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Abstract: We recently introduced ENCoM, an elastic network atomic contact model, as the first
coarse-grained normal mode analysis method that accounts for the nature of amino acids and can
predict the effect of mutations on thermostability based on changes vibrational entropy. In this
proof-of-concept article, we use pairs of mesophile and thermophile homolog proteins with identical structures to determine if a measure of vibrational entropy based on normal mode analysis can
discriminate thermophile from mesophile proteins. We observe that in around 60% of cases, thermophile proteins are more rigid at equivalent temperatures than their mesophile counterpart and
this difference can guide the design of proteins to increase their thermostability through series of
mutations. We observe that mutations separating thermophile proteins from their mesophile orthologs contribute independently to a decrease in vibrational entropy and discuss the application and
implications of this methodology to protein engineering.
Keywords: mesophiles; thermophiles; thermostability; protein engineering; normal mode analysis;
vibrational entropy; flexibility

Introduction
Increasing the thermostability of proteins is an
important component of protein engineering.1,2 In a
number of industrial applications, it is more desirable or necessary to work at higher temperatures.
Additionally, thermostable proteins have longer shelf
lives. Perhaps the most widespread use in research
of an enzyme with higher thermal stability is the
DNA polymerase from Thermus aquosus or Taq
polymerase for short3 that replaced the earlier use
of E. coli DNA polymerase in PCR. Increasing protein stability is also used as a general strategy in
protein engineering to build in a stability buffer to
offset unwanted changes in stability caused by the
introduction of other alterations that are necessary
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to achieve the new function that is the objective of
the optimization. The above design considerations
affect also the development of biologics (therapeutic
proteins).4,5
Thermophile and hyperthermophile organisms,
thought to be among the earliest life forms,6 provide
us with some of the most thermostable proteins.7
Currently, the record holder is Geogemma barossii,
an obligatory lithoautotroph isolated from the active
Finn black-smoker hydrothermal-vent at a depth of
2280 m.8 G. barossii also known as strain 121, does
not grow below 85 C, can grow at 121 C (106 C optimal) and survives up to two hours at 130 C.9,10
While little is know about the characteristics of G.
barossii proteins, the question of what are the structural factors that lead to the higher thermal stability of thermophile proteins has been addressed
numerous times.11–25
Perhaps the earliest attempt at understanding
the differences between thermophile and mesophile
proteins was performed by Perutz et al.11 who studied a number of ferrodoxins and hemoglobins. By
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analyzing the potential effect of amino acid substitutions based on their positions in the known structures, the authors suggested that the amino acid
substitutions observed in the thermophile proteins
may lead to higher thermal stability through the
creation of salt bridges and hydrogen bonds. Argos
et al.26 used a set of criteria based on a-helix and bsheet preferences, hydrophobicity, bulkiness, polarity, and least required number of codon alterations
to define a subset of 24 pairwise amino acid
exchanges most likely to increase protein stability.
Of these, the authors observed 9 among the most
frequently occurring exchanges using a set of 15
sequences representing three proteins from different
organisms. More recently, Sadeghi et al.19 used a
dataset of 60 mesophile/thermophile homolog pairs
and obtained the percentage of amino acid
exchanges from mesophiles to thermophiles. Using a
cutoff of 5%, the most frequently seen exchanges
confirm the earlier results of Argos et al.26 as well
as those of Perutz et al.11 showing a slight increase
in the number of salt bridges and hydrogen bonds.
For a long time, it has been suggested that thermophile proteins show improved packing,12–14 a result
that was confirmed by Robinon-Rechavi et al.18
studying the wealth of Thermatoga maritima proteins structures elucidated by the Joint Center for
Structural Genomics. The authors showed that there
are small but statistically significant differences in
compactness as measured through contact order27
between T. maritima proteins and their mesophile
homologs. Although the increased thermostability of
thermophiles appear to come from a number of different mechanisms,16 amino acids preferences can
be used as a guiding principle in the manual design
of thermostable proteins.
One of the factors differentiating thermo- from
mesophile proteins is increased compactness,12–14,18
leading to the suggestion that thermophile proteins
are more rigid. It is important to keep in mind
though that this is based on studying protein structures at nonthermophile temperatures.15 Excluding
differences between mesophile and thermophile proteins that reflect their divergent evolution to
account for factors other than the temperature differences, the properties of highly similar mesophile
and thermophile proteins ought to be similar. In
that respect, the dynamics of mesophile and thermophile proteins has been studied via molecular
dynamics28 where it was found that at room temperature thermophile proteins are more rigid but
equally flexible at higher temperatures. This equivalence is known as the hypothesis of equivalent
states.13,14
Radestock et al.22 compared 19 mesophile/thermophile homolog protein pairs using constraint network analysis.29–31 The method uses the FIRST
approach31 based on the detection of regions where
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flexibility is affected by existing energetic constraints from covalent bonds and nonbonded interactions (primarily hydrogen bonds using a simplified
distance and angle dependent potential32). The
increase in temperature is simulated through the
removal of hydrogen bonds from the list of constraints according to their calculated entropy, producing a phase transition as a function of the mean
coordination of residues33 akin to an artificial temperature. This artificial melting temperature is
observed to be higher for the thermophile protein
compared to its mesophile homolog in 13 out of 19
cases.22
Normal mode analysis34–37 of proteins has
almost as long a history as molecular dynamics38,39
in the study of proteins. Like molecular dynamics,
the number of atoms being studies is a limiting factor given the complexity of the calculations involved.
However, molecular dynamics and normal mode
analysis are not equivalent methods, they are complementary to each other. Both methods can use the
same potential energy functions. Setting aside the
caveat of how well such functions represent reality,
there is a fundamental difference between molecular
dynamics and normal mode analysis. Whereas
molecular dynamics generates a trajectory in conformational space starting from an equilibrium structure, normal mode analysis determines a basis set of
modes of movements that when combined with the
appropriate choice of amplitudes, can generate any
other configuration of the system. In other words,
while molecular dynamics generates actual movements, normal mode analysis generates possible
movements. The eigenvalues obtained by normal
mode analysis can be directly used to calculate
vibrational entropy differences.40
Over the years a number of strategies have
been devised to simplify the calculations allowing
the two techniques to treat larger systems, or in the
case of molecular dynamics longer time scales, to
address biologically relevant processes. For molecular dynamics for example among other strategies,41
steered molecular dynamics applies an external force
to drive the dynamics.42 For normal mode analysis,
a number of simplifications in the representation of
the protein have allowed to tackle larger systems or
perform large-scale comparisons due to the lower
requirements in terms of computational time. The
vast majority of simplifications for normal mode
analysis involve representing amino acids through
their Ca atoms43,44 or using block representations.45
Our group recently introduced ENCoM as the
first coarse-grained normal mode analysis method
that accounts for the nature of amino acids present
in the protein and not just the structure.46 Prior to
ENCoM, coarse-grained normal mode analysis methods ignored the nature of the amino acid sequence of
the protein such that two proteins with the same
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Out of the initial 373 proteins pairs,24 314 pairs
were kept based on the criteria described in the
method section. The mean RMSD between pairs is
1.32 1/2 0.49 Å, the average percentage of sequence
identity is 42 1/2 16 and the average sequence
length is 165 1/2 80 amino acids.

186 thermophile proteins relative to their mesophilic
counterparts. There is no correlation between the
predicted difference in vibrational entropy of
ENCoM with the RMSD between the pair (r 5 0.04,
P-value 5 0.49), the sequence identity (r 5 20.04, Pvalue 5 0.51) or the difference in sequence length
(r 5 0.03, P-value 5 0.61). The P-values above represent the statistical significance of the alternative
hypothesis that the true correlation is different from
0, therefore the high P-values obtained mean that
the correlation cannot be said to be different from 0,
showing the statistical significance of the near null
found correlations.
To assess the robustness of the predictions
above and to what extent these are attributable to
small structural differences, we generated for every
PDB structure 50 models by homology modeling
using Modeller with a flexible backbone and compared the vibrational entropy for each pair of ensembles using a Student t-test for each case in the
database. ENCoM predicts that thermophilic proteins have less vibrational entropy on average than
their mesophilic counterparts (DSvib > 0) in 195
cases, 104 with DSvib < 0 and 15 with no statistically
significant differences (P-value 0.05). We obtain a
Pearson correlation coefficient of 0.33 between the
average DSvib for the models and the DSvib of the
crystal structure only. In the 104 cases where
DSvib < 0, it is likely that factors other than vibrational entropy contribute for the higher stability of
the thermophile protein as previously observed.49
The above results for a dataset of 314 mesophile
and thermophile homolog protein pairs were performed using a single mesophile homolog. It is possible however to perform such DSvib calculations in
cases were there is more than one mesophile homolog. We used a similar approach as above generating
100 models for each of 4 structures for rubredoxin
from three mesophile species: C. pasteurianum (PDB
ID 1IRO), D. vulgaris (PDB ID 8RXN) and D. gigas
(PDB ID 1RDG) and one thermophile P. furiosus
(PDB ID 1CAA). Rubredoxin is a small protein (51
amino acids) with an iron-sulphur cluster that is
present in all homologs. We observe that the thermophile vibrational entropy is higher on average for
the thermophile than any of its mesophile counterparts (Fig. 1) suggesting that the positive DSvib differences observed in the large database are not the
result of the particular mesophile species selected
but a property conserved across mesophile homologs
with respect to a thermophile.

Vibrational entropy

Mutations affecting DSvib

Normal mode eigenvectors and eigenvalues are used
to estimate vibrational entropy differences (DSvib) as
described in the methods section.46 ENCoM predict
that thermophilic proteins have statistically significant (P-value 5 0.03) smaller vibrational entropy in

In this section, we are interested in what amino acid
changes on average are more likely to lead to positive entropy changes (DSvib > 0) leading to a more
rigid thermophile protein than its mesophile counterpart. For that purpose, we focus only on the 186

structure would produce equivalent results. In particular, such methods could not account for the effect
of mutations. ENCoM modulates the spring constants between amino acids via the surface area in
contact47 between atoms weighted by an atom-type
pairwise potential. With this more realistic representation of side-chain interactions, ENCoM performs
better than ANM48 and other methods in terms of
the prediction of conformational changes.46 Furthermore, ENCoM was tested on a large nonredundant
subset of the ProTherm database with 303 cases of
point mutations with experimentally calculated
DDG. We used vibrational entropy differences calculated with ENCoM as an approximation for DDG to
predict experimental DDG values for single mutants
and compared ENCoM against eight existing methods to predict the effect of mutations on thermal stability. We showed that ENCoM is less biased than
existing methods and particularly good at predicting
stabilizing mutations.46 To date except for ENCoM,
all existing methods for the prediction of the effect
of mutations on thermostability are based on
machine learning approaches and enthalpy calculations. ENCoM represent an entirely new way to predict thermostability based on vibrational entropy.
In this article, we use a curated extensive nonredundant dataset of mesophile/thermophile homolog pairs24 to study the extent to which vibrational
entropy variations calculated using normal mode
frequencies can differentiate thermophile proteins
from their mesophile homologs. We then proceed to
study how different types of mutations affect vibrational entropy differences and how such entropy
changes vary with the order in which mutations
leading from mesophile to the thermophile are introduced in rubredoxin. Lastly, we perform all possible
mutations in all positions for rubredoxin from D.
vulgaris and rank the mutations observed in the
thermophile homolog to determine if the methodology can be used to guide the selection of mutations
for added thermal stability.

Results
Dataset

Frappier and Najmanovich
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Figure 1. Average DSvib Z-scores for rubredoxin homologs.
The mesophile homologs from C. pasteurianum (PDB ID
1IRO), D. vulgaris (PDB ID 8RXN), and D. gigas (PDB ID
1RDG) in blue are compared with that of the thermophile
P. furiosus (PDB ID 1CAA) in red. Bootstrapped differences
are statistically significant with P-value < 0.001. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

cases where DSvib > 0. Furthermore, we remove the
10% outliers at both extremes of DSvib variation (see
the methods section for justification) to obtain a dataset of 14,884 mutations comprising 99 mutations
types (out of the 380 possible combinations) that produce statistically significant (P-value < 0.01) DSvib
variations. We analyzed if their mean DSvib correlates

with the rate at which the given residue is observed
to mutate from mesophile to thermophile proteins. In
other words, are mutations more frequently seen to
occur between mesophiles and thermophiles more
likely to affect flexibility? We observe a correlation of
0.54 when looking at the average effect of residues
mutating to any residue and 20.56 when looking at
any residue mutated to a given residue (Table I). For
example, mutating an alanine to any residue was
observed 1559 times while the inverse, any residue to
alanine 1236 times (220.6%). Replacing an alanine
for other residues increases rigidity as measured by
an average DSvib of 0.35 for the 1559 single mutations, representing an increase in stability. Other
amino acids, such as the aromatic amino acids tyrosine and tryptophan or the charged amino acid arginine produce the opposite effect, are more abundant
in thermophiles, lead to increased rigidity as measured by DSvib and consequently contribute to the
increase in stability of the thermophile protein. Overall, this positive correlation between abundance and
DSvib means that residues that increase rigidity are
found more often in the thermophile and residues
that are known to increase flexibility are more often
found in the mesophile proteins.
Not just particular amino acids are preferred
when changing from mesophile to thermophile, but
specific preferences in amino acid pairwise replacements can be observed. For example, replacing an
alanine in the mesophile for any residue other than
glycine increases DSvib (therefore stability). For alanine, the highest DSvib is obtained when mutating to
a tryptophan. The heatmap in Figure 2 shows clear

Table I. Average Effect of Single Point Mutations
Number of cases
Amino acid

From

To

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

1559
223
852
916
499
730
344
951
859
1239
397
634
505
718
729
1001
990
1198
137
403

1236
112
734
1418
593
667
282
1093
1211
1314
364
531
532
432
899
776
740
1285
140
525

a
b

4

DSvib
Differencea

2323
2111
2118
502
94
263
262
142
352
75
233
2103
27
2286
170
2225
2250
87
3
122

(220.72)
(249.78)
(213.85
(54.80)
(18.84)
(28.63)
(218.02)
(14.93)
(40.98)
(6.05)
(28.31)
(216.25)
(5.35)
(239.83)
(23.32)
(222.48)
(225.25)
(7.26)
(2.19)
(30.27)

From

To

0.35
NSb
NS
20.09
20.23
0.20
NS
NS
NS
20.07
20.17
0.12
NS
NS
20.22
NS
NS
0.14
20.27
20.21

20.38
NS
20.17
NS
0.56
20.39
0.24
0.17
0.12
0.23
0.13
20.12
20.17
NS
0.21
NS
20.14
20.10
0.68
0.55

The number in parenthesis represents percent of change, for example, 2323/1559 for A.
Statistically nonsignificant value.
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Figure 2. Heatmap of average DSvib for pair-wise amino acid substitutions from mesophile to thermophile proteins. The top
right half matrix around the inverse diagonal represent for the most part mutations that increase the stability of the thermophile
protein. Missing values represent pairwise amino acid substitutions without statistically significant results. DSvib values are
scaled by 103 for visualization purposes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

preferences for particular amino acids with essentially the upper half triangle around the inverse
diagonal discriminating between mutations that
increase DSvib and pairwise mutations in the lower
right half triangle decreasing DSvib, thus diminishing stability. Only pairwise combinations with statistically significant results are shown in the heatmap.
The heatmap also includes a wildcard row (marked
by *) that represents the data in Table I, that is,
any amino acid in the mesophile mutated to some
particular amino acid in the thermophile and a wildcard column, for mutations of particular amino acids
in the mesophile to any amino acid in the thermo-

Frappier and Najmanovich

phile. Despite not having sufficient data or no clear
trend to assign average DSvib values for every pair
of amino acids, the data in Figure 2 can be used as
a guide when seeking to introduce mutations into a
protein in order to affect its rigidity and stability.

Engineering mutations
For each of the mesophile homologs of rubredoxin
described above we calculated the best and worst
and most probable order of mutations to reach the
thermophile sequence as described in the methods
section. In Figure 3, we show a sequence alignment
of the four sequences with colors that indicate the
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Figure 3. Alignment of rubredoxin homolog sequences showing DSvib for single mutations. The color gradient is proportional to
DSvib with mutations predicted to increase the stability of the thermophile in red and those decreasing DSvib in blue. Most mutations have equivalent effects across homologs. Unlabeled positions are unchanged with respect to the thermophile (1CAA).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DSvib of each mutation. We observe that for the most
part the mutations in each position have equivalent
effects across the different sequences. For each of
the mesophile homologs, the best DSvib path shows a
steep increase followed by a peak/plateau and a
decrease [Fig. 4(A–C)]. The single most contributing
mutation according to DSvib is P15E. Curiously, the
mutation Y4W is stabilizing for two of the three
homologs but destabilizing for 1RDG.
The most probable path bifurcates at times when
more then one mutation of the same amino acid could
be performed but in general, it also shows a steady
increase. The DSvib calculations here suggest that it
may be possible to achieve the higher stability of the
thermophile protein with less than the number of
mutations observed. Additionally, the fact that different mutational pathways lead to approximately the
same resulting the thermophile protein suggests that
mutations have independent effects.
Lastly, for rubredoxin from D. vulgaris (PDB ID
8RXN) we performed every one of the 969 possible single point mutations (i.e., 19 mutations per position) and
calculated DSvib. All mutations were assigned an overall
rank (out of 969) and a position-specific rank (out of 19).
In Table II, we present the ranks of the 17 mutations
observed for rubredoxin between D. vulgaris and P. furiosus (PDB ID 1CAA). The top 3 mutations in terms of
DSvib have an overall rank within the top 10%. Furthermore, for the 13 or 8 out of 16 positions that change in P.
furiosus, the position-specific rank is among the top 10
or top 5, respectively (Table II). The results above suggest that it is possible to find among top ranking mutations those that were naturally selected. Thus, it is
possible to use DSvib with ENCoM to select mutations
that increase rigidity and thermal stability in protein
engineering.

Discussion
The number of factors contributing to the higher
stability of thermophile proteins is as varied as the
number of approaches used to understand them.
From a thermodynamic point of view these led to
three types of stability curves relative to a mesophile
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protein: an over increase in stability across the temperature range with associated increases in DS, a
shift toward higher temperatures of the entire curve
but with no change in the maximum or DS at a
given temperature and a flattening of the curve with
associated decrease in DS. In all cases, the Tm of
the thermophile will be higher than that of the mesophile.50 In this article, we explore the use of normal
mode analysis as implemented in ENCoM to understand the differences between mesophile and thermophile proteins in terms of entropy changes.
ENCoM is unique in that as a normal mode analysis
method it permits to take in consideration the
nature of amino acids of a protein in addition to its
structure and as such account for the effect of mutations. Being a normal mode analysis method it is
possible to calculate vibrational entropy differences
that can be used to differentiate mesophile and thermophile proteins and being a coarse-grained method
it allows us to perform a large scale analysis. As such,
this work offers a new perspective on the problem.
When comparing mesophile and thermophile homolog
protein pairs, we observe that in around 60% of cases
there is a decrease in entropy (increase in rigidity) of
the thermophile protein relative to the mesophile
homolog. As a result of evolution, different mechanisms to maintain the thermal stability of proteins at
higher temperatures were selected.49 The decrease in
entropy as measured using ENCoM is one such factor
that is statistically significant in around 60% of cases.
Given the temperature dependence of the vibrational
entropy,51 the entropy difference between mesophile
and thermophile homologs should decrease at the normal higher temperature of thermophile organisms, in
what is known as the hypothesis of corresponding
states.20 Using crystal structures or models gave similar results in term DSvib and no correlation was
observed between this value and RMSD or the
sequence identity, suggesting that DSvib observed
between the mesophile and thermophile proteins are
independent of the conformation used.
The analysis of DSvib for single mutations shows
distinct preferences in terms of amino acid
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substitutions that favor a decrease of vibrational
entropy of the thermophile protein. Such substitutions can be used in protein engineering when trying
to increase the thermal stability of proteins through
modeling potential mutations and calculating DSvib
with ENCoM. When selecting mutations based on
DSvib, we observe a steady increase in DSvib and a
peak/plateau, suggesting that not all mutations
affect the entropy and some of the thermostability
effect may be obtained with a fraction of the mutations. We also observe no synergy from the order of
the mutations. As different combinations of the
order of performing mutations lead to the same final
result, each mutation seems to contribute independently to the overall effect. The very good overall and
position-specific rankings obtained for the mutations
in rubredoxin from D. vulgaris are very promising
and suggest that this strategy can be used in practice to increase the thermal stability of proteins.
Overall, the results shown here are encouraging
from a protein-engineering standpoint, as it is possible
to limit the search to a few top predicted residues.

Material and Methods
Database
We used the extensively curated dataset of 373 pairs of
mesophile and thermophile homolog proteins of Glyakina et al.24 We removed NMR structures (10 structures) as well as structure pairs with sequence lengths
differing by more than 9 amino acids (as length has a
direct effect on normal mode calculations). The structures were cropped on the basis of the structural alignment provided by the authors. RMSD and sequence
identity were calculated for the cropped structures
Table II. Rank of Observed Mutations for D. vulgaris
Rubredoxin
Rank
Mutation

Figure 4. Mutational pathway for mesophile rubredoxin homologs to reach the thermophile sequence. Three pathways are
presented, the best and worst pathways according to the DSvib
contributions of single mutations and the most probable (see
methods). Each point from right to left represents a new structure with one extra mutation toward the thermophile protein. A:
C. pasteurianum (PDB ID 1IRO), (B) D. gigas (PDB ID 1RDG),
and (C) D. vulgaris (PDB ID 8RXN). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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K2A
Y4W
T7K
V8I
E12I
P15E
A16D
E17A
V24I
S29K
D31E
D32E
A35D
V41I
A51K
A52L

DSvib

Overalla

Position-specificb

24.1781
2.3298
20.0181
0.0782
0.8392
5.2338
0.1984
0.0029
1.7099
3.5877
20.2756
0.432
0.2632
1.6565
2.5215
3.4532

914
137
620
490
295
46
449
531
190
78
667
380
425.5
196
125
82

19
1
8
7
6
4
5
15.5
7
4
7
4
3
2
2
11

a

Out of 969 performed single mutations (19 amino-acids in
51 positions).
b
Out of 19 possibilities at the given position.
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using TM-align in the I-TASSER software suite.52 Heteroatoms and hydrogen atoms were removed from the
structures, as the former would affect the normal mode
calculations with ENCoM and the latter are not taken
in account in ENCoM. The final dataset contains 314
pairs (Supporting Information File 1). The mean RMSD
between pairs is 1.32 1/2 0.49 Å, the average percent
sequence identity is 42 1/2 16 and the average
sequence length is 165 1/2 80 amino acids.
All structures were rebuilt with Modeller using
their own actual structure as template to generate a
conformational ensemble for the given structure. A
total of 50 models were generated for each protein.

Preparation of rubredoxin structures
All four rubredoxin structures (PDB IDs 8XRN,
1RDG, 1IRO, and 1CAA) were structurally aligned
and verified using PyMol. Terminal residues that
were not structurally aligned were removed in order
to achieve the same sequence length for every structure. The average RMSD between all structures is
0.51 1/2 0.05Å. In working with a small number of
structures (as opposed to the entire dataset above),
we increased the size of the conformational ensemble generated by Modeller to 100 models for each
sequence using each of the four crystal structures as
templates to see if the results would be affected by
the number of models. The results represent the
average of 400 models for each sequence.

Determination of vibrational entropy
Normal mode analysis methods are uniquely suited to
calculate vibrational entropy differences.40 All-atom normal mode calculations are computationally expensive
and thus cannot be used in large scale. While coarsegrained normal mode analysis methods are computationally fast, with the exception of ENCoM,46 such methods cannot by definition predict the effect of mutations
when these do not change the backbone conformation of
the protein. Therefore, the ENCoM method is particularly suited to perform scale analyses as required for the
analysis of vibrational entropy changes both in terms of
the number of proteins and number of mutations. We
used the ENCoM method to calculate vibrational
entropy differences (DSvib) as described earlier40,46 and
normalized by the number of modes to account for the
effect of varying sequence lengths. Specifically,
1
03N
YA
kn;A C
B
C
NB B
n57
C
B
DSVib;A!B 5
ln 3N
C
B
NA B
Y
A
@
kn;B

(1)

n57

where NA and NB represent the number of amino
acids in proteins A and B and kn;i represents the nth
normal mode (the first 6 correspond to rotational
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and translational degrees of freedom) for protein i.
The smaller DSvib, the higher the flexibility of the
thermophile relative to the mesophile protein. Likewise, the smaller DSvib, the smaller the contribution
to the stability of the thermophile protein relative to
the mesophile. The ENCoM method is available for
download or online use at http://bcb.med.usherbrooke.ca/encom.

Engineering protocol
Homolog pairs of mesophile and thermophile rubredoxin protein sequences were aligned using TMalign to identify the mutations that differentiate
each pair. Starting from the mesophile protein,
every single mutation was generated using the Modeller Mutated function to produce one structure per
mutant. For one of the homologs (D. vulgaris PDB
ID 8RXN), modeling with a flexible backbone lead to
drastic conformational changes in the C-terminus of
the protein that are not observed in the thermophile.
This modeling artefact did not occur for the other
homologs. Thus, for consistency we modelled all
structures with a fixed backbone for all three homologs. Considering the number of mutations between
homologs with minimal differences in the structures
(average RMSD 0.51 Å) we feel that the restriction
to use a fixed backbone in this experiment does not
affect the results. The DSvib relative to the mesophile was evaluated for every structure as described
above. The mutations with highest DSvib was
selected and the process was repeated for the
remaining mutations in turn until the thermophile
sequence was reached. The same process was performed for the worst mutations in terms of DSvib.
This protocol produces an upper and lower bound on
DSvib and selects a particular order of performing
the mutations that separates a thermophile protein
from its mesophile counterpart. In addition, we also
use the percent amino-acid replacements between
mesophile and thermophile proteins of Sadeghi
et al.19 to choose at each step the most probable
mutation to introduce. We call this mutational pathway as the most probable pathway.

Effect of mutations
We performed every mutation observed between
mesophile and thermophile proteins in the 186 cases
with DSvib > 0 as an individual mutation using the
Mutated function of Modeller, in this case with a
flexible backbone. To be included in our analysis, a
type of mutation (e.g., alanine to arginine) must
appear in the dataset more than 5 times and have a
consistent DSvib effect (P-value < 0.01). A mutation
type may have a large or small effect on entropy differences as a result of artefacts in the methodology
(modeling errors) or due to its effect on a number of
other molecular properties of the protein as discussed in the introduction. As such, we remove the
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extremes (top and bottom) 5% DSvib outlier mutations when trying to identify the effect on DSvib
most often associated to different types of
mutations.
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