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Proteases are involved in a wide variety of biologically and medically important events. They are entangled in a
complex network of processes that regulate their activity, which makes their study intriguing, but challenging.
For comprehensive understanding of protease biology and effective drug discovery, it is therefore essential to
study proteases inmodels that are close to their complex native environments such as live cells or whole organ-
isms. Protease activity can be detected by reporter substrates and activity-based probes, but not all of these re-
agents are suitable for intracellular or in vivo use. This review focuses on the detection of proteases in cells and
in vivo. We summarize the use of probes and substrates as molecular tools, discuss strategies to deliver these
tools inside cells, and describe sophisticated read-out techniques such asmass spectrometry and various imaging
applications. This article is part of a Special Issue entitled: Physiological Enzymology and Protein Functions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Peptidases, more frequently referred to as proteases, are a group of
enzymes that cleave peptide bonds within proteins and peptides. They
have awide range of biological functions. These do not only include pro-
tein destruction, which occurs during food digestion and protein turn-
over, but also regulatory processes such as blood coagulation,
inflammation and apoptosis. In order to prevent cleavage of substrates
at unwanted times and locations, most proteases are synthesized as in-
active zymogens and upon controlled activation, various post-
translational mechanisms keep protease activity in check, for instance
by inhibition, degradation or covalent modifications (Fig. 1A). Obvious-
ly, proteases and their substrates also need to be localized within the
same cellular or extracellular environment in order to encounter each
other. These multiple layers of regulation make protease biology very
complex.

The human genome codes for more than 500 different proteases.
Most proteases have distinct binding pockets around the active site for
specific substrate recognition. Depending on the nature of these
pockets, this may result in broad or narrow substrate specificity

(Fig. 1B). Related proteasesmay have very similar substrate specificities
and cleave overlapping sets of substrates. This is, for example, the case
in the caspase family of cysteine proteases. Such similarities make the
development of selective inhibitors difficult. In addition, when one par-
ticular protease is knocked out or inhibited, proteases from the same
family may be up-regulated as a compensation mechanism. Therefore,
inhibition of a single protease may not lead to an effect. To add another
layer of complexity, the function of proteases can be different in differ-
ent tissues or diseases.

Changes in active protease levels underlie many disorders including
cancer and cardiovascular diseases. In addition, proteases play an essen-
tial role in the infection by viruses, bacteria, single- and multi-cellular
parasites. For these reasons, proteases are considered viable targets for
drug development and several protease targeting drugs are now used
in the treatment of multiple myeloma, hypertension and HIV infection
[1,2].

Traditionally, proteases are studied in vitro in recombinant and puri-
fied form. However, for all the reasons outlined above, it is now recog-
nized that both the functional study of proteases as well as drug
development efforts can benefit the most from studying proteases in
models of the complex proteomes in which they function, such as cell
or tissue lysates, live cells in culture or whole animals [3]. For experi-
ments in vivo or in live cells, suitable methods need to be available in
order to detect ormonitor protease activity, which is the topic of this re-
view. In the next paragraph, we will first describe the different molecu-
lar tools that are available to study protease activity. We will then
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summarize strategies to deliver those tools intracellularly, and we will
finally describe a number of detection methods that are convenient
for the study of intracellular or in vivo protease activity.

2. Tools for protease study

The tools that are applied in protease research can be divided
into two categories: substrate reporters and activity-based probes
(ABPs). The basic principles of these reagents will be discussed in
the next two sections and are summarized in Fig. 2. In Section 2.1,
we will successively summarize the use of unlabeled protein sub-
strates, fluorescent proteins, fluorogenic peptides and copolymer
substrates. In Section 2.2, ABPs, quenched fluorescent ABPs and
photocrosslinking probes will be presented.

2.1. Substrate reporters

2.1.1. Unlabeled protein substrates
The use of substrates as reporters of protease activity is as old as the

study of proteolytic enzymes and dates back to as early as 1836, when
Theodor Schwann reported that a chemical entity other than

hydrochloric acid is responsible for the digestive properties of gastric
juice [4]. He named this entity ‘pepsin’, and his reportmarks the discov-
ery of the first protease. During his research, Schwann determined the
digestion of coagulated egg white by pepsin through simple visual in-
spection. Later in the 19th century, it was discovered that proteases do
not only occur in the digestive tract, but also in other tissues, such as
liver [5] and spleen [6]. The research tools were still limited to natural
protein material, for instance fibrin or gelatin, and the digestion itself
was measured by electrical conductivity [7] or weighing the amount
of residual protein after precipitation with acid [8]. Because of the low
costs, purified natural proteins are still used in protease assays nowa-
days (Fig. 2A). In protease zymography, for example, a protein substrate
(generally casein or gelatin) is copolymerized with acrylamide before
gel electrophoresis. Proteases will locally digest the protein and after
gel staining their presence will be revealed as unstained bands [9,10].

2.1.2. Labeled protein substrates
Modification of purified proteins by fluorescent dyes enables spec-

trophotometric measurement of protease action. Incorporation of mul-
tiple fluorophores on a protein, such as in commercially available
BODIPY-labeled casein, leads to fluorescent quenching. These quenched
substrates display a gradual increase in fluorescence upon digestion,
allowing the detection of protease activity in real time [11]. Interesting-
ly, these substrates are not restricted to soluble proteases, but also appli-
cable to intramembrane proteases [12]. However, they have limited
application in the detection of intracellular proteases, as they may
only enter the cell by endocytosis. In contrast, natural or recombinant
proteins that are expressed within the cell can be used for the detection
of proteases in the cytosol and other organelles (discussed in detail in
Section 3.1).

2.1.3. Synthetic peptide substrates
The first synthetic substrates for proteases were published in 1934

by Max Bergmann [13]. He synthesized dipeptides, using the Cbz
protecting group developed some years before [14], and showed that
thesewere cleaved by a peptidase. Nowadays, awide variety of chromo-
genic, fluorogenic and luminogenic substrates are commercially avail-
able or accessible by organic synthesis, allowing sensitive and high-
throughput measurement of protease activity (Fig. 2B). The design of
substrate reporters is based on the substrate specificity of the target
protease, which itself can be uncovered by using libraries of synthetic
substrates [15] or proteomicsmethods [16,17]. The design of a substrate
that is only turned over by one particular protease is still a difficult task,
since proteases from the same family often have overlapping substrate
specificity. To tackle specificity issues, the use of non-natural amino
acids can be helpful. The Drag laboratory has used this strategy in the
design of highly selective aminomethylcoumarin (AMC) substrates for
human neutrophil elastase [18] and different caspases [19]. The Wolan
group has similarly applied unnatural amino acids for the development
of a highly selective substrate for caspase-3 [20].

2.1.4. Synthetic polymer substrates
Another type of synthetic substrates comprises copolymers that

display multiple substrate peptides attached to fluorophores (Fig. 2B)
[21]. Similar to proteins labeled with multiple fluorophores, they
display internal quenching, which is alleviated upon proteolysis. Copol-
ymer substrates designed for a variety of proteases, including general
tumor-associated proteases [22], cathepsin D [23], and matrix metallo
proteases [24] have been applied in studies in live cells and in vivo.
Using a similar autoquencing strategy, dendrimeric cathepsin S sub-
strates have been synthesized [25] and applied to image cathepsin S
activity in atherosclerotic mice [26]. Fluorescent peptide substrates
have also been attached to nanoparticles, e.g. gold nanoparticles as
fluorescent quenchers or quantum dots as FRET partners [27].

Generally,fluorogenic substrates are very sensitive tools to study the
activity of proteases due to the amplification of the fluorescent signal.
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Fig. 1. The complex biochemistry of proteases. (A) Proteases are regulated at multiple
levels. First of all, not all proteases are expressed in every cell. If expressed, proteases
have a particular subcellular localization, such as the lysosome, the Golgi network or the
plasmamembrane. In this way, they only encounter a small set of potential substrates in-
stead of the entire proteome of the cell. Most importantly, virtually all proteases are
expressed as inactive zymogens. Only after the proteolytic removal of an inhibitory
propeptide, the protease becomes active. In turn, the active protease is tightly regulated
by a variety of processes: inhibition by endogenous proteins or post-translational modifi-
cations (PTMs) such as phosphorylation. Proteases will finally be degraded by the cellular
protein turnover machinery (e.g. proteasomal degradation). Naturally, only active prote-
ases will be able to cleave substrates. Cleavage of a substrate may lead to either activation
or inactivation of the substrate protein,which subsequently leads to a downstreambiolog-
ical effect. Besides co-localization of protease and substrate, the cleavage heavily depends
on the protease substrate specificity. (B) The substrate specificity is primarily determined
by specificity pockets near the active site. Amino acid side chains around the scissile bond
(…, P2, P1, P1′, P2′, …) can dock into the pockets designated S2, S1, S1′, S2′ etc. In some
cases, binding sites distant from the active site cleft, so called exosites, improve binding
of substrate proteins. Inaccessible cleavage sites will not be processed, while suboptimal
cleavage sites will undergo processing with much slower kinetics.

131M. Verdoes, S.H.L. Verhelst / Biochimica et Biophysica Acta 1864 (2016) 130–142

Image of Fig. 1


Download English Version:

https://daneshyari.com/en/article/1178213

Download Persian Version:

https://daneshyari.com/article/1178213

Daneshyari.com

https://daneshyari.com/en/article/1178213
https://daneshyari.com/article/1178213
https://daneshyari.com

