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Abstract

The aggregation of the amyloid β (Aβ) peptide is a major hallmark of Alzheimer’s

disease. This peptide can aggregate into oligomers, proto-fibrils, and mature fibrils,

which eventually assemble into amyloid plaques. The peptide monomers are the small-

est assembly units, and play an important role in most of the individual processes

involved in amyloid fibril formation, such as primary and secondary nucleation and

elongation. The structure of the Aβ monomer has been shown to be very dynamic

and mostly disordered, both in experimental and in computational studies, similar to a

random coil. This structural state of the monomer contrasts with the very stable and

well defined structural core of the amyloid fibrils. An important question is whether

the monomer can adopt transient fibril-like conformations in solution and what role
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such conformations might play in the aggregation process. Here we use enhanced and

extensive molecular dynamics simulations to study the Aβ42 monomer structural flex-

ibility with different force fields, water models and salt concentrations. We show that

the monomer behaves as a random coil under different simulation conditions. Impor-

tantly, we find a conformation with the N-terminal region structured very similarly

to that of recent experimentally determined fibril models. This is to the best of our

knowledge the first monomeric structural ensemble to show such a similarity with the

fibril structure.

Introduction

The molecular origins of Alzheimer’s Disease (AD) are linked to the accumulation of ab-

normally folded proteins and peptides such as tau and amyloid β (Aβ) into intracellular

neuronal tangles and extracellular amyloid plaques, respectively. The two main Aβ variants

found in the brain differ only at the C-terminal two amino acids, with Aβ40 being more

abundant than Aβ42 (∼5-10%). In AD patients, however, the extracellular concentration of

Aβ42 has been shown to be considerably increased.1,2 The formation of amyloid fibrils is a

complex process, including primary and secondary nucleation reactions, as well as fibril elon-

gation3 and Aβ monomers take part in most of these individual steps. While in typical in

vitro experiments the monomer is depleted during the aggregation reaction, it is constantly

being produced in vivo and therefore all monomer-dependent steps are likely to be impor-

tant during the entire duration of the disease. It is thus very important to characterize the

monomer structure in order to understand how its sequence encodes the tendency to form

larger assemblies. The Aβ peptide originates from the amyloid precursor protein (APP),4 a

large glycoprotein which consists of extracellular, trans-membrane and cytoplasmic domains.

Upon cleavage by the γ secretase protein,5 the Aβ peptide is formed with its N-terminus

originating from the extracellular domain of the APP, and the C-terminus from the trans-

membrane domain.6 The Aβ42 monomer freshly cleaved from the APP has a considerable
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amount of helical structure. 3D structures published thus far indicate that Aβ42 adopts a

mostly helical conformation in apolar micro-environment7 which starts to vanish as soon as

polar solvent is added.8 A very important question is related to the monomer structure in

polar solvents and how it influences the Aβ aggregation process. Among recent experiments

of Aβ42 monomers in phosphate buffer solution are nuclear magnetic resonance (NMR) mea-

surements of various parameters, such as chemical shifts and J-couplings.9 This study reveals

a random coil type of conformational ensemble without high propensities for β-strand or he-

lical structures for both Aβ42 and Aβ40. The random coil behaviour was also confirmed

by circular dichroism (CD) spectroscopy experiments where the Aβ monomers adopt be-

tween 12–25% β-sheet and much lower helical content.10,11 In terms of overall dimensions,

the hydrodynamic radius of Aβ40 was measured to be ∼1.6 nm at room temperature12 while

for Aβ42 it adopts a range of values between 0.9–1.8 nm.13–17 Computationally, the Aβ42

monomer structure has been studied with various simulating techniques and force fields.18

The general picture that emerges from the numerous molecular dynamics (MD) simulation

studies on Aβ monomer is that the observed structural characteristics are very diverse and

highly dependent on the simulation conditions.18 Recently, modern force fields tailored for

intrinsically disordered proteins start producing conformational ensembles more and more

similar to those observed in experimental studies.19,20

Here we report structural ensembles of Aβ42 monomer observed with enhanced MD simu-

lations which reproduce experimental NMR observables with increased accuracy compared to

previous computational studies as well as expected secondary structure propensities. Other

structural characteristics such as the radius of gyration, end-to-end distance and solvent ac-

cessible surface area are in agreement with many computational studies, while differing from

others. The most remarkable feature of our simulations is the occurrence of a significantly

populated set of conformations which has many structural features in common with recent

experimental fibril models. We divide this study in two parts. In the first part we show

that the structural ensemble sampled in our simulations is overall similar to a random coil,
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as observed in experimental and other computational studies. In the second part we discuss

in detail the fibril-like monomer conformation observed here and how it might relate to the

Aβ42 aggregation.

Results and discussion

Here we present results from three extensive Hamiltonian replica exchange MD (H-REMD)

simulations under different conditions: 1) the Amber99SB*-ILDN force field21,22 and the

TIP4P-D water model;23 2) the Charmm36m force field24 and a modified Charmm TIP3P

water model with increased protein - water interaction (labeled Charmm36mW); and 3) the

Charmm36mW force field with modified Charmm TIP3P water model and 150 mM NaCl.

We also performed a H-REMD simulation with the Charmm36m force field and the original

Charmm TIP3P water model which was not included in the detailed analysis and results

due to the lack of convergence. Details regarding the force fields, simulation lengths, and

the analysis are provided in the Methods section.

Aβ42 monomers adopt a random coil structure in water

3JHNHα NMR couplings NMR couplings are often used for describing the local struc-

ture of intrinsically disordered proteins. Recently, Roche et al.9 measured various NMR

parameters of Aβ40 and Aβ42 in solution and concluded that both peptides lack a stable

structure and behave very similarly to a random coil. We calculated the 3JHNHα NMR cou-

plings from the three simulations (Amber99SB*-ILDN, Charmm36mW and Charmm36mW

with NaCl), as described in the Methods section, and compared these with experimental

values.9 For a quantitative comparison we use the reduced χ2 quantity. Overall, the three

force fields give reasonable χ2 values, Amber having the largest deviations from experiment

with χ2 = 3.4, followed by Charmm36mW with χ2 = 3.1 and Charmm36mW with added

salt, which has the best agreement with experiments with a χ2 = 2.5. The results for the
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Charmm36mW with 150 mM NaCl are shown in Figure 1 Top, and for the other two cases

in Figure S2. The good agreement between the simulated and experimental 3JHNHα cou-

plings for Charmm36mW with NaCl is an improvement compared to reported χ2 values from

other computational studies.19,20 The largest deviations from experimental values occur at

amino acids D7, D23 and A42. Four of the Glycines (G9, G25, G29 and G33) have values

slightly lower than the experimental ones, while V12, G15, V18, P19 and A30 overestimate

the experimental values. The tendencies observed here are closely related to the β-sheet

propensity of the amino acids, as discussed below. Interestingly, in the case of Amber99SB*-

ILDN, the best agreement with experimental J-couplings occurs at the C-terminus for amino

acids G25–I41, while in the case of Charmm36mW the agreement is better for residues in the

middle region, between E11–A30. For Charmm36mW with NaCl, except for D7 which shows

a large deviation, most of the values are close to their experimental equivalents, explaining

the low χ2 value. Of notable importance are amino acids with J-couplings values above 7.5

Hz, corresponding to dihedral angles found in β-strand structures. In Figure 1 Top, the

central hydrophobic cluster amino acids V18–F20 and the C-terminal V39–I41, have values

close or above 7.5 Hz indicating that they are good candidates for forming β-sheets. This

behavior, also observed in previous experimental studies,18,25,26 is of crucial importance for

the fbril-like conformation discussed in the second part of this work. Thus, the χ2 values

confirm that, within simulation and experimental errors, the Aβ42 monomer behaves under

three different simulation protocols as a random coil, in agreement with experiments.

Secondary structure The secondary structure propensity per amino acid provides com-

plementary structural information to the J-coupling analysis. As discussed in the methods

section, the dominant secondary structure in the trajectories used for analysis is β-sheet. We

have thus calculated the β-sheet propensity per amino acid for each of the three simulation

as shown in Figure 1 Bottom. The three cases display a similar main pattern, which is

the presence of meta-stable β-sheets for the central hydrophobic cluster (the amino acids
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Figure 1: NMR scalar couplings and secondary structure. Top - 3JHNHα NMR scalar cou-
plings calculated for each amino acid for Charmm36mW force field with 150 mM NaCl.
Experimental values are shown as black circles and those obtained from the simulations as
white circles. Bottom - β-sheet propensity per amino acid for the three simulation con-
ditions. The error bars for the simulation data in both plots were calculated using block
averaging.
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L17-A21) and the hydrophobic C-terminus (A30-I41), with different propensities. High

β-strand propensities for L17-A21 and I31-V36 have been observed previously in several

computational studies.18 This indicates that overall the sampled conformations have similar

structural features between different simulation conditions.

Amber99SB*-ILDN has the smallest propensities with a total average of 7.3±1.1 % β-

sheet. Both simulations with Charmm36mW force field have higher β-sheet propensities

with averages of 19.8±2.3 without NaCl and 19.6±2.9 with NaCl. The values from the

Charmm36mW simulations are in good agreement with the experimental value of 25.2%

reported for Aβ40 monomers.11 The largest β-sheet propensity of all simulations occurs

for Charmm36mW with NaCl at the central hydrophobic cluster, reaching 72% and 61%

for V18 and F19, respectively. This is in agreement with the observation that in NMR

experiments amino acids V18, F19 and F20 are the residues most likely to have extended

conformations.9 The simulation without NaCl has very large propensities at L17-V18, with

both residues reaching 56%. The C-terminal region V39-I41 is especially interesting in the

case of Charmm36mW with NaCl because it shows very large propensities for V39 (61%)

and V40 (59%). Without NaCl, these amino acids have β-sheet propensities below 20% for

both Charmm36mW and Amber99SB*-ILDN.

Despite the fact that the simulations with Charmm36mW have the highest β-sheet

propensities, the 3JHNHα couplings are in good agreement with experimental values. Roche

et al.9 showed that Aβ42 monomers lack any long lasting secondary structure, as long as

the propensity of these elements is below 50%. With few exceptions, the amino acids in

our simulations do have β-sheet propensities below 50%, which suggests that the significant

amount of β-sheet content is subject to constant fluctuations and the conformational en-

semble is very diverse. This is also confirmed by the average percentage of β-sheet which is

in agreement with experimental values that are compatible with a random coil. Additional

properties of the conformational ensemble which support the random coil behavior as well

as the clustering results are discussed below.
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Table T1: Average values and standard deviations for the radius of gyration, end to end
distance, and SASA for the three cases.

Radius of gyration [nm] EE distance [nm] SASA [nm2]
Amber99SB*-ILDN 1.6 ± 0.3 3.2 ± 0.9 48.9 ± 4.7
Charmm36mW 1.4 ± 0.3 2.7 ± 0.9 44.9 ± 4.6

Charmm36mW with NaCl 1.4 ± 0.3 2.6 ± 1.0 44.3 ± 5.4

Radius of gyration, end to end distance and solvent accessible surface area In

order to further characterize the conformational diversity of the monomeric Aβ, we have

calculated distributions for the radius of gyration of the three types of simulations and show

them in Figure S3. The distributions have similar shapes, with a strong peak between 1 and

2 nm, and a large shoulder that extends up to 3 nm. These features are more pronounced

for the simulations with the Charmm36mW force field. The average radius of gyration

values from Table T1 indicate less compact conformations for Amber99SB*-ILDN with an

average value of 1.6 nm and more compact conformations for the Charmm36mW force field

with or without NaCl with an average value of 1.4 nm in both cases. The values for the

Amber99SB*-ILDN are in good agreement with recent studies using similar Amber force

fields and water models from Meng et al.19 and Lincoff et al.,20 while for Charmm36mW

are slightly smaller than the ones from Lincoff et al.20 Using an empirically parametrized

equation which relates the radius of gyration to the hydrodynamic radius for intrinsically

disordered proteins,27 we have determined hydrodynamic radius distributions for the three

types of simulations. The average values from the three distributions are all close to 1.7±0.1

nm, in very good agreement with experimental values of both Aβ40, i.e. 1.6 nm,12 and the

upper range of values for Aβ42, i.e. 0.9–1.8 nm.13–17 The average end to end distance follows

a similar trend as the radius of gyration, with a value of 3.2 nm for Amber99SB*-ILDN

and 2.7 and 2.8 nm for Charmm36mW without and with NaCl, respectively. The wide

distributions of the end to end distance, shown in Figure S3, and the standard deviations of

∼1 nm indicate similar types of structural fluctuations in all three simulations. This is also

confirmed by the average SASA values of 49 nm2 for Amber99SB*-ILDN and 45 nm2 (44
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nm2) for Charmm36mW (with salt) which are close to those reported by Krupa et al.28 for

Charmm36 and Charmm36m force fields and are considerably higher than values obtained

with other Amber force fields.28 One should note that the Amber99SB*-ILDN from our work

is combined with the TIP4P-D water model which can lead to less compact conformations.

These results confirm the random coil behavior of the Aβ42 monomer, dominated by

constant structural fluctuations but also by the presence of extended secondary structure

elements especially in the case of the Charmm36mW force field. More details regarding the

recurring contacts within the monomer conformations are discussed in the context of contact

maps below.

Contact maps and clustering The contact maps of the three studied cases reveal in-

tramolecular interactions that are highly related to the β-sheet content discussed above.

Here we discuss the main features observed in the contact maps with probabilities close to

or above 20%. For a better understanding of the contact patterns we also discuss at this

stage the clustering of the conformations from each simulation. We show representative

structures for the top five clusters with the highest populations and contact maps derived

from all the conformations that belong to each cluster. The populations of the clusters are

displayed in Table ST1.

In the complete contact map of Amber99SB*-ILDN from Figure S6 Left there are two

main regions of contact: R5-H6 with G9-V12 and Q15-A21 with M35-G29. This first region

contains contacts which have the highest probability in this simulation, i.e. H6 with G9.

The second region contains a linear pattern perpendicular to the main diagonal, which is

common to anti-parallel β-sheets and has probabilities between 20 and 30%. Given the high

propensity for β-sheet structure in this region, 20-30% in Figure 1 Bottom, it is likely that

many conformations have an anti-parallel β-sheet between these amino acids, i.e. Q15-A21

and M35-G29. This pattern can also be identified in the top five clusters from Figure S7

Left, where the anti-parallel β-sheet pattern discussed above is present in four out of five
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cases, the exception being cluster two. One should note that the total population of the top

five clusters is 1̃1%, as shown in Table ST1, which means that the conformations in the full

trajectory are very diverse leading to many clusters with small populations. Nevertheless,

the representative structures of the top five clusters are still good examples for how the

contact patterns observed in the contact maps translate into visual structures.

The simulation with the Charmm36mW force field without NaCl has in the complete

contact map from Figure S6 Middle three main contact patterns with clear shapes that

also correspond to anti-parallel β-sheets: 1) D1-G9 with F21-H14 with contact probability

slightly below 20% , 2) D7-H13 with E22-G15 with probability between 20 and 30%, and

3) H14-V24 with G38-S26 with probabilities between 30 and 60%. Part of pattern one

which has the lowest probability can be identified in the contact map of cluster five from

Figure S7 as a short anti-parallel β-sheet between D1-F4 and F19-K16 also present in the

representative conformation. Pattern two is partially present in the contact maps of clusters

one and two and visible in the 3D structure. The third anti-parallel β-sheet pattern can be

clearly seen in the third and fourth clusters, and especially in the representative structure

of cluster three. In addition, short patterns common to parallel β-sheet conformations can

also be identified in the complete contact map at A2-H14 with S26-V39. These patterns are

very clear in cluster two at R5-S8 with G29-I32, and cluster five at S8-H14 with I32-V39.

To confirm these observations we have identified conformations from clusters two and five

where these parallel β-sheets occur and we show them in Figure S8. Of great interest is the

conformation from cluster five with the short parallel and anti-parallel β-sheets due to the

compact or disk-like shape of the monomer. This type of structures, stabilized by parallel

β-sheets can have very interesting characteristics as discussed below. In contrast to the

Amber99SB*-ILDN simulation, for Charmm36mW the top five clusters contain 27% of the

total population of conformations, almost equally distributed between the first four clusters

as seen in Table ST1.

The contact map of Chamm36mW with NaCl is to some degree very similar to the
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Charmm36mW simulation without salt, see Figure S6. Contact patterns two and three

corresponding to anti-parallel β-sheet structures seen in the simulation without salt are also

present here, but we label them as pattern one (D7-H13 with E22-G15) and two (Y10-V24

and A42-Q25) which extends along more amino acids than the pattern from the simulation

without NaCl. Pattern two is seen clearly in clusters three and four in Figure S7 Right,

while pattern one is present in clusters one and five. Two contact patterns that include

parallel β-sheets are present in this simulation at D1-Y10 with K28-G37 as pattern three

and at Q15-A21 with G37-A42 as pattern four in Figure S6 and are very clearly exemplified

in cluster one from Figure S7. This cluster, which contains 14% of the total population of

conformations has a very special type of structure, which is discussed in detail in the following

sections. This is a very significant population, given that the top five clusters amount to

28% population. Many of the features observed in the simulation with NaCl are similar with

the ones observed in the simulation without salt. This is expected to some degree since both

simulations use the same force field and water model. Nevertheless, the additional 150 mM

NaCl did have an effect on the conformations, especially on the contacts between charged

amino acids. We have calculated contact probabilities for amino acid pairs with opposite

charges and we show them in Figure S9. While the mean contact probability was ∼12% for

both cases, there are significant differences at the level of individual contacts. The strongest

contacts, for pairs K28–E22 and K28–D23, do not differ much between the two simulations.

The other pairs however, with contacts below 15% probability, undergo changes when NaCl

is added. Thus, interactions at D1–E22, R5–E22 and K28–E3 in the simulation without salt

are reduced in amplitude, while interactions at D1–D23, K16–D42, K28–D1 and K28–A42 in

the simulation with NaCl are increased in amplitude. The high contact probability for K28–

E22 and K28–D23 observed here correlates well with results from previous computational

studies.29–31 In the case of the simulation with NaCl, the increased interactions for amino

acid pairs D1–D23 and K28–A42 are most likely related to the cluster one discussed above,

where these residue pairs form salt-bridges for a considerable number of conformations in
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the cluster.

Similar conformations to those observed here and containing anti-parallel β-sheets have

also been observed in previous computational studies of the Aβ42 peptide.28,32–34 Other

studies indicate a lack of any significant extent of secondary structure in Aβ42 and relate

this to either the sampling method used20 or the force field.19 We would like to highlight that

the conformational diversity observed under all three simulation conditions, including the

presence of conformations with a significant population of β-sheets, leads to a good agreement

between the calculated and experimental NMR J-couplings, especially for the simulation with

NaCl. These conclusions confirm that our simulations sample conformational ensembles

with random coil behavior as predicted by experiments. The unique feature of molecular

dynamics simulations, however, is the possibility to uncover individual conformational sub-

states that contribute to the random coil, such as cluster one from the simulation with the

Charmm36mW force field and NaCl. This unprecedented type of conformation gains its

relevance from its similarity with the fibrillar state into which the peptide can convert, and

is therefore discussed in detail below.

Fibril-like Aβ42 monomer conformation

Monomeric Aβ42 conformations that bear any resemblance with peptides from fibril models

have been postulated and long been sought for without much success thus far.26,35 Such a

conformation would have strong implications for the aggregation process, but especially for

the fibril elongation by monomer addition observed in experimental studies,36 because it

may provide mechanistic insight into the misfolding process.

In this context, of particular interest is the cluster with the largest population from the

simulation with the Charmm36mW force field and NaCl. The representative conformation

is shown in Figure 2.

12

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2020. ; https://doi.org/10.1101/2020.06.23.156620doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.23.156620
http://creativecommons.org/licenses/by-nc-nd/4.0/


D1

A42

D1

A42

D1

A42

a c

db

H6
F4

V18

F20

V39
I41

I31

M35

A2

V36

Figure 2: Structure of the fibril-like monomer. a) Cartoon representation highlighting the
secondary structure, the N-terminus shown in blue and the C-terminus shown in red. b)
van der Waals representation of the backbone which emphasizes the coiled geometry. c)
N-terminus loop with all amino acids shown in licorice representation and colored by the
type of amino acid (white - hydrophobic, red - negatively charged, blue - positively charged
and green - polar. The C-terminus loop is shown as gray surface. d) C-terminus loop is
displayed similarly to c) and the N-terminus loop is shown as gray surface.
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Stability factors The first defining characteristics of this structure, as seen in Figure 2a,

is its compact shape and two short parallel β-sheets. The backbone atoms of the peptide

form a spiral-like structure, Figure 2b, where the N-terminus shown in blue forms a first

loop/ring until the middle part of the peptide, i.e. residue N27, comes in contact with the

N-terminus. We label this region as the N-terminus loop. The rest of the peptide, K28–

A42, forms a second loop which we label as the C-terminus loop. The two loops appear as

two different flat surfaces stacked on top of each other. This is more evident from Figure 2c

and d, where the N-terminal loop and the C-terminal loop are drawn as surfaces. Another

important characteristic is the location of many hydrophobic amino acids in the interior of

the two loops and shielded from the solvent to some degree. Within the N-terminal loop

one can identify in Figure 2c the following hydrophobic amino acids pointing towards the

interior of the loop: A2, F4, H6, V18, and F20. Within the C-terminal loop, Figure 2d, the

following hydrophobic amino acids are oriented inwards: I31, M35, V36 (points toward the

N-terminal loop), V39, and I41. As will be discussed below, the orientation of the amino

acids within the C-terminal loop is resembling to a large degree that from the fibrillar states

of the peptide. Two crucial factors that contribute to the stability of this conformation are

salt bridges and parallel β-sheets.

The two backbone loops are both closed by salt-bridges. The N-terminal loop is stabilized

by a salt-bridge between D1 and D23, Figure 3a, and the C-terminal loop is stabilized by two

salt bridges formed by K28 with D23 or with A42, Figure 3b. Two of these salt bridges are

possible due to the terminal capping, NH3+ for N-terminus and COO- for the C-terminus.

To quantify the occurrence of the salt-bridges we have calculated distances between the two

oxygen atoms of the negatively charged amino acids and the three hydrogen atoms of the

positively charged ones involved in the salt bridge. The results for the three salt bridges

obtained from all the conformations in cluster one of the simulation with Charmm36mW

and NaCl are shown in Figures S10 (D23-D1), S11 (E22-K28), and S12 (A42-K28). In the

case of salt-bridge D23–D1, most of the conformations have either the distance between
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oxygen O1 or oxygen O2 of residue D23 and the three hydrogens of residue D1 below 0.4

nm which is the threshold distance to qualify as a salt-bridge. This is also shown in the

normalized distributions from Figure S10 Bottom where the largest peaks below 0.4 nm

belong to distances between O2 and H1 or H2. The dynamics of this salt bridge is clear

from the plots in S10 Middle for both a) and b), where the three hydrogens alternate as the

closest atom to the oxygen O1 or O2, with oxygen O2 being preferred for shorter distances.

A similar analysis is shown in Figure S11 for salt-bridge E22–K28. This salt-bridge appears

in a large number of structures from cluster one, but is not as stable as D23–D1. This can

be seen in Figure S11 Top and Middle for both O1 and O2. The distance distributions from

Figure S11 Bottom shows a main peak at 0.31 nm followed by a smaller peak and a shoulder

at values above 0.4 nm. A similar situation occurs for salt-bridge A42–K28 shown in Figure

S12, where the peak corresponding to salt-bridges is the main one, but is followed by another

peak at large values and has slightly lower amplitude than E22-K28.

Considering a salt-bridge as formed when any of the distances discussed above (between

O1, O2 and H1, H2, or H3) is below 0.4 nm, we have estimated that, for this cluster, salt-

bridge D23–D1 was present during 93.16% of the time the molecule spent in the fibril-like

conformation, while salt-bridge E22–K28 and A42–K28 during 60.20% and 46.12% of the

time, respectively. From Figure 2 it is clear that E22 and A42 are close to each other and

form alternating or simultaneous salt-bridges with K28. We have identified the conformations

where K28 forms salt-bridges with both E22 and A41 and calculated a propensity of 29.85%.

This means that within cluster one of the simulation with NaCl, K28 was engaged in salt-

bridges with either E22 or A42 in 76.47% of the conformations. Thus, both the C- and

N-terminal loops are closed by salt-bridges which help to maintain the hydrophobic amino

acids shielded from the solvent. Previous computational studies have identified the E22/D23-

K28 salt-bridge,29–31 but not the other two observed in the fbril-like structure from this study.

A very recent study37 does mention close contacts between K28 and A42 in some of the Aβ42

monomer structures, but without the additional salt-bridges at D23–D1 and E22-K28 or the
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compact conformation of the N-terminus observed in our work.

A42 K28

D23 D1

V39
I41

V18 F20

V40

F19

F4

I31
A30

E3

a

b

c

d

E22

Figure 3: Salt-bridges and β-sheets of the compact monomer. a) and b) show salt-bridges
D1-D23 and K28-E22/A42, respectively. c) and d) show the two parallel β-sheets located at
E3-F4 with A30-I31 and V18-F20 with V39-I41, respectively.

In addition to the salt-bridges, two parallel β-sheets located at opposite positions on the

spiraled conformation give further stability to this structure. The two β-sheets are shown in

Figure 3c and d, and are formed between E3-F4 and A30-I31 in the first β-sheet and between

V18-F20 and V39-I41 in the second β-sheet. They can also be identified in the contact map

of cluster one from the simulation with Charmm36mW and NaCl in Figure S7 as some of the

strongest contacts. One should also note other strong contacts within this cluster that do

not belong to the above discussed β-sheets, but do contribute to the structural stability, i.e.

the contacts discussed in the Contact maps and clustering section: D1–Y10 with K28–G37

and Q15–A21 with G37–A42 excluding the parallel β-sheets amino acids.

We have thus identified three main features of this compact structure that make it un-

usually stable compared to Aβ42 monomers from the other simulating conditions or from

monomers reported by other studies.19,20,28 The salt-bridges together with the parallel β-

sheets preserve the two big loops in contact while allowing the hydrophobic amino acids to

interact with each other inside the spiraling conformation and shielded from the solvent.

A recent computational study38 has shown that compact conformational states, including
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those of monomers, are favoured during the Aβ42 assembly process and might be able to

explain the oligomer size distributions observed experimentally.39,40 The monomer confor-

mation described above fits very well in this category of compact intermediates and could

also contribute to the formation of compact meta-stable dimers or higher oligomers.

Mechanism of formation of the fibril-like structure An important question regarding

the compact, fibril-like monomer is related to the transition from an unstructured peptide

into the fibril-like conformation described above. To address it we have studied the structural

conversion that occurs during the H-REMD simulation. The H-REMD method generates

an unbiased non-continuous trajectory, with conformations that also originate in the biased

simulations. Considering all replica simulations, we identified a trajectory that contains the

compact/folded structure and ”jumps” between different biased simulations but is continuous

in time. We have then calculated the RMSD of the backbone atoms with the meta-stable

structure, i.e. center of the cluster one from the Charmm36mW simulation with NaCl, as

well as the fraction of native contacts, Q, as defined by Best et al.41 These quantities are

shown in Figure 4 and describe a simulation interval that starts just before the onset of the

folding process and ends with the occurrence of the fbril-like structure which contains all the

stability elements described above. As can be seen in Figure 4 Top, the RMSD starts from

a large value above 1 nm and drops gradually until it reaches a value of 0 corresponding to

the structured state. Equivalently, the fraction of ”native” contacts starts from a value close

to 0 and increases gradually to 1, where all the contacts of the fibril-like state are formed.

By analyzing these two quantities and visually inspecting this time-continuous trajectory

we have identified several steps/intervals that seem crucial for the formation of the compact

conformation. These steps are discussed in detail below.

1) The first step shown in purple in Figure 4 corresponds to a structure which has three

anti-parallel β-sheets (β1) and the N-terminus is detached from the rest of the structure.

This type of structure has also been observed in cluster five. It corresponds to a large RMSD

17

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2020. ; https://doi.org/10.1101/2020.06.23.156620doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.23.156620
http://creativecommons.org/licenses/by-nc-nd/4.0/


β1

β2
β3

β4

β5

SB2 SB3SB1

Figure 4: Folding of Aβ42 monomer into the compact structure. Top - RMSD of the back-
bone atoms between the representative monomer and each structure in the continuous time
trajectory. Bottom - Fraction of native contacts Q41 during the continuous time trajectory.
The time interval starts just before the onset of the folding and ends just after the occur-
rence of the representative conformation. Representative snapshots for each time interval are
showed colored by secondary structure with the N and C-termini as blue and red spheres.
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value and a low Q value. 2) The next step shown in red is the breakage of the triple β-sheet

that results in a single anti-parallel β-sheet (β2). During this step also occurs the attachment

of the N-terminus to the anti-parallel β-sheet. This process can be identified as a drop in

the RMSD to values close to 0.6 nm and is indicated by a black dashed arrow in the second

snapshot from Figure 4. 3) The resulting structure shown in the third snapshot has a triple

β-sheet (β3) where the N-terminus forms a parallel sheet with the middle strand and the

C-terminus forms an anti-parallel sheet with the middle strand. The rest of the peptide

forms a very large loop around this β-sheet. This step is shown in green on the plots and

corresponds to a slightly higher Q value of ∼0.25. 4) The fourth step, in yellow, is the

breakage of the anti-parallel β-sheet and the detachment of the C-terminus from the rest of

the peptide. 5) From this point, the C-terminus forms gradually more and more contacts

with the free loop region, outside the parallel β-sheet, until the second parallel β-sheet (β6)

is formed between the C-terminus and the V18-F20 fragment. This process is indicated by

a gradually decreasing and increasing value of the RMSD and Q, respectively, and is shown

in blue in Figure 4. At this stage also forms the first salt-bridge (SB1) between E22 and

K28. 6) Once the two parallel β-sheets are formed, the RMSD has dropped to ∼0.16 nm,

while the Q value has increased to ∼ 0.95. This is shown in light blue in Figure 4 and during

this step the second salt-bridge (SB2) between D1 and D23 forms. 7) The final step, shown

in magenta, that leads to the folded conformation is the formation of the third salt-bridge

(SB3) between K28 and A42 which alternates with salt-bridge K28-E22.

As described above, this is a complex structural conversion that involves large conforma-

tional changes with formation and breakage of β-sheets and salt-bridges. In order to obtain a

more realistic estimation of the lifetime of the fibril-like conformation we have performed five

classical MD simulations starting from the center of cluster one of the Charmm36mW with

NaCl simulation. By considering as RMSD cutoff a value of 0.4 nm we identified an average

lifetime of the conformation of 249.6 ± 41.1 ns. This is in agreement with a recent computa-

tional study which identifies metastable states of the Aβ42 monomer with sub-microsecond
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lifetimes.42 Given the fact that this type of structure appears in the unbiased simulation 14%

of the time and has a considerable lifetime, it is likely that the process of structure formation

described above also occurs in unbiased and continuous time simulations or in real systems,

albeit at longer time scales.

a cb

A42

K28

I41

V39

M35

I31L34

A42

K28
I41

V39

M35

I31

L34

A42

K28I41

V39

M35

I31
L34

PDB: 2MXU PDB: 5KK3 PDB: 5OQV

Figure 5: Comparison of the compact monomer with S-shape fibril models. All peptides are
shown in cartoon representation and selected amino acids as licorice or balls and sticks. The
fibril-like monomer state is colored in green while the fibrillar peptide is colored based on
its secondary structure, its hydrophobic amino acids in white, and the charged residues K28
in blue and A42 in red. Three fibril models were considered with PDB IDs: a) 2MXU,43 b)
5KK3,44 and c) 5OQV.45

Similarity between the fibril-like monomer and Aβ42 fibrils One of the main fea-

tures of the compact Aβ42 monomer discussed above is the structure of the middle and

C-terminal region which forms a closed loop via the salt-bridge between amino acids K28

and negatively charged amino acids E22 and A42. This peptide sequence, K28-A42, has a

structure very similar to peptides found in recent experimental fibril models, referred to as

the S-shape fibrils. To clarify this we have aligned the structure containing the sequence

K28-A42 from the compact monomer and that of fibrillar peptides from three different mod-

els as shown in Figure 5: a) a single filament fibril obtained at pH of 7.4 by Xiao et al.,43

b) a double filament fibril obtained at pH of 8 by Colvin et al.,44 and c) a double filament

obtained at pH of 2 by Gremer et al.45 Note that the simulations performed in our study

correspond to a pH of 7.4. The similarity between the monomer conformation obtained in

our study and a peptide from each of the fibril models is quantified by the RMSD value of the

backbone atoms of residues K28-A42. The smallest RMSD is obtained for the single filament
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fibril model of Xiao et al.,43 Figure 5a, with an RMSD of 0.15 nm for the 7th frame from

the deposited PDB file with ID 2MXU. The other nine deposited frames have slightly higher

RMSDs with a maximum of 0.26 nm. One important aspect of the structural comparison,

visualized in Figure 5a, is the orientation of the side chains of hydrophobic amino acids from

the simulated structure, which point all in the same direction as the ones from the fibrillar

peptide. The same applies to K28 and A42, involved in a salt-bridge. However, in the fibril,

K28 is located at a position that allows salt-bridges with A42 from the same peptide chain

but also from the next peptide chain within the fibril. In the case of the double filament

structure published by Colvin et al.,44 the smallest RMSD has a value of 0.19 nm for frame

9 from the structure with PDB ID 5KK3, and a maximum value of 0.21 nm. Figure 5b

shows the case with the smallest RMSD where all hydrophobic amino acids point in the

same direction, except for M35. We also compared the folded monomer structure with a

peptide from the fibril obtained at pH of 2 by Gremer et al.45 In this case, Figure 5c, the

RMSD with the single deposited PDB structure with ID 5OQV has a value of 0.17 nm.

Despite the very small backbone RMSD, only L34 and M35 from the monomer point in the

same direction as the residues in the fibrillar peptide, while I31, V39 and I41 point toward

the exterior of the C-terminal loop in the fibril peptide and towards the interior of the loop

in the simulated peptide. These mismatches are not surprising, given the effect of the low

pH on the protonation state of charged amino acids and eventually on the overall structure

of the fibril.

As shown above, the C-terminal loop of the folded conformation is in very good agree-

ment with all three fibril models. This means that the observed Aβ42 monomer is able to

sample, besides a multitude of disordered states, partly structured conformations that mimic

the Aβ42 fibril core without interfering with the overall random coil behavior of the confor-

mational ensemble. A recent computational study using a coarse grained protein model37

reports a slightly similar C-terminal loop region with a close contact between K28 and A42,

but with a disordered N-terminus. This study37 provides evidence that although not all,
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some of the characteristics of the compact monomer from our work are also present under

other simulation conditions. The high similarity between the C-terminal loop of the compact

monomer from our work and fibrillar peptides is thus quite robust and highly relevant due to

its stability provided by the N-terminus loop conformation. In fact, without the interactions

with the N-terminal loop, the fibril-like features of the C-terminal loop would probably have

a much lower stability and therefore shorter lifetime.

a b
fibril axis

fibril axis

even tip

Figure 6: Structural fit of the compact fibril-like monomer at the fibril end. a) The fibril-like
monomer observed in our work is shown at the even fibril end (the C-terminus less exposed
to the solvent than the middle and N-terminal regions). All peptides are shown in cartoon
representations with the simulated monomer colored by the secondary structure elements
and the fibrillar peptides with color gradient from blue at N-terminus to red at C-terminus.
A licorice representation of the backbone is also included to emphasize the hydrogen bonds
between the peptides. The N- and C-termini are shown as blue and red spheres, respectively.
b) The same structure from a) is slightly rotated for a better view along the fibril axis.

The fibril-like monomer optimally fits only at one of the two fibril ends The

folded monomer conformation observed in our simulations and discussed above has many

characteristics similar to the fibril core. In addition, the N-terminal loop is covering com-

pletely one side of the C-terminal loop, see Figure 2. We have investigated how such a

conformation could fit at the end of a fibril assuming an in-register interaction between
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the C-terminal loop of the folded monomer and the C-terminal region of a peptide at the

fibril end. To identify which end of the fibril is optimal for this type of docking, we have

aligned the folded monomer with a peptide from the fibril end using only the C-terminal

loop (amino acids K28-A42) backbone atoms, and making sure that the N-terminal loop is

located towards the solvent and not towards the fibril. It is important to note that we assume

here that the conformation of the fibril end is identical to the overall fibrillar conformation.

The structural fibril models used here correspond to the average arrangements of monomers

inside the fibrils, whereas it can be expected that the fibril ends undergo some degree of

structural rearrangement, given the smaller number of interaction partners compared to a

monomer deeper inside the fibril. The result of these docking experiments can be seen in

Figure 6 from two different angles. From Figure 6a it is clear that the folded monomer has a

near-optimal alignment with the even tip of the fibril which has the C-terminus less exposed

to the solvent.

These results are interesting in the context of the discussion of two proposed mechanisms

for fibril elongation: ”fast deposition” or ”direct docking” and ”dock-lock”. During the ”fast-

deposition”, a so-called activated monomer, i.e. a monomer with appropriate conformation,

is efficiently deposited onto a fibril end and thus becomes incorporated into the fibril.46,47

The compact monomer from our study would most likely fulfill the structural requirements

for an activated conformation involved in the fast deposition process. However, the direct

docking mechanism has been shown to contribute less to the fibril elongation process com-

pared to the two phase ”dock-lock” mechanism.48 In ”dock-lock”, during the ”dock” phase

a monomer attaches somewhat non-specifically and therefore rather weakly to the fibril end

as well as possibly also the fibril surface in a fully reversible manner,36 while during the

”lock” phase, which takes place on a much slower time scale than the ”dock” phase,49 the

monomer undergoes a structural rearrangement and samples the different β-sheet registers

until it either dissociates off again or it achieves the most stable, correctly incorporate state,

which often for practical purposes appears to be irreversible. This mechanism of fibril elon-
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gation has been proposed from experiments50 and was also observed in several computational

studies,47,48 with a clear prevalence over the the fast deposition mechanism.

Estimates of the residency time from experiments,36 i.e. the time that a monomer spends

on average in proximity of the fibril end, indicate that this time is several orders of magnitude

larger than the lifetime of the fibril-like state estimated from our simulations. This would

indicate that the monomer undergoes dozens to hundreds of transitions from fully random

coil to the compact, fibril-like state during the time scale of its average contact with the

fibril end. The lifetime of the fibril like state observed in our simulations of the monomer

could of course also be significantly larger in close proximity to the fibril end. Regardless of

whether or not the fibril-like state actually is on the pathway to an incorporated monomer,

the identification of such a class of fibril-like structures allows us to rationalise certain fea-

tures of the aggregation behaviour of the Aβ peptide. It has been consistently found that the

Aβ42 peptide has the smallest known free energy barrier for fibril elongation of all amyloid

polypeptides.36,51,52 This could be explained by the innate tendency of the Aβ sequence to

adopt conformations similar to those inside the fibril; given that even the isolated monomer

has already a significant tendency to adopt fibril-like structures, the presence of a templating

fibril end can render the conversion into the fibril-like conformation even easier, ultimately

resulting in a free energy barrier of only a few kBT. The importance of the fibril-like state

that the monomer adopts in isolation for the elongation reaction depends on whether the

templating fibril end should be regarded as a strong or weak perturbation of the monomolec-

ular free energy landscape explored in the present work. Some experimental evidence for

an important role of the fibril end comes from the observation that the two ends of a fibril

often grow with different rates,53 in agreement with the different efficiency in docking to the

two ends, as demonstrated in this work. However, answering this question will ultimately

require more extensive simulations of monomer-fibril interactions. Our contribution to this

ongoing discussion is one of the most detailed characterisations of the monomolecular free

energy landscape of the Aβ monomer, which has allowed us to identify the fibril-like state

24

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2020. ; https://doi.org/10.1101/2020.06.23.156620doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.23.156620
http://creativecommons.org/licenses/by-nc-nd/4.0/


and which can be used as a benchmark with which to compare the monomer in contact with

a fibril end.

Conclusions

Using extensive enhanced molecular dynamics simulations, we have shown that the Aβ42

monomer adopts a random coil structure when employing different force fields and simulation

conditions. We further discovered a transient monomer structure that accounts for 14%

population of the total observed conformations, when using the Charmm36mW force field

with 150 mM NaCl. This structure, stabilized by short parallel β-sheets and three salt-

bridges, has many characteristics similar to fibrillar forms of the Aβ42 peptide. Specifically,

the structure of the C-terminal region from K28 to A42 is very similar to the structure of

the same region from the so-called S-shape fibrils, including the orientation of side chains

of hydrophobic amino acids. To the best of our knowledge this is the first Aβ42 monomeric

structural ensemble to feature a state with such a high degree of similarity with the fibril core.

Despite its stability, manifest through sub-microsecond lifetimes, this type of monomer does

not alter the overall random coil behavior of the structural ensemble. This suggests that the

Aβ42 peptide in monomeric form already has an affinity to sample structural features specific

to fibrils and could explain why Aβ42 has the lowest free energy barrier for activating the fibril

elongation among amyloidogenic proteins.51 Further investigation is needed to identify how

exactly is this property of the compact Aβ42 monomer involved in the elongation process.

In our study, the compact monomer state has the C-terminal loop, residues K28–A42, in a

conformation similar to that of fibril core, which might be an indication that this region is

indeed the first to form when a peptide locks onto an existing fibril end. It will be important

to investigate in future studies whether this conformation also appears in the proximity of

another monomer or the fibril end and how exactly is it involved in molecular mechanisms

of fibril elongation such as the direct docking or the ”dock-lock” mechanism.
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Methods

MD simulations details We have studied the conformational flexibility of the Aβ42

monomer in water by performing H-REMD54 simulations with several force fields and wa-

ter models with a cumulated simulation time of 157.4 µs. The first force field - water

model combination (labeled as Amber99SB*-ILDN) includes the Amber99SB*-ILDN force

field21,22 and the TIP4P-D water model.23 This water model was specifically developed to

accurately describe intrinsically disorder proteins (IDPs) in molecular dynamics (MD) sim-

ulations by using and increased protein-water interaction. The second combination (labeled

as Charmm36m) is the Charmm36m force field24 and the Charmm TIP3P water model de-

signed for folded proteins and IDPs. In addition, we also considered the Charmm36m force

field with a modified Charmm TIP3P water model that leads to an increased protein - wa-

ter interaction, more similar to the TIP4P-D model, and labeled as Charmm36mW.24 In

Charmm36mW, the Lennard Jones well depth parameter ϵ of the hydrogen atoms have been

modified from -0.046 kcal/mol to -0.10 kcal/mol as suggested by Huang et al.24 Simulations

with Charmm36mW were considered with and without 150 mM NaCl concentration in order

to assess the effect of salt ions on the protein conformation.

All simulations were performed with the Gromacs 2016.04 parallel software package.55

Short range electrostatics and van der Waals interactions were cut at 0.1 nm, while long

range electrostatic interactions were treated with the Particle Mesh Ewald method. The

temperature was kept at 300 K via velocity rescaling with a stochastic term algorithm56

and a time constant for coupling of 0.1 ps. The pressure coupling was controlled with

the Parrinello-Rahman barostat57,58 with a time constant of 1 ps. The hydrogen atoms were

treated as virtual interaction sites, allowing an integration time step of 4 fs while maintaining

energy conservation.59

The solution structure of Aβ42 protein monomer with PDB ID 1IYT was used as starting

conformation.7 The conformation was placed in a dodecahedral box with 1.6 nm between the

protein and the box, solvated with water molecules and 3 Na ions added for charge neutrality,
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except for the second simulation with the Charmm36mW force field where 43 Na and 40

Cl ions were added to also account for 150 mM salt concentration. The final systems had

the following number of atoms: 1) Amber99SB*-ILDN - 62,150 atoms; Charmm36m - 47,214

atoms; Charmm36mW - 47,214; Charmm36mWwith NaCl - 47,054. This simulation box was

large enough to allow free translation and rotation of the Aβ42 monomer without interacting

with its periodic images that would otherwise result in simulation artifacts. After energy

minimization, position restrained equilibration (with the Berendsen barostat) and a short

free equilibration (with the Parrinello-Rahman barostat), Hamiltonian replica exchange54

simulations were was performed for each system. Each H-REMD simulation consisted of 10

(Amber99SB*-ILDN) or 12 (Charmm36m and Charmm36mW) simulations run in parallel,

each simulation having a different interaction Hamiltonian where non-bonded interactions

and dihedral angles are scaled with a factor λ. The biasing coefficients lambda can be

expressed as an inverse temperature (1/temperature) correspond to temperatures between

300 and 500 K and assigned to the replicas according to a geometric distribution. The

average replica exchange probability for the four systems had values between 16% and 24%.

In total we performed four H-REMD simulations, one for each system, of different

length/replica: Amber99SB*-ILDN – 2 µs; Charmm36m – 2 µs; Charmm36mW – 3 µs;

Charmm36mW with NaCl – 3.4 µs. All simulations were performed on the supercomputer

JURECA60 at the Jülich Supercomputing Centre (JSC).

Analysis Since all simulations started from the Aβ42 structure with the PDB code ID

1IYT,7 the initial states have a large number of amino acids in helical conformation, see

Figure S1. Except for the simulation with Charmm36m, in all other cases the highly helical

conformation drops to small values below 10 residues, either within the first 100 ns for

Amber99SB*-ILDN or within 1,500 ns for the simulations with the Charmm36mW force field,

as can be seen in Figure S1. The drop in helical conformation is accompanied by an increase

in the β-sheet content, especially for Charmm36mW. This is not the case for Charmm36m,
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where the helical residues fluctuates throughout the 2,000 ns close to a value of 30, similar

to the initial state, despite a slight increase in β-sheet content. This indicates that the

simulation takes much longer to equilibrate than for the other force fields. Given the random

coil character of the Aβ42 monomer observed in experiments,9 we have decided to analyze

only the equilibrated part of each simulation, where fluctuations in the secondary structure

are similar to that of random coil, i.e. without many amino acids in helical conformation.

Thus, the trajectory intervals used for the analysis consist of the last 1,000 ns from the

simulations with Amber99SB*-ILDN, and Charmm36mW with and without NaCl, and are

highlighted in Figure S1 with two red vertical bars.

3JHNHα NMR scalar couplings were calculated with the Karplus equation for each

amino acid:

⟨3JHNHα⟩ = ⟨A cos2 ϕ+B cosϕ+ C⟩ (1)

with coefficients A = 7.97 Hz, B = - 1.26 Hz and C = 0.63 Hz.61 The comparison with

experimental data was done using the reduced χ2:

χ2 =
1

N

N∑
i=1

Ji,exp − ⟨Ji⟩sum
(∆Ji)

2 (2)

where (∆Ji)
2 = (∆block)

2 + (∆Karplus)
2, ∆block being the simulation error calculated with

block averaging and ∆Karplus = 0.42 Hz, the experimental error.

Secondary structure, contact maps and clustering Secondary structure propensities

per residues were calculated with the program DSSP62 and the errors with block averaging.

For snapshots of the protein structure we used the program Visual Molecular Dynamics

(VMD)63 where the secondary structure is calculated with STRIDE.64 Contact maps were

calculated using the Contact Map Explorer module implemented in Python and considering

a contact between two amino acids when any two atoms from the two residues were found at

a distance below a cutoff of 0.5 nm. Clustering of structures was performed with the Daura
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algorithm65 implemented in Gromacs using the backbone atoms and an RMSD cutoff of 0.4

nm.

Radius of gyration, hydrodynamic radius, end to end distance and SASA The

radius of gyration was calculated using the function compute-rg from the MDTraj library66

implemented in Python. From the radius of gyration we calculated the hydrodynamic radius

of each conformation using an empirically parametrized equation specifically derived for

intrinsically disordered proteins.27 The end to end distance was calculated between the Cα

atoms of the first and last amino acids using the function compute-distances from MDTraj.

To calculate the SASA we used the shrake-rupley algorithm67 implemented in MDTraj.
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(30) Côté, S.; Derreumaux, P.; Mousseau, N. J. Chem. Theory Comput. 2011, 7, 2584–2592.

31

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 23, 2020. ; https://doi.org/10.1101/2020.06.23.156620doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.23.156620
http://creativecommons.org/licenses/by-nc-nd/4.0/


(31) Barz, B.; Urbanc, B. PLoS One 2012, 7, e34345.

(32) Ball, K. A.; Phillips, A.; Wemmer, D.; Head-Gordon, T. Biophys. J. 2013, 104, 2714–

2724.

(33) Liao, Q.; Owen, M. C.; Olubiyi, O. O.; Barz, B.; Strodel, B. Isr. J. Chem. 2017, 57,

771–784.

(34) Carballo-Pacheco, M.; Strodel, B. Protein Sci. 2017, 26, 174–185.

(35) Frigori, R. B.; Barroso da Silva, F. L.; Carvalho, P. P. D.; Alves, N. A. J. Phys. Chem.

B 2020, 124, 2798–2805.

(36) Buell, A. K. Biochem. J. 2019, 476, 2677–2703.

(37) Chakraborty, D.; Straub, J. E.; Thirumalai, D. bioRxiv 2020, DOI:2020.02.09.940676

preprint.

(38) Barz, B.; Liao, Q.; Strodel, B. J. Am. Chem. Soc. 2018, 140, 319–327.

(39) Bitan, G.; Kirkitadze, M. D.; Lomakin, A.; Vollers, S. S.; Benedek, G. B.; Teplow, D. B.

Proc. Natl. Acad. Sci. 2003, 100, 330–335.

(40) Bernstein, S. L.; Dupuis, N. F.; Lazo, N. D.; Wyttenbach, T.; Condron, M. M.; Bi-

tan, G.; Teplow, D. B.; Shea, J.-E.; Ruotolo, B. T.; Robinson, C. V.; Bowers, M. T.

Nat. Chem. 2009, 1, 326–331.

(41) Best, R. B.; Hummer, G.; Eaton, W. A. Proc. Natl. Acad. Sci. U.S.A. 2013, 110,

17874–17879.
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