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A B S T R A C T   

Keratinases are proteases that can catalyze the degradation of insoluble keratinous biomass. Keratinases in 
protease family M36 (MEROPS database) are endo-acting proteases. In total, 687 proteases are classified in 
family M36. In the present study, new keratinolytic enzymes were identified in protease family M36 using the 
bioinformatics tool Conserved Unique Peptide Patterns (CUPP). Via CUPP, M36 family members were classified 
into 11 groups, with CUPP group 1 containing the three currently known and sequenced family M36 keratinases 
(derived from the fungi Fusarium oxysporum, Microsporum canis and Onygena corvina) as well as an additional 71 
uncharacterized M36 proteases. In order to assess the relevance of CUPP group 1 categorization to keratinolytic 
function, four uncharacterized M36 proteases and the known keratinase from F. oxysporum (in CUPP group 1) 
were selected for recombinant expression and keratinolytic activity assessment. The four hitherto unknown M36 
proteases were from Phaeosphaeria nodorum, Aspergillus clavatus, Pseudogymnoascus pannorum and Nectria hae
matococca, and represent four different fungal taxonomical classes. The genes encoding the selected M36 pro
teases were individually expressed in Pichia pastoris and all proteases displayed keratinase activity on keratin 
azure. Additionally, the activity on different keratinase substrates, optimal reaction conditions and thermal 
stability were determined for the two most active new keratinases. The results validate the applicability of CUPP 
for function-based discovery of non-characterized keratinases and present new robust keratinases for potential 
use in keratin upgrading.   

Introduction 

Keratin is an abundant, insoluble, fibrous protein that constitutes the 
structural protein of mammalian horns, wool and claws (α-keratin), and 
feathers, beaks, and reptile shells (β-keratin). Keratin forms highly stable 
materials due to its tight packing, disulfide bonds and hydrophobic in
teractions, and resists degradation by conventional proteolytic enzymes 
such as pepsin and trypsin [1]. However, keratinases (EC 3.4.-.-) can 
catalyze hydrolytic degradation of keratin to produce amino acids 
and/or small soluble peptides [2]. Recently, it has been recognized that 
microbial keratinases may be used for utilization of keratin via 
controlled enzymatic degradation to create peptides and amino acid 
products for applications in functional skin care products, animal feed, 
or fertilizers [3,4]. Keratin is an abundant material, e.g. the annual 
global chicken feather waste from poultry processing was estimated to 

amount to more than 4.7 million tons per year in 2019 [5]. Likewise, 
horns, beaks, and pig bristles are keratin-rich side products of meat 
production [6]. Discovery of robust microbial keratinases is an impor
tant first step for development of new bioprocesses for keratin 
utilization. 

Important keratinase-secreting bacteria include e.g. Bacillus sp. [7] 
and Streptomyces sp. [8,9], while keratinase-secreting fungi include 
dermatophytic species such as Trichophyton rubrum and Microsporum 
canis, as well as non-pathogenic fungi such as Onygena corvina [10,11]. 
Keratinases are no longer categorized with a full 4-digit EC number, and 
several keratinase sequences are available in the NCBI database. The 
known sequenced keratinases belong to at least 14 different protease 
families, namely M3, M4, M14, M16, M28, M32, M36, M38, M55, S1, 
S8, S9, S10, and S16 [11] (MEROPS database [12]). They may act via 
endo-attack (e.g. proteases belonging to families M4, M16, M36, S1, S8, 
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S16), exo-attack (proteases in families M14, M28, M38, M55, S9, S10) or 
on oligopeptides only (the proteases in families M3, M32) [11,13–15]. 

The M36 family proteases have been confirmed as endo-acting and 
have been shown to be able to catalyze cleavage of extracellular matrix 
proteins, such as elastin and keratin [12]. Currently, those from the 
fungi Fusarium oxysporum [16], M. canis [17] and O. corvina [10] are 
known to catalyze degradation of keratin. However, compared to the 
large number of keratinases described in family S8 [11], only a limited 
number of M36 proteases have been shown to have keratinolytic activity 
and there is very little information on the specificity, optimal reaction 
conditions, and kinetics of these enzymes. The aim here was to discover 
new M36 keratinases, express them recombinantly and validate their 
enzymatic activity on keratinous substrates. 

Through a phylogenetic approach, homologous amino acid se
quences can be analyzed to allow reliable extrapolation between pro
teins of known function to those of unknown function [18,19]. However, 
for very large protease families the construction of phylogenetic trees 
using multiple sequence alignment requires a significant amount of 
computer power [20]. In contrast, the new bioinformatics based enzyme 
discovery tool Conserved Unique Peptide Patterns (CUPP), has the 
ability to handle large data sets efficiently [21,22]. CUPP is a 
peptide-based similarity assessment algorithm that can group proteins 
according to peptide motif resemblance and thus facilitate detailed 
sub-grouping of enzymes within protein families or subfamilies [22]. 
Recently, CUPP has successfully been applied for classification and 
annotation of carbohydrate-active enzymes (CAZy) [21,22], but until 
now, it has not been explored for classification of proteases. An impor
tant part of our research objective was to assess the use of the CUPP tool 
to classify proteases and help disclose new M36 keratinases. 

Materials and methods 

Keratinases and M36 proteases sequence acquisition 

The protein sequences of the three currently known M36 keratinases 
FoMep (NCBI accession no. BAM84176), McMep (NCBI accession no. 
CAD35288) and OcMep (NCBI accession no. AJD23141) derived from 
F. oxysporum [16], M. canis [17] and O. corvina [10], respectively, were 
downloaded from the NCBI database. All 687 proteases in the M36 
protease family were obtained from the MEROPS database (February 
22nd, 2019). The bioinformatics analysis was conducted as described in 
Suppl. Fig. S1. The M36 members and the three known keratinase se
quences were clustered at 90 % sequence threshold using CD-HIT [23]. 
CD-HIT is an incremental algorithm that is used to remove redundancy; 
it also reduces storage space, computational time and noise interference 
in further bioinformatics analyses [23]. 

Sequence alignment and phylogenetic tree construction 

For phylogenetic tree construction, the 508 representative protease 
sequences from the CD-HIT result were aligned in CLC main workbench 
(version 8.0) by progressive alignment. The protease sequences that 
were used for phylogenetic analysis and CUPP categorization were 
without signal peptides and propeptides. The aligned M36 proteases and 
keratinases were submitted to CIPRES using the RAxML black-box 
model with substitution matrix LG for phylogenetic analysis [24]. The 
result was uploaded to iTOL for visualization [25]. 

CUPP clustering 

The representative M36 members remaining after CD-HIT pruning 
were then used for CUPP clustering using default settings [22], princi
pally as follows. (1) All 508 sequences were subjected to the CUPP 
analysis [21]. (2) Identification of peptides: CUPP was set to run five 
iterations of incremental clustering using increasingly more conserved 
peptides, leading to a conservation fraction of 0.4 [22]. (3) 

Identification of CUPP groups: at least five members, each with more 
than 30 positions covered, could become a member of a CUPP group. (3) 
Peptides present in at least 20 % of the members of a CUPP group were 
considered conserved. (4) Finally, an all proteins dendrogram and a 
protein groups dendrogram was exported from CUPP and visualized in 
iTOL [25]. 

Homology modeling of the Pseudogymnoascus pannorum (PpMep) and the 
Aspergillus clavatus (AcMep) M36 proteases 

The catalytic domain structural models of the selected M36 proteases 
PpMep and AcMep (MEROPS identifiers MER0858341 and 
MER0086396, respectively) were prepared using HHpred [26] and 
based on the model of the crystal structure of AfuMep from Aspergillus 
fumigatus (PDB ID 4K90) [27]. The PpMep and AcMep homology models 
were judged by ProQ [28] and prediction server Zlab [29]. The struc
tures were visualized via PyMol 2.3.3 (Schrödinger, LLC, New York, NY, 
USA). 

Cloning and expression of proteases 

The signal peptides of the four putative keratinases AcMep, PpMep, 
PnMep, NhMep (MEROPS identifiers: MER0086396, MER0858341, 
MER0081504, MER0295893) and of the benchmark enzyme FoMep 
(NCBI accession no. BAM84176) were predicted using SignalP 5.0 [30]. 
Their codon optimized sequences (including an N-terminal 6×HisTag 
and the propeptide sequences of each enzyme, but excluding the pre
dicted signal peptide sequences) were synthesized and cloned into the 
pPICZα-A plasmid (GenScript, Piscataway, NJ, USA). The plasmids were 
propagated in Escherichia coli DH5α under Zeocin selection (Invitrogen, 
Carlsbad, CA, USA), then purified and linearized using MssI (New En
gland BioLabs, Ipswich, MA, USA) [31] and transformed into Pichia 
pastoris X-33 (Invitrogen). For each target protease a colony was selected 
after 3 d incubation at 30 ◦C on yeast peptone dextrose plates supple
mented with 100 μg mL− 1 Zeocin. P. pastoris transformants were grown 
in shake flasks in buffered glycerol-complex medium (BMGY; 28 ◦C, pH 
6, 20 h), and harvested (8000 g, 10 min, 20 ◦C). The cells were then 
re-suspended in a buffered methanol-complex medium (BMMY) to a 
final OD600 = 1, and incubated at 20 ◦C for 72 h with methanol sup
plementation to 0.5 % (v/v) every 24 h. Then, the cells were harvested 
(8000 g, 10 min, 20 ◦C), supernatants were filtrated by Vivaspin filter 
centrifugation (Vivaspin 20; 30,000 MWCO, GE Healthcare) at 3500 g 
and the supernatants were buffer changed using 10 mM Tris-HCl buffer 
pH 7.5 and centrifuged repetitively at 3500 g until the filtrate was 
colorless. All steps were carried out at 4 ◦C, and the supernatants were 
stored at -20 ◦C. 

The predicted molecular weight of the target enzyme was calculated 
via ProtParam [32]. The purity of the recombinantly produced proteins 
was determined on SDS-PAGE gels (4–20 %). The protein concentration 
was determined by the bicinchoninic acid (BCA) method using the 
Pierce® BCA Protein Assay Kit (Thermo Scientific, Rockford, USA) using 
bovine serum albumin as standard. 

Keratin hydrolysis test 

To evaluate the keratinolytic ability of each of the putative kerati
nases (FoMep, AcMep, PpMep, PnMep, and NhMep), the amount of 
azure dye released by each protease was assessed using 1 % w/v keratin 
azure as substrate (Sigma Aldrich, Merck) in extended assay reactions (1 
h) at 30 ◦C, pH 7.5 (50 mM Tris-HCl buffer) in a total reaction volume of 
250 μL; the enzymes were added at concentrations 0.3− 1 mg/mL due to 
their different activities. Following the same procedure, pepsin and 
trypsin were also examined for their ability to hydrolyze keratin azure 
using a ratio of enzyme:substrate = 1:2000 (w/w) [33] at 30 ◦C, for 
trypsin at pH 7.5 (Tris-HCl buffer) and for pepsin at pH 2 (Glycine-HCl 
buffer). For the assay with addition of dithiothreitol (DTT), the keratin 
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azure was pretreated with 2 mM DTT for 2 h at 30 ◦C, then the DTT 
concentration was decreased to 0.4 mM for the enzymatic hydrolysis 
reaction by dilution via addition of buffer and protease. The control was 
treated in the same way as the sample, but using heat-inactivated (95 ◦C, 
5 min) proteases. For these measurements, the supernatant samples 
were centrifuged immediately (12,000 g; 3 min; 4 ◦C) after 1 h reaction, 
and the absorbance of the total released azure was measured at 595 nm 
(A595). All reactions were run in triplicate, and the data are reported as 
total A595/mg protein. 

Optimal reaction conditions study by response surface modeling 

A 3-level full factorial design was performed to identify the pH- 
temperature reaction optimum and study the influence of pH and tem
perature on the rate of keratinase catalyzed keratin azure hydrolysis. 
Based on preliminary experiments (data not shown), the factor levels 
were set to pH 8–10 (50 mM Tris-HCl buffer-50 mM CAPS buffer) and 
25–45 ◦C, with pH 9, 35 ◦C as repeated center point to give a total of nine 
different reaction combinations in 12 experiments for each keratinase 
(all in triplicate). 

In all reactions 1.0 % (w/v) keratin azure substrate was suspended in 
the buffer (pH according to the design) and pre-incubated at the 
assigned temperature for 3 min before adding the keratinase (tested at 
dosage levels of 0.007–0.015 mM due to their different activities). For 
each reaction, the initial rate was determined from linear regression of 
the initial data points (within 10 min of reaction). For each of the pH- 
temperature conditions for each enzyme, measurements were conduct
ed by sampling the supernatant for absorbance measurement at the set 
time point; sampled supernatants were centrifuged immediately (12,000 
g, 4 ◦C), and the A595 was measured on 200 μL of the clarified super
natant, in a Multiskan GO microplate spectrophotometer (Thermo Fisher 
Scientific, USA). The data were calculated into activity units via the 
Beer–Lambert law assuming a molar absorption coefficient of the azure 
of 135,000 L/(mol⋅cm) [34]. One keratinase unit was defined as μM 
azure product released per minute at the designed reaction conditions 
compared with the control reaction. Heat inactivated enzyme (treated at 
95 ◦C for 5 min) was used as control. 

The statistical design program MODDE 12.01 (Umetri AB, Umeå, 
Sweden) was used as an aid to design the factorial experiments and to fit 
and analyze the data by multiple linear regression. Significance of the 
results was established at p ≤ 0.05. 

Kinetics data 

The kinetic parameters were estimated for FoMep, PpMep, and 
AcMep on keratin azure. At least seven different keratin azure substrate 
concentrations from 0.2 % to 16.0 % (w/v) were used, in assay reactions 
as described above at the optimum reaction conditions defined from the 
RSM data for each keratinase; FoMep pH 8.6, 38 ◦C; PpMep pH 8.4, 40 
◦C; AcMep pH 8.3, 45 ◦C. The kinetic parameters were calculated using 
the Michaelis–Menten equation in Origin (version OriginPro 2018b). 

Thermal stability of the new fungal keratinases 

The keratinases were incubated at different temperatures of 30, 40, 
50 and 60 ◦C, for defined time periods (1− 60 min. in 50 mM Tris-HCl 
buffer). The residual activity was determined by the keratin azure 
assay at optimum reaction conditions as described above. The first order 
inactivation rate constant (kD) was obtained from: ln(activity) = ln 
(activityt0)-kDt, where t designates the incubation time of the enzyme at 
the particular temperature. The half-life was calculated from t1/2 = ln2/ 
kD, i.e. defined as the time when the residual activity of the enzyme is 
reduced to half of its original activity after incubation at a certain 
temperature. 

Activity assessment on different substrates 

The activity of each enzyme was compared on soluble azocasein 
(Megazyme, Bray, Ireland), insoluble keratin azure and azokeratin, 
respectively, (the azokeratin prepared from pig bristles and hooves [10, 
35,36], was kindly provided by Professor Søren Sørensen, University of 
Copenhagen, Denmark). For measuring the proteolytic activity on azo
casein, 1 % w/v azocasein was suspended in 50 mM Tris-HCl buffer and 
each enzyme, FoMep, PpMep, and AcMep, was added (dosage levels 
ranging from 0.007–0.015 mM). The reactions were stopped after 10 
min by adding trichloroacetic acid (TCA) to a final concentration of 0.2 
M, and then incubated at 4 ◦C for 30 min for protein precipitation. Each 
mixture was then centrifuged (12,000 g; 5 min; 4 ◦C) to remove the 
substrate. 100 μL supernatant was then immediately transferred to a 
microliter plate containing 25 μL NaOH (final concentration 0.36 M 
NaOH). For the control runs, TCA was added before adding the enzyme. 
On azokeratin, the assays were run as described for the keratin azure 
assay, except that azokeratin was used as substrate (1 % w/v concen
tration in the final assay). All reactions were run in triplicate at the 
optimal conditions for each enzyme (FoMep pH 8.6, 38 ◦C; PpMep pH 
8.4, 40 ◦C; AcMep pH 8.3, 45 ◦C). 

The activity was quantified from spectrophotometric measurements 
by calculating the molar concentration of azo dye released according to 
the Beer–Lambert law, assuming a molar extinction coefficient of 82,600 
L/(mol⋅cm) at 420 nm for the azocasein assay (that includes addition of 
NaOH prior to absorbance measurement) [37] and 19,600 L/(mol⋅cm) 
at 415 nm for the azokeratin assay [35,38]. One enzyme unit was 
defined as μM azo dye released per min under the test conditions 
compared with the control reaction. 

Results and discussion 

Phylogenetic analysis of family M36 proteases 

The 508 proteases (from CD-HIT at 90 % sequence identity 
threshold), including the three known keratinolytic proteases FoMep, 
McMep, and OcMep in the M36 family, were subjected to alignment 
through CLC main workbench, and used to construct a maximum like
lihood phylogenetic tree (Fig. 1a and Suppl. Fig. S2). Because of the 
diversity of the 508 sequences, it is difficult to identify the large clades 
supported by high bootstrap values directly in the phylogenetic tree. 
Moreover, based only on the tree, it would be difficult to systematically 
predict new putative keratinases. Therefore, CUPP clustering was used. 

CUPP clustering of family M36 proteases 

CUPP was applied to cluster the 508 representative sequences in 
protease family M36 resulting after CD-HIT reduction. A total of 455 
proteins of the 508 representative sequences were assigned to a CUPP 
group (Table 1, Suppl. Table S1). The 53 extra proteins were not 
assigned, either being singletons (and hence not constituting a group) or 
because they had too few positions covered to be included in a CUPP 
group [22]. The CUPP analysis resulted in 11 CUPP groups of conserved 
peptides (Table 1). CUPP group 1 included the three known keratino
lytic enzymes FoMep, McMep, OcMep in addition to another 71 pro
teases that have not been described as having keratinolytic abilities 
(Table 1, Suppl. Table S1). The group 1 proteases are derived from fungi 
belonging to four different taxonomical classes, namely Eurotiomycetes, 
Sordariomycetes, Dothideomycetes and Leotiomycetes (Suppl. Table S1). 

Systematic bioinformatics based keratinase prediction 

The CUPP results were entered into the phylogenetic tree, and the 11 
different CUPP groups of M36 proteases are shown in Fig. 1a. Members 
of the same group were generally found to have short intervening dis
tances in the tree (Fig. 1a, Suppl. Fig. S2). For instance, CUPP group 1 
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corresponded with the tree cluster with bootstrap support value of 67 
(Fig. 1b). Similarly, other CUPP groups were also found to match 
phylogenetic clusters that had bootstrap values >50. Additionally, the 
CUPP grouping was able to identify new and smaller clusters, and the 
results thus provided a higher resolution to distinguish diversity. For 
example, CUPP groups 5, 10 and 11 contained only 8, 5 and 5 members, 
respectively (Table 1, Fig. 1a). 

It is noteworthy that not all the members of the clade, such as the 

four proteases MER0295955, MER0295952, MER0233874, 
MER0295981 (Fig. 1b), were classified into a CUPP group even though 
they were close to group 1 members in the same clade (bootstrap = 67). 
Similarly, some proteases near CUPP groups 2 and 4 were not grouped 
by CUPP (Fig. 1a) since their similarity to any group was too low [22]. 
Group 1 contained all the three known keratinolytic proteases as 
members, thus was the only group investigated further. 

Since CUPP clusters proteins according to similarity of conserved 
peptide motifs, members of the same group may share a similar mo
lecular function or functional feature [22]. This suggests that the 71 
M36 proteases in group 1 (containing the three known keratinases) 
(Table 1) have the highest possibility of being keratinolytic. In order to 
discover new M36 keratinases and validate the relevance of CUPP group 
1 to keratinolytic function, four candidates of unknown function in M36 
CUPP group 1 were selected for keratinase activity testing, namely the 
four fungal proteins PpMep (Pseudogymnoascus pannorum), AcMep 
(Aspergillus clavatus), PnMep (Phaeosphaeria nodorum), and NhMep 
(Nectria haematococca) (Table 2, Fig. 1b). To confirm that the function of 
the keratinase candidates was similar despite their taxonomical di
versity, the four candidates individually represented four different tax
onomical classes (along with FoMep [16] as the benchmark). 

Eight M36 proteases in CUPP group 1 were from the class Leotio
mycetes; five of these originated from P. pannorum and of these 
MER0858341 (PpMep) was selected. No keratinolytic proteins have 
been reported from this species. There are likewise no reports that 
A. clavatus [39] (AcMep, MER0086396), class Eurotiomycetes, can 
degrade keratin, although several other members of the genus Aspergillus 
in CUPP group 1, such as A. niger and A. fumigatus, have been extensively 
studied as keratinolytic organisms [40,41]. P. nodorum [42] (PnMep, 
MER0081504), class Dothideomycetes, is known as a major necrotrophic 
fungal pathogen of wheat [43], but has not been reported to be kerati
nolytic. Lastly, a candidate from N. haematococca [44], class Sordar
iomycetes (NhMep, MER0295893), was selected because it was placed 
close to keratinase FoMep BAM84176 with a bootstrap value of 94 
(Fig. 1b). 

Sequence analysis 

From the sequence analysis of the four putative M36 proteases 
including the FoMep as benchmark, it was evident that they all con
tained the canonical “HEXXH” motif found in metallopeptidases from 
clan MA [13]. The motif was a conserved HEYTH in all the sequences 
(dashed box, amino acid 184–188, Fig. 2). The analysis also included the 
catalytic domain of AfuMep derived from A. fumigatus (MER0001400, 
PDB ID 4K90) because AfuMep served as the model for homology 
modeling of the selected proteases. An additional active site glutamic 
acid residue is located downstream of the motif, and was seen in all the 
selected proteases (residue 214, Fig. 2). Although the sequence identity 

Fig. 1. Phylogenetic trees of M36 proteases. (a) Phylogenetic tree of the 
representative M36 proteases and three M36 keratinases: FoMep derived from 
Fusarium oxysporum, McMep from Microsporum canis and OcMep from Onygena 
corvina. Tree construction was by the maximum likelihood method. Inside the 
tree are 11 numbered rings that correspond to 11 CUPP groups. The three M36 
keratinases (FoMep: NCBI accession number BAM84176, McMep: CAD35288 
and OcMep: AJD23141) are labeled as “M36: keratinases”. The dots in the tree 
correspond to branches with bootstrap support≥60 %. The bootstrap value≥60 
% is shown in numbers in Suppl. Fig. S2. (b) Pruned phylogenetic tree for 
members in M36 protease family CUPP group 1. All the original organisms in 
different taxonomical classes are displayed in various colors. The accession 
numbers with a purple background in the tree are three confirmed M36 kera
tinases, while yellow highlighted members (MER0295893, MER0858341, 
MER0081504, MER0086396 corresponding to NhMep from N. haematococca, 
PpMep from P. pannorum, PnMep from P. nodorum and AcMep from A. clavatus, 
respectively) were selected for experimental characterization of keratinase ac
tivity. Bootstrap is shown as numbers in the tree. 

Table 1 
Summary of M36 protease family CUPP groups.  

CUPP 
group 
number 

CUPP 
group 
members 

Numbers of 
keratinases 

Taxonomy 

Taxonomical 
classes 

Bacteria Fungi 

1 74 3 4  ×

2 64 0 7 ×

3 96 0 15 × ×

4 26 0 3 ×

5 8 0 4 ×

6 11 0 3 ×

7 130 0 1  ×

8 19 0 1  ×

9 16 0 1 ×

10 5 0 2 ×

11 5 0 2 ×

Total 455 3 33 × ×
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was < 90 % (due to the CD-HIT reduction at 90 % sequence identity 
threshold), a wider comparison of the catalytic domain sequences 
showed that they had several congruent amino acids (Suppl. Fig. S3). 
The similarity between each of the selected proteases (catalytic domain) 
is <75 %, except for NhMep, which has a higher similarity to FoMep 
(similarity of 86.7 %). 

Heterologous expression and activity assessment of new M36 keratinolytic 
enzymes 

All the four selected enzymes, PpMep, AcMep, PnMep, NhMep as 
well as FoMep were expressed recombinantly in P. pastoris. The bands of 
FoMep and PpMep corresponded to the calculated molecular weights of 
the mature enzymes, i.e. 48.1 and 43.8 kDa, respectively (Suppl. 
Fig. S4). The recombinantly produced AcMep was glycosylated, but 
treatment with EndoH revealed that the molecular weight of approxi
mately 44 kDa was as expected after deglycosylation (Suppl. Fig. S4). 
The molecular weight data (Table 2) thus indicated that for each 
enzyme, the pro-peptide was recognized, excised, and degraded during 
recombinant expression, either by each protease itself or by the protease 
machinery in P. pastoris [45]. 

All the enzymes exhibited keratinolytic ability on keratin azure, with 
FoMep, PpMep, and AcMep having higher activity than PnMep and 
NhMep (Fig. 3). The data also showed that FoMep (2.1 A595/mg pro
tein), PpMep (0.4 A595/mg protein) and AcMep (1.1 A595/mg protein) 
were able to catalyze the degradation of the keratin azure substrate even 
without the addition of reducing agent or disulfide reductase (Fig. 3). 
Higher keratin hydrolysis could be obtained with addition of DTT 
(Fig. 3), due to reduction of the disulfide bonds providing better access 
to the proteolytic cleavage sites in the keratin backbone. With AcMep, 
however, there was no significant effect of adding DTT (Fig. 3). Pepsin 

and trypsin were also examined for their ability to catalyze keratin azure 
degradation; pepsin treatment did not release any detectable products 
even on DTT treated keratin substrate (data not shown). The keratin 
hydrolysis of trypsin was 0.25 A595/mg protein without addition of DTT 
after 1 h hydrolysis (Suppl. Fig. S5), which was lower than for FoMep, 
PpMep and AcMep. With addition of DTT, hydrolysis by trypsin 
increased to 0.66 A595/mg protein (Suppl. Fig. S5). The data agree with a 
recent report showing keratinolytic activity of trypsin on keratin azure, 
and that this activity was higher than that of a family S1 keratinase 
studied (T-like protease) [46]. As the SDS PAGE data revealed (Suppl. 
Fig. S4), PnMep and NhMep were not highly expressed by P. pastoris. 
Nevertheless, the catalytic keratin hydrolysis ability of PnMep and 
NhMep was significantly higher than that of a control empty plasmid 
expression indicating a weak keratinolytic ability of 0.47 A595/mg 
protein of each of these enzymes (Fig. 3). 

Overall, the detected keratinolytic ability of the selected M36 pro
teases indicated that the CUPP grouping was able to identify relevant 
functional features for keratinase activity based on conserved peptide 
patterns. The results imply that the CUPP tool can indeed assist in 
identifying new keratinolytic enzymes. The current study thus validates 
the applicability of CUPP to predict new functional proteases. FoMep, 
PpMep and AcMep were selected for further characterization to inves
tigate additional features of keratinases in the M36 protease family. 

Optimization of the reaction conditions for new family M36 keratinases 

Preliminary experiments showed that at pH values below 6 or tem
peratures above 55 ◦C, the keratinases had very low activity (data not 
shown). Thus, using a pH range of 8–10 and a temperature range 25− 45 
◦C, a 3-level full factorial design was set up to identify the optimal pH- 
temperature reaction conditions of FoMep (benchmark), PpMep, and 

Table 2 
Known, sequenced M36 keratinolytic enzymes and the new selected putative M36 keratinases.  

Protease 
name 

NCBI accession 
number 

MEROPS 
identifier 

Source organism Taxonomical 
class 

Mw 
(kDa) 

Protein 
length 

Catalytic 
domainc 

Reference 

M36 keratinases 
FoMep BAM84176 – Fusarium oxysporum Sordariomycetes ~48a 632 245− 632 [16] 
McMep CAD35288 – Microsporum canis Eurotiomycetes 43.5 633 247− 633 [17] 
OcMep AJD23141 MER0858361 Onygena corvina Eurotiomycetes 43.2b 634 246− 634 [10]  

New putative M36 proteases with uncharacterized keratinolytic function 
PpMep – MER0858341 Pseudogymnoascus 

pannorum 
Leotiomycetes ~44a 638 248− 635 – 

AcMep – MER0086396 Aspergillus clavatus Eurotiomycetes ~44a 634 247− 633 [39] 
PnMep – MER0081504 Phaeosphaeria nodorum Dothideomycetes 41.5b 626 242− 625 [42] 
NhMep – MER0295893 Nectria haematococca Sordariomycetes 42.0b 637 248− 637 [44]  

a Estimated from SDS PAGE gels in this work. 
b The molecular weight was calculated via ProtParam [32]. 
c The catalytic domain was confirmed based on the confirmed M36 protease AfuMep (derived from Aspergillus fumigatus) catalytic domain sequence (chain A, NCBI 

accession number 4K90_A). 

Fig. 2. Partial catalytic domain sequence alignment of selected M36 proteases FoMep (NCBI accession no. BAM84176), PpMep (MER0858341), AcMep 
(MER0086396), PnMep (MER0081504), NhMep (MER0295893) and the catalytic domain sequence of M36 protease AfuMep (MER0001400; NCBI accession no. 
4K90_A) by CLC main workbench 8.0. The metalloprotease motif “HEXXH” is identified within the dashed box. “*” indicates the additional glutamic acid in the active 
site. The complete catalytic domain sequences alignment is in Suppl. Fig. S3. 
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AcMep. Based on the experimental data, the keratinase activity response 
to reaction conditions could be established by response surface 
modeling. The predicted data model showed that for FoMep the reaction 
conditions for achieving maximum activity were pH 8.6 and 38 ◦C 
(Fig. 4a), for PpMep, pH 8.4 and 40 ◦C (Fig. 4b) and for AcMep pH 8.3 
and 45 ◦C (Fig. 4c). Further, within the limits of pH 8.0–10.0, pH had a 
significant, negative effect on the activity of FoMep (Fig. 4a, Suppl. 
Table S2) and PpMep (Fig. 4b, Suppl. Table S2), but there was no sig
nificant effect of temperature. In contrast, for AcMep, activity was 
significantly affected, p ≤ 0.05, by temperature and pH, i.e. activity 
increased at higher temperature and lower pH (Suppl. Table S2) (this is 
also evident from Fig. 4c). There was furthermore a strong interaction 
between these two factors implying that the activity was more affected 
by the temperature at low pH (Suppl. Table S2). The strength and reli
ability of the models was verified by the R2 of FoMep, PpMep and AcMep 
of 0.977, 0.968 and 0.980, respectively, and the high Q2 values (Suppl. 

Table S2). 
The predicted optimal conditions for FoMep, PpMep and AcMep 

activity agreed with the experimentally obtained activity values; the 
experimental values were 18.9, 7.6 and 9.1 U/mM, respectively (the 
predicted values were 17.0, 7.1 and 9.7 U/mM, respectively at the 
optimal reaction conditions). The temperature optimum of 38− 45 ◦C for 
the three M36 keratinases was lower than that commonly reported for 
endo-acting keratinases in S1, S8 and M4 families (50–80 ◦C) [11]. 
However, all three enzymes had optimal pH values around 8.5, which is 
in accord with data for other reported keratinases, e.g. from S8 and M4 
families [11,47]. 

Kinetics, thermal stability and specificity of the M36 keratinases 

The kinetic parameters of FoMep, PpMep and AcMep were estimated 
on keratin azure. The presented kinetic curves, rate data versus varying 
substrate concentration were hyperbolic supporting that the enzyme 
reactions followed Michaelis-Menten kinetics (Suppl. Fig. S6). FoMep 
exhibited the highest catalytic rate with a kcat of ~0.8 min− 1 (calculated 
from a Vmax of 5.4 μM/min) and lowest KM of 143 mg/mL (Table 3); 
consequently FoMep also had the highest kcat/KM of 5.2 × 10-3 min− 1 

mg− 1 mL. The kcat of PpMep and AcMep were 3–5 times lower, and the 
kcat/KM values for PpMep and AcMep were lower than that of FoMep. 

The thermal stability and thus the half-life of PpMep were higher 
than those of the other enzymes at all temperatures tested (Table 3, 

Fig. 3. The keratin hydrolysis ability of the M36 protease FoMep (from 
F. oxysporum), PpMep (from P. pannorum), AcMep (from A. clavatus), PnMep 
(from P. nodorum), NhMep (from N. haematococca) and empty plasmid (pPICZα- 
A). The extent of keratin hydrolysis was tested in non-DTT pretreated keratin 
azure (light blue column) and in the presence of DTT (dark blue column; the 
keratin azure was pretreated by 2 mM DTT for 2 h). The reaction conditions 
were pH 7.5 (Tris-HCl buffer) at 30 ◦C for 1 h, *the product was tested after 24- 
h reaction with addition of DTT. ANOVA analysis at the 0.05 level. The 
absorbance of the total released azure was measured at 595 nm (A595), and the 
data was reported as total A595/mg protein. Data are given as average values of 
triplicate reactions and shown ± the standard deviation; different letters a-f 
above columns indicate statistically significant differences in the keratinolytic 
hydrolysis ability of the enzymes in the keratinolytic test reactions (p ≤ 0.05). 

Fig. 4. Response surface plots of activity on keratin azure catalyzed by three keratinases as a function of pH and temperature (◦C). (a) FoMep; (b) PpMep; (c) AcMep.  

Table 3 
Comparison of kinetic parameters, thermal stability and substrate specificity of 
the keratinases FoMep, PpMep and AcMep. Different superscript letters a, b, 
indicate significantly different parameter values among the enzymes (p<0.05).  

Item FoMep PpMep AcMep 

Kinetic parameters 
Vmax (μM/min) 5.4a±0.7 2.4b±0.2 3.5a±0.5 
KM (mg keratin azure/mL) 143b±32.2 177b±21.8 249a±52.7 
kcat (min− 1) 0.75 0.14 0.23 
kcat/KM (×10− 3 min-1 mg-1 mL) 5.2 0.8 0.9 
Thermal stability 

Thermal inactivation rate constant, kD (min− 1) 
30◦C 0.0083 0.0063 0.0068 
40◦C 0.0179 0.0091 0.0175 
50◦C 0.0827 0.0676 0.1588 
60◦C 0.4936 0.2728 0.5112 
Half-life (min)    
30◦C 83.5 110.0 101.9 
40◦C 38.7 76.2 39.6 
50◦C 8.4 10.3 4.4 
60◦C 1.4 2.5 1.4 
Substrate specificity 
Azocasein (U/mM) 3442 1040 802 
Keratin azure (U/mM) 18.9 7.6 9.1 
Azokeratin (U/mM) 1162 421 379  
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Suppl. Fig. S7). Although a half-life of 4− 10 min at e.g. 50 ◦C is indic
ative of an enzyme which is useable at elevated temperatures, all known 
M36 keratinases, including now FoMep, PpMep, and AcMep, have lower 
thermal stability than other serine keratinases [7,48]. In view of their 
industrial production and applications, the engineering of M36 kerati
nases for enhanced thermal stability is worth investigating. 

When examining substrate specificity, FoMep, PpMep and AcMep 
exhibited greatest activity on azocasein, with activities of 3442, 1040 
and 802 U/mM, respectively, and as expected this “general proteolytic 
activity” was higher than the activity of the enzymes on keratin 
(Table 3). FoMep was the best enzyme among the three, but AcMep was 
more active than PpMep on keratin azure (sheep wool), whereas PpMep 
was more active than AcMep on azokeratin (pig bristle and hooves) 
(Table 3). 

Structural modeling and catalysis theory analysis 

Structural models of the catalytic domains of PpMep and AcMep 
were generated based on AfuMep [27]. PpMep and AfuMep had 67 % 
sequence identity, whilst AcMep and AfuMep had 78 % sequence 
identity (as examined using HHpred) (Fig. 5). The catalytic domains of 
PpMep, AcMep and AfuMep thus appeared to be similar, all of them 

including 8 main α-helices and 6 β-strands (Fig. 5). By ProQ, the PpMep 
and AcMep models were judged as “extremely good” (LGscore 6.6, 4.7, 
respectively) [28]; there was only one outlier (T33) for PpMep and 
AcMep structures in the Ramachandran plot and 98.5 % (PpMep) and 
99.4 % (AcMep) of the residues were in the favored region shown in the 
prediction server Zlab [29], indicating that the PpMep and AcMep ho
mology models were reliable (data not shown). The pro-domain of 
AfuMep consists a tandem repeat of cystatin-like folds whose C-terminal 
end is buried in the active-site cleft of the catalytic domain (Fig. 5a, 
purple) [27]. The auto-proteolytic activation of the enzyme occurs early 
during its expression in the host, therefore the mature M36 AfuMep 
could have proteolytic activity [27]. In all three enzymes, it appears that 
the catalytic zinc ion (Zn2+) is situated at the bottom of a long cleft in the 
middle of the catalytic domain (Fig. 5b). The structure also clearly shows 
how the Zn2+ is tetrahedrally bound by two histidines (H184, H188 both 
within the conserved motif, Fig. 2) and the glutamate moiety in the 
motif (E185) and additionally coordinated by an additional glutamate 
(E214) (Fig. 5c,d). The zinc ligands (H, H, and E) may thus stabilize the 
Zn2+ via hydrogen bonds, as seen in other proteases [49], and this tet
rahedron moiety thus provides a key part of the mechanism by which 
PpMep and AcMep may act on keratin (Fig. 5d): water plays the role of 
nucleophile and the nucleophilicity of the water molecule could be 

Fig. 5. Homology modeled structures of PpMep (keratinase from P. pannorum), AcMep (keratinase from A. clavatus) and a display of the presumed catalytic 
mechanism of PpMep and AcMep (model structure is based on the crystal structure of M36 protease AfuMep derived from A. fumigatus (PDB ID 4K90; MER0001400). 
(a) Purple: Crystal structure of M36 protease AfuMep; Blue: Homology model of PpMep, Yellow: Homology model of AcMep; The Ca1 and Ca2 (spheres in green), zinc 
ions (spheres in orange) of AfuMep are also shown. (b) The surface of the AfuMep catalytic domain. The active site is at the bottom of the cleft near the zinc ion 
(orange sphere). (c) The active sites of PpMep, AcMep and AfuMep proteases (overlay) are displayed as sticks (H184, E185, H188, E214); numbers correspond to the 
alignment snip in Fig. 2. (d) The hydrolytic mechanism of PpMep and AcMep deprotonation of the nucleophilic water molecule; nucleophilic attack of the resulting 
hydroxide on the scissile carbonyl carbon; protonation of the scissile amide group, followed by cleavage of the peptide bond. 
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enhanced by having both the hydrogen protons bound to E214 while at 
the same time having the oxygen ligand bound to the Zn2+ (Fig. 5d). 
These tripartite interactions would leave the remaining lone pair 
directed toward the carbonyl carbon of the substrate and aligned for 
nucleophilic attack (Fig. 5d). Furthermore, proton transfer from E214 to 
the nitrogen atom facilitates breakdown of the tetrahedral intermediate 
and subsequent product formation (Fig. 5d) [50]. 

Conclusions 

The members of MEROPS peptidase family M36 were classified into 
11 groups based on conserved unique peptide patterns using the bioin
formatics tool CUPP. Combined analysis of CUPP grouping and phylo
genetic clustering of these M36 keratinases and peptidases revealed that 
members in CUPP group 1 have a high possibility of being keratinolytic 
proteases: group 1 contained all the confirmed M36 keratinases and an 
additional 71 peptidases of unknown keratinolytic function. Group 1 
members are derived from diverse fungi in four different taxonomical 
classes, namely Eurotiomycetes, Sordariomycetes, Dothideomycetes and 
Leotiomycetes. One keratinase (FoMep) and four peptidases of unknown 
function (PpMep, AcMep, PnMep and NhMep derived from four or
ganisms in different taxonomical classes) from group 1 were selected for 
heterologous expression in P. pastoris followed by keratinolytic activity 
testing. The results showed that all the selected M36 proteases had 
keratinolytic ability on keratin azure (particularly when DTT was added 
prior to reaction). FoMep, AcMep and PpMep were able to catalyze the 
hydrolysis of keratin, even without DTT pretreatment. The results 
confirm the relevance of CUPP grouping to function of proteases. To 
learn more about M36 keratinases, FoMep, AcMep and PpMep were 
further characterized. The optimal conditions for catalytic activity of 
FoMep, PpMep and AcMep were pH 8.6 at 38 ◦C, 40 ◦C and pH 8.4, and 
pH 8.3 at 45 ◦C, respectively. The kinetics analysis revealed that FoMep 
performed best, with a kcat of 0.8 min− 1, and a kcat/KM of 5.24 × 10− 3 

min− 1 mg− 1 mL. As regards thermal stability, PpMep had a longer half- 
life over the range 30− 60 ◦C than FoMep and AcMep, although all three 
had half-lives of several minutes at 50 ◦C and even at 60 ◦C, none of the 
three were highly thermostable. PpMep displayed higher specificities 
than AcMep on pig bristles and hooves azokeratin, whereas AcMep 
performed better than PpMep when catalyzing the degradation of sheep 
wool, i.e. keratin azure. In summary, the current study presents a new 
application of CUPP for classifying proteases and the usefulness of CUPP 
grouping as a tool for discovering new keratinases. The approach 
identified 4 new fungal keratinases, of which notably AcMep and PpMep 
were expressed successfully in P. pastoris and were verified to have 
keratinolytic activity. This successful application of the CUPP concept 
provides a reference for discovering new functional proteases via CUPP 
bioinformatics. 
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[36] Huang Y, Łężyk M, Herbst FA, Busk PK, Lange L. Novel keratinolytic enzymes, 
discovered from a talented and efficient bacterial keratin degrader. Sci Rep 2020; 
10:1–11. https://doi.org/10.1038/s41598-020-66792-2. 

[37] Braissant O, Keiser J, Meister I, Bachmann A, Wirz D, Göpfert B, et al. Isothermal 
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