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Abstract

Statistical analysis was carried out on large set of naturally occurring human amino acid variations
and it was demonstrated that there is a preference for some amino acid substitutions to be
associated with diseases. At an amino acid sequence level, it was shown that the disease-causing
variants frequently involve drastic changes of amino acid physico-chemical properties of proteins
such as charge, hydrophobicity and geometry. Structural analysis of variants involved in diseases
and being frequently observed in human population showed similar trends: disease-causing
variants tend to cause more changes of hydrogen bond network and salt bridges as compared with
harmless amino acid mutations. Analysis of thermodynamics data reported in literature, both
experimental and computational, indicated that disease-causing variants tend to destabilize
proteins and their interactions, which prompted us to investigate the effects of amino acid
mutations on large databases of experimentally measured energy changes in unrelated proteins.
Although the experimental datasets were linked neither to diseases nor exclusory to human
proteins, the observed trends were the same: amino acid mutations tend to destabilize proteins and
their interactions. Having in mind that structural and thermodynamics properties are interrelated, it
is pointed out that any large change of any of them is anticipated to cause a disease.
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Introduction

Humans are genetically similar to each other sharing about 99.9% of DNA code, while the
rest 0.1% results in natural differences between individuals and their predisposition to
diseases. With the rapid progress of whole genome sequencing, it is anticipated that genetic
testing will become a routine procedure and therefore the ability to discriminate disease-
causing and harmless variants are of crucial importance (Burgess, 2014; Orr and Chanock,
2008; Plon, et al., 2008). However, predicting the phenotype and disease association,
especially for novel variants or variants occurring in genes never implicated in diseases, is
not a trivial problem (Kucukkal, et al., 2014b; Stefl, et al., 2013; Zhang, et al., 2012a).
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Significant efforts were invested in developing methods to predict disease associated SNPs
(see (Alexov and Sternberg, 2013)). Some methods are sequence-based (Chen, et al., 2013;
Dehouck, et al., 2009; Dehouck, et al., 2011; Dehouck, et al., 2013; Pires, et al., 2014;
Schymkowitz, et al., 2005a; Schymkowitz, et al., 2005b; Yang and Zhou, 2008a; Yang and
Zhou, 2008b), while other combine sequence information with physico-chemical and
structural characteristics (Capriotti, et al., 2005; De Baets, et al., 2012; Ryan, et al., 2009;
Schwarz, et al., 2010; Yue, et al., 2006). In parallel, several approaches were developed to
predict the effects of variants on thermodynamic properties such as folding and binding free
energies. Some of them focus on assessing the direction (the sign) of the energy change
(Cheng, et al., 2006; Masso and Vaisman, 2014; Shihab, et al., 2013), while others calculate
its magnitude as well (Capriotti, et al., 2004; Capriotti, et al., 2005; Chen, et al., 2013;
Cheng, et al., 2006; Dehouck, et al., 2009; Dehouck, et al., 2011; Dehouck, et al., 2013;
Pires, et al., 2014; Schymkowitz, et al., 2005a; Schymkowitz, et al., 2005b; Yang and Zhou,
2008a; Yang and Zhou, 2008b). These developments indicate that researchers have searched
for features and patterns to discriminate disease-causing from harmless variants on several
levels: sequence, structure, physico-chemical and thermodynamics levels (Kucukkal, et al.,
2014b; Stefl, et al., 2013). The performance among the best methods utilizing one or several
of the abovementioned characteristics, in terms of detecting disease-causing variants or
predicting the free energy change, was found to be quite similar (Khan and Vihinen, 2010;
Thusberg, et al., 2011), although direct comparison should be done with care (Nair and
Vihinen, 2013; Vihinen, 2013; Vihinen, 2014). Perhaps this indicates that all relevant
information is available at each of these levels and simply has to be properly used.

Even if we assume that these different levels contain the same amount of information with
regard to being able to discriminate disease-causing and harmless variations, one still wants
to deliver not only the predictions but also to provide detailed analysis of effects induced by
the amino acid mutations (Kucukkal, et al., 2014a). Depending on the goals of a particular
study, this additional information may include the observation that the variation occurs at
highly conserved sequence position and therefore is predicted to be disease-causing,
including non-coding conserved position (D'Haene, et al., 2009). For the purposes of another
study, one may be interested in figuring out whether the mutation involves alteration of the
physico-chemical properties of mutation site (Chen, et al., 2010). Furthermore, specific
studies could be focusing on revealing the changes of the hydrogen bonds and salt bridges
induced by the amino acid mutation (Boccuto, et al., 2014; Dolzhanskaya, et al., 2014;
Takano, et al., 2012; Zhang, et al., 2013). Along the same line, in many cases, researchers
will be interested to find out the effect of amino acid mutation on thermodynamic properties
of the corresponding protein (Li, et al., 2014; Nishi, et al., 2013; Petukh, et al., 2014; Zhang,
et al., 2012b). It should be mentioned that the last several quantities, changes of the folding
and binding free energy, hydrogen bonds and salt bridges, can be measured experimentally
and thus providing ultimate feedback for the in silico modeling (Takano, et al., 2012; Zhang,
etal., 2011). Here, we are particularly interested in investigating the difference between
disease-causing and harmless variants manifested at these four levels (sequence, structure,
physico-chemical properties and thermodynamics) without invoking predictions, but
utilizing mainly experimental data taken from various databases.
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In this study, we provide a statistical and structural evaluation of amino acid variants
currently seen in humans. Our goal is four-fold. First, following the original work of
Casadio and colleagues (Casadio, et al., 2011) we aim to decipher global patterns (if any)
between types of variations and their corresponding degrees of harmfulness together with
their observed frequency in human population. For this purpose, we used the HumVar
database (Release: 2014 _07 of 09-Jul-2014, containing 69240 entries, out of which 37935
termed polymorphism, 24685 disease and 6578 unclassified (Capriotti, et al., 2006)), which
is a comprehensive database of all disease-causing SNPs taken from UniProtKB and also
SNPs without annotated involvement in disease termed as polymorphism (see also Varisnp
database (Nair and Vihinen, 2013)). The second goal is to decipher the role of physico-
chemical properties of the mutation site with respect to disease association. The third one is
revealing structural origins of disease associated and polymorphic types of variations. In this
context, we performed local structural evaluation of the proteins with such variations using
HumanDisease (disease associated) and HumanPoly (polymorphism) datasets (Wei and
Dunbrack Jr, 2013). Finally, the fourth goal is to investigate the effect of amino acid
substitutions on thermodynamics of corresponding proteins and interactions. Here, we adopt
the original definitions for disease and polymorphism provided in the corresponding
databases mentioned above, but the polymorphism is referred in the text as harmless variant
of simply a variant.

Materials and Methods

Secondary structure element assignment

The secondary structure element (SSE) at the mutated residue position was assigned with
STRIDE (Heinig and Frishman, 2004). The algorithm utilizes hydrogen bond energy in a
combination with information from statistically delivered backbone torsion angles to make
prediction of SSE. Default parameters were used. STRIDE outputs six different categories
of SSEs, which were combined into three classes in this study as: (a) alpha-helix and 310-
helix; (b) strand; and (c) the rest of SSEs being coil, turn and bridge.

Surface exposure assignment

The solvent exposure of all residues in the protein was classified in three types with respect
to their exposure to the solvent (adopted from (Levy, 2010)). Relative solvent accessible
surface area (SAS) (the ratio between SAS of a residue in protein and in water (rSAS);
rSASA=1 corresponding to totally exposed residue in the protein), calculated with
NACCESS software (Hubbard and Thornton, 1993) determines the following categories:

e Buried (rSAS = 0), if the side chain of the amino acid is completely buried inside
the protein;

» Partially Exposed (rSAS > 0 and rSAS < 25 %), describes the partially exposed to
the solvent residue;

»  Exposed (rSAS > 25 %), stands for the residue being on the protein surface.
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Location of mutation sites within protein-protein complexes

We assigned the location of mutated residues in the protein-protein complex based on five
categories (COR, SUP, RIM, INT and SUR) as previously described (Levy, 2010) by
computing the rSAS of the residue in the monomeric (rSASAm) and complex (rSASAC)
states, as well as their mutual difference (ArSAS=rSASm-rSASc). Thus, residues are
considered to be at the interface if they are in COR (ArSAS>0 & rSASm>0.25 &
rSASc<0.25), SUP (ArSAS>0 & rSASm<0.25) and RIM (ArSAS>0 & rSASc>0.25) regions;
and are away from the interface if they are in SUR (ArSAS=0 & rSASc>0.25) and INT
(ArSAS=0 & rSASc<0.25) regions. RIM and SUR locations indicate that the residue is
exposed to the water solvent when the complex is formed. The solvent accessible surface
area of a residue was calculated with NACCESS software (Hubbard and Thornton, 1993).

Hydrogen bonds (HB)

The missing hydrogen atoms on both the wild type and the mutant proteins were added to
the structures with VMD software (version 1.9.1, topology file from CHARMM27 force
field) (Yahyavi, et al., 2014). The possibility of a given residue to form HB with other
residues in the protein was estimated based on the distance (D < 2.4 A) between oxygen
acceptor and hydrogen (except HA and HB bound to Ca and Cp respectively) atoms.
Hydrogen bond angle constrains (Torshin, et al., 2002) were not taken into account — this
was done to take into consideration plausible structural imperfections introduced by in silico
made mutations. Only polar (S, T, N, Q, Y) and charged (R, H, K, D, E) amino acids were
taken into account.

Salt bridges (SB)

In order to estimate the number of SB the particular residue might form with other protein
residues, we calculated the distance between hydrogen atom (that is bound to nitrogen in
positively charged residue) and oxygen atom (that is part of COO™ group in negatively
charged residues). The distance cut-off was set to be 4 A. We also applied the rule that the
pair of residues can form no more than one SB.

ProTherm and Skempi databases

The experimentally measured changes of the folding and binding free energy were taken
from ProTherm (Bava, et al., 2004) and Skempi (Moal and Fernandez-Recio, 2012)
databases, respectively. The ProTherm database is a collection of numerical data of
thermodynamic parameters such as Gibbs free energy change for example, which is linked
to Protein Data Bank (PDB) entries. As of February 2013, it contains 12561 amino acid
mutations with available structural information. The Skempi database contains data of the
changes in thermodynamic parameters for protein-protein interactions for which a structure
of the complex has been solved and is available in the PDB. The last update of March 2012
consists of 3047 cases. In addition, we appended Skempi with non-redundant cases taken
from other databases (Benedix, et al., 2009; Spassov and Yan, 2013). In both databases we
collapsed the redundant entries (same protein, same mutation) into a single entry. However,
if the experimental energy change for the same protein and same mutation differed more
than 1.5 kcal/mol, the case was removed from databases. Otherwise, we used averaged
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value. In addition, cases for which the mutation site cannot be found in the wild type (WT)
structure were removed as well. Since the initial crystal structures might have amino acids
with missing atoms, we used the profix module from Jackal package to rebuild these missing
atoms (Petrey, et al., 2003). It was done using default parameters and selecting “heavy
atoms model” option. At the next step we applied scap module from the same Jackal
package to substitute wild-type residue with the mutant to generate the mutant (MT) protein.
To run scap we applied the following parameters: (a) CHARMM22 force field parameters,
(b) large side-chain Jackal rotamer library was selected for the side-chain generation, and (c)
predictions of the side chain orientation were made by applying scap option utilizing 3
initial structures. Finally for statistical analysis we used 2040 entries (81 proteins) from
Skempi database and 2218 (128 proteins) from ProTherm database.

Results

Identification of frequently occurring mutations in the human population

First, following the original work of Casadio and colleagues (Casadio, et al., 2011) we
statistically analyzed the HumVar dataset for any apparent patterns in disease-causing and
harmless mutations. It was done by considering every possible amino acid mutation by
taking all 380 different combinations of 20 natural amino acids. Then, we analyzed the
database to decipher their frequency in the whole database, the frequency in the disease
database, and the propensity of being the most harmful and the least harmful. It should be
mentioned that the frequency of naturally occurring amino acid variations in HumVar
depends on multiple factors, including genetic one, and therefore is a very complex
phenomena. In this study the genetic factors are not taken into account and the
corresponding amino acid variation frequencies are investigated as described below.

First of all, out of 380 combinations, 108 were never observed so far in the HumVar
database and also 60 were observed only once. In contrast, the top 26 most frequent variants
were found to make up to 46% of the whole database (disease and polymorphism/harmless).
They are shown in Figure 1. The frequency of pair substitutions in the disease database also
shows a quite interesting pattern as well, where the top 27 most frequent disease-causing
variants make up to 53% of the disease database as indicated in Figure 2. About half of these
turn out to be the same in both most frequent lists, while the other half represent high
frequency types of variations seen mostly either in disease-causing or polymorphism/
harmless databases. Particular examples are V—1 (V1) and 1=V (IV) amino acid mutations,
which are seen much more frequently in polymorphism/harmless database.

For the purposes of further analysis, we use Casadio's definition of Disease Index (Pd)
(Casadio, et al., 2011), which is a statistical measure for a particular mutation to be harmful.
In this work we term this quantity “degree of harmfulness”, rather than Disease Index in
order to be able to introduce other relevant definitions below. It is calculated as the ratio of
the number of times a specific variation was found to be disease-causing and the number of
times it was observed in the whole database (disease and polymorphism/harmless), i.e.
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Number of cases 1in disease database

degree of harmfulness (Pd)= @

Number of cases in whole database

The first observation is that out of 380 plausible types of amino acid mutations, 87 cases
were found to be only harmless variants. However, the frequencies of these variations in the
entire HumVar database are very low, i.e. they were only seen 1-7 times, which is
statistically insignificant and therefore they cannot be classified as harmless. Because of
that, all variation types except the 108 that were never observed can be considered to be
potentially disease- causing. Similarly, we checked if there are any variations that were
always harmful (never seen in polymorphism/harmless database) and 13 of the variations
seemed to be always harmful, however this is also statistically insignificant because they are
observed only 1-2 times. Taking into account cases with very low frequency may
overestimate or underestimate the degree of harmfulness for some underrepresented types of
variations. Because of that, we calculated the degree of harmfulness via eq. (1) for variations
that are observed at least 0.5% of the cases or more than 300 times (the most frequent
mutation is observed 2090 times resulting in 3% of the cases). The results are presented in
Table 1. Two types of variations are listed: (a) the most harmful variations with the largest
score (degree of harmfulness > 0.5, eq. (1)) and the least harmful variations with the
smallest score (degree of harmfulness < 0.2, eq. (1)). This analysis provides interesting
findings about the nature of the amino acid being mutated and the degree of harmfulness.

Degree of harmfulness and physico-chemical properties of amino acids

One apparent observation in the most disease-causing variations list is that 8 out of 14 amino
acid mutation types involve Cys mutations (Table 1). Cys has a complex nature and it can be
considered as hydrophilic (due to the thiol group), but also generally considered
hydrophobic in the hydrophobicity scales (Betts and Russell, 2003). More importantly, the
ability of forming disulfide bonds increases the role that Cys residues play in protein folding
and stability. Another essential function of Cys residues is binding to various metal ions and
in particular Zn2+ (Pace and Weerapana, 2014) among other functional roles (Pace and
Weerapana, 2013). If a Cys involved in a disulfide bond is mutated, then it will certainly
have a great impact on the structure and function as no other amino acid can fully
compensate in that case. In the case of Zn2+ binding, the only amino acid that potentially
can compensate would be His. However, there always will be cases involving substitution of
Cys residue which does not participate in any specific interactions and such a substitution
may not affect protein properties. Another important pattern in the most harmful variation
list is the Arg and Pro substitutions (note that the high frequency of Arg substitution is due
to highly mutated 5’-CpG dinucleotide). It is not surprising to see the Arg-involving
variations such as RC, RP, and RW, are disease-causing. Such variations involve change of
the charge and the entropic properties of the amino acid involved and this was extensively
investigated in various proteins systems (Chiariotti, et al., 2012; Doss, et al., 2013; Doss, et
al., 2014; George Priya Doss and Rajith, 2012; Kamaraj and Purohit, 2013; Kumar and
Purohit, 2012; Kumar and Purohit, 2014; Kumar, et al., 2013; Pirolli, et al., 2014;
Rajendran, et al., 2011). It was found that the majority of these amino acid mutations alter
the protein flexibility as well as intra- or intermolecular hydrogen bonding network,
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resulting in significant deviation away from the wild-type characteristics of the proteins and
that probably causing diseases, which is consistent with our statistical observations.

Not surprisingly, the least harmful variations list also reveals the importance of the wild-
type residue physico-chemical characteristics being partially compensated by the mutant
residue properties. With that being said, the variations that tend to be less harmful were
found to introduce minimal changes of amino acid physico-chemical properties. For
example, if the amino acid substitutions are hydrophobic to hydrophobic (1V, V1), have
similar size (SA, TA, YF, LM, KR, ED) and also if they have the same charge (ED, KR),
then they tend to be less harmful. In a recent experimental study, several cancer-relevant
variations in Tin-1 kinase were studied to reveal their impact on folding free energy (Lori, et
al., 2013). The amino acid mutations studied for the same protein are Y53H, E124E, E135K,
E142D, which were found to be destabilizing by 0.38-4.89 kcal/mol. Consistent with our
statistical and structural analyses (below), the E142D mutation was found to have a
minimum effect on the stability of the protein while the E135K mutation was found to be the
most destabilizing. Similarly, another experimental study found that a breast cancer-
associated D67E mutation in breast cancer susceptibility protein 1 has retained the ligase
and metal binding activity of the protein, barely perturbed its native global structure, and
only slightly reduced its thermal stability (Atipairin, et al., 2011). This amino acid mutation
was suggested to be either neutral or be involved in the disease development by other
mechanisms.

Structural characterization

Next, we proceed with the evaluation of structural characteristics of the variations listed in
Table 1. For this purpose we used HumanDisease (disease associated database, 1405 entries)
and HumanPoly (database of polymorphic amino acid mutations, 1367 entries) (Wei and
Dunbrack Jr, 2013) to determine whether any structural information exists in the PDB for
wild type proteins involving these specific variation types. We collected four distinct
categories of wild type PDB structures with corresponding information of mutation site (see
below for categories definitions). Note that for significant fraction of cases listed in HumVar
database, there is no corresponding structure in the HumanDisease and HumanPoly datasets,
which results in fewer cases to examine and may shift the ratio between disease-causing and
harmless cases associated with the amino acid mutation. For example, the most harmful
variation in Table 1, the CY mutation, with degree of harmfulness 0.67, is seen in 15
structures from HumanDisease and 2 structures from HumanPoly sets, resulting in different
harmful/harmless ratio in the structural databases. Being aware of this, we grouped the
variations into four categories:

(@) MD: The most harmful variation types (Table 1, first set) for which we can find
structure in HumanDisease database. In other words, these are the cases
identified by the statistical analysis of HumVar database as most harmful
variation types and at the same time the variation type can be found in structural
database HumanDisease (marked with gray in Table 1).

(b) MV: The most harmful disease-causing variations (Table 1, first set) for which
we can find structure in HumanPoly database. These represent cases which were
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identified in HumVar to be most harmful variation types, but belong to the
polymorphic/harmless structural database HumanPoly.

(© LD: The least harmful disease-causing variations (Table 1, second set) for which
we can find structure in HumanDisease database. This classification is made of
case identified in HumVar to be least harmful variation types, but such variation
is found in the disease structural database HumanDisease.

(d) LV: The least harmful disease-causing variations (Table 1, second set) for which
we can find structure in HumanPoly database. These cases are representing least
harmful variation types found in HumVar which at the same time are seen in
polymorphic/harmless structural database HumanPoly.

Such a grouping will allow us to make two types of analysis of physico-chemical
characteristics at the amino acid mutation site: (a) differentiate disease from polymorphism/
harmless variations (comparing MD and LD with MV and LV); and (b) compare most
harmful (MD and MV) with least harmful (LD and LV) mutation types.

The PDB structures from this search were subjected to further structural analysis. The
structural properties that we considered for the wild-type and mutant residue in question are
the changes in salt bridges and hydrogen bonding network upon mutation, as well as change
in solvent accessible surface area of amino acid mutation site. In addition, we examined
each altered mutation site in terms of secondary structure, i.e. helix, sheet or coil for each of
four groups of variation types.

First of all, this later assessment indicates that the disease and polymorphism/harmless cases
were found to show similar location in secondary structure elements (SSE) as seen in Fig. 3.
One observation is that these mutation types (listed in Table 1) in general tend to be located
more often in a helix or a coil/turn/bridge rather than in a strand. The fact that significant
fraction of disease-causing mutations are located in coil/turn/bridge regions, presumably the
most flexible regions, can be explained by their frequent involvement in catalytic functions
and molecular recognition. In addition, this is consistent with previous findings, where
21.7% of disease-causing mutations were found to be in intrinsically disordered regions
(Vacic, et al., 2012). The same work indicated that 20% of these mutations were found to
induce disorder-to-order transitions (Vacic, et al., 2012). The observation that there is little
difference in the distribution of disease and polymorphic/harmless variations with SSE
indicates that SSE location is not important factor for disease association. Indeed, the
variation types that were found responsible for 46% of these transitions are: RW, RC, EK,
RH, RQ. Specifically the first two Arg substitutions are one of the top disease-causing
variations (Table 1) and also all of these variations introduce severe changes in terms of
amino acid properties. Therefore, the degree of harmfulness of an amino acid mutation may
be more dependent on the type of mutation than its location in SSEs. In other words, the
other factors that play a role in the degree of harmfulness of a variation might be more
important than its location in SSEs.

Turning to the structural impact of the variation types (listed in Table 1), the most harmful
variation types (MD and MV) were found to cause the largest changes in the hydrogen
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bonding network at the vicinity of mutation site as shown in Fig. 4. Among the most
harmful variation types in Table 1, more than 60% involve alteration of wild type hydrogen
bonds. The changes in number of salt bridges also indicate the same trend. Similar
observations were made in many case studies showing that disease-causing variations either
affect structural integrity (Boccuto, et al., 2014; Takano, et al., 2012) or catalytic properties
(Zhang, et al., 2013; Zhang, et al., 2010) by altering hydrogen bonds or salt bridges (Yue, et
al., 2005; Yue and Moult, 2006). On the other hand, the harmless variation types (noted as
LV) cause the least amount of change in hydrogen bonding and number of salt bridges (Fig.
4). The next paragraph suggests plausible explanation of this observation.

Quite interesting patterns were observed with regards to degree of burial of the mutated
residues. First of all, as indicated in Fig. 5, the least harmful variation types in the
polymorphism/harmless database (LV group) are found to be mostly exposed in WT
structures. For more than 55% of cases the wild type side chain of a residue being involved
in LV amino acid mutation are found to be totally surface exposed. Perhaps this explains
why LV amino acid mutations were found to cause the least alterations of hydrogen bonds
and salt bridges (Fig. 4). Since their wild type side chains are totally exposed to the water
phase, these residues are not involved in any specific interactions (if they participate in a
hydrogen bond or salt bridge, their side chain will be partially obscured from the water).
Substitution of such side chains by another, especially if it is a residue having similar
physico-chemical properties, is expected not to have impact on structural integrity of the
corresponding protein. At the other side of the spectrum are harmful variations (MV and
MD) (Fig. 5). The most harmful variation types in the disease list (hoted as MD) are found
to have the highest amount of burial degree compared to other three types, an observation
consistent with previous works (Yue, et al., 2005; Yue and Moult, 2006). If such an amino
acid mutation involves charged or polar group, most probably the group will be involved in
specific interactions in the wild type protein, such as hydrogen bond or salt bridge, in order
to gain favorable energy to compensate for the unfavorable desolvation penalty (caused by
the burial). If mutated, these wild type hydrogen bonds and salt bridges will be lost,
resulting is the observed trend that disease-causing amino acid mutations cause more
changes in hydrogen bond and salt bridges than polymorphic/harmless ones.

Effects of mutations on thermodynamic characteristics of proteins

Amino acid mutations almost always affect the thermodynamic properties of the
corresponding macromolecules, such as folding and binding free energies. In this section,
we first briefly outline the general trend of the effects of disease-causing amino acid
mutations on stability and interactions as reported in literature. Then, we use two
experimental databases, ProTherm(Bava, et al., 2004) and Skempi (Moal and Fernandez-
Recio, 2012) extended with cases taken from other databases (as previously described in
Method section) to deliver statistics about the distribution of the change of folding and
binding free energy caused by amino acid sunstitutions.

Observations taken from literature—Experimentally, it was repeatedly shown that
most of the disease-causing amino acid mutations tend to be destabilizing, i.e. lowering the
folding free energy (Grothe, et al., 2013; Khan, et al., 2013; Lori, et al., 2013; Tokuriki and
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Tawfik, 2009). The degree of destabilization was found to be elevated for amino acid
mutations that introduce drastic changes of physico-chemical properties at the mutation site.
For most of the cases the destabilization was accompanied by structural changes as well
(Khan, et al., 2013; Lori, et al., 2013). The same trend was found in in silico modeling
studies utilizing structural information (Boccuto, et al., 2014; Dolzhanskaya, et al., 2014;
Tokuriki and Tawfik, 2009; Yue, et al., 2005; Yue and Moult, 2006). However, some amino
acid mutations can be disease-causing and at the same time stabilizing the corresponding
protein (Takano, et al., 2012; Witham, et al., 2011; Zhang, et al., 2011).

Similar trend, but not so pronounced, was reported in the literature for the effects of amino
acid mutations on protein binding. It was indicated that any deviation of the wild type
properties caused by amino acid mutations, enhanced or reduced affinity for example,
possesses high risk of developing a disease. Experimentally it was shown that disease-
causing amino acid mutations alter macromolecular interactions (Domoszlai, et al., 2014;
Patel, et al., 2011; Placone, et al., 2014; Placone and Hristova, 2012; Wu, et al., 2010; Yang,
et al., 2013; Zhang, et al., 2011). Computational studies indicated that amino acid mutations
alter binding affinity of proteins and make the electrostatic component of the binding energy
less favorable (Nishi, et al., 2013; Teng, et al., 2009). Genomic-scale investigations were
also carried out with combined efforts of machine learning and statistical potentials and
showed that macromolecular interactions are affected by amino acid mutations (Berliner, et
al., 2014).

Statistics of experimental data—Currently there is no large database providing both an
extensive list of human amino acid variations and experimentally determined changes of the
folding and binding free energies. However, such databases exist for investigator-introduced
amino acid mutations: ProTherm (Bava, et al., 2004) and Skempi (Moal and Fernandez-
Recio, 2012). The ProTherm database (Bava, et al., 2004) contains the measured folding
free energy changes for investigator-made amino acid mutations, and extended Skempi
database (Moal and Fernandez-Recio, 2012) — for binding free energy changes. Although
these amino acid mutations are not naturally occurring in human population (and most of the
proteins are not human proteins), but were introduced by investigators for various reasons
and therefore are biased, still one wonders if similar observation can be made as for
naturally occurring human variations.

The first question that we would like to address is what are the average changes of the
folding and binding free energies seen in experimental databases. The change is taken as the
difference between mutant and the wild type free energy, and thus a positive value indicates
that amino acid mutation reduces the free energy. We group the results according to the wild
type amino acid physico-chemical characteristics (Fig. 6). It can be seen that the mean value
of the change of both binding and folding free energies is a positive number indicating that
on average amino acid substitutions tend to destabilize proteins and their interactions (see
Supp. Table Sla and S1b for individual energies of all available amino acid substitutions).
Perhaps this implies that wild type proteins and their complexes are nearly energetically
optimized as suggested by a computational study (Brock, et al., 2007). This should not be
considered as a statement that more stable proteins and better protein interactions cannot be
engineered (successful re-engineerings were reported in the past (Baxa, et al., 1999; Fu, et
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al., 2009)), but rather as a suggestion that random amino acid substitutions tend to have no
effect or to destabilize protein's thermodynamics properties.

The second question in this section is how the absolute magnitude of the change of binding
and folding free energies is related to the physico-chemical properties of the amino acid side
chains being involved (Fig. 7). It should be clarified that we are seeking for the magnitude
of the change not the direction, since it was previously demonstrated in the literature that
disease-causing amino acid mutations result in both stabilization or destabilization of
proteins and their complexes (Alexov and Sternberg, 2013; Yates and Sternberg, 2013).
Here we ask what types of amino acid substitutions cause the largest changes of the folding
and binding free energies in ProTherm (Bava, et al., 2004) and extended Skempi (Moal and
Fernandez-Recio, 2012) databases respectively and are these types of substitutions similar to
the patterns reported above for disease-causing variations? To address such questions, the
median of the absolute value of free energy change for both databases is shown in Fig. 7a,b.
The side chains are grouped according to their physico-chemical nature as charged, polar
and hydrophobic. Then, we grouped the type of substitution(s) (maximum two categories)
which results in the largest median of absolute free energy change. For example, in case of
folding (Fig. 7a) and binding free energy (Fig. 7b), the largest change was found to occur for
substitutions from hydrophobic to charged side chains. The second largest change within the
same group was found for mutations from hydrophobic to polar amino acids. The changes
associated with the rest of substitutions are smaller. The trends in Fig. 7 can be summarized
as following: the largest changes of free energy are seen for cases involving drastic changes
of the physico-chemical properties of the wild type residue. Thus, investigator made amino
acid substitutions in ProTherm (Bava, et al., 2004) and extended Skempi (Moal and
Fernandez-Recio, 2012) databases show the same trend as disease-causing variations seen in
human population.

Comparison of effects for monomeric proteins and protein complexes—The
above analysis was done putting monomeric proteins and protein complexes on the same
footage. However, the folding and the binding may be affected by amino acid substitutions
differently. Thus, using ProThermand extended Skempi databases, along with structural
information as explained in the Method section, we investigate plausible correlation between
degree of burial, magnitude of the energy change and probability index Pp (perturbation
index as defined by Casadio and colleagues (Casadio, et al., 2011) and calculated as
probability of given amino acid mutation to cause significant change in free energy, eq. (2)).

_ Ncases (JAAG|>1 kcal /mol)
P=Ncases (|AAG| > 0 kcal /mol)

Results are shown in Fig. 8, where the mutation sites are grouped according to the
definitions of burial (exposed, partially exposed and buried) and in case of protein
complexes, adopting the five classification scheme (SUR,INT, RIM, SUP and COR) (see
Method section). One can see that there is practically linear dependence of the mean of the
corresponding energy change as a function of Pp. Consistently with the analysis above, the
amino acid mutations involving sites buried in the core of the monomeric protein or in the
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core of the protein complex interface cause largest energy change and are associated with
largest Pp value.

While the effect of relative burial on the magnitude of the corresponding energy change was
found to be quite similar for monomeric proteins and protein complexes, it is tempting to
investigate if the same similarity exists at level of types of amino acid substitutions. For this
purpose we plot the Pp of individual mutation types found in ProThem against the same
types in extended Skempi databases (Fig. 9). It can be seen that there is practically no
correlation. This observation reflects various factors as the difference in the physico-
chemical properties of protein interfaces and protein interior, different distributions of
mutation sites (see Fig. 8) and difference in the specific interactions.

Discussion and Conclusion

Our findings provide a relation between variation types and their degree of harmfulness and
follow the original work of Casadio and colleagues (Casadio, et al., 2011), but on much
larger dataset. It is interesting to compare both works in terms of the delivered Pd's or
degree of harmfulness to check the sensitivity of the results with respect to the expansion of
HumVar database. The original work (Casadio, et al., 2011) was done on about 21,000
amino acid variations, while in this paper we deal with more than 69,000 cases. The Pd's
taken from Casadio and colleagues (Casadio, et al., 2011) were plotted against the Pd's
delivered in this work (see Supp. Fig. S1) and very good correlation was obtained (R=0.90).
However, the y-intercept of the fitting line is shifted by 0.2 points, indicating clear tendency
that our Pd indexes are smaller than those of Casadio and colleagues (Casadio, et al., 2011).
The reason for this tendency stems from the different distribution of disease and
polymorphic variations in the old and newest versions of HumVar database. In the old
HumVar database the ratio between disease and polymorphic variations is 1.36, while it is
significantly lower (0.65) in the current release, and thus resulting in smaller Pd values.
Despite of such difference, our results generally agree with the results of Casadio and
colleagues (Casadio, et al., 2011). Similarly, following Casadio and colleagues, we plotted
Pp versus Py values, but including protein complexes as well (Supp. Fig. S2a,b). The
obtained correlation coefficients in both cases, ProThermand extended Skempi databases,
are very similar to those reported by Casadio and colleagues (Casadio, et al., 2011). The
relatively low correlation coefficients (Supp. Fig. S2a,b) indicate that disease causing effects
are not exclusory associated with changes of the thermodynamic properties, but may invoke
many other changes of the wild type characteristics of the corresponding proteins and
protein complexes.

We would like to mention that although the data is taken largely within broad amino acid
classifications, it is crucial not to over-interpret. It is important to stress on the meaning of
our statistical classifications. For example, the least harmful classification does not mean
that those variations are completely harmless but it rather encapsulates the observation in the
HumVar database that their probability of being harmful is relatively low (less than 20%).
Therefore, it is quite possible that some of those amino acid mutation types may be found
harmful in future studies, but this would not contradict with our current statistical
evaluations. Also, we are well aware that the disease-causing effects come from a
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combination of various properties such as: variation types, whether the amino acid mutation
introduces a change in salt bridges or hydrogen bonding network or degree of burial, the
nature of the mutation site meaning that if the amino acid mutation is taking place in the
active site or whether it is in an allosteric path. Therefore, the same variation type may be
disease-causing in one protein but completely harmless in another. Because of that, our
analysis should be considered as providing general trend in understanding the variation type
effects and their association with harmfulness in conjunction with local structural features
implicated in disease.

The statistical analysis indicated that disease-causing variations, especially those referred
here as the most harmful variation types (MP and MD), tend to invoke drastic changes of
physico-chemical properties of amino acid mutation site and native hydrogen and salt bridge
networks. The most harmful variation sites were also found to be less surface exposed as
compared with polymorphic/harmless sites. These observations are in accordance with
previous works of Moult and colleagues (Yue, et al., 2005; Yue and Moult, 2006). Indeed,
they have shown that the protein structure stability changes caused by single residue
substitutions are associated mostly with changes in hydrophobic area, overpacking,
backbone strain and loss of electrostatic interactions (Wang and Moult, 2001). Taking all
these observations together, it can be concluded that the disease-causing amino acid
mutations are typically associated with large change of the native properties of the
corresponding proteins and their interactions. From thermodynamics perspective, most of
the experimental and computational results reported in the literature indicate that disease-
causing amino acid mutations tend to destabilize proteins and their complexes. Such an
observation was previously made by Tawfik and colleagues (Tokuriki, et al., 2007; Tokuriki
and Tawfik, 2009) and was attributed as a major constraint on protein evolvability. The
larger the change — the higher is the probability that amino acid mutation is disease-causing,
although the disease-effect will depend on the overall characteristics of the wild type
protein. Small changes of the folding or binding free energy of a relatively unstable protein
or a protein involved in weak interactions may have drastic effect of its function as well.

It was pointed out that any significant deviation of the wild type characteristics (as stability,
hydrogen bonds, salt bridges, and interactions) may lead to diseases. Both over-stabilizing
and destabilizing changes might be equally crucial for the protein functionality. An amino
acid mutation that makes a protein very rigid while flexibility is important for its function or
a amino acid mutation that makes a transient interaction almost permanent - both should be
causing a large alteration of protein function and perhaps will be disease-causing. As
mentioned above, large-scale studies reported in the literature indicate that the disease-
causing variations tend to destabilize proteins (Casadio, et al., 2011; Wang and Moult, 2001;
Yue, et al., 2005; Yue and Moult, 2006) and their interactions (Nishi, et al., 2013; Teng, et
al., 2009). Why there is such a preference? Is it a result of wild type protein thermodynamic
properties? Based on the statistics obtained from investigator made amino acid substitutions
and their experimentally measured free energy changes as reported in ProTherm (Bava, et
al., 2004) and extended Skempi (Moal and Fernandez-Recio, 2012), we speculate that wild
type proteins and interactions are near optimized (as it was demonstrated for the electrostatic
component of the binding free energy (Brock, et al., 2007)). Thus most of amino acid
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mutations (unless purposely engineered) tend to have no effect or to destabilize proteins and
their interactions.

The linkage between different characteristics such as physico-chemical properties, ability to
form hydrogen bonds and salt bridges and thermodynamics (folding and binding free energy
changes) with respect to harmfulness is also clear. The most harmful variation types were
found to be associated with drastic changes of physico-chemical properties, hydrogen bonds
and salt bridges networks of the wild type. Similarly, the largest changes of the free energy
were found experimentally to occur upon amino acid substitutions involving large change of
the physico-chemical properties of the wild type. Thus, the disease-causing effect is
demonstrated at various levels, which are interconnected. A large change of the free energy
is frequently associated with a buried amino acid mutation site, where the amino acid
substitution results in radical change of the physico-chemical properties including removal/
addition of hydrogen bonds and salt bridges. Such interconnectivity, perhaps, is the reason
why methods utilizing different features have similar performance. However, from point of
view of understanding the molecular mechanism of diseases, one is interested to reveal all
details of the changes induced by the amino acid mutation, not just some. Knowing the
details will facilitate development of therapeutic solutions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Most frequent mutations. Frequency of top 26 mutations that make up 46% of HumVar

database (disease and polymorphism). Rest of the 54% is made up by 246 mutations with 60
of them were observed only once.
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Fig. 2.
Most frequent disease-causing mutations. Frequency of top 27 mutations that make up 53%

of HumVar disease database. Rest of the 47% is composed of 245 mutations with 60 of them
were observed only once.
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Fig. 3.

The distribution of mutations sites within secondary structure elements (SSEs) for the four

types of mutations sites MD, MV, LD and LV (see text for details).
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Fig. 4.

Percentage of cases with changed (lost/gain of) hydrogen bonds (blue) and salt bridges (red)
for the four types of mutations sites MD, MV, LD and LV (see text for details). The vertical
axis indicates percentage of the cases the effect was found.
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Fig. 5.

Degree of burial of WT residues classified three categories: exposed, partially exposed and
buried. See text for more details for the burial classification and for MD, MV, LD and LV.

Hum Mutat. Author manuscript; available in PMC 2016 May 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Petukh et al.

Page 25

H<>H =
|
C<>H ‘ |
\
1 ' Y ¥ ¥ T ' ' Y ¥ T ¥ Y ' ' T
0.0 0.5 1.0 15

Mean of ddGexp (kcal/mol)

Fig. 6.
The mean of the experimental folding and binding free energy change caused by mutations

taken from ProThermand Skempi databases and grouped by physico-chemical property as:
P<>P - polar to polar side chain substitution; C<>C — charged to charged; H<>H -
hydrophobic to hydrophobic, C<>P — charged to polar and polar to charged; C<>H —
charged to hydrophobic and hydrophobic to charged; P<>H - polar to hydrophobic and
hydrophobic to polar. Charged residues (C): R, K, D and E; polar residues (P): S, T, N, and
Q; hydrophobic residues (H): A, V, |, and L. Standard error is provided for each bar.
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Fig. 7.

The median of experimental folding and binding free energy absolute change caused by
mutations taken from ProThermand Skempi databases and grouped according to largest
effect and the rest of cases. Single arrow represents substitution for one type residue to

another, as for example H>C is mutation from wild type hydrophobic to charged amino acid
in the mutant. Charged residues (C): R, K, D, and E; polar residues (P): S, T, N, and Q;
hydrophobic residues (H): A, V, I, and L. R and K are positively charged residues noted as
C(+); while D and E - negatively charged residues noted as C(-). During C<>Ccons amino

acid substitutions the charge of the residue conserves, that includes C(+)>C(+) and
C(-)>C(-) groups of mutations.
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Fig. 8.

Effect of the location of the mutated site on the change in binding/folding free energies. On
the x-axis: the probability of the wild type residue being in the given location to cause large
change in binding/folding free energy (perturbation index, Pp) due to mutation. On the y-
axis: the averaged absolute value of experimentally obtained binding/folding free energies
provided with standard error of mean as an error bar and the total number of cases across
appropriate databases. Experimentally determined values of binding/folding free energies
were obtained from extended Skempi and ProTherm databases respectively. Five location
types of mutation sites were considered for binding energy change analysis (COR, RIM,
SUP, SUR, and INT), and three — for folding free energy analysis (Buried, Partially Buried,
and Exposed). For details see Method section.
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Fig. 9.

Correlation between perturbation indexes (Pp) of the same mutation types causing change in
binding and free energy (experimental values were obtained from extended Skempi and
ProTherm databases respectively).
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Table 1

Lists of most frequent, most harmful variations (gray columns, with degree of harmfulness > 50% and
frequency > 0.5%) and most frequent, least harmful variations (with degree of harmfulness less than 20% and

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

frequency > 0.5%)

Variation | Frequency (%) | Degree of Harmfulness | Variation | Frequency (%) | Degree of Harmfulness
RC 2.52 0.52 VI 1.82 0.10
GR 2.39 0.59 v 1.47 0.08
RW 2.18 0.53 TA 1.33 0.13
LP 2.06 0.63 VA 1.07 0.17
GD 1.27 0.57 LV 0.93 0.19
YC 1.13 0.59 SN 0.90 0.19
GE 1.04 0.53 KR 0.82 0.16
CYy 0.96 0.67 ED 0.81 0.16
GV 0.95 0.61 DE 0.69 0.19
CR 0.93 0.63 SG 0.64 0.15
RP 0.74 0.63 AS 0.62 0.16
LR 0.65 0.60 RK 0.58 0.12
WR 0.56 0.56 EQ 0.58 0.18
FS 0.54 0.52 TS 0.55 0.10

Hum Mutat. Author manuscript; available in PMC 2016 May 01.




