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Abstract

From immeasurable time, microorganisms evolved and accumulated everywhere despite of variations in pH and temperature.
Remarkable physiological and functional heterogeneity of microorganisms make them major resource for bioprospection of
industrial enzymes. This review describes the cold active alkophilic proteases that can work in extreme conditions of low
temperature and high alkalinity, produced by a wide range of psychrophilic and psychrotrophic microorganisms. Different
biochemical properties and cloning strategies affecting the production of cold active alkophilic proteases are discussed which
enable selection of promising organisms for industrial production, and exploration of cold active alkophilic proteases in diverse

industrial applications is highlighted.
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Introduction

Microbes include an immense range of organisms that are
found almost everywhere on earth. In the midst of these
microorganisms some of them are competent to grow in odd
and inconsiderate environmental conditions such as excess
salinity, hot springs, low temperature levels, high pressures, or
extreme pH (Fujiwara 2002) M, According to Cavicchioli et
al. (Cavicchioli et al. 2002) ™, the majority of microbes that
thrive in low temperature environments are psychrophiles or
psychrotrophs (psychrotolerants). Additionally, these workers
differentiated psychrophiles from psychrotrophs
(psychrotolerants) according to their optimal temperature,
suggesting that psychrophilic organisms have maximum
growth at a temperature of < 15°C, however incapable of
growing above 20°C whereas latter have utmost growth at
temperature > 20°C, but can show growth at temperatures
close to 0°C. Gomes et al. (Gomes and Steiner 2004) defined
those microorganisms that necessitate extreme environments
for growths are extremophiles and the enzymes produced by
them are extremozymes.

Despite the fact that psychrophiles are present in low
temperature environments, their proteins and membranes are
integrated with distinctive features and mechanisms that help
them in maintaining metabolic rates at low temperatures. They
have successfully found way to cope with low temperatures by
synthesizing enzymes that facilitate their survival (Feller and
Gerday 2003) (9. These enzymes having high levels of
activity and thermolability at low temperatures are generally
termed as cold active enzymes or extremozymes. Present
biotech industry is in need of such extremozymes that can
function under extreme conditions and potentially can be
involved in various industrial applications. These
extremozymes can replace the existing enzymes that require
high temperature for performance (Marchi et al. 2007;
Margesin 1999) [0 31 The factors responsible for high
catalytic efficiency of these cold-active enzymes are high

flexibility and higher turnover number (kcat) at the expense of
Km or by optimizing both parameters (Morgan-Kiss et al.
2006) [381 Although different kinds of cold-active enzymes
have been isolated from cold adapted microorganisms, still
proteases are considered as the most vital group of hydrolytic
enzymes having high catalytic efficiencies at lower
temperatures (Rao et al. 1998) -2, Currently, competition is
increasing within the enzyme market with new technologies
and advancements. Proteases are been used increasingly in
various industries and these proteases seize two-third of the
total enzyme market share worldwide (Kumar and Takagi
1999) [?8 and over the past few years, microbial cold-active
proteases have been acknowledged that present massive
potential for biotechnological industries. The psychrophilic
and alkophilic nature of proteases has made them a first
choice candidate in detergent industry particularly with many
of the products been successfully launched at commercial
level by many leading companies (Alam et al. 2005;
Cavicchioli et al. 2002; Demirjian et al. 2001; Eichler 2001;
Feller and Gerday 2003; Gerday et al. 2000; Margesin et al.
2002; Margesin and Schinner 1994; Van Den Burg 2003;
Zeng et al. 2003) [ 4 7. 9. 10. 34, 35, 13, 49, 52, 33 - According to a
newly published report from Business Communications
Company, the global industrial enzyme market has reached
nearly $4.6 billion and $4.9 billion in 2014 and 2015,
respectively. It’s presumed that this market will increase from
nearly $5.0 billion in 2016 to $6.3 billion in 2021 at a
compound annual growth rate (CAGR) of 4.7% for 2016-
2021. The detergent industrial enzyme market alone is
expected to grow from $1 billion in 2016 to nearly $1.4 billion
in 2021 (Dewan S 2017) [€1,

The comprehensive investigations on cold-active proteases
and their adaptation to cold environments along with their
structure and bioenergetics are sparse. Modest information is
available on enzymes from microorganisms isolated from
glacier regions that may be ideal habitat for cold adapted
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organisms. The application potential of such proteases with
unique qualities needs to be exploited fully for the benefit of
mankind. This review highlights the cold active alkophilic
proteases from microbial sources with high potential in the
low temperatures and alkaline environments.

Microbial sources and habitat of cold-active alkophilic
proteases

Through incessant exploration of environments with low
temperatures, psychrophiles of more than 100 species have
been identified and reported so far. Psychrophiles acquire the
ability of degrading a wide range of polymeric substances by
producing their respective enzymes (Cavicchioli et al. 2002;
Deming 2002; Demirjian et al. 2001; Georlette et al. 2004;
Gerday et al. 2000; Margesin et al. 2002; Van Den Burg
2003) 6 7. 12 13 34 49 Cold-active alkophilic protease
producing microorganisms have been isolated and reported
from different geographical regions, such as a marine
bacterium, Alteromonas haloplanktis produced a thiol protease
that has shown activity in low temperature conditions (Suzuki
and Odagami 1997) 1. Moderately halotolerant, SDS stable
alkophilic protease has been produced from Bacillus cereus
MTCC 6840, reported from lake Nainital, Uttaranchal state,
India (Joshi et al. 2007) 4, Kuddus et al. reported a novel
psychro-tolerant bacterium, Curtobacterium luteum from the
soil of Gangotri glacier, Western Himalaya, secreted an
extracellular protease at low temperature (Kuddus and
Ramteke 2008b) 241, Psychrotolerant proteolytic bacteria S.
Maltophilia MTCC 7528 from soil of Gangotri glacier,
Western Himalaya, India, produced cold-active extracellular
alkophilic protease that may be a prospective component to be

used as a detergent additive for cold washing that will be
beneficial to save energy as they work at lower temperatures
(Kuddus and Ramteke 2011) 1. An extracellular protease
producing bacteria, Pseudoalteromonas sp. has been isolated
from King George Island, Antarctica. The cold active protease
produced by the strain can be a probable candidate for
industrial applications (Vazquez et al. 2008) B0 Newly
produced cysteine protease (SpCP) from a psychrotolerant
strain, Serratia proteamaculans 94 showed activity in low
temperatures (Mozhina et al. 2008) [B°. Psychrotrophic
Shewanella species exhibited a high level of protease activity
at low temperatures and a subtilisin like protease gene has
been cloned from this bacterium (Kulakova et al. 1999) 271, A
novel species Sporosarcina macmurdoensis from McMurdo
Dry Valleys, Antarctica, was reported to be psychrophilic and
alkophilic as well (Reddy et al. 2003) 3. Psychrotolerant
bacterium, Stenotrophomonas sp. producing alkophilic
protease has been reported from Thajiwas glacier of Kashmir,
India (Saba et al. 2012) 451, A psychrophilic strain, Colwellia
psychrerythraea 34H produced an extracellular cold-active
aminopeptidase (Huston et al. 2004) [, A deep-sea
psychrophilic bacterium, Pseudomonas sp. DY-A produced an
extracellular cold-active and alkophilic protease (Zeng et al.
2003) B2, Extracellular cold-active protease producing
bacterium, Pedobacter cryoconitis was reported from alpine
cryoconite on glacier ice (Margesin et al. 2005) B2, An
anaerobic, psychrotrophic bacterium, Clostridium sp. from
Schirmacher oasis, Antarctica, produced extracellular cold-
active protease (Alam et al. 2005) ™. Table 1 below shows
microorganisms that strictly follow the definition of cold-
active alkophilic proteases.

Table 1: Microorganism known to produce cold-active alkophilic proteases

. . Mol. Wt. [Optimum|Optimum
S. No. |Sources of cold active alkophilic proteases Protease type (kDa) Temp. pH Reference

1. Alteromonas haloplanktis Thiol protease 74-76 20 8-9 (Suzuki and [(E%agaml 1997)
2. Bacillus cereus Metal-activated enzyme n.s 20 9 (Joshi et al. 2007) 2]

- Serine-type . [
3. Clostridium sp. Metalloenzyme n.s 10-20 8 (Alam et al. 2005)
4, Colwellia psychrerythraea strain 34H Aminopeptidase 71 19 6—8.5 (Huston et al. 2004) [1°1
5. Curtobacterium luteum Metalloprotease 115 20 7 (Kuddus and I[:ggmteke 2008b)
6. Pedobacter cryoconitis Metalloprotease 27 15 7 (Margesin et al. 2005) [*%
7. Pseudoalteromonas sp. P96-47 Metalloprotease n.s 20 8 (Vazquez et al. 2008) [
8. Serratia proteamaculans 94 Cysteine protease 50 4-30 8 (Mozhina et al. 2008) 3
9. Shewanella strain Ac10 Alkaline serine protease 44 5—15 9 (Kulakova et al. 1999) [27]
10. Sporosarcina macmurdoensis n.s n.s 18—20 7 (Reddy et al. 2003) 3!
11. Stenotrophomonas sp. Alkaline protease 55 15 10 (Saba et al. 2012) 4%
12. |Stenotrophomonas maltophilia MTCC 7528 Alkaline protease 75 20 10 (Kuddus and[ges?mteke 2011)

n.s = not specified

Biochemical properties of cold active alkophilic proteases
pH

Mostly alkophilic micro-organisms strongly depend on the
presence of extracellular pH required for cell growth and
enzyme production. The pH of the reaction mixture greatly
defines the activity of any enzyme. Proteases differ in their
classes due to difference in their pH optima. Protease yields

from alkophiles can be increased by maintaining the pH of the
medium above 7.5 during the fermentation period (Aunstrup
1980) [,

Transportation of various components across the cell
membrane and many enzymatic processes are affected
strongly affected by the culture pH (Moon and Parulekar
1991) 37,
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The pH of cold-active alkophilic protease producing
organisms differs greatly, and the highest pH optima has been
reported at pH 10 (Kuddus and Ramteke 2011; Saba et al.
2012) [25.49],

Temperature and Thermostability

Temperature is one of the critical parameters that vary from
one microorganism to another. The mechanism of temperature
control has not been fully understood for the enzyme
production so it needs to be carried in a controlled manner
(Chaloupka 1984) 1, However, cold active proteases used in
industrial applications can be engineered by improving their
specific properties. Enzyme engineering can help to enhance
inherent properties that’s includes increased thermolability/or
catalytic activity at low temperatures. A thermostable enzyme
that retains high catalytic activity can find application as cold
active enzyme in high temperature processes. These types of
thermostable enzymes can be produced using site-directed
mutagenesis (Cavicchioli et al. 2002) 1. Alkophilic proteases
produced from Bacillus sp., Streptomyces sp. and Thermus sp.
have shown further enhanced enzyme thermostability after the
addition of Ca®" (Kumar and Takagi 1999) [2¢],

Effect of metal ions, inhibitors and detergents

Metal ions that are divalent in nature such as boron, cobalt,
calcium, copper, magnesium, manganese, and molybdenum
can be used for optimum production of alkophilic protease in
the fermentation medium. The source of enzyme decides the
requirement for special metal ions. (Kumar and Takagi 1999)
(28], Metal ions such as Fe** and Co** have been reported to
enhance the activity of protease produced from Bacillus
cereus MTCC 6840. However the alkaline protease showed
negative effect in the presence of Ca*™, Cu*™, K*, Mg**, Mn**,
NH4* and was stable in the presence of Na* (Joshi et al. 2007)
(21 Extracellular cold-active protease from Clostridium sp.
was inhibited by EDTA, PMSF, Zn?* and iodoacetamide but
the protease remained defiant to SDS detergent (Alam et al.
2005) M. Colwellia psychrerythraea Strain 34H cold-active
aminopeptidase was strongly inhibited by a metal chelating
agent (EDTA) along with divalent cations, Zn?* and Mn?*.
The protease activity was slightly inhibited in the presence of
Ca?* and enhanced in the presence of Mg?* (10 mM) (Huston
et al. 2004) %1 C. luteum protease activity was strongly
inhibited by metal ions such as Cu?*, Ca?*, K*, Ba?*, Zn?*,
Co?*, Cd?*, Hg?*, and Mg?*, whereas the activity enhanced by
35% in presence of Mn?*. The protease was classified as
metalloprotease due to the fair inhibition caused by EDTA
(Kuddus and Ramteke 2008a) 2%, Pedobacter cryoconitis
protease was sensitive towards EDTA, EGTA, Sodium
perborate and SDS and phenanthroline. The protease was
classified as metalloprotease (Margesin et al. 2005) [,
Vazquez et al. reported that proteases from
Pseudoalteromonas sp. P96-47 were inhibited by
phenanthroline and EDTA but the activity wasn’t affected by
PMSF, indicating that the protease belongs to the group of
metalloproteases. However, the protease activity was fairly
affected by metal ions like Zn%*, Hg?*, Cu?* and Ni?* (Véazquez
et al. 2008) B9, S, proteamaculans protease was classified as
cysteine protease as the enzyme activity was entirely inhibited
by HgCl,, p-chloromercury benzoate and Chymostatin. The

activity of the protease stimulated in the presence of
Dithiothreitol, Cysteine and Glycyl-glycine (Mozhina et al.
2008) [, Stenotrophomonas maltophilia MTCC 7528
protease was partially inhibited by presence of heavy metals
such as Hg?*, Cd?*, Zn?* and Co? while the activity was
enhanced by Cu?* and Cr?* (Kuddus and Ramteke 2011) [?3],

Cloning

Recombinant DNA technology (rDNA) is used for microbial
stain improvement by generating selective mutants that exhibit
higher protease production. It’s a rapidly progressing
technology that has opened up new opportunities for
manipulation and control of genes. Cloning of the gene
encoding an alkophilic protease marks an essential step in the
engineering of most efficient producer microorganisms with
E.coli and B.subtitlis being the two microorganism of choice
(Gupta et al. 2002). This method helps us to understand the
structural and functional relationship of genetic systems (Rao
MB 1998) 41 421 With new rDNA techniques above 50% of
the enzymes used in various industries are now produced from
genetically engineered microorganisms (Hodgson 1994) [X7],
In case of psychrophiles, scientists have made very few
attempts in cloning and expression of cold-active proteases
either in heterologous or homologous hosts (Joshi and
Satyanarayana 2013) 2. A cold adapted halophilic protease
has been cloned from deep sea psychrotolerant bacterium
Pseudolteromonas sp SM9913. Protease gene was cloned into
PET22b (+) and the gene was expressed in E.coli BL21 [DE3]
cells as an active protein. Further a multidomain recombinant
protein was purified from fermentation broth consisting of
catalytic domain and two PPC domains that were further
characterized using purified recombinant protein (Yan et al.
2009) B, Psychrophilic features of a cold-active protease
were improved by cloning and expression technology. The
Kea'km value of mutant subtilisin m-63 improved 100% than
that of wild type at 10°C. The expression vector pUC18 was
used for E.coli and pFY300PLK was used for Bacillus and
E.coli JM109 and Bacillus subtilis UOT0999 as expression
vectors respectively. It was observed that enhanced substrate
affinity was mostly responsible for increase in activity
(Taguchi et al. 1998) 8. Pseudoalteromonas haloplanktis
TAC125 has been developed as a versatile psychrophilic host
for production of recombinant protein by disrupting its gspE
gene (Parrilli et al. 2008) 1. More psychrophilic hosts need
to be generated so that a wide range of cold-active proteins
along with industrially important protease can be
heterologously expressed.

Applications of cold-active alkophilic proteases
Cold-adapted proteases have a propensity to have high
biotechnological value due to their high ke at temperatures
ranging from low to moderate. They possess high
thermolability at elevated temperatures and also have the
ability to function in organic solvents for the purpose of
organic synthesis (Cavicchioli et al. 2002; Gerday et al. 2000;
Margesin and Feller 2010; Marx et al. 2007; Siddiqui and
Cavicchioli 2006) [+ 13, 46. 36, 33]

Cold-adapted proteases can be an economic boost by being
more productive than mesophilic or thermophilic homologues
at low temperature, thereby providing energy savings to the
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processes that the proteases are used in. As a result, cold-
adapted proteases have found application in industries as
diverse as household detergents, baking industrial functions,
textiles, cleaning/hygiene products, molecular biology,
environmental bioremediations (reducing contamination),
consumer food products (dairy manufacturing and
preparation), cosmetics, and pharmaceuticals (as biocatalysts
in organic synthesis of drugs and/or intermediates in their
generation) (Huston 2008; Kuddus and Ramteke 2012) [*8.26],
Use of cold-adapted proteases allows reducing the undesirable
chemical reactions that can occur at higher temperatures, the
proteases can be rapidly inactivated by heating, and they can
be used to transform substrates that require enzyme reactions
to be performed at low temperature because substrates are
heat-sensitive (Jeon et al. 2009) %, Such properties of cold
active proteases find importance in food and feed industry to
avoid spoilage, alteration in nutritional value and flavor of the
original heat-sensitive substrates and products (Cavicchioli et
al. 2002; Gerday et al. 2000; Luisa Tutino et al. 2009; Russell
et al. 1998) [+ 13,29, 44

Therapeutically proteases have been used in four areas: the
management of gastrointestinal disorders with orally
administered agents, as anti-inflammatory agents, as
thrombolytic agents for thromboembolic disorders, and as
locally administered agents for wound debridement
(Gudmundsddttir and Palsdottir 2005) [151,

Cold-adapted proteases can establish well within the waste
management in cold environments, where the degradation
capabilities of endogenous micro-flora are reduced due to low
temperatures. Cold-adapted proteases thus can be used to
optimize present day industrial processes and for developing
future technologies with less energy inputs and process cost
by removing the cost of heat inactivation step (Cavicchioli et
al. 2002; Margesin et al. 2002) [ 341,

Despite their biotechnological potential, and in comparison
with the use of thermostable proteases, few cold-adapted
proteases are in commercial use. Examples of commercial
applications include a protease from Novozyme (trade name
Savinase) sold as an encapsulated detergent (Bull et al. 1998) 31,

Conclusion

Microorganisms from diverse habitats, permanently cold as
well as those exposed to cold are termed as psychrophilic or
psychrotrophic and are known to produce cold-active
enzymes, psychrophilic enzymes, or extremozymes. Such
enzymes carry great importance in the present era and they
find large applications on industrial scale. Psychrophiles with
such enzymes have been exploited within limits and have
expanded only in recent years. Scientists are working to tailor
new enzymes that are active at low temperatures and also can
thrive in alkophilic conditions making them suitable for
biotechnological applications. Keeping the future aspects in
view, cold environments call for expanded exploration so as to
discover and characterize new strains and evaluate their
biotechnological potential. The field of cold-active protease
research is still wide open and expected to achieve extravagant
achievement in the nearest future.
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