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Pathogenic Properties of Alzheimer’s β-Amyloid 

Identified from Structure-Property Patient-

Phenotype Correlations 

Manish K. Tiwari and Kasper P. Kepp*  

β-amyloid (Aβ) plays a central role in Alzheimer’s disease (AD), but the specific molecular mechanism 
and associated structures remain unknown. We compiled patient data for carriers of genetic variants of 
Aβ that cause AD and correlated these data against chemical properties for 56 mutant conformations 
derived from four published experimental conformations of Aβ of variable structure and chemical 
environment. Disease onset of variants is significantly (p ~ 0.006) correlated to hydrophobic surfaces of 
disordered conformations (2LFM), whereas structured conformations yielded no correlations. 
Correlation also applied (p < 0.03) to in vitro steady-state Aβ levels. We conclude that disordered 
monomers are likely to be pathogenically important in contrast to structured conformations and that 
hydrophobic surface correlates with pathogenesis. This first established correlation between clinical and 
chemical data suggests that specific exposed, disordered monomers are viable targets for AD therapy. 

 

Introduction 

The major neurodegenerative disease Alzheimer’s disease (AD) is 
characterized by impaired memory, gradual decline of cognitive 
abilities, and personality changes.1-5 It mostly occurs sporadically 
with no apparent inheritance,6 a broad clinical spectrum,3 and with 
age as the largest among many risk factors of small, but cumulative 
significance.1, 7 Genetically inherited AD accounts for ~5% of all 
cases and cause particularly severe, early-onset familial AD (FAD), 
most notably due to mutations in the enigmatic, transmembrane 
Amyloid Precursor Protein (APP) or in presenilin (PSEN), which 
forms part of the γ-secretase complex that degrades APP.8, 9  

The central hallmark of AD is extracellular deposits of senile 
plaques consisting of β-amyloid (Aβ) peptides, which are proteolytic 
cleavage products of APP found in the membranes of cells and 
organelles.1, 10 For this reason and because of the FAD genetic risk 
factors relating to APP or its processing, Aβ is thought to play a 
central role in AD viz. the “Amyloid Cascade Hypothesis”, i.e. that 
overload of Aβ causes disease.11  

However, neurodegeneration and cognitive decline are not 
generally correlated with plaque Aβ levels,12 and some genetic risk 
factors such as PSEN1 variants actually reduce total Aβ levels.13 
Consequently, focus has changed towards longer Aβ isoforms such 
as Aβ42 and in particular the ratio between long and short isoforms 
(notably Aβ42/Aβ40) and small soluble oligomers of Aβ as the 
perceived toxic species14, 15 that damage neuronal cells14, 16 and tend 
to follow disease progression.17  

Polypeptide misfolding due to exposure of hydrophobic protein 
parts is considered a major driving force behind processes leading to 
oligomers and fibrils.18, 19 Given its role in Alzheimer’s Disease, 
during the last decades, structural and dynamic studies of Aβ species 
have emerged,20, 21 including mature Aβ fibrils,20, 22 protofibrils,23 
oligomers24 and various polymorphisms.21, 25 These species generally 
contain substantial β-sheet character typical of aggregates and 
fibrillar peptide deposits. Despite the renewed focus on small soluble 

forms of Aβ, soluble Aβ monomers, which form critical 
intermediates that are precursors Aβ misfolding,26-29 have not been 
comprehensively studied, partly because these monomers, in contrast 
to aggregates, are disordered in solution with little β-sheet and only 
some α-helix character.30  

The neurotoxicity of Aβ is thought to be highly conformation and 
environment dependent31 and, as specifically utilized in the present 
work, conformations and hydrophobic exposure is highly 
environment-dependent both for fibrils28, 32, 33 and monomers, as 
evident in NMR structures.34, 35 Conformation and size-dependent 
hydrophobic properties may determine the pathogenicity of small 
Aβ42 oligomers rather the presence of β-sheet aggregates.36, 37 
Previous NMR38 and computational39 studies have shown that the 
hydrophobicity arising from central and C-terminal regions of Aβ is 
responsible for formation of an extended β-sheet confirmation with a 
connecting turn between them. This “hairpin” topology is suggested 
to resemble Aβ in their fibril forms.40 

Despite this, the conformations, sizes, and specific pathogenic 
molecular modes of action remain unknown, partly because patient 
data cannot be correlated directly to these forms in vivo.13, 41 Thus, 
identifying the causative molecular species and chemical properties 
of Aβ remains a primary priority.  

We report here the analysis of compiled data for patients carrying 
genetic variants of Aβ known to cause disease, correlated against 
robust measures of hydrophobic surface areas and other chemical 
properties derived from four different experimental structures of 
wild-type Aβ monomers, two for Aβ42 and two for Aβ40. These four 
structures mimic variable in-vivo environments by representing a 
spectrum from 100% water (2LFM42), via 80% and 70% water 
(1IYT,35 1ZOQ43) to a water-micelle like environment representative 
of membrane-interacting species (1BA434). They also represent a 
hierarchy from little structure (2LFM and to some extent 1BA4) to 
more structured (1IYT, 1Z0Q). 

Importantly, we establish a correlation between patient age of 
disease onset (tonset, in years) and hydrophobic exposure in the 
disordered conformations (in particular 2LFM), but not the more 
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Figure 1. Wild-type and mutant structures of Aβ42 and Aβ40. (A, B) The NMR structure of wild-type Aβ42 (PDB codes 1IYT and 1Z0Q) and 
their 15 superimposed computational structures of Aβ42 mutants. (C, D) The NMR structure of wild-type Aβ40 (PDB codes 1BA4 and 2LFM) 
and their 13 superimposed structures of Aβ40 mutants. The mutant residues are shown in stick-model. The peptide’s secondary structure is 
shown with blue N-terminus and red C-terminus (the figure was generated using Discovery Studio (DS) 4.0 visualizer). 

structured conformations. This indicates that hydrophobic exposure 
is a pathogenically relevant property for disordered amyloid species, 
but not for the more structured amyloids. The statistical significance 
of this observation is unlikely to be coincidental (confidence level > 
99%) and thus implies that structural features resembling the 2LFM 
conformation are related to disease, e.g. as the relevant precursor 
properties leading to oligomers in AD. These findings suggest a 
change of focus towards controlling disordered and exposed 
monomer species in AD, with the 2LFM structure providing the 
template for such structure-based design. 

Results and discussion 

15 known missense mutations and one deletion (E693∆, 
corresponding to E22∆ in Aβ numbering) within the Aβ42 region of 
APP are associated with FAD or cerebral amyloid angiopathy 
(Figure 1A and 1B). Aβ40 is represented by only 13 mutations 
(Figure 1C and 1D) since two variations occur at position 42. 

56 mutant structures were derived from the four initial structures 
of Aβ42 (1IYT and 1Z0Q) and Aβ40 (1BA4 and 2LFM) (Figures S1, 
S2, S3 and S4). To preserve the experimental time-averaged 
conformational properties, the original backbone and non-mutated 
side-chain conformations were preserved during modeling.44 
Hydrogen atoms were added using the CHARMM force field45 and 
protonation states for ionizable residues were manually verified for 
all 60 (four wild-type and 56 mutant) structures before analysis. The 
mutant conformations were constructed as described in the Methods 
section.   

From the experimentally derived structures, we computed the total 
solvent accessible surface area (SAS) and the hydrophobic and 
hydrophilic surfaces for all wild-type and mutant structures. To 
account for method dependence, we used four different methods (see 
computational methods section) to compute SAS for each structure 
individually (Tables S1, S2, S3, and S4). All methods give very 
similar results, except for one K16N-1BA4Aβ40 mutation (Figure 
S5), which has minor effect on the overall correlation. To further test 
result sensitivity, we correlated total SAS from Discovery Studio 4.0 
and StrucTools (Figure S7) for each structure. Strong correlations 
between the two sets of data for the same structure were observed 
(Figure S7).  

We further calculated the hydrophobic and hydrophilic surface 
areas for all structures (Tables S5, S6, S7 and S8). We tested the 
structural sensitivity by correlating hydrophilic and hydrophobic 
surfaces of each pair of structures (1IYT vs. 1Z0Q; Aβ42 and 1BA4 
vs. 2LFM; Aβ40) (Figure S8). These correlations show significant 
similarities as expected for the same peptides but also clear 
indications of conformational differences, with R2 ~ 0.77−0.96, p < 
0.001 (Figures S8A, 8B, 8C, and 8D). From these sensitivity tests, 
we thus find that the applied methodology produces robust data for 
analysis. 

For the studied genetic variants, we collected all relevant, 
available data on patient tonset and total Aβ levels observed for a 
given variant in cell studies (Tables S9 and S10). Patient tonset was 
not significantly correlated with total SAS or hydrophilic surfaces of 
Aβ42 and Aβ40 (Figures S9 and S10; Tables S11, S12, S13, and S14)  
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Figure 2. Correlation between tonset and calculated hydrophobic surface for WT and mutant Aβ40 and Aβ42. (A) vs. 1IYT WT and mutants 
Aβ42. (B) vs. 1Z0Q WT and mutants Aβ42. (C) vs. 1BA4 WT and mutants Aβ40. (D) vs. 2LFM WT and mutants Aβ40. 

but was significantly correlated to hydrophobic surface of the 
disordered structures (Figure 2). Correlation of tonset to 
hydrophobic surface was strongly conformation-dependent: 1IYT 
gave R2 = 0.19; p = 0.13 (Figure 2A), 1Z0Q gave R2 = 0.23; p = 
0.10 (Figure 2B), 1BA4 had R2 = 0.25; p = 0.08 (Figure 2C), and 
2LFM had R2 = 0.51; p = 0.006; (Figure 2D). Importantly, the 
correlation follows a trend of structure: To substantiate this, we 
calculated the helical percentage for the 60 structures (Table S15). 
The structure 2LFM that showed strong statistically significant 
correlation to tonset contains the least helix character (22.5%). 

Thus, our analysis shows that among the two major isoforms of 
amyloid in the brain, only disordered structural features 
represented by 2LFM have pathogenic properties, and these relate 
to exposure of hydrophobic surface. Surface compositions of Aβ 
have previously been suggested to be determinants of Aβ-induced 
neurotoxicity in AD progression.46, 47 As seen, hydrophobic 
exposure can explain real patient data from one specific, 
disordered conformation of the peptide, providing the first 
statistically significant link (at the 99% significance level) between 
clinical and chemical data in this field. The significance suggests 
that, despite well-known heterogeneities in lab protocols of the 
original experiments, upon proper normalization of data to their 
respective wild-type values, the probability that the presently 
identified correlations are coincidental is smaller than 1%.  

Our observed relation between exposed hydrophobic surface and 
patient disease onset is consistent with previous mutagenesis 
studies that focused on the C-terminal of both Aβ40 and Aβ42: 
These studies found that improved hydrophobic exposure and 
interaction between putative β-sheets increase the stability of the 
hairpin structure.48 The oligomerization of monomers likely occurs 
by disorder, exposure, and concomitant α-to-β transitions.   

Aβ-induced cytotoxicity has been the subject of intense research. 
Recently Aβ’s ability to mediate cytotoxicity via membrane 
disruption has received particular notice.49 The mechanism of Aβ 
interaction with membranes remains to be further elucidated, but 
recent insight suggests that cell surface interactions are a 
prerequisite for cytotoxicity.50, 51 Such a membrane-association 
mechanism is consistent with the exposed hydrophobic 
conformations identified as pathogenic in our work. 

Finally, we also correlated in vitro total steady-state Aβ levels 
for the variants against chemical properties (Tables S16, S17, S18 
and S19). Interestingly, except for the hydrophobic surface (Figure 
3), again the studied properties yielded insignificant or no 
correlation with Aβ levels (Figures S11 and S12). Only the 
hydrophobic surface area of the least structured (22.5% helix) 
2LFM conformation (Figure 3D) was significantly correlated with 
steady-state levels at the 97% confidence level (R2 = 0.36; p = 
0.03). This suggests that the same chemical properties that relate to 
pathogenicity of the monomer (i.e. hydrophobic exposure) also 
relate to increased steady-state amyloid levels. Thus, hydrophobic 
exposure in the fully solvated disordered monomer is related to 
amyloid buildup in genetic variants, whereas other conformations 
did not relate to amyloid buildup. 

 

Concluding remarks 

In conclusion, we have established the first significant link 
between chemical properties of specific amyloid structures and real 
Alzheimer patient data at the 99% confidence level (p ~ 0.006) and 
identified particular disordered monomers (the 2LFM 
conformations) as related to pathogenesis. The correlation of both 
amyloid steady-state levels and disease onset to the same chemical 
property of disordered amyloids may explain why amyloid levels  
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Figure 3. Correlation between total Aβ levels and calculated hydrophobic surface for WT and mutant Aβ40 and Aβ42. (A) vs. 1IYT WT and 
mutants Aβ42. (B) vs. 1Z0Q WT and mutants Aβ42. (C) vs. 1BA4 WT and mutants Aβ40. (D) vs. 2LFM WT and mutants Aβ40. 

have been mistaken for pathogenic in earlier work leading to the 
classical “cascade” hypotheses. In fact, our analysis suggests that 
mainly the hydrophobic surface relates to disease.  

The identified changes are caused by genetic variation in the Aβ 
variants studied in this work, but could conceivably be caused by 
post-translational modifications such as metal binding, 
phosphorylation, or oxidation, in the major sporadic forms of the 
disease,52 providing perspectives for unifying the two forms. It has 
not escaped our attention that metal binding would immediately 
reduce the net negative charge from −3 to −1 and increase 
hydrophobicity of the amyloids, providing a “sporadic” counterpart 
to the familial AD mechanism described in the present work. Also, 
the identification of 2LFM-like features as potentially pathogenic 
provides perspectives for molecular targeting of specific disordered 
amyloid species in line with recent work in this direction.53, 54  

The statistically significant correlations obtained in this study 
suggest that the heterogeneity in various lab protocols is not a 
major issue; and similar approaches could be utilized to rationalize 
relationships between structure and clinical phenotype for related 
disorders, in particular as patient data become more generally 
available. 

 

Material and methods 

Starting Structural Models and properties calculation 

Initial coordinates of solution NMR WT structures for Aβ42 (PDB: 
1IYT35 and 1ZOQ43)  and Aβ40 (PDB: 1BA434 and 2LFM42)  were 
extracted from the RCSB Protein Data Bank (www.rcsb.org/pdb/). 
To mimic the physiological states, protonation states for ionizable 
residues in both Aβ42 and Aβ40 peptides were applied as suitable 
for a physiological pH, with both arginine and lysine residues 
modeled as positively charged and glutamic and aspartic acids as 
deprotonated. Histidine residues were modeled as neutral with only 

the δ nitrogen protonated. The N and C termini were chosen to be 
protonated and deprotonated, respectively, in both Aβ42 and Aβ40 

peptides and employed as starting structure for mutant modeling.  
 

Mutant modeling 
The mutant structures were constructed by in silico by mutating the 
wild-type (WT) structure44 using the protein design extension in 
Discovery Studio 4.0 (DS 4.0, Accelrys Inc., San Diego, CA)55. 
Side-chain replacement and modeling were carried out with the 
routine “Build mutant” of MODELLER 9v9.56 Aβ42 embodied a 
total of 15 point mutations whereas Aβ40 contains 13 point 
mutations linked to familial Alzheimer’s disease (FAD). A total of 
10 conformations of each mutant were generated form four initial 
WT structures of Aβ42 (1IYT and 1Z0Q) and Aβ40 (1BA4 and 
2LFM). In total, 560 mutant structures were created 
computationally for the 56 point mutations in Aβ42 and Aβ40.  

Subsequently, these 560 structures were evaluated using DOPE 
(Discrete Optimized Protein Energy) scoring functions and PDF 
(Probability Density Function) total energy and finally 56 mutant 
structures were selected based on the lowest DOPE score and PDF 
total energy. DOPE score of a protein equates conformational 
energy which measures the relative stability of a conformation with 
respect to other conformations of the same protein. PDF Total 
Energy is the sum of the scoring function value of all homology-
derived pseudo-energy terms and stereo chemical pseudo-energy 
terms. In total, 60 Aβ42 and Aβ40 structures (4 WT structures, 56 
mutant structures) were subjected to further analysis.  
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Solvent Accessibility and Helical Percentage Calculation  
Total solvent accessibility surface (Å2) for all the 60 structures were 
calculated using DS 4.0 and other web-based tools; Get area57, 
StrucTools (http://helixweb.nih.gov/structbio.html) and Mobyl58, 59. 
In addition to total solvent accessibility surface area, hydrophobic 
and hydrophilic solvent accessibility surface were also predicted 
using DS 4.0 for WT and mutant Aβ42 and Aβ40 structures. 
Furthermore, secondary structure analysis was carried for all the 
structures. Structural features such as helical geometry and 
percentage were calculated using  PROMOTIF60, available on the 
SWISS-MODEL web server. 
 

Pre-processing of biochemical and clinical of data 

Biochemical and patient data on disease onset (tonset) and total 
steady-state Aβ levels measured during expression studies were 
collected from published data in original articles61-75 and from the 
recently updated AD & FTD Mutation Database 
(http://www.molgen.ua.ac.be/ADMutations/).  

Total Aβ steady-state levels were obtained by adding the reported 
Aβ40 and Aβ42 levels, which make up close to 100% of the isoforms. 
To put numbers from different experiments on the same scale, Aβ 
levels for WT were normalized to one. Experimental data for Aβ 
levels were extracted from Jonsson et al.62 (A2T, A2V vs. WT), 
Chen et al.66 (D7H), Nilsberth et al.61 (E22G, E22K, E22Q, A21G), 
Zhou et al.67 (E11K). Considering heterogeneous data for the A2V 
mutant, we also compared data from Jonsson et al.62 which differs 
from Di Fede et al.63, and data from Van Nostrand et al.69 differ from 
data from Nilsberth et al.61  

“Time of Onset” of WT and A2T Variant Carriers 
Except WT and A2T disease onsets (tonset), all other tonset data are 
from the original sources. To enable an inclusion of the normal and 
protective phenotypes in the analysis, tonset for WT carriers and A2T 
variant carriers were added as proxy numbers. According to United 
Nations Population Division 2010 report, the life expectancy of 
populations in developed regions is estimated to be 77.1 years. 
Appreciating the early-onset nature of the genetic risk factors, tonset 
for WT should be higher than the average life span of the population 
from which (developed regions) clinical data on variants has been 
collected.  

To test the sensitivity of the correlations to the choice of WT and 
A2T age of onset, this should reflect a normal healthy population 
average, a value of 75, 77 and 80 years for WT and also the A2T 
protective variant may increase longevity, and thus a value of 75, 77, 
78, 80 and 83 years were considered. We tested the correlations of 
tonset against 2LFM wild type and mutant hydrophobic surfaces using 
three different values for WT (75, 77 and 80 years) and five different 
values for A2T (75, 77, 78, 80 and 83 years).  

These correlations are shown in Fig. S6 and it can be seen that 
these alternate numbers used to test the choice of WT and A2T age 
of onset have no significant effect on the overall correlation (Fig. 
S6). However, the United Nations Population Division has estimated 
that the life expectancy of populations in developed regions would 
increase to around 80 years towards 2015. Thus, tonset = 75 for WT 
and tonset = 80 for A2T were used throughout the paper. We conclude 
that reasonable choices of tonset for WT and A2T consistent with their 
normal and protective phenotypes do not change the conclusions of 
our work, providing an external validation of the significance of our 
conclusions. 
 

 

 

 

Statistical Treatment of Data 
In the present study, correlation coefficients (R2) and the p-values for 
linear correlations were used to identify statistically significant 
relationships. Statistical significance of all potential relations 
between clinical phenotypes (time of disease onset and total Aβ) and 
computed properties (total SAS, hydrophobic and hydrophilic 
surfaces) of WT and Aβ variants were examined. To this end, we 
have considered values of R2 > 0.3 and p < 0.05 significant enough 
for discussion.  
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Graphical abstract 

 

 

 

 

Direct correlation of Alzheimer patient data to a spectrum of NMR structures and chemical properties of beta amyloid (Aβ) variants 

allows identification of conformation-dependent disease properties. 
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