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Preface

The recent availability of the complete genomic sequences of several mammalian organisms
has led to an explosion in the knowledge of proteolytic enzymes. The realization that
proteases constitute more than 2% of the total genes in the human genome underscores
the importance of proteolysis to human biology and to human diseases such as cancer.
Cancer development is characterized by genetic alterations in critical genes, including
oncogenes and tumor suppressor genes, that provide proliferative or survival advantages
to the developing tumor. Tumor cells further epigenetically subvert normal physiological
processes in order to promote their own growth and survival. Proteases decisively contrib-
ute to cancer development and promotion by regulating the activities of growth factors/
cytokines and signaling receptors, as well as the composition of the extracellular matrix,
thereby suppressing cell death pathways and activating cell survival pathways. In addition,
proteases are recognized to contribute to malignant potential in several tissue contexts by
stimulating tumor cell migration and invasion. The tumor microenvironment, which is
increasingly recognized to play a critical role in tumor development and progression, is
critically modulated by protease activities, through activation of tumor-promoting inflam-
matory, angiogenic, and immune pathways. Thus, effective targeting of specific protease
activities associated with tumor development holds considerable promise for improving
the diagnosis and treatment of cancers.

Proteases are enzymes that catalyze the cleavage of proteins through the hydrolysis
of peptide bonds. The known array of proteases and protease homologues comprises five
protease families known as metalloproteinases, serine proteases, cysteine proteases, aspartic
acid proteases, and threonine proteases. Protease cleavage is usually irreversible; there-
fore, the activities of proteases must be tightly regulated in order to prevent inappropriate
and frequently pathogenic proteolysis. Most proteases are either synthesized as inactive
zymogens or they are sequestered in latent forms that are specifically activated to unleash
cellular responses critical for normal physiology. The sequelae of biological responses that
may be generated by such protease zymogen cascades are frequently underestimated.
Proteases are further controlled by regulated access of proteases to their appropriate sub-
strates and spatial compartmentalization of proteases in cells and tissues. The regulated
termination of proteolytic activities is also critical and may be accomplished by specific
endogenous inhibitors and clearance receptors. Because of the complexity and intricate
regulation of protease systems, delineating the activities and specific biological impact of
protease pathways will require refinement of current technologies and development of
unique molecular tools.

The goal of this volume is to bring together a wide range of complimentary tech-
niques that have been developed for the specific detection and analysis of proteases and
their activities in cancer. While a variety of techniques are now available for detection
and imaging of proteins and receptors in many cellular contexts, the technologies for
determining specific protease expression, activity, and functionally important downstream
targets remain relatively poorly developed when compared to other classes of enzymes. As
a prelude to understanding the approaches taken by investigators toward understanding
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the broad biological functions of proteases in the pathogenesis of cancer, we first present
an overview of major protease classes implicated in cancer development and the issues
involved in delineating protease functions during cancer development. The complexity of
the roles played by secreted, pericellular, and intracellular proteases is highlighted. Exam-
ples of mechanistic studies using organ-specific mouse models of cancer development
combined with transgenic targeting of proteases highlight the diverse and complex roles
that proteases may play in tumor initiation and progression.

The spectrum of proteases that are expressed at a specific moment or circumstance by
a cell, tissue, or organism has been termed the “degradome.” New insights from genomic
and computational analyses of degradomes and the challenges faced in the analysis of the
large amount of information and techniques for simplifying the complexity of protease
cascades are discussed next. This analysis has provided unique perspectives into the evolu-
tion of mammalian organisms. The spectrum of proteases, protease inhibitors, and pro-
tease interactors associated with cancer development can be experimentally identified at
the transcript level by the profiling of gene expression using microarray technologies. The
study of the expression of protease genes involved in cancer development presents addi-
tional unique challenges, however, since proteases are expressed not only by the tumor
cells, but also by stromal cells that are located within the tumor microenvironment sur-
rounding the tumor (e.g., fibroblasts, endothelial cells). Determination of which cells are
expressing proteases and the molecules that regulate them is critical to understanding
the functional roles of the proteases and designing effective therapeutic applications. An
elegant approach to this challenge is presented using a microarray strategy that has the
advantage of distinguishing the cellular origin of the genes detected through differential
species specificity. The approach involves xenograft models in which human tumors are
implanted into mice. Tissues are analyzed using a dual species protease /inhibitor microar-
ray chip, validated for its ability to distinguish between human and mouse transcripts.

Proteases are associated with specific unique recognition sequences where the sub-
strate peptide bond is cleaved, designated ...P1-P1'..., where cleavage occurs between
P1-P1’ amino acid residues. Biochemical and proteomics methods have proved invaluable
in the identification of preferred cleavage sequences, which can then in turn be used in
the design of experimental tools for detection or inhibition of protease activity and to
assist in predicting endogenous substrates and signaling pathways that involve the pro-
tease of interest. Ideally, these approaches must be rapid yet comprehensive with respect
to the inclusion of all potential target recognition sequences. Presented in this volume
are several complementary high-throughput approaches aimed at identifying preferred
cleavage sequences for proteases. In the first, positional scanning synthetic combinato-
rial libraries of fluorogenic peptides have been developed to identity the preferred amino
acid residues at P1 through P4 positions for a given protease. This strategy has proven
extremely useful for determining preferred cleavage sequences specific to a protease; how-
ever, possible interdependence between positions may not be identified by this method,
since every position other than the position of interest is randomized. In an alternative
strategy, protease cleavage site preferences are determined using mixture-based peptide
libraries where random amino-terminally capped peptide mixtures are digested with the
protease of interest and the cleavage products analyzed by automated Edman sequencing.
Based on initial determinations, the process is reiterated until the full cleavage motif pref-
erence of the protease is known. In the final strategy, a substrate phage display technique
is presented where randomized peptide substrates are displayed as fusion proteins on the
outside of a bacteriophage. Here, the technique has been adapted to a semiautomatic
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platform in order to obtain a rapid but comprehensive substrate recognition profile for a
given protease.

Knowledge of the preferred cleavage sequence of the given protease is the first step
toward enabling detection of protease activity. Proteolysis within the pericellular environ-
ment occurs predominantly on the cell surface, where inactive zymogens, protease inhibi-
tors, and other protease interactors assemble into multiprotein complexes that mediate
the sequential and spatially restricted activation of protease zymogens and their cleavage
of target substrates. Therefore, a critical aspect of our understanding of proteases in cancer
biology is the ability to detect expression of specific protease activities on cells. A novel
method for revealing protease activity on single living cells is presented, which employs
a simple noninvasive assay for detecting the presence of specific cell surface proteolytic
activity that is based on the use of modified bacterial cytotoxins.

Organ and tumor-type specific regulation of protease activities and substrates is an
important consideration in our understanding of protease functions in cancer biology. Pre-
ferred cleavage sequences reveal only what substrates can be cleaved, not necessarily what
substrates are cleaved in vivo. Identifying and verifying biologically relevant substrates is
a major challenge for the protease field. An approach to this problem is presented where
differential isotopic labeling is applied to selectively identify potential protein substrates in
complex protein mixtures, followed by identification and quantification by tandem mass
spectrometry proteomics and database searching.

There is an urgent need to develop more effective strategies for earlier diagnosis of
cancer, earlier detection of tumor recurrence, and therapeutic targeting of tumors. Ideally,
new diagnostic technologies should be directed toward noninvasive in vivo imaging,
which would enable more efficient patient screening and better patient management,
thus leading to improved outcomes. Several approaches for catalytic targeting of protease
activities associated with cancers that have potential for both the diagnosis and treat-
ment of tumors are presented. In the first, a noninvasive molecular imaging approach
is employed for detection of tumor-associated proteolytic activity in living animals. This
optical imaging approach utilizes visible and near-infared fluorescence resonance energy
transfer (FRET) fluorophore pairs and has been successfully applied to detect and meas-
ure matrix metalloproteinase proteolytic activity in tumors in mouse models of cancer.
Antiprotease therapy for cancer is a potentially powerful strategy to specifically target rate-
limiting steps or proteolytic pathways within tumor cells. An elegant strategy involving
the reengineering of protease-activated anthrax toxins to eliminate tumor cells, which has
shown promise, is presented. This approach has been demonstrated to successfully target
tumor cells that exploit the uPA and MMP protease pathways on the tumor cell surface
is next presented, whereby the anthrax toxin PrAg-furin cleavage site is reengineered to
generate a PrAg cleaved by the protease of interest. Finally, the development of protease-
cleavable linkers that may enable rapid clearance from the circulation of radioisotopes “on
demand” is presented, with clinical potential for radioimmunotherapeutic approaches to
the treatment of cancer.

The editors are grateful to the contributing authors for providing their expertise in
order to bring this volume to fruition. We are also grateful to our all of our colleagues in
the protease community who have contributed thoughtful insights into the biological and
biochemical approaches discussed within these pages.

Baltimove, MD Toni M. Antalis
Bethesda, MD Thomas H. Bugge
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Chapter 1

Delineating Protease Functions During
Cancer Development

Nesrine I. Affara, Pauline Andreu, and Lisa M. Coussens

Summary

Much progress has been made in understanding how matrix remodeling proteases, including metal-
loproteinases, serine proteases, and cysteine cathepsins, functionally contribute to cancer development.
In addition to modulating extracellular matrix metabolism, proteases provide a significant protumor
advantage to developing neoplasms through their ability to modulate bioavailability of growth and
proangiogenic factors, regulation of bioactive chemokines and cytokines, and processing of cell-cell and
cell-matrix adhesion molecules. Although some proteases directly regulate these events, it is now evident
that some proteases indirectly contribute to cancer development by regulating posttranslational activa-
tion of latent zymogens that then directly impart regulatory information. Thus, many proteases act in a
cascade-like manner and exert their functionality as part of a proteolytic pathway rather than simply func-
tioning individually. Delineating the cascade of enzymatic activities contributing to overall proteolysis
during carcinogenesis may identify rate-limiting steps or pathways that can be targeted with anti-cancer
therapeutics. This chapter highlights recent insights into the complexity of roles played by pericellular
and intracellular proteases by examining mechanistic studies as well as the roles of individual protease
gene functions in various organ-specific mouse models of cancer development, with an emphasis on
intersecting proteolytic activities that amplify programming of tissues to foster neoplastic development.

Key words: ADAMs, Angiogenesis, Cysteine cathepsins, Cancer, ECM remodeling, Inflammation,
Metalloproteinases, Mouse models, Plasminogen activators, Proteases, Proteolytic cascades, Serine
proteases.

1. Introduction

A unifying concept of cancer development is the acquisition of
genetic alterations in critical genes, including oncogenes and
tumor suppressor genes that provide a survival and/or prolif-
erative advantage to mitotically active cells. However, it is now

Toni M. Antalis and Thomas H. Bugge (eds.), Methods in Molecular Biology, Proteases and Cancer, Vol. 539
© Humana Press, a part of Springer Science + Business Media, LLC 2009
DOI: 10.1007/978-1-60327-003-8_1
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clear that genetically-altered neoplastic cells co-opt important
physiologic host-response processes early during cancer develop-
ment to favor their own survival, including extracellular matrix
(ECM) remodeling, angiogenesis, and activation/recruitment
of innate and adaptive leukocytes (inflammation). In particular,
cancer development requires reciprocal interactions between
genetically altered neoplastic cells and activated stromal cells,
as well as the dynamic microenvironment in which they both
live (1, 2). Of note, proteases derived from activated host stro-
mal cells have recently been identified as critical cofactors for
cancer development. Although it was initially believed that
matrix remodeling proteases merely regulated migration and/
or invasion of neoplastic cells into ectopic tissues, there is growing
evidence that proteases contribute to cancer development by
regulating bioactivity of a myriad of growth factors, chemokines,
soluble and insoluble matrix molecules that regulate activation
and /or maintenance of overall tissue homeostasis, as well as
inflammatory and angiogenic programs (Fig. 1) (3).

Recent advances in activity-based profiling of protease func-
tion (4-8) have enabled tracking distribution and magnitude

Cystatins a-antitrypsin a,-macroglobulin

\l Elafm-I-PAIs RicZ TIMPs
Cyifelne K Ser'mez Meﬂ

Inflammation gopm Migration/ Angiogenesis

remodeling o suwwul/ Invasion
proliferation

N4

Malignant Conversion

METASTASIS

Fig. 1. Proteases act as critical cofactors for cancer development. Proteolysis, a central cofactor for neoplastic pro-
gression, results from a cascade-like activation of linear protease circuits, including key upstream proteases, such as
cysteine and serine proteases, which converge leading to amplification of metalloproteinase proteolytic activities. Tumor
net proteolysis contributes to tumor progression by mediating tissue remodeling, inflammation, angiogenesis, and acqui-
sition of invasive capabilities, cell survival, and proliferation.
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of proteolytic activities in cells and tissues (9). Together with
observations gained from examining individual protease gene
functions in mouse models of de novo carcinogenesis, have
emerged insights into the multitude of enzymatic activities that
participate in tissue remodeling associated with cancer develop-
ment (10). Recently, sequencing of the human genome enabled
characterization of the human degradome found to consist of
at least 569 proteases and homologues that belong to various
classes, including metalloproteinases (MMP), serine proteases,
and cysteine cathepsins (10). For many of these enzymes, their
most significant protumor activity may lie in their ability to post-
translationally regulate downstream proteases initially secreted as
either inactive zymogens or sequestered by matrix in latent forms
(10). This realization has led to the notion that embedded within
tissues are complex, interconnecting protease networks that,
depending on the tissue perturbation, selectively engage specific
protease amplification circuits (11). These coordinated efforts
regulate overall tissue homeostasis, response to acute damage and
subsequent tissue repair, as well as contribute to pathogenesis of
chronic disease states such as cancer.

2. Proteases
Implicated

in Gancer
Development

Requisite for neoplastic cell, vascular, or inflammatory cell inva-
sion during tumorigenic processes are the remodeling events
that are initiated within tumor stroma in pericellular microenvi-
ronments. In epithelial tumors, a majority of ECM-remodeling
proteases emanate from activated stromal cells, a large percentage
of which being infiltrating leukocytes such as mast cells, other
myeloid-lineage cells and lymphocytes (3). In vivo assessment
of individual protease gene functions have indeed identified
some proteases as significant cofactors for cancer development
because of their ability to directly regulate important aspects of
neoplastic progression (Fig. 1), while others are significant as
they set in motion interconnecting protease cascades, resulting
in amplification of enzymatic activity of “terminal” proteases
(Fig. 2). Although these cascades of proteolytic activation are
crucial for tumorigenesis and resemble those regulating coagula-
tion (12) and/or complement (13), in vivo experimental studies
using mouse models have revealed organ and tumor type-specific
regulation of protease bioactivities, as well as involvement of
proteases emanating from multiple enzymatic classes, i.¢., cysteine,
serine, and metallo. In the sections that follow, we discuss the
diversity of proteases whose bioactivity result in amplification of
terminal proteases in neoplastic tissues.
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Degranulating Degranulating
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Chronic Inflammation

Fig. 2. Intersecting protease pathways during neoplastic progression. Proteolysis of extracellular matrix (ECM) compo-
nents during tumor progression results from the activity of combined protease pathways emanating from the tumor cell
compartment, including urokinase plasminogen activator (uPA), MMP14, and type Il transmembrane serine proteases
(TTSP), as well as proteases expressed by supporting tumor stromal cells, such as neutrophils and mast cell-derived
proteases, such as MMP9, plasmin, mast cell chymase, mast cell tryptase, neutrophil elastase, and cathepsin C (Cat C).
Rather than functioning individually, each protease functions as a “signaling molecule,” exerting its effects as part of a
proteolytic pathway, where proteases potentially interact and activate other proteases in a cascade-like manner, culminating
in amplification of enzymatic activity of “terminal” proteases, such as MMP9.

2.1. Metalloprotease MMPs, also known as matrixins, are a family of zinc-dependent
Activation and Func- endopeptidases that act as extrinsic factors regulating critical
tion During Cancer parameters of neoplastic progression. MMPs facilitate cancer
Development development by triggering release of growth and angiogenic

factors sequestered in neoplastic tissues, as well as activation of
inflammatory mediators and processing of cell-cell and cell-
matrix adhesion molecules (14). To date, 23 vertebrate MMPs
have been identified and classified into distinct categories based
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on domain structure and substrate specificity (14, 15). Bioactivity of
MMP function is controlled posttranslationally. Secreted MMPs
(with the exception of stromelysin-3/MMP11) remain as inactive
zymogens (or pro-MMPs) requiring enzymatic and /or autolytic
removal of propeptide domains, rendering the active site avail-
able to cleave substrates. However, once activated, MMPs are
further regulated by three major types of endogenous inhibitors,
o,,-macroglobulin, RECK (16), and tissue inhibitors of metallo-
proteinases (TIMPs) (reviewed in (14)). Bioactivity of TIMDPs is
turther regulated posttranslationally where some are inactivated
by serine protease cleavage (17).

The most compelling evidence for MMPDPs as active contributors
to neoplastic progression comes from tumor-prone organ-specific
mouse models harboring homozygous null gene deletions or
tissue-specific overexpression of individual MMPs. In a trans-
genic mouse model of multistage skin carcinogenesis where the
carly region genes of human papillomavirus type 16 (HPV16) are
expressed as transgenes under control of the human keratin 14
(K14) promoter, e.g., K14-HPV16 mice (18), genetic elimina-
tion of MMP9 significantly reduced the incidence of carcinomas
while on the other hand, reconstitution of K14-HPV16,/MMP-
9l mice with wild type bone marrow-derived cells restored
characteristics of neoplastic development and tumor incidence to
levels similar to control HPV16 mice (19). Likewise, angiogen-
esis and tumor development were significantly inhibited during
pancreatic islet carcinogenesis (20) and cervical carcinogenesis
(21) following genetic deletion or pharmacological inhibition of
MMP9. Similarly, during development of ovarian carcinomas
using a xenograph model (22), as well during neuroblastoma
development (23), reconstitution of MMDP9-deficient mice with
MMP9-proficient bone marrow-derived cells restored cellular
programs necessary for development of angiogenic vasculature,
tissue remodeling, and overt tumor development. Thus, in each
of these distinct tissue microenvironments, infiltrating leukocytes
were the predominant sources of MMP9 (19-21), hence, impli-
cating leukocyte-derived MMP9 as a significant cofactor for can-
cer development.

In addition to MMP9, other MMPs have also emerged as
important cofactors in cancer development. Studies using geneti-
cally modified mouse models have further revealed organ and
tumor type-specific regulation of MMP bioactivities. For instance,
overexpression of human MMP1 (collagenase) in skin suprabasal
layers not only induced epidermal hyperplasia and hyperkeratosis,
but also increased susceptibility to chemical skin carcinogenesis (24).
But then, chemically-induced skin carcinogenesis was attenuated
in MMP11 null homozygous mice (25), while genetic elimination
of MMP7 attenuated development of intestinal adenomas in the
multiple intestinal neoplasia (Min) mouse model of intestinal
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neoplasia (26), and overexpression of either MMP2 or MMP7
in mammary epithelium accelerated mammary tumor formation
(27, 28). Although these studies indicate that overexpression of
a single MMP may contribute to neoplastic progression (24, 25,
28), MMP3 (stromelysin 1) has been shown to contribute to
spontaneous mammary neoplasms by acting as a tumor promoter
in the absence of carcinogens or preexisting mutations follow-
ing targeting to mammary glands (27). Furthermore, although
mice deficient in the transmembrane-spanning MMP (MMP14 /
MT1-MMP) have not been specifically examined using de novo
models of cancer development, the role of MMP14 as a cancer
cofactor has partially been revealed using mammary-targeted
MMP14 transgenic mice that developed spontaneous mammary
lesions (29). Nonetheless, besides promoting tumor progression,
MMPs can also exhibit anti-tumor functions. For example, using
MMP3-deficient mice revealed a protective role for MMP3 dur-
ing chemically induced squamous cell carcinoma development
(30). Similarly, loss of MMPS8 (collagenase 2) enhanced rather
than reduced skin tumor susceptibility in MMP8-deficient male
mice (31).

MMP net pericellular proteolytic activity is also dependent on
the balance between levels of secreted MMPs and their endogenous
inhibitors, tissue inhibitors of metalloproteinases (TIMPs). Hence,
elevated TIMP levels would be expected to inhibit cancer progres-
sion. Nonetheless, the contribution of TIMPs to tumorigenesis
has been controversial. In contrast to overexpression of TIMP-1
that inhibited development of SV40 large T antigen-mediated
liver carcinogenesis (32) as well as chemically-induced mammary
tumorigenesis (33), overexpression of TIMP-1 enhanced rather
than suppressed skin carcinogenesis by promoting keratinocyte
hyperproliferation and acquisition of chromosome instability, thus
enhanced premalignant cells susceptibility to undergo malignant
conversion (34). Interestingly, once skin tumors develop, TIMP-1
acts by stabilizing tumor stroma without limiting malignant con-
version and development of metastases (34). Furthermore, recent
studies implicated TIMP-1 in inducing a prometastatic microenvi-
ronment that promotes tumor cell metastasis selectively to the liver
by triggering hepatocyte growth factor (HGF /scatter factor) sign-
aling (35). Moreover, TIMP-2 favors tumor development by act-
ing as an adaptor molecule that induces the formation of a plasma
membrane-associated ternary complex with pro-MMP2 and
MMP14 (36-38), thereby promoting pro-MMP2 activation by
MMP14 at the cell surface and favoring tumor progression. Several
advantages to having degradative enzymes in a bound state at the
cell surface have been proposed. Namely, bound proenzymes may
be more readily activated, and the bound enzymes generated may
be more active than the same enzymes found in the soluble phase.
Bound enzymes may also be protected from inactivation by inhibitors,
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in addition to providing a mean of concentrating components of
a multistep pathway, thereby increasing rate of reactions. Immo-
bilizing enzymes on the cell surface or in matrix may further restrict
the activity of an enzyme so that substrates only in the vicinity
of the cell or adjacent matrix components are degraded. Hence,
activation at the cell surface may actually provide the most signifi-
cant control point in MMP activity, linking MMP expression with
proteolysis and invasion.

Several mechanistic studies have supported the functional
contribution of MMPs to neoplastic progression. MMPs alter
the stromal microenvironment by mediating liberation of ECM
sequestered growth-promoting factors, such as basic fibrob-
last growth factor (FGF-2), or proteolytic cleavage of growth
factor latent precursors, including members of the epidermal
growth factor (EGF) family such as transforming growth factor-o
(TGF-a), which act as potent mitogens for neoplastic cells
(reviewed in (39)).

MMPs have also been found to act as important positive
regulators of tumor angiogenesis. Infiltration of MMP9-expressing
inflammatory cells coincided with development of angiogenic
vasculature in premalignant skin of K14-HPV16 transgenic mice
(19). Although vascular endothelial growth factor (VEGF) was
constitutively expressed in normal B-cells and at all stages of islet
carcinogenesis, it only became bioavailable for interaction with its
receptor on microvascular endothelial cells following infiltration
of leukocytes expressing MMP9, thereby triggering activation
of angiogenic programs (20). During development of experi-
mental neuroblastomas, MMP9 not only regulates bioavailability
of VEGF, but also mediates pericyte recruitment to developing
angiogenic vessels, thus inducing stabilization of newly formed
tumor vasculature (40, 41). An additional line of evidence sup-
porting a role for MMP9 in promoting neovascularization comes
from studies reporting the unique ability of MMP9 to induce
release of soluble kit-ligand, which thereby initiated mobiliza-
tion of hematopoietic stem cells/progenitor cells in bone mar-
row (42, 185).

Furthermore, MMP9 induces a tissue microenvironment
that is permissive for primary tumor development, and its bio-
activities also regulate secondary metastasis formation. Studies by
Matrisian and colleagues have determined that MMP9 derived
from inflammatory cells (possibly neutrophils) present in pre-
metastatic lung facilitates survival /establishment of early meta-
static cells, but not growth of metastatic foci (43), whereas
MMP9 derived from Kupfer cells in liver parenchyma facilitates
carly establishment and growth of colorectal metastases to liver.
Additional clues into the later events regulating metastasis have
implicated MMP9 secreted by macrophages and alveolar VEGF
receptor (VEGEFRI)*-endothelial cells in microenvironmen-
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tal remodeling that is crucial for metastatic cell survival in the
lung (44). Using a mouse model of experimental metastasis
formation, Hiratsuka et al. reported that following recruitment
to sites of primary tumor growth, macrophages circulate to
distal organs. On the one hand, distal organs exhibiting low-
level expression of VEGFRI fail to induce MMP9 in response to
leukocyte presence and are therefore not suitable environments
for subsequent metastatic cell growth. On the other hand, distal
organs that are VEGFRI-positive and contain a population of
endothelial cells capable of inducing expression of MMP9 above
that supplied by circulating macrophages are “fertile” sites for
productive metastatic growth. Although induced expression of
the VEGFRI ligand VEGE-A does not appear to be involved,
presence of an active VEGFRI tyrosine kinase domain is nec-
essary; thus, it seems reasonable that activated MMP9 releases
matrix-sequestered VEGF-A rendering it bioavailable for interac-
tion with its receptors as has been reported by Bergers and
colleagues (20), thus stimulating efficient vascular remodeling
and angiogenesis necessary for metastatic cell growth and survival.
Taken together these findings indicate that mechanisms by which
premetastatic niches enhance metastatic outgrowth are organ and
cancer type specific.

MMPs have also been found to enhance tumor cell migra-
tion by altering cell—cell and cell-matrix interactions. For instance,
MMP14 and MMP2 have been shown to release cryptic fragments
of laminin-5 y2 chain domain I1I, which, due to presence of EGE-
like repeats, binds to EGF-receptor on tumor cells, thus activat-
ing downstream signaling events that lead to tumor cell motility
(45, 46). The cell—cell adhesion junction E-cadherin has also been
found to act as a substrate for MMP3 in mammary epithelial cells,
triggering progressive phenotypic conversion of normal epithelial
cells into invasive mesenchymal phenotype, characterized by disso-
lution of stable cell—cell contacts, down-regulation of cytokeratins,
and induction of vimentin expression (47).

It is not surprising that MMPs have attracted significant
attention as anti-cancer therapeutic targets. Unfortunately, clini-
cal evaluation of MMP inhibitors revealed no efficacy in patients
suffering from the advanced stages of various types of cancer (48).
Nonetheless, these failed clinical trials have enabled revisiting of
the upstream regulatory mechanisms controlling activation of
important proteases, like MMP9, that play a clear and undisputed
role in cancer development. Active MMP9 represents a terminal
protease whose proteolytic activity is amplified by several pro-
teolytic pathways that converge or act in parallel to activate the
latent pro-form of the enzyme (Fig. 2). Indeed, serine protei-
nases, such as plasmin or urokinase-type plasminogen activator
(uPA), neutrophil elastase, mast cell chymase, and trypsin, cleave
propeptide domains of secreted pro-MMPs, such as MMP9,
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and consequently induce autocatalytic activation of MMPs (14).
Some activated MMPs can further activate other pro-MMPs. For
example, MMP3 activates pro-MMP1 and pro-MMP9, whereas
pro-MMP2 is resistant (14). Thus, some serine proteinases act
as initiators of activation cascades regulating bioactivity of pro-
MMPs in vivo. Collectively, these observations indicate that anti
protease-based therapeutics may achieve better efficacy when tar-
geting a “pathway” as opposed to a single class or single species
of enzyme(s).

ADAMs (A Disintegrin And Metalloproteinase domains) are a
family of cell surface proteins related to snake venom metallo-
proteases (SVMPs) and MMPs, characterized by the presence
of both a disintegrin and metalloproteinase domains responsible
for their wide range of biological activities, including proteolysis,
adhesion, and signaling (49). More than 30 ADAM orthologues
have been identified in various species, in particular 29 are found
in mammals, of which several members are expressed exclusively
in the testis where they participate in spermatogenesis and ferti-
lization. ADAMs are typically composed of the following struc-
tural and functional conserved domains: a prodomain acting as
an intramolecular chaperone responsible for the protease domain
inhibition, a metalloprotease domain, a disintegrin domain
shown to interact with integrins to regulate cell-cell adhesion,
a cysteine-rich region implicated in both cell—cell and cel-FECM
interactions because of its abilities to link heparan sulfate prote-
oglycan, an EGF repeat domain, a transmembrane, and a cytoplas-
mic domain (49-51). Despite the presence of a metalloprotease
domain, only 17 of the 29 mammalian ADAMs identified at this
date contain the catalytic consensus motif for metalloproteinases,
indicating that half of the ADAMSs have actual catalytic activities
that have been formally proven to exist for ADAMs 10, 12, 17,
and 28 (51-55).

ADAMs expression has been found to be induced in human
cancers, particularly ADAMs 9, 10, 12, 15, and 17, which are
expressed at low levels in normal tissue but overexpressed in a
variety of tumors, including breast, gastric, colon, prostate and
pancreas carcinomas, non-small cell lung cancer, liver metastases,
glioblastomas, as well as hematological malignancies (56-63).
Moreover, studies have demonstrated a predictive role of ADAMs
expression for human breast cancer, as ADAM17 expression levels
predict poor prognosis (64) and urinary concentration of ADAMI12
correlates with cancer progression (60).

Unlike other protease families, a role for ADAMs in tum-
origenesis has only recently begun to be explored using a growing
number of de novo carcinogenesis mouse models harboring
either gene deletion or tissue-specific overexpression of individual
ADAMs. Using the W!° mouse model of prostate cancer where
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SV40 large T antigen is expressed under the control of the
probasin promoter, homozygous deletion of ADAMY inhibited
cancer progression past the well-differentiated stage (59). Con-
versely, transgenic overexpression of ADAMY9 in mouse prostate
epithelium was sufficient to induce epithelial hyperplasia leading
to the development of neoplastic lesions after 1 year (59), thus
revealing a functional role for epithelial-derived ADAM9 in pros-
tate cancer initiation and progression likely related to the ability
of ADAM9 to shed FGF receptor (FGFR2iiib) and EGF both
implicated in human prostate cancer development (65, 66). In
the same W' mouse model, ADAMI12 expression was restricted
to a subpopulation of stromal cells where it exerts an essential
role in tumor progression and development as genetic deletion
of ADAMI12 resulted in smaller and more differentiated neoplastic
lesions (67). Accordingly, driven by the mammary epithelium
promoter MMTV, overexpression of either the secreted form of
ADAMI12 or a membrane-anchored form lacking the intracellular
domain increased both tumor burden and malignancy degree
of breast carcinomas in MMTV-PyMT mice (68). These observa-
tions indicate that ADAMI12 extracellular region, including the
protease and adhesion domains, mediates ADAMI12-tumor pro-
moting capabilities, as opposed to initiation of a signaling cascade
through ADAMI12 intracellular tail.

In vitro, ADAMI17 expression regulates glioma tumor cell
invasiveness (62) and human pancreatic ductal adenocarcinoma
proliferation and invasive abilities (69). These effects may be
related to cell migration, adhesion, or matrix remodeling activities
of ADAMs. Several ADAMs have indeed been found to degrade
specific components of ECM, i.e., ADAMI12 mediates processing
of gelatin, type IV collagen, and fibronectin (60), ADAMs 10
and 15 induce type IV collagen and gelatin degradation (70, 71),
and ADAMI1 3 has been reported to cleave fibronectin (72). Thus
ADAMs-mediated cleavage of ECM proteins not only fosters
cancer cell migration but also induces release of ECM-sequestered
growth and angiogenic factors.

Although direct evidence is still lacking, ADAMs are also
suspected to exert a functional role in tumor angiogenesis.
In a mouse model of retinopathy of prematurity, mice harboring
a homozygous deletion of ADAMI5 present an inhibition of
angiogenesis when compared with the control mice, impli-
cating ADAMI5 in the control of pathogenic angiogenesis.
However, although growth of implanted tumors has also
been inhibited in ADAMI15~/- mice, there was no difference
in tumor vascularity (73). Moreover ADAMI5 and 17 are
expressed in endothelial cells (EC) (74) where they may exert
an important functional role, since using an ADAM-specific
inhibitor (GLI12971) decreased EC migration, adhesion, and
proliferation iz vitro (75).
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One mechanism by which active ADAMs functionally con-
tribute to neoplastic progression is through their sheddase
activity, defined as the proteolytic release of ectodomains of
membrane-anchored cell-surface proteins. The sheddase activ-
ity of ADAMs regulates numerous signaling proteins, includ-
ing growth factors and receptors, whose activation and/or
bioavailability are dependent on of several proteolytic steps.
Importantly in cancer, ADAMs have been implicated in the
shedding of EGFR ligands, including TGFa, EGF, HB-EGEF,
betacellulin, epiregulin, and amphiregulin (reviewed in (49)),
implicating them as a major regulator of EGFR signaling. The
signals initiated by EGFR-like receptors have been extensively
studied since the early 1980s and demonstrated to participate
in the control of differentiation, proliferation, and cell survival
as well as in the development of tumors from epithelial origin
(76). In particular, expression of ADAMI17, initially termed
tumor necrosis factor-ot converting enzyme (TACE), is spe-
cifically induced in breast and non-small cell lung carcinomas
(NSCL) where it seems necessary for EGFR signaling (63,
77). In 3D culture model of human breast cancer progression,
inhibition of TACE/ADAM17 by siRNA or small molecule
inhibitors reduces breast cancer cell proliferation and reverts
their malignant phenotype by inhibiting EGFR signaling (64).
Similarly, use of a selective ADAM inhibitor in NSCL cell lines
contributes to the inhibition of EGFR signaling (63). Several
anti-EGFR agents have been approved to treat various human
cancers, but despite their efficiency, the majority of patients
do not experience long-term benefit from these therapies (78—
80), demonstrating a need for alternative strategies to tar-
get EGER signaling pathway. As such, ADAMs inhibitors may
offer a new opportunity for pharmacological interventions by
targeting upstream the receptor that could be then used in
combination with others drugs.

Furthermore, because of their ability to regulate levels of
chemokines and cytokines, including tumor necrosis factor-o
(TNF-a), TRANCE, CX3CL-1, CXCL-16 (81), ADAMs have
also been implicated in the recruitment of immune cells impli-
cated in inflammation. For instance, TNF-a is synthesized as a
transmembrane precursor that is processed through the proteo-
lytic activity of ADAM17 /TACE to a soluble form. Interestingly,
mice lacking TIMP-3 develop inflamed livers associated with an
increase in TNF-o activity (82). The mechanism includes ability
of TIMP-3 to inhibit ADAM17; thus, TIMP-3 regulates ectodo-
main shedding of TNF-a under physiological conditions, which
it perturbed, results in high levels of soluble TNF-o and develop-
ment of spontaneous inflammation.

Another intriguing role for ADAMs in tumorigenesis was
proposed recently, namely shedding of membrane-anchored
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2.3. Serine Protease
Regulation of MMP
Activity During Gancer
Development

2.3.1. Plasminogen
Activators

MMPs, including MMP14 (83). As such, shed MMP14 may
compete with membrane-anchored MMP14 for TIMPs, thus
altering the balance of active MMPs and their inhibitors at
the cell surface as well as the vicinity of tumor cells (Fig. 2)
(84). Collectively, recent observations presented here implicate
ADAMs as cofactors for cancer development. These observa-
tions shed light on the importance of understanding how a tissue
responds under homeostatic circumstances by differentially
activating specific protease pathways, when compared with that
response following pathologic challenge. Thus, although it is
evident that several protease pathways may converge, the above-
mentioned studies indicate existence of protease pathways that
may act in parallel to foster neoplastic progression.

Several serine proteases have been implicated as important
regulators of cancer development, some of which are known
regulators of MMP9 bioactivity. This protease family includes
enzymes involved in mediating activation of plasminogen
(urokinase-type and tissue-type plasminogen activators, uPA
and tPA, respectively) (85), as well as serine proteases stored
in secretory lysosomes of various leukocytes, namely mast cell
chymase (86), mast cell tryptase (86), and neutrophil elastase
(NE) (87). Although most secreted serine proteases emanate
from host stromal cells, recent studies implicate a superfamily
of cell-surface associated serine proteases, also known as Type 11
Transmembrane Serine Proteases (TTSP), such as matriptase /
MT-SP1 and hepsin, originating exclusively from tumor cells as
important regulators of cancer development (88).

Serine proteases share a common characteristic that being
their synthesis as inactive zymogens whose activation involves a
two-step mechanism (89, 90). Following synthesis and signal peptide
removal during passage through the endoplasmic reticulum, a
pro-protease containing an “activation dipeptide” is generated,
characterized by the presence of two amino-terminal residues
that blocks substrate access to the catalytic site cleft, thereby
maintaining serine proteases in their latent state and preventing
premature protease activation. Furthermore, serine protease pro-
teolytic activity is tightly regulated by acidic pH, an environment
that is typical of secretory granules.

Several mechanistic studies have implicated the uPA/plasmin
proteolytic cascade in functionally contributing to neoplastic prog-
ression, including acquisition of a migratory and invasive
phenotype by tumor cells, as well as remodeling of ECM
components via activation of a number of MMPs, such as MMP9
(91). Enzymatic activity of plasmin is tightly regulated by two
plasminogen activators, uPA and tPA. uPA plays a crucial role in
tissue remodeling, while tPA is important in vascular fibrinolysis.
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Initiation of plasmin activation occurs following binding of uPA
to its receptor uPAR, a glycosylphosphatidylinositol (GPI)-
anchored cell membrane protein found to localize to discrete focal
contacts (92). Subsequently, binding of uPA to uPAR catalyzes
conversion of plasminogen to its active form, plasmin. On the
other hand, uPAR-bound pro-uPA is also activated by plasmin,
in turn results in a feedback pathway that accelerates plasminogen
activation (93). Maintenance of this protease cascade depends
upon the balance between uPAR-bound uPA proteolytic activ-
ity and endogenous inhibitors, plasminogen activator inhibitor-1
(PAI-1) (94). PAI-1 not only regulates proteolytic activity of
uPA, but also induces rapid internalization of the uPA/PAI-1/
uPAR complex (95), thus regulating levels of cell surface-bound
uPA as well.

Despite extensive experimental data linking uPA /uPAR sys-
tem to neoplastic progression, only few studies have evaluated
the role of the uPA proteolytic pathway in tumor-prone organ-
specific mouse models (96, 97). Although the number of intes-
tinal adenomas in the Miz mouse model of intestinal neoplasia
(ApcMin/*) was significantly reduced following genetic elimination
of uPA, proliferation and angiogenesis of established neoplastic
lesions were not altered in the absence of uPA, most likely due to
mechanisms involving up-regulation of cycloxygenase-2 (Cox-2)
expression and the Akt signaling pathway (96). These observa-
tions implicate a tumor promoting role of uPA during the early
stages of intestinal adenoma development through mechanisms
involving leukocyte infiltration (96).

Further mechanistic studies implicated uPA /plasmin proteo-
lytic cascade as a key event conferring tumor cells with ability to
migrate through fibrinous matrices. By directly activating pro-
MMPs, including pro-MMP-1, -2, -3, and -9 (91, 98-100), plas-
min contributes to localized extracellular proteolysis and ECM
remodeling at the leading edge of migrating tumor cells. These
data support the presence of a cascade of proteolytic activations
that converge leading to activation of common terminal pro-
teases, including MMP9 (Fig. 2).

The functional significance of mast cell-derived serine protease acti-
vity (chymases and tryptases) in neoplastic progression has recently
been appreciated, given their ability to trigger a proinflammatory
response as well as to induce a cascade of protease activation,
culminating in activation of MMP9 (Fig. 2). While mast cell-derived
chymases and tryptases are stored in secretory granules, their
release into the extracellular milieu is triggered following acti-
vation/degranulation in response to cross-linking of FceRI, a
high affinity receptor for immunoglobulin E (IgE) (101). Mast
cell activation can also occur independently of IgE via mecha-
nisms involving the complement system (C3a and Cb5a) (102),
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neuropeptides such as substance P (103), cytokines including
stem cell factor (104), as well as engagement of the Toll-like
receptors (105).

Although one human chymase gene belonging to the o chy-
mase family has been identified to date, rodents express several
B chymases (murine mast cell protease/mMCP-1, -2, and -4) in
addition to o chymase (mMCP-5) (106). Notably, chymotrypsin-
like activities in murine peritoneal cells and cutaneous tissue
(skin) were absent following genetic elimination of mMCP-4
(107), indicating that mMCP-4 is the major source of stored
chymotrypsin-like activity in these tissues. On the other hand,
mast cell tryptases in rodents include mMCP-6 and mMCP-7.
Following degranulation, mMCP-6 is secreted locally into the
vicinity of mast cells, while mMCP-7 is released into the circula-
tion (108). A novel mast cell tryptase, denoted mMCP-11 /mastin,
has recently been identified in dogs, pigs, and mice (109). In
humans, tryptases include membrane-anchored tryptases (y-tryptase)
and soluble tryptases (0.-, B-, and §-tryptases), the latter that have
also been termed mMCP-7-like tryptases because of similarities
with mMCP-7 genetic organization. However, B-tryptases
represent the most important tryptases following secretion, and
o- and d-tryptases are both resistant to activation because of the
presence of propeptide mutations and catalytic domain defects
(reviewed in (110)). Tryptases are known to cleave substrates at
the carboxyl-terminal side of basic amino acids, while chymases
exert chymotrypsin-like activity, cleaving peptides at the carboxyl-
terminal side of aromatic amino acids (111, 112).

Although specific gene knockouts of murine chymases and /
or tryptases have yet to be evaluated in de novo mouse tumor
models, their role in cancer appears clear since mechanisms delin-
cating their functional contribution to neoplastic progression
have recently been examined. For instance, injection of human
chymase into skin of guinea pigs induced a significant increase
in neutrophil infiltration and vascular permeability (113), indi-
cating the ability of mast cell chymase to exert proinflammatory
effects. Furthermore, although pro-MMP9 represents a common
terminal substrate that is activated by many upstream pro-
teases, mast cell-derived mMCP-4 plays a crucial role in MMP9
activation, given that only the proform of MMP9 was detected
in tissue extracts in the absence of mMCP-4 (107). o-chymase
has also been shown to indirectly mediate MMP9 activation
by catalyzing cleavage and hence inactivation of free TIMP-1,
as well as TIMP-1 when bound in a complex with pro-MMP9
(17). Remarkably, through its ability to activate MMP9, chymase
exerts indirect proangiogenic activities via regulating release of
sequestered VEGF from the matrix (86). Moreover, a major
role of mast cell-derived chymase in regulating turnover of con-
nective tissue components, including thrombin, fibronectin, and
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collagen has been revealed by evaluating skin, heart, and lung
tissues in mMCP-4 homozygous null mice (107). In addition to
activating MMP9, studies using mMCP-4-deficient mice indicate
that mMCP-4 is important but not essential for activation of pro-
MMP2 in vivo, since reduced levels of active MMP2 have been
observed in the absence of mMCP-4 when compared with wild
type mice (107).

Mast cell tryptases have been implicated in cancer development
because of their ability to activate MMP9 indirectly by initially
inducing pro-MMP3 activation (114). Furthermore, mast cell-
derived tryptases modulate neoplastic microenvironments during
skin carcinogenesis by acting as direct mitogens for stromal fibrob-
lasts (115, 116) and epithelial cells (117), in addition to stimulat-
ing synthesis of o, pro-collagen mRNA in dermal fibroblasts (86).
Tryptases also act as potent proinflammatory factors, given that
injection of mMCP-6, but not mMCP-7, induced neutrophil infil-
tration into peritoneal cavities (118). Furthermore, recent studies
suggest that tryptases indirectly induce leukocyte recruitment by
stimulating chemokine release, such as IL.-8, from endothelial and
epithelial cells (117, 119).

The above-mentioned findings reveal that mast cell-derived
chymases and tryptases are both functionally capable of modu-
lating the tumor microenvironment by mediating dissolution of
ECM components and triggering inflammation. Significantly,
chymases and tryptases are stored in mast cell secretory granules
in their mature and enzymatically active forms, ready for exocytic
release following mast cell degranulation, as opposed to most
MMPs that are secreted as zymogens requiring pericellular acti-
vation. A cysteine protease (120), cathepsin C (also known as
dipeptidyl peptidase I (DPPI)), particularly abundant in mast cell
secretory granules, acts as a direct upstream activator of mast cell
serine proteases. These observations indicate that mast cell-derived
chymases and tryptases functionally connect members of the
cysteine protease family with terminal proteases, such as MMP9,
indicating the presence of a cascade of proteolytic activations that
may serve as potential anti-cancer intervention strategies.

Neutrophil elastase (NE), a serine protease abundantly present
in neutrophil azurophilic granules, is transcriptionally activated
carly during myeloid development (121, 122). Little is known
about the role of NE in cancer progression, while the role of
NE in pulmonary disorders, including emphysema and fibrosis,
has been well documented (123). Interest in NE during neo-
plastic processes stems from recent clinical reports that correlate
elevated NE expression with poor survival rates in patients with
primary breast cancer (124) and non-small cell lung cancer (125)
as well as having recently been found to initiate development of
acute promyelocytic leukemia (APL) by mediating direct catalytic
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cleavage of PML-RARGa, a protein generated by a chromosomal
translocation fusing promyelocytic leukemia (PML) and retinoic
acid receptor-a (RAR) genes (126). Further mechanistic studies
revealed the ability of NE to directly modulate ECM components
or indirectly through initiation of protease cascades, culminat-
ing in activation of terminal MMPs, such as pro-MMP9 (127).
In addition, NE exerts proinflammatory potential by enhancing
neutrophil migration into inflamed tissues (128). Interestingly,
NE facilitates transendothelial migration of neutrophils through
its ability to localize to neutrophil plasma membrane following
exocytosis (129).

Although initially thought to simply mediate intracellular
clearance of bacteria (130, 131), recent studies extend the role of
NE to a modulator of inflammatory responses. Experimentally,
localization of active NE to the outer surface of plasma mem-
brane enables neutrophil transmigration in vivo (132). Using
i vivo intravital microscopy and in the presence of selective
NE inhibitors, neutrophil adhesion to postcapillary venules and
emigration out of vasculature were attenuated (133). This role
is further supported by studies using a mouse model of acute
experimental arthritis that found reduced neutrophil infiltration
into subsynovial tissue spaces in NE-deficient mice (134), which
were also found to exhibit reduced incidence of ultraviolet B
(UVB) and chemically (Benzopyrene)-induced skin tumors (87).
It remains to be established whether reduced tumor incidence
occurred as a result of impaired NE-mediated cleavage of ECM
substrates, deficient MMP9 activation, or diminished cleavage
of NE substrates such as ECM components or E-selectin on
endothelial cells (135). In addition, using an air-pouch model of
inflammation, neutrophil emigration to sites of inflammation was
completely attenuated in response to zymosan particles following
genetic elimination of both NE and cathepsin G (a cysteine pro-
tease) (134). However, neutrophil recruitment to inflamed tis-
sues was not altered in response to lipopolysaccharide (LPS) in
the absence of NE (136). Notably, although neutrophils migrated
normally to sites of bacterial infection in NE-deficient mice, their
ability to initiate intracellular killing of gram-negative bacteria
was altered (137), thus indicating some degree of specificity for
recruitment and response regulated by NE.

The ability of NE to differentially regulate neutrophil recruit-
ment in “damaged” tissues, while directly significant for acute
inflammatory responses, is also significant in the context of the
role of neutrophils in mediating remodeling of matrix in tissues.
Indeed, neutrophil-derived proteases have been identified as
important regulators of insoluble elastin (138), a structural compo-
nent of tissues such as blood vessels, skin, and lung, in addition to
hydrolysis of other ECM components, including fibronectin (139),
proteoglycans, and type IV collagen catabolism (129, 134, 140).
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Furthermore, NE can indirectly modulate structural components
of tumor ECM by activating MMPs, thus facilitating tumor cell
migration. Although soluble pro-MMP2 is resistant to activation by
NE, pro-MMP2 becomes susceptible to activation by NE follow-
ing binding to membrane-anchored MT1-MMP/MMP14 (141).
Furthermore, NE has also been shown to activate pro-MMDP3
(142), as well as pro-MMP9 (127). MMP9 can in turn cleave the
NE inhibitor ol-anti-trypsin, thereby indirectly enhancing NE
enzymatic activity (143).

Central to the proposed roles of NE in tumorigenesis is the
mechanism of NE activation and identification of potential target
substrates. Synthesized as an inactive zymogen, NE requires
posttranslational removal of the amino-terminal dipeptide for
enzymatic activation (144). Through cathepsin C catalytic activity,
cleavage of propeptide occurs prior or during transport of NE
to neutrophil azurophil granules. Thus following neutrophil
degranulation in response to various cytokines and chemoattract-
ants, NE is secreted in its catalytically active form. One mecha-
nism by which NE acquires resistance to the inhibitory effects of
circulating proteinase inhibitors, including o1 -anti-trypsin (145),
is by localization to neutrophil cell surface following fusion of pri-
mary granules with plasma membranes during exocytosis (146).
Catalytically active NE is rapidly released from azurophil granules
following excessive neutrophil influx at sites of inflammation,
along with terminal proteases including pro-MMP9 stored in its
zymogen form in neutrophil gelatinase granules. In turn, catalyti-
cally active NE induces activation of secreted pro-MMP9 within
tumor microenvironments. One way neutrophil-derived NE can
significantly contribute to net tumor proteolysis is by catalyzing
activation of pro-MMP9 originating from other cell populations,
including infiltrated mast cells, hence resulting in amplification of
MMP9-mediated effects.

Most serine proteases are expressed by supporting tumor
stromal cells, such as mast cells and neutrophils, whereas
membrane-anchored serine proteases, also known as Type 1I
Transmembrane Serine Proteases (TTSP), appear to be largely
expressed by tumor cells (147). Much attention has recently
been focused on membrane-anchored serine proteases, such
as matriptase and hepsin, given their remarkable up-regulation
in human cancers of epithelial origin, including carcinomas of
skin, breast, and prostate (148). Moreover, shedding of TTSP
extracellular domains in seminal fluids and serum of cancer
patients could represent a potential marker for cancer develop-
ment and recurrence (149).

Mouse models of cancer development have provided insights
into which protease members of this family play significant roles
in tumorigenesis processes. On the one hand, overexpression of
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2.4. Cysteine Cathepsin
Protease Regulation in
Gancer Development

matriptase in mouse epidermis induced spontaneous skin lesions
in the absence of genetic alterations and independent of carcino-
gen exposure (150). On the other hand, using a mouse model
of non-metastasizing prostate cancer, overexpression of hepsin
resulted in primary tumor progression and metastasis to liver,
lung, and bone (151); however, it remains to be determined how
matriptase and hepsin promote neoplastic progression in these
mouse models. Anchoring of TTSP to the plasma membrane
directs proteolytic activities to specific compartments of tumor cell
surface, including cell /ECM contacts and the invasive fronts of
migrating tumor cells, thus facilitating tumor cell invasion (151).
Furthermore, emerging observations indicate an interesting role
of matriptase and hepsin in initiating a cascade of proteolytic acti-
vations at tumor cell surface. Of note, both matriptase and hepsin
have been shown to act as potent activators of receptor-bound
pro-uPA (152, 153), thus amplifying plasminogen conversion to
plasmin by activated pro-uPA. Significantly, matriptase may pro-
mote tumor progression by directly acting as a major activator of
matrix-degrading proteases, including pro-MMP3 (154). In turn,
activated MMP3 catalyzes activation of other MMPs, including
MMP9 and MMP1 (14). Extensive investigation is required to
delineate upstream activators of TTSP (148). Nonetheless, it is
clear that tumor-associated serine proteases, notably matriptase
and hepsin, contribute significantly to tumor progression via
their ability to initiate a proteolytic cascade of zymogen activation,
including uPA/plasmin and MMP3, collectively culminating in
activation of terminal proteases, such as MMP9.

In summary, current insights regarding protease degradomics
reveal that despite targeting distinct matrix substrates, serine pro-
teases exhibit partially overlapping target substrate profiles, such
as activation of pro-MMP9, whose net activity is significantly
amplified during pathological processes and following simulta-
neous activation of various serine protease circuits originating
from different cellular compartments, such as mast cells and
neutrophils. Alternatively, although these protease pathways may
be individually redundant, the above observations support the
notion that serine proteases may profoundly influence neoplastic
progression by acting collectively.

Cathepsins are prototypical lysosomal cysteine proteases sharing
a conserved active site cleft in which amino acid residues cysteine
and histidine constitute the catalytic ion pair, a distinctive charac-
teristic of the papain-like superfamily of cysteine proteases (155).
Human cathepsins comprise 11 members including cathepsins B,
C, H, F, KL, O,S, V, W, and X/Z (156). Although several
family members have been identified as important regulators of
cancer development, our laboratory has focused on cathepsin C
because of the significant role it plays in regulating multiple
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serine proteases that together act in concert to mediate important
immune-based aspects of cancer development, namely those cul-
minating in the conversion of pro-MMP9, thus greatly amplifying
MMP bioactivity.

In particular, many unique structural features contribute to
the distinctive activities mediated by cathepsin C. Although most
cathepsins act as endopeptidases, cathepsin C represents the only
exception by acting as a dipeptidyl aminopeptidase, cleaving two-
residue units from the N-terminus of a polypeptide chain (157).
Furthermore, localization of cathepsin C active site to the exter-
nal surface of the protein confers cathepsin C with an advantage
of hydrolyzing diverse groups of chymotrypsin-like proteases in
their native state, regardless of size (155), as opposed to other
oligomeric proteases, including tryptases, where the active site is
located inside of the protein (158).

Cathepsin proteolytic activity is regulated at various levels,
including posttranslational mechanisms. All members of the
cathepsin family share in common the general mechanism of acti-
vation that is being synthesized as zymogens, therefore sharing the
presence of a signal peptide and propeptide sequence removed at
maturation (159). To note, a residual portion of the propeptide,
termed the exclusion domain, remains bound to the catalytic part
of active cathepsin C (160) that contributes to formation and sta-
bilization of the tetrameric structure of the mature enzyme (161).
In vitro studies exclude autocatalytic activation of pro-cathepsin
C (162), but whether activation of cathepsin C is facilitated by
other proteases is yet to be determined.

Although initially thought to simply mediate terminal intra-
cellular protein degradation within lysosomes, diverse biological
functions of cathepsins have come to light through recent mech-
anistic studies, including interstitial thrombin and fibronectin
metabolism, cytotoxic lymphocyte-mediated apoptotic clearance
of virus-infected and tumor cells (163), survival from sepsis (164),
and experimental arthritis (144). Furthermore, using de novo car-
cinogenesis models in cathepsin-deficient tumor-prone mice has
implicated specific roles for individual cathepsins in distinct tum-
origenesis processes. A complex cascade of sequential cathepsin
expression correlating with tumor development has been docu-
mented following profiling of expression and activity of cathepsins
in normal, premalignant, and malignant islets of RIP1-Tag2 mice
(165, 166). Joyce and colleagues further assessed the unique roles
of cathepsins during pancreatic islet carcinogenesis by genetic
elimination of individual cathepsin genes. Although absence of
cathepsin C was without consequence, tumor-associated angio-
genesis was significantly reduced in the absence of cathepsin B or
S, while genetic elimination of cathepsin B or L instead attenu-
ated tumor cell proliferation and decreased tumor volume (165).
Similar studies by Peters and colleagues found that during mammary
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carcinogenesis in MMTV-PymT transgenic mice (167), absence
of cathepsin B emanating from macrophages significantly limited
primary tumor development as well as pulmonary metastasis for-
mation (168). Interestingly, although cathepsin B was found to
be a significant protumor regulator of pancreatic and mammary
carcinogenesis, cathepsin B does not appear to be functionally
significant during skin carcinogenesis (Junankar and Coussens,
unpublished observations). Moreover, absence of cathepsin C
during islet carcinogenesis is without consequence, whereas its
absence during squamous carcinoma development in K14-HPV16
transgenic mice is profound (Junankar and Coussens, unpublished
observations). During murine skin carcinogenesis, like in humans
afflicted with loss of mutations in the cathepsin C gene (169-172),
myeloid cells fail to infiltrate damaged tissue (144, 173, 174); thus,
protumor programs (angiogenesis, matrix remodeling) regulated
by inflammation fail to be activated.

In addition to maintaining tissue homeostasis and regulat-
ing diverse enzymatic activities, recent studies implicated cathe-
psin C as a mediator of inflammation. Although mice harboring
homozygous deletions in the cathepsin C gene were resistant
to experimental acute arthritis and displayed altered neutrophil
recruitment in response to zymosan and immune complexes, a
defective response that was rescued by administration of a neu-
trophil chemoattractant, cathepsin C-deficient mice exhibited
normal neutrophil chemotactic responses to thioglycollate (144).
Likewise, on the one hand, using an air pouch model of inflam-
mation, the number of infiltrating neutrophils was significantly
attenuated in mice deficient in both NE and cathepsin G (NE~~
x CG~7™) (144), which was associated with a significant decrease
in local levels of chemokines, including TNF-o and interleukin-
1B (IL-1PB). On the other hand, injection of IL-8, a neutrophil-
specific chemokine, restored infiltration of neutrophils into air
pouches of cathepsin C-deficient mice (144). These results pro-
vide novel insights into the functional significance of cathepsin
C-dependent proteolytic cascades in regulating local levels of
chemoattractants at sites of inflammation (144).

It has been recently highlighted that cathepsin C fosters tum-
origenesis by acting as an important upstream regulator of multiple
proteolytic events, mainly by activating several serine proteases.
Using cathepsin C null homozygous mice, cathepsin C has been
found to be essential for intracellular activation of neutrophil-
derived proteases, including NE, cathepsin G, and proteinase 3
(144). Similarly, cytotoxic T lymphocyte-derived granzymes A
and B were found to be inactive and present in their proforms in
the absence of cathepsin C (174). Of note, while cathepsin C is
necessary for activation of mouse mast cell chymase (mMCDP-4)
(120), recent studies suggest that cathepsin C may not be essential
for activation of mouse mast cell tryptases (mMCP-6) (120, 175).
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Indeed, in vitro studies support these observations, indicating
that pro-B-tryptase undergoes auto-cleavage, resulting in a two
amino acid residue activation dipeptide sequence that is subse-
quently catalyzed by cathepsin C (176).

As mentioned earlier, cathepsin C initiates a cascade of pro-
teolytic activation. Following activation by cathepsin C, mMCP-
4, the major source of stored chymotrypsin-like activity in mouse
peritoneum and skin (106), further activates pro-MMDP2 and
pro-MMP9 (107). In addition to mMCP-4, neutrophil-derived
NE, cathepsin G, and proteinase 3 have also been found to regu-
late MMP2 activation (141). Although these neutrophil-derived
proteases are unable to process pro-MMP2 in its soluble form,
recent studies indicate that pro-MMP2 undergoes conforma-
tional changes following binding to the membrane-tethered
MMP14, rendering a cleavage site within pro-MMP2 prodomain
region accessible for cleavage by neutrophil-derived serine pro-
teases (141). These observations raise an interesting point — that
besides the notion that these proteases converge to activate com-
mon terminal proteases, redundancy should also be noted as a
common theme amongst these proteolytic cascades.

In summary, using various mouse models of multistage cancer
revealed interconnecting protease cascades that are initiated by a
common upstream protease activator, cathepsin C, and culminat-
ing in amplification of enzymatic activity of “terminal” proteases
such as MMP9 (Fig. 2). Significantly, these studies identified
individual cathepsins that play differential roles in specific cancers
emanating from multiple organ sites, and thus affirming the sig-
nificance of organ and tumor type-specific regulation of protease
bioactivities.

3. Intersecting
Proteolytic
Cascades in
Cancer Develop-
ment: A Target
for Anti-Cancer
Therapies?

Collectively, a vast body of literature indicates that proteolysis is
central to neoplastic progression, in particular proteolytic enzymes
emanating from host stromal cells. Given the data discussed here,
it follows that proteases can potentially interact and activate other
proteases in a cascade-like manner, resulting in the formation of
protease circuits that may interconnect, forming the so-called
protease web (177). This concept may provide an alternative defini-
tion for proteolysis during tumorigenesis processes: each protease
can be regarded as a “signaling molecule” that exerts its effects
as part of a proteolytic pathway rather than simply functioning
individually (Fig. 1). Nonetheless, in an attempt to understand the
functional roles of proteases in cancer development, it is neces-
sary to incorporate all the elements of the protease web, including
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not only proteases, but also the corresponding inhibitors, cofactors,
cleaved substrates, and receptors, therefore, further viewing pro-
teolysis as a system. Significantly, distinct pathological conditions
may arise when perturbations occur involving key upstream
proteases, ¢.g. cathepsin C, thus profoundly affecting a myriad of
downstream eftectors and ultimately altering the net proteolysis as
a whole. Notably, the above-mentioned studies indicate that these
linear protease circuits may converge, leading to amplification of
proteolytic activity of terminal proteases like MMP9 within tissues
and consequently enhancing development of pathological condi-
tions. On the basis of these observations, and given that cathepsin
C functionally contributes to neoplastic progression by acting as a
key upstream proteolytic enzyme, then using a single and selective
drug that targets cathepsin C proteolytic activity should impede
the activation of several serine proteases, including neutrophil and
mast cell-derived serine proteases, thus hold promise for eftective
anti-cancer therapies when compared with blocking individual
serine proteases.

However, the significance of organ and tumor type-specific
regulation of protease bioactivities should not be ignored when
designing future anti-cancer therapies. Thus the important chal-
lenge is to characterize the “cancer degradome” at the protease
and substrate levels. Which proteases are differentially active in
specific tumor types? What substrates do they activate and what
interconnections and networks can they potentially form? Con-
sistent with these propositions, Joyce and colleagues investigated
the effects of inhibition of cathepsin protease activity in pancreatic
islet carcinogenesis using an irreversible broad-spectrum cysteine
cathepsin inhibitor, JPM-OEt. Although treatment with JPM-
OEt was necessary and sufficient to attenuate pancreatic tumor
growth, angiogenesis, and invasiveness, however, the frequency
of tumor cell apoptosis remained unaltered (166). Recently, treat-
ment with JPM-OEt in combination with the cytotoxic chemo-
therapeutic agent cyclophosphamide induced pancreatic tumor
cell apoptosis, resulting in a more pronounced tumor regression
compared with either treatment alone (178). These interesting
studies shed the light on the importance of using cysteine cathepsin
inhibitors as effective cancer therapeutics.

Alternatively, should future studies focus on targeting multiple
protease families as opposed to individual proteases? Answering
this question is illustrated by recent studies documenting a more
pronounced regression of pre-established tumors following simul-
taneous down-regulation of cathepsin B and MMP9 (179) as well
as MMP9 and uPAR (180, 181) using direct intra-tumoral injec-
tions of interfering RNAs (RNAi), when compared with targeting
either protease alone. Nonetheless, although these approaches
are promising, future studies should take into consideration the
possibility that complete loss of one enzymatic activity may
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be compensated for by activation of alternative pathways. For
instance, following genetic elimination of cathepsin B, tumor cells
have been found to induce cathepsin X expression, resulting in
a partial compensation for loss of cathepsin B-mediated effects
(168). Taken together, the net proteolytic activity of neoplastic
tissues can no longer be understood without taking into consid-
eration the cascade of protease activities and the potential inter-
connections that form — that is the flow of proteolytic activities
within the protease network as a whole.

4. Proteases
as Therapeutic
Agents

Recent studies exploited the unique localization of specific
protease pathways, such as proteases that are tethered to cell
surfaces, including uPA, thus directing proteolysis to discrete
focal areas, versus intracellular proteolytic activities within
lysosomes, such as cathepsins. These approaches have recently
been used to direct activation of nontoxic “prodrugs” selec-
tively to tumor sites (182). More specifically, incorporation of
a tripeptide specifier that is recognized exclusively by tumor-
associated plasmin initiates release of chemotherapeutic agents,
such as doxorubicin (Dox), from its prodrug form selectively
in the vicinity of tumor cells, as opposed to systemic adminis-
tration of Dox, which limits its activation due to the presence
of physiological plasmin inhibitors, including o,-antiplasmin
and o,-macroglobulin (182). Using such novel approaches,
Dox has been shown to exert its cytotoxic and/or cytostatic
effects locally while restricting cardiotoxicity, a side effect that
may clinically limit Dox dosage intake. It follows that similar
interesting strategies have been applied to design prodrugs that
are activated in tumor cells over-expressing selective protease
pathways, including cathepsin B. For instance, Panchal et al.
(183) triggered selective apoptosis of tumor cells by engineering
prodrugs that are pore forming toxins, known as “prolysins.”
Once activated selectively by malignant tumor cells expressing
high levels of membrane-associated cathepsin B, o-hemolysin is
released, inducing selective permeabilization of tumor cells and
ultimately, cell death.

Furthermore, recent novel advances in anti-cancer therapies
took advantage of selective expression of the anti-apoptotic protein
survivin in malignant ovarian cells to specifically activate expression
of cytotoxic T lymphocyte-derived proapoptotic proteases, such
as granzyme B (184). Driven by the survivin promoter, active
granzyme B not only reduced tumorincidence and size of xenografted
human ovarian carcinoma in nude mice, but also prevented metastatic
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spread (184). These recent studies illustrate the utility of proteases
that are normally employed by immune cells to eliminate tumor
cells in designing future therapeutics. Taken together, the complexity
by which proteases may interact must be taken into account to
delineate the physiological as well as pathological roles of proteases,
as opposed to merely investigating individual proteases.
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Chapter 2

Proteolytic Systems: Constructing Degradomes

Gonzalo R. Ordoiez, Xose S. Puente,
Victor Quesada, and Carlos Lopez-Otin

Summary

Proteolytic enzymes play an essential role in many biological and pathological processes. Taking advan-
tage of the recent availability of several mammalian genome sequences and by using a set of computational
approaches, we have annotated and compared the degradome or complete repertoire of proteases of dif-
ferent mammalian species including human, mouse, rat, and chimpanzee. These studies have allowed us
to expand our knowledge about the complexity, evolution, and diversity of proteolytic systems, which
represent about 2% of the studied genomes. In this chapter, we review the genomic and computational
methodologies used in this degradomic analysis and summarize the main findings derived from compari-
son of mammalian degradomes.

Key words: Protease, Degradome, Genome, Evolution, Disease, Bioinformatics.

1. Protease
Genomics and the

Degradome ) "
Proteases are enzymes with the common ability to hydrolyze

peptide bonds through nucleophilic attack on the carbonyl group
by a protein residue or a polarized water molecule. According to
the hydrolysis mechanism and the involved group, proteases can
be classified in six different groups. In serine, cysteine, and threo-
nine proteases, the catalytic nucleophile is a hydroxyl (serine and
threonine) or sulthydryl (cysteine) group of the corresponding
side chain. In aspartic, glutamic, and metalloproteases, an acti-
vated water molecule acts as a nucleophile to attack the peptide
bond of the substrate (1—4).

Proteases were initially described in nonspecific reactions of
protein catabolism such as degradation of dietary proteins or tis-
sue destruction. However, this concept has been widely revised
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and it is now well established that proteases take part in highly
selective and limited cleavage of specific substrates. Hence, pro-
teolytic enzymes regulate many important cellular functions and
have fundamental roles in biological processes, such as cell cycle
progression, cell proliferation, differentiation and migration,
embryonic development, tissue remodeling, angiogenesis, apop-
tosis, autophagy, senescence, fertilization, blood coagulation,
immunity, wound healing, or hemostasis (5, 6).

Due to the biological relevance of proteases, deficiencies or
changes in their spatial and temporal regulation are the cause for
severe human diseases such as cancer, arthritis, and neurodegen-
erative and cardiovascular disorders (7—9). Moreover, at least 74
human hereditary diseases are caused by mutations in protease-
coding genes owing to protease loss or gain of function. Some
examples are hemophilia (10), Alzheimer disease (11), hereditary
pancreatitis (12), and progeroid syndromes (13) caused by muta-
tions in coagulation factors, presenilins, cationic trypsinogen, or
FACE-1 metalloproteinase, respectively.

The growing importance of proteases in human biology and
pathology together with their diversity and increasing relevance
as therapeutic targets has made necessary the use of novel con-
cepts for the global study of proteolysis (14). Thus, the term
degradome was defined as the complete set of proteases that are
expressed at a specific moment or circumstance by a cell, tissue,
or organism. Likewise, the degradome of a protease should be
the repertoire of substrates targeted by that protease. Finally,
degradomics comprises all genomic and proteomic approaches
for the identification and characterization of proteases that are
present in an organism, including the substrates that are targeted
by these proteases and their endogenous inhibitors (14).

The recent availability of the complete genome sequences
of a number of organisms, including several mammalian species
(15-19), has raised the possibility of studying the degradome in
depth, by facilitating the definition of the complete repertoire of
protease coding genes in a genome as well as the identification
and analysis of novel proteases. Furthermore, the study of spe-
cific protease gene families has proven very useful to facilitate the
analysis of the large amount of information included in a genome
and to understand the mechanisms implicated in the evolution of
mammalian organisms.

2. Tools
for Degradome
Analysis

Genome annotation can be defined as the part of the genome
analysis that identifies elements on the genome and relates them
to biological information (20). This task requires a certain level of
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automation because of the size of a genome and the large number
of elements that can be found in it (21, 22). This automation
is especially important to run routine tasks and to organize the
results. However, although automated annotation is clearly desir-
able, the lack of significant experimental information in many
sequenced genomes as that available in human or other model
organisms implies that manual annotation remains the gold
standard in eukaryotic genomes analysis. Thus, coding sequence,
distribution of exons and introns, and other gene features must
be analyzed individually for every gene by expert scientists in
order to assure its quality and reliability. Currently, even the best
computational methods for gene prediction are far from prop-
erly predict the complete set of genes in a genome (23). Due to
this limitation, this chapter will be mainly focused on the manual
annotation of genomes (and more specifically degradomes) using
comparison methodologies.

Prokaryotic genes are much easier to annotate than eukaryo-
tic ones because they can be defined as the longest open reading
frame (ORF) for a given region of DNA. Translation of DNA
genomic sequence in all six reading frames is a relatively simple
task (24). Moreover, GC content and presence of a ribosome-
binding site or a promoter are additional evidences for a coding
gene. Nevertheless, multicellular eukaryotes, especially mammals,
have huge genomic sequences with large intergenic regions, and
a complex gene organization as genes are discontinuous with
coding exons separated by noncoding introns. Moreover, the
transcribed mRNA also contains untranslated regions upstream
from the first exon (5'-UTR) and downstream from the last
exon (3'-UTR). Furthermore, for many genes there are multi-
ple expressed forms due to alternative splicing processes. Thus,
gene identification turns into a major problem. Gene prediction
approaches should identify all exons, even those in 5-UTR and
3'-UTR including introns and alternative splicing forms. How-
ever, for practical purposes, it is sufficient to identify and properly
annotate translated exons to deduce the sequence of the corre-
sponding protein.

Only a small fraction of all known proteins have been function-
ally annotated. Therefore, the use of bioinformatics approaches to
sequence analysis for the annotation of novel genes or genomes
and the prediction of protein function and structure is critical.
This identification and annotation of coding sequences in the
DNA is still one of the most imperative problems in genome
analysis. Several prediction methodologies have been developed
for this task. Some of them perform gene prediction ab initio,
in other words, they only use statistical parameters of the DNA
sequence for gene identification (25-27). Conversely, there are
homology-based methods which identify novel sequences in
genomes or databases by comparison algorithms with previously
known or predicted sequences. Before discussing these methods
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and algorithms, it is necessary to define several important con-
cepts that will be used in next pages.

We must first emphasize that the main goal of DNA and pro-
tein sequence analysis and comparison is to identify homologous
sequences and once identified, try to predict common activities,
biological functions, or evolutionary relationships. To address
this objective, it is important to distinguish different types of
homologous relationships. The two categories are ortholoys,
defined as homologous genes that have originated as a result of a
speciation event, derived from a single ancestral gene in the last
common ancestor of two given species, and paralogs, which are
homologous genes that have originated as a result of a duplication
event within the same genome (28). Orthologous genes typically
retain the same ancestral function, while parologous genes tend
to evolve to new functions. When paralogs arise owing to gene
duplication events, the pressure of purifying selection decreases
for one or both paralogs (29, 30). This fact allows the evolu-
tion of new functions. Therefore, identification of orthologous
gene sets in complete genomes can be a difficult task because of
the occurrence of multiple duplications, speciation, or lineage-
specific gene loss or expansion events.

When a wide-genome search is performed using a com-
parative method, amino acid sequence comparisons have mul-
tiple advantages over nucleotide sequence comparisons, which
highly improve sensitivity. There are 20 amino acids but only
four bases, so an amino acid match results in more informa-
tion than a nucleotide match. Furthermore, because of genetic
code degeneration, almost one-third of nucleotides in coding
sequences represent noise. In addition, nucleotide databases are
much larger and less informative than protein databases due to
the great amounts of noncoding sequences that are deposited
in databases by genome sequencing centers. Finally, protein
comparison methods take advantage of the fact that, under the
principle of parsimony, related proteins are likely to have simi-
lar residues at any position that is not perfectly conserved. In
practice, this additional feature means that weak but significant
similarities will be better detected by protein comparison than by
nucleotide comparison methods. Because of these advantages,
identification of coding sequences is usually performed using
protein sequences, although the final objective is to obtain a
DNA alignment. Nucleotide sequence comparisons are required
only when noncoding regions (5’-UTRs, 3’-UTRs, introns, or
promoters) are analyzed.

Each of the 20 amino acids has unique properties. Accord-
ingly, its substitution by another amino acid will affect the pro-
tein’s structure and function. In general, the more similar the
properties of two different residues, the less will be the effect.
Hence, this kind of conservative substitutions should be penal-
ized less than a major change in sequence comparisons. To measure
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the likelihood of a substitution between residues i and j, the fol-
lowing formula can be used: §; = kIn(g,/pp,), where kis a coef-
ficient, g, is the frequency of the substitution and p, and p, are
the frequencies of the respective residues calculated from align-
ments of homologous protein families. With these likelihoods
(scores) for every pair of amino acid substitution, a substitution
score matrix (SSM) can be built (31). These SSMs play an essen-
tial role in computational methods used to detect similarities
among sequences. The most widely used groups of matrices are
the BLOSUM series (BLOcks SUbstitution Matrix) (32). For
example, BLOSUMG62 matrix substitution scores were derived
from aligning sequences with less than 62% identity, and it is used
as the default in most database searches.

Another issue that can hinder gene prediction is the pres-
ence of sequencing errors in the analyzed sequence. Error correc-
tion techniques should be used with caution because eukaryotic
genomes contain numerous psendogenes, and frameshift correc-
tion might annotate pseudogenes as functional genes. A pseudo-
gene is a nonfunctional copy of a gene. There are two main types
of pseudogenes. A conventional psendogene is a gene that has
been inactivated by mutation. Once a pseudogene has become
nonfunctional it will degenerate through accumulation of more
mutations and eventually will no longer be recognizable as a
gene. A processed psendogene is derived from the mRNA copy of
a gene which is reinserted into the genome. Because of their ori-
gin, they do not contain any introns or promoters. It also lacks
the nucleotide sequences immediately upstream of the 5-UTR
of the parent gene, which means that a processed pseudogene
is inactive. The problem of discriminating between pseudogenes
and frameshift sequencing errors is actually quite complex and
will often be solved only by direct experimentation, e.g., gene
expression studies or direct sequencing.

Among the large number of programs, algorithms, databases,
and Web pages that can be used during the protein annotation
process, there are some essential examples which are briefly
detailed next:

NCBI. National Center for Biotechnology Information Web
page (http://www.ncbi.nlm.nih.gov) is the largest source of
information in molecular biology. Its databases are built from
sequences submitted by individual researchers, genome sequenc-
ing consortiums, or data exchange with other databases. Among
the databases maintained by NCBI are GenBank, PubMed, Online
Mendelian Inheritance in Man (OMIM), the Molecular Mod-
celing Database (MMDB) of 3D protein structures, the Unique
Human Gene Sequence Collection (UniGene), a Gene Map of
the Human Genome and the Taxonomy Browser, or the Can-
cer Genome Anatomy Project (CGAP). To search and retrieve
sequences, NCBI uses the Entrez interface that provides access to
sequence, mapping, taxonomy, and structural data (33).
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Ensembl (http:/ /www.ensembl.org) is a joint project between
the European Molecular Biology Laboratory (EMBL), the Euro-
pean Bioinformatics Institute (EBI), and the Wellcome Trust Sanger
Institute (WTSI) to develop a software system which produces and
maintains automatic analysis and annotation on selected eukaryo-
tic genomes and the presentation of this kind of data via the Web.
Ensembl also offers open software development (34).

SMART (Simple Modular Architecture Research Tool http: //
smart.embl-heidelberg.de) allows the identification and annota-
tion of protein domains and the analysis of domain architectures.
Using either protein sequence or accession number, more than
500 extensively annotated domain families found in proteins, as
well as signal peptides, transmembrane domains or low complex-
ity segments are detectable (35, 36).

PFAM  (http://www.sanger.ac.uk /Software /Pfam) is a
large collection of protein families, each represented by multi-
ple sequence alignments and hidden Markov models (HMMs).
It includes the choice of examining multiple alignments, protein
domain architectures, and species distribution or known protein
structures (37).

MEROPS database (http://merops.sanger.ac.uk) is a spe-
cific information resource for proteases and their inhibitors. The
MEROPS classification of proteases is done at the protein domain
level and is hierarchical. Proteases that are statistically significant
similar in amino acid sequences are grouped in a family, and fami-
lies are grouped in a clan if there are indications that there was a
common ancestor. The same principles have been used to classify
protease inhibitors (4, 38).

Degradome database (http://www.uniovi.es/degradome)
comprises a set of manually and thoroughly curated protease and
protease inhibitor coding genes from human, mouse, rat, and
chimpanzee, including a catalog of human hereditary diseases of
proteolysis or degradomopathies (9, 39, 40).

PROSITE (http:/ /www.expasy.ch /prosite) consists of docu-
mentation entries describing protein domains, families, and func-
tional sites as well as associated patterns and profiles to identify
them (41).

InterPro (http://www.ebi.ac.uk/interpro) is a consortium
of protein families’ databases (PROSITE, Pfam, Prints, ProDom,
SMART, and TIGRFAMs among others). Protein domains and
functional sites found in annotated proteins can be predicted
through computational methods in unknown protein sequence
sites (42).

As discussed above, similarity searches are performed to iden-
tify homologs of a given query protein or nucleotide sequence
among all the sequences in a database. An alignment of homolo-
gous protein sequences reveals conserved regions important for
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their structure and function as well as poorly conserved. In prin-
ciple, homologs are identified by aligning the query sequence
against the database, sorting these hits based on similarity, and
assessing the statistical significance that is likely to be indicative
of homology. For this purpose, two general approaches can be
initially considered.

The first option relies on comparison algorithms such as BLAST
or BLAT to identify homologs or protein family members with a
relatively high similitude with the protein used as query.

BLAST (Basic Local Alignment Search Tool) (43) is the most
widely used method for sequence similarity searches in protein
and DNA databases and statistical significance calculation of this
similarity. Given two sequences, BLAST seeks for segments of a
given length word size (W) within both sequences, which score
at least T (threshold value) when they are aligned without gaps
using a given substitution matrix. The expected value (E) is the
number of matches that one should expect by chance. W, T, and
E parameters, which can be changed by the user, determine the
speed and sensitivity of the search. Then, word hits are extended
in either direction in an attempt to generate a larger alignment.
Usually, not only the perfect alignment is found, but also other
locally optimal pairs, whose scores cannot be improved by exten-
sion. These locally optimal alignments are called “high-scoring
segments pairs” or HSPs. So, instead of searching for perfect
matches, BLAST looks for HSPs and statistically assesses if the hit
has occurred by chance or is likely to be biologically relevant. The
BLAST suite of programs is available either at the NCBI (http://
www.ncbi.nlm.nih.gov/ BLAST), or at the Ensembl (http://
www.ensembl.org/Multi /blastview) Web sites among other
Web sites. BLAST software and databases can also be downloaded
and locally run in any computer. This is particularly suitable for
large-scale searches which are common in genome-wide analysis,
because hundreds of queries can be automatically run or processed
with simple scripts without bandwidth limitations. These BLAST
programs can be used in any of the multiple available databases.
Some examples are databases which contain complete genomic
sequences from species, traces from genome projects, nonredun-
dant protein sequences databases, protein sequences from Pro-
tein Data Bank or SwissProt, or Expressed Sequence Tags (ESTs)
databases. Because of its speed and flexibility, BLAST is the first
option when sequence similarity searches are required and it is
the program most frequently used for genome analysis.

BLAT (BLAST Like Alignment Tool) (44) is a program
specially intended for the nucleotide or protein alignment and
comparison at a genomic scale. It is designed to rapidly and reli-
ably find sequences with 95% and greater similarity of length 40
bases or more at nucleotide level and 80% and greater similarity
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of length 20 amino acids or more in proteins. BLAT and The
UCSC Genome Browser (45) are available at the USCS Genome
Bioinformatics Web page (http://genome.ucsc.edu), and the
combination of both tools provides a rapid display of any region of
included genomes, together with many annotation tracks like chro-
mosome or contig positions, GC content, annotated genes, ESTs,
SNPs, expression data, or conservation with other organisms.

Nevertheless, when the above methodologies fail to identify
distantly related homologs because their sequences show a high
divergence, a more sensitive approach is needed. This option
takes advantage of the use of HMMs or position-specific score
matrix (PSSMs).

A Hidden Mavkov Model (HMM) is a probabilistic model that
captures position-specific information and can be applied to pro-
tein and DNA sequence pattern recognition. HMMs represent a
system as a set of discrete states and as transitions between those
states. Each transition has an associated probability. HMMs are
valuable because they allow a search or alignment algorithm to
be built on firm probabilistic bases, and its parameters (transition
probabilities) can be easily trained on a known data set. HMMs
can summarize the statistical properties of protein families and,
through alignments for complete families, produce a consensus
sequence that can be used to perform sensitive database search-
ing. These HMM for protein families can be downloaded from
PFAM Web page (http://www.sanger.ac.uk/Software /Pfam)
or manually generated by HMMER software (http://hmmer.
janelia.org) (46) from a multiple sequence alignment. Align-
ment methods are developed under the principle of hierarchical
clustering that approximates the phylogenetic tree which guides
the alignment. Once two sequences are aligned, compared, and
clustered, they are treated as a single sequence. This step reduces
the time and complexity in multiple sequences alignment proc-
esses. The most commonly used method for hierarchical mul-
tiple alignment is Clustal (47), which is used in the ClustalW
or ClustalX variants (available at http://www.ebi.ac.uk/clustal).
Among the included programs in HMMER package, the most
useful are hmmbuild that builds a model from a multiple sequence
alignment; hmmcalibrate which takes an HMM and determines
parameters to make searches more sensitive; and hmmsearch to
search a sequence database for matches to an HMM.

PSI-BLAST (Position-Specific Iterated BLAST) combines
alignments produced by BLAST with a PSSM This PSSM is auto-
matically constructed from the multiple alignment obtained in an
initial BLAST search, by calculating position-specific scores for
every position. The more conserved position, the higher will be
the score in the matrix. This PSSM is then used to run a second
BLAST, with a new position-specific scores calculation step which
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successively refines the matrix. This iterative method results in a
much more sensitive method to detect weak sequence relation-
ships than BLAST (48).

Taking this information into account, a general protocol for
the annotation of protease coding genes based on computational
approaches can be summarized as follows (Fig. 1):

1. To annotate the degradome of a new genome using homology-
based comparisons, a set of reliably annotated proteases from
another organism is needed. For this purpose, we built a non-
redundant set of protease genes by combining information
from literature, the MEROPS database, the proteome analysis
database (http://www.ebi.ac.uk/proteome), and annotations
derived from the experimental work at our laboratory.

2. Genomic sequences from a new nonannotated organism can
be then analyzed for the presence of protease genes using
TBLASTN and the nonredundant set of proteases to query
the whole new genome. Every hit with P value under a pre-
determined threshold (e.g., 10-?) is analyzed by using the
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Fig. 1. Diagram of the general protocol for the annotation of the protease coding genes
based on the use of computational algorithms and public databases.
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BLASTP program against a custom degradome database that
includes previously annotated proteases from other organisms.
Hits not present in the custom database are further analyzed
by using TBLASTN against the nonredundant nucleotide
database at NCBI and TBLASTN of a 500,000-bp fragment
containing the hit against similar proteases to build a pre-
dicted sequence. These strategies allow the extension of the
putative protease fragments. Then, manual inspection against
homologs and available EST sequences is used to complete
the full ORF. Pseudogenes are defined by the presence of pre-
mature stop codons or frameshifts in sequences derived from
the genome assembly, high-throughput genomic sequences
at NCBI and EST sequences if available. Profile recognition
programs, including SMART and InterPro can be used in this
step to determine the presence of protease motifs, and multi-
ple sequence alignments are used to finally classify a protein as
protease or nonprotease homolog.

. Orthology assignment is based on four different criteria: syn-

teny (gene loci in different organisms that are located on a
chromosomal region of common evolutionary ancestry);
sequence identity based on reciprocal best match (genes A and
B from genomes A’ and B’ are orthologs if B is the best match
to A in genome A’ and A is the best match to B in genome
B'), function conservation if possible, and relevant supporting
literature. If one of these criteria is not met, a detailed analy-
sis including conservation of neighbor genes in both species
and examination of genome gaps, should be performed before
orthology or paralogy assignment.

. For each single hit, a 500-kb genomic sequence flanking the

target gene should be analyzed for the presence of further
members of that family, since approximately 23% of human,
34% of mouse, and 31% of rat protease genes are organized
in clusters. A combination of detailed genomic sequence and
relevant literature analysis should be used to determine the
number of protease genes present in clusters of protease genes
with high sequence similarity, as they can be artificially col-
lapsed during genome assembly process. To establish orthol-
ogy or paralogy in densely populated clusters of protease genes
in which different members are specifically expanded, a phylo-
genetic tree is a helpful tool. Protein sequences corresponding
to the full-length protease from different species are aligned
by using the ClustalX program, together with a more distantly
related protease to be used as root. Phylogenetic trees can
be constructed for each family by using the Phylip package
(http://evolution.genetics.washington.edu /phylip.html).

. To turther extend the bioinformatic search of protease genes,

a HMM for the different protease families can be downloaded
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from PFAM (http://www.sanger.ac.uk /Software /Pfam/) or
manually built from proteases alignments that share a com-
mon family, using HMMER software. The selectivity of these
models can be tested against the SWISS-PROT database,
identifying known proteases when a P-value cutoft of 0.1 is
used. Finally, analysis of the presence of ancillary domains in
proteases is performed by using the SMART and Pfam domain
databases.

3. Applications
of Degradome
Analysis

for Mammalian
Evolution Studies

The completed sequences of several mammalian genomes pro-
vide unprecedented choices to examine and characterize their
degradomes (Fig. 2). Comparative genomics and bioinformatic
approaches might lead to the identification of highly conserved
clements or genetic differences that can be helpful in the elucida-
tion of the molecular basis of diverse biological processes, the dif-
terent susceptibility to diseases, or the evolution of the structure
and function of proteases among mammals (49).

3.1. The Human A bioinformatic approach following the protocol described
Degradome above was performed in the human genome to classity all pre-
viously known protease-coding genes and to identify novel
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Fig. 2. Comparative analysis of human, chimpanzee, mouse, and rat degradomes. The complete nonredundant set of pro-
teases and protease homologues from each species is distributed in five catalytic classes and 68 families. Each square
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3.2. Human vs.
Rodents under a
Proteolytic Prism

genes encoding proteins with sequence similarity to proteases
from human or other organisms. This methodology allowed us
to determine that the human degradome is composed of 569
proteases and protease-related genes grouped in 68 families, and
156 protease inhibitor genes, more than 2% of the total genes in
the human genome, underscoring the importance of proteolysis
in human biology. Human proteases can be divided into five dif-
ferent catalytic classes, with metalloproteases, serine and cysteine
proteases being the most abundant (194, 176, and 150 genes in
the human genome, respectively), while aspartic and threonine
peptidases are composed of a limited number of members (21
and 28, respectively). Interestingly, among the 569 protease cod-
ing genes, 92 have lost key residues necessary for their proteolytic
activity and have been classified as nonprotease homologs, and
some of them might regulate the activation of other proteases or
their access to substrates or inhibitors (9).

Due to the importance of model organisms, especially mouse
(Mus musculus) and rat (Rattus norvegicus), in the knowledge
of biological and pathological human processes, the availability
of rodent genomes prompted us to identity their degradomes to
gain insights into the evolution of mammalian proteases. The pro-
teolytic repertoire analysis has provided the somewhat surprising
result that rodent degradomes are more complex than the human
degradome, despite their genomes are smaller (9, 40). They are
composed of 649 and 634 protease coding genes in mouse and
rat, respectively, compared with the 569 proteases in human. As
expected, the protease inhibitor repertoire has also undergone a
marked expansion in rodents, with 199 genes in mouse and 183
in rat and only 156 in human. This higher complexity is essen-
tially due to the expansion in rodents of specific families involved
in reproduction and host defense, confirming that both processes
have been important driving forces in mammalian evolution. The
largest expansion has occurred in the kallikrein cluster (SO1 serine
proteases) that contains 15 protease genes in human, but 26 and
23 in mouse and rat. Similarly, the mast cell proteases family is
constituted in humans by only 4 genes, whereas it has undergone
an expansion in rodents with 17 genes in mouse and 28 in rat.
The higher number of protease genes found in rodent degra-
domes is also due to the specific inactivation of some protease
coding genes in the human genome, while they are functional in
mouse and rat. Thus, several proteases have been pseudogenized
in humans, for example seven members of the ADAM family of
metalloproteinases (Adam-1a, -1b, -3b, -4, -4b, -5, and 6) which
are involved in ovum-sperm interaction, five testis serine pro-
teases (Tessp3, Tessp6, and Tespl, -2, and -3) and five digestive
proteases (chymosin, Disp, trypsins Tryl0 and Tryl5, and pan-
creatic elastase Elal ). Probably, these pseudogenization processes



3.3. Human vs.
Chimpanzee
Degradomes

Proteolytic Systems: Constructing Degradomes 45

are the result of a loss of function and subsequent accumulation
of mutations (9, 40).

The chimpanzee (Pan troglodytes) is our closest relative. Its degra-
dome is composed of 559 protease coding genes, virtually iden-
tical to that of human. Despite the high conservation between
proteases from both species, with 99.1% identities between human
and chimpanzee orthologs, several proteases involved in immune
functions show a higher degree of divergence, including neutrophil
granule proteases, such as PRTN3 or GZMH, or proteases impli-
cated in processing of proinflammatory cytokines such as CASP5.
Furthermore, we have identified seven differential genes, most
of them also related with host defense. Three of these genes are
absent or have been pseudogenized in humans, but are functional
in chimpanzees: NAPSB, CASP12, and HPP. The four remaining
genes, GGTLAL, EOS, HPR, and MMP23A, are absent in the
chimpanzee genome but are functional in humans. Despite these
specific differences, we have also identified chimpanzee orthologs
that are completely identical to their human counterparts. These
absolutely conserved enzymes include proteases implicated in
housekeeping processes, such as the proteasome components,
or involved in neurological processes, such as PSEN1, BACE,
and IMMP2L which are mutated in human diseases like Alzhe-
imer’s disease (50, 51) or Gilles de la Tourette syndrome (52).
These identities between proteases in both species suggest that
the observed phenotypic differences might not be the result of
changes in coding sequences, but changes in regulatory elements
(39, 53).

In summary, the degradome analysis of these organisms has
allowed us to annotate their repertoire of protease coding genes,
to identity genetic differences in mammalian species, and to
assign them to specific biological processes. These analyses have
shown that most of the differences are related to reproduction
or host defense, suggesting that these two processes have been
essential forces in the evolution of mammalian proteolytic sys-
tems. Despite these comparisons at the coding sequence level,
to fully understand and explain biological differences in these
organisms, we must take into account the importance of regu-
latory elements present in noncoding sequences, which lead
to differences in gene expression and therefore in proteolysis
between species. Thus, in addition to the annotation of protease
coding genes in new sequenced genomes, future computational
approaches in degradomics must include new tools for the study
of regulatory elements in DNA sequences such as algorithms to
detect transcription factor or miRNAs binding sites in protease
promoters or 3'-UTRs, respectively, and therefore relate them
to existing transcriptional data. Finally, in order to completely
describe the proteolytic universe, the development of in silico
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methodologies aimed at the identification or prediction of pro-
tease substrates and inhibitors will facilitate the understanding of
normal and pathological functions of proteases and the discovery
of new therapeutic targets.
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Chapter 3

Microarrays for Protease Detection in Tissues and Cells

Kamiar Moin, Donald Schwartz, Stefanie R. Mullins, and Bonnie F. Sloane

Summary

Expression of a given protease and of the endogenous inhibitors that regulate protease activity can be
readily determined at the transcript level by using whole genome microarray chips. In the case of pro-
teases and protease inhibitors, however, determining which cells are expressing them is often critical
to understanding the functional roles of the proteases. For example, in cancer many of the proteases
are derived from cells that are found in the microenvironment surrounding the tumor, e.g., fibroblasts
and inflammatory cells. Proteases from both fibroblasts and inflammatory cells have been implicated in
malignant progression. Therefore, it is important to recognize the origin of these molecules if one is
to develop effective therapies. In this regard, mouse transgenic models and xenograft models in which
human tumor cells are implanted in mice are useful tools. To profile human and mouse proteases, pro-
tease inhibitors, and protease interactors, we have developed in partnership with Affymetrix a custom,
single platform, dual species chip: the Hu/Mu ProtIn chip. The Hu/Mu Protln chip has been validated
for its ability to identify human and mouse transcripts in single species specimens and to identify and
distinguish between human and mouse transcripts in dual species specimens such as xenografts. In the
latter specimens, the Hu/Mu Protln chip has enabled us to identify host (mouse) proteases that play a
protective role in development of lung tumors. Here we outline a protocol for using the Hu/Mu Protln
chip to profile proteases, protease inhibitors, and protease interactors in tissues and cells.

Key words: Protease, Protease inhibitors, Protease interactors, Microarray, Hu/Mu Protln chip,
Xenograft, Tumor microenvironment.

1. Introduction

Proteases are involved in the regulation of physiologic and patho-
logic processes including inflammation, angiogenesis, tumorigen-
esis, invasion, and metastasis (reviewed in refs. 1-5). On the basis
of their common evolutionary origin, proteases have been divided
into 47 clans of more than 175 families that share similar tertiary
structures or catalytic sites (6). Detailed information on known
proteases and their relationships can be found in the MEROPS
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database online (http://merops.sanger.ac.uk,6). The activities of
proteases are regulated by various endogenous protease inhibi-
tors (for review see refs. 7-9). Like their protease counterparts, the
inhibitors are numerous and diverse, and have been classified into
33 clans of 55 families (6). Other proteins, such as activators and
receptors, affect the biological functions of proteases by modulat-
ing their behavior, trafficking, and localization.

To understand the significance of proteolysis in any physi-
ologic and /or pathologic process, one has to consider proteolysis
in the context of the tissue microenvironment and the inter-
play therein among proteases, protease inhibitors, and protease
interactors. Suitable model systems that can be experimentally
manipulated are helpful as they provide the ability to compare
proteolytic pathways under various conditions. One example
for elucidating tumor-host interactions is xenografts of human
cancer cells implanted orthotopically in mice. Furthermore, to
determine the role played by proteases, protease inhibitors, and
protease interactors in any given process, whether pathologic or
physiologic, they first need to be identified and their levels of
expression in the affected tissues/cells measured.

Oligonucleotide microarrays have greatly facilitated our abil-
ity to measure levels of gene expression in diseases such as cancer
(for review, see ref. 10). The increasing evidence that development
and progression of cancers is affected both positively and nega-
tively by interactions between the tumor and its microenviron-
ment (11-16) suggests that the ability to profile gene expression
in both compartments will be critical. Xenograft models of human
cancer provide a system in which the genes in the two compart-
ments are from different species: host (mouse) and graft (human).
Typical oligonucleotide microarrays contain probes for profil-
ing gene expression from only one species and as a consequence
expression of both host and graft genes cannot be determined
simultaneously (see Note 1). Although one could profile sequen-
tially with two microarrays, one specific for human and one for
mouse, this doubles the expense. More importantly, such dual-
species analyses are likely to lead to misinterpretation as probes
on single-species arrays are not designed to prevent binding of
transcripts from other species but rather to profile transcripts of
only one species. Therefore, cross-hybridization could be inter-
preted as a change in expression (se¢ Note 1). To address this,
in partnership with Affymetrix, we have designed and developed
a dual species oligonucleotide microarray, the Hu/Mu Protln
chip, to profile human and murine protease, protease inhibitor,
and protease interactor genes. All of the probes on the custom
Hu/Mu Protln chip were blasted against both human and mouse
genome sequences to minimize cross-species hybridization (17).
The ability of the Hu/Mu Protln chip to differentiate murine
from human and human from murine gene expression and the
specificity and sensitivity of the probe sets on this chip was determined
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based on comparative gene expression analyses in pure mouse
or human samples and orthotopic xenograft models of human
breast and lung cancers (Fig. 1, (17)). Thus, the Hu/Mu Protln
chip, although designed for interrogation of xenograft samples,
also can determine expression of proteases, protease inhibitors,
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Fig. 1. Validation of the Hu/Mu Protin chip: (@) Three independent replicates of XpressRef (SuperArray Bioscience) universal
reference total RNA from mouse or human tissues were profiled with the Hu/Mu Protin microarray. The presence of a transcript
was determined by the detection algorithm in MAS5 software (Affymetrix), which assigns P as a measure of the detection
call confidence. The number of probe sets, giving present call P values smaller than 0.01, for all three replicates are indi-
cated. In the presence of only mouse transcripts, there were extremely few present detection calls by human probe sets
(gray bars), and vice versa (black bars), despite the high sequence similarity among protease and protease inhibitor
genes and their potential for cross-hybridization. (b) Total RNA derived from spontaneous mammary carcinomas from
MMTV-PyMT+ (FVB/n) (n = 8) and MMTV-PyMT+/uPARAP-"- (FVB/n) (n = 2) transgenic mice or human breast ductal
carcinoma biopsies (n = 18) from women with stage Il or Ill disease was profiled. The number of probe sets, giving
present call P values smaller than 0.01, for >80% are indicated. Transcripts derived from mammary carcinoma were
rarely detected by nonspecies identical probes (human, gray bars; mouse, black bars). In C, total RNA derived from
normal mouse mammary fat pads (n = 4), MDA-MB-231 breast carcinoma cells (n = 3), and orthotopically implanted
xenografts of MDA-MB-231 cells (n = 3) was profiled. Number of probe sets, giving present call P values smaller than
0.01, for all replicates in each group is indicated. Nonspecies-identical probes (gray bars, human and black bars,
mouse) rarely detect transcripts in mouse mammary fat pads, and MDA-MB-231 cells. Importantly, transcripts from
MDA-MB-231 orthotopic xenografts were detected by both mouse (b/lack bars) and human probes (gray bars),
suggesting that both mouse (host) and human (tumor) transcripts present in the xenograft can be detected simul-
taneously by the Hu/Mu Protin microarray. Frequency represents the number of probe sets that satisfy the selection
criterion. Adapted from ref.17
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and protease interactors in single-species human and mouse sam-
ples (see Note 1). Furthermore, the Hu/Mu Protln chip has
successfully identified proteases that function in proteolytic proc-
esses that protect against development of murine tumors of the
intestine (18) and the lung (19). The former study was a single
species analysis of mouse tissues, and the latter was a dual-species
analysis of human tumor cells orthotopically implanted in mouse
lung. In both, the Hu/Mu ProtIn chip proved an important tool
for the identification of new tumor suppressive roles for proteases
in cancer (20), i.e., roles that in the case of matrix metallopro-
teinases may explain the failure of the clinical trials using broad
spectrum inhibitors of these enzymes (4).

Here we outline protocols for using the Hu/Mu Protln chip
to profile proteases, protease inhibitors, and protease interactors
in tissues and cells.

2. Materials

2.1. Sample Prepara-
tion and RNA Isolation

Tissue, fresh or snap-frozen.
Cultured cells grown as monolayers or in a 3D matrix.
RNALater reagent (Ambion, Austin, TX).

QIAshredder tissue homogenizer (Qiagen, Valencia, CA) or
equivalent.

L e

ul

Dulbecco’s phosphate buffered saline (PBS) without calcium
or magnesium (Invitrogen, Carlsbad, CA).

Dispase (BD Biosciences, San Jose, CA).
Collagenase (Invitrogen, Carlsbad, CA).
TRIZOL™ (Invitrogen, Carlsbad, CA).
RNeasy Mini-Kits (Qiagen, Valencia, CA).

10. RNAse free DNAse set (Qiagen, Vaencia, CA).

11. Hu/Mu Protln chip: Protease520066F (Affymetrix, Santa
Clara, CA).

12. XpressRef universal reference total RNA from mouse or
human tissues (SuperArray Bioscience, Frederick, MD).

Y x® N

3. Methods

In general, microarray chips are processed and analyzed by an
institutional genomics core facility. This is in part due to the
fact that high-end, specialized instrumentation is needed that



3.1. Sample Preparation
and RNA Isolation

3.1.1. Isolation of RNA
from Tissue Samples

3.1.2. Isolation of RNA
from Monolayer Cell
Cultures

3.1.3. Isolation of RNA from
3D Cell Cultures

Microarrays for Protease Detection in Tissues and Cells 53

is beyond the research budget of most individual investigators.
Core facilities may prefer to handle the entire protocol (from
RNA isolation through chip processing) to ensure adequate qual-
ity control.

Total RNA can be isolated in one’s laboratory or the samples
may be given to a genomics core for isolation of RNA. If RNA
is to be prepared in the laboratory, one must meet the minimum
requirements of the genomics core in regard to RNA integrity
and purity. Tissue samples or cultured cells may be fresh or fro-
zen (snap frozen and stored at -80°C) as long as ample precau-
tion has been exercised to protect RNA from degradation. The
following are the protocols we have utilized successfully in our
laboratory to provide the highest quality RNA to our genomics
facility.

1. Place all tissue samples, fresh or frozen, immediately in
RNALater and store for at least 24 h at 4°C. To ensure rapid
and sufficient diffusion of RNALater throughout the tissue,
make sure that no tissue dimension exceeds 0.5 cm.

2. Centrifuge briefly at 300 g (2 min) to remove the preserva-
tive and freeze the sample at ~80°C. Transfer tissue (50-100
mg) to a QIAshredder tissue homogenizer or equivalent and
briefly centrifuge (1,000 x g, 2 min) at room temperature to
remove residual RNALater.

3. Remove the tissue from the QIAshredder and transfer to a

nuclease-free microcentrifuge tube containing 1 mL of TRI-
ZOL™ on ice.

4. Isolate total RNA from TRIZOL™ as recommended by the
manufacturer.

5. Following isolation, further purity RNA with an RNeasy Mini-Kit.

1. Discard the media.

2. Wash the cells with Dulbecco’s PBS for three times.
3. Aspirate the residual wash.
4

. Remove the cells directly into 1 mL TRIZOL™ per 35-cm?
dish, using a plastic cell scraper to aid in lysing the cells.

5. Collect cell lysates and incubate at room temperature for 10
min.
6. Store the lysates at —~80°C until RNA isolation.

7. Follow steps 4 and 5 in Subheading 3.1.1 to isolate RNA.

If cells are grown in a 3D extracellular matrix such as Matrigel
(BD Bioscience, San Jose, CA), collagen I (BD Bioscience, San
Jose, CA) or Cultrex (Trevigen, Gaithersburg, MD), the following
procedure should be followed to remove the matrix.
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3.2. RNA Integrity
and Yield

3.3. RNA Processing,
cRNA Production, and
CcRNA Labeling

3.4. Data Analysis

3.4.1. Calculations

1. Incubate 3D cultures with 1 U Dispase or 0.1% w/v colla-
genase (if the matrix is collagen) in Dulbecco’s PBS at 37°C
for approximately 20 min to release the cells.

2. Centrifuge briefly (300 x g, 2 min) and wash the cells three
times with Dulbecco’s PBS.

3. Resuspend cell pellet in 1 mL TRIZOL™.

4. Follow steps 5-7 in Subheading 3.1.2 above to isolate
RNA.

At this point the purity, integrity, and quantity of RNA needs to
be determined by the genomics core facility. Please note that in
most cases this is a requirement set by the facility because of the
high cost of microarray processing and analysis. In general, any
sample with an rRNA ratio of <1 (as determined by the core) is
not suitable for processing.

Since the Hu/Mu Protln chip is based on an Affymetrix plat-
form, the processing of RNA for hybridization, including cRNA
synthesis and labeling, has to precisely follow standard protocols
described in the Affymetrix GeneChip Expression Analysis Tech-
nical Manual. These are performed with platform-specific instru-
mentation available only through genomic cores.

Analysis of the expression data obtained from the Hu/Mu Pro-
tIn chip or any other microarray chip requires extensive bioinfor-
matics expertise and sophisticated computer software. Again, as
with chip processing, unless there is bioinformatics expertise in
one’s laboratory, data should be transmitted to a bioinformat-
ics core facility for analysis. We have used Microarray Suite ver-
sion 5 (MASS5, Affymetrix) (21), dChip (22), and trimmed-mean
algorithm (TM) methods (23, 24), to characterize and validate
the Hu/Mu Protln chip. Details of this extensive analysis are
reported in ref. 17.

1. In MASS5, set expression analysis parameters to default values
(e.g., scale factor = 500, normalization = 1.0 and no masking).

2. Generate a p value for the likelihood of the presence of a tran-
script. The detection algorithm in MAS5 software utilizes a
one-sided Wilcoxon’s signed rank test of the discrimination
value (R) relative to a user-defined threshold Tau (default =
0.015).

3. Calculate the Discrimination value by adjusting the intensity
difference, PM (Perfect Match) — MM (Mismatch), to the
overall hybridization intensity (PM + MM). A Discrimination
value greater than Tau indicates the presence of the transcript
and less than Tau for the absence of the transcript.



3.5. Validation of
Probe Design

3.6. Verification of
Expression
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4. In dChip, calculate the frequency of a detection call. Make
sure that 100% of the samples are present at the p value gener-
ated in Step 2 (e.g., 0.05).

To compare arrays of different samples, the raw data from each
array need to be normalized using the invariant set normalization
algorithm within the dChip software. Gene expression values are
calculated using the Model Based Expression Index (MBEI). For
some experiments, normalization and MBEI can be performed
with PM and MM probe information (dChip PM + MM). In
some experiments, gene expression values may be calculated using
a TM followed by quantile normalization to a standard array as
previously reported (18). TM can be performed by removing
either 20 (TM20) or 25 (TM25) percent of the PM-MM probe
pair values within each probe set prior to calculating the gene
expression value (17).

Although the Hu/Mu protln chip has been extensively charac-
terized and validated (17), any microarray expression data should
be verified through other techniques. At the transcript level, the
data can be validated with RT-PCR utilizing TaqgMan primers
(25). Ultimately, however, validation must be accomplished at
the protein level through the use of tissue microarrays or tissue
sections through immunohistochemical analysis.

4. Notes

1. Alternative methods. Proteases, protease inhibitors, and protease
interactors can be profiled in human samples, mouse samples,
and samples containing both human and mouse genes by the
sequential use of human genome chips and mouse genome
chips available commercially. These single-species chips, how-
ever, are designed to profile transcripts of only one species and
may misinterpret cross-hybridization as a change in expres-
sion. Costs will of course be double for analysis with two chips.
Proteases and protease inhibitors, but not protease interactors,
can be profiled in human samples, mouse samples, and samples
containing both human and mouse genes with the hybrid ver-
sion of the Clip-Chip™, a spotted oligonucleotide array, which
is available through collaboration with Overall and colleagues
(26, 27). One advantage of this chip is that it contains probe
sets for more proteases and inhibitors than on the Hu/Mu
ProtIn chip. At this time, however, the hybrid Clip-Chip™ “is
still under validation to determine cross-species hybridization
between the oligonucleotides” (27). Thus, whether the Clip-Chip™
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will prove suitable for analysis of xenografts is not yet known.
In a dual-species array when proteases and protease inhibitors
of the two species are known to be highly homologous
(7, 28, 29), the use of shorter probes, e.g., the 25-mer probes
used for the Hu/Mu Protln chip, is desirable as longer probes
increase the probability for cross-hybridization. Sensitivity is
higher with longer probes such as the 70-mer probes used in
the Clip-Chip™. When 25- and 60-mer probes were compared,
the 25-mer probes were found to be 20-fold more specific and
the 60-mer probes threefold more sensitive (30), indicating
that the Clip-Chip™ will be less likely to distinguish expression
of human and mouse genes. Depending on the design of indi-
vidual experiments, either the Hu/Mu Protln or Clip-Chip™
array may be most appropriate or one may want to use the two
arrays in tandem.
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Chapter 4

Positional Scanning Synthetic Combinatorial Libraries
for Substrate Profiling

Eric L. Schneider and Charles S. Craik

Summary

Determining the preferred substrate cleavage sequence of proteases is an important step toward under-
standing their roles in cancer development and progression. Knowledge of this sequence can aid in the
design of new experimental tools for study as well as aid in the identification of endogenous protease
substrates and signaling pathways. Various investigators have demonstrated a number of techniques to
uncover these sequences, but most can be very time consuming. We have designed and successfully
implemented a complete diverse ACC tetrapeptide positional scanning synthetic combinatorial library
that allows for the rapid screening of proteases to determine their preferred residues at positions P1-P4.
These sequences can be readily verified through kinetic measurements on single peptide substrates and
utilized to further knowledge of the role of proteases in cancer.

Key words: Peptide library, Substrate profiling, Protease specificity, PS-SCL, ACC.

1. Introduction

Understanding the % vivo role and function of proteases has
become a promising avenue of research for identifying diagnos-
tics, prognostics, and therapeutic targets in the fight against can-
cer. Although there have been a number of proteases identified in
the various stages of cancer growth and progression, determining
the precise role that each one plays has proven to be very chal-
lenging. One way to provide insight regarding these aspects is to
identify the endogenous substrate(s) of each protease. Biochemi-
cal and proteomic methods can be used to identify a preferred
cleavage sequence specific to a protease, which can in turn be used
to identify the endogenous substrates and signaling pathways that
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involve the protease of interest. Unfortunately, many of the
traditional methods for this can be time consuming. Positional
scanning synthetic combinatorial libraries (PS-SCLs) of fluoro-
genic peptides offer the promise to expedite the initial steps
toward identification of these substrates.

Positional scanning synthetic combinatorial libraries contain
a mixture of peptides where one or more of the positions are
individually fixed at a specific amino acid, while the remaining
positions are composed of an equimolar mixture of amino acids.
Through the use of combinatorial chemistry, these libraries can be
quickly synthesized and analyzed. Dependent upon the number
of randomized positions (X) and number of amino acids incorpo-
rated in those positions (Y), there will be Y* different peptides in
each mixture, with each containing the same fixed amino acid(s).
The benefit of this preparation is the ability to determine the
effect of the fixed amino acids independent of the residues in
the remaining positions. Initial studies preparing and utilizing
these libraries efficiently screened over 34 million hexapeptides
to identity the antigenic determinant of a monoclonal antibody
(1). This study demonstrated the utility of these libraries to rap-
idly screen through large numbers of peptides and determine the
optimal sequences for peptide binding.

Because the PS-SCL approach proved to be very useful in
scanning through large numbers of peptides, fluorogenic leav-
ing groups were added to screen against proteases. The origi-
nal libraries were created with an aminomethylcoumarin (AMC)
fluorogenic leaving group attached to the C-terminus (the P1
amino acid) of the peptide via an amide bond (2, 3). Cleavage of
the amide bond results in increased fluorescence of the free AMC
group, providing an ideal reporter for enzyme activity. The initial
libraries were successfully used to identify the substrate specifici-
ties of caspases 1-9, granzyme B, and interleukin 1B converting
enzyme.

The AMC labeled PS-SCLs clearly revealed the potential of
PS-SCLs toward understanding protease specificity. However,
they were also inherently limited in scope. Synthesis of an AMC
peptide substrate requires the AMC leaving group to be attached
to the P1 amino acid C-terminus prior to solid phase synthe-
sis. Under normal solid phase peptide synthesis conditions, the
C-terminal carboxyl group of this first amino acid would be used
for coupling to the resin. However, the presence of AMC on
the carboxyl terminus necessitates coupling to the resin through
the amino acid side chain. This requirement severely limits the
number of amino acids that can be incorporated into the P1 posi-
tion to those with side chains that can be functionalized. Overall,
the limitations produced AMC libraries that contained fixed P1
residues throughout while the P2-P4 residues were varied to test
specificity. By restricting the P1 position to a single amino acid,
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these initial libraries were ideal for proteases with known P1
specificities, but had limited usefulness toward novel proteases.

The promise of these libraries coupled with this limita-
tion led to the development of libraries utilizing a 7-amino-4-
carbamoylmethylcoumarin  (ACC) fluorogenic leaving group
(4, 5). The bifunctionality of ACC allows for the attachment
of an ACC-Fmoc directly to solid phase resin using standard
Fmoc chemistry. Furthermore, the ACC leaving group displays
an approximately threefold higher fluorescent yield than AMC,
increasing the sensitivity of the assay (4). Once attached to the
resin, Fmoc chemistry can be used to incorporate any amino acid
at the initial (P1) position, allowing all of the peptide positions
to be varied. This development led to the complete diverse ACC-
tetrapeptide libraries, which are able to analyze each position of
the peptide substrate independently. Most importantly, with the
ability to completely vary the P1 position, proteases of unknown
specificity could now be assayed.

The complete diverse ACC-tetrapeptide PS-SCL contains
160,000 different sequences that can be assayed in a simple,
rapid, and easy to interpret format. In this library, each position
of the tetrapeptide is held constant for every amino acid while
the remaining three positions are randomized (Fig. 1). For each
position, this creates 20 sublibraries, with each sublibrary com-
posed of 8,000 different peptides. By only holding one position
constant, the role of the constant residue can be independently
analyzed. Because the remaining positions are randomized, the
importance of any particular residue in these positions is masked.
The overall result reveals the relative preference of the protease
for amino acids at positions P1-P4, as shown in Fig. 2 for the
protease MT-SP1.

Although it is extremely useful in determining the preferred
residues at P1 through P4 for a given protease, there is an impor-
tant caveat to interpretation of the data. By randomizing every
position other than the position of interest, each sublibrary con-
tains all possible peptides and ensures that if the residue in the
constant position supports cleavage, a subset will be cleaved.
However, at the same time, this design masks any interdepend-
ence between positions. The appearance of incompatible amino
acids in positions other than the one being held constant will
not be apparent. Returning to the results for MT-SP1 (Fig. 2),
the preferred substrate appears to be P4 Arg, P3 Lys, P2 Ser,
and P1 Lys (RKSK). However, it is possible that each residue,
although optimal when the other three positions are completely
randomized, may not be compatible with one or more of the
other residues when placed in the same sequence. For MT-SP1,
this was exactly the case. An interdependence between binding
pockets was revealed by phage display libraries that provided dis-
crete peptide substrates to the protease (6). Similar to the library
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Library Component Number of Compounds/
structure sublibraries  sublibrary
P4 P3 P2 P1 ACC

P1 Ac—“@@j 20 8000
NHOZ

P2 Ac—(m)—() * o“@fi‘) 20 8000
NHO2

P3  Ac—(m) * () O“@fg: 20 8000
NHOZ

Pe Ac—Y () —gncfio 20 8000
0}
NH,

@ = Equivalent mixture of the 20 amino acids.

‘LJ;Z= Individual amino acids incorporated at the indicated position.

Fig. 1. Composition of the complete diverse ACC tetrapeptide PS-SCL libraries. Each
library holds one position constant for each of the 20 amino acids while the remaining
positions are randomized. This creates 20 sublibraries per library (one per amino acid),
with each sublibrary a mixture of 8,000 peptides as a result of randomization at the
other three positions (20°). (Figure adapted from ref.8).

results, the P3 and P4 pockets were shown to prefer basic resi-
dues. However, both positions could not be a basic residue in a
single peptide. Using the library data alone, this interdependence
could not be detected at the P3 and P4 positions.

Alternatively, some proteases do not exhibit cooperativity
between binding sites. In a study on granzymes A and B, the
library results properly identified the optimal substrates for both,
indicating that there was no interdependence between the bind-
ing sites (7). As seen in Fig. 3, the optimal substrate for granzyme
B was identified as P4 Ile, P3 Glu, P2 Pro, and P1 Asp (IEPD).
Furthermore, this granzyme B substrate was found to be more
sensitive than any previously reported substrate. Because it is
difficult to predict if the binding sites will exhibit interdependence,
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Fig. 2. Complete diverse ACC-tetrapeptide PS-SCL results for MT-SP1 for each library P1 through P4. The y-axis is the
relative percent activity within each libray. The x-axis indicates the amino acid being held constant.

like MT-SP1, or not, like granzymes A and B, the substrate
candidate tetrapeptide sequences revealed through library profil-
ing must be individually synthesized and tested to unequivocally
show which one is optimal.

Use of the complete diverse ACC tetrapeptide PS-SCL has lead
to an increased understanding of the P1 through P4 specificity for a
number of proteases implicated in cancer. Furthermore, use of this
information has led to the creation of specific inhibitors as well as
fulfilling the ultimate goal of assisting in the identification of new
in vivo substrates. Examples of these uses can be found in a number of
recent papers. In a paper by Choe et al., results from the library were
used to design unique tetrapeptide substrates specific for cathepsin
K over cathepsins S, L'V, and B (8). In addition, one of these pep-
tide sequences was incorporated into a mechanism based inhibitor
of cathepsin K. Although not as selective as the original peptide sub-
strate, there was no inhibition of cathepsins L and V, while inhibiting
B with a & about twofold slower than for cathepsin K. This indi-
cates that results from the library may be utilized to design selective
protease inhibitors.
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Fig. 3. Complete diverse ACC-tetrapeptide PS-SCL results for granzyme B for each library P1 through P4. The y-axis is
the relative percent activity within each libray. The x-axis indicates the amino acid being held constant.

In a separate paper, Marnett et al. analyzed the substrate spe-
cificity of Kaposi’s sarcoma-associated herpesvirus (KSHV) pro-
tease with the complete diverse library (9). The results revealed
an unexpected preference for aromatic residues at P4. The com-
plete results were successfully used to design both a tetrapeptide
ACC substrate that was far superior to anything available as well
as a mechanism based diphenyl phosphonate active site inhibitor.
These tools helped to uncover a unique dimerization-dependent
method of protease activation.

In a third example, the library was used by Bhatt et al. to assist
in the identification of novel MT-SP1 substrates (10). The data
for MT-SP1 (similar to that shown above in Fig. 1) was combined
with known endogenous substrate sequences and used to identify
novel candidate substrates. Subsequent transcriptional profiling
and cell-based assays confirmed the identification of MSP-1 and
its receptor RON as a MT-SP1 substrate. This in turn revealed an
extracellular proteolytic signaling pathway that is important for
metastatic breast cancer (11).
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These results all demonstrate the usefulness of the complete
diverse PS-SCL library in not only determining the substrate spe-
cificity of proteases, but also in the development of new tools
for protease resecarch. However, many proteases have additional
specificity in the prime side pockets, which this library is unable to
examine. Of particular importance to cancer research are the
metalloproteases, which exhibit a large dependence upon prime
side binding for activity. For this reason, the development of tools
to target the prime side specificity of these proteases is ongo-
ing. One method developed by Barrios et al. has shown promise,
but suffers from a relatively high background (12). More work
is currently being carried out to develop a prime side library that
demonstrates the robustness and utility of the complete diverse
ACC-tetrapeptide PS-SCL described here.

The methods presented here begin with the synthesis of the
P1 through P4 complete diverse ACC-tetrapeptide positional
scanning synthetic combinatorial libraries. Each library is synthe-
sized using standard Fmoc chemistry on an ACC linked resin
to incorporate the fluorescent leaving group. Each library holds
one of the positions of the tetrapeptide constant for all 20 amino
acids, while completely randomizing the remaining 3 positions, as
shown in the synthetic flow chart in Fig. 4. The result is 20 subli-
braries (one for each amino acid) per position in the tetrapeptide.
The protocol for testing proteases against the newly synthesized
libraries is then presented. Finally, the synthesis of individual sub-
strates for confirmation of the library data is described.

20 o Oty Oty Ot oy
e N o e
Orgioy 1Oy OOty OOy

ol © ol * s ol ©
O-OLy' ey @{ n;“@iz wn@a
e = e ~ o £
OO f;% O-OIF O 0% CRXIOS O O@% OO0 0@%
f\:z = Individual Amino Acid ) = lsokinetic Mixture of amino acids % = ACC Leaving Group

Fig. 4. Overview of the synthesis for each library of the Complete Diverse Tetrapeptide-ACC PS-SCL. The steps shown
incorporate a specific amino acid in the position labeled with a star and an equal mixture of the 20 amino acids in the
other three positions. The final result is one of the 20 sublibraries for each library. The steps are then repeated 19 more
times to complete each library for all 20 amino acids.
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2. Materials

2.1. Synthesis of
PS-SCL ACC-Tetrapep-
tide Library

2.2. Determination of
Protease Specificity
Using PS-SCL Library

—
—— O

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

¥ XN Tk e

7-Fmoc-aminocoumarin-4-acetic acid (se¢ Note 1).
Double distilled water (H,0).

Rink amide AM resin.

N, N-Dimethylformamide (DMF).

Piperidine.

N-Hydroxybenzotriazole (HOBt).
Diisopropylcarbodiimide (DICI).

Tetrahydrofuran (THEF).

Phosphorous pentoxide (P,0,).

Methanol.

. Fmoc amino acids (Fmoc-Ala-OH, Fmoc-Arg(Pbt)-OH,

Fmoc-Asn(Trt)-OH, Fmoc-Asp(O-z-Bu)-OH, Fmoc-Glu
(O--Bu)-OH, Fmoc-GIn(Trt)-OH, Fmoc-Gly-OH, Fmoc-
His(Trt)-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys
(Boc)-OH, Fmoc-Met-OH, Fmoc-Nle-OH, Fmoc-Phe-
OH, Fmoc-Pro-OH, Fmoc-Ser( O--Bu)-OH, Fmoc-Thr( O-
t-Bu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Tyr(O-#-Bu)-OH,
Fmoc-Val-OH) (see Note 2).

Collidine.

2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate methanaminium (HATU).

Acetic acid.

Nitrotriazole.

Dichloromethane.

Trifluoroacetic acid.

Empty, fritted solid phase extraction (SPE) column.
Vacuum line with trap.

Rotary evaporator.

Argonaut Quest 210 organic synthesizer (Argonaut Tech-
nologies).
FlexChem 48-well reactor block (SciGene, Robbins Scientific).

P1, P2, P3, and P4 PS-SCL ACC libraries as synthesized in
Subheading 3.1.

. The protease of interest, typically less than 25 nmol but pos-

sibly more.

Optimal assay buffer (25 mL) for protease activity.
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2.3. Synthesis of
Individual Tetrapeptide
ACC Substrates for
Kinetic Verification

4.

o

— = =

X XN w

Fluorescence microplate reader (e.g. Molecular Devices
SpectraMax Gemini)

Round-bottom 96-well plates for fluorescent plate readers
(e.g., Thermo Scientific Microfluor 1 Black).

Multi-channel pipette capable of delivering 12 x 100 pL.

Empty, fritted SPE column.

DME.

P1 Fmoc amino acids bound to ACC-resin (from 3.1.B).
Individual Fmoc amino acids.

Piperidine.

HOBt.

DICI.

Acetic acid.

Dichloromethane.

Trifluoroacetic acid (TFA).

. Triisopropylsilane.
. H,O.
. Dimethyl sulfoxide (DMSO).

3. Methods

3.1. Synthesis of the
Gomplete Diverse
PS-SCL ACC-
Tetrapeptide Library

3.1.1. Acc-Rink Amide
Resin

. In an empty round bottom flask, swell 17 mmol (21 g) of

Rink Amide AM resin with 200 mL N, N-dimethylformamide
(DMF) for 30 min to make the functional groups accessible
with gentle overhead stirring.

2. Vacuum filter to remove the DMF.

Add 200 mL of 20% piperidine in DMF to the resin to
remove the Fmoc protecting group and activate the amine.
Gently agitate to mix (see Note 3).

. After 25 min, remove the piperidine by vacuum filtration

and wash three times with 20 mL of DMF.

. Add 2 equivalents (34 mmol, 15 g) of 7-Fmoc-aminocoumarin-

4-acetic acid along with 2 equivalents N-hydroxybenzotriazole
(HOBt) (34 mmol, 4.6 g) and 150 mLL DMF followed by 2
equivalents diisopropylcarbodiimide (DICI) (34 mmol, 5.3
mL).

. Mix with gentle agitation overnight.
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3.1.2. Preparation of Fmoc 1.

Amino Acid Substituted
ACC-Resin

10.

11.

3.1.3. Synthesis of the P1 1.

Sublibraries

. Filter the resin mixture and wash three times with 200 mL

DMEF followed by three washes with 200 mL tetrahydro-
furan and three washes with 200 mL methanol.

. Dry over P,O, under vacuum.

. Determine the substitution level of the resin by Fmoc analy-

sis following the Millipore procedure (see Note 4) (13).

Add 100 mg of the Fmoc-ACC resin to 20 reaction vessels
of an Argonaut Quest 210 organic synthesizer and swell with
2 mL of DMF (see Note 5). Calculate the molar quantity
according to the substitution level determined above in Sub-
heading 3.1.1, step 9.

. Filter resin and add 2 mL of 20% piperidine in DMF to each

reaction vessel. Gently agitate for 25 min to remove the
Fmoc protecting group.

. Filter resin and wash three times with 2 mLL. DMF.

. To one of the reaction vessels containing the ACC resin add

5 molar equivalents of the Fmoc-Ala-OH along with 0.7 mLL
DME, 10 molar equivalents of collidine, and 5 molar equiva-
lents of HATU. Similarly add the remaining 19 Fmoc amino
acids to the 19 wells containing ACC-resin (see Note 6).
Gently agitate for 20 h.

. Filter the resin and wash three times with 2 mLL DMF.

. Repeat step 4 to ensure coupling occurs at a high effi-

ciency.

. Add 0.7 mL DMF, 40 uL acetic acid (0.7 mmol), 110 pL

DICI (0.7 mmol), and 80 mg 3-nitro-1,2,4-triazol (0.7
mmol) to each reaction vessel and mix for 24 h to cap any
unreacted ACC-resin.

. Filter the resin and wash three times with 2 mL DMF.
. Repeat wash three times with 2 mL tetrahydrofuran and

three times with methanol.

Dry the Fmoc-amino acids bound to ACC-resin over P,O,
under vacuum.

Determine the substitution level by Fmoc analysis as in Sub-
heading 3.1.1, step 9.

According to the calculated Fmoc substitution levels, add
0.1 mmol of each of the 20 single Fmoc amino acids bound
to ACC resin (as prepared in Subheading 3.1.2) to 20 sepa-
rate wells of a MultiChem 48-well synthesis apparatus. Each
of the 20 wells should contain a different Fmoc-amino acid
bound to ACC-resin.

. Add 4 mL of DMF to each well for 30 min to solvate the

resin.
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3.1.4. Synthesis of the P2
Sublibraries

3.

Remove the DMF and add 4 mL of 20% piperidine in DMF
to each well and gently agitate for 30 min to remove the
Fmoc protecting group.

. Remove the piperidine solution and wash three times with

4 mL DMF.

. Activate 20 mmol of an isokinetic mixture (se¢ Note 7) of the

20 Fmoc amino acids (enough for all 20 wells at 10 equiva-
lents/well compared to resin) in 80 mL DMF contianing 20
mmol HOBt and 20 mmol DICI.

Add 4 mL of the activated isokinetic Fmoc amino acid mix-
ture to each of the 20 reaction vessels containing an Fmoc
amino acid bound to ACC resin. Allow to couple with gentle
agitation for 3 h. This will add a randomized P2 amino acid
to each P1 residue.

7. Drain and wash the resin three times with 4 mL. DMF.

10.

11.

12.

13.

14.
15.

1.

Repeat steps 3—7 two more times to add a randomized P3
and P4 residue, creating the 20 P1 sublibraries.

. Remove the final Fmoc protecting group with 4 mL of 20%

piperidine in DMF with gentle agitation for 30 min.

Remove the piperidine solution and wash three times with 4
mL DMF.

Cap the final peptide with 80 mmol acetic acid, 80 mmol
HOBt, and 80 mmol DICI in 4 mL DMF for 4 h with gentle
agitation

Remove the capping solution and wash three times with
4 mL. DMF followed by three washes with 4 mL dichlo-
romethane.

Cleave the peptides from the resin in a solution of 2,850 uLL
trifluoroacetic acid (TFA), 75 uL triisopropylsilane, and 75
uL water (95:2.5:2.5) for 1 h with gentle agitation.

Collect the cleaved peptides and lyophilize.

Dissolve the peptides in dimethyl sulfoxide (DMSO) to a
final concentration of 25 mM (see Note 8).

According to the calculated substitution levels, create a 2
mmol mixture containing equal amounts of the 20 Fmoc-
amino acids bound to ACC-resin (0.1 mmol each) and com-
bine with 4 mL. DMF in an empty SPE column. Mix for 2 h
with gentle agitation.

. Remove the DMF and dry the resin mixture.

. Split the resin evenly between 20 reaction vessels of a Mul-

tiChem 48-well synthesis apparatus (0.1 mmol resin per
reaction vessel).

. Add 4 mL DMF for 30 min to solvate the resin mixtures.
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7.

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Remove the DMF and add 4 mL of 20% piperidine in DMF
to each well and gently agitate for 30 min to remove the
Fmoc protecting group.

Remove the piperidine solution and wash three times with 4
mL DMF.

To insert individual amino acids in the P2 position, sepa-
rately activate 1 mmol (10 molar equivalents compared to
the resin) of each of the 20 Fmoc-amino acids in 4 mL DMF
containing 1 mmol HOBt and 1 mmol DICI.

Add one of the activated Fmoc amino acids to one of the 20
reaction vessels containing the mixture of P1 amino acids
bound to ACC-resin. Similarly add the 19 remaining acti-
vated Fmoc amino acids to the 19 reaction vessels containing
resin.

Allow to couple with gentle agitation for 3 h.
Drain and wash the resin three times with 4 mL. DMF.

Add 4 mL of 20% piperidine in DMF to each well and gently
agitate for 30 min to remove the Fmoc protecting group.

Remove the piperidine solution and wash three times with
4 mL DMF

Activate 20 mmol of an isokinetic mixture of the 20 Fmoc
amino acids (enough for all 20 wells at 10 equivalents/well
compared with resin) with 20 mmol HOBt and 20 mmol
DICI in 80 mL DMF.

Add 4 mL of the activated isokinetic Fmoc amino acid mix-
ture to each reaction vessel containing resin. Couple with
agitation for 3 h. This will add a randomized P3 residue to
each known P2.

Drain and wash the resin three times with 4 mL. DMF.

Repeat steps 11-15 once more to add a randomized P4 resi-
due to each peptide, creating the P2 sublibraries.

Remove the final Fmoc protecting group with 4 mL of 20%
piperidine in DMF with gentle agitation for 30 min.

Remove the piperidine solution and wash three times with
4 mL DMF.

Cap the final peptide with 80 mmol acetic acid, 80 mmol
HOBt, and 80 mmol DICI in 4 mL. DMF for 4 h.

Remove the capping solution and wash three times with
4 mL DMF followed by three washes with 4 mL dichlo-
romethane.

Cleave the peptides from the resin in a solution of 2,850 uL.
TFEA, 75 uL triisopropylsilane, and 75 pL water (95:2.5:2.5)
for 1 h with gentle agitation.
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22.
23.

Collect the cleaved peptides and lyophilize.

Dissolve the peptides in DMSO to a final concentration of
25 mM.

As in Subheading 3.1.4, step 1, create a 2 mmol mixture
of the 20 Fmoc-amino acids bound to ACC-resin and add
it to 4 mL DMF in an empty SPE column. Mix for 2 h with
gentle agitation.

2. Remove the DMF and dry the resin mixture.

11.

12.

13.

14.
15.
16.

. Split the resin evenly between 20 reaction vessels of a Mul-

tiChem 48-well synthesis apparatus (0.1 mmol resin per each
vessel).

Add 4 mL DMF for 30 min to solvate the resin mixtures.

. Remove the DMF and add 4 mL of 20% piperidine in DMF

to each well and gently agitate for 30 min to remove the
Fmoc protecting group.

. Remove the piperidine solution and wash three times with

4 mL DMF.

. Activate 20 mmol of an isokinetic mixture of the 20 Fmoc

amino acids (enough for all 20 wells at 10 equivalents/well
compared to resin) with 20 mmol HOBt and 20 mmol DICI
in 80 mL DMF.

Add 4 mL of the activated isokinetic Fmoc amino acid mix-
ture to each reaction vessel containing the mixture of Fmoc
amino acids bound to ACC resin. Allow to couple with gen-
tle agitation for 3 h. This will add a randomized P2 residue.

. Drain and wash the resin three times with 4 mLL. DMF.
10.

Add 4 mL of 20% piperidine in DMF to each well and gently
agitate for 30 min to remove the Fmoc protecting group.

Remove the piperidine solution and wash three times with 4
mL DMF.

To insert individual amino acids in the P3 position, sepa-
rately activate 1 mmol (10 molar equivalents compared to
the resin) of each of the 20 Fmoc-amino acids in 4 mL DMF
containing 1 mmol HOBt and 1 mmol DICI.

Add one of the activated Fmoc amino acids to one of the
20 reaction vessels containing resin. Similarly add the other
19 activated Fmoc amino acids to the 19 remaining reaction
vessels containing resin.

Allow to couple with gentle agitation for 3 h.
Drain and wash the resin three times with 4 mL DMF.

Repeat steps 4-9 once to add a randomized P4 residue to
each peptide, creating the P3 sublibraries.
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3.1.6. Synthesis of the P4
Sublibraries

17.

18.

19.

20.

21.

22.
23.

Remove the final Fmoc protecting group with 4 mL of 20%
piperidine in DMF with agitation for 30 min.

Remove the piperidine solution and wash three times with
4 mL DMF.

Cap the final peptide with 80 mmol acetic acid, 80 mmol
HOBt, and 80 mmol DICI in 4 mL DMF for 4 h with gentle
agitation.

Remove the capping solution and wash three times with
4 mL DMF followed by three washes with 4 mL dichlo-
romethane.

Cleave the peptides from the resin in a solution of 2,850 uL
TEA, 75 uL triisopropylsilane, and 75 pL water (95:2.5:2.5)
for 1 h with gentle agitation.

Collect the cleaved peptides and lyophilize.

Dissolve the peptides in DMSO to a final concentration of
25 mM.

. As in Subheading 3.1.4, step 1, create a 2 mmol mixture

of the 20 Fmoc-amino acids bound to ACC-resin and add
it to 4 mL DMF in an empty SPE column. Mix for 2 h with
gentle agitation.

2. Remove the DMF and dry the resin mixture.

. Split the resin evenly between 20 reaction vessels of a Mul-

tiChem 48-well synthesis apparatus (0.1 mmol resin per each
vessel).

Add 4 mL DMF for 30 min to solvate the resin mixtures.

. Remove the DMF and add 4 mL of 20% piperidine in DMF

to each well and gently agitate for 30 min to remove the
Fmoc protecting group.

. Remove the piperidine solution and wash three times with

4 mL DMF.

. Activate 20 mmol of an isokinetic mixture of the 20 Fmoc

amino acids (enough for all 20 wells at 10 equivalents/well
compared to resin) with 20 mmol HOBt and 20 mmol DICI
in 80 mL DMF.

Add 4 mL of the activated isokinetic Fmoc amino acid mix-
ture to each reaction vessel containing the mixture of Fmoc
amino acids bound to ACC resin. Allow to couple with gen-
tle agitation for 3 h. This will add a randomized P2 residue.

. Drain and wash the resin three times with 4 mL. DMF.
10.
11.

Repeat steps 5-9 to add a randomized P3 residue.

Add 4 mL of 20% piperidine in DMF to each well and gently
agitate for 30 min to remove the Fmoc protecting group.
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3.2. Determination of
Protease Specificity
Using the Gomplete
Diverse AGC-Tetrapep-
tide PS-Scls

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.
23.

Remove the piperidine solution and wash three times with
4 mL DMF.

To insert individual amino acids in the P4 position, sepa-
rately activate 1 mmol (10 molar equivalents compared to
the resin) of each of the 20 Fmoc-amino acids in 4 mL. DMF
containing 1 mmol HOBt and 1 mmol DICI.

Add one of the activated Fmoc amino acids to one of the
20 reaction vessels containing resin. Similarly add the 19
remaining activated Fmoc amino acids to the 19 reaction
vessels containing resin.

Couple with gentle agitation for 3 h.

Drain and wash the resin three times with 4 mL DMF.
Remove the final Fmoc protecting group with 4 mL of 20%
piperidine in DMF with agitation for 30 min.

Remove the piperidine solution and wash three times with 4
mL DMF.

Cap the final peptide with 80 mmol acetic acid, 80 mmol
HOBt, and 80 mmol DICI in 4 mL DMF for 4 h.

Remove the capping solution and wash three times with
4 mL. DMF followed by three washes with 4 mL dichlo-
romethane.

Cleave the peptides from the resin in a solution of 2,850 pL
TFA, 75 uL triisopropylsilane, and 75 pL water (95:2.5:2.5)
for 1 h with agitation.

Collect the cleaved peptides and lyophilize.
Dissolve the peptides in DMSO at a final concentration of 25 mM.

. To ensure that the protease will exhibit high enough activ-

ity to observe cleavage throughout the library, the activity
of the enzyme should be tested at various concentrations
against at least one of the P1 sublibraries that correspond to
a known, or expected, P1 preferred residue for the protease.
This information can then be used to adjust the protease
concentration to give sufficient activity in the assay.

. To test the activity, prepare protease samples at various

concentrations within the typical working range of 1 to
1,000 nM in 100 pL assay buffer optimized for the protease
activity.

. Spot 1 pL of the selected 25 mM P1 sublibrary in wells of a

96-well plate (see Note 9) (e.g., MT-SP1 (shown in Fig. 2) has
known trypsin-like activity and would therefore be initially
tested against the P1 Arg or Lys sublibrary.)

. Add the 100 pL protease samples prepared at various con-

centrations to the wells containing the sublibrary sample.
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3.3. Synthesis of
Individual Tetrapep-
tide ACC Substrates
for Kinetic Verification

10.

11.

12.
13.

. Monitor the hydrolysis reaction on a fluorescence plate

reader taking readings every 15 s for 30 min with excitation
at 380 nm and emission at 460 nm (se¢ Note 10).

. A good working concentration will give an rfu/sec reading

of between 1 and 10 for a known substrate P1 residue. This
will provide enough activity to measure cleavage of sub-
strates containing less optimal residues at the constant posi-
tion. Adjust the protease concentration appropriately to have
activity within this range.

. To keep the results consistent, it is best to prepare enough

protease to run the entire library, P1 through P4. When per-
formed in triplicate, the assay requires 24 mL of protease in
assay buffer (triplicate x 20 residues/library x 100 puL /assay
x 4 libraries = 24,000 uL).

To ensure enough sample for the entire assay, prepare > 24
mL of the protease in assay buffer at the enzyme concentra-
tion determined in steps 1-6.

In a 96-well plate, spot 1 UL of each P1 sublibrary substrate
in triplicate, giving a total of 60 reactions.

Using a multi-channel pipette, add 100 puL of the protease
solution to each of the 60 wells.

Monitor the hydrolysis reaction on the fluorescence plate
reader taking readings every 15 s for 30 min with excitation
at 380 nm and emission at 460 nm.

Repeat steps 8-11 for the P2, P3, and P4 libraries.

The results (reaction velocities) for each library can be stand-
ardized to the residue within that library giving the maxi-
mum activity for general comparison, as shown in Fig. 2 (see
Note 11).

. Because the results from the complete diverse ACC PS-SCL

do not take into consideration the effects that neighboring
residues contribute to binding pocket specificity, it is impor-
tant to verify the preferred sequence suggested by the library.
To test this, a few of the preferred sequences should be syn-
thesized as ACC substrates following a procedure similar to
that outlined for each sublibrary.

. According to the calculated Fmoc substitution levels, add

0.1 mmol of the desired P1 Fmoc amino acid bound to ACC
resin to an empty fritted SPE column.

. Add 4 mL of DMF and gently agitate for 30 min to solvate

the resin with.

Remove the DMF and add 4 mL of 20% piperidine in DMF
and gently agitate for 30 min to remove the Fmoc protecting
group.
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10.

11.

12.

13.

14.

15.
16.

. Remove the piperidine solution and wash three times with 4

mL DME.

Activate 1 mmol of the desired P2 Fmoc amino acid (10
equivalents compared with the P1 substituted ACC resin) in
4 mL. DMF with 1 mmol HOBt and 1 mmol DICI.

. Add the activated Fmoc amino acid to the reaction vessel

containing the P1 amino acid bound to ACC resin. Allow to
couple with gentle agitation for 3 h.

. Drain and wash the resin three times with 4 mLL. DMF.

Repeat steps 4-8 two more times to add the desired P3 and
P4 residues to the peptide.

Remove the final Fmoc protecting group with 4 mL of 20%
piperidine in DMF with gentle agitation for 30 min.
Remove the piperidine solution and wash three times with 4
mL DMF.

Cap the final peptide with 80 mmol acetic acid, 80 mmol
HOBt, and 80 mmol DICI in 4 mL DMF for 4 h.

Remove the capping solution and wash three times with
4 mL DMF followed by three washes with 4 mL dichlo-
romethane.

Cleave the peptide from the resin in a solution of 2,850 uL.
TFA, 75 uL triisopropylsilane, and 75 uL. H,O (95:2.5:2.5)
for 1 h with gentle agitation.

Collect the cleaved peptide and lyophilize.

Dissolve the peptide in DMSO to the desired concentration
for kinetic evaluation.

4. Notes

. 7-Fmoc-aminocoumarin-4-acetic acid can be synthesized

according to the procedures outlined by Harris et al. (4),
Kanaoka et al. (14), Besson et al. (15).

. Cysteine was excluded due to its propensity to polymerize.

Norleucine was included to extend the information revealed
by the library. Norleucine has a four carbon side-chain simi-
lar to leucine and isoleucine, but unlike those amino acids it
is unbranched. This extended form offers additional infor-
mation about the protease binding pocket.

. It is important not to use a stirbar for agitation of the resin

to avoid damaging the resin. A platform shaker modified
to hold the fritted reaction or the FlexChem reactor block



76

Schneider and Craik

upright works well for the gentle agitation required through-
out this method. Alternatively an overhead stirrer could be
used in some instances.

. The method for Fmoc analysis is as follows, taken from Bunin

(13):Place a known quantity of resin in a 10 mL volumetric
flask. Add 0.4 mL piperidine and 0.4 mL dichloromethane.
After 30 min, add 1.6 mL of methanol and 7.6 mL dichlo-
romethane to bring the volume to 10 mL. Measure the
absorbance at 301 nm against a blank composed of 0.4 mL
piperidine, 1.6 mL methanol, and 8.0 mL dichloromethane.
Use the following equation to calculate the loading level:

Loading(mmol/g) = A, , x 10mL/7,800 X re sin wt,

where A, is the absorbance measured at 301 nm and 7,800 is

the extinction coefficient of the piperidine-fluorenone adduct.

. Addition of the first amino acid to the ACC-resin can also be

accomplished in SPE columns following the same procedure.
The Argonaut Quest was used to simplify the process.

. The 20 amino acids used in the library described here are the

20 common amino acids excluding cysteine and including
norleucine.

An isokinetic mixture contains a mixture of amino acids at
a ratio based on the individual reaction kinetics of coupling
with a free amine that ensures an equal distribution of each
amino acid in the final product. This is based on the findings
that individual amino acids react with the free amine of a resin
bound amino acid at different rates, but independent of the
identity of the resin bound amino acid (4, 16). To create the
library described (excluding cysteine and including norleucine)
the following ratio was used (Amino Acid, mol %): Fmoc-Ala-
OH, 3.3; Fmoc-Arg(Pbf)-OH, 6.4; Fmoc-Asn(Trt)-OH, 5.2;
Fmoc-Asp(O-2-Bu)-OH, 3.4; Fmoc-Glu(O-+Bu)-OH, 3.5;
Fmoc-GIn(Trt)-OH,5.2;Fmoc-Gly-OH, 2.8; Fmoc-His(Trt)-
OH, 3.4; Fmoc-Ile-OH, 17.0; Fmoc-Leu-OH, 4.8; Fmoc-
Lys(Boc)-OH, 6.1; Fmoc-Met-OH, 2.2; Fmoc-Nle-OH, 3.7;
Fmoc-Phe-OH, 2.4; Fmoc-Pro-OH, 4.2; Fmoc-Ser( O-¢-Bu)-
OH, 2.7; Fmoc-Thr(O-+Bu)-OH, 4.7; Fmoc-Trp(Boc)-OH,
3.7; Fmoc-Tyr( O--Bu)-OH, 4.0; Fmoc-Val-OH, 11.1. These
isokinetic ratios were prepared based on those reported by
Harris et al. and Ostresh et al. (4, 16).

After solubilizing in DMSO, the libraries should be stored at
-80°C.

. Some of the peptide sublibraries are less soluble than others

and may require gentle warming to ensure they are completely
dissolved. Prior to use, check that all peptides are completely
in solution and warm slightly if necessary.
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10. With some proteases the resulting fluorescence readout
jumps up and down over time, with an overall upward slope.
Many times this can be reduced by addition of 0.01% Brij 35
to the reaction buffer.

11.

Alternatively, the rfu/sec data can be converted to pM/sec

and reported. This conversion factor must be experimen-
tally determined for each instrument by measuring the rfu
resulting from the complete hydrolysis of a known quantity
of ACC-peptide. For the Molecular Devices SpectraMax
Gemini, we have measured 1 pM of hydrolyzed ACC is equal

to 1,380 rfu.

Acknowledgments

We thank M. D. Lim, M. Zhao, and Y. Choe for helpful discussions
and critical reading of the manuscript. The authors were funded by
NIH grants CA108462-04 (E.L.S.) and GM082250 (C.S.C).

References

1.

Houghten, R. A., Pinilla, C., Blondelle, S. E.,
Appel, J. R., Dooley, C. T., and Cuervo, J. H.
(1991) Generation and use of synthetic pep-
tide combinatorial libraries for basic research
and drug discovery. Nature 354, 84-6.

Rano, T. A., Timkey, T., Peterson, E. P.,
Rotonda, J., Nicholson, D. W., Becker, J.
W., Chapman, K. T., and Thornberry, N. A.
(1997) A combinatorial approach for deter-
mining protease specificities: application to
interleukin-1beta converting enzyme (ICE).
Chem Biol 4, 149-55.

Thornberry, N. A., Rano, T. A., Peterson, E.
P., Rasper, D. M., Timkey, T., Garcia-Calvo,
M., Houtzager, V. M., Nordstrom, P. A., Roy,
S., Vaillancourt, J. P., Chapman, K. T., and
Nicholson, D. W. (1997) A combinatorial
approach defines specificities of members of
the caspase family and granzyme B. Functional
relationships established for key mediators of
apoptosis. J Biol Chem 272, 17907-11.

. Harris, J. L., Backes, B. J., Leonetti, F.,

Mabhrus, S., Ellman, J. A., and Craik, C. S.
(2000) Rapid and general profiling of protease
specificity by using combinatorial fluorogenic
substrate libraries. Proc Natl Acad Sci USA
97,7754-9.

Maly, D. J., Leonetti, F., Backes, B. J., Dauber,
D. S., Harris, J. L., Craik, C. S., and Ellman,
J. A. (2002) Expedient solid-phase synthesis

10.

of fluorogenic protease substrates using the
7-amino-4-carbamoylmethylcoumarin (ACC)
fluorophore. J Org Chem 67, 910-5.

. Takeuchi, T., Harris, J. L., Huang, W., Yan, K.

W., Coughlin, S. R., and Craik, C. S. (2000)
Cellular localization of membrane-type serine
protease 1 and identification of protease-
activated receptor-2 and single-chain urokinase-
type plasminogen activator as substrates. J Bio/
Chem 275, 26333—42.

. Mabhrus, S., and Craik, C. S. (2005) Selective

chemical functional probes of granzymes A
and B reveal granzyme B is a major effector of
natural killer cell-mediated lysis of target cells.
Chem Biol 12, 567-77.

. Choe, Y., Leonetti, F., Greenbaum, D. C.,

Lecaille, F., Bogyo, M., Bromme, D., Ellman,
J. A., and Craik, C. S. (2006) Substrate profil-
ing of cysteine proteases using a combinatorial
peptide library identifies functionally unique
specificities. J Biol Chem 281, 12824-32.

. Marnett, A. B., Nomura, A. M., Shimba, N.,

Ortiz de Montellano, P. R., and Craik, C. S.
(2004) Communication between the active
sites and dimer interface of a herpesvirus pro-
tease revealed by a transition-state inhibitor.
Proc Natl Acad Sci USA 101, 6870-5.

Bhatt, A. S., Welm, A., Farady, C. J., Vasquez,
M., Wilson, K., and Craik, C. S. (2007) Coor-
dinate expression and functional profiling



78

11.

12.

13.

Schneider and Craik

identify an extracellular proteolytic signaling
pathway. Proc Natl Acad Sci USA 104,
5771-6.

Welm, A. L., Sneddon, J. B., Taylor, C.,
Nuyten, D. S., van de Vijver, M. J., Hasegawa,
B. H., and Bishop, J. M. (2007) The macro-
phage-stimulating protein pathway promotes
metastasis in a mouse model for breast cancer
and predicts poor prognosis in humans. Proc
Natl Acad Sci USA 104, 7570-5.

Barrios, A. M., and Craik, C. S. (2002) Scan-
ning the prime-site substrate specificity of
proteolytic enzymes: a novel assay based on
ligand-enhanced lanthanide ion fluorescence.
Bioory Med Chem Lett 12, 3619-23.

Bunin, B. A. (1998) The Combinatorial Index,
Academic Press, San Diego.

14.

15.

16.

Kanaoka, Y., Kobayashi, A., Sato, E.,
Nakayama, H., Ueno, T., Muno, D., and
Sekine, T. (1984) Organic Fluorescent Rea-
gents.10. Multifunctional Cross-Linking Rea-
gents.1. Synthesis And Properties Of Novel
Photoactivable, Thiol-Directed Fluorescent
Reagents. Chem Pharm Bull 32, 3926-3933.

Besson, T., Joseph, B., Moreau, P., Viaud, M.
C., Coudert, G., and Guillaumet, G. (1992)
Synthesis and fluorescent properties of new

heterobifunctional fluorescent-probes. Het-
erocycles 34, 273-291.

Ostresh, J. M., Winkle, J. H., Hamashin,
V. T., and Houghten, R. A. (1994) Peptide
libraries: determination of relative reaction
rates of protected amino acids in competitive
couplings. Biopolymers 34, 1681-9.



Chapter 5

Mixture-Based Peptide Libraries for Identifying
Protease Cleavage Motifs

Benjamin E. Turk

Summary

All proteases and peptidases are to some extent sequence-specific, in that one or more residues are preferred
at particular positions surrounding the cleavage site in substrates. I describe here a general protocol for
determining protease cleavage site preferences using mixture-based peptide libraries. Initially a completely
random, amino-terminally capped peptide mixture is digested with the protease of interest, and the cleav-
age products are analyzed by automated Edman sequencing. The distribution of amino acids found in each
sequencing cycle indicates which residues are preferred by the protease at positions downstream of the
cleavage site. On the basis of these results, a second peptide library is designed that is partially degenerate
and partially fixed sequence. Edman sequencing analysis of the cleavage products of this peptide mixture
provides preferences amino-terminal to the scissile bond. As necessary, the process is reiterated until the
full cleavage motif of the protease is known. Cleavage specificity data obtained with this method have been
used to generate specific and efficient peptide substrates, to design potent and specific inhibitors, and to
identify novel protease substrates.

Key words: Peptide libraries, Proteases, Enzyme specificity, High-throughput screening, Edman
sequencing.

1. Introduction

Proteolytic enzymes are encoded by some 2% of most genomes,
reflecting their diverse roles in myriad biological processes (1, 2).
Although some proteases are digestive enzymes, many have highly
specific protein processing functions. For both types of protease,
substrate recognition is mediated in some part by interactions
between the active site of the protease and the cleavage site
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AC-XXXXXXXXXXXX

AC-XXXXXXXXXXXX

within its substrate. Each protease has a unique cleavage motif,
those amino acid residues that are preferred or required at specific
positions surrounding the cleavage site. An understanding is
that the sequence requirements for cleavage by a protease can
be applied in a number of ways. For example, this information
enables the design and production of specific and efficient pep-
tide substrates that can be used for in vitro assay of the protease,
and can be incorporated into protease biosensors that can be used
in vivo or in cell culture (3-5). In addition, peptide substrate
analogs bearing chemical groups that target a particular class of
protease can make highly potent inhibitors. Such inhibitors are
useful both for biological studies and as leads in drug discovery.
Lastly, proteins having sequences that match the cleavage motif
can be identified by computer database searching, and these
represent potential substrates for the protease (6, 7).
Determining the cleavage motif for a protease requires anal-
ysis of a very large number of potential sequences: a ten amino
acid stretch of polypeptide, for example, represents approxi-
mately 1 x 10" possible combinations. A number of synthetic
and encoded peptide library approaches have been developed
to allow for parallel analysis of such large numbers of sequences
(8-12). The method I describe here (outlined in Fig. 1) involves
Edman sequencing analysis of the cleavage products of peptide
mixtures (6, 13). The approach is iterative in that it involves
using peptide libraries of gradually decreasing complexity. The

NH,-MXXXXXLRGAAK(K-biotin)
Digest with
l Digest with protease

t
protease NH,-MXXXXXLRGAAK (K-biotin)

N
LRGAAK(K-biotin)

+

+

ACXXOXX NH,-MXXXXX
NH2-XXXXXX l Immpbilized

avidin

l N-terminal Edman NH,-MXXXXX
sequencing N-terminal
sequencing

Selectivity carboxy terminal
to site of cleavage
(P’ positions)

Selectivity amino-terminal to
site of cleavage

(P positions)

v
Pn...P3-P2-P1-P1’-P2’-P3’...Pn’

Fig. 1. Overview of the peptide library method. Initially a fully degenerate peptide mixture is used to elucidate prefer-
ences carboxy-terminal to the cleavage site (/eff). A partially degenerate peptide library designed on the basis of results
from the initial screen is used to determine preferences amino-terminal to the cleavage site (right). As necessary, further
rounds of iteration are performed. Figure adapted from ref.6.
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initial peptide library is a completely random peptide mixture,
typically a dodecamer that is capped at the amino-terminus with
an acetyl group. The mixture is subjected to limited digestion
with the protease of interest so that only those peptides within
the pool that are the most efficient substrates are cleaved. The
entire mixture is then subjected to automated amino-terminal
Edman sequencing. Uncleaved peptides and the amino-terminal
product fragments remain blocked and thus are not detected
by the sequencer; only the carboxy-terminal fragments of the
cleaved peptides are sequenced. The sequencer thus provides the
distribution of amino acids found at positions carboxy-terminal
to the cleavage site. The first sequencing cycle is composed of
residues found at the P1’ position (immediately carboxy-termi-
nal to the cleavage site, see Note 1), the second sequencing cycle
corresponds to the P2’ position, and so on. Raw data are cor-
rected for bias present within the starting mixture and normal-
ized (see Fig. 2). A less complex secondary peptide library is then
designed in which the most highly selected residues found at the
primed positions are fixed, and a smaller number (typically five)
positions are left degenerate. The secondary peptide library has a
free amino terminus, and is biotinylated at its carboxy terminus.
This peptide mixture is again partially digested with the pro-
tease, and the digest is treated in batch with immobilized avidin.
Full length undigested peptides and carboxy-terminal fragments
bind to the resin through the biotin tag, but amino-terminal
cleavage products remain free. Edman sequencing of these frag-
ments provides the sequence preference for the protease amino-
terminal to the cleavage site. In some cases another round of
iteration is required, and a tertiary peptide library is produced
and analyzed in a manner similar to the secondary library.

This method allows one to quickly determine cleavage prefer-
ences for a given protease both upstream and downstream of the
cleavage site. An advantage of this method over others is that it
requires relatively few peptide mixtures. Both peptide synthesis and
Edman sequencing can be done at reasonable cost by a facility, so
little in the way of specialized equipment or expertise is required.
A potential difficulty with the method is that determination of
specificity at the unprimed positions requires that one be able to
produce a secondary or tertiary library that is capable of directing
cleavage by the protease largely (>90%) to a single peptide bond.
This is generally trivial for proteases that are most highly selective
at positions downstream of the cleavage site, as is the case for most
metalloproteases. Serine and cysteine proteases, which tend to be
most selective upstream of the cleavage site, can be more of a chal-
lenge. However, serine (14), cysteine (15), and metalloproteinases
(6, 16—18) have all been successtully profiled by Edman sequencing
of peptide mixture libraries.
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Fig. 2. Peptide library data: Corrected and normalized peptide library data for MMP-7 both carboxy-terminal (a) and
amino-terminal (b) to the cleavage site are shown. The following peptide libraries were used to collect data: Ac-X ,-NH,
(all primed positions), M-A-X-X-X-X-X-L-R-G-A-A-R-E-K(biotin) (P3 position), and M-G-X-X-P-X-X-L-R-G-G-G-E-E-
K(biotin) (all other unprimed positions). Data were taken from ref. (6).

2. Materials

2.1. Peptide Libraries 1. Random dodecamer peptide library, acetyl-X-X-X-X-X-X-X-
X-X-X-X-X-amide (Ac-X ,-NH,), where X is an equimolar
mixture of the 19 naturally occurring amino acids excluding
cysteine (custom made at a peptide synthesis facility, see Note 2),
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2.2. Protease Reactions

2.7 mg/mL in 25 mM sodium phosphate, pH 7.4 (or 25 mM
HEPES, pH 7.4 if protease is not active in phosphate buffer).
Store frozen at -20°C in aliquots.

2. Uncapped random dodecamer peptide library, X-X-X-X-X-
X-X-X-X-X-X-X-amide (X ,-NH,), 2.7 mg/mL in the same
buffer used for the acetylated library above. Store frozen at
-20°C in aliquots.

3. Secondary peptide library with C-terminal biotinyl-lysine
residue,4mg,/mLin25mMphosphate,pH7.4. Example: M-A-
X-X-X-X-X-L-R-G-A-A-R-E-K(biotin)-amide. Store frozen
at -20°C in aliquots.

4. Amino-terminally acetylated secondary peptide library, 4 mg/
mL in 25 mM phosphate, pH 7.4. Store frozen at -20°C in
aliquots.

5. Monomeric avidin (Pierce).

6. 2 mM biotin in phosphate buffered saline (PBS), prepared
fresh.

7. 50 mM NH,OAc (prepared fresh).
8. 0.2 M HOAC, store at room temperature for several months.
9. PBS containing 0.02% sodium azide (store at 4°C).

10. pH paper, range 5.0-10.0.

1. Purified protease of interest, catalytically active (see Note 3).

2. 10x reaction buffer, optimized for protease of interest (see
Note 4).

3. 0.1 M HCL.
4. 0.1 M NaOH.

5. Fluorescamine (Sigma), 0.5 mg/mL in acetone. Can keep at
room temperature for several weeks.

6. Avidin agarose (Sigma).
7. 50 mM NH _HCO, (prepared fresh).

3. Methods

3.1. Determining
Enzyme Concentration
and Incubation Time

Before screening the peptide library, it is important to establish
conditions under which approximately 5-10% of the peptides
within the mixture are cleaved by the protease. Overdigestion will
result in less specificity, since suboptimal sequences will be cleaved,
while underdigestion will result in an insufficient signal over back-
ground. Optimal conditions are established by following cleavage
of the peptide mixture over time using fluorescamine, a reagent
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that reacts with primary amines to give a stable fluorescent product
(19). Because the peptide mixtures contain lysine residues that react
with fluorescamine, the background signal will prevent accurate
quantitation if less than 10% of the peptides are cleaved. The opti-
mal enzyme concentration and incubation times are determined by
identifying conditions that result in a larger fraction cleaved, and
then extrapolating to a lower enzyme concentration. After an ini-
tial Edman sequencing run (described in Subheading 3.2 later),
the enzyme concentration can be more finely adjusted based on
the total cleaved peptide yield on the sequencer.

1. Prepare reaction tubes as follows:

35 ul 2.7 mg/mL peptide library
5 uL ddH,O
5 uL of 10x reaction bufter (optimized for protease of interest)

5 uL protease, diluted in reaction buffer
A total of six tubes should be prepared:
A. Ac-X,-NH, as the peptide library with no protease added

B. Ac-X ,-NH, as the peptide library with 40 nM protease
C. Ac-X,-NH, as the peptide library with 200 nM protease
D. Ac-X|,-NH, as the peptide library with 1 uM protease
E

.1 uM protease without peptide to determine background
signal from protease

F. The uncapped peptide library X ,-NH, with no protease,
as a standard

2. Incubate tubes at 37°C. At 30 min, 1, 2, and 4 h after start-
ing the incubation, remove 10 pL aliquots of each reaction
and transfer to fresh tubes containing 25 pl. 0.1 M HCI to
quench.

3. When the incubation is over, neutralize each quenched aliq-
uot with 25 pl. 0.1 M NaOH, and then dilute with 0.3 mL 25
mM HEPES, pH 7 4.

4. With vortexing, add 80 pL. 0.5 mg/mL fluorescamine to each
tube.

5. Read the fluorescence for each sample using an excitation wave-
length of 387 nm and an emission wavelength of 480 nm.

6. Determine the extent of cleavage using the uncapped peptide
library as a standard for 100% digestion, subtracting out the
values from the protease alone and from the acetylated peptide
library. Estimate the amount of enzyme required to provide 5%
cleavage with a 2-h incubation time, assuming a linear relation-
ship between enzyme concentration and reaction rate. If no
cleavage can be detected above background under any con-
ditions, an overnight digest with at 1 uM protease is recom-
mended as the initial condition for peptide library screening.
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3.2. Cleavage and
Analysis of Primary
Peptide Library

3.3. Design and Prep-
aration of Secondary
and Tertiary Peptide
Libraries

1. Set up a reaction tube containing:
14 puL Ac-X ,-NH,
2 L. ddH20
2 uL of 10x reaction buffer (sec Note 4)

2 pL of 10x protease, diluted in reaction buffer
A concentration of protease sufficient for cleavage of around 5%
of the peptides within the mixture should be used.

2. Incubate the reaction for 2 h at 37°C, and then heat to 100°C
for 2 min to stop the reaction.

3. Load 10 pL of the reaction on an automated Edman sequencer,
performing 9 cycles. If using a commercial facility, have them
provide you with quantified data (in pmol) for all amino acid
residues in all sequencing cycles.

4. Also subject 1 pL of the uncapped dodecamer library (X ,-
amide) to Edman sequencing. To establish the relative quan-
tities of each residue in the starting mixture, transfer the raw
sequence data from the uncapped library to a spreadsheet. Let
AVG,  be equal to the average number of pmol across all nine
sequencing cycles for a given amino acid (take the sum of the
values in all cycles and divide by 9). Let AVG,, be equal to the
overall average number of pmol per amino acid (take the sum
of the AVG, values excluding AVG,  and divide by 18). The
bias for a particular residue within the library is taken as the
ratio AVG, /AVG,

5. Correct the data from the protease cleaved peptide library for
bias in the starting mixture by dividing each quantity by the
appropriate AVG, /AVG,  value. Normalize the data by divid-
ing each data point by the average value found within a given
sequencing cycle. The average value of the normalized data
should then be 1, with positively selective residues having val-
ues greater than 1 and negatively selected residues having values
less than 1. Sample normalized data are shown in Fig. 2a.

6. Repeat the Ac-X,-NH, cleavage and sequencing, adjusting
the amount of protease used to aim for 500 pmol total amino
acid residue in the first sequencing cycle, assuming a linear
relationship between enzyme concentration and product for-
mation. If the protease does not appear able to cleave the fully
degenerate mixture to a sufficient extent, adding more pro-
tease or using a partially degenerate primary library may be
necessary (see Note 5).

On the basis of the results from screening the primary peptide
library Ac-X,-NH,, a secondary peptide library is designed in
which the residues most highly selected downstream of the cleav-
age site (generally at the P1’ through P4’ positions) are fixed.
Random degenerate sequence is incorporated at typically five
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3.4. Analysis of Sec-
ondary and Tertiary
Peptide Libraries

positions upstream of the cleavage site. Additional amino acid
residues are incorporated at flanking positions: at least one posi-
tion at the very amino terminus of the peptide should be fixed,
and a biotinyl-lysine residue is placed at the very carboxy-termi-
nus (an alternative is discussed in Note 6). “Long chain” biotin,
which incorporates an aminohexanoic acid spacer in between the
biotin moiety and the lysine sidechain, should be used. As an
example, M-A-X-X-X-X-X-L-R-G-A-A-R-E-K(biotin )-amide was
used to profile matrix metalloproteinases (6). Ideally this peptide
would be cleaved exclusively at the desired bond. In practice such
precisely directed cleavage is not always achieved with a second-
ary library, and often it is necessary to subsequently design a terti-
ary library that incorporates at least one fixed residue upstream
of the cleavage site (for example M-G-X-X-P-X-X-L-R-G-G-G-E-
E-K(biotin) for matrix metalloproteinases; also see Note 7).

The method depends on complete removal of uncleaved pep-
tides and carboxy-terminal fragments using immobilized avidin
prior to Edman sequencing. For reasons not totally clear, crude
synthetic peptides with C-terminal biotinyl-lysine residues are
not stiochiometrically biotinylated. Accordingly, secondary and
tertiary libraries must be purified on a monomeric (reversible
binding) avidin column before use.

1. Prepare a 5 mL monomeric avidin column by passing the fol-
lowing solutions over the column by gravity flow:

a) 3 x 8 mL 2 mM biotin in PBS
b) 50 mL 0.1 M glycine, pH 2.8

c) 4 x 8 mL PBS
Make sure that the pH of the runoff from the column is close to
neutral.

2. Dilute 150 pL of 4 mg/mL secondary library with 2 mL PBS
and load onto the column. Wash with:

a) 4 x 0.5 mL, then 1 x 9 mL PBS
b) 40 mL 50 mM NH,OAc

3. Elute bound peptides with 40 mL 0.2 M HOAc. Recover
column by washing with PBS until the flowthrough has a pH
value around neutral. The column may be reused about five
times. Store the column at 4°C after equilibrating to PBS
containing 0.02% sodium azide.

4. Freeze eluate in a dry ice/ethanol bath and lyophilize for 2
days. Resuspend residue in 150 pL of 25 mM phosphate or 25
mM HEPES, pH 7.4, as appropriate. Store frozen at -20°C.

1. Prepare the peptide cleavage mixture:
14 pL avidin-purified secondary library
2 uL ddH,0
2 pLL 10x reaction buffer
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2 uLL 10x protease (diluted in reaction bufter)
For the initial run, use the same concentration of protease that
was used for cleavage of the primary peptide library.
2. Incubate at 37°C for 2 h, and then quench by heating to
100°C for 2 min.

3. During the incubation, wash 400 pL of avidin agarose at least
five times with 1 mL 50 mM NH,HCO,, 5 min per wash.
Pellet beads at 4,000 rpm for 2 min in a microcentrifuge
between washes.

4. Suspend the washed avidin agarose in an equal volume of 50
mM NH,HCO, and add to the quenched protease reaction.
Rotate the tube at room temperature for 1-2 h. Transfer the
suspension to a disposable column. Collect the flowthrough and
combine with 5 x 200 uL. 50 mM NH,HCO, washes. Dry the
fractions in a speedvac, resuspend each pellet in 200 pL. ddH,O
and combine into a single tube. Dry the combined fractions
again in a speedvac. Resuspend the residue in 20 pul. ddH,O and
analyze the entire sample by automated Edman degradation.
Perform a number of cycles sufficient to sequence one cycle past
the one corresponding to the P1 position (see Note 8).

5. Also sequence 2 pL of the undigested peptide library to deter-
mine bias in the starting mixture. In a spreadsheet, calculate
AVG, for each degenerate position by adding the number of
pmol of all residues except Trp for that position and dividing
by 18. The bias for cach residue at each position, BIAS, is
calculated by dividing the pmol quantity by AVG .

6. To correct the cleaved peptide data for bias in the starting

mixture, divide each pmol quantity by its respective BIAS, |
value. Normalize the data by dividing each corrected pmol
value by the average pmol value within the same sequencing

cycle. Sample normalized data are shown in Fig. 2b.

7. Repeat the digestion, avidin treatment and Edman sequenc-
ing, adjusting the amount of protease to provide 500 pmol in
the first sequencing cycle. If the amount of cleavage is too low,
or if the extent of misdirected cleavage is high, the library may
need to be redesigned (see Note 9).

4, Notes

1. By convention the positions surrounding a protease cleavage
site are defined as Pn...P3-P2-P1-P1'-P2'-P3'...Pn', where
cleavage occurs between the P1 and P1’ positions.

2. Most commercial facilities are capable of generating partially
or fully degenerate peptide libraries. Mixture positions can
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either be made using a split-and-mix protocol (20) or using
isokinetic mixtures (21) with comparable results. Because
neither method provides a perfectly equimolar mixture of all
amino acids, it is necessary to correct data from the peptide
library screens for bias in the amino acid distribution. The
actual distribution of residues is determined by sequencing an
uncapped version of the library (described in Subheading 3.2
above). The uncapped and acetylated versions of the library
should be prepared by splitting the resin at the end of synthe-
sis into two parts, one that will be acetylated and one left with
a free amino terminus. Likewise, the biotinylated secondary
and tertiary peptide libraries should also be made in capped
and uncapped versions, with the acetylated peptides used to
establish the extent of directed cleavage (se¢ Note 6). Cysteine
is left out of all mixture positions due to difficulties with oxi-
dation. Though methionine also has a tendency to oxidize, it
is included in the mixtures since data are normalized to the
actual methionine content of the library. Tryptophan suffers
from poor yield in Edman sequencing, generally precluding
its analysis, but is included in the mixtures in the event that it
is required at some position by the protease. Peptide mixtures
cannot be purified by HPLC prior to use. Crude peptides
carry a significant amount of trifluoroacetic acid with them
that is left over from synthesis. It is important to check the pH
of any reaction mixtures containing peptide libraries to ensure
that the buffering capacity is not overwhelmed and to increase
the buffer concentration as needed.

3. A source of highly purified, active protease is an important pre-

requisite for peptide library screening. All expression systems
have the potential for contaminating protease activities to copu-
rify with the protease of interest. In some cases additional puri-
fication steps will be required subsequent to a standard affinity
purification procedure. It is strongly recommended that a pro-
tease inactive point mutant be prepared using the same expres-
sion system as the wild type enzyme. The mutant should be
used in a mock digest of Ac-X ,-NH, to ensure that no signal
on the sequencer arises from contaminating protease activities.

. Generally one should use a reaction buffer that is optimized

for the protease of interest. However, some common bufters
are not compatible with peptide sequencing and should be
avoided. Primary amine containing buffers such as Tris react
with sequencing reagents and thus cannot be used. The
common Tris substitute buffer HEPES, which has tertiary
amino groups, produces an artifact peak on the sequencing
chromatogram that obscures glutamine and threonine in later
sequencing cycles. If possible, non amine-based buffers such
as phosphate or acetate should be used.
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5. There are a number of potential reasons why insufficient
cleavage of the primary library is observed. Simply increasing
the amount of protease used may solve the problem. How-
ever, the protease concentration should be kept below 1 uM if
possible, as the protease itself will contribute to the signal on
the Edman sequencer. If it becomes necessary to use higher
levels, either removing the protease subsequent to digestion
with an affinity tag, or running a mock sample with protease
alone should be done to ensure that any signal observed on
the sequencer arises from the peptide library and not the pro-
tease. A common reason for observing an insufficient degree
of cleavage is that the enzyme is not fully in its active form.
In such cases, activation conditions for the protease must be
found to use the method. If a protein substrate is known, it
is sometimes possible to compensate for low activity by gen-
erating a partially degenerate primary library in which amino
terminal residues are fixed. For example, the peptide library
acetyl-K-K-K-P-T-P-X-X-X-X-X-A-K-amide, based on the
cleavage site from a known protein substrate, was used to
determine the cleavage motif for anthrax lethal factor, which
did not efficiently cleave a random dodecamer (18).

6. The use of a high molecular weight branched dendrimer bear-
ing multiple copies of the secondary library has been used
as an alternative a biotin tag (15). In this scheme, the ami-
no-terminal cleavage products are separated from unreacted
peptides and carboxy-terminal fragments by size exclusion
chromatography. This modification eliminates the require-
ment of prepurifying the secondary library on monomeric avi-
din, and appears to give rise to a lower background peptide
signal compared with the use of biotinylated peptides.

7. A tertiary library is necessary if more than 10% of the peptides
in the secondary library are cleaved at a bond other than the
intended one. The most straightforward way to estimate the
extent of misdirected cleavage is to digest an amino-termi-
nally acetylated version of the secondary library alongside the
unblocked library. The digest is subjected to Edman sequenc-
ing directly without immobilized avidin treatment. Most of
the amino acid in the first sequencing cycle should correspond
to the intended P1’ residue in the library, and the amount of
misdirected cleavage can be calculated from the quantity of
degenerate sequence in the first few cycles.

8. Sequencing into the P1’ residue indicates the quantity of
residual uncleaved peptide that did not bind to the avidin col-
umn. This amount should be low (5% of the total peptide) in
order for the signal in the degenerate positions to be above
background. A high level or residual uncleaved peptide could
mean that insufficient avidin agarose was used to remove the
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biotinylated peptides after digestion. Alternatively, it could
indicate the presence of non-biotinylated peptides, either due
to insufficient purification on the monomeric avidin column
or to misdirected cleavage in the carboxy-terminal fixed posi-
tions (discussed in Note 9).

9. A high degree (>30%) of misdirected cleavage creates difficul-

ties in data interpretation, as many of the cleaved peptides
will be out of register (falling within an incorrect sequenc-
ing cycle), producing misleading data. Misdirected cleav-
age carboxy-terminal to the cleavage site will result in high
background at the degenerate positions. There are a number
of guidelines for designing secondary and tertiary libraries
that can help avoid misdirected cleavage. Having a relatively
small number of residues (five or less) amino-terminal to the
cleavage site can help. This provides the protease with fewer
places to cleave the peptide, and most proteases require three
or four residues amino-terminal to the cleavage site. On the
carboxy-terminal side, incorporating residues at P3” and P4’
that are deselected by the protease at P1" and P2’ will help
avoid unwanted downstream cleavage. In addition, incorpo-
rating d-amino acid residues at P5' and beyond helps restrict
cleavage to the center of the peptide, since these are generally
not allowed close to the cleavage site.
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Chapter 6

High Throughput Substrate Phage Display for Protease
Profiling

Boris Ratnikov, Piotr Cieplak, and Jeffrey W. Smith

Summary

The interplay between a protease and its substrates is controlled at many different levels, including coex-
pression, colocalization, binding driven by ancillary contacts, and the presence of natural inhibitors. Here
we focus on the most basic parameter that guides substrate recognition by a protease, the recognition
specificity at the catalytic cleft. An understanding of this substrate specificity can be used to predict the
putative substrates of a protease, to design protease activated imaging agents, and to initiate the design of
active site inhibitors. Our group has characterized protease specificities of several matrix metalloprotein-
ases using substrate phage display. Recently, we have adapted this method to a semiautomated platform
that includes several high-throughput steps. The semiautomated platform allows one to obtain an order
of magnitude more data, thus permitting precise comparisons among related proteases to define their
functional distinctions.

Key words: Substrate phage display, Substrate, Protease, Specificity, Proteolysis, Filamentous phage,
M13 coat protein, 3 gene protein.

1. Introduction

Sequence comparisons from over 100 genomes shows that pepti-
dases comprise about 2% of all gene products (1), and 50 years
of research show that proteolysis plays an important role in most
biological processes. Yet, we still have little knowledge on which
protein substrates are cleaved by a particular protease, and we
lack the technology for localizing and quantifying proteolytic
events in cells and whole animals. One strategy for addressing
these issues is to define the fine substrate recognition profile of
individual proteases and then use this information to predict
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physiologic substrates and to design imaging agents and other
probes of that particular protease.

Defining the substrate specificity of a protease involves assign-
ment of amino acid preferences for each of the subsites within the
catalytic cleft. These sites are normally referred to as primed (on
the right side of the scissile bond) and unprimed (on the left
side of the scissile bond) according to the definitions of Berger
and Schechter (2). Different approaches have been developed for
acquiring this information (for review see ref.3). These include
the use of peptide substrate libraries, as well as biological display
using bacteriophage and E. coli. Filamentous phage display (4)
was first used for protease specificity profiling by Matthews and
Wells in 1993 (5). Since then, substrate phage display has been
used to profile a large number of individual proteases (6—11).

Substrate phage display is typically carried out by display-
ing a randomized peptide substrate as a fusion protein with the
gene 3 protein (g3p) of filamentous M13 bacteriophage. Since
g3p is expressed in 3-5 copies per phage, there is a polyvalent
display of the substrate peptide. This peptide is flanked on its
C-terminal side by g3p and a “spacer” designed to keep the ran-
domized sequence in a disordered conformation. An affinity tag
is normally appended to the N-terminal side of the peptide, and
this is used to separate cleaved from uncleaved phages during the
selection process (Fig. 1). Our group uses a library composed
of randomized hexapeptides displayed on g3p and flanked by a
FLAG epitope engineered at the NH, terminus of the g3p (12).
The substrate phage library was generated using a modified ver-
sion of the fUSE5 phagemid.

One of the major limitations of substrate phage display is the
length of time required to obtain data that yield a comprehen-
sive substrate recognition profile for a given protease. Recently
we have incorporated several automated steps into the substrate
phage method that allow substantially higher throughput, and
that yield an order of magnitude more data. With this platform
in place we believe it possible to define the substrate recognition
specificity of every endopeptidase in the human genome within
5-10 years. Here we describe the detailed method linked to the
semiautomated platform.

ZETE - - - 000000 - - -
g3p Rendomized Substrate

Fig. 1. The affinity tagged randomized peptide substrate fusion protein with the gene
3 protein (g3p) of filamentous M13 bacteriophage bound to anti-FLAG antibody. (See
Color Plates)
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2. Materials

2.1. Phage Propagation
and Purification

2.2. Phage Substrate
Selection

. NZY Broth: 5 g NaCl, 2 g MgSO,-7H,O, 5 g Bacto-yeast

extract, NZ amine (casein hydrolysate), ddH,O to 1 L.
Adjust pH to 7.5 with NaOH and autoclave.

2. 100 mg/mL Kanamycin Sulfate in water, store at —20°C.

. 20 mg/mL Tetracycline in 50% glycerol store at —~20°C.

4. PEG/NaCl: 100 g PEG 8000 (Sigma catalog # P4463,

116.9 g NaCl, 475 mL water; stir until solutes dissolve (may
be necessary to heat to 65° briefly to dissolve the last crystals
of PEG). Sterile filter through a 0.22 um membrane. Store
at 4°C (total volume 600 mL).

. K91Kan E. coli cells.

6. Glycerol stock solution 2x: 25 mM Tris, pH 8.0, 0.1 M

10.

11.
12.
13.
14.
15.
16.

MgSO,, 65% Glycerol.

. Substrate phage library based on the fUSE5 phagemid with

a FLAG epitope engineered at the NH, terminus of the gene
III protein.

. Stock solution of the protease of interest preferably at high

concentration.

. High affinity inhibitor for active site titration and protease

inhibition.

. Monoclonal anti-FLLAG antibodies M2 (Sigma catalog #

F3165).

. Monoclonal anti-M13 antibodies (GE Healthcare catalog #

27-9421-01).
Dynabeads M-450 epoxy (Invitorgen catalog # 14011).

Dynal MPC-S magnetic separator (Invitrogen catalog #
120-20D).

. Monoclonal anti-M13 antibodies HRP conjugated (GE

Healthcare catalog # 27-9420-01).
OPD HRP substrate (Sigma catalog # P3804-100TAB).

HRP substrate buffer: 2.43 mL of 0.1 M Citric Acid, 2.57 mL
of 0.2 M Na,HPO,, 5 mL of DI water.

30% H,0,.

4 M H,SO,.

3 M (NH,),SO,.

PBS: 50 mM sodium phosphate, pH 7.4, 150 mM NaCl.
100 mM sodium phosphate, pH 7.0.

TBS: 50 mM Tris, pH 7.2, 150 mM NaCl.
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2.3. Substrate
Identification

17.
18.
19.

20.

21.
22.
23.

1.
2.

TBS-T: TBS, 0.1% Tween 20.

Polystyrene 96-well microplates (Costar catalog # 9018).
50 mL centrifuge tubes (Corning catalog # 430828 or
similar).

100 mg/mL BSA (bovine serum albumin, Sigma catalog #
A7906) in TBS.

Microplate reader.

Multichannel micropipettor.

PC with Graph Pad Prism or other data fitting software.

K-91Kan E. coli glycerol stock.

Terrific Broth: 12 g bacto-tryptone, 24 g yeast extract, 4 mL
(5.04) g glycerol, DI water 900 mL. Autoclave 90 mL portions
in 125 mL polypropylene bottles. When cooled, to each bottle
add 10 mL of separately autoclaved potassium phosphate
buffer (0.17 M KH,PO,, 0.72 M K,HPO,).

LB Agar, 100 ug/mL Kanamycin: 10 g Tryptone, 5 g yeast
extract, 5 g NaCl, 200 uL. NaOH, 15 g Bacto Agar DI water
to 1 L. Autoclave, cool to 50°C, add 1 mL 100 mg/mL
Kanamycin — pour 100 mm Petri dishes at 20 mlL /dish.
Store at 4°C after agar solidifies.

. NZY Agar, 100 ug/mL Kanamycin, 40 ug/mL Tetracycline:

5 g NaCl, 2 g MgS0,-7H,0, 5 g Bacto-yeast extract, NZ
amine (casein hydrolysate), 15 g Bacto Agar, DIH,O to 1 L.
Adjust pH to 7.5 with NaOH. Autoclave, cool to 50°C,
add 1 mL 100 mg/mL Kanamycin — pour into Genetix
QTray vented (Genetix catalog # 6023) at 200 mL /tray
for automated colony picking using Genetix QPix colony
picker or at 20 mL per 100 mm Petri dish. Store at 4°C
after agar solidifies.

. Multichannel pipettor.
. Hamilton LabStar liquid handling robot for HTS phage

diplay.

. 96 deep well plate (Simport Bioblock deep well plate, catalog

# T110-10) for HTS phage display or 15 mL sterile dispos-
able round bottom culture tubes for low throughput phage
display.

. Genetix 96-well flat bottom1 /2 height plate (Genetix cata-

log # X6011) for HTS phage display or sterile 1.5 mL Eppen-
dorf centrifuge tubes for low throughput phage dispay.

. Genetix BreatheSeal Film (catalog # E1005).
. Aluminum sealing tape, (ISC BioExpress catalog #

T-2420-2).
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11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

1.

Glycerol stock solution.
Monoclonal anti-M13 antibodies.

Monoclonal anti-FLAG M2 antibodies peroxidase conju-
gated (Sigma catalog # A8592).

TBS-T: TBS, 0.1% Tween 20.
Polystyrene 96-well microplates.
100 mg/mL BSA in TBS.

HRP Substrate Buffer.

OPD HRP substrate.

30% H,0O,.

Microplate reader.

ATR Multitron Incubator shaker.

FUSES forward primer: 5'-TAA TAC GAC TCA CTA TAG
GGC AAG CTG ATA AAC CGA TAC AAT T-3’, 100 uM
stock.

. FUSES5 Super Reverse primer: 5-CCG TAA CAC TGA

GTT TCG TC-3, 100 uM stock.

. Platinum PCR Super Mix (Invitrogen catalog # 11306-

016).

4. 96-well PCR plate (Abgene catalog # AB1000).

PCR thermocycler.

6. 50x TAE Buffer.

a. 242 g Tris base

b. 57.1 mL acetic acid

c. 100 mL 0.5 M EDTA

d. Add ddH,O to 1 L and adjust pH to 8.5

7. 10 mg/mL ethidium bromide (Sigma catalog # E1510).

—

N o9k

1% agarose in TAE buffer, 0.5 pg/mL ethidium bromide.

NZY Broth.

. 96 deep well plate (Simport Bioblock deep well plate, catalog

# T110-10) for HTS phage display or 15 mL sterile dispos-
able round bottom culture tubes for low throughput phage
display.

Costar Assay Block 1 mL plate (catalog # 3958).

Costar Storage Mat III (catalog # 3080).

Monoclonal anti-FLAG antibodies M2.

Monoclonal anti-M 13 antibodies.

Dynabeads M-450 epoxy.
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8. Dynabeads M-280 Tosylactivated (Invitrogen catalog #
14204).

9. 2,5-Dihydroxybenzoic acid, 99% (Aldrich catalog #
14,935-7).

10. Trifluoroacetic acid (Sigma Aldrich catalog # T6508).

11. MALDI AnchorChip target (Bruker Daltonics catalog #
209515) or other MALDI target.

12. 3 M (NH,)2S0,.

13. 100 mM sodium phosphate, pH 7.0.

14. TBS-T: TBS, 0.1% Tween 20.

15. V-bottom polypropylene plates (Costar catalog # 3357).

3. Methods

Prior to delving into procedures for substrate phage display, it is
important to mention a few factors and pitfalls that have a signifi-
cant impact on the success of the procedure. A major factor in the
success of substrate phage display is the availability of an ample
supply of the test protease, and a reliable method of quantifying
its activity. Each time a protease is used for substrate phage its
activity should be titrated with an active site inhibitor (13) when-
ever possible. When the test proteases are expressed and puri-
fied in our laboratories, more than 70% of the purified protein is
active. With this level of activity, 500 pug to 1 mg of total protease
are usually sufficient to complete the phage procedure. We are
reluctant to move forward with phage selections for any protease
in which less than 30-40% of the total protein has activity. With
this quantitative information in hand, we have the basis for quan-
titative analysis and comparison of any of the data obtained in the
course of the experiment.

Another factor that has a major impact on success is the quality of
the K91Kan E. coli used for phage infection and propagation.
These bacteria must be fresh; generated and used within 24 h.
This is a very important requirement and should be followed
strictly to obtain consistent results.

An important pitfall in this procedure, as it is with any phage
display project, is the possibility of phage contamination. There
are really two different manifestations of this problem. The first
is the simple contamination of laboratory tools and instruments
with a single phage, which then begins to dominate all succes-
sive phage amplifications and overrides any selection process.
This can be prevented by highly stringent sterile techniques,
the use of pipette tips containing filters, and frequent washing
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of instrumentation. All buffers and solutions should be sterilized
either by autoclaving or 0.2 pum filtration.

In another manifestation this problem arises as the propa-
gation of a phage lacking the affinity tag, which then appears
as “cleaved” even when it is not (8). This is not a problem for
the first round of selection, but can be an issue after the second
round, when some phages have adapted to the selection pressure
by eliminating the tag from their sequence. To overcome this
issue, we include an affinity isolation of the tag-bearing phage
prior to the next round of selection.

A protease phage display project involves four basic steps:
(1) substrate selection, (2) substrate identification, (3) substrate
sequencing, and (4) scissile bond assignment. Steps 2—4 have
been automated by our group. The procedure for each step is
described in detail later.

These instructions assume that a FLAG-tagged phage library is

available for substrate selection.

1. Before starting substrate selection, prepare M-450 M2 beads.
Wash 5 x 10 M-450 epoxy magnetic beads three times by 1
mL 100 mM sodium phosphate buffer, pH 7.0 by magnetic
separation. Resuspend the beads in 500 puL 0.5 mg/mL M2
antibody and add 250 uLL. 3 M (NH,),SO,. Incubate with end-
over-end rotation or vortexing overnight at room tempera-
ture, making sure the beads are in suspension. In the morning
collect the supernatant and measure light absorbance at 280
nm by spectrophotometry. Determine the efficiency of cou-
pling by dividing by the absorbance of the starting antibody
solution adjusted by dilution factor of 1.5. Usually 75-90%
of the antibody is coupled under these conditions. Resuspend
the beads in 1 mL of 1 mg/mL BSA in PBS and incubate with
end-over-end rotation or vortexing for 3 h at room tempera-
ture. Store the beads at 4°C.

2. The day of substrate selection, perform active site titration
of the protease or specific activity determination by some
other method to be able to reproduce the conditions of the
experiment.

3. For proteases requiring extreme pH for optimal activity, deter-
mine neutralization conditions.

4. Determine the concentration of the phage particles in the
stock solution of the phage library. Dilute the phage in TBS
to a concentration approximately 102 particles/mL. Scan the
diluted sample from 240 to 320 nm in a UV spectrophotom-
eter. There should be a broad peak from 260 to 280 nm with a
slight maximum at 269 nm. Measure A, and A,, and calculate

320

the net 4, by subtracting A,, from 4, . Calculate the virion

concentration in particles per mL based on the following
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5.

10.

formula: phage particles/mL = net A, , x 6 x 10'/ N, where
N = the number of nucleotides /phage genome. The genome

size of a fUSE5 phage = 9,206 bases.

Add 1.2 x 10'? phage to the final volume of 1.2 mL in
protease reaction buffer. Take out two 0.4 mL aliquots for
negative control and protease treatment. To the first 0.4
mL aliquot add the protease in the protease buffer, to the
final concentration of 0.2 UM of active enzyme. To the sec-
ond and third aliquots add the same volume of the protease
buffer. Incubate the mixtures for 2 h at the optimal tempera-
ture for the protease. Upon completion of the incubation
add protease inhibitor to all the samples and adjust the pH
to 7.2-7.4. Bring the volumes up to 1 mL with TBST.

. During the incubation wash 0.8 mL worth of M-450 M2

bead suspension in 1 mL TBST three times using magnetic
separator. After the second wash, split the magnetic bead sus-
pension in four 0.25 mL aliquots and remove the supernatant
after magnetic separation from two of them. Resuspend the
beads with protease treated and 1 aliquot of control phage in
one tube each and incubate for 1 h at ambient temperature
with rotation end-over-end. The second control aliquot of
phage will be used as the before-depletion control. Do not
use vortexing to keep the beads in suspension when doing
phage separations. After the incubation is over, remove the
supernatant from the remaining two tubes of M-450 M2
beads by magnetic separation. Collect the unbound phage
from the control and the protease treated phage by magnetic
separation and mix with the fresh M-450 M2 beads from the
remaining tubes. Incubate at ambient temperature with end-
over-end rotation for 3 h. By the end of incubation, collect
the supernatants by magnetic separation and determine the
efficiency of depletion the following day by ELISA. Store the
phage samples at -70°C.

. Coat a 96-well microtiter plate with 100 pL/well of 5 ug/mL

anti-M13 antibody in TBS at 4°C overnight.

. The same night streak an LB agar 100 pg/ml Kanamycin

Petri dish with K91Kan E. coli cells and incubate at 37°C
overnight. Remove the dish from the incubator in the morn-
ing of the following day and place at 4°C until use.

. In the morning of the next day block the plate with 120 pL/

well of 100 mg/mL BSA in TBS for 1 h at 37°C.

Prepare seven dilutions of phage with known concentration
(standard) from 10! phage /mL with a step of 1:2 by combin-
ing 0.35 mL of each dilution with 0.35 mL TBST. Dilute the
before-depletion control, the protease treated and the control
M2 depleted phage 1:20 by adding 35 puL of the solution to
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11.

12.

13.

14.

15.

16.

665 puL TBST. Serially dilute the phage three times by com-
bining 0.35 mL with 0.35 mL TBST. Add 100 puL/well from
each dilution in triplicate. Incubate for 1 h at 37°C. When
performing ELISA for subsequent rounds of selection, it is
important to use phage from the starting stock used for this
round of selection as standard, to obtain consistent results.

After incubation, wash the plate with 120 pL/well TBST
three times. Add 100 pL/well anti-M13 monoclonal anti-
body — HRP conjugate diluted in TBST as recommended by
the manufacturer. Incubate for 1 h at 37°C.

Upon completion of the incubation prepare the HRP sub-
strate solution in the HRP substrate buffer. Wash the plate
three times with 120 pL/well TBST. Add 4 puL/10 mL of
30% H,O, to the substrate solution and apply at 100 uL/
well to the plate. Incubate with shaking until color develops
and add 50 pL. 4 M H,SO, to stop the reaction. Read the
plate in a microtiter plate reader at 490 nm.

Plot the A, vs. phage concentration for the standard curve.
Fit the data points with the two site binding equation:
Auy=B,,, C/(K;+C)+B,, C/(K; +C), where B, and
B, are the maximum binding per site, and K, and K 0,
are respective dissociation constants, and C is phage concen-
tration. Apparently, the anti-M13 antibody recognizes two
different classes of binding sites on the M13 coat protein
expressed by the phage. Determine the phage concentration
for the samples from the standard curve. Typically 98-99% of
phages are depleted in the untreated sample as observed for
the first round of selection, while the difference in depletion
between the protease treated and untreated phage represents

the enrichment for protease substrates (Fig. 2).

Start an overnight culture of K91Kan E. co/i by inoculating
3 mL of LB 100 ug/mL Kanamycin with a single colony of
a K91Kan cells streaked the night before. Incubate at 37°C
overnight with rotation at 250 rpm.

Take 100 pL of the overnight culture and add to 9.9 mL
Terrific Broth in a sterile 50 mL centrifuge tube. Incubate at
37°C with shaking at 250 rpm for 2 h. After 2 h start moni-
toring A, of the culture by taking out 0.1 mL and adding
to 0.9 mL of DI water and measuring A_,,. Multiply the
obtained number by 10 to get the A, for the culture.

When A4, = 2 AU (10" cells/mL), slow down the shaking to
50 rpm for 5 min. Add an appropriate amount of the
bacterial culture and the correspondingly appropriate volume
of Terrific Broth so that after the addition of the substrate
enriched phage, both the E. coli and the phage will be at 2

x 10° particles/mL. Shake the culture at 100 rpm at 37°C
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Sample Phage/mL x 10™ A 490 nm
Start 1:20 _ 0214 _ 0.428
Start 1:40 | 0.105 0.303
Start 1:80 0.050 0.202
Start 1:160 _ 0.023 _ 0.121
StatM21:20 | 0.004 0.025
Start M2 1:40 0.002 0z
MMP-2 M2 1:20 | 0.013 | 0.076
MMP-2 M2 1:40 | 0.005 _ 0.035
MMP-2 M2 1:80 0.002 0.010
MMP-2 M2 1:160 0.001 0.003
Phage/ml-
Start: 4.040 +- 0.232 x 10" /mL

StatM2:  0.080+/-0.000x 10"/mL (98% depletion)
MVWP-2M2 0195 +- 0.040x 10" /mL (95% depletion 2.4 x enrichment)

Fig. 2. Atypical standard curve for an M13 phage ELISA and the results of the first round
of selection of MMP-2 substrates.

for 15 min. Transfer the infected cells into 10x volume of
NZY broth containing 0.22 pug/mL tetracycline. Shake the
culture for 35 min at 250 rpm, 37°C.

17. Add 0.001x volume of 20 mg/mL Tetracycline to the cul-

18.

ture and incubate overnight at 250 rpm 37°C.

Determine the number of infected cells. Add 7 uLL of culture
to 63 uL. LB medium. Perform serial dilutions three times
by adding 20 pL of bacteria from the previous dilution to
180 puL LB. Plate 100 pL of each dilution onto 100 ug/
mL Kanamycin, 40 ug/mL Tetracycline NZY agar 10 cm
Petri dish. Incubate overnight at 37°C. In the morning of
the following day, count the colonies on each dish. Multiply
by the appropriate dilution factor and then by 10 to get the
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

number of infected cells per mL. Knowing the total number
of the infected cells is useful in estimating how many indi-
vidual phage clones have been obtained during infection.

The following morning centrifuge the culture in a sterile cen-
trifuge tube or bottle at 2,400 x g for 10 min at 4°C. Without
disturbing the cell pellet, transfer the phage-containing super-
natant into a clean sterile centrifuge container and centrifuge
again at 6,200 x g for 10 min at 4°C. Carefully pour the
supernatant into a clean sterile container with a screw cap.

Add 0.15x volume of PEG/NaCl solution to the phage,
close the container and mix thoroughly by inverting the con-
tainer. Incubate on ice for at least 4 h or overnight at 4°C.
The medium should turn cloudy.

Pellet the phage at 6,200 x g for 40 min at 4°C. Caretully dis-
card the supernatant without disturbing the pellet. Remove
the residual supernatant by briefly centrifuging the pellets
and carefully aspirating the rest of the liquid.

Add 5 mL of sterile TBS and shake the pellets at 150 rpm at
37°C for approximately 30 min to resuspend the pellet.

Centrifuge the phage solution at 10,100-22,700 x g for 10
min at 4°C. Transfer the supernatant into a fresh sterile cen-
trifuge container.

Add 0.15x volume of PEG/NaCl solution to the container
and mix thoroughly by inversion. Allow the phage to pre-
cipitate for 1 h on ice. A heavy precipitate should appear.

Centrifuge the phage at 10,100 x g for 40 min at 4°C.
Remove the supernatant.

Add 2 mL of sterile TBS to the pellet and allow the pellet to
soften for 1 h. Vortex the pellet again to bring the phage into
solution

Clear the supernatant by centrifuging at 10,100-22,700 x g
for 10 min at room temperature or 4°C.

Collect the supernatant. Determine the phage concentration
as described in step 4 above. Store the phage short term
at 4°C, long term at -70°C. The first round of selection is
complete.

Repeat the above steps for the second round. If more than
two rounds of selection are required, as can be the case if
poor enrichment for substrate phage is observed after the
second round, we recommend enriching the phage from the
second round for high FLAG expressers. The reason for this
is that after each amplification, there is a loss of tag expressing
phage and it can be quite substantial after the second round.
We routinely enrich phage for FLAG expression before pro-
ceeding to substrate identification.
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3.2. Verification of
Substrate Phage

30. Take 200 uL. M2 M450 beads (10%) and wash three times
with TBST by magnetic separation. Add 2.5 x 102 phage
to the beads and bring the volume up to 1 mL with TBST.
Incubate overnight with end-over-end rotation.

31. The following day, make 10 mL of 0.005% Brij 35 solution
in DI water and sterilize it by filtration through a 0.2 um
filter.

32. Prepare 0.05% TFA solution in 0.005% Brij 35 solution.

33. Wash the beads three times with 1 mLL TBST by magnetic
separation after discarding the supernatant followed by two-
time wash with 0.005% Brij solution. Remove any traces of
liquid from the beads and add 100 uL of 0.05% TFA to the
beads. Shake for 10 min at room temperature making sure
the beads stay in suspension. Collect the supernatant by
magnetic separation and mix with 100 uLL TBS. Determine
the phage concentration as described in step 4 above. Multiply
the obtained number by the total volume to get the total
number of phage. Typically we get around 5 x 10! phage
after enrichment.

After the final round of'selection is complete, one needs to verity that
individual phage clones are bearing substrates prior to nucleotide
sequencing. This is done by substrate phage ELISA of the media
from bacterial cultures grown from single colonies of K91Kan
cells bearing a single phage clone. To ensure that we select phage
clones with adequate FLAG epitope expression, we use a positive
control phage with high FLAG expression level (same or higher
than the starting library) and select only those substrate phage
clones, whose FLAG expression level is above 0.5 of that of the
control. This is done to minimize the error of measurement of
the degree of hydrolysis of substrate phage, which is determined
by comparing the amount of FLAG with and without exposure
to protease. In addition, the level of expression of the FLAG
epitope reflects the number of copies of the substrate peptide
per phage, thus allowing us to select high expressers for MALDI
TOF analysis used for identification of the scissile bond in the
substrate peptide.
1. Perform enrichment of the phage from the last round of selection
tor FLAG epitope expression as described in Subheading 3.1,
steps 30-33.

2. Prepare NZY agar QPix trays or 10 cm Petri dishes by pouring
200 or 20 mL of NZY agar with 100 pg/mL Kanamycin, 40
ug,/mkL Tetracycline per tray /dish for HTS or LTS versions of
the procedure respectively. Store the NZY agar trays /dishes at
4°C in a plastic bag.
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10.

11.

12.

13.

14.

15.
16.

. Start an overnight 3 mL culture in LB 100 pg/mL Kan-

amycin from a freshly streaked colony. Incubate overnight at
37°C, shaking at 250 rpm.

. Next morning add 100 uL of the overnight culture to 10 mL

of Terrific Broth. Incubate at 37°C, shaking at 250 rpm.

. After 2 h of incubation start monitoring A_  of 1:10 diluted

600
culture in DI water until it reaches 0.2 AU. Slow the shaking

down to 50 rpm for 5 min.
Place the Qtrays or Petri Dishes in a 37°C incubator.
Add 1 mL of the K91Kan culture (10 cells/mL at A =

600
2.0) to 9 mL Terrific Broth and supplement with 10° FLAG
enriched phage from the last round of selection. Continue

incubation at slow shaking for 15 min.

. Prepare 10 mL NZY broth with 0.22 pug/mL tetracycline

from 20 mg/mL stock. Add 1 mL of'infected culture to 10 mL
of NZY broth 0.22 pg/mL Tetracycline. Shake 35 min at
250 rpm, 37°C.

. Add 10 pL of 20 mg/mL stock of Tetracycline to the

culture.

Dilute the culture 50-fold in NZY Broth and plate 0.75 mL
per QPix tray or 75 uL per 10 cm Petri dishes. Place the trays
in a 37°C incubator with 70% humidity. The Petri dishes can
go in a 37°C incubator without humidification.

The next morning pick colonies using the QPix robot in the
case of QPis trays or manually from the Petri dishes into
96-well deep-well 2 mL plates filled with 1 mL per well of
NZY broth supplemented with 20 ug/mL Tetracycline. After
picking, put the BreatheSeal film on the plates and incubate
in the ATR Multitron incubator shaker at 750 rpm, 37°C,
70% humidity. For a small scale project, a regular shaking
incubator can be used at 250 rpm, 37°C.

The same day, coat 96 well ELISA plates with 100 uL/well
of 5 ug/mL anti-M13 antibody in PBS at 4°C overnight.

In the morning, block the plates with 120 pL of 100 mg/
mL BSA in PBS for 1 h at 37°C.

Remove the BSA and add 100 pL /well of the bacterial cultures
from the deep well plates as shown in Fig. 3: To the BLNK
wells add 100 uL. NZY broth. To the + CTRL wells add 100 L.
of 10" phage /mL of the positive control clone in NZY broth.

Incubate the plates for 1 h at 37°C.

Wash the plates with 120 uL/well TBST four times and
remove the residual bufter from the plate by gently tapping the
plates face down against a paper towel.



106

17.

18.

19.

20.

Ratnikov, Cieplak, and Smith

Add 100 pL of (50 nM active enzyme) protease solution per
well to the left half of the plate as shown in Fig. 3. To the
right half add 100 uL/well of the protease buffer. Incubate
for 2 h under the optimal conditions for the protease.

Wash the plates four times with 120 uL /well TBST and add
100 uL/well of HRP conjugated M2 antibody appropriately
diluted in TBST. Incubate for 1 h at 37°C. Dissolve 1 tablet
of OPD per 10 mL of HRP substrate buffer right before the
end of the incubation period.

Wash the plates four times with 120 uL/well TBST, remove
the residual buffer by gently tapping the plates face down
against a paper towel. Add 4 puL of 30% H,O, per 10 mL of
OPD solution, mix thoroughly and dispense 100 pL /well.
Shake the plates gently and observe color development. Usu-
ally the plates can be read 5 min after addition of the sub-
strate, but one should exercise proper judgment to stop the
reaction at an appropriate time, so as not to over or under
develop the reaction. A target A, value of 1 is optimal. Add

50 puL/well of 4 M H,SO, to stop the reaction. Read the
plates at 490 nm in a microtiter plate reader.

Analyze the data by first eliminating from consideration any

clones with A, less than 0.5 of that of the positive control.
For the remaining clones calculate the degree of hydrolysis
by dividing the A, of the + protease well by that of the —

490
protease well and subtracting the result from 1. Disregard

1 2 3 4 5 6 7 8 9 10 11 12

A BLNK 6 14 22 30 38 + 6 14 22 30 38
CTRL

B BLNK 7 15 23 31 39 + 7 15 23 31 39
CTRL

C BLNK 8 16 24 32 40 4 8 16 24 32 40
CTRL

D 1 9 33 41 1 9 33 41

+ PROTEASE - PROTEASE

E 2 10 8 6 34 42 2 10 8 26 34 42

F 3 11 19 27 35 43 3 11 19 27 35 43

G 4 12 20 28 36 44 4 12 20 28 36 44

H 5 13 21 29 37 45 5 13 21 29 37 45

Fig. 3. Template for substrate phage ELISA. Bacterial cultures are applied to anti-M13 antibody coated 96-well plate at
100 pL/well. Each culture is applied to the plate twice: on the left half of the plate and symmetrically on the right half.
The phage captured on the left half of the plate is treated with protease (shaded area), while their counterparts on the
right are not. The degree of hydrolysis is determined by subtracting the ratios of A, between the protease treated and

nontreated samples from 1.



3.3. Sequencing Phage
Substrates
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21.

22.

23.

24.

25.

26.

27.

any clones with the degree of hydrolysis of less than 0.2. The
substrate identification step is complete.

Prepare glycerol stocks of the substrate phage by mixing 100
UL of culture with 100 uL of glycerol stock solution in a
Genetix 96-well flat bottom1 /2 height plate. Store the glyc-
erol stocks at -70°C. In some cases there is a pH require-
ment for proteolytic activity that is incompatible with phage
capture by anti-M13 antibodies. In these cases, we perform
protease treatment of PEG precipitated phage in the pro-
tease buffer with a pH necessary for optimal protease activ-
ity. After that we adjust the pH to neutral and perform the
ELISA.

Prepare glycerol stocks of the substrate phage by mixing
100 pL of culture with 100 pL of glycerol stock solution
in a Genetix 96-well flat bottom1 /2 height plate. Seal the
plates with aluminum sealing tape. Store the glycerol stocks
at -70°C.

Centrifuge the remaining overnight cultures at 4,000 x g for
10 min at 4°C. Collect the supernatants into fresh deep 96-well
plates. Add 0.15x volume of PEG/NaCl solution, cover the
plate with a storage mat, mix by inversion end-over-end about
100 times, spin briefly at 300 x g and put at 4°C overnight.
Centrifuge at 4,600 x g for 90 min at 4°C. Careftully discard
the supernatant and remove residual liquid by gently tapping
the plates face down against a paper towel.

Add 120 pL/well of the protease buffer and shake the plates
at 750 rpm in a ATR Multitron shaker incubator or similar
for 30 min.

Transfer 50 L. of the phage solution to 50 puL of protease
buffer per well on the right side of'a 96-well uncoated ELISA
plate (Fig. 3). Transfer another 50 puL of the phage solution
to 50 uL. of 100 nM protease in protease buffer in the coun-
terpart wells on the left side of the plate. Incubate at appro-
priate temperature for 2 h.

Neutralize the samples by addition of an appropriate amount
of neutralization solution (determined earlier). Transfer the
samples to an anti-M13 coated BSA blocked plate. Incubate
for 1 h at 37°C.

Proceed as described in steps 17-19 above.

Once the protease substrate phage clones have been identified,
the nucleotide sequence of the random insert is determined. This
is done by PCR amplification of the region of the g3p bearing the
randomized insert followed by sequencing of the PCR amplicons.
The PCR procedure is performed in-house in a 96-well format
and the sequencing of the resulting amplicons is outsourced.
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3.4. Identification of
Scissile Bonds

1.

4.

5.

Thaw the glycerol stocks of the substrate phage at room tem-
perature. Cherry pick the substrate clones identified by sub-
strate phage ELISA and inoculate 1,250 puL. of LB 20 ug/mL
Tetracycline per well of 2 mL 96-deep well plates, using QPix
colony picking robot for an HTS phage display or a sterile
Pasteur loop for an LTS one. Seal the plates with BreatheSeal
film. Grow the inoculates overnight at 750 rpm, 37°C, 70%
humidity in an ATR Multitron shaker incubator. For a small
scale project, a regular shaking incubator can be used at 250
rpm, 37°C.

. The following morning prepare the PCR master mix:

a. 2 uL/sample 5 uM FUSES5 forward primer
b. 2 uL/sample 5 uM FUSE5 Super Reverse primer
c. 45 pL Platinum PCR Super Mix

. Dispense 49 uL of the master mix per well of a 96-well PCR

plate. Add 2 pL per well of the overnight culture. Run the
PCR as follows:

a. 72°C 10 min

b. 94°C 3 min

c. 34 x(94°C 50 s, 50°C 1 min, 72°C 1 min)
d. 72°C 6 min

e. Hold at 4°C.

To determine the quality of the PCR, run 10 PCR products
per plate at 10 pL./lane on 1% agarose gel.

Freeze the PCR products and send out for sequencing.

Once the sequences of phage substrates are known from nucle-
otide sequencing, the position of the scissile bond within the sub-
strate peptide is determined directly from purified phage using
MALDI TOF MS. We take advantage of the fact that the phage
express sufficient levels of g3p, so that the peptide hydrolyzed
from the phage by protease is present in adequate quantity to
analyze by MS. Once the mass of the cleaved portion of the
peptide substrate is known, this information can be combined
with sequence information to pinpoint the position of the scissile
bond.

1.

Prepare the necessary amount of M-450 anti-M13 beads at
10® beads per sample by following the protocol described in
Subheading 3.1. Use anti-M13 instead of M2 antibodies.

. Prepare M2 coupled M-280 beads. Wash 1.29 x 10? beads

three times with 1 mL of 100 mM sodium phosphate pH
7.0 by magnetic separation. Resuspend the beads in 1 mL

of 250 pg/mL M2 antibody in 100 mM sodium phos-
phate, pH 7.0.
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10.

11.

. Incubate with end-over-end rotation overnight at 37°C.

. In the morning of the following day measure the A, of

280
the supernatant after magnetic separation. Determine the

amount of antibody coupled. Typically 80-90% of antibody
gets coupled to M-280 beads.

. Remove the supernatant by magnetic separation and resus-

pend the beads in 1 mL of sterile 1 mg/mL BSA in TBS.
Incubate with end-over-end rotation for 4 h at room tem-
perature. Store at 4°C.

. Thaw the glycerol stocks of substrate phage and inoculate

1.2 mL cultures of substrate phage in 2 mL 96-deep well
plates and grow overnight as described in Subheading 3.3
of step 1.

The tollowing morning wash the M-450 anti-M13 beads
three times with TBST. Resuspend in the original volume of
TBST and dispense into an Assay Block 1 mL 96-well plate
at 200 uL/well.

. Spin down the cultures at 4,000 x g, 4°C for 10 min.

Remove TBST from the M-450 anti-M13 beads by magnetic
separation and resuspend the beads in 1 mL of culture super-
natant. Seal the plates with the storage mats and incubate
with rotation end-over-end for 3 h at room temperature.

Wash the beads with 1 mL of the protease incubation buffer
three times by magnetic separation and resuspend in 100
uL/well of 50-200 nM active protease. Incubate with vor-
tex shaking overnight at the optimal temperature.

Alternatively, one can use PEG precipitation for buffer
exchange, especially if the protease buffer has acidic or
alkaline pH incompatible with the antibody capture of
the phage. This approach provides good results as well,
although there will be residual PEG left over. One has to
test if PEG has an effect on the protease activity before
using this method.

a. Add 0.15x volume of PEG/NaCl solution, cover the
plate with a storage mat, mix by inversion end-over-end
about 100 times and incubate at 4°C overnight. Centri-
fuge at 4,600 x g for 90 min at 4°C. Carefully discard the
supernatant and remove residual liquid by gently tapping
the plates face down against a paper towel.

b. Add 100 pL/well of the protease solution and shake the
plates at 750 rpm in a ATR Multitron shaker incubator or
similar overnight.

c. The next morning, add the appropriate amount of neu-
tralization buffer.
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3.5. Data Analysis

12. Wash an appropriate amount of M2 M-280 magnetic beads
three times in TBST by magnetic separation. Resuspend in
the original volume of TBST and dispense into an Assay
Block 1 mL 96-well plate at 200 pL/well. Remove the
TBST after magnetic separation. Resuspend the beads in the
protease treated phage and incubate with vortex mixing for
3 h. Wash three times with 100 uL/well of 5 mM Tris, 0.1
mg,/mL BSA by magnetic separation. Wash three times with
100 pL/well of 5 mM Tris by magnetic separation. Remove
the residual liquid.

13. Elute the bound peptides by addition of 10 uL/well of 0.1%
TFA and vortex mixing for 5 min at room temperature.

14. Prepare the matrix solution by mixing 10 mg DHB with
0.333 mL acetonitrile and 0.667 mL 0.1% TFA. Add 5 uL.
of the matrix solution to a v-bottom polypropylene plate.

15. Remove 5 pL of the eluted peptides after magnetic separa-
tion and mix with the matrix solution in the v-bottom poly-
propylene plate.

16. Place 1 pL of the peptide/matrix solution per spot of an
AnchorChip 400 target. Let dry at room temperature.

17. Determine the masses of the released peptides by MALDI
TOF.

18. Determine the scissile bond position by matching the mass
of the released peptide to the amino acid sequence obtained
by translation of the DNA sequencing data of the PCR prod-
ucts (Fig. 4).

The simplest and at the same time the most informative way of
representing positional preferences of a given amino acid in a
binding subsite is to use graphical sequence logos. This method
was developed by Scheider and Stephens (14) and was imple-
mented as a Web service, called WebLogo, by Crooks et al. (15).
It is available at: http://weblogo.berkeley.edu/. It displays the
nucleic acid bases or amino acids patterns as a result of multiple
sequence alignment. The patterns consist of stacks of characters
representing the sequence. Each stack represents a single position
in the sequence. The characters that occur most commonly are
located at the top of the stack. The height of each character is
proportional to its frequency at that position. The overall height
of the stack reflects the sequence conservation at that position.
Instead of using frequencies as a way of scaling the height of
the entire stack, that height can be adjusted according to the
information content (measured in bits) of the sequence at that
position.

According to Schneider and Stephens (14), the information
content is calculated in the following way. First, the sequence
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ADVGGTDYKDDDDKPGGRPTWPSSGGSGRSLSRILTAS

Calculated monoisotopic mass = 3394

18

; 3873
i N _

w0 Measured peptide mass

]

200-{

]

100:

n‘; - i

B A R R R @

2008-0202 135448 sample 381 0

Fig. 4. Mapping of the position of the scissile bond by MALDI TOF MS. The amino acid
sequence was determined by DNA sequencing of a PCR amplicons from an MMP-2
substrate phage infected bacterial culture followed by translation of the DNA sequence.
The mass of the peptide released from 102 MMP-2 substrate phage by MMP-2 was
determined by MALDI TOF MS performed using Bruker Daltonics UltraFlex Il mass spec-
trometer. (See Color Plates)

conservation at a specific position in the alignment: R is calcu-
lated as the difference between the maximum possible entropy
and the entropy of the observed symbol distribution:

N
Rscq = Smax - Sobs = lOgZ N - (_z pn logz pn)
n=1

where p_is the observed frequency of symbol # at a specific posi-
tion, N is a number of distinct symbols used in a sequence type,
which is 4 for nucleic acids and 20 for proteins., yielding the
maximum value of entropy (log,N) equal to 2 or 4.32, for nucleic
acids and proteins, respectively. The sum of sequence conserva-
tion (R ) at each position of the logo measures the information
content of the logo. This is true under the assumption that there
is no inter-positional correlation and the background distribution
of symbols is uniform.

In our calculation for determining patterns in the set of sub-
strates for matrix metalloproteinases studied in the phage display
experiments, we use the frequency-based instead of information-
based logos. To prepare input for the WebLogo program, e.g.,
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3.6. Concluding
Remarks

the set of aligned sequences, we use an approach that is based
on Position Weight Matrix (PWM). A PWM assumes independ-
ence between positions in the pattern and allows one to take into
account the background distribution. An element in a PWM
is calculated as m,; = log(p, /b)), where p, is the probability of
observing symbol (amino acid) ¢ at position j of the motif, and
b, is the probability of observing the symbol i in a background
model. The value of particular element of the PWM is the log-
odds of a given symbol being found in the current pattern vs.
being found in the background distribution. From the PWM
matrix one can rederive the set of sequences that correspond to
appropriate log-odds values, which in turn can be used as input
to WebLogo program.

The specific procedure of deriving PWM for substrates of
metalloproteinases is as follows. First, we aligned the sequences
of all substrates for a given enzyme along the hydrolyzed pep-
tide bond. Each sequence of the substrate in the phage display
experiment consists of six amino acids variable regions and the
N-terminal and C-terminal constant tags. Since a hydrolysis site
can occur at any position in the six amino acids variable region,
we included some portion of the constant tags in the sequence
alignment. All aligned sequences have been uniformly trimmed
to the length of eight amino acids; only those amino acids that
span P5-P3 positions have been left for further consideration. In
the next step, we derived the position weight matrices (PWMs),
specific for each metalloproteinase, using the frequencies of each
individual amino acid at each position in the alignment. The
PWMs have been normalized by distribution of amino acids in
the background sequences. In deriving distribution of the back-
ground sequences we included also short, three and two amino
acid long fragments of the constant tags at the N- and C-termi-
nals, respectively. In this way, we took into account biasing of the
background and substrate distributions by constant fragments of
the sequences. The background sequences are chosen randomly
and are predicted to be hydrolyzed with less than 5% probability.
In the last step, each position of the PWM is renormalized to the
values in the range between 0 and 1 over all amino acids. Then
each value for a given amino acid at a given position is multiplied
by 100. This is the final number each amino acid would appear
in the set of sequences, which are used as input for the WebL-
ogo program. An example of the PWM for the 234 substrates
of MMP-16 metalloproteinase and the corresponding sequence
logo are shown in Figs. 5 and 6.

Protease substrate phage display is a powerful tool for delineation
of protease substrate specificity at the level ofamino acid sequence.
Our group adapted this approach for high throughput data
acquisition and analysis, thereby making it capable of studying
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P5 P4 P3 P2 P1 PI' P2’ P3

1.0443 1.0953 0.6594 0.7880 1.2216 0.0000 0.0000 0.9380
1.1629 1.1686 2.5989 2.4216 3.0451 0.0000 0.1562 2.2099
1.7153 0.6433 6.2323 0.0000 1.7865 0.0000 0.0000 0.0000
0.0000 0.7773 0.0000 0.0000 0.5263 0.0000 0.0000 0.0000
0.7203 0.7897 0.2410 0.2045 0.0000 0.0000 2.3218 0.9794
1.2667 0.6583 0.7563 0.8359 1.8858 0.0000 0.4945 0.6868
0.4686 0.0000 0.0000 0.1799 0.1799 0.0000 0.0000 0.2349
1.3567 0.9567 0.0000 0.4922 2.8299 0.0000 0.0000 0.5255
0.9691 1.8290 0.0000 0.5800 0.0000 0.0000 0.2858 0.6043
0.5922 1.7768 0.0000 1.4764 0.3667 0.3667 0.9638 0.5907
0.3676 1.5645 0.0000 0.3790 0.1263 0.0000 1.2163 0.8699
0.9910 1.1307 0.4276 0.8938 5.5413 0.0000 0.0000 0.9001
1.2300 1.5049 0.0831 2.2120 0.2011 0.1340 3.1541 0.5378
0.9008 1.1364 2.6148 0.1858 0.0000 0.5572 0.5783 0.5983
0.4180 0.9013 0.8124 0.5337 0.0000 2.2787 0.8477 0.3116
0.5670 1.3711 2.4054 1.3978 0.0667 8.2521 0.4679 0.8476
0.6396 0.5876 1.3449 1.6718 2.3406 6.6864 2.5044 1.3941
0.1904 0.6862 2.1288 1.8252 1.3037 0.5214 0.7187 0.5800
Y 1.4578 13267 0.7444 1.2860 1.4147 0.9001 0.8065 0.4230
W 0.2632 0.4564 1.5908 2.3544 1.6817 2.3541 1.4311 0.0000

il IRl Bl el Bl Vol ool BN Rl B2l R B O Bacl gl N

|z |

Fig. 5. Position weight matrix of 234 substrates of MIMP-16.

PS5 P4 P3 P2 P1 P1’ P2’ P3’

Fig. 6. WebLogo representation of the position weight matrix depicted in Fig. 5. (See Color Plates)

the evolution of substrate specificity in closely related families of
proteases. These studies may shed light on the biological proc-
esses affected by different members of the family as a result of
differential substrate specificities. As a bonus, one gets informa-



tion on unique and selective peptide substrates that can be used
for such applications as activity-based probes, selective inhibitors,
and so on. We feel that the ambitious goal of characterizing sub-
strate specificities of all human proteases is now well within reach.
This work was supported by Grant Number RR020843 from the
National Center for Research Resources (NCRR), a component
of the National Institutes of Health (NIH) and its contents are
solely the responsibility of the authors and do not necessarily rep-
resent the official view of NCRR or NIH.
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Chapter 7

Imaging Specific Cell Surface Protease Activity in Living
Cells Using Reengineered Bacterial Cytotoxins

John P. Hobson, Shihui Liu, Stephen H. Leppla, and Thomas H. Bugge

Summary

The scarcity of methods to visualize the activity of individual cell surface proteases in situ has hampered
basic research and drug development efforts. In this chapter, we describe a simple, sensitive, and nonin-
vasive assay that uses nontoxic reengineered bacterial cytotoxins with altered protease cleavage specificity
to visualize specific cell surface proteolytic activity in single living cells. The assay takes advantage of
the absolute requirement for site-specific endoproteolytic cleavage of cell surface-bound anthrax toxin
protective antigen for its capacity to translocate an anthrax toxin lethal factor-B-lactamase fusion protein
to the cytoplasm. A fluorogenic B-lactamase substrate is then used to visualize the cytoplasmically trans-
located anthrax toxin lethal factor-B-lactamase fusion protein. By using anthrax toxin protective antigen
variants that are reengineered to be cleaved by furin, urokinase plasminogen activator, or metalloprotein-
ases, the cell surface activities of each of these proteases can be specifically and quantitatively determined
with single cell resolution. The imaging assay is excellently suited for fluorescence microscope, fluores-
cence plate reader, and flow cytometry formats, and it can be used for a variety of purposes.

Key words: Anthrax toxin, B-lactamase, CCF2 /AM, Cell surface proteolysis, Flow cytometry,
Fluorescence microscopy, Fluorescence plate reader, Furin, Metalloproteinases, Urokinase
plasminogen activator.

1. Introduction

Proteolysis in the extracellular environment is essential to all
aspects of life, including development, homeostasis, tissue repair,
tissue remodeling, and reproduction. Dysregulated extracellular
proteolysis is also causally linked to the genesis or progression of
a large number of human diseases. Important examples include
myocardial infarction, stroke, rheumatoid and osteoarthritis,
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periodontal disease, bacterial infection, and cancer. Physiological
and pathological proteolysis within the extracellular environment
takes place predominantly on the cell surface, where inactive
protease zymogens, protease receptors, protease inhibitors, and
other regulatory proteins assemble into complex multiprotein
structures that mediate the sequential and spatially restricted acti-
vation of protease zymogens and their subsequent cleavage of
target proteins (1-7).

Despite its critical physiological and pathological impor-
tance, several fundamental aspects of extracellular proteolysis
are still quite poorly understood. These include the molecular
pathways that initiate the activation and inhibition of many
zymogen cascades and the biologically relevant substrates for
many, if not the majority, of pericellular proteases. In particu-
lar, the lack of imaging agents that can specifically visualize
the endogenous activity of individual proteases and monitor
the efficacy of their pharmacological inhibition in situ is widely
recognized as a serious impediment to both basic research
efforts and to the use of proteases as therapeutic targets (8, 9).
Considerable efforts therefore have been expended to develop
assays for the imaging of specific protease activity in biologi-
cal systems, and a wide variety of approaches have been taken
(10, 11).

In this chapter, we describe a simple noninvasive method for
imaging specific cell surface proteolytic activity in single living
cells that is based on the use of modified bacterial cytotoxins (12).
The assay takes advantage of: (a) the absolute requirement for
site-specific endoproteolytic cleavage of anthrax toxin protective
antigen (PrAg) for toxin activation (13), (b) the ability to reengi-
neer the protease cleavage site in PrAg to be specifically cleaved by
various different cell surface-associated proteases (14-18), (¢) the
ability of anthrax toxin lethal factor (LF) to shuttle heterologous
proteins to the cytoplasm in a PrAg cleavage-dependent man-
ner (19, 20), and (d) the development of highly sensitive optical
assays for the detection of cytoplasmic B-lactamase activity (21).
The imaging assay combines high protease specificity — obtained
by the incorporation of the target peptide cleavage sequence in
a macromolecular context and the confinement of the cleavage
reaction to the cell surface (16, 22) — with the exquisite sensi-
tivity that is associated with enzymatic signal amplification via
B-lactamase (21). We provide protocols for the application of the
assay for fluorescence microscopy, fluorescent plate reader, and
flow cytometry formats.

The devised assay can be tailored to detect the activity or inhi-
bition of any cell surface protease for which a specific peptide
substrate can be derived (16, 22-25). Examples of applications for
which the imaging assay is particularly suited include: (1) automated
high-throughput screening of large chemical libraries for protease inhib-
itory or stimulating compounds (26); (2) expression cloning-based
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strategies for the identification of new activators and inhibitors of
specific cell surface proteolytic pathways; (3) siRNA and shRNA-
based high-throughput screens for the identification of pathways
regulating specific cell surface protease activity.

2. Materials

2.1. Modified Anthrax
Toxins

1. The generation and purification of recombinant wild-type
PrAg, PrAg-33 ('**RKKR'®” of PrAg changed to RAAR)
(14), PrAg-U2 (1*RKKR! of PrAg changed to GSGRSA)
(17, 22), PrAg-L1 (1**RKKR!*” of PrAg changed to
GPLGMLSQ), and PrAg-U7 (1**RKKR!” changed to GG)
(16) is described in Chapter 10, Dissecting the Urokinase
Activation Pathway Using Urokinase-Activated Anthrax
Toxin, page (3—4 of Chapter). Store at —~80°C in aliquots of
50-500 pL at concentrations >500 pg,/mL.

2. The LF/B-lactamase fusion protein (LF/B-Lac) contains
DNA sequences encoding the PrAg-binding region of LF
(amino acids 1-254) fused 5" of DNA sequences encod-
ing amino acids 19-286 of the TEM-1 B-lactamase gene
from pBluescript (Stratagene, La Jolla, CA). To generate
LE/B-Lac, these DNA sequences were fused downstream
of a DNA sequence encoding a glutathione-S$-transferase
(GST) protein with a thrombin cleavage site linking GST
and LF/B-Lac (27, 12). BL21 competent bacteria (Inv-
itrogen, Carlsbad, CA) transformed with the expression
plasmid encoding the GST- LF/B-Lac fusion protein are
grown in Super Broth Medium (Biosource, Camarillo,
CA) supplemented with 50 pg/mL ampicillin. Cultures
are grown at 37°C until an absorbance of 0.8 at 600 nm.
The cells are then induced with isopropyl B-p-thiogalact-
opyranoside (Sigma, St. Louis, MO) to a final concentra-
tion of 0.5 mM for 5 h at 37°C. The cells are pelleted
by centrifugation at 3,000 x g for 15 min in a 4°C high
speed centrifuge and resuspended in ice-cold bacterial
lysis bufter containing 50 mM Tris-HCL, pH 7.5, 150 mM
NaCl, 1% Triton X-100, and a protease inhibitor cocktail
(Amersham Biosciences, Piscataway, NJ). Bacterial pel-
lets are lysed by five rounds of freeze/thawing in liquid
nitrogen, followed by sonication for 30 s using a probe
sonicator. The lysate is clarified by centrifugation 3,000 x
g for 10 min in a 4°C high-speed centrifuge and incubated
with 1 mL glutathione-Sepharose resin slurry (Amersham
Biosciences) for 2 h at 4°C. The resin is washed twice with
ice-cold lysis buffer without protease inhibitors, and the
purified protein is released from the resin by incubation
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2.2. Tissue Culture
and Imaging Assay

2.3. B-Lactamase Sub-
strate and Substrate
Loading Solutions

with 2 mL thrombin cleavage buffer (20 mM Tris-HCI,
pH 8.4, 150 mM NaCl, 2.5 mM CaCl, containing 100
Units thrombin/mL). Aliquots of 0.5 mg/mL LF/B-Lac
are stored at -80°C.

. Phenol red-free DMEM (Gibco-BRL, Gaithersburg, MD) is

stored at 4°C.

. Gentamicin reagent solution is purchased as a liquid 50x

solution from Gibco-BRL. Store at 4°C.

. L-Glutamine is purchased as a 100x solution from Gibco-

BRL. Store at —-20°C.

. 0.05% trypsin 1 mM EDTA solution is purchased as a 1x

solution from Gibco-BRL and stored at 4°C.

. Poly-p-lysine is purchased from Sigma. Make a sterile 0.1

mg/mL solution in PBS. Store at 4°C.

. Ten cm tissue culture plates, eight-well chamber slides, and

96-well black walled tissue culture plates are purchased from
Corning, Lowell, MA.

. Hanks’ balanced salt solution is purchased as a sterile 1x

solution from Sigma. Store at 4°C.

. Probenecid is purchased from Sigma.

. Human pro-uPA (single-chain uPA, no. 107) and human

Glu-plasminogen is purchased from American Diagnostica,
Inc. (Greenwich, CT).

. “Solution A” [Coumarin cephalosporin fluorescein ace-

toxymethyl ester (CCEF2 /AM) in dimethyl sulfoxide (DMSO)].
CCF2/AM is purchased as a dried powder from Invitrogen
(Carlsbad, CA). Store at —-80°C and protect from light.
Dissolve 1 mg CCF2/AM in 924 pul. DMSO. Store pro-
tected from light in 100 pL aliquots at —-80°C. Bring the vial of
CCE2/AM to room temperature before removing the desired
amount of reagent to reduce intrusion of moisture into the
stock solution.

. “Solution B” (100 mg/mL Pluronic®-F127 surfactant in

DMSO with 0.1% acetic acid) is purchased from Invitrogen.
Store at room temperature. Protect from direct light.

. “Solution C” (24% w/w PEG 400, 18% TR-40 w/w in

water) is purchased from Invitrogen. Store at room tempera-
ture. Protect from direct light.

. Preparation of 6x “Standard substrate loading solution”

(must be prepared immediately before use): In an opaque
test tube, add 1 volume “Solution A” to 5 volumes “Solu-
tion B” and vortex. Add the combined “Solution A” and
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“Solution B” to 77 volumes “Solution C” and vortex. Reagents
should be exposed to as little direct light as possible.

5. Preparation of 6x “Alternative substrate loading solution”:
Dissolve 25 g probenecid in 219 mL of 400 mM NaOH in
a flask using a stir bar. Add 219 mL of sodium phosphate
buffer (pH 8.0). Adjust the pH to 8.0 using 1 M HCl and/
or 1 M NaOH. If a precipitate forms, bring into solution
by continuous stirring. Freeze the probenecid solution in 1
mL aliquots at -20°C. Immediately before use in an opaque
test tube, add 1 volume “Solution A” to 5 volumes “Solution B”
and vortex. Add the combined “Solution A” and “Solution B”
to 77 volumes “Solution C” and vortex. Add 4 volumes
probenecid solution to combined “Solution A,” “Solution B,”
and “Solution C.” Reagents should be exposed to as little
direct light as possible.

3. Methods

The principle of the imaging assay is shown schematically in
Fig. 1. Live cell imaging of furin (Fig 2), uPA (Fig. 3), and
metalloproteinase activity (Fig 4) can be performed using a
wide variety of cultured primary cells and cell lines, by treating
the cells with PrAg-33, PrAg-U2, or PrAg-L1, respectively, in
combination with LF /B-Lac. Cleavage of PrAg-33, PrAg-U2,
or PrAg-L1 by, respectively, furin, uPA, or metalloproteinases
allows the translocation of LF/B-Lac to the cytoplasm. Cyto-
plasmic LF/B-Lac is imaged by the incubation of cells with
the fluorogenic B-lactamase substrate, CCF2 /AM, and detec-
tion of hydrolyzed CCF2/AM by a fluorescence microscope,
a fluorescence plate reader, or a flow cytometer. CCF2/AM
fluoresces green before its hydrolysis by B-lactamase and fluo-
resces blue after hydrolysis by B-lactamase. The noncleavable
PrAg variant, PrAg-U7 combined with LF/B-Lac serves as a
negative control, and wild-type PrAg, which is cleaved by furin
as well as many furin-like proprotein convertases, combined
with LF/B-Lac serves as a positive control. The basic proto-
cols for imaging cell surface protease activity by fluorescence
microscopy, fluorescence plate reader, and flow cytometry are
given below. The cells can be subjected to a large variety of
manipulations and treatments prior to imaging and during
the imaging process depending on the specific purpose of the
experiment (se¢e Subheading 1).
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3.1. Imaging Cell Sur-
face Proteolytic Activ-
ity by Fluorescence
Microscopy Analysis

CCF2/AM

Fig. 1. Principle of cell surface protease activity imaging assay. (1) PrAg mutants with
reengineered protease cleavage specificity bind to ubiquitous high affinity cell surface
receptors. (2) The PrAg mutants are cleaved by the cell surface proteolytic activity to be
imaged. (3) The PrAg fragment that remains on the cell surface heptamerizes. (4) High-
affinity binding sites for LF/B-Lac are generated by heptamerization of the PrAg. (5)
LF/B-Lac is translocated to the cytoplasm after endocytosis of the PrAg-LF/B-Lac com-
plex (not shown). (6) CCF2/AM is added to cells and diffuses into the cytoplasm where
it is trapped by hydrolysis of its hydroxethyl ester groups by nonspecific cytoplasmic
esterases. (7) LF/B-Lac hydrolyses the cephalosporin ring of CCF2/AM, causing a shift
in fluorescence emission from 520 nm (green light) to 447 nm (blue light) after excita-
tion of cells at 409 nm. Blue fluorescence emission by a cell demonstrates specific cell
surface proteolytic activity. Reproduced from ref.12.

1. Grow cells to be imaged in phenol red-free DMEM supple-
mented with 10% fetal bovine serum (FBS), r-glutamine, and
gentamicin reagent solution (see Note 1). Avoid using penicil-
lin and other B-lactam-based antibiotics that are substrates for
B-lactamase.

2. Treat eight-well chamber slides with 250 uL/well 0.1 mg/mL
poly-D-lysine in PBS at 37°C in a tissue culture incubator for
60 min to facilitate cell adhesion. Other treatments of chamber
slides can be used as is expedient for the adhesion of the cell
line or primary cells employed (se¢ Note 2).

3. Seed cells on the eight-well chamber slides the day prior to
imaging in phenol red-free DMEM supplemented with 10%
FBS, r-glutamine, and gentamicin reagent solution. The
seeding of 2 x 10° cells/well is appropriate for most cells
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Furin-deficient

PrAg-U7 + LF/pLac PrAg-33+ LF/pLac

Fig. 2. Specific imaging of endogenous cell surface furin proteolytic activity in single
living cells. Wild-type (a and b) or furin-deficient (¢ and d) Chinese hamster ovary cells
were incubated with 90 nM LF/B-Lac and 26 nM (2 ng/mL) PrAg-U7 (a and ¢), or 90
nM LF/B-Lac and 26 nM PrAg-33 (b and d) for 60 min. Thereafter, 1.5 uM CCF2/AM
was added to the cells for 60 min at room temperature. The CCF2/AM remaining in the
medium was removed by washing, and the cells were incubated for 60 min at room
temperature to allow for CCF2/AM hydrolysis. The cells then were subjected to fluores-
cence microscopy using an excitation wavelength of 405 nm and emission filters of 530
nm (green light) and 460 nm (blue light). Specific imaging of furin proteolytic activity
is demonstrated by the bright blue fluorescence of wild-type cells (b), but not furin-
deficient cells (d), treated with LF/B-Lac and PrAg-33, or wild-type and furin-deficient
cells treated with LF/B-Lac and PrAg-U7 (a and c¢). Reproduced in part from ref. 12.

(see Note 3). Incubate overnight in a standard 37°C tissue
culture incubator.

4. Gently wash the cells twice in 0.5 mL 37°C phenol red-free
DMEM.

5. Add either PrAg-33, PrAg-U2, or PrAg-L1 to 26 nM (2
ug,/mL) final concentration together with LE/B-Lac fusion
protein to 90 nM (5 pg/mL) final concentration in 0.25 mL
37°C phenol red-free DMEM. When imaging uPA cell sur-
face proteolytic activity, include 1 pg/mlL Glu-plasminogen
with or without 100 ng/mL pro-uPA (se¢ Note 4). As a
negative control, substitute PrAg-33, PrAg-U2, or PrAg-L1
with PrAg-U7. As a positive control, substitute PrAg-33,
PrAg-U2, or PrAg-L1 with wild-type PrAg (sec Note 5).
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UPAR+/+ uPAR-/- uPAR+/+

Fig. 3. Specific imaging of endogenous cell surface uPA activity in mixed tumor cell
stromal cell cultures. Mixed cultures of HN-26 oral squamous carcinoma cells and wild
type (UPAR+/+, a and ¢) or urokinase plasminogen activator receptor (UPAR) knockout
(UuPAR-"-, b) fibroblasts were treated with 90 nM LF/B-Lac (5 pg/mL), 26 nM (2 ug/
mL) PrAg-U2, and 11 nM (1 pg/mL) plasminogen for 60 min. Thereafter, 1.5 uM CCF2/
AM was added to the cells for 60 min at room temperature. The CCF2/AM remaining
in the medium was removed by washing, and the cells were incubated for 60 min at
room temperature to allow for CCF2/AM hydrolysis. The cells then were subjected to
fluorescence microscopy using an excitation wavelength of 405 nm and emission filters
of 530 (green light) and 460 nm (blue light). Cell surface uPA activity is exclusively
observed in nontransformed fibroblasts (a and ¢) and is dependent on the expression
of uPAR, as shown by the strong blue fluorescence of islands of uPAR+/+ (a), but
not in uPAR—/- (b) fibroblasts, and by green fluorescence of the tumor cells. (c) is a
high magnification of the boxed area in (a) illustrating the confinement of uPA activity to
fibroblasts. Reproduced in part from ref. 12.

6. Incubate the PrAg and LF/B-Lac-treated cells for 60 min at
37°C in a tissue culture incubator.

7. Wash cells twice with room temperature phenol red-free
DMEM. Transfer plate to room temperature (sec Note 6).

8. Add 40 uL of 6x “Standard substrate loading solution” or
“Alternative substrate loading solution” (se¢ Subheading
2.3) to each chamber well containing 210 pL of room
temperature phenol red-free DMEM. The use of standard
or alternative loading solutions is cell type-dependent (see
Note 7).

9. Cover the plate with aluminum foil and incubate for 60
min at room temperature to allow the loading of cells with

CCF2/AM (see Note 8).

10. Wash the cells three times with room temperature phenol
red-free DMEM and incubate for additional 60 min at
room temperature to allow hydrolysis of CCF2/AM by
the cytoplasmically-translocated LF /B-Lac (see Note 9).
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Fig. 4. Quantitative analysis of the inhibition of cell surface metalloproteinase activity in human tumor cells. HT-1080 fib-
rosarcoma cells were seeded in a 96-well microtiter plate and treated for 60 min with 90 nM (5 ng/mL) LF/B-Lac and 26
nM (2 wg/mL) PrAg-L1 in the presence of increasing concentrations of the metalloprotease inhibitors BB-94 (a), BB-2516
(b), and TIMP-2 (c). Thereafter, 1.5 uM CCF2/AM was added to the cells for 60 min at room temperature. The CCF2/
AM remaining in the medium was removed by washing, and the cells were incubated for 60 min at room temperature
to allow for CCF2/AM hydrolysis. Fluorescence emission was recorded with a plate reader using 405 nm excitation and
460/25 nm bandpass for blue fluorescence and 535/25 nm bandpass for green fluorescence. The data are expressed as
mean + standard error of the mean of triplicate determinations. Reproduced in part from ref. 12.

11. Inspect cells using an inverted fluorescence microscope such
as a Zeiss Axioplan (Carl Zeiss, Jena, Germany). For acquisi-
tion of blue fluorescence with this microscope, use excitation
filter HQ405,/20 nm bandpass, dichroic 425DCXR, and
emitter filter HQ460,/40 nm bandpass. For acquisition of
green fluorescence with this microscope, use HQ405,/20 nm
bandpass, dichroic 425DCXR, and emitter filter HQ530,/30
nm bandpass from Chroma Technology (Rockingham, VT)
(see Note 10).

3.2. Imaging Cell 1. Grow cells to be imaged in phenol red-free DMEM (Gibco-
Surface Proteolytic BRL, Gaithersburg, MD) supplemented with 10% FBS,
Activity with a Fluo- glutamine, and gentamicin reagent solution (se¢ Note 1).
rescence Plate Reader Avoid using penicillin and other B-lactam-based antibiotics

that are substrates for B-lactamase.

2. Treat 96-well black wall plates with a clear bottom with 150
uL/well 0.5 mg/mL poly-D-lysine in PBS at room tempera-
ture for 60 min to facilitate cell adhesion (see Note 2).

3. Seed cells 24 h before the assay at a density of 2 x 10* cells/
well in 150 pL phenol red-free DMEM supplemented with
10% fetal bovine serum (FBS), glutamine, and gentamicin
reagent solution (see Note 3). Add 150 uL medium without
cells to six wells (see step 14).
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10.

11.

12.
13.

14.

15.

16.

. Incubate plates over-night in a standard 37°C tissue culture

incubator.

Gently wash the wells twice with 150 uLL 37°C phenol red-
free DMEM.

Add 26 nM (2 pg/mL) PrAg variant and 90 nM (5 pg/mL
LE/B-Lac) fusion protein in 120 uL 37°C phenol red-free
DMEM to each well. When imaging cell surface uPA pro-
teolytic activity include 1 pg/mL Glu-plasminogen with or
without 100 ng/mL pro-uPA (see Note 4). As a negative
control, substitute PrAg-33, PrAg-U2, or PrAg-L1 with
PrAg-U7. As a positive control, substitute PrAg-33, PrAg-
U2, or PrAg-L1 with wild type PrAg (see Note 5).

Incubate the PrAg and LF /B-Lac-treated plate for 60 min at
37°C in a tissue culture incubator.

. Wash cells twice with 150 pL. room temperature phenol red-

free DMEM. Transfer the plate to room temperature (see
Note 6).

. Add 20 pL of 6x “Standard substrate loading solution” or

“Alternative substrate loading solution” (se¢ Subheading
2.3) in 100 pL room temperature phenol red-free DMEM
to each well. The use of standard or alternative loading solu-
tions is cell type-dependent (see Note 7).

Cover the plate with aluminum foil to protect CCE2/AM
from the light and incubate for 60 min at room temperature
to allow the loading of cells with CCE2/AM (see Note 8).

Wash the cells three times with 150 pL. room temperature
phenol red-free DMEM containing Probenicid and incu-
bate for an additional 60 min at room temperature to allow
hydrolysis of CCF2/AM by the cytoplasmically-translocated
LF/B-Lac (see Note 9).

Remove dust from the bottom of the plate.

Collect data using a fluorescence plate reader, such as a VIC-
TOR plate reader from Perkin Elmer, Wellesley, MA, set
in the bottom-read mode. Use the following filters in dual
read mode: excitation 405,/10 nm bandpass, emission filters
460,/25 nm bandpass for blue fluorescence, and 535/25 nm
bandpass for green fluorescence (see Note 10).

Determine “average blue background” and “average green
background” from the wells without cells.

Subtract the “average blue background” and the “average
green background” from all wells with cells to obtain “net
blue signal” and “net green signal” for each well.

Divide “net blue signal” with “net green signal” for each
well to obtain the “response ratio” (se¢ Note 11).



3.3. Imaging Cell Sur-
face Proteolytic Activity
in Individual Cells by
Flow Cytometry

Imaging Specific Cell Surface Protease Activity in Living Cells 125

10.

11.

12.

. Grow cells to be imaged in phenol red-free DMEM sup-

plemented with 10% FBS, glutamine, and gentamicin
reagent solution (see Note 1). Avoid using penicillin and
other B-lactam ring-based antibiotics that are substrates for
B-lactamase.

. Treat 10 ¢cm standard tissue culture dishes with 2 mL 0.1

mg/mL poly-p-lysine in PBS at 37°C in a tissue culture
incubator for 60 min to facilitate cell adhesion (see Note 2).
Seed cells in the 10 cm tissue culture dishes 24 h before at
a density of 1 x 10° cells/plate in phenol red-free DMEM
supplemented with 10% FBS, glutamine, and gentamicin
reagent solution (se¢ Note 3).

. Incubate overnight in a standard 37°C tissue culture

incubator.

. Gently wash the plates twice with 3 mL 37°C phenol red-

free DMEM.

Add 26 nM (2 pg/mL) PrAg variant and 90 nM (5 pug/mL
LF/B-Lac) fusion protein in 4 mL 37°C phenol red-free
DMEM. When imaging cell surface uPA proteolytic activ-
ity include 1 pg/mL Glu-plasminogen with or without 100
ng/mL pro-uPA (see Note 4). As a negative control, sub-
stitute PrAg-33, PrAg-U2, or PrAg-L1 with PrAg-U7. As a
positive control, substitute PrAg-33, PrAg-U2, or PrAg-L1
with wild-type PrAg (see Note 5).

Incubate the PrAg and LF/B-Lac-treated plates for 60 min
at 37°C in a tissue culture incubator.

. Wash cells twice with 3 mL room temperature phenol

red-free DMEM. Transfer plate to room temperature (see
Note 6).

. Add 4 mL of 6x “Standard substrate loading solution” or

6x “Alternative substrate loading solution” (se¢ Subheading
2.3) in 4 mL room temperature phenol red-free DMEM to
each well. The use of standard or alternative loading solu-
tions is cell type-dependent (see Note 7).

Cover the plates with aluminum foil to protect CCF2/AM
from the light and incubate for 60 min at room temperature

to allow the loading of cells with CCF2/AM (see Note 8).

Wash the plates three times with 3 mL room temperature
phenol red-free DMEM and incubate for additional 60 min
at room temperature to allow hydrolysis of CCF2/AM by
the cytoplasmically-translocated LF /B-Lac (see Note 9).

Remove the cells from the plate using 1 mL trypsin-EDTA
solution. Neutralize trypsin with 1 mL phenol red-free
DMEM with 10% FBS. Add to a 10 mL tube with 8 mL
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13.

14.

15.

16.

17.

18.

ice-cold Hanks’ balanced salt solution containing 2 mM
probenecid (see Note 12).

Centrifuge the cells for 2 min at 700 x g at 4°C. Discard
medium.

Gently resuspend cells in 10 mL ice-cold Hanks’ balanced
salt solution containing 2 mM probenicid.

Centrifuge the cells for 2 min at 700 x g at 4°C. Discard
medium. Gently resuspend cells in ice-cold Hanks” balanced

salt solution containing 2 mM probenecid at a concentration
of 1 x 106 cells/mL.

Analyze cells using a flow cytometer such as a BD LSRII
flow cytometer from Beckton Dickinson, San Jose, CA,
equipped with a standard 488 nm laser and a 405 nm violet
laser. Exclude dead cells, cell debris, and aggregates using
side scatter versus forward scatter.

Use a 405 nm excitation filter, 525,/50 nm filter for green
light emission, and 440,/40 nm filter for blue light emission
with a 505 LP dichroic mirror to determine blue and green
fluorescence signals from each living cell.

Determine the relative cell surface proteolytic activity of each
cell by dividing the blue signal with the green signal for each
individual cell (see Note 13). Plot cell number versus blue/
green signal as a histogram.

4. Notes

. Other phenol red-free media compositions, sera, and antibi-

otic combinations can be used for cultivation as required for
each individual cell line /primary cell type.

. Cell types that adhere well to untreated tissue culture plastic

or glass during normal culturing conditions may dislodge
from an uncoated surface during the imaging procedure.
The need for coating should be determined empirically.

Loading efficiency of cells with CCF2 /AM depends on cell
density and has been reported by Invitrogen to be most
efficient at 60-80% confluence. However, we have success-
fully imaged cell surface protease activity in highly conflu-
ent cultures.

. Addition of plasminogen is essential to convert pro-uPA to

active two-chain uPA if the assay is performed in serum-free
medium. Add pro-uPA when imaging the capacity of cells to
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10.

11.

12.

13.

convert exogenous pro-uPA to active uPA on the cell surface.
Do not add pro-uPA when imaging endogenous uPA activity.
Note that pro-uPA and uPA binding to the urokinase plas-
minogen activator receptor (uPAR) is species-specific. For
example, human uPA will not bind to mouse uPAR and
mouse uPA will not bind to human uPAR.

. PrAg-U7 is a noncleavable PrAg variant that binds to cells

but cannot support the translocation of LF/B-Lac to the
cytoplasm. The combination of PrAg-U7 and LF/B-Lac is
the optimal negative control. Wild-type PrAg is cleaved by
furin as well as a number of furin-like proprotein conver-
tases. The combination of wild-type PrAg and LF/B-Lac is
the optimal positive control.

. The uptake of CCF2/AM into cells is faster at 37°C than at

room temperature, but the outwards transport of CCF2/AM

is also higher. The net result of incubation of cells at 37°C is
decreased loading of cells with CCF2 /AM.

In our experience, the alternative substrate loading solution
method from Invitrogen works best with cell lines, and
the standard loading solution works best with primary cell
cultures.

. Loading with CCF2/AM for 60 min suffices for most cells.

The loading time can be extended for higher sensitivity.

The substrate hydrolysis time can be extended to increase
sensitivity.

Light of 409 nm wavelength causes maximum excitation of
the coumarin group in CCF2/AM, leading to the emission
of green light by the fluorescein group with maximum inten-
sity at 520 nm due to fluorescent resonance energy transfer
before hydrolysis by B-lactamase, and blue light with maxi-
mum intensity at 450 nm after hydrolysis by B-lactamase.
The excitation and emission filters used here are those rec-
ommended by Invitrogen for the imaging of CCF2/AM.
Other filters with similar properties can be used.

A ratiometric readout compensates for well-to-well variation
in terms of cell number and CCF2/AM uptake and provides
the most consistent data.

Probenecid is an anion transport inhibitor that reduces the
outwards transport of CCF2/AM, CCF2, and probably
hydrolyzed CCF2 from cells and increases the sensitivity of
the assay.

A ratiometric readout compensates for variations in terms of
cell size and CCF2/AM uptake and provides the most accu-
rate data.
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Chapter 8

Cell-Based Identification of Natural Substrates
and Cleavage Sites for Extracellular Proteases
by SILAC Proteomics

Magda Gioia, Leonard J. Foster, and Christopher M. Overall

Summary

Proteolysis is one of the most important post-translational modifications of the proteome with every
protein undergoing proteolysis during its synthesis and maturation and then upon inactivation and deg-
radation. Extracellular proteolysis can either activate or inactivate bioactive molecules regulating physio-
logical and pathological processes. Therefore, it is important to develop non-biased high-content screens
capable of identifying the substrates for a specific protease. This characterization can also be useful for
identifying the nodes of intersection between a protease and cellular pathways and so aid in the detec-
tion of drug targets. Classically, biochemical methods for protease substrate screening only discover what
can be cleaved but this is often not what is actually cleaved in vivo. We suggest that biologically relevant
protease substrates can be best found by analysis of proteolysis in a living cellular context, starting with
a proteome that has never been exposed to the activity of the examined protease. Therefore, protease
knockout cells form a convenient and powerful system for these screens.

We describe a method for identification and quantification of shed and secreted cleaved substrates
in cell cultures utilizing the cell metabolism as a labelling system. SILAC (stable isotope labelling by
amino acids) utilises metabolic incorporation of stable isotope-labelled amino acids into living cells.
As a model system to develop this approach, we chose the well-characterised matrix metalloproteinase,
MMP-2, because of its importance in tumour metastasis and a large database of MMP substrates with
which to benchmark this new approach. However, the concepts can be applied to any extracellular
or cell membrane protease. Generating differential metabolically labelled proteomes is one key to the
approach; the other is the use of a negative peptide selection procedure to select for cleaved N-termini in
the N-terminome. Using proteomes exposed or not to a particular protease enables biologically relevant
substrates and their cleavage sites to be identified and quantified by tandem mass spectrometry proteomics
and database searching.

Key words: Protease, Proteinases, Matrix metalloproteinase, MMP, Degradomics, Proteomics,
SILAC, Shedding, Protease substrate identification, Quantitative proteomics, Tandem mass spec-
trometry.
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1. Introduction

Secreted or shed proteins are present at nanomolar concentrations
in an abundant background of ECM and serum proteins. Con-
ventional proteomic techniques may be limited by the complex-
ity and broad dynamic range of such samples (). This chapter
describes a metabolic labelling strategy that finds substrates in the
extracellular environment of mammalian cells using mass spec-
trometry-based proteomics. ‘Bottom—up’ proteomic identifica-
tion of proteins relies upon analysis of the peptides of a tryptically
digested proteome. The more peptides identified per protein
increases the confidence that the identification of that protein is
correct. However, these analyses are not quantitative. To provide
relative quantification the sample origin of the tryptic peptides
must be also be identifiable. This can be done post-sample prepara-
tion by chemical labelling with an isotopically distinct tag or by
metabolic labelling of cells before sample collection. The meth-
odology of proteome labelling for post-sample preparation in
order to discover protease substrates has been recently described
in detail by us (2—4).

In metabolic labelling SILAC (stable isotope labelling by
amino acids) experiments, two cell populations are grown in
identical cell culture media supplemented with essential amino
acids (5). One cell population is grown with amino acids dis-
playing the natural isotope abundance (light (L) form) whereas
the second cell population is grown with selected non-radioactive
stable-isotope labelled amino acids (heavy (H) form). Since iso-
topic amino acids are incorporated into protein in a sequence-
specific manner the two proteomes have a residue-specific mass
difference that can be easily detected by mass spectrometry anal-
ysis. The use of SILAC labelling allows for the discrimination
between authentic cellular secreted or shed proteins versus serum
proteins and other cell culture medium protein supplements at
the mass spectrometry stage. This offers a significant advantage
over chemical tagging of proteins or peptides after harvest when
serum and medium proteins will also be labelled, and so reducing
the specific activity of the labelled cell proteins and complicating
data analyses.

When dealing with protease substrate identification in the
simplest experimental setup two SILAC isotopes are employed:
one form for labelling the ‘naive’ proteome and another for the
same proteome exposed to the protease. Different strategies can
be followed for generating biologically relevant proteomes. One
approach can be to grow cells expressing the protease of interest
in a heavy medium and, on the other side, grow cells express-
ing an inactive protease mutant in a light medium. A conven-
ient complementary approach examines in vitro protease activity,
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performed by growing protease null cells separately in heavy
and light mediums, and following harvesting of the secretome
present in the conditioned media, add recombinant protease to
the heavy proteome and inactive or inactivated protease to the
light control proteome.

By these two strategies both approaches generate two isoto-
pically labelled proteomes that can be distinguished by mass
spectrometry. For cells expressing protease, the two proteomes
will differ by those proteins cleaved by the enzyme, such as
degradation of secreted proteins and shedding of plasma membrane
ectodomains. For processed proteins that are cleaved at only one
or a few sites, the problem is more difficult as potentially both
cleavage products remain in the system analysis. However, the
cell may scavenge cleaved destabilised proteins, thereby leading
to differences that can be more easily identified and quantified.
This live cell approach also reveals any indirect effects on protein
expression resulting from these altered proteins, such as from
altered signalling by cleavage of cytokines or their binding pro-
teins. Similarly, studying a protease in a cellular context has the
complication, but also power, to analyze at a cell-wide level the
effect of the protease on the protease web whether by inactiva-
tion of protease inhibitors or activation of protease zymogens. It
is clear that upstream and downstream pathways are too simplistic
an explanation for understanding proteolysis in a system. Rather
we have proposed that proteases interact with each other through
a web of interactions. Hence, the best way to study this is in the
cellular context, and eventually with technology development, in
animal tissues from protease knockout mice or human samples.

For the in vitro class of experiment two types of modification
to the proteome will be found. Treated and untreated proteomes
will differ in the relative abundance only for those proteins
degraded by protease activity, and second, for those substrates
processed at one or only a few sites, the generation of these
unique cleavage products will only be reflected by the generation
of unique neo-peptides in the tryptically digested proteome sam-
ples. Hence, the measurement of H/ L isotopic ratios can be used
for substrate identifications. Some peptides (and hence proteins
or their protein domains) have equal H/L isotopic ratios and
represent the natural N-terminome that includes proteins with
and without a N-terminal methionine or signal peptide, activated
zymogens, and basal proteolysis in the sample. At this point in the
screen one can decide to ignore the proteins with the same rela-
tive abundance (i.e., H/L ratios equal to 1) in the samples and
focus the analysis to the rest of the proteome. However, complex
samples reduce the coverage of MS analyses and can so make the
analysis overly complicated. Therefore, to improve the analysis it
is best to utilise a strategy to simplify the peptide mixture selec-
tively by enriching the preparation for peptides of our interest.
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A simplification of the mixture can be done removing pep-
tides with unitary H/L ratios from the mixture and thus selec-
tively enrich the proportion of protease-digested peptides. This
can be achieved by introducing chemical differences between the
N-termini of the (a) proteome representing both the natural and
protease-generated products, and (b) internal peptides gener-
ated from trypsin digestion. At the protein level, we chemically
mask the N-termini of the harvested proteome and after trypsin
digestion the tryptic-generated N-termini can be removed using
an amine-reactive reagent. The remaining peptides represent the
N-terminome including the protease-generated cleavage prod-
ucts. However, even if the number of peptides in our mixture is
=1/10 of the whole tryptic proteome, its complexity can be fur-
ther reduced by HPLC fractionating of the sample and using an
LC-MS/MS mass spectrometer with a fast duty cycle.

The reduction of mixture complexity results in a simplifica-
tion of analysis and data interpretation. An additional approach to
simplify data interpretation is through an inverse labelling strat-
egy. In contrast to the conventional single experiment approach,
a two-labelling experiment approach has a parallel isotopic label-
ling in which the initial labelling is reversed in the second experi-
ment. Signals from differentially cleaved proteins will distinguish
themselves by exhibiting a characteristic pattern of isotope inten-
sity profile reversal. Inverse labelling approach offers reduction
in the amount of work spent on data analysis and it eliminates
ambiguity in data interpretation. After correction for any system-
atic error, the analysis of the peptide ratio peak centred around
1.0 provides an estimation of the standard error of the procedure,
from which a ratio threshold can be set to determine those pep-
tides that have significantly changed with high confidence and
hence protease substrate candidates.

Inverse SILAC labelling of proteolyzed proteome followed
by N-terminome enrichment and strong cation exchange (SCX)
fractionation and MD-LC MS/MS reduce the complexity of
the sample, which (a) reduces the number of MS analyses, (b)
improves coverage of the proteome and therefore experimental
reproducibility, and (¢) allows for the determination of protease-
specific cleavage sites. The workflow is summarised in Fig. 1.
Fully incorporated heavy- and light-labelled secretomes are har-
vested and concentrated; following the combination of the two-
labelled samples, protein is denatured, reduced, and alkylated.
The determination of systematic mixing and handling errors is
performed by mass spectrometric analysis of a small aliquot (no
more than 10 pg is needed) of the trypsin-digested proteome
before the enrichment step. Therefore, the H/L ratio standard
distribution of each peptidic pair is plotted and used to derive
the centre of the curve. These parameters (centre of distribution
and standard deviation) are used to correct any systematic error
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controf protease
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switch to serum-free L or H medium
and overnight incubation
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TAILS: pull out of
tryptic internal peptides

Fig. 1. Workflow of SILAC labelling strategy for screening substrates in the extracellular environment of mammalian
cells.

of the ratio quantification of the actual experiment. The rest of
the proteome is treated so as to enrich for the protease-cleaved
peptides termed ‘neo-peptides’. Here, the protein N-termini are
blocked by dimethylation using formaldehyde and then digested
into peptides with trypsin. These internal peptides are removed
by targeting their free N-termini with an amine-reactive polymer.
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To improve peptide coverage, the enriched proteome is fraction-
ated by SCX. Samples are analysed by MS/MS to identify pep-
tides and the relative abundance of isotopic peptide pairs from
the two samples quantified in MS mode. Further bioinformatics
analysis is restricted to only the peptide pairs showing H/ L ratios
that differ from 1 + standard deviation. These peptides reveal the
proteins affected from the protease activity studied. Finally, by
BLAST analysis, the specific cleavage site can be identified.

The protease used for developing this protocol is a mem-
ber of the matrix metalloproteinases (MMPs), extracellular
zinc-dependent endopeptidases implicated in a number of
physiological and pathological processes such as cancer and
inflammation (6). As a model system, we have used SILAC to
identify substrates of MMP-2 from the cell-conditioned medium
of cultured human breast cancer cells transfected with MMP-2
compared with vector or an inactive MMP-2 mutant. Similarly,
we have identified substrates of MMP-2 in conditioned media
of cultured Mmp2-/— murine fibroblasts, containing secreted
proteins and cytosolic proteins resulting from cell lysis, with the
same secretome exposed to human MMP-2 activity. By com-
paring protease naive proteome with protease-treated proteome
the highest signal-to-noise ratio can be obtained for MMP-2
proteolysis.

2. Materials

2.1. Cell Culture

Warnings are given for hazardous materials, but Material Safety
Data Sheets (MSDS) should be read prior to starting the protocol.

1. Cell line of choice (adherent cells are usually employed for
finding substrate in the extracellular environment).

2. Culture dialyzed medium DMEM (Dulbecco Moditied eagle’s
Medium) with high glucose, L-glutamine, 110 mg,/ml sodium
pyruvate, and pyridoximetile without r-lysine and r-arginine
(Caisson Laboratory, Utah, USA).

3. ‘Regular’aminoacids (mostabundantisotope form): L-arginine
monochloride, 1-lysine, and r-leucine. SILAC amino acids:
L-arg-"*C, monochloride, 1-lys-D,. The heavy isotopic forms
of Lys and Arg differ by 6 and 10 Da, respectively, from
normal Lys and Arg.

4. Dialyzed fetal bovine serum, supplements, and selection rea-
gents appropriate for cell type used.

5. Sterile phosphate buffered saline (PBS).



2.2. Sample Collection
and Preparation

2.2.1. Concentration of
Conditioned Medium

2.2.2. Cell Counting
and Protein Quantification

2.3. Proteome
Denaturation,
Reduction, and
Alkylation at the
Protein Level
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Sterile-top presterilized vacuum-driven disposable bottle top
filter.

Dimethyl sulfoxide minimum (DMSO) 99.5% (see Note 1).

. ZWITTERGENT 3-14 detergent.

9. Lysis buffer: 50 mM Tris-HCI, 150 mM NaCl, 10 mM EDTA,

0.2% ZWITTERGENT, 10 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF); pH 8.0 (see Note 1).

Solvents should be of the highest available grade. Mass spec-
trometry laboratories routinely use Eppendort® microcentrifuge
tubes (Eppendort AG, Germany). Do not store organic solvent
in microcentrifuge tubes that are specially coated to reduce pro-
tein binding as the coating can be solubilized and will lead to
chemical contaminations detectable by MS. Wear always nitrile
(not latex) gloves. Use high-quality deionised H,O throughout
such as Milli-Q® or Barnstead Nanopure processed H,O.

AN R A .

N o

0.5 mM PMSEF (see Note 1).

1 mM EDTA ethylenediaminetetraacetic acid.
10 mM leupeptin (see Note 1).

10 mM pepstatin A.

Versine: 140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8
mM NaH,PO,, 0.5 mM EDTA, 1 mM glucose; pH 7.4.

Filtration unit (0.2-um pore size).

. Concentrators with 5-kDa cut-off membrane, Amicon (Milli-

pore™. California, USA), 0.05 M NaOH (wash Amicon con-
centrator membrane for improving recovery; see Note 2).

. 50 mM Hepes (4-(2-hydroxyethyl)-1-piperazineethanesul-

fonic acid), pH 7.2.

. Trypan blue solution 0.4%.

2. Hematocytometer.

. Bicinchoninic Acid (BCA)™ Protein Assay kit Pierce (Thermo

Fisher Scientific, Inc., MA, USA).

4. Spectrophotometer reader for protein concentration assay.

Bradford assay reagents.

. Use high-quality deionised H,O throughout such as Milli-Q®

or Barnstead Nanopure.

. Employ pH paper indicator strips to monitor the pH along

the procedure.

Detergent, Rapigest™ (Waters Corporation, Massachusetts,
USA).
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2.4. Sample Cleanup
and Generation of
Tryptic Peptides

2.5. Enrichment

of Tryptic Peptides
of Interest (Polymer
Pullout)

2.6. Fractionation
and Preparing
Samples for
LC-MS Analysis

4.

Denaturation buffer: 0.2% Rapigest™, 150 mM HEPES;
pH 7.4.

Reducing reagent, 7 mM TCEP (2-carboxy-ethyl phosphine
hydrochloride) Tris (see Note 1).

Alkylating agent, iodoacetamide (see Note 1).

. Cyanoborohydride, ALD coupling solution (Sterogene

Bioseparation, Inc., Carlsbad, CA) (see Note 1).

. Formaldehyde 37% (w/w) solution (sec Note 1).

. Primary amine blocking reagent: Ammonium chloride or

ammonium bicarbonate (se¢ Note 3).

. Acetone (see Note 1).

2. Methanol (se¢ Note 1).

Y XN W

10.
. Buffer A: 0.1% TFA, 5% acetonitrile.

Mass spectrometry grade trypsin (Promega Corporation,
WI, USA).

. Reagents for silver staining of SDS-PAGE gel.

. In-house polyaldehyde polymer (soon to be available comer-

cially).

. Concentrators with 5-kDa cut-off membrane, Microcon

(Millipore™, California, USA). Wash the filter membrane to
reduce losses (see Note 2).

. Slide-A-Lyzer 10 K MWCO dialysis cassettes (0.5-3 ml)

(Pierce, Thermo Fisher Scientific, Inc., MA, USA).

Ammonium bicarbonate.

. Benchtop microcentrifuge.

. Material for casting STAGE C18-SCX-C18 tips: high-per-

formance extraction discs, C18 and strong cationic exchange
SCX 3M Empore (Empore™ Products, Minnesota, USA).

PFPA: Perfluoro pentanoic acid nanofluoropentanoic acid
(see Note 1).

Ammonium Acetate (AcONH,).
Trifluoroacetic acid (TFA) (see Note 1).
Vacuum evaporator centrifuge.
Acetonitrile (see Note 1).

Acetic acid (see Note 1).

99% Pure ethanol (see Note 1).

C18-SCX-C18 StageTips (16-gauge, P200 pipette) prepared
as described in (11).

One 96-well plate for LC-MS injection.
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Spectrometry Analysis
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12. Buffer B: 0.1% TFA, 80% acctonitrile.

13. 500 mM AcONH,,.

14. 20 mM AcONH,, 0.1% v/v PFPA, 15% acetonitrile.
15. 50 mM AcONH,, 0.1% v/v PEPA, 15% acetonitrile.
16. 100 mM AcONH,, 0.1% v/v PFPA, 15% acetonitrile.
17. 500 mM AcONH,, 0.1% v/v PFPA, 15% acetonitrile.

1. Liquid chromatography LC-tandem mass spectrometer.

2. Protein and peptide software tools: Mascot (Matrix Science:
http: / /www.matrixscience.com), Xcalibur™, DTA-Super-
charge (CEBI, http://msquant.sourceforge.net), and Mul-
tiRawPrepare (http://www.cebi.sdu.dk/software).

3. Quantification software tools (such as MS Quant): http://
msquant.sourceforge.net/.

4. Excel (from Microsoft Office) for extracting H/ L ratios from
MSQuant.

5. MATLAB® software for the calculation of Gaussian param-
eters of H/L distribution (centre of the distribution and
standard deviation).

6. BLAST (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) is
the search tool used for the identification of substrate and
cleavage sites.

3. Methods

3.1. Prior Preparation

3.2. Designing
Experiments

Ab initio, it is important to determine the number of cells required
to detect significant signal for MS analysis. For that purpose, do
not use costly SILAC medium.

Most experimental designs compare multiple biological condi-
tions analyzing two proteomes at the time. When trypsin is used
as endopeptidase to digest proteome into peptides (see Note 4),
the use of both heavy lysine and arginine allows quantification
of every peptide pair (except the carboxyl-terminal peptide of
the proteins) because trypsin specifically cleaves C-terminal to
these residues. If the mixture is not too complex, it will be also
beneficial to compare multiple conditions within the same mass
spectrometry analyses. For instance, by using three isotopically
distinct forms of arginine and lysine it is possible to compare
three cell populations in a single experiment. When designing
the experiment bear in mind that the number of peptides in the
mixture will be directly proportional to the number of distinct
isotopic acids employed, so increasing complexity.
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3.3. Preparation
of SILAC Media

3.4. To Determine the
Extent of Metabolic
Labelling with SILAC
Amino Acids

. Prepare concentrated amino acid stock solutions (1,000x) to

reconstitute SILAC DMEM light and heavy media (see Note
5). Since SILAC medium lacks three essential amino acids,
these three need to be added. For metabolic labelling, one
SILAC amino acid is sufficient to distinguish the two pro-
teomes. However, employing SILAC Lys and Arg results in
better sensitivity and sequence coverage since all tryptic pep-
tides will be labelled (see also Subheading 3.2).

Supplement SILAC dialysed medium with ‘regular’ (most com-
monisotope) leucine. Add dialysed serum, supplements, and selec-
tions appropriate for cell type to the SILAC depleted medium. In
similar fashion, prepare also the serum-free medium.

. Mix well and divide into two equal volumes. Add light iso-

topes of arginine and lysine to one-half'and the heavy isotopes
to the other half (se¢ Note 6). To prepare H and L medium
for growing cells, perform the same procedures of the serum-
free media.

. Hilter the four bottles of reconstituted media through a 0.2-

um filter into tissue-culture grade filter bottles. Store media at
4°C protected from the light for up to 3 months.

To accurately compare the relative abundance of proteins from
two proteomes with SILAC, full incorporation of SILAC amino
acids is necessary (higher than 98%). Complete incorporation is
usually achieved within 6-7 passages of the cells in the medium
containing the isotope-labelled amino acids.

1.

Grow cells in heavy SILAC medium for 67 cell doubling times
(see Note 7). Verity that the cells do not change morphology.

. Wash the cells gently three times with 20 ml of PBS and incu-

bate overnight in heavy serum-free medium (see Note 8).

. Detach the cells grown in heavy medium using versine or

trypsin. Harvest at least 1 x 10° cells to test the efficiency of
SILAC incorporation.

. Count live cells with a hemocytometer chamber using the

trypan blue dye exclusion method. Verify that heavy and light
cells are of the same number.

. Centrifuge the cells at 500 x g for 5 min and resuspend in 0.5

ml of pre-chilled (4°C) lysis buffer and incubate for 1 h on ice.

. Centrifuge cell lysate at 1,500 x g for 20 min at 4°C.

. Determine protein concentration of supernatant by Bradford

assay.

. Mix heavy and light lysates in 1:1 ratio.
. Fractionate proteome by 1D SDS-PAGE. Load 70-90 ug of

proteome per lane. Electrophorese heavy and light proteomes
in one lane and heavy proteome alone in a second lane.
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10. After staining the gel with Coomassie Blue R250, excise sev-

11.
12.

13.

Light and Heavy proteomes 4]

eral protein bands per lane.
Perform trypsin in-gel digestion (see Subheading 3.5).

Analyze digested gel samples according to standard tech-
niques commonly used in mass spectrometry proteomics.
The degree of incorporation is determined by manually
inspecting the MS spectra (16). The labelling yield must be
greater than 90%. Identify peptides and proteins using data-
base search software, making sure to add modified masses
of SILAC amino acids to the list of possible modifications
in search engine. In the case of heavy proteome data look
for the presence of light peptides making sure that peptides
containing the SILAC amino acids are present only in the
heavy form (Fig. 2).

Once the number of cell divisions needed to achieve 100%
incorporation has been established, grow the cells separately in
heavy and light SILAC media and freeze heavy and light cells
to form the stock cells to be used for the actual experiments.

e
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Fig. 2. Validation of heavy SILAC isotopic incorporation. In the upper panel MALDI MS spectrum of tryptic digestion of
combine (H + L) proteome. In the lower panel MALDI MS spectrum of tryptic peptides from the digestion of H proteome.
Double arrows indicate the m/z values where SILAC isotopic peak pair is expected to be.
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3.5. Trypsin In-Gel
Digestion

3.6. Preparation
of Heavy and Light
Proteomes

3.6.1. Metabolic Labelling

To check SILAC amino acid incorporation it is not important to
obtain maximum peptide coverage from the digestion. There-
fore, the following protocol describes a quick way of performing
trypsin in-gel digestion. It can be improved if desired by intro-
ducing in-gel reduction and in-gel alkylation of proteins.

Unless otherwise noted, the various steps of the procedure
must be performed at room temperature and all incubation steps
under shaking conditions.

1. Rinse the stained gel in HPLC grade water for 10 min.

2. Excise the band of interest and cut into small cubes (1 mm x
1 mm). Transfer the gel pieces into a clean 0.5-ml polyethyl-
ene sample vial.

3. Wash with deionised 0.2 ml of nanopure water.

4. Add 50-ul HPLC grade acetonitrile to dehydrate the gel
pieces; after 15 min, discard the supernatant.

5. Repeat steps 3 and 4 until the gel pieces are transparent.

6. Add enough ice-cold digestion solution (trypsin 10 ng/ul in
25 mM ammonium bicarbonate, pH 8.0).

7. Incubate on ice for 20 min to allow trypsin to penetrate gel
pieces (the cold temperature helps to prevent autolysis of
trypsin).

8. Replace the trypsin solution with 25 mM ammonium bicar-
bonate, pH 8.0 buffer.

9. Incubate at 37°C overnight.

10. Extract peptides by adding 50 pl of acetonitrile, incubate for
15 min in sonication bath at 37°C, and collect the superna-
tant in a clean microfuge tube. Peptide extraction is more
efficient by sonication rather than shaking the tubes.

11. Hydrate gel cubes by adding 50 pl of 5% (v/v) formic acid
to the gel pieces and incubate at 37°C for 15 min.

12. The second extraction of peptides is performed by adding 50
ul of acetonitrile and incubating for 15 min in a sonication
bath at 37°C. Collect the supernatant and combine it with
the first peptide extraction.

13. Concentrate the supernatant using a centrifugal vacuum con-
centrator (30°C) to 5 ul. Do not allow the sample to dry out.

After verifying 100% incorporation of heavy amino acids, quan-
titative experiments between two types of cell can be performed
(see Subheading 3.4).

1. To begin the labelling process, split a confluent flask into
two separate flasks. Grow one culture with light SILAC
supplemented medium and the other with heavy SILAC sup-
plemented medium (se¢ Note 9).



3.6.2. Sample Collection
and Preparation
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Protein Quantification
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2.

Passage cells as needed, taking care to keep cells in their respec-
tive SILAC media using the standard cell culture technique.
Make sure that the number of heavy and light cells is the same
for all passages. Grow cells in culture medium in roller bottles
(see Note 10) or T-175 tissue culture flasks for at least seven
doubling times to allow complete incorporation of SILAC
amino acids.

. Grow sufficient numbers of light- and heavy-labelled cells (see

Note 11 and Subheading 3.1).

. When the cells are 80-90% confluent at the time of medium

collection (see Note 12), wash the cells three times with PBS
(see Note 8).

. Switch to the corresponding light or heavy media without

serum and incubate for the desired time. Perform a cell treat-
ment if desired (see Note 13).

. Harvest heavy and light conditioned media separately and

immediately add protease inhibitors (final concentrations 0.5
mM PMSE, 1 mM EDTA, 10 uM leupeptin, 10 uM pepstatin A)
(see Note 14). Keep the conditioned media cool, at 4°C, or
on ice from this point on.

. Clarify conditioned medium by centrifugation to remove any

cells (500 x g, 5 min) and filter through 0.2-um pore size to
remove particulate matter (see Note 15).

. Harvest light and heavy cells separately, detaching the cells

with versine or trypsin.

. Check whether the cell conditions were similar in the two cul-

tures, making sure that the heavy and light cultures have the
same number of cells. Determine cell viability using hemocy-
tometer with the trypan blue dye exclusion method.

. Concentrate filtered conditioned media using 5-kDa cut-off

concentrators (Centriprep and Microcon, Amicon) 4,000 x g4
until the volume goes down to a few millilitres (se¢ Note 2).

. Exchange the buffer of collected medium washing with 50

mM HEPES using three times the volume of collected con-
ditioned medium (see Note 16). Stop the centrifugation of
Amicon filters when the retentate volume is about 1 ml.

Determine the protein concentration of concentrated conditioned
medium using the micro-scale protocol supplied with both the
BCA protein assay kit and Bradford assay. The BCA protein assay
is the benchmark for accurately measuring low level of protein
concentration; however, this assay may be affected by other subs-
tances occasionally present in concentrated conditioned medium,
including detergents, lipids, buffers, and reducing agents. This
obviously requires that the assays also include a series of standard
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Mixing Heavy and Light
Proteomes

3.7. Preparation of
Proteome for MS
Analyses: From
Proteins to Peptides

3.7.1. Protein Denaturation,
Reduction, and Alkylation

3.7.2. Determination
of Systematic Error and
Procedure Accuracy

solutions, each with a different, known concentration of protein,
but otherwise having the same composition as the sample solutions.
The Bradford assay is faster, and gives a more stable colorimetric
response than the assay described earlier. Like the other assays,
however, its response is prone to influence from non-protein sources,
particularly detergents, and becomes progressively more non-linear
at the high end of its useful protein concentration range.

Pool concentrated conditioned media from heavy and light
proteomes in a 1:1 ratio.

The proteins are denatured with 0.2% Rapigest™ detergent and
reduced in 7 nM TCEP to expose the cysteine residues for alkyla-
tion. For some of following steps, measuring the pH with pH
paper is required to minimize sample losses (if it is not differently
indicated adjust it with 0.1 M NaOH and 0.1 M HCI).

1. Resuspend pellet in 80-pl denaturing bufter, add concentrated
Hepes buttfer, pH 7.2, so that the final molarity is 250 mM,
and vortex briefly. Verify that the pH of reconstituted buffer is
as expected (i.e., pH 7.2).

2. Denaturation: Add 0.2% Rapigest™ and incubate at 85°C for
10 min. Verify that pH has not changed.

3. Reduction: Add 20x reducing reagent (TCEP) solution and
incubate at 65°C for 30 min. Check that the pH stayed slightly
higher than 7.0.

4. Alkylation: Following cooling of the sample on ice, verify that the
pH has not changed. Start the alkylation reaction by incubating
20 mM iodoacetamide in the dark at room temperature. The reac-
tion is complete in 1 h. Verify that there was no pH variation.

Since we will find substrates among the proteins not equally
present in the two isotopic proteomes, it is extremely important
to correct any eventual systematic mixing error. The 1:1 mixing
ratio between isotopic proteomes is checked along the procedure
by counting cells and by protein concentration assays; however,
the accuracy of these assays is far above MS resolution (see Sub-
headings “Cell Counts” and “Protein Quantification”). Nev-
ertheless, an eventual systematic error can be easily identified and
corrected if statistically characterized. One way to determine the
occurrence of any systematic error can be performed by plotting
the peptidic H/ L ratio standard distribution of a small sample
of crude proteome (around 10 pg) harvested before the sample
pull-out step (see Subheading 3.7.6). If the centre of the ratio
distribution of experimental data is shifted, it can justifiably be
normalised, centering the distribution on 1. On the other side,
the accuracy of each data set can be validated looking at the aver-
age standard deviation of the H/ L distribution (the error of the
procedure usually is never intrinsically lower than 0.2).



3.7.3. N-Terminal Blocking
of Proteins

3.7.4. Sample Cleanup by
Acetone Precipitation

3.7.5. Trypsin Digestion

3.7.6. Reduction of
Proteome Complexity
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1.

Block the free primary amines of proteins incubating the
sample with 20 mM ALD reagent (Cyanogen Bromide
(CNBr)) and 40 mM formaldehyde at 37°C for 1 h (the
acetylation reaction can be extended up to 18 h) (see Note 3).

. Stop the reaction quenching with 20 mM ammonium chlo-

ride (NH,Cl) at 37°C for 30 min (sec Note 3).

. Reduce sample volume using a speed vac to improve and

facilitate the precipitation process.

. Add 8 volumes of pre-chilled (-70°C) acetone plus 1 volume

of pre-chilled methanol to 1 volume of the sample (at least 60
ug of sample on ice; vortex and incubate for 2 h at -70°C to
precipitate proteins).

. Centrifuge (13,000 x g, 15 min) at 4°C (a small pellet should

be visible). Carefully pour off supernatant and allow the pellet
to air-dry until just moist but not powder dry (se¢ Note 17).

Resuspend the pellet using 20 ul of 100 mM NaOH shaking
for 3 min, then add ~20 pl of 1 M Hepes, pH 8. Shake for
additional 3 min, and add double-distilled water to bring the
protein concentration to 1 mg,/ml.

. Since catalytic efficiency of trypsin is optimal at pH 8, ensure

that the pH is close to this.

For a complete resuspension of proteome, shake the sample at
37°C for 15 min.

. Collect a volume that contains 6 pug of proteome and transfer

it in a different tube (it will be used to check the completion
of trypsin digestion).

. Add MS spectrometry grade trypsin in the trypsin:proteome

ratio of 1:200 (w/w).
Incubate at 37°C for 18 h.

. Add same amount of trypsin and let the digestion go for addi-

tional 4 h.

. To check the completion of trypsin digestion, run an SDS-

PAGE gel (12% acrylamide) of 6 ug of proteome before
trypsin digestion (step 4) and the same volume of proteome
after the digestion. Since tryptic peptides run off the gel, after
silver staining the gel, only the lane loaded with the predi-
gested proteome should be visible (sec Note 18).

To simplify peptide mixtures, internal tryptic peptides can be
removed and so selectively increase the proportion of peptides
that have been cleaved by the studied protease. Owing to similar
chemistry of the primary amine groups of the N-terminus of a pro-
tein and of the Lys side chains, the amines are chemically blocked
and then the sample is trypsinised. Except for the N-termini of the
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3.7.7. Proteome
Fractionation

proteins and the protease-cleavage products, which are blocked,
only the internal tryptic peptides now have a free amino group.
This difference can be used to allow for internal tryptic peptides
pulled out using an amine-reactive reagent that captures internal
peptides from the mixture. The remaining peptides represent the
N-terminome of the sample and include the protease-generated
N-termini.

Several strategies have been developed to selectively analyse
free N-terminal peptides, including specific N-terminal sequencing
of gel separated and blotted proteins (7), selective modification of
N-terminal serine or threonine residues (8), and selective modifi-
cation of the hydrophobicity of peptide mixture to preferentially
expose N-terminal peptides by diagonal chromatography (9).
Another strategy can be to use N-hydroxysuccinimide (NHS)
ester derivative of biotin and then remove the biotinylated
peptide by passing the mixture over streptavidin. For this pur-
pose functionalized beads as cyano bromide (CNBr)-activated
Sepharose can be employed (10). In contrast, we use an in-house
made aldehyde-functionalized polymer that is CNBr activated
and incubated with the tryptic proteome at 37°C overnight. This
will be commercially available in 2009.

Tandem mass spectrometry is a powerful technique for improving
peptide identification of complex proteome by two consecu-
tive stages of mass spectrometric scan (i.e., MS1 and MS/MS).
However, without a more favourable strategy, the identification
of nanomolar substrates can be remote due to the abundance of
structural proteins of the extracellular matrix proteins or other
prominent proteins in the sample, including any serum proteins.
Furthermore, as the SILAC label strategy introduces a mass shift
detectable at the MS1 level, the SILAC labelling of the proteome
doubles the number of peptides to be analysed. This complexity
can be reduced by fractionating the mixture leading to higher
coverage for peptidic identifications. Several forms of fractiona-
tion have been developed such as liquid chromatography (11-14)
or isoelectric focusing (7).

Here, we will describe a cheap, quick, yet very effective
method (16) perfectly suitable for medium-scale experiments
(when only few micrograms of proteome can be employed) (see
Note 19). We use a previously described pipet tip-based peptide
multidimensional fractionation system named StageTips (STop
and Go Extraction Tips) (16). This solid phase extraction tech-
nique uses three very small disks of membrane-embedded sepa-
ration. C18 and SCX materials are stacked within the pipet tip
according to the following order C18-SCX-C18. In this way,
the resulting fractionations can be as well desalted, filtrated, and
concentrated, being thus ready for mass spectrometry run (16).



3.8. MS Data
Acquisition
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The fractionation can be performed as follows. For all the
following steps, load the indicated volumes from the top of the
STAGE tip C18-SCX-C18, and press the liquid through STAGE
tip only once.

Conditioning steps: To activate the tip C18 and SCX materials,
wet the tip loading 20 pl of the following substances and discard
the solvent.

1. Methanol.

2. Buffer B.
3. Buffer A.
4. 500 mM AcONH,

5. Buffer A.
Sample loading to C18-SCX-C18 StageTip:
6. Sample loading (pre-mix the sample and buffer A in the
ratio 1:3).
7. Buffer A 20 pl.

Fractionation to 96-well injection plate:
8. Buffer B 20 ul — collect as flow through fraction 0.

9. 20 mM AcONH_, 0.1% PFPA, 15% acetonitrile 50 pl.
10. Buffer A 20 ul.
11. Buffer B 20 pul — collect as fraction 1.
12. 50 mM AcONH,, 0.1% PFPA, 15% acetonitrile 50 pl.
13. Buffer A 20 ul.
14. Buffer B 20 pul — collect as fraction 2.
15. 100 mM AcONH,, 0.1% PFPA, 15% acetonitrile 50 pl.
16. Buffer A 20 ul.
17. Buffer B 20 ul — collect as fraction 3.
18. 500 mM AcONH,, 0.1% PFPA, 15% acetonitrile 50 pl.
19. Buffer A 20 pl.

20. Buffer B 20 ul — collect as fraction 4.

Sample prep for LC/MS/MS:

21. Evaporate solvents in the 96-well injection plate using
SpeedVac

22. Add sample buffer or buffer A 3 pl.

To maximize the number of analyzed peptides the use of liquid
chromatography (LC) mass spectrometer is recommended. Analysis
of the fractions can be performed using a linear trapping quad-
rupole-Fourier transform mass Spectrometer (LTQ-FT, Thermo
Electron, Bremen, Germany), LTQ-Orbitrap (Thermoelectron),
or similar instruments.
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3.9. Data Analysis

3.9.1. Conversion of Raw
Files into Mascot Generic
Format (mgf):

3.9.2. Database Search

3.9.3. Quantification

3.9.4. Inverse Labelling

1. The peak list can be extracted from raw data files to mascot
generic format (mgf) using Extract_ MSN.exe (ThermoFisher
Scientific).

2. Centroided peaks and charge states are corrected using DTA_
Supercharge (CEBI, http://msquant.sourceforge.net).

3. The generated five peak list files (.mgf files) can be concate-
nated to generate a single large peak list file using Multi-
RawPrepare software (http://www.cebi.sdu.dk /software).

The resulting mgf file is used to identify peptide sequences using
the MS database search algorithm MASCOT (Matrix Science,
London UK). The parameter criteria are as follows: semi-trypsin
cleavage specificity (only after Arg) with up to two missed cleav-
ages, cysteine carbamidomethyl fixed modification; Arginine'*C,
Lysine (D4), di-methylation (K), di-methylation (N-Term), oxi-
dation (M) variable modifications; peptide mass tolerance = 10
ppm; fragment mass tolerance + 0.6 Da, and scoring scheme
ESI-TRAP.

The ratio signal intensities from peptide pair indicate the rela-
tive abundance of that specific peptide from one condition to
the other, allowing the identification of proteins related to the
protease activity.

1. Before starting quantification the data must be manually
inspected (16). Verify that identified peptides are separated by
the expected mass difference. The MS/MS spectra from the
pair support the peptide identification.

2. MSQuant (http://msquant.sourceforge.net) is used for
parsing Mascot files, iterative mass recalibration, and deter-
mination of H/ L ratios. After the recalibration only peptides
with error lower than 5 ppm are considered for the quantifica-
tion of isotopic peptide ratio. The heavy over light ratio (H/ L)
is calculated per each pair of peptide, and the value is extracted
into Excel files. Average, standard deviation, and centre of the
H/ L distribution are calculated using Matlab software package
(Mathworks, Inc.).

Two parallel inverse labelling experiments are performed where
the labelling is reversed in the second experiment (i.e., in the
first experiment the control proteome is light isotope labelled
and the protease-treated proteome is heavy labelled; in the sec-
ond experiment the isotopes employed are the opposite). A rapid
identification of protease-aftected proteins is achieved by plotting
the histogram distribution of H/ L peptidic ratios (see Fig. 3). As
expected the distributions of the two swapped experiments are
oppositely shifted with respect to 1 (i.e., similar abundance of
light and heavy isotopic signals in both experiments). Thus, the
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Fig. 3. Histogram distributions and Gaussian fittings of H/L peptidic ratios obtained from cell-conditioned media of cultured
murine fibroblasts. On the Jeft, the direct experiment H/L distribution is reported where the protease-treated proteome
is heavy isotope labelled. On the right, the reverse experiment is reported where the control (inactive-protease-treated)
proteome is heavy isotope labelled. In the middle, the Gaussian fitting is used for the determination of standard deviation
and procedure accuracy (see Subheading 3.7.2).

proteins that are significantly influenced by protease activity show
H/L ratios lower than 0.7 in the first experiment and greater
than 1.3 in the swapped counterpart experiment (see Fig. 3).

By applying the inverse labelling strategy, the effort spent in
analysing irrelevant peptides with no differential change is elimi-
nated (i.e., pair matching 1 intensity ratio). The advantages offered
by this approach are obvious. When responding to a perturbation,
if a protein is from serum leftover contamination that does not
consistently occur in the swapped experiment, its peptide will have
no isotopic counterpart in the analysis using the single-experiment
approach. When the labelling is reversed between the two inverse
labelling experiments, the isotope swap will be clearly detected
on these peptides. Thus, the inverse labelling pattern is unique to
proteins with real changes at both quantitative and qualitative lev-
els. Although an additional experiment must be performed, in our
opinion, this procedure tackles three problems: (a) data reduction
ofirrelevant signals, (b) quick focus on signal of interest only, and
(¢) conclusions of minimal ambiguity.

3.9.5. Identification Protein BLAST (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi)
algorithm is used for visualizing the position of peptides within
the protein sequence and hence the cleavage site.

3.10. Validation: Data analysis and validation of the results from MS/MS searches
Deciding which ‘Hits’ have become major issues of mass spectrometry-based proteomics.
Are Significant To improve reliability of the results some suggestions follow.
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1. Validate peptide and protein identification using standard
proteomics guidelines (17); SILAC amino acid residue con-
straints for peptide identification should be applied.

2. Use peptide identification and retention time information together
to locate a specific peptide within the chromatographic run.

3. Calculate the mass difference between the light and heavy
peptides in the SILAC pairs; this should match the peptide
identification and the number of SILAC amino acids.

4. Evaluate the standard error from the isotopic ratio distribu-
tions. Identify all known substrates for the protease under
study and set ‘cutoffs’ for test:control ratios based on these.
This will be more biologically relevant for the system under
study than setting arbitrary numerical. Select proteins with
ratios above the highest cutoft and below the lowest cutoft.

5. Consider that a contamination of authentic secreted protein
by proteins released in the medium by cell lysis occurs even in
the best cultures. Choose those proteins that may be biologi-
cal substrates of the protease under study (based on location,
function, etc.) for biochemical validation.

Even if innovative proteomic approach allows for screening low

abundant substrates within a very complex protein mixture,

classical methods remain still suitable for validating candidate
substrates (i.c., in vitro cleavage using purified protease and puta-
tive substrate, follow-up with cell-based and in vivo models).

4. Notes

1. Danger: The reagent may be fatal if inhaled, absorbed
through skin, or swallowed. This reagent should be handled
in a fume hood, and protective eyewear, glasses, and gloves
should be worn.

2. To reduce losses of proteins in adsorption to the filter, rinse centri-
cons with NaOH 0.05 M, centrifuge for 5 min at 1,000 x g, and
wash with deionised water before loading conditioned medium.

3. The acetylation reaction should be handled carefully, preferably in
a fume hood. Do not breathe the acetylation reaction vapours.

4. Since trypsin is a very robust enzyme this is the most employed
protease useful in preparing samples for mass spectrometry
analyses; however, there are also a variety of other specific
endoproteases that can be used in proteomics such as chymo-
trypsin, pepsin, GluC, and V8. Ifitis suspected that the studied
enzyme cleaves after Arg the protocol can still be used but do
not use trypsin as the endoprotease for peptide preparation.
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10.

11.

12.

13.

14.

. All reagents and equipment coming in contact with live cells

must be sterile. Medium that is deficient in multiple amino
acids should always be reconstituted to its original basal for-
mulation as prescribed by manufacture’s instructions. 1,000x
stocks of amino acid are recommended. However, to reduce
losses of costly SILAC amino acids it is better to filter these
once inside the reconstituted medium (this step is unneces-
sary if all amino acid stocks are already sterile filtered).

. It could also be possible to use only one isotopic amino acid.

However, employing double labelling results in better sensi-
tivity and sequence coverage (see also Subheadings 3.2 and
3.3,step 1).

Standard sterile tissue culture technique should be used. All
culture incubations are performed in a humidified 37°C, 5%
CO, incubator.

. These washes remove abundant serum proteins, which

would mask low abundant proteins secreted from cultured
cells. In case cells start detaching use room-temperature PBS
or SILAC-depleted medium.

. Split the cells into low-density cultures of about 10-20%

confluence, depending on the doubling rate of cells. To
save SILAC media, cells can be cultured in small dishes and
expanded after five doublings.

Roller bottles may be useful as they allow a small amount
of medium (50 ml) to bathe several fold more cells than
in a flask. However, some cell lines do not adhere well; in
this case, adding 50 mM Hepes to culturing media might
improve cell adhesion.

The number of cells required depends on the type of experi-
ment to be performed. For protease substrate identification
at least 100 pug of proteome needs to be used as starting
material. Usually, conditioned medium from 4 x 107 cells
(3 T-175 flasks for each heavy and light SILAC cells) should
be sufficient to perform three technical replicates.

Do not let cells reach 100% confluency as uncharacterized
signalling events may occur, such as receptor internalization.

Pre-filtered solutions of recombinant proteases or inhibitors
could be exogenously added to cell cultures.

Protease inhibitors are required to ‘freeze’ the profile of shed
proteins upon termination of the experiment and to prevent
further proteolytic degradation, for example. A specific inhibi-
tor of the protease of interest could also be added at this point.
Care should be taken that inhibitors of trypsin are removed
prior to trypsin digestion. Amicon concentration step guaran-
tees the removal of small molecules (se¢ Note 13).
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15. Samples can be stored at —-80°C for 1 week; however, pre-
cipitation of most abundant proteins may occur. For best
results, the samples should be concentrated directly after
clarification.

16. A disadvantage of buffer exchange is that concentrating
also facilitates removal of small molecules (such as amino
acids, phenol red, and protease inhibitors) that would
interfere with the next steps. Do not use an amine-con-
taining buffer (e.g., Tris or ammonium bicarbonate) as
free amines will prevent the reactions of the next steps.
Disadvantage: Concentrating large volumes is relatively
time-consuming. There are various options for concentrat-
ing conditioned medium. The C4 and C18 hydrophobic
resins allow quick and easy concentration of large sam-
ples; however, they cannot be employed if the conditioned
media contains phenol red. Ammonium sulphate precipi-
tation may give variable recovery depending on protein
concentration. Acetone and TCA precipitation should not
be used as precipitation of small molecules interferes with
the determination of protein concentration by BCA assay
and with labelling steps.

17. Acetone precipitation improves trypsin digestion of pro-
teome because it removes chemical substances that interfere
with trypsin activity and renders the proteins more suscepti-
ble to degradation.

18. To obtain good MS data it is very important to digest the
entire proteome. If trypsin digestion is not complete, make
sure that the pH is 8 and add an additional aliquot of trypsin
(ratio 1:200 w/w) and incubate for additional 18 h.

19. After the polymer pullout step the proteome amount is
1/10th of the starting material. So, starting with 60-100
ug of proteome it ends up having no more than 6-10 ug
for mass spectrometry analysis. This amount is totally
suitable for obtaining five fractions from C18-SCX-C18
STAGE tip.
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Chapter 9

Optical Proteolytic Beacons for In Vivo Detection of Matrix
Metalloproteinase Activity

J. Oliver Mclintyre and Lynn M. Matrisian

Summary

The exuberant expression of proteinases by tumor cells has long been associated with the breakdown of
the extracellular matrix, tumor invasion, and metastasis to distant organs. There are both epidemiologi-
cal and experimental data that support a causative role for proteinases of the matrix metalloproteinase
(MMP) family in tumor progression. Optical imaging techniques provide an extraordinary opportunity
for noninvasive “molecular imaging” of tumor-associated proteolytic activity. The application of optical
proteolytic beacons for the detection of specific proteinase activities associated with tumors has sev-
eral potential purposes: (1) Detection of small, early-stage tumors with increased sensitivity due to the
catalytic nature of proteolytic activity, (2) diagnosis and prognosis to distinguished tumors that require
particularly aggressive therapy or those that will not benefit from therapy, (3) identification of tumors
appropriate for specific antiproteinase therapeutics and optimization of drug and dose based on deter-
mination of target modulation, and (4) as an indicator of efficacy of proteolytically activated prodrugs.
This chapter describes the synthesis, characterization, and application of reagents that use visible and near
infrared fluorescence resonance energy transfer (FRET) fluorophore pairs to detect and measure MMP-
referable proteolytic activity in tumors in mouse models of cancer.

Key words: FRET, Dendrimer, Optical imaging, Proteolytic beacon, MMP.

1. Introduction

Fluorescence or Forster Resonance Energy Transfer (FRET) is a
valuable tool in the application of optical imaging to biological
problems. The process is characterized by the transfer of elec-
tronic excitation energy of a donor chromophore to an acceptor
molecule brought in close proximity via a coupling mechanism
between the donor and acceptor pair. The efficiency of the
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transfer process depends on the distance between fluorophores.
The advent of optical devices, especially the CCD camera and
computer-based imaging technology, has afforded tools to detect
the dequenching photons from this FRET mechanism, and
this process underlies the emerging molecular optical imaging
approaches that enable detection of proteinase activity.

There are several examples of agents that employ FRET prin-
ciples for the detection of proteolytic activity in living animals
and tissues. Weissleder and colleagues attached fluorophores to
a linear copolymer by a peptide containing a proteolytic cleavage
site as a means to measure protease activity and subsequent inhi-
bition in tumor-bearing mice (). Proximity of the fluorophores
quenches the fluorescent signal, which is released upon cleavage
of the peptide linker. Such a probe was used to detect MMP-2
activity in HT1080 human fibrosarcoma xenografts, and the signal
was inhibited by treatment with a synthetic MMP inhibitor (2).
Tsien and colleagues described activatable cell-penetrating pep-
tides consisting of a polyarginine membrane-translocating motif
linked via an MMP-cleavable peptide to an appropriate masking
polyanionic domain (a cleavable peptide hairpin) to deliver fluores-
cent labels within tumor cells both in vitro and in vivo after cleav-
age by tumor-associated proteinases (3). The strategy we employed
was to use a PAMAM dendrimer backbone, reference fluorophores
attached directly to the dendrimer, and sensor fluorophores attached
via a selective peptide linkage (4) (Fig. 1). The multivalency of the
dendrimer allows for adjustment in the relative amounts of sensor
and reference fluorophores, provides a vehicle that is maintained in
the circulation for greater than 30 min, and provides the opportu-
nity to link additional agents that can alter the half-life of the reagent
in circulation or provide additional functionalities. The use of two
different fluorophores as the FRET pair provides the opportunity to
determine the ratio of cleaved product to substrate by determining
the sensor:reference ratio, thereby taking issues of substrate penetra-
tion into tumors into account.

The methodology presented is for a well-characterized rea-
gent that utilizes the visible range tetramethylrhodamine (TMR,
excitation 544 nm, emission 572 nm) as the reference fluoro-
phore, and fluorescein (excitation 494 nm, emission 519 nm)
as the sensor fluorophore attached to a MMP7-selective peptide
(4). However, this method is adaptable for peptides that have
different selectivities, and thus to monitor different enzymes or
general proteolytic activity depending on the choice of peptide.
In addition, the technology can be modified to utilize fluoro-
phores in the deep red and near infrared region of the spectrum
(650-850 nm), which allows enhanced visualization in biological
tissues in that it minimizes interference from hemoglobin and
water. Table 1 gives the sequence of several peptides and FRET
pairs that have been successfully employed in these probes.
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Fig. 1. Diagrammatic structure of PB-MXVIS constructed on a PAMAM generation-4 den-
drimer (ethylenediamine core, diameter ~4.5 nm) with fluorescein (FL)-labeled peptide
proteinase sensors, FL-MX, and tetramethylrhodamine (TMR, internal reference) linked
to surface amines. For PB-M7VIS, the FL-MX peptide is FL(Ahx)RPLA*LWRS(Ahx)C-.

Table 1

Peptides and FRET pairs used in PBs
Peptide sequence Specificity (ref.)
RPLA*LWRS MMP7 (5)
AVRW*LLTA MMP9 (6)
RPLG*LARE MMP (7)
FRET sensor FRET reference
Fluorescein Tetramethylrhodamine
Cy5.5 Alexafluor750
Alexafluor700 Alexafluor750

2. Materials

2.1. Synthesis of PBs

All chemicals and biochemicals are reagent-grade and solutions

are prepared in deionized filtered water (Milli-Q, Millipore Corp.,

www.millipore.com, Billerica, MA, USA) unless noted otherwise.

1. Generation 4 Starburst® PAMAM ethylenediamine core
dendrimer is obtained as a 10% (w/w) solution in MeOH
from Sigma-Aldrich (St. Louis, MO, USA)
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2.

N-succinimidyl iodoacetate (SIA) (mol. wt: 283) (Pierce
Chemical, piercenet.com, Rockford, IL, USA) is dissolved
to 10 mg/ml (~35 mM) in MeOH/DMF (1:1).

. Fluorescein(FL)-(Ahx)-(octapeptide)-(Ahx)-C (FL-MX), e.g.,

FL-(Ahx)-RPLALWRS-(Ahx)-C (FL-M7), where Ahx is ami-
nohexanoic acid, is an HPLC-purified peptide that includes
two Ahx linkers, either from Open Biosystems (www.openbio-
systems.com, Huntsville, AL, USA) or from GenScript Corp.
(www.genscript.com, Piscataway, NJ, USA) and is dissolved to
8 mg/ml (~5 mM) in MeOH.

. Tetramethylrhodamine-5-(and-6)-isothiocyanate (TRITC,

mixed isomers) from Molecular Probes, Invitrogen (probes.
invitrogen.com, Carlsbad, CA, USA) is prepared as a fresh
solution at 5 mg/ml (~11 mM) in DMSO.

The N-hydroxysuccinimidyl (NHS) ester derivatives of the
near infrared fluorophores, Alexafluor700, Alexafluor750,
and Cy5.5, obtained either from Molecular Probes, Invit-
rogen (probes.invitrogen.com, Carlsbad, CA, USA) or from
GE Healthcare (London, United Kingdom) are prepared as
7 mM solutions in DMF.

0.5 M Na,CO,, pH adjusted to 9.0 (dilute 1:10 to measure)
using HCI.

7. 0.2 M cysteine in methanol.

10.

2.2. Analysis of PBs 1.

2.3, Testing PBs L.
In Vitro

. 0.2 M ethylenediaminetetraacetic acid (EDTA), pH adjusted

to 8.0 with NaOH, and also diluted to 1.0 or 0.1 mM for
use, as specified.

. 0.5 M Hepes-NaOH, pH 7.0 (dilute 1:10 to measure) and

diluted to 5 mM for use.

Glass ampoules such as 1.8-ml “Wheaton” ABC amber vial™,
with Teflon/silicon lined cap (VWR International, vwr.com,
Westchester, PA or Thermo Fisher Scientific Rockwood/
National Scientific, nationalscientific.com, Rockwood, TN).

TMR-glycine: Add 5 pl of 5 mg/ml TRITC to 0.1 ml of 20
mM glycine in an aqueous solution.

Phenylmethylsulfonylfluoride (PMSFE, FWt 174) is dissolved
at 0.2 M in 100% ethanol and stored at 4°C. Note: This reagent
is highly toxic.

4x Tricine assay bufter stock: 0.2 M tricine [ N-tris (hydroxyme-
thyl)methylglycine] (>98% from Sigma-Aldrich, St. Louis,
MO, USA), 0.8 M NaCl, 40 mM CaCl,, 0.2 mM ZnSO,,
0.02% (w/v) Brij35, adjusted to pH 7.4 with NaOH. For
convenience, some of the components of this buffer are
added from aqueous stock solutions, e.g., 1.0 M CaCl,,
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10 mM ZnSO,, and 1% (w/v) Brij35 (diluted from 30%
w,/v solution obtained from Sigma-Aldrich). This 4x assay
buffer stock solution is usually autoclaved and can be stored
at ambient temperature for a number of months. Add 1 mM
PMSEF to the 4x tricine assay buffer before use, e.g., 50 ul of
0.2 M PMSEF to 10 ml 4x buffer.

3 . Various active MMPs, abbreviated generically as MMPX,
e.g., MMP2, MMP3, MMP7, and MMP9, as obtained from
the supplier (usually Calbiochem, San Jose, CA, USA) are
stored frozen at —80°C in appropriate aliquots (e.g., 2 or 3 ul)
till required for use.

1. Matrigel™ for preparing phantoms of PB-MXVIS in the in
vivo setting is from BD Biosciences (bdbiosciences.com, San
Jose, CA).

1. SW480 human colon cancer cells are obtained from the
ATCC (www.atcc.org, Manassa, VA, USA).

2. Preparation of PB-MXVIS for administration via i.v. injec-
tion: The stock PB-MXVIS (50-100 nmol/ml) is prepared
for injection by dilution into sterile 0.9% sodium chloride
solution to 1.6 nmol/150 ul kept isotonic by addition of
sterile 10x PBS, as required. For example, for five animals, a
total of 900 ul is prepared to provide 750 pl for injection and
allowing for dead-volume losses in syringes, i.c., 120 pl of an
80 uM PB-MXVIS stock solution is added to 767 ul 0.9%
saline premixed with 13 pl of sterile 10x PBS. Stock rea-
gents that show any propensity to precipitate are routinely
filtered after dilution using 13-mm 0.2-um filters (Product
no. 4602, Supor Acrodisc, Gelman Sciences).

3. Methods

3.1. Synthesis of PBs

The PBs on PAMAM dendrimer scaffolds are prepared by two
sequential reactions, first linking multiple copies of sensor-labeled
peptide to the reactive terminal amines of PAMAM dendrimer,
followed by reaction of the PAMAM dendrimer core with refer-
ence fluorophore (see Note 1). For the first reaction, PAMAM
is first activated with the bifunctional reagent, succinimidyl-
iodoacetate (SIA).

1. For routine synthesis, 2.5 mg (~176 nmol) of PAMAM gen-
eration 4, i.e., 32 ul of a 10% (w/v) methanolic solution as
obtained from the manufacturer, is placed in an amber glass
ampoule (e.g., 1.8-ml Wheaton ABC amber vial™, with



160

Mclntyre and Matrisian

. For labeling the PAMAM scaffold with TMR, (FL-MX)

Teflon/silicon lined cap) and allowed to react for 30 min at
ambient temperature with 48-ul SIA (~3.4 umol). The SIA/
PAMAM ratio (~19) is selected to activate ~30% of the ter-
minal primary amines calculated in PAMAM-G4 (64 surface
amines/dendrimer).

176 ul of FL-MX (8 mg/ml in MeOH) is added to the SIA-
activated PAMAM solution to give a peptide/PAMAM
ratio of 5 (total volume, 256 pl) (see Note 2). Minimize
exposure of FL-MX to light, cover vial with foil, place
upright on a rocking platform, and gently rock overnight
at ambient temperature.

Remove unreacted FL-MX peptide by diafiltration after
dilution with at least 8 volumes of aqueous 1 mM EDTA and
ethanol to 10% with size separation using cither Centriprep™ or
Microcon™ centrifugal filter devices with YM-3 membranes
(Amicon, Millipore Corp.) per the manufacturers’ protocols
and at ~8°C (see Note 3). The product (FL-MX) -PAMAM
is then concentrated to ~0.5 ml after at least two rounds of
diafiltration following dilution (greater than tenfold) with
aqueous 1 mM EDTA. Aliquots of the original diluted reac-
tion mixture, the effluent, washes, and retentate (product)
are saved for analyses. The volume of the product, collected
in a microfuge tube, is usually measured by weighing.
PAMAM (~160 nmol) in aqueous 1 mM EDTA is made
50 mM in Na,CO, (pH 9) by addition of 1/9 volume of
0.5 M Na,CO, (pH 9.0), and TRITC (87 pl, ~960 nmol
in DMSO) is added. After gentle rocking overnight under
argon, in the dark at ambient temperature, 48 ul of 0.2 M
methanolic cysteine (a tenfold excess with respect to TRITC)
is added.

After 2 h at ambient temperature with cysteine, the reaction
mixture is diluted with 8 volumes of 1 mM EDTA and
1 volume of ethanol (to 10%) and the product, (FL-MX) -
PAMAM-(TMR) , is separated from unincorporated TMR
by diafiltration, as described earlier, followed by at least two
washes with aqueous 1 mM EDTA, a wash with dH,O (to
reduce EDTA to ~0.1 mM), and a final wash with 0.1 mM
EDTA prior to concentration to about 1.0-2.0 ml for stor-
age under argon at 4°C. For long-term storage, the beacon
product, referred to as PB-MXVIS (Fig. 1), is adjusted to
20% ethanol (see Note 4). In addition to the product, an
aliquot of the diluted reaction mixture and of the effluents
from diafiltration is retained for analyses. The TMR serves
both to quench the fluorescence of FL and as the internal
reference.
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6. Incorporating different peptides, such as those listed in
Table 1, as the cleavable substrate in the PB, yields beacons
with different substrate specificities, identified generically as
PB-MXVIS.

1. Incorporation of FL-MX into (FL-MX) -PAMAM and
TMR into (FL-MX) -PAMAM-(TMR), is calculated from
the amplitude of the absorbance spectra for FL (at 497 nm)
and TMR (at 554 nm), respectively. For each reaction step,
the absorption spectra of the reaction mixture (after dilution
into 1 mM EDTA for diafiltration), effluent, diafiltration
washes, and final product (usually diluted 100 or 200-fold
in 1 mM EDTA) are measured and used to calculate the
incorporation of each component (FL-MX and TMR, each
usually >80%) into the PAMAM dendrimer.

2. The recovery of PAMAM is measured by ninhydrin reaction
by the method of Moore and Stein as described in detail
elsewhere (4) and is routinely found to be ~90% in each step
giving a final yield of ~80% of the starting material, i.e., ~140
nmol (FL-MX) -PAMAM-(TMR)

3. Fluorescence excitation and emission spectra of both the
(FL-MX), -PAMAM intermediate and the final (FL-MX) -
PAMAM-(TMR)  product are recorded after dilution (usu-
ally 500-fold) to ~0.2 uM or to an OD < 0.1 /cm (at both
497 and 554 nm) using either dH,O or 5 mM Hepes-
NaOH buffer (pH 7.0). Although accurate measurement
of quantum yield and spectral corrections have not been
implemented, the amplitude of the fluorescence spectrum
of FL in (FL-M7), -PAMAM is ~40% of that for the same
concentration of FL. or FL-M7 in aqueous solution due to
fluorescence quenching by homotransfer in the (FL-M7), -
PAMAM dendrimer. In (FL-M7), .-PAMAM-(TMR), , the
FL amplitude is further attenuated (to ~6%) by FRET to
TMR, and the TMR fluorescence of the beacon was ~70% of
that for the same concentration of TMR-glycine.

)

For testing proteolytic cleavage of PB-MXVIS by various pro-
teinases, the reagent is diluted, usually to ~0.2 uM, into bufter,
dispensed in triplicate into a 96-well plate, and fluorescence of
both the FL sensor and TMR reference is read as a function of
time following addition of proteinases. Experimental details are
as follows:

1. Prepare a “Master Mix” working solution of PB-MXVIS in
tricine buffer; an aliquot of the PMSF-treated 4x tricine assay
bufter is diluted with an appropriate volume of PMSF-treated
H,0, and PB-MXVIS is added to ~0.2 uM. For each 1 ml of
Master Mix, mix together 500 pul of PMSF-treated 4x tricine
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buffer plus 2 ul of 0.1 mM PB-MXVIS (final concentration of
0.1 uM in assay) and 498 ul of PMSF-treated H,O. The vol-
ume of working solution required is dictated by the number
of proteinases being tested; for assaying activity with a sin-
gle proteinase, a minimum volume of 0.45-ml Master Mix
is required, sufficient for nine wells (triplicate assays of three
conditions — enzyme, enzyme plus either EDTA or inhibitor,
and no enzyme).

2. To set up the assay plate, 50-ul aliquots of Master Mix are

distributed in the required number of wells of the 96-well
plate; PMSFE-treated dH,O is added to each well to give a
total assay volume of 100 pl (e.g., 47 ul of dH,O for the plus
enzyme wells) and 15 pl 0.2 M EDTA or appropriate vol-
ume of inhibitor (e.g., 10 pl of 0.1 mM aqueous GM6001)
(see Note 5). Before addition of enzyme, the fluorescence
of both FL. and TMR is read on a plate-reading fluorometer
with appropriate excitation and emission filter settings.

. Shortly before use, an aliquot of MMP stock solution is

removed from the freezer, thawed, and diluted with PMSE-
treated d H,O to prepare a working solution, e.g., 2 ng/ul
(~0.1 uM) MMP-7, 7 ng/ul (~0.11 puM) MMP-2, 5 ng/ul
(~0.12 uM) MMP-3, or 7 ng/ul (0.11 uM) MMP-9. Work-
ing solutions of other proteinases, e.g., trypsin at 0.1 ug/ul,
are prepared either fresh or by dilution from a stock (e.g.,
1 ug/ul) stored in the freezer. Multiple freezing/thawing of
stock proteinase solutions is to be avoided. Working protei-
nase solutions are kept on ice and are usually discarded after
use, though the MMP7 working solution can be frozen in
50-ul aliquots for subsequent use without much loss in activity
(see Note 6).

4. After the plate is equilibrated at the assay temperature (as

programmed in the fluorometer), the plate is removed and
aliquots of working solution proteinases are added to each
well, as required, e.g., 3-5 ul of MMP-7 (2 ng/ul); fluores-
cence is then read after mixing that can be accomplished by
briefly shaking the plate in the fluorometer.

5. After proteinases are added, fluorescence in both the sensor

(FL) and reference (TMR) channels is read initially and then
FL fluorescence is recorded at intervals, e.g., every 3 min for
10 min, every 10 min to 30 min, and then every 15 min up
to ~2 h, recording the TMR channel about once or twice per
hour (see Note 7). Between 1 and 2 h, the plate is removed
from the fluorometer, sealed with parafilm, covered with foil,
and placed in a 37°C incubator to allow the reaction to go to
completion with the plate being reread at 6 h and again after
overnight at 37°C.
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6. The enzymatic activity is calculated from the rate of increase
in FL fluorescence by plotting fluorescence versus time (Fig. 2)
and measuring the initial or maximal slope (delta fluores-
cence/time, AF/min) that can then be converted to an equiv-
alent rate of cleavage of the substrate from the measured
maximal change in fluorescence (AF_ , taken to represent
complete cleavage of the substrate). For example, from
Fig. 2, the initial slope obtained with 0.006-ug MMP7 is
2.46 AF/min with a maximal change in fluorescence, AF_ ,

at the endpoint (not shown) of 85 for an assay using PB-

M7VIS (0.1 nmol/ml) in a total volume of 80 ul, i.e., 8

pmol PB-M7VIS /assay. The calculated specific activity (SA)

is given by the equation:

SA = [2.46 (AF/min),/0.006 (ugMMP7)]/
[85(AF_)/8(pmol PB-M7VIS)]

- 38.6 pmol PB-M7VIS/min/ugMMP7.

Quantitative fluorescence imaging is achieved by digital imaging
with either a full-frame, black and white CCD camera (MicroMax
1317-K/1, Princeton Instruments, www.piacton.com, Trenton,
NJ, USA) coupled to a fluorescence microscope or with a
whole animal fluorescence imaging system such as the IVIS 200
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Fig. 2. In vitro assay of MMP-7 activity with PB-M7VIS as fluorogenic substrate. PB-
M7VIS (0.1 uM) was incubated (37°C) with 0.006-pg MMP-7, measuring the fluores-
cence (microtiter plate fluorometer) of both FL (ex, 485 nm; em, 538 nm) (open squares,
crosses) and TMR (ex, 530 nm; em, 584 nm) (triangles) in the absence (open symbols)
or presence (cross and filled triangle) of EDTA (mean + SEM, n = 3). The MMP-7 activity
is calculated from the initial slope (dashed line) of the increase in FL fluorescence in
the absence of EDTA and the maximal increase in FL fluorescence (usually measured
at >5 h or overnight).
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3.4.1. Microscope System

3.4.2. Calibration
of Microscope Imaging

(Xenogen Corp., www.xenogeny.com, Hopkinton, MA, USA).
Each of these imaging systems have appropriate sensitivity for
quantitative detection of fluors at nanomolar concentrations with
a dynamic range of more than two orders of magnitude suitable
for quantitative fluorescence imaging. Before in vivo quantita-
tive fluorescence imaging studies can be initiated, the imaging
system is calibrated both in vitro and in vivo with appropriate
fluorescence standards and phantoms, as described later for the
microscope and IVIS imaging systems.

Quantitative fluorescence imaging is achieved by taking digital pictures
with a full-frame, black and white CCD camera (MicroMax
1317-K/1, Princeton Instruments) coupled to a fluorescence
microscope with a variety of Plan-Neofluar objective lenses
(Axiophot, Carl Zeiss, Inc) including a 2.5x objective. Meta-
Morph imaging software (Universal Imaging Corp., Down-
ington, PA) is used to control the CCD camera and image
acquisition as well as for data analyses. Data acquisition param-
eters and camera exposure conditions are adjusted to give
fluorescence signal linear with exposure time and with largest
dynamic range.

1. The fluorescence imaging system is first calibrated using
a set of beacon samples prepared with the same two-color
PB-MXVIS, e.g., PB-M7VIS, (FL-M7) -PAMAM-(TMR) ,
as used in vivo as well as controls prepared either with PB-
MXVIS previously treated with MMPX or with each of the
individual fluors, e.g., (FL-MX) -PAMAM and PAMAM-
(TMR) . For the microscope imaging system, the reference
samples are each prepared as serial dilutions, e.g., 1 uM to
10 nM, and then loaded in capillary glass tubes (0.75-mm
borosilicate glass, World Precision Instruments, Sarasota, FL)
sealed with hematocrit putty (Critoseal®, Krackeler Scientific,
Inc., Albany, NY). After initial screening, capillaries with at
least two of the concentrations of each of the compounds
are mounted together in parallel on the microscope stage for
calibration of the fluorescence of the two colors and assessing
discrimination between the optical channels. In addition, the
dynamic range of the fluorescence microscope for imaging
PB-MXVIS cleavage by MMPX can be calibrated with a set of
PB-MXVIS samples consisting of mixtures of uncleaved and
MMPX-cleaved reagent, prepared at 0.2 nM in tricine buffer
plus 20 mM EDTA and loaded into capillaries.

2. The calibration samples are oriented and focused under low-
intensity white light prior to fluorescence excitation. Light is
collected through one of the two low magnification objectives,
depending on whether the measurement was for a calibration
sample (usually 10x/0.50 Plan-Neofluar) or for in vivo
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imaging of subcutaneous phantoms or tumors in mice (usu-
ally 2.5x,/0.075 Plan-Neofluar). For each calibration sample
of PB-MXVIS as well as control capillaries, triplicate images
are acquired with at least two exposure times (usually 1, 3, 10,
or 30 s) (see Note 8). The FL (fluorescein) fluorescence (green
channel, 500-530-nm emission) was discriminated using a
green band-pass filter set (#41025, Chroma Technology Corp.
Brattleboro, VT), and the TMR (tetramethylrhodamine) fluo-
rescence (red channel, >570-nm emission) was discriminated
using a red long-pass filter set (#41032, Chroma Technology
Corp.). The green channel selectively detects FL fluorescence
from PB-MXVIS with only background signal from PAMAM-
(TMR) , though only part of the total FL emission band can
be acquired. Thus, the microscope imaging system gives differ-
ent FLL/TMR ratios compared with those calculated from cor-
rected spectral amplitudes measured in a fluorometer because
the long-pass filter in the red channel detects a larger fraction
of the total TMR fluorescence compared with the relatively
narrow FL fluorescence band collected through the green
channel. This condition limits the dynamic range compared
with the fluorometer experiment, but it allows effective signal
discrimination in the presence of both dyes. The difference in
sensitivity of the two channels can be, in part, compensated by
increasing the green channel exposure with respect to the red
channel, e.g., 10 and 1 s, respectively.

3. The fluorescence intensity for each of the standards and in both
FL and TMR channels is calculated as the average counts/
pixel after subtraction of background signals from control
capillaries containing only tricine assay buffer plus 20 mM
EDTA. Measurements from triplicate images of each sample
are expressed as the mean (+SEM). Provided signal remains
below saturation, the response should be linear with exposure
time and with the concentration of both FL. and TMR (see
Note 8).

A number of commercial optical imaging systems have been
developed for fluorescence imaging of small animals including
steady-state fluorescence and bioluminescence imaging systems,
e.g., the IVIS200 (Xenogen, www.xenogeny.com, Alameda,
CA, USA), the Maestro spectral imaging system (CRI Inc.,
www.cri-inc.com, Woburn, MA, USA), the Kodak FX Pro in vivo
imaging system (Carestream Molecular Imaging, www.Kodak.com,
New Haven, CT, USA), and the OV100 Olympus (Leeds Preci-
sion Instruments, www.leedsmicro.com, Minneapolis, MN, USA)
and time-resolved fluorescence lifetime imaging systems such as the
GE Healthcare eXplore Optix (GE Healthcare, www.gehealthcare.
com). The methods described later for calibrating the IVIS200
optical imaging system should, with appropriate modification
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3.4.4. IVIS200 Calibration

depending on instrument specifications, be useful for calibrating
various whole animal imaging systems. The IVIS200 is equipped
with a cryogenically cooled CCD camera that was designed pri-
marily for the sensitive quantitative detection of bioluminescence
but that has been adapted for fluorescence imaging. The intrinsic
sensitivity of the camera facilitates quantification of fluorescence
images collected with either relatively narrow band-pass emis-
sion filters or at low fluor concentrations in vivo. For PB-MXVIS
imaging in the IVIS200, the sensor (fluorescein) and reference
(tetramethylrhodamine) fluorescence signals are imaged with
the GFP (excitation, 445-490 nm; emission, 515-575 nm) and
DsRed (excitation, 500-555 nm; emission, 575-650 nm) chan-
nels, respectively, though custom filters could also be installed.
With the standard GFP and DsRed filters, fluorescence images
are usually obtained with exposure times in the range from 1 to
10 s. Longer exposure times, ¢.g., up to 60 s, may be required for
low concentrations of fluors.

The response of the IVIS200 to the FL and TMR fluors used
in PB-MXVIS is calibrated using the same strategy as for the
microscope imaging system. Calibration samples, prepared as
serial dilutions from both the two-color PB-MXVIS, e.g., (FL-
MX), -PAMAM-(TMR) , reagent (with and without MMPX
treatment) and from reference compounds containing only one
of each of the individual fluors, i.e., (FL-MX) -PAMAM and
PAMAM-(TMR) , are pipetted (100-ul aliquots) as an array in a
black 96-well plate (#7605 Microfluor, www.thermo.com, Ther-
molabsystems, Franklin, MA). Fluorescence images in both sen-
sor and reference channels are recorded with varying exposure
times and for different fields of view (C & D). For quantifica-
tion using the LivingImage® software provided with the IVIS,
regions of interest (ROIs) are usually placed in the center of
each well so as to minimize edge-of-well imaging artifacts and
fluorescence, measured as photons/s/steradian, in each channel
plotted versus concentration of reference beacon. The fluores-
cence of the individual color compounds, (FL-MX) -PAMAM
and PAMAM-(TMR) , as measured in both sensor and reference
channels is used to determine the efficiency of color discrimina-
tion of the two channels. With FL. and TMR in the standard GFP
and DsRed channels, there is ~10% overlap of TMR in the FL
channel and <10% FL signal detected in the DsRed channel. With
a pair of near-IR fluors such as Alexatluor680 (or Cy5.5) ver-
sus Alexafluor750, the standard Cy5.5 and ICG filters provided
on the IVIS200 gave a similar discrimination between fluors
with ~10% overlap of fluorescence detected in the two channels.
Although the fluorescence of adjacent duplicate wells is acceptably
reproducible, there is some degree of curvature in the fluorescence
field, i.e., the measured signal is dependent on position within the
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field-of-view. For calibrating the closest field-of-view available for
fluorescence (field B), an alternative sample geometry is required
as the illuminating light source casts shadows within many of the
wells of the 96-well plate format.

1. For calibration of the imaging system response to PB-MXVIS
in the in vivo setting, both the uncleaved and MMPX-treated
reagents are prepared as phantoms in Matrigel® (from BD Bio-
sciences, bdbiosciences.com, San Jose, CA) injected subcuta-
neously in anesthetized athymic nude mice (Harlan, Harlan.
com, Indianapolis, IN, USA) (se¢ Note 9). For protease treatment,
PB-MXVIS stock solution is diluted to ~5 UM in tricine buftfer
(see earlier) and incubated overnight at 37°C with MMP7
(0.5 ng/nl). Aliquots of both uncleaved and MMPX-cleaved
PB-MXVIS, prepared separately or as mixtures, e.g., 0, 25,
50, 75, and 100% cleaved, are then cooled on ice and diluted
with nine volumes of Matrigel®, also stored on ice. For injec-
tion of duplicate 100-ul phantoms, usually 250-ul samples are
prepared, drawn up into a previously chilled sterile syringe
(e.g., a tuberculin syringe, 1.0 ml, 26G, 3 /8 in., No. 309625,
Becton-Dickinson), and immediately injected subcutaneously
at points along the dorsal flank of the anesthetized mouse,
injecting slowly to allow the Matrigel® to gel and form a local-
ized phantom of 3-5-mm diameter containing PB-MXVIS
(see Note 10).

2. About 10-15 min prior to imaging, the skin of the mouse
over the subcutaneous phantoms is treated with glycerol,
applied with a gauze pad. The glycerol treatment significantly
improves contrast as well as the dynamic range for the fluo-
rescent phantoms by ~20-30%, consistent with a reduction in
excitation and emission scattering. The in vivo phantoms can
be imaged with either the microscope system, equipped with
wide-field objective or with a whole animal imaging system
such as the IVIS 200. For microscope imaging, the anesthe-
tized animal is placed on the stage and each of the phantoms
is imaged first with white light, and then with fluorescence in
both the FL and TMR channels. For the white-light images
on the microscope stage, the surface of the skin is illuminated
using a fiber-optic illuminator, e.g., Fiber-Lite High Inten-
sity Illuminator, Series 180 (Dolan-Jenner Industries, Inc.,
http://www.dolan-jenner.com/, Boxborough, MA, USA).
A set of three images is obtained for each field-of-view and
three or more image sets are collected for each phantom, usually
with at least two exposure times for each of the fluorescent
images (FL and TMR) (see Note 11). Details of data acqui-
sition and analysis with the IVIS are outlined under tumor
imaging (later).
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3.5. In Vivo Imaging
of Xenograft Tumors

3.5.1. Establishing
Xenograft Tumors

3. Data analysis of microscope images is carried out using Meta-
Morph imaging software (Universal Imaging Corp., molec-
ulardevices.com, Downington, PA). For each field-of-view,
the white light and fluorescence images (FL and TMR and
with different exposure times) are combined into an image
“stack” for analysis as a group. Usually selected ROIs are
drawn over specific areas of the image, e.g., referable to
phantom and reference or to segment the phantom in parts.
For each fluorescent image, a threshold is set to exclude all
saturated pixels from the analysis (including spurious pixels
that are essentially unresponsive, being always saturated)
and the average intensity in each ROI for each of the fluo-
rescent images is calculated. The FL and TMR fluorescence
is determined after appropriate background subtraction,
and the FL/TMR ratio is then calculated for each ROI in
each image set and for each of the phantoms. The fluorescence
data are analyzed only for exposure times that give ROIs
with fluorescence below saturation.

For imaging tumor-associated proteinases activity, subcutane-
ous xenograft tumors that express MMP-7 (SW480mat) are
established on the rear flank of nude mice with control tumors
(SW480neo) on the contra-lateral flank (see Note 12). After
tumors >0.5-cm diameter develop, the animals are imaged under
anesthesia, either with ketamine /xylaxine (145 and 14.5 mg/kg,
respectively) or with isoflurane inhalation (3.5% induction and
1-2% maintenance). In the IVIS, the imaging bed is heated to
maintain body temperature of the anesthetized animals; for imag-
ing on the microscope system, a heat-lamp is used intermittently
for this purpose.

1. SW480neo control and MMP7-expressing SW480mat colon
cancer cells (1 x 10° cells) are implanted subcutaneously on
the flanks of athymic nude mice (Harlan, Indianapolis, IN,
USA) (see Note 13).

2. After 3—4 weeks of tumor growth to obtain tumors ~0.5—
1.0 cm in diameter, mice are anesthetized using 2% iso-
fluorane (3.5% induction, 1.5-2% maintenance) and imaged
using either the microscope imaging system (as described
carlier) or with a cryogenically cooled CCD camera, IVIS
200 Imaging System (Xenogen Corp., www.xenogeny.com,
Alameda, CA, USA). For PB-MXVIS imaging, the filters
of the IVIS are set to GFP (excitation, 445-490 nm; emis-
sion, 515-575 nm) and DsRed (excitation, 500-555 nm;
emission, 575-650 nm) channels to image the sensor (fluo-
rescein) and reference (tetramethylrhodamine) fluorescence
signals, respectively. Background (before beacon) reference
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fluorescence images are obtained usually with a number of
different exposure times, e.g., 1, 3, and 10 s. Prior to imag-
ing, mice are routinely given a subcutaneous 0.5-ml bolus of
sterile 0.9% saline to protect against dehydration during imag-
ing and an ophthalmic jelly (Paralube vet ointment, Pharma-
derm, www.pharmaderm.com, Duluth, GA, USA) is applied
to the eyes (immediately postinjection of beacon) of mice to
be imaged longer than 30 min, so as to protect the cornea
from dehydration.

PB-MXVIS prepared for injection at 1.6 nmol/150 ul in sterile
0.9% sodium chloride solution is administered by retro-orbital
injection using an insulin syringe (0.3 ml, 28G, 1/2 in., No.
309300, Becton-Dickinson) that has minimal dead-volume losses
and gives reproducible i.v. administration of beacon.

Fluorescence imaging is achieved using one or more of the quan-

titative fluorescence imaging systems described earlier, i.e., either

a fluorescence microscope with a wide-field objective and CCD

camera (see Note 14) or whole animal fluorescence imaging sys-

tems such as the IVIS 200 (Xenogen Corp.) (sec Notes 15 and

16). In cither imaging system, animals are first imaged before

administration of PB and as soon after injection as is practical so

as to provide images to validate the injection dose as measured
by fluorescence in the appropriate reference channel, i.e., TMR
in PB-MXVIS.

1. PB-MXVIS (1.6 nmol in 100 pl of sterile 0.9% saline) is
injected in the retro-orbital vascular bed and animals are
usually imaged as soon as practical after injection and then
for either about 30 min or, for assessment of rate of clear-
ance, up to about 60-90-min postinjection. Additional
image sets of animals are recorded every hour for up to
usually 4-5 h postinjection of PB-MXVIS (see Note 15).
Between imaging sessions, animals are allowed to recover
from anesthesia, keeping them warm and hydrated at all
times (se¢ Note 17).

2. Image data sets of tumors obtained with the microscope/
CCD camera imaging system are analyzed using Meta-
Morph® software as described earlier for in vivo phantoms.
The IVIS imaging data sets are analyzed using Living Image®
software by Xenogen in the GFP and DsRed channels that
predominately measure FL (sensor) and TMR (reference)
fluorescence, respectively. ROIs are created to measure the
average radiance (photons/s/cm?/steradian) both pre- and
postinjection of PB-MXVIS in the tumor-bearing regions as
well as an appropriate control region or regions, such as the
hind leg of the mouse (muscle tissue). In addition, a region
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3.5.4. Microscopic
Analysis of Tumors

or regions of the background usually adjacent to one or
more animals is also measured over time to monitor any
unanticipated changes in instrument response or detec-
tion parameters. From each of the two IVIS fluorescence
imaging channels, sensor (S) and reference (R) signal is
measured either as signal above preinjection background
and/or signal minus background postinjection (see Note
18). For both tumor and controls, the S/R ratio is cal-
culated as a function of time after injection of the PB (see
Notes 12,19, and 20).

The distribution of PB-MXVIS and related beacons within tumors

can be assessed in frozen sections:

1. At an appropriate time after i.v. administration of the beacon
(usually in the range from 1 to 4 h), mice are sacrificed
by carbon dioxide asphyxiation; tumors are resected and
immersed in OCT embedding compound (Tissue-Tek, www.
emsdiasum.com, Hatfield, PA, USA) and quickly frozen under
liquid nitrogen.

2. Frozen sections (5-10 wm) are prepared using a cryomicro-
tome and stored at —20°C prior to analysis. For histological
analysis, OCT is removed from the samples by immersing the
slides in H,O followed by 70% EtOH. The slides are aque-
ously mounted in Gel/Mount aqueous mounting medium
(Biomeda, www.biomeda.com, Foster City, CA, USA) containing
4',6-diamidino-2-phenylindole (DAPI, 2 uM) for visualization
of cell nuclei.

3. For quantitative fluorescence imaging, digital images are
recorded with a full-frame, CCD camera (MicroMax 1317-
K1; Princeton Instruments, Trenton, NJ, USA) coupled
to a fluorescence microscope (see earlier) equipped with a
variety (10x, 20x, and 40x oil immersion) of Plan-Neofluar
objective lenses (Axiophot; Carl Zeiss, www. zeiss.com,
Thornwood, NY, USA). The 40x objective lens is used
under oil immersion. Imaging parameters are optimized
to obtain fluorescence images linear with camera exposure
time and with maximum dynamic range. White light and
DAPI images are used to focus and orient the specimen
field before fluorescence excitation that is usually acquired
in both FL sensor and TMR reference channels (see earlier)
using two or more exposure times.

4. The images are analyzed using MetaMorph software as
described earlier and, for each ROI, intensity in each chan-
nel is calculated as the average counts/pixel after subtraction
of background signals from control samples prepared without
PB-MXVIS beacon.
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4. Notes

. Most of the synthetic steps are routinely carried out with

minimal exposure to light (amber vials and/or foil wrap-
ping) and under argon atmosphere to reduce exposure to

oxygen.

. Efficient coupling of ~8 peptides/PAMAM has also been

obtained following addition of 10 equivalents of FL-MX
peptide to SIA-activated PAMAM.

. Centrifugal filter devices with YM-10 membranes may also

be used.

. In the original procedure (4), both the intermediate and

final products are diafiltered with 0.1 M NaCl, 5 mM Hepes-
NaOH (pH 7.0), and 1 mM EDTA. While beacons, stored
with or without 20% ethanol, are stable for several weeks at
4°C, reagents were also stable without saline, i.e., in 1 mM
EDTA. A fraction of the reagent may precipitate over time, a
process usually reversed by simple vortex mixing.

. Although data from multiwell plate assays can be obtained

with assay sample volumes as low as 50 pl/well, the intras-
ample and intersample variability is markedly reduced in
assays using at least 80 ul/well, and 100-ul assay volumes are
routinely used. The reading parameters for the plate-reading
fluorometer should be tested with fluorescein, tetramethyl-
rhodamine, and PB-MXVIS before assays are run so as to
optimize: (a) filter selection to provide maximal sensitivity
for FL and minimal detection of FL in the TMR channel; and
(b) other data collection parameters such as integration time
so as to provide rapid data acquisition within constraints of
signal-to-noise of the data. A fluorometer with temperature-
regulated stage is optimal, though most proteinases are also
active at ambient temperature.

. When testing cleavage of a newly synthesized beacon with

a variety of proteinases, it is recommended to confirm that
each of the proteinases are active by setting up a number of
assays either in the same plate or a second plate with both
dye-quenched(DQ)-collagen and/or DQ-gelatin, usually
with these substrates at 10 ug/ml (8).

. In multiwell plate assays, collecting sets of fluorescence

intensities at various points over time provides better sig-
nal-to-noise than kinetic traces of each well, where sample
bleaching can occur to some extent due to prolonged expo-
sure to the excitation light.

. For in vitro and in vivo calibration, prolonged exposure of

calibration samples, particularly those prepared in capillaries,
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10.

11.

12.

13.

14.

15.

to the excitation light may result in partial bleaching of the
fluorescence. It is recommended that, after initial adjust-
ments have been made, in vitro calibration be performed
using fresh samples in capillaries.

. All animal experiments are carried out in accord with and

after approval of the procedures and protocol by the Institu-
tional Animal Care and Use Committeee (IACUC).

For initial in vivo calibration, two animals are recommended,
each prepared with a maximum of eight phantoms: one
mouse with phantoms prepared from four different reagents,
uncleaved and cleaved PB-MXVIS (each in duplicate), and
the single-color (FL-MX) -PAMAM and PAMAM-(TMR)
compounds, plus a control phantom without beacon; the
second mouse is prepared with phantoms consisting of mix-
tures of uncleaved and cleaved PB-MXVIS.

The in vivo calibration with subcutaneous PB-MXVIS in
Matrigel should be carried out by imaging the animals (see
later) soon after implantation of the phantoms since the sig-
nal decreases over time (several hours). However, photob-
leaching of in vivo phantoms is generally negligible.

To validate in vivo targeting specificity, animal models should
be designed to include a negative control such as tumor cells
that have been genetically manipulated to either overexpress
or knockdown the target of interest. A valuable approach to
demonstrate the in vivo targeting specificity is to make use of
animals made null for the target of interest so that response
can be compared in positive versus null animals (preferably
littermates).

For subcutaneous xenograft tumors, it is important to avoid
placement over the kidneys or in their immediate vicinity, as
a major portion of PB-MXVIS is cleared by excretion and
the kidneys retain significant fluorescence for an extended
period (1-2 days) after injection of PB-MXVIS.

In the microscope system, due to the relatively small field-
of-view, several imaging sets must be recorded for each
mouse, i.e., SW480nco and SW480mat tumors as well as a
control region (usually adjacent to the spine, between the
xenografts), and at multiple time points, usually limiting data
acquisition to two or three animals that can be imaged alter-
nately over a period of a few hours.

Although the IVIS is reasonably adjusted to “flat field”
for bioluminescence images, fluorescence images are
somewhat dependent on location within the field and it
is important when recording sequential images over time
that each of the animals be positioned reproducibly within
the field-of-view.
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The IVIS200 whole animal imaging system is equipped with
isoflurane inhalation anesthesia for simultaneous imaging of
up to five mice (field of view D). However, imaging smaller
numbers of animals (three or two) using one of the smaller
field-of-view settings provides increased sensitivity.

For most measurements recorded over time, treatment of
the skin with glycerol to enhance the detection of fluores-
cence from the subcutaneous xenograft tumors was not
implemented so to avoid introduction of an uncontrolled
variable, i.e., dehydration/rehydration of the skin over the
course of the study.

Mice can be maintained on a low fluorescence diet (TD-
97184, Harlan Teklad, Madison, WI, USA) for three or
more days prior to imaging to reduce background fluores-
cence (9).

Importance of timepoint for §/R analysis: Results from
studies conducted with PBs in various tumor models, e.g.,
SW480 colon tumor xenografts (4, 9), Min mouse adeno-
mas (9), and LLC lung tumors (10), have revealed the
importance of carrying out exploratory studies to measure the
S/ R ratios as a function of time after administration of
the PB. Although the half-times for whole-body clearance of
the PBs studied thus far are similar (on the order of 60-90
min), maximal §/R ratios in tumors have been found at dif-
ferent times after injection. With the prototype PB-M7VIS,
optimal §/R ratio was at ~2-h postinjection, whereas with
the second generation PB-M7NIR studied in the same
SW480 tumor model system, the maximal §/R ratio was at
~4-h postinjection, a temporal difference that may in part
be attributed to enhanced signal-to-noise and/or signal-to-
background ratios for the NIR versus VIS versions of the PB.
However, for imaging PB-M7NIR in the intestinal adeno-
mas of the Min mouse, optimal §/R ratios were found at
~1-h postadministration of the PB, i.e., much sooner than
in the SW480 xenograft model, a result that may be due, at
least in part, to a faster wash out of cleaved sensor from the
adenomas as compared with the xenografts.

Controls for specificity: Appropriate controls for studies with
these kinds of PBs both in vitro and in vivo include the use of
control PBs constructed with a scrambled peptide sequence,
an uncleavable peptide of the same sequence except with
d-amino acids, or with a peptide designed to target a dif-
ferent proteinase (see Table 1). Some validation of targeting
specificity can be obtained by judicious use of pharmacological
inhibitors such as the MMP inhibitors (MMPI). However, it
should be noted that while the attenuation of response to a
PB afforded by treatment with a pharmacological agent such
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as an MMPI is indicative of biological efficacy of the drug,
the attenuation of PB signal may be a result of an indirect
downstream response to the agent rather than direct inhibi-
tion of the proteinase target.
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Chapter 10

Dissecting the Urokinase Activation Pathway Using
Urokinase-Activated Anthrax Toxin

Shihui Liu, Thomas H. Bugge, Arthur E. Frankel, and Stephen H. Leppla

Summary

Anthrax toxin is a three-part toxin secreted by Bacillus anthracis, consisting of protective antigen (PrAg),
edema factor (EF), and lethal factor (LF). To intoxicate host mammalian cells, PrAg, the cell-binding
moiety of the toxin, binds to cells and is then proteolytically activated by furin on the cell surface, result-
ing in the active heptameric form of PrAg. This heptamer serves as a protein-conducting channel that
translocates EF and LF, the two enzymatic moieties of the toxin, into the cytosol of the cells where
they exert cytotoxic effects. The anthrax toxin delivery system has been well characterized. The amino-
terminal PrAg-binding domain of LF (residues 1-254, LFn) is sufficient to allow translocation of fused
“passenger” polypeptides, such as the ADP-ribosylation domain of Pseudomonas exotoxin A, to the
cytosol of the cells in a PrAg-dependent process. The protease specificity of the anthrax toxin delivery
system can also be reengineered by replacing the furin cleavage target sequence of PrAg with other pro-
tease substrate sequences. PrAg-U2 is such a PrAg variant, one that is selectively activated by urokinase
plasminogen activator (uPA). The uPA-dependent proteolytic activation of PrAg-U2 on the cell surface
is readily detected by western blotting analysis of cell lysates in vitro, or cell or animal death in vivo. Here,
we describe the use of PrAg-U2 as a molecular reporter tool to test the controversial question of what
components are required for uPAR-mediated cell surface pro-uPA activation. The results demonstrate
that both uPAR and plasminogen play critical roles in pro-uPA activation both in vitro and in vivo.

Key words: Anthrax toxin, Plasminogen, Protective antigen, Urokinase plasminogen activator,
Urokinase plasminogen activator receptor.

1. Introduction

Anthrax toxin is a major virulence factor secreted by Bacillus
anthracis, consisting of three polypeptides: a cellular receptor
binding component — protective antigen (PrAg), and two enzy-
matic moieties — edema factor (EF) and lethal factor (LF) (1).
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These three proteins are individually nontoxic. To intoxicate host
mammalian cells, PrAg binds to cell surface tumor endothelial
marker 8 (TEMS) or capillary morphogenesis gene 2 product
(CMG2), the two widely expressed anthrax toxin receptors (2, 3),
and is then proteolytically activated by cell surface furin, releasing
the amino-terminal 20-kDa peptide (PrAg20), thereby allowing
the cell bound carboxyl-terminal 63-kDa peptide PrAg63 to form
a heptamer (1). Oligomerization of PrAg63 also generates EF
and LF binding sites, which span the subunit—subunit interfaces
on the PrAg heptamer (4, 5). Thus, EF and LF can only bind to
the oligomeric form, not the monomeric form of PrAg63. Under
saturating conditions, one PrAg63 heptamer can bind a maxi-
mum of three molecules of LF or EE. Oligomerization of PrAg63
not only provides the binding site for LF and EF, but also trig-
gers internalization of the toxin complex into endosomes via a
lipid raft-mediated clathrin-dependent process (6, 7). A decrease
in the pH in endosomes causes the PrAg63 heptamer to insert in
endosomal membranes to form a channel, and through this channel
LF and EF translocate to the cytosol to exert their cytotoxic
effects. Therefore, PrAg is the central part of anthrax toxin, serv-
ing as the delivery vehicle for binding and translocation of LF and
EF into the cytosol of the cells. The combination of PrAg and LF,
termed lethal toxin (LeTx), kills animals (8, 9) and certain cells,
including some murine macrophages (10), but shows no evident
cytotoxicity to most other cell types. LF is a zinc-dependent met-
alloprotease that cleaves several mitogen-activated protein kinase
kinases (MAPKKSs) in their amino-terminal regions (11, 12). The
combination of PrAg and EF, called edema toxin, causes edema
when injected subcutaneously and death when injected systemi-
cally in experimental animals (13). EF is a calcium- and calmodulin-
dependent adenylate cyclase, which elevates intracellular cAMP
concentrations (14), thereby causing diverse effects in cells inclu-
ding the impairment of phagocytosis (15).

The amino-terminal sequence of LF (residues 1-254, LFn) has
substantial sequence homology to the amino-terminal sequence of
EF (1). This region constitutes the PrAg hetpamer-binding domain
and is sufficient to allow translocation of fused “passenger” polypep-
tides to the cytosol of cells in a PrAg-dependent process (16-18).
Thus, LEn fused to other bacterial toxin enzymatic domains such as
the ADP-ribosylation domain of Pseudomonas exotoxin A (fusion
protein 59, or in short, FP59) (17), or to reporter enzymes, such
as B-lactamase (LFnLac) (19), have been generated. FP59 can be
used as a potent antitumor agent when delivered to tumor cells
using a tumor-specific PrAg (20-22). LFnLac was successfully used
to image cells expressing various proteases when combined with
the protease-specific PrAg proteins (19).

The unique requirement for PrAg proteolytic activation on
the target cell surface provides a way to reengineer this protein
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to make its activation dependent on proteases other than furin
that are present on the surface of the target cell. To this end,
we have generated PrAg variants that are selectively activated by
urokinase plasminogen activator (uPA) (21), a serine protease
that is overproduced along with its cognate receptor (uPAR) by
a variety of tumor tissues and tumor cell lines. Another physio-
logical plasminogen activator, tissue plasminogen activator (tPA),
shares with uPA an extremely high degree of structural similar-
ity and the same primary physiological substrate (plasminogen)
and inhibitors (PAI-1 and PAI-2). Unlike uPA, which normally
functions in tumor cells, tPA is expressed and secreted mostly by
vascular endothelial cells and is primarily involved in clot dissolu-
tion. Therefore, one concern in the design of uPA-dependent
PrAg proteins is to avoid cross-activation by tPA in order to mini-
mize the potential toxicity to blood vessels. Successful discrimi-
nation of substrate sequences between uPA and tPA was made
possible by the work of Madison and colleagues (23, 24) who
used phage display to identify peptide sequences that are cleaved
with high efficiency and selectivity by either uPA or tPA. Thus,
using an optimized uPA substrate sequence GSGRSA to replace
the furin site RKKR in PrAg yielded PrAg-U2, a PrAg variant
that is efficiently and preferentially activated by uPA (21, 22). In
contrast, when the furin site was replaced by a tPA-preferred rec-
ognition sequence, QRGRSA, the resulting PrAg-U4 was prefer-
entially activated by tPA (21). In theory, the PrAg furin cleavage
site. RKKR can be changed to any other protease cleavage site
to generate a PrAg cleaved by a particular protease, provided a
specific substrate sequence is known. In this chapter, we will focus
on PrAg-U2 protein purification and its usefulness in dissecting
urokinase activation pathways both in vitro and in vivo. Using the
modified anthrax toxin to image cell surface protease activities is
described in chapter 7 (Hobson et al.). For other applications of
the modified anthrax toxins, please refer to (25).

2. Materials

2.1. Nonvirulent
B. anthracis Protein
Expression System

1. Expression plasmids: pYS5 is a PrAg expressing plasmid that
can shuttle between E. colz and B. anthracis (26), allowing
molecular cloning to be done in E. coli and protein expres-
sion and purification in nonvirulent B. anthracis strain
BH450. In this plasmid, the expression of PrAg is driven
by the original PrAg promoter. To make PrAg-U2, the
DNA sequence encoding the PrAg furin cleavage sequence
in pYS5 was changed to that encoding the uPA cleavage
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2.2. FA Medium

2.3. Protein
Purification

2.4. Reagents

peptide PGSGR 4SA ( Vindicates cleavage site), resulting
in an uPA-activated PrAg expressing plasmid pYS-PrAg-U2
(21). To express FP59 in this system, the mature PrAg cod-
ing sequence in pYS5 was replaced with the FP59 coding
sequence, resulting in pYS-FP59, which expresses FP59 with
the PrAg signal peptide at the amino terminus (27). All other
protease-specific PrAg proteins can be efficiently made using
this system.

. Host strain for expression: BH450 is a protease and sporu-

lation-deficient, virulence plasmid-cured B. anthracis strain
previously designated MSLL33 (28). The expression plasmids
are transformed into BH450 by electroporation (the electro-
poration transformation protocol is available upon request).

FA medium is used to culture BH450 transformants for protein
expression and purification.

1.

Enriched FA medium (1 L): mixture of 900mL FA medium
(35g Bacto tryptone, 5g Bacto yeast extract, autoclaved to
sterilize) and 100 mL of 10x salts.

10x salts (1 L): 60g Na,HPO,-7H,0, 10g KH,PO,, 55g NaCl,
0.4g 1-tryptophan, 0.4g 1-methionine, 0.05g thiamine-HCI,
0.25g uracil; adjust pH to 7.5, and filter to sterilize.

. Phenyl-Sepharose Fast Flow (low substitution) resin (GE

Healthcare Life Sciences): Store in 20% ethanol at 4°C. The
used resin can be recycled by sequentially washing with 10
volumes of 0.1N NaOH and large amounts of distilled water,
and then stored in 20% ethanol at 4°C.

2. Q-Sepharose Fast Flow resin (GE Healthcare Life Sciences).

. Ammonium sulfate (Sigma, St. Louis, MO): Solid ammonium

sulfate is precooled at —20°C before use.

. Phenylmethylsulfonyl fluoride (PMSF): 30 mg/mL stock

solution in isopropanol; store at —20°C.

. 500 mM stock solution of EDTA in H,O, pH 7.4.

6. Washing buffer: 1.5 M ammonium sulfate, 10 mM Tris-HCI,

1 mM EDTA, pH 8.0.

. Elution buffer: 0.3 M ammonium sulfate, 10 mM Tris—HCI,

pH 8.0, 0.5 mM EDTA.

. Buffer A: 10 mM Tris—-HCI, pH 8.0, 1 mM EDTA, pH 8.0.
. Buffer B: Buffer A with 0.5 M NaCl.

. Rabbit anti-PrAg serum #5308 (made in our laboratory) can

recognize various PrAg species when used in western blotting.
A 1:5,000 dilution can be used in western blotting.

Human pro-uPA (single-chain uPA) (no. 107), monoclonal
antibody against human uPA B-chain (no. 394), PAI-1 (no. 1094),
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2.5. Cell Culture
and Western Blotting

2.6. Mice

and Glu-plasminogen (no. 410) (American Diagnostica, Inc.,
Greenwich, CT).

3. Tranexamic acid and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (Sigma).

1. HelLa cells and human 293 kidney cells obtained from Ameri-
can Type Culture Collection are grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), 0.45% glucose,
2 mM glutamine, and 50 pug/mL gentamicin.

2. Solution of trypsin (0.25%) and EDTA (1 mM) (Invitrogen).

3. Hanks’ balanced salt solution (HBSS) (Biofluids, Rockville, MD).

4. Modified Radioimmunoprecipitation buffer (RIPA): 50 mM
Tris—-HCI, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 150 mM NaCl, 1 mM EDTA. May be stored up to
1 year if filter sterilized and stored at 4°C in the dark. RIPA
buffer may be supplemented with complete protease inhibitor
cocktail tablet (see later) immediately before use.

5. Complete protease inhibitor cocktail tablets, from Roche
Diagnostics (Mannheim, Germany).

6. 4-20% gradient Tris—glycine gels (Novex) from Invitrogen.

7. 6x SDS sample bufter: 0.35 M Tris-HCI, pH 6.8, 10% SDS,
36% glycerol, 0.6 M dithiothreitol, 0.01% bromphenol blue.
Store at -20°C in aliquots.

uPA knockout mice as described (29).

uPAR knockout mice as described (30).

Plg (plasminogen) knockout mice as described (31).
PAI-1 knockout mice as described (32).

L

3. Methods

uPA and uPAR are overexpressed by virtually all human tumors and
can be considered as a hallmark of malignant conversion (33, 34).
uPA and uPAR are expressed at very low levels in normal tissues,
but their expression is rapidly induced in response to tissue injury,
thereby providing extracellular proteolysis essential for tissue repair
and remodeling (34-37). uPA is secreted as a single chain enzyme
(pro-uPA) with very low intrinsic activity, and is converted to the
active form, two-chain uPA, by plasmin (38). Two-chain uPA, in
turn, is a potent activator of plasminogen (Plg), by cleaving the
R560-V30l site in plasminogen, giving rise to active plasmin. The
pivotal role of uPAR in uPA-mediated cell surface plasminogen
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3.1. Expression
and Purification of
Prag-U2

activation is well defined biochemically (34), but the function of
uPAR in vivo was recently challenged by the milder phenotype of
uPAR~" mice compared with uPA~~ mice (30, 39, 40). By taking
advantage of the facts that uPA-dependent activation of PrAg-U2
is readily detected by immunoblotting in vitro, or as a cause of cell
death in vivo, here we describe the use of PrAg-U2 as a molecular
tool to test the established paradigms regarding uPAR-mediated
cell surface uPA activation both in vitro and in vivo. The results
demonstrate that both uPAR and plasminogen play critical roles in
pro-uPA activation both in vitro and in vivo.

1.

The BH450 bacteria transformed with the PrAg-U2 express-
ing plasmid pYS-PrAg-U2 are grown from an inoculum of
several resuspended colonies in six 3-L flasks, each containing
500mL FA medium with 10 pg/mL kanamycin for 12-15 h
at 37°C with shaking at 220 rpm (see Note 1).

. Place flasks in ice-water bath, and add PMSF to 10 ug/mL to

the cultures. The culture supernatants are then collected by
centrifugation at 4,500 x g for 30 min at 4°C. The superna-
tants are sterilized by pumping through a 0.2-um cartridge fil-
ter (Millipak 60, Millipore Corp., Bedford, MA). Add EDTA
(5 mM) to further minimize protein degradation. All the fol-
lowing steps should be done in a cold room.

The proteins secreted into the culture supernatants are then pre-
cipitated on Phenyl-Sepharose Fast Flow resin in the presence
of 2 M ammonium sulfate. Divide the 3-L sterile supernatant
between two 3-L tissue culture roller bottles, and add precooled
solid ammonium sulfate (270 g per liter supernatant) and Phenyl-
Sepharose Fast Flow resin (50mL settled resin to each bottle).

. Gently rotate the bottles until ammonium sulfate is dissolved,

and then at least for 1 h more.

. Collect resin on a porous plastic funnel (Bel-Art Plastics, 8-cm

diameter). The porous filter should be wetted with ethanol
and then washed with water to remove air.

. Wash the resin on the funnel with 500mL washing bufter.
. The proteins are then eluted using elution buftfer. Add this

initially in 10-mL portions, dropwise, to achieve laminar flow
as if this were a chromatography column. Collect fractions of
10-20 mL until pigment (and protein) elute(s).

. Collect approximately 300mL protein elute, place in two 200-

mL centrifuge bottles (150mL protein elute in each), and pre-
cipitate proteins by adding solid ammonium sulfate to 70%
saturation (30g solid ammonium sulfate per 100 mL of elu-
ate). Rotate the bottles until ammonium sulfate is dissolved,
and then leave for at least additional 1 h (it is convenient to
leave this overnight).
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3.2. Proteolytic
Activation of
Pro-uPA and PrAg-U2
on Cultured Cells

9.

10.

11.

12.

13.

Centrifuge in 200-mL bottles, 9,000 x g, 20 min. Pour off
the supernatant. Dissolve the protein pellet in 20mL 10 mM
Tris—HCI, 1.0 mM EDTA, pH 8.0, and dialyze the solution
>5 h against 10 mM Tris—-HCI, 1 mM EDTA, pH 8.0.

PrAg-U2 is further purified by chromatography on a
Q-Sepharose FF column using an AKTA Purifier 10
FPLC system (GE Healthcare Life Sciences) or equiva-
lent system. The column is 1.5-cm diameter, 15-cm long.
Approximately 20mL dialyzed protein solution from last
step is loaded on the column and washed with 300mL
buffer A.

PrAg-U2 is then eluted from the column using 300mL
0-50% gradient buffer B, pumped at 1 mL/min, and frac-
tions are collected.

Run SDS- or native-PAGE to identify the fractions contain-
ing PrAg-U2 (see Note 2). Pool the fractions with PrAg-
U2, and dialyze against 5 mM Hepes, 0.5 mM EDTA. Filter
sterilize, measure UV spectrum, calculate mg/mL as A, x
1.09. Freeze aliquots (see Note 3).

FP59 can be purified to one prominent band with expected
size of 53 kDa from the culture supernatant using the same
procedures as described earlier.

. Cells (such as uPAR-expressing Hela cells and uPAR-non-

expressing human 293 cells) are seeded in 24-well plates to
allow them to grow near confluence (80-100%) the next day
(see Note 4).

. The cells at 80—-100% confluency are washed once with HBSS,

followed by incubation in 1 mL/well serum-frece DMEM
containing 1 pg/mkL pro-uPA, 1 pg/mL Glu-plasminogen,
1 ug/mL PrAg-U2, and 2 mg/mL bovine serum albumin
(BSA) at 37°C for various lengths of times (Fig. 1).

. When plasminogen activator inhibitor-1 (PAI-1) is tested,

cells are preincubated with PAI-1 for 30 min prior to the
addition of pro-uPA, Glu-plasminogen, and PrAg-U2.
When tranexamic acid is used to strip the cell surface-bound
plasminogen, cells are preincubated with serum-free DMEM
containing 2 mg/mL BSA, 1 mM tranexamic acid, without
plasminogen, for 30 min before the addition of pro-uPA and
PrAg-U2 (see Note 5).

. Cell culture plates are then placed on ice, and washed five

times with precooled (on ice) HBSS to remove unbound
pro-uPA, PrAg-U2, and other additions (such as inhibitors),
and then lysed in 100 pL/well of modified RIPA lysis buffer
supplemented with complete protease inhibitor cocktail tablet
on ice for 10 min (see Note 6).
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Fig. 1. Binding and processing of pro-uPA and PrAg-U2 by Hela and 293 cells. HeLa and 293 cells were cultured
to confluence in 24-well plates, and preincubated with serum-free DMEM containing 2 mg/mL BSA, 1 pg/mL of
Glu-plasminogen, with or without 10 pg/mL of PAI-1 for 30 min. Some cells were preincubated with serum-free
DMEM containing 2 mg/mL BSA, 1 mM tranexamic acid, without plasminogen. Then 1 pg/mL each of pro-uPA and
PrAg-U2 were added to the cells and incubated for the times indicated. The cells were thoroughly washed, and the
cell lysates were analyzed by western blotting using a monoclonal antibody against the uPA B-chain (#394) (upper
panel), or by using a rabbit anti-PrAg polyclonal antibody (#5308) (/ower panel) to determine the binding and processing
status of pro-uPA and PrAg-U2.

5. Mix 50uL cell lysate from each well with 10 pLL 6x SDS sample
buffer, heat at 95°C for 5 min, and vortex vigorously to break
genomic DNA before sample loading (se¢ Note 7).

6. 10-15 pL samples from each well along with a protein
molecular weight marker are loaded onto 4-20% gradient
Tris—glycine gels to run SDS-PAGE at 120 V (see Note 8).
It takes approximately 2 h for the dye to reach bottom of
the gel.

7. Proteins on the gel are then transblotted onto nitrocellu-
lose membranes using any method that is successful in your
laboratory.

8. Western blotting is performed to detect pro-uPA and active
form of uPA B-chain using a monoclonal antibody against
human uPA B-chain (no. 394, American Diagnostica,
1:1,000 dilution) and goat anti-mouse IgG (HRP conju-
gate, preabsorbed, Santa Cruz, 1:2,000 dilution) following the
universal protocols described in either Upstate Biotechnology
or Santa Cruz Biotechnology Immunoblotting protocols (see
Note 9).
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3.3. Cytotoxicity of
PrAg-U2/FP59 To
UPAR-Expressing Gells

9.

10.

2.

To detect the proteolytically processed products of PrAg-U2,
the same set of samples run on anther gel are probed with
1:5,000 dilution of a rabbit anti-PrAg antiserum (#5308),
followed by a donkey anti-rabbit IgG (HRP conjugate, prea-
bsorbed, Santa Cruz, 1:2,000 dilution) (see Note 9).

The results of an example experiment were shown in Fig. 1.
HeLa cells proteolytically activated pro-uPA on the cell sur-
face (the appearance of uPA B-chain at 120 min in SDS gel).
In contrast, the uPAR nonexpressing human 293 kidney cells
bound weakly (probably unspecific binding) and could not
proteolytically activate pro-uPA. The activation of pro-uPA
by Hela cells was completely blocked by PAI-1. Activation
of PrAg-U2 on HelLa cell surface, determined by the pro-
duction of the processed form PrAg63 and the formation of
SDS-stable PrAg63 heptamer, exactly matched the activation
profile of pro-uPA. In particular, when the activation of pro-
uPA was blocked by PAI-1, or by the use of tranexamic acid,
which inhibits the binding of plasminogen to the cell surface,
PrAg-U2 activation was blocked in parallel. These results
demonstrate that the activation of pro-uPA requires simulta-
neous binding of pro-uPA and plasminogen to cell surface.

uPAR-expressing cells (such as Hela cells) are seeded into
96-well plates and grown to 30-50% confluence (se¢ Note 10).

The cells are washed twice with serum-free DMEM to
remove residual serum. Then the cells are preincubated for
30 min with serum-free DMEM containing 100 ng/mL
pro-uPA and 1 pg/mL Glu-plasminogen with or without
PAI-1 (see Note 11). Various concentrations of PrAg-U2
(0-1,000 ng/mL) combined with FP59 (constant at 50 ng/
mL) are added to the cells to give a total volume of 200 uL/
well. Cells are incubated with the toxins for 6 h, the medium
is replaced with fresh culture medium without toxin, and
incubation is continued for 48 h. (sec Note 12).

Add 50 pL/well of 2.5 mg/mL MTT to the cells, incubate
with the cells for 45-120 min at 37°C.

Remove the medium. The dark blue oxidized MTT pigment
produced by viable cells is dissolved in 100 pL/well of the
solvent [0.5% (w/v) SDS, 25 mM HCI, in 90% (v/v) iso-
propanol] by vortexing the plates, and the oxidized MTT,
which is proportional to cell viability, is measured as A,
using a microplate reader (see Note 13).

The results of an illustrative experiment are shown in Fig. 2.
PrAg-U2 efficiently killed the uPA-expressing Hel.a cells in
a dose-dependent manner, and this cytotoxicity was ulPA-
dependent because it was blocked by the addition of PAI-1
(see Note 14).
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Fig. 2. The cytotoxicity of PrAg-U2 to uPAR-expressing tumor cells is blocked by PAI-1. HeLa cells were cultured to 50%
confluence, preincubated with serum-free DMEM containing 100 ng/mL of pro-uPA and 1 pg/mL of Glu-plasminogen
with or without 2 ug/mL of PAI-1 for 30 min. Then PrAg and PrAg-U2 combined with FP59 (50 ng/mL) were added to the
cells and incubated for 6 h. The toxins were removed and replaced with fresh serum-containing DMEM. MTT was added
to determine cell viability at 48 h.

3.4. Activation of
PrAg-U2 In Vivo
Is Dependent

on the Presence
of uPA, uPAR,
and Plasminogen

The roles of uPAR, plasminogen, and PAI-1 in activation of
pro-uPA can be genetically analyzed in vivo by measuring the
sensitivity to PrAg-U2 /FP59 of mice deficient in these plasminogen
activation system components.

1.

6-8-weck-old C57BL /6 mice deficient in uPA, uPAR, and
plasminogen, and control wild-type mice are injected intra-
peritoneally with 200ug PrAg-U2 and 10pg FP59 in 500uL
PBS (see Note 15).

. 6-8-weck-old mice deficient in PAI-1 are challenged with var-

ious doses of PrAg-U2 (6, 10, 15, and 30 pg) in the presence
of 10ug FP59 in 500uL PBS.

. The mice are monitored closely (checking twice a day) for signs

of toxicity for a period of 14 days after injection, by assessing
weight loss, inactivity, loss of appetite, inability to groom, ruf-
fling of fur, and shortness of breath. The mice are euthanized
by CO, inhalation at the onset of obvious malaise.

. Histological analysis: Mice injected with 200ug PrAg-U2 and

10ug FP59 in PBS are euthanized by CO, inhalation at the
onset of malaise. The control mice injected with PBS alone
are euthanized after 24-36 h by CO, inhalation. The mice
then are perfused intracardially with cold PBS, followed by
4% paraformaldehyde. The organs are postfixed for 24 h in 4%
paraformaldehyde, embedded in paraftfin, sectioned, stained
with hematoxylin/eosin, and subjected to microscopic analysis
by a pathologist unaware of treatment or animal genotype
(2-8 mice per treatment group and genotype).

. Immunostaining of spleen and lymph nodes is performed

with a Vectastain ABC peroxidase kit (Vector Laboratories,
Inc., Burlingame, CA) with diaminobenzidine as chromogenic
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substrate, using rat anti-mouse CD45R/B220 antibodies
(Pharmingen, San Diego, CA) to detect B lymphocytes and
rabbit anti-human T-cell antibodies (DAKO, Carpinteria, CA)
to detect T cells. Apoptotic cells are visualized by terminal
deoxynucleotidyltransferase-mediated dUTP nick-end labeling
(TUNEL) using an Apotag kit (Intergen, Gaithersburg, MD).
6. The results of an illustrative experiment are shown in Fig. 3.
All wild-type mice became terminally ill when challenged with
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Fig. 3. uPA-dependent activation of PrAg-U2/FP59 requires the presence of uPA, uPAR, and plasminogen in vivo. (a)
Plg, uPA, and uPAR-deficient mice are hyperresistant to uPA-activated anthrax toxin. Wild-type mice and mice deficient
in uPA, uPAR, and Plg were challenged with 200ug PrAg-U2 with 10ug FP59 intraperitoneally and were monitored for
disease. All wild-type mice became terminally ill within 24 h of toxin administration, whereas no outward or histological
signs of toxicity were detected in uPA, uPAR, and Plg-deficient mice (P < 0.01). (b) PAI-1-deficient mice are hypersensi-
tive to PrAg-U2. PAI-1-"- (apen bars) or wild-type control (solid bars) mice were challenged with varying concentrations of
PrAg-U2 with 10ug FP59 and monitored for disease. All PAI-1-- mice treated with 15-30ug PrAg-U2 became terminally
ill within 24 h of toxin administration, whereas no outward or histological signs of toxicity were detected in wild-type
mice challenged with 30ug PrAg-U2 (P < 0.001). (c—j) Cell-surface uPA-dependent T-cell toxicity of PrAg-U2. Histologi-
cal appearance of T-cell regions of the spleen of wild type (c—g), uPA-"~ (h), uPAR- (i), and Plg~"- (j) mice 24 h after
intraperitoneal injection of PBS () or 200ug PrAg-U2 with 10ug FP59 (d-j). Scattered clusters (examples indicated with
arrows) of degenerating lymphocytes in wild-type mice (d), absent in PBS-treated wild-type mice (c), are identified as
subpopulations of T cells, by immunostaining with T-cell (e) and B-cell (f) antibodies, undergoing apoptosis as visualized
by TUNEL-staining (g). (h—j) shows the absence of T-cell pathology in the spleens of uPA-- (h), uPAR=- (i) and Plg—"- (j)
mice. (¢, d, and h—j) Hematoxylin/eosin staining (bars = 10 pum).
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200ug PrAg-U2 with FP59, with cytotoxicity observed in
bone marrow, adrenal cortex, osteogenic tissues, T-cell areas of
the spleen, and lymph nodes (Fig. 3c—g, and data not shown).
In contrast, uPA~~, uPAR”~, and Plg~~ mice remained com-
pletely healthy, demonstrating that both uPAR and Plg are
essential cofactors in the generation of uPA activity in vivo.
Microscopic examination of tissues from uPA~~, uPAR~~, and
Plg~~ mice challenged with 200ug PrAg-U2 with FP59 failed
to demonstrate any signs of cytotoxicity to T-cell areas of the
spleen and lymph nodes, bone marrow, adrenal cortex, and
osteogenic tissues (Fig. 3h—j, and data not shown), provid-
ing further evidence that PrAg-U2 is activated by cell surface
uPA, and demonstrating that these anatomical locations are
principal sites of cell surface uPA activity in vivo. Conversely,
PAI-1~/~ mice were hypersensitive to PrAg-U2 combined with
EP59, with a maximum tolerated dose of about 6 pg (Fig. 3b).
Microscopic analysis of tissues from PAI-1/~ mice treated with
just 20ug PrAg-U2 with FP59 demonstrated bone marrow,
T-cell, osteoblast, and adrenal cytotoxicity, similar to wild-type
mice treated with much higher concentrations of the engi-
neered toxin (data not shown). All PrAg-U2-treated PAI-17~
mice also presented profound edema of the small intestine
frequently associated with hemorrhaging into the intestinal
lumen (data not shown). This condition was never observed
in wild-type mice, even when treated with a tenfold higher
concentration of the engineered toxin. Taken together, these
experiments unequivocally demonstrate that uPA, the binding
of uPA to uPAR, and the activation of pro-uPA by plasmin are
critical events in the activation of PrAg-U?2 in vivo.

4. Notes

. It is convenient to handle six 3-L flasks of culture each

with 500mL enriched FA medium at one time. PrAg and
FP59 proteins are secreted into culture medium as major
secreted proteins and can usually reach expression levels of

30-50 mg/L.

. PrAg proteins usually elute at 28% buftfer B. Note that culture

supernates contain the surface array proteins EAl and SAP,
which have masses like that of PrAg, which sometimes leads
to confusion when only SDS gels are used for analysis.

. At this point, the purity of PrAg proteins usually approaches

95%, with one prominent band evident on gels at the expected
molecular mass of 83 kDa.
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4.

10.

11.

12.

13.
14.

15.

The cell density does not significantly affect the levels of anthrax
receptors. Thus, cells near to 100% confluence are usually used
for PrAg protein binding and processing analyses.

. PAI-1is a major physiological inhibitor of plasminogen acti-

vators. Tranexamic acid can compete with plasminogen
for cell surface binding sites, and it thus blocks binding of
plasminogen to cells. Other inhibitors, such as uPAR block-
ing antibodies (21), can also be used by preincubation with
cells for 30 min before the addition of pro-uPA and toxin.

. The complete protease inhibitor cocktail tablets are expen-

sive and thus a portion of a tablet can be used as follows:
cut one quarter of a tablet using a clean blade and dissolve
it in 5-10 mL of RIPA buffer. Precool RIPA lysis buffer on
ice before use.

After heating, the samples are usually very sticky, and vigor-
ously vortexing to shear the cellular DNA is crucial for suc-
cessful sample loading on PAGE gel.

Thoroughly washing each well of gels using distilled water is
crucial to get sharp protein bands.

5% (w/v) Milk (dry milk from Biorad) in TPBS (PBS con-
taining 0.05% Tween 20) is an excellent blocking solution
for these antibodies.

In the 48-h cytotoxicity assay, cells with initial 30-40% con-
fluency are used to avoid the control untreated wells reaching
confluency at 48 h when the data are collected.

Other inhibitors, such as aprotinin, a2-antiplasmin, amino-
terminal fragment of uPA, or the uPAR blocking antibodies,
can also be tested.

This cytotoxicity assay can also be performed in regular serum
containing DMEM  without addition of Glu-plasminogen.
In this case, it is not necessary to replace toxin-containing
medium with fresh routine culture medium. Similar results
can be obtained using either serum-free or serum-containing
medium. Fetal bovine serum is a good source for plasminogen.

MTT is dissolved in routine cell culture medium.

Evidence that the cytotoxicity of PrAg-U2 /FP59 to cells is

also dependent on cell-surface bound plasminogen and func-
tional uPAR can be found in (21).

The maximum tolerated dose of wild-type C57BL /6 mice
to PA-U2 is 30 ug in the presence of 10 pg of FP59. The
maximum tolerated dose is determined as the highest dose
in which outward disease or histological tissue damage
is not observed in any mice within a 14-day period of
observation.
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Chapter 11

On-Demand Cleavable Linkers for Radioimmunotherapy

Pappanaicken R. Kumaresan, Juntao Luo, and Kit S. Lam

Summary

Radioimmunotherapy (RIT) using radiolabeled antibodies or its fragments holds great promise for cancer
therapy. However, its clinical potential is often limited by the undesirable radiation exposure to normal
organs such as liver, kidney, and bone marrow. It is important to develop new strategies in RIT that enable
protection of vital organs from radiation exposure while maintaining therapeutic radiation dose to the
cancer. One way to achieve this is to clear radiometal rapidly from the circulation after accumulation of
radioimmunoconjugates (RIC) in the tumor. Our strategy is to place a highly efficient and specific cleavable
linker between radiometal chelate and the tumor targeting agent. Such linker must be resistant to cleavage
by enzymes present in the plasma and tumor. After radiotargeting agents have accumulated in the tumor,
a cleaving agent (protease) can be administered to the patient “on demand” to cleave the specific linker,
resulting in the release of radiometal from the circulating RIC, in a form that can be cleared rapidly by
the kidneys. TNKase®, a serine protease tissue plasminogen activator and thrombolytic agent, which has
been approved for clinical use in patient with acute myocardial infarction, was selected as an on-demand
cleaving agent in our model. TNKase® specific on-demand cleavable (ODC) linkers were identified through
screening random internally quenched fluorescent resonance energy transfer (FRET) “one-bead-one-
compound” (OBOC) combinatorial peptide libraries. FRET-OBOC peptide libraries containing L-amino
acid(s) in the center of the random linear peptide and p-amino acids flanking both sides of the r-amino
acid(s) were used for screening. Peptide beads susceptible to TNKase® but resistant to plasma and tumor-
associated protease cleavage were isolated for sequence analysis. The focus of this chapter is on the methods
that have been used to identify and characterize ODC linkers and protease-specific substrates.

Key words: Protease substrates, On-demand cleavable linkers, Radioimmunotherapy, FRET-OBOC
libraries, Combinatorial chemistry.

1. Introduction

Radioimmunotherapy (RIT), while promising, is limited by the
undesirable radiation effects to normal organs (1-3). One of the
strategies is minimizing the radiation effects to normal organs

Toni M. Antalis and Thomas H. Bugge (eds.), Methods in Molecular Biology, Proteases and Cancer, Vol. 539
© Humana Press, a part of Springer Science + Business Media, LLC 2009
DOI: 10.1007/978-1-60327-003-8_11

191



192 Kumaresan, Luo, and Lam

1.1. Fmoc-Protected
Synthetic Chemistry
for Solid-Phase
Peptide Synthesis

by placing highly efficient and specific cleavable linkers between
radiometal chelates and the tumor targeting agents (4-6). Such
linkers must be resistant to cleavage by enzymes present in the
plasma and tumor. After radiotargeting agents have accumulated
in the tumor, a cleaving agent (protease) can be administered
“on demand” to cleave a specific linker, resulting in the release of
radiometal from the circulating radioimmunoconjugate (RIC) in
a form that will have rapid renal clearance through urine (Fig. 1).
Such an on-demand cleavable (ODC) linker can be discovered
through screening one-bead-one-compound (OBOC) combi-
natorial peptide libraries. Here, we describe the FRET-OBOC
combinatorial library synthesis, screening methods, and applica-
tions. For other applications about OBOC combinatorial library
methods, please refer to our other publications (7-10).

Compared with solution-phase peptide synthesis, solid-phase
peptide synthesis has obvious advantages: easy separation of
the peptide intermediate from the soluble coupling reagents and
the unreacted reagents by simple filtration and washing of the solid
supports, and complete coupling on supports driven by excess of
reagents. In addition, most of these operations are amenable to
automation. During the peptide synthesis, the N terminus and the
reactive side chain groups of amino acids, such as OH, SH, NH,,
COOH, etc., need to be protected using orthogonal cleavable
groups. 9-Fluorenylmethyloxy carbonyl (Fmoc) is a basic cleava-
ble protecting group for amine and is stable in acidic and peptide
coupling conditions. Fmoc-based solid-phase peptide synthesis is
widely applied (11, 12) and illustrated in Fig. 2. Resins with an
acidic labile linker, such as Wang resin and Rink amide resin, and
Fmoc-protected amino acids with acid-labile side chain protect-
ing group are used in peptide synthesis. There are three steps in
solid peptide synthesis: (a) coupling, (b) deprotection, and (c)
cleavage. In between these steps, sufficient wash is required to
remove the reagents and impurities. In the coupling step, peptide

l Protease
A
S~
ODC-Linker- ﬂ.q, >
p Y, Q

Fig. 1. Schematic of on-demand cleavable linkers (ODC).
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Fig. 2. lllustration of solid-phase Fmoc peptide synthesis: Leu-Ser dipeptide is used as
an example.

bond is formed between carboxyl group of N-terminal (Fmoc)-
protected amino acid in solution phase and the free amino group
of the amino acids attached onto the resin by liberating a water
molecule. This process is driven to complete by adding excess of
protected amino acids in presence of coupling reagents, such as
HOBt (1-hydroxybenzotriazole) and DIC (diisopropylcarbodi-
imide). It is important to note that in chemical peptide synthesis,
peptide bond formation starts from carboxyl terminal that means
that the last amino acid in the sequence needs to couple first
to the resin and the first amino acid in the sequence comes for
the last coupling. After last amino acid coupling, the peptide is
released from peptide by the treatment of peptide resin with trif-
luoroacetic acid (TFA), and at the same time, the side chain pro-
tecting groups are removed simultaneously. The crude peptide is
precipitated in cold ether after most of the TFA is removed (with
a gentle stream of nitrogen), and the precipitate is washed three
times with cold ether, followed by the purification on reverse
phase HPLC.
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1.2. Fluorescence
Resonance Energy
Transfer (FRET)

1.3. FRET-0BOC
Combinatorial Libraries

Table 1

FRET (Fluorescence Resonance Energy Transfer) is a technique
widely used in proteomics for measuring interactions between
two biomolecules (13-15). In regular (non-FRET) fluorescence,
the fluorescent molecule absorbs electromagnetic energy at a
particular wavelength (the excitation frequency) and emits that
energy at a different wavelength (the emission frequency). In
other words, each fluorophore has a two-peaked spectrum — the
first peak is the excitation peak and the second is the emission
peak. For FRET effect, the emission peak of the donor must over-
lap with the excitation peak of the acceptor. In FRET, the added
light energy to the donor at its excitation frequency is transferred
to the acceptor and the acceptor reemits the light energy at its
own emission wavelength. The net result is that the donor emits
less energy than it normally emits without the acceptor. Some of
the FRET donor and acceptor pairs have been shown in Table 1.
FRET occurs only when the donor and the acceptor are situated
within 20-100Aof each other for better energy transfer.

Fluorescent resonance energy transfer (FRET)-quenched ran-
dom OBOC combinatorial peptide libraries can be synthesized
by incorporating fluorophor (donor) at the carboxyl terminal
and quencher (acceptor) at the amino terminal of a peptide using
Fmoc chemistry and split-mix synthesis method (16, 17). In this
method, the combinatorial chemistry libraries are synthesized
on 100-300-pum size bead resins. Because of its higher porosity
due to high swelling properties, polyethylene glycol-poly-( N, N-
dimethylacrylamide) copolymer (PEGA) bead resin is more suit-
able for protease substrate screening than less porous TentaGel
resin. The porosity of the PEGA beads allows the protease to
penetrate deeper into the interior of the beads, which produces a
favorable fluorescent signal-to-noise ratio.

In this library, the first amino acid proximal to the solid sup-
port has a free amino group on the side chain (e.g., lysine) to
which a fluorescent (donor) molecule is coupled. The last amino
acid (distal to the solid support or N-terminus) in this library is

Commonly used fluorescence and quencher pair

Fluorophor (donor)

Quencher (acceptor)

Ortho-aminobenzoic acid

Phe(4-NO,), nitrobenzamide, 2,4-dinitrophenyl
(DNP), Tyr(3-NO,), 4-nitroaniline

Aminocoumarin, aminoquinolinone Nitro-aromatic derivatives

5-((2-Aminoethyl)-amino)napthelensulfonic acid ~ 4-((4’-(Dimethylamino)phenyl)azo)-benzoic acid

(EDANS)

Tryptophan

(DABCYL)
Dansyl (Dns)
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a quencher (acceptor). We have selected 2-amino benzoic acid
(fluorescent label) and 3-nitro tyrosine (quencher) as fluores-
cent/quencher pair to synthesize the FRET-OBOC library on
PEGA resin using a standard “split-mix” approach. If a significant
number of false-positive fluorescent beads remain after the library
synthesis, the library may be capped with a different quencher
(Table 1) (10, 18). This capping step should be performed prior
to side chain deprotection. After fluorophor coupling in the first
position, beads are split into number of small columns as deter-
mined by the number of amino acids used in the second position.
The beads in each column are coupled to one type of amino acid
(e.g., first column is for “alanine,” second one is for “methio-
nine,” and so on). After coupling, beads from all the columns are
mixed and split into number of small columns as determined by
the number of amino acids used in the third position. Examples
of FRET-OBOC libraries are Y(NO, )-xxxXxxx-K(Abz), Y(NO, )-
xxxXXxx-K(Abz),and Y(NO, )-xxXXXxx-K(Abz), wherein Y(NO,)
represents 3-nitrotyrosine, K(Abz) represents lysine bearing a
fluorescent 2-aminobenzoyl group on its €-amino group, X
represents one of 19 natural L-amino acids excluding cysteine,
and x represents one of the p-isomers of 18 natural L-amino acids
plus glycine. Theoretically, there are 197 = 8.9 x 10® possible
permutations of peptide sequences in these libraries (Fig. 3). The
use of b-amino acids as flanking residues in the library is criti-
cally important for substrate specificities because peptide bonds
between these D-amino acids are totally resistant to proteolysis,
and therefore will not be cleaved by the numerous proteases
present in the blood. However, these p-amino acids will inter-
act with the enzyme active site and will contribute to substrate
specificity. The peptide bonds that are susceptible to proteolytic
cleavage are only those with an r-amino acid at the P1 position.

We chose TNKase®, a tissue plasminogen activator, as the cleav-
age agent because it has already been in clinical use for the treat-
ment of myocardial infarction, and is therefore readily available
(19-21). One of the first TNKase® specific substrates, rqYKYkf,
identified through library screening Y(NO,)-xxXXXxx-K(Abz),
was used as an ODC linker to conjugate DOTA (a metal chelate)
to ChL6 (a monoclonal antibody known to target breast cancer)
(4). This antibody conjugate was stable in plasma for 7 days
while preserving the immunoreactivity to intact tumor cells. The
addition of TNKase® at clinically achievable levels (10 pg/mL)
resulted in the release of 28% of the radiometal from the radio-
immunoconjugate within 72 h. More recently, we have devel-
oped additional ODC linkers that are equally specific but much
more efficient, with over 80% of the radiometal released from the
immunoconjugate 72 h after treatment with TNKase (10 pg/mL).
Work is currently underway in our laboratory to develop ODC
linkers that are even more efficient.



196

Kumaresan, Luo, and Lam

Hz”‘O PEGA resin

] Fmoc-Lys(Alloc)-OH;

x
F Lys(All N
(Fmoc)Lys(Alloc) Ho .
i Pd(PPhs)4/PhSiHa;
l ii Boc-Abz
0 iii piperidine/DMF;

HZN-Lys(Abz))J\HO
Split 7 1N

Coupling AA; AA, --- AA, repeat
Mixi
ixing j\\ l /
Xi—Lys(Ab: N‘()
s R Piperidine/DMF
M 0

HaN-XpXeXsXeXoXo Xy —Lys(Abz)” "N -Q
l (3-NOy)tyrosine
0]
Ty!’(NOz)_ X?XBX5X4X3X2X1_ Lys(Abz ))L HQ
i piperidine/DMF;
ii K reagents
o]

HoN—Tyr(NO,)— X?X5X5X4X3X2X1—Lys(Abz))J\HO

Fig. 3. One-bead-one-compound (0BOC) synthesis of FRET library.

In this chapter, we describe the experimental methods to
synthesize and screen the FRET-OBOC libraries, the synthesis
of FRET-peptides for enzyme kinetic studies and for antibody
conjugation, and finally the in vitro evaluation of the radioim-

munoconjugate containing an ODC linker.

2. Materials

2.1. Preparation of 1. PL-PEGA resin (0.4 mmol/g) 150-300 pm (cat# 1432-
“Fluorescent-Quenched” 4879) was purchased from Polymer laboratories, USA.
O0BOC Combinatorial

Peptide Library from ChemImpex (Wood Dale, IL).

2. Boc-2-Abz-OH and Boc-Tyr(3-NO,)-OH was purchased



2.2. FRET Combinatorial
Library Synthesis

On-Demand Cleavable Linkers for Radioimmunotherapy 197

. HOBt (1-hydroxybenzotriazole) was purchased from GL

Biochem (Shanghai, China).

. DIC (diisopropylcarbodiimide) was purchased from Advanced

ChemTech (Louisville, KY). DMF ( N, N-dimethylformamide)
was purchased from VWR (Brisbane, CA).

. DCM (dichloromethane), MeOH (methanol), diethyl ether,

and acetonitrile were purchased from Fisher (Houston, TX).
All solvents were used directly for library synthesis without
any purification unless otherwise noted.

. All other chemical reagents were purchased from Aldrich

(Milwaukee, WI).

. Prepare all the a-Fmoc-protected amino acids (N-fluorenyl-

methoxycarbonyl o-amino acids) dissolved in DMF (N, N-
dimethylformamide) containing equimolar amount of HOBt
(1-hydroxybenzotriazole) just before use. The amino acids
can be stored at 4°C for a week.

. Add threefold excess of N*-Fmoc-AAs, HOBt, and DIC for

each coupling step to ensure completion of the coupling reac-
tion.

. Use the following equation to calculate required amount of

HOBt (1-hydroxybenzotriazole mono hydrate). The amount
of DMF mentioned here is adjusted to 100 mg of resin per
coupling.

Wios = (153.2)(38)(g)(N),
where W,

op. 18 the required weight of HOBt in mg, 153.2 is
the molecular weight of HOBt, Sis the loading substitution of
the resin in mmol /g, g is the mass of the resin in gram, and N
is the number of couplings involved in the synthesis.

. Dissolve HOBt with DMF (use 1 mL of DMF per coupling

for 100-mg PEGA resin).

. Use the following equation to calculate required amount of

amino acid per coupling.

W, = (MW,)(35)1),

aa

where W _is the mass (in mg) of each protected amino acid
required for the library synthesis, MW __is the molecular weight
of the protected amino acid, g is the mass of the resin in gram,
and S is the loading substitution of the resin in mmol/g.
Dissolve amino acid weighed for one coupling in 1 mL of
HOBt dissolved DMF.

. Use the following equation to calculate required amount of

DIC per coupling.
V...=(126.2)(35)(»)/(0.806),

DIC —
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2.3. Kaiser Test (22)

2.4. Chloranil Test (23)

2.5. Preparation of
Ketone Linker (24)

—

where V. is the volume (in uL) of DIC required for each
amino acid coupling reaction, 126.2 is the molecular weight of
DIC, 0.806 is the density of DIC, Sis the loading substitution

of the resin in mmol /g, and g is the mass of the resin in gram.

. Cleavage cocktail with the following composition was freshly

made each time: Trifluoro acetic acid (82.5 mL), phenol (7.5 g),
thioanisole (5.0 mL), water (2.5 mL), and triisopropylsilane
(2.5 mL).

. Ninhydrin solution: 5% in ethanol; store in brown dropper

bottle for longtime usage.

. Crystalline phenol solution: 80 gin 20 mL ethanol in a brown

dropper bottle.

. Pyridine /KCN solution: 2 mL of 0.001 M aqueous solution

of KCN (potassium cyanide) with 98 mL of pyridine.

. To perform the test, transfer a few resin beads to a 6 mm x 50

mm glass test tube (disposable culture tubes). Wash the beads
with ethanol and add a drop of the aforementioned three test-
ing solutions. Heat the tube to 100°C for 5 min in a heating
block. Blue (brown for proline) colored beads and solution
(positive test) indicate the presence of free amino groups on
the resin. Colorless beads (negative test) and yellow solution
indicate complete coupling. The quality of pyridine is impor-
tant; amino impurities in pyridine may result in a false-positive
Kaiser test.

. Reagents: 2% acetaldehyde in DMF (v/v) and 2% p-chloranil

in DMF (w/v).

. Transfer a few resin beads to a small glass test tube and wash

with DMF.

. Add one drop of each of the two reagents and keep at room

temperature for 5 min.

. Appearance of blue or dark green color indicates the presence

of free amino groups on the resin. Colorless beads indicate
complete coupling.

. Add 1.24 mL of levulinic acid (10 mmol) and 1.16-g

N-hydroxyl succinimide (HOSu) into a single neck flask; and
30 mL of DME/DCM (1:5 v/v) mixture solution is charged
into the flask.

. Stir the mixture solution with a magnetic stir while cooling

the reaction mixture in an ice bath for 10 min.

. Add dropwise to the reaction mixture a solution of 2.06 g (10

mmol) of dicyclohexylcarbodiimide (DCC) in 10-mL DCM.
Then, agitate the reaction at 4°C overnight.
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4. Filter the reaction mixture and wash it with water in an extrac-
tion funnel, collect the organic layer, and dry it over anhy-
drous Mg SO, for 4 h.

5. Remove the drying agents by filtration and remove the organic
solvent by evaporation under vacuum.

6. Add 20 mL of cold ether into the residue and collect the pre-
cipitated white product by filtration.

3. Methods

3.1. Synthesis of FRET-
0BOC Combinatorial
Libraries

Here, we describe the synthesis of a heptamer-FRET-OBOC

library tagged with 2-aminobenzoic acid (fluorochrome) at

C-terminus and 2-nitrotyrosine (quencher) at N-terminus (10).

1. Soak 2 g of PL-PEGA resin (0.4 mmol/g) 150-300 pm (cat#
1432-4879) in a 50-mL polypropylene column (Pierce) over-
night with DMF.

2. Drain the DMF and add Fmoc-Lys(Alloc)-OH (1.086 g, 2.4
mmol), HOBt (0.367 g, 2.4 mmol), and DIC (375.8 uL,
2.4 mmol) in DMF (20 mL) to the resin. Remove very small
amount of beads after 2—-3 h of mixing and perform Kaiser
test as mentioned in Subheading 2.3. Agitate the resulting
mixture until the ninhydrin test becomes negative.

3. Wash the resin 3x with DMF, 3x with MeOH (methanol),
and 3x with DCM.

4. To remove Alloc protecting group, add phenylsilane solution
(PhSiH,) (1.87 mL, 16.0 mmol) in DCM (10 mL) followed by
tetrakis(triphenyl phosphine) palladium(0) solution (Pd(PPh,),)
(221.7 mg, 0.192 mmol) in DCM (2.2 mL). Shake the mix-
ture in the presence of argon atmosphere for 30 min. Because
there is gas generated in this process, release pressure from time
to time by opening the cap of the reaction vessel. It is very
important to release the gas to avoid gas pressure related explo-
sion. Drain the solution and repeat this process (step 4).

5. Remove the supernatant and wash the resin thoroughly with
DCM, DMF, MeOH, and DMF (step 3).

6. To the resin, add a solution of Boc-2-Abz-OH (379.2 mg, 1.6
mmol), HATU (608 mg, 1.6 mmol), and DIEA (557.8 uL,
3.2 mmol) in DMF (20 mL) and agitate the mixture until the
ninhydrin test becomes negative.

7. Drain the solution and add 20% piperidine solution in DMF
(20 mL) to the resin. Agitate the mixture for 15 min, and
drain the supernatant. Repeat this process again and wash the
resin thoroughly 3x with DMF, MeOH, and DMF.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Evenly distribute the beads into 20 polypropylene columns
(2 mL), each with a tight-sealing cap, a frit, and a stopper,
and couple on to the a-amino group of the lysine using
standard Fmoc chemistry (12).

. Add 1.0 mL of prepared p or rL-amino acid/HOBt solu-

tion and 12.7 pL of DIC to each column. Agitate the reac-
tion mixture for 1 h at room temperature and monitor by
performing Kaiser test. For those columns with incomplete
coupling reactions, prolong the reaction time or a “repeat
coupling” by adding fresh amino acid/HOBt solution and
DIC until Kaiser test becomes negative.

After first coupling, combine all the resin in a siliconized
glass column or polypropylene column with a frit at the bot-
tom. Wash the resin with DMF three (15 mL each wash)
times. Remove No-Fmoc protecting group by incubating
twice in 10 mL of 20% piperidine/DMF on a rotator for 15
min each.

Wash the resin thoroughly 3x with DMF, MeOH, and DMF,
respectively.

Remove very small amounts of beads for Kaiser test to con-
firm the Fmoc deprotection (deep blue color).

Split the beads 100 mg per column into 20 minicolumns
with 2-mL capacity.
Couple one amino acid solution per column; the use of

either p-amino acid or L.-amino acid depends on the designed
structure of the amino acid.

Repeat the cycle of resin distribution, amino acid coupling,
Kaiser test, resin mixing, resin washing, Fmoc deprotection,
resin washing, and Kaiser test (steps 7—12) until last amino
acid assembly is completed.

Couple Boc-Tyr(3-NO,)-OH as the last amino acid to
quench the fluorescence of the beads.

After the final coupling, wash the resin with DMF, MeOH,
and DCM, and then dry the resin under vacuum for 2 h.

In the last coupling, Fmoc-Tyr(3-NO,)-OH can be used
instead of Boc-Tyr(3-NO,)-OH. In that case, the No-Fmoc
protecting group on the last amino acid must be removed
prior to side-chain deprotection (step 10).

Wash the resin with DCM (15 mL x 3), and dry under vac-
uum for 2 h.

Remove the side-chain protecting groups by agitating the resin
with 30-mL cleavage solution for 4 h at room temperature.

Remove the supernatant and wash the resin with DMF (15
mL x 5), methanol (15 mL x 3), DCM (15 mL x 3), DMF



22.

3.2. Screening FRET- 1.

0BOG Combinatorial
Libraries (4, 7)

10.

3.3. Preparation of 1.

the Positive Beads
for Microsequencing

On-Demand Cleavable Linkers for Radioimmunotherapy 201

(15 mL x 3), 30% water/DMF (15 mL x 1), 60% water/
DMEF (15 mL x 1), water (15 mL x 1), and PBS buffer (15
mL x 10).

Store the FRET-OBOC peptide library in 0.05% sodium
azide /PBS at 4°C.

Select FRET-OBOC peptide libraries and wash several times
with PBS at room temperature to remove all the preservatives.
For initial screening, select 1 mL of bead volume (~350,000
beads) in 2-mL polypropylene column.

. Equilibrate the library beads with appropriate enzyme buffer

for 3 h.

Remove unquenched beads before adding enzyme. Most of
the quenched FRET libraries have unquenched beads (up to
1%). It can be removed either by passage through fluores-
cent bead sorter (COPAS™ SELECT, Union Biometrica)
or manual picking under a fluorescent microscope. Picking
false-positive beads manually is a time-consuming process
whereas the bead sorter can sort up to 30,000 beads per
hour (Notes 4.1 and 4.2).

Add the appropriate units (determined by purpose of the
study) of protease to assay buffer and incubate the beads
under assay conditions recommended for that particular
protease.

Invert or rotate the beads frequently to facilitate contact
between the beads and enzyme.

After required time of incubation (usually 1 h) drain the
buffer and incubate the beads with 8 M guanidine hydro-
chloride.

Wash the beads several times with water and transfer to a
Petri dish.

Look for the fluorescent beads under excitation/emission
range 360,420 nm.

Positive beads show fluorescence stronger at the periphery
and weaker at the center (donut shape) (Fig. 4). It is impor-
tant to optimize the conditions so that the selected posi-
tive beads are not overly digested. Otherwise only partial
sequence can be recovered.

Pick the positive beads manually or by bead sorter.

Incubate the beads with 8 M guanidine hydrochloride for 1 h
with gentle agitation in a 6-mm Petri dish or in a 6-well
plate.

Transfer the beads manually under light microscope to wells
containing water.
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3.4. Sequencing
Positive Beads

3.5. Synthesis

of Individual
Fluorescent-Quenched
0DC Linkers

Fig. 4. Screening FRET-OBOC combinatorial peptide library with TNKase at clinically
achievable level (10 pg/mL). TNKase-susceptible fluorescent bead is shown by arrow in
(@) and visible spectrum of the same field is shown in (h).

TYNO,)— XXXXXXX—Lys(Abz)—(Q)
(Quenched, nonfluorescence bead)

l protease

XXXX—Lys(Abz)—
Tyr(NO,)— XXXXXXX—Lys(Abz)—
(Partially cleaved, fluorescence bead)

Fig. 5. Schematic of linear FRET-OBOC combinatorial library structure before and after
digestion.

3. Wash the beads with water two times to completely remove
the guanidine HCI.

4. Carefully transfer a single bead onto a glass filter provided by
the manufacturer of the sequencer.

1. Sequence the beads with a microsequencer (Procise, ABI) to
identify substrate sequences.

2. Some of the peptides on the positive beads might be cleaved
at the proteolytic site and as a result, two or more PTH-amino
acids can be detected in each cycle of Edman degradation
using the microsequencer (25).

3. This might complicate the sequence analysis somewhat; at the
same time, it also allows us to determine the proteolytic cleav-
age site of the peptide, in addition to its uncleaved sequence

(Fig. 5).

It is necessary to have the products in solution form without tag-
ging to beads for doing enzyme kinetic studies. After successtul
identification of protease-specific substrates these can be synthe-
sized by Fmoc chemistry as mentioned in library synthesis with
slight modification.
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. Add rink amide MBHA resin (200 mg, 0.09 mmol) to a

5-mL column and soak overnight with DMF.

. Drain the supernatant and add 20% piperidine solution in

DMF (2 mL).

Gently agitate the mixture for 15 min and drain the solu-
tion, and then repeat this process.

4. Wash the resin thoroughly 3x with DMF, MeOH, and DMFE.

Add Fmoc-Lys(Alloc)-OH (122.2 mg, 0.27 mmol), HOBt
(36.5 mg, 0.27 mmol), and DIC (42.3 uL, 0.27 mmol) in
DMF (2 mL) to the resin.

Agitate the mixture in a rotator until coupling is complete
as confirmed by a negative ninhydrin test (Kaiser test) on a
minute bead sample as mentioned in Subheading 2.3.

7. Wash the resin 3x with DMF, MeOH, and DCM.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Add a solution of PhSiH, (222 uL, 2.16 mmol) in DCM

(1 mL) to the resin, followed by a solution of Pd(PPh,),
(25.0 mg, 0.0216 mmol) in DCM (2.2 mL), and agitate
mixture in argon atmosphere for 30 min to remove the Ne-
Alloc group of lysine (refer Subheading 3.1, step 4).

Repeat this process.

Remove the supernatant and wash the resin thoroughly 3x
with DCM, DMEF, MeOH, and DMF.

Add a solution of Boc-2-Abz-OH (64.1 mg, 0.27 mmol),
HOBt (36.5 mg, 0.27 mmol), and DIC (42.3 uL, 0.27
mmol) in DMF (2 mL), and agitate until the ninhydrin test
is negative.

Remove the supernatant and wash with DMEF, and remove

o-Fmoc protecting group of the lysine by piperidine treat-
ment as described earlier (steps 2-5).

Synthesize the peptide by coupling the amino acids starting
from carboxyl terminal first on the a-amino group of the
lysine using standard Fmoc chemistry (26).

Couple Boc-Tyr(3-NO,)-OH as the last amino acid.

After coupling all the amino acids in the peptide sequence,
wash the resin with DMF, MeOH, and DCM, and then dry
in vacuo.

Add 4 mL of cleavage mixture to the dried resin at ice-bath
temperature.

Warm the mixture slowly to room temperature and allow it
to mix for 6 h in a rotator.

Collect the supernatant and wash the resin with TFA (3 x 1

mL). Then, combine both supernatants and concentrate to
1 mL under a stream of nitrogen.
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3.6. Stability and
Specificity of 0DC
Linkers

19. Precipitate the peptide by dilution with ice-chilled ethyl

ether (10 mL) and centrifuge at 500 x g for 10 min.

20. Wash the peptide pellet with ice-chilled ethyl ether 3x, and

dry in vacuo.

21. Analyze and purify the crude peptide by reverse phase HPLC

It

and characterize by MALDI-TOF MS.

is important to analyze the stability of the linkers in the biological

fluids such as plasma and tissue culture supernatants (Fig. 6).

1.

Incubate 100 nmol/mL of fluorescent-quenched ODC linkers
in PBS containing 10% human plasma at 37°C.

. The stability of the ODC linkers can be monitored over time

using a fluorescence plate reader (Tecan®) at 360,/410 nm
excitation/emission spectrum. Susceptible ODC linkers will
show increased fluorescence, while stable linkers will not.

Incubate the ODC linkers over a period of 12 h.

4. Select the ODC linkers that are stable in plasma (overnight

Fluorescence intensity

incubation) for subsequent cancer cell supernatant stability
analysis.

For this, collect cell culture supernatant from several cancer
cell lines (approximately 1-5 million cells/mL) that were
passed one day before the collection.

Incubate 100 nmol/mL of the ODC linkers with cancer cell

culture supernatant and monitor its susceptibility in fluorescence
plate reader at 360,/410 nm excitation/emission spectrum.

Effect of Tissue culture on ODC peptides at 8 h time point

2000 4
1800 -

ZAPHH
1600 |
& |oPanc-1
1400 4
PC-3
1200 +
@ Raj

1000 -

BRamos

800 -

600 - & Jurkat

B Plasma

400+
200+

EPlasma+TNKase

Pep-12

ODC peptides

Fig. 6. Stability analysis of ODC linkers in plasma and cancer cell supernatant: 100
nmol/mL of ODC linkers incubated with human plasma (dilute 50% with PBS) and vari-
ous cancer cell supernatants for 8 h. Susceptibility was shown as measured fluorescent
intensity in Y-axis and a list of cancer cells is shown in the right side. Pep-20 showed
high stability in various cancer cell culture supernatant and plasma; at the same time,
it is highly susceptible to TNKase enzyme.
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7. Select the ODC linkers that show stability in both plasma and
various cancer cell culture supernatants for enzyme kinetic
assays.

1. Prepare ODC substrates at various concentrations ranging
from 1 uM to 100 mM in an enzyme assay buffer.

2. Aliquot 100 pL of various concentrations of ODC substrates
in a 96-well plate in triplicate.

3. Add 1 unit of enzyme (arbitrary and various to enzyme to
enzyme) to all the wells and incubate at 37°C for 1 h with
occasional shaking. The amount of enzyme addition and incu-
bation time can be adjusted to the type of proteases used.

4. Measure fluorescence at 360,/410 nm excitation/emission
spectrum using Tecan® fluorescence plate reader.

5. Determine the K_value of each substrate by plotting the reac-
tion cleavage rate as observed fluorescence units in the Y-axis
and substrate concentrations in the X-axis.

6. Calculate Michaelis constant K of the substrate by intersect-
ing substrate concentration from the graph at the half of the
maximal velocity (V_ ) (Fig. 7).

max
7. Alternatively statistical software such as “Graph pad prism4”
may be used.

Conjugation chemistry such as thiol linkage, keto—oxime bond,
and click chemistry can be used to conjugate the ODC linkers
to antibody (27, 28). Select a method based on its applications.
Here, we describe a conjugation method using keto—oxime bond.
The tagged ODC linkers can be synthesized in two forms, biotin-
spacer-rqYKYkf-spacer-K(Aoa)-NH, and DOTA-spacer-rqYKYkf-
spacer-K(Aoa)-NH,, using a procedure similar to the synthesis of
fluorescence-quenched peptides (Subheading 3.5, steps 1-10.

900 -
800 - oo __V maxA ODC-linker 1
700

600
500 -
400 -
300
200 -
100 o

B ODC-linker 2

Fluorescence intensity

0 L) ¥ L] L] L] ¥ L]
0 100 200 300 400 500 600 700 800
K Substrate concentration in uM

Fig. 7. TNKase cleavage kinetic analysis of two ODC linkers: ODC linker 1 has a lower K
and higher V. than 0DC linker 2
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3.9. Antibody
Conjugation

After the Alloc deprotection, instead of Boc-2-Abz-OH, add

Boc-Aoa-OH to couple with €-amino group of the lysine.

1.

Remove a-Fmoc protecting group by piperidine treatment as
described earlier.

. Add a linear hydrophilic spacer to couple to the a-amino

group of the lysine as a spacer using our previously published
procedure (24).

. Couple ODC peptide as described in Subheading 3.5. After

the coupling of the last amino acid, remove N-terminus Fmoc
protection group by piperidine treatment.

4. Add an additional spacer between the DOTA and the peptide.

. Remove N-terminus Fmoc protection group by piperidine

treatment.

. Add a solution of DOTA-NHS-ester (112.0 mg, 0.135 mmol)

and DIEA (156.8 uL, 0.9 mmol) to the resin and couple until
the ninhydrin test becomes negative.

. Release the peptides from the resin and purify using the pro-

cedure described earlier (Subheading 3.5, steps 15-20).

. Purify all the FRET-peptides by HPLC and verify by MALDI-

TOE. The calculated mass of the FRET-peptides should match
the determined mass of the FRET-peptides.

. Select the FRET-peptide with highest purity for validation

and conjugation studies.

Like 2-iminothiolane conjugation approach, this method has two
steps. First, the side-chain amino group of lysines of the antibody
is derivatized with methyl-ketone group followed by conjugation
of aminooxy derivatives of DOTA-ODC linker or biotinylated
ODC linker (Fig. 8).

1.

Equilibrate Sephadex-G100 with conjugation buffer, either
triethanolamine 40 mM (pH 7.8) or phosphate buffer 50 mM
(pH 7.8).

. Fill 500 pL of already buffer-equilibrated Sephadex-G100 in

minElute™ spin columns.

. Purify required amount of antibody (10 mg,/mL) by passing

through molecular sieving column to remove impurities and
equilibrate antibody with conjugation bufter.

. Set up ketone linker (Subheading 2.5) and antibody con-

jugation at different molar ratios (10:1, 20:1, and 30:1) and
rotate for 1 h at room temperature.

. After conjugation, remove the excess free linkers by passing

through the Sephadex-G100 spin columns.

. In the second step, add aminoxy functional derivative at dif-

ferent molar ratios (10:1,20:1, and 30:1) in TEA 40 mM (pH
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Fig. 8. Schematic of ketone—oxime conjugation method. Step 1: Conjugation ketone linkers to primary amines in mono-
clonal antibody. Step 2: Ketone—oxime bond formation between aminoxy functional group of ODC linker and ketone

functional group of ketone linker.

3.10. Protease
Cleavage Studies
(Notes 4.3 and 4.4)

5.5) to conjugate with ketone linker conjugated antibody and
rotate for 4 h at room temperature.

. We have selected a biotin-tagged protease tissue plasminogen

activator (t-PA)-specific cleavable peptide as our functional
derivative to conjugate to the antibody.

. Remove the unconjugated functional derivatives by passing

through Sephadex-G100 columns equilibrated with 10 mM
disodium phosphate buffer, pH 8.0.

. The amount of peptide conjugation per antibody can be deter-

mined by mass using MALDI-TOF mass spectrometry.

. Evaluation of protease digestion on peptide conjugate anti-

body can be done by either western blot analysis, immuno-
histochemistry, or flow cytometry before taking it to in vivo
study. Following protocol is described for biotin-tagged pep-
tide conjugated to an antibody.

. Take 1 pg of antibody and biotin-peptide conjugated Ab with

an appropriate enzyme buffer.

. Incubate with protease (microunits to milliunits) for 1 h at

37°C.

. Digestion can be evaluated by western blot analysis and THC

as described later.
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3.11. Western-Blot
Analysis

3.12. Immuno-
histochemistry

3.13. Flow Cytometry

—

—

. Make 10% SDS-PAGE gel as described in the procedure.
. Load 1 pug/mL of ChL6 antibody, biotin-tagged peptide-

conjugated ChL6 and enzyme-digested ChL6 antibody, and
biotin-tagged peptide-conjugated ChL6 with protein markers.

. Use biotinylated protein marker for standard ladder because

it serves as a good control to check for protein transfer on
membrane.

. Separate on 10% SDS-PAGE gel at 100 V for 90 min and

transfer to nitrocellulose membrane.

. Block the membrane with 5% BSA for 1 h at RT. Alternatively,

the blot can be blocked overnight with 1% BSA.

. Incubate the blot with HRP conjugated avidin at a concentra-

tion recommended by manufacturer for 30 min.

. Wash three times with TBS containing 0.2% Tween-20 to

remove unbound avidin.

. Develop the membrane by chemiluminescence reagent (ECL)

according to manufacturer’s instruction.

. Seed the cells in a six-well plate 1 day before the experiment.

We have used ChL6, human chimeric antibody, to target
breast adenocarcinoma cancer cell line HBT.

. Keep the cells on ice for the duration of the experiment and

use ice-cold reagents all the time. This helps the cells to adhere
to plates.

Alternatively, the cells can be fixed with ice-cold methanol for
15 min and washed 3x with PBS. Block the cells by incubating
with 1% BSA.

. Block the cells by incubating with 1% BSA. This step can be

skipped if the suspension cells are used for the study.

. Add 1 pg/mL of ChL6 and peptide-conjugated ChL6 directly in

1 mL of growth media in duplicates and incubate on ice for 1 h.

. Remove unbound antibodies by washing three times with PBS

containing 1% BSA and 10 mM Mg?*.

. Add FITC-conjugated streptavidin (concentration as recom-

mended by manufacturer) to each well and incubate on ice for
30 min.

. Wash the plates 3x with ice-cold PBS containing 1% BSA to

remove the unbound streptavidin.

. Observe staining under the fluorescence microscope in green

filter.

. Pass the cells 1 day before the experiment.

. Distribute suspension cells (0.5 million cells per tube).
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. If the targeting cells are adherent cells, detach the cells by

incubating with PBS containing 10 mM EDTA. Incubation
time varies with cell type.

. Wash the cells 3x with PBS to remove EDTA. This is very

important because free divalent cations are necessary to tar-
get integrin receptor-ligand interaction.

. Count the cells and aliquot them in Eppendorf tubes at 0.5

million cells per tube in 100-pL volume. Keep the cells on
ice till the end of the experiment and use ice-cold reagents all
the time.

Block the cells by incubating with 1% BSA.

Add 1 pg/mL of ChL6 and peptide-conjugated ChL6
directly in 1 mL of growth media in duplicates and incubate
on ice for 1 h.

. Remove unbound antibodies by washing three times with

PBS containing 1% BSA and 10 mM Mg?*.

. Add FITC-conjugated strepavidin (concentration as recom-

mended by the manufacturer) to each tube and incubate on
ice for 30 min.

Wash 3x with ice-cold PBS containing 1% BSA to remove
the unbound strepavidin.

Observe mean fluorescence intensity of the cell by running
flow cytometry.

4. Notes

. The experimental procedures described earlier can be used to

identify protease-specitic substrates. FRET-OBOC technol-
ogy, by its nature, allows one to screen thousands to millions
of substrates at a time (7, 29). It is important to consider
enzyme mechanism of action and its biological characteris-
tics while designing the libraries. For example, enzymes from
serine proteases family required basic amino acids in the sub-
strates and so on (Subheading 1.3 and 3.1).

. Another advantage of bead combinatorial libraries is sub-

traction or removal of unstable compounds in biological flu-
ids before adding the protease of interest (4). This process
makes it possible for identification of specific substrates for
proteases that belong to the same family or different isoforms
of the same protease. We successfully used this technology to
identify specific substrates for structurally and functionally
similar serine proteases such as tissue plasminogen activator
(t-PA) and urokinase (u-PA) (Subheading 3.2 and 3.6).
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3. Protease cleavable substrates have shown promising results in

clinical trails for delivering prodrugs to cancer cells especially,
cathepsin and matrix metalloproteases (30-32). These prod-
rugs are conjugated to a cancer cell-specific antibody. Internal-
ized prodrugs are cleaved by cathepsin and liberate cytotoxic
drugs to kill cancer cells. Research studies also showed that
protease cleavable substrates can be used for tumor imaging
by selecting substrates that are cleaved by tumor site-specific
proteases such as matrix metalloproteases (33-35).

. Our proposed approach of using exogenous protease (e.g.,

TNKase) to cleave and therefore remove radiometal from can-
cer targeting antibody or agent will lower the unwanted radia-
tion exposure to normal organs (Subheading 3.8-3.10).
This brief protocol describes how highly specific protease sub-

strates for these various applications can be identified.
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