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PROTEASOME

An intracellular protein complex
that is responsible for degrading
intracellular proteins that have
been tagged for destruction by
ubiquitin.

NUCLEOPHILE

A chemical group that can
donate a pair of electrons ina
chemical reaction.
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APPROACH

HUMAN AND MOUSE PROTEASES:
A COMPARATIVE GENOMIC

Proteases perform essential functions in all living
organisms. They were initially recognized as gastric
juice proteolytic enzymes that were involved in the
nonspecific degradation of dietary proteins. However,
recent advances have provided a new view of the pro-
teolytic world. As well as mediating nonspecific pro-
tein hydrolysis, proteases also act as processing
enzymes that perform highly selective, limited and
efficient cleavage of specific substrates, which initi-
ates irreversible decisions at the post-translational
level that influence many biological processes.
Proteolytic processing events are fundamental in
ovulation, fertilization, embryonic development,
bone formation, control of homeostatic tissue
remodelling, neuronal outgrowth, antigen presenta-
tion, cell-cycle regulation, immune and inflamma-
tory cell migration and activation, wound healing,
angiogenesis and apoptosist2. Accordingly, alterations
in the structure and expression patterns of proteases
underlie many human pathological processes includ-
ing cancer, arthritis, osteoporosis, neurodegenerative
disorders and cardiovascular diseases'™®.

This impressive diversity in protease functions
derives from the evolutionary invention of enzymes
with structural designs that range from simple catalytic
devices with a minimal domain organization’, through
giant proteases such as tripeptidyl peptidase I1 (Rer.8), to
precisely engineered protein-degradation machines,
such as the rroTeasome®. In terms of specificity, some
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The availability of the human and mouse genome sequences has allowed the identification and
comparison of their respective degradomes — the complete repertoire of proteases that are
produced by these organisms. Because of the essential roles of proteolytic enzymes in the control
of cell behaviour, survival and death, degradome analysis provides a useful framework for the
global exploration of these protease-mediated functions in normal and pathological conditions.

proteases show high fidelity with exquisite specificity in
their ability to target a unique protein, whereas others
are clearly promiscuous, with an indiscriminate
degradative activity against many substrate partners.
Proteases also use distinct strategies to define their intra-
or extracellular spatial localization, and in many cases
act in the context of complex networks that comprise
distinct proteases, substrates, inhibitors, receptors and
binding proteins. The availability of the human and
mouse euchromatic genomic sequences has raised the
possibility of addressing global questions about the
degradome — the complete set of proteases that are
expressed at a specific moment or circumstance by a
cell, tissue or organism®. In this review, we present a
comparative analysis of the human and mouse
degradomes and discuss the potential importance of
this global study for understanding and treating the
growing group of pathological conditions that involve
abnormal or deficient protease function.

The human degradome: 553 and counting

On the basis of the mechanism of catalysis, proteases
are classified into five distinct classes: aspartic, metallo,
cysteine, serine and threonine proteases. Proteases in
the first two classes use an activated water molecule as
a NnucLeopHILE to attack the peptide bond of the sub-
strate, whereas in the remaining classes the nucleophile
is a catalytic amino-acid residue (Cys, Ser or Thr,
respectively) that is located in the active site from
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HIDDEN MARKOV MODEL
(HMM). A probabilistic model
that is applied to protein and
DNA sequence pattern
recognition. HMMs represent a
system as a set of discrete states
and as transitions between
those states. Each transition has
an associated probability.
HMMs are valuable because
they allow a search or alignment
algorithm to be built on firm
probabilistic bases, and the
parameters (transition
probabilities) can be easily
trained on a known data set.

ORTHOLOGUES
Homologous genes that have
originated as a result of a
speciation event.

PARALOGUES

Homologous genes that have
originated as a result of a
duplication event.

SYNTENY

Gene loci on the same
chromosome. This term is often
used to refer to gene loci in
different organisms that are
located on a chromosomal
region of common evolutionary
ancestry.

MEROPS

A database that provides a
comprehensive catalogue and
structure-based classification of
proteases and inhibitors from a
range of organisms.

EXOSITE

A substrate-hinding site that lies
outside the catalytic domain of a
protease and is located on
specialized substrate-binding
modules or domains.

RETROTRANSPOSITION

The incorporation of DNA
segments in a genome through a
reverse-transcription-mediated
mechanism.

AUTOPHAGY

Anutritionally and
developmentally regulated
process that is involved in the
intracellular destruction of
endogenous proteins and the
removal of damaged organelles.

BOX 1| Using TBLASTN, InterPro and hidden Markov models to identify proteases

Human and mouse genomic sequences were analysed for the presence of unidentified proteases using TBLASTN at the
Ensembl genome browser. Each available protease sequence was used to query both genomes, and all hits with P<10~
were analysed using the FASTA program against a custom degradome database. For each single protease locus, a 500-kb
genomic sequence flanking the target gene was analysed for the presence of further members of that family, as ~23% of
human and 34% of mouse protease genes are organized in clusters. Also, InterPro annotations of the public human and
mouse genomes were used to identify putative new members of known families. Ensembl predictions containing
InterPro protease motifs were manually inspected to distinguish between true proteases, pseudogenes and false
positives. We also built a HIDDEN MARKOV MODEL (HMM) for each of the 63 different protease families that were present in
human and mouse. Further HMMs for protease families that were not described in mammals were obtained from the
Pfam database and used to screen protein predictions from Ensembl (Releases 12.31.1 and 12.3.1), FANTOM 2.1 DB and
RefSeq (version 10 February 2003). The combined application of these strategies led to the identification of 72 human
and 137 mouse putative proteases that were not present in MEROPS, although many of these were already present as
gene predictions in the National Center for Biotechnology Information (NCBI) databases. Fifteen of the 72 human
proteases, and 63 of the 137 mouse proteases, correspond to ORTHOLOGUES of previously known proteases in one of these
organisms. Twenty-eight known mouse genes were found to be orthologues of known human proteases, despite being
previously classified as PARALOGUES. Orthology assignation was based on four different criteria: SYNTENY, amino-acid
sequence identity (>70%), function conservation and relevant supporting literature.

which the class names derive. The different classes can
be further divided into families on the basis of amino-
acid sequence comparison, and these families can be
assembled into clans on the basis of similarities in their
three-dimensional (3D) folding*.

By using primary information that was retrieved
from public and private sequencing projects!?*3, com-
bined with data from the merops, InterPro and Ensembl
databases (Box 1), and our own experimental data, we
have annotated a total of 553 genes that encode proteases
or protease homologues in the human genome (TABLE 1;
Box 2). Ninety-three of these proteins seem to be catalyti-
cally inactive proteases owing to substitutions in specific
amino-acid residues that are located in critical active-site
regions (TABLE 1). These inactive homologues are abun-
dant in some protease families and might have important
roles as regulatory or inhibitory molecules, acting as
dominant negatives by binding substrates through the
inactive catalytic or exosiTe ancillary domains in non-
productive complexes, or by titrating inhibitors from the
milieu to increase the net proteolytic activity™.

We have identified more than 200 protease pseudo-
genes in the human genome, including processed
pseudogenes that have arisen by reTroTrANSPOSITION, aNd
non-processed pseudogenes that have resulted from
duplication and the accumulation of frameshifts and stop
codons in the duplicated gene. Also, more than 150
sequences are related to aspartic proteases that are
embedded in endogenous retroviral elements, but they
have not been included in the catalogue of human pro-
teases (see Supplementary Tables S1-S5 online). The
most recent release of the MEROPS database (6.2;
24 March 2003) annotates 548 entries for human pro-
teases, although it includes a number of pseudogenes.
Seventy-two human proteases that are included in our
catalogue are absent from MEROPS. The phylogenetic
tree that is shown in FIG. 1 reflects the distribution of the
553 annotated human proteases and homologues in the
different catalytic classes. Metalloproteases and serine
proteases are the most densely populated groups, with
186 and 176 members, respectively, followed by 143

cysteine proteases. Threonine and aspartic proteases are
highly specialized and are therefore less numerous with
27 and 21 members, respectively. Following the family
classification that is used in the MEROPS database, we
conclude that the human proteases belong to 63 different
families, the largest being the 01 family of serine pro-
teases. Other families with many representatives are the
ubiquitin-specific proteases (USPs) and the disintegrin
and metalloproteases (ADAMS), whereas there are several
families with a single member in the human genome
(Supplementary Tables S1-S5 online). Interestingly, 125
(22%) of the catalogued proteases are membrane-bound
proteins; this emphasizes the relevance of the proteolytic
processes that take place at this cellular interface™.

The annotated human degradome is likely to con-
tinue to grow in the near future (Box 3), as new
enzymes with unusual structures and catalytic mecha-
nisms are identified and characterized. There are
recent examples of experimental work that has led to
the unmasking of some of these ‘hidden proteases;,
including: JAMM proteins, which are a new family of
deubiquitylating metalloproteases®®; rhomboid pro-
teins, which are atypical serine proteases that were
first described in Drosophila®é; autophagins, which are
a family of cysteine proteases that are involved in cell
death by autorHacY!’; and signal-peptide peptidases,
which are aspartic proteases that catalyse the
intramembrane proteolysis of signal peptidest®.
Koonin et al. have also described new superfamilies
of predicted cysteine and aspartic proteases that
include several human paralogues'®?. Nevertheless,
some newly identified proteases remain as predic-
tions without experimental evidence for proteolytic
activity, and further work will be necessary to show
their enzymatic properties.

The mouse degradome: increased complexity

The recent availability of the first version of the mouse
genome sequence? will accelerate the structural and
functional characterization of the human degradome.
The identification of mouse orthologues of human
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Table 1| The human and mouse protease genes and pseudogenes

Human/mouse

Human proteases
Mouse proteases
Orthologous pairs
Human specific
Mouse specific

Human gene/
mouse pseudogene

Mouse gene/
human pseudogene

PARALOGONS

Chromosomal regions that
contain groups of paralogous
genes in the same order, which
have presumably arisen by the
duplication of large genomic
fragments.

Total number

Number of proteases/
protease homologues

Aspartic
553 460/93 21
628 525/103 27
514 429/85 21
35 28/7
85 73/12 5
4 3/1 0
29 22/7 1

protease genes provides essential information to perform
evolutionary studies, identify regulatory elements and
create knockout and knock-in models that are useful
to examine protease functions in vivo. Although the
mouse genome is ~14% smaller than the euchromatic
human genome, its degradome is larger — it contains
628 proteases and protease homologues. The distribu-
tion of proteases in the different classes is shown in
FIG. 1 and TABLE 1. Note that sequences that are related
to proteases of endogenous retroviruses and the iden-
tified protease pseudogenes were not included in our
list of mouse proteases (Supplementary Tables S1-S5
online). We include 138 putative mouse proteases and
homologues that were absent from the last release of
the MEROPS database. Comparative analysis between
human and mouse degradomes indicates a high per-
centage (82%) of mouse genes with a strict ortho-
logue in the human genome. The assignation of
orthology was mainly based on sequence identities
(mean 83%) and location in regions of conserved syn-
teny. In some cases, especially in those protease clus-
ters that contain several paralogous genes and
pseudogenes, it has been difficult to decide which
mouse sequences are bona fide orthologues of the cor-
responding human genes. There might also be cases of
orthologues that are difficult to recognize because of
their rapid evolution in one or both lineages? (low
degree of identity; ~50%), such as MMP1 and
McolAZ. Nevertheless, beyond these difficulties in
orthology assignment, there are clear examples of
protease genes that are unique in human or mouse
lineages. We could not find a human counterpart for
85 of the 628 genes analysed. Similarly, 35 genes seem
to be specific to the human lineage. In principle, these
differences might result from specific deletion events
or the creation of new protease genes in one of the
Hineages, although the possibility that the orthologues
of any of the lineage-specific genes are missing owing
to the incompleteness of the available genome
sequences cannot be ruled out. Nevertheless, detailed
analysis of these differences indicates that most derive
from changes in the number of paralogous genesin
protease gene families that are present in the genomes
of both species.

Number per catalytic class

Cysteine Metallo Serine Threonine
143 186 176 27
153 197 227 24
127 176 166 24
15 8 9
25 12 43 0
1 2 1 0
1 9 18 0

Mouse protease genes that are absent in human.
A remarkable example of local gene expansions that have
occurred in the mouse degradome is that of placental
cathepsins, which are a group of eight cysteine protease
genes that are present on mouse chromosome 13B3 and
absent from the human genome?%. There are also three
placental cathepsin pseudogenes in this region, which
reflects the dynamic nature of gene birth and death dur-
ing the evolution of this family. Similarly, the SENP fam-
ily of sentrin-specific proteases? is expanded in the
mouse lineage — there are 14 members in the mouse
but seven in the human. There are also nine testases,
which are a subfamily of testis-specific ADAMSs that are
located at mouse chromosome 8B (ReF. 27), for which we
have not found human orthologues. The family of tissue
kallikreins has also been expanded in the mouse
genome. This large cluster of serine protease genes on
mouse chromosome 7B2 contains 28 genes and several
pseudogenes; the equivalent human cluster located at
19913 contains just 15 functional genes?®?. The interest
in human kallikreins is growing as a result of their fre-
quently altered expression patterns in tumour
processes®. Indeed, prostate-specific antigen (PSA), one
of the most relevant tumour markers, is encoded by
KLK3, which is a member of this gene family:. Human
kallikreins are frequently expressed in reproductive
organs, although their functions and specific substrates
are unknown. Similarly, little information is available
about the functional roles of most members of the large
family of mouse kallikreins®#,

The prolactin inducible protein (PIP) gene family
provides another example of gene-family expansion in
mice. This protein has been recently characterized as an
aspartic protease®, and is encoded by a single locus on
human chromosome 7¢q34. A highly divergent mouse
counterpart is located on chromosome 6B2, and further
PIP-related genes are expressed in male reproductive
organs in mice®, There are also human-mouse differ-
ences in haematopoietic serine proteases. Proteolytic
enzymes such as tryptases and chymases are the main
SECRETORY-GRANULE Constituents in many haematopoiteic
cell lineages. At least seven mouse mast-ceLL chymase
genes (Mcptl, Mcpt2, Mcpt4, Mcpt8, Mcpt9, Mcpt10 and
McptL) are absent in human®. Because mast-cell
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SECRETORY GRANULE
Asubcellular vesicle that
contains molecules that are
destined for secretion.

MAST CELL

A specialized cell that initiates
the inflammatory response by
releasing histamine and other
cytokines.

GRANZYME

A serine protease that is
produced by immune-system
cells and stored in secretory
granules.

COMPLEMENT

A set of plasma proteins that
form part of a proteolytic
cascade, which leads to foreign-
cell lysis and phagocytosis.

BOX 2 | The chromosomal landscape of human protease genes

The distribution of protease genes

differs widely among human i
chromosomes, as shown in the figure: -
green dots represent aspartic proteases,
blue dots represent cysteine proteases,
red dots represent serine proteases,
violet dots represent threonine
proteases and black dots represent
metalloproteases. Several protease genes
occur in clusters, especially on
chromosomes 11, 16 and 19. The largest
is located in 19q13 (kallikrein locus)
and contains 15 functional genes and
several pseudogenes. Another densely
populated cluster maps at 16p13, in
which a primordial serine protease gene
duplicated repeatedly during evolution
to give rise to 10 trypsin-like genes and
three related pseudogenes. Similarly, the
matrix metalloprotease (MMP) cluster
at 11q22 contains nine genes (MMP1,
MMP3, MMP7, MMP8, MMP10,
MMP12, MMP13, MMP20 and
MMP27) and two pseudogenes. Despite
these examples of gene families that
have been formed

and expanded by local duplications,
most protease gene families have been
dynamic in their evolution and, after
duplication, the different paralogous
genes have translocated to different
chromosomes. Analysis of the
chromosomal landscape of protease
genes has also shown some signs of
large-scale duplication events in the
human genome***'%°, So, a PARALOGON
that is composed of a group of related
genes at chromosomes 11qand 21q
contains several protease genes from
distinct families with a conserved
arrangement in both locations (USP2,
matriptase/ST14, ADAMTS8 and
ADAMTS15at11q,and USP25,  °
enteropeptidase/PRSS7, ADAMTS1 and =
ADAMTS5 at 21q). 19
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proteases might be involved in host defence, especially
during bacterial and parasitic infections, the expansion of
this gene family in the mouse genome might have impor-
tant consequences in the development of distinctive
immune responses in rodents compared with humans.
Several granzymes and trypsin-like enzymes have also
been specifically expanded in mice. Remarkably, the
compLement C1r and Cls serine protease genes are dupli-
cated in the mouse. One set (C1rA and C1sA) corre-
sponds to the murine orthologues of the human genes,
whereas the other (C1rB and C1sB) is exclusively
expressed in the male genital tract, which indicates a
role for these proteases in mouse reproduction that is
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independent of complement activation®. Local dupli-
cations in mouse chromosomes 5F and 9A1 have also
generated two copies of genes that encode the single-
copy human metalloproteases ADAM-1 and MMP-1.
The resulting pairs are expressed in the mouse testis®
and placenta®, respectively.

As well as these large- and small-scale expansions
in clusters of mouse gene families, there are single
copy genes or even entire subfamilies that seem to be
absent in the human lineage. Ren2, which encodes the
aspartic protease known as submandibular renin, and
Uchl4, which encodes a ubiquitin C-terminal hydro-
lase, are examples from the first group. Among the
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mouse-specific protease subfamilies, we have identi-
fied the testins, which are composed of three cysteine
proteases of the 01 family mapped at mouse chromo-
some 13B3 and expressed in the testis®’. There are
also several interesting examples of genes that have
been specifically inactivated in the human lineage
through diverse mechanisms. For example, human
caspase 12 has acquired mutations that abrogate its
protease function, but its murine orthologue medi-
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ates apoptosis in response to endoplasmic-reticulum
stress®, Human cyritestins and implantation serine pro-
teases (ISPs) are also inactivated in the human3$4°, The
gene for the aspartic protease chymosin is inactivated in
humans* but there seems to be a functional mouse
orthologue on chromosome 3F3. The ELA1 gene that
encodes pancreatic elastase has been transcriptionally
silenced in the human genome owing to a mutation that
inactivates crucial enhancer and promoter elements*.

J:III
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Figure 1 | The protease wheel. Unrooted phylogenetic tree of human and mouse proteases. Proteases are distributed in five
catalytic classes and 63 different families. The code number for each protease family is indicated in the outer ring. Protein sequences
that correspond to the protease domain from each family were aligned using the ClustalX program. Phylogenetic trees were
constructed for each family using the Protpars program. A global tree was generated using the protease domain from one member
of each family, and individual family trees were added at the corresponding positions. The figure shows the non-redundant set of
proteases. Orthologous proteases are shown in light grey, mouse-specific proteases are shown in red and human-specific
proteases in blue. Metalloproteases are the most abundant class of enzymes in both organisms, but most lineage-specific
differences are in the serine protease class, making this sector wider. The 01 family of serine proteases can be divided into 22
smaller subgroups on the basis of involvement in different physiological processes, to facilitate the interpretation of differences.
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PROSTATE INVOLUTION

A process by which the prostate
gland reduces its size following
androgen depletion.

EXON SHUFFLING

The process of non-homologous
recombination of exons from
different genes.

PRODOMAIN

A sequence of amino acids that
precedes the catalytic domain in
many inactive protease
precursors. On removal or
conformational change of the
prodomain, the protease
becomes active.

CHAPERONE

A protein that aids the folding of
another to prevent it from taking
an interactive conformation.

BOX 3 | Assessing the completeness of the human genome sequence

Genomic analysis of human proteases has proved valuable in assessing the completeness and accuracy of the available
human genome sequence. We have found six previously known protease genes (CAPN8, CTSE, DPP7, IFP38, MMP23A
and TPS1), the existence of which has been experimentally verified, but which are missing in the public version of the
human genome. The first four are present in the Celera version of the sequence, although the Celera Discovery System
database also lacks several genes that are found in the public genome sequence. Some of these conflicts might derive
from gaps in both genome assemblies, or from the artefactual collapse of duplicated regions, which is a frequent
problem in the informatic assembly of highly related genomic sequences. Also, there are examples of protease genes
that are incorrectly annotated or described, as well as cases of predicted genes that correspond to pseudogenes.
Nevertheless, beyond these differences, which are common with all genomic analyses, our study of human protease
genes confirms the relative completeness and high quality of the present versions of the human gene catalogue.

Human protease genes that are absent in mouse. Almost
all human protease genes that are absent in the mouse
lineage correspond to paralogous genes that belong to
differentially expanded gene families. So, there are four
v-glutamyl transferase genes in a cluster on human
chromosome 22q and only one gene at the equivalent
region in the mouse genome. These threonine proteases
catalyse the degradation of glutathione to glutamic acid
and cysteinyl glycine®. Calpain 14, caspases-5 and -10,
PSA, matrilysin-2, mesotrypsin, ADAM-20, and several
aminopeptidases and USPs are among the human pro-
teases that are absent in mouse. Of special interest is
USP6 (Tre2) — a member of the ubiquitin-specific pro-
tease family that is encoded by a recently characterized
hominoid-specific gene*. Beyond changes in protease
gene numbers, there are also examples of significant
human-mouse differences in the expression pattern of
orthologous protease genes®#, Such regulatory differ-
ences might also be fundamental motors of evolution-
ary innovation in protease-mediated functions that take
place in each species.

Functional differences in human and mouse degradomes.
The observed differences between human and mouse
protease sets provide insights into the molecular mech-
anisms that underlie the changes in physiology and life
strategies of both species after their divergence from a
common ancestor ~75 million years ago. Extending
data that are derived from the global comparative
analysis between human and mouse genomes?#6, most
differences between the respective degradomes corre-
spond to proteases that are involved in reproductive
and immunological functions.

In relation to reproductive processes, proteases are
known to have roles in menstruation, fertilization, ovula-
tion, implantation, placentation, pregnancy, and uterine,
breast and prostate INvoLuTION*4, They might also con-
tribute to the ability of reproductive organs to respond
rapidly to changes in the hormonal environment,
through the activation of local networks of cytokines
and growth factors. The lineage-specific expansion of
some reproductive proteases in mice might help to
explain many of the pronounced reproductive differ-
ences between human and mouse, including variations
in oestrous cycles, placental structures, gestation periods
and number of descendants per delivery.

The changes in immune-related proteases might
reflect evolutionary diversification processes that are

aimed at expanding the repertoire of host defence
mechanisms in response to new physiological condi-
tions, dietary changes, new sources of pathogens or
environmental stress.

The ‘helping hands’ of proteases

As well as mechanisms of protease invention that are
based on gene duplication and divergence, the evolution
of both human and mouse degradomes has also been
driven by exon sHurrLing and the duplication of protein
modules in protease genes to form new architectures. In
this way, proteases might link their catalytic domains to
a range of specialized functional modules other than
archetypal sorting signals that direct proteases to intra-
cellular organelles or extracellular environments. So,
substrate and binding specificities can be altered in an
evolutionarily rapid and selectable way that leads to
gene-family diversity and results in substrate specificity
or diversity and new kinetic, inhibitory, and cell or tissue
localization properties®.

First, many proteases contain conserved prodomains
that serve an auto-inhibitory role to prevent activation
at the wrong place or time and are often required as
intramolecular craperones during protein synthesis and
folding. Prodomains can also function as a contact face
for cell-surface receptors and to direct proteases to spe-
cific substrates or locations in tissue. Second, a large
proportion of proteases (40%) have ancillary domains
that probably facilitate their interaction with other pro-
teins such as substrates, inhibitors and receptors, or
have some kind of regulatory role, as proposed for the
protease associated (PA) domain®%’,

FIGURE 2 shows the most typical domains that are
associated with proteases. Some, such as the EGF
domains, have been successful in their adaptation to
proteolytic enzymes and are present in a range of pro-
teases from different families, in which they undoubt-
edly perform different but possibly related functions.
Other domains have multiplied in the same enzyme
to form long tandem repeats. This is the case with
ADAMTSs, which contain as many as 15 thrombo-
spondin (TS) repeats in their structure®%. Other prote-
olytic enzymes, such as most membrane-type serine
proteases®®6!, have a complex mosaic structure with up
to six distinct domains located in a single gene. This
inventory activity has also created several peculiar
structures, including proteases with different catalytic
units or with protease-inhibitory domains embedded in
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SCISSILE BONDS
Peptide bonds that are cleaved
by proteolytic enzymes.

Catalytic
domain

Figure 2 | Ancillary domains present in human and mouse proteases. Domains are colour-coded according to the
protease catalytic class to which they are linked: yellow, aspartic proteases; blue, cysteine proteases; green,
metalloproteases; and red, serine proteases. Domains with two colours have been found in two classes of proteolytic
enzymes. Codes for domains correspond to those used in the Pfam domain database, with the exception of recently

described domains such as PLAC**® and GON®,

the same gene®2t, Therefore, it seems that protease
genes originally encoded simple single-domain catalytic
proteins that underwent gene fusions to generate this
extraordinary diversity of multidomain enzymes.

This strategy of domain accretion and shuffling has
facilitated the evolution from nonspecific primitive
degradative proteases to highly selective enzymes that
are able to perform subtle reactions of proteolytic pro-
cessing. Substrate-binding exosites modulate and
broaden the substrate-specificity profile of proteases by
providing a further contact area that is not influenced
by the primary specificity subsites, and might even pre-
vent substrate binding and cleavage by the catalytic
domain®, In this way, the function of the protease is
refined and can be made more specific or efficient. This
phenomenom is also shared by many other vertebrate
proteins and has been advantageous for the development

of several physiological systems in which proteases are
involved, such as coagulation and complement cascades.
Nevertheless, evolution has also progressed in the
reverse direction, with some domains that were acquired
early in protease families being lost in more recently
duplicated members. This is the case for the hemopexin
C domain that is present in most MMPs from different
origins, but is specifically lost in members of the
matrilysin subfamily (MMP-7 and MMP-26)’".
Surprisingly little is known about the function of pro-
tease ancillary domains. Recent strategies to find binding
partners and functions for these domains using the yeast
two-hybrid system have uncovered new families of
protease substrates for MMPs®, whereas using inactive
catalytic domains as yeast two-hybrid baits has uncovered
further substrates that are cleaved by the active homo-
logue®. These studies also indicate that inactive protease
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HAPLOINSUFFUCIENCY

A gene dosage effect that occurs
when a diploid requires both
functional copies of a gene for a
wild-type phenotype. An
organism that is heterozygous
for a haploinsufficient locus does
not have a wild-type phenotype.

LOSS OF HETEROZYGOSITY
Aloss of one of the alleles at a
given locus as a result of a
genomic change, such as mitotic
deletion, gene conversion or
chromosome missegregation.

homologues or shed exosite domains might bind and
therefore mask scissiLe Bonps in vivo reducing substrate
cleavage, which adds a further layer of control to protease
function®, In this regard, we have also examined the pos-
sibility that proteases might selectively accrete new
domains in human or mouse lineages and acquire new
functions. However, we did not find evidence of differ-
ences in domain architecture between pairs of ortholo-
gous human and mouse proteases. Accordingly, it seems
that these domain assemblies have occurred in an early
stage of protease evolution, before the separation of the
human and mouse lineages, which underscores their
importance.

Other sources of variability in proteases

The complexity in proteases might be further increased
by common processes such as alternative splicing and dif-
ferential polyadenylation, or by the occurrence of poly-
morphic variants that might have important roles in
expanding or modifying protease functions. There are
some examples in which alternative splicing events or the
use of alternative promoters have been shown to be func-
tionally important in proteases, as is the case in the gener-
ation of endothelial and testicular isoforms of
angiotensin-converting enzyme (ACE)%. However, the
functional relevance of most alternative splicing events
that occur in protease-encoding genes is still unknown.
There are also examples of the alternative use of different
polyadenylation sites in many proteases, including
cathepsins, MMPs and kallikreins®”-%°, but again their
functional relevance is unclear. Changes in the repeat
number of genes duplicated in tandem, as in USP17 and
pepsin A, introduce another level of variability in the
human degradome.

A final and important layer of protease variability
derives from naturally occurring genetic variants that
directly affect the expression or activity of proteolytic
enzymes. These polymorphic variants might alter the del-
icate control that operates in proteolytic systems, and
influence physiological functions or facilitate the develop-
ment of pathological conditions that involve proteases.
The ACE gene, which contains many sequence polymor-
phisms, is a good example™; some of these variants are
associated with enhanced muscle performance™, but oth-
ers confer an increased susceptibility to cardiovascular
diseases™. Recent genome-wide studies of single
nucleotide polymorphisms (SNPs) and other polymor-
phisms, which have searched for associations with
complex disease traits, have identified variations in the
promoter and coding sequences of several protease genes
that are linked to relevant pathologies. These associations
include ADAM33 and asthma, and calpain-10 (CAPN10)
and type-2 diabetes™". Similarly, a polymorphism in
glutamate carboxypeptidase 11 has been linked to
hyperhomocysteinemia’™, and variants in MMP genes
contribute to an increased susceptibility to cardiovascular
diseases or cancer®. Further studies on SNPs mapped in
protease loci might determine individual susceptibility to
common diseases or drug response, and provide further
information on the molecular mechanisms that underlie
some complex genetic traits.

Diseases associated with protease alterations
The availability of a complex protease catalogue will
facilitate the identification of therapeutic targets.
Abnormal or deficient protease functions might lead to a
range of pathological conditions that can be classified in
two general groups: those that are caused by alterations
in protease genes, and those that are caused by alter-
ations in other components of proteolytic systems. The
first group can be further subdivided into genetic disor-
ders that are caused by mutations in protease genes, and
epigenetic or regulatory diseases of proteolysis that are
caused by alterations in the spatio-temporal patterns of
expression of proteases. These latter alterations are fre-
quent in certain protease families such as MMPs, and
have been linked to the development and progression of
cancer, arthritis and inflammatory diseases®”",
Protease deficiencies might also derive from alter-
ations in other components of proteolytic systems:
inhibitors, substrates, regulatory factors and transport
systems. Examples of these abnormalities include: ser-
pinopathies®, which are generated by mutations in
serine protease inhibitors such as o.1-antitrypsin, defi-
ciency of which causes a common hereditary disorder
in Caucasians®; Alzheimer disease, which is caused by
mutations in the amyloid precursor protein gene
(APP) that facilitate accumulation of the amyloid-3
(AB) peptide®s; haemophilia A, which is caused by
mutations in the factor VIII gene that result in a
diminished proteolysis catalysed by factor IX (ReF. 84);
and finally, the haematological disease that is caused
by mutations in the ERGIC53 (LMAN1) gene that
affect the transport of proteases such as cathepsin Z .

Hereditary diseases of proteolysis. We have catalogued
53 diseases that are caused by mutations in protease
genes (TABLES 2,3) — most are recessive loss-of-function
mutations. As in the case of other enzymes, the pres-
ence of two protease gene alleles might compensate for
the loss of one copy, and heterozygotes usually have a
mild or no phenotype. However, there are some cases
in which loss-of-function mutations in protease genes
are inherited in a dominant pattern. These include
familial cylindromatosis, which is caused by mutations
in the CYLD cysteine protease gene®, and type Il
autoimmune lymphoproliferative syndrome (ALPS),
which is caused by mutations in the caspase-10 (CASP10)
gene¥. There are several possibilities to explain this domi-
nant inheritance of loss-of-function mutations, including
HAPLOINSUFFICIENCY, LOSS OF HETEROZYGOSITY in the case of
cylindromatosis® and interference with the process of
activation of procaspase-10 by an induced-proximity
mechanism®”&,

The genetic alterations that lead to the develop-
ment of hereditary diseases that are associated with
protease genes range from single-site mutations to
large chromosomal deletions. Point mutations that
result in the loss of protease function are the most fre-
quent cause of these disorders. These include: limb-girdle
muscular dystrophy type 2A, which is caused by inacti-
vating mutations in the calpain-3 (CAPN3) gene®;
thrombotic thrombocytopenic purpura, which is
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Table 2 | Human hereditary diseases of proteolysis

Protease

Gene

Loss-of-function group

Cathepsin K
Cathepsin C

Calpain 3

Cylindromatosis protein

Ubiquitin C-terminal
hydrolase 1

Caspase-8
Caspase-10
USP9Y
Gelatinase A
ADAMTS-13

Procollagen |
N-endopeptidase

Endothelin-converting
enzyme 1

PHEX endopeptidase
Carboxypeptidase E

Mitochondrial inner-
membrane protease 2

X-Pro dipeptidase
Paraplegin
Enteropeptidase

Complement
component C1r

Complement
component C1s

Complement
component 2

Complement factor D
Complement factor |
Plasma kallikrein
Thrombin

Coagulation factor Vila
Coagulation factor IXa

Coagulation factor Xa

CTSK
CTSC

CAPN3

CYLD1
UCHL1

CASPS8

CASP10

USspP9Yy

MMP2

ADAMTS13

ADAMTS2

ECE1

PHEX

CPE

IMMP2L

PEPD
SPG7
PRSS7

CiR

Cc1Ss

c2

DF

IF
KLKB1
2

F7

F9

F10

Locus

1921
11q14

15915

16q12
4p14

2933
2933
Yq11
16013
9qg34
5023
1p36
Xp22
4933
7931

19q13
16024
2121

12p13
12p13
6p21

19p13
4925
4935
11p11

13934
Xq27

13934

Disease

Pycnodysostosis

Papillon-Lefevre and
Haim-Munk syndromes

Limb-girdle muscular
dystrophy type 2A

Cylindromatosis

Parkinson disease
type V

Autoimmune lympho-
proliferative syndrome (1)

Autoimmune lympho-
proliferative syndrome (1l)

Azoospermia and
hypospermatogenesis

Multicentric osteolysis
with arthritis

Thrombotic thombo-
cytopenic purpura

Ehlers-Danlos syndrome
type VIIC

Hirschprung disease

X-linked hypophos-
phatemia

Hyperproinsulinemia and
diabetes

Gilles de la Tourette
syndrome

Prolidase deficiency
Spastic paraplegia

Enteropeptidase
deficiency

C1r deficiency
Cl1s deficiency
C2 deficiency

DF deficiency

CFI deficiency
Prekallikrein deficiency
Hyperprothrombinemia/

hypoprothombinemia
Factor Vlla deficiency

Haemophilia B

Factor X deficiency

OMIM

265800
245000

253600

132700
191342

601859

603909

415000

605156

274150

225410

142623

307800

125853

137580

170100
607259
226200

216950

120580

217000

134350
217030
229000
176930

227500

306900

227600

Dominant/ Function

recessive

R Loss
R Loss
R Loss
D Loss
D Loss
R Loss
DR Loss
D Loss
R Loss
R Loss
R Loss
D Loss
D Loss
R Loss
D Loss
R Loss
R Loss
R Loss
R Loss
R Loss
R Loss
R Loss
R Loss
R Loss
D/R Loss
R Loss
R Loss
R Loss

Animal model

KO resembles disease

KO does not resemble
disease

KO resembles disease

Gad mouse resembles
disease

KO embryonic lethality

No mouse orthologue

KO does not resemble
disease

KO resembles disease

KO partially
resembles disease

Hyp mouse resembles
disease

Fat mouse resembles
disease

Guinea-pig model
resembles disease

KO resembles disease

KO resembles disease

KO lethal, partially
resembles disease

Mouse and dog models
resemble disease

KO embryonic lethality
fatal neonatal bleeding

D, dominant inheritance; KO, knockout (mouse); R, recessive inheritance.

caused by mutations in the ADAMTS13 gene®; and non-
syndromic deafness, which results from distinct muta-
tions that affect the transmembrane serine protease
TMPRSS3 (Rer. 91). There are only a few examples of
point mutations that lead to gain of protease function
(TABLE 3), such as early-onset familial Alzheimer disease,

which is caused by activating mutations in presenilins-
1 and -2 (PSEN1 and PSEN2)>%2, Mutations in the
non-coding regions of protease genes can also result in
abnormal proteolytic activity. Examples include:
hyperprothrombinemia, which is caused by mutations
in the 3’-UTR of the thrombin gene that lead to an
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increased secretion of thrombin®3; Alzheimer disease,
which is caused by a single-base deletion at the splice-
donor site of intron 4 of PSEN1 (Rer. 94); and haemophilia
B Leyden, which is caused by different mutations in the
promoter region and the 5’-UTR of factor 1X gene?“.
Short deletions that cause protease truncation might
result in relevant diseases such as the recently described
neurotrypsin mutation, which causes autosomal recessive
non-syndromic mental retardation®. Large deletions
that remove part of protease genes have also been
described, including a 9.5-kb deletion in the paraple-
gin gene, which causes a form of spastic paraplegia®.
The systematic classification of genetic diseases of pro-
teolysis is useful for a global perspective of the diversity
of proteases, mutational mechanisms and pathological
alterations that underlie these human diseases.

This classification of protease deficiencies might pro-
vide a useful framework for discussing the possibilities
of creating animal models for the different diseases, and
for evaluating potential therapies.

Mouse models of hereditary diseases of proteolysis. The
development of methods for manipulating the mouse
germline offers new opportunities for investigating
human diseases. At least 20 protease genes that are associ-
ated with hereditary diseases of proteolysis have been dis-
rupted in mice (TABLES 2,3). In most cases, these mouse
maodels have provided valuable information on the mole-
cular and physiological mechanisms that are involved in
the development and progression of the corresponding
human disease. However, there are cases of mutant mice
that do not recapitulate the human disorder that is caused
by mutations in the orthologous protease gene.

The identification of differences in the number of par-
alogous genes in protease families from both organisms
might sometimes explain these paradoxical situations. So,
a point mutation in human caspase-8 causes ALPS,
whereas mice deficient in this protease die as embryos®.
The finding that caspase-10, the closest paralogue of
caspase-8, is absent in mice indicates that the much
milder phenotype observed in ALPS patients with
caspase-8 mutations might be derived from functional
compensation by caspase-10. The development of mouse
models of diseases that involve protease genes has also
contributed to defining the molecular mechanisms that
are implicated in these diseases. So, data obtained from
mice deficient in neutrophil elastase (Ela2)® have raised
the hypothesis that mutations in Ela2 that are associated
with congenital neutropenia and cyclic haematopoiesis
are the result of a gain-of-function in this protease®.

The use of knockout mice has also allowed the iden-
tification of specific substrates of proteases, such as
prelamin A for the FACE-1/ste24 metalloprotease'® or
syndecan-1 and o-defensin for matrilysin®®+%?, and the
finding of new and unexpected protease functionsin
normal and pathological conditions®-1%, However,
the generalization of functional studies on human pro-
teases on the basis of data from mouse models might be
hampered by the occurrence of robust proteolytic sys-
tems with redundant and compensatory enzymes, as
illustrated by the MMPs. In fact — with the exception of

MT1-MMP-null mice, which have skeletal abnormalities
and die shortly after birth11% and MMP-20-null mice,
which have an amelogenesis imperfecta phenotype® —
all mutant mice that are deficient in specific MMPs that
have been generated so far lack notable alterations during
development or in adult tissues, which points to the
occurrence of functional overlaps between individual
components of this complex proteolytic system?*°,

It is worth noting that there are some interesting
examples of mouse disorders that are caused by loss-
of-function mutations in protease genes the human
orthologues of which have not been associated
with an equivalent pathological condition. Among
mouse diseases that involve protease genes are the
neurological defects in ataxia (axJ) mice, which result
from a mutation in the ubiquitin-specific protease
Uspl4 (ReF 111).

The generation of animal models has also been
important to study diseases that involve the gain-
of-function of specific proteases. So, transgenic mice that
express mutant variants of human PSEN1 or PSEN2,
accumulate AB-peptide in the brain, which reinforces the
role of these proteins in the pathogenesis of Alzheimer
disease®392, Transgenic mice have also been used to estab-
lish causal relationships between the overexpression of a
certain protease in a specific tissue and the development
of relevant diseases such as arthritis or cancer®!'2,
Continuing projects of large-scale mutagenesis in
mice!*** will be essential to generate appropriate mod-
els for understanding the in vivo functions of many pro-
teases, their potential roles in the pathogenesis of human
diseases and their value as new therapeutic targets.

Therapeutic approaches to protease deficiencies. Human
diseases of proteolysis have been traditionally linked to
the overexpression of proteases. Consequently, the cor-
responding therapeutic strategies have focused on the
development of inhibitors to block the undesired activ-
ity of these enzymes!t5!%, However, as discussed here,
there is growing evidence for genetic diseases that are
caused by the loss of protease function. Furthermore,
there are also relevant disorders, including many con-
formational diseases such as systemic amyloidosis, prion
encephalopathies and Alzheimer and Huntington
disease, which arise from the accumulation of intermol-
ecular aggregates of specific proteins®'"118, These
disorders could benefit from protease-based treatments
to replace the deficient enzymes or to enhance the
demolition of the pathological protein aggregates, as
exemplified by the use of tPA and uPA plasminogen
activators for clot dissolution. Accordingly, the thera-
peutic approach to diseases that are associated with pro-
tease deficiencies must be based on knowledge of the
structure, function and regulation of the pathologically
relevant proteases in physiological situations. This focus
is also essential to avoid the undesired effects of nonspe-
cific therapies that can profoundly alter the delicate
balance of endogenous proteolytic systems.

There are important examples that illustrate the suc-
cessful introduction of protease inhibitors to treat
human disease. ACE inhibitors are widely used to treat
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Table 3 | Human hereditary diseases of proteolysis

Protease Gene Locus Disease OMIM

Loss-of-function group

Coagulation factor Xla F11 4935 Factor XI deficiency 264900

Coagulation factor Xlla F12 5q35 Factor Xl deficiency 234000

Protein C PROC 20921 Thrombophilia 176860

Plasmin PLG 6026 Thrombophilia and 173350
ligneous conjunctivitis

Neurotrypsin PRSS12 4928 Nonsyndromic mental 249500
retardation

Proprotein convertase 1~ PCSK1 5q15 Obesity 600955

Transmembrane TMPRSS3 21q22 Deafness 605316

protease, serine 3

Lysosomal A PPGB 20q13 Galactosialidosis 256540

carboxypeptidase

Tripeptidyl-peptidase | CLN2 11p15 Neuronal ceroid 204500
lipofuscinosis

Glycosylasparaginase AGA 4934 Aspartylglucosaminuria 208400

Gain-of-function group

Presenilin 1 PSEN1 14924 Alzheimer type 3 104311

Presenilin 2 PSEN2 1942 Alzheimer type 4 600759

Collagenase 3 MMP13 11922 Spondyloepimetaphyseal 602111
dysplasia

Cationic trypsin PRSS1 7935 Hereditary pancreatitis 167800
/trypsin deficiency

Neutrophil elastase ELA2 19p13 Cyclic neutropenia 162800

Proprotein convertase9  PCSK9 1p32 Hyperlipoproteinemia 144400
type lll

Heterogeneous group*

Indian hedgehog protein  /HH 2935 Brachydactyly type Al 112500

Sonic hedgehog protein ~ SHH 7936 Holoprosencephaly type 3 142945

Desert hedgehog protein ~ DHH 12g13 Partial gonadal dysgenesis 607080

DJ-1 (putative protease)  DJ17 1p36 Parkinson disease type VI 606324

Reelin (putative protease) RELN 7922 Lissencephaly syndrome 257320

Dihydropyrimidinase (np)  DPYS 8g22 Dihydropyrimidinase 222748
deficiency

Aspartoacylase (np) ASPA 17p13 Canavan disease 271900

Transferrin receptor 2 TFR2 7922 Hemochromatosis type 3 604250

protein (np)

Haptoglobin-1 (np) HP 16g22 Anhaptoglobinemia 140100

Dominant/ Function  Animal model

recessive

R Loss Cattle and dog models
resemble disease

R Loss -

D/R Loss KO resembles disease

R Loss KO resembles disease

R Loss -

R Loss KO does not resemble
disease

R Loss -

R Loss KO resembles disease

R Loss =

R Loss KO resembles disease

D Gain Transgenic models
partially resemble
disease

D Gain Transgenic models
partially resemble
disease

D (Gain) -

D/R Gain/Loss -

D Gain KO more susceptible to
bacterial sepsis

D (Gain) -

D Loss KO resembles disease

D Loss KO resembles disease

R Loss KO resembles disease

R Loss -

R Loss Reeler mouse
resembles disease

R Loss -

R Loss KO resembles disease

R Loss KO resembles disease

R Loss -

*Heterogeneous group includes non-protease homologues (np), putative proteases and hedgehog proteins with only autoprocessing activity. D, dominant inheritance; KO,

knockout (mouse); R, recessive inheritance.

hypertension and congestive heart failure'*® and several

VASOPEPTIDASE drugs have been introduced for blocking the human

A protease that is involved in the

regulation of vascular tone immunodeficiency virus (HIV) protease!?. There are

also many inhibitors that have been tested in preclinical
BACTERIAL SEPSIS models or have advanced to clinical trials. Special inter-
:s:::;ogy;:;':;gl:iiiIl:y the est has focused on: inhibitors of B- and y-secretases for
products through the Alzheimer disease; vasopepTipast inhibitors that simulta-
bloodstream. neously target neprilysin and ACE for hypertension,

atherosclerosis and heart failure; MMP inhibitors for
cancer and inflammatory disorders; caspase inhibitors for
BACTERIAL sepsis and autoimmune and degenerative dis-
eases; tryptase inhibitors for asthma; proteasome
inhibitors for multiple myeloma; and aggrecanase
inhibitors for arthritis. However, other attempts to
develop synthetic inhibitors for targeting human pro-
teases of clinical relevance have been accompanied by
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PHARMACOKINETICS

The time course of adrug and its
metabolites in the body after
administration.

ECTODOMAIN SHEDDING

The protease-mediated release
from the cell surface of the
extracellular domain of integral
membrane proteins.

frequent disappointments, especially in cancer
research'?, The continuing efforts aimed at the resolution
of the 3D structures of proteases and protease-inhibitor
complexes might facilitate new avenues for the rational
design of an improved generation of inhibitors that are
more selective and have better pharmacokinetic proper-
ties'?1%, Another approach involves using endogenous
inhibitors to target the undesired proteolytic activity that
is associated with many diseases''s. However, this
approach suffers from difficulties with compound
administration and poor pHARMACOKINETICS. SO far, a few
endogenous inhibitors have been used as therapeutic pro-
teins, such as antithrombin 111, in diverse inflammatory
disorders'?,

The identification of the molecular defects that
underlie diseases that are caused by the loss of function
of protease genes has offered new options for develop-
ing specific therapies. The first obvious approach is
based on classical enzyme-replacement therapies (ERT)
that are aimed at substituting the defective enzyme by its
normal counterpart!?, There are several examples of
protease-based therapies to treat genetic diseases of prote-
olysis including those that have long been recognized in
the clotting system and which are now treatable by
recombinant proteases like coagulation factors VIl and IX
(REF.129). However, the fact that most diseases of this cate-
gory have only been recently characterized has hampered
the rapid development of suitable ERT-based therapies.
Protease-based therapies might also be aimed at increas-
ing the turnover of proteins that tend to form intermolec-
ular aggregates, as in the case of AB-deposits in Alzheimer
disease!®. These therapies might suffer from the same
problems and limitations as other ERTSs, including the
high doses that are necessary to achieve therapeutic
effects, the inability of recombinant proteins to cross the
blood-brain barrier and the elicitation of immune
responses. For this reason, further therapeutic alternatives
for protease-linked diseases need to be explored. Gene
therapy, bone-marrow transplantation, enzyme enhance-
ment therapies and substrate-deprivation strategies
might offer therapeutic alternatives for human diseases
that are caused by protease deficiencies, and in some
cases, preliminary clinical trials have confirmed their
potential effectiveness for treating specific diseases of
proteolysis!?&13L,

Conclusion and perspectives
Here we offer the first comparative glimpse of the 553-
and 628-member human and mouse degradomes.
Although we have extensively revised the available
annotations for both protease sets and have included
many new members, especially in the case of mouse
enzymes, these numbers are still not definitive.
Continuing efforts that combine bioinformatic predic-
tions, expert manual annotation and curation, and
experimental verification of the new in silico acquisi-
tions for the protease collection, will be necessary to
obtain the complete proteolytic portrait of both species.
This global view of the human and mouse protease
worlds has offered some surprises, especially the finding
that the mouse degradome is more complex. Why do
mice require more proteases than humans? The one-by-
one comparison between both protease sets indicates
that most differences are a result of the human-specific
protease gene inactivation or mouse-specific protease
gene expansion of family members that are associated
with reproductive or immune processes. To some
degree, this counterintuitive situation parallels that
found after preliminary comparative analysis of the
human and chimpanzee genomes, which has shown
that genetic losses in the human lineage might have
caused some of the differences between these species'®.
This comparative genomic analysis might be the start-
ing point for further studies of the biological and patho-
logical relevance of proteases. The resolution of the 3D
structures of proteases, the ascription of functions to their
ancillary domains and non-catalytic homologues, and
the detailed analysis of protease-mediated processes such
as protein ectobomain sHEDDING'®313, the regulation of
transcription factor activity®>% and regulated
intramembrane proteolysis**, will provide important
information in the near future. From the clinical point of
view, the availability of a complete protease catalogue will
facilitate the identification of protease genes that are
responsible for genetic diseases that are associated with
protease deficiencies, and the evaluation of new proteases
as drug targets or prognostic markers'®, The design of
protease chips for the global analysis of patterns of
expression and activity of human proteases will be help-
ful for this purpose!®. The increased knowledge of the
structure, function and regulation of proteases will also

BOX 4 | The protease repertoire of other model organisms

There are many families of human and mouse proteases that are also clearly recognizable in the genomes of Drosophila
melanogaster, Caenorhabditis elegans and Arabidopsis thaliana. This indicates the existence of universal proteolytic
routines in these organisms, although they are frequently expanded in vertebrates. The MEROPS database has
annotated 558 proteases and homologues in Drosophila, 400 in C. elegans and 598 in Arabidopsis. Further comparative
analysis shows important differences in the distribution of proteases in these species. The most remarkable finding is the
multiplication in the fly genome of a group of 1A serine protease genes, reaching more than 200 members. Because of
this family expansion, the total number of proteases in Drosophila is similar to that of vertebrates, despite flies having a
considerably fewer genes. These Drosophila trypsin-like proteases might be involved in development and innate
immune defense’*!. There are also some protease families that have apparently expanded in other organisms, for
example serine carboxypeptidases, pepsin-like and subtilisin-like enzymes in Arabidopsis, and several Zn-
metalloproteases in C. elegans, which indicates that there are unique functions that are carried out for specific
proteolytic enzymes in the different species'*>. However, the annotation of the degradome of these species is still
preliminary and the functionality of most predicted proteases has not yet been experimentally validated.
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provide excellent opportunities to design new genera-
tions of therapeutic inhibitors, including those based on
endogenous protease inhibitors. The availability of the
human and mouse genome sequence also offers the pos-
sibility of exploring the complete repertoire of endoge-
nous inhibitors in these organisms. It will be interesting to
test whether the mouse protease-inhibitor complement is
also more complex than that of human, as an evolution-
ary attempt to control the expanded murine protease
repertoire. Comparative analysis of proteases (8ox 4) will
also help to identify regulatory differences that might
contribute to define distinctive aspects of human and
murine biology from a protease perspective.
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hyperhomocysteinemia | hyperprothrombinemia | imb-girdle
muscular dystrophy type 2A | multiple myeloma | thrombotic
thrombocytopenic purpura | type Il autoimmune
lymphoproliferative syndrome | type-2 diabetes

FURTHER INFORMATION

Celera Discovery System:
http://mww.celeradiscoverysystem.com

Chris Overall’s Laboratory: http://www.clip.ubc.ca
Ensembl: http://www.ensembl.org

Interpro: http://www.ebi.ac.uk/interpro

Lopez-Otin’s Laboratory: http://web.uniovi.es/degradome
MEROPS: http://merops.sanger.ac.uk

NCBI: http://www.ncbi.nlm.nih.gov

Pfam: http://www.sanger.ac.uk/Software/Pfam

Protpars: http://evolution.genetics.washington.edu/phylip.html
SMART: http://smart.ox.ac.uk

Access to this interactive links box is free online.
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