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Abstract 
The main focus of this thesis is to develop a novel database of protein stabil i ty data that 
w i l l focus on storage and maintenance of the experimental data. The result is a novel 
database F i r e P r o t D B , providing manual ly curated experimental data from a l l available 
sources, while presenting the data v i a implemented graphical user interface. The user 
interface provides a l l necessary information stored in the database wi th abi l i ty to search data 
using advanced search engine to create customized search queries targeting users seeking 
data for construction of the machine learning datasets. 

Abstrakt 
Cieľom tejto p ráce je vytvorenie novej d a t a b á z y d á t pre p r o t e í n o v ú stabi l i tu, k t o r á bude 
udžiavať a poskytovať e x p e r i m e n t á l n e d á t a . Výs ledkom p r á c e je d a t a b á z a F i r e P r o t D B , 
k t o r á poskytuje m a n u á l n e overené e x p e r i m e n t á l n e d á t a z d o s t u p n ý c h zdrojov a implemen
tuje grafické užívateľské rozhranie, k t o r é poskytuje dôleži té informácie o d á t a c h spo ločne 
s možnosťou vyhľadávan ia u m o ž ň u j ú c i m vy tvá rať dotazy na mieru a ciel iacim na užívateľov, 
k to r í hľada jú d á t a pre v y t v á r a n i e d á t o v ý c h sád pre n á s t r o j e využíva júce s t ro jové učenie . 
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Rozšírený abstrakt 

Proteiny dnes n a c h á d z a j ú veľmi široké uplatenenie od v ý r o b y nových liečiv až po použi 
tie v priemysle alebo poľnoshospodá r s tve . Väčš ina p ro t e ínov sa však nevyvinula tak, aby 
bola s c h o p n á zniesť podmienky, k t o r é sú v y ž a d o v a n é v ich b io technologických ap l ikác iách . 
Jednou z najväčších p r ekážok ich použ i t i a je n e d o s t a t o č n á s tabi l i ta p r i vyšších t ep lo t ách . 

S tab i lné proteiny sa v y t v á r a j ú m u t á c i a m i rez iduí v sekvencí proteinu. S k ú m a n i e v p l y v u 
t a k ý c h t o m u t á c i í sa najčas te jš ie určuje l a b o r a t ó r n e , avšak l a b o r a t ó r n e techniky sú typicky 
d r a h é a časovo n á r o č n é . Kvôli t ý m t o p r o b l é m o m sa dnes čoraz častejš ie použ íva jú i n silico 
prediktory, k t o r é by pomohl i určiť p o t e n c i á l n e zau j ímavé m u t á c i e za k r a t š í čas . Čoraz 
väčšie uplatnenie v tejto oblasti n a c h á d z a j ú rôzne m e t ó d y s t ro jového učen ia a v pos ledných 
rokoch už vzniklo niekoľko nás t ro jov využ íva júce s t ro jové učenie , k t o r é sa snaž ia určiť vp lyv 
m u t á c i í na výs lednú s tabi l i tu proteinu. Avšak, výs ledky t a k ý c h t o nás t ro jov sú veľmi závislé 
od kval i ty a m n o ž s t v a d o s t u p n ý c h d á t na t r énovan ie a testovanie ich výkonnos t i . 

Kva l i t a e x p e r i m e n t á l n y c h s t ab i l i t ných d á t dnes nie je o p t i m á l n a . V súčasnos t i ex is tu jú 
t r i h l avné zdroje e x p e r i m e n t á l n y c h d á t , z k t o r ý c h je na j známe j šou d a t a b á z a P r o T h e r m . 
Tento najväčš í zdroj však t r p í m n o h ý m i nedostatkami, a k ý m i sú nepresnosti v d á t a c h , 
chýba júce hodnoty, k t o r é znemožň u jú j e d n o d u c h é použ i t i e pre potreby vývo já rov n á s t r o 
jov. P r o b l é m o m P r o T h e r m u je aj neak tuá lnosť d á t a jej neudržovan ie . Preto v oblasti 
u d r ž i a d a v a n i a a s p r á v y s t ab i l i t ných d á t vzn iká potreba pre zdroj d á t , k t o r ý bude posky
tovať kva l i tné e x p e r i m e n t á l n e d á t a a umožňovať j e d n o d u c h é vyhľadávan ie v d á t a c h pre 
potreby tvorby d á t o v ý c h sád pre potreby vývo já rov apl ikáci í využíva júc ich s t ro jové učenie . 

T á t o p r á c a sa z a o b e r á p r o b l é m o m n á v r h u a i m p l e m e n t á c i e d a t a b á z y s t ab i l i t ných d á t . 
Výs ledkom p ráce je d a t a b á z a F i r e P r o t D B , k t o r á vzn ik la v spo lup rác i s o d b o r n í k m i z 
Loschmid tových l abora tó r i í . D a t a b á z a obsahuje a k t u á l n e d o s t u p n é d á t a , k t o r é sú d ô k l a d n e 
přef i l t rované a oč is tené , tak aby neobsahovali n e k o r e k t n é d á t a . D a t a b á z a je o r i en tovaná 
na v ý s k u m n í k o v , k to r í p r acu jú so s t a b i l i t n ý m i d á t a m i a t ak t i e ž na vývojá rov p red ikčných 
nás t ro jov . 

I m p l e m e n t á c i u d a t a b á z y F i r e P r o t D B tvor í webová ap l ikác ia z ložená z niekoľkých čas t í . 
D a t a b á z a u k l a d á s t ab i l i t né d á t a rozš í rené o sekvenčné a š t r u k t ú r n e informácie , k t o r é rozšír ia 
pohľad na s t ab i l i t né d á t a . Back-end apl ikác ie poskytuje d á t a u ložené v d a t a b á z e vo forme 
R E S T A P I a implementuje najdôleži te jš iu časť, k torou je rozš í rené vyhľadávan ie v d á t a c h 
na zák l ade užívateľsky v y t v o r e n ý c h dotazov. Užívate l ia m a j ú možnosť vyhľadávan ia po
mocou ful l - textového vyhľadávan ia a t iež pokroči le j možnos t i tvorby dotazov. Pokroč i lé 
vyhľadávan ie umožňu je tvorbu v l a s tných zložených dotazov, k t o r é špecifikujú aké d á t a sú 
p o ž a d o v a n é na zák l ade p o u ž i t i a rôznych parametrov a kr i tér i í . Ďa l šou implementovanou 
časťou je grafické užívateľské rozhranie, k t o r é je n a v r h n u t é tak, aby sp ĺňa lo typické p r í p a d y 
použ i t i a . D a t a b á z a umožňu je prezeranie j edno t l i vých položiek na ú rovn i proteinu a m u t á c i e 
a t ak t i ež umožňu je už íva teľom v d á t a c h vyhľadávať za pomoci ful l - textového vyhľadáva
nia a pokroč i l ého vyhľadávan ia . Pokroč i lé vyhľadávan ie je o r i en tované na užívateľov, k to r í 
presne vedia, aké d á t a p o t r e b u j ú a umožňu je i m vy tvá rať konf igurovate lné dotazy, k to ré 
využi jú p r i tvorbe d á t o v ý c h sád . 
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Chapter 1 

Introduction 

Proteins are the key bui lding properties of l iv ing organisms. Thei r use has a broad spectrum 
of applications in many fields such as medicine, drug discovery, agriculture, or industry. 
M a n y applications require for proteins to be able to function in harsh conditions. Th is 
abi l i ty is strongly connected wi th one of the protein's features, which is stability. 

Pro te in stabil i ty determines the abi l i ty of the protein to withstand unfavorable con
ditions of the environment. Stabi l i ty is influenced by mutations occurring in the protein 
sequence when one amino acid residue is replaced by another. These changes can lead to 
both better or worse stability, the stabil izing mutations are interesting from a usage perspec
tive but also destabilizing mutations can be interesting, e.g. from the point of medicine. 
Therefore, discovering the mutations which would help to create more stable and more 
durable proteins is an important M l C B . of the research. 

Stabi l i ty is often measured in laboratory conditions, which is costly and time-consuming. 
In recent years, i n silico methods found their use i n the field of protein engineering. M a n y 
machine learning-based tools for protein stabil i ty prediction were developed to provide a less 
t ime-consuming method for determining the effect of mutations on protein stability. These 
methods could be very useful for selecting mutations w i t h strong potential for further usage, 
but their bottleneck is the amount and the quali ty of available experimental data that can 
be used to t ra in and test such tools. The current state of s tabil i ty data is not op t imal as 
researchers were not used to deal w i th systematic collection and management of the data. 
A t this moment, there is no single central repository of s tabil i ty data, data contains many 
errors and not much data from recent years are available in the repositories. Wi thou t higher 
amount of more recent data, machine learning tools cannot be further improved. Therefore, 
there is a need for a repository wi th data collected from recent literature, free of errors, 
and wi th addi t ional features that would help to improve predictions provided by machine 
learning tools. 

The main goal of this work was to design and develop a database of experimental 
thermostabil i ty data for a single-point mutations that would provide reliable data from 
existing sources and recently published experiments. Another goal was to create a database 
that could become a standard i n the field of protein stabil i ty and that would be completed by 
interactive options for users to search, display and analyze the available data. The result 
of this work is a database called F i r e P r o t D B , which was created w i t h cooperation wi th 
experts from Loschmidt Laboratories. 

Chapter 2 provides a basic introduct ion to proteins such as types of proteins, the process 
of their creation, different structures and mutations occurring i n the proteins. Chapter 3 
presents the key information about protein stability, methods used for its measurement, 
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and properties used to quantify protein stability. Chapter 4 includes information about 
currently available sources of protein stabil i ty data, description of data and existing issues. 
In the chapter 5, the ma in requirements for F i r e P r o t D B are presented and the structure 
of the designed model is described i n more detail . Chapter 6 describes details of each part 
of the applicat ion structure and the last chapter 7 describes the overview of the achieved 
results. 
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Chapter 2 

Proteins 

Proteins are the main bui ld ing blocks of a l l l iv ing organisms. They perform a majority 
of cell functions such as transportat ion of molecules from one location to another, enzy
matic catalysis or regulation of cellular and physiological activities. However, proteins 
are not only important i n l iv ing organisms, but they are very useful i n the fields such as 
medicine, agriculture or industry. Because of their broad applicabili ty, the study of the 
process of their creation and function is a very important subject of research. Th is chapter 
presents the basic biological int roduct ion and describes information about types of proteins, 
the process of their formation, the structure of proteins and possible mutations. 

2.1 Type of proteins 

Proteins are biopolymers consisting of one or more polypeptide chains. The polypeptide 
chain is made of a sequence of amino acids connected wi th the peptide bond. Proteins 
perform many functions and each specific function is connected wi th their exact spatial con
formation. Conformation is related to the pr imary structure, which is a sequence of amino 
acids connected i n a certain order. Based on their function, proteins can be divided into 
several categories [40]: 

• Enzymes or catalytic proteins: their function is to perform catalysis of chemical 
reactions, e.g D N A polymerases and ligases. 

• Structural proteins: these proteins create bui ld ing blocks of cells and fiber, e.g. 
keratin which is a bui ld ing part of hair or nails. 

• Transport proteins: they transport smal l molecules and ions i n the organism, e.g. 
hemoglobin, that transports the oxygen i n the b lood circulation. 

• Contracti le proteins: they are the origin of movement in cells and fiber, e.g. act in 
or myosin. 

• Storage proteins: they are used to store smal l molecules and ions, e.g. casein in 
the mi lk providing the necessary source of amino acids for newborn organisms. 

• Effector proteins: they are used to transmit informational signals between cells, 
e.g. the well known protein insul in that regulates the amount of sugar i n blood. 

• et al . 
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2.2 Amino acids 

A m i n o acids are derived from organic acids and they represent a group of molecules w i th 
one mutua l property: a l l of them have a carboxyl ( C O O H ) and an amino (NH2) group. 
These two groups are bonded to one carbon a tom called the a carbon. The difference 
between each amino acid is based on the sidechain. The sidechain of amino acid determines 
the chemical properties of the amino acid. A protein molecule is composed of the sequence 
of amino acids connected wi th the polypeptide bond that connects the carboxyl group 
of one amino acid and the amino group of another amino acid i n the sequence. There are 
20 different amino acids that can be divided into several groups according to the chemical 
properties of their side chain [40]: 

• Al iphat ic side chain amino acids: alanine (Ala ) , valine (Val) , isoleucine (lie) and 
leucine (Leu) 

• T h e acidic amino acids: aspartate (Asp) and glutamate (Glu) 

• T h e amide-containing amino acids: asparagine (Asn) and glutamine (Gin) 

• T h e sulfur-containing amino acids: cysteine (Cys) and methionine (Met) 

• T h e basic amino acids: lysine (Lys) and arginine (Arg) 

• T h e aromatic or hydroxyl-containing amino acids: phenylalanine (Phe), tyro
sine (Tyr) , t ryptophan (Trp), His t idine (His), serine (Ser) and threonine (Thr) 

• Containing secondary amin: proline (Pro) 

2.3 Protein synthesis 

Proteins are created in the process called proteosynthesis. Th is process has 2 steps: tran
scription and translation. 

• Transcription: the process represents the transcript ion of a certain part of the nu
cleotide sequence of D N A (gene) into a sequence of R N A . A n important part of this 
process is an enzyme called R N A polymerase. To start the process of transcrip
t ion, R N A polymerase has to first find the so-called promoter, which is a specific 
short sequence of nucleotides located before the sequence of nucleotides representing 
the gene itself. After that, the enzyme w i l l b ind to this site and transcript ion can 
begin. The process terminates when the polymerase finds the short sequence called 
the terminator of the transcription. The resulting R N A molecule is called mediator 
R N A ( m R N A ) . 

• Translation: i n the process of translation, the information contained i n the sequence 
of m R N A is being transferred into the polypeptide sequence of amino acids. The se
quence of nucleotides i n the R N A sequence is then read as triplets (so-called codons) 
of amino acids. E a c h triplet is translated into one of the twenty amino acids. W i t h 
the triplets of amino acids, it is possible to create 64 different combinations, so one 
amino acid can be represented by several triplets. The final result of the translat ion 
is the sequence of amino acids that can be folded into protein. 
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2.4 Structure 

Descript ion of protein structure can be divided into four levels of organization [40]: 

• P r i m a r y structure: a sequence of amino acids in the polypeptide chain, ind iv idua l 
residues are l inked v ia peptide bond. 

• Secondary structure: it represents regular and recurring arrangements i n space of 
neighbour amino acids i n a polypeptide chain. The major conformations forming sec
ondary structure are a-helices and /3-structures. a-helix is a helix shaped secondary 
structure which is the most common structural mot i f i n proteins. It is stabilized by 
the hydrogen bonds, which are nearly parallel to the long axis of the helix. The second 
mentioned /3-structures include /3-strands and /3-sheets, where /3-strands are smaller 
parts of the polypeptide chain that are almost fully extended. /3-sheet consists of sev
eral /3-strands. The stabil i ty of /3-sheets is provided by the hydrogen bonds between 
neighboring /3-strands. 

• Tert iary structure: it represents three-dimensional conformation of folded polypep
tide chain i n space. The shape of the final tert iary structure is influenced by the chem
ical features of amino acids and their positions in the protein sequence. 

• Quaternary structure: it represents spatial relationship between the polypeptide 
chains i n protein molecule. Th is is related only to so-called oligomeric proteins con
sisting of mult iple chains. 

Primary Structure 

Secondaiy Structure 

Figure 2.1: Pr imary , secondary, tert iary and quaternary structure of prote in . 1 
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2.5 Mutations 

Mutat ions represent changes i n the D N A occurring randomly or performed wi th a specific 
purpose. They are necessary for biological evolution because, without them, evolution would 
stop sooner or later. Changes i n genetic information, which are not results of segregation 
or recombination of existing parts of genotype, are considered as mutations. Accord ing to 
the level of occurrence, mutations can be divided into three categories [2]: 

• Gene mutations: change in the D N A represented by the change of nucleotide se
quence on a specific posit ion. They are also called point mutations and they are 
the most important from the predictive perspective. 

• Chromosome mutations: structure of chromosome is changed. 

• Genome mutations: number of chromosomes is changed. 

T y p e of mutat ions 

There are three main types of mutations [2]: 

• Substitution: change of one or more nucleotides, length of the original protein 
sequence is not changed. 

• Insertion: insertion of one or more nucleotides into original protein sequence, result
ing sequence is longer. 

• Deletion: deletion of one or more following nucleotides, shortens the length of orig
inal sequence. 

In case that mutat ion occurs i n the coding region of the protein, mutations can be 
divided into following groups [2]: 

• Synonymous mutations: they are related to the so-called degeneration of genetic 
code, change of nucleotide does not have to affect the structure of the protein at a l l . 

• Non-synonymous mutations: change of nucleotide in the codon leads to change 
of amino acid and possibly to the change in protein conformation. 

• Frameshift mutations: deletion or insertion of a number of bases that is not a mul
tiple of three. Usual ly introduces premature S T O P codons i n addi t ion to high number 
of amino acid changes. 

• Nonsense mutations: lead to change from amino acid to a S T O P codon, resulting 
in premature terminat ion of translation of the protein. 

1 Source: https : //lubrizolcdmo.com/technical-briefs/protein-structure 

7 

http://izolcdmo.com/technical-briefs/protein-


DNA 

mRNA 
r v i r v i [VI 

u 
[ v i 

u 

T G 

s y 
K->l 

C 

C T 
/ S 

T 

/ \ / \ 

T 

o / s 

Amino acids (_ Phe J (_ Tyr ^ C G l u 3 C G l u 3 

DNA 

mRNA 
r v i r v i r v i [ V I 

u 

G 

c 

l / N k N i / M 
/ \ / S O / s o 

Amino adds ^ Phe )̂ ( Tyr y 

DNA 

S / 
v n 

u 

s / 

r v 
u 

v 
r v i 

u 
[ V I 

u 

G 

c mRNA 

Amino acids ^ Phe ) Tyr )̂ 

O / S 
A 

/ \ | | / \ | O I 
o 

T 
| / \ | 
/ S 

DNA 

mRNA 

T 
A 

G C T 
/\ 

T 
/\ 

C T 
/ S 

c c 

Amino acids 

Normal 

Substitution 

Insertion 

Deletion 

Figure 2.2: Types of mutations: substi tution, insertion and delet ion. 2 

2 S o u r c e : https: //alevelbiology.co.uk/notes/types-of-mutations 

8 



Chapter 3 

Protein stability 

Prote in stabil i ty is one of the most important features of proteins and it can be described as 
a net balance of different forces that have different influence on stability. The i r combination 
determines whether the protein w i l l remain i n its native state or it w i l l denaturate to its 
unfolded form [18]. Stable proteins are able to withstand harsh conditions such as higher 
temperatures [4] or chemical properties of the environment. In many fields such as medicine, 
drug discovery, or agriculture there is a need to create more stable proteins as the proteins 
have generally evolved to function i n m i l d conditions. Therefore, the study of the protein 
stabil i ty is of high interest in the field of protein engineering. Yet , this feature is s t i l l not 
well understood. This chapter presents two commonly used ways of quantifying protein 
stabil i ty and the most common methods used to measure it. 

3.1 Protein stability representation 

There are several standardized ways how to quantify protein stabil i ty: the two most common 
options are using Gibbs free energy and melt ing temperature, respectively. Those methods 
are described i n more detail in the following sections. 

G i b b s free energy 

Gibbs free energy (G) is a thermodynamic potential which reflects the max ima l amount 
of reversible work done by a thermodynamic system at constant pressure and temperature. 
It is defined by the following equation [37]: 

where H represents the enthalpy, T is the temperature and S represents the entropy. In b i 
ology, value of the potential is often specified in Calories, but the official SI unit is Joule. 

Using Gibbs free energy, protein stabil i ty is represented as a change of Gibbs free energy 
upon folding ( A G ) , which means the energy required for protein to change from folded 
to unfolded state or vice versa. Change of the energy is defined by the following equation: 

Muta t ions of amino acid residues have a significant effect on protein stability. Change 
of single amino acid residue i n a protein sequence can significantly influence the forces that 
stabilize the protein. Muta t ions can lead to improving the stability, however they can also 

G = H -TS, (3.1) 

A G — G folded — Gunfolded (3.2) 
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cause destabil ization of the protein. Effect of the mutat ion is represented by the so-called 
change of Gibbs free energy upon mutat ion ( A A G ) , which represents the difference between 
A G values of wild-type and mutated protein. 

A A G = AGmutant ~ AGwild_type 
(3.3) 

Commonly used unit for value of A A G is kcal/mol. If the value is calculated by equation 
3.3, negative value of A A G means stabil izing mutat ion. Because of non-standardized format 
of A A G , s tabil izing mutat ion can also be represented by a positive value. Th is is caused 
by switching the wild-type and mutant. 

M e l t i n g t e m p e r a t u r e 

Mel t i ng temperature is another way how to represent protein stability. Equa t ion defining 
melt ing temperature is following: 

AGfoiding(Tm) = 0 (3.4) 

To explain the meaning of Tm, it is the temperature at which free energy of the folded 
and unfolded states is equal, and half of the populat ion is unfolded, and the other half is 
folded. Value of A T m indicates the change of mel t ing temperature upon mutat ion. There
fore ATm and A A G are very similar, even though there is no simple way how to transform 
these values between each other. 

Figure 3.1: Thermodynamic cycle used for computat ion of A A G . 

source: https://bit.ly/36WiQ4h 
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3.2 Protein stability measurement 

Measurement techniques for protein stabil i ty can be divided into two categories: methods 
used i n laboratory conditions and predictive approaches making use of the computat ional 
resources. These techniques are described in more detai l i n the following sections. 

L a b o r a t o r y methods 

Several laboratory methods exist to measure protein stabil i ty [18]. Results provided by these 
methods depend on exact conditions during the experiments and smal l differences are also 
caused when using a different technique. W h e n comparing results from several measure
ments, only results obtained by the same method and wi th the same conditions during 
the experiment should be considered. The most commonly used techniques are: 

• Circular dichroism: it is a method based on differential absorption of left and right 
circularly polarized light. Left-hand circular and right-hand circular polarized light 
represent two possible spin angular momentum states for a photon. C h i r a l molecules, 
which are optical ly active, w i l l preferentially absorb one direction of the circularly 
polarized light. This technique is commonly used to determine the aspect of the sec
ondary structure of proteins [1]. 

• Differential scanning calorimetry ( D S C ) : it is a thermoanalyt ical method. This 
technique measures the difference between the amount of heat, which is required 
to increase the temperature of a sample, and a reference as a function of temperature 
[13]. Valuable thermodynamics information about proteins can be obtained by using 
this method. 

• Absorpt ion spectroscopy: this technique measures absorption of radiat ion as 
a function of wavelength or frequency, due to its interaction wi th the sample. Energy 
is absorbed by the sample and the absorption intensity varies as a function of fre
quency [12]. The method finds its usage as an analyt ical chemistry tool . 

Other used techniques include nuclear magnetic resonance ( N M R ) spectroscopy, fluo
rescence (Fl) and others. 

P r e d i c t i v e approaches 

Prote in stabil i ty does not have to be obtained using only laboratory methods. W i t h 
the progress in the field of information technology and wi th more available computat ional 
resources, different approaches to calculate protein stabil i ty can be used. The most well-
known approaches are force-field measurement and machine learning-based prediction tools. 

Force-field measurement 

Technique of force-field measurement is based on simulation of existing force-fields to cal
culate free energy of the protein of interest. Force-fields are simulat ing effects of physico-
chemical properties on protein structure. Calcu la t ion of such force-field is shown i n the fol
lowing simple example [18] [28]: 

In this example, free energy i n the folded state is defined as 

GF = Ghy + Gei + Ghb + Gvw + Gss, (3.5) 
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where G^y is hydrophobic, Gei is electrostatic, G^b is hydrogen bonding, Gvw is van der 
Waals and Gss is disulphide bonding free energy. 

The hydrophobic and hydrogen bonding interactions are the two main contributors to 
the protein stability. Hydrogen bonds play a significant role in the process of creation 
of secondary structure. The i r contr ibut ion to this process is mostly based on geometric 
information. The charged side chains of residues Lysine , Argin ine , His t idine and Glu tamic 
and Aspar t ic acid are the most important contributors to electrostatic interactions. Free 
energy i n the unfolded state is defined as 

Gu = Gen + Gne, (3.6) 

where Gen is entropic free energy and Gne is nonentropic free energy. 

Machine learning 

In recent years, machine learning has been used to solve different tasks in the field of protein 
engineering, including protein stabil i ty prediction. This approach could save a lot of time 
and money as it is less t ime-consuming than laboratory methods. Unfortunately, it is not 
yet accurate enough to fully replace the laboratory measurements. 

The usage of machine learning can be helpful i n the process of designing new stable 
proteins. To obtain a protein w i t h the required parameters, a large number of mutations 
have to be designed and each of them require t ime-consuming laboratory measurement. 
Also , a significant por t ion of these mutations w i l l be ineffective and w i l l lead to decrease 
i n stability. Therefore, there is a dire need to speed up this process and make it more 
efficient. W i t h machine learning methods, interesting and promising mutations leading 
to improvement i n stabil i ty could be chosen i n a short amount of t ime and then further 
studied using laboratory methods. 

The problem of protein stabil i ty determination is usually being solved by the supervised 
methods. Us ing this approach, methods require t ra ining and testing data. E a c h data sample 
have to be labelled by the effect of the mutat ion, so for each mutat ion, the corresponding 
class w i l l be determined from the value of A A G or ATm. Designers of such tools also 
choose other different features to enrich experimental properties to improve their tools. 
These features can also have a very significant influence on stability. Machine learning 
models could be able to identify the underlying dependencies between these properties 
better than any other expert and it could lead to significantly better results. This step 
depends on the creators of the model, because they can choose different s tructural and 
sequential properties to explore potential connections between different features and protein 
stabil i ty that would influence the performance of the model. Several machine learning-based 
tools were recently developed to solve this task. Tools such as the A U T O - M U T E [25] and I-
Mutan t 2.0 and 3.0 [10] use support vector machines ( S V M ) or decision trees for prediction, 
which are the most common methods used i n stabil i ty prediction tools. 

The accuracy of the predictive tools is also based on the amount of available data, their 
diversity and quality. Those are the crucial issues in the field of protein stability. A crucial 
feature that the predictive tools need to deal w i t h is the balance of the provided training 
data. Stabi l i ty data are significantly imbalanced and stabil i ty datasets usually contain more 
destabilizing entries than stabil izing, which has a significant impact on the results of pre
dictive models. Some algorithms could be very sensitive to this issue, so designers need to 
choose and t ry the suitable one. One of the strategies used to overcome the imbalance and 
overfitting is the ensemble strategy. It combines more than one classifier and results are pro-
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duced by the combinat ion of par t ia l results from the classifiers. One of the representatives 
of such a strategy is the tool E L A S P I C [41]. 

Despite the usage of different machine learning methods and techniques to overcome 
problems wi th the data, results from prediction tools cannot be considered very accurate 
because of the underlying character of the data they use. M a n y tools report very high 
accuracy of predict ion and these results are often unreliable because prediction tools have 
to use smal l and unbalanced datasets due to the insufficient size of the available data. 
Huge improvement i n the performance would be attained wi th higher amount of reliable 
experimental data, which size increase on very low pace. Another important issue connected 
wi th the rel iabi l i ty of the tools is the problem to reproduce the results. M a n y developers 
of the tools use their own data, which are not part of any stabil i ty database or dataset. 
These data are then not published wi th the results and researchers also usually do not tend 
to provide the data for storage i n the stabil i ty databases. The results of such tools without 
provided t ra ining and testing data are hard to verify. 
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Chapter 4 

State-of-the-art 

Qual i ty experimental data is the key property i n the field of protein engineering. In the past, 
researchers usually d id not tend to care much about collecting data from their experiments 
and maintaining them i n some k ind of repository for usage i n the future. A lot of exper
imental measurements are just present i n the scientific papers without addi t ional valida
t ion and storage of provided results i n some k ind of database. W i t h the increasing usage 
of methods that require a big amount of data, this issue has become more troublesome. 
D a t a are a necessary part of the creation of the machine learning-based tools for different 
types of problems i n protein engineering, which also includes a prediction of protein stabil
ity. Wi thou t proper data storage wi th sufficient amount of high quali ty data, no significant 
improvement in development of the computat ional tools can be done. 

The current state of the experimental s tabil i ty data is not sufficient to improve the per
formance of the computat ional tools. Curren t ly available sources of data suffer from having 
outdated and inconsistent data, which are not validated after their report. Th is chapter 
presents more detailed overview of the current sources of protein stabil i ty data and their 
properties. 

4.1 ProTherm 

Pro T h e r m [5] represents a source of thermodynamic data for proteins and mutants. The first 
version was published i n 1999 and it is, therefore, a pioneer among a l l other sources of such 
k ind of data. The ma in goal to bu i ld P r o T h e r m was to establish a uniform source of ther
modynamic data where experts could find necessary data and also provide data from their 
experiments and extend the knowledge stored in the database. 

The current version contains more than 25,000 entries from 740 unique proteins and it 
includes both single- and multiple-point mutations. P r o T h e r m is used as the main source 
of data for many recently developed prediction tools, but it has not been updated since 
2013. Therefore, it is hard to bu i ld better prediction tools w i t h a lack of new data. Table 
4.1 shows more detailed statistics of the data stored i n P r o T h e r m : 

D a t a organ iza t ion 

P r o T h e r m contains thermodynamic data, s tructural information, measuring methods, ex
perimental conditions, reversibility of folding, and literature information for wild-type pro
teins and also for both single- and mult i-point mutations. 
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Number of entries: 
Number of unique proteins: 

Number of single-point mutations 
Number of mult i-point mutations: 

Number of wild-types: 

25,820 
740 

12,561 
2,876 
10,383 

Table 4.1: Statistics of current P r o T h e r m version 

Database entry has a unique identifier and includes four different sections of information. 
Each section includes several values describing information about a certain topic. 

The first section contains information about sequence and structure. It includes basic 
information such as protein name wi th its source, P I R [16] and Swiss-Prot [6] (UniPro t [11]) 
identifiers to identify the protein. Other provided identifiers are P D B [36] identifiers for 
wild-type and mutant structures and also enzyme commission ( E C ) number. More specific 
information about protein includes length and molecular weight of the protein calculated 
from the sequence information that is given by P I R , secondary structure, accessible surface 
area and information about mutat ion such as posit ion or type of the mutat ion. 

The second section contains information related to experimental conditions used during 
the laboratory measurement. It includes information about temperature, the value of p H , 
type of the measurement, the method used in the experiment such as the ones described 
i n 3.2. Other values provided i n this section are buffers and ions wi th information about 
concentrations and additives. 

The most important section is the one w i t h thermodynamic information containing im
portant values about stability. It includes important values about Gibbs free energy such 
as unfolding Gibbs free energy change when denaturant is present or not ( A G and AGH2°) 
and difference of Gibbs free energy as an effect of a mutat ion in the presence and absence 
of denaturant ( A A G and A A G ^ 2 ° ) . Information about melt ing temperature is also present 
if used in the experiment. Information includes values of (TM) and change i n melt ing tem
perature ( A T m ) . Other important parameters related to the measurement are van't Hoff 
enthalpy change (AHVH), change of calorimetric enthalpy ( A i 7 m / ) , the slope of denatura-
t ion curve (m), midpoint of denaturant concentration ( C m ) , heat capacity change (ACP), 
folding reversibility and activity. 

The last section includes important information about the source of the experimental 
data. It stores keywords, reference to the source represented by the name of the publicat ion, 
authors, remarks and also related entries i n the database. 

D a t a p r o b l e m s 

A s mentioned previously, P r o T h e r m is a major source of the thermodynamic data, but 
many inconsistencies were reported [15]. Usage of such data is then very time-consuming 
because of the addi t ional filtering and validat ion process. M a n y datasets derived from 
P r o T h e r m were created to overcome this issue and provide a reliable source of data. These 
subsets are much smaller i n comparison wi th P r o T h e r m and often overlap. 

Cr i t i c a l issues that were reported by the users include: 

• redundancy of the entries 

• absence of A A G value - many entries do not include this information at a l l or they 
include ATM instead. W i t h o u t one of the values, entry is useless for further usage. 
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• incorrect sign of A A G - redundant data often contain disagreement i n thermody
namic parameters, which includes the opposite sign of A A G . Such inconsistency w i l l 
completely change the meaning of the value, and the user has to determine which one 
is correct. 

• absence of intermediate state - data in P r o T h e r m does not account for the existence 
of the intermediate state in the process of protein folding, so many entries can contain 
only part of the folding process data. 

• missing or incorrect reference to identify the protein - many entries do not contain 
U n i P r o t or Swiss-Prot identifiers. Wi thou t this information, there is no way how 
to identify the target protein, because protein sequence is not included. Some of 
the entries have also problems wi th presence of obsolete identifiers. 

4.2 VariBench 

Var iBench [34] is a benchmark database for variat ion data. Its ma in purpose is to pro
vide verified high-quality data used for performance evaluation of different computat ional 
methods which are used for predict ing the effects of variations, or t ra ining newly developed 
predictive methods. 

There are five different categories of variat ion datasets i n Var iBench i n its current ver
sion: 

• Tolerance datasets: these datasets contain information on whether missense vari
ants are tolerated (i.e., benign) or not (functionally impaired) in proteins. 

• Prote in stability datasets: they contain experimentally studied effects of variations 
on protein stability. 

• Mismatch Repair Gene Variants datasets: datasets contain mismatch repair 
variants w i th a known functional effect. 

• Variations Affecting Transcript ion Factor B ind ing 

• Variations Causing Splice Site Aberrat ions 

P r o t e i n s tabi l i ty datasets 

Twenty-two protein stabil i ty datasets are part of the Var iBench database. M a n y of them 
are subsets derived from the P r o T h e r m database. For each of them, Var iBench provides 
similar information that includes the P D B identifier, posi t ion of the variat ion i n P D B struc
ture, P D B chain identifier, corresponding U n i P r o t identifier, variat ion posi t ion i n protein 
sequence, and change i n the Gibbs free energy. 

• Potapov et al. [29]: it consists of 2,156 single variations filtered for determined 
structures. M u l t i p l e A A G change measurements for a single variat ion are replaced 
w i t h the average value. 

• K h a n and V i h i n e n [22]: dataset contains 1,784 missense variations from 80 proteins 
wi th experimentally determined A A G values. Experiments w i th A A G values between 
0.5 and —0.5 k c a l / m o l were labeled as neutral, experiments where A A G < —0.5 were 
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labeled as stabil izing and entries w i th A A G > 0.5 were labeled as destabilizing. 
The dataset includes 931 destabilizing, 222 stabil izing and 631 neutral entries. A u 
thors created this dataset to evaluate performance of several prediction tools. 

Capriot t i et al.[9]: dataset w i th 1,615 single variations from 42 proteins w i th known 
three-dimensional structures and experimentally determined A A G values. There are 
two subsets derived from this dataset, the first is S1615 and includes 1,615 variations 
from 42 proteins, the second one is S388 wi th 388 variations from 17 proteins and is 
a subset of S1615. Experiments in S388 were performed at physiological conditions 
(pH i n range 6-8 and temperature i n range of 20° - 4 0 ° C ) . Authors created these 
datasets for their needs during the development of the I-Mutant2.0 prediction tool . 
S1615 was used to t ra in the model and S388 was a test set. 

Guerois et al. [19]: it represents a dataset composed of two subsets. The first 
contains 339 experimentally studied variants in 9 proteins and the second contains 
625 entries w i t h a single conservative variat ion i n a monomeric protein studied w i t h 
p H values i n range from 6 to 8. 

P O N - T s t a b dataset: dataset containing 1,564 variations from 99 proteins, used for 
t ra ining and testing of P O N - T s t a b [43] prediction tool . 

IMutant2.0 S2087,S1948: datasets used for t ra ining and testing of I-Mutant2.0 
prediction tool , S2087 contains 2,087 variants w i th sequence information and S1948 
includes 1,948 variants w i t h three-dimensional structures. 

Saraboji S1791,S1396,S2204: datasets created by Saraboji et a l . [33], S1791 con
tains 1,791 variations wi th known P D B structure, S1396 contains 1,396 variations 
w i t h thermal denaturation and S2204 includes 2,204 variations wi th chemical denat-
uration. 

i P T R E E - S T A B S1859 dataset: dataset w i th 1,859 single variations from 64 pro
teins used for i P T R E E - S T A B [20] prediction tool . 

S V M - W I N 3 1 _ S V M - 3 D 1 2 S1681,S1634,S499 datasets: datasets used i n tools 
S V M - W I N 3 1 and S V M - 3 D 1 2 . S1681 contains 1,681 substitutions from 58 proteins, 
S1634 contains 1,634 variations i n 55 proteins w i th available P D B structures and S499 
includes 499 addi t ional variations [10]. 

P o P M u S i C - 2 . 0 S2648 dataset: 2,648 substitutions from 131 proteins used in 
P o P M u S i C - 2 . 0 [14] prediction tool . 

s M M G B S1109 dataset: dataset used i n s M M G B [44] tools containing 1,109 vari
ations. 

M 4 7 M 8 datasets: it consist of S2760 dataset w i th 2,760 variations i n 75 proteins 
and S1810 w i t h 1,810 variants i n 71 proteins. Datasets are used in M 4 7 and M 8 tools 
[42]. 

E A S E - M M dataset: dataset consisting of three datasets, S238 contains 238 vari
ations and is a sub selection of I-Mutant2.0, S1676 contains 1,676 variants and S543 
contains 543 variations i n 53 proteins and represents a subset of P o P M u S i C - 2 . 0 S2648. 
Dataset was used i n E A S E - M M [15] tool . 
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• H o T M u S i C S1626 dataset: dataset w i th 1,626 variations i n 90 proteins used for 
H o T M u S i C [31] prediction tool . 

• S A A F E C dataset: dataset consists of S1262 containing 1,262 variants i n 49 pro
teins and S983 containing 983 variants i n 42 proteins wi th known three-dimensional 
structure, used for S A A F E C [17] prediction tool . 

• S T R U M dataset: dataset consists of Q3421 wi th 3,421 variants w i th available 
structures and Q306 including 306 variants from 32 proteins. These sets were used 
in the S T R U M [32] prediction tool . 

• B r o o m S605 dataset: it is used i n metapredictor created by [7] and including 605 
variants in 60 proteins. 

• Automute dataset: dataset consists of S1962 wi th 1,962 variants from Saraboji 
S2204, S1925 includes 1,925 selections from I-Mutatant2.0 S1948 and S1749 includes 
1,749 variants selected from Saraboji S1971. Datasets were used i n the Automute [25] 
prediction tool . 

• T P 5 3 dataset: it represents a dataset of 42 variants in T P 5 3 protein, used i n m C S M 
[27] predict ion tool . 

• S s y m dataset: dataset composed from 684 variants inserted in 357 structures [30]. 

• P S T A B datasets: it consists of set of six datasets: first contains 768 hot-spots 
of Alanine-scanning mutations [24], the second consists of 2,971 entries from P r o Therm, 
the th i rd dataset includes 2,154 mutations from Potapov, the fourth contains 1,005 
variations from Guerois, fifth dataset includes 380 variations [23], and the last one 
consists of 1,210 substitutions [21]. 

4.3 ProtaBank 

Pro taBank [38] is a repository for different types of protein engineering data. The database 
is not pr imar i ly focused only on stabil i ty data and a wide range of properties are provided, 
including properties of solubility, folding, binding, or activity. P r o t a B a n k database provides 
the abi l i ty to query and analyze the data as well as submission of new data entries by 
the users. 

The database gathers mutat ional data from different sources and approaches. It includes 
data obtained from computat ional and other types of rat ional design, saturation mutage
nesis, directed evolution, and deep mutat ional scanning. The data comes from published 
literature and i f new data should be stored into the database direct ly from users, the data 
source is validated before the submission. 

Search a n d analysis opt ions 

The database provides a web interface for users to search i n the data and analyze the features 
of single entries. 

Searching can be done using several properties such as publ icat ion or study details (title, 
abstract, author), protein name, P D B identifier, U n i P r o t accession number, or protein 
sequence string. N o advanced options for searching according to more specific properties 
of the data are available, at least in its non-commercia l version. 
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Search results are represented by the study entries related to the mutat ional data. After 
search, table wi th information about study names, protein names i n the study, authors, 
and year of publ icat ion is displayed. Users can only use this information to filter data 
in the results table, no more specific options for filtering are available. Another searching 
strategy that can be used i n the database is the option of B L A S T [3] search based on 
the specified protein sequence. W i t h this approach, data related to this sequence can be 
identified. 

In the non-commercia l version of Pro taBank , users do not have an option to download 
search results in any format. Wi thou t possibil i ty for advanced search and fil tration, the us
age of the database is very l imi ted for users seeking data for new prediction tools without 
hard manual search i n the data. 

D a t a analysis can be done on the level of study entry. Single entry includes more 
specific information about the study, protein sequence, and three-dimensional structure 
where mutat ional data can be mapped and shown. Muta t i ona l data are displayed in a table 
wi th sequence information, w i ld type amino acid, the posit ion of mutat ion and mutated 
amino acid, the value of AAG and units used i n the measurement. D a t a from the table 
can be downloaded i n several formats such as C S V or X L S , but no addi t ional annotations 
are included, so user have to manual ly add annotations about related protein or structure. 
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Chapter 5 

FireProtDB design 

Chapter 4 presented an overview of the current state i n the field of protein stabil i ty data. 
Availabil i ty, quali ty and amount of the experimental data obtained i n the laboratory play 
an essential role when using in silico methods such as machine learning. D a t a obtained 
in the experiments are nowadays split among several resources without any defined format 
of the data. D a t a are suffering from many inconsistencies leading to existence of many 
manually filtered subsets of the data used specifically for construction of the predictive tools. 
The data acquisit ion from many resources wi th possibil i ty of inclusion of the incorrect data 
and need to manual ly filter the results make these data sources hard to use. Th is chapter 
describes the design of the novel database F i r e P r o t D B , a database of manually curated 
protein stabil i ty data. 

5.1 Requirements 

Requirements for the F i r e P r o t D B are considered from the data and user perspective and they 
need to meet certain specified criteria. F r o m the data perspective, database has to provide 
certain type of data w i t h sufficient quality. Requirements for the data stored i n the database 
have to incorporate following cri teria and information: 

• reliability: data should be without any errors, mismatches and duplicates. 

• protein information: data should provide the most important information about 
protein such as protein sequence, P D B identifier, U n i P r o t identifier and other useful 
information. 

• residue information: information about single residues should be provided. D a t a 
should contain information about related protein sequence, conservation information, 
correlation wi th other residues, secondary structure and other s tructural information 
such as posit ion i n the protein tunnel, pocket or whether residue is catalytic. 

• mutation information: information about residues mutations should contain mu
tated amino acid residue, posit ion of mutat ion, values of predicted mutat ion and in
formation about related experiments. 

• mutation experiment information: information about experimental thermosta
bi l i ty data should contain exact values of A A G or ATm, information about experiment 
conditions such as p H , half-life and other parameters. 
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• dataset information: information about related dataset should be available for mu
tation. 

• publication information: information about related publ icat ion for experiments 
and datasets should be available. 

Another important requirements are put on the database from the users perspective. 
They are focused on data presentation and abi l i ty of searching i n the database. The criteria 
are following: 

• user interface: database should provide a graphical user interface for displaying 
protein information (e.g. sequence, structure), information about mutat ion and its 
related experiments, publications, and datasets. 

• search: database should provide full-text search opt ion to search according to key 
features such as protein name, U n i P r o t identifier, P D B identifier, or publicat ion. 
For creating highly customized search queries, the advanced search should be provided 
to create search queries dynamical ly according to more specific features of the protein, 
mutation, related experiments, or dataset. 

• export and filtering: database have to provide the abi l i ty to download search 
results i n a specific format and filter them according to certain specific features. 

• A P I : database should provide an A P I for users to obtain data w i t h their own scripts. 

5.2 Architecture 

F i r e P r o t D B is designed as an applicat ion consisting from several layers to satisfy a l l re
quirements specified i n 5.1. 

Database stores a l l important information about proteins, mutations, thermodynamic 
experiments and other addi t ional data. Web service w i l l provide a l l necessary interactions 
wi th database and also searching ability. Web server w i l l connect web service and appli
cation. A l l incoming requests w i l l be handled by the server. Web application w i l l provide 
graphical user interface to present data on several levels as well as abi l i ty to define custom 
search queries. 

D a t a b a s e design 

Database layer of F i r e P r o t D B is the core of the applicat ion. It is designed as a t radi t ional 
relational database. The top of the database hierarchy is represented by a unique pro
tein sequence wi th a U n i P r o t identifier. The sequence is preferred to structure because 
of the availabil i ty of sequential data instead of tree-dimensional structures. 

The sequence is represented by a string of amino acid residues on certain positions. 
Each posit ion can be related to mult iple mutations and each mutat ion can be assigned 
to mult iple experimental measurements. E a c h measurement includes the most crucial in 
formation about measurement, information on whether the value was manual ly validated, 
and related publ icat ion i f available. 

Structural information includes one or more biological units related to certain protein 
sequences that identify biologically relevant quaternary structures of asymmetric units avail
able in the P D B database. A d d i t i o n a l s tructural and sequential annotations were computed 
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for stored biological units. This information provides another useful data about mutations 
and can be ut i l ized as features i n predictive tools. 

Fol lowing section w i l l provide more detailed description of ind iv idua l tables and their 
properties: 

• Table sequence: table contains information about protein sequence. It stores 
a string of amino acids, U n i P r o t identifier, name of the protein, organism and en
zyme commission ( E C ) number. 

• Table uniprot: table contains information about other related U n i P r o t entries 
to certain protein sequence. It provides only a single value defining the relation 
of U n i P r o t entry to protein sequence, whether it is obsolete or not. 

• Table interpro families domains: table provides the type and name of InterPro 
families which are related to certain protein. 

• Table sequence interpro: table connects related protein sequences and InterPro 
families. It also stores the order of InterPro entry expressing the importance of this 
entry. 

• Table structures: table stores information about protein structures such as P D B 
identifier, the method used to obtain structure and resolution of structure. 

• Table sequence structures: table connects protein sequence wi th a l l known de
termined structures. 

• Table biological unit: table stores representative biological unit for a specific 
sequence. It includes reference to the structures table i n the form of a P D B identifier 
and also includes a unit number. 

• Table sequence biological unit: table creates a connection between protein se
quence and the biological unit , contains information about the o ld and new chain. 
New chain represents chain id used i n HotSpot W i z a r d applicat ion and o ld chain 
represents chain id in the original P D B file. 

• Table hsw jobs: table contains information about HotSpot W i z a r d jobs that were 
used to calculate s tructural information related to the certain biological unit . 

• Table catalytic pocket: table provides information about catalytic pocket inside 
protein structure. It includes relevance, volume, and drugabil i ty values. 

• Table tunnels: table stores information about tunnels inside catalytic pockets. 
The table includes the length of the tunnel, distance to the surface, its curvature, 
and throughput. 

• Table pocket tunnels: table creates a connection between a catalytic pocket and 
related protein tunnel and includes coordinates of start ing posit ion of the tunnel. 

• Table bottleneck: table includes information about a bottleneck in protein tun
nel. D a t a included i n the table are radius, start ing coordinates, and bal l number 
of the bottleneck. 
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Table bottleneck residues: table creates a connection between bottleneck and 
residues i n the bottleneck. Information about the presence of sidechain is also pro
vided. 

Table residues: table contains information about residue belonging to a specific 
protein sequence. It includes a posit ion of residue, amino acid, and its conservation. 

Table residues catalytic pocket: table creates a connection between catalytic 
pockets and certain residues inside them. 

Table catalytic annotations: table provides information about catalyt ic residues. 
It includes reference to the residue, source, accession code, identity, description, type, 
and neighborhood. 

Table structure annotations: table contains s tructural information about the 
residues defining the structure of the protein. The table contains information about 
related residue and the biological unit , b-factor value, the value of accessible surface 
area ( A S A ) , type of secondary structure in which is residue presented, structure index 
representing posit ion of residue in structure, new chain, and insertion code. 

Table correlated residues: table contains information about correlated residues 
related to target residue. It includes the posit ion of correlated residue, related se
quence, and correlation consensus value. 

Table mutations: includes information about the mutat ion of specific residue. It 
stores mutat ion identifier, a reference to the residue, and mutant residue. 

Table consensus annotations: table includes information about mutations lead
ing back to consensus. It stores a reference to mutat ion, residue after mutat ion, 
frequency, and the ratio of the mutat ion. 

Table stability experiments: table contains information about experiment re
lated to certain mutat ion. It stores a reference to mutations table and values related 
to experiment settings such as scan rate, protein concentration, T offset, and p H . 
Another measurement-related information is the method and technique used to ob
ta in values i n the experiment and their details. The most important values are those 
related to protein stabil i ty such as A AG, ATm,Cp, half-life or curat ing flag whether 
experimental data were manual ly verified i n literature. 

Table experiments datasets: table connects corresponding experiment w i th the 
dataset i n which experiment occurs. 

Table datasets: table contains information about datasets w i t h experiments. Table 
itself contains information about its name, version, and links to the dataset and home
page of the inst i tut ion which constructed the dataset. 

Table publications: table contains information about publicat ion i n which the spe
cific experiment was presented. It includes the tit le of the publicat ion, name of the jour
nal, volume, issue, year of publicat ion, pages, D O I , and P M I D identifiers. 

Table authors: table stores information about the dataset or publ icat ion authors 
wi th their first name, last name, and init ials . 
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Table datasets authors: table connects related datasets and authors 

Table authors publications: table connects related publications and authors 
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Figure 5.1: E n t i t y relationship diagram of F i r e P r o t D B . 

Figure 5.1 shows design of the F i r e P r o t D B as entity relationship diagram. Tables do 
not include attributes stored by each table because of the complexity of the database. 
For simplification, information stored i n tables are described i n the previous more detailed 
description of ind iv idua l tables. F r o m the design perspective, authors have to be connected 
wi th the dataset as well as w i th publications, because existing dataset do not have to be 
published and therefore no information about its authors would be available i f it would be 
connected only v ia its publicat ion. 
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5.3 Sources of data 

Exper imenta l and addi t ional data i n the F i r e P r o t D B were obtained from the following 
sources: 

• P r o T h e r m database: the main source of the stabil i ty data used in the Fire
P r o t D B . For purpose of F i r e P r o t D B , only single-point mutat ion experiments were 
chosen for further usage. 

• P r o t a B a n k database: database was searched for studies i n which the stabil i ty data 
are present. D a t a from this source add experiments from more recent studies to enrich 
the data from P r o T h e r m . 

• Var iBench database: database contains 22 different stabil i ty datasets which were 
obtained from this source. Provided datasets were used i n t ra ining and testing of many 
existing prediction tools and in most cases consist of entries derived from P r o T h e r m . 
Therefore, data from these datasets are pr imar i ly used to add information about 
dataset membership for P r o T h e r m data. 

• External literature: data from more recent literature sources obtained by the team 
in Loschmidt Laboratories. 

• Loschmidt Laboratories: database also incorporates experimental data, which 
were obtained during experiments done by the team in Loschmidt Laboratories. 

• HotSpot W i z a r d : tool for automated design of mutations and smart libraries [35]. 
This tool was used to obtain addi t ional sequence and structure-related data such 
as catalytic pockets, tunnels, or residues located in the structure as it provides a l l 
necessary data i n a single calculat ion. The addi t ional features were added to provide 
more information about structure-function relationship and to be used as potential 
features for t ra ining of the machine learning models. 

5.4 Problems with the data 

Nowadays, there is a rapid growth of the biological data, but i n general, this type of data 
often suffers from the various errors, inconsistencies, or unspecified data format. These 
issues require manual correction and val idat ion of the data, which was also an issue while 
obtaining data for F i r e P r o t D B . Other problems arise from relationships between biological 
data, which have to be incorporated into the database design. 

Incorrect d a t a p r o b l e m s 

The main source of issues related to the data inconsistency and errors was P r o T h e r m , which 
is known for these problems. Therefore, data selected from this database have to meet 
certain requirements and several steps of preprocessing were done to overcome this issue. 

In the first step, only single-point mutations were selected from a l l of the entries. 
The second step included a selection of mutations, which were not insertions or deletions. 
In the th i rd step, entries including at least one of the SwissProt (UniPro t ) or P D B identi
fiers were selected. Wi thou t one of the identifiers, the target protein cannot be identified 
and such experimental entry is useless. The last step included the selection of the entries 
that had at least one of the values of A A G or ATm. 
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F i r e P r o t D B is a database of manual ly curated data, so each entry was further validated 
by the team of Loschmidt Laboratories from the original publications. After this manual 
validation, entries for which the original publ icat ion could be found were further checked 
for errors and then labeled as curated. 

D e s i g n p r o b l e m s 

The design of the database reflects problems related to the relationships between biological 
data. F i rs t of a l l , the protein sequence was chosen as a top-level representation instead 
of structures as the number of available sequences is much higher than the number of known 
structures. The sequence has to be then connected to a representative biological unit . Each 
unit can be related to one or more sequences and composed of mult iple chains. Th is problem 
is solved w i t h table biological_unit, where the representative biological units are stored 
and the connection table between sequence and the biological unit contains information 
about the chain. Biological units have to be connected to the P D B structure because table 
biological_unit stores only representative structure, but protein sequence can have more 
than one known structure. A l l structures are therefore stored i n separate table structures 
that needs to be connected wi th biological_unit and also wi th table sequence_structure. 
This table makes a connection between protein and a l l related structures. 

The next problem is related to the information about residue i n the protein sequence. 
Residues i n the F i r e P r o t D B are designed to store posit ion that reflects the posi t ion in 
the protein sequence, but the data can contain positions that are determined as positions 
in the structure. T h i s issue was connected especially wi th P r o T h e r m entries, which use 
structure posit ion index. Therefore, positions had to be transformed into their sequence 
counterpart using the Needleman-Wunch [26] a lgori thm to create global sequence align
ment of sequence related to P D B structure and U n i P r o t sequence entry. After this step, 
mutations were checked for correct positions in the alignment. The issue w i t h the posi
t ion in structure and sequence is related not only to the residues on mutated positions but 
to a l l residues. For the abi l i ty to visualize residues that are part of the structure, table 
structure_annotations is defined to provide pre-computed features of such residues and also 
mapping between posit ion in sequence and structure. Th is table serves as a connection be
tween the reference structure for protein and a l l residues that are part of the structure. A l l 
features i n this table are currently computed only for one structure, that is the reference 
one, to provide abi l i ty for displaying residues i n the tree-dimensional structure. 

A n important problem that can occur i n the data is the incorrect U n i P r o t identifier for 
identifying the target protein. In many cases, data contained U n i P r o t identifiers that were 
obsolete and the U n i P r o t database was already containing entries w i t h updated identifiers. 
To provide also old identifiers for search purposes, an addi t ional table U n i P r o t was added 
to provide a l l known U n i P r o t identifiers for the protein and their relationship wi th protein 
for entries that were replaced. 

Exper imenta l data are provided i n the form of entries for ind iv idua l measurements 
of certain mutations. Therefore, each mutat ion can be related to mult iple experiments 
wi th different results and conditions. Table stability_experiments is used to store a l l ther
mostable data measured dur ing the experiment. In some publications, experiments can be 
sometimes reported wi th an average or mean value of A A G 7 or ATm from a l l the measure
ments. To capture this issue, table derived_values was created to store these values and 
their type. The table is connected to the table wi th the experiment and also to the datasets 
table. 
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5.5 Data statistics 

From the available sources, 15,989 experimental entries were obtained, originating from 
8,411 mutations. Prov ided experiments are from 242 different proteins representing 304 
known structures. Number of experimental entries from ind iv idua l sources is shown in 
the table 5.1. 

Source N o . entries 
P r o T h e r m 8180 
Var iBench 5636 

Literature & P r o t a B a n k 2114 
Loschmidt Laboratories 49 

Table 5.1: F i r e P r o t D B data statistics w i th number of experimental entries and source. 

Cr i t i c a l issue wi th the experimental s tabil i ty data is their imbalance. The most of the ex
periments belong to destabilizing mutations and this issue is also reflected in the amount 
of such entries obtained for F i r e P r o t D B . Stabi l iz ing entries are i n minor i ty and increase 
in their amount would help to create more balanced datasets. D a t a contains 46 % of destabi
l iz ing entries, where A A G > 1 or ATm < — 1, while stabil izing entries, where A A G < — 1 or 
A T m > 1, make up 10 % of a l l entries and remaining 44 % of entries, where — 1 < A A G < 1 
or — 1 < A T m < 1, are considered as neutral. 

Figure 5.2 shows a dis t r ibut ion of number of experimental entries in intervals of A A G 
and ATm values. Figures 5.3 and 5.4 show top eight proteins according to number of related 
experimental entries and number of entries for substitutions from and to each amino acid. 
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Figure 5.2: His togram of A A G and ATm values. 
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Figure 5.3: Top eight proteins according to number of belonging experiments. 

4000 

3000 

To amino acid 
From amino acid 

• f l i H l 
A C D E F G H I K L M N P Q R S T V W Y 

Amino acid 

Figure 5.4: Number of experiments according to substitutions of each amino acid. 
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Chapter 6 

FireProtDB implementation 

F i r e P r o t D B consists of several layers: database, web service, web server and web appli
cation. E a c h of them has its specific function to ensure the functionality of F i r e P r o t D B . 
The database layer is implemented wi th the use of MySQL relat ional database to store a l l 
necessary biological data, and Elasticsearch 1 database is ut i l ized to provide the abi l i ty 
to full-text search for certain data w i th the required speed. Web service is implemented 
in Java as H T T P applicat ion interface w i t h the use of the Spring Boot 2 framework. Web 
server is implemented as a simple Node. j s 3 server and serves as a bridge between web ap
plicat ion and web service. Web applicat ion implements graphical user interface to provide 
al l necessary information to the user and it is implemented as a single-page applicat ion in 
TypeScript' 1 w i th the use of React 5 and Redux6 l ibrary for state management. A l l parts 
of the applicat ion are provided as the standalone containers created and connected wi th 
the Docker' system. 

6.1 Web service implementation 

F i r e P r o t D B web service implements a l l required logic for the database communicat ion. It 
also provides H T T P endpoints for serving the data according to the requests. 

Communica t ion w i t h MySQL database is done v ia Spring Data JPA A P I which pro
vides easier work wi th Java Persistence A P I ( J P A ) . Communica t ion wi th Elasticsearch 
database is done v i a Spring Data Elasticsearch A P I . Each table from the database has 
to be mapped to a certain entity for which the corresponding Spring D a t a repository has 
to exist. Repositories provide abilities to perform C R U D operations. Because of different 
A P I for Elasticsearch, different repositories for entities used for full-text search have to be 
implemented. The same entity then could have a J P A repository as well as an Elasticsearch 
repository i f used for full-text searching. 

x h t t p s : //www.elastic.co/elasticsearch/ 
2 h t t p s : / / s p r i n g . i o / 
3 h t t p s : //nodej s.org/en/ 
4 h t t p s : //www.typescriptlang.org/ 
5 h t t p s : //react j s.org/ 
6 h t t p s : //react-redux.j s.org/ 
7 h t t p s : //www.docker.com/ 
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Search implementation 
Searching is the most important feature of the F i r e P r o t D B web service. User requirements 
for F i r e P r o t D B specified i n 5.1 define that the applicat ion needs to support full-text search
ing as well as advanced search wi th the abi l i ty to create customized search queries from 
pre-defined parameters. 

There are several issues connected wi th the implementat ion of the search engine. Web 
service is designed as a R E S T f u l A P I , therefore, an object representing a search query 
have to be designed to store information from the user. It has to support bo th search 
types, mult iple presences of the same search parameters w i th different values, as well as 
nested queries. Because of these problems, two different objects were designed to overcome 
mentioned problems. 

{ 

"type":string, 
"key":string, 
"value":string, 
"additionalOptions": Array 

} 

{ 

"type":string, 
"options": Array 

Lis t ing 6.1: Search expression object 
L i s t ing 6.2: Search operator object 

Search expression object contains type field, which can only take on value expr. Th is 
specifies that an object represents an expression. Key field holds a value of the search 
parameter according to which user wants to search and value field specifies an exact value 
of a parameter. The last field additionalOptions is an array of certain options which are 
supported in query creation by some of the search parameters. 

Search operator object has only two fields, type field specifies the type of logical operator 
used between objects i n the options field. Th is field can obtain two different values: AND and 
OR. Options field i n search operator object could be an array of search expression objects, 
operator objects, or a combinat ion of both. The operator object is used when more than 
one search parameter is specified. 

The final search request object cannot be represented only by one of the mentioned 
objects defining query. Results on the client side need to be sortable. However, to l imi t the 
amount of transferred data and provide enough speed, results are paginated. The user does 
not have a l l search data available, thus sorting needs to be done remotely. The request has 
to include information about the parameter used to sort the data and the order i n which 
the sorting w i l l be done. To overcome this issue, the final search request is defined as: 

{ 

"searchData": Object, 
" f i l t e r " : Object 

} 

Lis t ing 6.3: Search request object 

F i e ld searchData can be search expression object or search operator object. F i l t e r field 
represents an object which has two fields: key defining name of parameter used for sorting 
and order i n which the sorting is done. 

The last issue connected wi th the search is what type of data should be returned as 
a result. There is a view from a mutat ional perspective and also a view on the ind iv idua l 
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experiments. To provide more information for a user, a view from the experimental level 
was chosen and results provide information about ind iv idua l experiments. Creat ion of result 
entities could be slow as joining of several tables is required to obtain a l l of the provided 
information. To speed up the search and construction of the results, database contains 
pre-defined view mutation_experiments_search. 

Type of search is defined i n search endpoint parameter as well as page number and size 
that w i l l be returned to the client. 

Full-text search 

Full-text search is implemented using Elasticsearch database, which provides fast search 
over indexed stored data. D a t a in the database are stored as J S O N documents. To use it 
w i th the Spring Boot applicat ion, Spring Data Elasticsearch A P I is used to communicate 
wi th the database and perform search queries. 

For this type of search, several entities were chosen for user to perform the search. 
They need to be stored indiv idual ly i n the Elasticsearch database as wel l as i n the rela
t ional database. These entities include dataset, publicat ion, structure, authors, protein 
and InterPro entries. E a c h entity has several attributes that were used to match the search 
query. 

Input for the full-text search is a string query that can include several phrases delimited 
by white space. If the user chooses several phrases, they are split and each of them is 
indiv idual ly used for search against each entity and its attributes. 

Search is done in two phases. The first phase of search returns entities such as dataset 
or protein, but they cannot be used as a result. In the second phase, the corresponding 
experimental entities need to be found. A s several phrases can lead to entities w i th the 
same experimental data, experiments need to be addi t ional ly filtered to include only unique 
entries. 

Advanced search 

Advanced search is implemented using Spring Data JPA A P I and special J P A Cr i t e r i a A P I . 
Spring Data JPA provides usage simplification of J P A based repositories, so less code is 
needed. Advanced search has to support the creation of dynamic queries, which is done 
using Cr i t e r ia A P I . 

M o d e l entity and corresponding repository is created for each table i n the M y S Q L 
database to provide a l l C R U D operations wi th the database. Each repository has to extend 
JpaSpecificationExecutor to be able to support queries created by Cr i t e r i a A P I . 

The basis of advanced search is custom Cr i te r iaBui lder class SearchCriteriaBuilder. 
This class contains Cr i te r iaBui lder object, Cr i te r iaQuery object and objects representing 
joins of specific tables represented by Java entities. Using Cr i te r iaBui lder a query, which 
w i l l return experiments objects, is created. The class contains methods that define and 
return objects representing joined entities. The most important is the buildQuery method, 
which creates query based on the provided Cr i te r ia A P I Predicate. The object of type 
Predicate represents part of an S Q L query in the WHERE clause. 

F i n a l predicate, representing whole WHERE clause, required to bu i ld the query, is con
structed dynamical ly from the search request. The user-defined search request is represented 
by a J S O N object which is parsed and i n this process, the predicate is being gradually bui l t . 
A s user has to be able to search according to several parameters of not only one entity, 
predicates for supported parameters are pre-defined. 
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Predicates are defined for only certain entities including muta t ion experiments, muta
tions, datasets, proteins and publications. Predicates can be easily created and defined for 
any entity to extend provided predicates. For supported parameters, an enumeration wi th 
their names that is i n accordance wi th corresponding predicates is created. Each predicate 
takes a value of the searched parameter and optionally can take the value of addi t ional 
options, which are supported only by certain parameters. 

Most predicates are defined for mutat ion experiments entity. Exper imenta l predicates 
include ones that check the presence of value or compare the value of certain parameter 
w i th the value specified by the user. If predicate compares the value of parameter w i th 
user-provided value, the string used as an input for predicate contains selected operator 
and value. They are then split and the predicate is created according to the specified 
operator. Predicates that check if the experiment is stabil izing, destabilizing or neutral 
also need to check the value of addi t ional options. These options are that query is used on 
a mutat ional level, which means that i f there is an experiment breaking the stabil i ty criteria, 
corresponding mutat ion and its experiments w i l l be excluded from the results. The second 
option is that values of A A G and ATm parameters have to agree as the experiment can 
have values of these parameters indicat ing an opposite stability. For each type of addi t ional 
option, a different query is created and if there is no addi t ional option, another query is 
created. 

Pro te in predicates include S Q L L I K E type predicates for parameters such as name, pro
tein sequence or species. They also include predicates for comparing the value of parameter 
w i th input value such as U n i P r o t identifier. Another type of predicate is the presence of the 
protein i n certain InterPro family. Input for such predicate is a string value containing op
erator IN or NOT IN and values of selected families del imited by a semicolon. For each 
operator, a corresponding query is defined. 

Dataset predicates also include predicate w i th IN or NOT IN operator and values of se
lected datasets. Predicate then checks the presence of experiments i n the selected datasets. 
Publ ica t ion predicates include a check of the D O I number. 

Each of the predicates is created based on the value of the key field i n the search 
expression object. W h e n the whole search request is parsed and the final predicate is 
created, the query is executed and the result is obtained as a list of mutat ion experiments. 

E x p o r t i m p l e m e n t a t i o n 

Besides searching ability, very important abi l i ty of F i r e P r o t D B is the export of the data. 
Search results, as well as the whole database dump, can be exported. Ex i s t i ng stabil i ty 
databases do not provide an option for downloading search results, which is important for 
their users. 

Search results can be exported as a C S V file and provide more detailed data. The 
database structure is very complex and obtaining a l l necessary information provided in 
a C S V file would require jo ining mult iple tables. 

To solve this problem and provide fast export, the underlying M y S Q L database contains 
a pre-defined view mutation_experiments_summary that combines a l l necessary tables. 

F i r e P r o t D B also supports higher control over data w i th the abi l i ty to download a full 
dump of the database as an S Q L file. The exported database dump also contains muta-
tion_experiments_summary view definition for the users to use it as their start ing point 
for addi t ional filtering and construction of custom queries. 
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D u m p of the database is implemented using Java l ibrary mysql-backup4JH • In the first 
step, the S Q L dump file is created and then the file is compressed and sent to the client as 
a Z I P file. 

6.2 Web application implementation 

The web applicat ion is implemented wi th React l ibrary for the design of front-end ap
plications. TypeScr ip t , which is a superset of JavaScript w i th support of static types, is 
employed as a ma in language. For managing the state of the applicat ion, the Redux l ibrary 
was used. 

The appl icat ion is designed as a single page web applicat ion. W i t h the use of React, 
the designer uses a declarative approach to declare the structure of the components, what 
they should display, and the state of the applicat ion. D a t a displayed by the components are 
based on the current state of the applicat ion. React manages the content of the components 
and if the state is changed, changes are projected to the appearance of the components. 
Changes are done dynamical ly without the need to communicate w i t h the server which 
leads to the same U R L . Managing the U R L is done v i a React Router 9 l ibrary, which uses 
the history of the browser to manage the U R L . 

App l i ca t ion state management is handled by the Redux library. It supports the reusabil
ity of the components. The appearance of the components and provided logic are separated. 
Components are parameterized and they display data based on the parameters, which could 
be data or function references. 

W i t h the use of Redux, the applicat ion has one global state which is defined by the 
designer. E a c h component uses only part of the state. Redux require the definition of several 
abstraction parts: containers, reducers and components. Containers contain necessary logic 
and define which data from the state can be used by the certain component. They also 
provide functions capable of changing the state of the applicat ion for the components. 
Reducers are handling the events leading to the state changes and the state can be changed 
only by the reducers. 

User interface 

Web applicat ion implements a graphical user interface, which provides several views on 
the data in the database. The view is split into several pages: main page, protein page, 
mutat ion page, datasets page and search results page. 

Main page provides the basic introduct ion to the F i r e P r o t D B and the basic overview 
of the data stored i n the database. The overview is realized i n the form of charts (fig. 6.1), 
that show statistics of the most important properties of the data. Char t w i t h overall statis
tics of the database provides information about progress in amount of proteins, experiments 
or mutations through t ime. For users, the most important statistics related to stabil i ty data 
is data dis t r ibut ion according to values of A A G and A T m . Such overview is presented by 
ind iv idua l histograms for both A A G and ATm. Histograms w i l l provide very important in i 
t i a l information about underlying character of available experimental data. Statistics also 
show relationship between proteins and experimental data, top proteins chart provide top 
8 proteins wi th the most experiments and the top InterPro families chart provide informa
t ion about top 10 InterPro families w i t h the most experiments. Users w i l l get information 

8 h t t p s : //github.com/SeunMatt/mysql-backup4j 
9https://reactrouter.com/ 
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that could help them to focus on specific proteins and families. The last charts are focused 
on providing the statistics of ind iv idua l residues. Relat ionship between number of ex
periments that were performed to and from certain residue is provided as histogram wi th 
number of experiments for each single residue. Statistics that show relationship between 
ind iv idua l residues are provided as a heat map, that contains number of substitutions for 
each pair of amino acid residues. Users have opt ion to choose between the heat map wi th 
full amino acid alphabet or chart using reduced alphabet that was proposed i n [8], where 
amino acids were clustered according to local s tructural features, which can help designers 
of prediction tools. 

Besides providing useful in i t i a l overview, some of the charts provide advanced abi l i ty 
that allows users to search in the database only by cl icking on selected data i n the chart, 
e.g. i f user is interested i n exploration of experiments by value of A A G , then simple click 
on bar displaying number of experiments in specified range w i l l perform search query in 
the database and show results w i th experimental data i n the range. This abi l i ty is supported 
by charts displaying top proteins and InterPro families as well as histograms for A A G and 
ATm. This feature w i l l be very helpful as a fast shortcut i n in i t i a l data exploration, because 
users w i l l not have to specify search query to obtain the data of interest. 

Protein page (fig. 6.2 and fig. 6.3) provides data related to a certain protein. Provided 
data includes basic information about protein, sequential and s tructural features and also 
experimental data belonging to the protein. 

Basic information provides the most important features to identify protein such as 
the name of the protein, species, U n i P r o t identifier and E C number to l ink protein to the re
lated databases for further analysis. Basic information is further enriched by the list of the 
InterPro families, to which the protein belongs. 

Section w i t h sequence features provides a more complex view of the features connected 
wi th the protein sequence. D a t a are displayed using the interactive P r o t V i s t a [39] compo
nent, which provides interactive data tracks. The component provides information about 
the secondary structure of certain parts of the protein, sites, a charge of amino acids, in 
formation about residue's presence i n the catalytic pocket or the tunnel, information about 
b-factor, conservation and mutations. Every feature has its own track wi th the data. D a t a 
for secondary structure and sites are obtained v ia U n i P r o t A P I 1 0 and data for the remaining 
features are constructed from the database data. Features are always related to the spe
cific residues and they are displayed as graphical elements in the track at the posi t ion of 
the certain residue. Details about residue's data can be displayed i n the toolt ip. 

Structural features section provides basic s tructural information about structure such 
as P D B identifier, the method and resolution wi th visual izat ion of the structure. Be
cause protein can have more related structures, user has the abi l i ty to choose currently 
displayed structure and its information. For visualizat ion part, the third-party component 
P D B e M o l s t a r 1 1 is used to display the three-dimensional structure of the protein based on 
the currently selected P D B identifier. 

The ma in feature of visual izat ion component is to provide abi l i ty to show user selected 
residues in the structure and analyze their properties. Selection of residues that are part of 
the structure is connected wi th issue that protein can have more determined structures, but 
positions and chain could not be val id for each of them. Database currently stores positions 
of s tructural residues only for one representative structure. If this representative structure is 
currently selected, user can select residues directly in the viewer or by using more advanced 

1 0 h t t p s : //www.uniprot.org/help/api 
n h t t p s : //github.com/PDBeurope/pdbe-molstar 
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option. The advanced option is represented by the slider that provides the abi l i ty to select 
residues i n the structure according to features including A A G , A T m , conservation and b-
factor values. Slider allows user to specify the range of values of selected feature and residues 
wi th values wi th in the interval are then highlighted. This feature focuses on easy and fast 
analysis, users can explore locat ion of such residues in very quickly. Besides selection and 
visual izat ion abilities, slider also provides more advanced feature that is connected wi th 
search ability. Current ly selected range of values for selected option could be used as 
a search query. It means that for currently viewed protein and selected range of values, 
search query w i l l be created and performed. This features w i l l be helpful for fast and 
interactive selecting of interesting experiments of certain protein. 

The last section contains a table w i t h basic information about experimental data for 
the current protein such as its curation, A A G and ATm values or publ icat ion. The posit ion 
of each mutat ion can be also selected in the structure viewer to analyze i t . In addit ion, 
mutated positions can be displayed also from P r o t V i s t a track containing mutat ional data. 

Mutation page (fig. 6.4) provides information related to certain mutat ion and its exper
imental data. Basic information about mutat ion includes original and mutated residues, 
the posit ion of the mutat ion and the protein where the muta t ion occurred. The most im
portant are the experimental data determining the character of the mutat ion. D a t a are 
provided in the form of a table, where each row represents values of one experiment such 
as A A G and A T m , curat ion information, related datasets and publ icat ion or identifier 
of the experiment. Because some researchers use to perform several experiments and then 
aggregate obtained results, protein page contains table w i t h derived values. Table include 
values of mean and standard deviat ion for related experiments. 

Dataset page (fig. 6.5) provides a view of the datasets in the database. It includes basic 
information about the dataset such as its name, version, related publ icat ion and its authors. 
Addi t ional ly , the page contains two charts w i t h statistics. The first displays the stabil i ty 
character of the experimental data in the dataset, while the second one shows a comparison 
of the selected dataset in how many entries is overlapping wi th other datasets. 

Search results page (fig. 6.6) provides results based on the search query. Results are 
shown as a table where each row represents information about one experiment. B y default, 
the table displays information such as the name of the related protein, information about 
curation, mutat ion, A A G and A T m values and uses colours to determine the effect of the 
mutat ion, so the user can easily navigate i n the table. Besides the previous features, the user 
can dynamical ly display addi t ional information such as p H or protein concentration wi th 
a manual selection of the currently displayed features. F r o m the results table, the user can 
easily navigate to the protein page or mutat ional page for selected protein or mutat ion. 
Very important feature that is missing i n current s tabil i ty databases, is abi l i ty to download 
search results. Here, user has the abi l i ty to export the results i n machine readable C S V 
file. The exported file contains more specific information about experiments i n the result 
table. Therefore, the search request that was used to obtain the current results, is sent to 
the server. The request is used to get the same experiments as provided i n the table, but 
exported data are addi t ional ly enriched wi th further information related to the experiments, 
which are not provided in the table. 

Besides providing search results in the table form, results page provides advanced abi l i ty 
to display charts w i th statistics related to the current results. Statistics can be fetched on 
request and provide similar statistics as charts on the main page. Charts provide quick 
overview of resulting data, user then can easily explore data dis t r ibut ion information and 
make further decisions what to look into i n the next step of the analysis. 
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The most important part of the web applicat ion is the search component. Search is 
available on the top of the page and can be always accessed no matter what the current 
page is. F i r e P r o t D B search provides the abi l i ty for full-text searching and also the abi l i ty to 
create custom search query wi th advanced search. Phrases from full-text search or custom 
query are used to construct a part i n the S Q L query in WHERE clause. B y default, the search 
component provides a text field to input phrases for full-text searching. Advanced search 
component is displayed after manual selection. 

Advanced search component (fig. 6.7) provides the abi l i ty to add or remove search 
items dynamical ly and create a query from them. Users can create query only by connect
ing search items w i t h logical connectives AND and OR and they can also use the support 
of brackets. W i t h brackets usage, users can create complex predicates and connect them 
to construct a final query. E a c h search i tem represents one of the pre-defined parameters 
which can be searched i n the database. Accord ing to the selected parameter, different 
field to provide target values of the parameter is provided. Cer ta in parameters such as 
dataset name, organism or InterPro families support the selection of names, where the 
value of the parameter should be included or excluded, respectively. Several numerical 
parameters support the definition of operator used to define criteria for the value. Another 
parameter is either boolean or supports only the value definition of the specified parameter. 
After the query is defined, control of value types or missing values is done and an array 
of search items is parsed. F r o m the array, the corresponding postfix notat ion is created 
and finally, the search object is created and send to the server. A n important issue related 
to the search is storing the state of the search in the U R L that is displayed on the results 
page. The U R L contains the type of the search represented by the string and the search 
state is encoded using base64 encoding. Search state can be then easily restored from U R L 
and user can also share U R L wi th an encoded search query that was used to obtain specific 
results. 
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FireProtDB statistics overview 
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Figure 6.1: F i r e P r o t D B statistics on main page providing basic overview of data stored 
the database. 
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Figure 6.2: Basic information about protein wi th list of related InterPro families and se
quential information displayed as a interactive P r o t V i s t a tracks wi th the data. 
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Structural features 
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Figure 6.3: Structural and mutat ional features of protein displaying basic information of 
selected structure wi th Mols ta r visualizat ion component that allows user to select and view 
positions of interest in the structure and table wi th mutated positions and their properties. 
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Figure 6.4: M u t a t i o n page wi th basic information about mutat ion and list of a l l related 
experimental data. 
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potapov2156 
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Figure 6.5: Dataset page provides basic information about dataset w i t h addi t ional statistics 
providing information about mutat ion types i n the dataset and overlapping wi th another 
stored datasets. 
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FireprotDB search results 
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Figure 6.6: Search results page wi th table containing experimental entries together w i th 
abi l i ty to display addi t ional statistics for current results. 
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Figure 6.7: Advanced search provides users abi l i ty to dynamical ly create complex queries 
using brackets and logical operators from pre-defined options about experiments, dataset, 
protein and others. 
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Chapter 7 

Conclusion 

Nowadays, proteins find their use i n a broad spectrum of applications in various fields of in 
dustry and medicine, where they often need to withstand harsh environmental conditions. 
To overcome such an issue, protein stabil i ty needs to be improved to make the usage of pro
teins possible. Design of more stable proteins is done by mutations of certain residues, but 
to obtain required results, large amount of mutations have to be designed. The determi
nation of stabil i ty is usually done in laboratory using one of the commonly used methods, 
which is costly and time-consuming. 

In the recent years, machine learning methods have been ut i l ized in the field of protein 
engineering, which also applies on the problem of determining the protein's stability. Usage 
of machine learning methods could help w i t h faster pre-selection of promising mutations 
that would be further studied in the laboratory. C ruc i a l issue related to the usage of machine 
learning methods is the requirement of the high amount of reliable data. Wi thou t the data, 
machine learning tools cannot be trained to provide predictions w i t h high accuracy. 

Current s i tuat ion wi th experimental s tabil i ty data is not opt imal . Exper imenta l data 
are split among three major data sources: P r o T h e r m , P r o t a B a n k and Var iBench and a large 
port ion of data s t i l l remains only i n the scientific literature without being stored i n any 
database. The largest well-known source of experimental data, P r o T h e r m , suffers from the 
presence of many inconsistencies and errors which were reported by the users and it has 
not been updated since 2013. The other two databases, P r o t a B a n k and Var iBench , are not 
pr imar i ly focused on the collection and maintenance of the stabil i ty data. Issues related to 
the data that are currently available have significant influence on the usage of the machine 
learning methods. The most important is the amount of the data, which d id not increase 
in the sufficient way, and without new experimental data, tools cannot perform better. 
Other important issues are that users usually need to perform several steps of filtering and 
validat ion to obtain data w i th necessary quality. Current data sources also do not support 
advanced abilities for search and data export, which would significantly decrease the time 
required for data acquisit ion. 

The main goal of this thesis was to design and implement a novel database of exper
imental thermostabil i ty data for single-point mutants, which would provide reliable data 
from the current sources and could possibly become a standardized source of the experi
mental protein stabil i ty data. The result of this thesis is F i r e P r o t D B database that was 
created i n cooperation w i t h experts from Loschmidt Laboratories. The database focuses 
on researchers that need to explore experimental data and also on users seeking the data 
for development of the machine learning tools. F i r e P r o t D B provides experimental data 
collected from several existing sources that were filtrated and validated. D a t a were also 
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enriched by addi t ional sequential and s tructural annotations that w i l l be especially useful 
as features for machine learning models. The database provides a web interface that allows 
users to explore provided data on several levels w i th an advanced display of sequential 
features or three-dimensional structure view wi th the abi l i ty to show residues according to 
specific properties. A n important feature of the F i r e P r o t D B is the implementat ion of the 
search engine that focuses on flexible selection of the data of interest. Database allows users 
to create complex custom search queries which w i l l be useful for developers constructing 
t ra ining and testing datasets for their predictive tools. For easy processing, F i r e P r o t D B 
provides search results i n machine readable CSV format. For more advanced users there 
is an abi l i ty to obtain a dump of the database and perform addi t ional changes or per
form more specific queries. The web interface of the database can be publ ic ly accessed 
at https://loschmidt.chemi.muni.cz/fireprotdb/ and more than 2,000 users have al
ready visi ted and used the database. The database was already published i n the scientific 
journal Nucleic Acids Research (impact factor 11.501). The journal article of the database 
is attached i n appendix B . F i r e P r o t D B w i l l be maintained by the team i n the Loschmidt 
Laboratories to be an important and reliable source of protein stabil i ty data for scientific 
community. 
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Appendix A 

Content of D V D 

Content of the attached D V D contains following directories or files: 

• directory /thesis w i th source code of the thesis and text of the thesis 

• directory / f ireprotdb-backend w i th source code of the web service 

• directory / f ireprotdb-frontend w i th source code of the web applicat ion 

• file fireprotdb.sql - database schema together w i th the data 

• file F i r e P r o t D B . p d f - journal article published in Nucleic Acids Research 

• file F i r e P r o t D B E R D . p d f - En t i t y Relat ionship Diagram of the database 

• file docker-compose.yml - definitions of Docker containers 

• file R E A D M E . m d - usage guide for applicat ion 
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Journal paper 

Paper w i th t i t le F i r e P r o t D B : database of manual ly curated protein stabil i ty data was 
lished i n Nucleic Acids Research journal (impact factor 11.501) on November 9, 2020. 
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ABSTRACT 

The majority of naturally occurring proteins have 
evolved to function under mild conditions inside 
the living organisms. One of the critical obstacles 
for the use of proteins in biotechnological applica
tions is their insufficient stability at elevated temper
atures or in the presence of salts. Since experimental 
screening for stabilizing mutations is typically labo
rious and expensive, in silico predictors are often 
used for narrowing down the mutational landscape. 
The recent advances in machine learning and arti
ficial intelligence further facilitate the development 
of such computational tools. However, the accuracy 
of these predictors strongly depends on the quality 
and amount of data used for training and testing, 
which have often been reported as the current bot
tleneck of the approach. To address this problem, 
we present a novel database of experimental ther
mostability data for single-point mutants FireProtD B. 
The database combines the published datasets, data 
extracted manually from the recent literature, and 
the data collected in our laboratory. Its user inter
face is designed to facilitate both types of the ex
pected use: (i) the interactive explorations of indi
vidual entries on the level of a protein or mutation 
and (ii) the construction of highly customized and 
machine learning-friendly datasets using advanced 
searching and filtering. The database is freely avail
able at https://loschmidt.chemi.muni.cz/fireprotdb. 

INTRODUCTION 

Proteins play essential roles in many biotechnological and 
b iomedica l applications, where they are often subjected to 
extreme environments, e.g. elevated temperatures or the 
presence o f various salts. However, natural ly occurr ing pro
teins have most ly evolved to funct ion i n the m i l d environ
mental condit ions, and therefore their appl icabi l i ty is l i m 
ited i n the industr ia l applications. F o r this reason, protein 
engineers generally a i m to improve protein stability, and 
thermostabil i ty is one o f their p r imary targets (1) as it is cor
related w i t h serum survival time (2), half-life (3), expression 
y ie ld (4) and activity i n the presence o f denaturants (5). A 
reliable assessment o f the effect o f a muta t ion on protein sta
b i l i ty is often performed experimentally. Extensive experi
mental screening, however, is s low and costly, p rompt ing the 
use o f in silico approaches for the pre-selection o f promis
ing mutations. These methods are usually based o n one o f 
the three principles: (i) free energy calculations, (ii) phylo-
genetics or (iii) machine learning. W i t h the recent advances 
i n art if icial intelligence, too l developers increasingly resort 
to the th i rd group o f methods. However, the accuracy o f the 
machine learning-based predictors is sti l l severely l imi ted by 
the lack o f high-qual i ty data (6). Exper imenta l characteri
zations are usually not capable o f producing large amounts 
o f data, and the majori ty o f these measurements are scat
tered i n the scientific literature. Thus, there is a strong de
m a n d for systematic col lect ion, val idat ion, and organiza
t ion o f such data i n a database. 

Two attempts have been made to establish a systematic 
and extensive col lect ion o f thermostabil i ty data so far. The 
first and largest database is the T h e r m o d y n a m i c Database 
for Proteins and M u t a n t s - P r o T h e r m (7). It was first re
leased i n 1999 w i th the a i m to collect experimentally de
termined thermodynamic parameters for wild- type proteins 
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and their mutants f rom the publ ished literature. Its latest 
version contains >25 000 entries f rom 740 proteins, and it 
serves as the p r imary source o f protein stability data for the 
development o f new predictors. However, P r o T h e r m was 
last updated i n 2013 so the database is already out-of-date. 
Moreover , several cr i t ical issues have been reported, such 
as inaccurate annotations or wrong signs o f values (6 ,8-
10). This makes P r o T h e r m even more difficult to use as 
t ime-demanding manua l filtering and val idat ion steps are 
required to conf i rm the values in the or ig ina l articles. Th i s 
manual filtering led to the construct ion o f many different, 
often overlapping, subsets w i th corrected values and occa
sionally new data. Some o f these derivative datasets were 
deposited to the V a r i B e n c h database (11) wi thout any at
tempts to reintegrate the changes into P r o T h e r m or create 
an improved database. Th i s changed i n 2018 when Prota-
B a n k (12) was released. This database aims to collect a wide 
range o f protein engineering data such as thermostability, 
activity, expression, b ind ing and several others. The devel
opers impor ted a l l the data f rom P r o T h e r m , yet they d i d not 
seem to perform any manua l curat ion. Therefore, the cr i t i 
cal issues listed above were not resolved. A n d while Pro ta-
B a n k enriched the P r o T h e r m data w i th recent experimental 
studies, the database does not offer any advanced search
ing and filtering capabilities, at least i n its non-commerc ia l 
version. Th i s makes the data extraction and processing te
dious by necessitating many manua l steps and hinder ing 
the appl ica t ion o f such data-driven methods as machine 
learning. 

To overcome these l imitat ions, we established the 
F i r e P r o t D B database that holds manual ly curated ther
mostabi l i ty data for single-point mutants. The database 
contains the data available i n P r o T h e r m , P ro t aBank , and 
our extensive manual literature search. Its user-friendly in 
terface allows easy and interactive browsing through the ex
perimental data and provides l inks to the corresponding 
U n i P r o t and P D B entries. Moreover , advanced searching 
and filtering capabilities, the abil i ty to d o w n l o a d the data i n 
a simple table format, and meticulous labell ing o f data en
tries used for t ra in ing and testing o f published tools prompt 
the further appl ica t ion o f machine learning. 

MATERIALS AND METHODS 

Database architecture and data model 

The top-level entity o f the F i r e P r o t D B database is a unique 
protein sequence entry w i th the assigned U n i P r o t I D (13). 
Prote in sequences were preferred to structures due to the 
broader availabil i ty o f the former. E a c h sequence is a string 
o f amino acids in specified positions. M u l t i p l e mutations 
can be assigned to a single pos i t ion , and each mutat ion can 
be evaluated by mult iple measurements and derived val 
ues. The measurements represent the experimental values 
o f the G i b b s free energy changes upon mutat ion ( A A G ) or 
changes i n mel t ing temperatures ( A r m ) . The derived values 
stand for averages or medians o f mult iple measurements for 
a par t icular mutat ion. E a c h measurement is also accompa
nied by a curat ion flag that indicates whether the value was 
manual ly validated against the or ig ina l publ ica t ion to guar
antee its correctness. Fur thermore , each measurement and 

derived value can be assigned to mult iple published datasets 
to promote accurate val idat ion and benchmark ing o f c o m 
puta t ional tools. 

F r o m the structural po in t o f view, each sequence can have 
one or more assigned b io logica l units that denote b io log
ical ly relevant quaternary structures o f asymmetric units 
stored i n the P D B database (14). F o r representative b io log
ica l units, the H o t S p o t W i z a r d 3.0 (15) calculat ion was ex
ecuted to compute addi t iona l sequential and structural an
notations. These annotations can help wi th the analysis o f 
selected mutations and serve as pre-calculated features ap
plicable i n machine learning models. 

Stability data acquisition and curation 

F i r e P r o t D B is composed o f the data f rom four sources: the 
P r o T h e r m database, the P r o t a B a n k database, manua l m i n 
ing o f the scientific literature, and data collected i n our labo
ratory (Figure 1). The p r imary data source was P r o T h e r m . 
D u e to the mult iple problems ment ioned i n the introduc
t ion , we fol lowed several filtering steps. In the first step, we 
retained only those entries that met the fo l lowing four c r i 
teria: (i) they have a single-point mutat ion; (ii) the mutat ion 
is not an insert ion or deletion; (iii) the protein has a Swis-
sProt accession code a n d / o r a P D B identifier; (iv) the en
try includes a measured A A G a n d / o r A 7 " m . Secondly, we 
performed a val id i ty check o f SwissProt accession codes 
and updated obsolete entries. P r o T h e r m references muta
tions by their structure index, i.e., the residue number in 
the structure, wh ich i n many cases does not match their 
sequence index, i.e. the posi t ion i n the sequence. To over
come this issue, we used a s imilar approach as i n P D B S W S 
(16): use the Need leman-Wunsch a lgor i thm (17) to con
struct the g loba l sequence al ignment o f sequences extracted 
f rom P D B and U n i P r o t entries and map the mutations onto 
the U n i P r o t sequences. In the next step, we confirmed that 
the reported wild-type amino acids are in the correct po
sitions i n the structures and unified the reported units. F i 
nally, we matched the data w i t h the manual ly curated entries 
i n the F i r ePro t dataset (18), updated the values, and marked 
them as 'curated' . 

In add i t ion to P r o T h e r m , we explored the studies re
ported i n the P r o t a B a n k database, extracted the thermosta
bi l i ty data, and integrated them into our database. We also 
performed a manual literature search using stability-based 
keywords such as 'protein stabili ty ' , ' thermostabil i ty ' , 'free 
energy u p o n mutat ion ' , 'protein stabil ization' . We mined 
the recent scientific articles report ing mutants w i th mea
sured stability data and contacted the authors o f the pub
lications when the relevant data were not available i n the 
article. A l l such entries were marked as 'curated' as we ex
tracted them directly f rom the or ig ina l publications. F i 
nally, we reviewed the thermostabil i ty data collected i n our 
lab throughout the last few years and added them to the 
database. We perform experimental protein characteriza
t ion i n our protein engineering projects o n a regular basis, 
and measuring protein stability is an essential part o f such 
characterization. I n total , the three sources led to a signif
icant enlargement o f the data size by 62% i n terms o f a l l 
the entries. The number o f curated entries more than dou-
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Figure 1. A schematic representation of the data comprising FireProtD B. The primary source of data is filtered ProTherm (7). The FireProt data subset 
(18) was manually curated, compared to the source publications, and marked with the 'curated' flag. The publications from ProtaBank (12) and manual 
literature search were also used to deposit the data. Each mutation in the deposited data was annotated according to its membership in the published 
datasets and those deposited on VariBench (11). The HotSpot Wizard 3.0 (15) annotation tool was applied to each protein entry with a known tertiary 
structure. 

bled compared to the previously collected cleaned F i rePro t 
subset o f P r o T h e r m . 

Dataset assignment 

In the second acquis i t ion step, we collected 40 datasets from 
the V a r i B e n c h database (11) and literature (18), wh ich were 
used previously for t ra in ing or testing o f existing predictors. 
Since a l l these datasets are at least par t ia l ly derived from 
P r o T h e r m , we cou ld label each measurement i n F i r e P r o t D B 

by its membership i n the datasets. These labels are partic
ular ly useful for the compar i son o f new predict ion models 
to the existing tools. This task is usually done by the perfor
mance evaluation o f predictors on a dataset that is entirely 
independent o f the t ra in ing and test sets used for the devel
opment o f the tools. Since the dataset construct ion is often 
laborious and consists o f a manua l data processing, the pos
sibi l i ty to directly exclude the data present i n given datasets 
significantly simplifies and speeds up the construct ion pro
cess. 

Calculation of additional annotations 

To provide our users w i th a more advanced descript ion o f 
their proteins o f interest, we enriched the database by sev
eral impor tant sequence- and structure-related informat ion . 
These calculations were performed by H o t S p o t W i z a r d 3.0 
(15), wh ich is currently the only t oo l capable o f der iving 
al l these features i n a single calculat ion (19) and provides 
machine-readable results. H o t S p o t W i z a r d was executed on 
a representative b io logica l uni t o f each protein and provided 
the annotations for a structure, such as the residues located 
i n protein pockets and tunnels, and a sequence, such as cat
alytic residues, evolut ionary conservation scores, back-to-
consensus mutations, and correlated pairs. These annota
tions can be helpful for a better understanding o f structure-
function relationships as wel l as for generating features for 
machine learning. 

RESULTS 

Web interface 

The web interface was designed for bo th types o f expected 
users—protein chemists and software developers. Pro te in 
chemists are often l o o k i n g for the thermostabil i ty evidence 
for their protein o f interest, and they w i l l benefit f rom its 
interactivity and details pages w i t h add i t iona l informat ion . 
M a c h i n e learning experts and bioinformaticians w i l l be 
more interested in advanced filtering capabilities facili tating 
the process o f construct ion o f highly customized datasets 
for the t ra ining or assessment o f various predictors. The en
try point to the database is the search form, wh ich al lows 
browsing i n two major ways: (i) a simple full-text search for 
querying the database using protein name, U n i P r o t acces
sion codes, P D B identifiers, protein names, publications, au
thors or organisms and (ii) an advanced search a l lowing the 
users to construct complex rules based on the relat ional a l 
gebra and a l l available database fields. The latter is one o f 
the key features o f F i r e P r o t D B as it facilitates the construc
t ion o f highly customized datasets needed for the develop
ment o f new predictors. 

Once the user cl icks o n the 'Search ' but ton, they are redi
rected to the page wi th the result table. Th i s table contains 
a list o f available experiments, their basic annotations, and 
measured values. The table is paginated to eliminate possi
ble performance issues and al lows further interactive filter
ing o f displayed values. The user can then easily export the 
search results i n the C S V format using the ' E x p o r t ' but ton 
at the top or the b o t t o m o f the page. 

C l i c k i n g on a muta t ion name leads to a page w i t h a more 
detailed view, showing a l l the data entries and datasets that 
include the selected mutat ion. C l i c k i n g o n a protein name 
leads to a page provid ing the basic informat ion such as 
U n i P r o t accession code, organism and E n z y m e C o m m i s 
s ion number, as wel l as detailed annota t ion o f secondary 
structure, catalytic sites, natural variants and amino ac id 
charges derived f rom U n i P r o t database using interactive 
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Figure 2. Examples of filtering protocols in FireProtD B. Top: The request filters out the data collected at extreme pH or with extreme A A G values, resulting 
in >3500 data points left. Bottom: An example of excluding all the mutations that appear in PopMuSiC, FireProt, or PON-Tstab datasets. 
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Figure 3. An overview of the data deposited to FireProtD B. Left: The table shows the total number of each substitution pair with the wild type amino acids 
in rows, mutant amino acids in columns, and the coloring according to the thresholds of 1 (light green), 10 (medium green) and 50 (dark green) entries for 
the corresponding substitution. Right: Histograms showing the top seven proteins by their UniProt IDs, the A A G values, and the cumulative number of 
amino acid substitutions. 
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Pro tVis t a tracks (20). This page also contains a list o f a l l 
k n o w n b io logica l units and a table w i t h a l l experimental 
measurements. 

Search queries 

Several types o f search queries may be o f interest to the 
users. The first one relates to data filtering by values (10). 

Typical ly , software developers filter out the data collected 
at extreme p H (<6 or >8) due to changes i n charged states 
for ionizable residues. The entries w i th large absolute A A G 
or ATm are also sometimes excluded due to l ikely higher 
measurement errors, and also because dramatic changes to 
the stability may indicate significant structural alterations 
to the w i l d type, wh ich may become a problem for structure-
based features. The second type is relevant for benchmark-
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ing o f a newly designed predictor against the existing tools 
or creating a meta predictor. In either case, one usually 
needs to derive a data subset that has not been used by 
the existing predictors for t ra ining. The ma in reason is 
the robust performance estimate, wh ich is typical ly over-
opt imist ic for these sets (6). Two corresponding examples 
o f such filtering protocols are shown i n F igure 2. 

Database dump 

F o r the users requesting even higher control over the data 
and filtering capabilities, we offer the possibi l i ty to down
load the complete d u m p o f the database i n the S Q L for
mat. This data file can be easily impor ted to any m o d 
ern M a r i a D B server, version 10.2, and higher. Since the 
database structure is complex and any cus tom query re
quires j o i n i n g o f mult iple tables, the d u m p also contains 
a pre-defined view 'mutation_experiments_summary'. The 
summary combines a l l the tables and provides the data i n 
a s imilar structure as the C S V export f rom the user inter
face. This view or its definit ion can serve as a useful starting 
point for addi t iona l filtering or creating cus tom queries. 

Data statistics 

Currently, F i r e P r o t D B contains 13274 entries for 237 pro
teins (Figure 3), f rom wh ich 8189 measurements or igi 
nated f rom P r o T h e r m . The remaining 5085 entries were 
added f rom our literature search (18%), publicat ions from 
P ro t aBank (28%), V a r i B e n c h (53%), and our own records 
(1%). I n total , 4 3 % entries are destabil izing mutations 
(ATm<—l o r A A G > 1 k c a l / m o l ) , 14% stabil izing (ATm > 
1 or AAG<—1 k c a l / m o l ) , and 4 3 % considered neutral (-1 
< A r m < l o r - l < A A G < l k c a l / m o l ) . The database also 
includes annotations for 40 various published datasets de
rived f rom P r o T h e r m , deposited to V a r i B e n c h (11), or avail
able in the corresponding articles and web servers. A s far 
as enzymes are concerned, those collected i n the database 
cover the first six E C classes, three o f which by >40% on 
the second level. 

DISCUSSION 

The availabil i ty o f large high-qual i ty datasets is one o f 
the cr i t ical requirements for the advancement o f machine 
learning-based in silico predictors. W h i l e some promis ing 
high-throughput experimental methods have been released 
recently (21,22), their val idat ion is sti l l ongoing, and protein 
stability experiments are sti l l t ime-consuming and expen
sive. B u i l d i n g t ra in ing and testing datasets is hindered by 
the data being h idden i n the or ig ina l articles, generating a 
strong demand for their systematic min ing , col lect ion, va l i 
dat ion, and homogenizat ion. The existing databases are not 
fulfil l ing a l l the requirements as P r o T h e r m is outdated and 
contains incorrect data, and P r o t a B a n k does not provide 
advanced search and export tools and is part ly commercia l . 

F i r e P r o t D B is a novel database for experimental ther
mostabi l i ty data o f protein single-point mutants. It con
sists o f the data manual ly extracted f rom P r o T h e r m , ar t i 
cles f rom P ro t aBank , new data obtained by m i n i n g the re
cent literature, and the data collected i n our laboratory. The 

database is accessible v i a a user-friendly graphical web in 
terface a l lowing the users to search and browse the data i n 
teractively. Moreover , a l l the entries are annotated to ind i 
cate whether they belong to the already published datasets. 
These annotations, combined wi th the advanced searching 
and filtering capabilities, make F i r e P r o t D B a valuable data 
resource for machine learning developers interested i n con
structing highly customized datasets. 

In the future, we w i l l improve our searching queries and 
employ automatic text-mining machine learning-based ap
proaches (23-25) to accelerate literature min ing and data 
col lect ion, wh ich w i l l be followed by manua l curat ion. We 
w i l l also prepare an interactive fo rm for data submissions 
by the users. F ina l ly , we w i l l extend the set o f automatical ly 
generated features for mutations and add sequence similar
ity filtering to improve the data usabil i ty by the communi ty 
o f engineers apply ing machine learning to predict changes 
i n protein stability. 
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