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Abstract: Elucidation of evolutionary factors that enhance protein thermostability is a critical problem and was the focus of this work
on Thermus species. Pairs of orthologous sequences of 7. scotoductus SA-01 and T. thermophilus HB27, with the largest negative mini-
mum folding energy (MFE) as predicted by the UNAFold algorithm, were statistically analyzed. Favored substitutions of amino acids
residues and their properties were determined. Substitutions were analyzed in modeled protein structures to determine their locations
and contribution to energy differences using PyMOL and FoldX programs respectively. Dominant trends in amino acid substitutions
consistent with differences in thermostability between orthologous sequences were observed. 7. thermophilus thermophilic proteins
showed an increase in non-polar, tiny, and charged amino acids. An abundance of alanine substituted by serine and threonine, as well
as arginine substituted by glutamine and lysine was observed in 7. thermophilus HB27. Structural comparison showed that stabilizing
mutations occurred on surfaces and loops in protein structures.
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Background

Thermostability is the resistance to irreversibility of
chemical or physical changes of a substance due to
elevation in temperature. Protein thermostability is,
therefore, the preservation of the unique structure
and chemical properties of polypeptide chains under
extreme temperatures.! Thermostability is a very
important property of enzymes because it enhances
productivity in industry, as enzymes operate at higher
temperatures where more reagents and compounds
are available.”’

Reactions at higher temperatures using thermo-
stable enzymes are more efficient due to increased
solubility. With no need for frequent cooling, which
slows down production, as is the case with mesophilic
and some synthetic enzymes, overhead costs are low-
ered and consequently profits increase.**

Thermophilic organisms provide a natural source
of thermostable enzymes for industrial applications.
Thermostable enzymes are either extracted from cul-
tured thermophilic organisms or are genetically engi-
neered based on previously elucidated properties.’
Furthermore, organisms can be directly inoculated in
chemical processes to achieve desired byproducts as
a result of biochemical processes such as respiration,
oxidation, and degradation.®

Examples of the application of thermostable pro-
teins, particularly those produced by species of the
Thermus genus, include, butare not limited to, bioreme-
diation for eradication of heavy metal pollution, waste
and contaminated water treatment,’ clearing clogged
pipes,'®!" bio-mining,'>'* biofuel production,'® con-
trolling global methane fluxes into the atmosphere,'®!’
and reduction in toxicity in food.'®

The ability of Thermus species to live in higher
temperature environments, such as hot springs, hot
domestic water, deep mines, compost manure,'’?!
and many others, do not only fascinate biologists,
but also has extreme importance in biotechnological
applications.’

Sustaining life at high temperatures suggests an
evolved metabolic network system and use of ther-
mostable proteins and enzymes which facilitate cel-
lular biochemical processes necessary for survival.
Such enzymes are both thermostable and resistant to
chemical reagents, salt concentrations, high pressure,
and acidic and alkaline conditions, making them even
more suitable for biotechnological application.??

Several factors are implicated in thermal stabi-
lization of proteins and enzymes in thermophilic
organisms. These include amino acid preference,
ratio of charged versus uncharged amino acids, ionic
interactions, codon usage, hydrophobicity, and pro-
tein surface area.!?3

Thermal stability, however, is a consequence of
the combination of several factors acting in syner-
gistic manner and not due to a single specific major
factor.>* Moreover, stabilizing factors differ from
taxon to taxon, organism to organism, and even within
the same organism from protein to protein, render-
ing their general elucidation extremely complex.? It
comes as no surprise, therefore, that studies have pro-
duced conflicting results on factors and evolutionary
mechanisms that generally influence protein thermo-
stability. Russell et al** found protein compactness as
a contributing factor. Haney et al,” Zhou et al,' and
Dill*® reported hydrophobicity as a dominant force
influencing thermostability. However, Kumar et al,”
having compared proteins from mesophiles and
thermophiles, found no impact on the level of ther-
mostability due to compactness and hydrophobicity
of proteins. However, these authors and Yip et al®
reported salt bridges and side chain hydrogen bonds
to positively influenced protein thermostability. In
accordance with this, Kumar et al** did not observe
any correlation between the thermostability and com-
pactness or protein lengths. Contrarily, Russell et al**
noted an increase in thermostability due to the short-
ening of proteins and loop deletions in secondary pro-
tein structures. These contradictions are partly due to
insufficient data that is used in the analysis, which is
usually in the author’s interests, and different meth-
ods used to measure protein thermostability. Although
thermostability-enhancing factors have been identi-
fied in other organisms, there was need to determine
them in species of the Thermus genus.

Among several other approaches, protein ther-
mostability is measured by optimum growth
temperature,” protein melting temperature (T _),”
minimum folding energy (MFE) of RNA secondary
structures,’! and the (Glu+Lys)/(Gln+His) amino acid
ratio.’? Since the same organisms can inhabit differ-
ent environments with different levels of environ-
mental temperatures depending on salinity, acidity,
and other factors, optimum growth temperature can-
not precisely measure thermostability of individual
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proteins to be generalized to entire species. In addi-
tion, thermostability differs from protein to protein
within the same organism at the same environmen-
tal temperature. The conventional approach has been
to crudely consider all proteins from thermophilic
organisms as thermostable. In this study, however, the
intention was to determine factors that can be used
to exactly identify individual thermostable enzymes
within species of the Thermus genus.

Melting temperature is the point where proteins
lose conformity and denature.” It is an approach that
is used to determine protein thermostability by heat-
ing proteins in the laboratory. Its limitation, however,
is that it requires advanced expertise, equipment, and
other resources that are both laborious and costly.
There is also insufficient protein melting data that
could be used for large-scale analysis of this nature.
Melting temperatures cannot be derived from orthol-
ogous sequences because slight differences may be
the source of the difference in stabilization. In silico
approaches based on codon and amino acid statistics
or estimation of the folding energy of mRNA mol-
ecules appear to be a more promising approach for a
large-scale thermostability analysis. MFE computa-
tions combine estimation of canonical base pair ener-
gies of interior and exterior edges, resulting from the
formation of stacking, hairpins, bulges, interior, and
multi-branched loops.** Thermostability prediction is
based on the assumption that structures that fold with
minimal energy are more stable and less affected by
external factors. The UNAFold algorithm®! performs
thermodynamic optimization of all possible structures
of RNA molecules to obtain the one with the lowest
free energy normalized by the sequence length. Free
energy is determined by adding energy contributions
of all base pairs in loops and hairpins.*

This study applied MFE to predict thermostability
of Thermus proteins under the hypothesis that there is
correlation between thermostability of mRNA mol-
ecules and encoded proteins in related organisms
with similar genomic GC-content. The amount of free
energy released during base pair formation defines
the thermostability of mRNA secondary structures.
According to thermodynamics rules, the more nega-
tive free energy that is released, the more stable the
resulting structure.® It was experimentally proven that
structural RNA molecules had lower folding energy
than random RNA of the same nucleotide frequency.*

Having analyzed pairs of orthologous proteins in
T thermophilus HB27 and T. scotoductus SA-01, it
was observed that there were differences in the pre-
dicted levels of thermostability due to the effect of
selection and counter-selection of specific amino
acids and changes in proteins structures. This study
analyzed factors contributing to thermostability
within thermophilic Thermus species by comparing
proteins of the extreme thermophiles 7. thermophilus
HB27°" against thermotolerant 7. scotoductus SA-01%!
to elucidate evolutionary factors that enhance protein
thermostability.

Methods
Calculation of minimum folding energy

of MRNA secondary structures

This work aimed at determining factors that enhance
protein thermostability in Thermus species. A mea-
sure of thermostability was required to categorize
protein sequences based on which factors could be
assessed. To accomplish this, UNAFold algorithm?®'
was applied to DNA sequences to calculate MFE
(kcal/mol) of predicted mRNA secondary structures.
The algorithm was extended in this work using an
in-house Python script. The script extracted all cod-
ing sequences in a given genome in GenBank format
and computed folding energies for all sequences at
one run. This was an improvement from its original
implementation which computed one sequence at a
time and then used another program on the output to
extract folding energy values.

Thermostability was analyzed in moderate
thermophiles (Meiothermus silvanus DSM 9946
[NC 014212]and M. ruber DSM 1279 [NC _013946];
thermotolerant 7. scotoductus SA-01 [NC_014974));
thermophilic 7. thermophilus HB8 [NC_006461] and
HB27 [NC_005835]). All these organisms belong to
the Thermaceae family and the GC-content of their
genomes is in the range from 62% to 69%. Their
genome sequences are available in the NCBI data-
base under the given accession numbers. The analysis
was narrowed and focused on coding sequences of
T. thermophilus HB27 and T. scotoductus SA-01, in
order to be generalized to Thermus species. Although
there are over fifty known Thermus species, only three
strains were completely sequenced at the commence-
ment of this work: 7. thermophilus HB8 and HB27,
and 7. scotoductus SA-01.

Evolutionary Bioinformatics 2013:9

329


http://www.la-press.com

Kumwenda et al

2

Identification and analysis of orthologous

sequences

Thermostability enhancing factors were ana-
lyzed between pairs of orthologous sequences of
T. thermophilus HB27 and T. scotoductus SA-01.
Orthologous sequences with largest negative differ-
ence in MFE as computed by UNAFold algorithm
were analyzed. Mutations of dominant amino acids
and their properties were analyzed between ortholo-
gous sequences that met the selection criteria. Orthol-
ogous sequences were identified using an in-house
Python script that implemented BLASTp* and MUS-
CLE* alignments. An assumption was made that
since the analyzed organisms were closely related,
protein sequences were orthologs if they showed
the best BLASTp hit results with the e-value below
0.0001 and scored above 100 with a 75% alignment.
For each MUSCLE codon alignment, the alignment
length and numbers of nucleotide and amino acid
substitutions were calculated.

Composition and substitution

of amino acid properties
The goal was to identify preferred amino acid resi-
dues and properties that enhance thermostability
in Thermus species. Orthologs for 7. scotoductus
SA-01 were identified in 7. thermophilus HB27 using
BLASTp as previously discussed. Composition of
amino acid residues and properties were analyzed in
500 orthologous sequences with the largest negative
difference in MFE on normalized values. Differences
in energy values after 500 pairs of sequences became
insignificantly smaller. The analysis was done only
between 7. thermophilus HB27 and T. scotoductus
SA-01, which are closely related, in order to elimi-
nate influence of other evolutionary factors that occur
in distantly related organisms. 7. thermophilus HB27
was chosen over 7. thermophilus HBS as it shared
more homologous sequences with higher sequence
identity with 7. scotoductus SA-01. Analysis of pro-
teins for closely related species allowed a possible
conclusion that differences in the amino acid substi-
tution and composition were more likely to be due to
differences in levels of thermostability rather than to
other evolutionary factors.

The occurrence of each amino acid residues in
coding sequences was counted and expressed as a

percentage of the sequence length. Average values
were computed for each amino acid residue as it
occurred in all coding sequences in the genome. In a
similar manner, the average distribution of each amino
acid property in each genome was calculated. Each
property was calculated in a sequence, expressed as
a percentage, and averaged over the entire genome.
First, normality of the amino acid residues and prop-
erty distribution was tested using the Shapiro-Wilk
normality test.** Then, based on whether they were
normally distributed or not, a parametric z-test*' or
nonparametric Wilcoxon r-test*! was applied to deter-
mine statistical significance in the difference in distri-
bution of amino acid residue and properties at a 95%
level of confidence. The distribution of properties
was generally not normal and therefore, the Wilcoxon
t-test was mostly applied.

To determine the direction of amino acid substi-
tutions between high and less thermophilic proteins
as measured by the MFE, an amino acid substitu-
tion table was computed for all residues between the
sampled sequences of 7. scotoductus SA-01 and their
orthologs in 7. thermophilus HB27. The expectation
was that the absolute values of amino acid substitu-
tions should be proportional to the frequencies of
these amino acids in the sampled proteins. The fre-
quency values for each amino acid were computed
and normalized as shown in the formula below:

NXN;

nom — 1

i I (D
where X, is the computed value in the table; f; and ]j
are the corresponding frequencies of amino acids; and
N is the total number of residues in the whole align-
ment of five-hundred (500) selected proteins. The dif-
ference between the direct and reverse substitutions
for pairs of amino acids calculated on the distribu-
tion of normalized values that deviated beyond the
1.966 threshold were considered statistically reliable.
Amino acid properties that changed between high and
less thermophilic sequences were deduced from the
table.

Correlation coefficients were calculated between
the amount of MFE changes and frequencies of sub-
stitutions in nucleotide and amino acid sequences of
orthologous proteins. Statistical significance of the
calculated correlation coefficients was confirmed by
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checking that the standard #-Student parameter (1.96
for P = 0.05) is significantly smaller than the esti-
mated ones calculated by the following equation:

t, = (2)

where r is a correlation coefficient and 7 is the num-
ber of orthologous genes.

Analysis of protein structures

After determining mutations of dominant amino
acids and their properties that enhance thermostabil-
ity, it was important to investigate their locations in
protein structures and their energy contribution to
stabilization. This was to identify locations and struc-
tural features that contribute to stabilization of protein
structures. To achieve this, protein structures were
modeled using target orthologous sequences which
satisfied the selection criterion. Target sequences
for searching template structures to build homology
models were orthologous pairs from 7. thermophilus
HB27 and T. scotoductus SA-01 that were less than
50 nucleotides difference in length, sequence identity
of greater than 50%, and largest MFE difference on
normalized MFE values. Orthologous sequences that
satisfied the selection criterion were used to search
for 3D protein structure templates using the HHpred
program* in the PDB database.* The process of con-
structing 3D protein model structures comprised the
following steps: (i) target identification and selec-
tion of template structures; (ii) sequence alignment
of the target sequence to the identified template;
(ii1) construction of the model based on the align-
ment with the template; and (iv) evaluation and refin-
ing the model structure.** Template structures with a
sequence identity of greater than 30% and resolution
of less than 3A with the highest quality as validated
by Procheck, Anolea, and Qmean6 programs within
the Swiss-model suite* were used. The PDB coor-
dinate files for protein structures were edited so that
the start and stop positions of atoms corresponded
to positions in the target sequence. Templates
were verified using PyMOL* for loop breakages.
Preferably, chain A was used for modeling. For each
target sequence, other homologous sequences were
searched in the NCBI public database using BLASTp

for multiple sequence alignment. Homologous
sequences with query coverage greater than 80%
and E-values lower than 0.0001 qualified for mul-
tiple sequence alignment. These sequences, together
with the sequence of the selected template structure,
were subjected to multiple sequence alignment using
different programs such as MAFFT,* Muscle,* and
Promals3D* to establish the best alignment that
could result in building accurate model structures.
Multiple sequence alignments were assessed in two
ways, by comparing against the HHpred alignment
and also by comparing the quality of the resulting
models in PyMOL.* Quality alignment had fewer
gaps in helices and beta-sheets and with the most
biologically meaningful substitutions. Such an align-
ment was refined, if necessary, before being used to
build models using MODELLERV9.11.* For each
protein, not less than one hundred models were con-
structed and the best three models were selected
based on the lowest DOPE Z score.’® The qualities of
the three best models for each target protein were fur-
ther validated using Procheck, Anolea, and Qmeans6
programs found in the Swiss-model suite. The best
model out of the top three were refined, if necessary,
by further adjusting the alignment and refining loops
before performing structural comparisons.

Analysis of amino acid substitutions
on protein structural stability by FoldX

In order to determine the stabilizing effect of each
mutation, FoldX plugin for Yasara program version
1.4.21515% was used to calculate the energy difference
between the structure (wild type) and the mutant. The
original structures that matched with 7. thermophilus
HB27 were used in this analysis. As shown in Table 2,
these had high sequence identity: 100% for 2DP9 and
2CWY; 99% for 2EBJ; 98% for 2FKS5; and 95% for
IV8D. In order to be precise, only structures with
sequence identity greater than 95% were used in the
stability change analysis. Only predominant substi-
tutions identified in the study were analyzed for sta-
bilizing effect in protein structures. Mutations were
introduced into structures and energy changes were
observed for each mutation. Negative energy values
in energy change indicated stabilization while posi-
tive values implied protein destabilization. FoldX has
an error margin of £0.5 kcal/mol, hence energy val-
ues above the error margin were considered to have
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significant stabilizing effect. PyMOL was used to
locate mutations in 3D protein structures.

Results
Choice of MFE for prediction

of thermostability in Thermus proteins

Optimum growth temperature of an organism and
protein melting temperature were considered to be
impractical measures of thermostability in this work
for reasons previously given. Therefore, the Farias-
Bonato ratio and the MFE were the two main in silico
approaches that could be applied. Before reverting to
using MFE, the Farids-Bonato ratio was examined to
determine if it could be applicable in Thermus species.
The ratio determines levels of thermostability based
on amino acid composition in protein sequences. Par-
ticularly, the increased number of charged residues
(Glu+Lys) against the decreased number of polar resi-
dues (GIn+His) to create a ratio (Glu+Lys)/(Gln+His)
which is used to identify thermostable proteins.*
Whilst the Farids-Bonato ratio is applicable in other
organisms, it was found not to be suitable for determin-
ing thermostability of individual proteins in Thermus
species. Calculated for T_ scotoductus SA-01, the ratio
was below the defined range of 3.2 to 4.5 that charac-
terized mesophilic organisms.*? In addition, analysis
showed that the preferred amino acid usage also did
not comply with the prescribed distribution based on
which the ratio was developed. Bacteria of the genus
Thermus therefore, exploited alternative mechanisms
of increasing thermostability. The Farids-Bonato ratio
is ideal for computing thermostability of proteins of

0.55+

— MFE (kcal/mol)
o
~
[4)]

0.35

1 25 50 75

100
0.5% groups of genes

125

distantly related organisms, but not for closely related
ones as in the case of this study.

The working hypothesis was that there is a strong
correlation between the thermostability of mRNA
molecules and the encoded proteins, and that thermal
stability of mRNA molecules directly affects the func-
tionality of encoded proteins. This hypothesis was
investigated by analyzing MFE of all coding sequences
from genomes of different 7hermus bacteria.

MFE distribution curves and protein

thermostability

The UNAFold algorithm was applied to determine
thermostability of individual protein sequences.
It was expected that in extreme thermophiles, these
values would be higher than in thermotolerant
Thermaceae. Calculated MFE values were normal-
ized by the length of mRNA sequences to avoid bias.
Figure 1 shows the distribution of MFE values cal-
culated for all predicted genes in five Thermaceae
genomes. Genes were ordered by MFE values and
ranked into groups of approximately 0.5% of the
total number of the genes in each genome for better
presentation.

MFE distribution curves calculated for all organ-
isms were similar, but shifted to lower MFE in both
thermophilic 7. thermophilus strains indicating higher
thermostability for all their mRNAs. These were
followed by 7. scotoductus SA-01, M. ruber DSM
1279, and M. Silvanus DSM 9946, respectively. This
observation was consistent with phylogenetic clas-
sification of micro-organisms based on 16s rRNA

—<¢—T. scotoductus SA-01
—l—T. thermophilus HB27
T. thermophilus HB8
—>¢—M. silvanus DSM 9946
——M. ruber DSM 1279

150 175 200

Figure 1. Distribution of MFE calculated for genes of five bacterial genomes. Negative MFE values are ordered along the axis Y from bigger to smaller.
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sequences and their optimum environmental growth
temperature. Interestingly, the top 100 thermostable
mRNAs in 7. scotoductus SA-01 were not the same
as the top 100 ones in 7. thermophilus, as shown in
Supplementary Tables 1 and 2. These groups over-
lapped only by 35% and 30% for T. thermophilus
HB27 and T. thermophilus HBS, respectively. Thus,
some mRNAs acquired more thermostability than
others. In an attempt to identify the mechanisms of
enhancing of thermostability in Thermus, we com-
puted correlations between differences in MFE values
calculated for orthologous proteins in 7. thermophilus
HB27 and HBS8, and T scotoductus SA-01, and
the rates of nucleotide and amino acid substitu-
tions and deletions. The increase in MFE values in
T. thermophilus HB27 and HBS calculated for pre-
dicted mRNA secondary structures correlated with
both the rate of nucleotide substitutions (r = 0.38) and
amino acid substitutions (r =0.30) in encoded proteins
(Supplementary Tables 1 and 2). These correlations
were statistically significant as confirmed by a #-test.
It was assumed that the correlation between changes
in MFE and frequencies of nucleotide and amino
acid substitutions between orthologous protein cod-
ing genes implies a parallel adaptation of mRNA and
proteins to higher temperatures. A statistically reliable
correlation of 0.18 was also found between changes
in MFE and dN/dS non-synonymous/synonymous
nucleotide substitution rate ratios (Supplementary
Tables 1 and 2). An increased frequency of dN substi-
tutions over dS indicate a positive selection.”’ Thus, it
can be concluded that significant changes in MFE and
possible higher thermostability of mRNA molecules

16
14

-
N

Percentage
=

o N B~ OO 0

AV FWM P D

and encoded proteins are under positive evolutionary
selection in these microorganisms.

Distribution and substitution

of amino acids

In a comparative analysis of genomes of
T. thermophilus HB27 and T. scotoductus SA-01,
1526 orthologous proteins were identified. Out of
these, 500 orthologs with largest MFE difference
were analyzed (Supplementary Table 3A and B).
Figure 2 shows amino acid frequency distribution nor-
malized by length between 7. thermophilus HB27 and
T’ scotoductus SA-01. It was hypothesized that there
was no difference in amino acid distribution between
highly thermophilic and less thermophilic sequences
in T thermophilus HB27 and T. scotoductus SA-01,
respectively. The distribution of each amino acid
was independently analyzed between the two species
to determine if it was statistically significant. The
hypothesis of preferable use of amino acids in ther-
mostable proteins, were rejected at a significance level
of 0.05 (Supplementary Table 4). High occurrence of
Ile, Ser, Thr, Asn, Gln, and Lys was observed in less
thermophilic 7. scotoductus SA-01 sequences while
occurrence of Pro, Gly, Arg, and Ala were higher in
T. thermophilus HB27. This hypothesis was also ana-
lyzed for amino acid properties. The differences were
statistically significant in distribution of polar, sulfur
containing, acidic, positively charged, tiny, small, and
basic amino acids (Supplementary Table 4). Polar, sul-
fur containing, and acidic were dominant characteris-
tics in 7. scotoductus SA-01, while T. thermophilus
HB27 had high occurrence of non-polar, positively

E G S

T C Y N Q K R H

Amino acids

M T. scotoductus SA-01

T. thermophilus HB27

Figure 2. Composition of amino acids in sequences of T. thermophilus HB27 and T. scotoductus SA-01 sequences.
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charged, tiny, small, and basic residues. These results
agree with frequencies of amino acid substitutions in
Table 1.

Pairwise frequencies of amino acid substitu-
tions were calculated for orthologous sequences.
Table 1 shows differences between direct substitutions
from amino acids shown in row titles to amino acids
in column titles in the pairs of orthologous proteins
of T. thermophilus HB27 and T. scotoductus SA-01.
Positive values in Table 1 meant that amino acids shown
in columns were accumulated in the proteins of ther-
mophilic 7" thermophilus HB27. An overall increase or
decrease of the amino acids in the sampled proteins of
T. thermophilus is indicated in the row difference. The
rows ‘Increased’ and ‘Decreased’ indicate which amino
acids underwent this overall increase or decrease of the
amino acids shown in column titles.

The expectation was that the absolute values of
amino acid substitutions would be proportional to
the frequencies of these amino acids in the sampled
proteins. The frequency values for each amino acid

are shown in Table 1 in the column AMC. Pairs of
amino acids for which the difference between the
direct and reverse substitutions deviated beyond the
1.966 threshold calculated on the distribution of nor-
malized values, and thus statistically reliable, are
highlighted in the table.

Protein homology modeling

The objective was to determine locations of amino
acid substitutions in protein structures to indicate
areas useful for protein stabilization in Thermus
species. Predominant amino acid substitutions were
located in 3D protein structure models (Fig. 3).
PyMOL was used to visualize the structure in order
to determine and contrast the localization of predom-
inant substitutions. Template structures for build-
ing 3D models were chosen based on resolution and
sequence identity as indicated in Table 2. For each
orthologous pair of proteins, one common template
with the highest scores was selected. Based on these
stringent template selection criterions, five templates

Table 1. Pairwise substitutions of amino acids in orthologous proteins of thermotolerant T. scotoductus SA-01 and

thermophilic T. thermophilus HB27.

Ala Cys Asp Glu Phe Gly His lle Lys Leu
Difference 1836 -2 63 128 -184 415 =57 -986 -795 143
Increased Val Arg
Decreased Ser, Thr Asn GIn Tyr
Ala 0
Cys 0 0
Asp 20 0 0
Glu 290 -1 13 0
Phe 23 -1 0 -3 0
Gly 10 -1 —47 -39 -15 0
His 22 0 8 20 -13 8 0
lle 46 0 0 9 9 1 4 0
Lys 71 0 11 110 1 47 -5 -1 0
Leu 83 4 5 6 -112 19 -14 =227 -9 0
Met 40 1 0 20 4 9 0 2 0 44
Asn 52 -1 56 25 4 40 10 0 3 5
Pro 19 0 -5 22 -1 -6 -3 -4 -30 -32
GIn 108 1 12 249 0 35 16 0 16 46
Arg 47 -5 -4 -92 -16 19 -110 -11 -541 -71
Ser 416 2 21 51 5 114 12 -6 7 -1
Thr 349 1 14 41 -5 33 0 -9 2 13
Val 235 -1 0 2 -22 2 1 -656 -7 -110
Trp -3 1 1 11 16 3 7 -2 0 0
Tyr 8 -2 -2 -2 -20 -1 70 -3 -2 4
334 Evolutionary Bioinformatics 2013:9
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were identified which matched five pairs of ortholo-
gous proteins (Table 2).

Among them, were two proteins of 7. thermophilus
HB27 (TTC1891 and TTC1937), which were previ-
ously crystallized. They were used to model the struc-
tures of 7. scotoductus SA-01 proteins TSC _C20070
and TSC_C00450. The template 2DP9 was used to
build homology models of two ASCH domain con-
taining proteins TSC _C20070 (7. scotoductus SA-01)
and TTC1891 (T. thermophilus HB27), shown in
Figure 3A. Deletion of a short helix in 7° thermophilus
HB27 was observed, with Pro in 7. scotoductus
SA-01 mutatedtoapolar Gluresiduein 7. thermophilus
HB27 (indicated in Figure 3A by an arrow a). In the
same orthologous sequences, a relatively shorter beta-
sheet was noticed in the structure of the thermophilic
protein of 7. thermophilus HB27, with no mutational
differences observed (arrow b). Protein alignment
analysis of TTC1891 against TSC _C20070 revealed
one (1) Asn — Asp, two (2) Gln — Glu, two (2)
Ile — Val and three (3) Lys — Arg substitutions

(Table 1. continued from page 8)

located predominantly in surface oriented loops and
beta-sheets.

The template 2EBJ was used for 3D models of two
(2) peptidases TSC _C13250 (7. scotoductus SA-01)
and TTCO0531 (7. thermophilus HB27), shown in
Figures 3A and 3B. No differences were observed in
the structures (Fig. 3B). Protein alignment analysis
of TTCO0531 against TSC C13250 revealed one (1)
Ser — Ala, one (1) Thr — Ala, two (2) Ile — Val, and
one (1) Lys — Arg substitutions located in surface
oriented loops and domains.

The template 2CWY was used to build 3D mod-
els of two hypothetical proteins TSC_C00450
(T scotoductus SA-01)and TTC1937 (T. thermophilus
HB27), shown in Figure 3C. No differences were
observed in the structures. Protein alignment analy-
sis of TTC1937 against TSC C00450 revealed three
(3) Lys — Arg and one (1) Glu — Arg substitutions
located in surface oriented alpha-helices.

The template 2FKS was used for creation of 3D
structures of two (2) fuculose phosphate aldolases

Met Asn Pro Gin Arg Ser Thr Val Trp Tyr AMC
-185 —263 234 -823 1297 -816 =560 690 -60 =75
Asp Arg, Glu Ala Ala His
GlIn, Lys lle
32594
936
9433
25858
10072
25751
5125
6434
9729
43451
0 3299
-1 0 3745
-3 -7 0 18184
2 -2 13 0 7155
-13 -41 26 -304 0 24379
-4 —26 89 -5 92 0 9364
4 1 30 -6 42 -34 0 9772
-52 -5 20 -1 10 -13 =79 0 22490
2 0 -2 1 19 1 3 -2 0 3126
0 0 8 -2 18 -3 2 6 -4 0 7595

Notes: Positive values mean that amino acids shown in columns were accumulated in proteins of thermophilic T. thermophilus HB27. An overall increase
or decrease of the amino acids is indicated in the row difference. The rows ‘Increased’ and ‘Decreased,’ indicate amino acids that underwent overall

increase or decrease as shown in column titles.
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Figure 3. Protein structural models based on templates: (A) 2DP9; (B) 2EBJ; (C) 2CWY; (D) 2FK5; and (E) 1V8D. Positions of minor structural changes

between the orthologous proteins of T. scotoductus SA-01 and T. thermophilus HB27, are depicted by arrows.

TSC _C04250 (T. scotoductus SA-01) and TTC1459
(T thermophilus HB27), shown in Figure 3D. TSC _
C04250 contains one (1) additional surface alpha-helix
that is missing in the structure of more thermostable
TTC1459 (arrow c in Fig. 3D), although there were

no mutational differences observed within this region.
Protein alignment analysis of TTC1459 against TSC
C04250 revealed one (1) Ser — Ala, one (1) Tyr —
His, two (2) Ile — Val, and two (2) Lys — Arg substi-
tutions located mostly in surface oriented beta-sheets.

Table 2. PDB Templates and target pairs of orthologous proteins used for constructing 3D protein structure models.

Templates | Annotation MFE Sequence | Coverage | Coverage |E-value | DOPE
(PDB ID) (kcal/mol) | identity (%) | (%) range Z score
2DP9 TSC_C20070 ASCH -0.39 82 96.77 3-124 1.4E-49 | -1.56
domain superfamily protein
(T. scotoductus SA-01)
TTC1891 hypothetical protein -0.50 100 82.55 3-124 9.9E-41 | -0.65
(T. thermophilus HB27)
2EBJ TSC_C13250 peptidase -0.36 69 99.48 1-192 2.7E-62 | —2.42
(T. scotoductus SA-01)
TTCO0531 peptidase -0.49 99 99.48 1-192 5E-63 | -2.42
(T. thermophilus HB27)
2CWYy TSC_C00450 conserved -0.44 60 93.62 5-94 5.9E-35 | -2.19
hypothetical protein
(T. scotoductus SA-01)
TTC1937 hypothetical protein -0.54 100 100 1-94 3.7E-38 | -2.78
(T. thermophilus HB27)
2FK5 TSC_C04250 fuculose- -0.48 83 94.5 1-190 1.4E-51 | -1.78
1-phosphate aldolases
(T. scotoductus SA-01)
TTC1459 L-fuculose -0.57 98 99.5 1-200 1E-54 | -1.73
phosphate aldolases
(T. thermophilus HB27)
1v8D TSC_C14180 conserved -0.46 80 82.55 40-235 5E-104 | -0.84
hypothetical protein
(T. scotoductus SA-01)
TTC0214 transcriptional regulator | —0.55 95 82.55 40-235 5E-107 | -1.14
(T scotoductus SA-01)
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The template 1V8D was used for modeling
3D structures of the conserved hypothetical pro-
tein TSC _C14180 from 7. scotoductus SA-01 and
the orthologous transcriptional regulator TTC0214
from 7. thermophilus HB27 shown in Figure 3E.
TSC C14180 contains one (1) additional surface
alpha-helix that is missing in the structure of more
thermostable TTC0214 (arrow d) without any muta-
tional differences observed at sequence level. Several
mutations have been observed located on the surface
and loops of the structure. The mutations were three
(3) Thr — Ala, four Ile — Val, four (4) Lys — Arg,
and one (1) Glu — Arg.

Table 3 indicates the effects of individual amino
acid substitutions, which varied and were often below
the FoldX sensitivity. Protein stabilization by increas-
ing the folding energy is just one of the factors for
adaptation in higher temperature environments.
Redressing of surface amino acids from polar to
non-polar and from uncharged to charged, as well as
adjustment of protein-protein interactions, are other
means exploited for higher temperature adaptation. In
terms of affecting the protein folding energy, simi-
lar substitutions have different effects, depending on
their localization in the protein structure.

Discussion
This study aimed to determine factors that enhance
thermostability in species of the Thermus genus
in the Thermaceae family. Although there are over
fifty known Thermus species, only three strains
(T thermophilus HB8 and HB27, and T scotoductus
SA-01) were sequenced at the commencement of
this study. Contrary to prior studies, which analyzed
thermostability enhancing factors between distantly
related species such as mesophiles and thermophiles,
this work analyzed closely related Thermus species
in the family of Thermaceae, specifically thermo-
tolerant 7. scotoductus SA-01 against thermophilic
T. thermophilus HB27. This was to eliminate other
evolutionary factors that exist in distantly related
organisms, which have no effect on thermostability.
Predominant accumulation of non-polar alanine
and positively charged arginine was observed in
thermostable proteins of 7. thermophilus HB27. The
accumulation of non-polar amino acids in proteins
of thermophiles was previously reported to increase
rigidity and hydrophobicity.** As it was found by

these authors, alanine residues with methyl groups,
occurred with lower frequency in exposed states
and higher frequency in well-buried states in ther-
mophiles. Alanine is also believed to be the best
helix forming residue in thermophiles.”** Alanine
residues were mostly substituted by serine and thre-
onine in the homologous 7. scotoductus SA-01 pro-
teins. Replacement of serine by alanine residues was
reported as a factor that increases thermostability of
proteins in Methanococcus, Bacillus,*’** and Coryne-
bacterium.’” Serine residues tend to impair hydropho-
bic interactions between beta-strands, whereas alanine
is known to be effective at bridging up strands.*” Sub-
stitution of serine residues by alanine in thermophiles
most likely occurs in a series of steps with intermedi-
ate glycine residues®®* consistent with our observed
increase of serine to glycine substitutions (Table 1).
Accumulation of threonine in thermostable proteins
was observed® in contradiction to our results, where
alanine was predominantly substituted, a phenomenon
that is rather specific to Thermus species. However, it
is known that threonine, as well as serine, interacts
with water molecules, which probably increase insta-
bility of proteins at higher temperatures.®® Arginine
and glutamate residues, which accumulate in 7. ther-
mophilus proteins (Table 1), stabilize exposed struc-
tures of thermophilic proteins. Arginine has reduced
chemical reactivity and high tendency to participate
in salt-bridges (ion pair) interactions.?**¢! Several
studies have reported high incidence of salt-bridges
and ion-pairing as a stabilizing factor in thermophilic
proteins, 362

In thermostable proteins of Thermus species,
arginine residues predominantly substituted polar
glutamine and lysine. Polar residues are found to
be much lower in thermophilic proteins. Asparagine
and glutamine residues undergo deamination at high
temperatures.® Avoidance of lysine and replacement
of isoleucine by valine were reported in proteins of
some thermophiles. However, lysine and isoleucine
are frequently found in proteins of thermophilic
Methanococcus,>* and thus their role in thermo-
stability is not clear. The frequency of histidine is
reduced in general in 7. thermophilus HB27 in pairs
with tyrosine. The former amino acid is preferable in
proteins of thermophilic 7. thermophilus HB27 than
in their orthologs from thermotolerant 7" scotoductus
SA-01. This contradicts previous publications stating
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Table 3. Energy difference impacts of predominant amino acid substitutions on protein stability as predicted by FoldX.

PDB ID Mutation Property Position Location Energy change
SA-01 => change in 3D (kcal/mol)
HB27
2DP9 Lys => Arg Conserved 3 S, L -0.61*
Lys => Arg Conserved 29 S, L +0.03
lle => Val Conserved 41 B, BS +0.61*
Asn => Asp To charged 51 S, BS -0.09
GIn => Glu To charged 55 S, L 0.00
GIn=> Glu To charged 56 S, BS +0.10
lle => Val Conserved 104 B, L +0.52*
Lys => Arg Conserved 106 S, L -0.48
Total energy change +0.08
2EBJ Thr=> Ala To non-polar 20 S, H -1.50*
lle => Val Conserved 38 S, BS +0.48
Ser=> Ala To non-polar 43 S, L -0.86*
lle => Val Conserved 80 S, BS -0.49
Lys => Arg Conserved 129 S, BS -1.20
Total energy change -3.57
2CWY Glu => Arg To charged 9 S, H/L -0.82*
Lys => Arg Conserved 49 S, H -0.32
Lys => Arg Conserved 59 S, H +0.19
Lys => Arg Conserved 64 S,H +0.31
Total energy change -0.64
2FK5 Lys => Arg Conserved 4 S,H +0.27
Ser=> Ala To non-polar 7 B, H -0.75*
lle => Val Conserved 73 S, H -0.14
Tyr => His To charged 113 S, H +0.30
Lys => Arg Conserved 141 S, H +0.25
lle => Val Conserved 156 S, BS +0.38
Total energy change +0.31
1v8D Lys => Arg Conserved 6 L,B N/A
Lys => Arg Conserved 10 H,S N/A
lle => Val Conserved 12 H,B N/A
Lys => Arg Conserved 40 L,S N/A
Lys => Arg Conserved 44 H,S N/A
lle => Val Conserved 53 H, B N/A
lle => Val Conserved 66 L,S N/A
lle => Val Conserved 68 BS, B N/A
Thr=> Ala To non-polar 89 H, S N/A
Thr=> Ala To non-polar 96 L,S N/A
Thr=> Ala To non-polar 106 B, H N/A
Glu => Arg To charged 181 H, S N/A

Notes: The location of substitutions was marked as S—surface; BS—beta sheet; H—helices and L—in loops. Asterisks mark values of energy change
above the FoldX error margin of + 0.5 kcal/mol. FoldX calculations were not applicable for the template 1V8D due to its low identity (95%) with the studied

proteins.

that His/Tyr sites have histidine in mesophiles and
tyrosine in thermophiles,® which once more dem-
onstrates the taxonomic specificity of the preferable
accumulation of amino acids in thermostable pro-
teins. This specificity is associated with the fact that
the high temperature of the environment is not the
only selective factor to which bacteria adapt. Particu-
larly, as previously discussed, proteins of Thermus

species are characterized with increased resistance to
many other adverse conditions such as extreme pH
and high salt concentrations, making them even more
suitable for biotechnology application.?

On the level of RNA and DNA sequences, adap-
tation was achieved by accumulation of base stack-
ing energy rich oligomers in coding sequences.
The increase in mRNA thermostability correlated
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to the general increase in GC-content of the tested
genomes from 62%—-63% in M. ruber DSM 1279 and
M. silvanus DSM 9946, to 69% in T. thermophiles.
This could not, however, be explained by random
substitutions of AT pairs of nucleotides to energy rich
GC pairs. Comparisons of tetranucleotide patterns
of concatenated coding sequences of 7. scotoductus
SA-01 against those of T thermophilus HB27 showed
a relative increase of energy rich and a decrease
of energy poor oligomers in 7. thermophilus. For
example, in 7. thermophilus the frequency of GAGG
(=33.11 kcal/mol) increased to an average of 194 oli-
gomers per 100 kbp from 126 oligos per 100 kbp in
T scotoductus SA-01, and the frequency of TTTC
(=27.33 kcal/mol) decreased from 38 to 18 oligos per
100 kbp. Similar changes in frequencies of several
other energy rich and poor oligonucleotides were also
observed; however, the choice between preferable and
discarded oligonucleotides was selective. Forexample,
frequencies of low energy TTTG and TTGT motifs,
and energy rich GCGC remained the same in coding
sequences of both bacteria, but the frequency of the lat-
ter doubled innon-coding sequences of 7. thermophilus
HB27.

Orthologous coding sequences from 7. scotoductus
SA-01 and T. thermophilus HB27 that differed sig-
nificantly by MFE were further analyzed. To elucidate
possible adaptive reasons for predominant amino acid
substitutions in 7hermus organisms, we mapped the iden-
tified mismatches in sequences after alignment against
3D structure sequences. Localization of predominant
amino acid substitutions highlighted in Table 1 were
studied on 3D structural models of five 7. thermophilus
HB27 and T. scotoductus SA-01 proteins, for which
appropriate templates were identified. A general trend
of localization of substitutions was observed in surface
areas, at the ends of conserved domains and in loops.
Alteration of loops has been observed in several studies
to affect protein stabilization.*56¢

It is interesting to note that in all five structures
predominant substitutions did not affect overall struc-
tures. The gain in surface and exposed tiny, small,
and charged amino acid residues in 7. thermophilus
HB27 was observed, which contributed to the stabi-
lization of proteins at high temperatures by reduced
chemical reactivity and the high tendency to partici-
pate in salt-bridge interactions,”>*3"¢! an increased
rigidity and hydrophobicity,’* and stabilization of

helixes.”*> Amino acid substitutions also contribute
to protein stabilization by increasing the overall pro-
tein folding energy. FoldX program was used to esti-
mate the energy change of predominant substitutions
(Table 3). The energy contribution of each substitu-
tion deferred depending on its location and neighbors
in the sequence. The overall substitution analyses,
showed that stabilizing effect (negative energy val-
ues) of mutations, were much higher, mostly above
the error margin of + 0.5 kcal/mol for FoldX as com-
pared to destabilizing effect (positive energy values)
on protein structures. This showed that abundance
of such mutations could indeed lead to a more stable
protein structure, as previous observed.

Conclusion
The UNAFold algorithm was extended in this work
to efficiently handle large data sets to compute MFE
for coding sequences in entire genomes. MFE values
were higher in thermophiles 7. thermophilus, which
correlated with the general increase in the genomic
GC-content. The prediction approach proved to be
a useful for the identification of thermostable pro-
teins in closely related organisms. Although this
approach yielded consistent results when applied on
Escherichia coli K-12 and B. subtilis, further testing
of approaches on distantly related organisms with
diverse GC-content is necessary. MFE values calcu-
lated for AT-rich sequences may vary, as they utilize
different mechanisms of mRNA stabilization.t” "

The application of optimum growth temperature
and protein melting temperature were considered
unsuitable to achieve the objectives of this work. It
was observed that the Farids-Bonato ratio (Glu+Lys)/
(GIn+His), recommended for identifying thermostable
proteins of thermophilic and mesophilic bacteria,*> was
also not feasible for Thermus species because of the
observed unexpected decrease of lysine residues and
ulterior differences in frequencies of glutamate and his-
tidine (Table 1). The calculated ratio for 7. scotoductus
SA-01 was found to be below the prescribed value for
thermophilic bacteria. This observation indicated that
bacteria of different taxa exploit different evolution-
ary adaptation mechanisms to bio-stresses. The ratio
is not ideal for computing thermostability of proteins
from closely related organisms.

Adaptation of proteins for higher thermosta-
bility was achieved by amino acid substitutions.
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Comparison of orthologous protein sequences
showed existence of dominant trends in amino acid
substitutions and their properties consistent with the
difference in thermostability between orthologous
sequences. 1. thermophilus HB27 proteins had an
increased occurrence of non-polar, small, tiny, and
charged amino acids. An abundance of alanine in ther-
mophilic sequences of 7. thermophilus HB27 was sub-
stituted by serine and threonine 7. scotoductus SA-01.
An abundant occurrence of arginine was observed in
T. thermophilus HB27 substituted by glutamine and
lysine.

Structural changes were detected in three out of
five modeled structures (Fig. 3). In all cases, the
conserved domains disappeared or became shorter
in proteins of 7. thermophilus, consistent with a
published report stating that the shortening of loops
and domains contribute to compactness of proteins,
which is essential in achieving protein thermostabil-
ity.?* Structural changes were associated with Pro —
Glu substitution in TSC C20070 versus TTC1891
proteins (Fig. 3, substitution a). Structural compari-
son of 3D protein structures showed that stabilizing
mutations occurred at surfaces. The energy contri-
bution of identified mutations in sampled structures
revealed a greater stabilizing effect as compared to
destabilizing effect. It may be concluded that adapta-
tion of proteins to high temperature environments is
driven by the combination of multiple factors, which
may act in synergistic manner as has been reported in
other studies.**
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Supplementary Table 3B: Amino acid distribution of orthologous sequences of 7. thermophilus HB27 with
largest MFE difference expressed as percentage of the sequence length.

Supplementary Table 4: P-values for ¢-test and Wilcox on #-test(*) analysis of distribution of amino acid residues
and properties of orthologous sequences of 7. scotoductus SA-01 and T. thermophilus HB27.
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