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Abstract: The identification of molecular mechanisms underlying enzyme cold adaptation is a hot-topic both for funda-
mental research and industrial applications. In the present contribution, we review the last decades of structural computa-
tional investigations on cold-adapted enzymes in comparison to their warm-adapted counterparts. Comparative sequence
and structural studies allow the definition of a multitude of adaptation strategies. Different enzymes carried out diverse
mechanisms to adapt to low temperatures, so that a general theory for enzyme cold adaptation cannot be formulated.
However, some common features can be traced in dynamic and flexibility properties of these enzymes, as well as in their
intra- and inter-molecular interaction networks. Interestingly, the current data suggest that a family-centered point of view
is necessary in the comparative analyses of cold- and warm-adapted enzymes. In fact, enzymes belonging to the same
family or superfamily, thus sharing at least the three-dimensional fold and common features of the functional sites, have
evolved similar structural and dynamic patterns to overcome the detrimental effects of low temperatures.
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1. INTRODUCTION

It is of crucial relevance to acquire detailed knowledge
on the molecular mechanisms that rule the relationships be-
tween stability, flexibility, and activity in extremophilic en-
zymes both for fundamental research and industrial applica-
tions [1-6].

Among extremophilic enzymes, those isolated from psy-
chrophilic organisms have received particular attention by
the scientific community only in the last 20-25 years, mainly
thanks to their unique properties of high activity at low and
challenging temperatures, high thermolability and unusual
specificity, thus offering a broad spectrum of biotechnologi-
cal applications [5-8]. In this context, for example, increas-
ing interest has been directed to applications of cold-adapted
enzymes in detergents, for low-temperatures laundry with a
remarkable reduction in energy consumption [9]. Applica-
tions in food and milk industry are also numerous. In baking
processes, enzymes such as amylases, proteases and xy-
lanases can be used to reduce the dough fermentation time,
as well as to improve the properties of the dough and the
crumb [5]. Cold-adapted enzymes have also great potential
in the field of wastewater treatment and bioremediation in
contaminated cold environments [10]. Moreover, psychro-
philic enzymes, and especially lipases have emerged as im-
portant biocatalysts in biomedical applications, thanks to
their excellent capability to perform specific regioselective
reactions in a variety of organic solvents [11].
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Evolution has allowed cold-adapted organisms not to
merely survive, but also to successfully grow in the restric-
tive conditions of cold habitats. Psychrophiles display meta-
bolic fluxes at low temperatures that are more or less compa-
rable to those exhibited by closely related mesophiles, which
live at moderate temperatures [12], suggesting that mecha-
nisms of temperature adaptation are involved. Such mecha-
nisms include a broad array of structural and physiological
adjustments to cope with the reduction of chemical reaction
rates induced by the low temperatures [13, 14]. In fact, tem-
perature is one of the most important environmental factors
for life; reaction rates can be reduced from 30- to 80- folds
when the medium temperature decreases from 37°C to 10°C
[15]. Moreover, cold denaturation of proteins is a well-
established phenomenon [16, 17] with complete unfolding
occurring below -15°C, a process thermodynamically fa-
voured at low temperatures, which weakens the hydrophobic
interactions crucial for protein folding and stability [1, 18].
Biological activities have been recorded in the brine veins of
sea-ice at temperatures as low as -20°C, as well as psychro-
philic enzymes isolated from microorganisms still active at
temperatures below -10/-15°C, have been identified [19].
Thus, in the cold environments psychrophilic organisms had
to evolve and optimize their enzymatic repertory.

Several biochemical studies on cold-adapted enzymes,
carried out in the last decade, have identified common key
features in the optimization of the kinetic and thermody-
namic parameters. In particular, cold-adapted enzymes are
generally characterized by lower thermal stability, higher
catalytic activity, and higher catalytic efficiency (kc./K.,) at
low temperatures with respect to their warm-adapted coun-
terparts [15, 20]. In fact, psychrophiles produce enzymes

© 2011 Bentham Science Publishers


wasim
Final


2 Current Protein and Peptide Science, 2011, Vol. 12, No. 7

characterized by tens folds higher specific activity at low
temperatures than ‘“canonical” enzymes. The apparent
maximal activity is shifted toward low temperatures, reflect-
ing the weak stability of psychrophilic enzymes which are
generally prone to inactivation and unfolding at moderate
temperatures. It has also been shown that enzyme cold adap-
tation is usually incomplete, since the specific activity exhib-
ited by most of the psychrophilic enzymes around 0°C al-
though high remains generally lower than that of the meso-
philic counterparts at 37°C.

In principle, cold-adapted enzymes can optimize the K.,/
K, ratio by increasing k.., decreasing K, or altering both the
kinetic parameters. A survey of the available kinetic parame-
ters revealed two main trends; psychrophilic enzymes that
increase k¢, at the expense of K, and those that optimize
both the kinetic parameters (increase of k., and decrease of
Ki) [15, 21]. The increase in k., is also related to a decrease
in activation free energy of the catalyzed reaction, and in
particular to a decrease of activation enthalpy, which is
likely to be structurally achieved by a decrease in the number
of the enthalpy-driven intra-molecular interactions which
have to be broken to reach the transition state. These aspects
have also been considered an indication of low stability of
cold-adapted enzymes and of a higher structural flexibility,
at least of the catalytic site and its proximity [15, 22, 23].
This was the first insight suggesting that activity and stabil-
ity could be linked in the process of thermal adaptation.

The increasing number of primary sequences, and above
all of three-dimensional (3D) structures, of enzymes and
proteins from thermophiles and psychrophiles have provided
the suitable background to carry out investigations of the
molecular determinants of their temperature adaptation. In
this context, computational approaches and in particular
biomolecular simulations have a prominent role in comple-
menting and integrating the experimental data, but also to
clarify critical issues related to cold adaptation, which are
difficult to accurately and specifically address by the only
mean of experiments as, for example, the role of protein
flexibility and dynamics.

In fact, enzyme catalysis generally involves the “breath-
ing” of particular regions of the enzyme structure, enabling
for example the accommodation of the substrate. The ease of
such molecular movements may be one of the determinants
of the catalytic efficiency. At a given temperature, the opti-
mization of enzyme function requires a proper balance be-
tween two opposing factors: structural rigidity, which allows
the retention of a specific 3D conformation at the physio-
logical temperature, and flexibility, which allows the protein
to perform catalysis and substrate recognition [22, 24].
Therefore, a protein can be considered a mechanically het-
erogeneous 3D structure composed of locally rigid and flexi-
ble sub-structures. In this context, it has been suggested that
enzymes isolated from cold-adapted organisms are generally
characterized by a higher plasticity or flexibility of their mo-
lecular structure to compensate for the lower thermal energy
provided by the low-temperature habitats [18, 21, 22, 24,
25]. High structural flexibility of the psychrophilic enzymes
can allow better interactions with the substrate and can be
related directly or indirectly to their higher catalytic rate
(keat) at low temperature, high thermolability and lower acti-
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vation energy (Ea) if compared with mesophilic and thermo-
philic counterparts [18, 22].

However, the molecular determinants and the exact rela-
tionships between the triad of catalytic activity, thermal sta-
bility and flexibility in cold-adapted enzymes are still a mat-
ter of debate. The intrinsic thermolability of psychrophilic
enzymes, in addition to their increased low temperature ac-
tivity, suggests a direct link between activity and stability;
the activity at low temperature requires a weakening of intra-
molecular forces which results in reduced stability. Other-
wise, it has also been suggested that the thermolability may
be related to random genetic drift, as a consequence of lack
of evolutionary pressure for stable enzymes in low tempera-
ture habitats [26-28]. Moreover, the existence of non-
canonical cold-adapted enzymes, which feature both unusual
thermostability and high catalytic efficiency has been re-
ported [29, 30], along with evidences of the ability to uncou-
ple activity and stability in in-vitro studies [28], makes the
definition of activity-stability-flexibility relationships even
more difficult.

It has been demonstrated that psychrophilic enzymes
adopt several different structural strategies to increase mo-
lecular flexibility, such as weakening intra-molecular hydro-
gen bonds, optimizing protein-solvent interactions, decreas-
ing the packing of the hydrophobic core, increasing number
of hydrophobic side chains exposed to the solvent, and re-
ducing the number of salt bridge networks [21, 31]. How-
ever, each protein family, whose members share functional
residues and the 3D architecture, carries out its own adapta-
tion strategy at the molecular and structural level [18, 22]. In
this context, the optimization of the kinetic parameters k.,
and K,, is strictly correlated to the enhanced structural flexi-
bility of cold-adapted enzymes, which in turn depends on
their 3D architecture. In fact, as discussed in details above,
most of psychrophilic enzymes are known to improve ke, at
the expense of affinity for substrates (K,) [15]. Conversely,
some psychrophilic intracellular enzymes are known, which
operate at sub-saturating substrate concentrations and are
characterized by K,,, values as much as 10 times lower than
that of their mesophilic homologs [15, 31], keeping their
characteristic high-reaction rates. This decrease in K, is
achieved by acquiring rigidity in some protein sub-structures
that restrict the number of conformational states available for
the enzyme-substrate complex [22]. As a matter of fact, cold-
adapted enzymes with catalytic efficiency greater than that
of their mesophilic counterparts display adaptation strategies
relying on local flexibility/rigidity mechanisms [22, 6-36],
which are likely to cooperate, each acting on specific areas
of the enzyme structure. The networks of molecular interac-
tions and correlated motions related to these mechanisms can
change in the different enzyme families and are strictly con-
nected to specific features of the 3D fold.

In conclusion, the molecular details related to the deter-
minants of low thermal stability, high catalytic activity and
flexibility of cold-adapted enzymes are therefore still not
completely achieved. However, in several cases, the cross-
talk between computational and experimental data turned out
to be a solid framework for structural studies of cold adapta-
tion mechanisms. The present contribution reviews and ra-
tionalizes the data presently available in the literature on
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psychrophilic enzymes achieved by computational ap-
proaches, with particular attention to the investigation of
structural and dynamic properties.

2. COMPARATIVE SEQUENCE AND STRUCTURE
ANALYSES OF COLD- AND WARM-ADAPTED EN-
ZYMES

Proteomic and genomic analyses of sequence composi-
tions, in different extremophiles, have identified a significant
correlation between the amino acidic composition of the
primary sequence of these enzymes and the optimal growth
temperature of the corresponding source organisms [37-39].

Moreover, an inventory of structural and molecular char-
acteristics related to temperature adaptation in cold-adapted
enzymes came from several comparative statistical investiga-
tions of cold- and heat-active variants [40-42], pointing out
that general theories cannot be formulated. Gu and Hilser
[38] have also reported a uniform modulation of conforma-
tional flexibility and stability across the components of the
proteome of organisms adapted to different environmental
conditions, as well as that mechanisms of thermal adaptation
can significantly vary from protein to protein. Each enzyme
displays slightly different structural strategies to adapt to low
or high temperature conditions, strategies which are difficult
to precisely identify.

Even if an unified theory cannot be formulated for en-
zyme cold adaptation, comparative approaches have contrib-
uted to point out some common features [40-42], that are
likely to be related to protein structural thermolability and
flexibility of psychrophilic enzymes. The residues and ge-
ometry of the active site are conserved both across orthologs
and along the temperature adaptation scale, fact that can be
expected, considering that the catalytic mechanism has to be
conserved between homologous enzymes adapted to differ-
ent temperature conditions. This observation was the first
suggestion that the determinants of cold adaptation, from the
structural point of view, reside in residues not directly in-
volved in the catalysis but indirectly influencing it. The loca-
tion of the amino acidic substitutions to achieve this effect
must therefore occurs at some distance from the catalytic
center, and they will influence, directly or by indirect long-
range effects, the relative flexibility of protein portions in the
surroundings of the functional regions. It has also been pro-
posed that the cold-adapted enzymes could display a broader
specificity, due to the enhanced plasticity of the residues in
the surroundings of the substrate binding cavity. In several
cases, substrate can bind less firmly, giving rise to higher K,
values, as mentioned in the Introduction. The catalytic cleft
of the cold-adapted enzymes is also generally larger and
more solvent accessible than in the mesophilic counterparts,
often related to deletion of residues in loops surrounding the
active site or to modification in loop conformations, as well
as to the replacement of bulky residues with smaller ones.
The higher solvent accessibility of the catalytic pocket both
allows a better substrate accommodation at lower energy
cost and facilitates the release of the reaction products.

All the structural features currently known to stabilize
warm-adapted proteins are generally attenuated in strength
and number in cold-active enzymes, and often minor struc-
tural modifications between cold- and warm-adapted en-
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zymes can be detected. Salt-bridges that are among the
strongest stabilizing factors for protein conformations are
less represented in psychrophilic enzymes [40, 43, 44]. Cold-
adapted enzymes also show a lower arginines content (low
Arg/(Arg+Lys) molar ratio), as arginine residues are mainly
suitable in the context of stabilizing networks of interactions,
such as hydrogen bonds, electrostatic interactions and cation-
IT interactions.

In fact, arginine are suitable residues to enhance thermo-
stability, more than lysine since their side chain can facilitate
the formation of networks of electrostatic interactions, allow-
ing up to two salt bridges and five H-bonds thanks to unique
properties of the guanidine group [45, 46]. In an aromatic
context, arginine has also higher impact than lysines, impact
which is not mainly ascribable to an intrinsic higher cation-IT
capability of Arg, as one could expect. In fact, the Arg side
chain is larger and less water-solvated than the cognate Lys
thus, likely to benefit from better van der Waals interactions
with aromatic rings. Moreover, the Arg side chain can still
be involved in H-bonds or salt-bridges simultaneously inter-
acting with aromatic rings, whereas Lys typically has to re-
linquish H-bonds to bind to aromatic residues.

In this context, Cavicchioli and coworkers [44] demon-
strated that the replacement of lysines with homo-arginine in
the psychrophilic o-amylase from Pseudoalteromonas
haloplanktis (AHA), the paradigm of cold-adapted enzymes,
induces a “mesophilic-like” character in AHA, supporting
the relevance of lysine residues in promoting cold-adapted
properties Fig. (1). Experimental support for thermostabiliza-
tion promoted by arginine over lysine came also from previ-
ous studies on several mammalian enzymes, which were
reported to be stabilized by the introduction of guanidinium
groups [47]. These studies provided remarkable insights into
the role of lysines in facilitating protein cold adaptation at
the expense of arginines, aspects to be considered in the at-
tempt to convert a mesophilic enzyme into a cold-adapted
one or the opposite.

The data were also consistent with computational analy-
sis that demonstrated that AHA has a compositional bias
favoring decreased conformational stability and increased
flexibility [44], allowing the authors to point out a parallel
between cold-adapted enzymes and intrinsically unfolded
proteins. In the last year, several intrinsically disorder pro-
teins (IDPs) have been identified, which are flexible and
functionally versatile [48-50], stimulating the scientific
community to extensively investigate the effects of amino
acid composition on their unique structural properties [51-
53]. Statistical analyses revealed that natively unfolded pro-
teins or protein domains are significantly different from in-
trinsically ordered proteins. Disordered regions are often
characterized by low sequence complexity coupled with a
compositional bias; a low content of bulky hydrophobic
amino acids (as long aliphatic or aromatic residues) and cys-
teines; and a high proportion of polar and charged residues
(Q, S, P, E, K and less often G) which are disorder-
promoting. Charged residues in particular emerged as a key
factor of intrinsic disorder [54-55]. It has to be considered
that, although high flexibility often correlates with low con-
formational stability, the relationship between flexibility and
intrinsic disorder is still not well clarified. Some proteins are
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Fig. (1). Localization of lysine and arginine residues on the 3D structure of cold-adapted (AHA, pdb entry 1AQH) and warm-adapted (PPA,
pdb entry 1PIF) a-amylases. The 3D-structures and calcium and chloride cofactors are shown as cartoon and spheres, respectively. Lysine

and arginine residues are shown as grey and black sticks, respectively.

well-known to be characterized by multiple metastable
states, rather than being dynamically disordered, as well es-
tablished by Nuclear Magnetic Resonance (NMR) and
Small-Angle X-ray Scattering (SAXS) experiments [48, 56].
Proteins may also have relatively rigid overall structures and
increased dynamics and flexibility of specific regions [35,
36, 57], whereas other proteins may be intrinsically disor-
dered, lacking of any rigid structures and displaying highly
dynamic ensembles of rapidly interconverting structures.
Moreover, Cavicchioli and coworkers [44] point out that
AHA is also depleted in the major order-promoting residues
(C, W, F and 1) and enriched in several disorder-promoting
amino acids (A, T, S and Q), as well as it has a lower number
of bulky hydrophobic side chains, which might decrease the
total number of weak interactions. These characteristics of
AHA composition are likely to reflect a requirement for
proper solvation of the enzyme at low temperatures,
achieved by the relaxation of the AHA structure and related
to the compositional bias favoring decreased conformational
stability and increased flexibility. Interestingly, the cold ad-
aptation biases in amino acid composition are not the only
aspects resembling properties of intrinsically disordered pro-
teins. In fact, cold-adapted enzymes and intrinsically disor-
dered proteins, thanks to their conformational flexibility, are
likely to interconvert in the native-state among different con-
formations separated by low energy barriers [57] aspect
which will be extensively addressed in the next section (3.2).

Long disordered segments were also successfully pre-
dicted in the linker region that separates catalytic and cellu-
lose binding domains in a cellulase from Pseudoalteromonas
haloplanktis [58], as well as it has been demonstrated that
the shortening of extra-loop in domain B of bacterial a-
amylases affects thermostability and reinforces the architec-
ture of domain B and active site conformation, reducing
flexibility at this region and abolishing tight hydrogen bonds
networks [59]. Independently from the nature of protein
flexibility, prediction of disorder has been suggested as a
potential guide to plan studies on cold-adapted, or more in
general, extremophilic enzymes [44, 60]. However, several
details cannot be successfully identified from the only mean
of disorder predictors, and more accurate calculations have
to be employed, as discussed in the Section 3.2. In this con-

text, a suitable example is the application of disorder predic-
tion tools to the case of cold- and warm-adapted a-amylases
Fig. (2), for which several data from biochemical
characterizations, biophysical measurements and atomistic
simulations are available as a comparison [61-65]. A
disorder predictor, based on the analysis of the primary
sequence and which employs a residue type-based contact
order index to discriminate among ordered and disordered
protein regions [60], has been applied to cold- and warm-
adapted a-amylases, calculating a per-residue profile of
degree of protein disorder. In the per-residue disorder profile
of a-amylases, there is only partial consistency between the
identified disordered regions and the secondary structure
elements and also partial correlation can be identified with
the estimation of protein flexibility derived from root mean
square fluctuations (rmsf) calculated with atomistic molecu-
lar dynamics simulations Fig. (2). The disorder prediction
tools are designed to identify protein area with disordered
propensity, whereas rmsf has been often used to quantita-
tively evaluate differences in flexibility, which are generally
subtle and related to peak intensity when cold- and warm-
adapted homologs are compared, since they share a common
3D fold [32, 34, 35, 66].

Intra-molecular hydrogen bonds can also contribute to
the stability of the proteins, and are expected to be less rep-
resented in cold-adapted proteins [31]. On the contrary, cold-
adapted enzymes often feature increased protein-solvent hy-
drogen bonds, which are often related to a higher number of
polar solvent accessible groups [21] and a higher number of
non-compensated charges on the protein surface [67]. These
two elements are thought to be involved in achieving higher
structure flexibility, allowing the optimization of the interac-
tions with the solvent and disruption of the ordered structure
of the hydration water shell at low temperatures, thus in-
creasing conformational entropy. The aspects mentioned
above, related to characteristics of the solvent-accessible
surface of cold-adapted enzymes, can also account for the
existence of poly-extremophilic enzymes, which are not only
adapted to low temperature conditions but also are character-
ized by halophilic properties [68-70].

Cold-adapted enzymes also feature a low binding affinity
for metal cofactors [21, 71, 72], such as calcium or zinc ions,
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Fig. (2). Comparison between flexibility degree calculated from MD simulations * and disordered regions identified by the Fold Unfold
disorder prediction server . A-C. cartoon darkness and thickness are proportional to the C-a flexibility values. B-D. Regions predicted as

disordered are colored in black.

and a less effective dependence of thermostability from
structurally bound metal ions, as discussed in details in Sec-
tion 5.2. They also show a less packed and hydrophobic in-
ternal core, which reflects in a decreased stabilization of the
internal scaffold, along with an observed lower fraction of
large aliphatic residues ((Ile+Leu)/(Ile+Leut+Val) ratio) re-
spect to the warm-adapted counterparts [21]. Conformational
freedom of cold-active enzymes seems also to be related to a
decrease of the number of prolines in the loops and turns
connecting the secondary structure elements and to the pres-
ence of glycines cluster near functionally important regions
[34, 73-78].

In summary, structural and computational comparisons
carried out so far on cold- and warm-adapted organisms, as
well as proteomic approaches, allowed the identification of
trends in the intra- and intermolecular networks characteriz-
ing differently temperature-adapted enzymes, even if a gen-
eral and unified mechanism cannot be rationalized.

3. PROTEIN FLEXIBILITY AND DYNAMICS IN
COLD-ADAPTED ENZYMES: COMPARATIVE MO-
LECULAR DYNAMICS SIMULATIONS AND EX-
PERIMENTAL EVIDENCES

Proteins and in general biological macromolecules are
not static entities but they experience a large degree of inter-
nal mobility and flexibility. By the interactions with the sol-
vent and with other molecules, at any given temperature over

the absolute zero, protein atoms are subjected to internal and
external forces that promote conformational changes across a
number of energetic minima. The behavior of proteins in
solution is biologically relevant and the protein native state
prevailing under physiological conditions can be well de-
scribed as an ensemble of statistically populated conformers.
In this context, flexibility of the protein structure can refer to
the fast interconversion among several conformations of
comparable energy, achieved by a combination of small and
subtle changes. The larger the flexibility, the larger is the
population of conformers and the lower is the energy barrier
for interconversion between them [57, 67, 79]. Micro-
unfolding of confined regions of the protein determines the
so-called “breathing” of the protein structure. The transitions
between different conformations are concerted motions of
groups of residues involving hinge and rocking motions in
timescales from 10™ to 10” s. Several fluctuations, involving
side chains or backbone motions and originating from rota-
tions, stretching and torsional motions (102 s), underlie to
the large structural motions [67].

As detailed before, the protein dynamics have a relevant
impact on its functional aspects, such as substrate binding or
catalysis, thus relating its internal motions to high-order
properties that are routinely measured on enzymes. Nonethe-
less, these dynamics have been proved hard to investigate in
atomic details and on large systems, because they can in-
volve a different timescale (from pico- to microseconds) as
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well as can be strongly influenced by the conditions in which
the protein acts (see above). It is well established that the
knowledge of protein dynamics and the mechanisms beneath
to such events is crucial for a complete understanding of
enzyme catalysis, also since conformational movements have
been suggested to represent the rate-limiting step [80, 81].
As the forces acting on each protein atom strictly depend on
temperature, the rigidity/flexibility of each enzyme should be
tuned in order to obtain the optimal breathing level, depend-
ing on the temperature the enzyme usually experiences. Low
temperatures are related to relatively low levels of kinetic
energy and a reduced extent of molecular motions; thus, the
structure of psychrophilic enzymes should be more flexible
to allow the proper protein dynamics required for a fully
functional enzyme.

One hypothesis often accredited in the literature, but still
not experimentally or computationally proved, is that ther-
mophilic and psychrophilic homologs should in principle
feature similar molecular motions at the physiological tem-
peratures of their source organisms [18, 82]. The hypothesis
of similar flexibility patterns of cold-adapted enzymes in low
temperature conditions and heat-adapted enzymes in high
temperature conditions is hard to test both by experiments
and simulations due to several intrinsic difficulties. It is
complex to precisely define the “optimum temperature” for
the extremophilic enzymes under comparison, since to use
the optimum growth temperature of the organism can be a
too simple approximation, whereas conditions in which the
enzyme acts in its physiological intracellular/extracellular
environments have to be considered. It is also difficult to
find enough data on biochemical characterization of enzy-
matic activity of cold- and warm-adapted homologs in com-
parable experimental conditions. Dealing with molecular
simulations, another degree of complexity has to be consid-
ered, as discussed in the following.

It has been shown by hydrogen/deuterium exchange [82]
and neutron scattering studies [83, 84] that thermophilic and
mesophilic enzymes present similar pattern of flexibility
under optimal working conditions. Similar evidences for the
cold-adapted enzymes are still missing even if simulations at
temperatures close to the optimal temperatures of cold- and
warm-adapted subtilisins respectively, have been carried out
and their properties have been compared [66]. Further stud-
ies, which can bring to successful results only if experimen-
tal and computational investigations suitable to determine
differences in details in protein dynamics will be integrated,
are still necessary to disclose aspects related to protein flexi-
bility at the optimal temperature of extremophilic homolo-
gous proteins. In the context of classical molecular dynamics
(MD) simulations, it is difficult to quantitatively define dif-
ferences in flexibility profiles (for example calculated ac-
cording to root means square fluctuation (rmsf) or B-factor
values) among proteins simulated in different temperature
conditions; thus the results should be taken with extreme
caution, at least in absence of experimental biophysical vali-
dation. In fact, it has to be considered for example that at low
temperatures (as 283 K, often employed in MD studies on
cold-adapted enzymes [34, 35, 85-88]) in a classical MD
simulation, the motions are constrained and a wide simula-
tion ensemble might be necessary to quantitatively compare
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fluctuations. Some studies have been recently reported, in
which a successful correlation between simulations and ex-
periments at different temperatures was achieved [90]. How-
ever, it has to be considered that increasing temperatures, in
MD simulations, is mainly a strategy to accelerate some con-
formational changes or to allow a faster exploration of the
conformational landscape. Higher MD temperatures often
allow the identification of effects on a shorter timescale than
the timescale necessary to identify the same event at lower
simulation temperatures. In fact, several simulations of cold-
and warm-adapted enzymes have been carried out to a refer-
ence MD temperature of 300 K [32, 35, 65, 91]. This ap-
proach turns out to be a reasonable compromise to compare
differently temperature-adapted homologous proteins by
classical MD to identify distinctive characteristics of the
cold-adapted variants. Indeed, 300 K is generally a tempera-
ture at which the cold-adapted enzyme is still active and sta-
ble and in several cases even more active than the warm-
adapted counterparts. Moreover, it is a temperature close to
the temperatures generally used in most of the in vitro bio-
chemical assays for the comparison between cold- and
warm-adapted enzymes. From a computational perspective,
it is a simulation temperature that in classical MD provides a
reasonable quality of the conformational sampling and flexi-
bility profiles so that can be compared with higher confi-
dence.

It is well-established that the flexibility “fingerprint” of
cold-adapted enzymes should not be necessarily spread on
the whole structure (global flexibility) but it can be localized
in small regions that affect the mobility of active-site struc-
tures (local flexibility) Fig. (3). In fact, two main cold adap-
tation mechanisms related to flexibility are emerging: the
enzyme could have evolved towards the lowest possible sta-
bility of its native state, as exemplified by a cold-active a-
amylase [61]; on the other hand, only few well-localized
regions of the enzyme may have acquired a higher flexibil-
ity, which in some cases results in the appearance of a dis-
tinct heat-labile thermodynamic domain, as exemplified by a
psychrophilic phosphoglycerate kinase (EC 2.7.2.3) [92].
The latter strategy has been proposed to be more favorable
for proteins which require movements of great parts of their
structure to function properly (e.g. hinge-bending mecha-
nism), while the former would be suitable for more compact
enzymes [25].

Although the low thermal stability of psychrophilic en-
zymes supports the flexibility hypothesis, its verification is
not straightforward due to intrinsic difficulties in defining
and measuring flexibility [66, 67, 84, 93]. If flexibility can
be described in terms of a dynamic motion that is related to a
specific timescale, it can also be considered as a concept
related to the amplitude of the protein structure deformation
at a given temperature.

3.1. Experimental Techniques

In fact, the experimental assessment of protein flexibility
in solution is a challenging task [81]. Movements of single
atoms are difficult to measure in real time, except in few
special cases. Protein dynamics must, therefore, be inferred
from various biophysical measurements performed on an
ensemble of biomolecules containing various sub-states in
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Fig. (3). Localized flexibility in cold-adapted serine-proteases. The Co rmsf profiles of cold- (grey) and warm-adapted (black) trypsins
from multi-replica MD simulations *°. The regions characterized by higher flexibility in the cold-adapted or warm-adapted variants are
mapped on the 3D structure as grey or black thicker cartoons, respectively. Residues of the catalytic triad are shown as sticks.

equilibrium, with the relative population of each state de-
pending on the experimental conditions.

Techniques that provide a relative estimation of structural
flexibility exist, but they in several cases do not directly
measure flexibility, but some properties correlated to it, as
relative resistance to proteolysis [94-96], fluorescence of
tryptophan  or tyrosine residues [97-100], hydro-
gen/deuterium (H/D) exchange experiments monitored by
NMR [101, 102], Fourier Transform Infrared Spectroscopy
(FT-IR) [103, 104] or ElectroSpray lonization-Mass Spec-
trometry (ESI-MS) [105, 106], experiments with fluorescent
ANS dye [36-107], Electron Paramagnetic Resonance (EPR)
[108-110], Single Molecule Foster Resonance Energy Trans-
fer (FRET) [111]. Therefore, these techniques are often un-
able to identify specific but relevant regions of localized
flexibility, because their estimations describe, in many cases
and with few exceptions, overall properties. As example,
hydrogen/deuterium exchange experiments suffer of both
these disadvantages, as they measure the degree of accessi-
bility of residues and not atomic fluctuations. In dynamic
fluorescence quenching experiments the decrease of fluores-
cence arising from diffusive collisions between the quencher
(acrilamide) and the fluorophore (tryptophan) reflects the
ability of the quencher to penetrate the structure and can
consequently be considered as an index of protein permeabil-
ity, thus giving a low structural resolution measure of flexi-
bility.

The concept of localized flexibility was also experimen-
tally evaluated for some cold-adapted enzymes, by carrying
out comparison between thermal inactivation and thermal
unfolding (as summarized in refs. [18, 21]). The loss of ac-

tivity is not necessarily correlated with the unfolding of the
enzyme, since enzyme inactivation precedes the modification
of the structure in the case of the cold-adapted enzymes, so
that mechanisms of enhanced flexibility of the active site
have been proposed for psychrophilic enzymes. It has to be
mentioned that the decoupling between thermal inactivation
and thermal unfolding is not a peculiar characteristic of cold-
adapted enzymes, since it has been highlighted also for
mesophilic and even thermostable enzymes [112, 113]. In
fact, for many enzymes the increase of activity and structural
unfolding cannot be explained by a simple two states model.
It has been proposed an “Equilibrium Model” in which
folded active state (E,) is in rapid equilibrium with a folded
but inactive form (Ei,,) that could irreversibly lead to dena-
tured state (X) [114-116]

Eact(_)Einact_)X

In this model, activity is influenced by temperature de-
pendence of the equilibrium between E,.; and Ej,c

In fact, k., is influenced on [E,] that in equilibrium
model is given by

[Ecat]= ([Etot)-[X] )/ (1 +Keq)

Where K., is the equilibrium constant between the active
and inactive forms of the enzyme and it is given by

(K eq)= (AHeg/R)[(1/Teq)-(1/T)]

Where AH,q is the enthalpy change associated with con-
version of the active to the inactive form and Tq is the tem-
perature of transition between the two forms, which is corre-
lated with the environmental temperature of the enzyme.
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AHg,, the enthalpic change associated with the equilibrium,
governs the temperature range over which the equilibrium
occurs and thus the ability of the enzyme to function at dif-
ferent temperatures and temperature ranges: a small
AHq indicates that the enzyme will function at relatively
high activity over a wide range of temperatures whereas a
large AH, indicates activity in a small range of temperatures
[117]. AHgq for Eyc¢>Einact transition is much smaller (at least
one fold) than enthalpic change associated to Ej,,—X tran-
sition [115]. Analysis of more than 20 bacterial enzymes
from different organisms showed that there are small differ-
ences in optimal growth temperatures of thermophilic organ-
isms respect to Teq (7.3£6.6 K), whereas in psychrophilic and
mesophilic organisms at low temperatures the difference is
larger (27.8+15.1 K). This tendency is difficult to explain,
but a hypothesis is that microbial evolution has proceeded
from thermophile down to lower temperatures adapted or-
ganisms, bequeathing an unnecessary wide gap between the
organism environmental temperature and its Teq [117]. Inter-
estingly, it has been recently demonstrated that thermal
structural changes associated to the transition from E,. to
Einat are located in or near the active site of the protein
[115].

In the context of biophysical investigations of protein
dynamics and conformational ensembles, the most suitable
experimental techniques, able to provide fine atomistic and
local details, are EPR in conjunction with site-directed spin-
labeling and NMR spectroscopies. EPR spectroscopy has
emerged as a powerful tool for studying protein structures
and dynamics in conjunction with site-directed spin-labeling
(SDSL) [109, 118]. A cysteine side chain is introduced into
the protein structure with site-directed mutagenesis, or free
cysteine residues already available are employed, and they
are subsequently chemically modified. EPR spectroscopy,
performed after site-directed spin-labeling, mutating serine
residues to cysteine, was used to study structural dynamics in
a cold-adapted alkaline phosphatase (EC 3.1.1.1) and on its
mutant variants in the proximity of the active-site [108]. Dif-
ferences in the structural environments of six spin labels
allowed them to be classified to specific secondary structural
elements and to define the degree of contacts and the solvent
accessibility, according to mobility maps. The EPR tech-
nique allowed the identification in mutants with reduced
activity and increased thermal stability, of a concomitant
reduction in spin-label mobility in the proximity of the muta-
tions, suggesting that the movement of a specific loop, close
to the catalytic residues, is interconnected with catalytic
events.

NMR is the primary technique for the study of protein
structures in solution and of properties related to protein dy-
namics [81, 119, 120]. In a typical NMR experiments, the
simultaneous detection of signals from several “reporters”
(NMR active nuclei) within a protein is possible, providing a
comprehensive and detailed description of internal motions
at atomic level, over a wide range of timescales. The great
advantage of NMR spectroscopy is the ability of coupling
the structure determination of polypeptide chains in solution
with the description of their internal dynamics, over a wide
range of timescales, ranging from picoseconds to several
hours, mainly by the mean of spin relaxation and residual
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dipolar couplings measurements, as well as slow exchange
motions [121-124].

As far as we know, no NMR studies of cold-adapted en-
zymes have yet been proposed in the literature, probably due
to the intrinsic difficulty to manipulate extremely labile cold-
adapted enzymes, with few exceptions [125]. More efforts in
these directions, coupled to atomistic simulations, will in-
crease our knowledge on mechanisms of cold adaptation.

On the contrary, crystallographic temperature factors (B-
factors) derived by crystal structures, which are an indirect
estimation of atomic fluctuations in the crystal, have often
been used to investigate properties of cold-adapted enzymes
(see for a summary ref. [21]), but are not suitable for detailed
comparisons between individually refined protein structures.
The main reason for this is that the crystallographic tempera-
ture factors can be biased by external factors such as data
collection methods, data processing and scaling, as well as
the refinement protocols. In addition, atomic fluctuations in
the crystal are highly influenced by intermolecular close con-
tacts, and long-range effects from such interactions are diffi-
cult to estimate. In this method caution has to be taken con-
sidering where the analyzed atoms are located in the struc-
ture, as previously mentioned.

At last, on the experimental side, neutron scattering
analysis gives insights into the fast atomic thermal motions
in macromolecules on the picoseconds to nanoseconds
timescale and allows the identification of large conforma-
tional changes [84, 126, 127]. Neutron scattering can provide
a direct method to measure static and dynamic flexibility, as
well as versatility in terms of sample preparations.

Despite their limitations, some of the aforementioned
biophysical techniques managed to detect higher flexibility
in psychrophilic enzymes with comparative approaches be-
tween differentially temperature-adapted homologs, whereas
in other cases the results are still controversial (see ref. [18,
21, 67] for a summary).

3.2. Molecular Dynamics Simulations

In this context, computer simulations of biomolecules
can act as a bridge between the microscopic scales of mac-
romolecules and the macroscopic world: simulations can be
used to understand the protein motions at the atomic level
and link their low-level characteristics to overall properties,
such as thermodynamic stability, within the boundaries given
by the approximations introduced in computational simula-
tions [128]. The most accurate theoretical description for
chemical systems, i.e. quantum-mechanics, is still not appli-
cable to large biomolecules. This method is still not afford-
able for the current computing resources, if the biomolecule
under study includes more than hundreds of atoms. The ap-
plication of classical mechanics, considering all electrons to
be in their quantum-mechanical ground state, yields a suit-
able description of the system and allows the investigation of
large macromolecules on adequate timescales. However, it
has to keep in mind that a classical description of protein
motions also presents a higher degree of approximation,
since some processes as bond breaking and formation or fine
conformation-dependent atomic polarization cannot be rep-
resented in classical implementations.
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Pioneering MD studies of cold-adapted enzymes have
been carried out on short timescales (lower than 1000-1500
ps) and often comparing single MD runs of cold- and warm-
adapted counterparts, due to the computational efforts re-
quired [91]. These first MD investigations were fundamental
from the methodological point of view, since they showed
that while the stability of secondary structure elements and
solvent accessibility were reproducible, the loop motions
were more randomized. This observation was likely to be
related to the rather short timescale accessible to MD simula-
tions and the use of single run per systems, which strongly
affect the conformational sampling [129-131]. The entity of
the deviation amplitudes for extremely high flexible regions
was probably determined by factors which were difficult to
monitor in short timescales, but the consistency can be in-
creased with the increase of the simulation time and the
availability of several independent trajectories (replicas) for
each system, as well as thanks to the possibility of new ap-
proaches to increase the conformational sampling [132, 133],
as replica exchange MD simulations (REMD). Even if some
technical aspects need to be clarified for the application.

In less than ten years, the optimization of computer
power has allowed the necessary computational resources to
carry out MD simulations on large scales to be acquired. As
a consequence, the study of structural and dynamic proper-
ties of cold-adapted enzymes has taken great advantages,
pointing out several crucial and punctual details on differ-
ences in protein dynamics and flexibility of cold- and warm-
adapted enzymes [32, 34, 35, 65, 66]. Results from compara-
tive MD simulations of cold- and warm-adapted enzymes are
consistent with a scenario in which both local rigidity in re-
gions far from the functional sites and improved flexibility
of regions not directly involved in catalysis and in the prox-
imity or communicating with the active sites can be a posi-
tive factor in cold adaptation of different enzyme families, as
serine-proteases [34, 35, 57, 66] or uracil-DNA glycosylases
[32].

In recent MD investigation of cold-adapted enzymes, the
application of long and multi-replica MD simulations guar-
antees a wider conformational sampling, which in turn pro-
vides a detailed description of protein flexibility and of
flexibility differences between cold- and warm-adapted
counterparts. The achievement of an extensive conforma-
tional sampling and of several multiple simulations of the
same system are of crucial relevance to avoid simulation
artifacts and misleading conclusions [134, 135]. This is a key
aspect, especially when Essential Dynamics (ED) techniques
are employed. ED is a well-documented application of Prin-
cipal Component Analysis (PCA) to MD data [136], aimed
at extracting informative directions of dynamics in a multi-
dimensional space, by reducing the overall complexity of the
trajectories and isolating the relevant motions with low fre-
quency of the system. In this context, an insufficient sam-
pling can lead to misinterpretations of the results, masking
diffusive motions in random directions within the shape of
the essential motions. Effective indexes of sampling quality
have to be monitored as the conformation re-sampling in the
phase space (for example by root mean square deviation
(rmsd) matrices and structural cluster analysis). For instance,
the overlap values of increasing portion of the simulations
with the total trajectory, the cosine content of the first princi-
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pal components (PCs) derived from the covariance analysis
and an overall correspondence between structural clusters
and basins in the free energy landscape (FEL) described by
the PCs can be employed [131, 134, 135, 137]. In fact, in
several cases it turns out that single ns simulations cannot
extensively describe protein structural and dynamics fea-
tures. Thus, the use of multi-replica approaches can be suc-
cessful to guarantee a suitable and efficient sampling with
acceptable use of computational resources. Multi-replica
simulations rely on the merging in a macro-trajectory of sev-
eral independent simulations of the protein system obtained
starting from the same initial structure but with different sets
of atomic velocities, or even different initial protein struc-
tures.

In order to evaluate flexibility and dynamic fingerprints
from comparative MD simulations of extremophilic en-
zymes, a successfully strategy should employ more than a
single flexibility index from the trajectories, and should also
include the analyses of properties related to protein dynamics
and networks of interactions. In fact, suitable flexibility in-
dexes are per-residue root mean square fluctuations (rmsf)
[32, 34, 35, 65, 66, 88, 91], anisotropic temperature factors
[65] from the trajectories, carefully filtered by ED tech-
niques, or generalized order parameters of the backbone mo-
tions [34, 138]. In particular, rmsf values have to be carefully
validated to ensure a consistent description of protein flexi-
bility in the simulations in order to infer relevant biological
conclusions. In fact, the per-residue rmsf indicates the inten-
sity of fluctuations of each residue with respect to the aver-
age structure. The average structure and consequently the
rmsf profiles strongly depend on the simulation time consid-
ered, since the average structure can change if different time
intervals are considered. Moreover, since that cold- and
warm-adapted counterparts share the same 3D architecture
and are homologs, often close homologs, most of the rmsf
differences are in the intensity of fluctuations and have to be
carefully checked to avoid artifacts or erroneous conclusions.
In order to verify their consistency, the rmsf profiles of a
protein can be computed considering different sets of protein
conformational ensemble derived by the simulations, as well
as different timescales for the calculations. The Pearson cor-
relation coefficient can also be evoked to define the conver-
gence and the overlap between rmsf profiles, which have to
capture flexibility properties of the proteins under analysis.
The correlation coefficients among the different rmsf profiles
tend to decrease if the number of sampled conformations in
the MD-ensembles is low and related to an insufficient con-
formational sampling, whereas when a sufficient number of
conformations are collected, the correlation coefficients tend
to 1, strongly indicating the achievement of a suitable con-
formational sampling. Moreover, the possibility to monitor
rmsf profiles over different timescales from picoseconds to
few or several nanoseconds, allows also defining differences
in the protein motions of diverse nature.

The comparison of protein dynamics can be also
achieved by ED techniques, for example, by the calculation
of the root mean square inner product (rmsip), which is a
measure of subspace overlap (i.e. the overlap among sam-
pled regions of the essential subspace defined by the first
PCs). This allows to estimate the overall similarity among
motions described by the protein simulations under compari-
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son [139], and it is generally calculated on the first 10 PCs.
Rmsip can range from 0 to 1: the value is 1 if sampled sub-
spaces are identical, and 0 if the sampled subspaces are com-
pletely orthogonal.

Moreover, the investigation of cross-correlated motions,
which has still been applied only to a few cold-adapted en-
zymes, can be very informative in order to trace relevant
differences among differently temperature-adapted enzymes.
In fact, it can be achieved by calculation of Dynamic Cross-
Correlation Matrices (DCCM) [65, 140, 141] or using other
indexes of communication among protein residues in the
structure, as communication propensity [142]. In fact, it has
been recently demonstrated that coevolving residues with
crucial role in function and fold stability are interconnected
by intramolecular interactions, as well as they control the
most important and conserved correlated and anti-correlated
motions governing the fold and function of the investigated
proteins [143-146].

Results from atomistic simulations are also expected to
drive site-directed mutagenesis to better clarify correlation
between flexibility, kinetic parameters and thermal stability.
In fact, a direct proof that a fine balance between flexibility
and rigidity cooperate in determining cold-adapted features
has been provided by fluorescence spectroscopy studies of
the cold-adapted carbonic anhydrase II Ice-CA (EC 4.2.1.1)
[36]. In Ice-CA, it has been observed, if compared to the
mesophilic homolog, an enhanced flexibility in the upper
part of the enzyme that controls the correct folding of the
catalytic architecture, along with an increased rigidity in the
lower part of the enzyme, which anchors the catalytic -
strands into the hydrophobic core, stabilizing the 3D archi-
tecture.

3.3. QM/MM Calculations

Active sites of homologous enzymes adapted at different
temperatures often show similar structures, but different
thermodynamic activation parameters [15, 20]. This is
mainly due to the differences in the active site environment,
strictly dependent on different networks of intramolecular
interactions and residue communications. In this context, it is
crucial to investigate the modulation mechanisms of the
thermodynamic activation parameters in differently tempera-
ture-adapted enzymes. Although MD is a useful tool to in-
vestigate dynamic properties of enzymes, it is not able to
reproduce the chemical changes occurring during catalysis,
which require a quantum mechanics (QM) description. How-
ever, the great computational cost of QM calculations al-
lows, nowadays, only the description of few atoms. A nice
compromise is to describe by QM a few number of atoms,
directly involved in the reaction, whereas the rest of the sys-
tem can be adequately represented by classical force fields,
as in QM/MM (Quantum Mechanics/Molecular Mechanics)
methods. QM/MM is a collective term that embodies many
techniques at different levels of accuracy and it is based on
different approximations of the QM theory. The QM/MM
methods have been extensively used during the last decades
to study chemical reactions in enzymes [147-149]; despite
that, this approach has been rarely applied to cold-adapted
enzymes.
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Recently, Aqvist and coworkers [150] investigated the
mechanisms of cold adaptation in the citrate synthase en-
zyme family, using a QM/MM scheme in which the QM part
was modeled with the Empirical Valence Bond approach
[151]. This method describes reactions by mixing resonance
states corresponding to classical valence-bond structures,
which represent the reaction intermediates, as well as the
product states. These diabatic states are represented by MM
classical force fields, calibrated to reproduce the reaction of
interest and lacking of a full explicit treatments of electrons.
This description is used to compute the potential of mean
force along a generalized reaction coordinate by free energy
perturbation, with MD used to sample the energy difference
between the reaction states. In particular, the authors com-
pared a psychrophilic citrate synthase (CSp) with its meso-
philic (CSm) and hyperthermophilic (Csh) homologs, also
including a control reaction in water. Several replicas were
carried out at different temperatures to obtain accurate Ar-
rhenius plots, which were used to compute activation enthal-
pies (AH*) and entropies (AS*). Classical MD simulations in
periodic boundaries condition (PBC) were also performed
for each enzyme, to better sample the dynamic properties of
the system. The calculated activation energies were in excel-
lent agreement with the activation barriers estimated from
experimental reaction rates, at least in CSm and CSp, for
which experimental data were available. As expected, AH? of
the enzymes was lower than values calculated for the water
reaction, as well as AH* of CSp was lower than in CSm, in
line with the expectations. Moreover, a more negative ASH
was found for CSp than for CSm, as well as a lower tempera-
ture-dependence of the reaction rate for the psychrophilic
homolog, which successfully reproduced the available ex-
perimental data. The flexibility of few residues located at the
active site, in terms of ensemble-averaged rmsf has been
evaluated both in QM/MM and MD-PBC simulations. These
residues share the same flexibility in the three extremophilic
homologues, with a rigid active site characterized by low
rmsf values. These data support the notion that an increased
flexibility at the active site is not a determinant factor in cold
adaptation, at least in the citrate synthase enzyme family.
Furthermore, it has to be considered that also evidences from
classical simulations, biophysical experiments and structural
comparisons, summarized in Sections 3, are in agreement
with the identification of similar features in the active sites
of extremophilic homologous enzymes, with differences in
flexibility dislocated in regions different from the active site
even long-range, which can communicate with the functional
residues.

In the attempt to understand the source of the observed
differences in activation thermodynamic parameters among
extremophilic citrate syntheses [150], the authors examined
the energy components associated with the activation energy
barrier. Only minimal differences have been identified. In
particular, the simulations show that the transition state of
the psychrophilic enzymes is less stabilized by electrostatic
interactions. However, the loss of electrostatic stabilization is
effectively counterbalanced by more favorable changes in
internal energy in the cold-adapted enzyme during the reac-
tion.

These data are in line with the notion of a relationship
between activity and flexibility: the rigidity of thermophilic
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enzymes, which is required to prevent unfolding, would re-
quire higher degree of pre-organization toward the transition
state. On the contrary, the requirement for a more flexible
structure has, as a counter effect, the loss of some pre-
organization. A correlation between flexibility, activation
enthalpy and entropy thus exists, and it is dictated by distal
regions and long-range effects transmitted by residues not
directly involved in the active site, in agreement with the
hypothesis derived by classical simulations and spectro-
scopic investigations (see Section 3.1).

Moreover, an accurate study of reaction energy compo-
nents and structural properties underlying the fine mecha-
nisms of cold adaptation will be provided by QM/MM [149,
152] and above all by QM/MD [153] when a wider sam-
pling of the conformational space will be achievable with
these techniques.

3.4. Cases of Study Integrating Experimental and Mo-
lecular Dynamics techniques

The cross-talk between molecular simulations and ex-
perimental data is crucial for a complete understanding of
protein structure-function relationships, being well docu-
mented also in the studies on cold adaptation. In fact, a suc-
cessful integration of biochemical characterization of cold-
adapted enzymes and their mutant variants in a mesophilic-
like direction, along with subsequent MD investigation, has
provided crucial molecular details on the mechanisms in-
volved. In particular, a linear correlation between flexibility
of the DNA recognition loop of cold- warm- and mutant
uracil-DNA-glycosylases (UDGs, EC 3.2.2.3) and their
kea/Kin values has been demonstrated [32], as well as, in the
case of AHA and its mesophilic-like mutants, a direct link
has been observed between the persistence of particular salt-
bridge networks and cross-correlated motions and their cata-
lytic efficiency [154].

Experimental biophysical techniques are also a suitable
instrument to integrate MD simulations, in particular to as-
sess the stability and flexibility issues. A successful inter-
connection between classical MD simulations at different
temperature conditions and circular dichroism, ESI-mass
spectrometry and fluorescence studies has been demon-
strated useful to determine the effects induced by calcium-
ion removal on thermal stability of a bacterial lipase and can
be used as a reference strategy for this kind of investigation
[90].

A valuable integration of MD simulations and FT-IR
spectroscopy was successfully applied to the investigation of
the cold-adapted esterase from Pseudoaltermonas haloplank-
tis PhEST [155], which provides molecular details on protein
thermal stability and discloses the regions mainly involved in
changes induced by the increased temperatures on protein
fluctuations around the native state. In particular, MD simu-
lations indicate a limited conformational freedom for a re-
gion surrounding two tryptophan residues, and a flexible
region for other Trp residues. The authors followed the dy-
namics properties as a temperature function also using pro-
tein intrinsic tryptophan phosphorescence spectroscopy
[156], demonstrating an unusual phosphorescence emission
largely dominated by intramolecular quenching interactions,
well fitting computational hypotheses.
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4. FOLDING AND UNFOLDING

4.1. Characterization of Unfolding of Cold-Adapted En-
zymes by Computational Approaches

High temperatures MD simulations can successfully de-
scribe the unfolding process of several proteins [157]. Pro-
tein unfolding studies by MD simulations are usually carried
out by increasing the temperature necessary to overcome the
enthalpic forces stabilizing the 3D structure. In particular,
all-atom explicit solvent MD simulations provide insights
into biomolecules dynamics thanks to the continuity of the
trajectory in the phase space.

Considering the differences between the time-scales ac-
cessible by experimental and computational techniques,
higher temperatures are needed when performing simulations
respect to those observed in experimental unfolding studies.
A MD study of CI2 has shown that the unfolding pathway is
not significantly affected by the simulation temperature, in-
dicating that the increase of temperature during the simula-
tions only accelerates the pathway itself [157]. In fact, in
MD simulations at high temperatures protein unfolding can
occur within a few nanoseconds. Generally the temperature
can be increased up to S00K/600K to speed up the process,
even if simulations at lower temperature and for longer simu-
lation times have to be carried out for control, in particular
when a new protein fold is under investigation.

Unfolding MD can provide further information on the
protein unfolding processes, along with elucidation at the
atomic level of intermediates and factors affecting stability
of the folded and unfolded forms [158-161]. As in any reac-
tion, protein unfolding/folding processes present multiple
states and the pathway across which a protein moves from
the unfolded to the folded native state is one of the primary
interests of protein biochemistry. In this field, protein folding
and unfolding simulations are a suitable alternative to ex-
periments, since currently no experimental techniques can
provide a level of atomic details and dynamics which are
inherent to MD simulations. Due to timescale limitations
(microseconds or generally even less), the study of protein
folding by MD simulations is still not overspread. Thermal
denaturation simulations can be a valuable alternative, since
they describe the unfolding pathway of a protein in a compu-
tationally reasonable timescale (nanoseconds) and have also
been demonstrated to be reversible [162].

The unfolding MD simulations have been applied, as far
as we know, to the study of unfolding pathway of a few cold-
adapted proteins in comparison with the mesophilic counter-
parts; UDGs [163], elastases [164] and antifreeze proteins
[165]. In all these studies, simulations have been carried out
at different high temperatures and several properties have
been monitored to obtain either an overall or a detailed pic-
ture of the unfolding process. In the UDG case, an implicit
solvent model has been employed to increase the computa-
tional efficiency. The authors showed that the mesophilic
UDG requires higher temperatures to reach the same unfold-
ing rate of the cold-adapted counterpart. However, once the
thermal energy of the system is sufficient (i.e. at tempera-
tures higher than 425 K) rapid unfolding is detectable for
both the enzymes.
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In the elastase case, at 500K the unfolding process was
clearly visible. After 0.4 ns, the mesophilic enzyme loses
30% of the native structure. The unfolding process in the
cold-adapted counterpart occurs later in agreement with a
higher flexibility and a lower number of intramolecular in-
teractions localized in the proximity of the functional site,
along with a higher rigidity of the rest of the structure with
respect to the mesophilic homolog [33]. Interestingly, even if
the cold-adapted enzyme undergoes toward a slower unfold-
ing process, the regions in the proximity of the catalytic site
are the first to be affected by the increasing temperatures and
to promote the local unfolding in the first steps of the proc-
ess. This scenario well fits with the notion of decoupling in
protein activity and thermal structural stability. The mecha-
nism of local flexibility could be a general rule underlying
this phenomenon.

Usually, each protein molecule may unfold via its own
pathway and, though the majority of the pathways are proba-
bly similar, some of them may differ from others considera-
bly. Therefore, it is necessary to analyze multiple trajectories
related to the same system in order to ensure the validity of
unfolding simulations, as well as that the main traits of the
trajectories are reproducible and representative.

One of the principal difficulty in the analyses of unfold-
ing/folding trajectories is the description of the protein con-
formations along the so called “reaction coordinates”. A
limit of the mentioned investigation on cold-adapted unfold-
ing is that they generally employ one or two reaction coordi-
nates, i.e. one or two collective properties to describe the
unfolding pathway. The radius of gyration (Rg), Ca or main
chain rmsd, the fraction of native secondary structures, and
the fraction of native contacts are usually employed as reac-
tion coordinates in unfolding simulations. However, these
properties can be misleading. For example, Rg should be
expected to increase during unfolding, but it cannot be ex-
clude that during the unfolding pathway lower Rg are ob-
served due to rearrangements of the protein structure in a
non native-like conformation. Furthermore, two structures
can be characterized by the same number of contacts, even
when they feature both native and non-native contacts.
Therefore, the description of the folding/unfolding pathway
by the only mean of global single properties can be inade-
quate, without revealing the full complexity behind unfold-
ing process, which a MD investigation has the potential to
detect.

Daggett and coworkers developed a suitable alternative,
to represent the folding/unfolding process of several proteins
from their Dynameomic database [166-168]. They developed
a property space-based description of the unfolding process,
which includes analytical and physical properties derived
from the time-dependent cartesian coordinates of the protein.
The principal aim is to filter out the MD data and to reduce
the information to a set of properties, which alone capture
the most important features of the unfolding process, mean-
while creating a simple but still informative multidimen-
sional-embedded, one-dimensional reaction coordinate.

Recently, other methods suitable to infer molecular de-
tails from unfolding simulations have been proposed, which
could be insightful if applied to the study of unfolding path-
ways of cold- and warm-adapted homologs [169, 170]. The
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correlation in dynamics among several structural fragments
and the contribution of single residues, during the unfolding
pathway of model proteins, has been elucidated by applying
PCA to atomistic unfolding simulations. The cross-
correlation matrix obtained from MD simulation trajectories
provided relevant information regarding the anisotropy of
backbone dynamics which trigger unfolding [169]. One of
the critical issues in unfolding simulations is also the defini-
tion of the transition state ensemble, for which several ap-
proaches have been proposed [158, 170, 171]. The most use-
ful approach still is to monitor, over the simulation times, the
evolution of native contacts, which have been estimated from
simulations at standard temperatures.

Nowadays, MD unfolding simulations for the study of
cold-adapted enzymes have not been extensively employed
and there is still a gap to fix between the number of known
3D structures of cold-adapted enzymes and the ones for
which unfolding pathways have been clarified. Moreover,
the continuous improvement in the analysis of unfolding
trajectories, with the specific aim of disclosing atomic details
of the unfolding pathways, can provide the right framework
for the application of these techniques to cold-adapted en-
zymes.

4.2. The Folding Funnel Model of Cold-Adapted En-
zymes

D'Amico and coworkers [79] have proposed the integra-
tion of biochemical and biophysical data available on en-
zymes adapted to low temperatures in a folding funnel model
[172, 173], which describes the folding-unfolding reaction of
cold-adapted enzymes. They proposed that differentially
temperature-adapted enzymes also possess differently shaped
funnels Fig. (5). The height of the funnel, which represents
the free energy of folding, corresponds to the conformational
stability, whereas the upper edge of the funnel is occupied by
the unfolded state in a random coil conformation. In this
model, the edge of the funnel for the psychrophilic proteins
is slightly larger respect to the one of thermophilic proteins,
corresponding to a broader distribution of the unfolded state.
When the folding of the polypeptide chain occurs, the free
energy levels decrease, as well as the broadness of the con-
formational ensemble accessible to protein structures. The
walls of the funnel present a different amount of roughness
in psychrophilic and thermophilic enzymes. Thermophilic
proteins feature intermediate states corresponding to local
energy minima due to the reduced cooperativity of the fold-
ing reaction, resulting in a more corrugated funnel. Since the
structural elements of psychrophilic proteins generally un-
fold cooperatively without intermediates, due to fewer stabi-
lizing interactions, the funnel slopes are steeper and
smoother. The bottom of the folding funnel for thermophilic
proteins can be represented as a single global minimum, or
only a few minima with high energy barriers between them,
with little conformational freedom. The bottom for psychro-
philic proteins is wide and rugged, as it represents a large
collection of conformers separated by low energy barriers,
resulting in a more labile and flexible protein.

It has been argued that, upon substrate binding to the
protein sub-population competent for the interaction, the
equilibrium between all conformers is shifted towards this
sub-population, leading to an “active” conformational en-
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semble. In the case of the rugged bottom of the folding fun-
nel of psychrophilic enzymes, the aforementioned equilib-
rium shift requires only modest free energy changes for in-
terconversion of the different conformations, thus explaining
the role of increased flexibility in facilitating the binding of
the substrate.

Dynamic and functional properties of proteins are
strongly related to the fluctuations between different local
minima on the protein free energy landscape (FEL). There-
fore, the comprehension of the FEL shape and of how a na-
tive protein explores its free energy landscape, in terms of
both the potential energy and the entropic contributions, is an
important requirement for a complete microscopic descrip-
tion of its function and of the complicate relationships be-
tween folding, stability, and dynamic properties [174-176].
In protein structures, the shape and the ruggedness of the
FEL is the result of fulfilling physical and evolutionary con-
straints [177, 178].

In light of the above observations, the validation of the
aforementioned cold-adapted funnel model is a challenging
task, requiring proper sampling and representation of the free
energy surface accessible to the cold-adapted proteins. In
fact, extensive sampling of the FEL, as well as a suitable
reduction of the multidimensional phase space to two or
three coordinates, are necessary. The variables describing the
free energy landscape have to be collective variables, which
capture the main features of the conformational ensemble
and they are generally named “reaction coordinates™ [179,
180]. The FEL description strongly depends on the selection
of the reactions coordinates, which have to be properly iden-
tified. Suitable variables can be main chain rmsd of specific
protein regions, Rg or principal components from PCA. In an
equilibrated thermodynamic system at constant pressure, the
free energy can be estimated from the probability density
function of one or more reaction coordinates [181].

For small proteins, several strategies for describing and
visualizing the FEL have been developed, such as disconnec-
tivity graphs (DG) [182]. However, DG methodologies can
nowadays be usefully applied to small protein systems and
efforts are still required in this field, which represents one of
the most suitable strategies to describe FEL. An alternative
to investigate large protein systems close to their native-
state, for which a full sampling of the conformational space
is not necessary, is a qualitative representation of the FEL,
using a few reaction coordinates [137]. In general, given a
collection of states and a reaction coordinate ¢, , the prob-
ability of finding the system in a particular state o, described
by the reaction coordinate, is proportional to (e-“““*T)
where £ is the Boltzmann constant, 7 the absolute tempera-
ture, and G(q,) is the Gibbs free energy of the state a. There-
fore, the free energy landscape can be computed from
G(q,)=-kT In [P(q,)], where T is the simulation temperature
and P(q,) is an estimate of the probability density function
obtained, for example, from a histogram of the data. Consid-
ering two different reaction coordinates ¢ and p, the two-
dimensional FEL representation is obtained from the joint
probability distributions P(q,p) of the considered variables
[137,183].

According to the folding funnel model of psychrophilic
enzymes, a cold-adapted enzyme in its native-state consists
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of a large population of conformations separated by low en-
ergy barriers, as described in details above. A complete vali-
dation by simulations of the folding funnel model is still
challenging even for coarse-grained simulations, since it
would require a simulation of the whole folding process.
However, the description related to the native state, can be
verified by comparing the near native-state free energy land-
scape of cold-adapted enzymes with their mesophilic coun-
terparts, belonging to different families.

Attempts in this direction have been recently carried out
[57] by extensive MD simulations, at 283 and 310K, to sam-
ple the conformational space of psychrophilic and meso-
philic homologs belonging to elastase and uracil-DNA gly-
cosylase families. In this contribution, the FEL has been de-
scribed by different reactions coordinates, as cartesian prin-
cipal components from PCA, rmsd of loops in the surround-
ing of the catalytic site, and the protein Rg. Using these two-
dimensional representations of the substates distribution of
cold- and warm-adapted enzymes, the authors identify the
most densely populated regions in the conformational sub-
space. These regions are likely to be basins in the conforma-
tional landscape, since they suggest a spontaneous tendency
of the protein system to adopt structures associated to those
basins [137]. Even if the whole protein dynamics is not re-
stricted to those basins, due to the limit of the conformational
sampling achievable from atomistic simulations, they can
represent a significant portion of the native protein land-
scape. In particular, common features have been identified in
the near native-state FEL of psychrophilic enzymes belong-
ing to different enzymatic families when compared to the
mesophilic counterparts. The data achieved by the simula-
tions allow the validation of the cold-adapted folding funnel
model previously proposed. In fact, the mesophilic enzyme
has a funnel-like landscape, whereas the psychrophilic
homologue is characterized by a rugged flat-bottom land-
scape with low barriers, which favors the interconversion
among several metastable states.

Recently, engineered proteins in conjunction with con-
formationally gated electron transfer (ET) methods were
used to assess the response of the kinetics at the bottom of a
folding funnel to global stability [184]. It was concluded that
the funneled landscape evolved such that loss of global sta-
bility lowers barriers at the bottom of a folding funnel, still
allowing for efficient folding. The authors found analogies
with the current view on cold-adapted enzymes, which is
supported by the aforementioned computational results, ac-
cording to which the strongly unstable cold-adapted enzymes
present enhanced dynamics, allowing the catalytically active
state to still be readily accessible at low temperatures.

A similar computational study [185], in the attempt to
describe FEL of thermophilic proteins, has been performed
on the other side of the temperature adaptation scale, com-
paring two rubredoxins from a hyperthermophilic and a
mesophilic organism and using the conformational distance
D, and the gyration radius as reaction coordinates. Although
these results should be taken with care due to the small
timescale of the simulations (10 ns per simulation), the
authors point out different protein behaviors. The energy
surface of the thermophilic protein is slightly modified by
the shift to higher temperatures whereas the mesophilic pro-
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tein features a broader distribution of states and a more rug-
ged surface minimum. The former also presents a deeper and
more distinct energy minimum, as expected by a thermosta-
ble protein.

The computational data described in this section strongly
enforce the current view on stability and flexibility relation-
ship in cold-adapted enzymes. These studies have to be ex-
tended in the future, for a deeper comprehension of cold ad-
aptation, to other more computationally challenging known
structures of cold-adapted enzymes and to proteins for which
both psychrophilic and thermophilic variants are available.
The evidence of differences in the shape and whole proper-
ties of the conformational landscape accessible to psychro-
philic, mesophilic and thermophilic enzymes, pointed out in
the present investigation, also opens the possibility of further
investigations by other computational techniques, such as
metadynamics [186, 187], suitable to capture and describe
details of the free energy surface and of energetic barriers
dividing the different sub-states which populate the native-
state.

5. THE EFFECTS OF STRUCTURAL ELEMENTS
AND ELECTROSTATIC INTERACTIONS ON THE
STABILITY OF COLD-ADAPTED ENZYME

5.1. The Role of Electrostatic Interactions and Charged
Residues in Thermal Adaptation

The stability of a protein results from a delicate balance
between different weak intramolecular interactions. Electro-
static interactions and in particular charge-charge interac-
tions have been shown to play a crucial role in determining
protein stability [188]. Charge-charge interactions have distal
effects and occur between charged protein groups, even if
they are located several angstroms apart.

Electrostatic interactions between charged groups have
highly variable effects in protein structure, related both to
their attractive or repulsive nature, as well as to the fact that
salt-bridge formation requires ordering of the protein struc-
ture and a desolvation of the charged residues. Ordering and
desolvation are costly in entropy and enthalpy and counteract
favorable electrostatic interaction between opposite charged
residues. In fact, in the unfolded state the charged residues of
a protein are fully solvated by water molecules. Solvation of
charged residues is energetically favorable. As the protein
folds, these solvated charged residues must desolvate.
Hence, depending upon their location in the protein each
charged residue incurs in energetically unfavorable desolva-
tion penalty of different entity, which often remains uncom-
pensated [189]. Therefore, in term of thermodynamic stabil-
ity of the folded state the contribution of electrostatic interac-
tions can be described as follow:

AC}e:le:c:Ac}brd + AGpn+AGhb +AGds

where AGy,q is the contribute of salt bridge formation, AGy
the contribution of long range electrostatic interactions, AGyy,
the contribution of hydrogen bonds to the charged residues,
and AGys the contribution of desolvation. Many authors
found salt bridges to be stabilizing, but their contribution to
stability has always been argued [190, 191]. There are plenty
of examples where predicted mutations designed to improve
electrostatic interactions in protein resulted in a reverse ef-
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fect in the experimental validation [192]. This is mainly due
to two factors: first, the energy contribution of bridge forma-
tion strongly depends on the unfavorable desolvation pen-
alty, which is estimated to be 10-16 kcal/mol, and hinges on
the burial of the charged residue in the folded protein. Sec-
ond, electrostatic interactions in the unfolded state are often
underestimated. In its seminal work, Pace and collaborators
demonstrated for RNase Sa that the difference between em-
pirical results and calculation on contribution of electrostatic
optimization derived from more favorable interactions in the
denatured ensemble than the native state [193]. Solvent de-
naturation curves showed a pH-dependent increase in the m-
value explainable only if the denatured state ensemble ex-
pands at low pH due to electrostatic repulsions among the
excess of positive charges increasing the accessibility of the
denaturant. The m-value decreases at pH 7 due to more fa-
vorable electrostatic interactions in the denatured state be-
coming more compact. This experimental approach has been
widely used to investigate the crucial influence of the elec-
trostatic interactions in the denatured state in a deep cross-
talking with computational studies able to depict at a mo-
lecular level interactions in the denatured state [194-196].
Briefly, the approach relies on the relationship between the
pH dependent AG, and the protons bound to native and dena-
tured state:

SAG,/5pH=2.303RTAQ

where AG is the free energy of unfolding and AQ is the dif-
ference between the number of protons bound in the native
state (Qn) and in the denatured state (Qp) as a function of
pH. In native conditions, Qy can be directly measured, but
not Qp and thus AQ could not be determined. Nevertheless,
one model for the titration behavior of the denatured state
can be assumed in order to calculate the expected values of
AQ. Comparison of the model with experimentally deter-
mined curves of pH vs. stability can determine if the model
account for the data. If a discrepancy exists, interactions in
the denatured state influence Qp to values different from the
predicted model. Therefore electrostatic interactions in the
denatured state can be probed and a model tested. This ap-
proach proved that electrostatic interactions can contribute
up to 4 kcal/mol to the stability of the denatured state [197].

In light of the above observations, it turns out that the
identification of salt-bridge interactions and networks from
the analysis of 3D protein structures is not a trivial task. In
fact, the definition of salt bridges (or ion pairs) using a sim-
ple distance cutoff, assuming that the main stabilization
arises from attraction between two oppositely charged resi-
dues within a certain distance (often 4-6 A), from a static
experimental structure cannot be the suitable strategy to
compare extremophilic enzymes. In fact, most extremophilic
protein structures have been solved by X-ray crystallography
and it has to be considered that ion-pairs are composed of
hydrophilic charged residues and that the majority of ion-
pairs are found on the surface of protein structures, which
makes the residues susceptible to contacts with neighboring
molecules in the crystal lattice. Therefore, it becomes un-
clear whether the formation of ion-pairs is native or affected
by crystal artifacts and packing. The intrinsic flexible nature
of the charged residues involved in the salt bridge also
makes their identification difficult. Highly solvent exposed
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and long side chains of the charged residues often result in
high flexibility and consequently poorly-defined electron
density with high crystallographic B-factors. However, it is
not desirable to exclude residues having high B-factors in the
search for ion-pairs since two residues can be flexible and
form a tight ion-pair at the same time by having concerted
motions.

A dynamic framework, as the one provided by MD simu-
lations can help in solving these problems. Residues under
the influence of crystal contacts can be relaxed during mini-
mization and equilibration, allowing to mime their behavior
in solution during the simulations [198]. The flexibility issue
is also overcome thanks to the possibility to monitor the mo-
tions of all the atoms during the timescale of the dynamics.
Therefore, it is more straightforward to discern ion-pairs by
selecting those that are maintained during the simulations
over certain persistence rather than using simple distance
cutoff calculated on average static structures.

A major limitation of this strategy is that MD simulations
only provide information about ion-pairs geometries but not
about their contribution to the overall stability of the protein,
since it is not possible to accurately calculate protein stability
in terms of thermodynamic quantities derived from MD
simulations. In fact, it is proposed that ion-pairs can be
tightly maintained without contributing to overall protein
stability [198]. However, useful indications can be provided
if solvent accessibility of the salt-bridges is included. In fact,
it has been shown that solvent-exposed salt-bridges can be
stabilizing for the protein structure, since the desolvation
penalty they encounter is only marginal and generally coun-
teracted by the formation of the intramolecular electrostatic
interactions. Nevertheless, it has been shown, in a study on
the conservation of salt bridges in different protein families,
that buried salt bridges are more likely to be conserved than
the surface exposed ones and are crucial in the maintenance
of protein structure [199]. For several years, it has been con-
sidered that a charged residue in the interior of a protein,
even if contributing to the formation of a salt bridge, was
always destabilizing due to large desolvation penalty, idea
supported by experimental works [200]. This evidence led to
the assumption that burial of charged residues was an evolu-
tionary strategy for keeping protein not too much stable.
However, this is not always true, since different experimen-
tal works showed that buried salt bridges can be highly stabi-
lizing [201], in the order of 4 kcal/mol. In 2006 Pace’s group
showed that the two most buried carboxyl groups in RNase
Sa, Asp33 and Asp79, are the former stabilizing (6 kcal/mol)
and the latter destabilizing (3 kcal/mol). The different contri-
bution is mainly due to three intramolecular hydrogen bonds
formed by Asp33 [202].

In addition to pairwise salt bridges, more complex asso-
ciations of charged residues in proteins are also observed. A
statistical analysis of complex salt bridges involving at least
three charged residues has been carried out [199], demon-
strating the tendency of the charged residues to form coop-
erative networks. These salt-bridge networks are more often
found at subunit-subunit interfaces. Arginine, which contains
a guanidinium group in its side chain, often acts as a connec-
tor in such networks.
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The definition of complex clusters and networks of salt-
bridges from a conformational ensemble can be extremely
insightful to disclose aspects related to protein stability and
function. However, before the clustering of electrostatic in-
teractions along the structure, it has to be defined a cut-off of
salt-bridge persistence during the dynamics or in the con-
formational ensemble, due to the dynamic nature of salt-
bridges themselves. The persistence cut-off can be defined
selecting a value which best divides the interactions dataset
into two well-separated groups of signal and noise by the
application of supervised classification algorithms [66].
Once a significant cut-off has been selected, a suitable
method to identify not only salt-bridge pairs or short-range
networks, but also wider clusters of electrostatic interactions,
has been recently applied to a comparison along the whole
scale of temperature adaptation to psychrophilic, mesophilic
and thermophilic subtilisins [66]. To identify clusters of in-
teractions, the residues involved in salt-bridges can be repre-
sented as nodes of an unrooted unoriented graph, in which
two nodes were connected by arcs if a salt-bridge was identi-
fied between them or if they were at less than five residues
of distance in the sequence. An exhaustive search procedure
can be subsequently carried out on the graph to isolate net-
works of electrostatic interactions Fig. (4).

While the role of electrostatic interactions in enhancing
thermal stability has been extensively investigated [190,
203], their possible contribution toward flexibility and
proper solvation in cold-adapted enzymes at low temperature
is still not well clarified. It has been proposed that, in the
case of citrate synthase, protein electrostatics play a crucial
role also in cold adaptation [43]. The hyperthermophilic ho-
molog employs electrostatic interactions to avoid thermal
denaturation and to preserve its dimeric state and active site
at high temperatures. On the other hand, the psychrophilic
enzyme optimizes electrostatic interactions to ensure a
proper solvation at low temperatures and to confer greater
flexibility, particularly in the active-site region. A similar
trend has been observed, by the study of salt-bridges distri-
bution and persistence during molecular dynamics simula-
tions at different temperatures in extremophilic serine-
proteases [66, 85, 204] and uracil-DNA-glycosylases [205].

5.2. Effects of Metal Cofactors on Protein Stability of
Cold-Adapted Enzymes

Metal ion binding, frequently involving calcium and zinc
ions, can provide extra stability superior to any other weak
interactions and even higher than that of a disulphide bridge.
Zinc is one of the most important proteins cofactors, not only
for its key role in assisting enzymatic catalysis, but also for
its structural relevance [206]. It usually shows a tetrahe-
dral coordination, with a preference for hystidine and cys-
teine residues. Coordination geometry is so well defined that
attempts to develop a computational approach to predict pro-
tein structure starting from the position of the zinc coordinat-
ing residues successfully occurred [207]. Role of zinc ions in
protein stability is often associated with zinc finger motif
(Cys;His,) originally found in transcription factors involved
in nucleic acid binding [208]. Zinc fingers are self-existing
domains and their conformation is closely related to the co-
ordination of the ion, assuming a relevant role in proper fold-
ing of transcription factors [209]. Moreover, structural role
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Fig. (4). Salt bridge networks of a thermophilic (TRM, thermitase from Thermoactinomyces vulgaris) and of a psychrophilic (VPR, Vi-

brio proteinase from Vibrio sp. PA-44) subtilisins, as calculated by molecular dynamics simulations. *

salt-bridges are shown as cylinders

connecting Ca atoms on the respective 3D structure; the main clusters of salt-bridges are included in black boxes.

of zinc ions has been demonstrated for complex proteins not
associated to nucleic acid binding, such as superoxide dismu-
tase 1 and carbonic anhydrase [210, 211]. Although in some
cold-adapted enzymes zinc ion binding has been character-
ized [212], investigation on a possible active role of the
metal on cold adaptation properties is still lacking. In the
case of Ca”" ion, contribution to structure stability is cer-
tainly related to the eight possible coordination bonds that
are able to bridge several secondary structure domains of a
protein. All Ca*" binding psychrophilic proteins investigated
so far are characterized by low binding affinity for the metal
ion (see ref. [21] for a summary). On the other hand, residues
forming the calcium binding sites of cold- and warm-adapted
enzymes [72, 213-215] are often identical to that of meso-
philic homologs, indicating that the low affinity for Ca®*
probably results from the flexible structure of the cold-
adapted enzyme or from long-range effects.

MD simulations has proved effects induced by Ca>" bind-
ing in cold- and warm-adapted trypsins [72] with particular
attention to effects induced on autoproteolytic sites. The re-
moval of Ca®" ion affects the structural and dynamic proper-
ties of specific regions of trypsins. The effects are more pro-
nounced in the N-terminal domain where the calcium-
binding site is located and which lacks disulphide bridges,
but the fluctuations are channelled also to sites in the C-
terminal domain, in agreement with a general mechanism by
which the signal induced by a metal ion is transmitted to
remote regions in the 3D structure. In particular, the long
interdomain loop of trypsin, which connects the two globular
protein domains, has been proposed to be 1nvolved in the
transmission of the signal correlated to Ca>" binding. A de-
crease of autoproteolysis rate at R177 has been shown in
mammalian trypsins [216] upon Ca’" binding and the MD
investigation has shown that R177 and K188 are the only
primary autolysis sites which are mainly affected by Ca”"
binding or removal in bovine mesophilic trypsm disclosing
the molecular relationship connecting Ca>" binding to auto-
proteolysis propensity in mesophilic trypsins. Remarkably,

R177 is not conserved in cold-adapted trypsins known so far
and the flexibility of K188 is not significantly affected by
Ca®" removal in agreement with a weak dependence of
autolysis propensity on Ca®" binding in cold-adapted tryp-
sins.

A thermophile psychrophile

| ;
Conformational
coordinates

Fig. (5). Schematic representation of the folding funnel model
for a thermophilic and a psychrophilic enzyme.

A combined approach of simulations and experimental
data can be a powerful method to determine the molecular
mechanisms involved in Ca®" binding and its role in deter-
mining structural integrity of proteins. In fact, it has been
demonstrated in the Burkholderia glumae lipase that Ca®" ion
is not solvent accessible unless local flexibility on loops co-
ordinating the ion, in particular the one harbouring Asp241,
is gained through an increase of temperature. Loss of the ion
causes a highly cooperative protein unfolding with a conse-
quent increase in -structures, which trigger protein aggrega-
tion. This dramatic effect could be accounted for loss of in-
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teractions mediated by Ca®" ion not only on the proximity of
the binding site but also on the distant N-terminal of the pro-
tein [90, 217]. This kind of work suggests that experimental
data coupled with fine MD simulations could be a powerful
approach to investigate the role of Ca’" ion on cold adaption
of many proteins.

5.3. Molecular Determinants of Cold Adaptation in Mul-
timeric Proteins

Proteins involved in many fundamental biological proc-
esses carry out their activity and are regulated through inter-
actions with other proteins. Many proteins function as parts
of permanent obligate complexes, such as multimeric en-
zymes, which often fold and bind simultaneously [218]. The
forces that keep protein complexes together are the same
interactions at the basis of the stability of their components
folded state. At moderate temperatures, protein-protein inter-
actions are in fact largely driven by the hydrophobic effect.
Hydrogen bonds and electrostatic interactions are extremely
important, and covalent bonds also play a relevant role [219].
In some cases, the active site is formed by two or more of the
monomers, so that the disruption of the quaternary structure
of these multimeric enzymes would directly result in the
complete loss of their activity. In the context of cold adapta-
tion, the monomers of oligomeric psychrophilic enzymes are
subject to the same structural and dynamical adaptive strate-
gies which characterize non-oligomeric enzymes, which in
general lead to higher catalytic activity at low temperatures,
lower thermal stability and higher structural flexibility with
respect to their mesophilic homologs [21]. The features of
the interaction interfaces are often of particular importance
for these properties, so that the question of whether the same
adaptive strategies apply to them is naturally of great interest
[220-234].

The issue was put forward by Russell et al. [220], in the
comparison between the crystal structures of homodimeric
bacterial psychrophilic and hyperthermophilic citrate syn-
thases. The authors found that cold adaptation of the dimeri-
zation interface entails a reduction of the number of ion pairs
and ion pair networks, in agreement with the studies pre-
sented in Section 5.1. A similar trend was identified in the
comparison of homologous psychrophilic and thermophilic
malate dehydrogenases (MDH) [221], of psychrophilic and
mesophilic lactate dehydrogenases (LDH) [222], and of the
alkaline phosphatase (AP) from the Antarctic bacterium
TABS with its mesophilic homologs from E. coli and human
placenta [223].

An opposite trend was suggested in a recent systematic
study of the interfaces of the available psychrophilic oli-
gomeric enzymes performed with the aim of identifying sta-
tistically significant differences in those characteristics of the
interfaces that are most likely to be related to structural sta-
bility [224]. In this study, the interfaces of 35 psychrophilic
oligomeric enzymes from 5 different families were compared
on a per-family basis, and the identified differences were
tested for significance against a non-redundant reference
dataset of 148 mesophilic oligomeric proteins from 43 dif-
ferent families.

This study detected a significant increase in the number
of interface ion pairs in psychrophilic enzymes when com-
pared with their mesophilic homologs. A similar trend was
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identified in the analysis of homology models of serine hy-
droxymethyltransferases (SHMT) adapted to different tem-
peratures [77]. The authors argue that an increase in the
number of ionic interactions could balance the cold-induced
weakening of the hydrophobic effect, especially since the
formation of ion pairs is an exothermic electrostatic interac-
tion, and therefore particularly strong at low temperatures. In
agreement with these observations, they find a significant
decrease in the interface hydrophobicity of psychrophilic
oligomers, especially when compared to their thermophilic
homologs [224]. The strengthening of the hydrophobic effect
was found to be one of the most important factors in the
temperature adaptation of the interfaces of oligomeric ther-
mophilic and hyperthermophilic enzymes [226]. On the other
hand, the dimeric interface of a psychrophilic AP has been
found to be more hydrophobic than that of a mesophilic ho-
molog: the authors suggest that the substitution of specific
hydrogen bonds by less specific van der Waals contacts may
promote interface flexibility [223].

The systematic analysis of Tronelli ef al. [224] also iden-
tified a significant decrease in the number of interface hy-
drogen bonds in psychrophilic enzymes with respect to their
mesophilic and (hyper)thermophilic homologs. Similar
trends were described in the aforementioned comparative
studies of MDH and LDH. For the AP from Antarctic bacte-
rium TABS the decrease is less pronounced; the authors
point out that in the psychrophilic enzyme a higher propor-
tion of interface hydrogen bonds are between backbone at-
oms (77%) than in the homologous enzyme from E. coli
(59%) [223]. The same is true for the triosephosphate
isomerase (TIM) from the cold-adapted bacterium V.
marinus (63% of backbone interactions [227]) with respect
to its mesophilic homolog from E. coli (59% of backbone
interactions) [228]. The authors suggest this could be func-
tional to cold adaptation since backbone atoms have less
freedom in the solvated conformation than the side chains,
and therefore the entropy cost of dimerization would already
have been paid upon folding, also making the stability of the
complex less temperature-dependent [223].

A common trend in the adaptation of the interfaces of
psychrophilic oligomeric enzymes seems to be the reduction
of inter-monomer interactions. This must provide the in-
crease in the structural flexibility of the oligomers to sustain
their activity at low temperatures without disrupting their
quaternary structure.

Nevertheless, other strategies may be available, and some
oligomeric enzymes may not require any specific adaptation
of the interface. It may also be the case that cold-adapted
enzymes have weakened inter-monomer interactions due to
lack of evolutionary pressure to enhance temperature stabil-
ity [229].

6. THE REQUIREMENT OF A FAMILY-CENTERED
POINT OF VIEW IN COMPARATIVE STRUCTURAL
AND DYNAMIC STUDIES OF COLD- AND WARM-
ADAPTED ENZYMES

The refined 3D experimentally solved structures of cold-
adapted enzymes known up to now Table 1 have been ex-
tremely useful in compiling the inventory of structural fac-
tors associated to cold adaptation, mentioned above. It turns
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out that subtle modifications are sufficient to adapt a meso-
philic homolog to cold temperatures and that a unified theory
for cold adaptation cannot be formulated. Therefore, there
are no structural characteristics that can be uniquely related
to cold adaptation or thermal adaptation in general, and it is
extremely hard to identify tendencies at the level of primary
sequence for increased or decreased occurrence of particular
amino acids in cold-adapted enzymes. In fact, the location,
on the 3D structure, of the residues which differentiate the
cold- from the warm-adapted enzymes, is the most important
determinant of properties of the cold-adapted enzymes.

In comparative studies aimed to disclose molecular de-
terminants of cold adaptation, the degree of similarity be-
tween warm- and cold-adapted enzymes to use for the com-
parison should be relatively high to be effectively meaning-
ful. Single structural effects cannot be easily estimated if
significant differences in the protein architecture are found.
In order to overcome this problem, comparative studies
among differently temperature-adapted homologous en-
zymes are strongly encouraged. Several comparative investi-
gations of homologues adapted to different temperature con-
ditions but belonging to the same enzymatic family are pres-
ently available in the literature, allowing also pointing out
specific characteristics related to thermal adaptation (see
Section 2).

Due to the relatively low availability of structural data on
cold-adapted enzymes, the choice of the cold-adapted protein
for comparative purposes is the main constraint. Moreover,
differentially temperature-adapted homologs with known
high resolution 3D structure must exist to allow a suitable
comparison. Most of these studies compared mesophilic and
psychrophilic enzymes, since few cases are known for which
enzymes with a known, experimentally determined, 3D
structure are available along the whole scale of temperature
conditions. However, some cases are available in the litera-
ture of comparison, on the whole scale of temperature adap-
tation, including either thermophilic, mesophilic or psychro-
philic homologous enzymes [66, 77, 234-236]. In one of
these studies, since the thermophilic variant does not share
with the psychrophilic homolog a higher sequence similarity,
also a homology model of a closer thermophilic enzyme has
been successfully included in the comparison, allowing the
evidences collected by the study to be confirmed.

In fact, in order to overcome the lack of 3D structures of
extremophilic enzymes, homology modeling and other mod-
eling techniques could be useful to provide a subset of en-
zyme structures available for further investigations. An ex-
perimental validation of this model could be the best ap-
proach to pursue, considering the fine details which make the
difference among cold- and heat-adapted enzymes.

In this context, serine hydroxymethyltransferase (EC
2.1.2.1), a pyridoxal-5-phosphate (PLP)-dependent enzyme
with a crucial role in one-carbon unit metabolism and a po-
tential target for cancer therapy, was extensively studied as a
model of adaptation to extreme environments. It is a suitable
case of study since a large number of orthologous sequences
are available from the three domains of life thanks to ge-
nomic projects. It is a highly conserved enzyme with few
amino acids substitution tolerated during evolution, due to its
crucial role in metabolism. Moreover, sequences and crystal
structures are available for the cold-adapted variants but also
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for the thermophilic counterparts. Moreover, a dimeric pro-
tein it is a suitable target to study structural adaptation at the
subunit interface. A comparative study has been carried out
for mesophilic, psychrophilic and hyper/thermophilic
SHMT, allowing a picture of SHMT evolution over the full
temperature spectrum to be drawn [77], using homology
modeling for the different variants and a comparative ap-
proach previously applied to extremophilic proteins but be-
longing to different families [40]. The good potential of
SHMT relies on the fact that there are 10 unique crystal
structures of SHMT deposited in the PDB and hundreds pri-
mary sequences deduced from genome projects worldwide,
as well as on the knowledge of the enzyme catalytic mecha-
nisms and its structural determinants. The high sequence
similarity among cold- and warm-adapted SHMT allows the
definition of accurate homology models, useful to define
property variations by statistical analysis in different tem-
perature-adapted proteins. Cold adaptation in SHMT turns
out to be achieved through an increase in polarity and flexi-
bility of the protein core, surface and interfaces, a higher
positive electrostatic potential at the cofactor binding site,
with a coherent trend identifiable from low to high tempera-
ture adaptation. A similar methodology was previously ap-
plied by Altermark, with valuable indications on the cold
adaptation of bacterial endonucleases from Vibrionacee spe-
cies [69].

However, the detailed identification of structure-derived
properties from the analysis of homology models along has
to be taken with extreme caution. The precision with which
these properties are determined from homology models dras-
tically decreases with the decrease in sequence identity be-
tween target and template, as inherent in the homology mod-
eling procedure and particular attention has to be devoted to
properties of the protein surface and disordered regions. It
has also to be considered that, since the differences between
cold- and heat-active enzymes are generally small and subtle,
homology models are not sufficient alone to disclose struc-
ture-function relationships of cold-adapted enzymes, and a
dynamic approach is strictly required.

MD investigations on cold-adapted serine-proteases,
clarifies how distinct members of this superfamily have
faced the negative effects of low temperature on protein ac-
tivity and stability [34-35, 66]. Generally, evolution diver-
gence is functionally constrained so that properties more
relevant for function diverge more slowly [237]. Thus, pro-
tein dynamic properties which are relevant for function have
to be evolutionary constrained and several evidences of evo-
lutionary selection for specific dynamical characteristics
have been recently reported [143, 238, 239]. In particular,
backbone protein flexibility profiles diverge slowly and are
conserved at the protein family and superfamily levels, pro-
viding indirect evidences of the conservation of protein dy-
namics, along with the high robustness of these conserved
motions [240]. In this context, the observation that the evolu-
tionary separation between psychrophilic and mesophilic
trypsins, as well as between psychrophilic and mesophilic
elastases, is successive to the separation of trypsins from
elastases, indicates that psychrophilic trypsins and elastases
independently discovered the same solution to optimize pro-
tein flexibility at low temperatures, and is a remarkable ex-
ample of molecular evolutionary convergence [35].
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Table 1. Summary of Experimentally Solved 3D Structures of Cold-Adapted Enzymes. The 3D Structures of Cold-Adapted En-
zymes have been Retrieved by Literature Searches in Pubmed and IsiWeb of Knowledge, Along with Searches with Blast
in the Protein Data Bank (PDB). The Searches are Updated at the 15™ February 2011

Enzyme Family EC Number Organism PDB Code Cofactors ReS(()gl)tion
Adenylate kinase 2.743 Bacillus globisporius 183G ZN 2,25
Adenylate kinase 2.743 Marinibacillus marinus 3FB4 ZN 2
Alkaline phosphatase 3.13.1 Pandalus borealis 1K7H ZN 1,92
Alkaline phosphatase 3.13.1 Pandalus borealis 1SHN ZN 2,15
Alkaline phosphatase 3.13.1 Pandalus borealis 1SHQ ZN 2
Alkaline phosphatase 3.13.1 Antarctic bacterium TABS 2IUC ZN;MG 1,95
Alkaline phosphatase 3.13.1 Vibrio sp. G15-21 3E2D MG, ZN 1,4
Alkaline phosphatase Shewanella 3A52 MG, ZN 2,2
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1AQH CA;CL 2
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1BOI CA;CL 2,4
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1G94 CA; CL 1,74
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1GSH CA;CL 1,8
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1JD7 CA;CL 2,25
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1JD9 CA;CL 2,5
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1LOP CA;CL 2,1
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1KXH CA;CL 2,3
Alpha-amylase 32.1.1 Pseudoalteromonas haloplanktis 1AQM CA;CL 1,85
Amidase 3514 Nesterenkonia sp 3HKX 1,66
Aminopeptidase 34.11.- Colwellia Psychrerthraea 3CIA ZN 2,79
Aspartate carbamoyl-transferase 2.132 Moritella profunda 2BE7 ZN 2,85
Beta-galactosidase 32.1.23 Arthrobacter sp C2-2 1YQ2 MG 1,9
Beta-lactamase class C 3526 Pseudomonas fluorescens 2QZ6 2,26
Catalase 1.11.1.6 Vibrio salmonicida 2ISA HEM 1,97
Cellulase 32.14 Pseudoalteromonas haloplanktis 1TVN 1,41
Cellulase (endoglucanase) 3214 Pseudoalteromonas haloplanktis 1TVP 1,6
Chitinase 3.2.1.14 Arthrobacter Tad20 1KFW 1,74
Citrate synthase 2331 Antarctic bacterium DS2-3R 1A59 COA 2,09
Dihydrofolate reductase 1.5.1.3 Moritella profunda 27Z7ZA FOL, NAP 2
Elastase 3.4.21.36 Salmo salar 1ELT CA 1,61
Endonuclase I 3.1.21.1 Vibrio salmonicida 2PU3 MG 1,5
Iron superoxide dismutase 1.15.1.1 Aliivibrio salmonicida 2W7TW FE 1.70
Iron superoxIde dIsmutase 1.15.1.1 Pseudoalteromonas haloplanktis 3LIO FE 1,5
Iron superoxIde dIsmutase 1.15.1.1 Pseudoalteromonas haloplanktis 3LJ9 FE 2,1
Iron superoxIde dIsmutase 1.15.1.1 Pseudoalteromonas haloplanktis 3LJF FE 2,1
Isocltrate dehydrogenase Desulfotalea Psychrophila 2UXR MG 2,3
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Enzyme Family EC Number Organism PDB Code Cofactors ReS(()gl)tion
Isocltrate dehydrogenase Desulfotalea Psychrophila 2UXQ MG 1,75
Lactate-dehydrogenase 1.1.1.27 Champsocephalus gunnari 2V65 2,35
Lipase 3.1.1.3 Photobacterium lipolyticum 20RY 2,2
Lipase B 3.1.1.3 Candida antarctica 1LBT 2,5
Lipase B 3.1.1.3 Candida antarctica 1TCA 1,55
Lipase B 3.1.1.3 Candida antarctica 1TCB 2,1
Lipase B 3.1.1.3 Candida antarctica 1TCC 2,5
Lipase B 3.1.1.3 Candida antarctica 1LBS 2,6
Lysozyme g Salmo salar 3IMGW CO, SO4 1,75
Malate dehydrogenase 1.1.1.37 Aquaspirillium arcticum 1B8P NAD 1,9
Malate dehydrogenase 1.1.1.37 Aquaspirillium arcticum 1B8U NAD 2,5
Malate dehydrogenase 1.1.1.37 Aquaspirillium arcticum 1B8V NAD 2,1
Metallo-protease 3.4.24.40 Pseudomonas tac I1 100T CA;ZN 2,5
Metallo-protease 3.4.24.40 Pseudomonas tac I1 10M7 CA;ZN 2,8
Metallo-protease 3.4.24.40 Pseudomonas tac I 10M8 CA;ZN 2
Metallo-protease 3.4.24.40 Pseudomonas tac ii 10MJ CA;ZN 2,38
Metallo-protease 3.4.24.40 Pseudomonas tac ii 100Q CA;ZN 22
Metallo-protease 3.4.24.40 Pseudomonas tac ii 1G9K CA;ZN 1,96
Metallo-protease 3.4.24.40 Pseudomonas tac ii 1H71 CA;ZN 2,1
Metallo-protease 3.4.24.40 Pseudomonas tac ii 10M6 CA;ZN 2
Parvulin-like peptidyl-prolyl isomerase 5218 Cenarchaeum symbiosum 2RQS (NMR)
PePsin 3.4.23.1 Gadus morhua 1AMS 2,16
Phenylalanine hydroxylase 1.14.16.1 Colwellia Psychrerythraea 2V27 FE 1,5
Phenylalanine hydroxylase 1.14.16.1 Colwellia Psychrerythraea 2V28 1,95
Protein-tyrosine-phosphatase 3.1.3.48 Shewanella sp. 2772 ZN 1.10
Protein-tyrosine-phosphatase 3.1.3.48 Shewanella sp. 2ZBM ZN 1.50
Proteinase K like enzyme 3.4.21. Serratia species 2B6N 1,8
S-formylglutathione Hydrolase 3.1.1.- Pseudoalteromonas haloplanktis 3LS2 CL 2,2
Sphericase Bacillus sphaericus 3D43 CA 0,8
Sphericase subtilisin-like 3.4.21.62 Bacillus subtilis psycrophile 2GKO CA 1,4
Subtilisin-like Serine Protease 3421._ Pseudoalteromonas sp. 1Y9Z CA 1,4
Subtilisin-like Serine Protease APA1 3421._ Pseudoalteromonas sp. 1WVM CA 1,6
Subtilisine-like serine-protease 3421._ Vibrio sp 182N CA 2,44
Subtilisine-like serine-protease 3421._ Vibrio sp 1SH7 CA 1,84
prote:si:t;illilirllfrl-fl:itzrisz:;;tease 3421, Pseudoalteromonas sp. 1veC CA 1,8
Triose-phosphate isomerase 53.1.1 Vibrio marinus 1AW1 2,7
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Enzyme Family EC Number Organism PDB Code Cofactors Reszgu)tion
Triose-phosphate isomerase 53.1.1 Vibrio marinus 1AW2 2,65
Trypsin 34214 Salmo salar 2TBS CA 1,8
Trypsin 34214 Salmo salar 1BIT CA 1,83
Trypsin 34214 Salmo salar 1HI8 CA 1
Trypsin 34214 Salmo salar 1UTM CA 1,5
Trypsin 34214 Salmo salar 1UTL CA 1,7
Trypsin 34214 Salmo salar 1UTK CA 1,53
Trypsin 34214 Salmo salar 10TJ CA 1,83
Trypsin 34214 Salmo salar 2STB CA 1,8
Trypsin 34214 Salmo salar 2STA CA 1,8
Trypsin 34214 Salmo salar 1BZX CA 2,1
Trypsin 34214 Oncorhynchus keta IMBQ CA 1,8
Trypsin 34214 Atlantic cod 2EEK CA 1,85
Tyrosine phosphatase 3.1.3.48 Shewarella sp 1V73 CA 1,82
Uracil DNA-Glycosylase 3223 Vibrio cholerae 2JHQ 1,5
Uracil-DNA-glycosylase 3223 Gadus morhua 10KB 1,9
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1H12 1,2
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1H13 1,3
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1H14 1,5
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1XW2 1,76
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1XWQ 1,88
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 1IXWT 1,3
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 2A8Z 32
Xylanase 32.1.8 Pseudoalteromonas haloplanktis 2B4F 1,95

In a broader context, these studies show that, even if a
general theory for cold adaptation cannot be postulated, en-
zymes sharing the same function and 3D architecture
adopted similar strategies to optimize structural stability and
flexibility in order to elicit their biological function under the
challenging conditions of extreme temperature habitats, point
out an evolutionary convergence on structural and dynamical
properties of homologous cold-adapted enzymes.

7. CONCLUDING REMARKS

In conclusion, this review summarized and discussed the
scenario gained by the efforts of the last two decades in the
investigation of enzyme cold adaptation mechanisms under a
structural and molecular perspective. Results achieved in the
field of cold adaption were also reviewed in the context of
the emerging general view on protein dynamics and function
relationships, as well as on conformational flexibility of the
native ensemble of natively unfolded and psychrophilic pro-

teins. A pivotal role turns out for electrostatic interaction and
their organization in cooperative networks, which capture
most of the protein dynamics signature of a protein around
its native state.

A continuous cross-talk between biophysical techniques,
suitable to describe protein motions in atomistic details and
on different timescales, and atomistic simulations in a mul-
tiscale context will be the key to successfully clarify mecha-
nisms of cold adaptation. It will also provide a solid frame-
work for applicative purposes and investigation aimed to
design new and optimized variants of cold-adapted enzymes
for industrial applications.

Moreover, it turns out from the present scenario that,
even if common structural strategies in cold adaptation can-
not be formulated, a family-centered point of view will be
extremely useful and necessary in the comparative analyses
of cold- and warm-adapted enzymes. In fact, enzymes be-
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longing to the same family or superfamily, sharing at least
the 3D fold and common features of the functional sites,
have evolved similar structural and dynamic features to
overcome the detrimental effects of low temperatures.

ACKNOWLEDGEMENTS

This work was supported by CASPUR (Consorzio In-
teruniversitario per le Applicazioni di Supercalcolo per Uni-
versita e Ricerca) Standard HPC Grant 2010 to EP, MT and
MP.

REFERENCES

[1] D'Amico, S.; Collins, T.; Marx, J. C.; Feller, G.; Gerday, C.
Psychrophilic microorganisms: challenges for life. EMBO Rep.,
2006, 7 (4), 385-389.

[2] Muga, A.; Moro, F. Thermal adaptation of heat shock proteins.
Curr. Prot. Pept. Sci., 2008, 9 (6), 552-566.

[3] Somero, G. N. Adaptation of enzymes to temperature: searching for
basic "strategies". Comp. Biochem. Physiol. B-Biochem. Mol.
Biol., 2004, 139 (3), 321-333.

[4] Trivedi, S.; Gehlot, H. S.; Rao, S. R. Protein thermostability in
Archaea and Eubacteria. Genet. Mol. Res., 2006, 5 (4), 816-827.

[5] Gerday, C.; Aittaleb, M.; Bentahir, M.; Chessa, J. P.; Claverie, P.;
Collins, T.; D'Amico, S.; Dumont, J.; Garsoux, G.; Georlette, D.;
Hoyoux, A.; Lonhienne, T.; Meuwis, M. A.; Feller, G. Cold-
adapted enzymes: from fundamentals to biotechnology. Trends
Biotechnol., 2000, 18 (3), 103-107.

[6] Schiraldi, C.; Rosa, M. D. The production of biocatalysts and
biomolecules from extremophiles. Trends Biotechnol. 2002, 20
(12), 515-521.

[7] Joseph, B.; Ramteke, P. W.; Thomas, G. Cold active microbial
lipases: Some hot issues and recent developments. Biotechnol.
Adv., 2008, 26 (5), 457-470.

[8] Tutino, M. L.; di Prisco, G.; Marino, G.; de Pascale, D. Cold-
adapted esterases and lipases: from fundamentals to application.
Prot. Pept. Lett., 2009, 16 (10), 1172-80.

[9] van den Burg, B. Extremophiles as a source for novel enzymes.
Curr. Opin. Microbiol., 2003, 6 (3),213-8.

[10] Buchon, L.; Laurent, P.; Gounot, A. M.; Guespin-Michel, J. F.
Temperature dependence of extracellular enzymes production by
psychrotrophic and psychrophilic bacteria. Biotechnol. Lett., 2000,
22 (19), 1577-1581.

[11] Gotor-Fernandez, V.; Busto, E.; Gotor, V. Candida antarctica lipase
B: An ideal biocatalyst for the preparation of nitrogenated organic
compounds. Adv. Synth. Catal, .2006, 348 (7-8), 797-812.

[12] Sheridan, P. P.; Panasik, N.; Coombs, J. M.; Brenchley, J. E.
Approaches for deciphering the structural basis of low temperature
enzyme activity. Biochimica Et Biophysica Acta-Prot. Struct. Mol.
Enzymol., 2000, 1543 (2),417-433.

[13] Pikuta, E. V.; Hoover, R. B.; Tang, J. Microbial extremophiles at
the limits of life. Crit. Rev. Microbiol. 2007, 33 (3), 183-209.

[14] Rodrigues, D. F.; Tiedje, J. M. Coping with our cold planet. Appl.
Environ. Microb., 2008, 74 (6), 1677-1686.

[15] Lonhienne, T.; Gerday, C.; Feller, G. Psychrophilic enzymes:
revisiting the thermodynamic parameters of activation may explain
local flexibility. Biochimica Et Biophysica Acta-Prot. Struct. Mol.
Enzymol., 2000, 1543 (1), 1-10.

[16] Graziano, G. On the molecular origin of cold denaturation of
globular proteins. PhysChemChemPhys, 2010, 12 (42), 14245-
14252.

[17] Davidovic, M.; Mattea, C.; Qvist, J.; Halle, B. Protein cold
denaturation as seen from the solvent. J. Am. Chem. Soc., 2009,
131 (3), 1025-1036.

[18] Georlette, D.; Blaise, V.; Collins, T.; D'Amico, S.; Gratia, E.;
Hoyoux, A.; Marx, J.-C.; Sonan, G.; Feller, G.; Gerday, C. Some
like it cold: biocatalysis at low temperatures. FEMS Microbiol.
Rev., 2004, 28 (1), 25-42.

[19] Cary, S. C.; McDonald, I. R.; Barrett, J. E.; Cowan, D. A. On the
rocks: the microbiology of Antarctic Dry Valley soils. Nature Rev.
Microb. 2010, 8 (2), 129-138.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[30]

[35]

[36]

[37]

[38]

[39]

Papaleo et al.

Zecchinon, L.; Claverie, P.; Collins, T.; D'Amico, S.; Delille, D.;
Feller, G.; Georlette, D.; Gratia, E.; Hoyoux, A.; Meuwis, M. A.;
Sonan, G.; Gerday, C. Did psychrophilic enzymes really win the
challenge? Extremophiles, 2001, 5 (5), 313-321.

Siddiqui, K. S.; Cavicchioli, R. Cold-adapted enzymes. Annu. Rev.
Biochem., 2006, 75, 403-433.

Fields, P. A. Review: Protein function at thermal extremes:
balancing stability and flexibility. Comp. Biochem. Physiol. A Mol.
Integr. Physiol., 2001, 129 (2-3),417-431.

Somero, G. N. Adaptation of enzymes to temperature: searching for
basic "strategies". Comp. Biochem. Physiol. B Biochem. Mol. Biol.,
2004, 739 (3),321-333.

Jaenicke, R.; Bohm, G. The stability of proteins in extreme
environments. Curr. Opin. Struct. Biol., 1998, 8 (6), 738-748.
Svingor, A.; Kardos, J.; Hajdu, I.; Németh, A.; Zavodszky, P. A
better enzyme to cope with cold. Comparative flexibility studies on
psychrotrophic, mesophilic, and thermophilic IPMDHs. J. Biol.
Chem., 2001, 276 (30), 28121-28125.

Arnold, F. H.; Wintrode, P. L.; Miyazaki, K.; Gershenson, A. How
enzymes adapt: lessons from directed evolution. Trends Biochem.
Sci., 2001, 26 (2), 100-106.

Miyazaki, K.; Wintrode, P. L.; Grayling, R. A.; Rubingh, D. N.;
Arnold, F. H. Directed evolution study of temperature adaptation in
a psychrophilic enzyme. J. Mol. Biol., 2000, 297 (4), 1015-1026.
Wintrode, P. L.; Arnold, F. H. Temperature adaptation of enzymes:
lessons from laboratory evolution. Adv. Protein. Chem., 2000, 55,
161-225.

Fedey, A. E.; Yang, N.; Martinez, A.; Leiros, H.-K. S.; Steen, I. H.
Structural and functional properties of isocitrate dehydrogenase
from the psychrophilic bacterium Desulfotalea psychrophila reveal
a cold-active enzyme with an unusual high thermal stability. J.
Mol. Biol. 2007, 372 (1), 130-149.

Leiros, H. K. S.; Pey, A. L.; Innselset, M.; Moe, E.; Leiros, L.;
Steen, I. H.; Martinez, A. Structure of phenylalanine hydroxylase
from Colwellia psychrerythraca 34H, a monomeric cold active
enzyme with local flexibility around the active site and high overall
stability. J. Biol. Chem., 2007, 282 (30), 21973-21986.

Smalas, A. O.; Leiros, H. K.; Os, V.; Willassen, N. P. Cold adapted
enzymes. Biotechnol. Annu. Rev., 2000, 6, 1-57.

Olufsen, M.; Smalas, A. O.; Moe, E.; Brandsdal, B. O. Increased
flexibility as a strategy for cold adaptation - A comparative
molecular dynamics study of cold- and warm-active uracil DNA
Papaleo, E.; Riccardi, L.; Fumasoni, I.; Villa, C.; Fantucci, P.; De
Gioia. L. Comparative molecular dynamics simulations of
mesophilic and cold-adapted homologous enzymes, FEBS J., 2005,
272(1), 386.

Papaleo, E.; Riccardi, L.; Villa, C.; Fantucci, P.; De Gioia, L.,
Flexibility and enzymatic cold-adaptation: a comparative molecular
dynamics investigation of the elastase family. BBA- Proteins
Proteom., 2006, 1764 (8), 1397-1406.

Papaleo, E.; Pasi, M.; Riccardi, L.; Sambi, L.; Fantucci, P.; De
Gioia, L. Protein flexibility in psychrophilic and mesophilic
trypsins. Evidence of evolutionary conservation of protein
dynamics in trypsin-like serine-proteases. FEBS Lett., 2008, 582
(6), 1008-1018.

Chiuri, R.; Maiorano, G.; Rizzello, A.; del Mercato, L. L.;
Cingolani, R.; Rinaldi, R.; Maffia, M.; Pompa, P. P. Exploring
local flexibility/rigidity in psychrophilic and mesophilic carbonic
anhydrases. Biophys. J., 2009, 96 (4), 1586-1596.

Saunders, N. F. W.; Thomas, T.; Curmi, P. M. G.; Mattick, J. S.;
Kuczek, E.; Slade, R.; Davis, J.; Franzmann, P. D.; Boone, D.;
Rusterholtz, K.; Feldman, R.; Gates, C.; Bench, S.; Sowers, K.;
Kadner, K.; Aerts, A.; Dehal, P.; Detter, C.; Glavina, T.; Lucas, S.;
Richardson, P.; Larimer, F.; Hauser, L.; Land, M.; Cavicchioli, R.
Mechanisms of thermal adaptation revealed from the genomes of
the Antarctic  Archaea  Methanogenium  frigidum  and
Methanococcoides burtonii. Genome Research 2003, 13 (7), 1580-
1588.

Gu, J.; Hilser, V. J. Sequence-based analysis of protein energy
landscapes reveals nonuniform thermal adaptation within the
proteome. Mol. Biol. Evol., 2009, 26 (10), 2217-2227.

Zeldovich, K. B.; Berezovsky, I. N.; Shakhnovich, E. I. Protein and
DNA sequence determinants of thermophilic adaptation. PLoS
Comput. Biol. 2007, 3 (1), e5.



Molecular Determinants of Enzyme Cold Adaptation

[40]

[41]

[42]

[43]

[44]

[54]

[55]

[56]

[57]

[58]

Gianese, G.; Bossa, F.; Pascarella, S. Comparative structural
analysis of psychrophilic and meso- and thermophilic enzymes.
Proteins, 2002, 47 (2), 236-249.

Berezovsky, I. N.; Shakhnovich, E. I. Physics and evolution of
thermophilic adaptation. Proc. Natl. Acad. Sci. U. S. 4., 2005, 102
(36), 12742-12747.

Jahandideh, M.; Barkooie, S. M. H.; Jahandideh, S.; Abdolmaleki,
P.; Movahedi, M. M.; Hoseini, S.; Asadabadi, E. B.; Jouni, F. J.;
Karami, Z.; Firoozabadi, N. H. Elucidating the protein cold-
adaptation: Investigation of the parameters enhancing protein
psychrophilicity. J. Theor. Biol., 2008, 255 (1), 113-118.

Kumar, S.; Nussinov, R. Different roles of electrostatics in heat and
in cold: adaptation by citrate synthase. Chembiochem, 2004, 5 (3),
280-290.

Siddiqui, K. S.; Poljak, A.; Guilhaus, M.; De Francisci, D.; Curmi,
P. M. G.; Feller, G.; D'Amico, S.; Gerday, C.; Uversky, V. N.;
Cavicchioli, R. Role of lysine versus arginine in enzyme cold-
adaptation: Modifying lysine to homo-arginine stabilizes the cold-
adapted alpha-amylase from Pseudoalteramonas haloplanktis.
Proteins, 2006, 64 (2), 486-501.

Mrabet, N. T.; Vandenbroeck, A.; Vandenbrande, I.; Stanssens, P.;
Laroche, Y.; Lambeir, A. M.; Matthijssens, G.; Jenkins, J;
Chiadmi, M.; Vantilbeurgh, H.; Rey, F.; Janin, J.; Quax, W. J.;
Lasters, I.; Demaeyer, M.; Wodak, S. J. Arginine residues as
stabilizing elements in proteins. Biochemistry, 1992, 31 (8), 2239-
2253.

Gallivan, J. P.; Dougherty, D. A. Cation-PI interactions in
structural biology. Proc. Natl. Acad. Sci. U. S. 4., 1999, 96 (17),
9459-9464.

Cupo, P.; Eldeiry, W.; Whitney, P. L.; Awad, W. M. Stabilization
of proteins by guanidination. J. Biol. Chem., 1980, 255 (22), 828-
833.

Mittag, T.; Kay, L. E.; Forman-Kay, J. D. Protein dynamics and
conformational disorder in molecular recognition. J. Mol
Recognit., 2010, 23 (2), 105-16.

Espinoza-Fonseca, L. M. Reconciling binding mechanisms of
intrinsically disordered proteins. Biochem. Biophys. Res. Commun.,
2009, 382 (3), 479-82.

Uversky, V. N. Natively unfolded proteins: a point where biology
waits for physics. Protein Sci., 2002, 11 (4), 739-56.

Mohan, A.; Uversky, V. N.; Radivojac, P. Influence of sequence
changes and environment on intrinsically disordered proteins. PLoS
Comput. Biol., 2009, 5 (9), 1000497

Le Gall, T.; Romero, P. R.; Cortese, M. S.; Uversky, V. N
Dunker, A. K. Intrinsic disorder in the Protein Data Bank. J Biomol
Struct Dyn 2007, 24 (4), 325-42.

Deiana, A.; Giansanti, A. Predictors of natively unfolded proteins:
unanimous consensus score to detect a twilight zone between order
and disorder in generic datasets. BMC Bioinformatics, 2010, 11,
198.

Mao, A. H.; Crick, S. L.; Vitalis, A.; Chicoine, C. L.; Pappu, R. V.
Net charge per residue modulates conformational ensembles of
intrinsically disordered proteins. Proc. Natl. Acad. Sci. U. S. A.,
2010, /07 (18), 8183-8.

Miiller-Spéth, S.; Soranno, A.; Hirschfeld, V.; Hofmann, H.;
Riiegger, S.; Reymond, L.; Nettels, D.; Schuler, B. From the Cover:
Charge interactions can dominate the dimensions of intrinsically
disordered proteins. Proc. Natl. Acad. Sci. U. S. 4., 2010, 107 (33),
14609-14.

Salmon, L.; Nodet, G.; Ozenne, V.; Yin, G.; Jensen, M. R
Zweckstetter, M.; Blackledge, M. NMR characterization of long-
range order in intrinsically disordered proteins. J. Am. Chem. Soc.,
2010, /32 (24), 8407-18.

Mereghetti, P.; Riccardi, L.; Brandsdal, B. O.; Fantucci, P.; De
Gioia, L.; Papaleo, E. Near Native-State Conformational
Landscape of Psychrophilic and Mesophilic Enzymes: Probing the
Folding Funnel Model. J. Phys. Chem. B, 2010, 114 (22), 7609-
7619.

Violot, S.; Aghajari, N.; Czjzek, M.; Feller, G.; Sonan, G. K
Gouet, P.; Gerday, C.; Haser, R.; Receveur-Brechot, V. Structure
of a full length psychrophilic cellulase from Pseudoalteromonas
haloplanktis revealed by X-ray diffraction and small angle X-ray
scattering. J. Mol. Biol. 2005, 348, 1211-1224.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[75]

[76]

[77]

Current Protein and Peptide Science, 2011, Vol. 12, No. 7 23

Khemakhem, B.; Ben Ali, M.; Aghajari, N.; Juy, M.; Haser, R.;
Bejar, S., The importance of an extra loop in the B-domain of an
alpha-amylase from B. stearothermophilus US100. Biochem.
Biophys. Res. Commun., 2009, 385 (1), 78-83.

Mamonova, T. B.; Glyakina, A. V.; Kurnikova, M. G.; Galzitskaya,
O. V. Flexibility and mobility in mesophilic and thermophilic
homologous proteins from molecular dynamics and FoldUnfold
method. J. Bioinform. Comput. Biol., 2010, 8 (3), 377-94.

Feller, G.; d'Amico, D.; Gerday, C. Thermodynamic stability of a
cold-active alpha-amylase from the Antarctic bacterium
Alteromonas haloplanctis. Biochemistry, 1999, 38 (14),4613-4619.
D'Amico, S.; Gerday, C.; Feller, G. Structural determinants of cold
adaptation and stability in a large protein. J. Biol. Chem., 2001, 276
(28),25791-25796.

D'Amico, S.; Sohier, J. S.; Feller, G. Kinetics and energetics of
ligand binding determined by microcalorimetry: Insights into active
site mobility in a psychrophilic alpha-amylase. J. Mol. Biol., 2006,
358 (5), 1296-1304.

Marx, J. C.; Poncin, J.; Simorre, J. P.; Ramteke, P. W.; Feller, G.
The noncatalytic triad of alpha-amylases: A novel structural motif
involved in conformational stability. Proteins, 2008, 70 (2), 320-
328.

Pasi, M.; Riccardi, L.; Fantucci, P.; De Gioia, L.; Papaleo, E.
Dynamic Properties of a Psychrophilic alpha-Amylase in
Comparison with a Mesophilic Homologue. J. Phys. Chem. B,
2009, 713 (41), 13585-13595.

Tiberti, M.; Papaleo, E. Dynamic properties of extremophilic
subtilisin-like serine-proteases. J. Struct. Biol, 174(1), 69-83,
2011.

Feller, G. Protein stability and enzyme activity at extreme
biological temperatures. Journal of Physics-Condensed Matter,
2010, 22 (32).

Srimathi, S.; Jayaraman, G.; Feller, G.; Danielsson, B.; Narayanan,
P. R. Intrinsic halotolerance of the psychrophilic alpha-amylase
from Pseudoalteromonas haloplanktis. Extremophiles, 2007, 11 (3),
505-515.

Altermark, B.; Niiranen, L.; Willassen, N. P.; Smalas, A. O.; Moe,
E. Comparative studies of endonuclease I from cold-adapted Vibrio
salmonicida and mesophilic Vibrio cholerae. FEBS J., 2007, 274
(1),252-263.

Sheridan, P. P.; Brenchley, J. E. Characterization of a salt-tolerant
family 42 beta-galactosidase from a psychrophilic Antarctic
Planococcus isolate. Appl. Environ. Microb., 2000, 66 (6), 2438-
2444.

Aghajari, N.; Feller, G.; Gerday, C.; Haser, R. Structures of the
psychrophilic  Alteromonas haloplanctis alpha-amylase give
insights into cold adaptation at a molecular level. Structure, 1998, 6
(12), 1503-1516.

Papaleo, E.; Fantucci, P.; De Gioia, L. Effects of calcium binding
on structure and autolysis regulation in trypsins. A molecular
dynamics investigation. J. Chem. Theory Comput., 2005, 1 (6),
1286-1297.

Arnorsdottir, J.; Sigtryggsdottir, A. R.; Thorbjarnardottir, S. H.;
Kristjansson, M. M. Effect of Proline Substitutions on Stability and
Kinetic Properties of a Cold Adapted Subtilase. J. Biochem., 2009,
145 (3), 325-329.

Huston, A. L.; Haeggstrom, J. Z.; Feller, G., Cold adaptation of
enzymes: Structural, kinetic and microcalorimetric
characterizations of an aminopeptidase from the Arctic
psychrophile Colwellia psychrerythraea and of human leukotriene
A(4) hydrolase. BBA- Proteins Proteom., 2008, 1784 (11), 1865-
1872.

Sakaguchi, M.; Matsuzaki, M.; Niimiya, K.; Seino, J.; Sugahara,
Y.; Kawakita, M. Role of proline residues in conferring
thermostability on aqualysin L. J. Biochem., 2007, 141 (2), 213-220.
Kulakova, L.; Galkin, A.; Nakayama, T.; Nishino, T.; Esaki, N.
Cold-active esterase from Psychrobacter sp Ant300: gene cloning,
characterization, and the effects of Gly -> Pro substitution near the
active site on its catalytic activity and stability. BBA-Protein
Proteom., 2004, 1696 (1), 59-65.

Siglioccolo, A.; Bossa, F.; Pascarella, S. Structural adaptation of
serine hydroxymethyltransferase to low temperatures. Int. J. Biol.
Macromol., 2010, 46 (1), 37-46.



24  Current Protein and Peptide Science, 2011, Vol. 12, No. 7

(78]

(81]

(82]

(86]

(87]

[91]

[92]

(93]

[94]

(98]

Mavromatis, K.; Tsigos, I.; Tzanodaskalaki, M.; Kokkinidis, M.;
Bouriotis, V. Exploring the role of a glycine cluster in cold
adaptation of an alkaline phosphatase. Eur. J. Biochem., 2002, 269
9), 2330-2335.

D'Amico, S.; Marx, J. C.; Gerday, C.; Feller, G. Activity-stability
relationships in extremophilic enzymes. J. Biol. Chem., 2003, 278
(10), 7891-7896.

Nashine, V. C.; Hammes-Schiffer, S.; Benkovic, S. J. Coupled
motions in enzyme catalysis. Curr. Opin. Chem. Biol., 2010, 14 (5),
644-651.

Henzler-Wildman, K. A.; Lei, M.; Thai, V.; Kerns, S. J.; Karplus,
M.; Kern, D. A hierarchy of timescales in protein dynamics is
linked to enzyme catalysis. Nature, 2007, 450 (7171), 913-U27.
Zavodszky, P.; Kardos, J.; Svingor, A.; Petsko, G. A., Adjustment
of conformational flexibility is a key event in the thermal
adaptation of proteins. Proc. Natl. Acad. Sci. U. S. 4, 1998, 95
(13), 7406-7411.

Tehei, M.; Madern, D.; Franzetti, B.; Zaccai, G., Neutron scattering
reveals the dynamic basis of protein adaptation to extreme
temperature. J. Biol. Chem., 2005, 280 (49), 40974-40979.

Tehei, M.; Zaccai, G. Adaptation to high temperatures through
macromolecular dynamics by neutron scattering. FEBS J., 2007,
274 (16),4034-4043.

Papaleo, E.; Olufsen, M.; De Gioia, L.; Brandsdal, B. O.
Optimization of electrostatics as a strategy for cold-adaptation: A
case study of cold- and warm-active elastases. J Mol. Graph.
Model., 2007, 26, 93-103.

Olufsen, M.; Papaleo, E.; Smalas, A. O.; Brandsdal, B. O. Pairs and
their role in modulating stability of cold- and warm-active uracil
DNA glycosylase. Proteins, 2008, 71 (3), 1219-1230.

Mereghetti, P.; Riccardi, L.; Brandsdal, B. O.; Fantucci, P.; Gioia,
L. D.; Papaleo, E. Near native-state conformational landscape of
psychrophilic and mesophilic enzymes: probing the folding funnel
model. J. Phys. Chem. B, 2010, 114 (22), 7609-7619.

Kundu, S.; Roy, D. Comparative structural studies of psychrophilic
and mesophilic protein homologues by molecular dynamics
simulation. J. Mol. Graph. Model., 2009, 27 (8), 871-880.

Li, B.; Alonso, D. O. V.; Daggett, V. The molecular basis for the
inverse temperature transition of elastin. J. Mol. Biol., 2001, 305
(3), 581-592.

Invernizzi, G.; Papaleo, E.; Grandori, R.; De Gioia, L.; Lotti, M.
Relevance of metal ions for lipase stability: Structural
rearrangements induced in the Burkholderia glumae lipase by
calcium depletion. J. Struct. Biol., 2009, 168 (3), 562-570.
Brandsdal, B.O.; Heimstad, E.S.; Sylte, I.; Smalas A.O. Compara-
tive molecular dynamics of mesophilic and psychrophilic protein
homologues studied by 1.2 ns simulations. J. Biomol. Struct. Dyn.,
1999, 7(4), 385-389.

Zecchinon, L.; Oriol, A.; Netzel, U.; Svennberg, J.; Gerardin-
Otthiers, N.; Feller, G. Stability domains, substrate-induced
conformational changes, and hinge-bending motions in a
psychrophilic phosphoglycerate kinase - A microcalorimetric
study. J. Biol. Chem., 2005, 280 (50), 41307-41314.

Spiwok, V.; Lipovova, P.; Skalova, T.; Duskova, J.; Dohnalek, J.;
Hasek, J.; Russell, N. J.; Kralova, B. Cold-active enzymes studied
by comparative molecular dynamics simulation. J. Mol. Model.,
2007, 13 (4), 485-97.

Fontana, A.; Zambonin, M.; deLaureto, P. P.; DeFilippis, V.;
Clementi, A.; Scaramella, E. Probing the conformational state of
apomyoglobin by limited proteolysis. J. Mol. Biol., 1997, 266 (2),
223-230.

Bothner, B.; Dong, X. F.; Bibbs, L.; Johnson, J. E.; Siuzdak, G.
Evidence of viral capsid dynamics using limited proteolysis and
mass spectrometry. J. Biol. Chem., 1998, 273 (2), 673-676.
Hamburg, D. M.; Suh, M. J.; Limbach, P. A., Limited Proteolysis
Analysis of the Ribosome Is Affected by Subunit Association.
Biopolymers, 2009, 91 (6), 410-422.

Hoersch, D.; Bolourchian, F.; Otto, H.; Heyn, M. P.; Bogomolni,
R. A. Dynamics of Light-Induced Activation in the PAS Domain
Proteins LOV2 and PYP Probed by Time-Resolved Tryptophan
Fluorescence. Biochemistry, 2010, 49 (51), 10811-10817.

Fraser, J. A.; Madhumalar, A.; Blackburn, E.; Bramham, J.;
Walkinshaw, M. D.; Verma, C.; Hupp, T. R. A Novel p53
Phosphorylation Site within the MDM2 Ubiquitination Signal II. A

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Papaleo et al.

model in which phosphorylation at ser269 induces a mutant
conformation to p53. J. Biol. Chem. 2010, 285 (48),37773-37786.
Mansoor, S. E.; DeWitt, M. A.; Farrens, D. L. Distance mapping in
proteins using fluorescence spectroscopy: the Tryptophan-Induced
Quenching (TrIQ) method. Biochemistry, 2010, 49 (45), 9722-
9731.

Goswami, N.; Makhal, A.; Pal, S. K. Toward an alternative
intrinsic probe for spectroscopic characterization of a protein. J.
Phys. Chem. B, 2010, 114 (46), 15236-15243.

LeMaster, D. M.; Anderson, J. S.; Hernandez, G. Peptide
Conformer Acidity Analysis of Protein Flexibility Monitored by
Hydrogen Exchange. Biochemistry, 2009, 48 (39), 9256-9265.
Cervantes, C. F.; Markwick, P. R. L.; Sue, S. C.; McCammon, J.
A.; Dyson, H. J.; Komives, E. A. Functional dynamics of the folded
ankyrin repeats of I kappa B alpha revealed by nuclear magnetic
resonance. Biochemistry, 2009, 48 (33), 8023-8031.

Sinha, S.; Li, Y. S.; Williams, T. D.; Topp, E. M. Protein
conformation in amorphous solids by FTIR and by
Hydrogen/Deuterium Exchange with Mass Spectrometry. Biophys.
J., 2008, 95 (12), 5951-5961.

Liang, Z. X.; Tsigos, L.; Bouriotis, V.; Klinman, J. P. Impact of
protein flexibility on hydride-transfer parameters in thermophilic
and psychrophilic alcohol dehydrogenases. J. Am. Chem. Soc.,
2004, 726 (31),9500-9501.

Grandori, R.; Santambrogio, C.; Brocca, S.; Invernizzi, G.; Lotti,
M. Electrospray-ionization mass spectrometry as a tool for fast
screening of protein structural properties. Biotechnol. J., 2009, 4
(1), 73-87.

Grandori, R. Electrospray-ionization mass spectrometry for protein
conformational studies. Curr. Org. Chem., 2003, 7 (15), 1589-
1603.

Dirr, H. W.; Little, T.; Kuhnert, D. C.; Sayed, Y. A conserved N-
capping motif contributes significantly to the stabilization and
dynamics of the C-terminal region of class alpha glutathione S-
transferases. J. Biol. Chem., 2005, 280 (20), 19480-19487.
Heidarsson, P. O.; Sigurdsson, S. T.; Asgeirsson, B. Structural
features and dynamics of a cold-adapted alkaline phosphatase
studied by EPR spectroscopy. FEBS J., 2009, 276 (10), 2725-2735.
Rao, J. N.; Jao, C. C.; Hegde, B. G.; Langen, R.; Ulmer, T. S. A
combinatorial NMR and EPR approach for evaluating the structural
ensemble of partially folded proteins. J. Am. Chem. Soc., 2010, 132
(25), 8657-8668.

Naber, N.; Malnasi-Csizmadia, A.; Purcell, T. J.; Cooke, R.; Pate,
E. Combining EPR with fluorescence spectroscopy to monitor
conformationalchanges at the myosin nucleotide pocket. J. Mol.
Biol., 2010, 396 (4), 937-948.

Brunger, A. T.; Strop, P.; Vrljic, M.; Chu, S.; Weninger, K. R.
Three-dimensional molecular modeling with single molecule
FRET. J. Struct. Biol., 2011, 173 (3), 497-505.

Invernizzi, G.; Casiraghi, L.; Grandori, R.; Lotti, M. Deactivation
and unfolding are uncoupled in a bacterial lipase exposed to heat,
low pH and organic solvents. J. Biotechnol., 2009, 141 (1-2), 42-
46.

Tsou, C. L. Inactivation precedes overall molecular-conformation
changes during enzyme denaturation. BBA-Prot. Struct. Mol.
Enzymol., 1995, 1253 (2), 151-162.

Peterson, M. E.; Eisenthal, R.; Danson, M. J.; Spence, A.; Daniel,
R. M. A new intrinsic thermal parameter for enzymes reveals true
temperature optima. J. Biol. Chem., 2004, 279 (20),20717-20722.
Daniel, R. M.; Peterson, M. E.; Danson, M. J.; Price, N. C.; Kelly,
S. M.; Monk, C. R.; Weinberg, C. S.; Oudshoorn, M. L.; Lee, C. K.
The molecular basis of the effect of temperature on enzyme
activity. Biochem. J., 2010, 425, 353-360.

Daniel, R. M.; Danson, M. J.; Eisenthal, R.; Lee, C. K.; Peterson,
M. E. The effect of temperature on enzyme activity: new insights
and their implications. Extremophiles, 2008, 12 (1), 51-59.

Lee, C. K.; Daniel, R. M.; Shepherd, C.; Saul, D.; Cary, S. C.;
Danson, M. J.; Eisenthal, R.; Peterson, M. E. Eurythermalism and
the temperature dependence of enzyme activity. FASEB J., 2007,
21 (8), 1934-1941.

Bohme, S.; Steinhoff, H. J.; Klare, J. P. Accessing the distance
range of interest in biomolecules: Site-directed spin labeling and
DEER spectroscopy. Spectroscopy, 2010, 24 (3-4), 283-288.



Molecular Determinants of Enzyme Cold Adaptation

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

Bernad6, P.; Blackledge, M. Structural biology: Proteins in
dynamic equilibrium. Nature, 2010, 468 (7327), 1046-8.
Mittermaier, A. K.; Kay, L. E. Observing biological dynamics at
atomic resolution using NMR. Trends Biochem. Sci., 2009, 34 (12),
601-611.

Jarymowycz, V. A.; Stone, M. J. Fast time scale dynamics of
protein backbones: NMR relaxation methods, applications, and
functional consequences. Chem. Rev., 2006, 106 (5), 1624-1671.
Kwan, A. H.; Mobli, M.; Gooley, P. R.; King, G. F.; Mackay, J. P.
Macromolecular NMR spectroscopy for the non-spectroscopist.
FEBS J., 2011, 278 (5), 687-703.

Meirovitch, E.; Shapiro, Y. E.; Pohmeno, A.; Freed, J. H. Structural
dynamics of bio-macromolecules by NMR: The slowly relaxing
local structure approach. Progr. Nucl. Mag. Res. Sp., 2010, 56 (4),
360-405.

Gaspari, Z.; Angyan, A. F.; Dhir, S.; Franklin, D.; Perczel, A.;
Pintar, A.; Pongor, S. Probing dynamic protein ensembles with
atomic proximity measures. Curr. Prot. Pept. Sci., 2010, 11 (7),
515-522.

Jaremko, L.; Jaremko, M.; Elfaki, I.; Mueller, J. W.; Ejchart, A.;
Bayer, P.; Zhukov, I. Structure and dynamics of the first archaeal
parvulin reveal a new functionally important loop in Parvulin-type
Prolyl Isomerases. J. Biol. Chem., 2011, 286 (8), 6554-6565.

Madl, T.; Gabel, F.; Sattler, M. NMR and small-angle scattering-
based structural analysis of protein complexes in solution. J. Struct.
Biol.,, 2011, 173 (3), 472-482.

Tehei, M.; Daniel, R.; Zaccai, G. Fundamental and
biotechnological applications of neutron scattering measurements
for macromolecular dynamics. Eur. Biophys. J. Biophys. Lett.,
2006, 35 (7), 551-558.

Maragakis, P.; Spichty, M.; Karplus, M. A differential fluctuation
theorem. J. Phys. Chem. B, 2008, 112 (19), 6168-6174.

Caves, L. S.; Evanseck, J. D.; Karplus, M. Locally accessible
conformations of proteins: multiple molecular dynamics
simulations of crambin. Protein Sci., 1998, 7 (3), 649-666.
Monticelli, L.; Sorin, E. J.; Tieleman, D. P.; Pande, V. S.;
Colombo, G. Molecular simulation of multistate peptide dynamics:
a comparison between microsecond timescale sampling and
multiple shorter trajectories. J. Comput. Chem., 2008, 29 (11),
1740-1752.

Papaleo, E.; Mereghetti, P.; Fantucci, P.; Grandori, R.; De Gioia, L.
Free-energy landscape, principal component analysis, and
structural clustering to identify representative conformations from
molecular dynamics simulations: The myoglobin case. J. Mol
Graph. Model., 2009, 27 (8), 889-899.

Mitsutake, A.; Sugita, Y.; Okamoto, Y. Generalized-ensemble
algorithms for molecular simulations of biopolymers. Biopolymers,
2001, 60 (2), 96-123.

Tai, K. Conformational sampling for the impatient. Biophys.
Chem., 2004, 107 (3), 213-220.

Hess, B. Convergence of sampling in protein simulations. Phys.
Rev. E Stat. Nonlin. Soft. Matter Phys., 2002, 65 (3 Pt 1), 031910.
Hess, B. Similarities between principal components of protein
dynamics and random diffusion. Phys. Rev. E Stat. Phys. Plasmas.
Fluids Relat. Interdiscip. Topics, 2000, 62 (6 Pt B), 8438-8448.
Amadei, A.; Linssen, A. B. M.; Berendsen, H. J. C. Essential
dynamics of proteins. Proteins, 1993, 17(4):412-425.

Zhuravlev, P. I.; Materese, C. K.; Papoian, G. A. Deconstructing
the native state: energy landscapes, function, and dynamics of
globular proteins. J. Phys. Chem. B, 2009, 113 (26), 8800-8812.
Trbovic, N.; Kim, B.; Friesner, R. A.; Palmer, A. G. Structural
analysis of protein dynamics by MD simulations and NMR spin-
relaxation. Proteins, 2008, 71 (2), 684-694.

Grottesi, A.; Ceruso, M. A.; Colosimo, A.; Di Nola, A. Molecular
dynamics study of a hyperthermophilic and a mesophilic
rubredoxin. Proteins, 2002, 46 (3), 287-294.

Amaro, R.E.; Sethi, A.; Myers, R.S.; Davisson, V.J.; Luthey-
Schulten, Z.A. A network of conserved interactions regulates the
allosteric signal in a glutamine amidotransferase. Biochemistry,
2007, 46, 2156-2173.

Hunenberger, P. H.; Mark, A. E.; Vangunsteren, W. F. Fluctuation
and cross-correlation analysis of protein motions observed in
nanosecond molecular dynamics simulations. J. Mol. Biol. 1995,
252 (4),492-503.

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Current Protein and Peptide Science, 2011, Vol. 12, No. 7 25

Morra, G.; Verkhivker, G.; Colombo, G. Modeling signal
propagation mechanisms and ligand-based conformational
dynamics of the Hsp90 molecular chaperone full-length dimer.
PLoS Comput. Biol., 2009, 5 (3).

Shen, H. B.; Xu, F.; Hu, H. R.; Wang, F. F.; Wu, Q.; Huang, Q.;
Wang, H. H. Coevolving residues of (beta/alpha)(8)-barrel proteins
play roles in stabilizing active site architecture and coordinating
protein dynamics. J. Struct. Biol.,2008, 164 (3),281-292.
Angelova, K.; Felline, A.; Lee, M.; Patel, M.; Puett, D.; Fanelli, F.
Conserved amino acids participate in the structure networks
deputed to intramolecular communication in the lutropin receptor.
Cell. Mol. Life Sci., 2010, 68(7): 1227-1239.

Raimondi, F.; Orozco, M.; Fanelli, F. Deciphering the deformation
modes associated with function retention and specialization in
members of the Ras superfamily. Structure, 2010, 18 (3), 402-14.
Estabrook, R. A.; Luo, J.; Purdy, M. M.; Sharma, V.; Weakliem,
P.; Bruice, T. C.; Reich, N. O. Statistical colevolution analysis and
molecular dynamics: Identification of amino acid pairs essential for
catalysis. Proc. Natl. Acad. Sci. U. S. 4., 2005, 102 (4), 994-999.
Acevedo, O.; Jorgensen, W. L. Advances in quantum and
molecular mechanical (QM/MM) simulations for organic and
enzymatic reactions. Accounts Chem. Res., 2010, 43 (1), 142-151.
Mulholland, A. J. Modelling enzyme reaction mechanisms,
specificity and catalysis. Drug Discovery Today, 2005, 10 (20),
1393-1402.

Ranaghan, K. E.; Mulholland, A. J. Investigations of enzyme-
catalysed reactions with combined quantum mechanics/molecular
mechanics (QM/MM) methods. Int. Rev. Phys. Chem., 2010, 29
(1), 65-133.

Bjelic, S.; Brandsdal, B. O.; Aqvist, J., Cold adaptation of enzyme
reaction rates. Biochemistry, 2008, 47 (38), 10049-10057.
Kamerlin, S. C. L.; Warshel, A. The EVB as a quantitative tool for
formulating simulations and analyzing biological and chemical
reactions. Faraday Discussions, 2010, 145, 71-106.

Ryde, U. Combined quantum and molecular mechanics
calculations on metalloproteins. Curr. Op. Chem. Biol., 2003, 7 (1),
136-142.

Anisimov, V. M.; Bugaenko, V. L.; Cavasotto, C. N. Quantum
mechanical dynamics of charge transfer in ubiquitin in aqueous
solution. Chemphyschem, 2009, 10 (18), 3194-3196.

Papaleo, E.; Pasi, M.; Tiberti, M.; De Gioia, L. Molecular
dynamics of mesophilic-like mutants of a cold-adapted enzyme:
insights into the distal effects induced by the mutations. PLoS
ONE, 1in press.

Aurilia, V.; Rioux-Dubé, J.-F.; Marabotti, A.; Pézolet, M.; D'Auria,
S. Structure and dynamics of cold-adapted enzymes as investigated
by FT-IR spectroscopy and MD. The case of an esterase from
Pseudoalteromonas haloplanktis. J. Phys. Chem. B, 2009, 113 (22),
7753-7761.

D'Auria, S.; Aurilia, V.; Marabotti, A.; Gonnelli, M.; Strambini, G.
Structure and dynamics of cold-adapted enzymes as investigated by
phosphorescence spectroscopy and molecular dynamics studies. 2.
The case of an esterase from Pseudoalteromonas haloplanktis. J.
Phys. Chem. B, 2009, 113 (40), 13171-13178.

Day, R.; Bennion, B. J.; Ham, S.; Daggett, V. Increasing
temperature accelerates protein unfolding without changing the
pathway of unfolding. J. Mol. Biol., 2002, 322 (1), 189-203.

Day, R.; Daggett, V. All-atom simulations of protein folding and
unfolding. Prot. Simulations, 2003, 66, 373-403.

Priyakumar, U. D.; Harika, G.; Suresh, G. Molecular simulations
on the thermal stabilization of DNA by hyperthermophilic
chromatin protein Sac7d, and associated conformationalt
Transitions. J. Phys. Chem. B, 2010, 114 (49), 16548-16557.
Fersht, A. R.; Daggett, V. Protein folding and unfolding at atomic
resolution. Cell, 2002, 108 (4), 573-582.

Hansia, P.; Dev, S.; Surolia, A.; Vishveshwara, S. Insight into the
early stages of thermal unfolding of peanut agglutinin by molecular
dynamics simulations. Proteins, 2007, 69 (1), 32-42.

McCully, M. E.; Beck, D. A. C.; Daggett, V. Microscopic
reversibility of protein folding in molecular dynamics simulations
of the engrailed homeodomain. Biochemistry, 2008, 47 (27), 7079-
7089.

Olufsen, M.; Brandsdal, B. O.; Smalas, A. O. Comparative
unfolding studies of psychrophilic and mesophilic uracil DNA



26 Current Protein and Peptide Science, 2011, Vol. 12, No. 7

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]
[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

glycosylase: MD simulations show reduced thermal stability of the
cold-adapted enzyme. J. Mol. Graph. Model., 2007, 26, 124-134.
Riccardi, L.; Papaleo, E., Unfolding simulations of cold- and
warm-adapted elastases. Z/JOAB Journal, 2010, 1 (4), 6.

Kunda, S.; Roy, D. Temperature-induced unfolding pathway of a
type III antifreeze protein: Insight from molecular dynamics
simulation. J Mol. Graph. Model., 2008, 27 (1), 88-94.

Jonsson, A. L.; Scott, K. A.; Daggett, V. Dynameomics: a
consensus view of the protein unfolding/folding transition state
ensemble across a diverse set of protein folds. Biophys. J., 2009, 97
(11),2958-2966.

van der Kamp, M. W.; Schaeffer, R. D.; Jonsson, A. L.; Scouras,
A. D.; Simms, A. M.; Toofanny, R. D.; Benson, N. C.; Anderson,
P. C.; Merkley, E. D.; Rysavy, S.; Bromley, D.; Beck, D. A. C.;
Daggett, V. Dynameomics: a comprehensive database of protein
dynamics. Structure, 2010, 18 (4), 423-435.

Toofanny, R. D.; Jonsson, A. L.; Daggett, V. A Comprehensive
Multidimensional-Embedded, One-Dimensional Reaction
Coordinate for Protein Unfolding/Folding. Biophys. J., 2010, 98
(11),2671-2681.

Das, A.; Mukhopadhyay, C. Application of principal component
analysis in protein unfolding: An all-atom molecular dynamics
simulation study. J. Chem. Phys., 2007, 127.

Lin, M.; Zhang, J. A.; Lu, H. M.; Chen, R.; Liang, J. Constrained
proper sampling of conformations of transition state ensemble of
protein folding. J. Chem. Phys., 2011, 134 (7).

Daggett, V. Protein folding-simulation. Chem. Rev., 2006, 106 (5),
1898-1916.

Dill, K. A.; Chan, H. S. From Levinthal to pathways to funnels.
Nature Struct. Biol., 1997, 4 (1), 10-19.

Dinner, A. R.; Sali, A.; Smith, L. J.; Dobson, C. M.; Karplus, M.
Understanding protein folding via free-energy surfaces from theory
and experiment. Trends Biochem. Sci., 2000, 25 (7), 331-339.
Senet, P.; Maisuradze, G. G.; Foulie, C.; Delarue, P.; Scheraga, H.
A. How main-chains of proteins explore the free-energy landscape
in native states. Proc. Natl. Acad. Sci. U. S. A., 2008, 105 (50),
19708-19713.

Hori, N.; Chikenji, G.; Berry, R. S.; Takada, S. Folding energy
landscape and network dynamics of small globular proteins. Proc.
Natl. Acad. Sci. U. S. A., 2009, 106 (1), 73-78.

Zhuravlev, P. I.; Materese, C. K.; Papoian, G. A. Deconstructing
the native state: energy landscapes, function, and dynamics of
globular proteins. J. Phys. Chem. B, 2009, 113 (26), 8800-8812.
Gruebele, M. Downbhill protein folding: evolution meets physics.
Comptes Rendus Biologies, 2005, 328 (8), 701-712.

Wolynes, P. G. Recent successes of the energy landscape theory of
protein folding and function. Quarterly Rev. Biophys., 2005, 38 (4),
405-410.

Riccardi, L.; Nguyen, P. H.; Stock, G. Free-energy landscape of
RNA hairpins constructed via dihedral angle principal component
analysis. J. Phys. Chem. B, 2009, 113 (52), 16660-8.

Mu, Y. G.; Nguyen, P. H.; Stock, G. Energy landscape of a small
peptide revealed by dihedral angle principal component analysis.
Proteins, 2005, 58 (1), 45-52.

Poland, D. Free energy distributions in proteins. Proteins, 2001, 45
(4), 325-336.

Krivov, S. V.; Karplus, M. Hidden complexity of free energy
surfaces for peptide (protein) folding. Proc. Natl. Acad. Sci. U. S.
A.,2004, 101 (41), 14766-14770.

Nguyen, P. H.; Stock, G.; Mittag, E.; Hu, C. K.; Li, M. S. Free
energy landscape and folding mechanism of a beta-hairpin in
explicit water: A replica exchange molecular dynamics study.
Proteins, 2005, 61 (4), 795-808.

Bandi, S.; Bowler, B. E. Probing the bottom of a folding funnel
using conformationally gated electron transfer reactions. J. Am.
Chem. Soc., 2008, 130 (24), 7540-+.

Tavernelli, I.; Cotesta, S.; Di Iorio, E. E. Protein dynamics, thermal
stability, and free-energy landscapes: A molecular dynamics
investigation. Biophys. J., 2003, 85 (4), 2641-2649.

Leone, V.; Marinelli, F.; Carloni, P.; Parrinello, M. Targeting
biomolecular flexibility with metadynamics. Curr. Opin. Struct.
Biol.,, 2010, 20 (2), 148-154.

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]
[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

Papaleo et al.

Barducci, A.; Bonomi, M.; Parrinello, M. Linking Well-Tempered
Metadynamics Simulations with Experiments. Biophys. J., 2010, 98
(9), L44-L46.

Taylor, T. J.; Vaisman, II. Discrimination of thermophilic and
mesophilic proteins. BMC Struct. Biol., 2010, 10.

Bosshard, H. R.; Marti, D. N.; Jelesarov, I. Protein stabilization by
salt bridges: concepts, experimental approaches and clarification of
some misunderstandings. J. Mol. Recognit. ,2004, 17 (1), 1-16.
Kumar, S.; Nussinov, R. How do thermophilic proteins deal with
heat? Cell. Mol. Life Sci., 2001, 58 (9), 1216-1233.

Kumar, S.; Nussinov, R. Relationship between ion pair geometries
and electrostatic strengths in proteins. Biophys. J., 2002, 83 (3),
1595-1612.

Grimsley, G. R.; Shaw, K. L.; Fee, L. R.; Alston, R. W.; Huyghues-
Despointes, B. M. P.; Thurlkill, R. L.; Scholtz, J. M.; Pace, C. N.
Increasing protein stability by altering long-range coulombic
interactions. Protein Sci., 1999, 8 (9), 1843-1849.

Pace, C. N.; Alston, R. W.; Shaw, K. L. Charge-charge interactions
influence the denatured state ensemble and contribute to protein
stability. Protein Sci., 2000, 9 (7), 1395-1398.

Shen, J. K. Uncovering specific electrostatic interactions in the
denatured states of proteins. Biophys. J., 2010, 99 (3), 924-932.
Azia, A.; Levy, Y. Nonnative electrostatic interactions can
modulate protein folding: molecular dynamics with a grain of salt.
J. Mol. Biol., 2009, 393 (2), 527-542.

Weinkam, P.; Pletneva, E. V.; Gray, H. B.; Winkler, J. R
Wolynes, P. G. Electrostatic effects on funneled landscapes and
structural diversity in denatured protein ensembles. Proc. Natl.
Acad. Sci. U. S. 4., 2009, 106 (6), 1796-1801.

Cho, J.-H.; Sato, S.; Horng, J.-C.; Anil, B.; Raleigh, D. P.
Electrostatic interactions in the denatured state ensemble: their
effect upon protein folding and protein stability. Arch. Biochem.
Biophys., 2008, 469 (1), 20-28.

Bae, E.; Phillips, G. N., Identifying and engineering ion pairs in
adenylate kinases. J. Biol. Chem., 2005, 280 (35), 30943-30948.
Kumar, S.; Nussinov, R. Close-range electrostatic interactions in
proteins. Chembiochem, 2002, 3 (7), 604-617.

Waldburger, C. D.; Schildbach, J. F.; Sauer, R. T. Are buried salt
bridges important for protein stability and conformational
specificity.. Nature Struct. Biol., 1995, 2 (2), 122-128.

Dong, F.; Zhou, H. X., Electrostatic contributions to T4 lysozyme
stability: Solvent-exposed charges versus semi-buried salt bridges.
Biophys. J., 2002, 83 (3), 1341-1347.

Trevino, S. R.; Gokulan, K.; Newsom, S.; Thurlkill, R. L.; Shaw,
K. L.; Mitkevich, V. A.; Makarov, A. A.; Sacchettini, J. C.;
Scholtz, J. M.; Pace, C. N. Asp79 makes a large, unfavorable
contribution to the stability of RNase Sa. J. Mol. Biol., 2005, 354
(4),967-978.

Karshikoff, A.; Ladenstein, R. Ton pairs and the thermotolerance of
proteins from hyperthermophiles: a 'traffic rule' for hot roads.
Trends Biochem. Sci., 2001, 26 (9), 550-556.

Sigurdardottir, A. G.; Arnorsdottir, J.; Thorbjarnardottir, S. H.;
Eggertsson, G.; Suhre, K.; Kristjansson, M. M. Characteristics of
mutants designed to incorporate a new ion pair into the structure of
a cold adapted subtilisin-like serine proteinase. BBA- Proteins
Proteom., 2009, 1794 (3), 512-518.

Olufsen, M.; Papaleo, E.; Smalés, A. O.; Brandsdal, B. O. Ion pairs
and their role in modulating stability of cold- and warm-active
uracil DNA glycosylase. Proteins, 2008, 71 (3), 1219-1230.

Cox, E. H.; McLendon, G. L. Zinc-dependent protein folding.
Curr. Opin. Chem. Biol., 2000, 4 (2), 162-165.

Wang, C.; Vernon, R.; Lange, O.; Tyka, M.; Baker, D. Prediction
of structures of zinc-binding proteins through explicit modeling of
metal coordination geometry. Protein Sci., 2010, 19 (3), 494-506.
Ginsberg, A. M.; King, B. O.; Roeder, R. G. Xenopus 5S gene-
transcription factor, TFIIIA-characterization of a CDNA clone and
measurement of RNA levels throughout development. Cell, 1984,
39(3),479-489.

Sakai-Kato, K.; Umezawa, Y.; Mikoshiba, K.; Aruga, J.
Utsunomiya-Tate, N., Stability of folding structure of Zic zinc
finger proteins. Biochem. Biophys. Res. Commun., 2009, 384 (3),
362-365.

Potter, S. Z.; Zhu, H. N.; Shaw, B. F.; Rodriguez, J. A.; Doucette,
P. A.; Sohn, S. H.; Durazo, A.; Faull, K. F.; Gralla, E. B.;



Molecular Determinants of Enzyme Cold Adaptation

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

Nersissian, A. M.; Valentine, J. S. Binding of a single zinc ion to
one subunit of copper-zinc superoxide dismutase apoprotein
substantially influences the structure and stability of the entire
homodimeric protein. J. Am. Chem. Soc., 2007, 129 (15), 4575-
4583.

Avvaru, B. S.; Busby, S. A.; Chalmers, M. J.; Griffin, P. R,
Venkatakrishnan, B.; Agbandje-McKenna, M.; Silverman, D. N.;
McKenna, R. Apo-Human Carbonic Anhydrase II Revisited:
Implications of the Loss of a Metal in Protein Structure, Stability,
and Solvent Network. Biochemistry, 2009, 48 (31), 7365-7372.
Xie, B. B.; Bian, F.; Chen, X. L.; He, H. L.; Guo, J.; Gao, X.; Zeng,
Y. X.; Chen, B.; Zhou, B. C.; Zhang, Y. Z. Cold Adaptation of
Zinc Metalloproteases in the Thermolysin Family from Deep Sea
and Arctic Sea Ice Bacteria Revealed by Catalytic and Structural
Properties and Molecular Dynamics. New insights into relationship
between conformationa flexibility and hydrogen bonding. J. Biol.
Chem., 2009, 284 (14), 9257-9269.

Feller, G.; Payan, F.; Theys, F.; Qian, M.; Haser, R.; Gerday, C.,
Stability and structural analysis of alpha-amylase from the antarctic
psychrophile Alteromonas haloplanctis A23. Eur. J. Biochem.,
1994, 222 (2), 441-447.

Almog, O.; Gonzalez, A.; Godin, N.; de Leeuw, M.; Mekel, M. J;
Klein, D.; Braun, S.; Shoham, G.; Walter, R. L. The crystal
structures of the psychrophilic subtilisin S41 and the mesophilic
subtilisin Sph reveal the same calcium-loaded state. Proteins-
Structure Function and Bioinformatics, 2009, 74 (2), 489-496.
Alquati, C.; De Gioia, L.; Santarossa, G.; Alberghina, L.; Fantucci,
P.; Lotti, M. The cold-active lipase of Pseudomonas fragi -
Heterologous expression, biochemical characterization and
molecular modeling. Eur. J. Biochem., 2002, 269 (13), 3321-3328.
Li, X. F; Nie, X.; Tang, J. G. Anti-autolysis of trypsin by
modification of autolytic site Arg 117. Biochem. Biophys. Res.
Commun., 1998, 250 (2), 235-239.

Papaleo, E.; Invernizzi, G. Conformational Plasticity of the
Calcium-Binding Pocket in the Burkholderia glumae Lipase:
Remodeling Induced by Mutation of Calcium Coordinating
Residues. Biopolymers, 2011, 95 (2), 117-126.

Jones, S.; Thornton, J. M. Principles of protein-protein interactions.
Proc. Natl. Acad. Sci. U. S. 4., 1996, 93 (1), 13-20.

Keskin, O.; Gursoy, A.; Ma, B.; Nussinov, R. Principles of protein-
protein interactions: what are the preferred ways for proteins to
interact? Chem. Rev., 2008, 108 (4), 1225-1244.

Russell, R. J.; Gerike, U.; Danson, M. J.; Hough, D. W.; Taylor, G.
L. Structural adaptations of the cold-active citrate synthase from an
Antarctic bacterium. Structure, 1998, 6 (3), 351-361.

Kim, S. Y.; Hwang, K. Y.; Kim, S. H.; Sung, H. C.; Han, Y. S;
Cho, Y. Structural basis for cold adaptation. Sequence, biochemical
properties, and crystal structure of malate dehydrogenase from a
psychrophile Aquaspirillium arcticum. J. Biol. Chem., 1999, 274
(17),11761-11767.

Coquelle, N.; Fioravanti, E.; Weik, M.; Vellieux, F.; Madern, D.
Activity, stability and structural studies of lactate dehydrogenases
adapted to extreme thermal environments. J. Mol. Biol., 2007, 374
(2), 547-562.

Wang, E.; Koutsioulis, D.; Leiros, H.-K. S.; Andersen, O. A
Bouriotis, V.; Hough, E.; Heikinheimo, P. Crystal structure of
alkaline phosphatase from the Antarctic bacterium TABS. J. Mol.
Biol., 2007, 366 (4), 1318-1331.

Tronelli, D.; Maugini, E.; Bossa, F.; Pascarella, S. Structural
adaptation to low temperatures--analysis of the subunit interface of

Received: April 17,2011

Revised: May 03, 2011 Accepted: July 14,2011

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

Current Protein and Peptide Science, 2011, Vol. 12, No. 7 27

oligomeric psychrophilic enzymes. FEBS J., 2007, 274 (17), 4595-
4608.

Paiardini, A.; Gianese, G.; Bossa, F.; Pascarella, S. Structural
plasticity of thermophilic serine hydroxymethyltransferases.
Proteins, 2003, 50 (1), 122-134.

Maugini, E.; Tronelli, D.; Bossa, F.; Pascarella, S. Structural
adaptation of the subunit interface of oligomeric thermophilic and
hyperthermophilic enzymes. Comput. Biol. Chem., 2009, 33 (2),
137-148.

Alvarez, M.; Zeelen, J. P.; Mainfroid, V.; Rentier-Delrue, F.;
Martial, J. A.; Wyns, L.; Wierenga, R. K.; Maes, D. Triose-
phosphate isomerase (TIM) of the psychrophilic bacterium Vibrio
marinus. Kinetic and structural properties. J. Biol. Chem., 1998,
273 (4),2199-2206.

Noble, M. E.; Zeelen, J. P.; Wierenga, R. K.; Mainfroid, V.; Goraj,
K.; Gohimont, A. C.; Martial, J. A. Structure of triosephosphate
isomerase from Escherichia coli determined at 2.6 A resolution.
Acta Crystallogr. D Biol. Crystallogr., 1993, 49 (Pt 4), 403-417.
Helland, R.; Larsen, R. L.; Asgeirsson, B. The 1.4 angstrom crystal
structure of the large and cold-active Vibrio sp. alkaline
phosphatase. BBA -Proteins and Proteom., 2009, 1794 (2), 297-
308.

Koutsioulis,D.; Wang, E.; Tzanodaskalaki, M.; Nikiforaki, D.;
Deli, A.; Feller, G.; Heikinheimo, P.; Bouriotis, V. Directed
evolution on the cold adapted properties of TABS alkaline
phosphatase. Prot. Eng. Des. Sel., 2008, 21(5): 319-327.

Pedersen, H. L.; Willassen, N. P.; Leiros, 1. The first structure of a
cold-adapted superoxide dismutase (SOD): biochemical and
structural ~characterization of iron SOD from Aliivibrio
salmonicida. Acta Crystallogr. Sect. F Struct. Biol. Cryst.
Commun., 2009, 65 (Pt 2), 84-92.

Merlino, A.; Russo Krauss, I.; Castellano, I.; De Vendittis, E.;
Rossi, B.; Conte, M.; Vergara, A.; Sica, F. Structure and flexibility
in cold-adapted iron superoxide dismutases: the case of the enzyme
isolated from Pseudoalteromonas haloplanktis. J. Struct. Biol.,
2010, 172 (3), 343-52.

Alterio, V.; Aurilia, V.; Romanelli, A.; Parracino, A.; Saviano, M.;
D'Auria, S.; Simone, G. D. Crystal structure of an S-
formylglutathione hydrolase from Pseudoalteromonas haloplanktis
TACI125. Biopolymers, 2010, 3(8):669-677.

Khan, M. T. H.; Sylte, I. Determinants for psychrophilic and
thermophilic features of metallopeptidases of the M4 family. In
Silico Biol., 2009, 9 (3), 105-124.

Bae, E.; Phillips, G. N. Structures and analysis of highly
homologous psychrophilic, mesophilic, and thermophilic adenylate
kinases. J. Biol. Chem., 2004, 279 (27), 28202-28208.

Linden, A.; Wilmanns, M. Adaptation of class-13 alpha-amylases
to diverse living conditions. Chembiochem, 2004, 5 (2), 231-239.
Maguid, S.; Fernandez-Alberti, S.; Parisi, G.; Echave, J.
Evolutionary conservation of protein backbone flexibility. J. Mol.
Evol., 2006, 63 (4), 448-457.

Law, A. B.; Fuentes, E. J.; Lee, A. L. Conservation of Side-Chain
Dynamics Within a Protein Family. J. Am. Chem. Soc., 2009, 131
(18), 6322-6323.

Marianayagam, N. J.; Jackson, S. E. Native-state dynamics of the
ubiquitin family: implications for function and evolution. J. R Soc.
Interface, 2005, 1 (2), 47-54.

Maguid, S.; Fernandez-Alberti, S.; Echave, J. Evolutionary
conservation of protein vibrational dynamics. Gene, 2008, 422 (1-
2), 7-13.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


