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1. ABSTRACT

Extremophilic microorganisms have adapted
their molecular machinery to grow and thrive under the
most adverse enviromental conditions. These
microorganisms  have found their natural habitat at the
boiling and freezing point of water, in high salt
concentration and at extreme pH values. The
extremophilic proteins, selected  by Nature to withstand
this evolutionary pressure, represent a wide research field
for scientists from different disciplines and the study of
the determinants of their stability  has been an important
task   for basic and applied research. A surprising
conclusion  emerges from these studies:  there are  no
general rules  to achieve protein stabilization.  Each
extremophilic protein  adopts  various strategies  and the
outstanding adaptation to extreme temperature and
solvent conditions is realized  through the same weak
electrostatic and hydrophobic interactions among the
ordinary amino acid residues  which are  also responsible
for  the proper balance between protein stability and
flexibility in mesophilic proteins.

2. INTRODUCTION

Microorganisms that live under extreme conditions
of life, e.g.close to the freezing point or the boiling point of
water, are termed ‘extremophiles’.  The extreme environments,
probably similar, in some cases,  to those that existed during
early periods of life on earth, have provided this name and are
an essential part of  the growth conditions for these
microorganisms. The extremophilic microorganisms so
far known belong to different taxa within the archaeal and
bacterial domains, and the majority of these ‘exotic’
microorganisms are found within the Archaea.
Representative  among them are the hyperthermophile
Pyrococcus furiosus (optimal growth temperature above
100°C), the thermoacidophile Sulfolobus acidocaldarius
(growth temperature 80°C at pH <2.75), the alkaliphile

Natronobacterium pharaonis (optimal growth at pH > 10),
the halophile Haloferax mediterranei (living at >10% salt)
and the psychrophile Cenarchaeum symbiosum (growth
only below 25°C).

The phylogenetic tree constructed on the basis
of the 16/18 SrRNA sequence (1), shows a primary
tripartite division of the living world into the  three
domains  of  Bacteria, Archaea and Eukarya (2). The
deepest branches and the shortest lineages represent the
most extreme hyperthermophiles known so far
(Pyrodictium, Methanopyrus, Aquifex). These Archaea
live in the hottest places on earth and are considered to be
the oldest living organisms. To thrive in such adverse
conditions evolution has devised some peculiar
mechanisms such as the formation of very resistant
macromolecular structures able to defend the archaeal cell
from the hostile environment. Evolutionary pressure has,
for instance, selected for the Archaea  particular cell
membranes more resistant than those of mesophiles. In
particular, the lipid bilayer, whose fatty acids are
commonly bound to glycerol molecules through ester
linkages in mesophiles, is replaced by a monolayer
membrane highly resistant to heat, acid and alkali, with
glycerol molecules bound by ether linkages to branched
hydrocarbons  of the phytanyl or biphytanyl type. Another
difference  is that the central carbon atom of the glycerol
is in the R stereoisomeric form in Bacteria and Eukarya
and in the L form in Archaea. Accordingly, not only the
cell membrane but all the archaeal macromolecular
cellular components are expected to be  highly resistant to
physical and chemical stresses and possibly assembled
from stable chemical compounds.

Proteins from Eukarya and Bacteria,
extremophilic or otherwise, are composed of amino
acids linked by strong covalent bonds which
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Figure 1. Hypothetical different strategies in thermophilic
adaptation. The stability curves of  a mesophilic (a) and
two thermophilic (b, c) proteins  are represented. Protein b
is characterized by an increase in  melting temperature and
by a decrease of  thermodynamic stability; protein c is
characterized by an increase in melting temperature and in
thermodynamic stability. The intercepts at DeltaG=0
correspond to the temperature values for cold and heat
denaturation.

confer on the primary sequence resistance to acid, alkali
and heat. Proteins, however, gain the native three-
dimensional structure essential for their biological
functions through the concomitant positive contributions of
weak forces such as hydrophobic, electrostatic and Van der
Waals interactions whose bonding energies (2-10 kcal/mol)
are at least one order of magnitude lower  than those (~100
kcal/mol) of  any covalent bond. In general, proteins lose
their native and biologically active conformation when
some or all of these weak interactions are lost. These weak
bonds have a profound physiological importance since they
can be easily formed and/or broken thus contributing to the
protein plasticity and flexibility, essential to function and
for adaptation to all the variable conditions during the life
of the cell. On the other hand, the three-dimensional
structures of proteins from Eukarya and Bacteria are
generally poorly resistant to acid, alkali and heat, with a
few exceptions, such as the enzyme pepsin which is active
at pH 2 and maintains its native three-dimensional structure
at this extreme pH value.

In 1972, the discovery of the first
hyperthermophilic bacterium living at above 80°C
extended the known limits of possible life on earth (3).
Scientists from various disciplines were greatly attracted by
these microorganisms, and  their proteins rapidly became
targets for both academic and applied research (4). The
proteins extracted from these microorganisms retained
their thermal resistance after purification with optimal
temperatures for activity close or identical to the growth
temperature of the extremophilic microorganism. These
results suggested that thermal resistance was an intrinsic
property of the protein structure independent of the
presence of some particular compounds produced in the
microorganism, although some stabilizing factors as
polyamines and ectoines (5) have been found  occasionally
in some extremophiles. A further confirmation of the
intrinsic thermostability of the proteins from extremophiles

was obtained by the production of a thermoactive and
thermostable recombinant protein in a mesophilic host (6,
7). Thermotolerance was thus encoded in the genetic
blueprint and could be ascribed either to the presence of
some particular amino acid residues   or to a different
and/or increased number of  the weak interactions that are
essential for the stability of the native three-dimensional
structure. The search for peculiar amino acid residues in the
proteins of these archaeal microorganisms responsible of
their high  stability was fruitless and revealed only the same
20 ordinary amino acids found in mesophilic counterparts,
thus indicating the importance of studying  three-
dimensional structure to understand stability.

3. PROTEIN STABILITY

3.1. Thermodynamic aspects of protein stability
The difference in free energy, DeltaG,

measurable from the reversible transition from the native to
the denatured state, is always a small number (5-17
kcal/mol) (8, 9) and results from a sum of all the large
stabilizing and destabilizing interactions in the polypeptide
chain. DeltaG is a useful parameter to describe
quantitatively a protein’s conformational stability.
Denaturation, i.e. the loss of tertiary interactions, secondary
structure elements and native properties, is always
accompanied by the exposure of the hydrophobic residues
to the aqueous solvent. This event is considered to be the
cause of the large and positive heat capacity change,
DeltaCp, observed upon protein unfolding (10) and
measurable by calorimetry. The burial of non polar-
surfaces and, in general, the hydrophobic driving force (11,
12) is directly related with this latter thermodynamic
property, and  about 95 % of the change in Cp upon
denaturation can be attributed to the increase in hydration.
The change in protein DeltaG as a function of temperature
is represented by a curve which intersects the temperature
axis twice, indicating that protein may denature at  low as
well as at high temperature, with a maximum usually in the
range between 10 and 40 °C for mesophilic proteins (7).
Proteins can adapt to exert their functions at the
temperature of the psychrophilic, mesophilic or
hyperthermophilic environments by changes of their
stability curves (figure 1) obtained by selective
modifications of those weak interactions responsible for
maintaining the compactness of structural elements which
form the native structure. These modifications  result in
higher melting temperatures or in a different temperature
resistance by  shifting,  broadening or  raising  the stability
curves, and in some cases through a combined effect of all
these changes.  The maximum free energy of stabilization
in any protein, independently of its size and   structure and
of   its temperature adaptation  and   resistance, is always in
the range of  few  weak interactions  and it results from the
competition between stabilizing and destabilizing
interactions. Among these latter one may mention the
decrease in conformational entropy, and the removal of
peptide and polar groups from the solvent which counteract
the stabilizing terms of hydrogen bonding and desolvation
of hydrophobic groups (13, 14). The structural analysis of
proteins from extremophiles may highlight the differences
from mesophilic homologs that provide  the basis for
increased thermal resistance and decreased flexibility.
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3.2. Proteins from (hyper)thermophiles
Thermostable proteins produced by thermophilic

and hyperthermophilic microorganisms between 45 and
110°C are generally very resistant also to chemical
denaturation and to proteolysis (7). Thermophilic and
hyperthermophilic proteins, for example, require higher
concentrations of urea and guanidinium chloride for
denaturation (4-8M) (15, 16) than their mesophilic (1-2M)
(17-19) and psychrophilic counterparts. This  resistance
may reflect a restriction on the flexibility of thermophilic
proteins, which  allows them to be functionally competent
at elevated temperatures and unusually rigid at mesophilic
temperatures (10-45°C). Increased  rigidity at room
temperature has been demonstrated not only by indirect
evidence such as the higher resistance to denaturants but
also more directly through the measurement of the
exchange rates of amide protons (7, 20). The increased
rigidity of proteins from hyperthermophiles at mesophilic
temperatures may find a structural determinant in an
increased compactness which can be obtained with a
decrease in both number and size of internal cavities as
compared with mesophilic counterpart (21, 22).

The high intrinsic stability of the thermophilic
proteins becomes marginal at their growth temperature
where thermal motion induces a decrease of the protein
structural rigidity  yielding to an increase in  flexibility
which is essential for function.  The adaptation of proteins
to extreme temperatures appears then to be the result of a
compromise between the increased rigidity  responsible for
thermal stability and the flexibility required for playing
their physiological roles.

Hyperthermophilic archaea, near the upper
temperature limits for life, may acquire thermotolerance
after a short heat  shock by producing  a 60-kDa protein
with structural and functional features of bacterial
chaperonins (23) whose  role in archaeal cells is not yet
clear. Despite the presence in Archaea of some particular
solutes as ectoines, which can increase proteins’ thermal
resistance, their role in conferring protein  thermotolerance
in Archaea has not been demonstrated (5). Thus, the only
well-established strategy for the archaeal cell to produce
thermotolerant proteins is to combine all the canonical
weak forces which are the basis of native folding also in
mesophilic proteins  (electrostatic, Van der Waals and
hydrophobic interactions) so that   the resulting cumulative
effect will yield a protein with a high  intrinsic stability.
This cumulative effect, induced by minute local
interactions of protein structural elements, leads to the
stable conformation of the native state. The native three-
dimensional structure is essential for the protein’s
biological functions, such as ligand binding  or enzyme
catalysis, and  is stable over a determined range of physical
and chemical conditions. The stability, however, has to find
a compromise with functionality, and the protein’s native
state fluctuates among various preferred conformations to
exert its biological functions, despite the maintenance of its
unique spatial arrangements (24). The physiological
fluctuations of the native structure comprise either small
movements of  a few amino acids or major structural
rearrangements such as repositioning of a large chain
segment or changes in the relative interdomain orientation.
This is presumably at the origin of protein marginal

stabilities and  the net result from the balance between
stabilizing and destabilizing forces is represented by only
few weak intermolecular interactions, as indicated by the
free energy change of the denaturation transition which is
always in the range 5-17 kcal/mol (8, 9). Notably, proteins
from extremophiles do not deviate significantly  in this
respect from these general rules established for mesophilic
proteins. Their temperature adaptation is always
accompanied by free energies of stabilization similar to
those of their mesophilic counterparts or only slightly
increased. An important difference between the mesophiles
and thermophiles is the reduced catalytic activity of
thermophilic enzymes  around 25°C due to the decrease in
their flexibility.  Adaptation, then, may be considered as a
temperature shift of the subtle balance between flexibility
and rigidity to the temperature range close to the optimal
growth condition of the organism (7, 20).

3.3. Proteins from psychrophiles
Extremophilic microoorganisms living  close to

the freezing point of water  are named  psychrophiles.
Some of them belong to the Archaea such as the two
methanogens Methanogenium frigidum (Tmin= -10°C;
Topt=15°C) (25) and  Methanococcoides burtonii (Tmin= -
2.5°C; Topt = 23°C) (26), and one halophile Halorubrum
lacusprofundi (Tmin= 2°C;Topt= 33°C) (26). The potential
biotechnological applications of these microorganisms
have recently aroused  growing interest. The functional
properties of the proteins extracted from the psychrophiles
are characterized by  opposite features to those found in
proteins from thermophiles despite  the presence of the
same ordinary amino acids in their primary structure.
Adaptation to low temperatures is achieved also for
psychrophilic proteins through a balance of the same
interacting weak forces  which allow  resistance to high
temperatures.

The structural features of proteins from
psychrophilic microorganisms may be determined from
comparative studies of mesophilic and thermophilic
proteins, based in some cases on homology modelling,
together with analysis of recently determined crystal
structures  for four psychrophilic  proteins: alpha-amylase
(27), citrate synthase (28), alkaline protease (29) and
triosophosphate  isomerase (30). These studies lead to the
following conclusions: cold adapted proteins have evolved
to be structurally flexible and catalytically efficient at cold
temperatures. These properties are obtained through small
changes in protein secondary and tertiary  structures such
as the decrease in  the number of disulphide bonds, a
decrease of net charge in helix-dipole structures, a decrease
of protein-solvent interactions, a decrease in the number of
hydrogen bonds at domain interfaces and  a general
decrease in the number of hydrophobic interactions within
the core of the protein (31-33) as compared to mesophilic
counterpart.

4. STRUCTURAL DETERMINANTS OF PROTEIN
STABILITY

After this general premise we will start to analyze
in detail the results obtained from the structural studies of
extremophilic proteins to search for those interactions
mainly involved in protein stabilization. For this purpose
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we will take into account the analysis of  primary structure,
the structural modifications obtained through electrostatic
and hydrophobic interactions  and  the crystallographic
parameters.

4.1. Primary structure analysis
The comparative analysis of the amino acid

composition conducted on a restricted number of the same
extremophilic and mesophilic proteins (34, 35) indicates
some amino acid substitution in thermophilic proteins.  The
amino acid exchanges, such as Lys to Arg, Ser to Ala, Gly
to Ala, Ser to Thr and Val to Ile, found in thermophilic
proteins were considered one of the possible determinants
of protein thermal stability (35). However a statistical
analysis performed on a greater number of mesophilic,
thermophilic and halophilic proteins revealed the
inconsistency of this assumption (36).

The availability of  the complete genome
sequence of 14 bacterial and archaeal genomes,
including 4  hyperthermophiles, has allowed  the
examination of a large data set to evaluate the influence
of amino acid composition on the features of  encoded
proteins. The comparative analysis of proteins primary
sequences indicated some important differences
between the  proteins from hyperthermophiles and those
from mesophiles (37). In these latter, charged residues
(Asp, Glu, Lys, Arg and His) are significantly less
abundant (24.11%) than in proteins from thermophiles
(29.84%), while polar/uncharged residues (Gly, Ser,
Thr, Asn, Gln, Tyr, Cys) are more abundant (31.15%) in
mesophilic rather than in thermophilic proteins
(26.79%). Hydrophobic residues (Leu, Met, Ile, Val,
Trp, Pro, Ala, Phe) are distributed  in similar numbers in
proteins from mesophiles (44.74%) and in those from
thermophiles (43.36%). These results confirmed
previous (38) and more recent (39) comparative
analyses performed by Vogt and Argos on 16 protein
families containing 56 different proteins from
thermophilic, mesophilic and thermophobic sources.
Proteins from hyperthermophiles contain  higher levels
of charged residues and lower levels of polar, uncharged
residues, and,  in addition,  residues with a higher side
chain volume and higher average hydrophobicity  appear
to be preferred. The charged residues are used by
proteins from thermophiles to increase the number of
hydrogen bonds and salt bridges  compared to proteins
from mesophiles. These major contributions to protein
thermal stability are implemented in thermostable
proteins by  increases in polar surface areas.

4.2. Structural adaptations
A detailed  analysis of the structural  adaptation

of a protein to the environment may be attempted by the
comparison of the three-dimensional structures of an
extremophilic protein with its mesophilic counterpart. This
preliminary study should be followed by site directed
mutagenesis experiments  to test the role of the
hypothetical structural determinants  of protein stability
identified from the structural comparison. The availability
of many three-dimensional structures for proteins extracted
from extremophilic microorganisms allows us to define
some undoubted structural adaptations of these proteins in
comparison to the mesophilic counterparts. The increase in

the number of hydrogen bonds and ion pairs are the
structural adaptations that are most generally accepted.
Furthermore this increased number of electrostatic
interactions is responsible for most of the structural
modifications observed, such as secondary structure
propensity, amino acid replacements, burying of
hydrophobic accessible area, and strengthening of
intersubunit association, all of which are considered as
determinants of protein thermal stability.

An ion-pair is defined as the favourable energetic
interaction which occurs when oppositely charged groups
are within a distance of 4 Å (40). When the same charged
groups are involved in the formation of hydrogen bonds,
these ion-pairs are referred to as salt-bridges in order to
distinguish  between the different electrostatic interactions
(41).  The increase in hydrogen bonds often parallels the
increase in ion-pairs in thermostable proteins. However
hydrogen bonds do not always correspond to ion-pairs and
may also represent an alternative to ion-pairs. The analysis
of a number of crystallographic structures  shows   that
thermostable proteins  have  an increased number of
hydrogen bonds accompanied by an increased number of
hydrophobic  internal packing (42).

The analysis performed by Vogt et al. (38) on the
16 families of proteins containing 56 different proteins
from thermophilic, mesophilic and thermophobic sources,
revealed that hydrogen bonds and salt bridges  are used by
thermophilic protein to increase their thermostability.
Furthermore 80% of these proteins showed an increase in
polar surface due to an increased exposure of  oxygen and
nitrogen and the fraction of this latter was threefold that of
oxygen, mainly  through the contribution of Arg residues.
Thus the increase in polar surface is related to the increase
of protein thermotolerance. The Arg residues responsible
for the increase in  polar surface are often also involved in
the formation of  ion pairs.

Pyrococcus furiosus, an archaeal microorganism
which leaves at temperatures over 100°C, has been the
source for some of the most thermostable proteins purified,
studied and crystallized so far. The hexameric glutamate
dehydrogenases (GDH) from P. furiosus (PfGDH) (43) and
from Thermotoga maritima (TmGDH) (44) have been
crystallized and compared with the three-dimensional
structure of the same protein from mesophilic Clostridium
symbiosum (CsGDH) (45). Compared to the CsGDH the
hyperthermophilic PfGDH  presents a higher charged
fraction (27%) over the average found in mesophilic
proteins (19%) (46). This difference in the charged fraction
is an important difference between thermophilic and
mesophilic proteins. Considering only the ion pairs
evaluated at the distance of 4 Å,  PfGDH shows 288 ion
pairs per hexamer, TmGDH 223 and CsGDH 188. Ion pairs
are formed  mainly with arginine side chains: 90% of the
arginine residues of Pf GDH are involved  in the formation
of ion-pairs compared to only 55-60% in the mesophilic
enzymes. In the thermophilic enzymes, moreover, arginine
residues are involved in multiple ion-pairs whereas in the
mesophilic enzyme arginine residues are mainly involved
in isolated linkages. The largest ion-pairs network in
PfGDH, which involves 18 charged residues, is present at
the interface between dimers and is reinforced by four more
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clusters of three residues and two isolated ion pairs.This
extensively  ion-pair linked surface extends to meet two
further clusters of six residues and two isolated ion-pairs
which derive from interactions centred around the interface
between monomers. Considering the surface of each
subunit which provides charged residues for these ion-pair
interactions, a total of 25 out of 33 charged residues are
involved in the formation of 19 ion pairs in the PfGDH. In
the CsGDH only 15 charged residues out of 32 are involved
in the formation of four ion-pairs in the equivalent region.
Furthermore in different regions of the thermophilic protein
there are other ion-pair networks which are absent in the
mesophilic enzymes.The large number of ion-pair clusters
formed in PfGDH is the consequence of the high
concentration of basic and acidic residues on adjacent
regions of the enzyme which makes the formation of such
networks  almost unavoidable. In PfGDH the highly
charged subunits interfaces are neutralised because of the
presence of multiple extensive ion-pair networks (43) and
the largest network,  which comprises 18 residues, cross-
links secondary structure elements from four different
subunits and is three times present in each hexamer at the
trimer interface.

In conclusion, the main tool responsible for the
increased thermotolerance in this archaeal enzyme is the
presence of ion–pair clusters at the subunit interfaces
forming  a large number of salt bridges. This strategy has
been observed in other enzymes from the same archaeon P.
furiosus  such as citrate synthase (47) and aldehyde
oxydoreductase (48), and in GDH from the archaeon
Pyrococcus kodakarensis (49). However this use  of ion–
pair clusters  is not peculiar to  Archaea  because  it has
been reported also for the bacterial  superoxide dismutase
from Aquifex pyrophilus (50), in TmGDH (44),  in T.
maritima glyceraldehyde-3-phosphate dehydrogenase (51)
and in malate dehydrogenase from Thermus flavus (52) and
in DNA-polymerase from Thermus aquaticus (53). In
particular in TmGDH (T. maritima growing temperature
80°C ) the 18  residues network found in the same position
in the PfGDH is much decreased and fragmented. After the
introduction of four  new charged amino acid residues into
the subunit interface of TmGDH by site-directed
mutagenesis, a 16-residues ion-pair network is  formed
with a concomitant increase of protein thermotolerance
(54). These findings confirm the hypothesis that large ion-
pair networks do indeed stabilize enzymes against high
temperature.

The three-dimensional structure for a halophilic
GDH is not available. However, the primary sequence
analysis of the GDH from the halophilic archaeon
Halobacterium salinarum has revealed in this protein  the
general adaptive structural modifications  of halophilic
proteins: an excess of acidic over basic residues, an
increase of serine and threonine residues and a reduction of
strongly  hydrophobic residues (55). Homology- based
modeling of this GDH indicated that the acidic residues
cluster on the outer surface (55). These features have been
found in other proteins from halophilic archaea, such as the
elongation factor EF-Tu from the Halobacterium
marismortui (26) and in malate dehydrogenase from
Haloarcula marismortui  (56). The crystal structure of  this
latter enzyme, similarly to other archaeal halophilic

proteins, revealed a large increase of ion-pair networks
similar to those found in proteins from hyperthermophilic
archaea,  and they are considered to be the structural
determinants of the outstanding thermostability of  several
halophilic proteins. In halophilic microorganisms protein
stability is generally achieved by the formation of hydrated
salt ion networks coordinated by the acidic groups of the
protein surface (56). In halophilic GDH, for example, the
18 residues network of  PfGDH, considered an important
determinant for its hyperthermostability (43), is only
partially conserved but may  nevertheless give a real
contribution to the good thermotolerance of this protein
compared to its mesophilic counterpart (55). The
abundance of ion-pair networks is less pronounced in
moderately halophilic proteins such as the dihydrofolate
reductase from the archaeon Haloferax volcanii  (57),
which lacks  all the characteristics of such extreme
halophilic proteins as the malate dehydrogenase from H.
marismortui (56) and ferredoxin (58). However  also in this
moderately halophilic enzyme some clusters of non-
interacting negatively charged residues are found on the
surface of the protein (57).

In summary,  the most remarkable characteristic
of halophilic proteins is the predominance  at the protein-
solvent interface of a large number of negatively charged
residues which may coordinate and compete, for water
hydration, with the hydrated salt ion networks present at the
high salt concentrations of the environment. Mesophilic
proteins, without this protective shell,  tend to aggregate at
high salt concentration  (59). The instability of halophilic
proteins  at low salt concentrations may be explained by the
repulsion between charged residues. In selected halophilic
proteins some of these negatively charged  residues are also
effective  in the formation of clusters of intramolecular ion-
pair networks responsible of the outstanding
thermotolerance of these halophilic  proteins.

In psychrophilic microorganisms adapted to
survive to low temperatures, evolution has selected
different strategies in their proteins, which are structurally
flexible and catalytically efficient at low temperatures. The
availability of the crystal structures of three psychrophilic
bacterial proteins as  alpha-amylase from Alteromonas
haloplanctis (27), triosophosphate isomerase from Vibrio
marinus (30) and citrate synthase from Antarctic strain
DS2-3R (DsCS ) (60) offers insights into the adaptations of
psychrophilic proteins to low temperatures. The cold-active
citrate synthase compared to the hyperthermophilic enzyme
from P. furiosus (47) showed a reduced number of
interactions at the subunit interface with no intersubunit
ion-pair networks and an increased number of
intramolecular ion-pairs (42 against 27 in PfCS).
Furthermore several loops, with a larger number of charged
residues, are increased in length and present a decreased
number of proline residues than in the PfCS enzyme. The
increased amount of hydrophobic residues  exposed to
solvent in  DsCS was considered a distinct signature of
thermolabile enzymes and is found also in the cold-active
3-isopropylmalate dehydrogenase from Vibrio sp.15 (61).
Protein destabilization is obtained  when the hydrophobic
residues are exposed to solvent due to the ordering of water
molecules. The complex ion-pairs networks, isoleucine
clusters and tyrosine clusters found in PfCS were not found
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Table 1. Structural determinants of thermal adaptations in some thermophilic archaeal enzymes
Enzyme MjAKa PfGDH TaCS PfCS

Increased compactness • • • •
Increased number and/or volume of
internal cavities

• • • •

Increased hydrophobic interactions • • • •
Increased number of ion pairs • •
Increased number of ion-pair networks • •
Amino acids exchange • • •
Buried polar surface areas •
Decrease in sulphur content • • •
Strengthening intersubunit association • •
Decrease Gly and/or Pro in loops •
Increased aromatic interactions • •
Helix-dipole stabilization • •
Shorter loops • • •
Isoleucine clusters •
aAbbreviations: MjAK, adenylate kinase from Methanococcus jannaschii (64); PfGDH, glutamate dehydrogenase from P. furiosus;
TaCS, citrate synthase from Thermoplasma acidophilus; PfCS, citrate synthase from P. furiosus

Table 2. Structural determinants of  salt adaptation  in some halophilic archaeal enzymes
Enzyme HmMDHa HsGDH HvDFR

Increase of negatively charged residues • • •

Decrease of positively charged residues • •
Increased  number of ion-pairs • •
Increased number of salt bridges • •
Acidic residues (clusters) on the enzyme surface • •
Reduction in surface exposed Lys residues •
Increased number of Arg residues •
aAbbreviations:HmMDH, malate dehydrogenase from H. marismortui; HsGDH, glutamate dehydrogenase from H. salinarum; HvDFR,
dehydrofolate reductase from H. volcanii.

in the psychrophilic enzyme. The high flexibility of the
psychrophilic enzyme may be achieved  by the decrease of
proline residues in the loops and by their increase in length
and charge. Three-dimensional homology based modeling
of elongation factor 2 from the archaeal psychrophile  M.
burtonii (26)  on the same protein from archaeon Thermus
thermophilus (62)  clearly suggested that the cold adapted
archaeal protein have a greater flexibility, obtained through
a reduced number of salt bridges, less packed hydrophobic
cores and the reduction of proline in loops, confirming the
results obtained in other psychrophilic proteins.

Enhanced secondary structure propensity, helix -
dipole stabilization, amino acid replacements, burying of
hydrophobic accessible area, strengthening of intersubunit
association have all been indicated as structural
determinants of protein stability and they are attributable,
totally or in a significant part, to the increased number of
hydrogen bonds and salt links and are reported in tables 1,
2, and 3.

5. CONCLUSIONS

The recent studies on proteins from
extremophiles and the rational attempt to emulate Nature in
modulating protein stability have provided a general
structural framework for understanding protein resistance.
The conclusion and the general rule  derived from these

studies  is that there is not a unique way to gain protein
stability and/or to find a proper balance between  protein
rigidity and flexibility over the wide temperature range
where life is possible. Proteins individually adapt to
environmental conditions by accumulation of different
stabilizing interactions at all the protein structure levels.
More importantly, the determinants of stability are those
same weak intermolecular interactions used  to stabilize the
native structure in mesophilic proteins: networks of
electrostatic interactions such as hydrogen bonds and/or
salt bridges, optimization of local packing and hydrophobic
interactions.

Nature has procured thermophilic proteins’
structural  resistance to high temperature at the expense of a
decreased flexibility, giving poor  activity at mesophilic
temperature.This adaptation has involved selection of those
proteins with a large number of charged amino acid
residuesable to interact   to give ion-pairs and to form
hydrogen bonds and salt bridges with an optimal local
packing and extended hydrophobic interactions (63).
Proteins  with  extended surface loops, a large number of
charged residues with a reduced number of proline   and
salt bridges and  less packed hydrophobic cores, are
preferred by evolution in a psychrophilic environment
because of their  high flexibility and  high catalytic
efficiency at low temperature  obtained at the expense of
their  thermostability.
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Table 3. Structural determinants of cold adaptation in some psychrophilic bacterial and archaeal enzymes
Enzyme AhaAa DS2-3RCS Vsp15IPMDH VmTIM MbEF-2

Reduced number of salt bridges • • •
Increase in size of loops • • •
Reduced number of Pro residues in loops • • • •
Reduced compactness • • •
Increase in intramolecular ion-pairs •
Exposure of non polar groups to solvent • • •
Reduced number of buried non polar groups • •
Reduced number of charged residues • •
Weaker interdomain interactions • •
Reduction of aromatic-aromatic interactions •
Increased resilience of the molecular surface •
Decrease in Arg residues content •
Increase in Ala content •
aAbbreviations are: AhaA, alpha-amylase from A. haloplanctis; DS2-3RCS, recombinant citrate synthase from Antartic
bacterium strain DS2-3R; Vsp15IPMDH, 3-isopropylmalate dehydrogenase from Vibrio sp 15; VmTIM, triose-phosphate
isomerase from Vibrio marinus; EF-2, elongation factor EF-2 from Methanococcoides burtonii.

The presence on a protein of clusters of non-
interacting negatively charged surface groups able to
coordinate hydrated salt ion network in the solvent, a
reduced number of hydrophobic residues exposed to
solvent and an increased number   of ion-pair clusters, can
result in a halophilic structure  with a good thermostability
and high salt  tolerance.

However these general observations cannot be
considered rules but only structural trends.  Evolutionary
pressure has exerted a fine tuning on similar common
structures, selecting the most appropriate amino acid residues
to produce a final protein structure that gives best catalytic
efficiency at the growth temperature of each organism.

6. PERSPECTIVES

Most of the extremophilic proteins are found in
archaeal microorganisms. These proteins are very
interesting for their potential biotechnological use.
Engineering of these proteins may further increase their
potential use.  The results obtained so far allow to predict a
larger use of these proteins in the future in many industrial
production processes in order to reduce the environmental
pollution due to the chemical pathways actually used.
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