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Abstract 

Converging lines of evidence suggest that soluble Aβ-amyloid oligomers play a pivotal role in 

the pathogenesis of Alzheimer’s disease, and present direct effectors of synaptic and cognitive 

dysfunction. The three pathological E22-Aβ-amyloid point mutants (E22G, E22K, E22Q) and 

the deletion mutant E22∆ exhibit an enhanced tendency to form prefibrillar aggregates. The 

present study assessed the effect of these four mutations from molecular dynamics 

simulations and subsequent structural and energetic analyses. Our data shows that E22 plays a 

unique role in wild type Aβ, since it has a destabilizing effect on the oligomer structure due to 

electrostatic repulsion between adjacent E22 side chains. Mutations, which replace E22 by an 

uncharged residue, consequently result in higher oligomer stability. This effect is also 

observed to a lesser extent for the E22K mutation and is consistent with the lower 

pathogenicity compared to other mutants. Interestingly, the deletion of E22 does not destroy 

the amyloid fold but is compensated by local changes of the backbone geometry, which allow 

the preservation of a structurally important salt bridge. The finding that all mutant oligomers 

investigated exhibit a higher internal stability than the wild type offers an explanation for the 

experimentally observed enhanced oligomer formation and stability. 
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Introduction 

When the physician Alois Alzheimer spotted a rare case of progressive dementia in 1906 [1], 

he could not presage that 100 years later that disease would be one of the most severe health 

problems of the world’s industrial nations. Persons with Alzheimer’s disease (AD) suffer 

from a progressive decline of memory and cognitition, resulting from the dysfunction or loss 

of neurons [2, 3]. One of the most prominent cytopathological hallmarks of AD affected 

tissue is the growing number of fibrillar plaques composed of abnormally altered and 

aggregated Aβ-amyloid protein, which is a cleavage product of the amyloid precursor protein 

(APP)  [4]. Although two pathological Aβ-amyloid isoforms, Aβ42 and Aβ40, are known, the 

42 amino acid long peptide appears to be the more disease relevant species [5]. The 

deposition of Aβ-fibrils into plaques is preceded by an aggregation pathway involving several 

intermediate states such as oligomers and protofibrils [6].  

Important insight into Αβ aggregation came from structures of Αβ40 [7, 8] and Αβ42  [9] in the 

fibril state, that were determined by NMR techniques. For the monomeric subunits, both 

structures consistently reveal two β-strands connected by a turn, thus forming a U-shaped 

topology  [8-10]. The monomeric subunits form a longitudinal stack, thereby creating two 

parallel in-register β-sheets (Fig. 1a). Key features of Aβ-fibril stability are the intermolecular 

salt bridges between D23 of the ith and K28 of the (i+1)th Aβ monomer and the inter-sheet side 

chain packing interactions between hydrophobic residues of the ith and its two adjacent layers 

(i-1, i+1), thus forming a cross β-structure. Amyloid growing can proceed longitudinally, i.e. 

the adsorption of new monomers along the fibril axis (Fig. 1a), and laterally, i.e. the 

association of another stack of monomers at the lateral surface of the growing aggregate  [8-

15]. Lateral association might either occur via the N-terminal or via the C-terminal β-sheet, 

resulting in the so-called NN-interface (Fig. 1d) or the CC-interface (Fig. 1c). 

While originally the extracellular fibrillar plaque deposition was assumed to be the disease 

initiating event  [16, 17], today increasing evidence suggests that small soluble oligomers are 

the direct effectors of synaptic and cognitive dysfunction in AD  [18, 19]. Moreover, it is even 

speculated that fibrillar plaques are rather neuroprotective  [20]. The novel theory is supported 

by the pathological E22-Aβ-amyloid point mutants that are characterized by both an 

accelerated formation of Aβ-intermediate states and an enhanced amyloid neurotoxicity but 

less fibril formation  [21, 22]. Aggregation properties, neurotoxicity and pathology of the 

Arctic (E22G), Italian (E22K), and Dutch (E22Q) variants are summarized in Table 1. The 
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E22∆ variant, which was recently discovered in Japan, exhibits an enhanced aggregation rate 

compared to the wild type and is characterized by a strong enrichment of small soluble 

oligomers, which are highly resistant to proteolytic digestion  [23]. Finally, E22 deletion was 

found to inhibit long term potentiation more efficiently, and to induce synaptic alterations 

more potently than wild type Aβ-amyloid  [24]. These findings demonstrate that not only the 

mutation of residue E22 leads to pathogenic effects but also the deletion of this residue.  

While the E22∆ variant is yet completely uncharacterized from a structural point of view, 

there exist several computational studies, which aimed to characterize the molecular effects 

underlying increased aggregate formation by Αβ point mutants. Most studies focused either 

on the initial nucleation step leading to oligomers  [12, 25], or on the lateral association step 

which is relevant for the formation of the fibril quaternary structure  [13]. The effect of the 

mutations E22G, E22Q, and E22K on Αβ-nucleation has been investigated by Krone et al.  

[25] using the Αβ (21-30) segment as model system. From their work the authors conclude 

that substitutions at E22 do little to alter the overall structure of the monomeric fragment and 

that E22 might rather affect long-range interactions outside the monomeric structure  [25]. 

The effect of E22 mutation on the formation of the Aβ42-association has been studied by 

Zheng et al. [13]. Mutation was found to hamper the formation of the NN-interface (Fig. 1d), 

in which an E22-K16 bridge is formed between adjacent stacks of the protofibril. These 

findings suggest that the enrichment of oligomers is mainly a result of the inability of mutant 

oligomers to become incorporated into fibrils. The experimental data, however, shows that 

mutant oligomers are not only enriched but also exhibit an increased stability, e.g. resistance 

to proteolytic degradation and a higher aggregation rate [23, 24]. This observation indicates 

that there exist additional structural properties, which lead to an increased internal stability of 

mutant Αβ-oligomers. 

To address this point, the present work investigated the structure, dynamics and energetics of 

wild type and mutant Αβ-pentamers, including the structurally yet completely uncharacterized 

deletion mutant E22∆. For this purpose, molecular dynamics simulations have been 

performed for the different systems. The significant differences of the internal stability of 

wild type and mutant pentamers detected are likely to play a key role for the pathogenicity of 

these mutants. 
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Materials and methods 

Preparation of starting structures  

All models and simulations are based on the Aβ17-42 pentamer structure that was obtained 

from NMR-spectroscopic data (PDB entry 2BEG; model 10) [9]. Residues 15-16 were added 

to the model in an extended conformation to ensure the β-sheet complementarity of the U-

shaped pentamer and to account for the secondary structure in the fibrillar form  [26, 27]. 

Point mutants were generated starting from the elongated version of the wild type pentamer 

by using SYBYL7.3  [28]. The side chain of E22 was replaced in each monomer of the 

pentamer by that of glycine, lysine or glutamine to obtain the Arctic (E22G), Italian (E22K), 

and Dutch (E22Q) mutants. The structure of the E22∆-Aβ-amyloid deletion mutant was 

obtained by homology modeling with MODELLER6.2  [29] using the wiltype pentamer as 

template. All structures were N-terminally acetylated using SYBYL7.3 followed by 100 steps 

of conjugate gradient minimization to release bad contacts. 

 

Molecular dynamics simulations  

All MD simulations were performed by using the AMBER9  [30] suite of programs with the 

force field ff99SB  [31] that augments the united parameter sets of ff94 [32] and ff99 [33, 34] 

with updated torsion potentials. The systems were neutralized by the addition of an 

appropriate number of sodium or chloride counter ions. Subsequently the molecules were 

solvated in a water box using the TIP3P water model [35].  

Minimization and molecular dynamics were carried out using the SANDER module of 

AMBER9 with default settings for non-bonded interactions. Particle Mesh Ewald summation 

[36] was used to calculate the long-range electrostatic interactions. Minimization was carried 

out in two subsequent steps. In a first step only water molecules were minimized while 

restraining all protein atoms on their initial positions with a force constant of 5,000 kcal mol-1 

A-2. In the second step, additional relaxation of counter ions and protons was allowed by 

restraining all heavy atoms of the protein with a force constant of 50 kcal mol-1 A-2. In both 

minimizations, 250 steps of steepest descent were followed by 250 steps of conjugate gradient 

minimization.  

MD simulations were carried out thereafter using a time step of 1 fs and periodic boundary 

conditions. The SHAKE procedure [37] was applied to fix all bonds involving hydrogen 
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atoms. The temperature of the system was gradually raised from 10 K to 300 K in two 

subsequent equilibration steps of 0.5 and 2.5 ns. In both equilibration steps restraints were set. 

In step one all protein backbone and side chain heavy atoms were fixed while in step two still 

all backbone heavy atoms were kept on their initial positions. In the following, an 

unconstrained 20 ns production phase with standard NPT conditions at 1 bar was performed 

for data collection, saving coordinates every 1 ps to produce a total of 20,500 snapshots 

(including equilibration). Hierarchical clustering  [38] of the 20,000 snapshots obtained 

during the production phase was performed using the ptraj program of AMBER10  [39]. 

Results were analyzed and visualized using the programs AMBER, SYBYL7.3 [28], VMD 

[40], and DS ViewerPro 6  [41].  

 

Energetic analysis 

Since the pentameric system contains multiple protein-protein interfaces, energetic analysis 

requires the definition of a suitable interface. Because the present study aimed to assess the 

internal stability of the Αβ-pentamer, we measured the interaction energy between the middle 

chain C and the remaining four chains (A-B, D-E) of the pentamer (Fig. 2). The respective 

interaction energy represents the strength by which the middle chain clamps the Αβ-stack 

together and was therefore termed ∆Gclamp. The interaction free energy ∆Gclamp for the central 

Aβ-layer was calculated according to the standard MM/GBSA approach [42]: 

STGGG solMMclamp ∆−∆+∆=∆  (1) 

∆GMM is the molecular mechanics energy for the interaction between the ligand and the 

receptor, and ∆Gsol is the solvation free energy. −T∆S is the entropic contribution, which was 

estimated from normal mode analysis using the NMODE program of AMBER. ∆GMM is 

calculated according to Eq. 2, 

vdwele
MM GGG intint ∆+∆=∆  (2) 

whereas the electrostatic and van-der-Waals interaction energies, ele
intG∆  and vdw

intG∆ , were 

calculated with the AMBER module SANDER. Likewise, the solvation free energy ∆Gsol, is 

composed of an electrostatic ( ele
solG∆ ) and a nonpolar ( nonpolar

solG∆ ) energy term (Eq. 3) 
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nonpolar
sol

ele
solsol GGG ∆+∆=∆  (3) 

The electrostatic contribution ( ele
solG∆ ) was calculated using the generalized born (GB) method 

implemented in SANDER, while nonpolar contributions to the solvation free energy 

( nonpolar
solG∆ ) were calculated as a function of the solvent accessible surface area (SA) [43] 

using AMBER9 default parameters for γ and b [30] (Eq. 4). 

bSAG nonpolar
sol +×=∆ γ  (4) 

The contributions of individual side chains to the pentamer stability were estimated form an in 

silico alanine scan, in which the amino acids of chain C were individually replaced by alanine. 

For the calculation of ∆∆G, we followed the standard protocol described by Massova and 

Kollman [44], which assumes that the entropy of the alanine mutant and the wild type do not 

differ significantly, and therefore entropic contributions can be omitted for the calculation of 

∆∆G in this type of analysis. Alanine scanning and MM/GBSA analysis for wild type Aβ-

amyloid and all mutants was performed on a total of 91 pdb structures taken from the 

trajectory during 2.5 - 20.5 ns simulation time by selecting every 200th snapshot. 

 

 

Results and discussion 

Mutant A β42 oligomers are more rigid than the wild type 

The wild type Αβ exhibits root mean square deviations (RMSD) from the starting structure of 

6-8 Å (Fig. 3). The magnitude of these fluctuations is consistent with the findings of a 

previous Αβ simulation, which obtained very similar RMSD values for the Αβ-pentamer [13]. 

Interestingly, all mutants investigated in the present study exhibit smaller RMSD values than 

the wild type. The highest conformational stability is observed for the mutants E22G, E22K, 

and E22∆, which show RMSD values of less than 4 Å for most parts of the simulation. 

This finding also indicates that the high RMSD detected for the wild type can rather be 

attributed to particular sequence properties of the wild type than to inaccuracies of the starting 

model. In case of an inaccurate starting structure, large RMSD values would be expected for 
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all simulations. In contrast, the present study reveals that the conformational stability of Αβ 

oligomers is highly dependent on the identity of the amino acid at sequence position 22. 

Visual inspection of the trajectories together with RMSD profiles and the structures produced 

over the trajectory (Fig. 4) proved that the overall Αβ structure was stable in all simulations. 

The U-shaped arrangement of the two stacked parallel β-sheets and the intermolecular 

D23/K28 salt bridges are preserved in all simulations. The higher RMSD values detected for 

the wild type and the E22Q mutant mainly originate from a larger twist of the β-sheets (Fig. 

4). The presence of a twist is consistent with experimental data obtained from electron 

micrographs of Aβ fibrils [9] and might represent a prerequisite for the incorporation of 

oligomers into fibrils. 

 

Special structural properties of the E22∆∆∆∆ mutant 

The observation that the overall fibril geometry is retained even after the deletion of E22 and 

that this mutant is even more stable than the wild type might be surprising at first glance. 

Therefore, the effect of E22 deletion on the backbone geometry was analyzed in more detail. 

Significant differences of the backbone torsion angles between wild type and E22∆ were only 

observed for the three residues C-terminally adjacent to the site of deletion (Fig. 5). D23 

adopts a turn structure in the mutant instead of an extended conformation in the wild type. A 

very similar change from an extended conformation in the wild type to a turn structure is also 

observed for G25, while the V24 backbone undergoes only smaller changes. 

Taken together, these changes lead to an alternative backbone conformation of residues D23-

V25 in E22∆, while the backbone conformation of the remaining residues is not significantly 

affected by the mutation. The backbone topology of E22∆ is stable over the entire simulation 

time and shows only minor fluctuations (Fig. 5). Importantly, this conformation also allows 

the preservation of the inter-chain D23-K28 salt bridge in the mutant (Fig. 4e, 6), which was 

described previously to play a crucial role for pentamer stability [9]. 

The observation that the sequence region, which connects both β-strands, exhibits a certain 

degree of variability is also consistent with previous studies. The models derived thus far for 

Αβ40 [7, 8, 10, 45] and Αβ42 [9] filaments consistently show two β-strands and a buried D23-

K28 salt bridge that stabilizes the connecting turn. The exact length and geometry of the turn, 

however, varies between these models. These findings suggest that Αβ exhibits a particular 
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conformational plasticity in this region, which does not only allow the formation of distinct 

turn geometries, but even tolerates the deletion of one residue.  

 

Energetic analysis indicates a destabilizing effect of E22 

The RMSD values obtained over the MD simulations (Fig. 3) reveal a higher conformational 

stability of mutant Aβ42 oligomers compared to the wild type. As the five pentamers differ 

solely by the amino acid on position 22, this residue appears to be the crucial determinant for 

stability in the investigated systems.  

The alanine scan reveals a similar profile for the wild type and mutants (Fig. 7a). This 

indicates that the role of the individual side chains for the overall stabilization is comparable 

in all pentamers investigated. This is consistent with the fact that the overall Αβ-fold is 

preserved in all simulations (Fig. 4). The alanine scan also reveals those side chains, which 

play a particular important role: The residues D23 and K28, which form inter-chain salt 

bridges, as well as the hydrophobic residues L17, F19 and F20 are the main contributors to 

Aβ42 oligomer internal stability (Fig. 7a). Analysis of wild type Αβ42 (Fig.7a; black bars) 

further reveals that all side chains except E22 exert a stabilizing effect on the pentamer fold. 

This is reflected by the positive ∆∆G values indicating that a replacement of the respective 

side chain would weaken the interactions with adjacent chains in the wild type pentamer. E22, 

which represents the site of mutation, evidently plays a unique role, since the glutamate 

present in the wild type leads to a destabilization of approximately 3 kcal mol-1 compared to a 

uncharged alanine. The structural explanation for this destabilizing effect comes from the 

arrangement of the Αβ-stack as parallel β-sheet, which places the negatively charged E22-side 

chains of adjacent layers in immediate vicinity to each other (Fig. 1a). 

Mutations, which change E22 to a uncharged residue, are therefore expected to abrogate 

repulsion between adjacent Αβ-chains and to result in a stabilization of the pentamer. Such a 

situation is present for the E22G and E22Q mutants. While no alanine scan can be performed 

for position 22 in E22G due to the simulation setup, the stabilizing effect of G22 and Q22 can 

clearly be seen from the plot of the electrostatic interaction energy shown in Fig. 7b. It is also 

interesting to note that electrostatic repulsion is less severe for E22K compared to the wild 

type (Fig. 7a,b). This finding can most likely be explained by the fact that the longer K22 side 

chain has a larger conformational freedom and can therefore adopt alternative conformations, 

which more efficiently reduce the repulsion of adjacent Αβ-layers.  
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In order to quantify the effect of E22 mutation, the stability of the stack was estimated from 

calculating the free energies of stabilization (∆Gclamp) for the middle Aβ-chain from a 

MM/GBSA analysis (see Methods for details). The respective interaction energy represents 

the strength by which the middle chain clamps the Αβ-stack together and was therefore used 

as a measure for the internal stability of the pentamer. 

The negative ∆∆Gclamp values of -8.0 to -26.1 kcal mol-1 indicate that all mutant Αβ-pentamers 

exhibit a higher internal stability than the wild type (Table 2). In addition, the analyses 

demonstrate that not only the mutation of E22, but also the complete deletion of this residue 

results in enhanced pentamer stability. Oligomers with a deleted residue E22 or an E22G/Q 

point mutation show a higher internal stability compared to the E22K mutation (Table 2) 

indicating a higher oligomerization tendency. This is in accordance with previous 

experimental studies, which give numerous evidence for E22G and E22Q to form nonfibrillar 

toxic assemblies, while for E22K generally a lower toxicity and aggregation potency are 

reported [22, 46-49]. In addition, our observations match the stated correlation between 

hydrophobicity and charge at position 22 and aggregation rate of Aβ-amyloid that describes 

an increased aggregation rate with gaining hydrophobicity [50]. Thus, the observed lower 

aggregation tendency of E22K meets this correlation.  

 

Effects of E22 mutation on fibril formation 

The data above offers a structural explanation for the experimental observation that the lack 

of glutamate at position 22 facilitates the formation of stable oligomers. In addition to 

enhanced oligomer stability, the mutants also exhibit a hampered formation of fibrils as a 

second common property (Table 1). The impeded fibrillation of mutant Aβ was 

computationally investigated in a previous study [13] and has mainly been attributed to the 

lack of stabilizing interactions within the lateral interface, like the loss of an intermolecular 

E22-K16 salt bridge (Fig. 1d). A second effect on fibril formation, which emerges from our 

study, might result from the altered dynamics of the mutant pentamers: It is known from 

electron microscopic data [51] that fibrils are significantly twisted along their axis. Such 

twisting requires a certain degree of internal flexibility of the two β-sheets against each other. 

Our simulations revealed that the wild type has a high internal flexibility (Fig. 3) and that 

twisting is less pronounced in the mutants (Fig. 4). This effect should generally hamper the 

lateral association of mutant Aβ, regardless of the interface involved. In this context, the 

finding that the E22∆ variant exhibits a particular rigid structure (Fig. 3), also offers an 
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explanation for the experimental observation, that this mutant shows a complete lack of 

fibrillation [23]. 

 

 

Conclusions 

The findings above suggest that there exist at least two structural effects of the mutations at 

position 22 (Fig. 8). Firstly, the mutant oligomers themselves exhibit a higher internal 

stability due to the lack of electrostatic repulsion between adjacent E22 residues. Secondly, 

the mutant oligomers can no longer be incorporated into fibrils. Together, both effects suggest 

a mechanism for the enrichment and enhanced stability of Αβ-oligomers observed in 

experimental studies (Table 1).  

This dual effect of E22 mutations offers an explanation, why changes at this sequence 

position have such a drastic effect on the progression of the disease. Finally, these findings 

affirm the oligomer hypothesis of AD that claims prefibrillar aggregates and oligomers to be 

direct effectors of synaptic and cognitive dysfunction in AD (Fig. 8). The correlation between 

internal stability, aggregation tendency, and pathogenicity might also be helpful for the design 

of drugs targeting small but toxic Aβ-amyloid compounds.  
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Table 1 Aggregation properties (rate of aggregation, neurotoxicity and pathology) of 

disease associated E22-Aβ mutants compared to the wild type 

 

 Rate Morphology Neurotoxicity Pathology 

E22G (Arctic)[22, 46] accelerated Small protofibrils and oligomers enhanced AD dementia 

E22K (Italian)[21] accelerated Less fibrillar enhanced CAAa 

E22Q (Dutch)[21, 52]  accelerated Rather amorphous than fibrillar; oligomers enhanced CAA 

E22∆ (Japanese)[23] accelerated Small soluble oligomers, lack of fibrils enhanced AD dementia 

aCAA, cerebral amyloid angiopathy 
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Table 2 Interaction energies (in kcal mol-1) of the middle chain C with the remaining four 

chains of the Aβ-pentamer. Values were calculated for the wild type, E22G, E22K, E22Q, and 

E22∆ using the MM/GBSA strategy (see Methods for details). Differences of the interaction 

energies (∆∆Gclamp) were obtained using the wild type ∆Gclamp-value as reference 

 

 ∆∆∆∆Gint
ele ∆∆∆∆Gint

vdw ∆∆∆∆Gsol
ele ∆∆∆∆Gsol

nonpolar ∆∆∆∆Gsol T∆∆∆∆S ∆∆∆∆Gclamp ∆∆∆∆∆∆∆∆Gclamp 

Wt -4.4 ± 0.3 -239.1 ± 0.2 +64.3 ± 0.3 -33.7 ± 0.0 +30.5 ± 0.3 -80.6  -132.4   

E22G -191.7 ± 0.4 -246.9 ± 0.1 +232.3 ± 0.3 -35.4 ± 0.0 +196.9 ± 0.3 -83.8  -158.0  -25.6  

E22K +37.1 ± 0.3 -245.3 ± 0.1 +12.3 ± 0.3 -34.6 ± 0.0 -22.4 ± 0.3 -90.2  -140.4  -8.0  

E22Q -193.8 ± 0.4 -250.8 ± 0.1 +237.1 ± 0.3 -34.2 ± 0.0 +202.9 ± 0.3 -83.2  -158.5  -26.1  

E22∆ -208.0 ± 0.4 -241.9 ± 0.1 +243.7 ± 0.3 -34.4 ± 0.0 +209.3 ± 0.3 -83.3  -157.3  -24.9  
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Figure captions 

Fig. 1 (a) Schematic representation of the Aβ42-Amyloid pentamer structure used in the 

present study. The pentamer is composed of chains A-E. Highlighted are the two 

parallel in-register β-sheets, sheet β1 (red) and sheet β2 (black). The pentamer is 

stabilized by intermolecular D23-K28 salt bridges, exemplified by the first salt 

bridge between D23 of chain A and K28 of chain B, and hydrophobic inter-sheet 

packing interactions, exemplified for the packing of residues A21 and F19 of chain 

A with V36 and G38 of chain B. An arrow indicates the direction of longitudinal 

growth. Negatively charged, positively charged, polar, and hydrophobic residues 

are colored in red, blue, green, and grey, respectively. The key residue E22 is 

indicated with a red box. (b) (β1-strand)-loop-(β2-strand) motif of a monomeric 

subunit showing the side chain orientation of residues 15-42 in detail. (c) and (d) 

Structural model of double-layered Aβ42-pentamers illustrating the principles of 

fibril formation via lateral association. Lateral association might either proceed via 

the N-terminal strand β1 (d) or the C-terminal strand β2 (c) thus resulting in the so-

called NN- or CC-interface 

 

Fig. 2 Schematic drawing of the setup used for estimating the internal stability of the wild 

type and mutant pentamers. Free energies of interaction were calculated between 

the middle chain C (grey) and the remaining four chains (A-B, D-E) of the 

pentamer, thus reflecting the strength by which chain C clamps the Αβ stack 

together 

 

Fig. 3 Conformational stability of wild type and mutant Aβ-pentamers. Wild type, E22G, 

E22K, E22Q, and E22∆ are colored in black, grey, blue, green and red, 

respectively. The RMSD was measured to the corresponding initial structure in 

each system 

 

Fig. 4 Side and top view of representative structures of wild type and mutant Αβ 

pentamers. (a) wild type, (b) E22G, (c) E22K, (d) E22Q, and (e) E22∆. Sheets β1 

and β2 are colored in red and black, respectively. The loop is colored in grey. The 

salt bridge forming residues D23 and K28 are indicated. Arrows point towards 

growth direction with chain A on the growing end 
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Fig. 5 Dihedral angles of residues E22 to G25 of chain C as a function of simulation time. 

φ angle (Ci-1-Ni-C
α
i-Ci) in black, ψ angle (Ni-C

α
i-Ci-Ni+1) in grey. Angles for the 

wild type and E22∆ variant are shown on the left and right side, respectively. ∆ 

indicates deleted residue E22 

 

Fig. 6 Salt bridges formed by D23 and K28 of chain C in the wiltype (black) and mutant 

(grey). (a) Interaction between K28 of chain C and D23 of chain B. (b) Interaction 

between D23 of chain C and K28 of chain D 

 

Fig. 7 Energetic analysis of Aβ-mutants (a) Alanine scanning of wild type and E22-Aβ42 

mutants. Shown are the contributions of individual side chains to the interaction 

free energy (∆∆Gclamp) of chain C to the adjacent four chains of the pentamer. 

Positive values indicate a stabilizing effect of the respective amino acid compared 

to alanine. No scan was performed for alanine and glycine. (b) Electrostatic 

interaction energy (Eele) of residue 22 of chain C to the adjacent four chains (A-B, 

D-E) as function of simulation time. The wild type, E22G, E22K, and E22Q 

mutants are colored in black, grey, blue, and green, respectively 

 

Fig. 8 Schematic representation showing the effects of E22 deletion (or mutation) on Aβ-

aggregation. Firstly, the higher internal stability of the mutant oligomers increases 

the rate of oligomer formation and stability (thick arrow). Secondly, the altered 

dynamics and surface properties hamper fibril formation (black cross), thus 

additionally contributing to the enrichment of oligomers (see text for details). These 

oligomers trigger a cascade of events leading to Alzheimer’s disease 
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