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Life at low temperatures: is disorder the driving force?
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Abstract The thermodynamic characterization of

various biological systems from psychrophiles points to

a larger entropic contribution when compared to the

corresponding mesophilic or (hyper) thermophilic

counterparts, either at the level of the macromolecules

(thermodynamic and kinetic stabilities) or of their

function (ligand binding, catalytic activity). It is sug-

gested here that in an environment characterized by a

low heat content (enthalpy) and at temperatures that

strongly slowdown molecular motions, the cold-adap-

ted biological systems rely on a larger disorder to

maintain macromolecular dynamics and function. Such

pre-eminent involvement of entropy is observed in the

experimental results and, from a macroscopic point of

view, is also reflected for instance by the steric hin-

drances introduced by cis-unsaturated and branched

lipids to maintain membrane fluidity, by the loose

conformation of psychrophilic proteins or by the local

destabilization of tRNA by dihydrouridine in psy-

chrophilic bacteria.
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Introduction

Although the title may appear provocative, there is in

fact, an array of recent evidence that suggests that

more attention should be paid to the entropic contri-

bution in biological systems governing the develop-

ment of organisms at low temperatures. Researchers

were previously reluctant, and rightly so, to overin-

terpret entropic data for two main reasons. The first is

the fact that entropy is not an experimental parameter.

Referring to the classical Gibbs–Helmholtz equation

DG ¼ DH � TDS; ð1Þ

one should note that free energy values DG can be

calculated from equilibrium constants for instance,

whereas the enthalpic contribution DH is obtained

from the co-operativeness of a system or more directly

from microcalorimetric measurements. By contrast, the

entropic term TDS is derived from the knowledge of

both DG and DH, and therefore, reliable estimates of

entropy strongly depend on the accuracy of the

experimental parameters. The second main reason to

look at entropic data with caution is the fact that a

macroscopic interpretation is frequently elusive, if not

illusive. If indeed the entropic variation reflects the

variation of disorder of a system, accessory events such

as the removal of water molecules from a binding site

during ligand capture can strongly modify the magni-

tude of the entropic term and even change its sign

therefore impairing interpretations at the molecular

level. Nevertheless, the convergence of recent results

suggests a central role of entropy and possibly opens

new prospects for the study of macromolecules and

supramolecular assemblies in temperature adaptation.
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All data were gained from proteins or enzymes and,

although similar data are currently lacking for other

macromolecules, the essential function of enzymes in

the cell cycle makes them a paradigm for similar future

approaches.

Thermodynamic stability of proteins

The thermodynamic stability of a protein that unfolds

reversibly according to a two-state mechanism N�U

is described by its stability curve (Becktel and Schell-

man 1987), i.e. the free energy of unfolding as a func-

tion of temperature (Fig. 1). In other words, this is the

work required to disrupt the native state at any given

temperature (Privalov 1979) and is also referred to as

the conformational stability. By definition, this stability

is nil at the melting point (equilibrium constant

K = [U]/[N] = 1 and DG = –RTlnK). At temperatures

below the melting point, the stability increases, as ex-

pected, but perhaps surprisingly for the non-specialist,

the stability reaches a maximum close to room tem-

perature, then it decreases at lower temperatures

(Fig. 1). In fact, this function predicts a temperature of

cold-unfolding, which is generally not observed be-

cause it occurs below 0�C. Nevertheless, cold-unfolding

has been well demonstrated under specific conditions

(Privalov 1990). Increasing the stability of a protein is

essentially obtained by lifting the curve towards higher

free energy values, also resulting in an increased

melting point (Kumar et al. 2001, 2002, 2003; Kumar

and Nussinov 2004). As far as extremophiles are con-

cerned, one of the most puzzling observations of the

last decade is that most proteins obey this pattern, i.e.

whatever the microbial source, either from deep vents

or from polar ice, the maximal stability of their pro-

teins is clustered around room temperature (for more

details see Kumar and Nussinov 2004). Accordingly,

the environmental temperatures for mesophiles and

(hyper)thermophiles lie on the right limb of the bell-

shaped stability curve, and obviously, the thermal dis-

sipative force is used to promote molecular motions in

these molecules. By contrast, the environmental tem-

peratures for psychrophiles lie on the left limb of the

stability curve. It follows that molecular motions in

proteins at low temperatures are gained from the fac-

tors ultimately leading to cold-unfolding (Feller et al.

1999), i.e. the hydration of polar and non-polar groups

(Makhatadze and Privalov 1995). This is far from

anecdotal.

Indeed, a plot of the enthalpic and entropic contri-

butions to the free energy of unfolding (Fig. 2) has the

shape of two slightly curved functions that cross each

other at both low- and high-temperature melting points

(out of scale in Fig. 2). Interestingly, at temperatures

below the maximal protein stability, in the environ-

mental range of temperatures for psychrophiles, both

the enthalpy and the entropy change their sign (Fig. 2).

Referring to Eq. 1, it follows that in this region of the

stability curve, the enthalpic term is a destabilizing

factor, whereas the entropic contribution becomes the

stabilizing factor of the native state. No macroscopic

interpretation is needed to explain this surprising

observation. We will simply conclude from these well-
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Fig. 1 Representative stability curves of homologous proteins
from psychrophilic, mesophilic and thermophilic organisms
(adapted from D’Amico et al. 2003)
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Fig. 2 Plot of the conformational stability DG for a psychrophilic
enzyme, and of the enthalpic (DH) and entropic (TDS)
contributions. Note the different scales used: the stability of a
protein is marginal as it is only a small difference between two
large and opposite contributions. At temperatures below the
maximal stability, entropy becomes the stabilizing contribution
(heavy line) in the environmental thermal range of psychrophiles

212 Extremophiles (2007) 11:211–216

123



established thermodynamic functions that at low tem-

peratures, maintenance of the proper conformation of

proteins from psychrophiles, and therefore, of their

biological functions, is entropy driven.

Kinetic stability

The kinetic stability refers to studies based on the rate

at which a macromolecule unfolds irreversibly

according to the scheme N fi U. Such studies have

been performed on various psychrophilic proteins (see

Siddiqui and Cavicchioli 2006 for a review). Compari-

son of psychrophilic, mesophilic and (hyper)thermo-

philic proteins can be complex as they unfold in a

narrow range of temperatures but separated by large

temperature intervals (i.e. it is virtually impossible to

record unfolding of an unstable psychrophilic protein

at the unfolding temperature of a thermophilic pro-

tein). This has been overcome by comparing these

extremozymes at the temperature at which they unfold

at the same rate and to analyze the results in the for-

malism of the transition state theory (Collins et al.

2003; D’Amico et al. 2003; Georlette et al. 2003).

Table 1 reports an example of the thermodynamic

characteristics for the irreversible unfolding (loss of

structure) and for inactivation (loss of activity). The

free energy of activation DG# represents the energy

barrier that has to be mastered before protein dena-

turation (unfolding is not spontaneous). The lower the

DG# value, the lower the kinetic stability. Although the

three extremozymes are compared at an identical

denaturation rate, the lower DG# value for the psy-

chrophilic protein arises from the low temperature at

which this rate is reached. At this point, it is worth

mentioning that the low kinetic stability of the psy-

chrophilic protein is the result of the largest enthalpic

and entropic contributions and, by contrast, the high

kinetic stability of the thermophilic protein arises from

much smaller contributions. The activation enthalpy

DH# essentially reflects the temperature dependence of

the system: the high value for the psychrophilic protein

translates the fact that for a given increase of temper-

ature, the increase of the denaturation rate will be

much higher for the cold-adapted protein. Hence,

assuming no entropic contribution in Eq. 1, the kinetic

stability of the psychrophilic protein would be ex-

tremely high. This is not the case because of the large

unfavorable entropic contribution and, interestingly,

the same observation is made when considering a

structural parameter (unfolding) or a functional

parameter (inactivation). One can propose that when

jumping the DG# barrier, the transition state of the

psychrophilic protein is already very disordered before

denaturation, whereas the transition state of the ther-

mophilic protein resists the disorder before denatur-

ation (D’Amico et al. 2003). But here again, no

macroscopic interpretation is required to conclude that

the low kinetic stability of psychrophilic proteins is

entropy driven.

Ligand binding

The recent thermodynamic characterization of ligand

binding to a psychrophilic protein (D’Amico et al.

2006a) is certainly the most demonstrative example of

the involvement of entropy in a cold-adapted biologi-

cal system for two reasons. First, the binding free

energies were calculated from high-precision determi-

nation of the binding constants and the binding en-

thalpies were recorded experimentally by isothermal

titration microcalorimetry, thereby ensuring reliable

calculation of the binding entropies. Second, no

assumption has to be made to interpret the thermo-

dynamic parameters as they relate to a simple system

at equilibrium between the free state and the bound

state. This will be helpful to provide a macroscopic

interpretation. The thermodynamic parameters of

chloride (an allosteric effector) binding to psychro-

philic and mesophilic a-amylases are shown in Table 2.

The first important observation is that, with the

exception of the sign (binding is spontaneous), the

three parameters follow exactly the same trend as in

Table 1 Thermodynamic parameters for the irreversible heat inactivation of activity and for irreversible unfolding in a-amylases
(adapted from D’Amico et al. 2003)

Inactivation Unfolding

DG#

(kcal mol–1)
DH#

(kcal mol–1)
TDS#

(kcal mol–1)
DG#

(kcal mol–1)
DH#

(kcal mol–1)
TDS#

(kcal mol–1)

Psychrophile 20.5 172.3 151.8 20.2 109.7 89.2
Mesophile 21.5 153.0 131.5 21.5 84.7 63.2
Thermophile 22.9 58.6 35.7 22.9 74.2 51.3
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Table 1. Indeed, the low affinity of the psychrophilic

protein for its ligand (low DG�) arises from the large

and opposite (refer to Eq. 1) enthalpic and entropic

contributions. Here also, in the absence of the entropic

contribution, the affinity of the psychrophilic protein

would be very large, but again the entropic term

counteracts this effect. Accordingly, the low affinity of

the psychrophilic protein for its ligand is also entropi-

cally driven. In this simple system at equilibrium, this

strongly suggests a large reduction of the disorder be-

tween the relatively loose unbound protein and the

more organized bound state. It has therefore been

suggested that the large structural changes between the

free and bound states of the psychrophilic protein may

account for the higher number of enthalpy-driven

interactions formed (larger negative DH�) and the

higher reduction of the apparent disorder (larger neg-

ative DS�) when compared with its mesophilic homolog

(D’Amico et al. 2006a).

Although similar thermodynamic parameters have

not been recorded for other ligands, it should be noted

that the low affinity of the psychrophilic a-amylase for

all ligands investigated to date (the structural calcium

ion, a large proteinaceous inhibitor and the macro-

molecular or synthetic substrates) suggests that en-

tropy may be involved in this generally observed weak

binding of ligands by cold-adapted proteins.

Activation parameters

Activation parameters, obtained from measurement of

the activity temperature dependence, have been re-

corded for a large number of psychrophilic enzymes.

The significance of these parameters and their impli-

cations for cold adaptation have been extensively dis-

cussed (Fields and Somero 1998; Lonhienne et al. 2000;

Feller and Gerday 2003a, b; Siddiqui and Cavicchioli

2006) and do not need to be presented here in detail. A

typical example is given in Table 3. In the formalism of

the transition-state theory of enzyme activity, the free

energy of activation DG# represents the energy barrier

between the ground state [the enzyme–substrate com-

plex (ES)] and the activated state ES#, the latter

eventually breaking down into the enzyme and the

product. Therefore, the lower this energy barrier, the

higher the activity, as illustrated in Table 3. Here also,

the enthalpy of activation DH# basically depicts the

temperature dependence of the activity and the low

value found for almost all psychrophilic enzymes

highlights one of the main strategies used by these

enzymes to maintain a high activity in the cold. Indeed,

by keeping a low temperature dependence of the

activity, their reaction rate is less reduced than for

other enzymes when the temperature is lowered. Ta-

ble 3 also shows that the entropic contribution for the

cold-active enzyme is larger and negative. This has

been interpreted as a large reduction of the apparent

disorder between the ground state, presumably keep-

ing a relatively loose conformation, and the well-or-

ganized and compact transition state (Lonhienne et al.

2000). It should be noted that this assumption has

received strong experimental support by using micro-

calorimetry to compare the stabilities of free extrem-

ophilic enzymes with the same enzymes trapped in the

transition state conformation by a non-hydrolyzable

substrate analog (D’Amico et al. 2003). The larger

increase in stability for the psychrophilic enzyme in the

transition state conformation demonstrated larger

conformational changes between the free and bound

states when compared to mesophilic and thermophilic

homologs. It is worth mentioning that the same con-

clusion has been reached for ligand binding to a psy-

chrophilic protein (see above) using a different

experimental approach. Accordingly, these large

structural changes seem to be the macroscopic origin of

the entropic penalty in psychrophilic proteins.

Conclusions

Considering the various results on psychrophilic pro-

teins summarized above, it seems that the weak struc-

tural stability, the weak active site stability and the weak

ligand or substrate binding are linked by a common

molecular and thermodynamic factor, the latter

involving a substantial entropic contribution. Leaving

the experimental data aside, we can possibly rationalize,

Table 2 Standard thermodynamic parameters of chloride bind-
ing to psychrophilic and mesophilic a-amylases (D’Amico et al.
2006a)

Ka

(M–1)
DG�
(kcal mol–1)

DH�
(kcal mol–1)

TDS�
(kcal mol–1)

Psychrophile 164 –3.02 –13.53 –10.51
Mesophile 3448 –4.82 –8.30 –3.48

Table 3 Activation parameters of the amylolytic reaction at
10�C (D’Amico et al. 2003)

kcat

(s–1)
DG#

(kcal mol–1)
DH#

(kcal mol–1)
TDS#

(kcal mol–1)

Psychrophile 294 13.8 8.3 –5.5
Mesophile 97 14.0 11.1 –2.9
Thermophile 14 15.0 16.8 1.8
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at least intuitively, this pre-eminent involvement of the

disorder in cold-adapted biological systems. The

immediate consequences of the low temperatures

characterizing cold environments are a low heat-

content (enthalpy) and a reduction in the amplitudes

and frequencies of atomic motions as well as of molec-

ular motions (Tehei et al. 2004). However, macromol-

ecules require an appropriate conformation dynamic to

perform their biological functions: to counteract the

reduction of atomic motions by low temperatures, the

cold-adapted biological systems seem to rely on an

improved intrinsic disorder (in a broad sense) to main-

tain this optimal conformation dynamic.

Two well-established adaptations of psychrophiles

illustrate this relationship between an improved dis-

order and maintenance of the biological function at

low temperatures. Psychrophilic microorganisms

modify the lipid composition of their membranes to

maintain the proper fluidity of the lipid bilayer. This

involves the introduction of steric constraints, by

reducing the packing order of acyl chains in the

membrane. Such steric constraints destabilize the

membrane and reduce lipid viscosity. This is achieved

for instance by synthesizing lipids with cis-unsaturated

double bonds that induce a kink in the acyl chain, or by

incorporation of branched lipids or of short fatty-acyl

chains that reduce the contacts between adjacent

chains and perturb the organization of the membrane

bilayer (Russell 1997, 2003; Russell and Hamamoto

1998; Margesin et al. 2002). These adaptations can be

regarded as the maintenance of membrane function

based on the disorder introduced into the lipid bilayer.

As a second example, the adjustment of the confor-

mational flexibility of proteins at the environmental

temperatures is a well-documented adaptation of ex-

tremophiles (Zavodszky et al. 1998; Kohen et al. 1999;

Tehei et al. 2004; Shlyk-Kerner et al. 2006). In the case

of cold-adapted proteins, this is achieved by reducing

the number or strength of all known weak interactions

stabilizing the folded and biologically active confor-

mation. Furthermore, some psychrophilic proteins re-

duce the hydrophobicity of the core clusters or expose

a larger hydrophobic surface to the solvent: both in-

duce an entropy-driven destabilization by weakening

the hydrophobic effect on folding (Smalås et al. 2000;

Feller and Gerday 2003a, b; Siddiqui and Cavicchioli

2006; D’Amico et al. 2006b). These properties result in

a loose structure characterized by a low conforma-

tional stability and a marked heat-lability of the

activity in enzyme catalysts. It has been also suggested

that some psychrophilic proteins cannot be less stable

than this loose state reached during natural evolution,

therefore imposing a lower limit to protein adaptation

to the cold (D’Amico et al. 2001). Here again, the

maintenance of the protein function can be regarded as

a consequence of the improved disorder introduced

into the cold-adapted polypeptides by the absence of

specific stabilizing weak interactions. Finally, a third

example concerning nucleic acids also fits this view.

Unprecedented high levels of posttranscriptional

modification of tRNA by dihydrouridine have been

reported in three psychrophilic bacteria (Dalluge et al.

1997). The specific chemical properties of dihydrouri-

dine perturb the stacking that usually stabilizes RNA

molecules, and it has been proposed that dihydrouri-

dine confer local structural flexibility to RNA mole-

cules. In other words, the disorder introduced by this

posttranscriptional modification seems to contribute to

the maintenance of the tRNA function at low tem-

peratures. Furthermore, the prevalence of A:U base-

pairing in rRNA of psychrophilic prokaryotes, that is

less stable than the triple-hydrogen-bonded G:C base

pair, can also be regarded as the involvement of the

disorder in the function of the folded ribosome in cold-

adapted microorganisms (Galtier and Lobry 1997;

Khachane et al. 2005).

The specialist reader may have the impression that

we have substituted here the terms ‘‘flexibility’’ or

‘‘mobility’’, frequently used when referring to cold

adaptation, by a new word ‘‘disorder’’. This is only

partly true. First, this disorder can affect a system

without the involvement of ‘‘flexible’’ macromolecules.

In the case of psychrophilic membranes, the lipids

creating steric hindrances are not more flexible than in

mesophiles but they promote membrane fluidity. Di-

hydrouridine-modified tRNA molecules in psychro-

philes have similar melting temperatures to their

counterparts in E. coli, but the modification promotes

greater dynamic motion of a functional region of the

molecule. Second, reference to the disorder suggests a

clear link between the thermodynamic experimental

data and the biological observations on cold-adapted

organisms. It is hoped that such view will stimulate

other approaches in this field, which will also deter-

mine to what extent the reverse conclusions could be

valid for thermophiles.
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