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ABSTRACT: The formation of neurofibrillary tangles (NFTs), composed of tau protein aggregates, is a hallmark of some 
neurodegenerative diseases called tauopathies. NFTs are composed of Paired Helical Filaments (PHF) of tau protein with a 
dominant β-sheet secondary structuration. The NFTs formation mechanism is not known yet. This study focuses on PHF6, 
a crucial hexapeptide responsible for tau aggregation. A 2µs molecular dynamics simulation was launched to determine the 
keys of the PHF6 aggregation mechanism. Hydrogen bonds, van der Waals and other non-covalent interactions as π-stack-
ing were investigated. Parallel aggregation was slightly preferred due to its adaptability, but anti-parallel aggregation re-
mained widely actual during the PHF6 aggregation. The analysis highlighted the leading role of hydrogen bonds identified 
at the atomic level for each aggregation process. The aggregation study emphasized the importance of Tyr310 during the β-
sheets’ complexation through π-stacking. 

Introduction 

The formation of neurofibrillary tangles (NFTs), com-
posed of tau protein aggregates, is a hallmark of some neu-
rodegenerative diseases like Alzheimer’s disease, fronto-
temporal dementia, Pick’s disease, and progressive supra-
nuclear palsy. These diseases are named tauopathies.1–4 

Briefly, ‘tau’ protein stands for ‘Tubulin Associated 
Unit’ because in its physiological form it is a microtubule-
stabilizing protein through its Microtubule-Binding Do-
mains (MTBD). This stabilizing function explains tau pro-
tein preferential brain location. Indeed, it is predominant 
in neurons for axonal transport.5 When tau protein toggles 
from physiological to pathological shape, it means that tau 
protein has undergone abnormal phosphorylation, detach-
ment from microtubule (MT) and abnormal self-aggrega-
tion.6 This self-aggregation is what leads tau protein to 
form NFTs. NFTs are composed of Paired Helical Filaments 
(PHF) of tau protein with a dominant β-sheet secondary 
structuration.7 The classical pattern of tau protein aggre-
gate formation always begins with tau protein monomers 
detached from MT in a random coiled conformation. Then 
they go through nucleation, elongation, and end with a sta-
ble tau protein fibril.8 

Although it remains incompletely elucidated, the se-
verity of neurodegeneration symptoms (notably dementia 
and memory impairments) seems to be in high correlation 

with the progress of NTFs quantity in the brain.9 Tau pro-
tein aggregation has numerous in vitro kinetics models to 
enlighten its behavior from random coil conformers to 
elongated aggregates,10 but no model has yet described its 
initiation mechanism.  

Tau protein is an intrinsically disordered protein that 
exists in 6 isoforms in human brain after alternative splic-
ing of exons coming from one single gene.11 All isoforms are 
composed of a MTBD that differs in terms of repeat do-
main number (3 to 4 domains).12–14 MTBD is well-described 
for tau protein structural identification but it has also been 
incriminated for a central role in tau protein aggregation.15 
In fact, two hexapeptide sequences named Paired Helical 
Filaments (PHF6 and PHF6*), presented among the sec-
ond and the third repetition domain, have been high-
lighted in in vitro experiments for their crucial role in tau 
protein aggregation. Both PHF6 and PHF6* are able to pro-
mote either their self-aggregation or tau protein aggrega-
tion.16–18 They seem indeed crucial for tau protein aggrega-
tion, their deletion from tau protein preventing the whole 
system from aggregation.19 

With a view to one day pharmacologically block NFTs 
formation, we intend to elucidate the earliest driving forces 
of tau protein aggregation.  

Previous works have proposed different mechanism of 
tau protein aggregation process. Seidler et al. made an 
analysis of crystallized PHF6 and PHF6* steric interface. 
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They showed different modalities of aggregation process, 
differing from aligned to interdigitated interfaces.18 Chen 
et al. performed in vitro and in cellulo assays to highlight 
how mutations on tau protein affects PHF6 aggregation 
process.20 They concluded that P301L mutation has a high 
propensity to enhance PHF6 aggregation. Liu et al. have 
used the Markov state model to identify PHF6 aggregation 
pathway on a 1 µs molecular dynamic simulation of 16 
PHF6 peptides. They highlighted the key residues involved 
in hydrophobic and hydrogen bonding interaction (I308, 
V309, and Y310).21 On a larger inclusion of tau protein, Fitz-
patrick et al. studied the conformation of PHF6 among fil-
aments extracted from a patient’s brain.7 They highlighted 
different PHF6 behaviors from lone PHF6: in this kind of 
inclusion, PHF6 can aggregate on a self-packing model but 
it can also form a complementary packing interface with 
another peptide among tau protein sequence. So, PHF6 be-
havior studies rely on several works, but little is known 
about PHF6 aggregation initiation process at an atomistic 
level. 

In this work, we focused on the study of PHF6 peptide 
(306VQIVYK311) aggregation mechanism. Here, we aim to 
present an inclusive representation of PHF6 possible be-
haviors observed during in silico experiments. This article 
focuses on the study of aggregation of the PHF6 hexapep-
tide17 to understand the earliest steps of tau protein aggre-
gation process. 

 

RESULTS AND DISCUSSION 

To study the PHF6 domain aggregation we performed 
a long molecular dynamics simulation of 2 µs on 62 PHF6 
peptides. The PHF6 peptides were manually disposed 10 Å 
away from each over and surrounded by the waters and 
contra ions (NaCl=0.150 M). As the ultimate goal of our 
work is to obtain an in silico model able to predict the 
power of small synthetic compounds to disrupt tau pro-
tein-protein interaction in order to prevent its early aggre-
gation stage, we focused here to elucidate the tau PHF6 se-
quence role in the aggregation process. As the in vitro ex-
periences evaluating the anti-aggregating power of small 
compounds are most of the time carried out with the syn-
thesized PHF6 peptide, we launched our simulation with 
protonated N and C-termini to be able to correlate our in 
silico predictions with the in vitro observations. After the 
system minimization and equilibration, a 2 µs production 
at 310 K at NPT conditions were carried out and analyzed 
in order to determine different aggregates which have 
formed. We investigated at atomic level the aggregation 
mechanisms and their variabilities during the simulation. 
For clarity, the peptide sequence 306VQIVYK311 was renum-
bered as 1VQIVYK6 in the manuscript. 

Identification of the aggregation types. First, to de-
termine the most stable aggregation mechanisms of the 
different systems observed during the simulations, the dis-
tances between the center of mass of each of the 62 pep-
tides were computed on the last 1 µs of the simulation. For 

each distance, an average value was calculated to give a dis-
tance matrix (Fig. 1a). The average values greater than 40 Å 
were ignored, as these values are related to a non-aggrega-
tion or a late aggregation process. From this matrix, the 
different peptides that interact together could be identi-
fied. For example, it was possible to see that BH peptide 
interacts with J, Q, AG, AH, AQ, AS, AX, and BC. By con-
necting the commonalities, two PHF6 complexes were ex-
tracted: the complex CI (blue), the biggest one, composed 
of nine peptides (BH, BC, AX, AG, AQ, Q, AS, AH, J) and 
the complex CII (red) composed of eight peptides (V, N, D, 
AM, R, E, AE, and BG). 

We have also identified one other trimer (orange) (F, 
AU, K); and three additional dimers (M/Z, AO/P, BA/BI). 
As the two first complexes represented the most advanced 
data at the aggregation level they were only retained for 
detailed analysis. 

Timelines of the two complexes. Figure 1b illustrates 
complexes CI (Movie 1) and CII (Movie 2) formation time-
lines (the movies 3, 4  and 5 illustrate the replicas 2 and 3 
results). The complex I is composed of one tetramer 
(BH/BC/AX/AG) called fragment 1 (CIFrag1) and one tri-
mer (AS, AH, J) named fragment 2 (CIFrag2). As described 
in the timelines, the monomers individually added them-
selves to each other to form the fragments and the two 
fragments assembled into a complex at the middle of the 
simulation (1.02 µs). We have observed that the complexa-
tion does not prevent fragment extension: at 1.33 µs, 
CIFrag1 was extended by two peptides (AQ/Q). At the end 
of the simulation, we notice that the previously detected 
M/Z dimer finally binds to CIFrag2 to extend it (1.55µs). 
The extension is not analyzed in detail here because it oc-
curred at the end of simulation without proof of stability, 
but it is still interesting to see that the two fragments can 
grow after the complexation. 

The complex CII is composed of one pentamer (V, N, 
D, AM, R) named fragment 1 (CIIFrag1) and one trimer (BG, 
AE, E) named fragment 2 (CIIFrag2). As with the first com-
plex, the aggregation process occurred peptide by peptide 
and the two fragments assembled in a complex at 1.95 µs, 
but CIIFrag1 pentamer lost one peptide (R) and became a 
tetramer during this step. 

Parallel or anti-parallel aggregation? Analysis of our 
PHF6 simulations revealed different aggregation stages: di-
merization, trimerization, tetramerization, pentameriza-
tion, fragment complexation and extension of a complexed 
fragments. The first question that came up, was what is the 
predominant peptide behavior in the different aggregates, 
parallel or antiparallel?  

Figure 1c reports the percentage of parallel and antipar-
allel structures in dimers, trimers, tetramers, pentamers 
presented throughout the simulation. We observed that 
54.50% of the formed dimers present a parallel interface, 
slightly higher than anti-parallel. In the trimer distribu-
tion, most trimers (57.19%) have one parallel and one anti-
parallel interfaces, while two anti-parallel or two parallel 
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interfaces account for 30.53% and 12.28% of the trimers, re-
spectively. This aggregation initiation does not describe 
any clear preference between parallel and anti-parallel in-
terfaces. In the tetramer distribution, three major parallel 
– one parallel interfaces (26.84%), the third conformation 
is parallel and two anti-parallel interfaces (22.67%). At this 
aggregation level for the first time, the parallel preference 
is clearly displayed: 70.09% of the conformations account 
for 92.76% of cases. The first conformation consists of two 
parallel and one anti-parallel interfaces (43.25%), the sec-
ond conformation is one parallel – one anti- structures 
have two parallel interfaces out of the three. Figure 1c 
shows that two types of pentamers represented 91.28% of 
the aggregated pentamers during the simulations. The first 
conformation has two parallel and two anti-parallel inter-
faces (81.18%) and the second conformation has three anti-
parallel and one parallel interfaces (10.1%). So, the pen-
tamerization involves both parallel and anti-parallel aggre-
gated species. The hexamers are not shown in Figure 1c be-
cause only one conformation represented 97.29% of the 
hexamers. This hexamer is described by two parallel, two 
anti-parallel, and one parallel interfaces. The hexamer 
showed a new a preference for parallel aggregation, but it 
was able to aggregate only thanks to anti-parallel aggrega-
tion. In conclusion, from our results, both mechanisms ap-
pear to be required for aggregation of the PHF6 peptides. 



4 

 

Parallel Aggregation. All along the two complexes 
formation, seven parallel interfaces were observed: three in 
dimers, three in trimers and one in tetramer. The three 
parallel dimers are: BH-BC that initiates the CIFrag1 aggre-
gation, AQ-Q that is the dimer that extended the complex 
CI and BG-AE that starts the CIIFrag2 aggregation. Among 
the trimers, the first trimer (BH-BC-AX) is a fully parallel 
trimer located in the CIFrag1; the second and the third 
came from an anti-parallel dimerization but their trimeri-
zation interface is parallel: AS-AH-J (CIFrag2) and N-D-

AM (CIIFrag1). The last case is the tetramer N-D-AM-R (CI-
IFrag1) that is formed from an anti-parallel dimer through 
a parallel trimerization and its tetramerization is parallel. 
The * notation is attributed to the last peptide that aggre-
gates, or in the case of dimer to the hexapeptide that hosts 
the following peptide in the next step of aggregation.  

Overall, three different mechanisms of parallel aggre-
gation (PA) were detected: i) aggregation initiation and 
prolongation by parallel interfaces without constraint, ii) 

Figure 1. PHF6 aggregation process. a) Distances Matrix computed between the peptides’ center of mass. The presented values 
are the distance averages between the two centers of mass on the last microsecond of simulations. The more the dot is dark, the 
more the two centers of mass are close. Average values greater than 40 Å were represented in white. The blue and red networks 
link the dots of the CI and CII complex, respectively. Orange and green circles describe the trimer and dimers, respectively. b) 
Timelines of the formation of the CI and CII complexes. Concerning CI, the fragments 1, 2 and the extension are respectively 
represented in cyan, coral and violet. Concerning CII, the fragments 1 and 2 are respectively represented in blue and green. c) 
Percentages of the different types of β-strands observed in dimers, trimers, tetramers and pentamers. d) Double ordinate axis chart 
comparing the total number of Hbonds created by all peptides with the progress of the aggregation rate (%), for each frame. 
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aggregation prolongation following a previous parallel in-
terface, iii) aggregation prolongation taking into account 
π-stacking between the β-sheets of the complex. 

Mechanism 1 of parallel aggregation: Preferential 
Mechanism. This first PA mechanism is the preferred 
mechanism at the initiation of a parallel dimerization (3/3 
dimers). It is also the most frequent (5/7) of the overall PA 
mechanisms; it is not only used for the aggregation initia-
tion (dimerization) but also during the prolongation (post-
dimerization) depending on the involved residues’ availa-
bility. This mechanism was observed in the three parallel 
dimers BH-BC, AQ-Q, BG-AE and in the trimerization in-
terfaces AS-AH/J and N-D/AM and is illustrated here by 
the BH-BC dimerization and AH-J prolongation (Fig. 2a). 
The figure describing the other parallel interfaces is avail-
able in Supplementary Information (Fig. S1). 

Looking at the representative structures of these sys-
tems (Fig. 2a) and their interaction networks (Fig. 2b), four 
common hydrogen bonds (Hbonds) were detected: Q2-
Q2*, V4-Q2*, V4-V4* and K6-V4*. The Hbond Q2-Q2* was 
detected in BH-BC, BG-AE dimers but was absent in the 
AQ-Q one (Fig. S1). Nevertheless, detected van der Waals 
contacts in the interaction network varied among the three 
interfaces. To detect the main interactions occurring be-
tween the two interfaces during the dimerization, total and 
van der Waals interaction energies were computed. 

Eight main interactions, detected in the total interac-
tion energy analysis (with average value |Eint| > 3.00 
kcal/mol), involved five of six residues (Q2, I3, V4, Y5, K6) 
of the first monomer and four of six residues (V1*,Q2*, I3*, 
V4*) of the second monomer (Fig. 2c): Q2-V1* (-3.0 ± 1.6 
kcal/mol), Q2–Q2* (-3.3 ± 1.7 kcal/mol), I3-Q2* (-3.9 ± 0.7 
kcal/mol), V4-Q2* (-3.9 ± 0.7 kcal/mol), V4-I3* (-3.9 ± 0.6 
kcal/mol), V4-V4* (-4.0 ± 0.7 kcal/mol), Y5-V4* (-4.0 ± 0.9 
kcal/mol), and K6-V4* (-4.4 ± 1.1 kcal/mol). From this anal-
ysis, among the eight highlighted strong interaction, four 
are directly lying with the Hbond’s formation. The residues 
not participating to the interaction between the two mon-
omers are located on the dimer’s extremities: Y5 and K6 of 
the first monomer and V1* of the second one. On the other 
hand, the two central residues V4, V4* of each monomer 
contribute to five of the eight interactions and are respon-
sible for 36.3% of the total interaction energy between 
monomers.  

To explain four remaining strong interaction energies 
(I3-Q2*, V4-I3*, Y5-V4* and K6-Y5*), not correlated with a 
Hbond’s formation between the residues, an investigation 
of the van der Waals interactions (Fig. 2d) was carried out. 
This analysis revealed four strong contacts: I3-Q2*, V4-I3*, 
Y5-V4*, K6-Y5* with average values of -2.2 ± 0.8 kcal/mol, 
-2.2 ± 0.7 kcal/mol, -2.5 ± 0.8 kcal/mol, -2.2 ± 0.9 kcal/mol, 
respectively. The first three detected van der Waals inter-
actions coincide with the three already distinguished in the 
total interaction energy analysis. The last one between Y5* 
and K6 represents a van der Waals contact at the dimer 

extremity, but its total interaction remains limited. There-
fore, van der Waals interaction between the monomers is 
mainly led by I3, V4, and Y5 that contribute at 21.0%, 
20.9%, and 17.1%, respectively. 

Analyses of the Hbonds all along the dimers trajectories 
were carried out to correlate the energetic level with the 
Hbond’s presence (Fig. 2e). The four common Hbonds 
could be divided into two groups depending on their vol-
ume occupancy values. The first group gathers the Hbonds 
with high scores values: V4(HN) – Q2*(O) Hbond showing 
the highest volume occupancy’s scores (average value: 
0.934) and V4(O) – V4*(HN) one (average value: 0.925). 
Both Hbonds are located on each representative structure 
(Fig. 2a) at each step of the aggregation process (Fig. S2). It 
can be concluded that the first bond to be created is 
V4(HN) – Q2*(O), then V4(O) – V4*(HN). Their con-
sistency and their volume occupancy highlight their cru-
cial role in the parallel dimer’s aggregation. 

The second group includes the Hbonds with interme-
diate occupancy volume values: K6(HN) – V4*(O) and 
Q2(O) – Q2*(HN). The lowest rates concerned Q2(O) – 
Q2*(HN) Hbond with the average score of 0.796; this bond 
was detected at each aggregation state except for the ex-
tension following the complexation (Fig. S1-2). We con-
cluded that it is the last one to be created and is less crucial 
to the aggregation. The volume occupancy values of 
K6(HN) – V4*(O) were higher than Q2(O) – Q2*(HN) ones 
and it was detected at each aggregation step, so this is the 
third Hbond to be created. 

In conclusion, this first PA mechanism takes place at 
the center of the interface where V4 from both monomers 
of this interface plays a key role. These results are coherent 
with the Hbonds previously found: among the four de-
tected Hbonds, V4 contributed to three of them. The 
Hbonds' formation order was deduced as follows: 1) 
V4(HN) – Q2*(O), 2) V4 (O) – V4* (HN), 3) K6(HN) – 
V4*(O), 4) Q2(O) – Q2* (HN). The first three seem essen-
tial in the aggregation of a parallel dimer. The MM-PBSA 
analysis per residue calculated along the trajectory for 
mechanism 1 highlighted as the major contributing resi-
dues to the dimer binding free energy: Q2*, V4* and V4 in 
initiation and in prolongation (Fig 3), the residues partici-
pating to the H-bonds (Fig 2). Interestingly, the Alascan 
calculation on the representative structure, allowing us es-
timate the side chains’ contribution to the dimer stabilisa-
tion, showed that the stabilizing residues differ between 
the initiation and prolongation mechanism. The major sta-
bilizing effect is due to the Q2*, I3*, V4*, K6 in the initia-
tion and it is of a hydrophobic origin (Fig S). These residues 
coincide with the strong non-polar binding free-energies 
(Fig 3). While in the prolongation mechanism V4 and V4* 
played a destabilising role. The van der Waals energies 
showed a one residue interaction shift between the two 
hexapeptides correlated with a one-residue-alignment 
shift of peptides.  
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Mechanism 2 of parallel aggregation: Taking into 
account the previous parallel aggregation. This second 
PA mechanism was detected in a full parallel trimer on the 
trimerization interface BG-BH/AX (Fig. 2a), K/BE/BD (Fig. 
S10) and BE/Z (Fig. S12). To accommodate in parallel the 
third peptide, BH and AX had to align according to the 
availability of the Hbond’s donor/acceptor on BH peptide. 
The previous parallel dimerization between BG and BH 
monopolized the key residues involved in the first mecha-
nism (Fig. 2a-b) and so the AX peptide had to adjust along 
other available residues. The Hbonds between the main 
chain atoms stabilizing this interface in this mechanism 
are: I3(O) – Y5*(HN), I3(HN) – I3*(O), V1(O) – I3*(HN) and 
Y5(HN) – Y5*(O) (Fig. 2a). 

The profile of main interactions detected for this paral-
lel interface BH-BC/AX is also different from the previous 
one. From total interaction energy analysis, seven main in-
teractions were detected (Fig. 2c): V1-I3* (-3.1 ± 1.6 
kcal/mol), Q2-I3* (-4.3 ± 1.0 kcal/mol), I3-I3* (-4.2 ± 0.8 
kcal/mol), I3-V4* (-3.8 ± 0.7 kcal/mol), I3-Y5* (-4.4 ± 0.8 
kcal/mol), V4-Y5* (-3.0 ± 0.9 kcal/mol), and Y5-Y5* (-3.5 ± 
2.1 kcal/mol). The I3– Y5*, I3– I3*, V1 – I3* and Y5– Y5* re-
flect the Hbond formation in this mechanism and Q2-I3*, 
I3-V4* and V4-Y5* are correlated with the van der Waals 
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contacts (Fig. 2d), they represented the highest detected 
van der Waals energies: Q2-I3* (-2.3 ± 0.8 kcal/mol), I3-
V4*(-2.1 ± 0.7 kcal/mol), V4-Y5* (-2.0 ± 0.6 kcal/mol).  

Hbonds study was carried out to explain the im-
portance of the detected Hbonds for this interface. The 
four detected Hbonds between the main chain atoms cor-
responded to the highest interaction energies seen in the 
previous analysis: I3(O) – Y5*(HN), I3(HN) – I3*(O), V1(O) 
– I3*(HN) and Y5(HN) – Y5*(O). An additional low fre-
quency (0.25) Hbond between side chain atoms Q2(HE2) 
and Y5*(OH) was also detected. The four main Hbonds 

were found on the interaction network of the trimer repre-
sentative structure with a frequency greater than 0.5 (Fig. 
2b) and they can be classified into two groups: i) high vol-
ume occupancies and ii) intermediate. The first group 
comprises three Hbonds: I3(HN) – I3*(O), I3(O) – Y5*(HN) 
and V1(O) – I3*(HN) with volume occupancies of 1.000, 
1.000 and 0.750, respectively. Moreover, the interaction 
networks extracted on representative structures at each 
CIFrag1 aggregation step involving BG-BH/AX trimer al-
ways showed these three Hbonds (Fig. 2b, S2). Their high 
occupancy levels and their constancy demonstrate there-
fore their crucial role in aggregation. 

Figure 2. Three parallel mechanisms. a) Representative structures for each mechanism. b) Interaction network of the 
representative structures. Blue, green and red lines represent Hbonds between main chains, van der Waals contacts, and π-
stacking respectively. The number on/near the line represents the number of this interaction type. c) Interaction energy 
matrix per residue. d) Van der Waals interaction energy matrix per residue. e) Volume occupancy histograms of the detected 
Hbonds (Cyan and dark blue bars annotate to the inter-monomer Hbonds of new and previous interfaces, respectively; 
green ones the intra-monomer HBonds). 
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The second group is composed of only Y5(HN) – Y5*(O) 
Hbond, which was seen for the half of the trimerization 
trajectory (volume occupancy 0.5). Interestingly, its fre-
quency increased along the tetramerization trajectory 
(0.714, Fig. S2) demonstrating stabilization of this Hbond 
during the following aggregation step.  

The formation order of these Hbonds is: firstly, I3(HN) 
– I3* (O), I3(O) – Y5* (HN), and V1(O) - I3*(HN) and fi-
nally, Y5(HN) – Y5*(O). Only the first Hbond group seems 
to be fundamental in this aggregation mechanism, and I3 
or I3* residue are involved in each of these Hbonds. Inter-
estingly, the observed Hbond network in this shifted par-
allel interface was different from the one observed in 
mechanism 1. The MM-PBSA analysis per residue along the 
trajectory for this dimer confirms this result as they 
brought up as the major contributors to binding free en-
ergy, I3*, Y5* and I3 (Fig 3), residues involved in the formed 
Hbonds. More, the Alascan calculation on the representa-
tive structure revealed as the highly stabilizing residue Y5*, 
Q2, I3, V4 (Fig S9) and their stabilizing role is of hydropho-
bic character (Fig 3). 

This second mechanism describes a process where new 
central residues are involved: the two ended residues V1 
and K6 are only responsible for 12.56% of the total interac-
tion energy and are involved in any Hbond, whereas Q2, I3, 
V4, and Y5 are responsible for 20.35%, 23.16%, 18.96%, and 
24.97% of interaction energy, respectively. The main dif-
ference between this interface and the previous one is in 

the central residue sharing. Indeed, in this interface the 
crucial role in the aggregation is carried out by I3 and not 
by V4. This is explained by the fact that antedated dimer 
parallel interactions have already engaged the donor and 
acceptor of V4 residue and so they are not available any-
more for a new aggregation step. 

Mechanism 3 of parallel aggregation: Taking into 
account the π-stacking. The last PA mechanism was ob-
served in the tetramer interface N-D-AM/R (Fig. 2a-b). 
This tetramer was built from an anti-parallel dimer and a 
parallel peptide addition in the trimerization step. During 
its aggregation, the two Y5 side chains interacted recipro-
cally through a π-stacking which impacted the neighboring 
interactions. So, calculated interaction network on the rep-
resentative structure of this parallel tetramerization N-D-
AM/R interface detected only three Hbonds between the 
main chain atoms: Y5(HN) – V4*(O), I3(O) – V4*(HN), and 
I3(HN) – Q2*(O) (Fig. 2b). 

Interaction energy studies of the N-D-AM/R interface 
identified seven main interactions (Fig. 2c): Q2-Q2* (-3.7 ± 
0.0 kcal/mol), I3-Q2* (-3.3 ± 0.2 kcal/mol), I3-I3* (-3.4 ± 0.5 
kcal/mol), I3-V4* (-3.5 ± 0.9 kcal/mol), V4-V4* (-3.5 ± 0.1 
kcal/mol), Y5-V4* (-4.3 ± 0.5 kcal/mol), and Y5-Y5* (-4.5 ± 
0.0 kcal/mol). The three interactions: I3-Q2*, I3-V4*, and 
Y5-V4* are correlated with the presence of Hbonds. The 
van der Waals contacts are at the origin of the remaining 
interaction energies. In this interface the face-to-face resi-

Figure 3. MM-PBSA analysis per residue on the representative parallel and antiparallel dimers along trajectory. On the right 
panel total free-energy contribution per residue, on the left decomposition to the polar and non-polar parts of the free-energy.  
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dues (Q2-Q2*, I3-I3*, V4-V4*, Y5-Y5*) interacted recipro-
cally and are responsible for the detected interaction ener-
gies. 

Y5 is involved in 26.72% of the total interaction energy, 
but two central residues, I3 and V4, showed a high contri-
bution to the interaction between the two monomers: they 
respectively represent 23.54% and 24.61%. Here, the high-
est detected van der Waals interaction energy is between 
Y5, due to the perfect alignment between the two mono-
mers that leads to the π-stacking formation between the 
two residues. 

All along the tetramer N-D-AM-R trajectory, these 
three Hbonds Y5(HN) – V4*(O), I3(O) – V4*(HN), and 
I3(HN) – Q2*(O) are conserved (Fig. 4a) with volume oc-
cupancies of 1.00, 1.000, and 0.500, respectively. All these 
Hbonds are observed on the representative structure at 
each aggregation step (Fig. 2b and Fig. S2 CII Tetramer). In 
the interaction network of the representative structure of 
the tetramer a fourth Hbond was detected: Y5(O) - 
K6*(HN), but this bond is not found on all the trajectory, 
so its importance is lower. 

The creation order between Y5(HN) – V4*(O) or I3(O) 
– V4*(HN) cannot be determined, but their occupancy vol-
ume highlights their fundamental role in the aggregation. 
The Hbond I3(HN) – Q2*(O) is the last to occur. These in-
teractions are different from the previous cases because of 
the π-stacking interactions between the two Y5 (Fig. 2b). 
The MM-PBSA analysis per residue along all trajectory an-
notated for this interface as the major contributing resi-
dues, Q2*, V4*, I3 and Y5 (Fig 3). The Alascan calculation 
showed that the stabilizing role is played by I3*, V4*, Y5*, 
K6* and Y5 (Fig. S9) and that is of hydrophobic character 
(Fig 3). The Y5 non-polar contribution was the highest one 
detected among all residues for this interface which high-
lights the importance of Y5 in this interface (Fig 3). The 
study of the parallel interfaces of the dimer and the trimer 
showed different interaction types; again, this interface 
shows its adaptation capacity with a new set of interactions 
that permits the tetramerization through a parallel inter-
face. 

Anti-parallel Aggregation. As previously mentioned, 
two complexes were formed during the 2 µs simulations. In 
these complexes four cases of anti-parallel aggregation 
(APA) were detected: two during the dimerization, one 
during the trimerization and the last during the tetramer-
ization. The two dimers are: AS-AH and N-D, they respec-
tively initiate CIFrag2 and CIIFrag1 formation. The trimer 
BG-AE-E (CIIFrag2) and tetramer BH-BC-AX-AG (CIFrag1) 
are the extensions of a parallel dimer and of a full parallel 
trimer. 

APA is very different from the parallel one. As previ-
ously seen, the PA mechanisms varied in function of the 
available residues and the π-stacking of Y5. Contrariwise, 
in all antiparallel interfaces listed in the complexes, the ag-
gregates were formed with a unique mechanism. Indeed, 
the detected mechanism was the same for initiation and 

for prolongation that are respectively illustrated here by 
the dimer N-D* and the trimer BG-AE/E* (Fig. 4a), where 
asterisk* symbolizes the last aggregating peptide or in di-

mers the peptide hosting last peptide in the next aggrega-
tion step. In the case of N-D* and BG-AE/E*, D* and E* 

Figure 4. Anti-parallel mechanism. a) Representative struc-
tures. b) Interaction network of the representative structures. 
Blue and green lines represent Hbonds between main chains 
and van der Waals contacts, respectively. The number on/near 
the line represents the interaction type number. c) Interaction 
energies matrix per residue. d) Van der Waals interaction en-
ergy matrix per residue. e) Volume occupancy histograms of 
the detected Hbonds (cyan and dark blue bars annotate the in-
ter-monomer Hbonds of previous and new interfaces, respec-
tively; green ones the intra-monomer HBonds). 
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were the peptides engaged in the next step of the aggrega-
tion. However, the interaction network in N-D* was in-
versed (Fig. 4a), the dimer N peptide acted like peptide E* 
and the D* peptide like AE. For more clarity, the asterisk* 
symbol in the following description of the anti-parallel 
mechanism will be relative to the BG-AE/E* and N-D* was 
modified to N*-D.  

The interaction network analyses of the representative 
structures showed that the anti-parallel interfaces are sta-
bilized by five Hbonds occurring between main chain at-
oms (Fig. 4b): I3(O)-V4*(HN), Y5(HN)-Q2*(O), I3(HN)-
V4*(O), Y5(O)-Q2*(HN) and V1(O)-K6*(HN). Five de-
tected principal interaction energies (Fig. 3c) greater than 
3 kcal/mol are Y5-V1*, Y5-Q2*, I3-V4*, Q2-Y5* and V1-K6*. 
Compared to the PA, there are fewer interactions, but 
these interactions are stronger. Indeed, the five detected 
interactions showed an average total interaction energies 
of -3.04 ± 1.18 kcal/mol, -7.36 ± 1.62 kcal/mol, -8.18 ± 1.05 
kcal/mol, -2.98 ± 1.48 kcal/mol, and -5.23 ± 1.64 kcal/mol, 
respectively. Comparing with the interaction network of 
the representative structures (Fig. 4b), Q2-Y5* is the only 
interaction that cannot be explained by the Hbond for-
mation but its origin is in van der Waals contacts (Fig. 4d). 
In conclusion, the same residues from both peptides par-
ticipate in all anti-parallel interface described here: Q2, I3, 
V4 and Y5 and they fairly share the central role in the ag-
gregation; they represent 18.22%, 19.56%, 19.07%, and 
20.24% of interaction energies, respectively. 

The average occupancy volumes (on all four anti-paral-
lel interfaces) of the five principal Hbonds (Fig. 4e): I3(O)-
V4*(HN), Y5(HN)-Q2*(O), I3(HN)-V4*(O), Y5(O)-
Q2*(HN) and V1(O)-K6*(HN) were 0.964, 0.931, 0.858, 
0.660 and 0.765, respectively. Moreover, three other 
Hbonds between side-chains were detected, two in the tri-
mer (Y5*(HH) – Q2 (OE) and Y5*(OH) – Q2 HE22) and one 
in the tetramer (Q2*(HE21) - Y5 (OH)) but they are not 
taken into account because of their weak volume occu-
pancy score (<0.2). To finish, for all antiparallel interfaces 
sixteen intra-chains Hbonds were also detected with vol-
ume occupancy score <0.5.  

The five inter-chain Hbonds were present on the repre-
sentative structures of each aggregation step (Fig. 4b and 
S2-3) except Y5(O)-Q2*(HN) in AS-AH dimer (Fig. S3). 
They can be divided into two groups. I3(O)-V4*(HN) and 
Y5(HN)-Q2*(O) presented maximal volume occupancies 
close to 1.000 and represent the first group. These two 
Hbonds were present at each aggregation step (Fig. S2). It 

is not possible to clearly distinguish the formation order in 
this first group, but thanks to their volume occupancy, it 
can be concluded that they are the two first to be created. 
The second group brings together intermediate volume oc-
cupancy Hbonds with I3(HN)-V4*(O), Y5(O)-Q2*(HN) 
and V1(O)-K6*(HN). By looking at the volume occupancy 
of the Hbonds during the next steps of the aggregation, it 

can be noticed that Y5(O)-Q2*(HN) is not very stable along 
the trajectory. In conclusion, it is the last Hbond to be cre-
ated and it seems not be crucial in the aggregation process. 
The two Hbonds I3(HN)-V4*(O) and V1(O)-K6*(HN) were 
created at 

the same time. However, the score of I3(HN)-V4*(O) in-
creased all along the aggregation until reaching 1.000. Con-
sequently, this Hbond happens before V1(O)-K6*(HN) that 
remains stable. 

In conclusion in APA, the two first Hbonds to be cre-
ated are I3(O)-V4*(HN) and Y5(HN)-Q2*(O), the third is 
I3(HN)-V4*(O), due to its stabilization during the aggrega-
tion process, the fourth V1(O)-K6*(HN) and the last Y5(O)-
Q2*(HN). These five Hbonds can be considered essential 

in the APA formation and stabilization. The MM-PBSA 
analysis along the trajectory confirmed that the residues 
involved in H-bonds contribute mostly to the dimer bind-
ing free energy, I3, Y5, V4* and Q2* (Fig 3). The Alascan 
revealed that the stabilizing role is played by Q2*, V4*, Y5*, 
K6* and V4 in the initiation while in the prolongation by 
K6*, Y5*, I3* and V4 (Fig S9). 

Complexation. A complexation is a process that de-
scribes the aggregation of two fragments. In fact, two β- 

Figure 5. Complexation. Interaction network and structures 
of the representative structures of CI complex (a) and CII one 
(b). In the interaction networks: dark green, green and red lines 
represent the van der Waals contacts between main and side 
chains, the van der Waals contacts between side chains and π-
stacking, respectively. The number indicated on/near the line 
represents the number of this type of interaction. In the squares 
are the interaction energy matrix per residue for the peptides 
involved in the complexation. 
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sheets - located in two different planes - aggregate face to 
face. Figures 4a-b describe the analysis of the complexation 
through the CI and CII complexes, respectively. The inter-
action network between fragments calculated from the 
representative structure of two complexes are showed in 
figures 5a-b. 

First, it should be noted that the CI complex (Movie 1) 
is formed earlier than the CII one, CII was created very 
shortly before the end of the simulations (at 1.97 µs). Fur-
thermore, another important difference between the two 
complexes is their starting point. The CI complex came 
from the aggregation of a tetramer and a trimer, while the 
CII complex from the aggregation of a pentamer with a tri-
mer. Interestingly, the growing from tetramer to pentamer 
of CIIFrag1 has happened on the other side than the previ-
ous growing tetramer (Fig. 1b bottom). Moreover, during 
the CII complexation one hexapeptide of pentamer was 
ejected: the hexapeptide at the aggregate extremity which 
was added last during the tetramerization (Movie 2). Dur-
ing the analysis of this tetramer carried out previously (Fig. 
2a mechanism 3), a π-stacking interaction between Y5 of 
neighboring peptides was detected. 

In the CI complex twelve van der Waals contacts, four 
π-stacking and two Hbonds have been revealed. While in 
the CII complex only van der Waals (nine contacts) and π-
stacking (two) interactions were observed. The compari-
son of interaction networks of the two complexes shows 
that only one van der Waals interaction (K6/K6) is com-
mon between them. The inconstancy of the other van der 
Waals interaction shows that they are not the key element 
in the complexation process. 

The same conclusion can be drawn about the Hbonds. 
Two Hbonds were detected between the two fragments in 
the CI complex and none in the CII complex. Furthermore, 
volume occupancy analysis of the CI complex Hbonds did 
not confirm their existence more than the half of the tra-
jectory. Indeed, the most stable Hbond (between a main 
and a side chain atom) was found between two Y5 (AS/BH) 
with a volume occupancy of 0.500. Interestingly, between 
these two Y5, π-stacking interactions were also identified; 
a second π-stacking interaction was seen between two 
other Y5 residues (AX/AH). The CII complex also presents 
this kind of Y5 π-stacking between BG and V chains. This 
π-stacking between the two Y5 during complexation was 
also seen in the replica 2 between M and AI, then AB/A in 
Fig S10. The representative structures highlighted also the 
involvement of π-stacking interactions and van der Waals 
K6-K6 interactions. To evaluate these two phenomena all 
along the complexes’ trajectories, interaction energies in-
dicating the contribution of each residue were computed. 
The results are present around the complexes' interaction 
network in a colored squared relative to the studied inter-
face (Fig. 5). Then, for each interface the interaction energy 
shared by chains from different fragments was computed 
(matrices in colored squares in Fig. 5). The green, orange 
and purple squares of the figure 5a concern the interfaces 

in CI complex where no π-stacking was identified. The de-
tected energetic contribution was very different in the 
three interfaces, but two residues stand out: K6 and Y5. K6 
is very ambivalent: it presents a strong interaction energy 
with Y5, but its interaction with K6 of the other chain is 
completely energetically unfavorable. This can be observed 
through positive interaction energies of +1.5 ± 1.9 kcal/mol 
between K6 of AS and K6 of AX, +3.2 ± 1.61 kcal/mol be-
tween K6 of AS/K6 of BC while the interaction energy be-
tween Y5 of AS and K6 of BC is negative (favorable) of -5.1 
± 2.8 kcal/mol (Fig. 4a). In conclusion, on all five interfaces 
in CI complex, K6 shows a rather overall unfavorable inter-
action energy. The same phenomenon was observed also 
in the CII complex, where K6 showed a new an unfavorable 
average interaction energy on all interfaces (Fig. 5b). 

On the opposite, no ambiguity was detected for Y5. In 
the interfaces where π-stacking was observed, Y5 repre-
sented 97.47% (CI: AS/AX), 52.64% (CI: AH/AS), 73.57% 
(CII: BG/V) of the total interaction energy between the two 
chains. Even if the network interaction analysis did not 
identify π-stacking between D and BG hexapetides in the 
CII, Y5 represented 74.50% of the interaction between 
these two chains. This result was corroborated by the hy-
drophobic contact analysis revelling Y5-Y5 interaction as 
crucial in complex formation (Fig. S10 A-B). Moreover, on 
the atomic structures of the CII complex (Fig. 5b), the pos-
sibility of π-stacking is corroborated by their proximity. In-
terestingly, the Y5 of V stacked with Y5 of T in tetramer and 
during the complexation Y5 of V changed to interact now 
strongly with Y5 of B. In the CII complex, Y5 residues are 
responsible for 76.54% of all interaction energy between 
the two fragments, among this interaction energy: 59.92% 
is relative to mutual Y5-Y5 interactions. This allows to 
think that the π-stacking between two fragments is the 
more stabilizing phenomenon and that π-stacking plays a 
key role in the complexation. 

 

 

 

 

CONCLUSIONS 

This study highlights two aggregation types: PA and 
APA mechanisms. Here, seven interfaces have been inves-
tigated, revealing four different sets of interactions: three 
from the PA and one from the APA. 

The same four Hbonds were found on all AP interfaces: 
I3(O) - V4(HN), V4(O) – I3(HN), Q2(O) – Y5(HN) and 
V1(O) – K6(HN). The other detected Hbond, Q2(HN) – 
Y5(OH) was not present for all interfaces and is not con-
sidered as essential in the aggregation, unlike the first four. 
This aggregation process is based on interactions between 
four residues: I3-V4 (3/3 cases) and Q2-Y5 (2/3 cases). Un-
fortunately, the formation order of each Hbond is not easy 
to deduce. However, the first Hbond formed was always 
ones between I3-V4. Consequently, I3(O) – V4(HN) or 
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V4(O) – I3(HN) is the starting point of an APA. This aggre-
gation process needs to create the exact interactions be-
tween the residues along the anti-parallel interfaces and it 
is not able to adapt. Liu21 reported three Hbonds during 
anti-parallel dimerization of tau hexapeptide in their 
study: V1(O) – V4(HN), Q2(O) – I3(HN) and V4(O) – 
V1(NH). The difference with our results most probably 
comes from the different treatment of the terminal ends; 
in our system the N and C-terminal were protonated 
whereas Liu and co-workers during their simulations 
capped the terminal charges. Recently, Arya et al.22 in their 
study have shown the PHF6 aggregation is highly depend-
ent on the charges on its termini. 

The PA observed in simulations revealed a very differ-
ent behaviour compared to APA: not one but three differ-
ent mechanisms were detected. The PA mechanism 
changed depending on the environment. Indeed, when 
two monomers assembled to form a dimer, they had no 
limit to perform interactions. However, when a monomer 
bound to a pre-existing aggregate, it must take into ac-
count residue’s availability. Consequently, a preferred 
mechanism with four Hbonds was identified during dimer 
formation and one trimerization (from an anti-parallel di-
mer allowing these interactions): V4(HN)–Q2(O), V4(O)-
V4(HN), K6(HN)-V4(O) and Q2(O)–Q2(HN), following 
their formation order. The last Hbond is not considered 
crucial in aggregation, unlike the three others. The im-
portance of V4 is obvious as it is involved in the three cru-
cial Hbonds. By using replica exchange molecular dynam-
ics Ganguly and coll.23 studied the Hbonds between two 
parallels monomers during the dimerization. Their work 
did not provide details at the atomic level but identified 
the interacting residues revealing four significant interac-
tions: V4-Q2, K6-V4, Q2-Q2, and V4-V4, the same that we 
found in our study. Two other Hbonds were detected but 
at low levels (K6-Q2, K6-K6); they are not expected to be 
crucial in aggregation. 

The second PA mechanism was observed during tri-
merization and was principally composed of the following 
Hbonds: I3(O)-I3(HN), Y5(HN)–I3(O), I3(HN)–V1(O) and 
Y5(O)–Y5(HN). The three first Hbonds initiate the aggre-
gation, and only then the fourth Y5(O)–Y5 (HN) is formed. 
Nevertheless, the last Hbond is not crucial in the aggrega-
tion process. Unlike the first preferential mechanism, V4 
cannot be involved in aggregation because it already inter-
acts with another monomer in the previously formed par-
allel interface. As V4 is not available, the aggregation pro-
cess can rely on the I3 and Y5 residues, involved in three 
and two crucial interactions, respectively. 

The third mechanism of PA occurs during the tetram-
erization and is composed of three Hbonds: V4(O)–
Y5(HN), V4(HN)–I3(O) and Q2(O)- I3(HN). The formation 
order cannot be clearly defined for the starting point, the 
two first Hbonds are created at the beginning of the aggre-
gation, followed by the last one. V4 plays a new crucial role, 
but it interacts with Y5(HN) and I3(O) instead of V4(HN) 
and Q2(O) as in mechanism 1. This change indicates a shift 

in the monomers’ alignment. So, the PA shows the possi-
bility of face-to-face aggregation but also a one-residue 
shift. 

No meaningful hydrophobic contacts were found for all 
these different mechanisms (Fig. S9 D), thus hydrophobic 
contacts do not have a key role in the aggregation of dimers 
or trimers. 

These results explain why the parallel interface is pre-
ferred in tau protein aggregation, even if it is energetically 
less favorable (see Table S1). The PA mechanism can adapt 
considering the previous interactions. It is not the case for 
APA, which requires particular residues to occur without 
adaptation possibilities. It is well described by the distribu-
tions of parallel and anti-parallel interfaces. Indeed, dimers 
and trimers show a fairly equal division. Dimers describe 
54.5% of the parallel interface, while the most frequent tri-
mer (57.19%) conformation is composed of one parallel and 
one anti-parallel interfaces. This equal distribution can be 
explained by the fact that it is the beginning of the aggre-
gation: the required conditions to build an anti-parallel in-
terface are verified. However, with the aggregate elonga-
tion, these conditions are more challenging to obtain, 
which explains why 97.29% of the hexamers are composed 
of three parallel interfaces and two anti-parallel interfaces. 
The aggregation of the two complexes studied here de-
scribes seven parallel interfaces and five anti-parallel inter-
faces. Considering these observations, it is essential to note 
that tau protein aggregation does not rely on a single 
mechanism but on a set of them. Tau protein aggregation 
is achieved by PA but also needs the anti-parallel mecha-
nism to occur. Consequently, it is crucial to consider all 
mechanisms to design an efficient aggregation disruptor. 

The tau protein aggregates in two steps. The first is the 
aggregate forming action to form a β-sheet. The second is 
the face to face β-sheets’ complexation. In the simulations, 
the complexation did not occur between aggregates 
smaller than a trimer. No stable Hbond or van der Walls 
interaction were found to explain the complexation of two 
aggregates. However, we noted that each complex forms at 
least one π-π interaction between the Y5 (Y310) aromatic 
cycles. Y5 was responsible for 61.26% and 76.54% of the in-
teraction energy between the two fragments of the CI and 
CII complexes, respectively: it is crucial in the complexa-
tion. Nonetheless, hydrophobic contacts are not responsi-
ble for the initiation of the aggregation but helped to sta-
bilize the complex. Indeed, thanks to fluorescence, circular 
dichroism and electron microscopy, Nishura24 highlighted 
experimentally a crucial role of Y5 during PHF6 aggrega-
tion. 

Consequently, to prevent the complexation phase, an 
antiaggregating agent should have an aromatic moiety able 
to disrupt π-π interactions stabilizing the complexes. 
Wan25 investigated the impact of norepinephrine (which 
has an aromatic moiety) on the tau aggregation by molec-
ular dynamics, and norepinephrine successfully disrupted 
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a part of the tau protein. The same phenomenon was ob-
served with the fisetin (with two aromatic cycles)26 which 
prevented β-sheet formation, both experimentally and the-
oretically. Other molecules have showed also experimen-
tally inhibition of the tau aggregation as proanthocya-
nidin,27 purpurin,28 naphthoquinone-tryptophan29 and 
naphthoquinone-dopamine hybrids,30 1-(phenylsulfonyl)-
1H-indole-based multifunctional ligands.31 All these com-
pounds had aromatic cycles in their structures. 

METHODS 

Molecular Modelling and Dynamics. Modelling of 
PHF6 was realized from the crystallographic structure 
2ON932 at the resolution of 1.51Å. This peptide was repeated 
62 times and each of these 62 peptides were manually dis-
posed at least 10 Å away from each other. We performed 
2.00 µs molecular dynamics simulations on this system. All 
of the molecular dynamics simulations were performed us-
ing NAMD 2.1233 with the Charmm36 force field34. To sim-
ulate the aqueous solvent environment, each system was 
surrounded by a cubic box (dimensions: 144.539 Å x 144.539 
Å x 144.539 Å) of TIP3P explicit water model35, and 0.150 M 
NaCl was added to the system using the CHARMM-GUI 
solvator36. We protonated the termini ends in the 
Charmm-gui preparation process. The Van der Waals in-
teractions were truncated using a force switching function 
between 10 and 12 Å, and the Particle Mesh Ewald (PME)37 
method was used to compute the long-range electrostatic 
interactions. The SHAKE38 algorithm was applied to re-
strain all bonds involving hydrogen atoms. The systems 
underwent energy minimization for 10,000 steps. The sys-
tems were afterward heated up to 310K, and the system was 
temperature-equilibrated during 50 ps via heating reas-
signment under NVT (canonical ensemble) conditions. Fi-
nally, the system ran freely for 2.00 µs under NPT (isother-
mal-isobaric ensemble) conditions. Langevin dynamics 
with a damping coefficient of 1 ps-1 was used to maintain 
the system temperature, and the Nosé-Hoover Lange-
vin39,40 piston method was used to control the pressure at 1 
atm.  

The end of the stabilization of the system was detected 
to 104 ns. To check the timeline of the aggregation process, 
100 ns molecular dynamics simulations were computed 
from the end of stabilization of the system using the same 
parameters than the ones used for the trajectory of 2 µs but 
with different velocities. Analysis of this trajectory are pro-
vided in Fig S9. The present work was performed using 
computing resources of CRIANN (criann.fr, Normandy, 
France). 

Analysis. The Charmm c40b2 version was used for all 
analysis requiring. 

Detection of the aggregation rate. To detect the ag-
gregation rate of the 62 peptides, a Charmm home-script 
was written. The first step consists in the detection of the 
neighboring peptides for each peptide. First, for each pep-
tide, all the peptides surrounding it in a radius of 4.00Å are 
listed. Then, the two monomers can aggregate in different 

ways: ten cases were taken into consideration. Fig. S6 de-
scribes the ten different aggregation types. To be consid-
ered as aggregated, the distances between the Cα atoms of 
the penultimate residues before each extremity (red in Fig. 
S6) must both be less than 6.00Å. Finally, the lists contain-
ing common peptides are concatenated. This approach al-
lows to know exactly the aggregation rate and more accu-
rately the number of monomers, dimers, trimers, tetram-
ers, pentamers and hexamers by frame (Fig. 1c-d).  

Detection of the aggregation type. The previous 
script concerning the aggregation rate gives the number of 
dimers, trimers, tetramers, pentamers and hexamers, but 
also their exact chain composition. The chains organiza-
tion is established by measuring the distance between each 
chain: the longest distance gives the names of the two pep-
tides located at the extremity of the aggregates. The next 
step is to find the two extremities' neighbors and continue 
until the last peptide is located. Finally, the order of the 
chains in the aggregate is known, it is possible to evaluate 
the parallel or anti-parallel feature of the different inter-
faces and obtain a final score of parallel and anti-parallel 
interfaces. 

Hydrogen bonds analysis. The number of Hbonds by 
frame (Fig. 1d) was made with the MDAnalysis python li-
brary41,42. The identification of Hbonds with the exact in-
volved atoms and their volume occupancies (Fig. 2, 4) were 
computed with a Charmm script involving the coor hbond 
command. 

Distances between two centers of mass. The coordi-
nates of the centers of mass are evaluated from the gyration 
radius computed with coor gyr command of Charmm. 
Then, the distances between the two center of mass are cal-
culated with a Charmm home-script.  

Energies. Three types are computed all along this 
work: the total potential energy of the system considered 
(to detect the representative structures of the system), the 
total interaction energy and the Van der Waals interaction 
energy to evaluate the contribution of each residue in the 
interactions and the role of Van der Waals contacts. These 
energies were computed with the inte command of 
Charmm for each aggregation step (Fig. S4-5).  

MM-PBSA and Computational AlaScan. Residue-
wise decomposition of the binding free energy as well as 
AlaScan prediction was performed within the MM-PBSA 
approach using CHARMM home-made scripts (Fig 3, Fig 
S8 and S9). 

Ab initio analysis. energy calculations reported in the 
present study were carried out using the GAUSSIAN 98 
software43 at HF/3-21G level.  

Determination of the representative structures. 
Determining the representative structures of the different 
dimers, trimers, tetramers, pentamers and complexation 
follows three steps. The first is the selection of the frames 
that represent the system considered at a specific state. In 
order to select them, the distances between the centers of 
mass of the last peptide that bound to the system and the 
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other peptides of the system are computed. For example, 
the interval of frames concerning a trimer is from the pep-
tide binding (to form a trimer) until the binding of a new 
peptide (tetramerization). The detection of the frames for 
each state is described in the Fig. S7. The second step con-
sists in the total potential energy calculations for each sys-
tem at each frame considered. The third step selects the 
structure at the frame where its potential energy is the low-
est, this is the representative structure. Twenty and eight-
een representative structures are determined for the com-
plexes I and II, respectively. 

Interaction Network. The interaction network is ob-
tained by submitting the representative structures previ-
ously determined to the webserver RING44. This last gives 
access to structural data like the Hbonds, the Van der 
Waals interactions and the π-stacking involved in the ag-
gregation process. Their processing and their visualization 
were realized with Cytoscape45. This study has been done 
on all the representative structures at each aggregation 
step (Fig. S2). 

Hydrophobic contacts. Hydrophobic contacts were 
computed with PyContact46 tool (version 1.0.4). PyContact 
was applied on the trajectories of each system (dimer, tri-
mer, tetramer, complex). Detailed results available in the 
Supplementary (S10).   
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idue along the trajectory of the interface AE/E (Fig. S19)  ) Evo-
lution of the MMPBSA per residue along the trajectory of the 
interface N/D. (Table S1) Energy characteristic of the parallel 
and anti-parallel representative dimers calculated using the 
Molecular Mechanics approaches (MM-PBSA) as well as the 
ab initio ones. (Movie 1) Formation of the complex CI. (Movie 
2) Formation of the complex CII. (Movie 3) First complexation 
in replica 2 simulations. (Movie 4) Second complexation in 
replica 2 simulations. (Movie 5) Complexation in replica 3 sim-
ulations. 

This material is available free of charge via the Internet at 
http://pubs.acs.org.  
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