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ARTICLE INFO ABSTRACT

Keywords: Peptidases are essential for intracellular protein processing, signaling and homeostasis, physiological processes
Gene 'annotation and for digestion of food. Moreover, peptidases are important biotechnological enzymes used in processes such as
Pmtelrllas_e industrial food processing, leather manufacturing and the washing industry. Identification of peptidases is a
gz‘;:ga?elc enzyme crucial step in their characterization but peptidase annotation is not a trivial task due to their large sequence
Merops diversity.

In the present study short, conserved sequence profiles were generated for all peptidase families with more than
four members in the comprehensive Merops peptidase database. The sequence profiles were combined with the
Homology to Peptide Pattern (Hotpep) method for automatic annotation of peptidases. This method is a stand-
alone software that annotates protease sequences to Merops family and subgroup and is suitable for large-scale
sequence analysis. Compared to the Mammalian Degradome Database Hotpep-protease had an accuracy of
92% and a sensitivity of 96% for annotation of the human degradome. Annotation by commonly used methods
(Blast and conserved domains) had an accuracy of 69% and a sensitivity of 78%. For fungal genomes, there were
large differences between annotation with Hotpep-protease, Blast- and Hidden Markov Model-based annotation
and the Merops annotation, which confirms the difficulty of large-scale peptidase annotation. Manual annotation
indicated that Hotpep-protease had a positive prediction rate of 0.90 compared to a positive prediction rate of
0.67 for Blast search. Hence, Hotpep-protease is highly accurate method for fast and accurate annotation of
peptidases.
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1. Introduction

Peptidases and their inhibitors are found in all organisms where they
perform essential functions in protein homeostasis, intra- and extracel-
lular signaling and digestion of food peptides [1]. Moreover, peptidases
are important industrial enzymes used e.g., for food processing,
biomedicine, in the washing industry and the leather industry [2-5].
Merops is a database containing 1,103,662 sequences encoding pepti-
dases and peptidase inhibitors distributed in 465 protein families and is
cross-referenced to the PANTHER database, which is the other major
database for peptidases [6,7]. The database provides a description of the
enzymatic and biological properties, distribution and other useful in-
formation for each family. Moreover, the sequence information in the
Merops database can be used for annotation of all or a subset of proteases
in a genome, e. g., by BLAST search [8] or with Hidden Markov Models
(HMM) [9]. However, this option requires download of the Merops
database and installation of the correct software packages or relies on
online services with limited capacity for large scale annotation [6].

Annotation based on recognition of short, conserved peptides found
in the members of a protein family has proven efficient for large protein
classes with highly divergent sequences [10-13]. Furthermore, this
approach allows for expansion of protein families to sequences that are
not yet in the protein databases thereby achieving annotation of other-
wise overlooked protein family members [14-17].

In the present study, short, conserved peptide profiles were generated
for the 419 Merops families containing more than four different poly-
peptide sequences. The peptide profiles were combined with the Hotpep
algorithm [18] to generate the application Hotpep-protease for identifi-
cation of peptidase and peptidase inhibitor sequences and annotation to
the Merops protein families. Annotation of all protease-encoding genes in
the human genome and comparison to the manually curated Mammalian
Degradome Database (MDD) [19,20] showed an accuracy for annotation
with Hotpep-protease of 0.92. This is a clear improvement compared to
annotation by Blast and conserved domain search, which had an accuracy
of 0.69. Moreover, annotation of fungal protease with Hotpep-protease
and verification by manual annotation suggested a positive prediction
value for this approach of 0.90 + 0.04 whereas Blast-based annotation
only had a positive prediction value of 0.67 + 0.06. These results sug-
gested that Hotpep-protease performs better for annotation of proteases
than conventional methods for large-scale annotation.

2. Methods
2.1. Sequences

The non-redundant library (pepunit.lib) of the peptidase units and
inhibitor units of all the peptidases and peptidase inhibitors were
downloaded from MEROPS [6].

The predicted proteins of the genomes of the fungi Chaetomium
thermophilum (Genbank accession: GCA_000221225.1), Penicillium
chrysogenum (Genbank accession: GCA_000710275.1), Rhizopus delemar
(Genbank accession: GCA_000149305.1), Talaromyces stipitatus (Gen-
bank accession: GCA_000003125.1) and Thielavia terrestris (Genbank
accession: GCA_000226115.1) were downloaded from Genbank.

The Homo sapiens reviewed proteome (Swiss-Prot accession number
up000005640) was downloaded from UniProt [21].

2.2. Identification of short, conserved peptides

The Peptide Pattern Recognition (PPR) algorithm [22] was used to
identify short, conserved peptides in the Merops non-redundant library
as previously described [10].

2.3. Hotpep annotation

The conserved peptide patterns were combined with the Hotpep
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algorithm [18] for annotation of peptidases and peptidase inhibitors
from amino acid sequences as previously described [10] with minor
modifications (Fig. 1). Briefly, each amino acid sequence was given a
score for each peptide list that was present in the sequence by finding all
the conserved peptides that were present in the amino acid sequence. A
hit was considered significant if it a) included four or more conserved
peptides, b) these peptides represented at least ten amino acids of the
protein sequence, c) the sum of the frequency of these peptides in the
protein family was higher than 1.0.

When a sequence generated a significant hit in more than one family,
it was assigned to the family with the highest score.

Hotpep-protease including source code, user manual and a user guide
with a detailed description of the output is available at https://sourcefo
rge.net/projects/hotpep-protease/.

2.4. Manual annotation

Protein sequences were annotated by Blast search [23] and Conserved
Domain Database search [24] followed by manually inspection of the
result.

2.5. Statistical analysis

The following values were calculated for pairwise comparison of
Hotpep-protease annotation to the annotation of H. sapiens in MDD [19,
20]:

True positives = Proteins in the MDD also identified by Hotpep-
protease. False positives = Proteins identified by Hotpep-protease but
not in The Mammalian Degradome Database. False negatives = Proteins
not found by Hotpep-protease but listed in The Mammalian Degradome
Database.

Sensitivity was calculated as True positives/(True positives + False
negatives); Precision (positive prediction value) was calculated as True
positives/(True positives + False positives) and accuracy/F1 score (the
harmonic mean of precision and sensitivity) was calculated as (2 x True
positives)/(2 x True positives + False positives + False negatives).

3. Results and discussion

The library of sequences of peptidase and inhibitor units of the fam-
ilies in the Merops database of proteases and protease inhibitors was used
as a starting point for identifying short, conserved peptides in each
Merops family with the PPR algorithm [22]. The advantage of using the

Pool of protein sequences
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Family-specific peptides N C
N C
=>

2 4 conserved peptides?

2 10 conserved amino acids?

> freq(peptides) = 1.0?
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— — —

—

Family-specific hit

Fig. 1. Diagram of the Hotpep-protease algorithm.
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protein domains carrying the Merops activity rather than the full-length
sequences is that the resulting short, conserved peptides represent the
peptidase- or inhibitor-encoding domains rather than sequences of
associated protein domains with a non-peptidase function [10]. Some of
the Merops families contain too little sequence information for annota-
tion by HMMs [9]. Similarly, families with too few sequences to generate
valid peptide patterns were excluded from the present study. PPR anal-
ysis of the rest of the families resulted in conserved sequence patterns for
419 families of peptidases and peptidase inhibitors. These conserved
peptide patterns were used for the Hotpep method [18] to generate
Hotpep-protease for annotation of amino acid sequences encoding pep-
tidases and peptidase inhibitors (Fig. 1). The results for each family
provides a list of hits, a link to the family description in the Merops
Database and the EC number(s) of family members.

The input is a number of protein sequences in fasta format saved as a
“.faa” or a “.txt” file in the same folder as “hotpep_protease.exe” and the
directory “protease_patterns” including subdirectories and files.

Double-clicking the “hotpep_protease_user.exe” icon opens a DOS
prompt, asking for the name of the input file containing the fasta-
formatted protein sequences (Fig. 2a). A number of search options will
be listed in the DOS window (Fig. 2a). The default option (selected by

W W |-

Table 1
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The total list of Hotpep-protease search options.

Option Search Output directory
“default” All peptidases except ~ peptidases
viral
P All peptidases all_peptidases
(cellular + viral)
A Viral peptidases viral_peptidases
Peptidase inhibitors peptidase_inhibitors
M All Merops families Merops

Specific family names separated

Specific families selected_fams

with comma (e.g.: SO9A, S09B)

pressing “enter™) is to search for all peptidases except viral (Table 1).
The results are stored in a directory with the same name as the input

file (Fig. 2b). This directory contains a directory named according to the

search performed (Table 1) and the search file “orfl. txt” used by Hotpep-

protease.

The directory (e.g.; named “peptidases™) contains a number of text
files named after the Merops families where hits were found (Fig. 2b).
The files are ready for import into MSExcel, LibreOffice or similar

Hotpep: What is the name of the file you wish to screen?
User: test_sequences
Hotpep: Which Merops families do you want to search for?
- Press "enter" to search for peptidases except viral
- Write "P" to search for all peptidases (cellular + viral)
- Write "V" to search for viral peptidases
- Write "I" to search for peptidase inhibitors
- Write "M" to search for all Merops families
- For searching specific families: Write all the names separated with , (e.g.:
S09A,S09B)
Finish with "enter"
User: P
Hotpep: Screening test_sequences for all peptidases (cellular + viral)
Using existing ORFs for screening
38 hits
Screened test_sequences for all peptidases (cellular + viral)
The results can be found in test_sequences/all_peptidases
please, press "enter" to finish
User: enter

E co3B
E sona
=] so1B

El so1D
E sosa

A

group
81
2
4

b
protease_patterns
tid
test_sequences pephidases
| rfs1
Q hotpep_protease_user & orfs
|=| README
|=| test_sequences
B = D

=] so9B
£ so9c
=] s09D

5 soox
= s10
= s12
= s14
E sa1
5] s28
E s33
£ ss3
=] s54
E] ss9
|=| summary
= 1014

E E G

|Family: SOBA https://www.ebi.ac.uk/merops/cgi-bin/famsum Catalytic function(s): EC 3.4.14.10, EC 3.4.21.121, EC 3.4.21.25,

seq_name Frequency hits sequence length peptides

>EED17565.1 autophagic serine protease Alp2 20,6 52 MKGILGLSLLP 491 GLARIS,GGE
>AEO64762.1 hypothetical protein THITE_47394 7,19 15 MHLLTWTSFL 389 GHGTHV,TS
>EIE87548.1 hypothetical protein RO3G_12259 6,94 11 MRLLFLLLIAN 618 HGTHVA,G1
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Fig. 2. Hotpep-protease user interface and results. (a)
User interface where the input file name is provided
and the Merops families to annotate are chosen. (b)
Structure of the Hotpep-protease result. Hotpep-
protease generates a directory with the same name
as the input sequences (“testsequences”). A sub-
directory named as shown in Supplementary Table 2
(in this case “peptidases”) contains a result file for
each Merops family and a file with a summary of the
results (highlighted in light blue). (c) Example of
Hotpep-protease output with hits for the SO8A family
opened in MSExcel. The first column contains infor-
mation on the family. The next columns (from left to
right) contain the family group of the sequence, the
name of the sequence, the sum of the frequency of the
conserved peptides, the number of conserved peptides,
the protein sequence, length of the sequence and the
sequences of the conserved peptides.
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spreadsheet applications. When imported into MSExcel, the first row in
each result file provides the name of the family, a link to the collected
information on the family in the Merops Database and, as this is not
available in the Merops database, the EC number(s) of all known family
members (Fig. 2¢).

Each annotated genes is listed in a single row in the spread sheet
containing relevant information on the annotation: the family group
where the sequence is annotated (group), the name of the sequence, the
sum of the frequencies of the conserved peptides (Frequency), the
number of conserved peptides (hits), the protein sequence, length of the
sequence and the sequences of the conserved peptides.

In general, the higher sum of frequencies and the number of
conserved hits, the more reliable is the annotation [10,18].

In addition, to the result file for each Merops family, the summary file
(Fig. 2¢) contains an overview of all the number of hits in each Merops
families.

To test Hotpep-protease it was used to annotate all proteases in the
human proteome. Hotpep found 875 genes encoding proteins belonging
to 94 protease families and 578 genes encoding proteins belonging to 24
protease inhibitor families (Table S1, Supplementary data). In compari-
son, the MDD lists 622 human proteases and 159 protease inhibitors [19,
20]. Examination of the annotations showed that the largest discrep-
ancies between Hotpep and the MDD was for the families S33 where
Hotpep-protease found 32 hits compared to five in MDD, and S71 with
nine Hotpep-protease hits but no MDD hits. According to Merops, fam-
ilies S33 and S71 contain several human members, e.g.; the family type
peptidase of S71 is H. sapiens self-cleaving mucin but no human S71
members are listed in the MDD. There are no available explanation as to
why no S71 proteases are listed in MDD and why there are so few S33
members [19,20]. However, these two families were excluded from the
analysis in order to compare Hotpep-protease exclusively to correctly
annotated families in the MDD.

Moreover, Blast search [23] in GenBank [25] showed that the MDD
contains a misannotated transcription factor in family C80 and a
Cl14-encoding gene that was erroneously annotated in an earlier version
of the human genome sequence. The products of these two genes were
also excluded from the analysis. After curation, this resulted in 594

25 q

Hits, Hotpep-protease

5 10 15 20 25
Hits, Mammalian Degradome Database

Fig. 3. Correlation between annotation of the human degradome by Hotpep-
protease to the MDD. Each dot represents the number of proteases in the
MDD versus the number of proteases annotated by Hotpep-protease for one
Merops family. Families M12 (53 and 47 genes annotated), C19 (55 and 75
genes annotated) and SO1 (133 and 123 genes annotated) were omitted for
clarity. The complete data set can be found in Table S2.
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Table 2
Annotation of human proteases.

Mammalian Hotpep- Blast + conserved
Degradome protease domain search
Database

Annotated 594 657 703

proteases

True positives - 573 453

False positives - 84 273

False negatives - 21 131

Sensitivity - 0.96 0.78

Precision - 0.87 0.62

Accuracy - 0.92 0.69

proteases annotated in the human degradome and 657 proteases anno-
tated by Hotpep-protease (Table S2, Supplementary data). There was a
good correlation (R? = 0.968) between the number of genes assigned to
each protease family for the two annotations (Fig. 3). Assuming that the
annotation of the human degradome is correct, Hotpep-protease had an
accuracy of 92% and a sensitivity of 96% in predicting human proteases
(Table 2). In comparison, annotation of the human degradome by auto-
matic Blast search combined with information on domain structure [6,
23,24] had an accuracy of 69% and a sensitivity of 78% in predicting
human proteases (Table 1, Table S2, Supplementary data). This com-
parison indicated that Hotpep-protease performs a better for predicting
human proteases than a commonly used standard method. For example,
Hotpep-protease annotated 26% more true positive protease genes than
Blast/domain search while it reported less than 1/3 the number of false
positives (Table 2). The high number of false positives found by Blast/-
domain search can be reduced by increasing the stringency of the search.
However, this will lead to more false negatives. The Blast/domain
method already overlooks six times more proteases than Hotpep
(Table 2) and thus, does not tolerate further increase in the number of
false negatives.

Some of the genes annotated by Hotpep-protease are true peptidase
hits not annotated in the MDD but found in Merops and described as
peptidases, e.g., one of the Leishmanolysin-like peptidases in family M8
(Table S2, Supplementary data). This suggests that using the MDD as
reference probably overestimates the number of false positives found by
Hotpep-protease. On the other hand, some Hotpep hits clearly appear to
be false positives, e.g., MDD only lists four M41 family members whereas
Hotpep found 13 M41 family members (Fig. 3, Table S2, Supplementary
data). The nine additional sequences annotated by Hotpep contain a 15
amino acid motif shared with the M41 family but no other similarity and
have been assigned other functions such as ATPase (Table S2, Supple-
mentary data). Overall, automatic annotation of the human degradome
with Hotpep yielded results similar to manual annotation and better than
automatic annotation by standard methods.

Hence, Hotpep-protease is a useful tool for de novo annotation and
reannotation of peptidases in mammalian genomes. As Hotpep-protease
is based on the information in Merops it is reasonable to assume that
Hotpep annotation will yield good results for other animal genomes and
for plant genomes with peptidase sequences that are closely related to
know Merops family members.

Hotpep-protease was generated with the sequence information from
Merops. Hence, this method annotates non-peptidase members listed in
Merops families but not found in MDD. An example of this is that Hotpep
annotated eight sequences to Merops family M61, whereas no M61
protease family members are listed in the MDD (Fig. 3, Table S2, Sup-
plementary data). The Hotpep hits have around 50% similarity to non-
peptidase members of the Merops family M61. The Merops families are
established on the basis of statistically significant sequence identity be-
tween family members [26]. There is a manual curation of the database
but non-peptidase members are kept in the database if they have high
sequence similarity to other family members or for the trivial fact that the
mere size of Merops makes manual curation a tremendous task [6]. Thus,
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Fig. 4. Number of serine proteases annotated in five fungal genomes by Hotpep, Blast [8], Merops-based HMM models [9] and in the Merops database. Genome
accession numbers are listed in Methods. The annotation for each method was compared to the Merops annotation by paired, Student's T-test of normalized data for
each protein family: * indicates P < 0.05, ** indicates P < 0.01 and *** indicates P < 0.001.

the family M61 members found by Hotpep should be considered as true
Merops hits although they are non-peptidases and therefore not included
in the MDD.

There were large differences in the number of human protease
inhibitor-encoding genes annotated in the MDD (159 hits), in Merops
(1745 hits) and found by Hotpep-protease (578 hits) suggesting that the
characterization of protease inhibitor sequences is still too limited to
allow for comprehensive genome-wide annotation with sufficient accu-
racy (Table S1, Supplementary data).

The products of human genes have often been experimentally char-
acterized or the gene products of similar genes in closely related organ-
isms, other mammals, have been characterized. Hence, annotation of
human genes is relatively straightforward as compared to annotation of
genes of microorganisms where annotation depend on low sequence
identity to characterized genes due to the large number of phylogeneti-
cally distant species and the low number of characterized genes [27]. The
Hotpep method has previously proven useful for solving this kind of
annotation challenge [10,12,18], hence, it was of interest to test if similar
results could be obtained by Hotpep annotation of proteases in microbial
degradomes. Recently, the serine proteases in the genomes of the fungi
C. thermophilum, P. chrysogenum, R. delemar, T. stipitatus and T. terrestris
were annotated independently by Blast search [8] and by HMMs [9] with
Merops as reference. To compare Hotpep-protease to these methods the
serine proteases in the same five genomes were annotated with the
PPR-generated peptide patterns and Hotpep. The result showed a large
difference in the number of serine protease-encoding genes found by the
three methods and listed in the Merops database (Fig. 4, Table S3,

Supplementary data). HMM models found only 208 serine proteases in
the five genomes [9] whereas BLAST search found a total of 625 serine
proteases [8]. The number of serine proteases in Merops (291) and found
by Hotpep-protease (419) were in between. Neither the number of serine
proteases found by Blast (p = 0.008, Student's T-test) nor by HMM
(p = 0.001, Student's T-test) were similar to the number of serine pro-
teases found by Hotpep (Fig. 4). The discrepancy between the methods
indicate that there is a large uncertainty in genome wide protease
annotation in phylogenetically distant genomes of organisms whose
degradome has not been well characterized. Thus, genome wide protease
annotation should be interpreted with care. The uncertainty extends to
the Merops database. For example, Merops only annotates serine prote-
ase families S1, S8, S9 and S10 in R. delemar although this fungal genome
contains genes encoding up to nine other families of serine proteases
according to Hotpep, Blast and HMM (Table S3, Supplementary data).
R. delemar belongs to the Zygomycota that are only distantly related to
the more well-characterized Ascomycota [28] and have very different
enzyme sequences [18] that are likely to be overlooked in automatic
annotation of genomes.

It was of interest to investigate if all protease families displayed the
same discrepancies in annotation as found for fungal serine proteases
encoding genes (Fig. 4). To access this, all protease families in the five
fungal genomes were annotated with Hotpep-protease. Hotpep found
1422 protease-encoding genes in the five genomes, 30% more than listed
for the same genomes in Merops (Fig. 5a, Table S4, Supplementary data).
Blast search in the five genomes found 2134 protease-encoding genes
[8]. Comparison of the hits for each family to the Merops hits showed
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Fig. 5. (a) Number of proteases annotated in five fungal genomes by Hotpep, Blast [8] and in the Merops database. The annotation for Blast and Hotpep-protease was
compared to the Merops annotation as for Fig. 4, (b) Comparison of the number of hits for each protease family. Horisontal axis: Merops, Vertical axis: Hotpep (Blue circles) or
Blast (orange squares). The black line indicates a 1:1 ratio of hits on the horizontal and the vertical axis. Genome accession numbers are listed in Methods.
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that the large number of Blast hits is mainly due a high number of genes
annotated for a few families (Fig. 5b). For example, Blast annotated 223
genes as protease family S9 members in the five fungal genomes in
contrast to only 136 members according to Hotpep-protease and 62
members according to Merops (Fig. 5b, Table S4, Supplementary data).
The Blast search did not include any procedure to avoid assigning the
same sequence to more than one protease family. Hence, the high
number of proteases annotated may partly be due to multiple annotations
of the same sequences. In support of this possibility, family S9 consists of
four related subfamilies where the same sequence may easily be anno-
tated to several of these. Hotpep-protease found 136 family S9 members.
However, if correction for multiple annotations of the same gene was
omitted, this increased to 235 hits in the S9 family.

Another possible cause for annotation of a high number of genes in
one family is the annotation of retroviral or other viral genes; e.g. the 140
Blast annotated family A1l members in the genome of T. stipiatus
(Table S4, Supplementary data) may be closely related viral genes. This
gives rise to 159 Blast annotated family A11 members in contrast to only
29 members according to Merops (Fig. 5b, Table S4, Supplementary
data).

There is no well-established reference annotation of fungal protease
genes to validate the Hotpep result. Hence, to access the validity of the
Hotpep annotation 60 sequences were selected at random from the 1422
genes from the five species annotated as proteases. Each of the sequences
was annotated by Blast and conserved domain search [23,24] followed
by manual inspection of the result. Of the 60 sequences, 54 had high
sequence identity to a protease or possessed a protease domain (Table S5,
Supplementary data). This result indicates that Hotpep annotation of the
degradome of the five fungi had a positive prediction rate of 0.90 + 0.04.
This is higher than the positive prediction rate of 0.86 for
carbohydrate-active enzymes with Hotpep [10,12,13]. The superior
performance of Hotpep-protease is probably due to that the PPR patterns
for proteases were based on the catalytic domains of the peptidases [6]
whereas the carbohydrate-active enzyme PPR patterns were made from
full-length protein sequences including other sequences than the cata-
lytic domain [29]. According to this possibility, Hotpep-protease would
only score conserved peptides that are likely to be directly involved in the
catalytic function of the peptidases or in the structure of the catalytic
domain. In agreement with this, it was previously shown that conserved
peptides in protein families map to protein regions that are either
important for catalytic function or play a crucial structural role for the
protein structure [11,14-16]. For example, all functionally important
amino acids except the disulfide bridge in the enzyme TaGHS5 are iden-
tified by conserved peptides [11]. In a more general study of a family of
a/p-hydrolase fold enzymes it was found that conserved peptides map to
the catalytic domain and identify the catalytic triad Glu/Asp-His-Ser
[14].

To access the positive prediction rate of conventional methods for
gene annotation 60 sequences predicted by Blast search to encode pro-
teases [8] were randomly selected and annotated manually as described
above. Of the 60 sequences, 40 had high sequence identity to a protease
or possessed a protease domain (Table S6, Supplementary data). This
result indicated that Blast annotation of the degradome of the five fungi
had a positive prediction rate of 0.67 + 0.06 and that the high number of
Blast annotated genes compared to other methods is due to a relatively
high number of false positives. Comparison of the two methods indicate
that Hotpep-protease should be the preferred method for fungal protease
annotation due to a higher rate of true positives.

Interestingly, the positive prediction rate of Hotpep-protease indi-
cated that 377 + 15 of the 419 peptidase-encoding genes found by
Hotpep in C. thermophilum, P. chrysogenum, R. delemar, T. stipitatus and
T. terrestris are true positives. This suggests that the HMM and the Merops
annotation underestimates the number of fungal proteases by at least 45
and 23%, respectively. When mining genomes for proteases with putative
industrial applications it is important to detect proteases with sequences
distinct from known industrial enzymes [2-5]. Hence, the high positive
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discovery rate of Hotpep-protease makes this approach especially useful
for finding novel proteases of industrial relevance.

The performance of the Hotpep algorithm for protease annotation is
in agreement with that k-mer based methods like Hotpep perform better
for annotation than homology search or HMM [13]. A relevant future
application of this method would be to generate conserved peptide pat-
terns for the families in the ESTHER database of the a/p-hydrolase fold
superfamily of proteins [30] and implement them for annotation of the
many families with an a/f-hydrolase fold. An approach more focused on
function than on tertiary structure would be to classify all the enzyme
families in a dedicated enzyme database such as BRENDA [31]. Proteins
with completely different fold and thus unrelated primary structure and
conserved peptides can evolve the same enzymatic activity [32]. Mo-
lecular convergent evolution is not uncommon in biology and does not
only include single enzymes but extent to complete biochemical path-
ways such as the remarkable case of convergent evolution of the four step
biosynthesis of caffeine from xanthosine in coffee, cacao and tea [33].
However, such events occur a limited number of times and can easily be
handled by the Hotpep algorithm as unrelated sets of conserved peptide
patterns that identify enzymes with the same function [18]. Curated and
benchmarked implementations of Hotpep with conserved peptides for
ESTHER, BRENDA or similar databases would be useful tools for fast,
simple and reliable annotation of the protein families and enzymes in
these databases. To this end, the source code of both PPR [22] and
Hotpep (this study) are available.

4. Conclusion

Hotpep-protease is a well-performing method for annotation of pep-
tidases and for degradome-annotation, especially of genomes encoding
proteases that are phylogenetically distant from consensus protease
sequences.

The software can be used on a desktop computer and is available as
source code for modification and improvement.
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