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A B S T R A C T   

Enzymes from psychrophilic (cold-loving) organisms have attracted considerable interest over the past decades 
for their potential in various low-temperature industrial processes. However, we still lack large-scale commer-
cialization of their activities. Here, we review their properties, limitations and potential. Our review is structured 
around answers to 5 central questions: 1. How do cold-active enzymes achieve high catalytic rates at low 
temperatures? 2. How is protein flexibility connected to cold-activity? 3. What are the sequence-based and 
structural determinants for cold-activity? 4. How does the thermodynamic stability of psychrophilic enzymes 
reflect their cold-active capabilities? 5. How do we effectively identify novel cold-active enzymes, and can we 
apply them in an industrial context? We conclude that emerging screening technologies combined with big-data 
handling and analysis make it reasonable to expect a bright future for our understanding and exploitation of cold- 
active enzymes.   

Introduction to psychrophilicity 

Our planet harbors a great diversity of habitats in which organisms 
have adapted to live and thrive within an enormous range of tempera-
ture, salinity, pH, humidity and pressure. Of these, temperature adap-
tation is perhaps the most fascinating phenomenon. Hyperthermophiles 
grow optimally at up to 105◦C, e.g. in deep-sea hydrothermal vents [1]; 
in contrast, psychrophiles are adapted to temperatures well below 20◦C. 
Since the average temperature on Earth is around 14◦C, psychrophiles 
are not niche species but make up a significant part of biomass, in 
particular polar regions, mountains and the deep ocean [2]. They also 
occur in air samples, permafrost and freshwater regions [3]. Two 
methanogenic archaea have been isolated from the Antarctic Ace Lake 
[4], while the few known eukaryotic psychrophiles include yeast [5], 
lichen [6], ciliates [7] and an Antarctic midge [8]. However, most 
psychrophiles are bacteria. They are now divided into “narrow” or 
stenopsychrophiles (formerly true psychrophiles, restricted to < 20◦C, 
often optimal at 5-15◦C [9]) and “broad” or eurypsychrophiles (psy-
chrotolerants, optimal growth > 20◦C but able to grow at temperatures 
as low as -15◦C). Both groups can be considered cryophiles, i.e. able to 
grow < 0◦C. 

Psychrophiles are less studied than other extremophiles, partly due 
to the more obvious applications of temperature- or acid-resistant 

enzymes, but also because of their general fragility under normal 
working conditions. However, their unique survival strategies may 
provide insight into extraterrestrial life, e.g. habitability of Mars, not 
least because they sometimes combine cold tolerance with ability to 
withstand high pressure (deep sea sediments) or high salinity (Arctic 
permafrost) [9]. Low temperatures affect many aspects of life to which 
psychrophiles have to adjust. The cell membrane has adapted to the 
reduction in dynamics, permeability and tensile strength by using more 
branched, unsaturated and short-length lipids [10] as well as modified 
pigment molecules [11], while the peptidoglycan can increase in 
thickness and tensor strength to protect against ice formation and os-
motic pressure [12]. Other tricks include cryoprotection through accu-
mulation of soluble osmolytes (glycerol, betaine, trehalose) [13] and 
reduction of ice nucleation through secretion of complex carbohydrates 
as a protective matrix [14] or antifreeze proteins [15]. Cold shock 
proteins can be produced to increase translation efficiency [16] or 
counter cold-denaturation which would otherwise compromise protein 
folding [17]. Perhaps counterintuitively, the production of toxic reactive 
oxygen species increases at low temperatures due to the rise in oxygen 
solubility; this is countered by downregulation of ROS-producing 
pathways such as glycolysis and the tricarboxylic acid cycle [18]. 

Irrespective of all these measures, a fundamental challenge remains: 
how to maintain a metabolically viable level of enzyme activity at these 
low temperatures? This challenge can be split up into five critical 
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questions:  

1. How do cold-active enzymes achieve high catalytic rates at low 
temperatures?  

2. How is protein flexibility connected to cold-activity?  
3. What are the sequence-based and structural determinants for cold- 

activity?  

4. How does the thermodynamic stability of psychrophilic enzymes 
reflect their cold-active capabilities?  

5. How do we effectively identify novel cold-active enzymes, and can 
we apply them in an industrial context? 

We will address each of these in turn in the next sections. 

1. How do cold-active enzymes achieve high catalytic rates at 
low temperatures? By switching from enthalpic to entropic 
activation, involving a more dynamic active site and decrease in 
substrate specificity 

The cold activity of enzymes is critical for psychrophiles to maintain 
sufficiently high chemical reaction rates at low temperatures. Enzymes 
catalyze chemical reactions primarily by lowering the activation barrier 
Ea, that is, by stabilizing the transition state (TS) separating substrate 
and product [19] (Fig. 1a). Empirically, the relationship between tem-
perature T and the catalytic reaction rate (kcat) can be described through 
the Arrhenius equation [20]: 

kcat = Ae−
Ea
RT (1)  

where A is an empirical pre-exponential factor. Lowering T lowers kcat, 
which for mesophilic enzymes typically falls 20- to 250-fold between 
37◦C and 0◦C, effectively preventing metabolic activity at low temper-
atures [21,22]. Psychrophiles have two options to counteract this: either 
upregulate the expression of the insufficiently active enzymes or adapt 
the enzymes towards more efficient catalysis at lower temperatures. 

Abbreviations 

ΔCp heat capacity 
ΔGD-N free energy of unfolding 
ΔG‡ free energy of activation 
ΔH‡ enthalpy and of activation 
ΔS‡ entropy of activation 
Ea activation barrier 
kB Boltzmann’s constant 
kcat catalytic reaction rate 
Km Michaelis constant 
T temperature in Kelvin 
t temperature in oC 
Tc cold unfolding midpoint 
tm melting temperature 
topt optimal temperature 
TS transition state  

Fig. 1. Thermodynamic aspects of enzyme catalysis. (a) Schematic of activation energy (EA) as a barrier between the reactant and the products. Enzymes catalyze 
reactions by lowering EA. (b) Activity versus temperature (upper box) of two structurally homologous psychrophilic (blue) and mesophilic (red) enzymes and a 
comparison with structural unfolding (lower box) (J.S.N. and D.E.O., unpublished data). topt is represented by dotted lines, while tm is shown as a stippled line. (c) 
Eyring plot of the catalytic rates in the range 5-25◦C of structurally homologous psychrophilic (blue) and mesophilic (red) enzymes from panel b. The slope of the 
mesophilic enzyme is 13% steeper than the psychrophilic, while the secondary axis intercept is 7% higher for the psychrophilic enzyme. (d) Transition state diagram 
according to Eyring-Polanyi. A reduction of the stability of ES (and possibly an increase in the stability of ES‡) in a psychrophile can lead to a lower ΔG‡. 
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Continuous upregulation is energetically costly and appears to be rare 
[23,24]. Instead, psychrophiles lower Ea, leading to a characteristic 
decrease in optimal temperature (topt) that is most often accompanied by 
lower thermal stability, i.e. melting temperature (tm), compared to their 
meso- and thermophilic homologues [21] (Fig. 1b). (Note that T is in 
Kelvin and t in ◦C). Notably, psychrophilic enzymes show a character-
istic temperature difference between topt and tm [25–27]. A more so-
phisticated approach is provided by TS theory, in which the enzyme E in 
complex with the substrate S (ES) is in equilibrium with the TS (ES‡), 
separated by a free energy of activation ΔG‡. Breakdown of ES‡ leads to 
the formation of product (P). ΔG‡ can be split up into the enthalpy and 
entropy of activation (ΔH‡ and ΔS‡), i.e. ΔG‡ = ΔH‡ - TΔS‡, so that the 
Arrhenius equation can be rewritten as: 

kcat =
kBT

h
⋅e− ΔG‡

RT =
kBT

h
⋅e− ΔH‡

RT ⋅eΔS‡
R (2)  

Here kB is Boltzmann’s constant. While TΔS‡ tends to be an order of 
magnitude smaller than ΔH‡, it plays an important role in psychrophi-
licity: cold-adapted enzymes have redistributed contributions to ΔG‡ 

from ΔH‡ to ΔS‡ (reducing the magnitude of the positive value of ΔH‡ 

and correspondingly increasing the positive value of -TΔS‡, i.e. a more 
negative value of ΔS‡), which allows maintaining catalytic activity 
despite a decrease in temperature [28]. This is because the ΔS‡/R 
component is temperature independent, in contrast to ΔH‡/RT (Fig. 1c); 
it is the latter which reduces kcat exponentially with temperature. The 
upshot of all this is that psychrophiles’ rates do not decline so much at 
low temperatures as mesophiles’ rates. 

This redistribution has been reported for many psychrophilic en-
zymes and provides a quantifiable explanation of how psychrophiles 
reduce the exponential dampening of activity at low temperatures 
[29–31]. Although the structural origin of this phenomenon is not yet 
fully understood, in broad terms, it is believed to be achieved by a more 
flexible protein structure - in many cases combined with a larger and 
more dynamic and accessible active site [30,32]. Increased flexibility 
leads to a more dynamic or “softer” catalytic site where a smaller 
amount of bonds between enzyme and substrate must be formed and 
broken during the formation of the TS, thereby lowering ΔH‡ and 
effectively reducing ΔG‡ (Fig. 1d) [32]. Nevertheless, a more negative 
ΔS‡ compensates for this to some extent, as a consequence of increased 
structural disorder in the ground state (ES) that may also explain ES’ 
relative loss of specificity (increased Km, see below) and remarkable heat 
lability [33]. In addition, the TS (ES‡) itself has also been postulated to 
be stabilized by a comparatively greater disorder or enhanced water 
displacement; some recent computer simulations show how delocaliza-
tion of charge during bond hydrolysis also could lead to favorable en-
tropy of activation [28]. All of this contributes to the further lowering of 
ΔG‡. 

Notably, psychrophilic enzymes tend to have a higher Michaelis 
constant (Km) than their mesophilic counterparts. This reflects their 
looser structure, which can also lead to either broader specificity [34] or 
faster product release [35,36]. To complicate matters, there are also 
examples of lower Km values for psychrophiles [37,38]. It is challenging 
to prove the relationship between KM values among individual psy-
chrophilic enzymes and their mesophilic counterparts. Indeed, even 
closely related proteins may be optimized to bind substrates with 
different affinities according to their availability in natural environ-
ments [39,40]. To tackle these issues, some researchers have selected 
highly conserved house-keeping enzymes that are not likely to differ in 
substrate specificity or catalytic mechanism, such as triosephosphate 
isomerases or lactate dehydrogenases, and combined molecular dy-
namic (MD) simulations with laboratory experiments [30,41]. As MD is 
a powerful tool for understanding the thermodynamics of enzyme 
catalysis, this approach could be extended by performing MD simula-
tions as a function of temperature combined with systematic mutagen-
esis of individual psychrophilic enzymes’ temperature-dependent 

activity. Such work could truly help to map out the molecular and 
mechanistic basis for psychrophilicity. 

2. How is flexibility connected to activity? The active site is more 
flexible and hydrophilic than in meso/thermophiles; local and 
sometimes global flexibility is also increased by chain loop 
modifications 

2.1. Flexibility around the active site 

The notion of increased disorder during substrate binding and for-
mation of the TS suggests that mainly the active site of psychrophilic 
enzymes should be the object of adaptive changes. In support of this, 
psychrophilic enzymes often lose activity at temperatures well below 
global unfolding (Fig. 1b), suggesting exceptional heat-lability of psy-
chrophilic active sites. However, the large number of structures of cold- 
adapted enzymes reveals strict conservation of the architecture of the 
active sites [42], and the increased dynamics of catalytic residues of 
cold-adapted enzymes have been linked to the global flexibility of the 
protein structure [30,43]. Nevertheless, the heat-labile activity of psy-
chrophilic enzymes suggests dynamics-inducing structural changes that 
promote diffusion in and out of the site and the changes in the ES and ES‡

complexes mentioned earlier [34]. Examples include removal of bulky 
hydrophobic residues resulting in a more spacious catalytic cleft [44], 
changes or deletions in loops near the active site leading to increased 
dynamics [45,46], and alterations in metal binding sites, inducing 
enlargement of the active site opening [47]. Especially 
polysaccharide-binding enzymes, such as α-amylases, have been shown 
to contain highly dynamic active sites that exhibit broad substrate 
specifity [25,26,48]. Another feature of psychrophilic enzyme structures 
is increased electrostatic potential in and around the active site. 
Increased hydrophilicity at the catalytic cleft may be an adaptive feature 
to optimize Km to low temperature as the strength of hydrophobic in-
teractions (driven by the release of water molecules) falls drastically at 
lower temperatures [49]. 

These examples show that local regions with increased flexibility, 
which are responsible for the high catalytic rates at low temperatures, 
are particularly heat-labile compared to the rest of the structure and this 
results in the characteristic loss of activity far below the observable tm. 
Nevertheless, other explanations are also possible. Recent computa-
tional studies of a psychrophilic α-amylase suggested early thermal 
inactivation to be caused either by a formation of a dead-end substrate- 
enzyme complex, whose formation is more favourable at high temper-
atures, or a difference in heat capacity between the ground and TS (ΔCp

‡) 
[50]. Common for both explanations is that the TS is more favored at 
lower temperatures than at higher temperatures, rather than local 
unfolding. 

2.2. How do we measure protein flexibility? 

Intuitively one might expect that a combination of low stability and 
high heat sensitivity implies high flexibility, which is induced either 
locally or globally by structural adaptations to psychrophilic conditions. 
However, flexibility is a complex structural phenomenon that requires a 
direct comparison of closely related proteins within well-defined con-
ditions to draw concrete conclusions. To complicate matters further, 
flexibility can either be static or dynamic depending on which technique 
is chosen to measure this phenomenon. 

Static flexibility accounts for the structural degree of freedom, i.e., 
how many different separate and stable states in which the protein can 
exist. This is most directly measured by hydrogen-deuterium exchange 
(HDX) which determines how quickly amide protons can be exchanged 
with solvent. This is normally measured under conditions (neutral pH or 
EX2 exchange) which report on the equilibrium distribution between 
states rather than their rate of interconversion [51]. HDX is normally 
measured by mass spectrometry (MS) [52] or (for smaller proteins) 
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nuclear magnetic resonance spectroscopy (NMR), though 
Fourier-transformed infrared (FTIR) spectroscopy can also be used [53]. 
Structural techniques such as X-ray crystallography or cryogenic elec-
tron microscopy (cryo-EM) may also provide information about the 
number of different conformations through the atomic B-factors, also 
known as the temperature factors or atomic displacement factors. 
Although the origin of B-factors of the respective techniques is funda-
mentally different, they both express the function of atom placement 
uncertainty, thereby indicating static flexibility within a protein struc-
ture. However, biases caused by differences in experimental setups and 
data processing suggest that B-factors should be interpreted within a 
structure rather than by comparing different proteins [54,55]. For 
example, a cold-adapted malate dehydrogenase displayed two-fold 
higher B-factor values in the binding cavity than its mesophilic coun-
terpart despite having a lower overall B-factor [56]. Nevertheless, many 
psychrophilic enzymes show significantly higher B-factors than their 
mesophilic homologs, especially in specific secondary structures such as 
long turns and β-strands [57]. 

Dynamic flexibility is time-resolved and describes how fast the 
different conformations exchange. This can be studied experimentally 
by Trp fluorescence quenching or proteolytic digestion [58] or in silico 
by molecular dynamics (MD) simulations [30,43]. Small quenchers such 
as acrylamide or iodide penetrate a protein structure over time; the more 
flexible the overall structure is, the faster the quencher will infiltrate the 
interior of a protein and collide with the Trp residue, leading to greater 
overall quenching [59]. Comparative studies of homologous α-amylases 
show that quenching by acrylamide correlates to their melting points, 
indicating that low thermal stability can be linked to an increase in 
overall flexibility [25]. Proteolytic nicking by broad-spectrum proteases 
(e.g. proteinase K or pepsin) identifies local regions of protein flexibility 
[32], which can be combined with MS to identify sites [29]. When 
proteolysis-MS is done in parallel with HDX, it can powerfully differ-
entiate between protons in folded and disordered regions [60,61]. 
Finally, MD simulations follow the movements of individual atoms on ns 
time scales. The strength of the MD approach lies in its versatility; the 
researcher can relatively easily define the temperature, solvent contents, 
protein sequence, and even restrain certain parts of the structure [30, 
62]. MD simulations are a powerful means to understand the concept of 
flexibility, especially when combined with experimental results, as 
shown by Åqvist and colleagues [28]. 

2.3. Evidence for the role of local and global flexibility 

In many psychrophilic enzymes, the increase in flexibility is sepa-
rated from the active site, nevertheless leading to an entropic shift in TS 
formation [32,63]. This raises the question of whether specific regions 
enhance flexibility (local flexibility) or whether overall flexibility reso-
nates throughout the structure (global flexibility). 

Local flexibility is supported by the identification of specific regions 
directly responsible for the increased dynamics though often separate 
from the active site. For example, psychrophilic cellulase from 
P. haloplanktis has unusually long linkers that lead to a larger number of 
steric conformations [64] while a cold-adapted xylanase has two 
particularly long surface-loops thought to allow an increase in move-
ment of the neighbouring secondary structures [65]. Dynamic surface 
loops seem crucial for the increased flexibility of many psychrophilic 
enzymes, which tend toward increased length and comparatively high 
Gly and low Pro content [45,62,66-68]. Inserting Pro residues into an 
extended loop of the cold-adapted subtilisin S41 substantially reduced 
its conformational mobility and increased its thermostability [68]. 
Similarly, shortening a uniquely long surface loop L3 in a psychrophilic 
β-Glucosidase decreased its kcat at low temperatures [69], just as dele-
tion of a whole surface loop in a Streptomyces phospholipase reduced 
kinetics and increased stability [70]. Interestingly, shifting mesophilic 
enzymes towards psychrophilic behaviour is rarely reported. However, 
insertion of a prolonged loop into mesophilic subtilisin from B. lentus (to 

mimic its psychrophilic homologue from Bacillus TA39) led to a hybrid 
enzyme with increased flexibility and more cold-adapted behavior [71]. 

Global flexibility: Flexibility can be more subtly distributed over 
the whole protein structure, as seen in the thoroughly investigated 
psychrophilic α-amylase from P. haloplanktis [25,72]. MD simulations of 
cold-adapted salmon trypsin have shown that its temperature depen-
dence of catalysis is defined mainly by surface flexibility [63]. In this 
elegant study, the movement of the outer atoms was systematically 
restrained, which caused the psychrophilic enzyme to approach the 
catalytic parameters of the mesophilic enzyme. In an interesting twist, 
MD simulations of the aforementioned hybrid subtilisin S41 showed that 
insertion of the prolonged loop induces increased global flexibility [71]. 

To summarize, flexibility is undeniably essential for high catalytic 
rates at low temperatures, whether global or local, and described from 
either a static or dynamic point of view. However, we have not yet seen 
the full picture of flexibility in connection to catalysis, structure and 
stability of psychrophilic enzymes. To disentangle these phenomena, 
simulations of molecular motion (MD) and catalysis (quantum me-
chanics coupled with molecular mechanics, i.e. QM/MM) should be 
combined with experimental catalysis and structural analysis, as 
exemplified by a study of a cold-adapted lipase and its mutants [73]. 

3. What are the sequence-based and structural determinants of 
cold-activity? Psychrophiles increase flexibility and reduce stability 
via more Gly clusters and Met residues, fewer disulfide bridges and 
Pro residues, weaker metal ion binding, more aromatic residues on 
the surface, a destabilized hydrophobic core, helix kinks, weakened 
dipoles and long loops and turns; an altered level of oligomerization 
may also contribute 

It can be difficult to identify psychrophilicity-promoting adaptations 
in enzyme sequences, as they may hide among changes induced by ge-
netic drift or combine with adaptations towards other extreme condi-
tions, such as high salinity or pressure. Traditionally, most insight has 
been obtained by comparing closely related protein homologues from 
different temperature optima. More recently, comprehensive genomic, 
transcriptomic, and proteomic studies of psychrophilic organisms have 
expanded our insight further. Here we summarize different molecular 
adaptations found in the structures of psychrophilic enzymes. 

3.1. Global differences in sequence content  

• Increased Met content: This may be rationalized by Met’s high 
mobility and lack of charge [58]. Met biosynthesis is also upregu-
lated in cryophilic organisms at low temperatures [74].  

• Decrease in disulfide bridges: Disulfide bridges are generally linked to 
thermostability [32], though specifically located disulfide bridges in 
a psychrophilic α-amylase have counterintuitively induced local 
destabilization of the active site [75].  

• Increased Gly clusters: Gly residues have high intrinsic flexibility [33]. 
Gly clusters, which consist of at least two Gly residues in succession, 
contribute to the lowering of EA in an Antarctic alkaline phosphatase 
[76]. 

• Low Pro content [21,77]: Introduction of Pro residues generally in-
creases rigidity in otherwise flexible regions [78]. In addition, 
cis-trans isomerization of Pro’s peptidyl-prolyl bond is often 
rate-limiting for protein folding. This particularly impacts psychro-
philic proteins due to a decrease in the rate of isomerization as the 
temperature falls [42]. 

3.2. The protein surface 

The surface of psychrophilic enzymes often differs from their warm- 
adapted homologues through mutations that increase their flexibility. 
This is critical for low-temperature activity [63]. 
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• Reduced Arg/Lys ratio: This is especially seen on the surface [54,56, 
64,79]. Arg can increase thermostability, as its guanidino group can 
form more electrostatic interactions than Lys’ amino group [33].  

• Increased (negative) surface charge: This is thought to counteract the 
increase in the dielectric constant of water at low temperatures [32] 
and increase flexibility by the repulsion of surface charges [80].  

• More aromatic surface residues [69,71,79,80]: Water forms clathrates 
(crystalline-like structures) around these aromatic residues due to 
the entropically driven hydrophobic effect, whose strength decreases 
at low temperatures [49,81]. Increased water mobility around the 
aromatic residues at low temperatures leads to a more flexible sur-
face [4].  

• Fewer salt bridges: An absence of critical salt bridges can contribute to 
the protein’s thermolability [45,79]. However, examples of the 
contrary are also known [4].  

• Weaker metal ion binding: Binding of metal ions such as Ca2+ and 
Mg2+ will stabilize the native state [33]. Several psychrophilic en-
zymes show lower binding affinity for, and thus lower stabilization 
by, these ions [26,82]. 

3.3. Protein core 

Buried hydrophobic residues in the core of a protein are essential to 
its stability but have to be carefully chosen to fit sterically. The incor-
poration of either smaller or larger residues may lead to destabilization 
or misfolding, respectively [83]. Destabilization can however be 
important to increase general flexibility and the tendency to unfold.  

• Smaller hydrophobic residues in the core: Psychrophilic enzymes tend 
to incorporate smaller and branched aliphatic internal residues (e.g., 
Ala or Ile) instead of large and bulky residues (e.g., Phe or Trp), 
leading to a less dense hydrophobic core [45,55,84].  

• Larger internal cavities: Less dense hydrophobic core packing leads to 
an increase in volume and number of solvent-accessible cavities 
leading to an increase in internal motions of the cold-adapted pro-
teins [57]. 

3.4. Secondary structure 

α-helices and β-sheets in psychrophilic enzymes exhibit increased 
static flexibility, heterogeneously distributed throughout the structure, 
compared to their mesophilic counterparts [57,85]. This can be caused 
by the following: 

• α-helix breaks: Central Pro residues in α-helices can destabilize psy-
chrophilic enzymes by inducing a kink in the helix (the helix breaker 
effect) due to the distinctive cyclic structure of the pyrrolidine group 
[86] and the loss of H-bonding. Note that introducing Pro into flex-
ible regions has the opposite effect [45].  

• Charged helix caps: α-helices tend to have a cumulatively positive 
charge towards the N-terminal part of the helix (N-cap) and nega-
tively charged at the C-terminal part (C-cap), leading to a charge- 
dipole that stabilizes the secondary structure [87]. This is weak-
ened in psychrophilic enzymes, decreasing their stability [88].  

• Long and flexible loops and turns: Lowered Pro and increased Gly 
content in loops, both increasing degrees of freedom, are common to 
many cold-adapted enzymes [26,56,82,84]. Loops and turns are 
often extraordinarily long, resulting in large, flexible surface regions 
[64,89] which contribute to psychrophilic flexibility. This increased 
flexibility increases the contribution of ΔS‡ to ΔG‡ [30,90]. 

3.5. Oligomeric assembly 

Changes in subunit interfaces and oligomeric assembly have been 
proposed as an adaptive mechanism towards cold activity; however, it is 
not universally accepted. A recent MD study of a psychrophilic short- 

chain dehydrogenase showed that thermodynamic activation parame-
ters were insensitive to the oligomeric state of the protein, despite 
increased mobility of the solvent-exposed interface residues [91]. 
Nevertheless, in many other cases, the level of oligomerization may be 
important:  

• Weaker subunit interfaces: Interfaces of oligomeric assemblies in 
psychrophilic enzymes are significantly different from their meso- 
and thermophilic homologs, e.g. fewer H-bonds and fewer hydro-
phobic interactions, but an increase in ion-pairs [92]. This also leads 
to increased thermolability of cold-adapted enzymes [45].  

• Changes in oligomeric assembly: Increased oligomerization (more 
subunits per oligomer) in thermophilic proteins is linked to ther-
mostabilization [93,94]. Analogously, reduced oligomerization is 
often seen in psychrophilic enzymes [95,96]. Interestingly, increased 
oligomerization could also be a cold-adaptive strategy when multi-
merization increases flexibility at surface-exposed patches around 
the active site [97] or an increase in the number of internal cavities 
[98]. 

Our own investigation of a psychrophilic β-galactosidase shows a 
clear link between multimeric assembly and stability (J.S.N. and D.E.O., 
unpublished); however, there is as yet no obvious connection to low 
temperature optimum. An obvious next step is to disassemble the olig-
omer by mutations in the inter-chain interface and investigate the 
impact of this disassembly on the temperature profile. 

4. How does the thermodynamic stability of psychrophilic 
enzymes reflect their cold-active profile? They have a narrow 
window of thermal stability and need to adapt to avoid cold 
denaturation 

Although both kcat and KM tend to increase in psychrophilic enzymes, 
their kcat/KM values (the catalytic efficiency constant) remain similar to 
mesophilic homologs near their respective topt, prompting the now 
widely accepted activity-stability trade-off axiom. That is, the shift in the 
thermodynamic parameters of activation (eq. 2) leads to enzymes with 
higher turnover rates through an increase in entropy of activation but 
with a cost in stability. Although the inverse activity-stability relation-
ship is somewhat reductionistic and cannot explain the molecular 
mechanisms of adaptation, it can help us understand the fundamental 
principles that drive the evolution of psychrophilic enzymes. 

Protein folding is mainly driven by hydrophobic interactions forming 
the hydrophobic core, together with contributions from van der Waals 
forces, H-bonds, and to some degree, salt bridges, aromatic interactions, 
disulfide bridges, and an array of higher-order structural factors [99]. 
Unfolding curves of a psychrophilic α-amylase from P. haloplanktis and 
its meso- and thermophilic structural homologs (Fig. 2a) reveal that this 
cold-active enzyme has a comparatively lower midpoint of denaturation 
([den]50%) and higher slope of denaturation (mD-N), suggesting lower 
stability and increased cooperativity of unfolding, respectively [25]. 
Similar relative destabilization in chemical denaturants is seen for other 
psychrophilic enzymes, including a superoxide dismutase from 
P. haloplanktis unfolding with a [den]50% of 0.9 M GdmCl compared to 
the 2.6 M GdmCl in the porcine homologue [100]; also, two variants of 
γS-Crystallin protein from the Antarctic Nototheniid Toothfish unfold at 
3.8 and 5.6 M urea while the human homolog unfolds at 6.3 M urea 
[101]. 

There is a clear trend that cold adaptation involves lower tm-values 
(Fig. 2b). Furthermore, psychrophilic enzymes show a significant tem-
perature gap between topt and tm [42]. Like chemical denaturation, the 
thermal unfolding of psychrophilic proteins is more cooperative than 
their warm-adapted homologs [77]. Hydrophobic interactions, which 
typically lead to misfolding and aggregation upon renaturation [42], 
increase with temperature, so psychrophilic unfolding could be expected 
to be more reversible. However, several psychrophilic enzymes show 
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irreversible unfolding, e.g. ornithine carbamoyltransferase from Mor-
itellaabyssi [102] and the alkaline phosphatase from Vibrio splendidus 
[103]. Obviously, irreversible unfolding compromises thermodynamic 
analysis which assumes reversibility. Strictly speaking, irreversibility 
only allows for the Eyring formalism, where the energy of activation 
(ΔG‡) for the transition can be studied through the kinetics of folding. 
Nevertheless, thermodynamic equations are often applied for conve-
nience. Lack of reversibility should always be investigated and clearly 
stated in such studies. However, the assumption of reversibility allows 
us to calculate the temperature dependence of the free energy of 
unfolding ΔGD-N, which results in a hyperbolic curve (Fig. 2c). Positive 
ΔGD-N values, implying native state stability, reveal the stability window 
of protein driven by enthalpic contributions. Intercepts with the x-axis 
provide the hot and cold unfolding midpoints Tm and Tc. Tc can be 
predicted by extrapolation of the bell-shaped curvature; it can be diffi-
cult to measure directly due to the freezing at subzero temperatures and 
may require the use of alcohols or salts (with concomitant consequences 
for stability) to avoid ice formation in the sample [104]. 

Despite psychrophiles’ lower thermodynamic stability, most en-
zymes have the same maximal ΔGD-N, typically near room temperature 
[25]. This has been attributed to the fact that the hydrophobic effect, 
which is a major driver of protein folding, peaks around 20◦C [105,106]. 
Clearly psychrophilic enzymes have a smaller stability window than 
their meso- and thermophilic homologs, implying that cold adaptation 
involves both heat- and cold-lability. In evolutionary terms, this means 
that while hot environments push thermophiles to adapt against protein 
unfolding at high temperatures, psychrophiles inhabiting subzero en-
vironments may primarily experience selective pressure away from cold 
denaturation - at least in theory. However, due to the symmetrical the 
bell-shaped curvature of ΔGD-N’s temperature dependence, lowering of 
TC would involve increasing ΔGD-N, or decreasing ΔCp, to broaden the 
stability window. This would inherently lead to a higher Tm as well, 

given that the stability maximum remains the same. Cold denaturation 
of psychrophilic enzymes is rarely studied; however, investigating it 
more closely may unveil the mechanisms underlying the functioning of 
these enzymes at low temperatures. 

The kinetics of folding and unfolding of psychrophilic proteins, 
which provide insight into global conformational dynamics, have 
received less attention than their stability. However, we have some in-
dications. Protein folding rates for a psychrophilic transcription factor 
(TF) from. P. haloplanktis and a tryptophan synthase α subunit are 
somewhat lower than their mesophilic counterparts [107,108] but 
cannot account for the huge difference in stability. Moreover, there were 
no unusual kinetic adapations; the TF’s temperature dependence of 
folding was similar to its meso- and thermophilic homologues. Slow 
folding kinetics at low temperatures may result in protein misfolding 
and aggregation, and psychrophiles are likely to possess some other type 
of adaptations to overcome this. Also, folding can be limited by the 
peptidyl-prolyl cis/trans isomerization around Pro residues, which is 
slow and temperature-dependent [109]. Psychrophilic enzymes typi-
cally have a lower Pro content, which may benefit folding rates. 
Furthermore, several psychrophilic organisms overexpress prolyl isom-
erases (PPI), which accelerate isomerization [110]. Notably, PPI 
expression is also upregulated at low temperatures in the case of the 
aforementioned TF from P. haloplanktis [111]. Similarly, a tran-
scriptomic study showed that two molecular chaperones responsible for 
correct assembly of disulfide bridges are the most upregulated genes in 
the cold response of Polaromonas [112], emphasizing the importance of 
chaperones in translation processes at low temperatures. Differences in 
unfolding between psychrophilic proteins and their meso- and thermo-
philic counterparts are even more dramatic. While thermophilic proteins 
unfold unusually slowly, psychrophiles such as the tryptophan synthase 
α subunit unfold very rapidly [107,108,111]. Thus the narrow thermo-
dynamic stability window of psychrophilic enzymes is constrained more 

Fig. 2. Stability profiles of different temperature classes of enzymes. (a) Chemical unfolding of a psychro-, meso- and thermophilic amylase using the denaturant 
guanidinium chloride (GdmCl). Data adapted from ref. 24 and fit to a two-state unfolding model (psychro- and mesophile) and a three-state model (thermophile). (b) 
- Thermal unfolding of a psychro- (blue circles), meso- (orange triangles), and thermophilic (red squares) α-amylase measured by a shift in Trp fluorescence. The 
relative activity of the enzymes is shown as semitransparent fill, colour-coded in the same way as unfolding data. Data adapted from ref. 24 and fit to a two-state 
thermal unfolding model. (c) Conformational stability curves of a psychro- (blue), meso- (orange), and thermophilic (red) α-amylase measured by DSC. All 3 panels 
based on data from ref. 25 using digitization, normalization and replotting in GraphPad Prism 9. 
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by fast unfolding than by slow refolding. 

5. How do we effectively identify novel cold-active enzymes and 
apply them in an industrial context? Solutions involve smart 
combinations of bioprospecting, shotgun expression, genome mining 
and ultra-high throughput screening/engineering approaches 

Although some psychrophilic enzymes exhibit higher kcat values at 
their topt than their warm-adapted homologues [82,113], generally 
meso- and thermophilic enzymes achieve the highest maximal turnover 
rates due to their high unfolding temperatures [69,79]. Indeed, the lack 
of selective pressure for thermal stability in cold environments might be 
responsible for the low tm of psychrophilic enzymes; this remains to be 
investigated in more detail. The possibility that many known psychro-
philic enzymes may have experienced genetic drift towards low stability 
in turn opens up the possibility of improvement, that is to engineer 
enzymes to combine low-temperature activity with high-temperature 
stability [99]. Search towards such optimized “super-cold-active en-
zymes” has already been achieved by methods such as directed evolu-
tion [114,115], rational [116,117] or random mutagenesis [118], and 
chemical modifications [119]. Optimized variants of closely related 
enzymes that are both more thermostable and active cold-active are also 
found in nature, such as a highly active xylanase from Scopulariopsis sp., 
which seems to combine local flexibility at the active site with global 
rigidity [120]. Eurypsychrophilic organisms are promising candidates 
for discovering such highly optimized enzymes, as their environments 
require them to maintain metabolic activity at low temperatures, but 
also survive relatively high temperatures. Despite the seemingly 
inherent reduction in cold activity as a consequence of enhanced sta-
bility, the examples of the thermostable cold-active enzymes mentioned 
above suggest that the search for novel psychrophilic enzymes in 
permafrost environments may reveal unique adaptation strategies that 
challenge this apparent activity/stability trade-off. 

5.1. Search for novel enzymes 

Enzymes with high catalytic rates at low temperatures are an 
attractive and sustainable alternative to meso- and thermophilic en-
zymes in biotechnology-based industries which operate at ambient 
temperatures or lower, e.g. within food (processing and conservation), 
medicinal (pharmaceuticals and diagnostics), chemistry (organic syn-
thesis and biopolymers), textile (fabric processing and washing), paper 
(wood fiber processing), and environmental (wastewater treatment and 
bioremediation) industries. However, only a small number of psychro-
philic enzymes have been commercialized due to their inherently low 
stability [29]. Many cold-adapted enzymes described in the literature 
originate from the narrowly-adapted stenopsychrophiles. Enzymes in 
these organisms are exceptionally active at low temperatures but are 
highly heat-labile. As a result, these enzymes often lose their activity at 
characteristically low temperatures [9,25]. This property makes them 
generally less attractive in biotech industries, as stable shelf life at room 
temperatures is crucial for commercial use [121]. In the absence of a 
robust psychrophilic enzyme, it is simpler and cheaper to use larger 
doses of less active but more stable mesophilic enzymes. However, 
eurypsychrophilic organisms have the potential to address the issue of 
instability by being capable of functioning in both moderate and 
extremely cold temperatures [122,123], provided that the molecular 
adaptations of the enzymes reflect the broad adaptation of the host. 
Future detailed comparative studies of enzymes from eurypsychrophilic 
organisms may uncover molecular adaptations to both cold and warm 
temperatures. In general, psychrophilic enzymes pose a novel point of 
origin for optimization, which may prove to result in better final prod-
ucts than their mesophilic counterparts. Furthermore, the otherwise 
undesirable heat lability of psychrophilic enzymes may pose a key so-
lution to fast and efficient processing at low temperatures followed by a 
fast and unintrusive deactivation of the reaction by subsequent 

high-temperature processing steps, thereby turning a weakness into a 
strength. 

5.2. Isolation of enzymes from microbiomes and metagenomes 

Given the vast size of the low-temperature habitats on our planet, 
there are many opportunities for bioprospecting (summarized in Fig. 3). 
Isolation of microbiomes from e.g. permafrost allows for direct identi-
fication of novel psychrophilic enzymes by utilizing indicator media that 
contain color- or fluorometric substrate analogs, e.g., 5-bromo-4-chloro- 
3-indolyl-β-d-galactopyranoside (X-gal) for detection of β-galactosidase 
activity, or fluorogenic triglyceride analogs for identification of lipases 
[124]. Furthermore, use of selective conditions, such as temperature, 
salinity, or even substrate availability can narrow down the range of 
microorganism growth to the desired characteristics. A drawback of the 
isolation of enzymes from microbiomes is that <1% of microorganisms 
can be grown in the lab. This excludes many potentially interesting hosts 
and their enzymes. A potential solution is provided by functional met-
agenomics, which screens total DNA from environmental samples by 
cloning (random) fragments of the DNA into an easily culturable host. 
Following bulk DNA extraction, it is fragmented (typically sheared by 
sonication or partially digested by restriction endonucleases), cloned 
into vectors (e.g., plasmids or cosmids), and transfected into a host 
optimized for construction of gene banks [125,126]. From this stage, it 
becomes possible to identify the enzymes of interest by cultivating the 
gene bank host on indicator media, similar to the process of identifying 
microbiomes through isolation techniques. It may also be possible to 
screen for activity at low temperatures by growing the host bacteria 
under mesophilic conditions and carrying out the assays at lower tem-
peratures. Although functional metagenomics expands the potential for 
discovering novel enzymes compared to conventional microbial 
screening, its success relies on the likelihood of capturing the whole 
reading frame of a protein in an insert and the ability of the host or-
ganism to decipher the genetic material encoded by the gene banks. It is 
estimated that ~ 40 % of coding sequences can be expressed in E. coli 
this way [127]. 

5.3. Genome mining 

The emergence of next-generation sequencing (NGS) during the last 
two decades has led to the discovery and characterization of a vast 
number of microorganisms, including many eurypsychrophiles [128, 
129]. These organisms may possess enzymes with novel molecular ad-
aptations that allow them to maintain high enzymatic activity at low 
temperatures while resisting denaturation by heat at ambient tempera-
tures. Genomic databases arising from these findings constitute a pos-
sibility of bioinformatic exploration leading to the discovery of novel 
enzymes using an array of annotation and prediction tools - an approach 
termed genome mining [130]. Thanks to large databases of previously 
characterized and structurally resolved enzymes, it is possible to 
pinpoint enzymes in large genomes or metagenomes with high accuracy 
and predict a significant amount of information on structure and activity 
before taking the sequences to the lab. However, the commonly used 
databases, which allow easy searching, make up <1% of all publicly 
available sequenced DNA and computational expertise is required for 
more thorough analysis [131]. Once this is in place, utilization of 
genome annotation tools, such as Rapid Annotations using Subsystems 
Technology (RAST), allows for relatively quick prediction of gene 
encoding sequences and their putative function [132]. This approach 
significantly simplifies identification of novel enzymes, as it already at 
this point allows for the synthesis and cloning of the gene of interest, 
followed by transfection into a host organism optimized for psychro-
philic protein expression, such as the commercially available ArcticEx-
press E. coli strain. Furthermore, sequences of interest can be utilized in 
structure prediction through homology prediction methods like 
SWISS-MODEL [133], as well as advanced AI tools such as AlphaFold 
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[134]. Both prediction approaches allow for preliminary structural 
analysis of the putative enzymes and may even elucidate substrate 
specificity by comparison to related enzymes described in specific 
classification databases, e.g. CAZy in the case for carbohydrate-active 
enzymes [135] or the recently established plastic-active enzymes data-
base, PAZy [136]. Although this approach enables rapid and exclusively 
in silico discovery of enzymes, it relies heavily on accurate genome 
annotation tools that are built upon databases of previously character-
ized proteins. As a result, its applicability may be limited when it comes 
to identifying enzymes with exotic or novel activities. However, the 
search for specific activity of methyl halide transferases, which was not 
evident in the genome annotations of various organisms, yielded posi-
tive results through the expression of candidates annotated as methyl 
transferases [137]. This demonstrates that it is possible to successfully 
identify specific enzymes by expressing candidates that are predicted to 
be only weakly related in activity. Present and future activity screenings 
of libraries of enzyme sequences discovered through a broad genome 
mining search will hopefully combine the efficiency and expediency of 
bioinformatic exploration with the extensive scope of functional 
metagenomics. 

5.4. Enzyme engineering 

Once a suitable candidate has been found, it is invariably necessary 
to improve it further. In addition to rational protein engineering, recent 
advances in ultra-high throughput screening of protein variants may 
combine with directed evolution to provide a much-needed tool. A 
thorough description of this progress is outside our scope, but we refer to 
excellent recent reviews [138,139] and an inspiring example (to 
generate thermophilic variants of a plastic-degrading enzyme) based on 
ultra performance liquid chromatography [140]. In closing, we would 
like to highlight the emerging microdroplet technology. Here 
picoliter-size droplets are generated so rapidly that it is possible to 
screen thousands of individual randomly generated variants per second 

and select positive variants based on colorimetric or fluorimetric read-
outs [141]. Provided the enzymes in the individual droplets can be 
identified through their encoding DNA in the same droplet, it is possible 
to select promising candidates and sequence them to identify promising 
mutations. The approach is limited by the need for a fluorescent read-out 
which often requires adjustments to the enzyme assay and may bias the 
selection of variants. However, they can provide the first step in a more 
elaborate screening pipeline. Microfluidics are sufficiently versatile that 
each droplet can sequentially be used to produce the protein under a 
certain set of conditions, add substrate and incubate at another (psy-
chrophilic) set of conditions and then select for the right hits. These 
approaches have only recently been applied systematically [142] but 
may have a bright future ahead of them. 

6. Conclusion 

It is important to point out that none of the approaches described 
above are sure to deliver enzymes with the desired psychrophilic fea-
tures. The host may have adapted towards low temperatures in other 
ways than changing the protein in question. Despite the recent advances 
in precision and convenience of genome annotation and structure pre-
diction, the sheer multitude of sequence-based and structural de-
terminants of cold-activity makes it difficult to predict temperature 
dependency on the structure-function relationship of novel enzymes. 
Ultimately, in-house purification and characterization will be necessary 
to identify enzymes with psychrophilic characteristics, but given the 
emerging techniques and opportunities for massive data generation and 
analysis, there is every reason to expect a bright future for our under-
standing and exploitation of cold-active enzymes. 
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