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Abstract. Proteases are deeply involved in physiology
and pathology. For most, the mechanism is well defined
but several fail to display typical protease features (as is
the case of the four proteases contained in fibronectin, the
inhibitor-resistant mesotrypsin and the proteosomal
deubiquitinating enzyme) or have unclear physiological
function (such as calpain-like proteins, transthyretin and
factor seven activating protease). In other cases, such as
in peroxisomal processing proteases, although substrates
are defined, the enzyme remains undiscovered. Further-

more, several proteases were identified in pathological
conditions, namely secretases in Alzheimer’s disease and
gross cystic disease fluid protein 15 kDa in breast cancer,
when most likely their physiological substrate is still
hidden. Lastly, the evolutionary conservation of prote-
olytic enzymes raises questions related to the origin of bi-
ological events, such as the origin of cystein proteases and
cell death responses. In this review we will discuss the
above cryptic enzymes, as they will probably be relevant
in the future.

Key words. Calpain-like protein; deubiquitination; factor seven activating protease; fibronectin; gross cystic disease
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Introduction

Proteases are pivotal in several physiological and patho-
logical mechanisms. For most of these enzymes, the pro-
teolytic mechanism and substrates are well defined. Their
classification is conventionally done according to their
catalytic mechanisms. Mainly four canonical mechanistic
classes have been recognized: the serine proteinases,
cysteine proteinases, aspartic proteinases and metallo-
proteinases. In the case of aspartic proteinases, most be-
long to the pepsin family, which includes digestive en-
zymes (such as pepsin and chymosin), lysosomal cathep-
sins, processing enzymes (such as rennin) and
fungal proteases. The second aspartic proteinase family
comprises the viral proteinases, including the human
immunodeficiency virus (HIV) protease. Canonical
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aspartic proteases are generally bilobed proteins with one
aspartyl residue in each homologous lobe contributing to
the catalytically active dyad of aspartates [1]. In contrast
to cellular aspartic proteinases, viral aspartic proteases
are monomeric and enzyme activation occurs through
dimerization of two monomers, each carrying one cat-
alytic aspartate [2—3]. The serine proteases also comprise
two distinct families: the chymotrypsin family (including
mammalian enzymes such as chymotrypsin, trypsin and
elastase, among others) and the subtilisin family, which
includes bacterial enzymes such as the cognate subtilisin.
The general three-dimensional structure is different in the
chymotrypsin and subtilisin families, but they share the
active site geometry and catalytic mechanism. In canonical
serine proteases, three residues form the essential cat-
alytic triad: His57, Asp102 and Ser195 (chymotrypsinogen
numbering). The cysteine protease family includes plant
proteases such as papain (the archetype and the better-
studied member of the family), actinidin and bromelain,
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several mammalian lysosomal cathepsins, the cytosolic
calpains (calcium activated) and many parasitic proteases.
Both in serine and cysteine proteases, catalysis occurs
with the formation of a covalent intermediate and a
nucleophilic attack (by the hydroxyl group of the Ser
residue or by a thiolate anion, respectively). Finally, the
metalloproteinases probably represent one of the oldest
proteinase classes and are found from bacteria to higher
organisms. They differ widely in their sequences and their
structures, but the great majority contain a zinc atom, or
another heavy metal, that is catalytically active. Most
metalloproteinases display the HEXXH motif, which pro-
vides two His ligands for the zinc, whereas the third ligand
is either a Glu (as is the case in thermolysin, neprilysin,
alanyl aminopeptidase) or a His residue (astacin).

In this review we will discuss proteolytic enzymes that
deviate from the above canonical classification. These
proteases will be referred to as cryptic enzymes, as their
‘obscure’ nature may be related to any of the following
aspects: (i) lack of structural protease features and/or
undisclosed proteolytic mechanism; (ii) unclear physiolog-
ical function and/or unknown physiological substrate; (iii)
substrate well-defined but protease still unidentified; and
finally (iv) proteases that raise evolutionary questions as to
the origin of certain biological events. For a matter of sim-
plicity, these cryptic enzymes will be discussed according
to their catalytic mechanisms in serine, cysteine, aspartic
and metalloproteinases and are summarized in table 1.

Cryptic aspartic proteinases

In this section, we will discuss cryptic aspartic proteases
that were originally identified as involved in pathological
processes, as is the case of secretases in Alzheimer’s
disease, and gross cystic disease fluid protein 15 kDa in
mammary tumor progression. In the case of these
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enzymes, their cryptic nature arises mainly from the fact
that the actual physiological relevance of their proteolytic
activity remains to be further clarified.

Gross cystic disease fluid protein, 15 kDa (GCDFP-15):
a living ‘fossil’ of an aspartic protease ancestor?

The gross cystic disease fluid protein 15 kDa (GCDFP-15)
owes its cryptic nature not only to its unknown physio-
logical function but also to the fact that its structure is
surprisingly close to viral aspartic proteinases. GCDFP-15
is secreted by various exocrine glands, including the sem-
inal vesicle, salivary and sweat glands, and is known
under different designations, depending on the fluid
where it is present: glycoprotein 17 (gp17) and secretory
actin-binding protein in human seminal plasma [4, 5] and
extraparotid glycoprotein in submandibular/sublingual
saliva [6]. A significant percentage of breast carcinomas
have been shown to have the ability to synthesize and
secrete GCDFP-15, whereas the protein was absent in the
normal resting mammary gland [7]. GCDFP-15 was
therefore isolated as an abundant protein present in the
fluid of gross cystic disease of the human breast [8] and
was found to be secreted by human breast cancer cells in
response to steroids and lactogenic hormones [9]. These
findings led it to be described as a secretory marker of
apocrine differentiation in breast carcinoma, also known
as prolactin-inducible protein. However, the involvement
of GCDFP-15 in tumor progression and the prognostic
relevance of its expression are not fully understood [10];
the demonstration that GCDFP-15 is specific for
fibronectin [11] suggested that it might be involved in
tumor progression, namely in the proteolytic processes
associated with invasive breast cancer lesions, by facili-
tating cell invasion through cleavage of extracellular
matrix and detachment of cell membranes from adhesion
sites. In fact, similar mechanisms of facilitation of tumor

Table 1. Cryptic enzymes grouped according to their (putative) catalytic mechanism.

Cryptic nature related to: i il il iv

Aspartic gross cystic disease fluid protein 15 kDa (GDFP-15) X X
proteases secretases involved in Alzheimer’s disease X

fibronectin gelatinase and fibronectin lamininase X
Serine factor seven activating protease (FSAP) X
proteases mesotrypsin

transthyretin (TTR) X X

fibronectinase (Fnase) X
Cysteine calpain-like protein (Cpl) X X
proteases cysteine proteases and cell death responses X

peroxisomal processing proteases X
Metalloproteinases proteosomal deubiquitinating enzyme X

fibronectin type IV collagenase X

Their cryptic nature is related to either lack of structural protease features and undisclosed proteolytic mechanism (i); unclear physiological
function and/or unknown physiological substrate (ii); substrate well-defined but protease still unidentified (iii); and raising evolutionary
questions as to the origin of certain biological events (iv), as displayed in the table.
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progression have already been described for other pro-
teinases [12—13], in particular for fibronectin-degrading
proteases [14].

It has been recently reported that GCDFP-15 exhibits
structural properties unexpectedly relating it to the retro-
viral members of the aspartyl proteinase superfamily
[11]. The bilobate structure with a twofold symmetric axis
displayed by cellular aspartic proteases is thought to have
evolved from the duplication of ancestral proteinases with
a dimeric active form having a similar twofold symmetry
[1]. Dimeric retroviral proteases are therefore considered
to be less evolved examples of a progenitor common to
cellular aspartic proteases [2]. Gene duplication and
fusion would then have allowed divergent evolution, gen-
erating a monomeric protein with a twofold symmetry,
like the aspartic proteases from lower eukaryotes[1, 3]. In
contrast to most cellular aspartic proteases described so
far, GCDFP-15 contains a single aspartyl residue at posi-
tion 22. Site-directed mutagenesis of the predicted
catalytically active amino acid residue, Asp22, and inhi-
bition by pepstatin A, a specific inhibitor of aspartyl
proteinases, confirmed that GCDFP-15 represented a
new aspartic-type protease [11]; it was therefore suggested
that this protein might be considered either a living ‘fossil’
of an aspartic protease ancestor or a product of conver-
gent evolution deriving from mutation of cellular aspartic
protease of high eukaryotes[11]. The evolutionary impli-
cations of the close structure to viral aspartic proteinases,
as well as its physiological function need however further
investigation.

Secretases and Alzheimer’s disease: the pathological
action of physiologically cryptic proteinases
Alzheimer’s disease (AD) is the most prevalent neurode-
generative disorder, affecting millions of people world-
wide. The amyloid hypothesis of AD describes the patho-
genesis of this disorder as a cascade of proteolytic events,
having as initial substrate the amyloid precursor protein
(APP), a type-1 transmembrane protein with unclear
function that has been related to cell adhesion, neurite
outgrowth and long-term potentiation, among others.
APP undergoes proteolysis in two different pathways
(fig. 1) [15]: the amyloidogenic pathway, which gener-
ates amyloid B-protein (Af), and the non-amyloidogenic
pathway, which prevents A generation [16]. The secre-
tases involved in both pathways owe their cryptic nature
mainly to the fact that although they were mostly investi-
gated in relation to their involvement with AD, their phys-
iological function is not fully characterized.

In the non-amyloidogenic pathway, APP is cleaved by
a-Secretase, which cuts APP within the A domain,
preventing A S peptide generation. a-Secretase is a member
of the a disintegrin and metalloprotease (ADAM) family
of proteases [17], and it is presently unclear whether one
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or more members of the ADAM family are the relevant
a-secretase. In the amyloidogenic pathway, APP is first
cleaved in the N-terminus by the p-site APP-cleaving
enzyme (BACE-1), B-secretase [18], which generates a
membrane-bound APP C-terminal fragment. S-Secretase
was identified as a type | transmembrane protein
containing aspartyl protease activity [19] and belonging
to the pepsin family of aspartyl proteases, but defining a
novel subgroup of membrane-associated proteases.
Although additional candidate BACE-1 substrates have
been recently identified [20, 21], the biological function
of this protein is still unclear. What seems clear from the
available reports is that APP is not its main substrate as it
does not provide the optimal cleavage site for BACE-1
[22]; the Swedish mutation in APP, which is related to
familial AD cases, strongly enhances APP cleavage by
BACE-1 by generating an ‘optimized’ cleavage site [23].
In addition, BACE-1 has only limited access to APP in
polarized cells, which would not be expected if it were to
be its main substrate.

After BACE-1 cleavage of APP, y-secretase is required
for a proteolytic process that was long thought to be
impossible, intramembrane cleavage (fig. 1) [24]. Sev-
eral evidence suggests that two homologous presenilins
(PS), presenilin 1 (PS1) and presenilin 2 (PS2), are
needed for y-secretase cleavage. PS mutations are linked
to aggressive early-onset familial AD [25]; in these muta-
tions, y-secretase cleavage is shifted two amino acids to
the C-terminus [26], increasing the AB42 (highly amy-
loidogenic) to AB40 ratio. Direct evidence implicating PS
in the catalytic core of y-secretase came from the finding
that PSs contain two highly conserved aspartate residues
within transmembrane domains 6 and 7 that, once mu-
tated, resulted in lack of A production [27]. Moreover,
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Figure 1. Proteolytic processing of APP. APP undergoes proteolysis
in two different pathways: in the amyloidogenic pathway APP is
cleaved by B-secretase (BACE1) in the N-terminus of the A domain
yielding the secreted sAPPf and a C-terminal fragment of APP,
which is further cleaved by y-secretase generating the Af peptide; in
the non-amyloidogenic pathway APP is cleaved by a-secretase
within the A domain and yields the neuroprotective sAPPa.
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holoPS is thought to be a zymogen, which is activated by
autoproteolysis within the large cytoplasmic loop (fig. 1)
[28]. In contrast with other conventional aspartyl pro-
teases, PS lack the D(T/S)G(T/S) aspartyl protease active
site and contain instead a GXGD motif [28]. Recent evi-
dence suggests convergent evolution of a novel active site
for intramembrane proteolysis, as this motif is fully con-
served in proteinases, including signal peptide peptidases
[29], which we will address in more detail later in this re-
view. It is also noteworthy that PSs are, however, not suf-
ficient for y-secretase activity; a set of four proteins s re-
quired to build up a y-secretase complex [30], namely
nicastrin (Nct) [31], the anterior pharynx-defective pheno-
type protein (APH-1) and the PS-enhancer (PEN-2) [32].
Similarly to BACE-1, PS probably did not evolve to pro-
duce pathogenic A Bpeptide. PS1 knockout mice have been
generated and present a phenotype close to the one de-
scribed for the Notch knockout [33]. So far, several addi-
tional PS substrates have beenidentified besides APP and
Notch [30], including the APP-like molecules 1 and 2
(APLP-1 and -2), the ErbB-4 receptor tyrosine kinase, E-
cadherin, N-cadherin, the LDL receptor-related protein
(LRP), Nectin-1-y, the Notch ligands Delta and Jagged,
and CD44. Taken together, these new findings suggest
that PSs have important biological functions, unrelated to
A generation.

Cryptic serine proteases

Three cryptic serine proteases will be addressed in this
section: factor seven activating protease and transthyretin,
which have still unclear physiological functions and cat-
alytic mechanisms, and mesotrypsin, a serine protease
that is resistant to polypeptide trypsin inhibitors.

Factor VII activating protease: a novel plasma serine
protease involved in coagulation and fibrinolysis

In 1996 a novel serine protease was purified from
human plasma by adsorption to hyaluronic acid and
was named plasma hyaluronan binding protein (PHBP)
[34]; independently, an amidolytic activity was detected
in commercial prothrombin complex concentrate (PCC)
[35]. The activity was inhibited by aprotinin, and this
serine protease inhibitor was subsequently used to purify
the protease from PCC [36]. Amino-terminal sequencing
of the above proteases showed that they were identical
[37, 38]. Based on the finding that the novel protease
from PCC was a potent activator of coagulation factor
VII, it was named factor seven activating protease
(FSAP) [37]. A reason for FSAP’s late discovery was
probably that it easily autoactivates and degrades [39]
despite the fact that under physiological conditions,
only urokinase has been identified as a potential phys-
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iological activator [38]. Choi-Miura et al. [34] suggested
a molecular structure for FSAP based on its primary
structure and homology with other proteases: the mature
proenzyme is 64 kDa, and its amino-terminal strand is
followed by three EGF-like domains, a ‘Kringle’ and a
typical serine-protease domain; a conserved cleavage
site at Arg290 indicated the activation site of the pro-
enzyme.

Approximately 1% of total plasma factor VII is present as
the cleaved form of the protein, factor VIIa [40], which is
an essential contributor to the initiation of a coagulation
response. FSAP is the leading candidate for the mainte-
nance of plasma factor VIIa. The biological significance
of FSAP in factor VII activation remains unclear, however,
as other serine proteases were also reported to activate
factor VII in vitro. For example, the transmembrane serine
protease hepsin was shown to activate factor VII in a
cell-based assay [41]. In knockout mice, however, hepsin
deficiency had little effect on blood coagulation [42],
indicating that hepsin is not critical for VII activation in
vivo. In recent years, further FSAP substrates have been
described, namely FVIII/FVIIla, FV/FVa, fibrinogen, a
transcription factor of the amyloid protein precursor [43],
and extracellular matrix proteins such as fibronectin and
vitronectin [44], among others. However, there is still
no evidence that these proteins are physiological FSAP
substrates.

In addition to the interaction of FSAP with proteins/factors
of the coagulation cascade, tissue plasminogen activator
(tPA) and in particular prourokinase (uPA) are activated
by FSAP; FSAP facilitates uPA generation in plasma and
subsequent plasminogen activation, resulting in effective
fibrinolysis [45]. Therefore, despite the fact that the phys-
iological role of FSAP is still speculative, it is possible
that it plays a role in homeostasis, based on its potency to
activate components of both the coagulation and fibri-
nolytic system. FSAP may serve as an FVII activating
protease, important essentially in the presence of low
levels of tissue factor. In contrast, in the presence of uPA,
FSAP can activate it effectively, driving fibrinolysis.
Which pathway is promoted may be regulated locally, by
the accessibility of certain protease inhibitors [37, 38, 44].
A frequent FSAP polymorphism, FSAP Marburg I,
resulting in an amino acid exchange close to the carboxy-
terminus of the protease was found [46]; this polymor-
phism caused impairment of uPA activating properties,
and Marburg I plasmas displayed significantly reduced
clot lysis times when compared to control plasmas.
However, the role of FSAP is still uncertain, and it is
presently unknown whether the polymorphism has a
consequence in terms of enhanced thrombotic risk for the
carriers or reveals a correlation with other events. Studies
have been launched to clarify its contribution in health
and disease [47], which will contribute to understanding
FSAP’s role in physiology.
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Mesotrypsin: the inhibitor-resistant serine protease
Three isoforms of trypsinogen are secreted by the human
pancreas and, on the basis of their electrophoretic mobility
are commonly referred to as cationic and anionic
trypsinogen, and mesotrypsinogen. Cationic and anionic
trypsinogen constitute the bulk of secreted trypsinogen,
whereas mesotrypsinogen represents less than 10% of
total trypsinogen [48]. An alternatively spliced form of
mesotrypsinogen in which the signal peptide is replaced
with a novel sequence is expressed in the human brain
[49] and is referred to as ‘brain trypsinogen’; there is,
however, no evidence for activation of this protease,
which might in fact have a function unrelated to prote-
olytic activity [50].

The cryptic nature of mesotrypsin consists in its resistance
to polypeptide trypsin inhibitors, such as the soybean
trypsin inhibitor or the pancreatic secretory trypsin
inhibitor [48, 51, 52]. Analysis of the crystal structure of
mesotrypsin provided evidence that the presence of an
Arg residue in place of the highly conserved Gly198
(Gly193 in the chymotrypsin numbering system) is
responsible for the peculiar inhibitor resistance [53];
Argl98 occupies the S2’ subsite and its long side chain
clashes sterically with protein inhibitors and possibly
substrates [53]. Despite the high resolution of the crystal
structure, the biological function of mesotrypsin has
remained mysterious until very recently, and it was even
suggested that mesotrypsin might have been abandoned
by evolution, as no important role in physiology could be
assigned [48, 50]. Conflicting theories proposed,
however, that pancreatic activation of mesotrypsin might
either cause or protect against pancreatitis, as inhibitor-
resistant trypsin activity could freely activate or degrade
other pancreatic zymogens [48, 51]. A recent study
finally identified a unique and specific role for
mesotrypsin in the degradation of trypsin inhibitors and
explained this cryptic enzymatic activity by evolutionary
selection of Arg198 [53]; such a function is advantageous
in the digestion of naturally occurring trypsin inhibitors,
providing a rationale for the evolution of this trypsiniso-
form. Szmola et al. [53] also demonstrated that cathepsin
B activates mesotrypsinogen at a higher rate than cationic
and anionic trypsinogens. Their observations not only
indicated a physiological role for mesotrypsin, but also
suggested that its premature activation could contribute
to the pathogenesis of human pancreatitis. The specialized
mesotrypsin function could explain the relatively low
levels of mesotrypsin secretion, as opposed to the largely
expressed nonspecific digestive enzymes [53].

Transthyretin: a novel plasma cryptic serine protease
Transthyretin (TTR) has recently been described as a
novel plasma protease having as substrate apolipoprotein
Al (apoA-I). The cryptic nature of TTR comes from the
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fact that not only does it lack canonical structural protease
determinants, but its physiological function is also appar-
ently unrelated to proteolysis. TTR is a plasma protein of
four identical subunits [54] mainly synthesized by the
liver and the choroid plexus of the brain [55]. Under
physiological conditions TTR functions as a carrier for
both thyroxine (T,) and retinol, in the latter case through
binding to retinol binding protein (RBP) [56]. ApoA-I is
also a minor TTR ligand as under physiological conditions,
a fraction of plasma TTR circulates in high-density
lipoproteins (HDLs) through binding to apoA-I [57], its
major protein component. The physiological meaning
of this interaction remains to be explained, but it was first
suggested that it might be relevant in physiological
conditions namely in lipid and/or TTR metabolism. Our
laboratory demonstrated that TTR has protease activity
and identified apoA-I as one of its possible natural
substrates [58]. Based on inhibition of TTR proteolytic
activity by general serine and by chymotrypsin-like
serine protease inhibitors, as well as its cleavage preference
for a Phe residue on Pl and an optimum pH of 6.8, a
chymotrypsin-like serine protease activity was suggested
[58].

Analysis of the primary structure of TTR to identify a
possible canonical catalytic triad (His Asp Ser) is difficult
to accomplish; not only TTR is an homotetrameric protein,
but also each TTR monomer has 11 Ser residues, 4 Asp
residues and 4 His residues. By analysis of the three-
dimensional structure of the TTR tetramer, only Ser46
seemed to accommodate a possible arrangement compat-
ible with a canonical catalytic triad; however, when site-
directed mutagenesis was performed at Ser46, TTR
retained the ability to cleave apoA-I. It was therefore
hypothesized that TTR is a non-canonical serine protease,
as several others have been recently identified [59]; for
instance, the birnaviridae viral protein, a protein with a
region related to the protease domain of bacterial ATP-
dependent Lon protease, employs a Ser-Lys catalytic
dyad [60] instead of the canonical triad, where the Lys
residue plays the role of a general base and activates the
hydroxyl group of Ser for catalysis.

The C-terminal domain of apoA-I, cleaved by TTR, is
important in lipid binding and self-association [61] as
well as in cholesterol efflux [62]. It is therefore possible
that regulation of the TTR-mediated C-terminal truncation
of apoA-I has impact in lipid metabolism. Furthermore, it
was recently reported that mast cell human chymase, a
chymotrypsin-like neutral protease, cleaves the C-terminus
of apoA-I in discoidal pre-beta migrating reconstituted
HDL particles at position Phe225 [63], the same position
that is cleaved by TTR. In this study it was concluded that
chymase reduces the ability of apoA-I in discoidal HDL
particles to induce cholesterol efflux, therefore supporting
the concept that extracellular proteolysis of apoA-I is one
pathophysiologic mechanism leading to the generation
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and maintenance of foam cells in artherosclerotic lesions;
the same reasoning is possible for TTR cleavage of
apoA-I. Work from our laboratory has also identified an
amyloidogenic variant of apoA-I, where analysis of
fibrils revealed co-deposition of N-terminal fragments of
mutated apoA-I and wild-type TTR [64]; one can speculate
that cleavage of apoAl may trigger fibril formation.
Understanding the role of TTR proteolysis in amyloidoses
and under physiological conditions, namely the relevance
of apoA-I as a natural TTR substrate, might have impact
not only in amyloidoses but also in disorders related to
lipid metabolism. The evidence that TTR contains a cryp-
tic protease therefore constitutes an important model to
study the physiological relevance of cryptic proteases.

Cryptic cysteine proteases

The cryptic cysteine proteases that will be discussed
include calpains, cysteine proteases involved in cell death
responses and peroxisomal signal peptidases. In the case
of calpains, although the human genome encodes 14 dif-
ferent members of this family [65], with the exception of
2 of these enzymes, little is known about their function,
substrate preference and proteolytic activities, which led
us to include them as enzymes with a cryptic nature. In
relation to cysteine proteases involved in cell death, the
origin of caspases, which may predate multicellular life,
raises important evolutionary questions relating to the
origins of cell death responses. Finally, the still unidenti-
fied peroxisomal signal peptidase(s), which possess well-
identified substrates, will also be discussed.

Tracking calpain function in Dictyostelium:

the calpain-like protein

Calpains comprise a family of intracellular cysteine pro-
teases that function as signal transduction components in
several cellular pathways [66, 67]. In vertebrates, little
information is available relating to the role of calpains,
although a mouse knockout for the small subunit of
calpains was shown to be embryonic lethal [68], which
implies pivotal functions for these enzymes. Given the
problems associated with redundancy among the calpain
genes expressed in different cell types [65], identification
of calpain-like proteins in genetically tractable multicel-
lular organisms such as the simple eukaryotic amoeba
Dictyostelium discoideum was performed in order to
elucidate their physiologic function [69]. A gene encoding
a calpain-like protein (Cpl) was identified, and the coded
protein was purified and shown to have weak caseinolytic
activity, to be inhibited by cysteine protease inhibitors
and to undergo autoproteolysis in inhibitor-free buffer
[69]. The low caseinolytic activity of Cpl when compared
with conventional calpains suggested that it might have a
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restricted substrate specificity, although it is also possible
that Cpl does not function as a protease in Dictyostelium.
The domain organization of Cpl resembles mammalian
calpain 10, including the presence of tandem calpain D-III
domains, that to date has only been reported in calpains
and is probably needed for binding to phospholipids [69,
70]. However, the amino terminal sequence of Cpl does
not resemble the amino terminal sequence of calpains,
except for the presence of correctly positioned His and
Gln charge transfer residues within the putative catalytic
domain (fig. 2). An active site Cys awaits identification,
although it is clear that it would have to be different from
the calpain DCW consensus sequence [71], as this
sequence is not present in Cpl. Also, Cpl has little
homology to the trypanosome Cpls [72]; unlike Cpl, the
homology of trypanosome Cpls to calpains is associated
with the catalytic region, but their putative proteolytic
activity awaits characterization. Identification of the
cryptic physiologic function of Cpl is of interest, especially
since it resembles calpain 10, a putative diabetes-related
protein [73]. The studies here described represent the
first step in the analysis of Cpl function, which may shed
light on the physiologic role of calpain 10 and similar
mammalian calpains.

The origins of cysteine proteases in cell death responses
Apoptosis is essential for physiological growth and
development of multicellular organisms, and apoptotic
programs depend largely on cysteine proteases, the caspase
family. Despite the fact that no genes homologous to
animal caspases have been isolated from plants, caspase-
like activity has been reported in higher plants [74-76]. In
Saccharomyces cerevisiae, a metacaspase protein has
been shown to have caspase-like activity and to mediate
apoptosis [77], and homology searches have also sug-
gested the presence of two types of metacaspases in
Arabidopsis [78]. The functions of these genes have so far
only been inferred from sequence homology, as their
enzymatic activity has not been assayed. Key elements of
apoptotic pathways had, however, not been identified in
unicellular organisms. A recent report has shown that the
unicellular chlorophyte alga Dunaliella tertiolecta under-
goes a form of cell death reminiscent of apoptosis in
metazoans [78]. The evidence for caspase-like enzymes
in D. tertiolecta came from cross-reactivity with specific

Cpl: HWI (X) ;,LKLRQPEG (X) 110 Domain III
Calpain 10: HAF (X) ;s LRIQNPWG (X) g6 Domain III
Consensus: HAY (X) 17, LRLRNPWG (X) g0-g6 Domain III

Figure 2. Comparison of the putative active His and Gln sites of Cpl
with the sequence of human calpain 10 and the calpain consensus
sequence.
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antibodies against mammalian caspases, typical biochem-
ical substrate specificity and inhibition, and observation
of morphological processes consistent with apoptosis
[78].

Caspases are among the most specific proteases, having
an unusual and stringent requirement for cleavage after
Asp residues. Furthermore, recognition of at least four
amino acids, N-terminal to the cleavage site, is also a
requirement for efficient catalysis. It is most interesting
to note that the amino acid motif QACXG, found in
the active site of caspases, is not only also present on
D. tertiolecta [78], but also that homologous sequences
are present in several viruses. It was therefore suggested
that caspases were originally inherited from a common
ancestor through viral infection and were appropriated
and maintained throughout the evolution of eukaryotes
[78]. Therefore, in contrast to what was long thought,
caspase-like enzymes and the origin of cell death
programs would predate multicellular life as elements of
the caspase-induced cell death cascade were present much
earlier in evolution [79]. This hypothesis would explain
why eukaryotes, higher plants, metazoans and unicellular
chlorophyte alga share a conserved proteolytic apoptotic
machinery.

Peroxisomal processing proteases: the missing
intracellular protease(s)

Intracellular proteases play an important role in virtually
all cellular compartments; a specific group of proteases,
the processing proteases, are responsible for removal of
signal sequences from newly synthesized proteins during
or after import to a given organelle. A well-studied
organelle in this perspective is the mitochondrion, where
several mitochondrial processing proteases have been
identified and characterized. This is, however, not the
case of the peroxisome where peroxisomal processing
enzyme(s) still await identification. Peroxisomal proteins
are commonly produced at their final size and are
targeted to the peroxisome via a C-terminal peroxisomal
targeting signal (PTS1), consisting of a tripeptide with
the consensus sequence (S/A/C)(K/R/H)L [80]. An
increasing number of peroxisomal proteins produced as
larger precursors have been identified; their N-terminal
presequences contain the peroxisomal targeting signal 2
(PTS2) sequence [81, 82], which consists of a nonapeptide
with the consensus (R/K)(L/T)(X),(V/I/L)(X),(H/Q)L
[83]. So far, little information is available on peroxisomal
proteases, although protease activity has been demon-
strated [84-86]. One of these studies addressed the
enzyme that catalyzes the second step in the biosynthesis
of ether phospholipids, the peroxisomal alkyl-dihydroxy-
acetonephosphate synthase (alkyl-DHAP synthase),
which is synthesized as a precursor with a cleavable
N-terminal presequence of 58 amino acids containing the
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PTS2-sequence. This presequence shares sequence
homology with peroxisomal thiolases [83], suggesting
that both enzymes are processed by the same protease(s).
Recently, a protease that degrades a synthetic peptide
corresponding to the PTS2-containing leader peptide of
rat B peroxisomal thiolase has been identified and shown
to be a metalloendopeptidase [86]. Although the free
presequence of the enzyme was a substrate for the pro-
tease, the full-length prethiolase was neither bound nor
cleaved by the protease [86]; it was therefore concluded
that another yet undefined peroxisomal protease cleaves
the presequence, which is then further degraded by the
metalloendopeptidase [87]. Characterization of this pro-
cessing protease showed that the enzyme has an optimum
pH of 6.5 and is inhibited by N-ethylmaleimide, iodoac-
etamide, chymostatin and zinc, clearly suggesting that it
belongs to the class of cysteine proteases. Alkyl-DHAP
contains the consensus sequence SXL(X),AXCXA,
present in most of the mammalian peroxisomal proteins,
which are produced with N-terminal presequences and
processed after import in the peroxisomes. In that
consensus sequence, the Cys residue is often present near
the cleavage site. Recently, the importance of this Cys
residue in the processing of precursor proteins was
confirmed when this residue was deleted or replaced,
which led to reduction or completely abolished processing
[88]. When fusion proteins were used, successful pro-
cessing was dependent not only on an intact processing
site but also on the length of the N-terminal region of
the mature protein conjugated, which suggested that the
secondary structure of the region around the cleavage
site is also of importance for successful processing. It is,
however, clear that further studies are necessary in order
to elucidate the nature and mechanism of peroxisomal
processing proteins.

A cryptic metallopeptidase that couples
deubiquitination and degradation by the proteasome

In eukaryotes the protease responsible for most regulatory
intracellular proteolysis is the 26S proteasome [§9-92],
which can be divided into two subcomplexes, the 670-kDa
20S proteolytic core particle (where proteolysis occurs),
and the 900-kDa 19S regulatory particle (RP) [93].
Substrates destined for degradation are labelled with
polyubiquitin chains, which requires covalent attachment
of the carboxyl-terminus of polyubiquitin to an amino
group of the substrate [94-96], as described by the work
of the Nobel laureates, Ciechanover, Hershko and Rose.
Ubiquitinated proteins are then degraded rapidly in the
cellular ‘waste disposers’, the proteasomes. Examples of
processes governed by ubiquitin-mediated protein degra-
dation are cell division, DNA repair, quality control of
newly produced proteins and certain aspects of immune
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defense. When degradation does not work correctly,
pathological conditions develop, and therefore knowledge
of ubiquitin-mediated protein degradation offers an
opportunity to develop drugs against these disorders.

In a ubiquitinated protein, the attached polyubiquitin
chain must be released to facilitate the translocation of
the unfolded substrate across the central proteolytic
chamber of the 20S core. This process is performed by
deubiquitinating enzymes (DUBs). Different DUBs that
can hydrolyze ubiquitin from substrates bound to the
proteasome have been reported [97-100]. Almost all
known DUBs are cysteine proteases that specifically
hydrolyze an amide bond between the carboxyl-terminus
of the ubiquitin moiety (Gly76) and an amino group on
the substrate (either a Lys residue or the N terminus)
(fig. 3) [99, 101]. It has however been reported that the
human padl homologue/regulatory particle 11 in yeast
(POH1/Rpnl1) subunit of the 19S complex is responsible
for substrate deubiquitination during proteasomal degrada-
tion that unlike all other known DUBs appears to be a
Zn*-dependent protease [102]. Several observations
pointed to the existence of an unusual DUB: (i) POH1
activity was insensitive to ubiquitin aldehyde, a potent
DUB inhibitor, and to ubiquitin vinylsulphone, an irre-
versible DUB inhibitor [102]; (ii) this DUB activity
required ATP and was completely blocked by o-phenantro-
line [103]. The identities of the critical residues suggested
that POH1/Rpnl1 is a Zn?*"-dependent metalloprotease:
assays performed with different Rpnl1 mutants suggested
that His109, His111 and Asp122 are the DUB active-site
residues, as these mutants were lethal in yeast. On the
other hand, the viability of the Cys116Ser mutant excluded
a cysteine protease mechanism [102]. When the 19S com-
plex was incubated with the Zn>* chelator N,N,N’,N’-
tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN), deu-
biquitination was inhibited, and this effect was prevented
when TPEN was pre-incubated with excess Zn?" [102].
Sequence alignment of Rpnl1 revealed a conserved met-
alloprotease motif JAB1/MPN/Mov34 metalloenzyme
(JAMM) [103]. The JAMM family is defined by the
consensus motif E(X),HXH(X),S(X),D, which resembles
the active site of metallo-(specifically zinc-)proteases.
The cryptic nature of this new DUB family comes from
the fact that not only is its mechanism not fully understood
but it also constitutes the only example of a deubiquiti-
nating enzyme without a cysteine nucleophile. Among
the consensus sequence residues, the Asp, Glu and two
His residues are likely to be the metal ligands. The fifth
residue in the consensus sequence, the conserved Ser,
could be a candidate for stabilizing the oxyanion hole
[100]. The identification of unrelated families of proteases
for removal of ubiquitin and their diverse mechanisms
of action point to the possibility that additional novel
deubiquitinating enzymes can be discovered and possibly
related to proteasome function.
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Figure 3. Structure of a ubiquitinated protein. Ubiquitin (light grey)
binds the target protein via an isopeptide bond between its carboxyl
group and a lysine amino acid chain (K) of the protein, or a peptide
bond with the amino terminus of the protein. Polyubiquitin chains
can be formed by ubiquitin linkage via lysine 48. Deubiquitinating
enzymes hydrolze bonds between the ubiquitin moieties or between
ubiquitin and the target protein. * represents deubiquitination.

Fibronectin: four proteinases within a single protein

Fibronectin (FN) is a plasma multifunctional glycoprotein
(pFN, plasma fibronectin) that can also be found on cell
surfaces (cFN, cell surface fibronectin). FN has been
involved in a variety of biological processes, namely in
cell adhesion, migration, wound healing, metastasis,
embryonic development, thrombosis and bacterial infec-
tion [104-106]. It consists of two almost identical
subunits divided into different domains (fig. 4A). Several
studies have demonstrated that fibronectin fragments
perform different functions from the ones performed by
the intact protein, such as inhibition of endothelial growth
or promotion of tissue reconstruction. Other fragments
stimulate the expression of matrix metalloproteinases,
tumor necrosis factor-a, tissue inhibitor of metallopro-
teinase 1 and urokinase type plasminogen activator
[107—-109]. Finally, several studies reported the existence
of four different cryptic proteinases (as their physiological
relevance is unknown as well as their proteolytic mecha-
nism) in human pFN, designated as fibronectinase (a
serine protease), FN-gelatinase and FN-lamininase
(aspartic proteases) and FN-type IV collagenase (a
metalloprotease) [110-113]. It is, however, noteworthy
that the four enzymes in fibronectin, which we will next
address in detail, need further characterization in order to
unequivocally demonstrate their existence.
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Figure 4. Fibronectin: four proteinases in a single protein. (4) Schematic domain structure of fibronectin. Fibronectin is constituted by three
types of internal repeating modules designated type I, II and III. At the top of the figure are indicated the binding domains of fibronectin.
ED-A and ED-B, extra domains A and B. (B) Model of processing and activation of fibronectinase. The N-terminal 70-kDa fibronectin
fragment undergoes autodigestion, resulting in a 27-kDa fragment. Further incubation of the 27-kDa fragment leads to the appearance
of an inactive 23-kDa form. Cleavage of the bond Lys86-Asp87 with a concomitant decrease in mass of 1 kDa generates the 22-kDa

proteolytic active fragment.

Fibronectinase

Fibronectinase (Fnase) is a cryptic proteinase still un-
characterized at the structural level and with unclear
physiological function, associated with the N-terminal
heparin/fibrin binding domain of FN (fig. 4A) [112]. The
enzyme could be generated from the purified 70-kDa
pFN fragment produced by cathepsin D digestion and
was activated in the presence of Ca?" and inhibited by di-
isopropyl fluorophosphate (DFP), phenylmethanesulfonyl
fluoride (PMSF) and ethylenediaminetetraacetic acid
(EDTA) [112].

The mechanism of Fnase activation occurs by autodiges-
tion of the N-terminal 70-kDa FN fragment in the presence
of Ca?*, and comprises three steps (fig. 4B). The first step
includes the cleavage of the bond Arg259-Ala260 between
the heparin-binding and collagen-binding domains
concomitant with the cleavage of a 2—3-kDa polypeptide
in the C-terminal extremity of the fibronectin N-terminal
heparin-binding fragment. In the second step, a 4-kDa
fragment is cleaved off from the C-terminal extremity,
resulting in the formation of a 23-kDa form containing
the N-terminus. The third step involves cleavage of the
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bond Lys85-Asp86 in finger 2, concomitant with the loss
of 1 kDa and with the appearance of a new N-terminal
sequence DSMIW (residues 86-90). This cleavage product
(22 kDa) is composed of two chains: a light chain of 8§
kDa, which begins with the blocked N-terminal residue 1,
and a heavy chain of 14 kDa, which begins with the
sequence DSMIW (residues 86—90). The opening of the
loop (finger) structure allows enhanced flexibility of
the tertiary structure of the two linked polypeptides,
which in turn may be favorable for the formation of a
catalytically active form [112]. It was hypothesized that
the catalytic active site was probably formed by the amino
acid residues Asp24, His128 and Ser164; however, site-
directed mutagenesis of these residues and subsequent
loss of activity assays have not been reported in the liter-
ature. Similarly, the three-dimensional structure of the
active site is lacking, and sequence homology between
FN and other proteases is limited. Therefore, the prote-
olytic activity of Fnase is only supported by circumstantial
evidence; although the Fnase enzymatic properties do not
correspond to any known plasma proteinase, the presence
of a non-identified proteinase contaminant, which would
be co-purified with FN fragments, cannot be excluded a
priori. Direct structural evidence such as covalent labelling
with DFP (an inhibitor of Fnase activity) and sequential
identification of the active site in Fnase is needed [112].
An Escherichia coli expression system was developed in
order to make Fnase available for characterization [114].
Both plasmatic and recombinant Fnase were able to
cleave plasma FN having preference for bonds with
an arginine residue in P, position, a cleavage specificity
similar to trypsin-like proteinases. Sequence homology
revealed, however, that Fnase shares homology regions
with prohormone convertases, which belong to the
family of subtilisin-like proteinases. Besides FN, both
human actin and myosin were identified as substrates of
Fnase [114], revealing a possible role for this enzyme in
the pathological process of muscular dystrophy where an
increased production of cathepsin D was observed in
patient tissue samples [115]. As the in vitro generation of
Fnase is initiated by cleavage of FN by cathepsin D, it was
suggested that increased Fnase activity in these patients
might contribute to the proteolytic processes in this
disorder [114].

Fibronectin-gelatinase and fibronectin- lamininase

In addition to Fnase, human plasma fibronectin has been
described as containing two additional latent aspartic pro-
teinases, FN-gelatinase and FN-lamininase [110, 111],
that similarly to Fnase have still uncharacterized structure
and unclear physiological function. Both enzymes can be
generated and activated in the presence of Ca?" from the
190-kDa FN fragment generated by digestion with
cathepsin D [110, 111]. FN-gelatinase (35 kDa) is located
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in the central domain of FN and has denaturated collagen
type IV [111] and fibronectin as preferential substrates.
FN-lamininase (25 kDa) is located in the carboxy-terminal
heparin-binding domain and preferentially cleaves
laminin and denaturated collagen [110]. Both FN-derived
enzymes are inhibited by PMSF and also by pepstatin A
[110, 111], similarly to retroviral aspartic proteinases.
Comparison of their sequences with retroviral proteinases
reveals a high resemblance to these enzymes. The cleavage
specificity of FN-lamininase and FN-gelatinase was
identified using the B chain of oxidized bovine insulin;
both enzymes have a preference for peptide bonds
flanked at P1” by hydrophobic and by aromatic amino
acids [116], which is characteristic of several aspartic
proteinases, including retroviral ones. Also, as in retroviral
proteinases, in FN-gelatinase and FN-lamininase, the
formation of dimers seemed to be essential to combine
two catalytically important aspartic acid residues in the
active site [116]. Again, critical experiments demonstrating
that the observed enzymatic activities are related to FN,
such as experiments aiming at the identification of the
catalytic Asp residues, need to be performed in order to
structurally characterize FN-gelatinase and FN-lamininase.
Regarding the biological relevance of the cryptic FN-
gelatinase and FN-lamininase, no reports exist in the
literature, and clearly more studies are needed to
determine their physiological relevance.

Fibronectin type IV collagenase

Finally, fibronectin has been described as containing a
metalloprotease located in the collagen-binding domain
of human FN, but again no structural data exists charac-
terizing the catalytic mechanism of this enzyme. Fnase
activates the collagen-binding domain of FN into two
metalloproteinases, FN-type IV collagenases A and B
(FnColA and FnColB), both inhibited by metallopro-
teinase inhibitors [113]. The generated 40-kDa FnColA
degrades native collagen type IV, heat-denaturated colla-
gen type I and laminin, a different substrate specificity
from type IV collagenase (gelatinase), FN-lamininase
and FN-gelatinase. The 27-kDa form of the enzyme, FN-
type IV collagenase B (FnColB), has a narrow specificity
and degrades preferentially native collagen type IV. Both
enzymes begin with the same N-terminal sequence
VYQPQPH (residues 262-268 of fibronectin), but
contrary to FnColA, FnColB has lost the C-terminal
region of type I repeats, where the major gelatin-binding
determinants of fibronectin are located. FnColA and B
are similar to domain II of collagenase type IV [113]. An
E. coli expression system for further characterization of
the proteolytic activity of cryptic human FnColA and B
was developed by Schnepel et al. [117]. Catalytic activity
of recombinant FnColA and FnColB was detected against
gelatin, type 1l and type IV collagen and a- and - casein.
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Inhibition studies showed that TIMP-2, EDTA and bati-
mastat are efficient inhibitors of recombinant FnCol
[117]. As for the case of the other two FN protease activ-
ities (serine protease-like and aspartic protease-like),
structural data are not available, and further experiments
are needed in order to characterize FnCol.

Given the ubiquitous occurrence of fibronectin, the
significance of FN-type IV collagenase in physiological
or pathological processes is not well understood. Most
studies on the pathophysiological role of FN fragments
have been devoted to the cleavage of articular cartilage in
osteoarthritis and rheumatoid arthritis patients [118] as
levels of FN fragments are highly elevated in their
synovial fluids. It has been hypothesized that FnColA and
B could not only induce other proteases, but may also
contribute to the proteolytic potential of synovial fluid. It
was also suggested that FN-type IV collagenase could be
involved in malignant processes, given the fact that cleav-
age of type IV collagen was shown to be a prerequisite for
degradation of basement membrane and is thus involved
in tumor invasion and metastasis [117]. However, similarly
to several of the cryptic enzymes reviewed here, further
investigation is needed in order to establish their physio-
logical function.

Final remarks

Cryptic proteases have received increasing importance
over the last few years given the growing awareness that
proteolytic activity can be hidden in proteins with other
described functions, as well as the fact that the described
relevance of certain proteases might be unrelated to their
real physiological function. These new perspectives on
proteolytic activity have opened promising avenues for
future research. To attract scientific attention on this
issue, in the present review we aimed at covering a broad
range of unrelated proteolytic enzymes displaying cryptic
features, although it should be noted that several others
exist in the literature and also that possibly many still
await identification.
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