bridges play a secondary role in the early aggregation of KLVFFAE, i.e., they are not as
important as in fibril formation and stability.

While we did not observe actual fibrils stabilized by steric zippers in our simulations, we did
find KLVFFAE hexamers resembling f-barrel structures (Fig. 2b, state 66314). A similar
type of hexamer conformation has been recently observed in experiments performed by
Laganowsky et al. and Liu et al.#”48 when studying the aggregation of segments of the
amyloid-forming protein aB crystallin. In these studies they report cylindrical oligomers
(cylindrins) formed by six out-of-register f-sheets as early oligomers o pathway towards in-
register fibril formation, but on pathway towards less stable out-of-register fibrils. The
oligomers reported by Laganowsky et al. were found to be toxic and the #-barrel
conformation was suggested as a possible template for toxic amyloidogenic oligomers. The
stability of the cylindrins was later studied computationally by Berhanu et al.#® A recent
computational study confirmed the existence of f-barrel oligomers containing eight
KLVFFAE peptides,? similar to the hexamers observed in our study. In the case of
KLVFFAE the out-of-register arrangement of f-sheets has been observed experimentally
and shown to lead to stable nanotubular structures, rather than the classical amyloid fiber
with cross-/structure.®! The fact that we don not observe fibrils as in the work of Berhanu
et al.*6 is probably due to the limited number of peptides used in our study and also to the
relatively short simulation time compared to the time necessary for fibril formation, which
in vitro occurs within minutes or even hours. Moreover, the hexamers with f-barrel like
structure observed in our study are indeed o pathway towards in-register fibrils, and there
might be a rather high energy barrier towards the in-register f-sheet fibrils as indicated by
Laganowsky et al.*

Disconnectivity Graphs

DGs were originally introduced to describe the dynamics of a small peptidel® and were
subsequently employed to gain insight into the emergence of observable properties from the
underlying potential energy landscape in a wide variety of systems.16 In the present work we
have constructed DGs for each peptide based on the method described by Krivov et al.28
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(Fig. 4). In Fig. 4a one can identify several free energy minima for GNN with the lowest
value at 310 K for state 66123, followed in order of increasing FE by 10001, 55013, 22003,
33002, and 44203. For KLV the state with the lowest FE at 310 K is 66314, followed by
states 10003, 22104, 44214, 53123 and 33113. Our DGs indicate a FE barrier for the GNN
trimer formation from monomers, or to state 33002 from state 10001, of ~5.4 kcal/mol. This
value is slightly higher than the FE barriers (around 3 kcal/mol) between disordered
aggregates and in-register mixed parallel/antiparallel aggregates reported by Gsponer et al.30
In the case of dimer formation, or transitions to state 22003 from 10001, the FE barrier is
around 5.1 kcal/mol. Barriers of 2 kcal/mol and 3 kcal/mol for GNN dimer formation have
been reported previously by Reddy et al.52 and Strodel et al.14 The higher FE barrier
observed in our simulations might be due to the fact that the monomers are initially spatially
separated in explicit solvent. Overall, GNN has higher barriers for transitions to the most
stable aggregation state than KLV in all cases, except for states with N1 =2 and 4. This is an
interesting result in the context of the earlier observation that monomers and dimers are
central to the assembly process in GNN and KLV, respectively. In the case of GNN the
higher FE barrier for aggregation might be due to the polar nature of the peptide, while for
KLV the fact that the FE barrier is higher for dimers and tetramers might be related to the
reduced hydrophobic surface compared to monomers.

First Passage Time Distributions

To provide further insight into the underlying dynamics we have calculated FPTDs for the
states with the highest populations, i.e. 66123 for GNN and 66314 for KLV (Fig. 5). The
distributions differ in two important aspects: for time intervals below 1 ns GNN displays
significant curvature, while the FPTD of KLV is practically linear, and for longer times the
distribution decays faster for GNN, reaching one event per time interval around 60 ns,
compared to 200 ns for KLV. To understand these differences we calculated FPTDs starting
from states with N1 = 6 and with N1 < 6. The two curves are shown in red (N1 = 6) and blue
(N1 < 6) in Fig. 5. For both peptides, the FPTD is dominated by transitions between states
with N1 = 6, equivalent to the rearrangement of the hexamer. The FPTs starting from states
with N1 < 6 occur only at lag times of around 400 ps to 50 ns for GNN and 2 ns to 200 ns
for KLV, and remain below 4 events per time interval. These time ranges indicate faster
assembly of hexamers for GNN than for KLV, confirmed by the larger number of hexameric
states observed in the CGTN. A previous study reported a mean first passage time to form
an ordered KLV trimer from monomers of 244 ns with extremes between 7 and 600 ns at
300 K at monomer concentrations of 40-70 mM.32 We estimate a FPT from KLV monomers
to state 66314 below about 200 ns. The two values are not directly comparable due to
different concentrations (10 mM in the present work), different temperatures (310 K here),
and the fact that state 66314 contains six peptides and is not as ordered as the trimer studied
in reference 32. A trimer in a large bath of oligomers might exhibit a shorter FPT and might
not reach a more ordered state due to interactions with other oligomers.

Power law behavior for the FPTD is associated with a barrierless process and exponential
behavior indicates a barrier for the rate limiting process.18 In Fig. 5 we selected time ranges
corresponding to FPTs starting from N1 = 6 and excluding overlapping states with FPTs
starting from N1 < 6. For these time ranges, 0 to 400 ps for GNN and 0 to 1600 ps for KLV,
we fitted different combinations of exponential (a-€ P) and power law (c-t™%) functions.
While for GNN the best fit was obtained using a combination of at least three exponentials,
a single power law function was sufficient for KLV. Although it is difficult to attribute the
three exponential functions for GNN to a particular state or group of states, it is clear that
the dynamical processes involved in the rearrangement of the GNN and KLV hexamers are
different. To obtain further insight into this difference we analyzed the states that contribute
most to the FPTD, starting from N1 = 6.
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Since the FPTs starting from N1 = 6 dominate the distribution we identified all the
contributing states and ranked them according to their populations. For each of the top five
states we recalculated the FPTD originating from that state and ending in 66123 for GNN
and 66314 for KLV. These distributions are included in Fig. 6 together with the total FPTDs
starting from states with N1 = 6. For GNN the FPTD from state 66124 dominates very short
time intervals below 100 ps. Since the target state is 66123, this result suggests that the
decrease of N5 from four to three or backbone reorganization is the rate limiting process for
the hexamer rearrangement at short time intervals. Beyond 100 ps the FPTD from states
66013, 66023 and 66113 makes the largest contribution, indicating the creation/breakage of
antiparallel (N3) and parallel (N4) pairs as the rate limiting process. For KLV the five states
with the highest populations are of type 66XX4, where X=0, ..., 6. Since the target state is
66314 this observation suggests that the formation and breakage of antiparallel (N3) and
parallel (N4) pairs is the rate limiting process in the evolution of the KLV hexamer.

Conclusions

In this work we have highlighted differences between the aggregation pathways of two
peptides with alternative amino acid sequences. While the two fragments might reflect the
aggregation behavior of the full proteins, the relation between sequence and assembly
mechanism is also of general interest. The early aggregation process of the two protein
fragments from a large number of monomers has been studied before in silico, mostly using
coarse-grained methods.2324.28.29 More detailed all-atom studies have focused on the
assembly of two or three monomers,14:21.30.32,52.53 the addition of monomers to a preformed
oligomer,32:54:55 or the stability of preordered fibrilar structures.31:°6:57 Here we
investigated the aggregation of six monomers using all-atom MD simulations in explicit
solvent.

We have considered both coarse-grained and more detailed kinetic transition networks,
which identify monomers as the most important species in the aggregation of GNN. The
kinetic transition networks indicate a higher f-strand content for all KLV assemblies
compared to GNN, due to the hydrophobic residues, while in the case of the GNN hexamer
a gradual transition from low to high /#strand content is observed. Mincut transition
networks reveal a radial distribution of aggregation states of GNN for hexamer
rearrangements dominated by parallel peptide pairs, and a modular distribution in the case of
KLV, with a gradual increase in the relative number of antiparallel to parallel peptide pairs.
Disconnectivity graphs reveal higher FE barriers for hexamer formation from monomers,
trimers and pentamers of GNN compared to KLV, and from dimers and tetramers of KLV
compared to GNN. This result is probably due to the hydrophilic/hydrophobic nature of the
two peptides and emphasizes the importance of the stability of monomers and dimers for the
aggregation of GNN and KLV, respectively. The first passage time distributions indicate an
assembly process dominated by the rearrangement of the hexamer for both peptides, with
faster aggregation for GNN, perhaps due to the presence of the tyrosine residue.

We find that monomers play a key role in the aggregation of GNN, consistent with previous
studies indicating that the main pathway for the prion protein Sup35 propagation is
monomer addition.>® Moreover, the reduced fstrand content in the intermediate oligomers
of GNN observed in our study agrees with a previous observation that oligomers of Sup35
lack fstrand structure before being incorporated into fibrils.? For KLV the observation that
the dimers play an important role in aggregation process is consistent with the contribution
of dimers and hexamers to aggregation of Af protein (1-42).%.7 Furthermore, the high 4
strand content of the KLV oligomers in our study is consistent with a higher f-strand
propensity in Af protein oligomers.” The antiparallel nature of the fragment KLV, even
though in contrast to the in-register parallel fibrils formed by the full-length Az protein,%0
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might play an important role in unstructured toxic oligomers that most probably lack the in-
register Asheet structure.61.62

In conclusion, our study highlights key differences in the assembly process of two
aggregation-prone peptides with contrasting amino acid sequences, as well as connections to
the aggregation of the corresponding full-length proteins. Furthermore, the present study is
proof of concept that our method introduced here allows a concise description of the
thermodynamics and kinetics of protein aggregation. In future studies it will be applied to
more biologically relevant peptides, such as full-length Ag, for which the results obtained
for KLV will be of great value for understaning the aggregation of Ag. Finally, our newly
introduced method reveals for the first time in a one-to-one comparsion of KLV and GNN
their different aggregation pathways, highlighting the importance of sequence for the
aggregation mechanism.
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Figure 1.

Coarse grained transition networks for GNN (a) and KLV (b). The oligomeric states are
shown as nodes connected by edges that represent the total number of transitions between
two oligomeric states. The area of each node corresponds to the population while the color
corresponds to the oligomeric state. The color and thickness of the edges changes from light
green to dark blue and thin to thick, respectively, and corresponds to changes from fewest to

most transitions between oligomeric states.
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Kinetic transition networks for GNN (a) and KLV (b). For both peptides the aggregation
states NIN2N3N4N5 are shown as nodes connected by edges that represent transition
probabilities. The size of each node corresponds to the population and the color corresponds
to the average number of f-strand amino acids, N5. The color of the edges reflects the value
of the transition probability, from light green for small probabilities to dark blue for high
probabilities. For each oligomer size, N1, we illustrate representative conformations
corresponding to the aggregation state with the highest population, together with the

population of that state in percentage.
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Figure 3.

Mincut transition networks for GNN (a) and KLV (b). The coloring of the nodes reflects N3
— N4, which indicates the excess number of antiparallel peptide pairs relative to parallel
peptide pairs. Edges shown in gray represent the number of transitions returned by the
mincut algorithm. Clusters of states with identical values of N1 have been outlined and
identified as basin Bi, where i takes the value of N1.
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GNNQQNY

66123 -7

Figure4.

Mincut disconnectivity graphs for GNN (a) and KLV (b). The vertical axis is F; ~ —KT In Z;
and Fijj ~ =KT In Z;j for minima and barriers, respectively. Representative aggregation states
for the lowest free energy minima are labelled and corresponding structures are shown in
Fig. 2.
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Figureb.

First passage time distributions for the most populated aggregation states 66123 and 66314
of GNN (a) and KLV (b). The black, red and blue curves correspond to FPTDs from all
times, from any time at which a state with N1 = 6 is present, and from any time at which a
state with N1 < 6 occurred. The green curves are non-linear fitting functions for the FPTD
for the time intervals with N1 = 6 that do not overlap with the blue curve. For (a) the fitting
function is y = a;e7Pl + a,e72 + g5e7Ub3 With parameters a; = 26620, by = 8.9 ps, a =
15878, by = 36.5 ps, ag = 3854, and b = 216 ps. For (b) the fitting function is y = ct"d with
parameters ¢ = 137294 and d = 0.94 ps.
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Figure®6.

First passage time distributions for the most populated aggregation states 66123 and 66314
of GNN (a) and KLV (b). The black curve corresponds to FPTDs from any time at which a
state with N1 = 6 is present. The colored curves correspond to FPTDs started from specific
states. The specific states are the top five with the highest population that contribute most to
the distribution from the black curves and are arranged in order of decreasing population
from top to bottom.
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Table 1

The ten aggregation states with the highest populations for GNNand KLV. For each peptide the aggregation
state NIN2N3N4N5 is shown in the left column with the percentage population in the right column

GNNQONY KLVFFAE
Aggregation State | Population [%] | Aggregation State | Population [%]
66123 8.6 66314 10.4
66023 6.2 10003 5.2
66124 5.6 66214 5.0
66013 5.2 66304 44
66113 4.9 66224 4.0
10001 4.6 10004 39
66223 3.7 10002 3.6
10002 33 66124 3.2
66213 2.9 66324 3.1
66033 21 22104 3.0
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