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Abstract 

As an important neuropathological hallmark of Alzheimer’s disease (AD), the oligomerization of 

amyloid-β (Aβ) peptides has been intensively investigated in both theoretical and experimental studies. 

However, the oligomerization space in term of the kinetics, molecular mechanism and the oligomer 

structures remains mysterious to us. An equation which can quantitatively describe the time it takes 

for Aβ oligomers to appear in the human brain at a given Aβ monomer concentration is extremely 

vital for us to understand the development and disease progression of AD. In this study we utilized 

molecular dynamics (MD) simulations to investigate the oligomerization of Aβ42 peptides at five different 

monomer concentrations. We’ve elucidated the formation pathways of Aβ tetramers, characterized the 

oligomer structures, estimated the oligomerization time of Aβ dimers, trimers and tetramers, and for the 

first-time derived equations which could quantitatively describe the relationship between the 

oligomerization time and the monomer concentration. Applying these equations, our prediction of 

oligomerization time agrees well with the experimental and clinical findings, in spite of the limitations of 

our oligomerization simulations. We’ve found that the Aβ oligomerization time depends on the monomer 

concentration by a power of -2.4. The newly established equations will enable us to quantitatively estimate 

the risk score of AD, which is a function of age. Moreover, we have identified the most dominant pathway 
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of forming Aβ tetramers, the probably most important and toxic Aβ oligomer. Our results have showed 

that the structures of Aβ42 dimer, trimer and tetramer, which are distinguishable from each other, depend 

on the monomer concentration at which the oligomers form. Representative oligomer structures which can 

serve as potential drug targets have been identified by clustering analysis. The MD sampling adequacy has 

been validated by the excellent agreement between the calculated and measured collisional cross section 

(CCS) parameters (the prediction errors are within 2%). In a conclusion, this study provides the kinetics 

and structure basis for developing inhibitors to decelerate the Aβ oligomerization process.   

 

Keywords: Amyloid-beta, oligomers, oligomerization, concentration, equation, Alzheimer’s 

disease.  
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INTRODUCTION 

Currently, there are around 50 million people living with dementia in the world, and this number 

is increasing by nearly 10 million every year.1 The most common type of dementia is Alzheimer’s 

disease (AD) which most often begins in people 65 years of age and older.1,2 A patient with AD 

will experience a variety of symptoms including memory loss, language decay, disorientation, loss 

of motivation, difficulty in managing self-care, and behavioral issues.1,3 The strongest known risk 

factor of AD is increasing age. AD prevalence increases with age, which is approximately 1% 

among people 65 to 69 years of age, 10% among people 80 to 85 years of age and above 40% 

among persons 95 years of age and above.4 The etiology of AD is complex, but extensive evidence 

accumulated during the last hundred years suggests that amyloid β peptides are important 

contributors to AD pathology.5,6 The Aβ peptides, which are proteolytic byproducts of the amyloid 

precursor protein, are most commonly composed of 40 (Aβ40) and 42 (Aβ42) amino acids. They 

play many physiological roles such as neuroprotectors and synaptic activity modulators, and may 

even be crucial for neuronal cell survival.7–9 However, the Aβ peptides may aggregate into many 

different conformations which are possibly harmful to the brain. Among the structures of Aβ 

peptides, it is the soluble Aβ oligomers (AβOs), rather than the monomers or insoluble fibrils, are 

toxic to the brain and instigate multiple facets of AD-neuropathology.6 Therefore, understanding 

the mechanism of Aβ oligomerization and characterizing the structures of oligomers are vital for 

developing therapeutic strategies to fight AD, for which there is no cure available yet. 

A complete Aβ aggregation may be considered as a two-step process including a nucleation 

phase and an elongation phase. The nucleation phase is an oligomerization process, in which the 

peptides form soluble oligomers from monomers. The elongation phase is characterized by the 

formation of large pre-fibrillar and mature fibrillar structures. Beside environmental factors such 

as temperature and pH, the oligomerization of Aβ peptides is strongly governed by Aβ monomer 

concentration.10–13 The Aβ aggregated structures can be formed within minutes when the monomer 
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concentration is in the micromolar (µM) range or in days when the concentration is the hundred 

nanomolar (nM) range.11,12,14 The dependence of amyloid aggregation rate on the monomer 

concentrations has been investigated in many experimental studies with a wide concentration 

range from nM to millimolar (mM). However, the experiments were performed in different 

conditions and current technologies cannot accurately determine the exact time oligomers formed. 

The dependence of Aβ oligomerization on the monomer concentration is still elusive. On the other 

hand, the Aβ monomer concentration in human brain, which may be in range from picomolar (pM) 

to nM, is much lower than the ones used in the experiment. Thus, an equation which can 

quantitively describes the time it takes for the AβOs to appear in the human brain vs. Aβ monomer 

concentrations is extremely vital for us to understand the development and disease progression of 

AD. 

In an amyloid aggregation process, a critical size of amyloid aggregate, which was proposed 

as a critical nucleus, must be formed.15,16 Once the nucleus is formed, the fibrils grow rapidly. 

Many studies were performed to identify the critical nucleus for Aβ peptides.15,16 Despite the 

dynamics of nucleation phase was intensively investigated, a unique value of the critical nucleus 

size has not been agreed on yet. And the critical nucleus was predicted in range from dimer to 21-

mers.15,16 On the other hand, it is believed that smaller amyloid oligomers are usually more toxic 

than larger oligomers, and the toxic size of AβOs maybe as small as a dimer.17–21 Interestingly, 

many studies showed that tetramer is more toxic than dimer and trimer.18,20,22 Those results suggest 

that Aβ tetramer may be the most toxic AβOs.18,22 In this work, we utilized molecular dynamics 

(MD) simulation to study the oligomerization of tetramer full-length Aβ42 peptides at five 

different Aβ42 concentrations (Table 1). We focused on identifying the oligomerization pathways 

and characterizing the structures of Aβ42 oligomers. Especially, we investigated the time required 

to form dimers, trimers and tetramers at the given Aβ monomer concentrations and intended to 

establish the quantitative relationship between oligomerization time and monomer concentration. 
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Complementary to the experiment means, a series of MD simulations have been performed 

studying Aβ oligomer structures and oligomerization process from different perspectives.24–28 

However, most of these studies focused on structural characterization of small systems, such as 

dimer or trimer. Very few studies focused on studying the pathways of aggregation,24 and none on 

the oligomerization time. This study moves far beyond these limitations. For the first time, we will 

establish an equation which can be applied to answer the fundamental question why the increasing 

age is the strongest risk factor of AD. These equations can also be applied to quantitively calculate 

the risk score of Alzheimer’s disease. Secondly, we will identify representative oligomer structures 

which can serve as drug targets for developing drugs inhibiting Aβ oligomerization. 

RESULTS 

The initial structure and oligomeric state definitions 

The initial structure consisting of four Aβ42 monomers was constructed by placing the monomers 

at the four vertices of a regular tetrahedron as shown in Fig. 1b. The tetrahedron has the minimum 

distance between any two monomers to be rmin (in Å), and the distance between the mass centers 

of any two monomers to be rcen (in Å).  The monomers with different initial conformations were 

randomly selected from a pool of 400 representative monomer structures which were collected 

from our previous work,21 and were randomly rotated around their center of mass. We first created 

nine MD systems which contain four randomly selected monomers with rcen = 35 Å and rmin ≥ 

6 Å and the Aβ42 monomer concentration is 20.13 mM. Other lower monomer concentration 

systems were built by proportionally expanding the distances between the mass centers of any two 

Aβ42 monomers. In total, forty-five MD systems with five different concentrations were 

constructed and the main system parameters were listed in Table 1. 

To facilitate us to define the dimeric, trimeric and tetrameric oligomers, we introduced “contact 

state”, to describe the relationship between two monomers in space. Two monomers fall into the 
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"contact state" when a distance between any two atoms which belong to different monomers is 

equal to or smaller than 3 Å (Fig. 1d). A dimeric oligomer is formed when two monomers are in 

contact state. Three monomers would be a trimeric oligomer when a dimer is formed and either or 

both of the monomers are in “contact state” with the third monomer. A tetrameric oligomer would 

be established when a trimeric oligomer is formed and at least one monomer is in “contact state” 

with the fourth monomer. Based on the oligomeric size, we classified four-mer system into four 

different states, SO1, SO2, SO3 and SO4. SO1 has four monomers, SO2 has either one or two 

dimers, SO3 and SO4 have one trimer and tetramer, respectively (Fig. 1d). 

The oligomers can also be characterized according to the monomer-monomer contact profile 

(CP) including the number of monomer-monomer pairs (MMP) in contact state. As shown in Fig. 

1c, trimers have two CP types, trimer1 and trime2, which have two and three MMP in contact 

state, correspondingly. As to tetramers, there are in total six CP types. Tetramer1 and tetramer2 

both have three MMP in contact state, however, any monomer in the tetramer1 is in contact state 

with a maximum of two other monomers; while in tetramer2, there is a monomer which is in 

contact state with all the other three monomers. Similarly, tetramer3 and tetramer4 both have four 

MMP in contact state, however any monomer in tetramer3 is in contact state with two other 

monomers; while in the tetramer4, there is a monomer which is in contacted with all the three 

other monomers. tetramer5 and tetramer6 have five and six MMP in contact state, respectively. 

To characterize the time needed to form dimeric, trimeric or tetrameric oligomers, we defined 

the oligomerization time as the period between the beginning of NVT simulation and the time 

point when the first dimer, trimer or tetramer was formed, respectively. 

The oligomerization of Aβ42 peptides 

After 500-ns molecular dynamics (MD) simulations were performed for 45 MD systems, post-MD 

analysis was performed for the collected MD snapshots. The time evolution of the minimum 
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intermolecular distance (rmin), the minimum mass center distance between any two monomers 

(rcen), and the population of the four states, SO1, SO2, SO3 and SO4, are shown in Fig. 2. The 

time for rmin to reach the equilibrium value which is about 2 Å, was inversely proportional to the 

monomer concentration (Fig. 2a). It was several ns at monomer concentration of 20.13 mM and 

about 250 ns at 3.91 mM. The time evolution of rcen is similar to that of rmin, but rcen required 

a little longer time than rmin to reach equilibrium (Fig. 2b). As shown in Fig. 2c-2f, the SOi (i=1, 

2, 3, 4) populations followed similar trends: at concentration of 20.13 mM, the four-mer A42 

quickly formed dimers (SO2), then trimer (SO3), and were completely in tetrameric state (SO4) 

within 50 ns, and this oligomerization process slowed down at lower concentrations. Particularly, 

the population of SO4 state just reached to 57% after 500 ns at concentration of 3.91 mM, while 

it reached 100% at the other four higher concentrations. This result was in good agreement with 

the experimental data as it clearly demonstrated that the lower the Aβ monomer concentration was, 

the slower the oligomerization process was.11,12,29 

To investigate the oligomerization pathways of the four monomers we tracked the transitions 

between the SOi states along the simulation time (Fig. 3). The transitions are found to frequently 

take place between the state pairs including SO1-SO2, SO2-SO3, SO2-SO4 and SO3-SO4. It 

indicated that the association and dissociation alternately occur in the oligomerization process. 

This association-dissociation coexistence was also observed in previous studies.24,30 Interestingly, 

we did not observe any SO1SO3 or SO1SO4 transitions, suggesting that trimers and tetramers 

could not be formed directly from monomers. Based on the transition directions and frequencies 

between oligomerization state pairs, two pathways, SO1→SO2→SO3→SO4 and 

SO1→SO2→SO4, were identified in tetramer formation. Considering the transition rates of 

SO2SO3 and SO3SO4 are much higher than that of SO2SO4 at all concentrations, the 

former is therefore the dominant pathway. It indicates that tetramer is more likely to form directly 

from a trimer and a monomer than from two dimers. This finding contrasts with Barz et al.’s study 
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which proposed that the SO1→SO2→SO4 pathway has more contribution than the 

SO1→SO2→SO3→SO4 pathway in Aβ42 tetrameric formation.24 This difference maybe come 

from the treatment of solvent effect, instead of using an implicit solvent model in Barz et al.’s 

study, we used an explicit water model. We also investigated the numbers of SOi→SOj (j≥i) 

transitions on monomer concentration (Fig. S1). For SO1→SO2, the number of transitions reaches 

maximum at the monomer concentration of 9.44 mM. The number was proportional to the 

monomer concentration when it is smaller than 9.44 mM, but inversely proportional to the 

monomer concentration when it is larger than 9.44 mM; for SO2→SO3, the numbers of transitions  

are similar at all the considered monomer concentrations;  for SO2→SO4, the number of transitions 

has a maximum at 9.44 mM and a minimum at 6.85 mM; as to SO3→SO4, the transitions  occur 

more frequently at the monomer concentrations of 13.42 mM, 9.44 mM and 6.86 mM than at other 

monomer concentrations. It is pointed out that the number of SO3→SO4 transitions at the 

monomer concentration of 3.91 mM may increase if the simulation is extended. Overall, there is 

no general rule governs the numbers of the transitions at different monomer concentrations. 

It was proposed that an Aβ aggregation process is characterized by the primary nucleation 

mechanism in the oligomerization phase without Aβ fibrils, and then secondary nucleation 

mechanism once a critical concentration of amyloid fibrils has formed.31 In a protein aggregation 

which undergoes the primary nucleation pathways, the dependence of any characteristic time (𝜏𝐹) 

such as tenth-time, half time or lag time, on the concentration of monomer (𝐶) is given by: 

𝜏𝐹 ~ 𝐶−(𝑛𝑐+1)/2.32 Here, 𝑛𝑐 is the size of the critical nucleus of the aggregation. In this study, one 

of major aims was to establish a quantitative relationship between the oligomerization time (𝜏) and 

the monomer concentration at the early oligomerization phase of the Aβ aggregation, at which Aβ 

fibrils is absent. The dependence of the oligomerization time, 𝜏, on the monomer concentration 

should be described by the above equation. For each concentration, we first estimated the 

oligomerization time, τ, for dimers, trimers and tetramers for every MD simulation, then the mean 
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and standard error of each oligomerization time were calculated using all nine MD trajectories. 

The concentration dependence of the tetrameric oligomerization time, 𝜏𝑆𝑂4, is shown in Fig. 4a. 

We carried out the fitting for 𝜏𝑆𝑂4 (in ns) and the monomer concentration 𝐶 (in mM) by using the 

equation 𝜏 = 𝑎 + 𝑏 ∗ 𝐶−𝑝  with 𝑎  and 𝑏  as fitting constants. We scanned 𝑝  to get the best 

correlation coefficient (R) between the calculated data and fitting data. As shown in Fig. 4b, the 

best fitted 𝑝 value was about 2.4, and the corresponding constants, 𝑎  = 9 (ns) and 𝑏  = 4567. 

Interestingly, applying 𝑝 = 2.4 to above 𝜏𝐹’s equation, we received 𝑛𝑐 = 3.8. This 𝑛𝑐 value is very 

close to 4 which is equal to the number of monomers in a tetramer. Doing the similar analysis for 

dimer and trimer, the 𝑝 values obtained for dimeric and trimeric oligomerization time were 3.3 

and 3.5. However, if we apply those values to the 𝜏𝐹’s equation, the calculated nucleus sizes,  𝑛𝑐 

= 5.6 and 6, are not consistent to the fact that the numbers of monomers in the AβOs are 2 and 3, 

respectively. Therefore, the fitting results indicate that the critical nucleus of the early Aβ42 

oligomerization process may be a tetramer. Additionally, tetramer was proposed as the most toxic 

of AβOs.18,22 Therefore, we applied the same 𝑝  = 2.4 in the fitting of dimeric and trimeric 

oligomerization. We had 𝜏𝑆𝑂2 = 1018 ∗ 𝐶−2.4 with R2 = 0.99 and 𝜏𝑆𝑂3 = 3246 ∗ 𝐶−2.4 with R2 = 

0.98 (Fig. S2). We can represent the same fitting equations with τ in the unit of hour, day or year 

and concentration C in nM in the following formulas:  

𝜏𝑆𝑂2(ℎ) = 71031 ∗ 𝐶−2.4;  𝜏𝑆𝑂2(𝑑𝑎𝑦) = 2960 ∗ 𝐶−2.4;  𝜏𝑆𝑂2(𝑦𝑒𝑎𝑟) = 8.11 ∗ 𝐶−2.4  (1) 

𝜏𝑆𝑂3(ℎ) = 226489 ∗ 𝐶−2.4;  𝜏𝑆𝑂3(𝑑𝑎𝑦) = 9437 ∗ 𝐶−2.4;  𝜏𝑆𝑂3(𝑦𝑒𝑎𝑟) = 25.85 ∗ 𝐶−2.4 (2) 

𝜏𝑆𝑂4(ℎ) = 318661 ∗ 𝐶−2.4;  𝜏𝑆𝑂4(𝑑𝑎𝑦) = 132778 ∗ 𝐶−2.4;  𝜏𝑆𝑂4(𝑦𝑒𝑎𝑟) = 36.38 ∗ 𝐶−2.4 (3) 

Characterizations of Aβ42 oligomers 

To characterize the structures of Aβ42 oligomers, we first performed analysis on their secondary 

structures. As shown in Fig. S6, the overall secondary structures demonstrated different time-
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dependent patterns for four Aβ42 peptides in all systems. Specifically, the β-content slightly 

increased, the turn content lightly decreased, while helix and coil contents varied around the initial 

value with small amplitudes, ≤ 5% (Fig. S6). The secondary structures of individual monomers 

underwent frequently changes during the oligomerization process (Fig. S7). The secondary 

structural distributions of dimers, trimers and tetramers forming at different monomer 

concentrations were showed in Fig. 5. It is demonstrated that the distribution patterns of secondary 

structures in different oligomer (dimer, trimer or tetramer) are different, however, for the same 

oligomer, the distribution patterns in different MD systems are similar. The contributions of the 

secondary structures in dimer are 9 ± 7% for β-content, 20 ± 9% for helix, 45 ± 10% for turn and 

26 ± 6% for coil. In the trimer, the contributions are 7 ± 5% for β-content, 24 ± 9% for helix, 44 

± 9% for turn and 25 ± 5% for coil. In the tetramer, those numbers are 8 ± 5% for β-content, 23 ± 

7% for helix, 44 ± 8% for turn and 25 ± 5% for coil. Note that initial monomers, which were taken 

from our previous work, had undergone long simulation time, and they were already well 

sampled.25 Therefore, our result showed little changes on the overall secondary structures, 

independently if the AβO is a dimer, trimer or tetramer.   

The profiles of secondary structures of the oligomers along the sequence is shown in Fig. 6. 

The β profiles of the dimers, trimers and tetramers are significantly different at two regions 

covering Residues 21-27 and 30-36. In these regions, the residues have higher β propensity in 

dimers than in trimers and tetramers (Fig. 6a). The helix propensity of the Residues 14-36 in dimers 

are lower than in trimers and tetramers (Fig. 6b). Fewer turn content was observed for the dimers 

than trimers and tetramers in the region of Residues 16-19. As to the coil, the three profiles are 

similar. Overall, the profiles of the secondary structures share the similar shape for different 

oligomers. It is noted that the above analysis was done using all the oligomers for all the systems. 

However, as shown in Figs. 7, S8, S9 and S10, those profiles of the secondary structures 

remarkably depend on the monomer concentrations. For example, the β profile of the dimers 
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forming at monomer concentration of 20.13 mM shows five peaks with equally heights (Fig. 7), 

while the dimers forming at monomer concentration of 13.93 mM has a β profile which contains 

two major peaks and three minor peaks. 

Based on the monomer-monomer contact profile, we next classified trimers into two CP types 

and tetramers into six CP types (Fig. 1c) and characterized their structures. The distributions of 

the trimer and tetramer CP types forming at different monomer concentrations are shown in Fig. 

8. It is demonstrated that the distribution of trimer CP types strongly depended on the monomer 

concentration but did not follow any common rule. Over all the systems, the probabilities of 

forming trimer1 and trimer2 are almost the same (Fig. 8a). For the tetramers, the most dominant 

CP types are tetramer4 and tetramer5, followed by tetramer1 and tetramer6. The population size 

of tetramer2 was almost zero, and the population size of tetramer3 was very low (Fig. 8b). Similar 

to trimer, the populations of tetramer CP types also depended on the monomer concentrations. For 

example, at monomer concentrations of 20.13 mM and 3.81 mM, tetramer5 was the most 

populated CP type, while at other monomer concentrations, tetramer4 was the most populated CP 

type.   

Next, we analyzed the solvent accessible surface areas (SASA) of the oligomers including 

dimer, two CP types of trimer and 6 CP types of tetramer. Fig. 9 shows the SASA distributions of 

the oligomers. Here, SASA was rescaled using the number of monomers in the oligomer to allow 

us to compare the compactness of dimers, trimers and tetramers unbiasedly. Generally, the smaller 

SASA per peptide is, the more compact an oligomer is. We also defined ∆SASA, the SASA loss 

as the percentage of the SASA which was lost when the oligomer is formed from monomers.  

Mathematically, it was calculated using the following equation:  ∆𝑆𝐴𝑆𝐴 = 100 (1 −

𝑆𝐴𝑆𝐴𝑜𝑙𝑖𝑔𝑜𝑚𝑒𝑟/ ∑ 𝑆𝐴𝑆𝐴𝑖
𝑛
𝑖=1 ), where n is the number of monomers in an oligomer, SASAi is the 

solvent accessible surface area for monomer i, and  SASAoligomer is the solvent accessible surface 

of the oligomer without scaling. The larger the ∆𝑆𝐴𝑆𝐴, the more stable an oligomer is. The SASA 
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of the dimer obtained by our simulation varied from 54 to 76 nm2. It is similar to that reported by 

Zou et al.,33 but slightly larger than that by Sun et al.34 The averaged SASA of the tetramers was 

in range of 109-121 nm2, which is larger than that reported by Brown et al.35 As illustrated by Fig. 

9, in most scenarios, the larger oligomer has smaller scaled SASA. However, for tetramer2, its 

scaled SASA is larger than those of trimers. Among the two trimer CP types, trimer2 is more 

compact and stable than trimer1 as its scaled SASA is smaller and ∆SASA is larger. For the six 

tetramer CP types, tetramer2 has the largest scaled SASA and smallest ∆SASA, while, tetramer6 

has the smallest scaled SASA and largest ∆SASA. The SASA decreasing and ∆SASA increasing 

followed the following order:  tetramer2 → tetramer1 → tetramer3 → tetramer4 → teteramer5 → 

tetramer6. The SASA analysis result was also affected by the monomer concentrations as 

expected. The detailed result was shown in Table S1. A major observation is that dimers formed 

at low monomer concentrations tend to have smaller scaled SASA, implying that dimers formed 

at low monomer concentrations are more stable. This pattern was not observed for the trimers and 

tetramers.  

Among the two components of SASA, hydrophobic/nonpolar solvent accessible surface area 

(hbSASA) and hydrophilic/polar solvent accessible surface area (pSASA), hbSASA plays a 

dominant role in protein aggregation,36–38 and it has been linked to the cytotoxicity of Aβ42 

oligomers.39 Thus, hbSASA parameter was frequently used to characterize the AβOs.24,35,40 In this 

study, we analyzed hbSASA and pSASA of the Aβ42 oligomers. The hbSASA and pSASA 

distributions of the Aβ42 dimers, trimers and tetramers were shown in Figs. 10, S12 and S13. Our 

result showed that the ranges of hbSASA are 20-30 nm2 for the dimers, 29-42 nm2 for the trimers 

and 36-56 nm2 for the tetramers. As shown in Fig. S13, the hbSASA distributions of Aβ42 

oligomers forming at different monomer concentrations have different patterns, particularly, the 

hbSASA distribution of an oligomer formed at the highest monomer concentration tends to have 

larger hbSASA values and is distinct from those formed at lower concentrations. Additionally, 
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the different CP types of tetramers also have different hbSASA distributions (Fig. 10). The 

hbSASA of tetramer3 and tetramer6 are significantly smaller than the hbSASA of tetramer1, 

tetramer3 and tetramer4. We also examined the ∆SASA of hbSASA (∆hbSASA) and pSASA 

(∆pSASA) in different oligomeric formations (Fig. 11). As seen from Fig. 11, ∆hbSASA and 

∆pSASA follow the same trend of ∆SASA, which showed the loss increases from dimer, trimer 

to tetramer (Fig. 11a). For the six tetramer CP types, the following order was observed for both 

∆hbSASA and ∆pSASA: tetramer2 < teramer1 < tetramer4 < tetramer3 < teramer5 < tetramer6 

(Fig. 11b). In all the oligomeric structures, ∆hbSASA was always larger than ∆pSASA. 

Another important parameter, collisional cross sections (CCS), which is used to characterize 

Aβ oligomer structures and can be experimentally measured by using ion mobility mass 

spectrometry, was calculated for each oligomer CP type and reported in Table 2. As listed in this 

table, CCS values of dimers and trimers become smaller with the decrease of the monomer 

concentrations, while CCS values of tetramers only depend on the CP types. The order of CCS 

values for the tetramer CP types is as follows: tetramer1, tetramer2 > tetramer3 > tetramer4 > 

tetramer5 > tetramer6. The range of CCS values are from 1334 ± 74 to 1365 ± 69 for dimers, from 

1741 ± 76 to 1937 ± 81 for trimers and from 2095 ± 55 to 2459 ± 85 for tetramers. The CCS 

distributions of the different oligomers forming at different monomer concentrations were shown 

in Fig. S14 and S15. In general, a CCS distribution shares the similar trend as the SASA 

distribution, i.e., the order of the peak positions for different tetramer CP types is the same: 

tetramer2 > tetramer1 > tetramer4 > tetramer3, tetramer5 > tetramer6. 

To check whether the four monomers in a tetramer were in a plane or not, i.e. how flat a 

tetramer was, we calculated the planar angle of the four monomers of a tetramer (Fig. 12). A planar 

angle ranges from 0 to 90 degrees. If all four monomers are in the same plane (flat), the planar 

angle is 0 degree. And the larger a planar angle is, the less flat the four monomers (tetramer) is. 

As shown in Fig. 12, each distribution of planar angles has one or multiple peaks. The maximal 
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peaks appeared at small planar angles (< 5 degrees) for tetramer2, tetramer3 and tetramer4, while 

at larger planar angles (> 10 degrees) for the other tetramer PC types. In another word, most 

tetramer2, tetramer3 and tetramer4 are flatter than other tetramer types. 

To investigate the role of peptide residues in the oligomerization of Aβ42 peptides, we have 

examined the intermolecular residue-residue interactions of Aβ42 peptides in the dimeric, trimeric 

and tetrameric oligomers. As shown in Fig. S16, the following intermolecular residue-residue 

interactions play a dominant role for all oligomeric structures: Residues 32-36/32-36, 32-36/39-

42, 18-25/26-35, 13-19/38-42, 4-10/25-31, and 18-21/18-21. Note that the residues before and 

after the forward slashes belong to different molecules and the same notion also applies to the 

following residue-residue interactions. The interactions between Residues 5-7/18-20, as well as 

5/6-11 frequently appeared in dimers and trimers, but not in tetramers. We also found that the 

interaction between hydrophobic residues, such as Residues 19-20/19-20, 19-20/31-32, 31-32/31-

32, 31-32/38-42, frequently appeared in all the oligomer structures, while the interactions between 

charged-charged residues, including ARG5/ASP7, ARG5/GLU11, ARG5/GLU22, ARG5/ASP23, 

LYS28/ASP7, and LYS28/GLU11, had the highest probability to be found in dimers and the 

probabilities decreased with the increase of oligomer size. Overall, the following residues were 

recognized as the key residues driving the oligomerization processes:  Residues 5, 28, 19, 20, 22, 

23, 28, 30-32, 34-36 and 39-42. As a conclusion, both the intermolecular charged and hydrophobic 

residues interactions make contribution to the formation of the oligomers, particularly the charged 

residue interactions play a critical role in the very early stage oligomer formation. Interestingly, 

the interactions between LYS28 and Residues GLU22 and ASP23, which are among the strongest 

interactions for all types of oligomers, were also recognized by Luhrs et al. for their important role 

in both the Aβ42 fibril formation and stability maintenance.41  

Finally, we applied a k-means clustering method42 to group the conformations of Aβ42 dimers, 

trimers and tetramers. Three clusters were obtained for each oligomer type and the representative 
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structures of each cluster are shown in Fig. 13. For the trimers, the representative structures of the 

first two clusters belong to trimer1, and that of the third cluster is in the trimer2 form. As to 

tetramers, the representative structures of the three clusters are in tetramer4, tetramer5, tetramer2 

forms, sequentially. It is notable that tetramer2 has a potential to be changed to tetramer4 given 

the two CP types have similar topologies. We believed that some of those representative structures 

can be valuable drug targets for designing small molecular inhibitors which can interfere Aβ42 

oligomerization. 

DISCUSSIONS 

The concentration problem on studying protein aggregation has been reviewed by 

Carballo−Pacheco and Strodel.14 Applying the Smoluchowski coagulation equation to two non-

interaction monomers, they found out that the diffusion time (namely dimerization time in our 

work) for the two separated monomers to form dimer at 298 K is inversely proportional to the 

monomer concentration. If we apply their diffusion equation, the dimerization time will be 7, 10, 

15, 20 and 36 ns for the monomer concentrations of 21.13, 13.42, 9.44, 6.85 and 3.91 mM, 

respectively. The corresponded dimerization time which obtained from our simulation were 1, 3, 

4, 7 and 38 ns. Thus, only at the concentration of 3.91 mM, our simulation gave a little slower 

dimerization time than that obtained by using the diffusion equation (38 ns vs 36 ns), while at 

higher monomer concentrations, the dimerization time obtained from our simulation is much 

faster. This difference is probably due to the fact that the intermolecular interactions which are 

well described by the force field potential functions are missing in the Smoluchowski coagulation 

equation.  At high monomer concentrations, the intermolecular interactions between the four-mer 

peptides, particularly, the hydrophobic interactions, are very strong and should not be ignored in 

studying the aggregation processes. However, if applying our fitting equation for the dimerization 

time at 1 mM of monomer concentration (Fig. S2), the dimerization time will be 1018 ns which 
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is much slower than the value (140 ns) predicted using the diffusion equation.14 Our hypothesis is 

that at low monomer concentrations,  the peptides are far from each other and Coulomb 

interactions are dominant over the van der Waals (vdW) interactions since the former decay much 

slower than the latter as a function of distance. Additionally, the Aβ42 peptide has a net charge 

of -3. Considering the repulsive interaction between the Aβ42 peptides, it is understandable that 

the oligomerization time is slower than the predicted one using the diffusion equation. Therefore, 

our equations, which were derived using the results of all-atom molecular dynamics simulations 

for which the long-ranged and short-ranged interactions have been adequately taken into 

consideration, should give a more accurate prediction. 

Because the oligomerization time is sensitive to how an oligomeric state is defined, the 

equations describing the relationship between the oligomerization time and monomer 

concentration depend on the definitions of oligomeric states. Equations 1, 2 and 3 are applicable 

only when the contact state of two monomers is defined by using the minimum intermolecular 

distance (rmin) between two monomers. However, in the Carballo-Pacheco et al.’s diffusion 

equation, monomers were assumed as particles. Therefore, to be consistent with their assumption, 

we also tried to define the contact state between two monomers by using the mass center distance 

(rcen). The detailed definition of rcen-based contact state is provided in the supporting information. 

New equations were then established for the rcen-based definition and the evolution of different 

AOs along MD simulations and the relationships between oligomerization time and monomer 

concentrations are shown in Figs. S3, S4 and S5. The new equations, which we named rcen-based 

equations, are as the following: 

𝜏𝑆𝑂2(𝑛𝑠) = −6 + 240 ∗ 𝐶−1.2  (4) 

𝜏𝑆𝑂3(𝑛𝑠) = −20 +  763 ∗ 𝐶−1.2 (5) 

𝜏𝑆𝑂4(𝑛𝑠) = −9 + 1174 ∗ 𝐶−1.2 (6) 
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where the concentration C is in mM, and oligomerization time in ns. These rcen-based equations 

showed that the oligomerization time depends on the monomer concentration by power of -1.2 

which is close to -1 in Carballo-Pacheco et al.’s diffusion equation. On the other side, Hellstrand 

et al. have experimentally studied the kinetics of Aβ42 aggregation at different Aβ42 monomer 

concentrations.43 They found that the equations which describe the monomer concentration 

dependence of lag-time (𝜏𝑙𝑎𝑔) and half-time (𝜏1/2) as the following: 

𝜏𝑙𝑎𝑔(ℎ) = 1.5 ∗ 10−5 ∗ 𝐶−1.5  (7) 

𝜏1/2(ℎ) = 2.3 ∗ 10−5 ∗ 𝐶−1.5 (8) 

where the concentration C is in µM, and 𝜏𝑙𝑎𝑔 (𝜏1/2) is in hour. It is pointed out that our equations 

for estimating oligomerization time were established at the monomer concentration of mM range, 

which is much higher than the µM range in in vivo assays and the nM/pM range in cerebrospinal 

fluid. Naturally, one may wonder if our equations are still valid to predict the oligomerization time 

when the monomer concentration of A42 is at the nM/pM level. One possible validation is to 

calculate the oligomerization time by running extensive MD simulations at much lower monomer 

concentrations. However, it is not feasible for current available computer power to carry out all-

atom simulation with explicit solvent for Aβ42 four-mers system at nM monomer concentration. 

On the other hand, it is interesting to apply our equations, Carballo-Pacheco et al.’s diffusion 

equation and Hellstrand et al.’s lag-time/half-time equations to predict the oligomerization time of 

Aβ42 peptides whose monomer concentrations are at the nM and pM ranges and compare these 

predictions with the experimental observations. 

LeVine estimated that it would take about 100 minutes for oligomers to form when the Aβ42 

monomer concentration is 100 ng/ml (22.15 nM) at 298 K.11 At this concentration, the 

dimerization time calculated from the diffusion equation and our rcen-based equation (Eq. 4) are 

6.4 ms and 92 ms which are about 106 and 105 time faster. The lag-time and half-time from 
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Hellstrand et al.’s equation are 19 s and 31 s which are about 103 time faster than LeVine’s 

observation. In contrast, the dimerization time predicted by using our fitting equation (Eq. 1) is 

42.6 hours which is 25.6 time slower than LeVine’s experimental result. Encouragingly, the 

oligomerization time predicted by our equation (Eq. 1) is much closer to LeVine’s experimental 

result than the other predictions, even though our prediction is one order slower than the 

experimental result. It is emphasized that, many additive substances (such as sodium dodecyl 

sulfate) were added to control the oligomerization process in the experiment. Those added 

substances may slow down or accelerate the oligomerization of Aβ peptides. Therefore, it is a 

grand challenge to get accurate oligomerization time at a given monomer concentration from 

experiment. 

The effect of Aβ42 monomer concentration on the murine brain has been studied by Puzzo et 

al.44 The study showed that the Aβ42 at the concentration of 200 pM could positively modulates 

synaptic plasticity and memory in the hippocampus of the murine brain, while the Aβ42 at the 

concentration of 200 nM leads to the well-established reduction of potentiation of the murine 

brain.28 Applying our aforementioned equation (Eq. 3) to this case, we obtained the 

oligomerization time of toxic tetramer, τSO4, at concentrations of 200 pM and 200 nM are 

approximately 1731 years and an hour, respectively. In other words, one can say that the 

picomolar Aβ42 is not harmful to the brain since it will take much longer than a lifetime to form 

toxic conformations, whereas the nanomolar Aβ42 is dangerous to the brain since the toxic AβOs 

can be formed in a short time. Notably, if we use Carballo-Pacheco et al.’s diffusion equation, 

our rcen-based equation (Eq. 6) and Hellstrand et al.’s equation (Eqs. 7 or 8) to calculate the 

oligomerization time of Aβ peptides, the result will be at minute or hour scale for the picomolar 

of monomer concentration. It means even at very low Aβ42 monomer concentration as picomolar, 

Aβ peptides can still be harmful to the brain, and this result is not consistent with Puzzo’s 

experimental finding. 
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Alzbiomarker’s statistical data shows that the concentration of soluble Aβ42 in the 

cerebrospinal fluid and plasma of a healthy person is about 155±78 pM and 9±8 pM, respectively.45 

Unfortunately, the accurate information about Aβ42 concentration in certain human brain parts 

such as hippocampus and cortex is not available yet. However, studies on murine show that the 

soluble Aβ42 concentration in the hippocampus and cortex of murine’s normal brain may reach 

several hundred nM.46 Therefore, we assume that the Aβ42 monomeric concentration in human 

brain is in a range of pM to nM. Interestingly, if the Aβ42 concentration is about 0.8 nM, it will 

take around 62 years for toxic Aβ42 oligomers occur in the human brain according to our fitting 

equation Eq. 3. Of course, the number of years for the appearance of the toxic Aβ42 oligomers 

may not be exact 62 as our predicted one. And it may be faster or slower since we have not had 

the accurate information about the Aβ42 monomer concentration in the brain. Additionally, in this 

work, we simply considered the oligomerization of Aβ42 peptides in water and neglected the effect 

of the brain environment on the oligomerization process. Thus, the real oligomerization time in 

brain may be different from the predicted one. Nevertheless, our result at least agrees with the fact 

that most often AD onsets occur in people 65 years of age and older and the onsets of 

neurodegenerative diseases increase with the age.1,2 

Characterizing the structure of Aβ42 oligomers is vital to understanding the oligomerization 

pathways and the oligomer toxicity, but it is also a grand challenge. The oligomerization can follow 

multiple pathways leading to the diversity and complexity of oligomer structures.6,24,26 Despite of 

many different pathways, the oligomerization process shows a common feature, the growth of β-

sheet structures with the oligomerization time. Our simulations showed that during the 

oligomerization process the overall β-content slightly increased at all the considered monomer 

concentrations (Fig. S6a), while the secondary structures of each monomer frequently exchanged 

(Fig. S7), which indicates the monomers undergo structural rearrangements and self-assembled 

into dimers, trimers and tetramers in the lag phase.26 The difference of the profiles of the secondary 
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structures for the same oligomer structure (dimers/trimers/tetramers) forming at different 

monomer concentrations may be a product of the pathway abundance. The dependence of the 

oligomer life time on the monomer concentration also makes contribution to the diversity of the 

profiles of the secondary structures. For example, the life time of a dimer at a high monomer 

concentration was shorter than the one at a lower concentration (Fig. 2d), while the life time of a 

tetramer was inversely proportional to the monomer concentration (Fig. 2f). 

The secondary structures of the low molecular weight (LMW) Aβ42 oligomers have been 

investigated by both experimental and simulation studies, insensitively. The secondary structural 

profiles of the oligomers obtained in this study were quite similar for different AOs (Fig. 6). This 

result is similar to that of Aβ42 dimer studied by replica exchange molecular dynamic (REMD) 

simulations using the ff14SB force field.47 Additionally, the overall secondary structure of the four-

mers Aβ42 systems was only slightly changed during the simulation (Fig. S6). This is probably due 

to the fact that the initial structures used in this study were already well sampled by extensive 

REMD simulation in our previous study.25 Another possible reason is that at high monomer 

concentration, tetramer is formed at very early oligomerization phase and the life time of dimer 

and trimer may be shorter than otherwise. Moreover, our observation that there is little change of 

secondary structures between Aβ oligomers in early oligomerization phase, is consistent with Barz 

et al.’s finding which is supported by previous experiments.48,49 In fact, the reported secondary 

structures of the Aβ42 oligomers differed from study to study, probably due to the different 

conditions of experimental studies and different setting of simulation especially the employed 

force fields. This difference may also be explained by the hypothesis that A42 is intrinsically 

disordered at the early state of its aggregation. The β-content of the Aβ42 oligomers obtained in 

our simulation was about 8 ± 8%, which is similar to that (8%) generated in the REMD study using 

the force field OPLS50 and SPC/E51 water model for Aβ42 dimer,52 and the one (7.2%) reported for 

dimer and tetramer by Barz et al.24 If including the error bar, our dimeric β-content value is close 
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to 13% as reported by CD experiments on Aβ42 at pH 7.5 at time zero,53 12.43% for Aβ42 dimer 

from REMD simulation using AMBER99SB-ILDN force field54 and TIP3P water model55 by Zou 

et al.,33 In our previous REMD simulation study using different force fields for Aβ42 dimer, the β-

content is 11.3% from CHARMM22∗ force field,56 13.8% from ff14SB force field, 24.3% from 

AMBER99SB-ILDN force field and 20.2% from OPLS force field. Das et al. obtained the β-

content about 18% for Aβ42 dimer from REMD simulation with from OPLS force field and TIP3P 

water model,57 while Sun et al. observed a quite high β-sheet content of the dimer about 42.2% by 

using REMD simulation with GROMOS96 53a6 force field.34 Recently, Nguyen et al. performed 

multi-scale MD simulations to investigate structures of Aβ42 tetramer. They found that the β-sheet 

content of the tetramer is about 19%,40 which is significantly different from that (34%) reported 

by Brown et al.35 

Despite there is very little variation in the overall secondary structure during simulation, the 

helix and β-sheet profiles of dimers along the amino acid sequence are significant different from 

those of trimers and tetramers. For instance, dimers had lower helix but higher β-sheet propensities 

than trimers and tetramers, suggesting that during the early phase of oligomer formation, monomer 

peptides with high β-sheet propensity is preferred. It is noted that this finding has not been reported 

in any previous study, therefore, it needs to be validated by experimental studies. Interestingly, 

Thu et al. revealed that there is a high correlation between the aggregation rate of amyloid-β 

peptide and β-content in monomeric state.58  

The hydrophobic solvent accessible surface area of the dimer obtained by our simulation varied 

from 20 to 31 nm2 with a maximum peak at about 25 nm2 (Fig. S13), which is quite close to Barz 

et al.’s result (varying from 22 to 33 nm2 with maximum peak at about 28 nm2).24 A smaller 

hbSASA value, 23 nm2, of the coarse-grained Aβ42 dimer was observed from discrete molecular 

dynamics simulations. Similar to the dimer, the hbSASA values of Aβ42 tetramer (from 36 to 52 

nm2 with the peak at 44 nm2) is smaller than the ones reported in Barz et al.’s study  (from 44 to 
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56 nm2 with the peak at 50 nm2).24 The larger hbSASA of The Aβ42 oligomers in Barz et al.’s 

study is due to the difference of criteria to define the contact state between two monomers. In this 

work, we used a distance cutoff of 0.3 nm for rmin to define the contact state, while Barz et al. used 

a much larger cutoff, 0.5 nm. 

The current experimental means cannot determine the structures of oligomers and the 

oligomerization time cannot be accurately measured, even though many important parameters of 

oligomers, such as chemical shifts, absorption spectra of the amide I band and collisional cross 

sections (CCS), can be measured by experiment. Although accessing the structures of oligomers 

at atomistic level is limited by the accuracy of employed force fields and the adequacy of 

sampling, molecular dynamics simulation, a complementary technique to the experimental means, 

can overcome some limitations of conventional biophysical techniques. Molecular modeling in 

combination with some experimentally determined parameters can allow us to predict the 

oligomer structures with a reasonable accuracy. The Aβ42 oligomerization process and oligomeric 

structures were experimentally investigated by using ion mobility coupled with mass 

spectrometry.48,59,60 The CCS (in Å2) of Aβ42 was reported to be 1256 by Bernstein et al.,59 1246 

by Zheng et al.60 and 952-982 by Pujol-Pina et al.48 For Aβ42 trimer, the CCS was reported to be 

1234-1243 by Pujol-Pina et al. As to Aβ42 tetramer, the CCS was reported to be 2332 by Bernstein 

et al.,59 21722 by Zheng et al.60 and 1474-1556 by Pujol-Pina et al.48 The CCS values of Aβ42 

dimers in our simulation varied from 1334 ± 68 to 1365 ±59, which is slightly larger than those 

obtained by experiment,48,59,60 and from previous simulation (1188-1242).24 Similarly, the CCS of 

Aβ42 trimer in our simulation was also larger than the experimental value.48 This result is 

reasonable since the monomer concentrations in our simulation are much higher than the one used 

in experiment and the life of a dimer and trimer in the simulation is much shorter than that in the 

experiment. For the Aβ42 tetramer, the largest oligomer in our simulation, all the six CP types 

were well sampled to cover the structures finding in experiments. Therefore, the CCS values of 



23 

Aβ42 tetramers forming in our simulation, which were from 2095 ± 55 to 2459 ± 85, covered the 

experimental values, 2172 and 2332. As shown in Fig. 8, at monomer concentration of 3.81 mM, 

the observed CP types are tetramer1 (30%), tetramer4 (30%) and tetramer5 (40%). The calculated 

CCS will be 0.3 × 2389 + 0.3 × 2274 + 0.4 × 2229 = 2290.5, using the CCS parameters listed in 

Table 2. The calculated value for tetramers at 3.81 mM, 2290.5, is close to the experimental value, 

2332. This result also suggested that the structures sampled at a monomer concentration of 

3.81mM, although much high than that in physiological condition, well resembled those obtained 

at much lower concentrations. 

It has been discussed that the CCS values of the same oligomers are different from study to 

study, and none of the computational studies aimed at reproducing the conditions of the IMS-MS 

experiments (gas phase, different protonation states) of Aβ oligomers.24 At the experimental level, 

the differences in the CCS values is due to different conditions and types of ions, while at the 

computational level, the CCS difference is caused by a number of reasons including the sampled 

conformations by molecular simulations and methods/tools used to calculate CCS. Thus, 

comparing CCS of oligomers within a study is more practical than to compare them between 

different studies. From Bernstein et al.’s finding, which indicated that the apparent ’size’ of each 

monomer unit within an oligomer decreases as oligomerization proceeds,59 we analyzed the Aβ42 

oligomers’ CCS scaled by the oligomeric size (namely scaled CCS) from previous experimental 

and simulation studies. As seen in Fig. 14, all the data shows scaled CCS decreases with the 

increase of the oligomer size, which is in good agreement with Bernstein et al.’s finding. 

Interestingly, our result showed that the scaled SASA parameter of the oligomers was also 

consistent with the conclusion drawn for the scaled CCS data. 

Using a simple model which assumed that a monomer has spherical shape and experimental 

CCS values, Bernstein et al. tried to construct ideal arrangements of the monomers in an oligomer 

structure. For the tetramer, they found that the four monomers arranged in a plane with isosceles 
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trapezoid shape, which is similar to tetramer1 and close to tetramer3 in our CP definition, had the 

CCS value that is close to experiment. If the error bar of CCS is counted, among the six tetramer 

CP types, the calculated CCS for tetramer5 and tetramer6 could not match the experimental value. 

Additionally, tetramer4 and tetramer5 are the most populations of the tetramer forms in our 

simulations, which also demonstrated a high propensity to have four monomers placed in a plane 

(Fig. 12), and tetramer4 is a dominant CP type in K-means clustering analysis (Fig. 13). Thus, we 

suggested that the tetramer4 is the most popular form of Aβ42 tetramer. However, Aβ42 tetramer 

maybe not be in an ideal form, and it may take various forms which all together make contribution 

to the experimental CCS value of the tetramer. Interestingly, we found that a high correlation 

between scaled SASA and CCS in the tetramer structures (Fig. S11). This finding indicates that 

SASA, which can be fast calculated for the simulation data, is a good substitute of CCS, which is 

computer resource demanding and time consuming in the oligomer structural analysis. 

CONCLUSIONS 

For the first time, we established three sets of equations to quantitively describe the relationship 

between the oligomerization time of Aβ42 peptides and the monomer concentration. Even though 

we ignored many environmental factors, such as metal ion concentration, pH and temperature, and 

the Aβ42 concentration in human brains has not been accurately determined yet, our equations 

quantitively explained why AD is more predominant in the aging populations and why the 

increasing age is the strongest risk factor of AD.  

We have investigated the structures of Aβ42 dimers, trimers and tetramers in term of solvent 

accessible surface areas and collisional cross sections. Our results are consistent with previous 

experimental and theoretical findings. For example, both the MD and experiment showed that the 

larger an oligomer size is, the smaller the apparent ’size’ of each monomer unit within the oligomer 

is. Particularly, we classified A tetramer structures into six possible types by considering the 
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contact states of monomer-monomer pairs. Based on the results of structural analysis of Aβ42 

oligomers at five different concentrations, we concluded that tetramer4 and tetramer5 are the most 

abundant tetramer structures, and the CCS value obtained from Bernstein et al.’s experiment may 

be the average of the CCS values from all six tetramer forms with different weights of contribution. 

The exact population of the six CP types depends on the monomer concentration. At the lowest 

concentration of 3.91 mM, the calculated CCS agrees very well with the measured one and the 

prediction error is 1.8%. The identified representative structures of tetramers could be potential 

drug target for developing new generation of anti-AD drugs given the fact that the sampling 

adequacy is well validated by the experimental CCS parameter.  

METHODS 

A four-mer initial structure was placed at the center of an octagonal box, solvated and neutralized 

by adding sodium ions. The smallest distance between any atom of the peptides to the border of 

the box was set to 10-16 Å. The number of added water molecules and the volume of a system 

which are listed in Table 1 determine the concentration of the system.  All the molecular dynamics 

simulations were carried out using the pmemd.cuda module of the AMBER 16 software package61 

with the ff14SB force field.47 The TIP3P water model55 was used for the explicit solvent 

simulations with periodic boundary conditions in octahedron boxes. The long-range Coulomb 

interaction was evaluated by means of the Particle-Mesh Ewald (PME) method62 with a 10 Å cutoff 

and an Ewald coefficient of 0.30768. The van der Waals interactions were calculated by means of 

a 10 Å atom-based nonbonded lists, with continuous corrections applied to the long-range parts. 

The constant pressure simulations were carried out at 1 atm via the Berendsen barostat63 with 

pressure relaxation time τp being set to 3.0 ps. Each simulation system underwent the following 

steps. First, the steepest descent minimization followed by a conjugate gradient minimization with 

the peptide atoms fixed at their initial positions, then unrestrained the steepest descent 

minimization followed by conjugate gradient minimization were carried out. This step was 
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followed by a short MD simulation under constant volume while the system was heated from 0 K 

to 310 K with weak restraints on the protein atoms. Next, a Langevin dynamics at constant 

temperature (310 K) and constant pressure (1 atm) were applied for 100 picoseconds (ps), after 

which the density of the system was found to be stable around 1.0 g/cm3. Finally, in the sampling 

phase, a 500-nanosecond (ns) constant volume MD run at 310 K were generated using the leap- 

frog algorithm with a time step of 2 femtoseconds (fs). The temperature was regulated using 

Langevin dynamics with a collision frequency of 1 ps-1. The SHAKE algorithm64 was applied to 

all bonds involving hydrogen atoms. Conformations were saved every ten picoseconds for post-

analysis. In total, 50,000 snapshots were saved for post-analysis for each simulation system. 

The secondary structure contents classified into β, helix and random coil were calculated by 

using the STRIDE algorithm.65,66 Here, the helix content includes 3-10 helix, Pi helix and αhelix, 

the β one consists of extended residues, and the rest is random coil. The CCS of the Aβ42 

oligomers were calculated using HPCCS package67 with the trajectory method. The solvent 

accessible surface area (SASA) which includes hydrophobic solvent accessible surface area 

(hbSASA) and hydrophilic solvent accessible surface area (pSA) was calculated by using the gmx 

sasa tool from GROMACS package.68 A residue–residue contact is formed if the distance between 

the centers of mass of two residue side chains is within 6.5 Å. 

The planar angle of a structure containing four monomers (namely i, j, k and l) was calculated 

by the following steps. First, all possible dihedral angles, which are combinations of the four mass 

centers of the monomers in different orders, were calculated and took their absolute values, in 

another word, the calculated dihedral angles vary from 0 to 180 degrees. Second, if a calculated 

dihedral angle is larger than 90 degrees, it is subtracted from 180 degrees and the new value is the 

difference. We named the dihedral angels after above treatments as derivative dihedral angles, 

which vary from 0 to 90 degrees. Finally, the smallest derivative dihedral angle was chosen as the 

planar angle of the tetramer. 
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We applied the k-means clustering method42 to obtain three representative structures for each 

oligomer including dimer, trimer and tetramer. For the dimers, the variables for the clustering 

performance include the distance between center of mass, the minimum distance of two monomers 

and the number of the intermolecular residue-residue interactions. For the trimers and tetramers, 

two types of clustering variables were applied, which are the distances between any monomer-

monomer pair (3 distances for a trimer and 6 distances for a tetramer) and the number of the 

intermolecular residue-residue interactions. Two residues will be in interact state if the minimum 

atom-atom distance between them is within 3 Å. To avoid the degeneracy caused by the order of 

the monomers in trimers and tetramers as mentioned in previous study,69 we sort all the minimum 

distances out and reordered them by decreasing order. To get equally weights for all the variables, 

we carried out normalization for the variables before applying them in clustering analysis. 
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rcen-based contact state (Figs. S3, S4 and S5), the time dependence of the secondary structures 
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S9 and S10), the correlation between the collisional cross sections (CCS) and SASA of tetramers 

(Fig. S11), the SASA distributions of the oligomers (Figs. S12 and S13), the CCS distribution of 
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Table 1: List the parameters for five MD system groups. The rmin and rcen are respectively the 

minimum and center of mass distances between two monomers (Fig. 1). Other parameters 

including number of water molecule (waters), volume (V), peptide concentration (C). Each system 

group has nine MD systems and a 500-ns MD simulation was performed for each MD system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

System 

Group 

rcen 

(Å) 

rmin 

(Å) 

water molecules  

(#) 

Box size 

(nm) 

V 

(nm3) 

C 

(mM) 

1 35 ≥ 6 9998 7.8 330 20.13 

2 40 ≥ 11 15385 8.8 495 13.42 

3 45 ≥ 16 22219 9.9 705 9.44 

4 50 ≥ 21 30794 11.0 969 6.85 

5 60 ≥ 31 53794 13.1 1701 3.91 
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Table 2: Collision cross sections (in Å2) of the Aβ42 oligomers forming at different monomer 

concentrations. The errors are the standard deviations. 

Oligomers 
System Family 

  

20.13 mM 13.42 mM 9.44 mM 6.85 mM 3.91 mM all systems 

dimer 1365 ± 69 1363 ± 63 1336 ± 89 1334 ± 74 1334 ± 68 1337 ± 73 

trimer1 1937 ± 81 1903 ± 114 1874 ± 84 1892 ± 76 1874 ± 89 1881 ± 88 

trimer2 1822 ± 114 1792 ± 74 1776 ± 74 1761 ± 80 1741 ± 76 1759 ± 80 

tetramer1 2391 ± 204 2306 ± 107 2320 ± 99 2422 ± 123 2389 ± 144 2344 ± 128 

tetramer2 2324 ± 81 2390 ± 102 2422 ± 133 2459 ± 85 2381 ± 49 2384 ± 109 

tetramer3 2319 ± 242 2297 ± 142 2248 ± 49 2266 ± 57 2337 ± 63 2271 ± 118 

tetramer4 2227 ± 91 2280 ± 120 2238 ± 67 2257 ± 108 2274 ± 115 2253 ± 102 

tetramer5 2203 ± 88 2167 ± 84 2194 ± 77 2167 ± 89 2229 ± 53 2193 ± 85 

tetramer6 2115 ± 107 2095 ± 55 2109 ± 57 2142 ± 73 2176 ± 28 2114 ± 76 
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Figure 1: The regions of Aβ42 peptide (a). Initial structure of a four-mer system (b). Possible 

trimer and tetramer formations based on monomer-monomer pair contacts (c). Relationship 

between two monomers and different states of the four monomers (d). The rmin and rcen are the 

minimum and center of mass distances between two monomers, respectively. The two monomers 

were considered as a dimeric oligomer when their rmin ≤ 3 Å (rcut). SO1 is the state where the 

four monomers are separated from each other. SO2, SO3 and SO4 are the states which contain the 

largest oligomeric size as dimer, trimer or tetramer, respectively. The oligomers are highlighted in 

pink color, and the orange line between two monomers indicates the monomers in contact. 
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Figure 2: Time dependence of the minimum distances (a) and minimum mass center distances (b) 

between any two monomers in the four-peptides systems. The evolution of the population of SO1, 

SO2, SO3 and SO4 states (defined in Fig. 1) in the four-peptides systems are shown in (c), (d), (e) 

and (f) panels, respectively. The data were averaged from MD snapshots collected every 100 ps in 

all 9 MD runs for each concentration. 
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Figure 3: Transition between SO1, SO2, SO3 and SO4 states (see Fig. 1) in the four-peptide 

systems. The green, blue, yellow and pink colors represent SO1, SO2, SO3 and SO4 states, 

respectively. The half-arrow and number which have the same color as an oligomerization state 

indicate the direction and number of times of the transition from another state to the current one. 

The transition parameters were obtained using all 9 MD runs for each concentration. 
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Figure 4: The dependence of the tetrameric oligomerization time (τ) on monomer concentrations 

of the Aβ peptides. In panel (a), the red diamonds represent the data calculated from the 

simulations, while the blue line represents the best fit for the data. Panel (b) shows the dependence 

of the square of Pearson correlation coefficient (R2) on the power (p) in the fitting by the non-

linear function,  = 𝑎 + 𝑏 ∗ 𝐶−𝑝, where a and b are constants and τ (in nanosecond) and C (in 

millimolar) are the oligomerization time and monomer concentration, respectively. The blue dash 

arrow points to the p value (2.4) which gives the maximum R2. The best fitting function is 

explicitly shown in blue text. The standard error was calculated from the 9 MD simulation 

trajectories for each state at each peptide concentration. 
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Figure 5: The distributions of the secondary structures of Aβ42 dimers (black), trimers (red) and 

tetramers (green) forming in different monomer concentrations. 
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Figure 6: Secondary structure propensities of each amino acid of Aβ42 dimers (black), trimers 

(red) and tetramers (green). The data was calculated from all the oligomer structures collected 

from all the systems and all the 500-ns MD simulations for each system. The results are also 

cumulated over all the concentrations.  
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Figure 7: The β propensities of each amino acid of Aβ42 dimers (black), trimers (red) and 

tetramers (green) forming from different monomer concentrations, 20.13 mM (a), 13.92 mM (b), 

9,44 mM (c), 6.85 mM (d) and 3.81 mM (e). Panel (f) is a shown for the data calculated over all 

considered monomer concentrations. The data was collected from all the 500-ns MD simulations 

for all the systems. 
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Figure 8: The distributions of the trimer and tetramer types forming in different monomer 

concentrations, 20.13 mM (red), 13.92 mM (green), 9,44 mM (blue), 6.85 mM (magenta) and 3.81 

mM (orange). The statistical data from all systems was shown in black. The data was collected 

from all the 500-ns MD simulations for all the systems. 
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Figure 9: The scaled solvent accessible surface area (SASA) distribution of the oligomer 

formations. Both the scaled SASA and percent SASA loss (∆SASA) for each oligomer are listed 

in the legend. The data were calculated using all the 45 simulation systems and all the 500-ns 

simulation time of each MD run. 
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Figure 10: The hydrophobic solvent accessible surface area (hbSASA) distribution of the 

tetramers. The data was collected from all the 500-ns MD simulations for all the systems. 
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Figure 11: The distribution of lost SASA (∆SASA) for Aβ42 dimer, trimer and tetramer (a), and 

for different tetramer CP types (b). The solid and dash lines represented for the ∆SASA of hbSASA 

(∆hbSASA) and pSASA (∆pSASA), respectively. The ∆SASA is percentage of the SASA which 

was lost when the oligomer form in comparison with the sum of all monomers whose SASA were 

calculated separately. The data was collected from all the 500-ns MD simulations for all the 

systems. 
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Figure 12: The distribution of the planar angles of the tetramers. 
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Figure 13: The presentative structures of oligomers. The structures were obtained by k-means 

clustering analysis. The monomers are shown in different colors and the end with sphere is 

N−terminus. The solid grey circles represent center of mass of the monomers. The analysis was 

performed using oligomeric structures collected from all the 500-ns MD simulations for all the 

systems. 

 

 

 

 



50 

 

Figure 14: The dependence of the scaled CCS and scaled SASA on the oligomeric size. The scaled 

CCS of an oligomer is calculated by dividing its CCS by its number of monomers. The data labeled 

with cycles in dashed lines were obtained from simulation: black for scaled-SASA/5 (this work), 

red for scaled CCS (this work), orange from Barz et al.’s simulation.24 The data labeled with 

squares, diamonds and triangles in solid lines were from experiment: green by Bernstein et al.,57  

blue by Zheng et al. 58 and magenta by Pujol-Pina et al.47 The data from Barz et al.’s study was 

averaged of extended and compact oligomers.   
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