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Several autism spectrum disorders (ASD) exome studies suggest
that coding single nucleotide variants (SNVs) play an important
role on ASD etiology. Usually, the pathogenic effect of missense
mutations is estimated through predictors that lose accuracy for
those SNVs placed in intrinsically disordered regions of protein.
Here, we used bioinformatics tools to investigate the effect of
mutations described in ASD published exome studies (549 muta-
tions) in protein disorder, considering post-translational modifi-
cation, PEST and Molecular Recognition Features (MoRFs)
motifs. Schizophrenia and type 2 diabetes (T2D) datasets were
created for comparison purposes. The frequency of mutations
predicted as disordered was comparable among the three datasets
(38.1% in ASD, 35.7% in schizophrenia, 46.4% in T2D). However,
the frequency of SNVs predicted to lead a gain or loss of functional
sites or change intrinsic disorder tendencies was higher in ASD
and schizophrenia than T2D (46.9%, 36.4%, and 23.1%, respec-
tively). The results obtained by SIFT and PolyPhen-2 indicated
that 38.9% and 34.4% of the mutations predicted, respectively, as
tolerated and benign showed functional alterations in disorder
properties. Given the frequency of mutations placed in IDRs and
their functional impact, this study suggests that alterations in
intrinsic disorder properties might play a role in ASD and schizo-
phrenia etiologies. They should be taken into consideration when
researching the pathogenicity of mutations in neurodevelopmen-
tal and psychiatric diseases. Finally, mutations with functional
alterations in disorder properties must be potential targets for in
vitro and in vivo functional studies. © 2016 W iley Periodicals, Inc.
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INTRODUCTION

Autism spectrum disorders (ASD) comprise a group of neuro-
developmental conditions characterized by impairments in
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communication and social interaction as well as repetitive and
stereotyped behaviors. This disease has a strong genetic compo-
nent: in approximately 15% of cases, several genetic syndromes or
alterations (e.g., duplications, inversions) in chromosomal regions
are associated with their etiology [Betancur, 2011]. Although its
heritability is one of the highest among all psychiatric disorders
(around 80%, Ronald and Hoekstra, 2011]), the genetic architec-
ture of ASD is still not completely understood. A considerable
number of molecular studies have identified both common and
rare variants, demonstrating the complexity of this disorder. One of
the most promising approaches consists of exome analysis, which
involves the sequencing of all protein-coding regions of the
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genome. Attempting to explain the “missing heritability” for com-
plex diseases, the underlying premise of exome analysis is based on
the “common disease-rare variant” hypothesis, which proposes that
rare variants with large effects could contribute to the disorder’s
development [Manolio et al., 2009; Ionita-Laza et al., 2011].

Using both case—control and family designs, ASD exome
studies have revealed inherited and de novo mutations associated
with different biological mechanisms, such as chromatin remod-
eling, neurodevelopment, serotonin and glutamate neurotrans-
mission, cell migration and organization, and ubiquitination
[O’Roak et al., 2011; Bi et al., 2012; Chahrour et al., 2012; Neale
et al., 2012; O’Roak et al., 2012a, b; Sanders et al., 2012; Shi et al.,
2013; Toma et al., 2013; Yu et al., 2013; Cukier et al., 2014].
Although missense mutations are suggested to play a role in ASD
etiology, the functionality of these mutations was predicted
regardless of the protein region to which the mutations are
mapped (i.e., structured or disordered regions) [O’Roak et al.,
2011; Bi et al., 2012; Chahrour et al., 2012; Neale et al., 2012;
Sanders et al., 2012; Shi et al., 2013; Toma et al., 2013; Cukier
et al., 2014].

Intrinsically disordered regions (IDRs) are very flexible protein
segments that lack secondary structure in solution. They are
characterized by a biased amino acid composition (i.e., enriched
in hydrophilic, charged, and structure-breaking residues and
depleted in bulky hydrophobic and aromatic ones) and may be
present in different lengths in the protein, including the whole
protein. Proteins containing long IDRs are involved in important
functional roles in the cell, such as signaling and molecular
regulation [lakoucheva et al., 2002; Uversky et al., 2005], usually
serving as hubs (i.e., highly connected proteins) in protein
interaction networks [Dunker et al., 2005]. Their conformational
flexibility allows IDRs to expose interaction-prone linear motifs
(Molecular Recognition Features; MoRFs), as well as post-
translational modification (PTM) motifs [Torkamani et al.,
2008; Vacic et al., 2012]. PEST motifs (i.e., classical acidic protein
degradation targeting signals enriched in proline [P], glutamic
acid [E], serine [S], and threonine [T]) are another important
feature related to protein stability and interaction frequently
observed inside disordered regions [Singh et al., 2006]. Consid-
ering the functional relevance, factors that alter intrinsically
disordered proteins’ regulation or function may lead to disease.
An excess of intrinsically disordered proteins (IDPs) has already
been observed in many diseases, such as cancer, diabetes, and
cardiovascular and neurodegenerative disorders [lakoucheva
et al., 2002; Uversky et al., 2008].

It has been suggested that genetic variants inside disordered
regions differ in frequency, function, and other features when
compared to those found in ordered regions (OR) [Vacic et al.,
2012]. In contrast to mutations inside ORs, pathogenic mutations
inside IDRs are more prone to cause disorder-to-order (D-O)
changes and to disrupt/create post-translational modification sites
[Radivojac et al., 2008; Li et al., 2010; Vacic et al., 2012]. Most of the
common methods used to predict the function of non—synonymous
mutations are based on solved or modeled protein structures
[Chasman and Adams, 2001] and/or on evolutionary conservation
[Saunders and Baker, 2002]. It was shown that they do not have the
same accuracy when the protein region is very malleable and has low
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conservation scores (i.e., the case of intrinsic disordered protein)
[Brown et al., 2011; Vacic et al., 2012]. Missense mutations in IDRs
may impact those features of the protein directly related to intrinsic
disorder, altering proper IDP interaction, regulation, signaling
pathways, and thus cell environment.

Exome studies have emerged as an appropriate approach to
estimating the role of mutations in IDRs as they are able to identify
rare variants with a possible high risk of disease susceptibility.
Given the supportive evidence for the role of rare mutations in
ASD etiology, this study aims to characterize missense mutations
reported in published ASD exome studies, by (i) estimating the
rate of mutations found in IDRs, (ii) estimating the putative
functional impact of each mutation, (ii) comparing the IDR
estimates with brain and non-brain diseases, and (iv) characteriz-
ing mutations using SIFT and PolyPhen-2 predictors, and com-
paring with intrinsic disorder results. The effect of SNVs on
D-O transitions, PEST motifs, PTM sites, and MoRF motifs
was evaluated. The results suggest that mutations in disordered
regions play an important role in ASD etiology. This study provides
relevant information to further our understanding of the molecular
causation of neurodevelopmental diseases and it reinforce the
relevance of considering disordered regions to estimate the func-
tional impact of mutations.

A comprehensive search in the literature for whole exome studies
in autism samples was conducted, including all studies published
until January 2014, and revealed a total of 11 studies [O’Roak
et al., 2011; Bi et al., 2012; Chahrour et al., 2012; Neale et al.,
2012; O’Roak et al., 2012a, b; Sanders et al., 2012; Shi et al., 2013;
Toma et al., 2013; Yu et al., 2013; Cukier et al., 2014]. The
most relevant and reliable missense mutations described in each
article (as discussed by the authors) were included in the present
study, comprising a total of 549 missense mutations located in
482 genes.

For further comparison with psychiatric and non-psychiatric
diseases, SN'Vs described in exome studies of schizophrenia [Need
et al,, 2012; Xu et al., 2012a, b; Timms et al., 2013; Fromer et al.,
2014; Guipponi et al., 2014; McCarthy et al., 2014; Ambalavanan
et al, 2015; Kranz et al, 2015] and type 2 diabetes (T2D;
[Lohmueller et al., 2013; Estrada et al., 2014; Steinthorsdottir
et al., 2014]) were also included in the analyses. A total of 154
SNVs in 136 proteins were retrieved from schizophrenia exome
studies. For T2D, only mutations with MAF<5% were included,
comprising 28 SNVs in 26 proteins.

Protein sequences encoded by these genes were retrieved from
the UniProtKB/Swiss-Prot database (http://www.uniprot.org/).
Studies and proteins included in this investigation are described
in Supplementary Tables SI and SII. Wild protein sequences were
manually mutated using the MEGA vs6 program [Tamura et al.,
2013]. In order to estimate the functional effect of each single
nucleotide variant (SNV), both wild and mutated sequences were
analyzed for the parameters evaluated in this study and compared,
as described below.
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The intrinsic disorder of full length wild-type and mutated proteins
was predicted using IUPRED [Dosztanyi et al., 2005], PONDR-
VSL2B [Obradovic et al., 2005], PONDR-VL3 [Obradovic et al.,
2003], PONDR-VLXT [Romero etal.,2001],and PONDR-FIT [Xue
etal., 2010], accessed through the DisProt database [Sickmeier et al.,
2007].

These programs, except PONDR-FIT, have already been used to
estimate the impact of mutations in D-O and order-to-disorder
(O-D) transitions [Vacic et al., 2012]. We included PONDR-FIT in
the analyses because it is a consensus artificial neural network
(ANN) metapredictor developed by combining the outputs of
several individual disorder predictors. All predictors estimate a
per residue disorder score. Scores <0.5 were indicative of order,
whereas those >0.5 indicated disorder. D-O and O-D transitions
were estimated using these cut-offs.

Additional analysis was performed to estimate the random
chance of D-O and O-D transitions considering the codon distri-
bution. We predicted the probability of a given amino acid to be
changed due to a random mutation. For this analysis, all the
multiples codons for all 20 amino acids were considered. All
nucleotide positions of the codons were individually mutated
taking into account all possible nucleotides (A, C, T, or G). The
codons resulting from mutations were translated using the univer-
sal genetic code. Only missense mutations were taken into account.
Subsequently, we classified the amino acids in three categories
based on previous report concerning their enrichment in disorder
or order regions [Radivojac et al., 2007]: (I) disorder promoting
(Arg, Glu, Gln, Lys, Met, Pro, and Ser); (II) order promoting (Cys,
Ile, Leu, Phe, Trp, Tyr, and Val); and (III) neutral (Ala, Asn, Asp,
Gly, His, and Thr,). The rate of D-D, D-O, O-O, and O-D
transitions was then calculated.

Long regions of disorder (IDRs) are defined as 30 or more
consecutive residues of protein predicted as disordered. In this
study, the term intrinsically disordered proteins (IDPs) refers to
proteins having IDRs.

The Molecular Recognition Feature Predictor (MoRFpred;
[Disfani et al., 2012]) was used to predict the binding regions
in proteins (http://biomine-ws.ece.ualberta.ca/MoRFpred/index.
html). This software is able to identify all types of MoRFs: a, 3,
v, and complex (which are mixtures of these features). Only MoRFs
that were predicted to be five or more tandem residues in length
were considered.

PEST motifs were predicted through the ePESTfind server (http://
emboss.bioinformatics.nl/cgi-bin/emboss/epestfind; [Rechsteiner
and Rogers, 1996]). The score prediction is based on the local
enrichment of critical amino acids and on the motif’s hydropho-
bicity. Only valid predicted PEST motifs were included in this study
(i.e., PEST motif scores >5).

481

Three different PTM types were evaluated: phosphorylation, ubig-
uitination, and palmitoylation. The prediction of phosphorylation
of serine, threonine, and tyrosine residues was performed using
Disphos {Iakoucheva et al., 2004] and Nephos 2.0 [Blom et al.,
1999] programs. We considered scores within a window of four
amino acids around the described mutation. The Disphos (http://
www.dabi.temple.edu/disphos/) uses data about disordered regions
to differentiate phosphorylation and non-phosphorylation sites.
The Nephos program (http://www.cbs.dtu.dk/services/NetPhos/)
predicts phosphorylation sites using a neural network method.
Phosphorylation indicated by at least one of the predictors was
considered as a phosphorylation site here.

Ubiquitination prediction was estimated using the UbiPred
webserver [Tung and Ho, 2008]. UbiPred is a Support Vector
Machine (SVM)-based prediction server using that detects the
presence/absence of ubiquitylation site with a prediction accuracy
of 84.44% using leave-one-out cross-validation.

Palmitoylation prediction was estimated using the CSS-Palm 4.0
webserver [Ren et al., 2008], which uses a clustering and scoring
strategy for cysteine residue palmitoylation prediction.

In order to compare the results of function prediction considering
intrinsic disorder properties with usual missense mutation pre-
dictors, the SNVs analyzed here were submitted to SIFT [Kumar
etal., 2009] and PolyPhen-2 [Adzhubei et al., 2010] predictors. The
SIFT algorithm is a multistep, sequence-homology based algorithm
that uses evolutionary conservation of the amino acids within
protein families to classify amino acid substitutions. In contrast,
the PolyPhen-2 algorithm uses a naive Bayes classifier to predict
damaging effects of nonsynonymous variants based on sequence-
based and structure-based predictive features. We obtained the
predicted functional scores of all missense SNVs by means of the
online versions of the SIFT algorithm (http://sift.jcvi.org/index.
html) and the PolyPhen-2 algorithm (http://genetics.bwh.harvard.
edu/pph2/).

Functional enrichment analysis was performed using the WebGes-
taltc Program [Zhang et al., 2005; Wang et al., 2013]. Proteins were
investigated for overrepresentation of Gene Ontology (GO) bio-
logical process (GOBP), molecular function (GOMF) and cellular
component (GOCC) terms. Enrichment was evaluated with a
conditional hypergeometric test that considers the dependence
structure of GO terms [Alexa et al., 2006]. The universe of Human
Entrez genes with at least one GO term annotation was used as
background in the statistical test. P-values were adjusted for
multiple tests with the Benjamini-Hochberg correction [Benja-
mini and Hochberg, 1995] and considered significant at P < 0.05.
In the last step of the analysis, the enriched GO terms were clustered
and filtered for redundancy using REVIGO [Supek et al., 2011],
adopting the “SimRel” semantic similarity measure with a simi-
larity cut-off of 0.5.
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The results of 11 published ASD exome studies were included in
this investigation. We analyzed 549 missense variants located in 482
proteins. Two independent datasets were further evaluated for
comparison purposes. The mutations described in nine schizo-
phrenia (154 mutations; 136 proteins) and three T2D (28 muta-
tions; 26 proteins) published exome studies (Supplementary Tables
SI and SII) were included in the analyses.

Five different predictors (PONDR-VLXT, PONDR-VSL2,
PONDR-VSL3, PONDR-FIT, and IUPred) were used to estimate
the disorder score for the alleles in the causative loci. Considering
the wild protein sequences, the percentage of loci predicted as
disordered varied among predictors (Table I). In agreement with
Vacic et al. [2012], PONDR VLXT was the most sensitive program
for estimating the differences in disorder prediction between wild
and mutated sequences, as indicated by the largest delta range
(Table I). It was chosen, then, to perform the remaining analyses.
According to PONDR VLXT, 78.4% of the proteins of ASD dataset
presented long regions of disorder. Considering the same dataset,
38.1% (n=209) of the wild variants were predicted as intrinsically
disordered and 19.1% were located in long regions of disorder
(Fig. 1). The proportion of SNVs predicted as disordered observed
in schizophrenia and T2D datasets were very similar to ASD: 35.7%
and 46.4%, respectively (Table I).
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Functional in silico estimates, considering disorder properties,
showed that 54.0% of SNVs predicted as disordered in ASD dataset
were located in putative functional sites. The rates observed for
schizophreniaand T2D datasets were 61.2% and 46.2%, respectively.
The most observed functional sites for ASD, schizophrenia, and T2D
datasets was phosphorylation (37.3%, 56.9%, and 46.2%, respec-
tively). Ubiquitination site was the second most observed for ASD
and schizophrenia groups (17.2% and 9.1%, respectively) (Table II).

Even though the enrichment of sites predicted as disordered and
the number of sites placed in functional sites were similar among
the three diseases datasets, important differences between them
emerged when we considered disorder prediction tendency and
loss/gain of sites.

In order to evaluate the impact of SNVs on disorder prediction,
we first estimated the probability of D-O or O-D transitions to
occur by chance. Considering codon distribution, and given a
random mutation, the probability of a disorder-promoting amino
acid to be replaced for an order-promoting corresponded to 48%
(e.g., lead to D-O transition). The O-D transition probability was
estimated in 31.3%. Thus, it is expect that D-O transitions occur
1.55 times more often than O-D transitions. Interestingly, SN'Vs of
both ASD and schizophrenia datasets preferentially induced D-O
transitions rather than O-D transitions compared to the expected

Delta (A)-wild-mutant median

Predictor Wild allele (%) Mutant allele (%) (minimum, maximum) D-0° (%) 0-D° (%)
Autism spectrum disorders (N = 549 mutations;

482 proteins)
PONDR VLXT 38.1 36.3 0 (—0.4 to 0.6) 12.4 4.7
PONDR VSL2 46.5 42.6 0 (—0.2 to 0.2) 13.7 4.8
PONDR VSL3 35.9 34.1 0 (—0.2 to 0.3) 9.1 2.3
PONDR FIT 26.7 26.4 0 (—0.3 to 0.4) 8.9 3.0
IUPred 2838 275 0 (~0.3 to 0.1) 10.1 23
Schizophrenia (N = 154 mutations;

136 proteins)
PONDR VLXT 35.7 31.8 0 (—0.4 to 0.5) 18.2 4.0
PONDR VSL2 47.4 42.2 0 (—0.1 to 0.3) 12.3 1.2
PONDR VSL3 41.6 39.6 0 (—0.1 to 0.3) 6.3 1.1
PONDR FIT 24.0 25.3 0 (—0.2 to 0.3) 2.7 2.6
IUPred 24.0 24.0 0 (—0.1 to 0.1) 5.4 0.9
Type 2 diabetes (N =28 mutations;

26 proteins)
PONDR VLXT 46.4 46.4 0 (=0.1 to0 0.2) 0 0
PONDR VSL2 53.6 53.6 0 (—0.1 to 0.2) 0 0
PONDR VSL3 46.4 46.4 0 (—0.1 to 0.1) .’ 6.7
PONDR FIT 28.6 32.1 0 (—0.1 to 0.1) 12.5 10.0
|UPred BEY 35.7 0 (—0.1 to 0.1) 0 0

®Proportion considering SNVs predicted as disordered.
°Proportion considering SNVs predicted as ordered.
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FIG. 1. Characterization of SNVs regarding the length of the
protein stretch predicted as disordered.

ratio. The estimated D-O/O-D ratio for ASD was 2.6 (D-O: 12.4%
vs. O-D: 4.7%), and for schizophrenia it was 4.6 (D-O: 18.2% vs.
O-D: 4.0%). This tendency was consistent across different pre-
dictors. On the other hand, T2D dataset presented a different
pattern. Although it presented the highest frequency of SNVs
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predicted as disordered, D-O and O-D transitions were not
observed in this dataset (Table I).

Including the disruption/gain of sites, a total of 46.9% (n = 98)
of the ASD loci predicted as disordered led to functional changes in
at least one of the properties evaluated (disruption or gain of
functional sites, or D-O transitions). This frequency was 1.3-fold
the observed for schizophrenia (36.4%) and twice the observed
for T2D (23.1%).

In ASD and schizophrenia datasets, except for ubiquitination
sites (and PEST motifs for schizophrenia dataset), the results
showed a consistent trend, suggesting that mutations in disordered
regions often lead to a disruption of putative functional sites,
mainly phosphorylation sites. Disruption of PEST and MoRF
motifs in long regions of disorder for ASD dataset was also an
important feature. For PEST motifs, the mutations led to a
disruption three times more frequently than a gain, and for
MoRF motifs, all mutations lead to disruption of functional sites
(Supplementary Table SIII). In opposite, the trend observed in T2D
dataset suggests gaining of sites (Table II).

Disruption of phosphorylation sites was the most relevant
alteration for both ASD and schizophrenia datasets (Table II).
In order to compare the observed rates of gain and loss of
phosphorylation sites with those expected by chance, we estimated
a reference ratio of gain/loss of sites using the putative neutral

SNVs predicted as

ordered SNVs predicted as disordered
wild® wild® Mutant Disruption of Gain of sites

Functional site (%) (%) (%) sites (%) (%)
Autism spectrum disorders (SNVs ordered N =340,

disordered N =209)
Ubiquitination 12.1 17.2 19.1 43 6.2
Palmitoylation 29 1.0 0.5 09 0.5
Phosphorylation 22.1 373 30.1 18.8 8.7
PEST motif 0.3 43 29 2.8 1.4
MoRF 2.6 43 19 2.4 0
Schizophrenia (SNVs ordered N =99,

disordered N = 55]
Ubiquitination 11.1 9.1 14.5 0 5.4
Palmitoylation 1.0 0 0 0 0
Phosphorylation 36.4 56.9° 52.9° 12.7 18
PEST motif 0 ’.3 9.1 0 1.8
MoRF 3.1° 5.5 36 1.8 0
Type 2 diabetes (SNVs ordered N =15,

disordered N=13)
Ubiquitination 13.3 0 0 0 0
Palmitoylation 0 0 ’.7 0 .7
Phosphorylation 46.7 46.2 46.2 .’ ’.’
PEST motif 0 0 0 0 0
MoRF 0 °.7 ’.7 0 0

SNVs, single nucleotide variants; PEST, acidic proteolytic cleavage sites; MoRF, molecular recognition features.
“Long regions of disorder are defined as 30 or more consecutive residues of protein sequence predicted as disordered.

°Four sequences were excluded from analyses.
“Two sequences were excluded from analyses.
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FIG. 2. Putative effect of SNVs according to SIFT and PolyPhen-2 prediction. (A) SIFT prediction (518 sites evaluated; Fisher's exact test P-
value: 0.015). (B) PolyPhen-2 prediction (548 sites evaluated; Fisher’s exact test P-value: 0.0015).

variants data published by Radivojac et al. [2008]. The mean ratio
of loss/gain of phosphorylation sites using three putative neutral
datasets of Radivojac et al. [2008] (i.e., neutral data from Ensembl,
data from SeattleSNPs, and data from Swiss Prot Random muta-
tion datasets) was estimated in 0.9. The results of loss/gain ratio
observed for ASD and schizophrenia were 2.2- and 7.9-fold the
expected ratio for neutral variation, respectively, whereas T2D
dataset presented similar values: 1.1-fold.

The comparison between SNVs predicted as ordered and disor-
dered suggests that the SIFT and PolyPhen-2 results are different
with regard to protein structure regions (Fig. 2, SIFT Fisher’s exact
test P=0.015; PolyPhen2 P=0.0015). Both programs predicted
damaging or probably damaging mutations more often in ordered
regions than in disordered regions, suggesting that the prediction
of damaging mutations is not homogeneous along the protein
sequence. Specifically for mutations inside disordered regions, we
observed an association between alteration in disorder properties
and prediction of damaging mutations (SIFT, Fisher’s exact test
P=10.019) and probably/possibly damaging categories considering
the PolyPhen2 results (Fisher’s exact test P=0.045, Fig. 3). We
emphasize that on the one hand we observed a correlation between
putative alteration in disorder properties and damaging prediction,
but on the other hand a great proportion of SNVs that showed
functional alterations in disordered properties are predicted as
tolerated (38.9%) and benign (34.4%), as shown in Figure 3. Some
examples of SNVs that were predicted as both tolerated and benign/
possibly damaging are shown in Table III.

Functional enrichment (i.e., GOBP, GOMF, GOCC terms) was
analyzed to functionally characterize the proteins associated with

ASD, which SNVs induced a putative modification regarding
intrinsic disorder properties. The GO terms with significant
enrichment (P < 0.05) are shown in Table IV. In general, the
proteins are predicted to be involved in maintenance of protein
location in the cell, protein ubiquitination, and cytoskeletal protein
binding and are located in several parts of the cell, such as cell—cell

A 100
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= 401
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Hl No alteration
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Tolerated Damaging
B
1007 El No alteration
80 [ Disorder alteration
X 60-
2
Z 404
7]
201
0 T T T
& s s
<F & &
* &
o o
& ‘a
o2 &
R <

FIG. 3. Frequency of SNVs that lead to functional alteration in
protein intrinsic disorder properties considering the different
categories of functionality provided by SIFT and PolyPhen-2
predictors. (A) SIFT prediction (209 sites evaluated; Fisher's
exact test P-value: 0.019). (B) Polyphen2 prediction (209 sites
evaluated; Fisher's exact test P-value: 0.045).
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GO biological process terms P-value
60:0032507 Maintenance of protein location in cell 0.0456
60:0042787 Protein ubiquitination involved in ubiquitin-dependent protein catabolic process 0.0456
GO molecular function terms

60:0030507 Spectrin binding 0.0048
60:0008092 Cytoskeletal protein binding 0.0065
GO cellular component terms

G0:0005911 Cell—cell junction 0.0020
G0:0033268 Node of Ranvier 0.0032
G0:0030054 Cell junction 0.0035
60:0044449 Contractile fiber part 0.0136
60:0043292 Contractile fiber 0.0142
60:0043226 Organelle 0.0168
G0:0045211 Postsynaptic membrane 0.0168
G0:0005737 Cytoplasm 0.0168
G0:0043227 Membrane-bounded organelle 0.0168
60:0044424 Intracellular part 0.0259
G0:0005622 Intracellular 0.0312
G0:0005856 Cytoskeleton 0.0380
60:0031981 Nuclear lumen 0.0380
G0:0005634 Nucleus 0.0405
60:0031252 Cell leading edge 0.0440
G0:0005604 Basement membrane 0.0446
G0:0031974 Membrane-enclosed lumen 0.0448
G0:0005813 Centrosome 0.0448

junctions, nodes of Ranvier, postsynaptic membranes, and the
cytoskeleton, among others.

Autism spectrum disorders comprise a wide range of neurodeve-
lopmental diseases that result from a combination of environmen-
tal and genetic factors. Recently, ASD has been explored under the
“common disease-rare variant” hypothesis and many potential
causative variants have been identified in whole-exome studies.
Collectively, the findings observed by exome studies represent solid
evidence for the contribution of de novo protein-coding mutations
in the etiology of ASD [O’Roak et al., 2011; Neale et al., 2012;
O’Roak et al., 2012b; Sanders et al., 2012]. Although the pathogenic
effect of missense mutations observed in exome analyses has been
already explored, protein disorder properties were never consid-
ered in these predictions. In this study, the functional roles of
variants observed in exome studies were reevaluated, taking in-
trinsic disorder protein properties into account. A comparison
with psychiatric and non-psychiatric multifactorial diseases was
also performed.

In this study, we observed that proteins involved in ASD etiology
presented a high content of intrinsic disorder. Approximately 80%
of the proteins exhibited long regions of disorder, evidencing the
relevance of considering intrinsic disorder to understand the role of
SNVs. About 40% of the SNVs were located in disordered regions.
This is higher than the reported by Vacic et al. [2012; 22%] for of
the mendelian diseases’ causative mutations, probably due to the

polygenic characteristic of ASD genetic architecture. Approxi-
mately half of them (46.9%) putatively affect protein function
through disruption or gain of post-translational modifications and
functional sites, or lead to D-O transition. It is noteworthy that
although the proportion of mutations predicted as disorder in
schizophrenia and T2D datasets was similar to the estimated for
ASD, the impact of mutations on disorder properties was less
frequent in schizophrenia and T2D datasets when compared to
ASD (46.9%, 36.4%, and 23.1%, respectively).

It is reported that mutations in disordered regions often cause
D-O transition and influence predicted MoRFs [Hu et al., 2011;
Vacic and Iakoucheva, 2012]. Also, proteome-wide analyses of
disease-related mutations have shown that gain or loss of post-
translational modification sites, which are generally found in IDRs,
contributes to human disease [Radivojac et al., 2008; Li et al., 2010].
Moreover, Uyar et al. [2014], studying cancer causative mutations,
showed that disease-related mutations were frequently observed
inside short linear motifs in IDRs. Many examples of mutations in
disordered regions mentioned in literature can be cited. For
instance, mutations leading to D-O in transcription factor resulted
in lower efficiency of dissociation from DNA [Dembinski et al.,
2014]. In addition, mutations in disordered regions in the catenin
gene (CTNNBI) are implicated in various cancers [Wang et al.,
2008]. In our study, mutations associated to ASD preferentially
induced D-O transitions. Vacic et al. [2012] observed that the
frequency of D-O transitions is higher in disease mutations,
compared to polymorphisms and neutral evolutionary substitu-
tions. Although lower than the rate observed for schizophrenia,
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the D-O/O-D ratio observed for ASD was 1.7-fold that expected
by chance and that observed for T2D. Moreover, similarly to
the observed for schizophrenia, the pattern of alterations in
ASD dataset indicated a trend toward increased disruption of
sites compared to gain of sites, which could lead to signaling
dysregulation.

Disordered regions are more prone to genetic variation and have
higher evolutionary rates when compared to ordered regions due to
relaxed protein structural constraint. Vacic et al. [2012] observed
that mutations located in disordered regions were less accurately
predicted than mutations in ordered one, due to the specific
properties of predictors. The SNVs identified in ASD exome
studies presented a tendency to disrupt MoRFs, PEST, and
post-translational motifs, suggesting that alteration of protein
signaling, degradation, location, and interaction may be impaired
in these proteins, instead of just alterations in protein structure.
The comparisons with commonly used SNP effect predictors
reinforce the relevance of these findings. Although there was an
association between SIFT, Polyphen-2, and effect in disorder
properties prediction, more than 34% of mutations that affect
intrinsic disorder properties are misclassified as benign or tolerated
in ASD dataset. One example of alteration on PTM sites was
observed in the ANK3 protein, a member of the ankyrin family,
which gained a putative phosphorylation site at 2271 position
(M2271T). This SNV was predicted as tolerated (SIFT) and possi-
bly damaging (PolyPhen-2), contrasting with results considering
protein disorder. Phosphorylation modification of ankyrin was
previously reported in regulating affinity for spectrin tetramers
[Lu et al., 1985]. This PTM alteration may be relevant as ANK3
binds to diverse proteins connected with cell adhesion molecules
and voltage-gated sodium channels, playing an important role
on the organization of the cytoskeleton in neuronal cells. Other
examples of proteins impaired by changes in disorder tendencies
observed for ASD exome data analyzed are shown in Table IIL

Biologically, the functional sites considered in this study are
involved in a number of activities such as regulation of gene
expression, protein signaling, protein location, activation/deacti-
vation of enzymatic activity, protein stability or degradation, and
mediation of protein—protein interactions. Functional enrichment
analysis suggested that these functions are probably impaired in
proteins involved in processes associated mainly with cytoskeleton
and scaffolding related functions, such as cell—cell junctions, and
maintenance of protein location in the cell. Such processes are
associated with neuron morphology and synapse assembly and
have already been associated with ASD pathophysiology [Banerjee
et al., 2014]. Moreover, the result suggested that the machinery
involved in post-translational modifications may also be impaired
due to alterations in disorder properties in ASD etiology. Protein
ubiquitination emerged as one of the enriched functions. Ubig-
uitination and proteasome-mediated degradation have been sug-
gested as universal mechanisms in the control of synaptic protein
homeostasis and have already been associated with ASD neurobi-
ology [Glessner et al., 2009; Lin and Man, 2013; Crider et al., 2014].
The overall scenario suggests that the biology of ASD is linked
to basal cell processes, also underlying synaptic function. The
heterogeneity of ASD phenotype possibly could be associated to
general and not specific processes.
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This study has some limitations but addresses important
issues since it rescues usually neglected mutation in psychiatric
studies. First, it is possible that other functional sites not
evaluated here, such as other PTMs, may be involved in the
pathophysiology of ASD. It might have led to a possible under-
estimate of functional mutations predicted as disordered.
Second, only a subset of the variants (missense mutations)
described as relevant in the exome studies were included in
this study. This severely limited the sample size of the datasets
(mainly T2D) what resulted in a lack of statistic power to find
significant differences among them. However, we assumed that
exome studies aim to capture rare variants with high effects,
identifying plausible variants that are directly involved in ASD,
schizophrenia, and T2D etiology. Identification of reliable muta-
tions through further exome studies is desirable to confirm
our findings. Finally, the predictors used, although very accu-
rate, are not definitive to define the impact of SNVs in the
protein and the estimates should be interpreted with caution
as pointed by Radivojac et al. [2008]. Nonetheless, the results
are encouraging clues and suggest good targets for further
functional in vitro experiments.

To our knowledge, this is the first study that considered intrinsic
protein disorder in the evaluation of the role of mutations identi-
fied in exomes of neurodevelopmental and psychiatric diseases.
Almost 40% of the mutations analyzed for ASD lie in disordered
region, and more than 34% of the mutations predicted as
tolerated (SIFT) and benign (PolyPhen-2) showed functional
alterations in disorder properties. The present results reinforce
the importance of properly analyzing SNVs in disordered
regions, supporting the relevance of considering protein regions
in order to estimate the functional role of mutations. Moreover,
considering the similarities between ASD and schizophrenia and
the differences with type 2 diabetes, it is possible that alterations
in intrinsic disorder are common and important features in
psychiatric diseases. Finally, further studies evaluating the impact
of mutations on IDP regulatory and coding regions would be
interesting to better understand the role of those proteins in
ASD and other psychiatric diseases.
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