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a  b  s  t  r  a  c  t

Proteins  belonging  to  the  same  class,  having  similar  structures  thus  performing  the same  function  are
known  to  have  different  thermal  stabilities  depending  on  the  source—  thermophile  or  mesophile.  The
variation  in  thermo-stability  has  not  been  attributed  to any  unified  factor  yet  and  understanding  this
phenomenon  is  critically  needed  in several  areas,  particularly  in protein  engineering  to  design  stable
variants  of  the proteins.  Toward  this  motive,  the  present  study  focuses  on  the  sequence  and  structural
investigation  of a dataset  of 373  pairs  of proteins;  a thermophilic  protein  and  its mesophilic  structural
analog  in  each  pair,  from  the  perspectives  of  hydrophobic  free  energy,  hydrogen  bonds,  physico-chemical
properties  of amino  acids  and residue–residue  contacts.  Our  results  showed  that  the  hydrophobic  free
energy  due  to carbon,  charged  nitrogen  and charged  oxygen  atoms  was  stronger  in  65%  of thermophilic
proteins.  The  number  of hydrogen  bonds  which  bridges  the  buried  and  exposed  regions  of  proteins
was  also  greater  in case  of thermophiles.  Amino  acids  of extended  shape,  volume  and  molecular  weight
along  with  more  medium  and  long  range  contacts  were  observed  in many  of  the  thermophilic  proteins.
These  results  highlight  the  preference  of thermophiles  toward  the  amino  acids  with  larger  side  chain  and
charged  to  make  up  greater  free  energy,  better  packing  of  residues  and  increase  the  overall  compactness.

©  2016 Elsevier  Inc.  All  rights  reserved.

1. Introduction

Life is known to exist in extreme environmental conditions
on earth, varying from freezing ocean beds to searing hot water
springs. Despite these variations, all organic life forms on earth
require proteins for survival and the proteins from these ther-
mophilic organisms are stable and functional in temperatures far
higher than their mesophilic counterparts. Interestingly, the pro-
teins of thermophilic organisms share similar structural features
to mesophilic proteins of same functionality and the identifica-
tion and understanding of the factors responsible for the increased
thermal stability is a longstanding problem. Such an understand-
ing, apart from describing theories on protein folding and stability,
can also help immensely in designing of enzymes that can work at
relatively higher temperatures [1].

Different strategies are adopted to study proteins and under-
stand the reason behind the increased thermal stability of
thermophilic proteins. Sterpone and Melchionna [2] studied ther-
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mophilic proteins using computational methods and suggest a
toolbox of molecular dynamics, free-energy calculations, con-
formational landscape sampling and mixed quantum/classical
simulations that can help in identifying the factors attributable for
thermal stability. Sawle and Ghosh analyzed a set of 116 proteins
with a focus on the thermodynamics to identify several interest-
ing features responsible for stability in thermophiles including the
lower enthalpy gain on folding [3]. Manjunath and Sekar have
carried out molecular dynamics studies on SAICAR synthetases
and observed different short lived and long lived interactions in
mesophiles and thermophiles [4].

Studies on various energy parameters carried out by Saraboji
et al. on a dataset of 23 pairs of thermophilic and mesophilic
proteins outlines the importance of hydrophobic free energy in
increasing the stability of proteins [5]. The effect of various physico-
chemical, energetic and conformational amino acid properties on
thermal stability was  revealed by Gromiha et al. on 16 different
families of mesophilic and thermophilic proteins [6]. Zhou et al.
studied the differences of amino acids composition between ther-
mophilic and mesophilic proteins and able to relate them with
amino acids properties [7]. The role of inter-residue contacts in
stability of proteins has also been documented [8]. In contrast to
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globular proteins, studies to understand the stability of membrane
proteins shows that the thermophiles have more number of small
residues and relatively less number of polar residues, indicating
the design of evolutionary pressure to make the thermally stable
membrane proteins [9].

In addition to the functional commitments the sequences of
amino acids also determine the thermal stability. Studies have
shown that changes in few residues of the protein are known to
increase or decrease the overall thermal stability. Recent molecular
dynamics studies on mesophilic and thermophilic haemoglobins
shows that the presence of a Pro at E3 position significantly affects
the thermal stability of these proteins. Sequences of thermophilic
and mesophilic proteins have been compared and it was  observed
that thermophilic proteins show preference for more hydrophobic
and charged residues and less number of polar neutral residues
[10,11]. Further, it has been noted that there is an increase in
the composition of Arg in thermophiles compared to mesophiles,
the chief reasons being more charged interactions and its capac-
ity to maintain net positive charge at elevated temperatures [12].
Similarly studies on thermal adaptation of dihydrofolate reduc-
tase demonstrates that removal of water-accessible thermo-labile
residues like Gln and Met  is one of the factors responsible for the
increased thermal stability of the enzyme obtained from a ther-
mophile, Geobacillus stearothermophilus [13].

Various mutational studies have been performed over the years
to understand the effect of amino acid substitutions on protein
stability. Recent studies on the catalytic site Trp mutations of
cold-acted extracellular esterase shows that substitution of Trp at
position 208 to Tyr results in increased thermal stability accom-
panied by a 13-fold increase in activity compared to wild type
enzyme at 40 ◦C [14]. It was also noted that Tyr was  conserved in
corresponding position of hyper-thermophilic esterases. Dow et al.
have shown that mutation of the single Trp residue to Tyr results in
reduction of thermal stability in cupredoxin amicyanin [15]. These
are typical examples of the influence of single amino acid substi-
tutions which affects the overall thermal stability of proteins as
evidenced from ProTherm database [16,17].

On the other hand, Sugahara et al. have analyzed the importance
of heavy atoms on thermal stability of � amylase using heavy atom
derivatization technique and monitored the variation in thermal
stability using differential scanning calorimetry (DSC) [18]. Bhuiya
et al. have compared the high resolution crystal structure of L7Ae
protein to its structural homologues and identified increased ion
pairs to be a dominant factor behind the extreme thermal stability
of the protein [19]. Gromiha et al. have highlighted the importance
of hydrophobicity to distinguish 80% of thermophilic proteins from
their mesophilic counterparts of a dataset of 373 proteins [20]. The
role of hydrogen bonds in enhancing thermal stability of proteins is
well documented [21]. Further, studies by Bleicher et al. show that
thermophilic proteins have a network of water–water hydrogen
bonds that protect the protein scaffold [22].

The present work involves a systematic analysis on the
sequences and structures of a relatively larger dataset of 373 pairs
of structurally similar thermophilic and mesophilic proteins from
different source. We  analyzed the dataset based on hydrophobic
free energy, hydrogen bonds, residue-residue contacts and amino
acid properties as an effort to increase the understanding on con-
tributions of these factors toward thermal stability of proteins. We
found that the hydrophobic free energy due to carbon atoms par-
ticularly located in buried side chains significantly contributes to
the stability of thermophilic proteins. Further the present study
displays the role of amino acids with extended side chains, need
of medium and long range contacts toward compact packing and
thermal stability.

2. Materials and methods

2.1. Dataset

A dataset consisting of 373 pairs of thermophilic and mesophilic
proteins was  used for the analysis [23] (Supplementary Table 1).
Each pair of thermophilic and mesophilic proteins in the dataset
were structurally similar having an alignment score more than
70% and sequentially diverse (331 pairs, i.e., 89% of the data have
≤60% sequence similarity). The dataset was designed such that (i)
proteins having many domains were divided into single domains
having a maximum of 400 residues each, (ii) the difference in length
of proteins in the pair was reduced to less than 10% by truncating
the extended amino/carboxyl terminal regions and (iii) the num-
ber of missing residues in any protein was less than 10% of protein
length.

2.2. Hydrophobic free energy

The hydrophobic free energy (HFE) denoted by Ghy, for each pro-
tein is calculated based on the method outlined by Eisenberg and
Mc Lachlan [24]. The change in free energy for transfer of an amino
acid residue to water is given by the formula

G =
∑

i�siAi (1)

where the sum is taken over all atoms, ��i is atomic solvation
parameters for C: 12.02, N/O: −5.86, N+: −19.46, O−: −34.98, and S:
35.51 cal/(mol Å2) [25] and Ai is accessible surface area (Å2). These
atomic solvation parameters are chosen over others with regards
to their performance and ability to explain protein stability [26].
The HFE of a folded protein can be calculated by the formula,

Ghy =
∑

i��i(Ai[folded] − Ai[unfolded]) (2)

Ai [folded] and Ai [unfolded] are accessible surface area for each
atom of a protein in its folded and unfolded state respectively. The
accessible surface area (ASA) was  calculated using NACCESS pro-
gram [27] for all atoms in folded proteins that employs the method
of Lee and Richards, where a probe of radius 1.4 Å is rolled around
the surface of the molecule, in order to calculate the accessible sur-
face [28]. To calculate ASA in unfolded state we follow the method
of Shrake and Rupley in which ASA of each amino acid residue X
in extended state is represented as the average of ASA values of
residue X in Gly–X–Gly conformation [29]. The HFE values for each
protein are computed for the five different atom types (C, N/O, N+,
O− and S) and for main chain and side chain atoms.

2.3. Hydrogen bonds

The number of hydrogen bonds in each protein was  computed
using the program HBPLUS [30] with the criterion, maximum
distance for D A: 3.9 Å and for H A: 2.5 Å; minimum angle for
D H· · ·A and for D· · ·A AA, 90.0◦ [D refers to the donor atom; A,
the acceptor; H, the hydrogen atom; and AA the atom covalently
bound to A] [31]. Further the hydrogen bonds were classified based
on donor, acceptor locations viz., main chain – main chain, side
chain – side chain and main chain—side chain. On the other hand,
the hydrogen bonds were divided based on ASA location of the
donors and acceptors residues such as buried (residues located in
0–20% ASA), partially exposed (residues located in 20–50% ASA)
and exposed regions (residues located in >50% ASA) [32].

2.4. Amino acid properties

The covalent and non-covalent interactions are crucial to
stabilize the folding of proteins and these interactions are charac-
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