treatment are self-regulatory, through the activation of
CD4*CD25" lymphocytes, which inhibit the activity of
tumor-specific CD8* T lymphocytes and rapidly attenu-
ated the response [5]. The generation of autoimmunity has
not proven an overwhelming barrier to the deployment of
molecular chaperone-based immunotherapy in general,
although further studies are required to investigate the
potential complications of therapy [10,21].

Conclusions

Overall therefore, this novel approach to the treatment
of malignant melanoma may herald new ways in which
antigen presenting cells can be stimulated and anti-tumor
immunity generated (5). Although much is yet to be
learned regarding the mechanisms of Hsp70 in tumor
immunotherapy, these and other recent studies also illu-
strate the versatility of molecular chaperones in stimulat-
ing multiple aspects of the anti-tumor immune response.
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Papa’s got a brand new tag: advances in identification
of proteases and their substrates
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Characterization of proteolytic enzymes and their sub-
strates presents a formidable challenge in the context of
biological systems. Despite the fact that an estimated
2% of the human genome codes for proteases, only a
small fraction of these enzymes have well-characterized
functions. Much of the difficulty in understanding
protease biology is a direct result of the complexity of

Corresponding author: Craik, C.S. (craik@cgl.ucsf.edu).
Available online 18 December 2004

www.sciencedirect.com

r

egulation, localization and activation exhibited by this

class of enzymes. Here, we focus on several recently
developed techniques representing crucial advances

t

oward identification of proteases and their natural

substrates.

The protease problem
Currently, a total of 686 proteases and their homologs are
defined in the human genome, most of which belong to one


http://www.sciencedirect.com

60 Update

TRENDS in Biotechnology Vol.23 No.2 February 2005

~25 000 potential
substances

@ M
—~
— Expression
— —_—
; Thrombin
—/
Human 686 proteases
genome and homologues
(b) .
Bradykinin
Orphan
protease

PAR-1
PAR-3

Fibrinogen

TRENDS in Biotechnology

Figure 1. The protease problem. (a) The human genome encodes an estimated 25 000 proteins, 686 of which are proteases and their homologs. Thrombin, a serine protease,
cleaves fibrinogen and protease-acitivated receptors-1 and -3 (PAR-1 and PAR-3). (b) Identification of natural substrates might implicate an orphan protease in a physiological
process. Discovery of all natural substrates of an enzyme is crucial, because many proteases are involved in multiple processes.

of five groups: the metallo, serine, cysteine, threonine or
aspartyl proteases [1]. These enzymes are categorized by
their mechanism of peptide bond hydrolysis in which
either an amino acid residue in the serine, cysteine or
threonine proteases or an activated water molecule in the
metallo or aspartyl proteases, acts as the catalytic
nucleophile. Although originally regarded as tenacious
digestive enzymes, proteases have crucial roles in several
exquisitely regulated physiological processes, including
development, innate and adaptive immunity, cell cycle
regulation and apoptosis. Clearly proteolysis is a finely
choreographed event in vivo ensuring cleavage of the
appropriate substrate at a precise time, location and
cellular context. Aberrant regulation of endogenous
protease activity results in a variety of life-threatening
illnesses, such as hemophilia, cancer and heart disease.
As a result, there is significant interest in proteases as
therapeutic targets. However, lack of knowledge of the
explicit roles of proteases has hindered these efforts, often
resulting in unforeseen physiological effects following
enzyme inhibition. Even well-studied enzymes with
known functions can have major roles in unexpected
processes.

The possibility of multiple functions in proteases can
complicate the situation further, as seen in the case of
thrombin. The proteolytic activity of thrombin had been
studied for decades in the selective processing of blood
coagulation factors. It was then shown that thrombin
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could activate platelets and regulate the behavior of other
cells by means of G protein-coupled protease activated
receptors (PARs) [2]. PARs provide a mechanism by which
a protease, such as thrombin, can act as a hormone and
communicate directly with cells in addition to its role in
the blood coagulation cascade.

Hence we are presented with the daunting challenge of
understanding the physiological roles of all proteases, and
the substrates they process, in their entirety (Figure 1).
Recent advances in activity-based protease labeling
reagents, substrate profiling and differential protein
labeling methods provide promising methodologies for
identification of active proteases and their natural sub-
strates, and increase the number of tools available to the
protease biologist, biochemist and cell biologist.

Identifying proteases in a cellular context

A major challenge in elucidating the mechanism of
protease involvement in a physiological process is the
determination of all enzymes present. However, because of
the tightly regulated controls over protease activity,
mRNA levels frequently show little correlation to active
protein. Even quantification of proteases at the protein
level can be misleading because enzymatic activity can
vary as a result of differential levels of endogenous
protease inhibitors. Therefore, the problem evolves from
identification of proteases to identification of active
proteases.
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Figure 2. Recently developed techniques for protease and substrate identification. (a) Activity-based profiling identifies active proteases (gray) using fluorescently labeled
(red) inhibitors. Lysates from non-invasive (NI) and invasive () cells are analyzed by gel electrophoresis. (b) Positional scanning libraries are used to determine substrate
specificity of proteases from many organisms. Substrate information can be used to discover candidate protease substrates or to develop specific enzyme inhibitors.

To determine the presence of active proteases within a
lysate, cell or tissue homogenate, mechanism-based
inhibitors targeting the active site of the protease have
been modified to incorporate a detection moiety such as
biotin, a fluorophore or a radioactive probe [3—4]. Referred
to as activity-based probes, these inhibitors predomin-
antly label the active form of the enzyme through covalent
bond formation with the catalytic center of the protease.
They label a particular class of enzyme based on the
reactivity of the electrophilic moiety but will not dis-
tinguish among different members of the class because
specificity determinants are not present. Treatment of a
given biological sample with an inhibitor, followed by
SDS-PAGE analysis, detection and mass spectrometry,
rapidly identifies the active enzymes (Figure 2a). The
activity-based protein profiling approach has been applied
to serine and cysteine proteases as a result of the
formation of a covalent enzyme-inhibitor adduct during
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inactivation. However, analogous mechanism-based
inhibitors are ineffective against the large class of
metalloproteases and the important aspartyl proteases
because water is the active nucleophile and no covalent
intermediate is formed with the enzyme.

Recent work by Saghatelian et al. circumvented the
requirement for covalent bond formation during mech-
anism-based inhibition of metalloproteases (MMP) [5]. A
broad-spectrum zinc chelating hydroxamate was modi-
fied to include a benzophenone photocrosslinker in the
S, position of the inhibitor, transforming the compound
from a reversible to irreversible inhibitor upon
irradiation at 365 nm. Incorporation of the crosslinker
only minimally affected the IC5y values against MMP-2,
-7, and -9 and resulted in an inhibitor capable of
discriminating between the active or zymogen form of
the enzyme. Profiling both invasive and non-invasive
melanoma cell lines for active metalloproteases, the
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Table 1. Currently available chemical-based substrate profiling methods?

Non-prime Prime

[ [ |
P, , O P, O P’ O Py O
N N N N
HoN N N N OH
0 Py 0 o Py o P,

|

Sissile bond
Specificity Mechanism Method Detection Refs
Non-prime side Coumarin-based peptide substrates Solution, 96-well plate Fluorescence [8,13]
Peptide-based epoxide inhibitors Solution inhibition, SDS-PAGE Radioactivity [7]
Coumarin-based peptide substrates Solid phase, glass slide Fluorescence [10]
PNA-tagged peptidyl inhibitors Solution inhibition, array hybridization Fluorescence [11,15]
Prime side Lanthanide ion chelating substrates Solution, 96-well plate Fluorescence [9]
Biotinylated peptide substrates Solution cleavage Sequencing [12]
Both Peptide mixtures Solution cleavage Mass spectrometry [14]

“Libraries are categorized according to the substrate information obtained from each method. P4-P4’ represent amino acids of the substrate where cleavage occurs at the

scissile bond, between P1 and P1'.

authors discovered the dramatic upregulation of nepri-
lysin activity, a peptide-hormone-processing enzyme, in
invasive melanomas. Interestingly, the enzyme shares
no sequence homology with known MMPs, and reflects
the versatility of the probe in labeling many subgroups
within the metalloprotease superfamily.

With the expansion of activity-based protein profiling
technology to include metalloproteases, in theory >90% of
proteolytic enzymes might now be monitored in many
complex cellular contexts. However, because currently
available chemistries do not label all members of a given
class, further development of the electrophilic moieties
will be necessary to profile all proteases.

From protease to substrates

Another challenge is the identification of the natural
substrates of a protease among thousands of cellular
proteins, which is critical for defining the role of ‘orphan’
proteases with unknown function. Perhaps the most
widely applied methodology in the search for protease
substrates is the candidate approach, in which the
substrate-recognition sequence of the protease is deter-
mined and used to search the proteome for potential
matches. Originally, determining substrate specificity was
an arduous process that involved monitoring cleavage of
commercially available individual peptides by HPLC. The
emergence of substrate phage display in the early 1990s
provided an unbiased method for selecting optimized
protease cleavage sequences, spanning both the prime
and non-prime sides, from millions of potential substrates
[6]. Although significantly more exhaustive in searching
sequence space than screening individual substrates, the
entire process can be technically challenging and time
consuming even for a single enzyme.

A major advance toward increasing the throughput of
substrate-specificity determination was the development
of positional scanning synthetic combinatorial libraries
(Figure 2b) [7-15]. These libraries systematically profile
each subsite of an enzyme, resulting in either non-prime
or prime side preferred substrate sequences (see Table 1
for substrate nomenclature [16]). The tandem use of
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these libraries provides amino acid sequence data span-
ning P4-P4’'. To date, substrate libraries are the fastest
method for determining the specificity of an enzyme and
have proven effective in identifying substrates of highly
selective proteases. Although pooled libraries do not
address cooperativity, arrays of single substrates and
inhibitors printed on glass chips provide insight into
cooperativity and might prove useful in understanding
substrate specificity. With the development of positional
scanning libraries, the time required to obtain protease
specificity information has been reduced from days to
minutes.

Substrate-specificity information is proving crucial not
only for identifying potential substrates, but also for
incorporation of specificity determinants into inhibitors,
providing highly selective activity-based probes. These are
useful in examining the role of an enzyme in a complex
biological solution as well as dissecting structure—function
relationships in a given protease. For example, Marnett
et al. used specific activity-based probes to determine the
intramolecular communication between two independent
active sites of a herpesvirus protease thereby identifying a
novel site for therapeutic intervention [15].

Natural substrate discovery by protein labeling
Ultimately, defining the preferred substrate specificity to
scan the proteome for potential substrates is an indirect
method. Many factors, such as exosites and extended
substrate interactions are not accounted for and might
therefore render the libraries less applicable in certain
cases. Accordingly, a methodology for monitoring sub-
strates directly is desirable. Proteomic approaches to sub-
strate identification have been reviewed and critically
evaluated by Lopez—Otin and Overall [16].

Recently, two reports described differential protein-
labeling techniques for rapid identification of variations in
protein levels as a result of protease cleavage that were
used to identify both intra- and extracellular substrates
[17,18]. Tam et al. employed an isotope-coded affinity
tag (ICAT) labeling strategy to monitor the relative
abundance of proteins present in conditioned medium
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Figure 3. Mass spectrometry-based approaches to substrate discovery. (a) Isotope coded affinity tags containing '3C, (0) or '3Cg (9) label thiols in differentially treated protein
mixtures and are analyzed by mass spectrometry. (b) Differential gel electrophoresis is used to analyze differences in protein content following treatment with Cy3 (green) or
Cy5 (red). Abbreviations: m/z, mass to charge ratio; MW, molecular weight; pl, isoelectric point.

resulting from a human breast carcinoma cell line
transfected with a matrixmetalloprotease (MT1-MMP) or
vector control [17]. Decreased protein levels in the
presence of MT1-MMP were attributed to direct substrate
cleavage by the enzyme, whereas increased levels were
attributed to sheddase activity of the enzyme, releasing
membrane-bound substrate molecules from the cell into
the medium (Figure 3a).

To examine the consequences of proteolysis on
intracellular substrates, Bredemeyer et al. subjected
mouse lymphoma cell lysates to serine proteases
Granzyme A or B [18]. Lysine residues of control or
enzyme-treated lysates were subsequently modified by
1-(5-carboxypentyl)-1’-propylindocarbocyanide halide
N-hydrosuccinimidyl ester (Cy3), or 1-(5-carboxypentyl)-
1’-methylindodicarbocyanide halide N-hydrosuccinimi-
dyl ester (Cyb), respectively, and combined for global
protein analysis (Figure 3b). Fluorescence two-dimen-
sional differential gel electrophoresis (FL-2D-DIGE)
clearly identified several proteins with altered abun-
dance as a result of protease cleavage. The procedure
was used to identify novel substrates of Granzyme B and
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the physiological consequence of cleaving these putative
substrates is currently being pursued.

Prospects for the future of protease biology

Over the past 20 years it has become clear that proteases
range from non-specific digestive enzymes to specific
processing enzymes, and are involved in many diverse
and elegant physiological processes. It is anticipated that
ultimately proteases will be implicated in almost every
biological process and understanding their role will
become crucial in taking advantage of their tremendous
therapeutic potential. Unfortunately, it is the breadth and
variety of roles that make proteases extremely difficult to
study because each protease varies in expression, acti-
vation and localization. Therefore, it is increasingly
unlikely that a single methodology will be developed to
identify every active protease, or every natural substrate.
Substrate profiling of a protease is a rapid and powerful
initial step towards de-orphaning a protease. Protein
labeling has recently been shown to be a promising
technique with diverse applications. Specifically,
activity-based probes, ICAT and 2D-FL-DIGE have been
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successfully employed for identification of active proteases
and for the implication of presumed substrates in a
biological context. Coupled with substrate profiling, we
expect that continued advances in mass spectrometry and
proteomic analysis will result in new methods for use in
combination on a protease-specific basis.

However, the exciting recent advances in substrate
identification highlight candidate substrates that must
ultimately be validated in an actual biological setting.
Frequently, the process of substrate validation is limited
to traditional biochemical techniques and represents the
rate-limiting step, requiring a specific inhibitor, antibody
or knockout to address the issue. Although outside the
scope of this article, the development of a methodology
such as RNAi has decreased the time necessary for
substrate validation relative to traditional techniques. It
has been successfully used to reveal Taspase-1 cleavage of
the mixed-lineage leukemia gene product [19]. Similar
developments in the biological validation of substrates will
complement the recent advances in identification of
proteases and their natural substrates and help define
the roles of proteases in all physiological processes.
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A recent publication by Michael Longaker and col-
leagues represents a landmark for the use of adipose
tissue as a source of cells for tissue regeneration. The
authors investigated the ability of adipose tissue-
derived cells (ADCs) to regenerate critical size calvarial
(superior portion of the skull) defects in mice by using a
novel osteoconducive apatite-coated Poly-lactic-co-
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glycolic acid (PLGA) scaffold for cell delivery. Direct
comparison of this osteogenic ability was performed
with bone marrow stromal cells and juvenile calvarial-
derived osteoblasts.

Introduction
Although we and others have previously reported the
ability of adipose tissue-derived cells (ADCs) to undergo
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