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Abstract Advances in DNA sequencing technologies
have led to an avalanche-like increase in the number of
gene sequences deposited in public databases over the last
decade as well as the detection of an enormous number of
previously unseen nucleotide variants therein. Given the
size and complex nature of the genome-wide sequence
variation data, as well as the rate of data generation, ex-
perimental characterization of the disease association of
each of these variations or their effects on protein
structure/function would be costly, laborious, time-con-
suming, and essentially impossible. Thus, in silico
methods to predict the functional effects of sequence var-
iations are constantly being developed. In this review, we
summarize the major computational approaches and tools
that are aimed at the prediction of the functional effect of
mutations, and describe the state-of-the-art databases that
can be used to obtain information about mutation signif-
icance. We also discuss future directions in this highly
competitive field.
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Abbreviations

TCGA The Cancer Genome Atlas

ICGC International Cancer Genome Consortium
SNP Single nucleotide polymorphism

HGMD Human Gene Mutation Database

sSNP Nonsynonymous SNP

OMIM Online Mendelian Inheritance in Man
HGV Human Genome Variation

PMD Protein Mutant Database

EVS Exome Variant Server

COSMIC Collection of somatic mutations in cancer
NCBI National Center for Biotechnology Information
dbSNP SNP Database

LSDB Large number of locus-specific databases
HGVS Human Genome Variation Society

MAF Minor allele frequency

MSA Multiple sequence alignment

PDB Protein Data Bank

SS Secondary structure

CAGI Critical Assessment of Genome Interpretation
Introduction

The revolution in DNA sequencing technologies has resulted
in an enormous increase in the number of publicly available
gene sequences over the last several years, and these technol-
ogies continue to evolve [1, 2]. Next-generation sequencing
projects not only generate millions of new gene sequences
from a large variety of organisms but also huge numbers of
previously unseen single nucleotide variants found therein [3].
Large ongoing initiatives, such as The Cancer Genome Atlas
(TCGA [4]; Cancer Genome Atlas Network, http://
cancergenome.nih.gov/), the International Cancer Genome
Consortium (ICGC [5]; http://dcc.icgc.org), and the 1000
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Genomes Project Consortium ([6]; http://www.
1000genomes.org/), as well as the sequencing of
genomes of patients affected by rare diseases [7—10],
have produced comprehensive catalogs of mutations in
the human genome. Single-nucleotide polymorphisms
(SNPs) are by far the most common group of genetic
variations found in humans. The International HapMap
Project (http://hapmap.ncbi.nlm.nih.gov/) has
documented approximately 10 million common SNPs,
defined as single base-pair substitutions with a minor al-
lele frequency >1 % in (one or more) human populations.
The 1000 Genomes Project Consortium has estimated that
the difference between the genome of a randomly selected
individual and the reference genome is at about 10,000
nonsynonymous (that lead to an amino acid substitution)
sites, and about the same number of synonymous sites. In
the Human Gene Mutation Database (HGMD, www.
hgmd.org [11]), SNPs constitute more than half of all
the disease-associated variations. Small indels (insertions
and deletions) up to 20 base pairs (bp) long are the second
largest class of mutations often associated with genetic
diseases [11]. In the HGMD release 2015.2, deletions
and insertions that cause inherited diseases account for
24,454 (27 %) and 10,617 (6 %), respectively, of all the
mutations in the database, and combinations of short in-
sertions and deletions add an extra 2,436 (1.4 %) varia-
tions. In protein coding regions, indels can be
frameshifting (FS) or non-frameshifting (NFS) depending
whether an indel inserts or deletes a multiple of three
nucleotides. NFS indels thus do not alter the coding re-
gion but lead to an insertion or deletion of extra amino
acids, which can affect the protein’s function and, as a
consequence, may also cause serious Mendelian diseases
[12-16]. On the other hand, FS indels, having a length
indivisible by three, shift the reading frame and alter the
coding sequence downstream of the indel site, which also
often leads to the introduction of a stop codon.

Given the size and complex nature of the genome-wide
sequence variation data as well as the rate of data generation,
experimentally characterizing the disease association of each
of these variations and/or their effects on protein structure/
function would be costly, laborious, time-consuming, and
practically impossible. Thus, computational tools to predict
the functional effects of sequence variations are constantly
being developed. These tools have been used to investigate
the impact of nonsynonymous SNPs (nsSNPs) and indels on
protein function and to identify variations that are likely to be
deleterious and those that are neutral. The ability to computa-
tionally discriminate between pathogenic and benign variants
can significantly aid in targeting disease-causing mutations by
helping in the selection and prioritization of the “best” candi-
dates. Identifying and interpreting genomic variants associat-
ed with genetic diseases is an extremely important step which

@ Springer

could pave the way for personalized medicine and diagnostics.
For example, in silico mutation assessment can facilitate
in vitro studies in reverse genetic projects in which mutations
are introduced randomly into the genome of an experimental
organism and in projects based on the random mutagenesis of
genes of interest [17—19]. Prioritizing mutations before
in vitro mutagenesis can increase the effectiveness of novel
deleterious mutation searches. The tools that have been devel-
oped to predict mutation effects are quite general and can
therefore be applied to any organisms, as was done, for exam-
ple, in a large-scale TILLING reverse-genetics project that
aimed to study mutations in Arabidopsis, zebrafish, maize,
Drosophila, and Lotus [20]. Nonsynonymous variants are
much better understood in terms of their biochemical and
biophysical impact on the gene product than synonymous
SNPs (i.e., SNPs that do not lead to changes in the protein
sequences) and variations that occur in noncoding genomic
regions; therefore, it is not surprising that most prediction
tools have focused on nonsynonymous variants. However,
some research (albeit to a significantly smaller extent) was
also performed to investigate the impact of insertions and
deletions on protein function. In this review, we summarize
the major computational approaches and tools that aim to
predict the functional effects of mutations. We also discuss
future directions in this highly competitive field.

Databases

The diagnostics of Mendelian disorders consists mainly of the
identification of genomic variations and their annotations.
There are numerous publicly available mutation databases that
can be used for this purpose [21]. Human genome variation
databases also can serve as starting points for predicting the
functional effects of mutations because they can provide both
training and testing subsets for many of the in silico tools. The
accuracy of prediction tools is highly dependent on the train-
ing sets used, which ideally should contain the disease-
causing and neutral variations; therefore, the preparation of
training datasets is a crucial step in the whole prediction pro-
cess. Moreover, estimation of the accuracy of a prediction
depends on the mutation sets used to test the tools. Further,
the efficiency of a prediction tool is also influenced by the
number of deleterious and benign mutations that can be col-
lected from publically available databases. Deleterious
nsSNPs are often collected from the Online Mendelian Inher-
itance in Man (OMIM) database [22], the HGMD [11], the
dbSNP database [23, 24], and the Human Genome Variation
(HGV) database [25]. In addition, mutations at the protein
level can be collected from UniProtKB/Swiss-Prot [26, 27]
and the Protein Mutant Database (PMD; [28]), though the
PMD was last updated in 2007. Other mutation data sources
are the 1000 Genome Project and the 6,500 Exomes Project
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(Exome Variant Server; EVS; Seattle, WA; http://evs.gs.
washington.edu/EVS/), with the former often being used to
estimate mutation frequencies and serving as a source of
neutral mutations, which are usually defined as mutations
that have relatively high (>5 %) minor allele frequencies
[29]. The major sources of somatic mutations related to
cancers are TCGA (http://cancergenome.nih.gov/), the
Catalogue of Somatic Mutations in Cancer (COSMIC; [30];
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/),
and the ICGC (https://dcc.icge.org/), but these databases are
not suitable for creating the training and testing sets because
these mutations are of unknown significance. Although
somatic mutation databases do not contain phenotype data,
they can be used to estimate the efficiency of mutation effect
prediction tools because the recurrence of somatic mutations
has been correlated with their phenotypic effects [31]. Here
we discuss the available mutation databases in more detail.

The 1000 Genomes Project (http://www.ncbi.nlm.nih.gov/
variation/tools/1000genomes/) is an international research
effort that was launched in 2008 to establish a detailed
catalogue of human genetic variations. In 2012, the
sequencing of 1,092 genomes from 14 populations was
published [6]. The database contains almost 40 million
genomic variants, which have been mapped to the human
genome reference genome (version GRCh37/hgl9). The
database does not contain any phenotypic information but it
can still be used to obtain important clues about which
variants cause or are associated with genetic diseases; for
instance, the observed polymorphism frequencies can be
used to deduce whether a variation might be pathogenic or
neutral (i.e., variations that indicate relatively high
frequencies are not expected to cause any significant effect,
otherwise they would be excluded by evolution).

The Exome Variant Server is another very popular source
of genome variation frequency data. It focuses on rare genetic
variations that may be associated with heart, lung, and blood
disorders by sequencing the protein coding regions of the
human genome across diverse populations. The EVS current-
ly contains sequence information for the exomes of 6,503
individuals, and allele frequencies are provided for
European-American and African-American populations.
While individual genotype and phenotype data are not avail-
able on the EVS, these data can be accessed through the Na-
tional Center for Biotechnology Information (NCBI) dbGAP
database of genotypes and phenotypes [32]. An important
feature of EVS is the inclusion of samples from patients with
rare Mendelian disorders. Even researchers who are not inter-
ested specifically in heart, lung and blood disorders can use
the database as a frequency filter in much the same way as the
1000 Genomes Project data are exploited.

The SNP Database (dbSNP; [23]) is a free public deposi-
tory for genetic variations within and across different organ-
isms which is developed and maintained by the NCBI in

collaboration with the National Human Genome Research In-
stitute. The dbSNP release 142 (16 October 2014) contains
more than 88 million validated human refSNP clusters. The
dbSNP accepts submissions for any organism from many
sources including research laboratories, collaborative poly-
morphism discovery efforts, large-scale genome sequencing
consortia, and other databases (e.g., the SNP consortium and
HapMap [33]), and thereby serves as a major repository for
genomic variations. The database does not, however, contain
information about variant type, frequency, or causation, and
variants present only in tumors can be included. In addition,
the quality of the data in the dbSNP has been questioned and
the database is known to contain a significant portion of false
positives [34-36]. It is important to keep in mind that an entry
in the dbSNP does not necessarily indicate disease causation,
although some refSNP clusters include predicted clinical sig-
nificance and associated scientific citations; therefore, the
dbSNP has begun to offer limited phenotype information.
Nevertheless, the dbSNP still serves as an important source
of genome variation data and contains information from the
1000 Genomes and ESP projects.

One of the most notable attempts to gather together the
disease-causing or disease-associated genome variations was
the creation of the HGMD [37, 11], which collects published
data from the scientific literature and has both free (public)
and paid access options. HGMD is often used by researchers
to annotate genomic variations found in sequencing experi-
ments. The free public version of HGMD (http://www.hgmd.
org) allows limited access for academic institutions and
nonprofit organizations, while a subscription to HGMD
Professional is required for full access. HGMD
Professional provides pathogenicity predictions generated
using several methods such as SIFT [38], PolyPhen-2 [39,
40], and MutPred [41]. The HGMD contains only pub-
lished variants and often provides only the primary cita-
tion; thus, other mutation databases may provide more
extensive reference lists.

A large number of locus-specific databases (LSDBs) have
been developed and are typically curated by experts in the
specific field. The Human Genome Variation Society
(HGVS) maintains a list of available LSDBs (around 1600)
on their website (http://www.hgvs.org/dblist/glsdb.html).
General recommendations for the creation and curation of
such databases have been proposed [42], and rules for the
nomenclature of mutations have been discussed by den
Dunnen and Antonarakis [43]. To improve uniformity
between the databases, the HGVS has developed the Leiden
Open Variation Database (LOVD; http://www.lovd.nl/3.0/
home), a free tool for LSDB development that provides a
consistent user interface [44]. Variant data can be quite
extensive and include information about phenotype,
functional data, family information, reported frequency, and
references. One of the common problems with LSDBs is that
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they are only as good as the information provided by
submitters and curators, which varies.

Another popular resource is the Online Mendelian Inheri-
tance in Man (OMIM [22]; http://www.omim.org), which was
started in the 1960s by Victor A. McKusick as a physical
catalog of Mendelian traits and disorders with or without
known molecular etiology. Curation of the database is
currently carried out at the Johns Hopkins University School
of Medicine and it was transitioned to an online version in
1985. Variant information follows the textual summary and
typically does not include precise HGVS nomenclature or
genomic coordinates. For this reason, searching OMIM for
specific variants can be challenging, and OMIM is often
most useful for understanding the connection of a specific
gene to a disease.

ClinVar ([45]; http://www.ncbi.nlm.nih.gov/clinvar/) was
started in 2012 as a free public archive to store the links
between genomic variations and phenotypes. The database
was populated initially using variants from OMIM,
GeneReviews (http://www.ncbi.nlm.nih.gov/books/
NBK1116/), various LSDBs, and local databases provided
by some scientific laboratories. Nevertheless, ClinVar now
serves as a central repository for predictions of causation,
with five standard categories that range from benign to
pathogenic and additional categories that cover
pharmacogenomics and complex traits. At the beginning of
2015, ClinVar contained more than 150,000 accessioned
submissions. In addition to individual variant entries,
ClinVar, like HGMD, provides gene information from
external sources and links it to a wealth of related
information in the database.

The UniProtKB/Swiss-Prot database (The UniProt Consor-
tium; http://www.uniprot.org/ [46, 27]) contains high-quality
manually curated protein sequence and functional informa-
tion. Both manual curation and automatic annotation are used
to add new information to the database entries, and cross-
referencing to more than 120 external databases provides links
to additional relevant information. Thus, the database contains
a significant amount of information about the biological func-
tions of proteins derived from the scientific literature. Human
polymorphisms and disease-associated mutations from
UniProt are collected into a single text file, Humsavar
(http://www.uniprot.org/docs/humsavar), which contained
about 25,000 disease-associated and about 38,000 common
polymorphisms in the 4 February 2015 release. Based on in-
formation from the UniProtKB database, two training datasets
(HumDiv and HumVar), both of which contain deleterious
and benign mutations, were created by developers of the pop-
ular PolyPhen-2 program [40, 39]. HumDiv was compiled
from all of the damaging alleles with known effects on mo-
lecular function (usually this means that they are associated
with diseases) present in the UniProtKB database, plus likely
neutral substitutions obtained from multiple sequence
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alignments of human proteins with closely related mammalian
homologs. HumVar contains all human disease-causing mu-
tations from UniProtKB, together with common human
nsSNPs (MAF (minor allele frequency) >1 %) that have not
been annotated as involved in disease and are therefore treated
as nondamaging. Because of their simplicity of use, these
datasets have been used to train and estimate the efficiency
of mutation effect in a number of prediction tools [40, 47—49].

Methods

The molecular mechanisms that cause the dysfunction of mu-
tagenic proteins vary significantly, and numerous methods to
predict the possible effects of mutations have been developed.
These methods can be classified into three main categories: (7)
methods based on evolutionary (sequence conservation) infor-
mation, (i7) methods based on the protein 3D structure, and
(7ii) methods based on various properties calculated directly
from the amino acid sequence. The final goal of the majority
of prediction tools is a binary (yes/no) classification of the
variation as either pathogenic or benign. Most of these
methods (see Fig. 1) first calculate a number of parameters
related to changes caused by missense mutations. The
resulting vector of the parameters is then used to obtain a
“decision” score. Finally, a threshold is chosen such that pos-
sibly deleterious and benign mutations are separated in an
optimal manner. Methods to transform the vector into a single
score vary (see Table 1) and include machine learning tech-
niques, such as neural networks (SNAP; [50]), random forests
(MutPred, nsSNPAnalyzer [51, 41]), and support vector ma-
chines (PhD-SNP, SNPs&GO, SNPs&GO** [47, 52]), empir-
ical rules (PolyPhen [53], MutationAssessor [54]), Bayesian
methods (PolyPhen-2 [39]), and others (SIFT, Panther,
MAPP; [55, 38, 56]). Machine learning has been shown to
be a convenient tool for protein function predictions as it uses
several criteria to infer output without explicitly assuming a
pre-determined model [57]. However, supervised methods are
highly dependent on the training datasets that are used, and to
increase their reliability, large and accurate datasets are nor-
mally required. In many cases, the datasets contain mutations
annotated as “pathogenic” and “neutral,” but this information
often conflicts with manual annotations made by experts.
Here, we discuss the major approaches and methods used by
prediction tools.

Sequence conservation methods

One of the approaches most commonly used to estimate the
effects of mutations is sequence comparisons of many homol-
ogous proteins. These approaches employ the concept of nat-
ural selection, which states that organisms with
malfunctioning proteins do not survive; therefore, mutations
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Fig. 1 General workflow
employed by mutation effect
prediction tools
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that have a significant adverse impact are not normally detect-
ed in a healthy population. Thus, amino acid substitutions in
highly conserved positions in the sequences are expected to be
deleterious with a high probability, while amino acid substitu-
tions in variable positions in the sequences are usually not so
critical. Ideally, only true orthologs at high evolutionary dis-
tances should be compared to ensure that the selected homol-
ogous sequences have accumulated enough “neutral” muta-
tions. Most of the tools that employ sequence conservation
methods include paralogs in the total set of homologous se-
quences, which may confound the predictions of conserved
residues only among the orthologs [56, 58]. Sequence com-
parisons are performed using multiple sequence alignments
(MSAs) of homologous proteins. Numerous methods for
MSA are available, but the alignment of distantly related pro-
teins remains a challenging computational task. The common-
ly used progressive alignment methods do not guarantee an
optimal solution and have had limited success in aligning
divergent sequences [59]. While it is recommended [60]
that many homologs should be included to build a reason-
able MSA (usually 100 or more sequences), it is not al-
ways possible to collect enough high sequence identity
orthologs, and the inclusion of sequences with low simi-
larities introduces noise that lowers the confidence of pre-
dictions based on MSAs. Paralogous sequences are some-
times added to capture a sufficiently diverse sample of
evolutionary variation; however, because paralogs may
have different functions, this approach can reduce the sen-
sitivity of the method. The selection of homologs is still a
double-edged sword, and the way that a method handles
the problem can influence its efficiency. Some tools take
an MSA as input and play no part in selecting the

homologs (MAPP, Align-GVGD [56, 61]), while others
can either generate an MSA automatically or take one
provided by the user (PolyPhen-2, PMut, SIFT [62, 38,
39]). To generate an MSA, basic automated tools search
protein databases such as UniProt or NCBI nr [63, 64]
using BLAST [65] programs with predefined search op-
tions (E-value, sequence identity) or employ information
from the Pfam database of protein families [66]. The most
widely used programs for MSAs include ClustalW,
Clustal Omega [67], DIALIGN-T [68], MAFFT [69],
MUSCLE [70], PROBCONS [71], and T-COFFEE [72].
Some tools combine several methods to generate a single
output, such as the web-based, user-friendly M-Coffee
[73], which allows users to select the alignment methods
to combine. It has been reported that MSA tools are prone
to errors, which can lead to incorrect phylogenies
[74-76]. Significant efforts have been made to character-
ize the accuracy of the various MSA methods [59,
77-81], but no one program is ideal; therefore, it is ad-
visable to use more than one method to obtain a reliable
MSA, especially for the distantly related proteins.
Having constructed an MSA, heuristic models can be used
to calculate positional conservation and estimate the possible
effect of mutations. Most of the tools use amino acid substi-
tution matrices such as BLOSUM, PAM, or PHAT combined
with statistical models to perform this task. These matrices
reflect the observed frequencies of amino acid substitutions
in MSAs [82, 83]]. BLOSUM matrices (e.g., BLOSUMG62 or
BLOSUMA4S5) are derived using different evolutionary dis-
tances in an MSA. BLOSUMG62, for example, is built using
amino acid sequences with similarities of <62 %. The average
BLOSUMBG62 score is lower for pathogenic substitutions than

@ Springer



251 Page6of 14 J Mol Model (2015) 21: 251

Table 1 Popular mutation effect prediction tools and the methods programming; ' nsSNP nonsynonymous SNP; I NFS indels non-
employed. * 4S alignment score; ° NN neural networks; © HMM hidden frameshifting insertions and deletions; ¥ FS indels frameshifting
Markov models; ¢ RF random forests; ¢ SVM support vector machine; © insertions and deletions

BC Bayesian classification; ¢ DT decision tree; " ILP inductive logic

Method Aimed at Based on
SIFT nsSNP' AS*
PMut nsSNP NNP
Panther nsSNP HMM*®
nsSNPAnalyzer nsSNP RF?
MAPP nsSNP AS
Align-GVGD nsSNP AS
PhD-SNP nsSNP SVM*®
SNAP nsSNP NN
Parepro nsSNP SVM
SNP&GO nsSNP SVM
MutPred nsSNP RF
PolyPhen-2 nsSNP BC’
MutationTaster nsSNP BC
SNP&GO 3d nsSNP SVM
Mutation nsSNP
AS
Assessor
Hansa nsSNP SVM
nsSNP,
PROVEAN ) AS
NFS indels’
FATHMM nsSNP HMM
VEST3 nsSNP RF
nsSNP, NFS indels,
CADD . SVM
FS indels
SIFT indel FS indels DT®
KD4i NFS indels ILP"
NFS indels
DDig-in SVM
FS indels
nsSNP, NFS indels,
PaPI RF
FS indels
NFS indels,
HMMyvar . HMM
FS indels

for neutral substitutions [84, 85]. For PAM matrices, the  to build it (e.g., PAM-X means that X mutations per 100 amino
higher the matrix number, the more diverse the proteins used  acids may have happened). Many of the existing tools do not
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calculate the conservation scores but use SIFT [51, 50] or
Panther [86] scores instead, which generate reliable classifica-
tions based on the sequence conservation alone.

Structure-based methods

The 3D structure of a protein is the basis of its function. Nu-
merous mutations involved in genetic diseases are known to
affect the stability of protein structure [87—89]. Therefore, a
number of protein structure stability analysis tools have been
developed (reviewed in detail in [90]). Structural changes can
alter protein—protein, protein—ligand, and protein—DNA inter-
actions, which can also impact on the function of a protein.
However, not much attention has been paid to such com-
plexes, mainly because of the lack of an adequate amount of
experimental data. The majority of structure stability predic-
tion methods are based on supervised learning and are there-
fore highly dependent on the training datasets used. Databases
with experimental thermodynamic parameters for both wild-
type and mutant proteins, such as ProTherm [91], ProNIT
[92], and more recently SKEMPI [93], which describes pro-
tein—protein complexes, have helped overcome the problem of
data availability.

Protein structure stability prediction tools have implement-
ed both statistical and physics-based free-energy potentials. A
general equation that has been used to calculate protein free-
energy changes as the result of a mutation is:

G= OC(AVvdW) + ﬁ(AVelec) + ’Y(ASA) + 5’

where « is the contribution of the van der Waals energy, (3 is
the contribution of the electrostatic energy, and + is the con-
tribution of the nonpolar component of the solvation energy,
which are calculated for both the wild-type and mutant protein
structures. This formula can be extended to include contribu-
tions from hydrophobic groups, hydrogen bonds, steric over-
laps between atoms in the structure, and entropy changes, as
has been done in FoldX [94]. Other packages that use free-
energy potentials to measure protein destabilization caused by
a mutation include Eris [95], EGAD [96], TINKER [97], and
Concoord [98]. Apart from statistical or biophysical methods
to calculate free-energy potentials, an alternative approach is
to represent the structure as a graph based on amino acid
interactions [99, 100]. For instance, the Bongo method [99]
predicts the structural effects of nsSNPs by evaluating graph-
theoretic metrics and identifying key residues using a vertex
cover algorithm. Distance patterns can be extracted from these
graphs and summarized in a structural signature that can then
be used as evidence to train predictive models. Da Silveira
et al. [101] first reported the use of inter-residue distance pat-
terns or signatures to define protein contacts and demonstrated
that they were conserved across protein folds. The Cutoff
Scanning Matrix is a protein structural signature [102] that

has been used successfully in large-scale protein function pre-
dictions and structural classification tasks. Pires et al. [103]
extended the inter-residue signature to the atomic level
and successfully applied it in large-scale receptor-based
ligand predictions.

Despite significant advances in methods to estimate protein
stability changes caused by a mutation, they have rarely been
implemented in missense variant classification tools. Al-
though information about stability changes upon mutation
could be useful in predicting the effect of a mutation on pro-
tein function, the degree of a stability change is likely to vary
significantly among different proteins. Moreover, these algo-
rithms return structural information that has to be processed by
the user to make an informed assessment of pathogenicity.
Thus, an in-depth understanding of these parameters is
required for proper interpretation of the structural infor-
mation. In addition, protein stability prediction tools
have demonstrated a low correlation with high-quality
experimental data [104]. Thus, methods based on the
3D-structural stability of proteins require further devel-
opment before they can be widely used to predict the
possible effect of protein structural variations on protein
function.

PolyPhen-2 [40] is a widely used tool that predicts the
impact of an amino acid change on the structure and func-
tion of a protein using simple geometric features, such as
Ramachandran plots, changes in solvent-accessible sur-
face areas, numbers of (side chain)—(side chain) and (main
chain)—(side chain) H-bonds formed, distances to the clos-
est atoms of other Protein Data Bank (PDB; www.rcsb.
org; [105]) chains, and distances to important sites.
Another popular tool that also employs protein 3D
structure is SNP&GO>? [47], which uses an amino acid
environment derived from the protein structure, with
further support vector machine implementation. Protein
structures are usually obtained from the PDB, and
homology modeling is used to predict the 3D structures
of proteins that are not in the PDB. PolyPhen-2 can read-
ily map the corresponding positions in an amino acid se-
quence to a selected PDB structure, which is a nontrivial
task when dealing with significant amounts of sequence
and structure data. Predictors based on structural features
alone have been outcompeted [106]. Although the num-
bers of experimentally determined 3D structures have in-
creased significantly over the last several years [2], one
protein structure is often not enough to accurately
determineprotein function. Posttranslational modifications
are vital features of a protein that may be affected by
sequence changes [107] but cannot be detected by struc-
ture methods. Nevertheless, the combination of protein
structure predictions with amino acid sequence analysis
can significantly increase the accuracy of structure—func-
tion prediction methods [108].
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Sequence-based methods

Amino acid sequences can provide diverse information about
protein properties. Physicochemical parameters of the resi-
dues in a sequence, including hydrophobicity [109-115],
charge, polarity, dissociation constants for COOH- and
NH;— groups, molecular weight, and volume, are the most
commonly used. By calculating changes in the physicochem-
ical properties upon a mutation, it is possible to predict the
potential effect of missense substitutions. The Grantham
chemical difference matrix [116], which calculates differences
in amino acid polarity, volume, and side-chain atomic compo-
sition (defined as the atomic weight ratio of hetero (non-
carbon) elements in end groups or rings to carbons in the side
chains), has been implemented in mutation effect prediction
tools [61]. The average Grantham difference for pathogenic
substitutions has been found to be higher than the average
Grantham difference for neutral substitutions [117, 85, 118].
Apart from calculating physicochemical properties of amino
acids, tools have been developed to predict secondary struc-
ture (SS), protein disorder segments, and transmembrane and
signal domains based on an amino acid sequence. Predictions
of the SS of proteins improved substantially in the 1990s and
2000s as evolutionary information from the diverse proteins
belonging to the same structural family was included in the
prediction tools. However, with the exponential growth in the
numbers of X-ray protein structures, SS prediction tools were
overshadowed by direct protein structure analysis programs,
although the prediction of SS is still widely used because of its
simplicity. Other less commonly used structural features that
can be predicted based on an amino acid sequence alone in-
clude stability change [119, 120], solvent accessibility [121],
coiled-coil structures [122], and B-factors [123]. Transmem-
brane and signal domain prediction tools are of particular in-
terest because amino acid changes in these domains may im-
ply a more severe restriction on differences in physicochemi-
cal properties between the wild-type and mutated amino acid.
For example, changes in the hydrophilic or charged amino
acids in a transmembrane domain may impact on the protein
segments embedded in a membrane. Sequences are assumed
to be disordered when they lack an ordered SS element. Dis-
ordered proteins, also known as “intrinsically disordered
proteins” [124] or intrinsically unstructured proteins [125,
126], may be involved in protein-DNA binding, posttransla-
tional modifications, phosphorylation, signaling, and regula-
tion [127-129]. By analyzing the distribution of mutations
within ordered and disordered segments of a sequence, Pajkos
et al. [130] showed that cancer-associated mutations were
more likely to occur in ordered regions, while neutral poly-
morphisms were more likely to occur in disordered segments.
This finding clearly demonstrates the benefit of taking disor-
der levels into account when predicting the effects of amino
acid mutations. Moreover, mutations themselves may
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introduce disorder into an ordered wild-type protein, causing
incorrect folding. A large number of disorder predictors have
been developed [131] that are based on protein amino acid
composition, amino acid energy profiles and physicochemical
properties, specific sequence patterns, as well as protein X-ray
structures, and they are implemented in the protein MSA, SS
prediction, and function annotation tools.

Additionally, specialized databases that focus on the anno-
tation of the protein domain architecture, such as the popular
Pfam database, have also been used for mutation effect assess-
ment, since variations in functionally important regions have a
higher probability of being pathogenic. Protein databases can
also be used to derive posttranslational modifications, disul-
fide bonds, active sites, protein—protein interactions, and other
sites that may be more susceptible to severe mutations because
of their direct control of a protein’s function. Since these fea-
tures are defined by the protein sequences alone, there are
methods to predict them based on amino acid composition
[132—-134, 123]. Some of these methods have been imple-
mented in mutation effect prediction tools.

Understanding the effect of short insertions and deletions

Another important aspect to consider is short insertions and
deletions. One significant limitation of the majority of in silico
methods is that they usually aim at the single amino acid
substitutions and do not deal with sequence variations such
as small indels, even though these are known to account for
almost a quarter of existing Mendelian disorders [37]. The
majority of them are FS indels, the impact of which is expect-
ed to be pathological, and only two methods [135, 136] have
been developed for them. At the same time, significantly more
attention has been paid to studying the effect of NFS indels.
However, development of the tools needed to accurately pre-
dict the effects of NFS indels is complicated due to a small
number of exonic indels associated with human diseases (ap-
proximately 2,500 variants in the HGMD), especially the pu-
tatively neutral ones. The latter are usually obtained from the
1000 Genomes Project and account for approximately 1,500
variants [137]. Assuming the number of descriptors usually
taken into account for machine learning procedures, training
sets are usually not sufficient, as in the case of nsSNP. Never-
theless, several attempts to take into account this important
class of genomic variations have been implemented over the
last few years [60, 136—142]. These are also based on the
descriptor collections and applications of classifiers as well
as single-score MSA-based functions. For example,
PROVEAN [60] introduced an alignment-based score as a
measure to estimate the damaging effects of indels. Zhao
et al. [137] developed a support-vector-machine-based meth-
od, DDIG-in, for predicting disease-causing NFS indels.
Zhang et al. [143] developed a new classification method to
distinguish deleterious and neutral NFS indels by combining
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network and traditional sequential features of the environment
surrounding the indels. Limongelli et al. [142] employed
PolyPhen-2 and SIFT to predict the impact of indels via pseu-
do amino acid composition. In contrast to nsSNP effect pre-
diction tools, these basically use two sequences as input in-
stead of the sequence and point mutation. This makes it pos-
sible to judge not only the effects of indels but also those of the
mutations, which can be useful in certain cases since multiple
mutations may occur in the protein and predicting the effect of
each of them can be confusing [140].

Limitations and future directions

Automated predictions of the possible impact of amino acid
substitutions on protein function are of interest to researchers
and medical doctors because of their importance in the anno-
tation of the large genetic variation datasets that are being
produced by modern sequencing technologies, as well as their
application in identifying variants that cause rare Mendelian
disorders [144] and for profiling the spectrum of variations
uncovered by deep sequencing of large groups of individuals
[145]. Although mutation effect prediction tools often can
distinguish Mendelian-disorder-associated mutations from
neutral ones, this is usually achieved by assigning a special
score that should reflect the degree of function change. These
approaches use datasets to train the methods. OMIM, HGMD,
and Swiss-Prot are among the most widely used sources of
deleterious mutations, and these databases have largely been
created by utilizing data from the scientific literature. If a
mutation is identified in a patient suffering from an inherited
disease, it is often assumed that the mutation is associated with
the disease and, unless other suspicious mutations are found,
the disease is considered to be caused by a single genome
sequence mutation. As a consequence of these assumptions,
misinterpretations of the significance of a prediction often
occur. First, even though a mutation may reduce the activity
of a protein, it may be fixed in a certain population because of
possible advantageous effects. The E6V substitution in human
[3-globin is a good example of this. The E6V mutation causes
the hemoglobin aggregation that underlies sickle anemia and
should be defined as deleterious [146]. However, the predic-
tions for this mutation diverge among the tools, with the ma-
jority of them incorrectly predicting that this substitution is
benign. The effect of this mutation is complicated by the fact
that heterozygous carriers show resistance to malaria [147].
Second, apart from the case of overdominant selection, chang-
es in protein function caused by environmental factors and
complex diseases such as diabetes and hypertension are not
generally considered in mutation effect prediction tools. Com-
plex diseases are the consequences of numerous genetic var-
iations as well as lifestyle and environmental factors and, im-
portantly, it is often the case that not every mutation that con-
tributes to a complex disease leads to the loss of protein

activity. Thus, employing mutation effect prediction tools in
complex disease applications is senseless.

Another limitation is that most of the existing methods
for predicting the functional effects of mutations usually
divide the variants into two categories: neutral (non-dis-
ease-associated) and deleterious (disease-associated). Ap-
plications in cancer genomics have revealed that two cat-
egories are not enough to functionally characterize single
mutations [148]. Reva et. al. [54] have successfully real-
ized the idea of categorizing mutations into five types: (i)
“gain of function” mutations that convert genes into on-
cogenes, (ii) “loss of function” mutations that refer to
pathogenic mutations, (iii) “drug resistant” mutations that
overcome drug effects, (iv) “switch of function” muta-
tions, which are intermediate between (i) and (i), and
(v) “neutral” mutations. Such categorization is supposed
to be more realistic than the “two types” model because
different variants usually have different impacts on a pro-
tein’s function. Nevertheless, this idea of increasing the
number of categories is yet to find wide application in
Mendelian disease diagnostics.

Several possible directions have been explored to develop
tools that allow more accurate predictions of the functional
significance of mutations. These strategies include (7) the use
of more relevant features that better describe the properties of
substitutions (e.g., sequence or sequence-derived features,
structures, annotations from databases, physicochemical prop-
erties, computed scores, families, and networks) [149]; (i)
selecting effective algorithms such as ensemble/multi-task-
learning approaches to train classifiers with improved perfor-
mance; (iif) collecting more insightful information from dif-
ferent sources and manually curating high-quality benchmark
datasets; (iv) developing prediction methods for in-frame
indels; (v) introducing new quantitative confidence scores that
evaluate the quality of predictions; (vi) developing user-
friendly tools or web servers that allow both single and batch
queries; and (vii) creating pipelines that combine different
tools that use different approaches (as has been done, for in-
stance, in Condel [31], Meta-SNP [150], PredictSNP [151],
and PON-P [152]).

As a consequence of codon degeneracy, not every DNA
mutation results in an amino acid change. Such synonymous
mutations are usually omitted in studies of inherited disease
causing mutations. Although their significance and roles in
trait development are unclear, there are several assumptions
regarding the possible ways in which synonymous SNPs can
initiate disease development. These include (i) alternative
splicing [153], (i) microRNA binding efficiency [154], and
(iii) mRNA secondary structure differences resulting in a de-
crease in translation efficiency [155, 156] or protein
misfolding caused by an altered translation speed [157].
Moreover, it was shown that some synonymous sites are high-
ly conserved [158], indicating that conservation analysis at the
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DNA level may also lead to new possibilities for mutation
effect predictions.

It is also important to mention that the first Critical
Assessment of Genome Interpretation (CAGI, http://
genomeinterpretation.org/) experiment was organized in
2010. CAGI is an international effort to assess in silico
tools for predicting the phenotypic impacts of genomic
variations and to inform future research directions. In
this experiment, the organizers provided participants
with datasets of genetic variants to use for predictions of
their functional impact. The predictions were evaluated
against experimental characterizations by independent
assessors. Each CAGI experiment culminates with a
community workshop and publications to disseminate
results. Three rounds of predictions (2010, 2011, 2012—
2013) have now been carried out and have proven to be a
great success [159]. Several available predictors
performed well for disease and functional predictions. It
is clear that CAGI will play a very important role in
directing future efforts aimed at improving the quality of
mutation effect prediction methods.
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