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Protease research has undergone a major expansion in the

last decade, largely due to the extremely rapid develop-

ment of new technologies, such as quantitative proteomics

and in-vivo imaging, as well as an extensive use of in-vivo

models. These have led to identification of physiological

substrates and resulted in a paradigm shift from the

concept of proteases as protein-degrading enzymes to

proteases as key signalling molecules. However, we are still

at the beginning of an understanding of protease signalling

pathways. We have only identified a minor subset of true

physiological substrates for a limited number of proteases,

and their physiological regulation is still not well under-

stood. Similarly, links with other signalling systems are

not well established. Herein, we will highlight current

challenges in protease research.
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Introduction to proteases

Proteases control a great variety of physiological processes

that are critical for life, including the immune response, cell

cycle, cell death, wound healing, food digestion, and protein

and organelle recycling. Their action is strictly controlled and

imbalances in their activities have been found to be critical in

a number of pathologies, such as cardiovascular diseases,

inflammation, cancer, and neurodegenerative diseases, there-

by suggesting proteases as suitable and valuable drug targets

(Turk, 2006; Drag and Salvesen, 2010). In humans, there are

almost 600 proteases and about 80 more can be found in the

mouse, representing B2% of the genome. Proteases differ

remarkably in their properties. Some are as small as

20–30 kDa and composed of essentially the catalytic

domain(s) alone, such as the cysteine cathepsins, whereas

some can be extremely large, multidomain protein com-

plexes, such as the proteasome and tripeptidyl peptidase I.

They vary significantly in their specificities from being highly

selective, such as the proteases of the blood coagulation

cascade which activate the subsequent protein in the cascade,

or the caspases and granzyme B which cleave their substrates

exclusively after Asp residues, to the highly non-specific,

such as those involved in protein turnover and which include

the cathepsins and the proteasome, as well as most exopep-

tidases. The different selectivitiy of the proteases has been

widely exploited in different analytical applications from

amino-acid sequencing and mass spectrometry analysis,

where proteases like trypsin, which cleaves all unfolded

protein substrates after every Arg and Lys residues only, to

biotechnological applications such as removal of the tags

from the recombinant proteins where proteases like thrombin

or enterokinase have been frequently used.

Based on their different catalytic mechanisms, there are

five major classes of proteases known in mammals including

serine, cysteine, metallo, aspartic, and threonine proteases.

Whereas cysteine, serine, and metalloproteases are wide-

spread with B150–200 members identified in humans, threo-

nine and aspartic proteases are much scarcer with o30

members of each class being identified (Lopez-Otin and

Overall, 2002; Overall and Blobel, 2007; Lopez-Otin and

Bond, 2008). However, not all proteases catalyse the cleavage

of a-peptide bonds between the naturally occurring amino

acids. For example, deubiquitinating enzymes (DUBs), a large

group comprising almost 100 members in humans mostly

belonging to cysteine proteases, hydrolyse the isopeptide

bond(s) between ubiquitin or ubiquitin-like proteins and

pro-proteins or target proteins (Reyes-Turcu et al, 2009). In

addition to different catalytic mechanisms, proteases can

cleave their substrates either at the termini, such as carboxy-

peptidases and aminopeptidases, or within the polypeptide

chain, such as endopeptidases. Although exopeptidases and

endopeptidases usually differ significantly, lysosomal

cysteine cathepsins are an example where nature has been

very economical. With just a handful of small changes, such

as insertions of small structural elements including the loops

and the remaining parts of propeptide regions onto an

endopeptidase scaffold, endopeptidases have been converted

into exopeptidases. Moreover, cathepsin B can act as both an

endopeptidase or an exopeptidase, based on the opening or

closing of the ‘occluding loop’, which depends on the pH of

the local millieu (Turk et al, 2000, 2001c). Another important

factor that affects protease activity and substrate selection is

their localization. Approximately half of all proteases are

extracellular, whereas the remainder proteases are intracel-

lular, with a minor proportion being intramembrane, loca-

lized in plasma and organelle membranes. Interestingly,

cysteine proteases that usually require reducing conditions
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for their activity are predominantly found intracellularly,

whereas majority of the metalloproteases are extracellular.

Collectively, all these different properties and abilities of

proteases explain why they provide an excellent way of

regulating cellular processes throughout the body

(Lopez-Otin and Overall, 2002; Overall and Blobel, 2007;

Lopez-Otin and Bond, 2008).

Protease signalling

Although proteases were not traditionally regarded as signal-

ling molecules, this view is dramatically changing. However,

there are important differences between protease signalling

and the other types of cellular signalling, for example,

receptor signalling or kinase signalling. Protease signalling

is irreversible and the signal is transmitted through the

cleavage(s) of protein substrates resulting in their activation,

inactivation, or modulation of function (Turk, 2006).

Proteases can thus not only activate proteins such as cyto-

kines, or inactivate them such as numerous repair proteins

during apoptosis, but also expose cryptic sites, such as occurs

with b-secretase during amyloid precursor protein proces-

sing, shed various transmembrane proteins such as occurs

with metalloproteases and cysteine proteases, or convert

receptor agonists into antagonists and vice versa such as

chemokine conversions carried out by metalloproteases,

dipeptidyl peptidase IV and some cathepsins. In addition to

the catalytic domains, a great number of proteases contain

numerous additional domains or modules that substantially

increase the complexity of their functions (Lopez-Otin and

Overall, 2002; Lopez-Otin and Bond, 2008). A number of

proteases act in cascades that allow much better amplifica-

tion of the signal and more stringent regulation. Typical

examples are the blood coagulation cascade, apoptosis, as

well as activation of a number of metalloproteases from

ADAM and MMP families by furin-like proprotein conver-

tases (Turk, 2006). As it is often very difficult to draw the

borders between different protease signalling events, it was

suggested to use the terms protease networks or protease

webs (Doucet et al, 2008; Krüger, 2009).

However, regardless of the mechanism or the pathway, the

key signalling event in protease signalling is the change of

function of a physiological substrate (Turk, 2006). A proper

understanding of the protease signalling pathways therefore

requires identification of the physiological substrates of pro-

teases or protease degradomes (Lopez-Otin and Overall,

2002). To qualify as a physiological substrate of a protease,

it is neither sufficient for a protein to contain the recognition

sequence for a protease nor for it to be cleaved in an in-vitro

assay, as practiced in the early days of biochemical studies of

proteases. The substrate has to colocalize with the active

protease, that is, be present in the same cellular compartment

or at the same extracellular location, and then subsequently

to be processed. Moreover, a number of studies have demon-

strated that a large number of cellular proteins reside in

multiprotein complexes, which could further limit their

accessibility to proteases (Gavin et al, 2002; Janin and

Seraphin, 2003). However, it is unclear at the moment, how

many proteins undergoing proteolytic processing are indeed

present in such complex forms. There are quite a few

examples known where a protein substrate is in a complex

during the cleavage reaction, such as ICAD (inhibitor of

caspase-activated DNase) that is in a complex with CAD

(caspase-activated DNase). Following ICAD cleavage by

caspases during apoptosis, CAD is released from the complex,

thereby initiating DNA fragmentation in the nucleus (Enari

et al, 1998). However, no detailed studies have been per-

formed to specifically address this question. This also raises a

question as to the number of proteases active when in

complexes, and how many can act alone. Clearly, proteases

like the proteasome, g-secretase as well as several serine

proteases involved in blood coagulation such as the pro-

thrombinase complex (a complex between Factor Xa and

Factor Va required for thrombin activation) require complex

formation to be able to process their physiological substrates.

In a similar manner to the substrates, no real systematic

studies have been performed to address these questions.

Every single protein synthesized is degraded by the protea-

some and/or lysosomal proteases during its recycling or

degradation and is therefore by default a physiological sub-

strate of these proteases; a general degradation mechanism

that is not generally considered as part of protease signalling.

Consequently, to prevent undesired proteolysis, proteases

involved in protein recycling and degradation are physically

separated from the majority of other proteins by being

contained within lysosomes or in a self-compartment

(proteasome).

Identification of physiological protease
substrates

The identification of physiological protease substrates is

currently one of the major challenges in protease research.

Initial studies essentially used a bottom-up approach, that is,

identification of the protease responsible for the processing of

an orphan substrate, thereby simultaneously validating the

results. The first such studies, performed over half a century

ago, led to the discoveries of the renin-angiotensinogen

system (Page and Helmer, 1940) and angiotensin-converting

enzyme (ACE; Skeggs et al, 1956). This approach was also

successfully applied to identification of the proteases in

the blood coagulation cascade (Davie and Ratnoff, 1964),

furin as the processing enzyme of many prohormones in

mammals, caspase-1 as the interleukin-1b processing enzyme

(Thornberry et al, 1992), dipeptidyl peptidase IV as the

processing enzyme of insulin-related hormones (Demuth

et al, 2005) and intramembrane-cleaving proteases

(Weihofen and Martoglio, 2003; Wolfe, 2009). This approach

is still in use, and has recently led to the identification of

cathepsin L/V as the histone H3-processing enzyme (Duncan

et al, 2008). The usefulness of this approach is further

demonstrated by the fact that a number of proteases identi-

fied in this way have also been validated as drug targets.

Moreover, ACE inhibitors are still the most commonly used

protease-targeting drugs (Turk, 2006; Drag and Salvesen,

2010).

The applicability of this approach is, however, limited as it

is very labour intensive. The majority of proteases process

more than one substrate, resulting in a functional redundancy

that may mask the validation process. Therefore, additional

approaches have been developed over the years, such as

combinatorial fluorescent substrate libraries, positional scan-

ning libraries based on covalent inhibitors, and phage display

peptidic libraries (Matthews and Wells, 1993; Thornberry
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et al, 1997; Turk et al, 2001a). These approaches generated

vast amount of data from which information could only be

extracted with the simultaneous development of bioinfor-

matic tools. Using these approaches, substantial success has

been achieved in determining substrate specificities of several

proteases, such as caspases (Thornberry et al, 1997). This

latter seminal work identified the DXXDkX amino-acid

sequence as the consensus cleavage sequence for caspases-

3 and -7 with an Asp residue in the P1 position being

absolutely required. This information was then extensively

used in a number of subsequent studies on identification of

natural caspase-3 substrates. This approach proved highly

successful since mutation of a selected Asp residue in the

target protein was usually found sufficient not only to vali-

date the protein as a caspase target, but also the selected

cleavage site. Such studies were therefore of great help in the

identification of substrate specificities of proteases and im-

portant for the development of in-vitro assays to follow

protease activities in vitro or in complex samples and as a

result they have been heavily employed in academic and

industrial laboratories (Figure 1; Nicholson, 2000).

However, these studies were found to have a limited

potential in identification of physiological protein substrates

largely due to differences in the binding of small substrate

molecules when compared with large protein substrates.

Small peptidic substrates with a fluorophore attached only

explore a small part of the non-prime substrate residues (i.e.,

substrate residues towards the N-terminus of the substrate

from the scissile bond), whereas the prime residues (i.e.,

residues towards the C-terminus of the substrate from the

scissile bond) remained largely unexplored (Figure 1).

Another reason is that proteases may interact with their

protein substrates through a considerably larger surface

area as compared with the small peptidyl substrates

(Figure 1). In a case study, this was demonstrated for the

caspases. A recent proteomic study thus enabled discrimina-

tion between the substrate specificities of caspases-3 and -7

based on an undecapetide motif (P6-P50; Demon et al, 2009).

A further difficulty is imposed by those proteases that use

exosites (i.e., those parts of the protease that are distal to the

catalytic site that participate in substrate binding; Figure 1)

for an efficient recognition of various physiological sub-

strates, such as thrombin (Bar-Shavit et al, 1983) or various

metalloproteases including ADAMTS-4 (ADAM with

thrombospondin motif-4) and most MMPs (Overall and

Blobel, 2007). The problem was at least partially addressed

for MMPs with the approach called exosite scanning, which

used MMP exosite domains as baits in the yeast-two hybrid

screens to identify potential substrates (Overall et al, 2002).

More recently, advanced proteomics studies were found

superior in this aspect. Here, research went in two directions:

one devoted to identification of physiological substrates of

proteases and the other devoted to determination of extended

substrate specificities of proteases. Initial studies using DIGE

and other forms of two-dimensional electrophoresis for

sample separation resulted in identification of a few physio-

logical substrates, such as demonstrated for caspases

(Brockstedt et al, 1998; Gerner et al, 2000), granzymes A

and B (Bredemeyer et al, 2004), MMP-14 (Hwang et al, 2004),

and ADAMTS1 (Canals et al, 2006). On the other hand,

Small peptidic substrate
Natural long peptidic/protein
substrate

1

3

2

Substrate binding

Active site

Fluorophore/chromophore

Cleavage site

Non-prime sites Prime sites Non-prime sites Prime sites

Active site

Non-prime sites Prime sites

Exosite

BA

Figure 1 Binding of a substrate to a protease. (A) Schematic representation of substrate binding. The basic differences between binding of a
small peptidic or peptidomimetic substrate and a larger peptide or protein substrate are shown. Small substrate binds tightly to the non-prime
binding sites whereas the usually bulky fluorophore/chromophore (leaving group) binds to the S10 site while the other prime sites remain
empty (1). Larger peptidic substrates bind to both prime site and non-prime site binding sites, while the interaction with some individual
binding sites can be looser (2). Exosites on protease surface serve as additional binding elements for large substrates to strengthen the
interaction with the protease and allow recognition (3). They can be also used for discrimination between the different substrates. (B) Small
substrate-mimicking inhibitors that helped tremendously in elucidating the substrate binding mechanism(s) often bind the same way as the
small substrates (some more differences with metalloproteases), except that in covalent inhibitors the leaving group is replaced by a warhead
(see A for a schematic representation). Crystal structure of caspase-1 in complex with the inhibitor YVAD-CHO (Wilson et al, 1994; 1ICE)
revealed the insight into the mechanism of substrate binding to the active site of caspases as an example of such small molecule (substrate or
inhibitor) binding. The surface of caspase 1 is shown in light grey. In the active site cleft, the non-primed and primed parts are shown as cyan
and blue surface. The structure of the inhibitor (shown as a ball-and-stick model) has revealed the S1, S2, and S3 substrate binding sites. The
non-hydrogen atoms C, N, and O are shown in blue, dark blue, and red, respectively. Figure was prepared with MAIN (Turk, 1992) and
rendered with POV-Ray.
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non-gel-based methods such as combined fractional diagonal

chromatography (COFRADIC; Gevaert et al, 2003), proteomic

identification of protease cleavage sites (PICS; Schilling and

Overall, 2008), terminal amine isotopic labelling of substrates

(TAILS; Kleifeld et al, 2010), ICAT and iTRAQ variations (Tam

et al, 2004; Dean and Overall, 2007; Enoksson et al, 2007), or

genetically engineered enzyme use (Mahrus et al, 2008) were

found to be superior, leading to identification of a great

number of protease substrates, including those of caspases,

granzyme B, and various MMPs (Van Damme et al, 2005,

2009; Mahrus et al, 2008; Morrison et al, 2009). These

methods, in addition to identifying cleavage sites within

protein substrates, enable determination of protease specifi-

cities, especially when used on the larger peptidic fragments

that are generated from proteins by trypsin, endo GluC or

some other protease cleavage, or on total cellular lysates.

This offers a significant advantage compared with the com-

binatorial libraries as it can be used to define not only non-

prime site specificity, but also extended prime site specificity.

However, methods like PICS have to be performed with care.

Generation of the larger initial peptides by trypsin or any

other selective protease might be problematic as it can result

in an apparently completely different specificity of proteases

under investigation that readily accept the same P1 residues

as the protease used in peptide generation. A typical example

is cysteine cathepsins, where basic residues are well accepted

in the P1 position, when combined with the use of trypsin for

peptide generation. Recently, the approach has been

expanded allowing the C-termini of the cleavage sites within

the substrates to be identified, thereby enhancing the possi-

bility of identifying the cleavage site (Schilling et al, 2010; Van

Damme et al, 2010). Another approach that simultaneously

allows identification of cleavage sites and identification of

stable fragments is Protein Topography and Migration

Analysis Platform (PROTOMAP). Due to the identification of

stable fragments, this approach at the same time offers an

advantage of initial validation of cleavage sites (Dix et al,

2008). In addition, there are various bioinformatic methods

that have been found to be indispensable in extracting

information from the database libraries and have helped in

identifying additional protease substrates, such as demon-

strated for granzymes (Barkan et al, 2010).

Unfortunately, none of the methods mentioned above is

ideal and each suffers from certain limitations. A recent

analysis of several cleavage site prediction programs, based

on such experimental methods, has revealed that our under-

standing of protease processing is still relatively confined. In

particular, a clear insight into the processing roles of non-

specific proteases is still lacking (Verspurten et al, 2009). In

addition to the non-specific proteases such as the cathepsins,

investigating proteases with a requirement for an exosite

(e.g., thrombin) is still a serious technological challenge.

Even more challenging is the validation of these findings. In

this aspect, mouse knockout/knock-in and transgenic models

and the use of RNAi were found to be absolutely indispen-

sable (Turk, 2006; Overall and Blobel, 2007). Alternatively,

protease inhibitors can also be used in validation. However,

they have to be used with extreme care as their specificity is

often limited (Rozman-Pungerčar et al, 2003; Turk, 2006;

Drag and Salvesen, 2010). All these combined efforts have

generated a vast amount of data, which has greatly advanced

our knowledge.

Challenges in protease signalling

The primary cleavage of a protein substrate is largely respon-

sible for the change of its function (Turk, 2006). However,

defining this primary cleavage event could not be satisfacto-

rily resolved by the above-mentioned approaches due to the

predominant use of long-term incubation times. More

specifically, only the surface-exposed regions of substrates

are accessible to proteases, whereas internal regions can only

be cleaved after substantial structure disassembly takes place

as a consequence of protein degradation and/or unfolding.

And these secondary cleavages resulting from the prolonged

incubation were usually observed, masking the true picture.

Until recently, proteases were believed to initially process

their substrates either at the termini or within the exposed

loops, whereas cleavages within the secondary structure

regions were considered unlikely. However, a recent study

has demonstrated that cleavage can occur within the

a helices far more frequently than expected, occurring almost

as frequently as cleavages within the unstructured regions

(Timmer et al, 2009). Using a very elegant approach, this

group has overcome the major problem in such an experi-

ment that of the sequential processing of a substrate. In order

to reduce the number of cleavages they have used two highly

specific proteases, GluC and caspase-3, which cleave specifi-

cally after Glu and Asp residues, respectively. In addition,

they have designed a procedure by which only the single

cleavage events were considered. The proteomic findings

were verified in an in-vitro system using individual recombi-

nant proteins. Since E. coli does not express proteases with

Asp or Glu specificity, its proteome has been considered as

unbiased. Interestingly, a kinetic comparison between the

activity of mammalian caspase-3 on E. coli substrates and its

natural mammalian substrates has revealed that the former

were largely inferior to the natural substrates with up to a few

orders of magnitude lower kcat/Km values. This suggests that

proteases and their substrates have co-evolved and that this is

crucial for successful signalling. Nevertheless, despite the

high frequency of the cleavage sites found within helices,

extended loops and unstructured interdomain linker regions

still seem to be the preferable processing sites for the activa-

tion of proteins (Timmer et al, 2009). This is, however, true

only for folded substrates. Two excellent examples of this are

the activation of Bid in apoptosis and the inhibition mechan-

ism of serpins. Bid has been found to be processed at different

sites by a number of proteases (caspase-8, calpains, cathe-

psins B, L, S, H, D, granzyme B; Turk and Turk, 2009). The

sites are all located within the same large loop (Chou et al,

1999). Similarly, serpins are initially cleaved by their target

proteases within the reactive site loop (RSL) but remain

trapped by covalent bond to the catalytic serine residue of

the protease through the P1 residue. In the next step, the

cleaved serpin undergoes a major conformational change in

which the cleaved RSL inserts into the centre of the b-sheet,

resulting in a huge protease movement to the opposite end of

the serpin (B70 Å) (Schulze et al, 1990; Huntington et al,

2000). Moreover, in the case of crossreactive serpins, which

inhibit serine and/or cysteine proteases, the cleavage site

varies within the loop depending on the protease (Schick

et al, 1998; Al-Khunaizi et al, 2002).

Even though the problem of the initial cleavage can be at

least partially resolved by measuring cleavage kinetics as
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recently demonstrated for granzyme B (Plasman et al, 2011),

there is still another, even larger, problem remaining: that of

differentiation between the signalling and the bystander

events. There is no guarantee that a rapidly cleaved protein

is also a physiologically relevant substrate required for a

signalling pathway to proceed, again indicating the impor-

tance of data validation. For example, several hundred

caspase substrates have been identified. However, only

for a handful of them it can be said with confidence that they

are directly involved in apoptosis progression. Among these

are the executioner caspase zymogens and Bid, which are

activated, and PARP and ICAD (DFF45), which are inacti-

vated (Timmer and Salvesen, 2007).

Another problem is posed by those substrates that are

activated through the initial cleavage, but become degraded

through subsequent processing events. Although these initial

fragments play an active role in signalling, they are very

difficult to identify due to their transient appearance, as they

disappear from the sample.

As already mentioned above, proteases that bind their

substrates through exosites represent an investigative chal-

lenge, as do multidomain proteases or proteases that change

their properties upon binding to other proteins or other

molecules. One example of the latter is thrombin that

normally cleaves fibrinogen thereby finalizing blood clot

formation. However, upon thrombomodulin binding, thrombin–

thrombomodulin complex exhibits different specificity and

instead activates the serine protease protein C, thereby acting

as a negative feedback regulator of blood coagulation (Davie

et al, 1991). The other example is glycosaminoglycans, which

are known to substantially modify protease activities. When

complexed to cathepsin K, chondroitin sulphate was shown

to convert it into a very potent collagenase (Li et al, 2002),

whereas heparin binding was found to substantially modify

the properties of a number of serine proteases. Although

these issues can be at least partially addressed using current

proteomic technologies, no systematic studies have been

performed so far.

Orphan enzymes represent another, though technologi-

cally less difficult challenge. Using proteomic methods and

subsequently validating them in cellular or in-vivo models

may help in elucidating their biological functions through the

discovery of their true physiological substrates (Overall and

Blobel, 2007).

In addition to qualitative assessment and identification of

cleavage sites in substrates, a further challenge will be to

quantitatively determine the extent of processing at a given

site in a protein substrate. Although it should be possible to

determine the extent of cleavage, its physiological relevance

would remain questionable since for a physiological process

to proceed, a complete processing at a single site is normally

not required. A typical example can be seen with the execu-

tioner caspases such as caspase-3 that are never completely

activated during apoptosis in a cellular system. Determining

the actual threshold of a given physiological process therefore

remains a major challenge for the future.

Protein degradation as a signalling pathway

Protease signalling can be a complex process, varying, at its

simplest, from single proteolytic steps to sequential proces-

sing and at it most complex, signalling cascades. This latter,

in addition, provides an excellent mechanism for system

regulation (Turk, 2006). Although at first glance it may

seem unlikely, sequential degradation of a protein can also

lead to signal transduction. The best examples are antigen

processing and presentation to MHC-I and MHC-II molecules;

the essential components of adaptive immunity. There is,

however, a fundamental difference between protein proces-

sing and degradation. Whereas during processing proteins

are properly folded, during degradation such as observed

during antigen processing they are at least partially unfolded

as a consequence of the size restriction of the proteasome

active site or of the acidic pH that is found in the endolyso-

somal system. This substantially increases the number of

potential cleavage sites in a protein and thereby the chance of

being processed.

It is the ubiquitin-proteasome system that plays the major

role in MHC-I antigen processing. The proteasome is not a

selective protease and the peptidyl fragments produced by the

classical proteasome vary in size from 3 to 23 residues. They

are rapidly degraded further by numerous other proteases

such as thimet oligopeptidase and aminopeptidases.

However, this size variation is too large for the MHC-I

molecules, since their peptide binding groove can only

accommodate peptides 8–12 residues long, with a typical

antigenic peptide being 8–10 residues long. A proteasome

species, called the ‘immunoproteasome’ in which the classi-

cal b1, b2, and b5 catalytic subunits are replaced by a special

set of catalytic subunits, b1i (LMP2), b2i (MECL1), and b5i

(LMP7), is much better suited for antigen processing as it

generates longer peptides with the correct C-terminus due to

cleavage after the hydrophobic and basic residues. This

enables easier transport by the transporter associated with

antigen processing (TAP) and more efficient binding to MHC

class I molecules, although some trimming by aminopepti-

dases may still be required. Those peptidic fragments longer

than 15 a.a. are trimmed by tripeptidyl peptidase II (TPP II)

prior to aminopeptidase action. Antigenic peptides are then

transported to the endoplasmic reticulum for final processing

to the correct size (8–9 residues) by the ER aminopeptidases

(ERAP-1; ERAP-2) and loaded onto the MHC-I molecules

by a specific TAP, thereby escaping complete degradation

(Wilkinson, 2000; Glickman and Ciechanover, 2002; Kloetzel

and Ossendorp, 2004; Murata et al, 2009; Rock et al, 2010).

The system is relatively inefficient, as it was found that on

average only 1 in 2000 molecules degraded forms a stable

complex with MHC class I molecules and becomes presented

at the cell surface (Princiotta et al, 2003).

Processing of antigens by the proteases of the endosomal/

lysosomal system for their presentation by the MHC class II

molecules is somewhat different. Endosomes/lysosomes con-

tain a large number of proteases, including cysteine cathe-

psins, the aspartic protease cathepsin D and aparaginyl

endopeptidase (AEP), which are all involved in antigen

processing. They are extremely well suited to this job as

they are, with the exception of AEP, not very specific, and

include endopeptidases (cathepsins B, L, S, and D) as well as

exopeptidases (cathepsins X, H, C, and B). With the exception

of the processing of some specific antigens, antigen proces-

sing is largely non-specific with a significant amount of

redundancy, as none of the single knockouts of the proteases

involved exhibited any problem with antigen processing

(Zavas̆nik-Bergant and Turk, 2006; Vasiljeva et al, 2007;
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Bird et al, 2009). In contrast, the stepwise processing of the

MHC class II chaperone invariant chain (Ii), which is required

for the MHC class II molecules maturation, is a highly

regulated process. In the first step, Ii is C-terminally pro-

cessed into the 22-kDa fragment called leupeptin induced

protein (LIP). Subsequent C-terminal processing of LIP

results in the 18-kDa intermediate and in the B100 a.a.

residues long N-terminal fragment called Iip 10 or small

leupeptin induced protein (SLIP) that extends to the

C-terminal residue of the CLIP fragment. This C-terminal

processing can be accomplished by multiple aspartic or

cysteine proteases. However, the final N-terminal processing

of the Iip 10/SLIP into the CLIP fragment is solely accom-

plished by cathepsin S in bone marrow-derived immune cells

and by cathepsin L (V in human) in thymocytes, as revealed

by the in-vivo studies (Nakagawa et al, 1998, 1999; Shi et al,

1999; Tolosa et al, 2003). The CLIP fragment then protects the

MHC class II molecules until they reach the endosomes. In

the endosomes, the CLIP–MHC class II complex is recognized

by the HLA-DM and HLA-DO molecules (in humans), which

mediate substitution of CLIP for antigenic peptides. In con-

trast to the antigen processing occurring in the MHC-I

response, where only peptides of the correct size can be

loaded onto TAP, the larger peptides can be bound to

MHC-II molecules first and trimmed to the correct size

(12–15 residues) afterwards (Sercarz and Maverakis, 2003;

Bird et al, 2009).

In addition, this pathway also indicates that even the very

non-selective proteases such as cathepsins can accomplish

very selective processing, such as stepwise processing of the

invariant chain to the CLIP fragment. This suggests that the

dogma that the cathepsins only degrade proteins applies only

to partially unfolded proteins, such as those destined for

antigen processing or recycling, whereas properly folded

proteins are only processed at a very limited number of

sites possibly leading to their activation. This argument is

further strengthened by the role cathepsins play in the

activation of several TLRs, such as TLR-9, where proteolytic

processing of the N-terminal, luminal part of the receptors by

the cathepsins is absolutely required for their activity (Asagiri

et al, 2008; Park et al, 2008) and for their role in the release of

T3 and T4 hormones from thyroglobulin (Brix et al, 2008).

Regulation of protease activity

Since the function of a protease is to cleave proteins and

peptides, their action could be extremely harmful if not

controlled. As a result, proteases are not always active in

their physiological environment. They can exist as inactive

zymogens or can remain trapped in an inactive complex with

an inhibitor. However, only the active protease fraction can

cleave substrates and thus participate in protease signalling,

thus presenting additional difficulties for protease research.

Moreover, a protease does not need to be constantly active in

order to trigger a signalling pathway; it is sufficient to

generate a significant amount of activated protein, which in

turn carries on the signalling function, or to inactivate a

regulatory protein to shift the balance. A typical example is

the lysosomal cathepsins that are slowly inactivated at neu-

tral pH, but can either trigger apoptosis through cleavage of

Bid or degrade extracellular matrix proteins when secreted.

Therefore, analysing protease activity in vivo is the current

challenge and one of the hottest areas of current protease

research (Paulick and Bogyo, 2008).

Protease activities are regulated at multiple levels and the

complexity of regulation usually increases with the complex-

ity of the organism. The first step is regulation of transcrip-

tion. Not every protease can be found in every tissue and cell

types: some are ubiquitous, such as the proteasome, the

lysosomal cathepsins B, L, C, and D, and the caspases,

whereas a number have an extremely stringent expression

pattern, being found at a very few locations, often reflecting

their specialized roles. One such example is cathepsin G that

can be found only in the azurophilic granules of the neutro-

phils (Bird et al, 2009). In addition, some, like the house-

keeping proteases, are expressed constitutively, whereas

other groups can be differentially expressed during develop-

ment, homeostasis or under other special conditions. An

example of the latter is caspase-3. During development, it is

highly expressed in the brain, where it has a major role in

removal of defective neurons (Kuida et al, 1996), whereas

during homeostasis and later during senescence, its expres-

sion levels in the brain are considerably downregulated,

probably to prevent unwanted neurodegeneration (Yakovlev

et al, 2001). Other examples are MMPs and cathepsins, which

are generally heavily upregulated during inflammation

(Coussens and Werb, 2002; Vasiljeva et al, 2007).

The next regulatory step for most proteases is their activa-

tion. Proteases are synthesized as inactive zymogens, which

generally require limited proteolysis for their activation

(Figure 2). In general, we discriminate between the zymo-

gens, where the active site is already formed but sterically

blocked by the propeptide (e.g., papain-like cysteine pro-

teases, various aspartic and metalloproteases), and the

ones, where the active site is not formed and require a

conformational rearrangement to form it (e.g., chymotrypsin-

like serine proteases, caspases) (Khan et al, 1999;

Fuentes-Prior and Salvesen, 2004). Further, activation can

be either autocatalytic or performed by other proteases. The

autocatalytic mechanisms are somewhat distinct with a

minor conformational rearrangement often being the first

step. This is followed by a proteolytic step, which often

proceeds in trans with one molecule of the same protease

species cleaving another (Caglič et al, 2007). Sometimes,

proteases are activated with the assistance of activation

complexes, such as some upstream caspases that are

activated with the help of DISC (death-inducing signalling

complex; Kischkel et al, 1995) the apoptosome (Zou et al,

1999) and the inflammasome (Martinon et al, 2002), as well

as a number of blood plasma serine proteases (Davie et al,

1991). The size of the cleaved fragment varies from short

peptides such as those observed with the granzymes (Jenne

and Tschopp, 1988) and trypsinogen (Davie and Neurath,

1955) to whole domains as in the case of cysteine cathepsins

(Turk et al, 2001c) and furin (Seidah and Prat, 2007).

Prodomains of the latter two are believed also to act as

intramolecular chaperones and are required for proper traf-

ficking of the enzymes. However, there are exceptions and

proteolysis is not always needed for activation, as has been

demonstrated for the allosteric activation of Factor VII by

tissue factor that converts a poor protease into a very potent

one (Dickinson et al, 1996), and the proapoptotic cysteine

proteases caspases-8 and -9, where activation is driven by

dimerization (Renatus et al, 2001; Boatright et al, 2003;

Protease signalling
B Turk et al

&2012 European Molecular Biology Organization The EMBO Journal VOL 31 | NO 7 | 2012 1635



Donepudi et al, 2003). The latter activity is also an important

factor in determining enzymatic activity as some proteases

are inactive as monomers or do not even exist as monomers,

as is the case with the proteasome (Löwe et al, 1995),

b-tryptase (Pereira et al, 1998), bleomycin hydrolase

(Joshua-Tor et al, 1995), meprins (Ishmael et al, 2001), and

cathepsin C (Turk et al, 2001b). A very special case is TIMP-2

(tissue inhibitor of metalloproteases) which can, in addition

to its inhibitory function, also participate in the activation of

MMP-2 through a formation of a trimolecular complex with

the membrane type 1-MMP (MT1-MMP), where the TIMP-2–

MT1-MMP complex serves as a receptor for regulating the

activation of MMP-2 (Butler et al, 1998).

Once activated the other major system for regulation of

protease activity is their inhibitors, either endogenous or

exogenous. By definition, the function of a protease is to

cleave a protein substrate, while the function of an inhibitor

is to prevent it. Here, nature has obviously been economical

as the number of endogenous human inhibitors identified is

substantially smaller than the number of proteases identified,

with only a slightly higher number found in the mouse

(Rawlings et al, 2010). The main reason for this seems to

be the substantially reduced necessity for specificity of the

inhibitors for their target proteases, as one inhibitor can

inhibit several proteases. In order to achieve that the inhibi-

tors use several common mechanisms to inhibit their targets

(Figure 3). The main inhibitors of all the metallo-endopepti-

dases are only four proteins, TIMP-1 TIMP-2, TIMP-3, and

TIMP-4. Moreover, no mammalian protein inhibitors of as-

partic proteases have, as yet, been identified. The majority of

the known inhibitors thus inhibit serine proteases (e.g.,

serpins, serine protease inhibitors, and Kunitz type inhibitor;

Figure 3) and some fewer cysteine proteases (e.g., cystatins

and thyropins; Figure 3). In addition, a2-macroblobulin,

circulating in blood plasma, is a very special inhibitor capable

of inhibiting various classes of proteases. Several inhibitors

have exhibited cross-class inhibition, that is, inhibiting

targets from a different protease class. This was first observed

with the serpin CrmA (cowpox response modifier A from pox

viruses) inhibiting cysteine proteases from the caspase family

(Ray et al, 1992). This cross-class inhibition was later

confirmed for some additional serpins, such as hurpin,

squamous cell carcinoma antigen 1 (SCCA), and endopin 2,

which were found to inhibit cysteine proteases from the

papain family and/or serine proteases (Schick et al, 1998;

Welss et al, 2003; Hwang et al, 2005).

When describing the physiological relevance of inhibition

one has to taken into account a number of different aspects:

temporal and spatial colocalization of a protease and its

inhibitor (as for the substrates), physiological concentration

of the inhibitor(s), kinetics of their interaction (in vitro as an

approximation since in vivo is still not possible due to the

complexity of the system), and possible effects of other

cofactors on the interaction. Two of these properties, binding

kinetics and physiological concentration, account for the

inhibitory potential of an inhibitor, that is, the quantity of a

protease(s), which can be inhibited at a certain time by the

inhibitor. It is primarily on this basis that the inhibitors can be

grouped into their two major categories, the emergency

inhibitors and the regulatory inhibitors. The major difference

between these two groups is in their localization, which is

also reflected in their function: the emergency inhibitors are

Zymogen with 
preexisting active site

Zymogen without preformed active site

Cofactor or 
platform-induced 
activation

Propeptide
removal

Propeptide removal 
and alosteric activation 
following insertion of 
the new N-terminus

Mature active protease

a b

1

32

Zymogen activation BA

Figure 2 Protease activation. (A) Schematic representation of protease zymogen activation with proteases where active site is preexisting
(a) or non-existing (b). (1) Propeptide removal in proteases with preexisting active site such as seen in cysteine cathepsins (see B as an
example); (2) allosteric or conformational activation of proteases with distorted active site, such as chymotrypsin-like serine proteases
(granzymes and trypsin), and some caspases; (3) conformational rearrangement and formation of the active site upon cofactor or platform-
based activation such as seen in caspases and during Factor VII activation. (B) Crystal structure of a zymogen form of a protease offers a major
support in understanding the mechanism of zymogen activation. Procathepsin B is shown as an example of a protease with preexisting active
site. Propeptide region of cysteine cathepsins covers the active site cleft of the enzyme thereby blocking access to substrates. The mature part of
procathepsin B (Podobnik et al, 1997; 3PBH) is shown as a white surface, whereas the active site residues C29 and H199 areas are in yellow and
green, respectively. The propeptide is shown as a blue ribbon with the autocatalytic cleavage site (M56-F57) marked with an arrow. Figure was
prepared with MAIN (Turk, 1992) and rendered with POV-Ray.
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normally localized in different cellular compartments from

their target proteases in order to prevent any activity of the

protease on proteins inadvertently translocating into an

inappropriate compartment. They also provide the first line

of defense against invading organisms that use proteases. On

the other hand, the regulatory inhibitors, further subdivided

into the buffer, threshold, delay and feedback type, are often

colocalized together with their targets thus allowing them a

much more subtle regulation (fine-tuning) of the system

(Turk et al, 2002; Turk, 2006).

In addition to direct protease inhibition, inhibitors exhibit

many other important cellular and physiological functions,

which are often of comparable or even of greater importance

to their innate inhibitory function. One of the first such

examples discovered were kininogens, which were long

known to be critically involved in blood pressure regulation

as precursors of bradykinin and in blood coagulation, before

their function as inhibitors of cysteine proteases was discov-

ered (Müller-Esterl et al, 1985). Another example is the p41

fragment of the Ii that under normal conditions serves as a

chaperone for the MHC-II molecules and prevents antigenic

peptide binding to the MHC-II molecules. However, following

proteolytic processing, the p41 fragment can serve as an

inhibitor of its processing proteases, cathepsins L, V, and S

(Bevec et al, 1996; Mihelič et al, 2008).

Protease signalling: it is not all proteolysis

When considering protease signalling, the initial considera-

tion might be the proteolytic processing of a substrate and the

consequences of that step. However, a closer analysis of most

of the physiological processes shows that the proteolytic and

non-proteolytic steps are strongly intertwined and that the

different steps cannot be readily separated without affecting

the whole process. One such example is apoptosis. A general

belief is that apoptosis is a typical proteolytic cascade with

the initiator caspases (-2, -8, -9, and -10) proteolytically

activating the executioner caspases (primarily caspases-3

and -7), thereby leading to the controlled proteolysis of a

number of critical cellular substrates and ultimately to cell
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Steric blocking of 
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exosite binding
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Figure 3 Inhibitors, major regulators of protease activities. (A) Schematic representations of different modes of inhibitor binding (adapted
from Bode and Huber, 2000). (1) Substrate-like binding with direct blockade of the protease active site, such as seen with most inhibitors of
trypsin-like serine proteases (see B for trypsin–antitrypsin interaction as an example); (2) steric blocking of the active site such as seen with a
number of cathepsin inhibitors (see C for stefin A–cathepsin H interaction as an example); (3) exosite binding such as seen with a number of
thrombin inhibitors and in a more extreme case with XIAP binding to caspases-3 and -7, which is a combination of sterical blocking of the
active site and exosite binding; (4) quasi-substrate-like binding such as seen with TIMP binding to MMPs; (5) allosteric inhibition through
distortion of the active site such as seen with propeptides of chymotrypsin-like proteases. (B) Inhibition of serine proteases by a serpin as an
example of substrate-like binding with direct blockade of the protease active site (A1). The crystal structure of antitrypsin is shown in complex
with trypsin (Huntington et al, 2000; 1EZX) is shown as an example. In the first step of inhibition, the RSL of the serpin is cleaved and the P1
residue M358 remains covalently bound to the reactive site S195 of trypsin. In the next step, 15 residues of the reactive loop (orange strand)
carrying trypsin are inserted into the middle of the b-sheet of the serpin molecule (blue surface), resulting in a movement of the trypsin
molecule (yellow surface) from the top to the bottom of the serpin. Trypsin catalytic site is thereby distorted and partially unfolded. The
inserted part of the RSL of serpin and helix F were removed from the serpin surface in order to make the insertion visible behind the scaffold of
the helix F. The ester link atoms between the side chain trypsin S195 and carbonyl group serpin M358 are shown in ball-and-stick
representation. (C) Inhibition of cysteine cathepsins by endogenous inhibitors. The crystal structure of stefin A in complex with cathepsin H
(Jenko et al, 2003; 1NB3) is shown as an example of steric blocking of the active site (A2). The folds of stefin A and cathepsin H are shown in
ribbon presentation. Stefin A is on the top and is shown in yellow, while cathepsin H is shown in cyan. The mini-chain of cathepsin H is shown
as a red stick model, while the three visible carbohydrate rings are shown in blue.
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death (Figure 4). The initiator caspases thus provide the fine-

tuning of the system and the executioners the brute force. It is

widely accepted that activation of the initiators is the critical

step in triggering apoptosis. However, this is largely not a

proteolytic event. In the death receptor pathway, such a non-

proteolytic event is the formation of the DISC complex, which

is initiated by a death ligand (e.g., TNF, TRAIL, and Fas-L)

binding to its receptor (e.g., Fas, TNF-R1, DR-4, and DR-5)

and oligomerization of the latter, followed by recruitment of

the adaptor protein (e.g., FADD; Kischkel et al, 1995; Scott

et al, 2009). In the next step, the DISC complex recruits

caspase-8 molecules (Muzio et al, 1996), which are then

activated by the combination of dimerization-induced con-

formational change and autoproteolytic cleavage of the inter-

domain linker (Boatright et al, 2003; Donepudi et al, 2003;

Oberst et al, 2010). All of these steps are, with the partial

exception of the last one, non-proteolytic. The first comple-

tely proteolytic step is the processing of caspase-3/-7, directly

leading to the execution of cell death, and/or processing of

Bid, and subsequently to the engagement of the mitochon-

drial pathway. A similar situation is seen in the mitochondrial

pathway. Mitochondrial membrane permeabilization occur-

ring through a mechanism in which the Bak and Bax proteins

play a major role and which is critical for apoptosome

formation, is essentially non-proteolytic. Bax activation, a

critical step in intrinsic apoptosis, is a combination of a

conformational change, translocation to mitochondria outer

membrane and oligomerization (Tait and Green, 2010).

Although cathepsin D was suggested to be involved in Bax

activation during staurosporine-induced cell death of acti-

vated T lymphocytes, the molecular mechanism of the pro-

cess as well as the cathepsin D targets remain elusive (Bidere

et al, 2003). Moreover, apoptosome formation, that is, cyto-

chrome c-mediated APAF-1 conformational change and its

subsequent oligomerization (Zou et al, 1999; Acehan et al,

2002), also lacks proteolysis entirely. The same is true for the

subsequent steps, recruitment of procaspase-9 to the complex

and its dimerization-induced activation (Renatus et al, 2001).

Again, proteolysis can only be seen in the subsequent step(s)

with executioner caspase activation.

In addition to caspases, lysosomal proteases have also

been linked with the apoptotic pathway, although the exact

molecular mechanisms are less clear. However, it has been

clearly demonstrated that after their release from the lyso-

somes, a non-proteolytic step, the cathepsins proteolytically

process Bid and simultaneously degrade the antiapoptotic

Bcl-2 family members, thereby engaging the mitochondrial

pathway (Stoka et al, 2001; Cirman et al, 2004; Droga-

Mazovec et al, 2008). Moreover, several recent studies

suggest that the link between the lysosomes and mitochon-

dria exists even in those systems where lysosomes are not

directly targeted, such as in the death receptor pathway

where mitochondrial integrity has been found to be lost

prior to lysosomal destabilization (Bojič et al, 2007;

Wattiaux et al, 2007; Oberle et al, 2010). The latter is therefore

just a consequence of mitochondrial destabilization, suggest-

ing that lysosomes and lysosomal proteases are only involved

in an amplification loop enhancing the mitochondrial signal

(Stoka et al, 2007; Turk and Turk, 2009; Repnik and Turk,

2010; Schrader et al, 2010). Although the link between

mitochondria and lysosomes has not yet been identified at

the molecular level, it is unlikely to be a direct protease effect,

as proteases cannot cleave membrane lipids. Whether such

lysosomal amplification is also functional in other pathways

?
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Figure 4 The apoptotic cascade. The two major apoptotic pathways, the extrinsic one (the death receptor pathway) and the intrinsic one (the
mitochondrial pathway) are shown schematically. All the major proteolytic (black) and non-proteolytic steps (magenta) are marked with
arrows, whereas the proteases (caspases and cathepsins) are shown in white characters in dark grey field. The lysosomal amplification loop is
also marked, although the link between mitochondria and lysosomes has not been established yet. The direct destabilization of lysosomes
(marked with a lightning) seems the only way that the lysosomes destabilization can trigger the apoptotic cascade, although it also ends up in
self-amplification through the engagement of the mitochondrial pathway.
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targeting mitochondria, distinct from the death receptor path-

way, remains to be established.

Another, perhaps even more striking example than apop-

tosis, is autophagy, the major cellular mechanism for degra-

dation of cytoplasmic proteins and organelles. In this process,

lysosomes and lysosomal hydrolases play a major role in

degrading the material engulfed by the autophagosomes

following their fusion with lysosomes into autolysosomes.

However, among over 20 proteins involved in the formation

of autophagosome, there is a single protease, as revealed in

the yeast system. This protease, called ATG4 or autophagin,

removes a few residues from the C-terminus of another

protein, ATG8, exposing a Gly residue that is conjugated to

phosphatidylethanolamine in the subsequent step, thereby

enabling prolongation of the autophagosomal membrane

(Levine and Kroemer, 2008; Mizushima et al, 2008). In

humans and some other organisms, the situation is appar-

ently more complicated, as several autophagins (four in

humans) have been identified (Marino et al, 2003).

However, subsequent validation studies have revealed that

only one of them, ATG4b or autophagin-1 in humans and

mice, has a major role in the initiation of autophagy, whereas

the biological functions of the others are less clear, although

they may provide some low level of basal autophagy that

enables ATG4b-deficient mice to survive (Marino et al, 2010).

The same is true also for mammalian ATG8, where several

ATG8 orthologues have been identified with microtubule-

associated protein 1 light chain 3 (LC-3) having the major

role (Tanida et al, 2001). The process is, however, remarkably

conserved and the ATG8 conjugation system was identified in

organisms as low as unicellular parasites (Alvarez et al, 2008;

Duszenko et al, 2011).

Protease signalling: processing, signal
transduction, and more

Once a protease becomes activated, it starts processing its

substrates and initiates signal transduction. In principle, even

a single active protease molecule could turn the processes on

and off. However, in reality this is not the case. So why does

this not happen? There are a number of reasons. Continuing

with apoptosis as an example, one might imagine that with a

single activated caspase molecule, the affected cell would

ultimately die, and this would mean that organisms would be

extremely vulnerable to any kind of stress and be impaired in

their survival and development. To prevent this, all organ-

isms have developed different regulatory mechanisms of

various complexities, which all contribute to the robustness

of the system. These include transcriptional regulation, acti-

vation mechanisms, inhibitors, and other regulatory mole-

cules (e.g., Bcl-2 molecules), as well as protection

mechanisms such as autophagy. Collectively, they constitute

a damage threshold of a cell or of an organism. Signal

transduction can only initiate when this threshold has been

overcome, the signal dying out in other cases. From this it

may be seen that a temporarily active protease, which can

become inactive at a later stage of signal transduction, can

nonetheless trigger a signalling pathway as long as the

threshold has been overcome. The same holds true for a

protease substrate, which is initially activated by proteolytic

processing but becomes inactivated/degraded through sub-

sequent proteolytic steps (Figure 5). Very good examples are

the cathepsins which when functioning outside lysosomes or

extracellularly may become rapidly inactivated at neutral pH

(Turk et al, 1995; Turk and Turk, 2009).

Although protease webs may be considered as entirely

dependent on proteolytic processing of substrates and further

signal transduction by these modified substrates (Doucet

et al, 2008; Krüger, 2009), it can be seen from the above

that a full understanding of these complex systems is rather

more complex Physiological processes occur through a com-

bination of proteolytic and non-proteolytic steps leading to

their progression, proteases and their substrates representing

an integral part of the whole system. However, they cannot

drive the processes in the absence of other factors and a step

forward in our understanding has been the link between

proteases and kinases that has been established for malignant

disease progression (Lopez-Otin and Hunter, 2010), but it is

clear that a more systemic approach will be required before we

can safely say that we fully understand protease signalling.
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Krüger A (2009) Functional genetic mouse models: promising tools
for investigation of the proteolytic internet. Biol Chem 390: 91–97

Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, Rakic P,
Flavell RA (1996) Decreased apoptosis in the brain and premature
lethality in CPP32-deficient mice. Nature 384: 368–372

Levine B, Kroemer G (2008) Autophagy in the pathogenesis of
disease. Cell 132: 27–42

Li Z, Hou WS, Escalante-Torres CR, Gelb BD, Bromme D (2002)
Collagenase activity of cathepsin K depends on complex forma-
tion with chondroitin sulfate. J Biol Chem 277: 28669–28676

Lopez-Otin C, Bond JS (2008) Proteases: multifunctional enzymes
in life and disease. J Biol Chem 283: 30433–30437

Lopez-Otin C, Hunter T (2010) The regulatory crosstalk between
kinases and proteases in cancer. Nat Rev Cancer 10: 278–292

Lopez-Otin C, Overall CM (2002) Protease degradomics: a new
challenge for proteomics. Nat Rev Mol Cell Biol 3: 509–519
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Fonović M, Trstenjak-Prebanda M, Dolenc I, Turk V, Turk B
(2003) Inhibition of papain-like cysteine proteases and legumain
by caspase-specific inhibitors: when reaction mechanism is more
important than specificity. Cell Death Differ 10: 881–888

Schick C, Pemberton PA, Shi GP, Kamachi Y, Cataltepe S,
Bartuski AJ, Gornstein ER, Bromme D, Chapman HA,
Silverman GA (1998) Cross-class inhibition of the cysteine pro-
teinases cathepsins K, L, and S by the serpin squamous cell
carcinoma antigen 1: a kinetic analysis. Biochemistry 37: 5258–5266

Schilling O, Barre O, Huesgen PF, Overall CM (2010) Proteome-wide
analysis of protein carboxy termini: C terminomics. Nat Methods
7: 508–511

Schilling O, Overall CM (2008) Proteome-derived, database-
searchable peptide libraries for identifying protease cleavage
sites. Nat Biotechnol 26: 685–694

Schrader K, Huai J, Jockel L, Oberle C, Borner C (2010) Non-caspase
proteases: triggers or amplifiers of apoptosis? Cell Mol Life Sci 67:
1607–1618

Schulze AJ, Baumann U, Knof S, Jaeger E, Huber R, Laurell CB
(1990) Structural transition of alpha 1-antitrypsin by a peptide
sequentially similar to beta-strand s4A. Eur J Biochem 194: 51–56

Scott FL, Stec B, Pop C, Dobaczewska MK, Lee JJ, Monosov E,
Robinson H, Salvesen GS, Schwarzenbacher R, Riedl SJ (2009)
The Fas-FADD death domain complex structure unravels signal-
ling by receptor clustering. Nature 457: 1019–1022

Seidah NG, Prat A (2007) The proprotein convertases are potential
targets in the treatment of dyslipidemia. J Mol Med 85: 685–696

Sercarz EE, Maverakis E (2003) Mhc-guided processing: binding of
large antigen fragments. Nat Rev Immunol 3: 621–629

Shi GP, Villadangos JA, Dranoff G, Small C, Gu L, Haley KJ, Riese R,
Ploegh HL, Chapman HA (1999) Cathepsin S required for normal
MHC class II peptide loading and germinal center development.
Immunity 10: 197–206

Skeggs Jr LT, Kahn JR, Shumway NP (1956) The preparation and
function of the hypertensin-converting enzyme. J Exp Med 103:
295–299

Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ, Ellerby LM,
Bredesen D, Freeze H, Abrahamson M, Bromme D, Krajewski S,
Reed JC, Yin XM, Turk V, Salvesen GS (2001) Lysosomal
protease pathways to apoptosis. Cleavage of bid, not pro-
caspases, is the most likely route. J Biol Chem 276: 3149–3157

Stoka V, Turk V, Turk B (2007) Lysosomal cysteine cathepsins:
signaling pathways in apoptosis. Biol Chem 388: 555–560

Tait SW, Green DR (2010) Mitochondria and cell death: outer
membrane permeabilization and beyond. Nat Rev Mol Cell Biol
11: 621–632

Tam EM, Morrison CJ, Wu YI, Stack MS, Overall CM (2004)
Membrane protease proteomics: isotope-coded affinity tag MS
identification of undescribed MT1-matrix metalloproteinase sub-
strates. Proc Natl Acad Sci USA 101: 6917–6922

Tanida I, Tanida-Miyake E, Ueno T, Kominami E (2001) The human
homolog of Saccharomyces cerevisiae Apg7p is a Protein-
activating enzyme for multiple substrates including human
Apg12p, GATE-16, GABARAP, and MAP-LC3. J Biol Chem 276:
1701–1706

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD,
Kostura MJ, Miller DK, Molineaux SM, Weidner JR, Aunins J,
Elliston KO, Ayala JM, Casano FJ, Chin J, Ding GJ-F, Egger LA,
Gaffney EP, Limjuco G, Palyha OC, Raju SM et al (1992) A novel
heterodimeric cysteine protease is required for interleukin-1 beta
processing in monocytes. Nature 356: 768–774

Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T,
Garcia-Calvo M, Houtzager VM, Nordstrom PA, Roy S,
Vaillancourt JP, Chapman KT, Nicholson DW (1997) A combina-
torial approach defines specificities of members of the
caspase family and granzyme B. Functional relationships estab-
lished for key mediators of apoptosis. J Biol Chem 272:
17907–17911

Timmer JC, Salvesen GS (2007) Caspase substrates. Cell Death
Differ 14: 66–72

Timmer JC, Zhu W, Pop C, Regan T, Snipas SJ, Eroshkin AM,
Riedl SJ, Salvesen GS (2009) Structural and kinetic determinants
of protease substrates. Nat Struct Mol Biol 16: 1101–1108

Tolosa E, Li W, Yasuda Y, Wienhold W, Denzin LK, Lautwein A,
Driessen C, Schnorrer P, Weber E, Stevanovic S, Kurek R,
Melms A, Bromme D (2003) Cathepsin V is involved in the
degradation of invariant chain in human thymus and is over-
expressed in myasthenia gravis. J Clin Invest 112: 517–526

Turk B (2006) Targeting proteases: successes, failures and future
prospects. Nat Rev Drug Discov 5: 785–799

Turk B, Bieth JG, Bjork I, Dolenc I, Turk D, Cimerman N, Kos J,
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