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ABSTRACT

Introduction: Alzheimer's disease (AD) is the dementia with the highest number of cases
worldwide, causing great social and economic impact. The amyloid cascade is the most
accepted hypothesis to explain the beginning of AD. According to it, neurodegeneration
is caused by the accumulation of Ap peptides and the formation of amyloid plaques in the
brain. In familial cases of Alzheimer's, mutations in the APP1 protein lead to increased
production of AP plaques. Objectives: Analyze in silico the structural and functional
impact of missense mutations in APP1 and construct a complete model for the protein.
Methods: We generated and validated a theoretical structure of APP1 protein using
structural modeling and quality assessment algorithms. We further analyzed the effects
of AD-related mutations on APP1 protein and also the neuroprotective mutation A673T
by performing functional predictions, evolutionary conservation analysis, and molecular
dynamics (MD). Results: The predictive analysis indicated that most mutations occur in
conserved regions of APP1 and also present an elevated rate of deleterious predictions,
pointing to their harmful effects. The computational modeling generated an
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unprecedented, accurate and complete model of human APP1, whose quality was
corroborated by validation algorithms and structural alignment. The MD simulations of
codon 673 variants pointed to flexibility and essential dynamics alterations at the AICD
and AP domains, which could have strong and non-intuitive consequences on APP1
interactions, including those involved in B-secretase cleavage and, consequently, af3
peptide formation. Conclusions: Flexibility and essential dynamics alterations upon
codon 673 variants may have functional implications for APPL1, influencing the
generation of A peptide, the main responsible for APP1 toxicity in AD.

Keywords: Alzheimer’s disease, amyloid precursor protein 1, In silico.

RESUMO

Introducdo: A doenca de Alzheimer (AD) é a deméncia com 0 maior nimero de casos a
nivel mundial, causando um grande impacto social e econémico. A cascata amiloide ¢é a
hipdtese mais aceite para explicar o surgimento da doenca de Alzheimer. Segundo ela, a
neurodegeneracao ¢ causada pela acumulacao de peptideos AP e pela formagao de placas
amildides no cérebro. Em casos familiares de doenca de Alzheimer, as mutacdes na
proteina APP1 levam a um aumento da producao de placas AB. Objectivos: Analisar em
silico o impacto estrutural e funcional das mutacdes de missense na proteina APP1 e
construir um modelo completo para a proteina. Métodos: Gerdmos e validdmos uma
estrutura tedrica da proteina APP1 utilizando modelos estruturais e algoritmos de
avaliacdo da qualidade. Analisamos ainda os efeitos das mutacdes relacionadas com a AD
na proteina APP1 e também a mutacdo neuroprotectora A673T através da realizacdo de
previsdes funcionais, andlise de conservacdo evolutiva, e dindmica molecular (MD).
Resultados: A analise preditiva indicou que a maioria das muta¢fes ocorrem em regides
conservadas de APP1 e também mostram uma elevada taxa de previsdes deletérias,
apontando para os seus efeitos nocivos. A modelacdo computacional gerou um modelo
de APP1 humano sem precedentes e completo, cuja qualidade foi corroborada por
algoritmos de validacdo e alinhamento estrutural. As simulacdes MD das 673 variantes
do codao apontaram para flexibilidade e mudancas essenciais na dindmica nos dominios
AICD e AP, o que poderia ter consequéncias fortes e ndo-intuitivas para as interaccoes
APPI, incluindo as envolvidas na clivagem secretora de [ e, consequentemente, a
formagao do peptideo af. Conclusdes: Flexibilidade e mudangas essenciais na dindmica
do cdddo 673 variantes podem ter implicacdes funcionais para o0 APP1, influenciando a
geracdo do péptido AP, que ¢ o principal responsavel pela toxicidade do APP1 na AD.

Palavras-chave: doenca de Alzheimer, proteina precursora amildide 1, In silico.

1 INTRODUCTION

Alzheimer's disease (AD) represents about 60% of all dementias. It is estimated
that more than 35 million people are affected by AD worldwide (FERRI et al., 2005).
Alzheimer’s also has a major social and financial impact. In 2019, AD brought to the
United States alone a total outlay of approximately $290 billion, which is estimated to
rise to $1.1 trillion in just over thirty years (ALZHEIMER’S ASSOCIATION, 2021). At

this time, Alzheimer’s doesn’t have a cure, and the anti-Alzheimer’s drugs currently
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approved by the FDA just aim to manage the symptoms and provide a better quality of
life (LONG; HOLTZMAN, 2019).

The amyloid cascade is the most accepted hypothesis to explain the development
of AD. According to it, neurodegeneration is caused by the accumulation of -amyloid
(AP) peptides and the formation of amyloid plaques in the brain (ROSENBERG et al.,
2016). In its normal processing, the Amyloid Precursor Protein 1 (APP1) undergoes
proteolytic catalysis by a-secretase, generating non-significant levels of AP peptide.
However, under some conditions, the cleavage of the C-terminal portion of APP1 by the
enzymes aspartyl protease B-site APP cleaving enzyme 1 (BACEL) and subsequently -
secretase leads to the formation of significant and, usually, toxic levels of AP peptide
(LONG; HOLTZMAN, 2019). In familial cases of Alzheimer's, mutations in the APP
lead to an increase in the production of beta-amyloid plaques (SELKOE, 2001).

Despite the central role of APP1 in the pathogenesis of AD, no complete three-
dimensional structure has been experimentally determined for this protein. Important
regions to APP1 function and pathogenicity are still unknown (BATEMAN et al., 2017),
including the AP domain, directly involved in the production of AB plaques (O’BRIEN;
WONG, 2011). In this work, following the methodology previously established by our
group (Pereira et al., 2021; Pereira et al., 2022), we generated in silico an unprecedented,
accurate, and complete three-dimensional structure of human APP1, as well as analyzed
the functional effects of seventy-one APP1 missense mutations most of them not yet
characterized. We also performed a thoroughly MD analysis of codon 673 variants, which
affect a key residue for the generation of AP peptide (JONSSON et al., 2012).

2 MATERIALS AND METHODS

A workflow containing the methodology applied to this work is shown in S1 Fig.

2.2 DATASET

The native sequence of APP1 protein was obtained in the UNIPROT database
(Uniprot ID: P05067) (BATEMAN, 2019). APP1 mutations were compiled from the
OMIM (HAMOSH et al., 2000) (ID: 104760), UNIPROT, Molgen (Cruts and Van-
Broeckhoven, 2018), and ALZforum databases (KINOSHITA; CLARK, 2007).

2.3 FUNCTIONAL PREDICTION ANALYSIS

The native sequence of APP1 and its variants were submitted to prediction
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algorithms. The algorithms MutPred, PhD-SNP, PMut, Provean, PredictSNP, MAPP,
SIFT, PolyPhen2, SNAP, and SNPs & GO were used to predict the functional effects of
APP1 mutations (PEREIRA; VIEIRA; MESQUITA, 2021).

2.4 STRUCTURAL MODELING

Complete three-dimensional models of wild-type APP1 protein were generated
using the following algorithms: IntFold, RaptorX, SwissModel Rosetta, I-Tasser, and
Phyre2 (SCHWEDE, 2013). The template structures were selected using the Protein Blast
server based on sequence coverage and identity. The selected template structures (i.e.
PDB IDs: 3KTM; 3L3T; 5BUO; 3DXC) were structurally aligned to the complete
theoretical models of APP1 in the TM-Align Server (ALBA; CASTRESANA, 2007).

2.5 STRUCTURE VALIDATION

The selected model, which is the most structurally similar to the template
structures (PDB IDs: 3KTM_A; 3L3T_E; 5BUO_A; 3DXC_B), was submitted to
ERRAT, PROCHECK (WILLIAMS et al., 2018), RAMPAGE, MolProbity (Lovell et al.,
2003), ProSa, and QMEAN (WEBB; SALI, 2016) validation servers.

2.6 EVOLUTIONARY CONSERVATION ANALYSIS
The evolutionary conservation of each amino acid of APP1 was analyzed using
the default parameters in the ConSurf server (ASHKENAZY et al., 2016).

2.7 MOLECULAR DYNAMICS

We performed Molecular Dynamics (MD) simulations of APP1 wild-type and its
673 codon variants (i.e. A673T, A673V, and A673Y). MutatorPluginl.3, available in the
VMD 1.9.3 software (HUMPHREY; DALKE; SCHULTEN, 1996) was used to induce
the A673T, A673V, and A673Y substitutions on the validated model of APP1.

Following the methodology previously established by our group (PEREIRA;
VIEIRA; MESQUITA, 2021), MD simulation of APP1 wild-type and its variants was
performed using the GROMACS 2018.8 package (HESS; SPOEL; LINDAHL, 2014),
and the AMBER99SB-ILDN force field. The structures were solvated in a triclinic box
using TIP3P water. The systems were neutralized by adding Na+ CI- ions and minimized
using the steepest descent method. After system minimization, NVT and NPT ensembles

were performed at latm and 300K for the duration of 100 ps using the V-rescale
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thermostat and Parrinello-Rahman barostat.

The production simulations were then performed at 300K for the duration of 150ns
using the PME and LINCS algorithms (PEREIRA; VIEIRA; MESQUITA, 2021). The
following parameters were analyzed from the MD trajectories using GROMACS
distribution programs: root-mean-square deviation (RMSD), root-mean-square
fluctuation (RMSF), and B-factor. The MD trajectories were also analyzed using the
Bio3D library (GRANT et al., 2006) implemented in R software to perform a Principal
Component Analysis (PCA).

3 RESULTS AND DISCUSSION
3.1 DATASET

The FASTA sequence of the APP1 protein has 770 amino acid residues, which
cover its complete sequence length (BATEMAN et al., 2017). APP1 functional domains
are shown in Fig 1. The E1 domain (residues 18 — 190) binds to heparin, Cu, and Zn, and
can stimulate neurite outgrowth. The E2 domain (residues 295 —500) is involved in APP1
dimerization (REINHARD; HEBERT; DE STROOPER, 2005).

The E1 and E2 domains are connected through the acidic domain (AcD) (228 —
294), a flexible and negatively charged region (COBURGER et al., 2013). Between the
E1 and AcD domains, there is a partially flexible region known as the extension domain
(residues 191 — 227) (REINHARD; HEBERT; DE STROOPER, 2005). The Ap domain,
directly involved in the formation of AP peptides, is located between the residues 672 and
720. At last, the C-terminal domain (AICD), which participates in several APP1
interactions, is located between residues 721 and 770 (O’BRIEN; WONG, 2011).

Seventy-one mutations in APP1 protein were compiled from the databases and
literature, as shown in Fig 1. Detailed information in mutations compiled is shown in the
S1 Table.

3.2 FUNCTIONAL PREDICTION

As shown in S2 Fig, 10% of the mutations were predicted as deleterious by all the
functional prediction algorithms used (A500T, V710G, V717A, L720S, M722K, L723R,
and K724M), indicating that these mutations are the most likely to present harmful effects
on protein function. Moreover, 45% percent of the analyzed mutations were predicted as
deleterious by at least seven algorithms (S2 Fig), which shows the harmful potential of

APP1 mutations. The individual results of these algorithms are shown in the S2 Table.
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A group of frequent Alzheimer’s-related mutations in APP1 occurring at the AP
domain (residues 672 and 720) have been already characterized. The mutations A673T
and A673V are already known to be neuroprotective and deleterious, respectively
(JONSSON et al., 2012). Both mutations were only predicted as deleterious by MutPred.
A673Y, in turn, also affects codon 673 but is not yet characterized. A673Y was predicted
as deleterious for five functional prediction algorithms. The most frequent APP1
mutation, i.e. V7171 (London mutation) increases AP levels, being AD-related
(MURATORE et al., 2014). Nonetheless, the deleterious potential of V7171 was only
detected by four functional prediction algorithms. Three other codon 717 mutations
(V717F, V717G, and V717L) were predicted as deleterious by at least eight prediction
algorithms (S2 Table), which is in agreement with the literature consulted (S1 Table). At
last, Mutation A713T, already associated with the development of familial AD
(LANOISELEE et al., 2017), was predicted as deleterious by nine algorithms (S2 Table).

Our functional prediction results presented high accuracy in predicting the
functional effect of variants A673T, V717F, V717G, V717L, and A713T. Nonetheless,
they presented low accuracy in detecting the deleterious effect of A673V, which
highlights the importance of using an ensemble of functional prediction algorithms, as
previously shown by our group, particularly regarding the different prediction methods
they use (PEREIRA; VIEIRA; MESQUITA, 2021).

3.3 STRUCTURAL MODELLING

No complete three-dimensional structure of human APP1 protein has been
experimentally determined (BATEMAN, 2019), which impairs the analysis of mutations
located in undetermined regions and hamper the development of anti-Alzheimer drugs
targeting APP1 (NAQVI et al., 2019). The structural modeling of wild-type APP1
returned 22 models, from which seven were complete. Among the complete models, five
were generated by the Robetta (comparative and ab initio), and two were generated by
the I-Tasser (threading). Only complete models were selected for the structural
alignment.

A protein BLAST was performed to search for potentially related sequences of
known structures for APP1, which pointed to four potential template structures in the
PDB: 3KTM, 5BUOQ, 3L3T, and 3DXC. All of them are crystallographic fragments of the
APP1 protein that present high sequence identity and variable sequence coverage, as

shown in S3 Table. The computational models of APP1 were aligned on the TM-Align
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server to the selected template structures, returning RMSD and TM-score values (S4
Table). TM-score values higher than 0.5 and close to 1, as well as RMSD values lower
than 2A and close to 0, indicate structural similarity between the generated models and
template structures (ZHANG; SKOLNICK, 2005).

As shown in S4 Table, Model 1 generated using the Rosetta algorithm presented
the lowest RMSD and the highest TM-score. This model was then selected for validation
analysis due to its greater similarity to the template structures. The visual inspection of
the alignment, shown in S3 Fig, further confirms the high similarity between the selected

model and template structures.

3.4 STRUCTURE VALIDATION

The selected model was submitted to validation servers, which are algorithms
widely used to assess model quality through stereochemical analyses and comparisons
with experimentally determined protein structures (Pereira et al., 2019).

Procheck and Rampage use a Ramachandran plot to perform stereochemical
analysis. Structures with high stereochemical quality should have more than 90% of the
residues in favorable regions for PROCHECK, and around 98% for Rampage (Lovell et
al., 2003; Williams et al., 2018). As shown in S4 Fig, the theoretical model of APP1
presented 90.5% of its residues in favorable regions on PROCHECK and 97.8% on
RAMPAGE, indicating high stereochemical quality. Errat estimates the probability of
error for each amino acid to generate an overall quality factor. The theoretical model of
APP1 presented an ERRAT score of 96.23%, which is comparable to that of high-
resolution protein structures (~95%) (S4 Fig) (WILLIAMS et al., 2018).

ProSa analyzes the total free energy of a given model and calculates its overall
quality, which is plotted in a graph containing the scores computed for experimentally-
determined structures in the PDB (WEBB; SALI, 2016). As shown in Fig S5, the APP1
model has a Z-score of -9.8, which is comparable to that of NMR structures. QMEAN
assesses geometric aspects and torsion angles to estimate the overall quality of a given
model (QMEAN-score), which is plotted on a graph containing the QMEAN-scores of
high-resolution crystallographic structures (WEBB; SALI, 2016). The theoretical model
has a QMEAN-score of 1.00, which is comparable to high-resolution structures (Fig S5).
MolProbity assesses interatomic contacts, main-chain torsion angles, and side-chain

rotamer angles to estimate an overall quality structure score (MolProbity-score). The
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theoretical model of APP1 presented a MolProbity-score of 1.02 (Fig S5), which is
comparable to high-quality experimental structures (<2) (CHEN et al., 2010).

The theoretical model of APP1, shown in Fig 2, is accurate since it is structurally
similar to the experimentally determined PDB templates (S4 Table) and had its overall
quality affirmed by the algorithms ProSa, QMEAN, MolProbity, PROCHECK,
RAMPAGE, and ERRAT. The model’s coordinates were stored in a PDB file, which is

available in S1 File.

3.5 EVOLUTIONARY CONSERVATION ANALYSIS

The ConSurf algorithm performs multiple sequence alignments to estimate the
evolutionary conservation of each amino acid (ASHKENAZY et al., 2016). Residues
with functional importance for protein are generally conserved due to the higher selective
pressure. Thus, mutations at conserved positions are most likely to lead to deleterious
effects (PEREIRA; VIEIRA; MESQUITA, 2021). The APP1 structure was colored
according to the ConSurf colorimetric scale (Fig 3). Detailed information on ConSurf
predictions is shown in S6 Fig.

As shown in Fig3, most APP1 mutations (53%) occur at conserved positions. i.e.
ConSurf-score >7. Furthermore, twenty-nine percent of all mutations occur at positions
that received the maximum conservation score (ConSurf-score=9). Among them, the
variant K724M (S6 Fig) was also predicted as deleterious by all the functional prediction
algorithms (S2 Table). Mutations A500T, V710G, V717A, L720S, M722K, and L723R,
which were predicted as deleterious by all the functional prediction algorithms (S2 Table),
occur at conserved and, possibly, important positions for APP1 function (ASHKENAZY
et al., 2016). V717A and M722K are pathogenic, while the other variants have not yet
been classified (S1 Table). Our findings then suggest that the variants A500T, V710G,
L720S, L723R, and particularly K724M may be harmful to APP1 function and,

consequently, also valuable targets for future investigation.

3.6 MOLECULAR DYNAMICS

Molecular dynamics is an in silico method of solving Newtonian equations of
motions for a group of atoms applied to reproduce the behavior of macromolecules in
their biological environment (PEREIRA; VIEIRA; MESQUITA, 2021). The impact of
codon 673 variants on protein structure were investigated through molecular dynamics.

A673T is also known as the neuroprotective mutation, and it is the only APP1 mutation
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reported with this effect. This mutation inhibits BACEL cleavage, leading to a decrease
in AP production. The substitution of alanine A673V, on the other hand, increases A
production and leads to the development of Alzheimer’s (JONSSON et al., 2012). In turn,
the effects of mutation A673Y have not yet been described in the literature.

RMSD is useful to analyze overall structural displacement and assess system
equilibration throughout the simulation. As shown in Fig 4, a sudden increase in the
RMSD values was observed at the beginning of all simulations, followed by a moment of
structural instability. This behavior might be attributed to the initial kinetic shock that
occurs in MD simulation systems (AGRAHARI et al., 2018). The establishment of
plateaus in the RMSD values is observed after approximately 75ns in all simulations,
which indicates that the structures fluctuate around average conformations (PEREIRA,;
VIEIRA; MESQUITA, 2021). The initial effects observed in the MD trajectories, i.e.
those occurring before 75ns, were then not considered in further analyses for meaningful
comparison.

The RMSF and B-factor are useful measures of local structural flexibility. The B-
factor values computed during the simulations for each amino acid of APP1 were
projected on the protein surface, which provides an interesting three-dimensional
representation of structural flexibility (Pereira et al., 2019). The RMSF and B-factor
analyses, shown in Fig 5 and S7 Fig, pointed to a drastic flexibility increase at the Ap and
AICD domains of the A673T variant. Variant A673T also presented decreased flexibility
at the AcD and E2 domains. These analyses pointed to flexibility alterations at the E2,
AP, and AICD domains of variant A673V and A673Y.

PCA is a statistical technique useful to reduce the total number of dimensions
needed to describe protein dynamics. PCA allows separating the essential, probable
biologically relevant movements to proteins from the remaining irrelevant local
fluctuations. The essential protein motions are usually confined to the first two principal
component modes (PC1 and PC2) (OLIVEIRA et al., 2019). The PCA analysis suggested
that the first two principal components capture the dominant motions, accounting for at
least 50% of the total variance. As shown in Fig 6, the variants A673T, A673V, and A673Y
presented changes in the direction of the clusters and the regions explored in the
conformational space when compared to the wild-type APP1, which indicates alterations in
the overall essential dynamics of codon 673 variants.

We also analyzed the RMSF contribution of each amino acid to PC1 and PC2,

which are shown in Fig 7 and S8 Fig. This analysis pointed to essential mobility
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alterations at the AICD, acidic, E2, and AB domains of variant A673T and A673V when
compared to the wild-type. The variant A673Y, in turn, presented essential mobility
alterations at the acidic and E2 domains. These essential mobility alterations were
observed to a greater and lesser extent in the analyzed variants, but the A673T variant
presented the greatest alterations when compared to the wild-type.

The deposition of AP peptide in the brain is the main responsible for the
pathogenesis of AD. The events underlying AP peptide generation from the proteolytic
cleavage of the AP domain are summarized in S9 Fig. The proteolytic cleavage process
by a-secretase or [-secretase, which occur at the Ap domain, directly influences the
generation of AP peptides. The study of Jonsson et.al. 2012 suggested that A673 is a key
APP1 position in regulating B-cleavage site selection (JONSSON et al., 2012). Similarly,
the study of Kimura et. al. 2016 indicated that the selectivity of BACE1-APP1 interaction
is heavily dependent on the AP substrate sequence; thus, amino acid substitutions induced
by mutations, such as those observed at position 673, have a direct impact on BACE-1
selectivity (KIMURA; HATA; SUZUKI, 2016).

Alterations in protein flexibility and essential dynamics, as those observed during
the MD simulations for codon 673 variants, may have important and non-intuitive
consequences on protein binding properties (PEREIRA; VIEIRA; MESQUITA, 2021).
According to Forrey et. al. 2012, even small changes in protein flexibility can
considerably impact protein binding affinity and specificity (FORREY; DOUGLAS;
GILSON, 2012). Our MD findings then suggest that the mutations A673T, A673V, and
A673Y may favor or disfavor APP1 interactions at the acidic, E2, AICD, and AP
domains, which were the regions most affected by flexibility and essential dynamics
changes over the simulations when compared to the wild-type. It possibly includes APP1-
BACE-1 interactions at the Ap domain, previously described in the literature as affected
by A673T and A673V variants. Together with the wet-lab experiments discussed above,
our findings further suggest that the APP1-BACEL interactions may be affected by codon
673 variants, differentially influencing B-cleavage and AP peptide formation (JONSSON
etal., 2012; KIMURA; HATA; SUZUKI, 2016).

4 CONCLUSION
Seventy-one missense mutations in APP1 were compiled from the databases and
literature. The predictive and evolutionary analyses indicated an elevated rate of

deleterious predictions for the APP1 mutations, which most affect conserved and possibly
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functionally important amino acids, pointing to their harmful effects. The computational
modeling generated an unprecedented, accurate and complete model of APP1 protein.
Alterations in protein flexibility and essential dynamics during the MD simulations of
codon 673 variants may have strong and non-intuitive consequences on APP1 binding. It
could favor or disfavor APP1 interactions in the affected regions, possibly including those
at the AP domain involved in B-secretase cleavage and, consequently, Ap peptide
formation. These alterations may have functional implications for APP1, influencing the
generation of AP peptide, the main responsible for APP1 toxicity in AD. The results
presented in this paper are available at the SNPMOL (http://www.snpmol.org/) a free
human curated database developed by our group.
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FIGURES

Fig 1. Graphical representation of APP1 mutations. The APP1 functional domains are highlighted in the
figure. The extension domain is colored yellow. Amino acids affected by mutations are indicated in the
graphical representation.
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Fig 2. Validated theoretical model of human APP1. Three-dimensional representation for the theoretical
model of APP1 generated by Rosetta and validated by MolProbity, Prosa, QMEAN, PROCHECK,
Rampage, and ERRAT. The E1 domain, extension domain, E2 domain, and Ap domain are represented in
blue, yellow, pink, and purple, respectively. The acidic domain is represented in light gray, while the C-
terminal domain is represented in dark gray.

Brazilian Journal of Development, Curitiba, v.8, n.6, p. 46902-46924, jun.,2022



Brazilian Journal of Development | 46914
ISSN: 2525-8761

Fig 3. Evolutionary conservation analysis. (A) The conservation profile of APP1 is displayed at three
angles, rotating 90 degrees from each other. Each amino acid of APP1 is represented as a space-filling
model and colored according to the ConSurf conservation score, varying from cyan and highly variable to
maroon and highly conserved. (B) The circle chart indicates the percentage of mutations classified
according to the nine conservation levels.

Variable Conserved

efl2345¢6 78F

= Mutations with ConSurf-score 1
O Mutations with ConSurf-score 2

IMutations with ConSurf-score 3
TMutations with ConSurf-score 4
LIMutations with ConSurf-score 5

I Mutations with ConSurf-score 6
O Mutations with ConSurf-score 7
= Mutations with ConSurf-score 8

= Mutations with ConSurf-score 9

Brazilian Journal of Development, Curitiba, v.8, n.6, p. 46902-46924, jun.,2022



Brazilian Journal of Development | 46915
ISSN: 2525-8761

Fig 4. RMSD analysis. The RMSD values computed for the backbone atoms of wild-type APP1 and its
variants are shown over time. The wild-type is represented in black, variants A673T, A673V, and A673Y
are represented in orange, purple, and cyan, respectively.

2.0+

-
ol
1

RMSD (nm)
f"
=
=
T

&
%.é

o
o
f

0.0-

0 50 100 150
Time (ns)

Brazilian Journal of Development, Curitiba, v.8, n.6, p. 46902-46924, jun.,2022



Brazilian Journal of Development | 46916
ISSN: 2525-8761

Fig 5. RMSF analysis. The RMSF values for each residue of wild-type APP1 and its variants are shown
as a line plot. Schematic representations of the APP1 functional regions are also shown to further
comparison. The wild-type is represented in black, variants A673T, A673V, and A673Y are represented
in orange, purple, and cyan, respectively.
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Fig 6. Principal Component Analysis. Projections of the first two principal components (PC1 and PC2)
extracted from the MD trajectories of wild-type APP1 (black), variant A673T (orange), variant A673V
(purple), and variant A673Y (cyan).
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Fig 7. RMSF contribution to PC1. The RMSF contribution to PC1 for APP1 wild-type (A), variant
AB73T (B), variant A673V (C), and variant A673Y (C) are shown as line plots and projected on the
corresponding protein structure. Schematic representations of the APP1 functional regions are also shown
to further comparison. Each amino acid of APP1 wild-type and variants was colored and sized according
to its RMSF contribution, which follows a coloring-thickness scale varying from blue and thin (low
fluctuations) to red and thick (high fluctuations).
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S1 Table. APP1 variants compiled from the databases (UNIPROT, OMIM, Molgen,
and ALZFORUM).

S2_Table. Functional prediction analysis of APP1 protein variants.

S3_Table. Protein Blast results for APPL.

S4 Table: Structural alignment of the theoretical models of APP1 protein and its
structural fragments (PDB ID: 3KTM, 5BUO, 3L3T, and 3DXC) in the TM-align

Server.

S1_Fig: Methodology workflow.

S2_Fig. Functional prediction of APP1 missense mutations. The seventy-one APP1
missense mutations compiled from the literature and databases were submitted to ten
functional prediction algorithms. The circle chart shows the percentage of variants predicted

as deleterious by zero to ten algorithms.

S3_Fig: Structural alignment of the theoretical models of APP1 protein and its
structural fragments (PDB ID: 3KTM, 5BUO, 3L3T, and 3DXC) in the TM-align
server. The validated model of wild-type APP1 is colored in light gray. The PDB fragments
3KTM (pink), 5BUO (yellow), 3L3T (green), and 3DXC (blue) were colored and aligned to

the theoretical model.

S4 _Fig. Structure validation of the theoretical model of APP1 using the algorithms
PROCHECK, Rampage, and ERRAT. (A) PROCHECK's Ramachandran graph shows that
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APP1's theoretical model has 90.5% of its residues in the most favored regions (yellow), 9.4%
of its residues in allowed regions, and 0.0% in disallowed regions. (B) RAMPAGE's
Ramachandran graph shows that APP1's theoretical model has 97.8% of its residues in
favored regions, 2.1% of its residues in allowed regions, and only 0.1% in disallowed regions.
(C) Structural validation in ERRAT. The bar plot shows the error probability of each residue
of the APP1 modeled structure. The overall quality factor of the submitted structure is
96.23%.

S5 _Fig. Structure validation of the theoretical model of APP1 using the algorithms
ProSa, QMEAN, and MolProbity. (A) Structural validation in ProSa, which shows the Z-
score for the APP1 modeled structure (black dot), when compared to all crystallographic
(light blue dots) and NMR structures (dark blue dots) deposited in PDB. The theoretical
model presents an overall quality score comparable to that of NMR structures. (B) Structural
validation in QMEAN, which shows the overall quality score (QMEAN-score) for the APP1
modeled structure (red star), when compared to a set of 9766 high-resolution protein
structures contained in PDB (gray and black dots). The theoretical model presents an overall
quality score comparable to that of high-resolution protein structures. (C) Structural
validation in MolProbity. This analysis shows the overall quality score (MolProbity-score)
for the APP1 modeled structure. High-quality models usually present MolProbity-score
values below 2.0. The theoretical model presented a MolProbity score of 1.02, further

confirming its structural quality.

S6_Fig. Evolutionary conservation analysis of APP1 protein variants. The bar plot shows the
ConSurf score for each amino acid of APP1 affected by mutations. The bar plot was colored
according to the ConSurf color-coding scheme, varying from (1) cyan and variable to (9)

maroon and conserved.

S7_Fig. B-Factor analysis of wild-type APP1 and its variants. The amino-acids residues
of wild-type APP1 (A) and its variants A673T (B), A673V (C), and A673Y (D) are sized and
colored according to their B-factor values. The B-factor coloring-thickness scale varies from

blue and thin (rigid amino acids) to red and thick (flexible amino acids).

S8_Fig. RMSF contribution to PC2. The RMSF contribution to PC2 for APP1 wild-type
(A), variant A673T (B), variant A673V (C), and variant A673Y (C) are shown as line plots

and projected on the corresponding protein structure. Schematic representations of the APP1
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functional regions are also shown to further comparison. Each amino acid of APP1 wild-type
and variants was colored and sized according to its RMSF contribution, which follows a
coloring-thickness scale varying from blue and thin (low fluctuations) to red and thick (high

fluctuations).

S9_Fig. Schematic representation of APP1 amyloidogenic and non-amyloidogenic
pathways. APP1 is initially cleaved by a-(non-amyloidogenic) or p-secretase
(amyloidogenic). The AP domain of APP1 is cleaved into a 43 amino-acid AP peptide
through proteolytic processing by B- (BACE-1), and y-secretase enzymes. APP1 is initially
cleaved by PB-secretase, generating sAPPf and the carboxy-terminal fragment CTF99. This
undergoes a second cleavage by y-secretase, which generates significant and, usually, toxic
levels of AP peptide. This last cleavage event releases a C-terminal domain (AICD), which
is involved in most of the APP1 interactions, including those related to signaling pathways
and regulation of cell survival. Alternatively, the cleavage of APP1 by a-secretase produces
a soluble molecule, sAPPa, and generates a carboxy-terminal fragment (CTF83) that is later

cleaved by y-secretase. This process does not generate significant levels of Ap peptide.

S1 File. PDB file containing the atomic coordinates for the validated model of APP1

protein.

ABBREVIATION

Ap: p-amyloid

AcD: acidic domain

AD: Alzheimer's disease

AICD: C-terminal domain

APP1: Amyloid Precursor Protein 1
BACEL: B-site APP cleaving enzyme 1
MD: Molecular Dynamics

PCA: Principal Component Analysis
RMSD: root-mean-square deviation

RMSF: root-mean-square fluctuation
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