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ABSTRACT

ProThermDB is an updated version of the ther-
modynamic database for proteins and mutants
(ProTherm), which has ~31 500 data on protein sta-
bility, an increase of 84% from the previous ver-
sion. It contains several thermodynamic parameters
such as melting temperature, free energy obtained
with thermal and denaturant denaturation, enthalpy
change and heat capacity change along with exper-
imental methods and conditions, sequence, struc-
ture and literature information. Besides, the cur-
rent version of the database includes about 120 000
thermodynamic data obtained for different organ-
isms and cell lines, which are determined by recent
high throughput proteomics techniques using whole-
cell approaches. In addition, we provided a graph-
ical interface for visualization of mutations at se-
quence and structure levels. ProThermDB is cross-
linked with other relevant databases, PDB, UniProt,
PubMed etc. It is freely available at https://web.iitm.
ac.in/bioinfo2/prothermdb/index.html without any lo-
gin requirements. It is implemented in Python, HTML
and JavaScript, and supports the latest versions of
major browsers, such as Firefox, Chrome and Safari.

INTRODUCTION

Thermodynamic data for proteins are important for under-
standing the mechanism of protein folding, delineating the
factors influencing the stability of proteins and mutants, de-
velopment of computational tools, relating mutational ef-
fects on structure, stability, function and diseases as well
as to design new stable mutants for different applications
(1-5). With the advancements in high throughput biophys-
ical techniques, the availability of thermodynamic data of
proteins is increasing rapidly. The efficient compilation of
these thermodynamic data with sequence and structure in-
formation could serve as a valuable resource for protein re-
searchers.

We have developed the thermodynamic database for pro-
teins and mutants, ProTherm, and updated continuously till
2006 (6-10). It has been effectively used to relate physico-
chemical properties with protein stability (11-13), develop-
ment of computational tools for predicting the change in
melting temperature (14-17) and free energy change upon
mutation (18-28) and understanding the role of protein
stability in disease causing mutations (29-31). Recently,
Kulandaisamy et al. (2020) developed a thermodynamic
database, MPTherm, specifically for membrane proteins
(32).

In this work, we have updated and reconstructed the
database, ProThermDB, which contains the experimen-
tal thermodynamic parameters for proteins and mutants
along with sequence and structure information, experimen-
tal methods and conditions, literature information and vi-
sualization of proteins and mutants. We have included > 14
500 new data (84% increase) and among them 2200 are pub-
lished in the last three years. In addition, we have included
organism-based data and cell line data in the current ver-
sion of the database. Furthermore, we have provided a user-
friendly web interface to search the database and download
the required data. It is cross-linked with UniProt (33) and
Protein Data Bank (PDB) (34) as well as to the PubMed
so that users can get the source of each entry directly. Be-
sides, we have included a separate page for individual entry,
where users can get protein information, experimental con-
ditions, literature information, and visualization of three-
dimensional structure of the protein with mutation infor-
mation. We have also rectified the known errors reported in
the literature (35). The ProThermDB is freely available at
https://web.iitm.ac.in/bioinfo2/prothermdb/index.html.

CONTENTS OF THE DATABASE

ProThermDB provides two types of thermodynamic data
for wild-type and mutants proteins based on experimen-
tal methods: (i) experimental thermodynamic data obtained
with purified proteins using traditional methods such as
circular dichroism (CD), differential scanning calorimetry
(DSC) and fluorescence spectroscopy, and (ii) data pro-
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Figure 1. Growth of the ProThermDB.

Table 1. Comparison of data in ProThermDB with ProTherm 2006

% increase in

Data type ProTherm 2006  ProThermDB ProThermDB
Total 17113 31580 84.54
Data type or Type of mutation
Wild-type 7077 (41.35) 12050 (38.16) 70.27
Single 7969 (46.57) 16028 (50.75) 101.13
Double 1139 (6.66) 2046 (6.48) 79.63
Multiple (>3) 928 (5.42) 1456 (4.61) 56.90
Mutations in secondary structures®
Helix 2470 (34.16) 5540 (37.72) 124.29
Sheet 1410 (19.50) 3095 (21.07) 119.50
Turn 1100 (15.21) 2154 (14.67) 95.82
Coil 2251 (31.13) 3898 (26.54) 73.17
Mutations based on solvent accessibility®
Buried 2969 (41.06) 6313 (42.98) 112.63
Partially buried 2172 (30.04) 4254 (28.96) 95.86
Exposed 2090 (28.90) 4120 (28.05) 97.13

Percentage of data for each category is shown in parenthesis.
4Secondary structure and solvent accessibility are computed using DSSP
for proteins with known three-dimensional structures (40).

duced by mass spectrometry (MS)-based high-throughput
techniques such as thermal proteome profiling (TPP) (36)
and limited proteolysis (LiP) (37) using a whole-cell ap-
proach without protein purification. Further, data from
high-throughput techniques are grouped together based on
the source organism and cell lines.

Each entry in ProThermDB is identified with a unique ac-
cession number and it includes the following information:

a) Protein information: protein name, source, UniProt 1D,
length of the protein sequence, enzyme commission
number, molecular weight, mutation based on UniProt
and/or PDB, and type of mutation such as single, dou-
ble and multiple.

b) Structural information: PDB codes for both wild-type
and mutant structures (if available), number of chains,
chain name, mutation details (wild-type and mutant
residues along with mutant position), solvent accessibil-
ity and secondary structure of wild-type residue and 3D

visualization of the mutation using JSmol interface (38).
We utilized the SIFTS database for mapping residue po-
sitions between UniProt and PDB (39). Further, we ob-
served that 95% of data have the same protein constructs
used in thermodynamic experiments and reported in
PDB.

¢) Experimental conditions: temperature (T), pH, buffer
name, additives, measurement, method and remarks.

d) Literature information: PubMed identifier, name of the
author(s), journal name, year of publication, location of
data and keywords.

e) Experimental thermodynamic data: free energy of un-
folding in water (AGH20), free energy obtained with
thermal denaturation (A G), melting temperature (77,),
the slope (m) and midpoint of denaturation (Cy,). In or-
der to account the effect of mutations on protein stabil-
ity, we computed the change in free energy of unfolding
in water (A AGH%9), change in free energy upon thermal
denaturation (A AG) and change in melting temperature
(ATy). The positive and negative values of AAGH?O,
AAG and ATy, indicate stabilizing and destabilizing
mutations, respectively.

RECENT DEVELOPMENTS

In the latest version of the database, we have developed a
new user-friendly web interface with several search and dis-
play options. It contains 31 580 entries, including 84% of
new data. For each entry, a separate page is added to provide
the information on protein sequence and structure details,
experimental conditions, thermodynamic parameters, liter-
ature information, and visualization of three-dimensional
structures. We have unified protein details based on UniProt
and PDB databases and corrected all the known errors (35)
in 10% of the data such as (i) mutation position in a se-
quence based on UniProt and PDB databases, (ii) unified
the units of free energy values (in kcal/mol), temperatures
(°C) and other thermodynamic parameters, (iii) rectified er-
rors in stability data, (iv) protein names, (v) UniProt ID
and (vi) references. We have also provided an option for
‘data upload’ to receive the PubMed ID or DOI (Digital
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Figure 2. Distribution of thermodynamic data obtained with whole-cell approaches based on (A) organisms and (B) cell lines.

Object Identifier) from the users and include the data in
the database. In addition, we included the thermodynamic
data obtained from MS-based high-throughput techniques
based on source organisms and cell lines.

In the ’statistics page’, we furnished a brief report on the
contents of the ProThermDB database (https://web.iitm.
ac.in/bioinfo2/prothermdb/Statistics.html) using pie charts.
The figures illustrate the percentage for each type of muta-
tion (wild-type, single, double and multiple mutations), lo-
cation of single mutations with respect to solvent accessibil-
ity and secondary structure and average stability of stabiliz-
ing and destabilizing point mutations. Further, we provide
a 20 x 20 amino acid substitution matrix for the frequency
of single mutations, and 20 x 20 substitution matrices for
average stabilizing and destabilizing values for each type of
single mutation with respect to AAGH?°, AAG and ATy,.

DATABASE STATISTICS

Figure 1 illustrates the overall growth of ProThermDB,
and the recent version includes 84% of new data. We also
showed the contents of the database based on mutation
type, solvent accessibility, and secondary structure in Ta-
ble 1. The latest version contains 38%, 51% and 11% of
wild type, single and multiple mutations, respectively, which
is similar (<4%) to the previous version (Table 1). On the
other hand, ProThermDB has an increase of 70%, 101%
and 69% data in wild type, single and multiple mutations,
respectively. According to solvent accessibility, 43%, 29%
and 28% of single mutations are located in buried, partially
buried and exposed regions of protein structures, respec-
tively (Table 1). We observed an increase of 113%, 96% and
97% on the number of data in these locations compared to
the previous version. Based on secondary structure 38% of
single mutations adopt a-helical conformation followed by
27% in coils and 21% in B-strands (Table 1). Although the
percentage of mutations is similar in previous and latest ver-
sions, the recent version has an increase of 124%, 73% and
119% of data in a-helices, coils and B-strands, respectively.

Further, the current version of ProThermDB contains
12 150 and 1 05 444 thermodynamic data from six or-
ganisms and five human cell lines, respectively. Figure 2
shows the distribution of thermodynamic data depends on
source organisms and different cell lines that are derived
from high throughput biophysical techniques. The Toxo-
plasma gondii has 5878 (49%) thermodynamic data followed
by 2591 (21%) in Escherichia coli. K562 cell line of human
has data for the maximum of 52% (Figure 2).

‘We have compared the number and percentage of data in
ProThermDB with MPTherm database based on the types
of mutations and the results are presented in Supplemen-
tary Table S1. ProThermDB is dominated with single muta-
tions followed by wild-type data whereas an opposite trend
was observed in MPTherm. The percentage of double mu-
tations is similar in both the databases. On the other hand,
number of multiple mutations is less than double mutations
in ProThermDB whereas MPTherm contains more num-
ber of multiple mutations than double mutations. Consider-
ing all the data together, number of data in ProThermDB is
4.4 times more than MPThermDB. Consequently, data for
wild type, single, double and multiple mutations in ProTher-
mDB are 3.2, 6.9, 5.7 and 2.1 times more than MPTherm
(32).

Data retrieval from ProThermDB

The detailed information about the search and display op-
tions and an example for data retrieval from ProThermDB
is illustrated in Figure 3. In this example, we build a query
using a combination of multiple search options such as
the protein name with ‘carbonic anhydrase 2’°, secondary
structure ‘helix’ (Figure 3A). Also, we selected the desired
columns in the display options (Figure 3B). After sub-
mitting the query, the results are displayed in a table for-
mat (Figure 3C). We also provided an option to download
the search results. In the result page, each entry accession
number has a hyperlink for their respective external page,
which contains the complete information (Supplementary
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Figure 3. An example of data retrieval from the ProThermDB database using different search and display options.

Table S2). The structural visualization is available in the ex-
ternal page of each entry.

DATA AVAILABILITY

The ProThermDB database is developed using Python,
HTML and JavaScript programming languages, and it
supports the latest version of major browsers such as
Firefox, Chrome, and Safari. The web interface is avail-
able at https://web.iitm.ac.in/bioinfo2/prothermdb/index.
html. The database will be maintained and updated reg-
ularly. The updated information will be reflected on the
homepage of the database. Any constructive comments
and suggestions are welcome and should be sent to
gromiha@iitm.ac.in or pbl.prothermdb2020@gmail.com.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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