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PROTEOLYTIC ENZYMES OF MYCELIAL FUNGI

The literature and the original experimental data on the synthesis of 
proteolytic enzymes by mycelial fungi, properties and application of proteases 
were analyzed. The wide distribution of the ability to produce proteases 
was demonstrated among fungi of various genera. Fungal proteases are 
distinguished by substrate specificity and broad range of optimal values for 
substrate hydrolysis, pH- and thermal stability. The multiple application 
aspects of fungal proteases and their catalytic characteristics determine the 
commercial prospects of fungi as the industrial enzyme producers.
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Proteolytic enzymes affiliated to hydrolases catalyze reaction of protein 
hydrolysis to peptides or free amino acids. Proteases are involved in the 
normal physiological processes of protein and cellular peptide biogenesis 
in the living species and in abnormal pathological processes. They can be 
applied in diverse industries, medicine, agriculture and are indispensable 
as research tools. Proteases originating from plants (papain, bromeline) 
and animals (trypsin, chemotrypsin, pepsin, rennin) are well-known and 
thoroughly examined [47]. Microorganisms are the most attractive sources 
of proteolytic enzymes, hardly limited by scale of production.

Proteolytic enzymes are synthesized by various microbial cultures – 
bacteria, yeasts, streptomycetes, fungi [7, 12, 20, 37, 40, 47]. Bacteria 
of genera Bacillus, Lactobacillus, Fervidobacterium, Pseudomonas, 
Microbacterium, Yersinia are recognized as producers of serine, cysteine 
and metal proteases, aminopeptidases [20, 47]. Bacteria of genus Bacillus 
are applied for industrial production of neutral and alkaline proteases. 
Representatives of genera Candida and Trichophyton synthesize aspartyl 
proteases, aminopeptidases, carboxypeptidases, dipeptidylpeptidases, 
Streptomyces – serine proteases [7, 37].

Mycelial fungi are the most promising cultures for large-scale 
manufacturing of proteolytic enzymes. They synthesize extracellular 
proteases belonging to various families and subfamilies, showing activity 
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and stability in wide pH spectrum, displaying enhanced substrate specificity 
and polyfunctionality.

The aim of this review is to sum up and analyze the literature and the 
original experimental findings on biosynthesis, properties and application 
of proteolytic enzymes from mycelial fungi.

Synthesis of proteolytic enzymes by mycelial fungi 
The results of studies on the ability of fungi to synthesize proteolytic 

enzymes testify to wide distribution of this property among cultures of 
various genera belonging to different ecological groups. 2-stage screening 
of protease producers conducted at the Lab of enzymes, Institute of 
Microbiology, National Academy of Sciences of Belarus demonstrated that 
among 97 fungal strains representing genera Aspergillus (39 strains), 
Penicillium (56 strains) and Paecilomices (2 strains) 30% of tested cultures 
were able to liquefy gelatin, 40% – to yield clarified zones on agar media 
with defatted milk and 25% – on media with haemoglobin [53]. Seventeen 
fungal strains hydrolyzing at least 2 substrates were selected, and 11 
of those synthesized extracellular proteases in submerged culture. The 
Indian researchers screened 221 isolate of deep-water fungi and sorted out 
105 cultures (48%) distinguished by presence of protease activity [12]. 
Proteases were found out in fruit bodies of 18 species of basidial fungi, 
except Polyporus (Coriolus versicolor (Fr). Karst) and Hydnum (Hericium 
epinaceus (Fr.) Quel) [21]. Fungi of the families Boletaceae and Agaricaceae 
may be pointed out due to increased enzyme activity. The production of 
examined enzymes was revealed in nematode-, entomo-, phytopathogenic 
fungi and fungi pathogenic for humans and animals.

Mycelial fungi synthesize alkaline, acid and neutral proteases. 
Extracellular alkaline proteases are produced by Aspergillus clavatus 
[23, 52], А. fumigatus [60], Penicillium chrysogenum [10], Paecilomyces 
lilacinus F-2 [54], Conidiobolus coronatus [44], Arthrobotrys olgospora [57], 
Fusarium culmorum [43], Trichoderma harzianum [16], Cephalosporium 
sp. KM388 [55], etc.

Synthesis of acid proteases is typical for Aspergillus niger [27], 
Sporotrichum pulverulentum [17], Penicillium griseoroseum [24], 
Trichoderma reesei [22], Trichoderma harzianum [13], Thermomyces 
lanuginosus [32], etc.

Neutral proteases were detected in Aspergillus carneus [5], A. sojae 
[50], Tricholoma columbetta [29], Fusarium culmorum [60], etc.

Fungal proteases are the enzymes referred to diverse families and 
subfamilies. Pepsin-like aspartyl proteases were described in T. reesei [22], 
T. harzianum [13] and basidial fungi [21]. Trypsin-like protease was also 
produced by Cordiceps militaris [25]. Serine proteases were revealed in 
T. lanuginosus P134 [32] and Conodiobolus SP [51], while the enzyme of 
Tricholoma columbetta was classified as metal protease [29].
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Fungi pathogenic for humans represented by 400 out of 10 000 described 
fungal species produce both endo- and exoproteases [37]. Aminopeptidases, 
carboxypeptidases and dipeptidylpeptidases were found in pathogenic fungi 
of genus Aspergillus – A. fumigatus, A. flavus/oryzae, A. niger [37]. 
A. fumigatus was also characterized by synthesis of aspartyl, serine and 
metal protease [28, 38, 48]. Proteolytic enzymes of dermatophytes were 
mainly described as keratinases and Microsporum canis was also shown 
to generate serine- [35] and metal proteases [9]. Proteases of pathogenic 
fungi are one of virulence factors and they play a key role in progress of 
certain pathologies.

Mycelial fungi are heterogenous eucaryotic heterotrophs and their 
structural-functional peculiarities determine lability of growth and 
metabolism depending on the components of nutrient media, the type 
and conditions of culture fermentation. The analysis of impact caused 
by carbon and nitrogen sources appears especially crucial for studies on 
protease biosynthesis by fungal strains. In nutrient media used for culturing 
producers of proteolytic enzymes the following substrates are used as C 
and N sources: sugars, biopolymers, mineral salts and organic compounds.

Maximal synthesis of Thermomyces lanuginosus P134 protease was 
reached in submerged culture on medium containing 4% casein, 4% 
glucose, 4% yeast extract [32]. Conodiobolus SP also produced extracellular 
protease during submerged fermentation on nutrient medium comprising 
glycerol, casein, peptone, soluble starch [51]. The application of Chapek 
medium with 1.0% casein ensured the synthesis of proteases in submerged 
culture by thermophilic fungi Paecelomyces variotii and Aspergillus carneus, 
isolated from the thermal springs of Bargusin valley [5]. 

The effect of nutrients, duration and temperature of fermentation 
(20–55 °C, 1–10 days), pH 4.0–8.0 on protease formation by A. fumigatus 
è Penicillium sp. was studied [42]. Medium composed of (g/l): KH2PO4 – 
2.0; glucose – 1.0; peptone – 5.0; gelatin – 15.0 was used as basal. The 
maximal production of protease was achieved for A. fumigatus grown on 
glucose-peptone-gelatin medium for 4 days at pH 5.0, temperature 30 °C 
and for Penicillium sp. cultured on the same medium for 5 days at pH 
6.0 and temperature 25 °C. Sucrose, ribose, raffinose stimulated protease 
generation in fungi.

The optimal composition of nutrient medium was established for 
synthesis of protease by Botrytis cinerea (g/l): KH2PO4 – 1.0; Mg (SO4) 
– 0.3; molasses – 5.0; peptone – 5.0 ; yeast extract – 5.0; Spirulina algae 
– 2.0; KCl – 1.0; trace elements; ðÍ 6.5 [1]. Fermentation was carried out 
for 9 days at 28 °Ñ and agitation rate 150 rpm.

The comparative analysis of protease production by Aspergillus clavatus 
as a function of supplied sources of carbon (sucrose, glucose) and nitrogen 
(NH4NO3, NaNO3, casein, gelatin) indicated that the peak level of enzyme 
synthesis was observed in 6-day submerged culture at 25 °Ñ on media with 
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glucose and casein [52]. Starch (5 g/l) and yeast extract (2 g/l) proved 
the optimal carbon and nitrogen sources for strain A. clavatus ES1 [23].

The enzyme production is significantly influenced by the fermentation 
method. The solid-state technique of culturing fungal strains is frequently 
used to obtain proteolytic enzymes. Barley, rice, maize, soya, various food-
processing wastes (fruit-berry pomace, bran, beet and potato pulp) mixed 
with the mineral salts and additives serve as appropriate substrates. Solid-
state fermentation of microbial enzyme producers on media with above-
mentioned substrates allows both to synthesize enzymes and to utilize 
vegetable wastes. 

Screening of 30 Penicillium griseoroseum strains for protease production 
resulted in selection of the most active variant P. griseoroseum HHV-21 
[24]. To optimize protease biosynthesis conditions effect of the following 
substrates on enzyme production there were tested: sunflower calathides, 
soya beans, rice hull, wheat bran. Soya cake proved the best carbon source.

During the solid-state culture of Rhizopus oryzae maximum enzyme 
yield (341 U/g wheat bran) was achieved at fermentation temperature 
32 °C, pH 5.5, relative humidity – 90–95%, inoculation density – 2.105 
spores/g wheat bran and 140% contents of solid substrate [56]. The medium 
containing wheat bran or wheat bran plus casein (humidity – 60%) was 
optimal for protease generation by thermophilic fungus Thermoascus 
auranticus [34].

The provided examples illustrate that mycelial fungi produce proteolytic 
enzymes in presence of protein substrates which may be evidence of the 
inducible type of enzyme synthesis. 

In addition to nutrient sources and fermentation type the significant 
effect on fungal protease production is displayed by such factors as pH of 
the media and growth temperature.

The optimal conditions for protease biosynthesis are created in 
fungal culture on the media with initial pH lying in a broad range and at 
temperatures 28–30 °C [1, 19]. For instance, optimal growth temperature 
for production of alkaline protease in solid-state culture by fungus Rhizopus 
oryzae is 32 °C and pH 5.5 [56], whereas for Penicillium griseoroseum HUV-
21 the optimal parameter is 30 °C [24]. The same temperature value and pH 
6.0 are essential for formation of alkaline protease in Aspergillus clavatus 
ES 1 [23]. The other representatives of genus Aspergillus – A. fumigatus 
TKU003 and A. fumigatus Fresenius show the highest protease productivity 
when they are grown at temperatures 37 °C and 42 °C, respectively [49, 60].

Physical-chemical properties of proteases of mycelial fungi
Proteolytic enzymes synthesized by mycelial fungi differ in physical-

chemical and catalytic properties defining application aspects of protease 
preparations.
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The table presents physical-chemical characteristics of proteases from 
mycelial fungi of different genera. Acid proteases are the most active at pH 
4.0–4.5, neutral proteases and metal proteases – at pH 7.0, while the best 
conditions for alkaline protease catalysis are created in pH range 7.0–11.0.

Proteases with similar and distinct properties have also been described 
in literature. For instance, A. candidus enzyme is able to hydrolyze casein 
at pH 11.0–11.5 and temperature 30 °C, whereas at 47 °C pH optimum is 
shifted to 7.0 [47]. Protease of Trichoderma spp. 5011 displays maximum 
activity at pH 6.5 and temperature 40 °C, stability in the range of pH values 
3.0–10.0 and temperatures 30–80 °C [36]. The unique protease of Fusarium 
culmorum retaining activity in a broad temperature range 10–100 °C and 
pH zone from 4.5 to 8.5 was reported [60]. Maximal catalytic action was 
expressed by the enzyme at 50 °C and pH span 6.0–8.0.

The optimal conditions for serine protease of Penicillium citrinum are 
established at 45 °C and pH 6.5 [19]. The enzyme retains stability in pH 
range 6.0–9.0 and temperature span – 35–45 °C. It was found that ions 
of Co2+, Mg2+, Zn2+ inhibit activity of the enzyme, while ions of Ca2+ and 
Na+ – stimulate its activity. Protease displays stability in the presence of 
oxidants, like H2O2 and it is compatible with commercial detergents.

Maximum catalytic activity of Trichoderma lanuginosus P134 crude 
protease is expressed at temperature 70 °C and pH 5.0 and 9.0. The enzyme 
maintains stability in pH range 4.0–11.0 [32]. Protease retains 100% activity 
at 50 °C, and its half-life at 60 °C and 70 °C is 160 and 60 min, respectively.

Two acid proteases of fungus Sporotrichum pulverulentum causing wood 
white rot were purified and characterized [17]. It was demonstrated that 
molecular weight and isoelectric point of protease I (152-fold purification) 
constituted 28 kDa and 4.7, while similar parameters of protease II (127-
fold purification) equaled 26 kDa and 4.2. The peak activity of the enzymes 
was recorded at pH 5.0 and 5.2, respectively. Both enzymes were inhibited 
by ions of Ag+, Hg2+ and partially by Cu2+. 

Alkaline protease of Aspergillus flavus shows maximal catalytic activity 
at pH 7.5 and retains stability in pH span 8.0–11.0 [33] whereas protease 
of A. tamarii displays activity and stability in pH range 5.0–9.5 [8].

Protease of Aspergillus clavatus was purified by combination of 
ultrafiltration, alcohol precipitation and fractionation on DEAE cellulose 
and Sephadex-G 200. The enzyme showed maximal activity at 37 °C and 
pH 7.8 [41].

Extracellular protease of Scytalidium thermophilium hydrolyzes the 
substrate at pH 6.5–8.0 and temperature 37–45 °C [26]. The inhibitory 
analysis with p-chloromercurybenzoate, phenylmethyl sulphonyl fluoride, 
antipain, EDTA and pepstatin A led us to assume presence of thiol-
containing serine protease.

Serine subtilysine-like protease of Conidiobolus SP was characterized 
by molecular weight (MW) 22 kDa, pI 8.2 and optimum pH 9.7 [51], while 
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protease of isolate (NIOCC # 20) isolated from the sea water (MW 32 kDa, 
pI 6.6–6.9) was active in broad pH spectrum 6.0–10.0, with optimas at 
pH 9.0 and temperature 45 °C [12].

Thermostable alkaline protease of Chrysosporium keratinophilum was 
partially purified by acetone precipitation followed by gel filtration on 
Sephadex G-75 [15]. The optimal conditions for enzyme activity were set 
at pH 9.0 and temperature 90 °C and protease did not lose activity at pH 
values from 7.0 to 10.0. The enzyme distinguished by MW 69 kDa was 
activated by Fe2+ and inhibited by 1,10-o-phenanthroline.

Myrothecium verrucaria produces protease with atypical for 
phytopathogenic fungi keratinolytic activity [39]. Crude protease hydrolyzes 
keratin substrates at pH 9.0 and temperature 40 °C in the following 
sequence: keratin of fowl feather > keratin of ovine wool > keratin of human 
hair. Protease activity is sensitive to phenylmethylsulfonylfluoride, allowing 
to refer it to serine proteases.

Purified keratinase of Aspergillus oryzae is a monomeric enzyme having 
MW 60 kDa [18]. The enzyme hydrolyzed various substrates showing 
affinity to bovine albumin, casein, keratin, poultry feather keratin, collagen, 
duck feather, ovine wool. The distinctions in action of immobilized and free 
enzyme were revealed under the optimal conditions: for immobilized enzyme 
pH the optimum was lying in the range 7.0–7.4, temperature 60 °C, for 
free enzyme the optimas were 8.0 and 50 °C, respectively. Keratinase was 
activated by Ca2+ and Ba2+ ions and inhibited by EDTA.

Extracellular keratinase-protease of Scopulariopsis brevicaulis was 
purified by sedimentation with ammonium sulfate, chromatography on 
DEAE-cellulose and Sephadex G-100 [2]. Purified enzyme is a monomeric 
protein with molecular weight 39 and 36 kDa according to SDS-PAGE 
and gel-filtration data, respectively. The best conditions for catalysis were 
established at pH 8.0 and 40 °C.

The analysis of literature reports indicates that fungal proteases differ 
in substrate specificity, optimal conditions for substrate hydrolysis, pH 
and thermal stability. Molecular weight of fungal proteases ranges from 
15 to 30 kDa, but more heavy-weight enzymes were described: 33 kDa 
(Scedosporium apiospermum protease [30], 41 kDa (Aspergillus oryzae 
protease [45], 62 kDa (Aspergillus oryzae protease [18], 68 kDa (Aspergillus 
niger Z1 protease [11], 69 kDa (Chrysosporium keratinophilum protease 
[15]. The variations in optimal conditions for catalysis of degradation of 
proteinaceous substrates determine broad application scope of fungal 
proteases. 

Applications of fungal proteases
Considering applications of proteolytic enzymes, it should be noted that 

they have been introduced in commercial flow sheets for manufacturing 
detergents and cleansing agents, they are widely used in food processing 
(cheese making, bread baking, beer clarifying, meat tenderizing, producing 
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protein hydrolyzates), textile and leather industries, medicine, veterinary 
practice, fodder provision. 

Nowadays proteases are the indispensable and traditional components 
of laundering and cleaning formulas – from domestic washing solutions to 
the reagents for polishing lenses and dental prostheses [47]. 25% of global 
enzyme output is channelled to fabrication of detergents. The first enzyme-
based product of this type ‘‘Burnus’’, containing crude pancreatic extract 
was launched in 1913, while the first detergent BIO-40 with microbial 
(bacterial) protease was produced on a large-scale in 1956. In 1960 Novo 
Industry A/S company started its alkalase project (trade name BIOTEX) 
and now the market is flooded with various proteolytic preparations. Ideally 
detergent protease should be distinguished by a broad substrate specificity, 
activity at elevated pH and temperature values, pH and thermal stability, 
compatibility with other constituents of cleaning and washing aids. Stringent 
reality of world economic crisis urges to refocus the emphasis on proteases 
active at low temperatures. The investigations are currently under way 
on fungal alkaline proteases for detergents – originating from Spilosoma 
obliqua [4], Botrytis cinerea [1], while Conidiobolus coronatus serves as a 
source of detergent protease in India [44].

In leather industry fungal proteases are engaged in 2 processes: hair 
depilation and skin softening [3, 47].

As to food processing, microbial proteases are the indispensable agents 
in cheese making, bread baking, brewing, producing hydrolyzates from 
vegetable and animal materials, meat tenderizing. Proteases of Mucor michei 
and Endothia parasitica are manufactured on industrial scale for cheese 
fermentation [40, 47]. Endo- and exoproteinases of Aspergillus oryzae carry 
out limited proteolytic modification of wheat gluten defining properties and 
taste of bread [40, 47]. It ensures standardization of baking process and 
reduces duration of technological cycle. Proteases are widely used to derive 
diverse products from soya which proved to be an excellent nutrient owing 
to high protein content. Alkaline and neutral proteases of fungi Aspergillus 
oryzae and Aspergillus sojae play a key role in production of soya sauce 
[46, 47]. Efficiency of protease application was demonstrated for fish sauce 
cooking technology. The procedure of preparing this flavour, extremely 
popular in South-Eastern Asia, usually takes from 6 to 12 months. A vital 
characteristic of proteolytic enzyme intended to accelerate and upgrade 
the process is its resistance to increased salt concentrations (10–20%) 
required in soya sauce recipe. The vietnamese researchers have shown that 
application of Aspergillus oryzae protease guarantees yield of soya sauce in 
just 2–6 days depending on biopreparation level [31]. The increased ratio of 
free amino acids was recorded in the end product. The attractive prospects 
were outlined for enzyme preparation of P. lilacinus F-2 applied to obtain 
low-molecular-weight protein hydrolyzates of milk whey as ingredients of 
enteral and parenteral nutrition products and complex food additives [54]. 
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Correlation of proteolysis degree of major serum proteins: b-lactoglobulin, 
a-lactalbumin, bovine serum albumin – with concentration of biopreparation 
was established. At 0.2% enzyme concentration about 72% of b-lactoglobulin 
and 86% of a-lactalbumin were subjected to proteolysis and bovine serum 
albumin was efficiently hydrolyzed. Rise in enzyme concentration to 1% 
resulted in complete splitting of a-lactalbumin to peptides with MW less than 
14.2 kDa and only 5% of uncleaved b-lactoglobulin remained in hydrolyzate.

Lately special interest has been focused on the synthesis of proteolytic 
enzyme preparations due to the problem of utilization of secondary protein 
resources. Manufacturing of combined and artificial products based on food 
protein is essential to meet the challenge. Protein hydrolyzates find use as 
the ingredients of dietetic or therapeutic diets and baby mixes. Hydrolyzate 
composition largely depends on feedstock preconditioning and type of 
enzyme preparation. Combination of protein supplements of animal origin 
with collagen enzymatic hydrolyzate allows to upgrade end products with 
peptides, amino acids and reduce expense of animal proteins in recipes of 
preserves and sausages. The balanced protein additives and the products 
derived from collagen hydrolyzate and vegetable materials have been developed 
and marketed [6]. The studies were completed on production of hydrolyzates 
from heads and feet of overland birds [3]. The enzyme preparations from 
Penicillium wortmannii ÂÊÌ-2091 and Streptomyces chromogenes s. 
graecus 0832 posessing collagenase and keratinolytic activities were 
recommended for enzymatic treatment yielding protein- lipid emulsion.

Medicine is a vital application sphere for proteolytic enzymes. Neutral 
protease is essential for therapy of gastrointestinal and cardiovascular 
diseases, in surgery for treatment of purulent wounds, burns and congealed 
tissues, in antitumor courses. Proteases of Aspergillus oryzae (Luizym 
and Nortase commercial preparations) are applied in substitution therapy 
as digestive enzymes [47], while proteases from Aspergillus oryzae and 
Aspergilus flavus are the antithrombic agents [40]. 

Proteolytic enzymes are in great demand by the researchers in the area 
of physiology, phytopathology and enzymology.

The analysis of presented data evidences prove high theoretical and 
practical significance of fungal proteolytic enzymes. The wide variety of 
fungal proteases, their broad substrate specificity, resistance to extreme 
environmental conditions and multifunctionality point out these enzymes 
as important objects for further investigations and stress the priority status 
of mycelial fungi for large-scale production of proteolytic enzymes.
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