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Extremophilic proteins exhibit a remarkable stability under extreme conditions (e.g. thermophilic sys-
tems are stable at elevated temperatures), offering insights into molecular adaptations and early life on
Earth. Currently, thermophilic organisms are widely investigated, and they constitute a challenge for new
industrial and pharmaceutical applications. Examples of studies on extremophiles, including thermophiles,
reach as far as space exploration experiments. The Fibronectin Type 3 (FN3) domain, a conserved struc-
tural motif, plays key roles in protein interactions and stability. This study investigates the thermal stability
of the FN3 domain from the thermophilic bacterium Thermoanaerobacter tengcongensis. The domains of
the wild type and its triple mutant FN3 were simulated (Protein Data Bank ids: 7JGT and 7JGU, respective-
ly), with a wild-type human analogue (Protein Data Bank id: 5KF4) as a control, using molecular dynamics
(MD) with classical force field. The simulations were performed at 300, 350 and 400 K temperatures to
show their impact on the molecular properties. Structural parameters were analyzed, including root mean
square deviation (RMSD), root mean square fluctuations (RMSF), solvent accessible surface area (SASA),
secondary structure assignment and hydrogen bond networks. The obtained results reveal that the thermo-
philic bacterial variants of the FN3 domain exhibit lower structural fluctuations, particularly in residues
10-20 and 50-60, compared to the human analogue. The bacterial FN3 mutant exhibited reduced stability
compared to the wild type, highlighting the importance of hydrogen bonding network in ensuring thermal
stability. These findings enhance our understanding of the molecular mechanisms underlying the stability
and adaptation of extremophilic proteins to high temperatures.

Keywords: thermophilic proteins, mesophilic proteins, extremophiles, FN3 domain, secondary structure,
salt bridges, molecular dynamics, classical force fields, RMSD, RMSE, SASA

PACS: 36.20.Ey, 31.15.xv

1. Introduction

Extremophilic proteins are a remarkable class of
biomolecules derived from extremophiles — organ-
isms that thrive in environments once considered
inhospitable to life. These environments include
extremes of temperature, pH, pressure, salinity and
radiation [EI]. The study of extremophilic proteins
has garnered a significant scientific interest due to
their extraordinary stability and functionality un-
der conditions that would typically denature or in-
activate proteins from mesophilic organisms [].
Understanding the structural and functional adap-
tations of these proteins not only provides insights

into the limits of life but also opens doors to innova-
tive biotechnological and industrial applications [E,
E]. Current enzymatic processes are mostly based on
the enzymes isolated from mesophilic organisms,
which might not exhibit optimal activity at the con-
ditions of the industrial process. There are several
examples of successful industrial applications of ex-
tremophiles. Extremophilic DNA polymerases from
Thermococcus litoralis, Thermus aquaticus and Pyro-
coccus furiosus have already found a widespread use
in the polymerase chain reaction (PCR), a crucial
tool in DNA analysis, useful not only in biotech-
nology, but also in medicine and criminology [E].
Bioleaching - extraction of metals (mostly copper
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and gold) from sulfide ores - is also already im-
portant, accounting for ca. 10% of copper mining;
the harsh conditions of the process (temperature
and acidity) call for the use of extremophilic or-
ganisms [f]. Production of three carotenoids,
p-carotene, bacteriorhodopsin and canthaxan-
thin, can be efficiently achieved with microbes
thriving in high-salinity solutions [H]. Finally, di-
verse organisms of the genera Caldicellulosiruptor,
Pyrococcus, Thermoanaerobacterium and Aero-
pyrum are tested for the synthesis of biofuels, e.g.
conversion of plant sugars (xylose and hemicellu-
lose) to ethanol [E].

Extremophilic proteins are categorized based on
the extreme conditions where their host organisms
inhabit:

o Thermophilic proteins: derived from organ-

isms that thrive in high-temperature environ-

ments (45-122°C), such as hot springs and hy-
drothermal vents.

o Psychrophilic proteins: found in organisms

living in extremely cold environments, such as

polar regions and deep oceans.

« Acidophilic and alkaliphilic proteins: originat-

ing from organisms that survive in highly acidic

(pH < 3) or alkaline (pH > 9) conditions, respec-

tively.

o Halophilic proteins: derived from organisms

that inhabit high-salinity environments, such as

salt lakes and saline soils.

« Piezophilic (barophilic) proteins: found in or-

ganisms that thrive under high-pressure condi-

tions, such as deep-sea environments.

« Radioresistant proteins: derived from organ-

isms that withstand high levels of ionizing ra-

diation [H].

The stability and functionality of extremophilic
proteins are attributed to specific structural adap-
tations. For example, thermophilic proteins often
feature increased hydrophobic interactions, ex-
tensive hydrogen bonding networks, and a high-
er prevalence of ionic interactions, which confer
thermal stability []. In contrast, psychrophilic
proteins exhibit increased flexibility, allowing
them to function at low temperatures, while halo-
philic proteins possess a high surface density of
acidic residues to maintain solubility and function
in high-salt environments []. These adaptations
highlight the diverse strategies employed by ex-
tremophilic proteins to maintain stability and ac-

tivity under extreme conditions [@]. The study
of the mechanisms encounter many difficulties
using in silico approaches, such as the limited
time scale of the molecular dynamics simulations
(currently reaching the microsecond regime) or
difficulty in adjusting pH or ionic strength (sa-
linity) within classical force fields. Nowadays,
computational approaches are indispensable to
study the structure and molecular properties of
thermophilic proteins. However, they are limited
to the homology modelling, e.g. protein struc-
ture prediction from the sequence of amino acids,
when the three-dimensional experimental struc-
tures are unknown, classical molecular dynamics
(MD) methods or application of machine learn-
ing (ML) to predict the structure and prepare
the classification of the proteins []. Despite
the mentioned problems, we applied the molecu-
lar dynamics method with force fields to estimate
the stability and reveal molecular properties such
as the network of hydrogen bonds influencing
the thermophilic features in the fibronectin type
ITI (FN3) domain.

The FN3 domain is a ubiquitous and evolution-
arily conserved protein module found in a wide
variety of proteins across diverse organisms, from
bacteria to humans [, ]. First identified as
a repeating structural unit in the extracellular ma-
trix protein fibronectin, the FN3 domain has since
been recognized as a key structural and functional
component in many proteins involved in cell ad-
hesion, signalling and mechanotransduction [@,
]. Its modular architecture, stability and versa-
tility make it a critical player in mediating pro-
tein—protein interactions and cellular processes.

The FN3 domain 1is characterized by
a B-sandwich fold composed of seven f-strands
arranged in two antiparallel S sheets, forming
a compact and stable structure. This fold is highly
adaptable, allowing the FN3 domain to participate
in a wide range of biological functions [@]. Un-
like other immunoglobulin-like domains, the FN3
domain lacks disulfide bonds, and this contributes
to its stability and flexibility in diverse environ-
ments, including the extracellular matrix and in-
tracellular compartments [E, @].

The FN3 domain has been extensively studied in
mesophilic organisms. However, recent discover-
ies have revealed the presence of FN3 domains in
extremophiles — organisms that thrive in extreme
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environments such as high temperatures, acidic
or alkaline pH, high salinity and high pressure.
These extremophilic FN3 domains exhibit unique
structural and functional adaptations that enable
them to maintain stability and functionality un-
der conditions that would typically destabilize
proteins from mesophilic organisms. The study
of extremophilic FN3 domains not only expands
our understanding of protein evolution and adap-
tation but also opens new avenues for biotechno-
logical applications [@].

The unique properties of extremophilic FN3
domains make them attractive candidates for
biotechnology. Their stability under extreme con-
ditions can be harnessed for applications such
as enzyme engineering, biosensing, and the de-
velopment of synthetic binding proteins [].
For example, thermostable FN3 domains could
be used to design robust scaffolds for therapeu-
tic proteins or industrial enzymes that operate at
high temperatures. Similarly, halophilic FN3 do-
mains may be exploited for applications in high-
salt environments, such as bioremediation or
food processing. The study of extremophilic FN3
domains also contributes to the growing field of
protein engineering, where insights from natural
adaptations are used to design proteins with novel
functions [, ].

This paper aims to provide an overview of
extremophilic FN3 domains, focusing on their
structural changes in high temperatures. By ex-
amining these unique protein modules, we hope
to highlight their significance in both basic sci-
ence and biotechnology, as well as inspire further
research into the mechanisms of protein stability
and adaptation in extreme environments. We ex-
plore the thermal stability of FN3 or fibronectin
type 3 protein domain from Thermoanaerobacter
tengcongensis as wild type (PDB id: 7JGT) and
the triple mutant in R23, R25 and R72 position
(PDB id: 7JGU) [@] using molecular dynam-
ics simulations. For control, we have taken into
account a non-thermophilic system which is
the human analogue of the FN3 domain (PDB id:
5KF4) [@] with a very similar fold (see Fig. ).
The most important structural descriptors such as
root mean square deviation (RMSD), root mean
square fluctuation (RMSEF), solvent-accessible
surface area (SASA) and H-bond network will
be discussed taking into account the time evolu-

tion of these parameters, revealing differences be-
tween the systems studied.

2. Methods

2.1. Model preparation

The initial coordinates for the thermophilic FN3
domain wild type from Thermoanaerobacter teng-
congensis and its triple mutant (R23, R25, R72)
were obtained from the Protein Data Bank [R5]
(PDB ids: 7JGT and 7JGU, respectively [R3]).
The human FN3 domain (PDB id: 5KF4) was se-
lected as a mesophilic control [@]. Each protein
structure was solvated in a cubic box with explicit
SPC/E water molecules [@]. The SPC/E model
was shown to provide the best agreement with
an experimental structure of water and hydration
thermochemistry at elevated temperatures [@] in
comparison with other models, including a fast-
er, but more approximate TIP3P approach [@].
The systems were neutralized with Na* or CI-
counterions, and an additional 0.15 M NaCl was
added to mimic physiological ionic strength.
The steps required for system preparation were

Fig. 1. Structural alignment of thermophilic (7JGT;
tan-coloured ribbon) and human (5KF4; cyan rib-
bon) FN3 domains. The MatchMaker algorithm of
UCSF Chimera 1.17.3 was used to align the sequenc-
es and then align the corresponding alpha carbon at-
oms of the structures.
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carried out with the CHARMM-GUI web inter-
face [@, @].

The comparative assessment of thermal stabil-
ity was carried out by the use of three independent
systems for each protein variant. These systems
were configured for MD simulations at three
distinct temperatures: 300, 350 and 400 K. This
temperature range was chosen to examine behav-
iour under physiological conditions (300 K) and
under extreme conditions (400 K) that challenge
the structural integrity of the proteins.

2.2. Molecular dynamics simulations

All simulations were performed using the
GROMACS software package, Version 2024.2 [@].
The AMBERY94 force field [@] was employed for
the protein and ions, while the SPC/E model [@]
was used for water molecules. Energy minimiza-
tion was carried out using the steepest descent algo-
rithm with a Verlet cutoff scheme, proceeding until
the maximum force fell below 1000 kJ/mol/nm.

Following the minimization, the systems un-
derwent a two-phase equilibration protocol. First,
a 100 ps simulation in the NVT ensemble (constant
number of particles, volume and temperature) was
performed at 300 K, regulated by the V-rescale
thermostat. This was followed by a 100 ps simu-
lation in the NPT ensemble (constant number of
particles, pressure and temperature) at 1 bar, main-
tained using the Parrinello-Rahman barostat.

Subsequent production MD simulations were
run for 1000 ns per system at each of three tem-
peratures (300, 350 and 400 K), which results in
total nine systems. Long-range electrostatic in-
teractions were handled using the Particle Mesh
Ewald (PME) method. Bond lengths were con-
strained with the LINCS algorithm, permitting
a 2 fs integration time step. The non-bonding in-
teractions cutoff was set to 1 nm. Trajectory co-
ordinates were saved every 10 ps for subsequent
analysis. The post-processing was carried out in-
cluding RMSD, RMSF and SASA analyses. In ad-
dition, the evolution of intermolecular H-bonds
network evolution was estimated. The data anal-
yses and graphical representation of the results
were prepared with the use of GROMACS 2024.2
integrated tools [B1l], UCSF Chimera 1.17.3 [E]
and VMD 1.9.3 [B4]] programs, as well as the Mat-
lab R2025b mathematical package [@].

3. Results and discussion

In the current study, the molecular features of
the FN3 domain are investigated from ther-
mophilic protein and its mesophilic analogue.
The proteins of the FN3 domain in this study are of
bacterial (7JGT) and human (5KF4) origin. Nev-
ertheless, the FN3 domain, which is a -sandwich
fold composed of seven f3-strands arranged in two
antiparallel B-sheets, is highly conserved structur-
ally as seen in Fig. , where the two mentioned
experimental structures are superimposed with
an overall RMSD of 1.82 A (calculated over 82
matching residues with the MatchMaker algo-
rithm of the UCSF Chimera software).

The structural analysis based on the RMSD
performed for the MD results obtained at 300 K
for the human analogue (Fig. ) ranges from ca.
0.12 to 0.21 nm confirming that the structure was
preserved during the simulations. Taking into
account the RMSD fluctuations, it is visible that
the smallest deviations are noticed for the hu-
man analogue. All the cases studied are stable
at the discussed temperature; however, the larg-
est changes are noticed for the wild type (from
ca. 0.07 to 0.27 nm). At the temperature raised
by 50 K, we observe that the smallest changes in
the RMSD value exhibits again the human ana-
logue. However, we could notice that for ca. 300 ns
of the simulations the values range between 0.12-
0.24 nm. During the remaining time, the RMSD
increased and oscillates between 0.24-0.38 nm.
Significantly larger fluctuations were observed in
the FN3 domain for the thermophilic proteins.
In both cases (wild type and the triple mutant),
we noticed an increase of the RMSD value dur-
ing the simulation time. In the thermophilic wild
type FN3 domain, the RMSD value range did
not change for more than 400 ns of the simula-
tion. Next, there is an increase registered between
ca. 420 and 570 ns. Again, the RMSD values de-
creased, and after ca. 690 ns, a rapid increase was
noticed. However, the RMSD values stabilized
and ranged between 0.4-0.81 nm until the end of
the simulation. For the triple mutant, the RMSD
value was increasing for ca. 750 ns suggesting
that the structure is getting unstable in the simu-
lation time. However, during the last ca. 250 ns
of the simulation, the value stopped to change
significantly and fluctuated between 0.56 and
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Fig. 2. Root mean square deviation (RMSD) at 300,
350 and 400 K obtained for the wild type and its tri-
ple mutant of the FN3 domain of thermophilic bac-
terium Thermoanaerobacter tengcongensis as well as
for the wild-type human analogue (which served as
a reference structure). The MD simulations were per-
formed for 1000 ns.

0.7 nm. At the last temperature that we took into
account in the investigations (400 K), the RMSD
values of the triple mutant were stable during
the whole simulation time. In the case of wild
types of the studied systems, other observations
were made. In both bacterial and human cases,
a rapid increase of the RMSD was registered,
as shown in Fig. @ suggesting the instability of
the analyzed proteins. The situation has changed
after ca. 200 ns in the case of the human ana-
logue, and after ca. 300 ns concerning the ther-
mophilic wild type and we could notice smaller
changes. Even, in the case of the human analogue,
the RMSD values have started to decrease. Con-
cluding this part of the analysis, we can say that
in all investigated temperatures the analyzed pro-
teins remained stable. This, however, is a result of
the global indicator (RMSD) and will be verified
using local structural descriptors.

RMSF was calculated for the studied cases at
three temperatures used during the MD study (see
Fig. E). Let us start the discussion from the low-
est temperature — 300 K. At this temperature for
the human analogue, we could detect four regions
with the strongest residue mobility compared to
the thermophilic wild type and its triple mutant.
They were detected close to 22-28, 45-57, 62-75
and 80-88 residues. Concerning the wild type of
the thermophilic protein, we noticed four regions
as well with the strongest mobility compared to
the human analogue and the triple mutant. They
were found for the residues initiating and ending
the structure of the protein as well as close to 13—
22 and 41-46 residues. From Fig. H one can see
that the triple mutant residues exhibit the weak-
est mobility. We could see single amino acids
showing larger fluctuations than their equivalents
in other studied structures. In principle, we can
distinguish two regions around amino acids 8-12
and 75-89. Concerning the 350 K temperature,
one could notice that overall the highest RMSF is
exhibited by the thermophilic wild type. However,
we could observe three regions (close to residues
10-18, 38-44 and 62-68) with the highest RMSF
values as well as in the terminal part of the pro-
tein. Elevated mobility of the terminal regions
is not unexpected, and should not be dangerous
to the integrity of the protein structure. Analyz-
ing the human analogue, significant changes in
the values of the parameter were found close to
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Fig. 3. Root mean square fluctuation (RMSF) at 300,
350 and 400 K obtained for the wild type and its tri-
ple mutant of the FN3 domain of thermophilic bac-
terium Thermoanaerobacter tengcongensis as well as
for the wild-type human analogue (which served as
a reference structure).

18-25,44-52, 55-62 and 68-69 residues. In the tri-
ple mutant, strong fluctuations were detected for
the initial part of the protein - the first ten amino
acids. In addition, we could indicate two regions
close to 28-35 and 72-83. The results for 300 and
350 K suggest in general that the -strands form
the stable core of the protein and are responsible
for the regions of the lowest RMSE In the last pan-
el of Fig. B, the data obtained for RMSF at 400 K
are presented. The lowest fluctuations were found
for the triple mutant of the thermophilic protein
suggesting that it is most stable at the highest tem-
perature. Concerning the wild types derived from
mesophilic and thermophilic species, one can no-
tice that at higher temperatures the fluctuations
are very strong in both cases - even stronger for
the thermophilic wild type. Even the 3-sandwich
fold core seems to undergo large fluctuations,
which could mean its unfolding.

In the next step, SASA was analyzed. The SASA
is discussed based on the data collected at three
temperatures as previously. The obtained results
after 1000 ns of the simulation time are present-
ed in Fig. @ At room temperature, lower SASA
values were noticed for the human analogue
compared to thermophilic species. The detected
area ranges from ca. 53 to 61 nm? It is interest-
ing that the SASA analysis gave almost equivalent
results for the thermophilic proteins indicating
that the triple mutation had not affected the real
structure. It is impossible to distinguish between
the wild type and the triple mutant from the ob-
tained data (see Fig. @). However, the solvent-ac-
cessible area ranges from ca. 54 to 64.5 nm?* be-
ing higher compared to the human analogue. This
suggests that the structures of the proteins are less
stable and more flexible. Additionally, this means
that they are more exposed to the solvent. An in-
crease of the temperature to 350 K revealed that
the solvent-accessible area for the human analogue
has changed to a small extent. It ranges mostly be-
tween 52.5 and 62 nm? This suggests that even
at higher temperature the structure is preserved.
Higher values of SASA are noticed for both ther-
mophilic systems indicating that the structures
are more exposed to the solvent (less stable more
unfolded). Generally, during the simulation
time, in the wild type of the thermophilic pro-
tein, the solvent-accessible area fluctuated from
53 to 67 nm?. For the triple mutant, the values
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Fig. 4. Solvent-accessible surface area (SASA) at 300,
350 and 400 K obtained for the wild type and its tri-
ple mutant of the FN3 domain of thermophilic bac-
terium Thermoanaerobacter tengcongensis as well as
for the wild-type human analogue (which served as
a reference structure).

oscillated between 52.5 and 64 nm? Further in-
crease of the temperature (see the last panel of
Fig. @) caused the destabilization of the human
analogue structure. The SASA values became high-
er and during the simulation time they fluctuated
from the value close to 50 nm” to almost 68 nm?
(or for a moment exceeding 70 nm?*). The highest
changes were detected for the wild type of the ther-
mophilic protein confirming the structural changes
related to the increase of the temperature. It is inter-
esting to notice that the triple mutant exhibits very
similar values of the SASA compared to the refer-
ence structure — human analogue.

Non-covalent interactions are of a great im-
portance in nature. They play a significant role
in the structural stabilization of biologically rel-
evant systems. Therefore, we were interested to see
how the network of the intermolecular hydrogen
bonds evaluates during the simulation time. In
Fig. H, the changes of hydrogen bonds (HBs) num-
ber as a function of time are presented. The data
were analyzed taking into account three differ-
ent temperatures as in previous analyses. Based
on classical force field, we could only analyze
the changes of the distances between atoms in-
volved in the formation of intermolecular hydro-
gen bond. At room temperature, the variation of
formed hydrogen bonds is smallest in the human
analogue, while the number of HBs itself is largest.
It ranges between 35 and 47 during the simulation
time. Concerning the thermophilic proteins, they
exhibit a richer diversification of the network of
the H-bonding - from 27 to 44 - while the run-
ning average number is consistently smaller than
in the human analogue. Analyzing the figure,
one can see that the number of hydrogen bonds
does not differ much between the two thermo-
philic species. At the 350 K temperature, again
we observe that the lower variation of hydrogen
bonds concerns the human analogue. In the case
of the thermophilic proteins, the variability of
the hydrogen bonds is larger, moreover, it is worth
noting that it is similar in the two discussed cas-
es. At the highest temperature (the last panel of
Fig. E), the increase of the hydrogen bonds forma-
tion is noticed in the wild types of human ana-
logue and the thermophilic protein, respectively.
The number of the H-bonds in the triple mutant is
not changing significantly during the simulation
time. It is remarkable that the number of HBs is
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Fig. 5. Hydrogen bonds time evolution at 300, 350
and 400 K obtained for the wild type and its triple
mutant of the FN3 domain of thermophilic bacteri-
um Thermoanaerobacter tengcongensis as well as for
the wild-type human analogue (which served as a ref-
erence structure).

increasing in the case of 400 K simulations, where
the secondary structure of the wild-type proteins
is changing (see below). This is the case where
structural reorganization due to the kinetic energy
brought by the elevated temperature is reflected not
in breaking the HB network, but rather by its com-
plete change. The in silico experiments consider
the kinetic energy of the system as the parameter by
which the macroscopic temperature is controlled
and measured, so the thermostatting of the system
is performed via algorithms of velocity rescaling.

The structural indicators described so far are
related to the global (RMSD, SASA) and local
(RMSF) integrity of the protein, but the most impor-
tant factor to be considered is the secondary struc-
ture. The STRIDE algorithm [@], implemented in
the VMD program [@] used within the current
study, involves the empirical, geometrical hydro-
gen bond energy formula as well as the backbone
torsional angle terms. The results of the secondary
structure assignments along the MD trajectory for
each simulation are presented in Fig. . The results
for the 300 K runs (the top row of Fig. §) show that
all the proteins (two thermophilic variants: the wild
type and its triple mutant, and the human analogue)
are stable and the -strands connected by short turn
regions are preserved. The situation is slightly differ-
ent at 350 K (the middle row of Fig. E). At this tem-
perature, the thermophilic wild-type protein is most
stable structurally. Some distortions are recorded
for the triple mutant, where three turn regions un-
dergo helicalization. This phenomenon is even more
evident for the human analogue, where the distor-
tions expand already at ca. 250 ns of the MD run
to the -strands. The final round of simulations (the
bottom row of Fig. E, 400 K) results in a fast disin-
tegration of the B-sandwich core, progressing from
the terminal and turn regions. The FN3 domain
does not contain disulfide bonds, therefore the re-
sult corresponds to the reorganization of hydrogen
bonds and loss of salt bridges. These facts are true
for the wild type proteins, while the triple mutant
surprisingly remained stable - its structural ele-
ments remained intact even at 400 K. The results of
the secondary structure analysis are important in
supplementing the picture provided by the global
and local numerical indicators, since e.g. the RMSD
graphs indicate large deviations from the initial
structure, while the secondary elements remain,
however, conserved.
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Fig. 6. Secondary structure changes at 300, 350 and 400 K obtained for the wild type and its triple mutant of
the FN3 domain of thermophilic bacterium Thermoanaerobacter tengcongensis as well as for the wild-type hu-
man analogue (which served as a reference structure). Vertical axis: residue number; horizontal axis: simula-
tion time in ns. Colour coding of the secondary structures: yellow, S-sheet; magenta, a-helix; turquoise, turn;

blue, 3, . helix; red, -helix; white, random coil.

4. Conclusions

The RMSF for the three systems suggests that
the human analogue exhibits much stronger mo-
bility especially close to the residues 10-20 and 50—
60. The FN3 mutant is also less stable than the wild
type protein stressing the importance of the hy-
drogen bonding interactions for thermal stability.
The RMSD global parameter indicates that the pro-
teins at elevated temperatures undergo structural
changes. Their nature is revealed by the second-
ary structure analysis - at 350 K, the thermophilic
wild type is most stable, while the human analogue
shows the largest structural deviations. At 400 K,

however, the bacterial and human wild types are
quickly unfolded and within ca. 300 ns the second-
ary structure corresponding to the FN3 domain is
not existent anymore. This result shows the poten-
tial of computer simulations to study the stability of
proteins in extreme conditions.
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