ABSTRACT
Preclinical Characterization of Small Molecule Compounds as Therapeutics for Cancer
and Chagas’ Disease: Tumor Vascular Disrupting Agents and Cysteine Protease
Inhibitors
Samuel O. Odutola, Ph.D.

Mentor: Mary Lynn Trawick, Ph.D.

The purpose of this study was the pre-clinical exploration of specific small
molecule compounds as vascular disrupting agents and cysteine protease inhibitors,
targeted towards the development of therapeutic agents for the treatment of cancer and
Chagas’ disease. Disruption of tumor vasculature is a selective approach to cancer
therapy that results in tremendous tumor necrosis while leaving normal blood vessels
relatively unaffected. The first part of this study describes an examination of the vascular
disrupting ability and the mechanism of action of the indole-based tubulin-binding
compound, OXi8006, and its water-soluble phosphate prodrug OXi8007. Treatment of
rapidly proliferating human umbilical vein endothelial cells, used as a model for the
tumor vasculature, with OXi8006 caused a dramatic disruption of the microtubule
network and subsequent increase in cell contractility as observed from increased actin
stress fiber and focal adhesion formation. The induced signaling cascade included

increased phosphorylation of myosin light chain and focal adhesion kinase, and activation



of the LIM kinase-cofilin pathway. It was demonstrated that these events were mediated
by the intracellular G protein switch RhoA and its downstream target RhoA kinase, via
the microtubule-binding guanine nucleotide exchange factor GEF-H1.

A separate research project focused on the evaluation of synthetic
thiosemicarbazone inhibitors of cysteine proteases as anticancer agents. Cathepsins L, K,
and B are cysteine proteases that are implicated in tumor growth and metastasis. In
addition, the cysteine protease cruzain, an essential enzyme in the life cycle of the
parasite Trypanosoma cruzi, is a validated therapeutic target for Chagas’ disease. In this
project, preliminary in vitro analyses of a group of synthetic thiosemicarbazones were
carried out in order to characterize their potency and mode of inhibition against these
enzymes. A number of compounds were found to be potent inhibitors of each enzyme.
Results demonstrated that the most potent inhibitors in this library have slow binding,
slowly reversible, competitive mechanisms of inhibition. Furthermore, results suggested
that the best thiosemicarbazone inhibitors form a reversible covalent bond with each
enzyme. Cathepsin L inhibitors were able to delay cell migration and cell invasion of the

MDA-MB-231 breast cancer cell line in a concentration dependent manner.
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CHAPTER ONE

Introduction

Background and Significance

In the fields of molecular biology, pharmacology and drug discovery, small
molecule agents refer to low molecular weight (< 900 Daltons) organic compounds which
can alter biological processes [1]. Small molecules typically bind to a specific biological
target (such as a specific protein or nucleic acid) and act as effectors, leading to alteration
of the activity or function of the target. Small molecules have numerous biological
functions, including participation in cell signaling, as drugs in medicine, as pesticides in
farming, and are also very important as research tools to probe biological functions in
various research settings. These compounds can be natural (such as secondary
metabolites) or artificial (such as antiviral drugs); they may have a beneficial effect
against a disease (such as drugs) or may be detrimental (such as teratogens and
carcinogens).

Larger structures such as nucleic acids, proteins and many polysaccharides are not
small molecules, though their constituent monomers (ribo- or deoxyribonucleotides,
amino acids, and monosaccharides, respectively) are often considered small molecules.
Very small oligomers are also usually considered small molecules, such as dinucleotides,
peptides such as the antioxidant glutathione, and disaccharides such as sucrose.

The use of small molecule agents as therapeutics is very common in the modern

world. The size of small molecule compounds makes them more likely to rapidly diffuse



across cell membranes and bind to intracellular targets [1, 2]. The size of small molecule
compounds is also significant in their use as therapeutics due to the fact that it enhances
efficiency for bioavailability and ease of drug delivery. Furthermore, lower molecular
weight compounds have been recommended for small molecule drug development based
on the observation that clinical attrition rates are significantly reduced if the molecular
weight is kept below 500 Daltons [3].

The major focus of the research projects presented here is to conduct analysis and
optimization of small molecule compounds as possible candidates against druggable
targets towards the development of therapeutics for cancer and Chagas disease (Figure
1.1). These analyses comprise a small portion of the overall drug discovery process,

which is summarized in the section below.

Small Molecule Drug Discovery in Cancer

The sum total of research that goes into small molecule drug discovery in cancer
typically involves four key steps: Target validation and selection, chemical hit and lead
generation, lead optimization, and hypothesis-driven clinical trials.

The drug development process has numerous significant challenges. Clinical
development of small molecule drugs has a very high attrition rate. Furthermore,
expanding the envelope of druggability for less tractable targets, understanding and
overcoming drug resistance, and designing intelligent and effective drug combinations

are also challenging facets of the drug development process.
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Target Selection and Validation

Target selection is the most important part of drug discovery as selection of a

wrong target potentially leads to enormous waste of actual and opportunity costs [4].

Efficient drug discovery typically involves the selection of a new target for cancer drug

discovery based on the strength of the evidence that the target represents a dependence or

vulnerability for a particular group of cancer patients [5]. Such evidence is important not

only to provide confidence that pharmacologically altering the function of the target




would lead to an antitumor effect, but also to help ensure that said drug would be
selective for tumor versus normal healthy cells.

The assessment of the validity of a given cancer target can conceptually be
focused on a number of key questions; is there sufficient evidence that the target is
overactive or part of an over activated pathway that contributes to cancer growth, does it
represent a vulnerability that can be exploited through synthetic lethality, and is there
evidence that inhibition of the target will lead to the desired effect in patients (tumor
regression and increased survival at well tolerated doses). Answering these questions
involves a number of important steps. First, careful and systematic approaches to target
selection are required (e.g. cancer genome sequencing, genome-wide RNA interference,
and comprehensive cancer gene interaction profiling [6, 7]). Subsequently, it is important
to conduct hypothesis driven experiments to assess whether the activity of proposed
target can be altered by small molecules and validate that inhibition of targets will lead to
the desired therapeutic outcomes [8]. In addition to this, it is also important to analyze
targets to ascertain whether it contains a likely binding site for the drug. For instance, to
bind with strong potency, a small molecule has to engage in a number of hydrophobic
and polar interactions with its target. For drug-like molecules, this is generally only

possible if the drug binds to an enclosed and hydrophobic pocket or cavity on the protein

[9].

Hit and Lead Generation
After target selection, the next step in a small molecule cancer drug development
program is generation of chemical hit matter (chemical compounds that appear to bind to

and/or act on the drug target). Several different hit generation approaches have

4



successfully been employed and can be divided into four main categories: high
throughput screening (HTS), fragment screening/fragment based drug discovery (FBDD),
natural product screening and virtual screening.

High-throughput screening (HTS) is a very important and well used technique for
hit generation. One advantage of HTS is that it is a relatively unbiased approach and can
identify compounds with novel binding modes. HTS typically identifies compounds that
bind with high affinity to targets in question. However, the process of screening and
following up on the results can be time-consuming, as frequent false positives and
undesired hits have to be eliminated. False positives often arise from compounds that
aggregate [10] or interfere with the assay read out [11]. Undesired hits often have
chemically reactive groups that react in an unspecific fashion with the target.

Target screening can also be achieved via fragment screening or fragment-based
drug discovery (FBDD) [12]. This method is different from HTS in that only a limited
number of compounds of relatively low molecular weights (<300 kDa) are screened with
the aim of identifying weakly potent fragment hits (~100 uM). This approach addresses
one of the key challenges of HTS, which is the low odds of hit generation, as suitable
HTS hits must engage in several interactions with the target in order to have sufficient
potency to be identified. The disadvantage here is that the initial, weakly potent fragment
hit has to be optimized through chemical modification to improve the potency into the
range of a hit compound. This requires the detailed knowledge of the binding mode to the
receptor (i.e. through crystal or NMR structures) thus limiting FBDD to targets where

this information can be derived.



Screening of natural products is also an important method for discovery of cancer
therapeutic candidates. Natural product based drug discovery projects had recently been
less popular in the past two decades, for a few reasons including technical barriers to
screening natural products in high-throughput assays against molecular targets, as well as
the difficulties in supplying enough products and synthesizing complex natural small
molecules [13]. However, natural products have once again gained traction as promising
therapeutic candidates due to recent advances in screening technology [14], as well as the
inherent advantages of natural products as therapeutic candidates such as the bioactivity
of natural product secondary metabolites, the ubiquity of structural scaffolds and
functionalizations found in natural products, as well as the fact that the Lipinski rule of
five does not apply to natural products [13]. Several natural products have been
discovered to be promising cancer therapeutic candidates [15, 16].

Another approach to hit and lead generation is virtual screening, which involves
selecting compounds from large databases by using computational tools rather than
physical screening. Virtual screening has obvious advantages over physical screening. It
is significantly less resource-intensive and faster. In addition, even compounds that are
not available can be evaluated by virtual screening and if found promising, can be bought
or synthesized. Millions of compounds can thus be analyzed by virtual screening. It is
important to keep in mind, however, that virtual screening is still a relatively coarse filter.

Nevertheless, successful examples have been published [17].

Lead Optimization
Successful hit generation is followed by optimization of a lead structure through

iterative rounds of medicinal chemistry design, synthesis and testing. This process



involves the simultaneous optimization of several compound properties such as potency,
selectivity, tolerability, solubility, bioavailability and metabolic stability to generate a

safe and efficacious drug [18].

Clinical Trials

The final and typically most resource/time intensive portion of small molecule
drug development is the clinical trial. Clinical trials to develop chemotherapeutics have
typically relied on a one-size-fits all paradigm in cancer research which has proven
successful in the development of numerous cytotoxic drugs. However, this approach is
rapidly becoming less favored as compelling evidence for the advantages of molecular,
targeted and personalized cancer therapies is increasingly added to the chemotherapeutic
landscape. In order to achieve this new focus, clinical trials for targeted drugs should be
led by the biology and the clinical hypothesis. These trials should be hypothesis-testing
and biomarker-led. They should be designed to test a strong scientific hypothesis, for
example a drug acting on a specific molecular target should be efficacious in patients

with a particular type of genetic aberration or certain molecular feature [19, 20].

Small Molecule Drug Discovery in Parasitic Diseases
Tropical parasites are responsible for a significant proportion of global health
problems. Parasitic diseases affect hundreds of millions of people worldwide and cause
significant mortality and devastating social and economic consequences [21]. However,
there has been relatively little research and drug development into these diseases due to
the fact that even though these diseases are globally massive in their impact, they mainly

affect people in poor regions of the world. Thus, drug development in this area is



typically not seen as economically viable. Most of the drugs available to treat these
diseases are decades old and typically have low efficacy, cause severe side effects, and
are limited by drug resistance. Furthermore, only a few of the currently available drugs
for parasitic diseases would be suitable for currently used discovery, preclinical and
clinical development projects.

A modern and efficient drug development paradigm for these diseases would be
somewhat similar to the cancer drug development paradigm described earlier. However,
there are some unique considerations in antiparasitic drug discovery with respect to the
selection of development candidates and target validation. Selection of drug candidates is
contingent upon factors such as production and distribution costs, oral bioavailability,
relatively broad range of chemical functionality, and low probability of development of
resistance [22].

As far as target validation is concerned, it is important to ensure that there is a
strong correlation between target inhibition and antiparasitic activity. Methods by which
this may be achieved include comparison of the target in drug-sensitive versus drug-
resistant parasites, as well as knockout of the parasite gene encoding the target [23]. It
should be noted that although target validation is important, there are instances where
direct validation cannot be achieved. However, failure to identify a target or elucidate a
mechanism of action does not mean a promising drug candidate should not be further
developed. A significant number of antiparasitic therapies both in clinical trials and
currently in use do not have well-defined targets or mechanisms of action. There are a
number of techniques by which the target validation process can be accomplished. These

include gene knockouts [24], RNA interference (RNA1) [25], active site tags (in the case



of kinase and protease targets) [26], and small molecule inhibitors against mutants of the

target [27].

Statement of Purpose

The research presented in this dissertation entails a small portion of the
aforementioned facets of the drug discovery process. The overall goal of this project is to
conduct some measure of target validation using small molecules that have been designed
to bind to specific targets and alter their structure/activity in a therapeutically relevant
manner. Furthermore, this research project aims to elucidate some of the mechanisms by
which these small molecules can bind to and alter the structures and/or functions of these
targets so as to gain a more robust understanding of the efficacy of these molecules as
drug candidates. In addition, this project also aims to conduct some measure of lead
optimization of potential vascular disrupting agents (VDASs) and cysteine protease
inhibitors. Analyses of the effects of various structural motifs that are found in the
libraries of compounds that were tested against these targets helps in the development
and elucidation of important structure-activity relationship information which can aid in

the synthesis of more potent candidate molecules against these particular targets.

Specific Aim 1— Vascular Disrupting Agents

The first part of this research project involves the targeting of existing tumor
vasculature by exploiting the structural components of tumor blood vessels using small
molecule compounds known as vascular disrupting agents (VDAs). VDAs cause blood
flow shutdown of the tumor vasculature leading to tumor necrosis. Vascular targeting has

been shown to diminish the size of large tumors in animal studies but often leaves the



tumor periphery known as the viable rim intact. It should be noted however that no VDAs
have been FDA approved as chemotherapeutics. Therefore, it is important to continue to
contribute to the list of compounds that cause tumor vascular disruption as well as to
further elucidate the mechanisms of action in vitro and in vivo.

Inspired by the well-established tubulin binding compounds that specifically bind
at the colchicine binding site on tubulin dimers (combretastatin A-4 (CA4) and
colchicine), a library of possible VDAs was designed and developed by members of the
Kevin G. Pinney laboratory [28, 29] and analyzed as potential VDAs in a collaborative
project with the Mary Lynn Trawick laboratory at Baylor University. From this
compound library, an indole compound was chosen and evaluated as a promising VDA.
One of the important goals of the research presented in this dissertation is to study the
mechanisms of action of the lead indole compound its phosphate prodrug in activated
human umbilical vein endothelial cells and MDA-MB-231 breast cancer cells.
Specifically, this study aims to confirm these compounds as VDAs by ascertaining the
effects of compound treatment on cytoskeletal components in endothelial and tumor cells.
Furthermore, this study aims to elucidate the components of the signaling cascades as
well as the downstream morphological effects that are elicited as a result of treatment of
activated endothelial cells with these potential VDAs. Finally, this study aims to show

some of the in vivo effects of these compounds in a breast cancer tumor xenograft model.

Specific Aim 2 — Cysteine Cathepsins
Chemotherapeutic agents should typically have several characteristics, including:
potency, selectivity, solubility, stability, and low toxicity in patients. One of the major

disadvantages when using non-specific chemotherapy as a cancer treatment is the
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considerable list of negative side effects (i.e. vomiting, hair loss, skin rash). In targeted
therapy, the inhibition of one specific enzyme or protein has the potential to limit the
negative side effects caused by off-target reactions.

Cysteine cathepsins have generated a lot of research interest as specific
chemotherapeutic targets due to their participation in numerous processes. Cathepsins L,
B and K are members of this class of enzymes that have been extensively characterized,
and have been implicated to play significant roles in tumor metastasis and progression.
Cathepsins L and K play important roles in cancer metastasis; overexpression of these
cathepsins is associated with a number of metastatic cancers. However, there are
currently no cathepsin inhibitors that have been approved for therapeutic use.

In this portion of the research project, the main focus is to examine a group of
small molecules as inhibitors of cathepsin L, for potential use in targeted therapies as
anti-metastatic agents. These compounds were also assayed against cathepsins B and K
in order to suggest compound moieties that may confer selectivity. These compounds,
which have a thiosemicarbazone moiety, were synthesized by members of the Pinney
laboratory.

Evaluation of these compounds as cathepsin L inhibitors involved a number of
experimental procedures. Fluorometric based assays were utilized as a means to analyze
inhibitory activities of these compounds against cysteine proteases (cathepsins B, L, and
K), as well as to examine parameters such as reversibility, tightness of binding, and the
mechanisms and mode of inhibition against cathepsin L. Cancer metastasis is
characterized by increased cell invasion and cell migration. Therefore, two dimensional

cell based assays were used to determine the ability of these compounds to inhibit the
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invasion and migration of a metastatic breast cancer cell line through extracellular

matrices.

Specific Aim 3 — Cruzain

Another cysteine protease, cruzain, is found in Trypanosoma cruzi, the causative
agent of Chagas’ disease. Chagas’ disease, once considered to be strictly a tropical
parasitic disease, is rapidly spreading to various non-tropical countries around the world.
The parasitic infection is now considered a threat in some European countries and the
United States. Cruzain is plays important roles in the life cycle of Trypanosoma cruzi
and is involved in host cell and organ invasion. There is currently no effective treatment
for the eradication of the disease and efforts in the search for better alternatives are non-
existing. The disease was considered a neglected condition, but this is rapidly changing
due to the increasing number of patients in the United States and Europe.

In this project, a number of analogs in the aforementioned library of
thiosemicarbazones were evaluated against cruzain towards suggesting promising
therapeutic candidates against Chagas’ disease. These studies were part of an ongoing
collaboration between the Trawick and Pinney group (Baylor University). Evaluation of
these compounds against cruzain included kinetic studies to determine inhibitory
activities and mechanisms of inhibition, as well as some molecular modeling analyses so
as to further elucidate the mechanisms by which these compounds inhibit the activity of

cruzain.
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CHAPTER TWO

Introduction to Vascular Targeting Agents

Tumor Vasculature

Targeting tumor vasculature as an anti-tumor strategy is an extensively researched
area in the development of cancer therapeutics. The concept of vascular targeting was
first described in the 1980s [30, 31], when the observation that physical occlusion of
tumor blood vessels caused regression of solid tumors in mice, leading to the idea that
pharmacologically obstructing tumor vasculature as a viable cancer therapeutic direction
[30, 31]. The network of blood vessels that make up the tumor vasculature is very
important for tumor growth and metastasis, as tumors require a rapidly growing and
functional vascular system in order to provide oxygen and nutrients to the tumor cells.
Tumors are not able to grow beyond 2 mm in size without development of this vascular
system, with this development requiring the cells comprising the vascular network to
adopt a highly angiogenic phenotype [32, 33].

The blood supply to the normal tissues of the body is maintained by an orderly
and efficient vascular network and support system. Blood vessels are regulated by the
balance of pro-angiogenic and anti-angiogenic molecular factors (maintained via
metabolic demands) as well as a systematic network of lymphatic vessels which drain
fluid and waste metabolic products from the interstitium. As a result, normal vascular
networks are hierarchically organized, with mature vessels, made up of largely quiescent

endothelial cells, that are evenly distributed to allow adequate perfusion of oxygen and
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other nutrients to all cells (Figure 2.1A, C) [34, 35]. Normal vasculature is also well
supported by pericytes and has adequate smooth muscle support. In tumors, the
aggressive growth of the tumor cell population leads to the development of disorganized
blood vessel networks that are fundamentally different from normal vasculature (Figure
2.1B, D)[34, 35]. Tumor vasculature is characterized by irregular structural dynamics and
vessels that are immature, convoluted, and extremely permeable. Tumor vascular cells
are constantly exposed to various pro-angiogenic factors which are secreted from the
tumor, and are highly responsive to angiogenic signaling [36], leading to development of
aberrant vascular morphology Furthermore, the walls of the tumor vessels are poorly
developed, having minimal vascular smooth muscle cell investiture, discontinuous
endothelial-cell lining, poor connections between pericytes and endothelial cells, and
having an irregular basement membrane [37, 38]. The endothelial cells that comprise the
tumor vascular network tumor are often irregularly shaped, thus forming an uneven
luminal layer that has loose interconnections and numerous intercellular spaces [39].
These features cause tumor vasculature to have a high intrinsic vascular permeability to
macromolecules, leading to high interstitial fluid pressure on these vessels [40, 41]. The
complex tumor vasculature is typically a chaotic tangle of vessels with a lack of
conventional blood vessel hierarchy in which arterioles, capillaries, and venules are not
clearly identifiable [42]. The accompanying lymphatic vessels are also inadequate, as
well as being dilated, leaky and discontinuous. This leads to constitutively dilated and
fluid-engorged vessels [43, 44]. Vessel diameters are also irregular and lengths between
branching points are often very long [45]. This leads to high resistance to blood flow as

well as low and intermittent blood flow rates through many tumor blood vessels. Finally,
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tumor capillary blood contains abnormally high levels of deoxygenated blood, which,
combined with heterogeneous blood flow, and large inter-capillary distances, contributes
to micro-regional hypoxia in tumors [46, 47].

Functionally, the ability of the tumor vasculature to deliver nutrients via blood
vessels and remove waste products via the lymphatic system is drastically diminished.
Tumor vessels are much more permeable than normal vessels, resulting in accumulation
of vascular contents and elevated interstitial fluid pressure [48]. Geometric resistance
caused by irregular vessel shape and diameter leads to diminished blood flow and
accompanying poor oxygen supply to tumor cells resulting in micro-regional hypoxia
[48, 49]. These effects of these structural irregularities in tumor vasculature can readily
be demonstrated by computer visualizations of normal and tumor vascular networks, as
well as in reductions in calculated oxygen tension in areas of geometric resistance to
blood flow [50].

It should be noted that these abnormal characteristics of tumor vasculature lead to
atypical micro-environmental conditions that both enhance cancer progression and hinder
non-vascular therapeutic anti-cancer strategies. The presence of micro-regional hypoxia
is often associated with poor prognosis in patient outcomes in various cancer types [51].
Tumor hypoxia is also an important stimulus for angiogenesis. Hypoxia inducible factor-
la (HIF-1a) is the pivotal mediator in response to hypoxia, and increased activity of this
protein in hypoxic regions leads to increased expression of vascular endothelial growth
factors (VEGF) [52], a class of proteins that increase vascular permeability and promote
endothelial cell growth and survival. Tumor hypoxia also leads to the up-regulation of

other pro-angiogenic effectors, including angiopoietin-2 [53], nitric oxide synthase [54],
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platelet-derived growth factor and basic and acidic fibroblastic growth factors [55], as
well as leading to greater tumor survival by causing down-regulation of apoptosis in
tumor cells [56]. Tumor hypoxia is also associated with resistance to both radiotherapy
and chemotherapy [57-59]. All these factors, along with the importance of these vascular
networks to tumor growth, further emphasize the importance of developing therapeutics

to specifically target tumor vasculature.

+  Disrupted IEJ

Hyperpermeability
Smooth muscle cell Pericyte *+ Increase in IFP

Figure 2.1. Normal vasculature (A and C) compared to tumor vasculature (B and D). Normal
vasculature is well organized with mature vessels made up of evenly distributed endothelial cells.
Tumor vasculature, on the other hand is disorganized, with structurally irregular endothelial cells,
and an uneven luminal layer that has loose interconnections and numerous intercellular spaces
Modified from [35] and [60].
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Approaches to Anti-Vascular Tumor Therapy

Conventional therapeutic approaches to cancer typically involve targeting of
tumor cells alone. However, cancer has recently been increasingly viewed as having three
separate sections: tumor cells, the tumor vascular network, and the tumor surrounding
stroma [61]. As an alternative to conventional chemotherapy, anti-vascular tumor therapy
is directly focused on the tumor vascular network and not the tumor cells themselves.
Agents used for anti-vascular tumor therapy can be divided into two broad categories;
angiogenesis inhibiting agents (AIAs) and vascular disrupting agents (VDAs). These
agents have distinct mechanisms and effects on the vascular networks that supply solid
tumors (Figure 2.2). AIAs prevent the development of new tumor vasculature by
inhibiting various steps in the process of angiogenesis, while tumor VDAs target and
damage the already established tumor vessels.

Cancer therapy using an antivascular approach theoretically has a number of

advantages over conventional chemotherapeutics used for treatment of malignant tumors;

e [t is not restricted to a certain histologic tumor entity as all solid tumors depend
on angiogenesis and the maintenance of functional microvasculature.

e The tumor microvasculature is well accessible to systemic treatment. In contrast
to chemotherapy no endothelial barrier has to be crossed by the therapeutic
substances.

e In contrast to the blood supply in organs, every single tumor blood vessel has to
supply up to hundreds of critically dependent tumor cell layers. For that reason,

anti-vascular therapy is potentially very effective.
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e Angiogenesis in adult organisms is only induced under certain physiologic
conditions, i.e. during the reproductive ovarian cycle or wound healing. An
antagonism of angiogenesis is therefore a highly selective therapy promising less
serious side effects.

e The endothelial cell is genetically stable and is therefore suggested to be a target

that is less prone to development of drug resistance.
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Figure 2.2. Comparison between AIAs and VDAs in effects on tumor vasculature [36]

Tumor Angiogenesis
As mentioned earlier, the development of tumor vasculature relies heavily on the
presence of a highly angiogenic phenotype. Angiogenesis is a physiological process by
which new blood vessels form from pre-existing ones. Tumor proliferation typically leads
to the activation of this angiogenic phenotype so that the increased requirements of

oxygen and nutrients can be satisfied [32, 33]. Furthermore, increased production and
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release of anti-apoptotic factors from activated endothelial cells in the tumor
neovasculature grants tumor cells with a distinct survival advantage [62]. The
development of this angiogenic phenotype occurs due to a process known as the
‘angiogenic switch’, which results from an imbalance between endogenous angiogenesis
inducers and inhibitors in such a way that increased angiogenesis is favored [63]. This
switch is important for the progression of pre-malignant lesions into a vascularized
malignant phenotype [64, 65]. Tumor angiogenesis is mediated via a multitude of growth
factors, cytokines, lipids, matrix-degrading enzymes, receptor tyrosine kinases, and small
molecules [66]. The angiogenic process comprises a large number of steps, leading to the
activation of endothelial cells by the tumor via the secretion of pro-angiogenic growth
factors which then bind to receptors on nearby dormant endothelial cells (ECs) that line
the interior of vessels [33, 34] (Figure 2.3). Endothelial cell stimulation results in
vasodilation and permeability of the vessels increase. This is accompanied by the
recruitment of pericytes which is mediated by angiopoietin-2 (ANG?2), platelet derived
growth factor B (PDGF-B) and TIE2, a receptor tyrosine kinase with immunoglobulin-
like and EGF-like domains [63, 67, 68]. Furthermore, matrix-degrading enzymes such as
matrix metallo-proteases (MMPs) and heparanases, are secreted so as to dissolve the
basement membrane and to remodel the extracellular matrix (ECM) as well as to liberate
more pro-angiogenic growth factors (bFGF and VEGF) [69-71]. MMP secretion also
causes endothelial cells to detach from the extracellular matrix and basement membrane.
These cells then migrate and proliferate to sprout and form new branches from the pre-
existing vasculature [34]. The angiogenic phenotype in tumor micro-environment can

further be sustained by the recruitment of bone-marrow derived precursor endothelial
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cells, stromal cells and circulating endothelial cells to migrate to the tumor vasculature.
Stromal cells such as fibroblasts, mesenchymal stem cells and various bone marrow-
derived myeloid cells including macrophages, TIE2-expressing monocytes, neutrophils
and mast cells contribute to tumor angiogenesis through their production of growth

factors, cytokines and proteases [72, 73].

tumor cells

endothelial

cells angiogenesis

Figure 2.3. Summary of signaling events leading to up-regulation of angiogenesis in tumor
vasculature [74]. Tumor cells release numerous growth factors that lead to increased angiogenic
growth in endothelial cells in nearby vessels.

Angiogenesis Inhibiting Agents
Extensive research has been devoted to discovery of therapeutic strategies
specifically targeting tumor angiogenesis. As such, a significant number of AIAs to target
various aspects of the complex angiogenic process are under pre-clinical and clinical
development (Figure 2.4). These agents can be generally classified into three distinct
groups based on their modes of action; direct endogenous inhibitors that prevent tumor

endothelial cell proliferation and migration, indirect inhibitors that block angiogenic
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signaling, and miscellaneous agents that inhibit angiogenesis related processes and cells
[75] (Figure 2.5).

Direct endogenous inhibitors of angiogenesis (Figure 2.5 A), such as angiostatin,
endostatin, arrestin, vasostatin, canstatin, tumstatin and others, are fragments released on
proteolysis of distinct ECM molecules. Endogenous inhibitors prevent vascular
endothelial cell proliferation and migration in response to angiogenesis inducing factors
such as VEGF, bFGF, interleukin 8 (IL-8) and PDGF [76, 77]. This direct anti-
angiogenic effect may be mediated by interference with endothelial integrins along with
several intracellular signaling pathways [78].

Indirect inhibitors of angiogenesis (Figure 2.5 B) prevent the expression and/or
block the activity of pro-angiogenic proteins [79]. The most clinically relevant and
extensively researched agents in this group are those which specifically target and inhibit
the effects of VEGF. These include neutralizing antibodies to VEGF (e.g. bevacizumab)
or VEGF receptors (VEGFRs) (e.g. ramucirumab), soluble VEGFR/VEGFR hybrids (e.g.
VEGF-Trap), and tyrosine kinase inhibitors (TKIs) with selectivity for VEGFRs (e.g.
sunitinib, pazopanib and sorafenib) [80-82]. Bevacizumab (Avastin) is a humanized
monoclonal antibody against all isoforms of VEGF-A which has been FDA approved for
the treatment of colorectal, lung, glioblastoma and renal cell carcinoma [80, 83].
Numerous clinical trials with bevacizumab have also shown promising efficacy against

other cancers [84].
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Tabie 1

Drugs Developed Primarlly for Antianglogenic Effect

Development
Class Drug Description Targets Phase
Anti VEGF Bovaczumab (Avasting Monodonal antibody VEGH A), all isolomns Markiotod
VEGF4mp Soluble meceptor VEGF(A), all isolomns Prase |
VEGF-AS (Veghn) Antiserse cbgonudectde VEGF(-A), -C -D Prase |
ArS-VEGFR PTETS7 (vatslanib) Sevallencdeculs VEGFR.1,.2. .3 Prase NI
tyrosne krnese recepiorn
Inhibior
SU011248 Smallmolecule VEGFR2, POGFR Phaso 1l
tyrosing kinase recoptor
Indebiior
ZID6474 Smal maol ecule VEGFR-2 EGFR Prase Il
tyrodine Minas e recepor
Infetitor
AG-013T9% Sread molacuke VEGFR, POOFR, c-Mt Prase Il
Hromne Mrese recepion
Inhibior
CP547 62 Smal-mcleculs VEGFR-2 Phass Il
OGNS MNBe reosgton
hetlon
Sorakenib (BAY 43.9006) Smal moleculs VEGFR2 PDGFR{. Phase Il
raf lnase nhibitor A3, cdat
CEP.T0ES Srvad enclecule VEGFR1,.2. .3 Praso |
tyrosne knese receplon
nfubaoe
IMC.1C11 Monocional antbody VEGFR.2 Phaso |
AE-941 (Neovastal) Shak camiage component VEGF -VEGFR binding Prase
P2 5
Other ant-VEGF Ercentausn (LYZ17815)  Acydic tisndolyl-malaimide Protén kinass C-f isozyme Phase |
patiways
Angiostatn Recombinant human protein — Mimics innate mechaniams  Phase Il
:mw Endostatin Recombinant human praten  Mimics innate mechanioms  Phass Il
o
Thrombospondn-1 Mimetc peptide Mimics innate mechaniama  Phase Il
mimetic (ABTS510)
MEDI522 Monodonal antbody s, integen Prase N
Anth-ntegrin ageants Clangitds (EMD 121074)  Peptide ofi,and ofi, esering Phase Il
CNTO 05 Monodonal antibody a, ntegrns Phase |
BMS-275201 Nonhydeoxarmate MMPs Prase
small moleaue
MMP inhbaors Comteotatatn A4 Smal mokec vl Tubetin Phaso 1|
Vasaulardsruptve 5 6Dimettyl- Flavonokd smal maolecule adamond Prase |
Aty XANNENONS-4-acetic ackd (Indection of TNF)
(DMXAA)
06126 Sread molecule Tubuin Prase |
AVESOE? Smal molkscue Tubetin Phass |
Hepamanase inhibitors  P1.88 Smal molecude Heparanase, VEGF Phase I

EGFR = eppdermad growth facks recept o MUP = matris metsdoprcted nase, FDGFR = plat dbet -0 ived ot lactar recepis  TNF = umnar necross

factor, VE GFR = vaac ular endohe bal growth factad recepier.

Figure 2.4. AlAs that have advanced through some stages of clinical development [85]
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VEGF-A can also be inhibited using soluble fusion proteins (VEGF-Trap), typically
consisting of the VEGF-binding portions from the extracellular domains of human VEGF
receptors 1 and 2 fused to the Fc portion of the human IgG1 immunoglobulin. These
function by binding to and ‘trapping’ the different isoforms of VEGF-A, in addition to
VEGF-B and placental growth factor [86, 87]. TKIs are small molecules with different
chemical structures that have the ability to interact physically with the highly conserved
kinase domain shared by different VEGFRs. These compounds inhibit the kinase activity
of VEGFRs via a number of distinct mechanisms, and the resulting reduction in tyrosine
phosphorylation leads to inhibition of downstream pro-angiogenic signal transduction
[81, 88-90]. These compounds also inhibit the tyrosine kinase activity of PDGF receptors
(PDGFRs), FGF receptors (FGFRs), EGFR, and Raf kinases, also resulting in

antiangiogenic effects [81].
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Figure 2.5. Various classes of AIAs based on their mechanism of inhibition. [91]

23



Tumor angiogenesis can also be inhibited by a number of miscellaneous agents (Figure
2.5 C) that target various aspects of the angiogenic process. These include;
e Matrix metalloprotease (MMP) and cysteine cathepsin inhibitors, which inhibit
the enzymes responsible for degrading and remodeling by tumors so as to modify
local micro-environment, an important step in the angiogenic process [92, 93].
e Tumor associated stromal cell therapy with compounds that disrupt tumor induced
recruitment of stromal cells can indirectly inhibit tumor angiogenesis [83, 94, 95].
e Cell adhesion molecule targeted therapy to disrupt cell surface molecules such as
av-integrins, E-selectin, N-cadherin and VE-cadherin, which have been shown to
play a role in tumor angiogenesis [96]. A prime example of this approach is
research into the use of integrin antagonists such as peptidomimetics (e.g.
cilengitide), monoclonal antibodies (e.g. volociximab), as well as oral small-

molecule compounds in a number of cancer types [97].

Vascular Disrupting Agents

As mentioned earlier, VDAs target mainly the endothelial cells and pericytes that
comprise the already established tumor vasculature, causing tumor ischemia and necrosis.
VDA are a group of compounds that specifically target endothelial cells via a limited
number of pathways, with the end result being the disruption of the cytoskeleton and cell-
to-cell junctions, and changes in endothelial cell shape. Subsequently, there is induction
of a cascade of events, such as increased loss of endothelial cells from the vascular
network, increased permeability to proteins and increased interstitial fluid pressure,
which leads to a reduction in vessel diameter and plasma leakage. The end result is

increased blood viscosity and decreased blood flow (Figure 2.6) [98]. Furthermore, the
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exposed basement membrane components become activated through contact with
platelets, contributing to vascular shutdown. The inhibition of blood flow and the
consequent reduction in oxygen and nutrient supply induces necrosis of many tumor cells
downstream. All these events are more selective in tumors than in normal endothelium,
as tumor endothelial cells are more activated and rapidly growing. Through these various
pathways, VDAs are able to induce extensive vascular shutdown and hemorrhagic
necrosis of the tumor core in animal models; however, viable cells are often preserved at
the peripheral rim, and these cells will rapidly repopulate the tumor. This rim of tumor
cells probably survives because it derives nutritional support from nearby normal blood
vessels, which are less responsive to VDAs due to the significant differences between
normal and tumor blood vessels [98]. This suggests that VDAs are more likely to produce
a meaningful clinical response when used in combination therapy with standard
chemotherapeutic agents.

There are a number of potential advantages of VDAs over other approaches to
anti-cancer therapy. Firstly, a significant bystander effect may take place, as one single
blood vessel may provide oxygen and nutrients for thousands of tumor cells. Therefore,
blockage or destruction of this solitary vessel may result in extensive downstream tumor
cell deaths. The endothelial cells that make up the blood vessel do not need to be killed
by the VDA. Rather, a change of cell structure or local initiation of the coagulation
cascade may be all that is needed to cause vascular collapse. Furthermore, since the
endothelial cells that make up the tumor vasculature are largely untransformed cells
(albeit rapidly growing), there is reduced likelihood for development of drug resistance

via genetic mutation [66]. Another advantage of VDA is that their effects on local tumor
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blood flow can be measured by non-invasive methods, including dynamic contrast-
enhanced magnetic resonance imaging [DCE-MRI], positron emission tomography using
150-PET, dynamic perfusion computed tomography, three-dimensional micro-bubble
ultrasound, and dynamic bioluminescence imaging [67-69]. Finally, VDAs do not need to
exert their effects for long, with studies suggesting significant tumor cell death starting at
2 hours post ischemia [99, 100]. Thus, even in cases where these agents are cleared
rapidly in vivo, they can still be significantly efficacious. VDAs are divided into three
main types; ligand-directed VDA, cationic-liposome based VDAs, and small molecule
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Figure 2.6. VDA mechanism of action on pre-established tumor blood vessels [98]

Ligand-Directed VDAs

Ligand-directed VDAs use antibodies or peptides against cell surface markers
specific to tumor vascular cells so as to target effector molecules such as toxins or pro-
coagulants to the tumor endothelium. There are several molecules that are upregulated in

tumor vascular tissue as opposed to normal vasculature. These include antigens involved
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in angiogenesis, thrombosis, and vascular remodeling, as well as cell adhesion molecules
[101]. These agents cause exposure of the basement membrane, leading to vascular
shutdown and subsequent widespread tumor cell necrosis [102]. The effector can induce
vessel occlusion directly or indirectly or redirect host defenses attacking tumor vessels

[101].

Cationic Liposome Based VDAs

Similar to ligand-directed VDAs, this approach to vascular disruption focuses on
targeting compounds directly to the tumor vascular microenvironment. Previous studies
have shown that cationic liposomes selectively target activated tumor endothelium while
neutral and anionic liposomes do not [103, 104]. A variety of therapeutic substances (e.g.
cytotoxic drugs, antisense oligonucleotides, vectors) can be encapsulated in cationic
liposomes and thus selectively delivered to tumor vasculature. This selective targeting is
possibly mediated by charge interaction of cationic liposomes with the more negatively
charged cell surface of angiogenic endothelial cells relative to normal quiescent
endothelial cells. The cell surface of activated endothelial cells is negatively charged for a
number of reasons, including the presence of negatively charged lipid phosphatidylserine
in the luminal membrane of tumor blood vessels [105], as well as up-regulation of
negatively charged hyperglycosylated and hypersilylated membrane proteins in activated
endothelial cells in vitro [106]. These negative binding sites possibly provide molecular
targets for preferential binding of cationic liposomes within the angiogenic tumor
endothelium. Studies have shown that cationic-liposomes loaded with cytotoxic
substances, e.g. paclitaxel, specifically target tumor vasculature and produced improved

anti-tumor effects compared to the agent alone [107-109].
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Small Molecule VDAs

Small molecule VDAs function by exploiting the differences between normal and
tumor endothelium to induce vascular shutdown of tumor blood vessels. Significant
discovery and development of various small molecule compounds that cause selective
tumor vascular shutdown has occurred over the past few years, with a number of
compounds reaching the human clinical trial stage of development. Small molecule
VDAs are divided into two distinct classes based on their mechanisms of action. The first
class is represented by synthetic flavonoids that work through induction of local cytokine
production. The second class comprises tubulin-binding agents. There are a significant

number of these compounds that have shown some promise in human clinical trials.

Flavonoids

Flavonoids are a class of compounds based on the flavone ring structure. Flavone
acetic acid (FAA), the first of this class of small molecule VDAs was originally
synthesized as a non-steroidal anti-inflammatory agent, but was found to have
widespread anti-cancer effects in pre-clinical studies [110, 111]. Unfortunately, FAA did
not show much success in human clinical trials [112]. However, other synthetic flavonoid
compounds showed more promise as VDAs. A prime example of these is DMXAA (5, 6-
dimethylxanthenone-4-acetic acid), which was developed as a more active analogue of
FAA. It is significantly more potent than FAA and has been shown to elicit rapid vascular
shutdown in murine tumors [113, 114]. Flavonoids, DMXAA included, typically function
via a mechanism involving the partial breakdown of the actin cytoskeleton, leading to
DNA damage and subsequent induction of apoptosis in tumor endothelial cells [115,

116]. DMXAA also induces synthesis of tumor necrosis factor (TNF) (in tumor cells,
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tumor vascular cells, and via the activation of macrophages), as well as the synthesis of
nitric oxide [116-119]. The exact molecular target has not been completely elucidated,
but it involves up-regulation of the nuclear transcription factor NFkB [115, 116], which
leads to production of TNF and other cytokines. These vascular disrupting effects are
further enhanced via the activation of platelets and serotonin [114, 116, 119, 120].
DMXAA showed promising results in phase I and II clinical trials [121, 122]. However,

phase III clinical trials have thus far proven to be failures [123, 124].

Tubulin Binding Agents

Tubulin-binding small molecule vascular disrupting agents are an extensively
researched group of compounds that function by a mechanism that is quite distinct from
flavonoids. The small-molecule VDAs that are members of this class have a mode of
action that includes an interaction with the tubulin-microtubule protein system, and
potently inhibit tubulin assembly into microtubules. Small molecules can bind to this
system via one of four possible domains; the vinca-alkaloid and colchicine domains,
located on the tubulin heterodimer, and the taxoid and laulimide binding domains located
on the polymerized microtubule (Figure 2.7) [125]. The most clinically significant of
these compounds are those that bind at the colchicine binding site located at the interface
between the o and B-tubulin subunits of the tubulin heterodimer. These agents (usually
having stilbene or heterocyclic structures) selectively target tumor endothelial cells by
exploiting their dependence on the tubulin cytoskeleton to maintain cell shape [126].
Binding and destabilization of the tubulin cytoskeleton by these agents causes the

induction of cell signaling cascades that lead to rapid changes in endothelial cell shape.
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This rapid change of endothelial cell morphology leads to disruption of the endothelial

cell layer, eventual vascular collapse, and necrosis or apoptosis of supported tumor cells.
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Figure 2.7. Tubulin binding sites of microtubule biding agents [125]

Colchicine was initially thought to have promise as a VDA due to its ability to
disrupt tumor vasculature. However, the vascular disrupting effect was only seen to occur
at doses that were toxic in animal models; therefore this significant toxicity precluded
further clinical use [127]. Subsequent extensive research into compounds with similar
tubulin binding and vascular disrupting characteristics as colchicine has led to the
discovery of a library of small molecule compounds with promising antivascular effects.
The most notable of these are the natural products obtained from the African willow tree
(the combretastatins), of which combretastatin-A-4 (CA4) (as well as its phosphate pro-
drug combretastatin-A-4- phosphate (CA4P)) (Figure 2.8) has been found to be one of the

most effective [128, 129]. Treatment with CA4P causes rapid and selective vascular
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shutdown in a range of human xenograft and rodent tumors [128-130]. CA4P is
dephosphorylated by endogenous phosphatases yielding the parent compound CA4,
which binds to tubulin at or near the colchicine-binding site, leading to microtubule
depolymerization [128-131]. CA4P treatment causes significant impairment of tumor
vascular function at doses as low as a tenth of the maximum tolerated dose [132].
However, there does remain a significant viable rim after CA4 treatment due to rapid
regrowth of viable cells surviving at the tumor periphery [98, 132, 133]. In order to solve
this problem, numerous studies into combination therapies with conventional
chemotherapeutic agents such as cisplatin, taxol, doxorubicin, paclitaxel, carboplatin and
S-fluorouracil [128, 134-138], with anti angiogenic agents [139], and with radiation [100,
140] have been carried out. Other combretastatin compounds have also shown promise as
tumor VDAs. A sodium phosphate prodrug of combretastatin A-1 (CA1P) has been
proven to be ten times more potent than CA4P in preclinical models and is being rapidly
developed as a tumor VDA (OXiGENE compound OX14503) [141, 142]. Another CA4
derivative in clinical trials is AVE8062 (Aventis Pharma). This compound is a serine
prodrug of CA4, which is cleaved by endogenous amino-peptidases to release the active
parent drug [143]. Apart from the combretastatins, other tubulin-binding agents have
potential as tumor VDAs. An analogue of colchicine, N-acetylcolchinol-O-phosphate
(ZD6126), is currently undergoing preclinical and clinical testing [144]. ZD6126 is
rapidly dephosphorylated by serum phosphatases to N-acetylcolchinol (NAC), a tubulin-
binding agent that inhibits tubulin polymerization and causes microtubule destabilization,
and results in significant anti-tumor activity against a variety of human xenograft models

[145]. ZD6126 showed significant VDA activity at doses 1/8—1/16 of the MTD, as well
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as selectivity for tumor blood vessels [145]. ZD6126 also enhanced the tumor response to
radiation, giving a 1.3-fold increase in the slope of the radiation dose-response curve
[144]. Auristatin PE (TZT1027) is a tubulin-binding agent derived from dolastatin 10
(isolated from a marine mollusk) that has profound vascular effects [146]. Arsenic
trioxide (Trisenox, Cell Therapeutics) is used to treat patients with acute promyelocytic
leukemia. Among other effects, it binds to tubulin and has vascular disrupting properties
in solid tumors [147]. Other potential VDASs under current investigation include ABT-
751 (Abbot Pharmaceuticals), MX-116407 (Maxim Pharmaceuticals), NPI-2358 (a
diketopiperazine compound developed by Nereus Pharmaceuticals) and a number of

others (as seen in Figure 2.8).

The Microtubule System

The eukaryotic cytoskeleton is composed of three distinct elements: actin
microfilaments, intermediate filaments and microtubules. The latter represent a dynamic
system, which is critically important for the spatial and temporal organization of
eukaryotic cells and as such are a promising target for anticancer therapy. Microtubules
are dynamic polymers which are made up of o/p tubulin dimers (Figure 2.9). They are
hollow cylindrical structures, about 24 nm in diameter, built from 13 parallel
protofilaments, which are in turn made up of a/f tubulin dimer subunits. Each a and

monomer has a GTP molecule bound to it
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Figure 2.8. Selection of small molecule VDAs investigated inclinical trials. Modified from [148]

The GTP that is bound to the a-tubulin is trapped at the dimer interface, while the

GTP molecule bound to the B-tubulin can be readily hydrolyzed to GDP [149]. The
process of tubulin assembly into microtubules occurs when one o/f subunit joins with
another. When these heterodimer subunits self-assemble to form microtubules, two new
types of protein-protein interactions are generated. Along the longitudinal axis of the
microtubule, the “top” of one B-tubulin molecule forms an interface with the “bottom” of
the a-tubulin molecule in the adjacent dimer subunit resulting in the formation of a
protofilament. Perpendicular to these interactions, lateral contacts also form between
neighboring protofilaments, with these connections typically being between monomers of
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the same type (o-a and B-f). Together, these longitudinal and lateral associations are
repeated to form the helical lattice structure of the microtubule [149-151]. Furthermore,
each protofilament is assembled from subunits that all point in the same direction thereby
resulting in a distinct structural polarity with a plus end with exposed B-tubulin and
which grows most rapidly, and a minus end with a-tubulin. The minus end is usually
oriented toward a centrosome, the center from which microtubules originate.
Microtubules are in a constant state of dynamic instability because the GTP at the plus
end may become hydrolyzed to GDP before another tubulin subunit can join. While the
presence of GTP at the plus end of the microtubule creates a ‘GTP-cap’ which
contributes to the stability of the polymer, GDP-subunits rapidly dissociate from the
microtubule. Therefore, there is a regulation of growth or shrinkage depending on the rate
of hydrolysis and availability of GTP-tubulin subunits giving microtubules a
characteristic known as dynamic instability (Figure 2.9) [150, 152-154]. This regulation
is a vital component of various processes that are crucial to cell growth and proliferation
such as mitosis, cell motility, maintaining cell shape, cellular transport, maintaining cell
polarity, and cell signaling [151], and is especially crucial to the processes that control
tumor vascular endothelial cell growth. The ability to interfere with this polymerization
process is what makes tubulin-binding VDA clinically relevant in cancer therapy.
Microtubule polymerization inhibitors, such as colchicine, disrupt polymerization
of microtubules and interfere with tubulin dynamics via a mechanism that involves
alteration of the binding capabilities of tubulin heterodimers to the microtubule polymer
[155]. In order to elucidate this mechanism, the structures of the tubulin monomers and

heterodimers (with bound colchicine) (Figure 2.10) have been analyzed via X-ray
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crystallography and atomic modelling [156]. These studies on tubulin structure have
shown o and 3 tubulin to be almost identical in principal structure, with each monomer
composed of a core of two beta sheets surrounded by a helices. The monomer has
compact structure, which can be divided into three functional domains: the N-terminal
domain (which is the nucleotide-binding region), an intermediate domain containing the
taxol-binding site, and the c-terminal domain where the binding site for motor proteins is
located. The N-terminal, domain is composed of six parallel B-strands (S1-S6)
alternating with helices (H1-H6). There are also six loops (T1-T6), which connect each
strand with the start of the next helix, a structural motif that aids in binding the nucleotide
[151, 155, 156].

Nucleotide binding in each monomer is completed by interaction with the N-
terminal end of the core helix H7. The core helix connects the nucleotide binding domain
with the smaller, second domain, formed by three helices (H8-H10) and a mixed beta
sheet (S7-S10). The C-terminal region is formed by two antiparallel helices (H11-H12)
that cross over the previous two domains [155, 156]. In order to clearly elucidate
mechanism of colchicine disruption of tubulin polymerization, DAMA (N-deacetyl-N-
(2-mercaptoacetyl)) colchicine was used to allow for the establishment of the location of
the N-acetyl group and to explicitly define the orientation of colchicine at the binding site

[157].
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B-Tubulin Colchicine

a-Tubulin

Figure 2.10. Structure of tubulin heterodimer at 3.5 A resolution, in complex with colchicine and
with the stathmin-like domain (SLD) of RB3 (PDB: 1SAOQ). The figure was prepared using
Accelyrs software.
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DAMA colchicine was shown to bind on the B-subunit at a site surrounded by S8
(residues 313-320), S9 (residues 351-356), T7 loop (residues 244-251) and helices H7
(residues 224-243) and HS (residues 252-260) [155, 157]. When bound, colchicine also
interacts with the TS loop (residues 173-182) of the adjacent a-subunit in addition to the
B-subunit, allowing for stabilization of the colchicine bound tubulin heterodimer.
Microtubule polymerization is inhibited by low concentrations of colchicine due to the
fact that it inhibits tubulin polymerization by binding to the ends of microtubules rather
than to the soluble tubulin. Colchicine binding to the tubulin heterodimer leads to a
conformational change in the heterodimeric tubulin structure (Figure 2.11) [157]. Kinetic
analysis of the inhibition interaction has shown that tubulin—colchicine complex (TC-
complex) disrupts polymerization by an ‘‘end conserving mechanism”. This means that
such that the TC-complex does not completely prevent the tubulin addition to the
polymer but only reduces the rate of tubulin addition that occurs along with the addition
of the TC-complex at the microtubule ends[158]. Microtubules in a protofilament are
stabilized through both lateral and longitudinal interactions [159]. The S7-H9 loop also
known as the M loop (microtubule loop) is a very important component of these
interactions. The M loop protrudes from one side of the protofilament and interacts with
the H3 and several other loops. As such conformational changes on adjoining loops
would affect the M loop and lead to microtubule destabilization. At sub-stoichiometric
TC-complex concentrations, binding of the complex to microtubule disturbs formation of
lateral contacts at the newly formed end of protofilaments due to displacement of the M
loop. As a result, tubulin can no longer remain in straight conformation since it would

lead to steric clash between colchicine and nearby residues along with GTP. This leads to
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an increase in loss of lateral contacts, and reduction in polymerization. An increase in the
concentration of colchicine results in a greater loss of lateral contacts, thereby leading to

microtubule depolymerization.
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Figure 2.11. Binding of colchicine to tubulin heterodimers causes a conformational change on
protofilaments [157]

In Vitro Models for VDA Evaluation: HUVECs and MDA-MB-231
Cell studies in this project were performed using mainly two different cell types;
MDA-MB-231 breast cancer cell line and human umbilical vein endothelial cells (which

are primary cells).

Human Umbilical Vascular Endothelial Cells

Human umbilical vein endothelial cells (HUVECSs) provide a classic, important
and widely used in vitro model system to study many aspects of endothelial function and
disease, such as normal, abnormal and tumor-associated angiogenesis and/ or

neovascularization, oxidative stress, hypoxia and inflammation related pathways in
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endothelia under normal and pathological conditions, cellular and molecular events in the
pathophysiology of atherosclerosis and plaque formation, cardiovascular-related
complications associated with various diseases, mode of action and cardiovascular
protection effects of various compounds, and in embryogenesis [160, 161]. Human
umbilical vein endothelial cells (HUVEC) are isolated from the umbilical cord. The cells
are homogenous, closely opposed, large, and polygonal with an oval, centrally located
nucleus and indistinct cell borders (Figure 2.12). The cells grow in confluent monolayers
with a cobblestone-like morphology with large dark nuclei (Figure 2.13). During
proliferation, cells are small and evenly sized, display a high mitotic index and show no
presence of smooth muscle cells. In order to more closely model rapidly growing tumor
vascular endothelial cells in this study, HUVECs were analyzed only as sub-confluent
cultures (40-70% confluence) and in media supplemented with a high concentration of

growth factors.

Figure 2.12. Phase contrast image of HUVECs.
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Figure 2.13. Phase contrast image showing confluent monolayer of HUVECs

MDA-MB-231 Cells

MDA-MB-231 is an epithelial-like breast cancer cell line derived from human
metastatic mammary tissue. MDA-MB-231 cells have increased expression of epidermal
growth factor (EGF) and transforming growth factor a (TGFa), and are anueploid with
chromosome counts near triploid range (ATCC). MDA-MB-231 cells have spindle
shaped morphology although it is characteristic of this cell line to have some rounded up
cells (Figure 2.14). MDA-MB-231 cells are about 100 um in size for attached cells. This
cell line is a triple negative breast cancer (TNBC), lacking estrogen receptors (ER-),
progesterone receptors (PR-) and HER2. This triple negative indicates that the cancer
growth is not estrogen and progesterone dependent and therefore the cell line does not
respond to hormonal therapies such as tamoxifen. TNBC is often more aggressive and
difficult to treat with an increased chance of re-occurrence and metastasis
(nationalbreastcancer.org). Approximately 10-15% of all breast cancers are triple
negative and often have poor patient outcome upon comparison to other breast cancer

subtypes and therefore is a good model in the search for anticancer agents [162]. MDA-
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MB-231 cells, like a number of other TNBCs, have a gain of function p53 mutation,
leading to suppression of apoptosis in these cells which contributes to the poor patient
outcome with this cancer type [162, 163]. Also, these cells tend to be well vascularized,

and as such are likely to be responsive to VDA treatment.

ATCC Number: HTB-26 ™
Designation: MDA-MB-231

Low Density Scale Bar = 100um High Density "~ Scale Bar = 100pm

Figure 2.14. MDA-MB-231 cells in culture (ATCC website)

41



CHAPTER THREE

The Vascular Disrupting activity of OXi8006 in Endothelial Cells and Its Phosphate
Prodrug OXi8007 in Breast Tumor Xenografts

This chapter published as: Strecker, T. E., Odutola, S. O., Lopez, R., Cooper, M. S.,
Tidmore, J. K., Charlton-Sevcik, A. K., ... & Trawick, M. L. (2015). The vascular

disrupting activity of OXi8006 in endothelial cells and its phosphate prodrug OXi8007 in
breast tumor xenografts. Cancer letters, 369(1), 229-241.
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Abstract
This study describes the vascular disrupting ability and the mechanism of action of the
indole-based tubulin-binding compound, OXi8006, and its water-soluble phosphate
prodrug OXi8007. Treatment of rapidly proliferating human umbilical vein endothelial
cells (HUVECS), used as a model for the tumor vasculature, with OXi8006 or OXi8007
caused microtubule disruption followed by extensive reorganization of the cytoskeletal
network. The mechanism of action involved an increase in focal adhesion formation

associated with an increase in phosphorylation of both non-muscle myosin light chain
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and focal adhesion kinase. These effects were dramatically diminished by an inhibitor of
RhoA kinase, a downstream effector of RhoA. Cell cycle blockade at G2/M and
cytotoxicity towards rapidly proliferating HUVECs were also observed. Capillary-like
networks of HUVECs were disrupted by the action of both OXi8006 and OXi8007. The
prodrug OXi8007 exhibited potent and rapid dose-dependent antivascular activity
assessed by dynamic bioluminescence imaging (BLI) in an MDA-MB-231-luc breast
cancer xenograft mouse model. By 6 hours post treatment, over 93% of the BLI signal
was abolished with only a slight recovery at 24 hours. These findings were confirmed by
histology. The results from this study demonstrate that OXi8007 is a potent vascular

disrupting agent acting through an anti-microtubule mechanism involving RhoA.

Keywords: vascular disrupting agent (VDA), microtubules, focal adhesion kinase

(FAK), bioluminescence imaging (BLI), breast cancer
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Introduction

Tumors require an expanding vasculature in order to grow and metastasize. The
immature, chaotic, rapidly growing, activated tumor vascular endothelium is distinct from
the largely quiescent, remodeled, and mature normal endothelium. These differences,
along with the observation that a limited number of blood vessels supply a large number
of cancer cells in the tumor, present the tumor vasculature as a selective target for cancer
therapy [148, 164, 165]. Vascular disrupting agents (VDAs) [98, 133, 166] are a
promising class of anticancer agents that act on the pre-existing tumor vasculature and
are distinct from angiogenesis inhibiting agents such as bevacizumab (Avastin™) that
inhibit the growth of new blood vessels but have limited effects on large tumors [167,
168]. The tubulin-microtubule system is an important anticancer target [ 169] and the
mechanism of tubulin-binding, small-molecule VDA is potentially two-fold. The major
effect is the rapid and pronounced shutdown of blood flow to solid tumors, depriving
cancer cells of necessary oxygen and nutrients and resulting in extensive tumor necrosis,
while leaving blood flow to normal tissues intact [98, 133, 165, 170]. The secondary
effect results from direct antimitotic activity against tumor cells. Treatment with
combretastatin A-4 (CA4), a VDA that has advanced to human clinical trials, has been
reported to inhibit tumor cell invasion, migration and metastasis [171]. Despite the
encouraging positive pre-clinical studies and human clinical trial results of members of
this class of anticancer agents, no VDA has yet been approved by the FDA [137-139,
172, 173]. Clearly this provides an opportunity to expand the compound landscape

available for therapy.

45



0Xi8006 is one of the first indole-based, colchicine-site binding, inhibitors of
tubulin assembly into microtubules. Our previous studies demonstrated that OXi8006 was
a potent inhibitor of tubulin polymerization (ICso = 1.1 pM) and competed with
radiolabeled colchicine at the colchicine binding site of tubulin [28]. We also found
0Xi8006 to be cytotoxic against three evaluated human cancer cell lines, NCI-H460,
DU-145 and SK-OV-3, with an average Glso of 25.7 nM [28]. The core indole molecular
structure is now widely represented as a key component of a variety of inhibitors of
tubulin assembly [174], but OXi8006 remains one of the most active compounds in this
group with respect to tubulin binding and cytotoxicity. The very limited solubility of
0Xi8006 in aqueous solutions led to the synthesis of its water-soluble disodium
phosphate prodrug OXi8007[28]. In preliminary studies, Color-Doppler ultrasound was
used to image pronounced selective interference with the tumor vasculature upon
0Xi8007 treatment using a SCID mouse model bearing a human prostate tumor
xenograft (PC-3) [28] indicating vascular disrupting properties. In separate studies, only
a minimal effect was observed in a mouse model of the Ewing’s sarcoma family (TC-32)
of tumors [175]. In this study, we confirm the VDA properties and provide information
on the biochemical and biological mechanism of action of OXi8006 and its phosphate
prodrug OXi8007 (Figure 3.1) [28, 29, 176].

In order to elucidate the mechanism of OXi8006 action, we assessed the
cytoskeletal effects in rapidly proliferating endothelial cells which were used as a model
for the tumor vasculature [177-179]. We observed that OXi8006 rapidly initiated loss of
microtubules, which elicited other cytoskeletal reorganizations and pronounced

morphology changes. These effects suggested that RhoA and the RhoA kinase pathway
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are involved in the cell signaling events leading to cell rounding and detachment [98].
Since focal adhesions are also significantly involved in regulating cell contraction and
movement, we examined the activation status of focal adhesion kinase. The ability of
0Xi8006 to induce G2/M arrest, act as a cytotoxic agent against HUVECs, and to disrupt
a preformed tubular network of endothelial cells, all hallmarks of VDA action, was also
investigated. We demonstrate conclusively that OXi8007 is able to effectively disrupt the
tumor vasculature in a human breast cancer xenograft model in SCID mice at a dose that
was well tolerated (OXi8007 is converted to OXi8006 by the abundant non-specific

phosphatase enzymes present in vivo).
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Figure 3.1. Small molecule inhibitors of tubulin assembly: vascular disrupting agent CA4 and its

phosphate prodrug CA4P; OXi8006 and its phosphate prodrug OXi8007.
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Materials and Methods

Compounds
CA4 and CA4P were obtained from OXiGENE Inc. (South San Francisco, CA),
doxorubicin was obtained from Sigma-Aldrich, and OXi8006 and OXi8007 were

synthesized as previously described [28, 29].

Cell Culture

HUVEC:s (Invitrogen) were grown on Collagen-I coated flasks (CELLCOAT®)
in M200 medium (Invitrogen) supplemented with 1% gentamycin sulfate, 1%
amphotericin B, and high growth factor supplement kit (Endothelial Cell Growth Kit-
VEGF (ATCC)). HUVECs were not used beyond passage 5. MDA-MB-231 cells
(ATCC) were cultured in DMEM supplemented with 10% fetal bovine serum (Gibco One
Shot®) and 1% gentamycin sulfate, and passaged according to ATCC recommendations.
Cells were maintained at 37 °C in a humidified atmosphere of 5% COz, for use in these

experiments.

Fluorescence Imaging of Endothelial Cells

Actively proliferating HUVECs were cultured on glass coverslips coated with 1%
gelatin. Cells were plated at 10,000 cells/coverslip in 6-well culture plates (Corning)
using high growth factor supplemented medium and allowed to incubate at 37 °C for 48
hours (approximately 40% confluence) before being treated with compounds. Time
dependent effects of compounds on HUVECs were measured using 10 nM compound for
specific periods of time (5, 10, 15, 30, 60 and 120 minutes). Cells were also treated with

increasing concentrations of compounds (2 nM-100 nM) for 2 h to observe dose
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dependent effects. To demonstrate the response to higher compound concentrations, cells
were exposed to 1 uM of compound for 1 h. The effects of a Rho kinase inhibitor Y-
27632 (Sigma Aldrich) were determined by pretreatment of cells (30 min) with 10 pM of
Y-27632 before incubation with compounds. Stock solutions were made by dissolving
agents in DMSO, with a final concentration of DMSO less than 0.5% in media. After
treatment, the cells were fixed and permeabilized via the addition of a solution that
comprised 4% paraformaldehyde and 0.5% Triton X (Sigma-Aldrich) in PBS.
Microtubules were detected using mouse anti-a-tubulin antibody (Sigma-Aldrich)
followed by incubation with FITC-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA), actin fibers were stained using Texas-red
conjugated phalloidin (Invitrogen), and nuclear staining was carried out with DAPI.
Focal adhesions were stained with anti-vinculin antibody (Invitrogen) and FITC-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch). Focal adhesion kinase
(FAK) and myosin light chain (MLC) phosphorylation were stained with anti-pFAKY>"7
antibody (Abcam, Cambridge, MA) and anti-pMLC (Ser18/Thr19) antibody (Cell
Signaling, Beverly, MA) respectively, with FITC and Cy5 conjugated goat anti-rabbit
secondary antibodies (Jackson ImmunoResearch). Fluorescence and phase contrast
images were collected using an Olympus FV 1000 confocal microscope and Olympus

fluoview software (Olympus Imaging America Inc., Center Valley, PA) using a 60x oil

immersion objective.
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Western Blotting

Activated HUVECs were grown on collagen I coated T75 flasks to approximately
70% confluence and treated with 1 pM OXi8006 for defined periods of time. A higher
cell confluence was required to obtain sufficient protein, and with these conditions, a
higher OXi8006 concentration was required to obtain similar effects to the morphology
experiments on cover slips. OXi8006 was removed, and cells were briefly washed twice
with 5 mL of ice cold PBS. Whole cell lysates were prepared by adding 400 uL of lysis
buffer per flask (50 mM tris base, 2% SDS, 10% glycerol, 50 mM DTT), one protease
inhibitor cocktail tablet (1 per 10 mL, cOmplete ULTRA Tablets™, Roche, Indianapolis,
IN), and one phosphatase inhibitor cocktail tablet (1 per 10 mL, PhoSTOP™, Roche).
Lysates were sonicated (Misonix Sonicator 3000, Thermo-Fischer, Pittsburgh, PA) and
protein concentrations determined via a Bradford assay. Lysates (45 pg protein/sample)
were combined with NUPAGE™ loading dye and 500 mM DTT solution, separated on
NUPAGE™ 4-12% Bis-Tris gels (Invitrogen) and electroeluted to Immobilon-P™ PVDF
membranes (EMD Millipore). Membranes were incubated with primary antibodies for
pFAKY*7 (Abcam), FAK (Cell Signaling), pMLC (Cell Signaling), and B-actin (Sigma-
Aldrich). Anti-rabbit HRP and anti-mouse HRP secondary antibodies were obtained from
Jackson ImmunoResearch. Protein bands were visualized using ECL Prime™ blotting
detection reagent (GE, Piscataway, NJ) and ImageQuant LAS 4000 imaging system

(GE). Analysis of bands was done using Licor Image Studio 4.0 software.
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Cell Cycle Analysis by Flow Cytometry

HUVECs were plated into Collagen-I coated 6-well plates (Corning) at a
concentration of 200,000 cells/well. Cells were allowed to adhere for 48 h before a 24 h
incubation period with compounds. Cells were trypsinized and then centrifuged at 800g
for 10 minutes. After suspension in PBS, the cells were fixed with 70% ethanol and
incubated overnight at -20°C. Fixed cells were centrifuged at 800g to remove ethanol and
then resuspended in a PBS solution containing RNase A (20 pg/mL) and stained with
propidium iodide (PI) (20 pg/mL). DNA content was measured using a FACSCalibur
flow cytometer (Becton-Dickinson, San Jose, CA), and data were analyzed using

CellQuest software (Becton-Dickinson).

Cytotoxicity Assay

The sulforhodamine B (SRB) assay was used to assess inhibition of human cell
line growth as previously described [29, 180, 181]. Briefly, HUVECs and MDA-MB-231
cells were plated at 9,000 cells/well in 96-well plates (Corning) and incubated for 24 h or
for 48 h (for a quiescent/confluent HUVEC population). Ten-fold serial dilutions of the
compounds to be tested were then added to the wells. After 48 h of treatment, the cells
were fixed with trichloroacetic acid, stained with SRB dye (Acid Red 52) (TKI, Tokyo),
and dried. The dye was solubilized with 10 mM Tris base solution and plates were read at
540 nm with an automated Biotek EIx800 plate reader (Biotek, Winooski, VT).
Absorbance values were then normalized to 630 nm to account for background
absorbance [182]. A growth inhibition of 50% (GlIso or the drug concentration causing a

50% reduction in the net protein staining relative to controls) was calculated from optical
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density data with Excel software. Dose response curves were generated using Graphpad

Prism 5.0.

Endothelial Tube Disruption Assay

HUVECs were plated in 24-well culture plates (Corning) that had been coated
with 0.5 mL of 9.5 mg/mL Matrigel™ (Becton-Dickinson). Cells were plated at a
concentration of 124,000 cells/well, at 37°C for 16 h in M200 supplemented with a high
growth factor supplement kit. After 16 h, tube disruption was induced by treatment with
varying concentrations of compounds for 2 h, after which the compound was removed
and the cells were washed twice with fresh M200. Cells were imaged using an Axiovert
40 CFL inverted microscope (Zeiss, Thornwood, NY) at 5X magnification, and bright
field images were collected with negative contrast using a Canon Powershot A640 digital

camera mounted onto the microscope.

In Vivo Tumor Model

Human breast cancer cells, MDA-MB-231 (ATCC), were transfected with a
lentivirus containing a firefly luciferase reporter. Highly expressing stable clones were
isolated to create the cell line, MDA-MB-231-Luc [183]. Induction of tumors was carried
out by injecting 10° cells mixed with 30% Matrigel™ (BD Biosciences, San Jose, CA)
into the mammary fat pads of female SCID mice (University of Texas Southwestern
Medical Center). Tumors were allowed to grow to approximately 5 mm in diameter,
determined by caliper, before selection for BLI or histological analysis. All animal
procedures were carried out in accordance with the Guide for the Care and Use of

Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health
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as well as the Institutional Animal Care and Use Committee approved protocols

(University of Texas Southwestern Medical Center).

In Vivo Bioluminescence Imaging

Bioluminescence imaging was carried out as described previously [183]. Briefly,
anaesthetized, tumor bearing mice (Oz2, 2% isoflurane, Henry Schein Inc., Melville, NY)
were injected subcutaneously in the fore-back neck region with 80 uL of a solution of
luciferase substrate, D-luciferin (sodium salt, 120 mg/kg, in saline, Gold Biotechnology,
St. Louis, MO). Mice were maintained under anesthesia (2% isoflurane in oxygen, 1
dm?/min,) while baseline bioluminescence imaging was performed using a Xenogen
IVIS® Spectrum (Perkin-Elmer, Alameda, CA). A series of BLI images was collected
over 35 minutes using the following settings: auto exposure time, f-stop = 2, Field of
view = D, binning = 4 (medium). Light intensity-time curves obtained from these images
were analyzed using Living Image® software. Mice were injected intraperitoneally with
either 120 pl of saline (vehicle) or with OXi8007 in saline immediately after baseline
BLI. Bioluminescence imaging was repeated, with new luciferin injections 2, 6 and 24 h
later. Dose escalation studies using varying concentrations of OXi8007 (200-400 mg/kg)
with three mice per concentration were performed except for 300 mg/kg where n=2.
Subsequently, a separate cohort of mice (n=5) was treated with OXi8007 in saline (350
mg/kg) via intraperitoneal injection. BLI was again repeated for this cohort of mice after
2, 6 and 24 h. For comparison, other cohorts (n=5) of tumor bearing mice were treated
with CA4P (120 mg/kg) or saline (control) IP and BLI was performed in a similar

manner.
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Immunohistochemistry

Histological analysis of tumor perfusion was carried out as previously described
[184]. Tumor bearing mice were injected with saline or OXi8007. At each time point
after injection (2, 6 and 24 h), the blue fluorescent dye Hoechst 33342 (10 mg/kg,
Molecular Probes by Life Technologies, Eugene, OR) was injected into the tail vein of
anaesthetized mice and the tumors were excised after 1 minute. Excised tumors were
flash frozen in liquid nitrogen and stored at -80 °C. A series of 6 um sections from
several regions of each tumor was collected, and the cryosections were immunostained
with antibodies to the endothelial marker CD31, diluted 1:200 (BD Pharmingen, Purified
Rat Anti-mouse CD31) followed by Cy3-conjugated secondary antibody 1:1000 (Jackson
ImmunoResearch), and also stained with Hoechst 33342. Tumor sections were imaged
with a Zeiss AxioScan Z1 confocal microscope using a 20X objective, and processed

using ZEN 2012 software.

Statistical Methods

Data from the SRB assay are presented as mean = S.D. of a minimum of three
independent experiments. Data from analysis of western blots are presented as mean =+
S.E.M. of a minimum of three independent experiments. In order to determine significant
differences between treatment and control values, the Student’s two-tailed ¢ test was used,
with analyses performed using Graphpad Prism 5.0. Analysis of dynamic BLI data was
performed using Living Image software. Signal intensity was measured for regions of
interest in tumors following luciferin injection, and maximum intensity was determined.
Mean values + S.D. are presented for cohorts of tumors and statistical significance was

assessed using an analysis of variance (ANOVA) on the basis of Fisher’s Protected Least
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Significant Difference (PLSD; Statview, SAS Institute, Inc., Cary, NC, USA). ANOVA
was applied for comparison of multiple repeat measurements and the PLSD examined the
importance of individual measurements on the overall population. Statistically significant

data are denoted by: *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

0Xi8006 Treatment Resulted in Profound Cytoskeletal Changes in Endothelial Cells
One characteristic of tubulin-binding VDA is their disruption of cellular
microtubules and a subsequent increase in actin stress fiber formation [185]. In tumor
endothelium, this is followed by cell contraction and detachment from the substratum
[186]. Indirect immunofluorescence staining showed that 10 nM OXi8006 caused
disruption of microtubules in activated, rapidly proliferating HUVECs (grown in high
growth factor containing VEGF, EGF, bFGF, IGF-1, and 2% FBS supplemented
medium) used to model the tumor endothelium [177-179]. Starting at 5 minutes and
progressing over the course of 2 h (Figure 3.2A), a profound loss of the microtubule
network was observed. This was followed by actin cytoskeletal changes (starting
approximately 30 minutes after treatment), as observed via Texas-Red conjugated
phalloidin staining of F-actin (Figure 3.2B). F-actin in untreated cells is mainly found in
bands in the cortical region at the periphery of cells as well as in a few fine filaments
throughout the cell with some stress fibers observed. Microtubule disruption as effected
by OXi8006 treatment resulted in significant formation of stress fibers across the cell
body. At 10 nM OXi8006 concentration, a little over 50% of cells showed extensive

stress fiber formation after 1 h, while at 2 h approximately 90% of cells showed this
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effect. HUVEC cytoskeletal elements also responded to OXi8006 treatment in a dose
dependent manner, with effects beginning at 10 nM, and increasing at 20 nM (Figure
3.3). Treatment with 100 nM OXi8006 for 2 h resulted in approximately 90% of
HUVECs showing maximal stress fiber formation, with the remaining cells completely
retracted from the substrate. HUVECs treated with OXi8006 (1 uM) for 1 h demonstrated
extensive cell contraction and rounding, as well as release of cells from the gelatin layer,
with significant blebbing also observed in some cells (Figure 3.4). Treatment of HUVECs

with OXi8007 showed similar effects although at higher concentrations (Figure 3.5).
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Figure 3.2. Representative confocal images of the morphological effects of OXi8006 treatment on
activated HUVECs. Monolayers of rapidly growing HUVECs on gelatin-coated glass coverslips
were treated with vehicle or 10 nM OXi8006 for the indicated times (5, 30, 60 and 120 min).
Endothelial cells were fixed and stained with (A) anti-a-tubulin antibody (green, microtubules),
(B) Texas red conjugated phalloidin (red, actin) and (C) DAPI (blue, nuclei), merged image.
Bars, 20 um.
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Figure 3.3. Representative confocal images of a concentration dependent increase in microtubule
disruption and stress fiber formation with OXi8006 treatment of activated endothelial cells.
Monolayers of rapidly growing human umbilical vein endothelial cells (HUVECs) on gelatin-
coated glass coverslips were treated with vehicle or the indicated concentrations of OXi8006 (2,
10, 20 and 100 nM) for 2 h. The endothelial cells were fixed and stained with (A) anti-a-tubulin
antibody (green, microtubules), (B) Texas red conjugated phalloidin (red, actin) and (C) DAPI
(blue, nuclei), merged image. Bars, 20 pm
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0Xi8006

Figure 3.4 Representative images showing that activated endothelial cells exposed to a high
concentration of OXi8006 demonstrate retraction from the gelatin substratum, contraction and
rounding up of the cells. Many of the cells also demonstrated significant blebbing (arrows).
Monolayers of rapidly growing HUVECs on gelatin-coated glass coverslips were treated with
vehicle or 1 uM of OXi8006 for 1 h. The endothelial cells were fixed and stained with (A) anti-a-
tubulin antibody (green, microtubules), (B) Texas red conjugated phalloidin (red, actin) and (C)
DAPI (blue, nuclei), merged image. (D) Representative phase contrast images of treated and
untreated HUVECs are shown. Bars, 20 pm
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Figure 3.5. Representative confocal images demonstrating the morphological effects of OXi8007
treatment on activated HUVECs. Monolayers of rapidly growing HUVECsS on gelatin-coated
glass coverslips were treated with vehicle, 100 nM or 1 pM OXi8007 for 2 h. Endothelial cells
were fixed and stained with (A) anti-a-tubulin antibody (green, microtubules), (B) Texas red
conjugated phalloidin (red, actin) and (C) DAPI (blue, nuclei), merged image. Bars, 20 um.
While the effects of OXi8007 treatment on activated HUVECsS are similar to those of OXi8006,
0Xi8007 is not as active as OXi8006 in this experiment (see Figure 3.2), presumably due to the
time required for cleavage of the phosphate from OXi8007 to form OXi8006 by a non-specific
phosphatase enzyme.
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0Xi8006 Treatment Increased HUVEC Contractility through Increased Myosin Light
Chain Phosphorylation

Non-muscle myosin II plays an important role in actin bundling into stress fibers
and the cell contractile system, and its activity is mediated via phosphorylation of the
regulatory light chains of this protein. To examine the effects of OXi8006 on MLC
signaling in HUVECs, western blot analysis was performed with an antibody to MLC
phosphorylated at Thr-18 and Ser-19. After treatment of activated, sub-confluent
HUVECs with 1 uM 0Xi8006, an increase in MLC phosphorylation over time was
observed, with maximal phosphorylation occurring at approximately 30 minutes followed
by a decrease in phosphorylation (Figure 3.6 A, B). Indirect immunofluorescence staining
of sub-confluent HUVECs treated with 100 nM OXi8006 also showed increased MLC
phosphorylation, with pMLC co-localizing with OXi8006 induced actin stress fibers

(Figure 3.6 E).

OXi8006 Treatment Induced an Increase in Focal Adhesion Formation and Focal
Adhesion Kinase Signaling

Focal adhesions are assemblies of proteins that link actin stress fibers through
integrins to the extracellular matrix. The formation of focal adhesions is a key component
of cytoskeletal contractility and cellular adhesion [187-189]. Vinculin, a scaffolding
protein that is recruited to focal adhesions, was used to assess the formation of focal
adhesions by indirect immunofluorescence staining. OXi8006 induced microtubule
disruption led to increased focal adhesion formation (as shown by an increase in vinculin
staining (Figure 3.7)) localized to the ends of actin stress fibers (as seen from the merged
images (Figure 3.7)). Focal adhesion kinase (FAK) activation through phosphorylation is

a crucial step in the control of focal adhesion formation and turnover [187, 190].
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Treatment with OXi8006 resulted in a concentration and time dependent downstream
increase in FAK phosphorylation at Tyr-397 as observed via western blotting (Figure 3.6
C and D) and immunofluorescence staining (Figure 3.6 F). Western blotting showed an
initial increase in phosphorylation occurring about 3 minutes after treatment, with
maximal phosphorylation seen approximately 30 - 60 minutes after treatment followed by

a decrease in phosphorylation.

0Xi8006 Induced Changes in HUVEC Contractility and Adhesion were Mediated via
RhoA

Previous studies implicated the intracellular switch RhoA and its downstream
effector RhoA kinase (ROCK) in the mechanism of VDA action. In order to ascertain
whether the RhoA signaling pathway is needed for the changes in HUVEC contractility
and adhesion caused by OXi8006 treatment, the effects of Y-27632 (a compound that
inhibits the activity of ROCK [191]) on OXi8006 mediated cytoskeletal changes were
examined. Pre-treatment of cells with Y-27632 prevented OXi8006 induced formation of
actin stress fibers and focal adhesions (Figure 3.8 A, C), and reduced the basal levels of
actin bundling and focal adhesion formation in untreated HUVECs. However, pre-
treatment with Y-27632 had no effect on microtubule disruption caused by OXi8006
treatment (Figure 3.8 B). Application of Y-27632 also prevented the OXi8006 induced
increase in MLC phosphorylation (Figure 3.9). This demonstrated that inhibition of
ROCK abrogates the downstream effects associated with OXi8006 induced microtubule

disruption and highlights the importance of RhoA in this signaling pathway.
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Figure 3.6. OXi8006 treatment of activated endothelial cells results in increased MLC and FAK
phosphorylation. (A) Treatment (1 pM) initiated increased MLC phosphorylation starting at 3
min and reaching a maximum at 30 min and then slowly decreasing. (B) Quantification of the
optical density of the pMLC protein band (18 kDa) normalized to that of the actin band from
Western blots of OXi8006-treated HUVEC lysates and untreated controls. (C) FAK
phosphorylation (pY397) increased starting at 3 min, reaching a maximum at 30 min and then
slowly decreasing. (D) Quantification of the optical density of the pFAK protein band (120 kDa)
normalized to that of the actin band from western blots of OXi8006 treated HUVEC lysates and
untreated controls. Data in bar graphs are presented as mean + S.E.M. ** p <0.01. (E)
Representative confocal images of cells treated with vehicle or 100 nM OXi8006 for 2 h and
stained to show actin (red) and pMLC (green). (F) Representative confocal images of cells treated
with vehicle or 100 nM OXi8006 showing increased actin stress fiber accompanied by an
increase in FAK phosphorylation (pY397). Focal adhesions and pFAK were localized to each end
of actin stress fibers. Cells were fixed and stained to show actin (red) and pFAK (white).
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Figure 3.7. Representative confocal images of a concentration dependent increase in actin stress
fiber and focal adhesion formation accompanied by an increase in focal adhesion kinase (FAK)
phosphorylation (pY397) with OXi8006 treatment of activated endothelial cells. Focal adhesions
and pFAK were localized to each end of actin stress fibers. Monolayers of rapidly growing
HUVEC:s on gelatin-coated glass coverslips were treated with vehicle or the indicated
concentrations of OXi8006 (2, 20 and 100 nM) for 2 h. The endothelial cells were fixed and
stained with (A) Texas red conjugated phalloidin (red, actin), (B) anti-vinculin antibody (green,
vinculin), (C) anti-FAK pY397 antibody (white, pFAK), and (D) DAPI (blue, nuclei), merged
image. Bars, 20 um
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Figure 3.8. OXi8006 induced increase in stress fiber formation and phosphorylation of FAK
(pY397), but not microtubule disruption, is mediated by RhoA/RhoA kinase. Monolayers of
rapidly growing HUVECsS on gelatin-coated glass coverslips were treated with vehicle, pre-
treated for 30 min with 10 pM of the ROCK inhibitor Y-27632 (+Y-27632), 100 nM OXi8006
for 2 h (+ OXi8006), or pre-treated for 30 min with 10 pM of the ROCK inhibitor Y-27632 and
then treated with 100 nM OXi8006 for 2 h (+Y-27632, + OXi8006). Representative confocal
images for endothelial cells fixed and stained with (A) Texas red conjugated phalloidin (red,
actin), (B) anti-a-tubulin antibody (green, microtubules), (C) anti-FAK pY397 antibody (white,
pFAK), and (D) DAPI (blue, nuclei), merged image. Bars, 20 um.
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Figure 3.9. Representative confocal images demonstrating that the increase in phosphorylation of
myosin light chain (T18/S19) observed upon OXi8006 treatment of activated endothelial cells is
mediated by RhoA and its downstream effector RhoA kinase (ROCK). Monolayers of rapidly
growing HUVECs on gelatin-coated glass coverslips were treated with vehicle (0.5% DMSO),
pre-treated for 30 min with 10 pM of the ROCK inhibitor Y-27632 (+Y-27632), treated with 100
nM OXi8006 for 2 h (+OXi8006), or pre-treated for 30 min with 10 uM of the ROCK inhibitor
Y-27632 and then treated with 100 nM OXi8006 for 2 h (+Y-27632, + OXi8006). The
endothelial cells were fixed and stained with (A) Texas red conjugated phalloidin (red, actin), (B)
anti-phosphomyosin light chain (T18/S19) antibody (green, pMLC), and (C) DAPI (blue, nuclei),
merged image. Bars, 20 pm.



Cytotoxicity and Cell Cycle Effects of OXi8006 and OXi8007

The cytotoxicity of OXi8006 and OXi8007 was evaluated against rapidly
proliferating, sub-confluent HUVECs to model the activated tumor endothelium and
compared to nearly confluent HUVECsS as representative of the low proliferating baseline
of normal mature endothelium. Cytotoxicity was evaluated using the standard SRB assay,
and results showed that OXi8006 and its corresponding prodrug salt OXi8007 caused
significant inhibition of cell growth of activated HUVECs (grown in medium
supplemented with a high growth factor kit). The Glso values were in the low nanomolar
range (Table 3.1). When HUVECSs were grown to near confluence, there was a significant
decrease in the cytotoxicity associated with OXi8006 treatment. Cytotoxicity reached a
plateau and did not increase beyond 50% inhibition of cell growth, even at very high
0OXi8006 concentrations (> 100 uM). Similar effects were observed for OXi8007
treatment of confluent HUVECs (Figure 3.10). The activity of OXi8006 and its
corresponding prodrug salt OXi8007 were most effective on the most activated HUVECs.
A progressive loss of activity was observed as the level of HUVEC confluence increased.
0Xi8006 and OXi8007 also caused significant inhibition of proliferation of the human
triple negative breast cancer cell line MDA-MB-231 (Table 3.1).

One characteristic feature of tubulin-binding VDA is their ability to induce
antimitotic effects via blockade at the G2/M phase of the cell cycle with longer term
exposure. HUVECs were treated with vehicle (0.5% DMSO in media), OXi8006 (0.01 -
0.1 uM), and OXi8007 (0.025 — 1 uM) for 24 h. Analysis of the HUVEC DNA profiles

via flow cytometry showed that OXi8006 and OXi8007 treatment caused a pronounced
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increase in the percentage of cells blockaded at G2/M (4N DNA content) as compared

with the amounts in the vehicle treated cells (Figure 3.11).
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Figure 3.10. The cytotoxicity of tubulin binding VDAs and doxorubicin against nearly confluent
HUVECs to model the low proliferating baseline of normal mature endothelium. Cytotoxicity
was evaluated using the standard SRB assay for (A) OXi8006 (B) OXi8007 (C) CA4 (D) CA4P
and (E) doxorubicin. A decrease in the cytotoxicity was observed for all tested compounds as
compared with rapidly proliferating cells (See Table 1). Cytotoxicity reached a plateau and did
not increase beyond 50% even at very high OXi8006 concentrations (> 100 uM). Similar effects
were observed for OXi8007, CA4, and CA4P treatment of confluent HUVECs. In contrast,
doxorubicin which has a separate mechanism of action [192] exhibited a typical dose-response
curve with an ECso of 400 nM (38.8 nM = Gls for activated HUVECs). It should be noted that
the growth controls at 24 h and those at 72 h were not significantly different reflecting the
quiescent nature of the confluent HUVEC growth.
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Table 3.1. OXi8006 and OXi8007 inhibited the growth of activated human umbilical vein
endothelial cells (HUVECs) and human breast cancer cells (MDA-MB-231). Values were derived
from SRB assay of a minimum of at least 3 independent experiments and are presented as
averaged Glso values + S.D.

Doxorubicin (nM) 0Xi8006 (nM) 0Xi8007 (nM)
HUVECs (activated) 48.7+45.9 33.4+1.13 40.619.9
MDA-MB-231 1164101 37.5+8.5 31.9+11.6
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Figure 3.11. OXi8006 and OXi8007 induced G2/M arrest in HUVECs. (A-C) Representative
DNA histograms and (D, E) bar graphs show concentration dependent increase in the fraction of
cells arrested at the G2/M phase upon OXi8006 and OXi8007 treatment. DNA content was
assessed by flow cytometry. Data in bar graphs represent three independent experiments and are
presented as mean £ S.E.M. *** p <(.001
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0Xi8006 Treatment Resulted in a Disruption of Pre-established Vascular Networks

A property of endothelial cells is their ability to form a network of capillary tubes
when plated at sub-confluent concentrations in the presence of an extracellular matrix and
appropriate growth factors [177]. Upon plating on a dense coat of Matrigel™, HUVECs
attach and generate mechanical forces on the surrounding extracellular support matrix to
create tracks or guidance pathways that facilitate cellular migration, eventually resulting
in the formation of a network of cells (Figure 3.12) which models neovasculature in two
dimensions. This network retains the sensitivity to growth factors and VDAs that exists in
the tumor vessels but is mostly absent in remodeled normal vasculature. Exposure of this
endothelial tube network to OXi8006 caused a concentration-dependent disruption that
resulted in rounded disorganized groups of endothelial cells (Figure 3.12). OXi8006
treatment resulted in significant effects at 0.1 uM with complete destruction of the
network observed upon 1 uM treatment (Figure 3.12). OXi8007 demonstrated significant

disruption at 1 uM (Figure 3.13).

In vivo Bioluminescence Imaging of the Vascular Disrupting Effects of OXi8007 in a
Human Breast Cancer Xenograft in Mice

Tumor vascular disruption blocks the flow of the luciferin substrate to the tumor
and results in a quantifiable decrease in bioluminescence signal [148, 184]. For control
tumors maximum signal correlated with tumor size. At a volume of approximately 110
mm? tumors were evaluated for signal response to OXi8007. Following administration of
luciferin substrate to the SCID mice bearing orthotopic luciferase-transfected MDA-MB-
231 human breast cancer cells, bioluminescence signal was observed, which increased
reaching a maximum intensity after 15-20 minutes followed by a gradual decline over the

next 15 minutes (Figure 3.14 A, baseline). Repeat measurements in the control group
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showed no significant difference in signal over a period of 24 h. However, dose-
escalation with OXi8007 (200-400 mg/kg) demonstrated a dose-dependent decrease in
maximum bioluminescence at 6 h after treatment (Figure 3.14 A, B). At each dose the
tumors showed significantly lower mean maximum signal at 6 and 24 h compared with
the same tumors at baseline (p<0.05; Figure 3.14 A, B and C). At 6 h each group showed
significantly lower signal than the controls, though at 24 h only the 350 mg/kg group
remained significantly different from controls. Thus, a dose of 350 mg/kg was found to
be effective and well tolerated by the mice. Dynamic BLI was then used to compare the
time dependent effect of OXi8007 versus CA4P (positive VDA control) or saline control
on MDA-MB-231-luc xenografts growing in the mammary fat pad in a cohort of mice
(n=5 each; Figure 3.15). BLI was evaluated before and after (2, 6, and 24 h)
administration of VDA or saline. Fresh luciferin was administered on each occasion.
Saline gave quite reproducible results with no significant changes in light intensity over
24 h (Figure 3.15 B, C) in terms of light distribution, maximum light intensity, and time
to maximum light emission. Administration of OXi8007 (350 mg/kg, Figure 3.15 A, B)
induced a decrease in normalized signal within 2 h by approximately 84% (p<0.001 vs.
baseline), with a further decrease to a value of only 7% of that of the baseline when fresh
luciferin was administered at the 6 h time point (p<0.001 vs. baseline). The
bioluminescence emission remained significantly depressed for 24 h (by 87%) (p<0.001
vs. baseline), although some recovery was observed when compared to the 6 h time point.
The results were compared to BLI of tumors in mice treated with CA4P (120 mg/kg), a
vascular disrupting agent in clinical trials which we have previously verified to cause

vascular shutdown in various tumors based on comparison of dynamic BLI, histology and
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MRI [184, 193]. OXi8007 treatment resulted in significantly less recovery of BLI signal

between 6 and 24 h than CA4P treatment (p<0.05) (Figure. 3.15 D).
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Figure 3.12. OXi8006 treatment disrupts pre-established endothelial capillary-like networks.
Treatment (2 h) of pre-established endothelial capillary-like networks with OXi8006 showed a
dose dependent increase in tube disruption (0.1 puM, top right, 1 uM, bottom). Cells were imaged
with an inverted microscope (5x) and nine fields were photographed per well. A minimum of
three independent experiments were carried out for each treatment, and representative images are
shown. Bars, 100 pm.
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Figure 3.13. OXi8007 treatment disrupts pre-established endothelial capillary-like networks.
HUVECs (124,000 cells/well) were seeded on 24 well culture plates densely coated with
Matrigel™ and allowed to form capillary tube structures in growth factor enriched medium for 16
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h. Treatment with 1 pM OXi8007 for 2 h demonstrated endothelial tube disruption in
approximately 33% of the images compared to vehicle treated (Control) capillary tubes. Cells
were imaged with an inverted microscope (5x) and nine fields were photographed per well. A
minimum of three independent experiments was carried out for each treatment. Bars, 100 pm

Histological Confirmation of Decreased Tumor Perfusion after OXi8007 Treatment

To determine perfused vasculature, the fluorescent DNA-binding dye Hoechst
33432, which is rapidly taken up by vascular endothelial cells, was injected into mice at
various time points (0, 6, and 24 h) after treatment (Figure. 3.16). Histology showed
extensive perfusion of the pre-treated tumor (saline vehicle control) with a well-
developed tumor vasculature as seen from CD31 (red) immunofluorescence staining.
Tumor sections taken after treatment of mice with OXi8007 (350 mg/kg) showed lower
intensity and distribution of the Hoechst perfusion marker (blue) by 6 h and only
peripheral perfusion after 24 h. This reduction in perfusion was accompanied by a loss of
endothelial cells or a reduction in tumor blood vessel diameter as confirmed by reduced
CD31 immunofluorescence at 6 h which was further decreased at 24 h with the exception
of the viable outer rim of the tumor. These results are consistent with significant vascular

disruption.
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Figure 3.14. Dynamic BLI assessment of dose escalation response to OXi8007. Increasing doses
of OXi8007 were administered to SCID mice bearing luciferase expressing MDA-MB-231-luc
human breast cancer xenografts. Dynamic BLI was performed at baseline, and repeated 6 h and
24 h after OXi8007 with fresh luciferin administered SC (120 mg/kg) on each occasion. (A)
Representative signal intensity curves for individual tumors showing increase of light emission
over 15 minutes following administration of luciferin. Highest signal was seen for control tumor
(blue) with lower signals for higher doses of OXi8007 (200 mg/kg green, 250 mg/kg purple, 300
mg/kg orange, 350 mg/kg red). (B) Images for control, 200 and 250 mg/kg showing maximum
signal about 17 min after luciferin administration. (C) Normalized mean signal intensity for
groups of tumors at each dose observed 17 minutes after luciferin was administered showing dose
dependent vascular shutdown (n=3 tumors per group except 300 mg/kg where n=2).
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Figure 3.15. MDA-MB-231-luc breast tumor response to OXi8007 treatment assessed by BLI.
Sequential images of representative SCID mice bearing orthotopic MDA-MB-231-luc breast
tumors growing in the mammary fat pad were obtained following administration of (A) OXi8007
(350 mg/kg) (C) and saline vehicle. Signals were obtained at 2, 6, and 24 h after treatment and 15
minutes after fresh luciferin substrate injection. (B) Representative dynamic BLI showing signal
intensity evolution over 35 minutes for an MDA-MB-231-luc tumor from a mouse treated with
0Xi8007 (350 mg/kg). (D) Bar plot for normalized mean maximum BLI signal + S.D. of tumors
from cohorts of mice (n=5) at different time-points post drug administration. OXi8007 and CA4P
induced significant reduction in BLI of tumors (*** p < 0.001, * p < 0.05). OXi8007 BLI signal
remained low at 24 h whereas CA4P showed significant recovery between 6 and 24 h post
treatment (* p < 0.05).
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Figure 3.16. Histological evaluation of MDA-MB-231-luc tumor xenografts after OXi8007
administration confirmed vascular shutdown. (A) Hoechst 33342 dye was infused into mice (IV)
1 minute prior to sacrifice to selectively stain perfused regions. Tumor sections revealed tumor
perfusion (top panel, blue) based on distribution of Hoechst 33342 and vascular structure based
on Cy3-conjugated secondary antibody staining of CD31 (bottom panel, red) to show the
presence of endothelial cells. There is general initial perfusion in vehicle treated mice, significant
reduction of perfusion 6 h post administration, and only intense peripheral perfusion at 24 h post
administration. The pattern of CD31 staining matches the perfusion seen with the Hoechst 33342
staining. Bars, 1000 um. (B) 20x images of baseline and 24 h treated tumor sections stained with
Hoechst 33342 dye and Cy3-conjugated secondary antibody for CD31. Images are taken from
area corresponding to white rectangles in 9A. Bars, 100 pm.
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Discussion

In order to demonstrate the vascular disrupting properties and elucidate the
mechanism of action of OXi8006 (the proposed mechanism is shown in Figure 3.17), we
performed a series of biochemical and biological experiments in HUVECs. The dynamic
assembly and disassembly of microtubules is essential for cell growth, motility, and
signaling, thus making it an important anticancer target. OXi8007 is dephosphorylated
by non-specific phosphatases, and the effector anti-cancer agent (OXi8006) is proposed
to enter cells by simple diffusion (Figure 3.17). In a dose- and time-dependent manner,
0Xi8006 treatment resulted in microtubule disruption in rapidly proliferating endothelial
cells as determined by immunofluorescence confocal microscopy. At a minimal effective
concentration of 10 nM, OXi8006 treatment caused significant disruption of microtubules
in HUVECs, which started within 5 minutes and progressed over the course of 2 h to a
profound loss of the microtubule network (Figure 3.2).

In untreated or vehicle-treated HUVECsS, actin is primarily visualized as filaments
in the cortical layer at the cell periphery along with a baseline level of thick bundles of
actin filaments (stress fibers) that are linked to the cell substratum through focal
adhesions. Microtubule disruption, effected by OXi8006 treatment of rapidly
proliferating endothelial cells, led to a dose- and time-dependent increase in actin stress
fiber formation. With a higher concentration (1 pM) of OXi8006 treatment, significant
blebbing occurred in some cells, and extensive contraction (rounding up) and detachment
from the gelatin layer was observed by fluorescence confocal and light microscopy,
processes that precede VDA induced apoptosis [194]. Antiparallel actin bundling into

stress fibers is aided by a number of actin binding proteins that play a role in the cell
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contractile and force generation system. One essential member of this group of proteins is
non-muscle myosin II (NM II) which binds and contracts filamentous actin in an ATP-
dependent process. Comprised of three pairs of peptides, the two heavy chains of NM II
assemble into a long a-helical coiled coil that forms an extended rod-shaped domain and
two globular head groups with binding sites for both ATP and actin. The two essential
light chains stabilize the heavy chain structure while phosphorylation of its two
regulatory light chains at Thr-18 and Ser-19 mediate NM II activation [195]. Activation
of NM Il is associated with a conformational change leading to its assembly into bipolar
filaments through interactions between the rod domains which bind to actin through their
head groups, resulting in contractile myosin linked antiparallel actin stress fibers. We
observed, by confocal immunofluorescence microscopy, that OXi8006 treatment (100
nM) led to increased phosphorylation of MLC and activation of NM II. This resulted in
an increase in stress fiber formation. An examination by western blotting confirmed this
increase in phosphorylation of MLC with a maximum occurring at 30 min post-treatment
with 1 pM OXi8006.

Focal adhesions are super assemblies of proteins that form at sites of tight
adhesion linking the actin cytoskeleton through integrins to the extracellular matrix. They
are made up of integrins and cytoskeletal and signaling proteins such as talin, a-actinin,
vinculin, zyxin, paxillin, and focal adhesion kinase (FAK) among other components
[188] and increase in response to contraction of the actin-myosin cytoskeleton. An
increase in focal adhesions, localized to the ends of actin stress fibers, was observed as
determined by anti-vinculin immunofluorescence upon OXi8006 treatment of activated

HUVEC:s. FAK plays significant regulatory and structural roles during focal adhesion
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reorganization. Regulation of FAK includes phosphorylation at multiple tyrosine and
serine residues. Tyrosine 397 is the initial phosphorylation site of FAK and is involved in
its activation [187, 196, 197]. Therefore, we examined the phosphorylation of FAK at
this site and found that it increased in a concentration and time dependent manner in
response to microtubule disruption as a consequence of OXi8006 treatment.

RhoA is a guanidine triphosphatase that regulates a number of cellular processes,
including actin dynamics, cell contractility, and cell adhesion. Previous studies have
shown that RhoA plays a significant role in focal adhesion regulation via FAK signaling
[190, 198, 199]. Upon dissociation of GDP, RhoA binds GTP and activates Rho-
associated kinase (ROCK), which in turn can increase the level of phosphorylation of
myosin via direct phosphorylation of the regulatory light chain and/or by phosphorylation
and inactivation of MLC phosphatase [200, 201]. In order to ascertain whether OXi8006
functions via this mechanism, activated HUVECs were treated with the RhoA kinase
(ROCK) inhibitor Y-27632 prior to OXi8006 treatment. Pretreatment of HUVECs with
Y-27632 did not inhibit microtubule disruption upon OXi8006 treatment, but it
effectively inhibited the increase in actin stress fiber formation and myosin regulatory
light chain phosphorylation. We also determined that pretreatment with Y-27632
prevented the increase in FAK phosphorylation (pY397) previously observed with
0Xi8006. Consistent with the activity and mechanism of action of a tubulin-binding
VDA [98, 164, 185], we have confirmed the role of the intracellular switch RhoA and its
downstream effector RhoA kinase in the proposed OXi8006 mechanism (Figure 3.17).

We have also demonstrated the importance of FAK phosphorylation (pY397) in the
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tubulin-binding VDA mechanism. These studies provided support for the proposed
mechanism of OXi8007 action depicted in Figure 3.17.

An evaluation of the cytotoxicity using the standard SRB assay showed that
0OXi8006 and its corresponding prodrug salt OXi8007 caused significant inhibition of
proliferation of activated HUVECs with Glso values in the low nanomolar range (Table
1). However, when HUVECs were grown to near confluence before treatment as a
model for the low proliferating baseline of normal mature endothelium, there was a
significant decrease in the cytotoxicity of OXi8006 and its prodrug OXi8007. These
results suggest selectivity of OXi8006 and OXi8007 towards rapidly proliferating
endothelial cells. These compounds were also very potent against MDA-MB-231 breast
cancer cells consistent with their activity on other cancer cell lines [28, 29]. In separate
experiments, the tubular capillary network that models tumor neovasculature that is
formed by HUVECsS plated on Matrigel™ was disrupted by OXi8006 in a concentration
dependent manner as endothelial cells retracted and rounded up. The network of HUVEC
tube structures began to break down after treatment with 0.1 uM OXi8006 and was
completely disrupted at a concentration of 1 uM. Related to the microtubule disruption
activity and cytotoxicity toward cancer cell lines, OXi8006 is an antimitotic agent and
induced a cell cycle blockade at G2/M as determined by flow cytometry of activated
HUVEC: treated with OXi8006 for 24 h. This transition from cell populations mostly at
G1 to a majority of cells at G2/M occurred between 25 and 50 nM 0Xi8006. OXi8007
treatment of HUVECs showed a similar effect but at a higher concentration (between 100

and 250 nM).
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Dynamic bioluminescence imaging is a convenient and effective method to
evaluate VDA in luciferase-expressing cells growing as tumor xenografts in mice [ 148,
183, 184]. Tumor vascular disruption blocks the delivery of the luciferin substrate to the
tumor and results in a quantifiable decrease in bioluminescence signal. From dose
escalation studies assessed by BLI in xenograft SCID mice, 350 mg/kg of the water-
soluble phosphate prodrug OXi8007 was determined to be the dose that was effective and
well tolerated. At this dose, we demonstrated that OXi8007 was a potent VDA in a
cohort of mice bearing xenograft tumors of luciferase-transfected human triple negative
breast cancer (MDA-MB-231-luc) assessed by BLI. A decrease of 84% in normalized
signal was observed within 2 h, with a further decrease (corresponding to 93% total loss)
observed at the 6 h time point. Although there was some recovery at the 24 h time point,
it was significantly less than what was observed with CA4P treatment, a VDA in human
clinical trials [137, 139], used here for comparison. The in vivo BLI results of vascular
disrupting activity that were observed after OXi8007 treatment were confirmed by
histology. As with other VDAs [36], a persistent "viable rim" of tumor perfusion was
observed at the interface of the tumor with normal tissue where the vasculature more
closely resembles normal vasculature and which is largely unaffected by VDA action.
The viable rim is the site where tumor regrowth is most likely to take place after VDA
treatment. The BLI findings with OXi8007 are consistent with the previously observed
acute selective tumor vascular shutdown using Color-Doppler ultrasound in a mouse
bearing a PC-3 human prostate xenograft [28]. They also match longer term observations
in separate cohorts of MDA-MB-231-luc breast tumor bearing mice, which showed

severe vascular impairment and hypoxiation by MRI within 4 h and significantly
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diminished BLI signal up to 72 h [99]. By contrast, limited effects were seen with
0Xi8007 in Ewing’s sarcoma family (TC-32) of tumors [175], but that study used a
lower dose of OXi8007 (200 mg/kg), which we have seen to be considerably less
effective (Figure 3.14). Through in vivo dynamic BLI and biochemical and biological
experiments on activated endothelial cells, we have demonstrated that OXi8006 and its
phosphate prodrug OXi8007 have potent VDA activity. Taken together these results
indicate that the prodrug OXi8007 is a very promising VDA that warrants further pre-

clinical evaluation.
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Figure 3.17. Proposed VDA mechanism of action of OXi8007 in activated endothelial cells.
Phosphate prodrug OXi8007 is cleaved by a non-specific phosphatase to OXi8006 that enters the
endothelial cell and binds to tubulin resulting in microtubule depolymerization and RhoA
activation. RhoA kinase (ROCK) is activated by RhoA and phosphorylates MLC and
phosphorylates and inactivates MLC phosphatase (MP) leading to increased levels of
phosphorylated MLC and activation of non-muscle myosin II which results to actin bundling and
stress fiber formation. ROCK also leads to focal adhesion kinase (FAK) phosphorylation and
activation contributing to increased focal adhesions.
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CHAPTER FOUR

Evaluation of Mechanism of Action of VDAs in Vitro: The Roles of GEFs and Various
Signaling Proteins

In order to produce effective VDAs, it is imperative to have a robust
understanding of the mechanisms of action and the various signaling pathways that are
activated as a result of exposure of endothelial and tumor cells to VDAs. In the previous
chapter, the effects of novel VDAs (OXi8006 and OXi8007) on activated endothelial
cytoskeletal components were discussed. The data presented suggested a mechanism of
action that involved rapid microtubule disruption which led to the activation of a cell
signaling cascade, mediated by RhoA and its effector kinase (ROCK), which led to an
increase in cell contractility due to increased actin stress fiber formation as well as initial
increase in focal adhesion formation. The eventual outcome of this signaling was
resolution of this cell contractility, as seen from endothelial cells shrinking and rounding
up, loss of cell-cell and cell-matrix associations, and eventual cell detachment from the
extracellular matrix. These events were summarized in Figure 3.17.

In this chapter, a number of the proteins involved in the OXi8006 induced cell
signaling cascade in activated endothelial cells will be discussed, with the goal being to
further elucidate the mechanism of action. This includes confirmation of the link between
microtubule disruption and RhoA activation, examination of some of the downstream
targets of ROCK, examination of the roles played by early apoptotic effectors in this

signaling cascade, as well as an examination of the effect of VDAs on tumor cell

87



migration. The suggested cell signaling cascade initiated by OXi8006 treatment is

presented in Figure 4.1.
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Figure 4.1. Proposed VDA mechanism of action of OXi8007 in activated endothelial cells
(modified from Figure 3.17). Phosphate prodrug OXi8007 is cleaved by a non-specific
phosphatase to OXi8006 that enters the endothelial cell and binds to tubulin resulting in
microtubule depolymerization which leads to release of GEFH1. GEFHI facilitates GDP to GTP
exchange on RhoA resulting in RhoA activation. RhoA kinase (ROCK) is activated by RhoA and
phosphorylates MLC and phosphorylates and inactivates MLC phosphatase (MP) leading to
increased levels of phosphorylated MLC and activation of non-muscle myosin Il which results to
actin bundling and stress fiber formation. ROCK also leads to focal adhesion kinase (FAK)
phosphorylation and activation contributing to increased focal adhesions. Furthermore, OXi8006
induced microtubule depolymerization also releases LIM Kinase 1 (LIMK1). LIMKI1 is
phosphorylated and activated by ROCK, thus leading to phosphorylation and inactivation of
cofilin. This results in increased actin polymerization and eventual increase in stress fiber
formation.
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Rho Family GTPases

Rho GTPases are members of the Ras superfamily of monomeric 20-30 kDa
GTP-binding proteins. There are twenty-three mammalian genes that encode ten different
mammalian Rho GTPases, some with multiple isoforms: Rho (A, B, C isoforms), Rac (1,
2, and 3 isoforms), Cdc42 (Cdc42Hs, G25K isoforms), Rho6, Rho7, RhoE, RhoD, RhoG,
TC10 and TTF [202, 203]. The most extensively characterized members of this family of
proteins are Rho, Rac and Cdc42. These GTPases act as molecular switches, cycling
between an active GTP-bound and an inactive GDP-bound state. When GTP-bound, they
are able to interact with effector or target molecules leading to the initiation of
downstream signaling cascades. GTPase activity (usually mediated via GTPase activating
proteins (GAPs)) returns the proteins to the GDP-bound state, to complete the cycle and
terminate signal transduction. Rho family GTPases regulate a wide array of functions,
regulate many essential cellular processes, including actin dynamics, gene transcription,
cell-cycle progression, cell polarization, migration, and oncogenesis. However, the
mechanisms of activation by various stimuli are still being elucidated.

One of the main goals of this research project is to elucidate the mechanism of
activation of RhoA as a result of VDA treatment, focusing in particular on regulation by

the guanine nucleotide exchange factor GEF-H1, in tumor endothelial cells.

Overview of Functions of Rho GTPases

One of the highly conserved functions of the Rho, Rac, and Cdc42 subfamilies is
regulation of the actin cytoskeleton. The Rho GTPase signaling cascades mediate general
cellular processes that are dependent on the actin cytoskeleton including cytoskeletal

remodeling, microtubule dynamics, vesicle trafficking, cell polarity, cell migration,
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regulation of cell permeability, phagocytosis and pinocytosis, and cell differentiation
[203]. In addition to their effect on the actin cytoskeleton, this family of proteins also
regulates a variety of other biochemical pathways including serum response factor (SRF)
and nuclear factor kB (NF-«kB) transcription factors [204, 205] , the c-Jun N-terminal
kinase (JNK) and p38 mitogen-activated protein kinase pathways [206, 207], cell-cycle
progression [208], secretion in mast cells [209], cell polarity [210] and cell
transformation [211, 212]. Therefore, although Rho GTPases are best characterized for
their effects on the actin cytoskeleton, there is now much interest in their ability to affect
cell proliferation and gene transcription, and the contributions of all of these activities to
malignant transformation is an important field of study.

RhoA in particular plays a variety of important roles in cells. RhoA activation
plays a vital role in the cell via its effects on the actin cytoskeleton, which results in
regulation of various cellular processes. RhoA is prevalent in regulating cell shape,
polarity and locomotion via actin polymerization, actinomyosin contractility, cell
adhesion, and microtubule dynamics [213]. In addition, RhoA is believed to act primarily
at the rear of migrating cells to promote detachment. Signal transduction pathways
regulated via RhoA link plasma membrane receptors to focal adhesion formation and the
subsequent activation of relevant actin stress fibers, as well as regulating the integrity of
the extracellular matrix and the loss of corresponding cell-cell adhesions (adherens and

tight junctions) required for cell migration [213, 214].

Rho A Structure
Human RhoA is a ~20 kDa Rho GTPase and has a common G-domain fold,

which consists of a six-stranded B-sheet surrounded by 5 a-helices [215]. The B-strands
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are arranged in a combination of parallel and antiparallel B-sheets. The GDP- and GTP-
bound forms differ in the two loops, known as switch 1 (or the effector loop, residues 28-
44) and switch 2 residues (Figure 4.2). Binding of GTP and other analogues typically
causes dramatic changes in the conformation of these switches. Given that these switch
regions are highly flexible, new interactions with GTP causes structural and dynamic
changes in both the loops. This results in reorientation and conformational changes in the
effector loop which allows Rho A to associate with downstream effector proteins [216,
217]. RhoA, like other members of the Rho family of proteins, has distinct binding
regions for nucleotides and effector proteins. There is also a distinct binding region for
Mg?*, which is essential for the high-affinity binding of guanine nucleotides [218]. In the
nucleotide-free state, RhoA has the highest affinity towards binding activated Guanine
Nucleotide Exchange Factor (GEF). GEFs catalyze the exchange of GDP for GTP. Rho
GTPase intermediates that are nucleotide- (and Mg?") free can be preferentially loaded
with GTP since cellular concentrations of GTP are substantially higher than those of

GDP [218].

Activation and Regulation of Rho GTPases

Rho GTPases are downstream of various proteins such as G-protein-coupled
receptors (GPCRs), tyrosine kinase receptors, integrin clustering or engagement, cell—cell
adhesion, and cytokine receptors [219-222]. Rho proteins oscillate between an active
GTP-bound state and inactive GDP bound state. This alternation between both states is
mediated by GTPase-activating proteins (GAPs) (which promote hydrolysis of GTP
bound to the active form and accumulation of GDP on the inactive form) and guanine

nucleotide exchange factors (GEFs) (which facilitate exchange of GDP for GTP) (Figure
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4.3). Furthermore, inactive GDP-bound Rho proteins are found in the cytosol in complex
with another class of regulatory proteins, nucleotide dissociation inhibitors (RhoGDIs).
Upon activation, dissociation of RhoGDIs from the complex is required to enable

interaction with GEFs and exchange of GDP for GTP [202].

Downstream Effectors of RhoA

Some of the best characterized targets of RhoA are Rho-kinase (ROCK or ROK),
the mammalian homolog of the Diaphanous formin (mDia), Protein Kinase N (PKN),
rhotekin, rhophilin, citron kinase, Phosphatidylinositol-4-phosphate 5-kinase (PIP5-K),

and Serum Response Factor (SRF) (Figure 4.4).

ROCK

ROCK, a Ser/Thr kinase, is a major effector activated by RhoA, and leads to
activation of several signaling cascades [223] (Figure 4.5). The amino terminus of ROCK
contains its kinase domain, while the carboxy-terminal has C-a putative coiled-coil
domain in the middle of the protein which interacts with RhoGTP, leading to the
activation of the phosphotransferase activity of ROCK [224]. Previous studies have
shown that constitutive activation of ROCK results in increased phosphorylation and
activation of MLC [225]. ROCK is essential for Rho-induced formation of stress fibers,
since its activation of MLC stimulates both, association of actin filaments with myosin II,

and the ATPase activity of myosin [225, 226].
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Figure 4.2. Crystal Structure of Human RhoA (PDB ID: 1A2B) [216]. Both switch regions are
represented in yellow and the guanosine nucleotide and Mg*" are represented in ball and stick and
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ROCK regulates contractility of the actomyosin complex via two mechanisms; by
directly phosphorylating Myosin Light Chain (MLC) [225, 226] and by phosphorylating
and inhibiting the myosin-binding subunit (MBS) of myosin phosphatase [227]. In
addition to MLC, ROCK phosphorylates several other proteins that act further
downstream in Rho signaling. LIMK is phosphorylated by ROCK. LIMK then
phosphorylates and inactivates the actin depolymerizing protein cofilin, inhibiting its
actin-severing ability. This regulates actin cytoskeleton reorganization [228]. Another
less well characterized pathway activated by ROCK is the ubiquitous Na+/H+ exchanger
NHEI. This protein may also contribute to stress fiber and focal adhesion formation

[229].
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Focal Adhesion Kinase (FAK)

Focal adhesion reorganization is also a significant part of the cytoskeletal
reorganization process that results from VDA treatment. Focal adhesions are super
assemblies of proteins that form at sites of integrin adhesion to the extracellular matrix
[230, 231]. At their cytoplasmic face, focal adhesions provide attachment sites for F-actin
stress fibers. They are made up of integrins (which are proteins that constitute a large
family of heterodimeric trans-membrane, cell- matrix and/or cell-cell adhesion receptors)
and cytoplasmic proteins such as focal adhesion kinase (FAK), talin, vinculin, paxillin
SRC-family kinases (SRKs) and so on [188, 232]. Previous studies have shown that Rho
family GTPases play a significant role in focal adhesion assembly via FAK signaling

[190, 233].
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Figure 4.5. Various signaling cascades initiated by activated ROCK
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FAK plays an important role in focal adhesion turnover, as this protein is
responsible for reinforcement of focal adhesions by promoting talin and src recruitment
to the complex, as well as phosphorylation of scaffolding proteins such as paxillin and
p130Cas [234]. FAK (after activation) has also been shown to downregulate Rho activity
[199]. Regulation of FAK includes phosphorylation at multiple tyrosine and serine
residues [196, 197]. Tyrosine 397 is the initial phosphorylation site of FAK, and is

involved in its activation [235].

GEF-HI

Ras homology family GTP-binding proteins (Rho-GTPases) function as
intracellular switches, causing the activation/deactivation of pathways that facilitate
reorganization of the cellular cytoskeleton, cell cycle progression, gene transcription, and
cell survival, proliferation and differentiation. GTP exchange factors (GEFs) are proteins
that help promote the exchange of GDP for GTP, thus ensuring localized and timely
activation of GTPases. The Rho GEF family, also called the Dbl family, consists of
approximately 80 members. The GEF proteins usually contain a Dbl homology (DH)
domain and a pleckstrin homology (PH) domain that is important for plasma membrane
localization, where the activation of Rho GTPases takes place. GEF DH domains interact
with Rho GTPase switch regions, modifying their conformation, resulting in release of
GDP. This allows free GTP to bind the GTPase, inducing the switch to the active
conformation [236].

GEF-HI is a member of this family that is of particular interest in the context of
the mechanism of action VDAs. GEF-H1, along with a few other members of this family

(p115RhoGEF, LARG, ECT2, VAV2, Trio, and Rgnef (p190RhoGEF), have been shown
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to contribute to RhoA activation, actin stress fiber, focal adhesion formation, cell
contractility and migration [236]. However, of these proteins only GEF-H1 and Rgnef

have been shown to be microtubule associated and/or regulated.

Structure

Similar to most DH domain-containing GEFs, GEF-H1 has a typical DH-PH
domain structure (Figure 4.6). GEF-H1 is one of only two RhoA interacting GEFs that
localizes to microtubules. It has a C1 domain which contains a Cys53 residue that is
important for microtubule binding and subsequent inactivation [237]. The PH domain and
the inhibitory C-terminus (which contains the coiled-coil motif) region in GEF-H1 are
also important for microtubule binding. The DH domain of GEF-H1 is the region that
interacts with RhoA and Rac, and contains the GEF activity [238]. Mutations in highly
conserved residues within the DH domain prevent its catalytic exchange activity towards

both RhoA and Rac [237].
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Figure 4.6. Representation of GEF-H1 Structure [237]
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Regulation of GEF-HI

GEF-H1 is predominantly localized to the cytosol bound to microtubules and in
this form is typically inactive. Stimuli that disrupt this binding activate the exchange
factor and allow for downstream activation of the Rho GTPase [237]. GEF-H1 activity
can also be regulated by phosphorylation at various sites on the protein. GEF-H1 can by
phosphorylated by the Rac/Cdc42 effector PAK1 on its S885 residue, enabling its
binding to 14-3-3 proteins and subsequently to microtubules, leading to inactivation
[239]. Another study noted that S142 phosphorylation of GEF-H1 (unbound to
microtubules) by PAK4 promoted Rho activation and increased stress fiber formation

[240].

Materials and Methods
Compounds
CA4 was obtained from OXiGENE Inc. (South San Francisco, CA), and OXi8006

was synthesized as previously described [28, 29].

Cell Culture

HUVEC:s (Invitrogen) were grown on collagen-I coated flasks (CELLCOAT®) in
M200 medium (Invitrogen) supplemented with 1% gentamycin sulfate, 1% amphotericin
B, and high growth factor supplement kit (Endothelial Cell Growth Kit-VEGF (ATCC)).
HUVECs were not used beyond passage 5. MDA-MB-231 cells (ATCC) were cultured in
DMEM supplemented with 10% fetal bovine serum (Gibco One Shot®) and 1%
gentamycin sulfate, and passaged according to ATCC recommendations. Cells were
maintained at 37 °C in a humidified atmosphere of 5% COz, for use in these experiments.

Passaging/removal of cells was done using 0.25% Trypsin solution (Corning) for MBA-
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MB-231 cells, and Trypsin-EDTA with Trypsin neutralizing solutions (ATCC) for

HUVEC:s.

Gene Silencing via RNAi

GEF-H1 (OnTarget™, Dharmacon) and RGNEF (Silencer® Select, Invitrogen)
siRNAs were used at 60 nM and 20 nM final concentrations respectively. For
morphology experiments, approximately 200,000 HUVECs grown per well of a 6-well
plate were transfected with 2 pl of Lipofectamine RNAiMax (Invitrogen) per ml of cell
culture media. For siRNA transfections in different sizes of tissue culture plates (for
western blot analysis) or 24-well plates (QRT-PCR analysis), cell numbers, amounts of
siRNA duplexes and transfection reagent were adapted to the difference in surface area.
Cells were treated with RNA1 for 72 h prior to termination of experiment and relevant
analyses.

GEF-H1 siRNA SMARTpools were for human ARHGEF2 (accession number
NM 004723). The target sequences were:
GUGCGGAGCAGAUGUGUAA
CCACGGAACUGGCAUUACU
GAAUUAAGAUGGAGUUGCA
GAAGGUAGCAGCCGUCUGU

For RGNEF, siRNA used was for human ARHGEF28 (accession numbers
NM 001080479.2, NM_001177693.1, and NM_001244364.1).

As a control for potential off-target effects, a pool of four siCONTROL non-
targeting siRNAs was used (D-001206-13, non-Specific Control Duplexes — XIII).

Duplex 1: AUGAACGUGAAUUGCUCAA
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Duplex 2: UAAGGCUAUGAAGAGAUAC
Duplex 3: AUGUAUUGGCCUGUAUUAG

Duplex 4: UAGCGACUAAACACAUCAA.

RNA Extraction/Purification

RNA extraction was performed using an RNeasy Mini kit (Qiagen). This kit
contained various buffers, spin columns, a ribonuclease solution, and various collection
tubes. Cells were harvested via trypsinization, and between 350-600 ul of RLT buffer
(from the kit) were added to the cell solution for lysis. Equal volume of 70% ethanol was
added to the lysate, after which the solution was transferred to an RNeasy Mini spin
column placed in a 2 ml collection tube. Solution was centrifuged for 15 s at 8000 x g
and eluate was discarded.

DNA digestion was done by adding 350 ul of RW1 buffer RW1 to the RNeasy
column, centrifuged for 15 s at 8000 x g. Again, eluate was discarded. Following this, a
DNase solution (1:7 ratio of DNase stock solution and RDD buffer) was added to the
column and incubated for 15 minutes at room temperature. Subsequently, 350 pul of RW1
buffer was added to the RNeasy column, followed by centrifugation for 15 s at 8000 x g
and eluate was discarded.

For RNA purification and elution, 500 ul of RPE buffer was added to the column,
followed by centrifugation for 15 s at 8000 x g and discarding of eluate. This procedure
was repeated two more times, after which the column was placed in a new collection tube
and the RNA eluted by addition 20-50 ul of RNase-free water and centrifugation at 8000

x g for 1 minute.
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RNA concentrations in ng/pul were determined using a Nanodrop 1000

spectrophotometer (Thermo Fisher), using the RNA-40 setting.

ORT-PCR

Following RNA extraction, cDNA synthesis was performed using a reverse
transcription system kit (Promega), using a slightly modified protocol from the one
provided by the manufacturer. Briefly, 1~5ug per RNA sample were centrifuged briefly
in a microcentrifuge, and then placed on ice. Subsequently, a 20ul reaction (per sample)

was prepared by adding the following reagents in the following order:

MgCl2, 25mM 4 ul
Reverse Transcription 10X Buffer 2 ul
dNTP Mixture, 10mM 2
Recombinant RNasin® Ribonuclease Inhibitor 0.5 ul

AMYV Reverse Transcriptase (High Conc.) 15u 0.83 ul

Oligo (dT)15 Primer 0.5ug 1w

Nuclease-Free Water to a final volume of 20 ul
Using a Techne TC 512 RT-PCR machine, the reaction solutions were then incubated at
42°C for 60 minutes, followed by incubation at 95°C for 5 minutes, and finally
incubation at 0—5°C for 5 minutes.

QPCR of the cDNA product was done using a Solaris qPCR master mix and
primer probe sets (Thermo Fischer). The reaction was run on a PCR thermal cycler

according to the parameters in Table 4.1
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Table 4.1. QPCR cycling parameters

Temp. Time Number of cycles
Enzyme activation 95°C 15 min 1 cycle
Denaturation 95°C 15 sec 40 cycles
Annealing/Extension 60°C 60 sec

Immunofluorescence Imaging of Endothelial Cells

Actively proliferating HUVECs were cultured on glass coverslips coated with 1%
gelatin. For the simple compound treated experiments, cells were plated at 10,000
cells/coverslip in 6-well culture plates (Corning) using high growth factor supplemented
medium and allowed to incubate at 37 °C for 48 hours (approximately 40% confluence)
before being treated with compounds. For RNA1 experiments, cells were plated at
100,000 cells per well in 6-well culture plates. Stock solutions of VDA compounds were
made by dissolving agents in DMSO, with a final concentration of DMSO less than 0.5%
in media. Cells were incubated with specific concentrations of compounds for defined
time periods.

After treatment, the cells were fixed and permeabilized via the addition of a
solution that comprised 4% paraformaldehyde and 0.5% Triton X (Sigma-Aldrich) in
PBS. Microtubules were detected using mouse anti-a-tubulin antibody (Sigma-Aldrich)
followed by incubation with FITC-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA), actin fibers were stained using Texas-red
conjugated phalloidin (Invitrogen), and nuclear staining was carried out with DAPI.
Phosphorylated focal adhesion kinase (FAK) was stained with anti-pFAKY**7 antibody
(Abcam, Cambridge, MA). GEF H1 was detected using anti-GEF Hlantibody (Abcam).
RGNEF was detected using anti-RGNEF antibody (Abcam). Phosphorylated cofilin was

detected using anti-phosphocofilin®® antibody (Abcam). These primary antibodies were
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visualized using FITC and Alexa-fluor 647 conjugated goat anti-rabbit secondary
antibodies (Jackson ImmunoResearch). Fluorescence and phase contrast images were
collected using an Olympus FV 1000 confocal microscope and Olympus fluoview
software (Olympus Imaging America Inc., Center Valley, PA) using a 60x oil immersion

objective.

Western Blotting

Activated HUVECs were grown on collagen I coated T75 flasks to approximately
70% confluence and treated with 1 pM OXi8006 for defined periods of time. A higher
cell confluence was required to obtain sufficient protein, and with these conditions, a
higher OXi8006 concentration was required to obtain similar effects to the morphology
experiments on cover slips. For RNA1 experiments, cells were exposed to siRNA (60
nM) for 72 h total and OXi8006 for 30 minutes prior to lysis.

After removal of compound, flasks were placed immediately on ice, at which
point lysis buffer, made up of ice cold RIPA buffer (Alpha Aesar) containing a
phosphatase inhibitor tablet (Roche) and 20uL protease inhibitor cocktail (Sigma) for a
total of 10mL lysis solution, was added to proportion of cell count (100uL per 1X10°
cells) for rapid lysis. For complete collection, flasks were lightly scraped to dislodge any
remaining cells into the lysis solution and pool the total lysate for, which was transferred
into clean microcentrifuge tubes and incubated for 30 minutes on ice with gentle rocking.
The lysate was clarified by centrifugation, at 13,000 rpm for 10 minutes at 4°C using a
tabletop microcentrifuge. A small fraction (5 pL) was collected and analyzed for protein
quantitation, using the RC/DC assay protocol and reagents (BioRad), which was analyzed

via nanodrop; the remainder was immortalized using the LDS NuPage protocol (Life
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Science) in 5% B-mercaptoethanol (Sigma). Briefly, lysates were boiled at 75°C for 10
minutes, given the use of lithium dodecylsulfate, in lieu of sodium dodecylsulfate, as it
has a lower boiling temperature and prevents heat damage to the cells, at a 3:1 ratio of
clarified lysate to sample buffer, then a 5% volume correction for f-ME.

Lysates were separated via gel electrophoresis in using a NuPage 4-12% bis-tris
gel, 1.00 mm X 15 well, in MOPS/SDS buffer, at 125 V for 90 minutes.

Subsequent transfer to PVDF membranes (GE) was done at 25 V for 75 minutes
for high molecular proteins (> 60kD) and 65 minutes for lower molecular weight proteins
(< 60 kD) using a tank blot module (XCell-II, Invitrogen), in Tris-Glycine transfer buffer
with 1 mL of NuPage Antioxidant and 10% methanol.

Lysates (10-30 pg protein/sample) were combined with NUPAGE™ loading dye
and 500 mM DTT solution and heated to denature and immortalize protein. Lysates were
separated on NUPAGE™ 4-129% Bis-Tris gels (Invitrogen) using 1x MOPS running
buffer (Sigma). Proteins were transferred to an Immobilon-P™ PVDF membranes (EMD
Millipore) with. Membranes were incubated with primary antibodies for various proteins
being analyzed including pFAKY3*” (Abcam), pMLC (Cell Signaling), RGNEF (Abcam),
pCofilin®*, GEFHI and GAPDH (Cell Signaling). Anti-rabbit HRP and anti-mouse HRP
secondary antibodies were obtained from Jackson ImmunoResearch. Protein bands were
visualized using ECL Prime™ blotting detection reagent (GE) and ImageQuant LAS
4000 imaging system (GE). Analysis of bands was done using Licor Image Studio 4.0

software.
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Annexin V Binding Assay

Determination of the effects of OXi8006 treatment on annexin V binding by
HUVECs was done via a modified immunofluorescence microscopy protocol. Cells were
plated on gelatin coated coverslips at a concentration of about 100,000 cells per coverslip
and allowed to plate down for 24 hours. Cells were subsequently treated with 10 nM
0Xi8006 for a total of 18 h. As positive controls for induction of apoptosis binding, other
coverslip plated HUVECs were either treated with 10 nM CA4 for 18 h, or incubated in a
hypoxic chamber (at < 10 ppm O2) for four hours and then incubated in normoxic
conditions for 18 h. Subsequently, cells were washed gently with ice cold PBS and then
incubated Cy5 conjugated annexin V protein diluted in annexin V binding buffer (from
annexin V-Cy5 Apoptosis detection kit, Enzo Life Sciences) for 10 minutes. Cells were
then washed 1x with annexin V binding buffer before fixation with 4% paraformaldehyde
solution (in annexin V binding buffer) for 10 minutes. It should be noted that staining
prior to fixation is necessary because fixation may cause cell membrane disruption which
may lead to non-specific binding of annexin V to phosphatidyl serine on the inner surface
of the cell membrane. Coverslips were then mounted on slides as previously described

and imaged using via fluorescence microscopy.

Wound Assay

MDA-MB-231 cells which have been passaged less than 20 times (cell passaging
procedure is described in detail in Chapter eight) were trypsinized to remove from T-75
flasks and counted using an automated cell counter (BD Biosciences). Cells were plated
into 6-well plates (Corning) at a concentration of 800,000 cells per well. It should be

noted that before cell plating, a sharpie was used to draw a horizontal line as a reference
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point about 5 cm from the top of each well so as to serve as a reference point for image
acquisition. Cells were incubated until they reached 100% confluence in wells (48-72 h),
with a change of 10% FBS containing media every 24 h to promote healthy growth of
cells.

VDA concentrations for cell treatment (1 nM, 5 nM, 10 nM and 20 nM) were
made using DMEM supplemented with 2% FBS. Prior to treatment, wounds were made
in cell monolayers in the wells using a 200 pl pipette tip to scratch vertically across each
well. Subsequently, the 10% FBS DMEM was removed from the cells and replaced with
the compound dilutions in 2% FBS DMEM. VDAs used in this assay were OXi8006,
0Xi8007, and CA4.

After wound creation, each well was imaged immediately and subsequently at 6 h
intervals up to 24 h (or up to the point of complete wound closure). Cells were imaged
using a Zeiss Axiovert light microscope with a Canon Power shot A460 camera attached.
The cells were imaged at 10x magnification on the microscope and at 4x magnification
on the camera, which enabled a field of view that encompassed the entire well. Also,
when imaging the final time point, the cells were washed once with 1X PBS so as remove
cell debris and obtain a clear image.

Measurement of the wound distances for each compound concentration at each
time point was done using Adobe Photoshop. The measurement protocol is as follows:

1. Obtain an image of a graticle using the same objective lens and camera
magnification used to image the cells (10x objective and 4x magnification
respectively).

2. In photoshop, use the measurement tool to draw a straight line across the graticle
from the 0 um to the 100 um markings.

3. Open the analysis tab and record measurements. This opens a table at the bottom
of the screen which shows the length of the line in pixels
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4. In order for the software to perform subsequent measurements using the right
units and scale:

a. Convert the pixel value to microns by dividing the pixel value of the line
by 100 um
Click analysis-set measurement scale- custom

c. Input the pixel value, the logical value (i.e. the converted pixel value in
microns), and the required unit for the measurements

5. Open the images to be measured, ensuring that the images are the same size and
resolution as the graticle image.

6. Using the measurement tool, measure the length from one side of the wound to
the other. Obtain measurements at 10 different points on the image so as to get an
average wound width. Ensure to click record measurement after each use of the
measurement tool.

The data obtained was then analyzed using GraphPad Prism software. The
average distance measurements for each compound treatment were normalized using the
zero-time point measurements in order to account for slight differences in wound width.

It should be noted that results represent data from triplicate assays.

Results and Discussion

GEF-HI Mediates the Effects of OXi8006 on Contractility in HUVECs

As previously discussed in chapter three, increased actin stress fiber and focal
adhesion formation is associated with an increased contractile phenotype in cells.
0Xi8006 induction of microtubule depolymerization and subsequent increase in cellular
contractility was also shown to be mediated via RhoA and ROCK (Figures 3.8, 3.17 and
4.1).

In order to ascertain a connection between OXi8006 induced microtubule
disruption and the subsequent contractility as well as activation of other downstream
signaling pathways, the activity of GEF-HI was examined. As discussed earlier, GEF-H1

is a microtubule associated, RhoA-specific guanine nucleotide exchange factor that has
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been suggested to link microtubule dynamics and RhoA GTPase regulation of the actin
cytoskeleton [241, 242].

GEF-HI1 localization to microtubules in HUVECs was confirmed using
immunofluorescence co-staining of microtubules and GEF-H1 (Figure 4.7 A). Results
showed that in untreated cells, GEF-H1 was significantly localized to the microtubule
network. Colocalization analyses of these images using ImagelJ software showed that
there was significant correlation between microtubules and GEF-H1 (Figure 4.7B), with
values of 0.646 and 0.826 Pearson correlation and Mander’s overlap coefficients
respectively. These correlations are statistical tools typically used in quantify the degree

of colocalization between fluorophores [243].

Microtubules GEFHI ___Mer sed Image

Pearson Correlation Coefficient - 0.646
Manders Overlap Coefficient - 0.826

Figure 4.7. Colocalization analysis of microtubules and GEFH1 in HUVECS. A) Confocal
immunofluorescence staining showing microtubules, GEF-H1, and merged images. B) Scatter
Plot showing colocalization analysis of microtubule and GEF-H1 images. Pearson correlation and
Manders overlap coefficient values suggest significant correlation between images.
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In order to examine the role played by GEF-H1 in the cell contractility that occurs
as a result of OXi8006 treatment in HUVECs, GEF-H1 in HUVECs was depleted via
RNAI prior to OXi8006 treatment. Briefly, HUVECs were treated with a GEF-H1
specific siRNA pool as described in the materials and methods section above.
Subsequently, cells were treated with OXi8006 and cell morphology and signaling effects
analyzed using confocal immunofluorescence microscopy and western blotting. Analysis
of the GEF-H1 RNA via qPCR (Figure 4.8) and GEF-HI protein via
immunofluorescence and western blotting (Figure 4.9) after 72 h of siRNA treatment
showed that the siRNA treatment resulted in about 90 % reduction in GEF-H1 RNA and

65-75% reduction in GEF-H1 protein levels.
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Figure 4.8. GEF-H1 RNAi qPCR.

Similar to previous results, modest actin stress fiber assembly was observed
throughout the cell body in control/vehicle treated HUVECsS the cell body along with the
presence of a modest amount of focal adhesions located at the ends of the stress fibers
(Figure 4.10). In GEF-H1 depleted cells (without OXi8006), the baseline stress fiber and

focal adhesion levels are significantly reduced compared to control, with increased F-
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actin localization to the cell periphery. Furthermore, GEF-H1 depleted cells are seen to
adopt a more rounded phenotype compared to control (Figure 4.10). It should be noted
that microtubule networks were intact and well organized in both control cells and cells
depleted of GEF-H1. OXi8006 treatment of cells with normal GEF-H1 levels resulted
microtubule disruption as well as significantly increased stress fiber and focal adhesion,
similar to previous results (Figure 4.10). However, in GEF-H1—depleted cells, OXi8006
induced microtubule disruption was not accompanied by significantly increased stress
fiber and/or focal adhesion formation (Figure 4.10). This reduction of OXi8006 induced
increase in focal adhesion formation (as seen from increase phosphorylation of FAK at
Tyr-397) due to GEFHI depletion was confirmed by western blotting (Figure 4.11).
Therefore, it could be suggested with GEF-H1 knockdown slows down OXi8006 induced

stress fiber and focal adhesion formation in HUVECs.

Rgnef Depletion Has No Effect on OXi8006 Induced HUVEC Contractility

GEF-HI an Rgnef are both microtubule associated proteins and are also known to
be involved in RhoA activation. Rgnef, also known as p190 RhoGEF, is a GEF that
interacts with Rho, but not with Rac or Cdc42 [236]. Endogenous Rgnef localizes to
distinct RhoA-containing regions at the plasma membrane, to the cytosol and along
microtubules. In vitro and in vivo binding experiments show that Rgnef directly interacts
with microtubules via its C-terminal region adjacent to the catalytic Dbl
homology/pleckstrin homology domain [244]. The exact mechanisms of Rgnef activation
of RhoA have not been fully elucidated but a mechanism of mediation of RhoA
activation via integrins has been suggested [245]. This suggested mechanism involves

Rgnef scaffolding function that promotes FAK activation which can then lead to RhoA
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activation. Furthermore, the GEF activity of Rgnef toward Rho is also important in the

activation of paxillin, another focal adhesion protein [246].

GEF H1 KD

A B
§15
H
-h. §
2 i 1.0
2 2
£ 9
=] 0.5
b 3
=
= E o0
o
=z
Control  siRNA
= GEFH1 |W
=
=
Qo
cappH WD D
D > 1.5
‘@
c
5
E
5 1.04
c
[
m
o
& 0.5
5
£
S
Z 0.0
Y
& \*9
¢ &
&

Figure 4.9. GEFH1 RNA!I results in reduced protein expression in HUVECs. A)
Immunofluorescence confocal images showing effects of siRNA on GEF-H1 levels. B)
Quantification of GEF-H1 immunofluorescence. C) Western blot showing GEF-H1 protein
depletion. D) Quantification of western blot band intensities.

In order to ascertain that depletion of Rgnef does not have any effect on the cell
signaling cascades and morphological changes initiated by OXi8006 treatment, HUVECs
were treated with Rgnef specific siRNA prior to OXi8006 treatment. This RNAi

procedure resulted in about 60% reduction in Rgnef protein levels (Figure 4.12).
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Figure 4.10. Effects of GEFH1 knockdown on OXi8006 treated HUVECs

In contrast to the results seen with GEF-H1, siRNA-mediated depletion of Rgnef
(20 nM siRNA for 72 h), had no effect on the contractile and/or ruffling phenotype
induced by OXi8006 (Figure 4.13). More specifically, Rgnef depletion did not prevent
0Xi8006 induced actin stress fiber and focal adhesion formation. This suggests that there
is a specific requirement for GEF-HI in this mechanism. Taken together, this data

strongly suggests that OXi8006 induced microtubule depolymerization is linked to the
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stimulation of RhoA/ROCK-mediated actomyosin contraction and associated

downstream signaling via GEF-H1 activity.
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Figure 4.11. Western blot experiment showing effect of GEFH1 knockdown on OXi8006 induced
FAK phosphorylation. A) Western blots B) Western blot pFAK band quantification

113



Control 20 nM RGNEF siRNA

Figure 4.12. HUVEC:s cells stained with Rgnef.

Cofilin Phosphorylation Plays a Significant Role in OXi8006 Induced Cell Contractility
Another method by which the RhoA/ROCK signaling pathway exerts control over
cytoskeletal dynamics is via the proteins LIM kinase (LIMK) and cofilin. LIMK is a
serine/threonine kinase that plays a role in actin polymerization regulation via
phosphorylation and inactivating of the protein cofilin [228]. Cofilin regulates actin
dynamics by severing actin filaments and preventing actin monomers from associating
with the pointed end of actin filaments, thus preventing actin polymerization and eventual
assembly of polymers into stress fibers. Once phosphorylated at serine 3 by LIMK,
cofilin can no longer bind to actin, leading to accumulation of actin polymers [247].
LIMK is also a substrate of ROCK and is phosphorylated and activated by ROCK at Thr-
508 [228]. In addition, LIMK is also a microtubule associated protein [247]. Therefore, in
order to ascertain whether the LIMK/cofilin pathway plays any role in HUVEC
contractility that occurs as a result of OXi8006 treatment, the effect of treatment on

cofilin phosphorylation was examined.
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In order to examine the effect of OXi8006 treatment on cofilin phosphorylation in
HUVEC:s, cells were treated with 100 nM of compound for 2 h before fixation and co-
staining with antibodies for actin, a-tubulin, and phospho-cofilin (S3). Confocal imaging
of the immunofluorescence stained cells showed that OXi8006 treatment resulted in
microtubule disruption and actin stress fiber formation that occurred concurrently with
significant increase in cofilin phosphorylation (Figure 4.14). These results were
confirmed via western blotting. Here, cells were treated at various time points with 1 uM
0OXi8006 before lysate generation. Western blotting showed an initial increase in
phosphorylation occurring about 5 minutes after treatment, with maximal
phosphorylation seen approximately 60 - 90 minutes after treatment followed by
significant decrease in phosphorylation (Figure 4.15 A and B).

The role of LIMK in this mechanism was also examined. Activated HUVECs
were pretreated for 12 h with 10 uM of a LIMK inhibitor (LIM Kinase Inhibitor I, EMD
Millipore), after which there were treated for 2 h with OXi8006 and then processed for
immunofluorescence imaging. Results show that LIM kinase inhibition not only reduced
0Xi8006 induced cofilin phosphorylation, but also partially abrogated stress fiber
formation in the cells that were co-treated with OXi8006 and the LIMK inhibitor (Figure
4.16). This suggests that the LIMK/cofilin pathway is also activated due to OXi8006
treatment and does play a significant role in the downstream effects of this compound in

HUVEC:s.
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Figure 4.13. Representative confocal images showing p190 RhoGEF (RGNEF) depletion (via
RNAI1) has minimal effect on OXi8006 induced increase in HUVEC contractility. Treatment with
0Xi8006 causes similar stress fiber and focal adhesion formation even with RGNEF knockdown.
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Figure 4.14. Representative confocal images showing effect of OXi8006 treatment on cofilin
phosphorylation in HUVECs. OXi8006 treatment causes increased cofilin phosphorylation

concurrent with actin stress fiber formation.
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Figure 4.15: Time course experiment showing effect of OXi8006 (1 uM) on cofilin
phosphorylation in HUVECs. A) Western blot. B) Quantification of blots using Image J

0Xi8006 Treatment Has a Significant Effect on Tumor Cell Migration

As discussed earlier in Chapter 3, the desired end result of VDA treatment is the
rounding up and dissociation of endothelial cells from the basement membrane and from
neighboring cells resulting in eventual complete breakdown of the tumor vascular
network. However, it is important to ascertain that VDA treatment does lead to increased
tumor metastasis due to the fact that it could cause tumor cells to detach from the original
tumor site. Therefore, the effects of OXi8006 treatment on MDA-MB-231 cell migration
was examined using a scratch assay (as described in the materials and methods section

above). Results from this assay showed that treatment with OXi8006 slowed down cell
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migration (as evidenced by decreased rate of wound closure compared with vehicle
control) in a concentration dependent manner, with effects seen as low as 1 nM OXi8006.
As seen from images taken at different time points after OXi8006 treatment (Figure
4.17), wound distances seem to reduce at a significantly slower rate than the controls.
Further analyses of these wound distances by measurement and plotting the data into bar
graphs (Figure 4.18) confirmed the initial observation. More specifically, the average
wound distances of the compound treated monolayers after 12 h were significantly
different from the controls (p< 0.001 via 2-way ANOVA). Finally, a plot of the average
wound distances over time (Figure 4.19) showed rates of 4.2, 3.4, 2.4, and 2.2 % wound
distance closure/hr. for control, 1 nM, 5 nM, and 10 nM OXi8006 respectively, showing
that treatments as low as 5-10 nM are enough to reduce cell movement/migration by

about 50%.

Effect of OXi8006 Treatment on Annexin V Binding in HUVECs

Previous results of our analyses of the effects of OXi8006 on HUVECs showed
that OXi8006 treatment eventually leads to cell shrinkage/rounding up and cell
membrane blebbing, which are typical morphological criteria associated with apoptosis.
Annexin V conjugated dyes are widely employed in cytometry and microscopy as an
early marker for apoptosis because of its binding affinity for phosphatidylserine, which is
exposed at the cell surface early in the process [248]. In this preliminary experiment, the
effects of OXi8006 on induction of annexin V binding by HUVECs were examined via

immunofluorescence microscopy.
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Figure 4.16. Effect of LIM Kinase inhibition on OXi8006 treated HUVECs

As a positive control for increased annexin V binding, cells were treated with
CA4, a VDA which has been shown to induce apoptosis in rapidly proliferating HUVECs
[128]. As a second positive control, HUVECs were also incubated for 4 h in hypoxic
conditions (< 10 ppm Oz) prior to normoxic incubation for another 18 h. This has
previously been shown to result in increased apoptotic signaling in human endothelial

cells [249]. Results from this experiment showed that treatment of HUVECs with
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0Xi8006 for 18 h resulted in significantly increased annexin V binding compared to
control (Figure 4.20). OXi8006 induced increase in annexin V binding was similar to the
increases seen with CA4 treatment and hypoxia. This suggests that OXi8006 induced
HUVEC rounding/shrinkage and membrane blebbing could be linked to apoptotic
signaling. However, these treatments were done on a longer timescale than the treatments
used to determine morphological and cell signaling results (18 h compared to < 2h), and
as such additional experiments using shorter time periods would be required to ascertain
that OXi8006 induced increase in HUVEC annexin V binding occurs at similar time
points to other morphological and cell signaling changes. Furthermore, in order to
confirm that this increase in annexin V binding is indeed due to apoptotic signaling, a

concurrent viability assay (using dyes such as PI or trypan blue) must be performed.

Summary

It cannot be overstated how necessary it is to continually add to the landscape of
anti-cancer agents currently being researched. There is a lot of potential in targeting the
microtubule network as a means of chemotherapeutic development and VDAs represent a
promising component to add to the growing arsenal of chemotherapeutic agents.
However, a robust understanding of the mechanisms of action of VDAs is still required.
The research presented in this chapter suggests some of the mechanisms by which
0Xi8006 functions in HUVECs. Previously published data from our group [250] which
was also discussed in Chapter three suggested that OXi8006/0Xi8007 has potent VDA
effects in vitro and in vivo. It was also shown that these effects were mediated via
microtubule-disruption induced RhoA activation, leading to increased cellular

contractility.
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Control 1 nM OXi8006 5 nM OXi8006 10 nM OXi8006

Figure 4.17. Representative images of MDA-MB-231 cell monolayers showing effect of various
concentrations of OXi8006 on wound closure over time. OXi8006 treatment results in
concentration dependent reduction in wound closure rate.

131 0 hrs
B3 6 hrs

1.0- B 12 hrs
[ 18 hrs

22hrs

nCnTn T

=
a
1

e e e

nCn e,
e e e e e

e D D e e e,

L

e,

Normalized Wound Distance

0.0-
~é°\ & & &
& . .9 .Q
% 45 S 4
(o} (o] (o}
N N N
N (5 \Q

Figure 4.18. Bar graphs showing MDA-MB-231 wound closure over time at different OXi8006
concentrations.
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Figure 4.19. Graphical representation of rates of MDA-MB-231 wound closure due to different
0Xi8006 concentrations.
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Figure 4.20. Quantification of fluorescence microscopy images showing induction of annexin V
binding due to various treatments (**** p <0.0001, ** p <0.001). Treatment with 10 nM
0Xi8006 for 18 h results in significantly increased annexin V binding compared to control.

However, the microtubule network is not directly involved in the contractile
machinery. Previous studies have suggested that the link between RhoA activation and
microtubule network dynamics is via GEF-H1 activity [241, 251]. As discussed earlier,
GEFs are multifunctional molecules that typically activate Rho GTPases and are
important links in various cell signaling cascades. Of these GEFs, GEF-H1 and
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p190RhoGEF are the only as microtubule-associated Rho-GEFs which activate RhoA in
humans. Furthermore, both of these GEFs have their activity mediated by their
microtubule association. The results presented in this chapter suggested that GEF-HI is
necessary for RhoA/ROCK activation following microtubule disruption, as siRNA
depletion of GEF-H1 led to abrogation OXi8006 induced contractility. In contrast,
release of p190 RhoGEF from microtubules by OXi8006 does not lead to increased
HUVEC contractility.

Another facet of the RhoA/ROCK signaling cascade is the activation of
LIMK/cofilin. OXi8006 treatment results in significant increase of cofilin
phosphorylation which occurs concurrently with actin stress fiber formation. Cofilin
phosphorylation increased due to OXi8006 treatment, with maximum phosphorylation
observed between 60-90 minutes, after which phosphorylation began to decrease.
However, pretreatment of HUVECs with an inhibitor of LIM kinase prior to treatment
with OXi8006 abrogated the morphological changes and cell contractility that results
from OXi8006 treatment. It should be noted that these results matched the
phosphorylation pattern seen with MLC and FAK phosphorylation due to OXi8006
treatment. Furthermore, these phosphorylation patterns also matched the morphological
changes seen due to treatment.

A summary of the suggested mechanism is presented in Figure 4.1. Briefly,
0Xi8006 induced microtubule disruption leads to GEF-H1 release and activation of the
RhoA/ROCK pathway. This leads to initial increase in MLC and pFAK phosphorylation
resulting in increased stress fiber and focal adhesion formation. There is also an increase

in LIMK/cofilin phosphorylation, which leads to a reduction in actin fiber breakdown and
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contributes to stress fiber formation. However, the phosphorylation begins to decrease as
the cell contractility is resolved and cells begin to round up, shrink, and eventually detach
from the extracellular matrix.

In this chapter, the effects of OXi8006 on tumor cell migration were also
investigated. While the tumor cells themselves are not the intended primary target of
VDA treatment, it is possible that there could be some bystander effects, causing the
tumor cells themselves to detach from the basement membrane. This detachment is
similar to one of the initial steps seen in the epithelial-mesenchymal transition (EMT)
that can contribute to cancer metastasis [252]. Therefore, it is useful to ensure that the
drug treatment does not lead to increased cell migration. Results from wound assays on
MDA-MB-231 cell monolayers indicate that OXi8006 treatment causes significant
concentration dependent inhibition of cell migration, with effects starting at
concentrations as low as 1 nM.

Finally, the effect of OXi8006 on the initiation of apoptosis in HUVECs was also
examined. A number of the morphological changes that were observed as a result of
0Xi8006 treatment including cell rounding, shrinkage and blebbing are characteristic of
and could result from the initiation of apoptotic signaling [253]. HUVECs were treated
with OXi8006 and the resulting effect on annexin V binding was analyzed via an
annexin-V binding assay and fluorescence microscopy. Results from this assay indicated
that OXi8006 caused a significant increase in annexin V binding by treated cells
compared to control. This result suggests that OXi8006 treatment could be causing an
increase in apoptotic signaling albeit on a much longer timescale than seen with the initial

morphological changes.
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CHAPTER FIVE

Introduction to Cysteine Proteases

Proteases constitute the largest class of immensely biodiverse enzymes, with
more than 1600 proteases identified in over 1700 organisms; in humans alone, there are
approximately 500 proteases observed. Provided such broad abundance, it is not
surprising that proteases play significant biochemical roles in regulating many essential
signal transducing pathways leading to homeostatic functionality supporting cell, organ,
and total system physiology level processes. While these processes are complex, the
biochemical action of proteases is the specific cleavage of peptide bonds in proteins,
particularly in degradation and processing pathways. Thus the dysfunction of these can
give rise to serious physiological and pathological consequences in the expressing
organism. Conversely, the completely functional involvement of proteases in the life
cycle of disease-causing organisms facilitates their infection and proliferation in human
hosts. Given natural ubiquity and essential functionality, focus on targeting protease
represents fertile ground for novel therapeutic design and discovery in the management of
a broad variety of diseases, including cancer, AIDS, parasitic ailments, and
immunological disorders [254].

Proteases can be categorized based on two criteria: substrate specificities or
mechanisms of catalysis. Categorization based on substrate specificity results in
classifying proteases as either endopeptidases (enzymes cleaving within a polypeptide

chain) or exopeptidases (enzymes cleaving at the ends of polypeptide termini).
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Categorization based on catalytic mechanisms gives four major protease classes: serine,
cysteine, aspartic, and metalloproteases [255].

Aspartic proteases use two catalytic aspartic acid residues in the active site to
coordinate the nucleophilic attack of the peptide bond by a water molecule. Serine
proteases have a hydroxyl group at the active site that acts as the nucleophile that attacks
the peptide bond. In the case of cysteine proteases, a thiolate ion at the active site is used
to attack the peptide bond. Metalloproteases use a metal atom to coordinate the substrate
and catalyze the nucleophilic attack of a water molecule on the peptide bond [255].

The project presented here is focused mainly on enzymes of the large subfamily
of cysteine proteases known as papain-like cysteine proteases (clan CA, family C1),
specifically mammalian cathepsins L, B and K, as well as the parasitic cysteine protease
cruzipain (or cruzain).

Papain-Like Cysteine Proteases: Sequence, Structure, Mechanism, Expression, Substrate
Specificity, and Physiological Functions

Lysosomal cysteine proteases comprise a group of papain-like enzymes, sharing
similar amino acid sequences and folds. They are optimally active under the slightly
acidic conditions and the molecular weights of the mature forms of these enzymes are
usually in the 20-30 kDa range. In their zymogenic (inactive) forms, these enzymes
typically have a pro-region, which extends from approximately 60-100 kDa. These
zymogenic forms are initially synthesized as pre-proenzymes [256]. Following synthesis,
a pre-proenzyme is transformed to the proenzyme during the passage to the endoplasmic
reticulum. Pro-cathepsin undergoes proteolytic processing to the active, mature enzyme

form in the acidic environment of late endosomes or lysosomes [257]. Limited
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proteolysis is thus a crucial step in controlling the proteolytic activity of lysosomal

cysteine proteases and numerous other proteases. The mature forms of these enzymes are

mostly monomeric. Eleven papain-like cathepsins are expressed in the human genome

(B,H,L,S,C,K,O,F,V, Xand W) (Figure 5.1) [258, 259].

Name Synonym Cleavage specificity Tissue expression Function pH
Cathepsin B Cathepsin B1, APP Endopeptidase; Ubiquitous Lysosomal, extracellular; pH 4—6 (optimal), stable
secretase peptidyl-dipeptidase proteolytic processing of APP to pH 7
tumor invasion and metastasis
Cathepsin C*  DPP 1, cathepsin J, Peptidyl-dipeptidase, Ubiguitous Lysosomal; activates pH 6 (optimal), pH 4-7.5
dipeptidyl-transferase tripeptidyl-peptidase; granulocyte serine proteases,  (stable)
endopeptidase factor X neuraminidases
Cathepsin F SmCF Endopeptidase Heart, skeletal muscle, Lysosomal; role in tumor pH 5.2—6.8 (optimal), pH
brain, testis, ovary invasion and metastasis 4.5—7.2 (stable)
Cathepsin H  Cathepsin B/3, BANA Endopeptidase, Brain, kidney, liver; Lysosomal; invariant chain pH 6.8 (optimal), pH 58
hydrolase inopeptidase inflamed tonsil (li) degradation (stable)
Cathepsin K®  Cathepsin O(1), cathepsi Endopep Pr i y in bone Lysosomal, extracellular; pH 6 (optimal), pH 4—8
02, cathepsin X (osteoclasts); present in osteoclastic bone resorption;  (stable)
most epithelial tissues fibrinogen and ECM
degradation
Cathepsin L SPase, cathepsin L1 Endopeptidase Ubiquitous Lysosomal, extracellular, pH 6 (optimal), pH 4-=7
nuclear (truncated); antigen (stable) varying
presentation (AP), Ti
degradation, cell cycle
regulation
Cathepsin 0 — Endopeptidase Widely expressed Lysosomal; protein urnover
(pending) (pending)
Cathepsin S - Endopeptidase Alveolar macrophages, Lysosomal, extracellular; Ii pH 6 (optimal), pH 4.5-8
spleen, testis, epithelial degradati herogenesi (stable)
cells; CD4+ T-cells AP, angiogenesis,
elastinolytic activity
Cathepsin V. Cathepsin L2, cathey E Predominantly in thy Ly I (potential); AP, 1i  pH 5.7 (optimal), pH <4
testis; present in brain, degradation to >7.2 (stable)
corneal epithelium, skin
Cathepsin W Lymph Pending Spleen, natural killer and [ resp gulati
cytotoxic T-cells of T-cell cytotoxic activity
Cathepsin X Cathepsin B2, cathepsi Carboxymono- Widely expressed; Lysosomal: non-proteolytic
P, cathepsin Z peptidase, ubiquitously in primary in cell adhesion
carboxydipeptidase tumors and cancer cell

lines

Figure 5.1. List of human cysteine cathepsin proteases [258].

Cysteine Protease Amino Acid Sequences and Active Site Residues

Cysteine proteases have numerous similarities, and have a significant number of

conserved amino acid sequences (Figure 5.2). All cysteine proteases have a conserved

active site, consisting of cysteine, histidine, and asparagine residues. The cysteine residue

(Cys-25, papain numbering) is embedded in a highly conserved peptide sequence,

CGSCWAFS. Similar to the area around the active site cysteine residues, the vicinities

of the histidine and asparagine residues are also conserved. The histidine residue (His-
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159) is adjacent to small amino acid residues such as glycine or alanine followed by four
aliphatic hydrophobic residues (valine, leucine, isoleucine and glycine) [260]. The
catalytic domains of most papain-like cysteine proteases are between 220 and 260 amino
acids in length, with the exception of several parasite-derived cysteine proteases which
contain a C-terminal extension of unknown function.

The human cathepsin L gene encodes a 333-amino acid cysteine protease that
contains a 17-amino acid signal peptide, a 96-amino-acid propeptide, and a 220-amino
acid mature region. The 38-kDa procathepsin L is processed to mature, active cathepsin
L, and exists either as a single chain form of 30 kDa or as a two-chain form of 25 and 5
kDa [260-262]. There is a high structural similarity between cathepsin L and the parasitic
cysteine protease cruzain. The amino acid sequence of the heavy chain is shown in Figure
5.3. The peptide sequence is also about 41% similar to that of papain [263]. The three
most abundant residues are glycine, glutamate and serine (25, 19, and 19 residues,
respectively), and the least abundant residues are histidine (three residues) and tryptophan
(five residues). Hydrophobic residues account for almost one third of the total
composition of cathepsin L. Approximately, 41 percent of the composition is comprised
of polar, uncharged residues.

Cathepsin K is a homodimeric protein containing 215 residues per monomer with
a molecular weight between 25 and 29 kDa [264]. The amino acid sequence of cathepsin
K (Fig 5.4) has been reported to be between 50 — 60 % similar to cathepsin L [264]. The
three most abundant residues are glycine, asparagine and arginine (24, 19, and 19
residues respectively). The least abundant residues are histidine (2 residues), tryptophan

and methionine (four residues each). Cathepsin K is similar to cathepsin L in that
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hydrophobic residues account for almost one third of the total composition of the protein.
Also, 44 percent of the composition is entirely made of polar, uncharged residues.
Cathepsin B is a 339 amino acid chain in its zymogenic form. Upon maturation
(due to cleavage of pro-peptide), it becomes a double chain molecule of approximately
254 amino acids in length. The light chain (residues 80-126) is cross-linked via a
disulfide bond to the heavy chain (residues 129-333) and is seen in pink. Residues 1-8
(green) make up a signal peptide, residues 9-79 and residues 334-339 make up the pro-
peptide (red), all of which are cleaved during processing leaving residues 80-333 (~254
amino acids) as the mature cathepsin B enzyme (blue). The active site residues on the

mature enzyme are Cys29, His199, and Asn281 [265].

Crystal Structures of Cysteine Cathepsins

Cysteine proteases are made up of two major domains, the left (L) and right (R),
which are of similar size. The L-domain has three helical regions, the longest being the
central helix, about 30-40 residues long, having the catalytic Cys-25 perched at its N
terminus. The fold of the R-domain is based on a -barrel motif of five to six strands and
includes a shorter a-helical motif which closes off the B-barrel (Figure 5.6). This domain
has the His-159 residue at its C-terminal region. Although the left domain is mainly
comprised of the N-terminal half of the enzyme, the polypeptide chain actually starts on
the distal right side of the right domain 6. The domains are separated such that a V-
shaped active-site cleft is formed, which has residues Cys-25 and His-159 of each domain

in the center to form the catalytic site of the enzyme [256, 270].
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Figure 5.2. Amino acid sequence alignment of human lysosomal cathepsins and related parasite
cysteine proteases [266]
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1 APRSVDWREK  GYVTPVKNQG
51 QNLVDCSGPQ GNEGCNGGL
101 NPKYSVANDT GFVDIPKQEK
151 YFEPDCSSED MDHGVLVVGY
201 MAKDRRNHCG  [ASAASYPTV

QCGSCWAFSA  TGALEGQMFR
DYAFQYVQDN  GGLDSEESYP
ALMKAVATVG  PISVAIDAGH
GFESTESDNN KYWLVKNSWG

KTGRLISLSE
YEATEESCKY
ESFLFYKEGI
EEWGMGGY VK

Figure 5.3. Amino acid Sequence of Cathepsin L. Legend: Blue, Heavy Chain; Red, Light
Chain; Catalytic Residues, Green [267]

1 APDSVDYRKKGYVTPVKNQGQCGSCWAFSSVGALEGQLKKKTGKLLNLSP
51 QNLVDCVSENDGCGGGYMTNAFQYVQKNRGIDSEDAYPYVGQEESCMYNP

101
151
201

TGKAAKCRGYREIPEGNEKALKRAVARVGPVSVAIDASLTSFQFYSKGVY
YDESCNSDNLNHAVLAVGYGIQKGNKHWIIKNSWGENWGNKGYILMARNK
NNACGIANLASFPKM

Figure 5.4. Amino Acid Sequence of Cathepsin K (PDB ID: 3KX1) [268].

10
MWOLWASLCC
60
DMSYLKRLCG
110
DOGSCGSCWA
160
NGGYPAEAWN
210
EGDTPKCSKI
260
GAFSVYSDFL
310
NTDWGDNGEF

20
LLVLANARSR
70
TEFLGGPKPPQ
120
FGAVEAISDR
170
FWTRKGLVSG
220
CEPGYSPTYK
270
LYKSGVYQHV
320
KILRGQDHCG

30
PSFHPLSDEL
80
RVMFTEDLKL
130
ICIHTNAHVS
180
GLYESHVGCR
230
ODKHYGYNSY
280
TGEMMGGHAT
330
IESEVVAGIP

40
VNYVNKRNTT
90
PASFDAREQW
140
VEVSAEDLLT
190
PYSIPPCEHH
240
SVSNSEKDIM
290
RILGWGVENG

RTDQYWEKT

50
WOQAGHNEYNV
100
POCPTIKEIR
150
CCGSMCGDGC
200
VNGSRPPCTG
250
AETIYKNGPVE
300
TPYWLVANSW

Figure 5.5. Amino acid Sequence of Cathepsin B. Legend: Green, signal peptide; Red, pro-
peptide; Pink, light chain of mature enzyme; Blue, Heavy chain of mature enzyme [269].

The active site surface is formed by residues converging from four loops, two

from each domain. The L-domain loops are shorter and disulfide-bond connected. The

R-domain loops, on the other hand, are larger in length and are placed at the top of the [3-

barrel motif. Similarly, the mostly C-terminal right domain ends in a strand that extends

into the left domain. For many enzymes in this group, two disulfide linkages add stability

to the left domain, whereas one is found in the right domain [271]. Cathepsin propeptides
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are typically less structured and run in the inverse orientation through the substrate
binding cleft (Figure 5.7) [260]. Analysis of the crystal structures of the proenzymes
showed that the structure of the mature enzyme is already formed in the zymogen form
[272]. The propeptide chain is comprised of an a-helical domain, which continues along
the active-site cleft toward the N-terminus of the mature enzyme in a predominantly
extended conformation in a direction opposite to substrate binding, thus blocking access
to the active site (Figure 5.7) [260]. The activation process is triggered by a pH change
that may lead to the weakening of the interactions between the propeptide and the
catalytic site. As a consequence, the proenzyme most likely adopts conformation where it
is less tightly bound to the active site without the loss of the secondary structure making

it more accessible to proteolytic cleavage to form the active enzyme [273].

Figure 5.6. Typical cysteine cathepsin (cathepsin L) fold viewed along the two-domain interface
and the active site at the top. The side chains of the catalytic residues Cys-25 and His-159 (papain
numbering) are shown as yellow and green atom spheres, respectively [260].
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Substrate-Binding Sites

There are seven possible substrate-binding sites, which bracket the catalytic dyad
of Cys- 25 and His-159 [274].

The carboxyl side of the peptide substrate and corresponding enzyme subsites are
conventionally referred to as the prime side and are termed P1', P2', Pn' and Si', S2', and Sy'
respectively. The amino side of the peptide and corresponding subsites assigned the non-
prime side and are designated Pi1, P2, Pn and S1, S2 and Si, respectively (Figure 1.8) [273].

The active site clefts of cysteine proteases consist of three well defined substrate-
binding subsites (Sz2, S1and Si'). However, the complete binding area is comparatively

broad, with other subsites (S4, S3, S2', S3') participating in substrate binding [275].

Figure 5.7. Typical procathepsin fold (1¢j). The mature enzyme part is shown in blue and the
propeptide is shown in red [260]
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These binding sites do not exhibit strict specificities, but do have preferences
arising from specific exclusions based on substrate type/structure [272]. Cysteine
proteases typically react more readily with bulky hydrophobic residues at P2 due to the
fact that the S2 binding site is a deep hydrophobic pocket [263]. In conclusion, subsites
S2, S1 and Si' form well-defined binding sites. The Sz and S1” substrate binding sites are
responsible for the diversity and selectivity of the substrate and inhibitor binding [260,

276].

PROTEASE

Tr— --- COOH

SCISSILE
BOND

PEPTIDE SUBSTRATE

Figure 1.8. Diagrammatic representation of peptide substrate interaction with the active site
pockets of a cysteine protease. Amino acid residues from the peptide substrate are denoted by ‘P’
and the sub-sites that the peptide interacts with are given the letter ‘S’. The active site cysteine
sulthydryl nucleophile is represented as SH [273].

Cathepsin L Structure
The structure of cathepsin L has been extensively elucidated, and analysis of
cathepsin L by X-ray crystallography revealed important characteristics of the structure

[263]. The S’ regions of cathepsin L are shallow depressions and have various
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similarities with papain. The bottoms of these depressions are made up of interactions
various sidechains (Trp189, GIn21, Gly20, Asnl8, Glul92, Trp193 and Leul44). The
oxyanion hole of cathepsin L is made by three residue side chains (GIn16, Trp189, and
His163) and the Cys25 backbone. The Sz pocket of cathepsin L is highly hydrophobic,
which is similar to several cysteine proteases. The bottom Sz pocket of cathepsin L
consists of Met70, Alal35, hydrophobic residues Leu69, Met161 and Gly164. Also, the
residues that surround the Sz site are Asp162, Met161, Asp160, and Ala214. Met70 is the
responsible for the Sz pocket shallow characteristic. The crystal structure of human
cathepsin L is shown in figure 5.9. The active site residues that form the catalytic triad
(Cys25, His159, and Asnl75) are shown in ball and stick form. In figure 5.9, a-Helices
are represented in red, B-sheets in cyan, the turns are in green, and coils represented in

white [277].

Cathepsin K Structure

Mature cathepsin K is a macromolecule with 215 amino acids. In the structure,
Cys25 and His159, two of the members of the catalytic triad, form of an ion pair
(thiolate-imidazolium pair), with the third residue Asn175 located close by and protected
by Trp77 (papain numbering). The overall structure contains several well defined
pockets. Seven of these pockets have the capability to interact with potential cysteine
protease inhibitors.

The crystal structure of uninhibited cathepsin K is shown in Figure 5.10 [268].
Three catalytic residues (Cys25, His159, and Asn175) are shown in ball and stick form,
a-helices are red, B-sheets are cyan, turns are green, and coils are white. Analysis of the

structure revealed a number of important structural components at the active site and
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throughout the protein. At the active site, there is a hydrogen bond formed between the
carboxyl oxygen of Asnl75 and one of the nitrogen atoms of the imidazole ring of
His159. The crystal structure also reveals a close proximity between one of the His159
nitrogen atoms and the thiol group of Cys25 (N-S: 3.65 A). The significantly
hydrophobic S2 subsite is formed by six residues, (Tyr67, Met, 68, Alal33, Leul57,
Alal60, and Leu205). The presence of Leu205 makes the Sz pocket shallow, which

enables preference for bulky substrate residues such as phenylalanine.

Figure 5.9. Crystal Structure of Human Cathepsin L (PDB ID: 1ICF) [277]

On the other hand, the S3 pocket is made only with two residues: Tyr67 and
Asp61. The P1” pocket is made up of Asnl58, Trp177, and Alal36 side chains. Trpl177

(which is the protective group of Asnl75) appears to be in close proximity to the
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substrate as well. Finally, the key signature of cysteine proteases, a disulfide bond

between two cysteine residues was found in cathepsin K (Cys153 and Cys200).

Cathepsin B Structure

Cathepsin B is a bi-lobal protein approximately 30 kDa in size (~38 kDa in its
zymogenic form) [265]. The protein is about 30 A thick with a diameter of approximately
50 A, and is comprised of two domains and an occluding loop into two domains (Figure

5.11)

Figure 5.10. Crystal Structure of Human Cathepsin K (PDB: 3KX1) [268]

One domain has a central a-helical structure and is made up of the amino-terminal

half of the polypeptide chain from residues 11-148 and the last 4 carboxy-terminal
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residues [278]. This domain contains three a-helices arranged perpendicularly and is
mostly hydrophobic in nature, containing 18 hydrophobic residues [279].The other
domain is composed of the C-terminal domain, being formed by residues 1-10 and the
carboxy terminal end of the protein (residues 149-250) with a secondary structure made
up of a B-barrel with 6 sheets arranged in an anti-parallel motif [265]. This domain is
surrounded by a-helices, and contains a highly hydrophobic core which comprises of

about 19 aromatic residues.

LS
R Y

Figure 5.11. Crystal Structure of Human Cathepsin B (PDB: 1HUC) [265]

The two domains interact with each other via an extended polar interface that

opens to the V-shaped cleft active site [278]. The active site present at this V-shaped cleft
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contains amino acid residues Cys29, Asn281, His199, His110, and His111 (the latter two
of which are responsible for the exopeptidase activity of the enzyme), which are
important for the catalytic activity of cathepsin B. The active site of cathepsin B contains
a cysteine in the catalytic triad of Cys29, Asn281, and His199 as is seen in Figure 5.11. It
should also be noted that human cathepsin B contains six total disulfide bridges formed
between the following amino acid residues: 93-122, 105-150, 141-207, 142-146, 179-
211, and 187-198 [265, 280].

Cathepsin B is unique from many other cathepsins due to its dual role depending
on the pH. Cathepsin B can act as a carboxypeptidase at acidic pH and as an
endopeptidase (similar to other cysteine cathepsins) at neutral pH [281]. The
carboxypeptidase activity occurs due to the presence of the occluding loop composed of
18-20 residues, Ile105-Pro126, that restricts active site access, acting as a flexible “flap”
which can open and close. This loop is unique to cathepsin B, and is a covalently closed
circular structure which begins and ends with an identical Pro-Pro-Cys sequence which
has been suggested to help stabilize the ends of the occluding loop [281]. In order to
initiate carboxypeptidase activity, the Cys29 and His199 act as the catalytic nucleophile
and general base while GIn23 stabilizes the oxyanion tetrahedral intermediate of the
substrate. Furthermore, in this native form and at low pH, Trp221 and Trp225 form a
hydrophobic pocket surrounding active site and two salt bridges between Asp22-His110
and Argl16-Asp224 are created. This causes the usually flexible occluding loop to be
held in place thus blocking access to the active site [282]. With these structural changes,
the histidine residues form the outer boundaries of the S2” subsite. Upon pH increase and

in the inhibitory conformation, the His110 becomes deprotonated, allowing for the loop
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to freely move and therefore changes the function of cathepsin B from an exopeptidase to
an endopeptidase [281]. The two histidine residues account for the cathepsin B
preference for carboxypeptidase activity as they can bind the C-terminal carboxylic
groups of the substrate. The occluding loop is proposed to contribute to cathepsin B
decreased affinity for potent inhibitors of other papain-like enzymes as deletion or

shortening of this flexible structure increased binding to this enzyme [283].

Cysteine Protease Catalytic Mechanism

Cysteine proteases catalyze the hydrolysis of amide bonds in proteins via a
nucleophilic attack by the active site cysteine thiol on the carbonyl group of the amide
bonds [266, 284]. The catalytic site of papain-like cysteine proteases is highly conserved
and has a catalytic triad made up of Cys-25, His-159, and Asn-175. Cys-25 and His-159
form an ion pair which is stabilized by Asn-175 via a hydrogen bond [284, 285].

The hydrolysis mechanism of cysteine proteases involves an attack by a
negatively charged thiolate group of a cysteine residue on the carbonyl carbon of the
peptide bond. This leads to the formation of an acyl enzyme intermediate which is
hydrolyzed in the second step (Figure 5.12) [286, 287]. During peptide hydrolysis, the
nucleophilic thiolate cysteine attacks the carbonyl carbon of the scissile bond of the
bound substrate and forms a tetrahedral intermediate which is stabilized by the so-called
oxyanion hole, a crucial element in forming an electrophilic center to stabilize the
tetrahedral intermediate during hydrolysis (Figure 5.13) [273, 285, 288].

The thiol group at the active site is a particularly good nucleophile due to the
close proximity of an active site histidine residue which acts as a proton donor. The two

ionizable groups of the thiolate—imidazolium diad allow a broad pH range of enzymatic
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activity. They consist of a pKa for cysteine of approximately 4.0 and a pKa for histidine

ionization of approximately 8.5 [271, 273].

Cysteine Protease Intracellular and Tissue Distribution

The majority of cathepsins are ubiquitously expressed in human tissues,
indicating that these enzymes are involved in a normal cellular protein degradation and
turnover. However some cathepsins show a restricted/specific cell or tissue-specific
distribution, indicating their more specific roles [259]. The location of papain-like
cysteine proteases is not strictly lysosomal; rather, the enzymes are trafficking between
phagosomes, endosomes, and lysosomes. The individual proteases may accumulate in
different organelles. Human cathepsins typically have optimum activation under acidic
pH, resulting in for full activity within cellular lysosomes.

Cathepsin L is ubiquitously expressed in lysosomes of most human tissues and
organs, including skin, liver, thyroid glands, and kidneys. It differs from other cathepsins
in that it lacks exopeptidase activity and has the highest proteolytic activity in lysosomes
[257, 289]. Cathepsin L is also found as a secreted protease in the secretory vesicles
where it participates in the activation of pro-enkephalin confirming that cathepsin L is
also selectively secreted under specific conditions. Cathepsin L has also been shown to
have nuclear localization in some cells [290].

Cathepsin K is also a lysosomal enzyme, and is mostly expressed in osteoclasts
(cells involved in bone resorption), which has led to it being a validated therapeutic target
for the treatment of diseases characterized by excessive bone loss, including osteoporosis
[291, 292]. Cathepsin K is also found in macrophages, as well as in epithelial cells of the

respiratory and gastrointestinal systems [292, 293].
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Cathepsin B is present and active intracellularly and extracellularly in almost all
tissue types. Intracellularly, it is localized in the lysosomes, whereas extracellularly, it

can be found both free and bound to the extracellular matrix proteins [294].

Regulation of Lysosomal Cathepsin Activity

Proteolytic activity is important for normal functioning of an organism and must
be rigorously controlled to avoid potentially dangerous excess protein degradation.
Lysosomal cysteine protease activity is regulated in a number of ways, the most
important being zymogen activation and inhibition by endogenous protein inhibitors.

The propeptide (part or all of which is removed during activation) aids specific
targeting, stability and proper folding of the enzymes [295], as well as being able to
specifically inhibit the activity of mature enzymes [256]. The proregions are tightly
binding, highly selective and reversible inhibitors that occupy the cleft in a linear, but
backwards orientation (Figure 5.7), preventing the premature activation of the catalytic
domain of mature cathepsin with Kivalues in the nanomolar range [271, 296]. Usually,
the inhibition obeys slow-binding kinetics, but the mechanism is also pH dependent [295,
296].The Kivalue for inhibition of human cathepsin L propeptide towards the mature
cathepsin L is 0.088 nM at pH 5.5, but increases to 3.0 nM at pH 4.0 [272].

Conversion to the mature form occurs intracellularly in lysosomes at pH 3.0-3.5
via either auto-activation (Figure 5.14) or trans-activation (Figure 5.15) [299]. In
extracellular contexts, maturation is supported by negatively charged matrix surfaces at
pH 5.5-6.0 [256]. Propeptides of cysteine proteases are thought to dissociate from the
protease, unfold, and undergo proteolytic degradation when they are no longer required to

inhibit cysteine protease activity [259].
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Physiological Roles of Cysteine Proteases

Human cysteine proteases are involved in both general and specialized processes
such as protein catabolism, hormone activation, antigen presentation, and tissue
remodeling [259, 300]. Cathepsin L plays various roles in the degradation of serum,

cytoplasmic and nuclear proteins [290, 301].
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Figure 5.12. Catalytic mechanism of cysteine proteases. Their catalytic site has the Cys-25, His-
159 and Asn-175 conserved in all of its members. In this triad, Cys-25 and His-159 form an ion
pair which is stabilized by Asn-175 via a hydrogen bond allowing peptide hydrolysis [271, 297]
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Figure 5.13. Stabilization of the oxyanion generated by the cysteine protease catalytic reaction
[298].

In addition, cathepsin L is involved in various processes such as bone resorption,
sperm maturation, intestinal neoplasia, processing of thyroglobulin in thyroid glands, and
processing of neuropeptides into neurotransmitters and some hormones [302, 303]. Other
studies support the role of cathepsin L in the differentiation of keratinocytes and its
importance in hair pigmentation and the biology of hair cells [304]. Reproduction cycles
(spermatogenesis and oogenesis) also require the activity of this protease [305, 306].
Finally, cathepsin L plays a crucial role in angiogenesis [307].

Cathepsin K distribution is selective in human tissues. Therefore, its physiological
function is limited to a specific number of processes. The most well defined process is the
participation of cathepsin K in bone resorption. Type I collagen is one of the most
abundant fibrillar proteins in the bone matrix and is composed of three helical chains,
along with telopeptides at the end of these chains [308]. Other proteases with
collagenase activity lack telopeptidase activity. This is not the case for cathepsin K,
which has both activities combined (collagenase, telopeptidase) [309].

Cathepsin B has many important physiological functions. This includes
remodeling of the extracellular matrix, acting directly or indirectly upon the structure. In
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addition, cathepsin B is able to hydrolyze the extracellular matrix components collagen
IV, fibronectin and laminin thereby allowing for the tumor cells to permeate surrounding
tissues and vasculature [259, 310, 311]. Due to its ubiquitous nature, it is involved in
various biological processes such as protein turnover in the lysosomes, bone remodeling,
site-specific cleavage of human prorenin processing, and self-protection of cytotoxic T

lymphocytes during degranulation [312].

Role of Cysteine Proteases in Pathological Conditions

A large number of pathological conditions are caused by failure of biological
control mechanisms for proteolytic activities leading to disturbance of the normal balance
of enzymatic activity. Abnormal protease activity typically occurs as a result of the
equilibrium between lysosomal enzymes and their endogenous inhibitors in the
extracellular space being disturbed. This imbalance could occur due to a variety of
reasons including excess release of lysosomal enzymes leading to saturation and
reduction in activity of endogenous inhibitors, reduced binding of inhibitors to enzymes
due to changes in the binding properties of the inhibitors, as well as increased stability of
lysosomal cathepsins which are normally inactive in the extracellular space (creating
microenvironments with low pH).

Papain-like cysteine proteases have been shown to play important roles in
degenerative, invasive, and immune system related disorders as well as in various
parasitic infections [287, 313, 314]. Cysteine proteases have been observed in a number
of diseases such as cancer, apoptosis, rheumatoid arthritis, osteoarthritis, bone resorption,
Alzheimer’s disease, multiple sclerosis, and muscular dystrophy [260, 277, 300, 315,

316]. Impaired cathepsin-L like activity may also play a key role in the establishment of
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skin and gingival abnormalities seen in I-cell disease. In addition, reduced activities may
play an important role in drug-induced gingival overgrowth [317]. Cathepsin L has also
been shown to play a role in the degradation of cartilage and joints in osteoarthritis [263,

289, 295].

Low pH (acidic)

Figure 5.14. Autoactivation of a cysteine protease due to low pH [299]

Role of Cathepsins in Cancer

Proteolytic activities from all major protease classes including papain-like
cysteine proteases have been implicated in cancer metastasis. The ability of malignant
tumor cells to invade normal surrounding tissue contributes in large part to the significant
morbidity and mortality of cancers. Invasiveness requires several distinct cellular

functions including adhesion, motility, detachment, and extracellular matrix proteolysis.
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Figure 5.15. Transactivation of a cysteine protease in acidic conditions [299]

Tumor progression and metastasis is a very complicated process, requiring a
number of factors including local proteolysis for the spatial expansion of tumors, the
generation of tumor supporting blood vessels (angiogenesis), and the migration of
transformed cells in and out of the vascular system (metastasis) [318] (Figure 5.16). The
largest structural barrier to metastasis and invasive growth of malignant tumors is the
connective tissue of the extracellular matrix (ECM), of which the most substantial
component the basal membrane, which provides an immunological separation of different
tissues surrounding the blood and lymph vessels [319].This membrane is composed of
proteins which can be degraded by cysteine proteases including type I'V collagen,
proteoglycans, fibronectin, laminin, and entactin [320]. A characteristic of malignant
tumors is the destruction of the extracellular matrix (ECM) [318, 321]. It has been shown
that the degradation of the ECM, which is necessary for invasion of tumors into

neighboring tissue, involves proteolytic enzymes such as plasminogen activators,
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cathepsin B, cathepsin L, collagenase, as well as metallo and serine proteases [310, 313,
321, 322]. Furthermore, proteases involved in tumor invasion and metastasis are also
expressed by surrounding stromal cells. Tumor cells activate protease expression in
stromal fibroblasts which then assist in the degradation of the extracellular matrix [323].
It has been shown that fibroblasts neighboring tumor cells have elevated levels of matrix
metallo-protease 9 (MMP9) [324]. Alterations in the balance between endogenous
inhibitors and the cathepsins have been postulated to contribute to malignant progression
[319]. Cathepsin activity in the plasma membrane fraction has been shown to be
significantly higher in tumor cells of various cancer types than in normal cells, indicating
that these enzymes are protected from endogenous cysteine protease inhibitors and
denaturation through membrane binding. For example, high expression levels of
cathepsin B in colorectal cancer patients correlated with shorter survival, and it has been
reported that inhibition of cell-surface cathepsin B can prevent the activation of uPA, a
well-known prognostic marker in cancer [325, 326]. Elevated expression levels of
cathepsin L have been reported in kidney and testicular tumors, meningiomas, non-small
cell lung carcinomas, and in most cancers of the breast, ovary, colon, adrenal, bladder,
prostate, and thyroid [285, 327]. Increased expression levels of cathepsin B have been
observed at the invasive edge of various tumors including bladder, colon, and prostate
carcinomas [310, 328, 329], and cathepsin K has been associated with human breast

carcinoma [271].
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Figure 5.16. Diagrammatic representation of the tumor metastatic process [318]

Introduction to Enzyme Kinetics
Enzymes play an important role in the catalysis of various biochemical reactions.
The rate of these reactions is determined by the enzyme that catalyzes the reaction. These
reactions are typically complex, however in order to describe them they can be written in
a simplified form representing the conversion of substrate (S) to product (P catalyzed) by
enzyme (E) (Figure 5.17). Initially, when an enzyme is combined with excess substrate
(and no product) there is a short pre-steady state period where the two components build

up to their steady state levels. After this initial phase a steady state is achieved where the

reaction could proceed as:

kl k2
E+S —/———— ES —— P+E
k-l k-2

Figure 5.17. Simplified enzyme catalyzed reaction

In the reaction above, ES, k1, k.1, and k-2 represent the enzyme-substrate complex,

ES forward rate constant, ES reverse rate constant, and the forward rate constant for
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product formation, respectively. The rate of this reaction can be adequately described by

the Michaelis-Menten expression (Eq. 5.1)

by = I [ES] = I?;ai[[ss]] Equation 5.1

The Michaelis-Menten model presents a hyperbolic relationship between enzyme
activity and substrate concentration where; Km: Michaelis-Menten constant, S: substrate
concentration, Vmax: maximum enzymatic activity, and v: velocity. The Michaelis-
Menten constant represents the amount of substrate that is necessary to achieve half
maximal activity of the enzyme. The Kwm could be viewed as a measure of the enzyme
substrate affinity, such that the lower the value, the tighter the interaction is between both
species (substrate and enzyme). The graphical representation of this model (Figure 5.18)
shows an initial linear portion when the substrate concentration is small, and a plateau
reaching Vmax when the substrate concentration is much greater than K.

Another measure of how well an enzyme can catalyze the conversion of a specific
substrate to product is the turnover number of kcat. This is the maximum number of moles
of substrate that are converted to product per second. This value can be obtained using
equation 5.2;

kcat = Vnax / (E] Equation 5.2

This value can further be used to ascertain how active the enzyme is at low substrate

concentrations (as seen in physiological conditions), which is given by the ratio kca/Kwm.
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This ratio is known as the specificity constant, with high values of this constant denoting

high activity of an enzyme against a specific substrate.

Enzyme Inhibition
Enzyme inhibitors are molecules that bind to enzymes resulting in a decrease their
activity. Enzyme inhibition can occur in different ways, depending on whether the

inhibitors bind the enzyme, the enzyme-substrate complex, or both

1.0 Vmax

v 0.5 Vmax -

0.0 Vmax ! ! ! : !
0 Km 1 Km 2 Km 3 Km 4 Km 5 Km

Figure 5.18. Typical Michaelis-Menten Plot.

In order to correctly design suitable candidates for drug discovery as well as to
completely elucidate enzyme kinetics in their uninhibited state, it is important to
understand the mechanisms of action by which inhibitors affect enzyme activity.The
analysis of how the structure of inhibitors relates to their inhibitory activity against
enzymes is very important area of study. This research is done so as to optimize advanced
pre-clinical and in vivo studies, as well as to improve selectivity and potency of inhibitors

[330, 331].
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Enzyme inhibition can be reversible or irreversible. Reversible inhibition can
occur when inhibitors attach to enzymes via non-covalent interactions such as hydrogen
bonds, hydrophobic interactions and ionic bonds. Multiple weak bonds between the
inhibitor and the active site combine to produce strong and specific binding. Reversible
inhibitors generally do not undergo chemical reactions when bound to the enzyme and
can be easily removed by dilution or dialysis, resulting in recovery of enzymatic activity.
Irreversible inhibitors interact with the target enzyme, typically via a covalent
modification at the active site thereby permanently inactivating it.

Reversible inhibitors can be classified based on their mechanism of action. There
are three types of reversible inhibitors: competitive, uncompetitive, and noncompetitive
or mixed reversible inhibition. A number of these types of inhibitors have been used as

effective therapeutics against a variety of pathologies (Table 5.1).

Table 5.1: Examples of Reversible Inhibitors in Clinical Use

Mode of Inhibition ~ Compound Medical Condition Enzyme Target

Competitive Mevacor . High Cholesterol HMG-CoA reductase
(Lovastatin)

Non-competitive Tacrine Alzheimer’s Acetylcholinesterase

15-Hydroxyprostaglandin

Uncompetitive Ciglitazone Inflammatory diseases Dehydrogenase

Competitive Inhibition
Competitive inhibitors act by binding at the enzyme active site thus preventing

formation of the enzyme substrate complex (Fig 5.19).
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I
EI+S =———— Norxn @

Figure 5.19. Competitive inhibitor reaction scheme [332]

As seen in Fig 5.19, it is assumed that the inhibitor binds to the enzyme to form
an EI complex, which is unavailable for substrate binding. This direct competition for the
active site does not affect the Vmax (Fig. 5.20), but increases the Kwm. This alteration of the
enzyme kinetics can be accounted for by an addition of another term to the Michaelis-
Menten. This term, a, is defined in equation 5.3 where K is the dissociation constant for
the enzyme substrate complex. The term a is a function of the inhibitor concentration and
its affinity for the enzyme and once inserted into the Michaelis-Menten equation,

illustrates how competitive inhibitors affect steady state kinetics, as seen in equation 5.4.

g1+ 1 Equation 5.3
K
Vinax[S] Equation 5.4

I
S+KM(1+E)

154



Competitive Inhibition
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Figure 5.20. Graphical representation of effect of competitive inhibitor on Michaelis-Menten
kinetics

Uncompetitive Inhibition

For an uncompetitive inhibitor, the compound binds directly to the enzyme
substrate complex but not to free enzyme (Fig 5.21). In uncompetitive inhibition, the
substrate binding causes a conformational change in the enzyme. Therefore, the structure
of inhibitor compound does not necessarily need to mimic the structure of the substrate.
This effect of this type of inhibition on the Michaelis-Menten kinetics can be seen in
equations 5.5 and 5.6, as well as figure 5.22. The presence of the a” term in the
denominator effects the substrate concentration in this model, thus causing decreases in

Kwm and Vmax with increasing inhibitor concentration.
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ESI ——— Norxn

Figure 5.21. Uncompetitive inhibitor reaction scheme [332]

Even though they are uncommon, uncompetitive inhibitors have potential in drug
design as the enzyme activity will decrease as the inhibitor begins to bind, and this
decrease in enzyme activity cannot be rescued by increased substrate concentration [333].

, . 1l
=1+ K, Equation 5.5

_ Vinax[S]
v a’'[S] + Ky Equation 5.6

Uncompetitive inhibitor

100 .
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- 30- T No inhibitor
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Figure 5.22. Graphical representation of effect of uncompetitive inhibitor on Michaelis-Menten
kinetics
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Noncompetitive Inhibition

Another modality of reversible inhibition of enzyme activity occurs where the
inhibitor binds effectively to the enzyme substrate complex and inhibits product
formation from this complex. Noncompetitive inhibition (also known as mixed
inhibition), involves binding of the inhibitor to both the enzyme substrate complex and
the free enzyme (Fig 5.23). In noncompetitive inhibition (as with uncompetitive

inhibition), the binding events occur at an alternative site from the active site.

k ky
—_—— ES ',, E+P

. S
—

S
El M, ESI'S
EI ESI ——— No rxn @

Figure 5.23. Noncompetitive inhibitor reaction scheme [332]

Noncompetitive inhibitors have two distinct dissociation equilibrium constants,
one for the binary enzyme inhibitor complex (EI) designated K1 and another for the
tertiary enzyme substrate inhibitor complex (ESI) designated K'I or aKI. When a is
greater than 1, this indicates the preference of the inhibitor for free enzyme; o less than 1
indicates a higher affinity of the inhibitor for the enzyme substrate complex.
Noncompetitive inhibitors have differing effects on the Michealis-Menten constants

depending on the values of a. The effect of noncompetitive inhibition on the Michaelis-
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Menten equation is illustrated in equation 5.7. The terms a and a’in the equation allow

for inhibition to be effective at both high and low concentrations of substrate.

Vmax [S]

V= a'[S] + aKy

Equation 5.7

The effects of all the reversible inhibition modalities on enzyme kinetics are summarized

below (Figure 5.24).

Parameter

Inhibition Modality

Competitive

Noncompetitive
o>

Noncompetitive
a=1

Noncompetitive
o<l

Uncompetitive

Ky Increases linearly
with increasing
(1]

Vi No effect

Vi Kt Decreases

curvilinearly
with increasing
1]
Catalytic step E+ S — ES
affected

Increases
curvilinearly
with increasing

(7]

Decreases
curvilinearly
with increasing
il

Decreases
curvilinearly
with increasing
]

E+S— ES

No effect

Decreases curvilinearly
with increasing [/]

Decreases curvilinearly

with increasing [/]

E+85—- ES

Decreases curvilinearly
with increasing [/]

Decreases curvilinearly

with increasing [/]

Decreases curvilinearly

with increasing [/]

E+8§ — ES

Decreases curvilinearly
with increasing [/]

Decreases curvilinearly
with increasing [/]

No effect

ES — ES

Figure 5.24. Effects of reversible inhibitors on enzyme kinetics

1Cso0 and K1 Importance in Inhibition Studies

Two very important and widely used concepts in describing/quantifying enzyme

inhibition are ICso and K values.

The ICso value is the concentration of a specific compound (inhibitor) that is

required to inhibit the enzymatic activity of a target by fifty percent. The relationship

between enzyme activity and inhibitor concentration is expressed in equation 5.8. 'Y

represents the inhibited activity (compared to control), X is log ([inhibitor]) in M, Vmin
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and vmax represent the velocities of the enzyme when it is pre-incubated with the highest
and lowest inhibitor concentrations, respectively. Finally, the Hillslope value is the slope
of the sigmoidal curve. This can be fit to a sigmoidal curve and represented graphically

(Figure 5.25).

1.51
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S
é
0.5-
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-6 -4 -2 0 .

Log [1]

Figure 5.25. 1Cs sigmoidal dose response curve

The determination of ICso for any enzyme is method dependent. This value is
highly dependent on various experimental conditions such as pH, temperature, buffer,
solubility, pH, enzyme concentration, pre-incubation time, solvent effect, substrate
concentration, substrate inhibition, etc. Thus, the importance of establishing validated,
consistent protocols for examining inhibition according to this parameter is important for
the sake of comparison and reproducibility.

The inhibition constant (K1, Eq. 5.9) is another concept that correlates the effect of

an inhibitor with a given enzyme (the lower the value, the better the inhibitory activity of
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any compound). Kican be described as the ratio of kotrand kon and, the rate constants for

the onset of inhibition and inhibitor dissociation respectively.

_ Vuv + (Vmax = Vmiwy
"1+ 1030gUCso-X)+Hillslope)

(Equation 5.8)

E + 1 ‘—]f%? EI K, = %Kl = Iz—f; (Equation 5.9)

There are several approaches that could be used to calculate K1. Equation 5.9
offers the simplest means to do this, albeit only applying in instances where both kon and
korare already known. Unfortunately, the determination of these rate constants is not
always straightforward. As such, several mathematical models to determine this
inhibition constant have been suggested [334]. It is important to understand the
limitations of each approach in order to guarantee the most exact value for Ki. One such
method by which Kican be calculated is via the transient approach, whereby data sets are
fit into a system of multiple differential equations. A significant drawback to this
approach is the requirement that the mode of inhibition is previously known, as well the
need for a complex mathematical program.

A simpler approach to K1 determination is the Cheng and Prusoff model, which
involves a series of equations that correlate ICso values and Kivalues [335]. This model
comprises three equations which describe the relationships when a reversible inhibitor
works as a competitive (Eq. 5.10), noncompetitive (Eq.5.11), and uncompetitive inhibitor

(Eq. 5.12).
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S
IC50 = K] (1 + u) (Equation 5.10)
Ky

1Co = [S]+ Ky
T Ky, IS] (Equation 5.11)

K, " <K,

K
IC5p = K; <1 + ﬁ) (Equation 5.12)

Time Dependence/Slow Binding Inhibition

Some inhibitors tend to bind to, or dissociate from, their target enzymes slowly,
thus leading to time dependence for the onset of inhibition. The true affinity of such
compounds can only be assessed after the system has reached equilibrium, where the
inhibitor is fully bound to the enzyme. Failure to properly account for the time
dependence of inhibition can result in false negatives and potentially cause the researcher
to overlook promising inhibitor molecules.

One of the major ways by which evaluation of compounds as slow binding
inhibitors is done is by comparing inhibited and uninhibited enzymatic reaction progress
curves. Slow binding inhibition typically is manifested as degree of inhibition of a fixed
concentration of compound varying over time, as equilibrium is slowly established
between the free and enzyme-bound forms of the compound, leading to a curvature of the
reaction progress curve over time while the uninhibited reaction progress curve remains
linear (Figure 5.26).

For a reaction with fixed concentrations of enzyme, substrate, and slow binding
inhibitor, we can fit the progress curve by an equation (Eq. 5.13) that contains terms for

the initial and steady state velocities (vo and vs), and for the apparent first-order rate
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constant for conversion from the initial velocity phase to the steady state velocity phase,

kobs. The release of product (P) is dependent of the time (t) of the reaction [336].

UV, — 7V
( o s) (1 _ e_kobst) (Equation 513)

P =v.t
s kobs

51 Uninhibited

Inhbited

[P] (Arbitrary units)

I I I
0 1000 2000 3000
Time (sec)

Figure 5.26. Reaction Progress Curves showing Uninhibited (black) and Inhibited Sample with a
Slow Binding Inhibitor (red)

It should be noted that the mode of inhibition of slow-binding inhibitors can be
determined once kobs values are elucidated. kobs values are substrate dependent (Eq. 5.14,
5.15 and 5.16), and as such the relationship between substrate concentration and kobs
values can be used to determine inhibitor modality (Figure 5.27) [337].

For competitive inhibitors, rate constants (kobs) decrease hyperbolically with
increasing substrate concentration. In the case of uncompetitive inhibition, rate constants
are substrate concentration independent. Finally, the rate constants for non-competitive

inhibitors increase hyperbolically with higher substrate concentrations (Figure 5.27).
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Kops = [S] (Equation 5.14)
1+ K.,
M
kops =k (Equation 5.15)
o k
obs 1+ Ky (Equation 5.16)

Elucidation of the kobs value is also important in determining the mechanism by
which slow binding inhibition is occurring [337]. There are a number of mechanisms by
which slow binding can occur (Figure 5.28). Equation A of figure 5.28 shows the
uninhibited enzyme reaction in which ES complex formation and dissociation are
governed by the association rate constant ki1 (i.e., kon) and the dissociation rate constant A2
(i.e., kotr). Equation B shows a simple reversible equilibrium between the enzyme and
inhibitor with the onset and offset rate constants (k3 and k4). This is very similar to the
pattern of inhibition seen with typical reversible inhibitors; however, the values of k3
and/or k4 are miniscule, leading to slow inhibition.

Equation C of figure 5.28 illustrates another mechanism of slow binding, where
the inhibitor initially binds to the enzyme leading to rapid equilibrium conditions that are
very similar to the simple reversible inhibitors. Hence the binding affinity between
enzyme and inhibitor in this initial complex (EI) is defined by the ratio of the rate
constants k4/k3, which is equal to the Ki of the encounter complex. Subsequent to initial
complex formation, the enzyme undergoes an isomerization step (ks), which is

significantly slower than the formation of initial complex.
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Figure 5.27. Determination of Inhibition Modality for Slow-Binding Inhibitors. Values are in
Arbitrary Units.

The isomerization of the enzyme results in a much more significant association
between the inhibitor and the new enzyme conformation (E*). The reverse isomerization
step between E*I and EI is governed by the rate constant k. Since the true affinity of the
inhibitor cannot be seen prior to formation of the E*I complex, any elucidation of slow-
binding inhibitor affinity for this mechanism must take into account Ki, ks, and k.

The third mechanism that results in slow binding behavior involves covalent
inactivation of the enzyme via affinity labeling or mechanism-based inhibition. However,
this mechanism is typically only related with irreversible inhibition.

In order to determine which of the two slow binding reversible inhibition
mechanisms is taking place the relationship between kobs and inhibitor concentration can
be observed using reaction progress curves. With slow binding inhibition that occurs as a

result of simple reversible slow binding, kobs depends only on k3 and k4 (Eq.5.17).
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kobs = ks[l] + ks Equation 5.17

The above equation can be represented graphically (Fig 5.29), with the
relationship between kobs and [I] resulting in a straight line. This signifies simple

reversible slow binding between the enzyme and the inhibitor.

(A)
I Ko
E « ES§ —— E+P (uninhibited reaction)
k,
(B)
k(1] _ \ . i
g —_—r (simple reversible slow binding)
k,
(©)
k,[1] ks 3 =
E El - " E* (enzyme isomerization)
k, kg
(D)
ks [XI] K : .
: 5 (affinity labeling and
K EXI ——=— E-
k, \' & mechanism-based inhibition)

Figure 5.28. Mechanisms for slow binding inhibition of enzymatic reactions [337]. (A) The
enzyme reaction in the absence of inhibitor. (B) A single-step binding mechanism for which the
association rate (determined by k3) or dissociation rate (determined by k4) or both are inherently
slow. (C) A two-step binding mechanism for which the first step is simple, rapid equilibrium
binding of inhibitor to enzyme to form an encounter complex (EI) and the second step is a slow
isomerization of the enzyme to form a higher affinity complex, E*I. (D) Covalent modification of
the enzyme by an affinity label or a mechanism-based inhibitor. The intact inhibitory species (XI)
first binds reversibly to the enzyme to from an encounter complex (EI). Subsequently, there is a
slower reaction step leading to covalent attachment of the inhibitor to a catalytically essential
group on the enzyme and release of the leaving group X.
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As far as the enzyme isomerization mechanism for slow binding inhibition, there
is a two-step reaction, of which the relationship between kobs and [I], can be represented

by the following equation:

k
kops = ks + K_:pp Equation 5.18
(/)
12— . . i .
- (B) .
10} .

Kobs (X 104)
(0 0]

0 50 100 150 200 250 300
(1], nM

Figure 5.29. Graphical representation of slow binding reversible inhibition. The linear fit of the
data estimates the kinetic rate constants k4 (y-intercept) and of the apparent value of k3 (slope).

In equation 5.18, Ki* is the apparent value of the Ki for the initial equilibrium
(i.e., ka/k3 (apparent)). The plot of kobs as a function of inhibitor concentration for this

mechanism shows a hyperbolic relationship between these two parameters (Figure 5.30)
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Relationship Between Enzyme Concentration and Ki: The Morrison Equation

Slow binding inhibitors in a lot of instances also tend to be tight binding, as high-
affinity, or tight binding, interactions with enzymes may occur as a result of a very slow
dissociation rate of the enzyme—inhibitor binary complex. One of the best mathematical
methods to evaluate the relationship inhibition constants for slow, tight-binding inhibitors
is the Morrison’s quadratic equation (equation 5.19). The equation expresses the Kivalue
in terms of the enzyme species concentrations and can be graphically represented as seen
in figure 5.31. Thus, the inhibition constant is dependent of free enzyme and enzyme
bound to the inhibitor. Mathematically, the Morrison mathematical model is a quadratic
equation; that is, it has two plausible solutions. Obviously, only one solution is
physically possible because Ki > 0. Nevertheless, the Morrison equation solves the
apparent inhibition constant Ki*P. Equation 5.20 solves the true inhibition constant K1 by

showing a relationship between Ki*®, K1, [S], and Kwm.

(BT + 7+ (1 + (F2) - J (st + 1+ (1 + () e =ty

v; (Equation
v 1T 2[ETr >19)
[S] (Equati

app _ o] quation
K7 = K1+ (KM 5.20)

The Morrison equation shows the relationship between Ki*PP, K1, [S], and Km and
inhibitor. Ki*"P, K1, inhibited rate (vi) and uninhibited rate (vo) can be experimentally
determined. Michaelis-Menten constant and substrate concentration are kept constant.
Thus, the apparent inhibition constant can be determined by solving the dependence of

the fractional activity (i.e. vi/vo) versus inhibitor concentration.

167



0 " 1 2 1 L 1 A 1 " L i
0 2 B 6 8 10 12

[1], nM

Figure 5.30. Graphical representation of enzyme isomerization slow binding inhibition
mechanism. The y-intercept estimates ks, while the maximum value of kobs (kmax), at infinite
inhibitor concentration, reflects the sum of ks and 4.
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Figure 5.31. Graphical Representation of the Morrison Equation.
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Experimental Design for Analysis of Cysteine Proteases

As mentioned in chapter one, one of the goals of this research project is to
examine the mechanisms by which a subset of compounds (from a larger library of
compounds with a thiosemicarbazone moiety) can inhibit cysteine proteases. This
analysis was conducted using an experimental flow chart as seen in figure 5.32. The
thiosemicarbazone compounds analyzed could be divided into four main structural
scaffolds for ease of analysis: benzophenone thiosemicarbazones, benzophenone (with
extended alkyl links) thiosemicarbazones, benzoyl benzophenone thiosemicarbazones,
and thiochromanone thiosemicarbazones (Figure 5.33). After validation of enzyme
activity, enzymes were treated with compounds at a concentration of 10 pM.
Subsequently, compounds that inhibit the enzyme activity by more than 50% were further
analyzed to elucidate their ICso and Ki values. Potent inhibitors of the enzymes are further
subjected to various advanced kinetic analyses, molecular modeling and mass

spectroscopy to further elucidate the mechanisms of inhibition.
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Figure 5.32. Experimental flowchart for analyzing compound inhibition of cysteine proteases
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Figure 5.33: Structural scaffolds of thiosemicarbazone compounds tested as cysteine protease
inhibitors.
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CHAPTER SIX

Chagas’ Disease: Epidemiology, Pathology and Treatment

Roles of Parasitic Proteases in Mammals

Parasitic diseases are caused by a large and varied range of eukaryotic organisms
and represent a significant global health problem. These diseases are often caused by the
parasitic organism life cycle which usually results in deleterious effects on the hosts.
These diseases have significant effects on public health, as they have higher morbidity
rates than well-known maladies like diabetes [338], with malaria, schistosomiasis, and
hookworm or Ascaris afflicting more than a billion people worldwide [339]. However,
suppression of these diseases has proven to be a challenging task due to a number of
factors. First, there is a relative lack of interest in vaccine or drug development against
human parasitic diseases, mostly because these diseases primarily affect indigent people.
Also, the understanding of parasitic disease pathogenesis is relatively lacking due to the
biology of host-parasite relationships being extremely complex as well as the lack of
research into this field. Furthermore, parasitic infections may lead to chronic diseases that
are more difficult to treat. Some headway has been made towards identifying factors that
are important to parasite virulence and pathogenesis. Among the most widely studied of
these factors are parasite-derived proteases. Proteases play very important roles in the
parasite life cycle and pathogenicity, such as parasite growth and maturation, tissue and

cell invasion, breakdown of nutrients, and immune cell evasion [339-342]. Therefore,
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parasitic proteases present a promising target for development of therapeutics against the

diseases caused by these parasites.

Chagas Disease; History, Epidemiology and Pathology,

Chagas’ disease, or American trypanosomiasis is a tropical disease caused by the
parasitic protozoan Trypanosoma cruzi (T.cruzi), poses a significant public health crisis
in the western world. It has been identified as one of the five neglected parasitic
infections by the United States Center for Disease Control, due to the worldwide volume
and severity of infection, exacerbated by poor clinical management and stage dependent
detection [343]. This disease was first ‘discovered’ by Carlos Chagas, a Brazilian
physician, in 1909 during an antimalarial campaign, when he observed the presence of a
protozoan trypanosome in the gut of a reduviid bug (also known as the kissing bug) and
hypothesized that the trypanosome may be the cause of an unknown illness afflicting a
significant number of the local population [344-346]. These bugs, members of the family
triatominae, are the primary vectors of 7. cruzi. T. cruzi is transmitted during the blood
meal consumption of these bugs. Fecal remains left at the bite contain the protozoan,
which subsequently enters the bloodstream through the wound. Once blood borne, T.
cruzi may persist indefinitely in circulation, at which it may be secondarily distributed via
blood donation or through the umbilical cord blood during pregnancy [347, 348].

Despite rigorous efforts in Latin America to limit primary outbreak, Chagas’
disease remains endemic. Furthermore, the number of infections in other parts of the
world is steadily increasing due to global migration (Figure 6.1), with at least 300,000
and 80,000 projected cases in the United States and Europe respectively [343, 348-350].

Historically, not much effort has been directed towards managing Chagas’ disease. In
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fact, Chagas’ disease is considered a neglected tropical disease (NTD) for a number of
reasons: (1) the disease is ancient in origin, (2) the primary population infected is poor
and lives in rural areas, and (3) the disease has a high burden but low mortality [344].
Furthermore, due to the difficulty of diagnosis there is a large population of people with
Chagas’ disease who are undiagnosed. Currently, the Centers for Disease Control (CDC)
and the World Health Organization (WHO) are focused on creating better vector control
parameters to reduce transmission and disease burden [349]. However, there has been
relatively little research towards the development of effective therapeutics against this
disease, with only two available drugs to treat the acute phase symptoms of the disease.
However, it should be noted that these drugs are highly cytotoxic and are ineffective
against the chronic phase of the disease. This, along with the mounting threat of
advancement of the geographical regions affected by this disease, makes the development
of efficient and cost-effective pharmacological agents against this disease increasingly

expedient.

Chagas Disease; Symptoms and Diagnosis

There are three non-distinct phases of Chagas disease that can progressively
manifest in infected patients. There is an acute phase that is primarily asymptomatic, an
indeterminate or latent phase during which the disease is dormant, and a chronic phase.
The timing between these phases is irregular and the severity of symptoms is dependent
on a variety of variables (Figure 6.2). Furthermore, the mechanism by which infected
individual progress through these phases is unknown. In fact, the likelihood that a person
develops chronic phase symptoms is less than 33% and this group does not present

similar pathology [350].
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Figure 6.1. Projected worldwide number of 7. cruzi infections [350]

Acute Phase

The acute phase of the disease is typically asymptomatic (up to 95% of cases are
asymptomatic). However, there are some symptoms that may manifest 4-6 days after the
initial infection. These symptoms typically present in infants and children, as well as
immunocompromised individuals [351]. Two physical manifestations that are fairly
reliable signs of Chagas’ disease infection are the Romafa’s sign and the chagoma.
Romaiia’s sign (Figure. 6.3) occurs as a result of peri-orbital swelling from edema as well
as conjunctivitis. A chagoma is a circular inflammatory lesion around the insect bite.
Chagoma manifests less frequently than Romana’s sign, but either symptom is distinctly
characteristic of Chagas’ disease. Other symptoms that may occur during the acute phase

include, fever, malaise, muscle and joint pain, somnolence, cramps, diarrhea, vomiting,
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lymphadenopathy, edema, cyanosis, comma, meningoencephalitis and myocarditis [344,

351].
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Figure 6.2. Chagas’ disease progression [350]

Many of these symptoms are minor and may not be immediately associated with

Chagas’ disease. As a result, many infected people are not screened for 7. cruzi infection.

Moreover, less than 5% of Chagas disease afflicted patients in the acute phase die

because initial manifestations are rarely severe. However, in the few cases with morbidity

in the acute phase, the cause of death was a result of myocarditis or meningoencephalitis

with concurrent bronchopneumonia [351]. These initial symptoms may digress after 4-8

weeks.
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Figure 6.3. Artistic Rendition of Romana’s Sign [352]

Chagas disease diagnosis during the acute phase of the disease is possible due to
T. cruzi parasites being visible in the blood. Due of this, diagnosis via direct microscopic
examination of a blood smear could be done. Giemsa staining could be run concurrently
to indicate the presence of parasites, though any kinetoplastid present would also be
stained, thus increasing the likelihood of a false positive diagnosis. 7. cruzi antibodies
may also be found in a blood sample, confirming that the parasite has invaded the body.
By the latter part of the acute phase, astrocytes (from the brain) and heart tissue have
already been invaded by 7. cruzi. Examination of histological samples from infected
patients shows inflammatory mononuclear cell infiltrates and parasite-free host cell lysis.
Lysis of parasite-free cells and neurons is a result of a hypersensitive immune response to
target cells that in turn affects uninfected cells. As a result, one of the hallmarks of acute

phase Chagas’ disease is destruction of heart cells and depopulation of neurons [351].

Indeterminate Phase
The acute phase typically lasts for a period of 3-4 months, followed by
progression to an indeterminate phase which is relatively asymptomatic compared to the

acute and chronic phases. In fact, autopsies of patients that succumbed to other maladies
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but were in the indeterminate phase of Chagas’ disease revealed no heart lesions or
megasyndromes. This implies that the chronic phase of the disease results from a severe
outbreak of the parasite, rather than a slow degenerative process as previous studies
suggested [351]. During this indeterminate phase the parasites are dormant and
serological tests typically do not detect 7. cruzi. The only noted symptoms from
seropositive persons are electrocardiogram abnormalities, including right bundle branch
block and left anterior hemi-block. Seropositive patients in this case refers to patients
who have 7. cruzi antibodies, however, not all patients infected by 7. cruzi make these
antibodies for unknown reasons [351, 353]. This indeterminate phase lasts 10 to 30 years
after the initial infection.

Diagnosis of Chagas disease is rather difficult during this phase because the
parasites have become dormant and are no longer present in large amounts in the blood.
Therefore, direct blood smears are not an option and serological tests are not always
accurate because infected patients may not make 7. cruzi antibodies. Detection during
this phase can be accomplished through phenotypic and genotypic screening of 7. cruzi
markers with concurrent enzyme-linked immunosorbent assay (ELISA) with parasite
lysate [354, 355]. The latter exam typically indicates higher elevation of antibody titers,
which may not be present if the person has not made 7. cruzi antibodies. An emerging
exam that may help circumvent this problem is a polymerase chain reaction (PCR) assay
to test for 7. cruzi DNA, although there are currently no PCR based diagnostic tools

available for this disease [355].
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Chronic Phase

Symptoms of the chronic phase of Chagas’ disease are the most severe and
diverse. Patients are inflicted with cardiomyopathy, arrhythmias, conduction defects,
cardiomegaly, congestive heart failure, thromboembolism, megaesophagus, and
megacolon [344, 351]. There are also cases of acquired peripheral neuropathies reported
in children afflicted by Chagas’ disease [356]. Only 30% of infected persons move onto
the chronic phase from the indeterminate phase [357]. Life expectancy on average is
reduced by 9 years after the onset of the chronic phase of this disease [350].

Cardiac defects occur in over 90% of cases of chronic Chagas’ disease and lead to
death in 58% of patients [350, 358]. In South America, Chagas’ disease is the leading
cause of heart disease, and this disease is the most infectious cause of myocarditis
worldwide [350, 357, 359]. Sudden death is the main cause of death in patients with
Chagas heart disease, accounting for nearly two thirds of all deaths, followed by
refractory heart failure (25-30%), and thromboembolism (10-15%) [360]. Sudden
cardiac death can occur even in patients who were previously asymptomatic. It is usually
associated with ventricular tachycardia and fibrillation or, more rarely, with complete
atrioventricular block or sinus node dysfunction. Leading causes of death vary dependent
on the stage of disease, with a clear predominance of sudden death at early stages, and a
slight predominance of death from pump failure at advanced stages [359, 360]. The
reason for this death is typically due to enlarged hearts, (sometimes twice the original
size along with aneurysm formation), inflammatory infiltrates in all layers of the heart, as
well as dilated lymphatic vessels leading to the outer layer of the heart. Additionally,

destroyed heart tissues become fibrous and exacerbate the hypertrophy and
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cardiomyopathy [358]. Further analysis has found that there is decreased
acetylcholinesterase activity as a result of progressive autonomic denervation.
Destruction of cardiac tissue is believed to result from involving parasite induced cell
lysis and host autoimmune-mediated cell lysis (Figure 6.4) [361, 362].

Another clinical manifestation of chronic Chagas’ disease is gastrointestinal
dysfunction, manifested typically as megaesophagus or megacolon. These manifestations
of the disease are seen mostly south of the Amazon basin (mainly in Argentina, Brazil,
Chile, and Bolivia), and is rare in northern parts of South America, Central America, and
Mexico. It has been suggested that this geographical distribution is likely as a result of
differences in parasite strains [363]. This form of the disease develops in about 10-15%
of chronically infected patients, with the severe symptoms manifesting as dysphagia,
severe constipation, and then excruciating abdominal and esophageal pain [357]. The pain
is caused by the enlargement of these organs from chronic inflammation and destruction
of the parasympathetic ganglia from parasitic infiltrates. Furthermore, patients with
megaoesophagus have an increased incidence of esophageal cancer [364].

In addition, recent studies have also suggested a link between chronic Chagas
disease and neurodegeneration [365, 366]. Necrotizing inflammatory injuries in the grey
matter of the central nervous system have been shown to occur as a result of this disease
[357]. However, lesions in the sympathetic and parasympathetic peripheral nervous
systems are the more common neurodegenerative symptoms [351, 365]. Symptoms of
this disorder include weakness, sensory loss, paresthesia, and pain or burning sensation
across the body. The most common manifestation of peripheral neuropathy is diminished

or absent deep tendon reflexes as well as sensory impairment.
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Figure 6.4. Suggested mechanisms of cardiac tissue destruction as a result of chronic Chagas’

disease infection. [361]

Diagnosis of chronic Chagas disease typically involves monitoring of the adverse
symptoms of the disease. For Chagas’ heart disease, this involves the use of
electrocardiograms to look for abnormalities such as arrhythmias, tachycardia, heart
block and ventricular aneurysms [367]. Diagnosis via symptoms that occur as a result of
the gastrointestinal form of the disease can be done using methods such as barium
swallow and/or enema with concurrent CT scanning [368]. As with other phases of

Chagas’ disease, microscopic techniques can be used to detect 7. cruzi using staining
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protocols such as Giemsa or Wright tests. The protozoan can be detected in several
human fluids and tissues (blood, and cerebrospinal fluid). Parasite isolation via
techniques such as the inoculation of healthy mammals with blood from infected patients,
include cell culture, and xenodiagnoses are viable diagnostic tools [351]. However, these
tend to be slow and rather expensive. The most common and precise methods of
diagnosing chronic Chagas’ disease are serologic techniques. Indirect immunofluorescent
assay (IFA), Enzyme-linked immunosorbent assay (ELISA), hemagglutination, radio-
immunoprecipitation are commonly used with high sensitivity and specificity rates [369].
However, there may be the potential for false positives with other parasites from the
Leishmania family. Molecular biology techniques are also quite useful due to the
detection of the parasite using polymerase chain reaction (PCR) and immunoblotting

protocols [355, 370].

Trypanosoma cruzi
The etiologic agent of Chagas disease is a flagellate, protozoan kinetoplastid. This
eukaryote has a single flagellum, one nucleus, one kinetoplast, and an undulating
membrane (Figure. 6.5). The trypanosome exists in four distinct stages: trypomastigote,
amastigote, sphaeromastigote, and epimastigote [344, 371]. These parasites have unique
life-cycles in humans and in their insect-vectors as well as in non-human mammals.
There are 11 species of trypanosomes that comprise the 7. cruzi clade and 6 phylogenetic

lineages of the 7. cruzi species [372].
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Figure 6.5. Giemsa-stained 7. cruzi trypomastigote in a thin-blood smear [373]

Evolution

T. cruzi is a protozoan parasite belonging to the class kinetoplastida. These
trypanosomes are believed to have branched from the Trypanosoma brucei clade (the
causative agent of African sleeping sickness) in the mid-Cretaceous period (Figure 6.6).
Compared to T. brucei, the T. cruzi clade is far more widespread and complex in terms of
geographical distribution and host range. Furthermore, unlike 7. brucei, T. cruzi has
primarily evolved in the absence of humans. In fact, the transmission of 7. cruzi by
triatomine bugs is believed to be a recent evolutionary change, with an estimated the
change occurring 1.5 million years ago, 150 million years after the divergence of the 7.
cruzi clade. Human contact with 7. cruzi is believed to have occurred only 30 to 40,000
years ago [372]. Phylogenetic analysis has led to the organization of 7. cruzi into two
major groups, Tcl and Tcll. The second group, Tcll, was later split into 5 sub-groups
(Tell, Tclll, TelV, TeV, and TcVI). It should be denoted that the different genetic strains
have differing pathological manifestation, as well as different geological localization

(Figure 6.7) [374]. For example, Tcl has a preferential association for marsupials as it is
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believed to have evolved in North American opossums. In fact, there are very few cases
of Tcl infections and it is believed that these parasites are cleared by the human host
before manifesting as a chronic disease. On the other hand, Tcll groups preferentially
infect placental mammals and primarily infect humans. The Tcll, TcV, and TcVI
lineages, most commonly carried by Triatoma infestans, are the most common strains in
South American Chagas disease infections. In regards to their pathophysiology, it has
been found that Tcl, TcV and TcVI are linked with cardiomyopathy and Tcll with

intestinal megasyndromes (megacolon and megaesophagus) [357].

T. cruzi Life Cycle, Transmission, and Mechanism of Infection

The Trypanosoma cruzi life cycle starts in an animal reservoir, usually mammals,
wild or domestic, including humans. The vector (a triatomine bug) ingests 7. cruzi while
taking a blood meal. Once in the triatomine bug the parasite goes into the epimastigote
stage, making it possible to reproduce. After reproducing through binary fission, the
epimastigotes move onto the rectal cell wall, where they become infectious metacyclic
trypomastigotes. When the triatomine bug subsequently takes a blood meal from a
human, it defecates. The trypomastigotes in the feces can then enter the human host

through the bite wound or by crossing mucous membranes.
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Figure 6.7. Geographic Distribution of 7. cruzi strains across Central and South America [357]

Upon infection, trypanosomes undergo environmentally stimulated morphological
and biochemical stages, oscillating between trypomastigote and amastigote [375] (Figure
6.8). T. cruzi host cell invasion and subsequent lysis is a complicated process involving
various overlapping pathways. The process of invasion can be broken down into three
steps: adhesion between T. cruzi and host cell via receptor ligand binding, internalization
of T. cruzi, and escape from the parasitophorous vacuole. These three steps are multi-
variable in the sense that there are multiple proteins, ligands and receptors involved that

lead to variation in the pathways.
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Host Cell Adhesion

The process of adhesion between 7. cruzi trypomastigotes and host cells involves
various surface proteins, compounds and receptors. 7. cruzi utilizes glycoproteins such as
mucins, gp35/50, gp82, gp90 and Tc85, trans-sialidases and proteases such as cruzipain,
oligopeptidase B and Tc80 for host cell adhesion (Figure 6.9). Interaction between these
and host cell surface markers typically leads to activation of signaling cascades that result
in increase in cellular Ca** concentration, which is important for internalization of the

trypomastigote [377]. Also, proteases play an important role in adhesion. POPPTc80
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(prolyl-endoprotease), a serine protease that mediates hydrolysis of native collagen (types
I and IV) and fibronectin, can degrade the extracellular matrix, thus helping parasite
entrance and dissemination. Oligopeptidase B, a serine protease previously implicated in
cell invasion by generating a Ca** agonist necessary for recruitment and fusion of host
lysosomes at the site of parasite attachment, is secreted by trypomastigotes [377].
Cruzipain, the most abundant protease expressed as a mixture of isoforms in all forms of
T.cruzi, plays roles in adhesion through extracellular matrix degradation and immune
evasion (via antibody degradation) [378, 379]. For example, cruzipain in 7. cruzi
infection has been associated with its ability to generate bradykinin in the host and acting
on B2 type bradykinin receptors (B2R). Cooperative activation of B2R and Toll-like
receptor 2 by a mechanism that includes cruzipain has been suggested to be a link

between innate and adaptive immunity in 7. cruzi subcutaneous infection [377].

Host Cell Internalization

The next step after the parasite adhesion to a host cell is internalization. Currently,
there are three theoretical pathways for T. cruzi internalization: lysosome-dependent
exocytosis, actin dependent internalization with plasma membrane expansion, and
lysosome-independent plasma membrane invagination. These internalization pathways
vary based on the trypomastigote surface proteins used. However, the specific surface
interactions leading to each method of internalization have not been completely
elucidated. The lysosome-dependent pathway involves Ca®" release leading to host cell
exocytosis in order to from lysosomes by which trypomastigotes can be internalized. In
the lysosome-independent pathway, PI-3K (phosphoinositide 3-kinase) activation at the

site of entry leads to the formation an early endosome with the plasma membrane in order
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to enclose the parasite. The early endosome eventually fuses with lysosomes and
becomes a lysosome-like vacuole. The actin dependent pathway is basically
phagocytosis, with emission of pseudopods by the cell upon trypomastigote adherence.
All three pathways eventually lead to the formation of a parasitophorous vacuole that is
acidic in nature (Figure 6.10). This vacuole is made up of the host cell plasma membrane

and grows in size as it fuses with endosome and lysosome vacuoles [378, 380].

Figure 6.9. Surface interactions between 7. cruzi trypomastigote and Host cell [378]
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Cell Lysis

While enclosed in the parasitophorous vacuole, the trypomastigote parasites
release trans-sialidase/neuraminidase enzymes to remove sialic acid from the membrane.
This process sensitizes the membrane to the lytic factor LYT1 and the Tc-Tox peptide,
released from the parasites, which disintegrates the membrane by creating pores [378,
380]. Concurrently, the trypomastigotes transform into amastigotes as the membrane is
degrading. When the parasitophorous vacuole lyses, the amastigotes escape into the
cytoplasm of the cell where they replicate exponentially. Once the amastigotes drain the
cell of its resources, they cause the cell lysis — though host cell death is not caused by
apoptosis but an unknown mechanism. Once the amastigotes lyse the host cell they can
proceed to infect other cells. The lysing of cells presents physiologically as the symptoms
of Chagas’ disease, based on the types of cells being lysed [381]. However, the entire
process of host cell invasion does not have a distinct timeline because amastigotes have
the ability to lie dormant for long periods of time — hence the asymptomatic nature of the

acute/intermediate phases.

Current Therapeutics for Chagas’ Disease
Currently there are two types of treatments: antiparasitic and symptomatic
treatment. The former results in parasitic death and is effective in the acute phase while
the latter is mainly palliative and is used for the chronic phase. Available drugs for the
acute phase are nifurtimox and benznidazole (Figure 6.11). These drugs interfere with the
organism’s genetic synthetic processes and create radicals allowing for antitrypanosomal
activity, albeit with significant host toxicity [382, 383]. While antiparasitic therapy

addresses acute stages, at the present time, no curative treatment is established for
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chronic Chagas’ disease. Due to deleterious side effects, benznidazole is banned in some
countries like the United States. As a result of the undesirable current treatment, research

into alternative therapeutic agents is important.

Figure 6.10: Models of 7. cruzi internalization [378]

Figure 6.11: Chemical structures of Nifurtimox and Benznidazole.
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Potential Targets for Chagas Disease Drug Development

Purine Salvage

The life cycle of T. cruzi is well known and the genome has been completely
sequenced [384]. Essential parasitic pathways or enzymes that are distinct from the
mammalian hosts present potential therapeutic targets. Parasitic nucleotide metabolism
are interesting targets for therapeutic drug design, as this interference with this is a means
by which replication transcription, RNA, and protein synthesis and all other machinery
can be stopped. Mammals and parasitic microbes have distinct mechanisms by which of
purines, for use in nucleotide metabolism, are produced. Many parasitic microbes, in
contrast to free living organisms, cannot perform de novo synthesis of purines; therefore,
they must acquire purines from the host through specific purine
phosphoribosyltransferases. 7. cruzi salvages exogenous purines from the host cells via
hypoxanthine-guanine phosphoribosyltransferase, which might serve as a potential
therapeutic target [385]. However, no inhibitors of this enzyme have thus far been found
to adequately reduce parasitemia or show satisfactory. There has also been investigation
into subversive substrates as potential drugs. For example, a drug allopurinol acts as a
purine analog and is incorporated, through this purine salvage enzyme, into the parasite's
DNA thus disrupting the synthesis of RNA and proteins [386]. However, this approach

has also failed to produce viable therapeutic candidates

Dihydrofolate Reductase

Nucleotide synthesis can also be disrupted is via the enzyme dihydrofolate
reductase [386]. Dihydrofolate reductase catalyzes the reduction of dihydrofolate to

tetrahydrofolate, which is converted to methylene tetrahydrofolate in the subsequent step
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and functions as a methyl source for the production of thymidine monophosphate (TMP)
in trypanosomes (Figure 6.12) [387]. Enzyme substrate analogues are a method that has
also been used to target this enzyme. One such compound is methotrexate (Figure 6.13),
a dihydrofolate analogue that acts as a competitive inhibitor. The K7 values for 7. cruzi
and human DHFR are 0.038 nM and 0.179 nM, respectively [298]. In cell culture,
methotrexate has an ICso value of 9.2 uM towards 7. cruzi amastigote form. However,
this compound exhibits a relatively low selectivity for 7. cruzi dihydrofolate reductase,
with only a 4.7-fold selectivity quotient against the human form of the enzyme. Research
into compounds with better selectivity is ongoing [388-390]
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Figure 6.12. Mechanism of dihydrofolate reductase in the biosynthesis thymidine monophosphate
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Sterol Biosynthesis

Research in the last two decades has consistently demonstrated that T. cruzi, like
most fungi and yeasts, requires specific sterols for cell viability and proliferation in all
stages of its life cycle and the ergosterol biosynthesis pathway (Figure 6.14), which has
various enzymes that are parasite specific, has been chemically validated at many
different steps, in vitro [385]. Various inhibitors targeting some of the enzymes in this
pathway have been developed. Some of the enzymes that have been targeted for
inhibition by therapeutics in this pathway are squalene synthase, squalene epoxidase,
oxidosqualene cyclase, and Cl14a-demethylase (which exists only in fungi and protozoa).
Low ECso value inhibitors have been developed for these targets.

Squalene synthase catalyzes the first committed step in sterol biosynthesis and
was a chemically validated as a chemotherapeutic target in 7. cruzi and Leishmania
mexicana [385]. Inhibitors having low nanomolar ICso values against squalene synthase
have been developed. The best compound E5700, a quinuclidine compound, has an ECso
of 30 nM against 7. cruzi [391]. E5700 was able to provide full protection against death
and completely arrested development of parasitemia in a murine model of acute disease

when given orally [391]. Selective antiparasitic activity of this compound is most likely
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due to the fact that despite them being potent inhibitors of mammalian squalene synthase
[392], the host cells can compensate for the blockade of de novo cholesterol synthesis by
up-regulating the expression LDL receptors [393]. This is not the case with the parasite
as there are no appreciable amounts of ergosterol in the host cells [385, 391]. However,
host organs (such as testis) that require elevated endogenous cholesterol supply could
pose a significant limitation for the prolonged use of these inhibitors, highlighting the
need for parasite specific squalene synthase inhibitors. Recent research has demonstrated
progress towards this goal, as the gene coding 7. cruzi squalene synthase has been cloned
and expressed in E. coli, allowing the production of a soluble, fully active, recombinant
enzyme, which has been used to identify parasite-specific inhibitors [394].

Another promising approach in this area is the validation of oxidosqualene
cyclase as a chemotherapeutic target in 7. cruzi and related parasites [385].
Unfortunately, there have been no reports of in vivo activity of this class of compounds
as of yet. However, it should be noted that amiodarone, an antiarrhythmic drug most
frequently used in chronic Chagas heart disease patients [359], has intrinsic anti-7. cruzi
activity in vitro and in vivo. It was found that amiodarone has a dual mechanism of action
against this parasite, disruption of Ca** homeostasis and blockade of de novo ergosterol
biosynthesis at the level of oxidosqualene cyclase [395].

Recent research has shown that commercially available azole compounds which
are highly effective antifungal agents (such as ketoconazole, itraconazole or terbinafine)
have suppressive, but not curative, activity against 7. cruzi infections in humans or
experimental animals [385]. Triazole derivatives of these drugs have been shown to be

potent and selective inhibitors of fungal and protozoan cytochrome P-450-dependent
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Cl4a sterol demethylase (CYP51) [385]. These were the first compounds reported to
display curative activity both stages of the disease. Furthermore, such compounds were
able to eradicate nitrofuran- and nitroimidazole-resistant 7. cruzi strains from infected
mice, even if the hosts were immunosuppressed [396] . Studies with posoconazole
(Figure. 6.15), have shown that this compound can eradicate intracellular amastigote 7.
cruzi forms from cultured cardiomyocytes and at the same time allow the full reassembly
of the host cells’ cytoskeleton and contractile apparatus [397]. Other triazoles (Figure.
6.15), such as TAK-187, UR-9825 and ravuconazole have also been shown to have
trypanocidal activity, both in vitro and in vivo [398-401].

A different family of azole-based CYP51 inhibitors, with potent anti-7.cruzi
activity in vitro and in vivo, was discovered in the course of a research program to
identify parasite-specific protein farnesylation inhibitors. These compounds are
structurally simpler than the azole compounds described above and could be interesting
alternatives for specific anti-7.cruzi drugs [402, 403].

Despite extensive research into the development of ergosterol biosynthesis
inhibitors, the results from clinical trials have been variable (cure rates range from 0 —
100%). This may be due to different strains in different locations and acquired ergosterol
in patients’ diet from plant sources and/or from other vitamin D2 supplementation, which
may compete with chemotherapies in the sterol biosynthesis pathway. As such, it is

necessary for more research into this topic to be performed.
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italic. The arrows indicate one or more reaction steps.

Pyrophosphate Metabolism

Pyrophosphate metabolism is another indirect target for sterol biosynthesis.

Trypanosomatid cells specialized organelles called acidocalcisomes, which are involved

in polyphosphate and cation storage. The uptake and release of Ca** from

acidocalcisomes is regulated by mechanisms involving Ca*" ATPase, Na”/H" exchanger,

and proton pumping ATPase and pyrophosphatases.
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Figure 6.15. Azole ergosterol biosynthesis inhibitors that inhibit CYP51

Bisphosphonate compounds which are used to treat bone resorption disorders
were demonstrated to inhibit enzymes that are involved in inorganic and organic
pyrophosphate reactions such as farnesyl-pyrophosphate synthase, squalene synthase, or
proton-pumping pyrophosphatases. Compounds selective against 7. cruzi are promising

candidates for anti-trypanosomal chemotherapy [385, 404-406].
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Trypanothione Reductase

Prevention of accumulation of reactive oxygen species is very important for cell
survival. In mammalian host cells, removal of reactive oxygen species (superoxide anion,
hydroxyl radical, peroxynitrite, and hydroperoxides) is accomplished via a carefully
balanced system catalyzed by glutathione related enzymes, superoxide dismutase and
catalase. This process is accomplished in 7.cruzi via a biochemical pathway that is
unique to Kinetoplastid protozoa, where it replaces glutathione and glutathione reductase
as the main intracellular thiol-redox system, making it a promising target for antiparasitic
chemotherapy [385]. Trypanothione (N1, N8-bis (glutationyl)-spermidine) is unique to
trypanosomatids. Recent research has identified the enzymes involved in the synthesis
and redox metabolism of trypanothione as potential chemotherapeutic targets. The genes
of all the enzymes of this pathway have been cloned and expressed and the 3D structures
of these proteins have been determined using X-ray crystallography. Also, several of the
enzymes in this pathway, including trypanothione reductase and trypanothione synthase,
have been genetically validated [407]. Recent research has led to design/discovery of a
number of specific inhibitors of this pathway with in vitro trypanocidal activity [408,
409]. However, there hasn’t been much success in development of inhibitors that display

high enough selectivity or provide parasitological cure.

Cruzipain: A Validated Target for Drug Development
One of the aims of the cysteine cathepsin inhibitor project being conducted in the
Pinney and Trawick laboratories at Baylor University is the development of inhibitors of
Cruzipain. Cruzipain is a lysosomal cysteine protease, a papain-like enzyme belonging to

Clan 1A family. Cruzipain is a parasitic hydrolase found in Trypanosoma cruzi with an
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EC number of 3.4.22.51.458 [410]. Cruzipain is also known as cruzain (a recombinant
form of the enzyme), antigen GP57/51, or Agl63B6. Cruzain is also considered a
cathepsin-L like enzyme due to their structural similarities also has endopeptidase
activity. This enzyme is differentially expressed in the four main stages of the
parasite life cycle, showing significant higher activity in epimastigotes compared
with the other parasite forms [411]. Cruzain inhibition is a promising avenue for
therapeutic development because in the event of inhibition, unprocessed cruzipain
accumulates in the Golgi apparatus of 7. cruzi epimastigotes. This accumulation
interferes with the secretory pathway which eventually leads to trypanocidal activity

[412].

Biological Roles of Cruzain in T. Cruzi Pathology

Cruzain plays numerous roles in the life cycle of 7. cruzi. Cruzain is mainly found
in parasitic lysosomes, similar to cathepsin L (which is expressed in mammalian
organisms). Cruzain is transported to the epimastigote lysosome via endoplasmic
reticulum and Golgi apparatus [413, 414]. Cruzain is also expressed in every stage of the
protozoan life cycle. Specifically, cruzain was found at the surfaces of epimastigotes and
amastigotes, as well in transitional forms of the trypomastigote-amastigote pseudo stage
[415-417].

As mentioned earlier, cruzain is considered the a very important protease due to
its high catalytic activity found in 7. cruzi as well as its involvement in cell invasion,
immune evasion and disease pathogenesis.

Cruzain plays a key role in the parasite’s ability to invade host cells via a number

of pathways [378, 418]. For example, cruzain kininogenase activity results in the release
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of lys-bradykinin (an inflammatory peptide) and prekallikrein (which also generates lys-
bradykinin) [419]. These proteins are pro-inflammatory, thus leading to an increase in
parasitic uptake in host cells [420].

Cruzain is also plays a crucial role in evasion of the host immune system by 7.
cruzi. One such mechanism by which this is achieved is the sequestration and degradation
of host NF-kB on the surface of epimastigotes by cruzain [421]. This protein is crucial for
the activation of macrophages. Thus, host macrophages are rendered unresponsive at the
outset of infection thus conferring protection on the parasite.

In addition to the functions already mentioned, cruzain plays a variety of other
roles in 7. cruzi life cycle and pathogenesis including: cell remodeling in the
epimastigote, activation of bradykinin receptors, metabolism, virulence and mediation of

apoptotic processes [314, 421, 422].

Structure of Cruzain

Cruzipain is expressed in Trypanosoma cruzi as a pre-proenzyme of 467 amino
acids residues (Figure 6.16) containing four very well defined portions: a signal peptide
(19 residues), the propeptide (104 residues), the mature portion (215 residues) and a
carboxy-terminal domain (129 residues) [423]. The signal and prodomain, which account
for 123 amino acids, are cleaved under acidic conditions. The function of these domains
is to protect unnecessary hydrolytic activity of the enzyme inside of the eukaryotic cells
of the parasite, similarly to other cysteine proteases found in mammals. Mature cruzain
is a monomer containing 215 residues (Figure 6.17) with a molecular weight of 23 kDa;
however, glycosylated cruzain molecular weight is 51 kDa. Finally, the 129-residue

carboxyl terminal domain is an unusual feature that is a characteristic of cruzain. To

201



date, there are no other known enzymes sharing this portion. The C-terminal domain
contains significant modifications, including N- and O-glycosylations, and sialycilations
[424]. Efforts to crystallize cruzain with its C-terminal have been unsuccessful to date.
As such, the elucidation of the biological functions of the C-terminal is challenging due
to the lack of validated crystal structures. Furthermore, other modifications also exist, but
their implications in in vivo studies are yet to be fully understood. However, the C-
terminal region does not play a role in cruzain catalytic activity.

The three most abundant residues in the cruzain primary structure are alanine,
glycine, asparagine and valine (25, 23 and 21 residues respectively). On the other hand,
the least abundant residues are histidine (4 residues), arginine and phenylalanine (three
residues each). Hydrophobic residues (A, F, I, L, M, P, V and W) account for forty
percent of the composition of cruzain. Also, 38 percent of the composition is entirely
made of polar, uncharged residues. The secondary structure is made up of seven alpha
helices accounting for 25% of the structure (55 residues), with 24% of the sequence made

up of beta sheets distributed in seventeen strands (52 residues).

1 MSGWARALLLAAVLVVMACLVPAATASLHAEETLTSQFAEFKQKHGRVYESAAEEAFRLS

61 VFRENLFLARLHAAANPHATFGVTPFSDLTREEFRSRYHNGAAHFAAAQERARVPVKVEV

121 VGAPAAVDWRARGAVTAVKDQGQCGSCWAFSAIGNVECQWFLAGHPLTNLSEQMLVSCDK
241 PQDEAQIAAWLAVNGPVAVAVDASSWMTYTGGVMTSCVSEQLDHGVLLVGYNDSAAVPYW
301 HNKNSWTTQWGEEGYIRIAKGSNQCLVKEEASSAVVGGPGPTPEPTTTTTTSAPGPSPSY

361 FVQMSCTDAACIVGCENVTLPTGQCLLTTSGVSAIVTCGAETLTEEVFLTSTHCSGPSVR

421 SSVPLNKCNRLLRGSVEFFCGSSSSGRLADVDRQRRHQPYHSRHRRL

Figure 6.16. Amino Acid Sequence of Pre-procruzain. Legend: Green: Signal Peptide; Blue:
Propeptide; Red: Mature Cruzain; Purple: C-Terminal [423].
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1 APAAVDWRARGAVTAVKDQGQCGSCWAFSAIGNVECQWFLAGHPLTNLSE
51 QMLVSCDKTDSGCSGGLMNNAFEWIVQENNGAVYTEDSYPYASGEGISPP
101  CTTSGHTVGATITGHVELPQDEAQIAAWLAVNGPVAVAVDASSWMTYTGG
151  VMTSCVSEQLDHGVLLVGYNDSAAVPYWIIKNSWTTQWGEEGYIRIAKGS
201 NQCLVKEEASSAVVG

Figure 6.17. Amino Acid Sequence of Cruzain (PDB: 1ME3 [425])

The crystal structure of cruzain was first reported by McGrath and colleagues,
with a structure solved at 2.35 A [426]. Since then, numerous crystal structures have
been resolved, one of which is presented in Figure 6.18. The cruzain monomer is
comprised of two well defined domains: the L-domain which is mainly a-helical and the
R-domain with extended antiparallel B-sheet interactions. The domains are linked by a
polythreonine rich region. The active site is located at the inner face of the two domains.
Similar to cathepsin L and a number of other cysteine proteases, the catalytic triad at the
active site is composed of Cys25, His159 and Asn175 (papain numbering). The overall
structure of cruzain structure is very similar to papain, the major cysteine protease.
Nevertheless, cruzain and papain have differing loops and turns.

A unique feature of cruzain is the presence of a cysteine residue at position 36
(Cys36). To date, there are no other cysteine proteases with this residue located at that
position. The thiol group of this residue was found to have weak interactions with two

carbonyl oxygen atoms (Alal2, Gly32) and one water molecule.
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Figure 6.18. Crystal Structure of Cruzain PDB: 1ME3 [425]. Active site residues displayed as
ball and stick models.

Cruzain contains eight binding sites for the substrate labeled as S1, S2, S3, S4,
S1°, 82°, 83, and S4’ (Figure 6.19). Of particular importance is the deep, hydrophobic
S2 pocket, as it aids cruzain substrate specificity. This pocket has a glutamate residue at
its base (Glu205). The S2 specificity pocket is able to productively bind arginine and
phenylalanine residues. This is because Glu-205 adjusts to restructure the S2 specificity
pocket, conferring right binding to both hydrophobic and basic residues. Kinetic analysis
of activated peptide substrates shows that substrates placing hydrophobic residues in the

specificity pocket are cleaved at a broader pH range than hydrophilic substrates [427].
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Figure 6.19. Cruzain active site with labelled subsites

Cruzain Substrate Specificity and Mechanism of Action

Cruzain is a cathepsin L-like cysteine protease, and shares not only structural
similarities with cysteine cathepsins, but also has a number of similarities in substrate
specificity. This has been observed upon comparison of catalytic activities against
various substrates [428].

Cruzain enzymatic activity has been well studied due to its major roles in cell
invasion and immunogenic procedures. As such, there are a number of natural substrates
of cruzain. The enzyme is able to cleave proteins found in the extracellular matrix such as
collagen, fibronectin and gelatin, among others [429]. This explains the ability of 7. cruzi
to degrade components of the extracellular matrix, including collagen, laminin, and

heparin sulfate [430]. Cruzain also possesses caseinase properties and can also cleave
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hemoglobin, bovine serum albumin and immunoglobulin, which speaks to the role played
by cruzain in the evasion of the host immune system by 7. cruzi

In order to clearly elucidate the catalytic/proteolytic capabilities of cruzain, the
ability of this parasitic protease to cleave various synthetic fluoregenic substrates has
been examined [427]. In this study, different fluoregenic substrates with the motif Z-XR-
AMC where X where hydrophilic or hydrophobic residues at the P2 position, were
analyzed. The enzymatic activity of cruzain over a broad pH range (3 to 8) was also
explored. As mentioned earlier, substrates specificity of cruzain is mainly determined by
the presence of hydrophobic residues at the P2 position of the substrate (X= Phe, Ile and
Tyr) over hydrophilic ones (Arg, Gln). It should however be noted that there is still
catalytic activity against hydrophilic residues at this position albeit to a lesser extent.
This study also defined the activity of cruzain over a broad pH range when hydrophobic
residues were tested, with highest catalytic activity occurring under acidic conditions (pH
5.5). Studies showed the phenolic ring of phenylalanine can be easily accommodated in a
hydrophobic pocket formed by Alal33, Leul57, Gly160 and Glu205 and Met68.

The general mechanism of action of cruzain is mostly similar to the general
cysteine protease mechanism (Figure 5.12). To re-iterate, the mechanism involves a
nucleophilic attack of the thiolate anion of the catalytic cysteine residue. The cleavage
and mechanism of action begins with a deprotonated cysteine thiol group attacking the
carbonyl carbon of the substrate. A glutamine residue (Gln 19) facilitates this reaction by
hydrogen bonding to the carbonyl oxygen and oxyanion tetrahedral intermediate of the
substrate. The electrons temporarily move to the carbonyl oxygen forming a tetrahedral

transition state. Following this, the pushed up electrons are brought back down, cleaving
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the amide bond. The nitrogen of the amide group receives a proton from the imidazolium
cation of the histidine, which acts here as a proton donor. The new amine substrate is
temporarily hydrogen bound to the histidine group before deprotonating the imidazolium
and leaving; the carboxylic substrate is still bound to the cysteine with a thioester bond.
Following this step, a water molecule attacks the remaining substrate causing the oxygen
to take on electrons like before forming another tetrahedral transition state. The histidine
acts as a proton acceptor in this step and takes one of the water’s hydrogen, restoring the
imidazolium cation. When the electrons reform the carbonyl double bond, the thioester
undergoes deacylation forming a deprotonated thiol group and a carboxyl group,

concluding the reaction [431].

Cruzain Inhibitors

For design of effective cruzain inhibitors as possible therapeutics for Chagas’
disease, a number of factors must be taken into account. These include; 1) effectiveness
in both stages, ii) completed under 60 days for clinical use, iii) low molecular weight, iv)
highly selective, v) oral bioavailability, vi) marginal toxicity [432].

Identification of potent cruzain inhibitors has typically been done through
substrate library screening, molecular docking programs, high-throughput screening
(HTS), virtual screening (VS), and quantitative structure-activity relationships (QSAR)
established with x-ray crystallography and protein-ligand interactions fingerprint (PLIF)
methods. Based on these various screening methods, various compounds have been
discovered to be potent inhibitors of cruzain (Figure 6.21). The following section presents
a brief overview of compounds/molecules that have been found to inhibit cruzain

activity.
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Natural Inhibitors

Cruzain is expressed in parasitic organisms as a proenzyme, similar to cysteine
cathepsins. One of the major functions of the propeptide is the prevention of enzymatic
activity of cruzain within the parasite. Thus, activation occurs within the parasitic
lysosome where cruzain activity is mainly found. Cleavage and activation of the enzyme
occur under acidic conditions present in the lysosome. Studies have shown that that this
proregion, (103 residues) with a molecular size of 14 kDa, is a potent inhibitor of mature
cruzain, with a dissociation constant as low as 18 pM in in vitro studies [433].

Other cruzain inhibitors include natural products such as chagasin and
tigutcystatin. Tigutcystatin is a protein produced by a vector of 7. cruzi, traiatoma
infestans [434]. This endogenous inhibitor was first shown to tightly and reversibly bind
toward cruzipain (Ki= 3.29 nM). Structural features of this particular cystatin include a
highly conserved N-terminal glycine residue, a principal motif QxVxG (where x refers to
any amino acid residue), and two adjacent residues at the carboxyl end-proline and
tryptophan. Possible physiological processes involving tigutcystatin include endogenous
gastrointestinal cysteine proteases monitoring, inhibition of cruzain upon 7. cruzi
infection, and other innate immune mechanisms [434]. Chagasin is an endogenous
T'cruzi cruzain inhibitor, most likely used for post-translational regulation of cruzain by

the parasite [435].

Synthetic Inhibitors
A significant number of compounds exhibiting cysteine protease inhibition
activity have been developed and researched as possible candidates for Chagas disease

therapy (Fig 6.20). One of the more well-known and researched selective inhibitors of
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cruzain is N-methyl-piperazine-urea-F-hF-vinyl-sulfone-phenyl, also known as CRA-
3316 or K-777 (Figure. 6.20). This compound has been shown to block the proliferation
of both extracellular epimastigotes and intracellular amastigotes and halt the
transformation of epimastigotes to metacyclic trypomastigotes in vitro. This led to
significant reduction in the parasitemia levels and increased survival in murine models of
acute and chronic Chagas disease, with minimal toxicity [436]. Other studies using a
canine model [437] and a murine immune-deficient model [438] showed that K-777
caused parasetemia reduction and curative effects. The National Institutes of Health
nominated K-777 for development as a potential new treatment for Chagas disease.
However, the clinical development of this compound has been slow due to some
controversy over issues such as hepatotoxicity and the manufacture of the compound
[439]. Studies with structural variants of K777 (with changes at P1, P2, and P3 sites),
showed that a hydrophilic heterocycle at P3 site favored hydrogen bonding with Ser61 of
S3 pocket [440]. Other compound classes that have been shown to be promising cruzain
inhibitors include indoloquinoline alkaloid compounds [441], amino nitrile compounds
[442], chalcones and hydrazides [443], acylhydrazones and thiazolylyhydrazones [444],
and semicarbazone and thiosemicarbozone compounds [445, 446].

Thiosemicarbazone compounds, which are the focus of this project, represent
promising potential antichagasic compounds. The discovery of nonpeptidic
thiosemicarbazones as cysteine protease inhibitors was first reported in 2002, when it was
observed that 3'-bromopropiophenone thiosemicarbazone had particularly potent
inhibitory capability against cruzain [445]. Other research groups, in independent

research projects, have reported similar findings [447, 448]. Furthermore, various studies
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have shown that this class of compounds have had promising albeit widely variable
effects on 7. cruzi in vitro and in vivo [449-452].

As part of a collaborative project between the laboratories of Dr. Mary Lynn
Trawick and Dr. Kevin G. Pinney at Baylor University, the synthesis and evaluation of
novel functionalized thiosemicarbazones as cruzain inhibitors have been reported. The
list included naphthalenes, benzophenone, propiophenones, among others [298, 447, 453,
454]. The purpose of this segment of the overall collaborative research project is the
evaluation of the inhibitory activity of other functionalized thiosemicarbazones that have
been subsequently synthesized including benzoyl-benzophenone and thiochromanone

moieties [455, 456].
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CHAPTER SEVEN
Evaluation of Thiosemicarbazone Inhibitors of Cruzain as Therapeutics for Chagas’

Disease

Material and Methods for the Biological Evaluation of Thiosemicarbazones Derivatives
as Inhibitors of Cruzain
Materials and Equipment
Sodium acetate (anhydrous), ethylenediaminetetraacetic acid (EDTA), and

dithiothreitol (DTT) were obtained from EMD. 30 % Brij 35, and Z-Phe-Arg-AMC (7-
Amino-4-methylcoumarin, N-CBZ-L-phenylalanyl-L-arginine amide, hydrochloride, Z-
FR-AMC) was purchased from Sigma Aldrich. Pure (99.9 %) Dimethyl sulfoxide
(DMSO) and pure 7-Amino-4-methylcoumarin (AMC) were products from Acros and
Anaspec. Recombinant cruzain (1.1 M) was expressed and purified by Dr. Wara M.
Arispe and Lauren Adamson under the guidance and supervision of Dr. Mary Lynn
Trawick. Cruzain DNA plasmid was kindly donated by Elizabeth Hansell and Dr. James
McKerrow from the University of California at San Francisco, CA.18 mQ ultra-pure
water (subsequently referred to as pure water) was generated using an Elga PureLab Flex
water purification system. The thiosemicarbazone inhibitor compounds were synthesized
by members of the Dr. Kevin G. Pinney laboratory [455, 456] at Baylor University.
Black 96 well flat bottom microplates and 0.2 um filters were obtained from Corning.
Single and twelve-channel pipettes as well pipette tips were obtained from Eppendorf.

Range of pipettes used varied between 0.5 and 5000 pl. Also, a pH meter (Mettler
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Toledo) and a Fluoroskan Ascent FL (Thermo) were used to calibrate the pH of the

prepared solutions and for fluorometric experiments respectively.

Preparation of Buffers and Stock Solutions

Preparation of 400 mM sodium acetate buffer, pH 5.5. 200 ml of this solution
was prepared by dissolving 5.59g of anhydrous sodium acetate in 0.74ml glacial acetic
acid and making solution up to 200 ml with pure water. Glacial acetic acid or sodium
hydroxide 5 M (MW: 40 g/mol) were used to adjust the pH of the buffer. This solution
was stored at 4 °C.

Preparation of 40 mM EDTA. A stock concentration of this solution was
prepared by dissolving 14.89 mg (40 umol) of EDTA (MW: 372.29 g/mol) in one
milliliter of water. Fifty milliliters of this solution (744.5 mg; 2 mmol) was prepared for
multiple experiments. The solution of 40 mM EDTA was stored at 4 °C.

Preparation of 80 mM DTT. A freshly made stock concentration of this solution
was prepared by dissolving 12.3 mg (80 pmol) of DTT (MW: 175 g/mol) in one milliliter
of sodium acetate 400 mM, pH 5.5. The 80 mM DTT solutions were made fresh for each
experiment.

Preparation of 6 mM AMC. This stock solution was prepared by dissolving 1.38
mg (6 umol) of AMC (MW: 229.2 g/mol) in one milliliter of pure DMSO. This solution
was stable for several months when stored at low temperatures (-20 °C).

Preparation of 6 mM Z-FR-AMC stock solution. This solution was made by
dissolving 3.9 mg (6 umol) of Z-FR-AMC (MW: 649.15 g/mol) in one milliliter of pure
DMSO. This solution was stable for several months when stored at low temperatures (-

20 °C).
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Preparation of 150 uM Z-FR-AMC solution. This solution was prepared by
diluting 25 pl of the 6 mM Z-FR-AMC stock solution in 975 ul of pure water, resulting
in 1 ml ofa 150 uM (in 2.5% DMSO) Z-FR-AMC solution. This solution was stable for a
month when stored at -20 °C.

Thiosemicarbazone derivative stock solutions. A subset of compounds from a
library of thiosemicarbazone inhibitors was used to make inhibitor stock solutions (20
mM) in pure DMSO. Typically, one milligram was weighed to give a final volume that
varied between 100 and 200 pl of these stock solutions.

Preparation of inhibitor dilutions. Each inhibitor was serially diluted in pure
DMSO to provide six different concentrations (named A-F) with concentrations ranging
from 2 nM (solution A) to 20 nM (solution F). Further dilutions of these solutions into a
solution that contained 35% DMSO in water (named 1-8) were done. Concentrations of
these 35% DMSO in water inhibitor solutions ranged from 200 pM and 200 pM.
Solutions made in pure DMSO were stored for two weeks at -80 °C. 35% DMSO
solutions were made prior to the experiment and kept at 4 °C. Tables 7.1A and B show

sample calculations for the procedure for preparation of the inhibitor stock solutions in

pure and 35% DMSO.
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Table 7.1A. Preparation of inhibitor stock solutions in pure DMSO

Volume
. . from
Inhlbltor Concentration previous Pure DMSO Total Volume
solutions (LM) solution (ul) (ul)
(1h)

Stock 20000
A 2000 10 90 100
B 200 10 90 100
C 20 10 90 100
D 2 10 90 100
E 0.2 10 90 100
F 0.02 10 90 100

Preparation of cruzain assay buffer. Cruzain assay buffer (subsequently assay
buffer for future reference) contained 1.3 mM EDTA, 3.25 mM DTT, 0.02% Brij 35 and
130 mM NaOAc pH 5.5. Ten milliliters of assay buffer were made by adding 450 pul of
40 mM EDTA, 675 pl of 80 mM DTT, 6 pl of Brij 35, 3 ml of 400 mM NaOAc pH 5.5,
and 5.87 ml of water in a plastic 50 ml conical tube. A summary of a typical calculation
sheet used to make different volumes of assay buffer is presented in Table 7.2. The
solution was stable up to a maximum of 24 h after preparation.

Preparation of 35% DMSO solution. An aqueous solution of DMSO was
prepared by dilution of 35 pl of DMSO with 65 ul of water to bring a total of 0.1 ml. This
solution was made up and used for each individual experiment.

Preparation of cruzain secondary stock solution. A secondary stock solution of
cruzain was prepared containing | mM EDTA, 2.5 mM DTT, 0.01% Brij 35, 0.29 nM
cruzain and 100 mM NaOAc pH 5.5. Table 7.3 presents a summary of typical
calculations used to prepare different volumes of cruzain stock solution. The solution

freshly prepared prior to every kinetic or inhibition experiment.
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Table 7.1B. Preparation of inhibitor stock solutions in 35% DMSO

100 % DMSO
S35 % DMSO 100 % DM.SO Stock DMSO (ul) Water (ul)
olutions (uM)  Stock solutions Solutions (1)
olutions (i
200 A 10 25 65
100 A 5 30 65
20 B 10 25 65
10 B 5 30 65
2 C 10 25 65
1 C 5 30 65
0.2 D 10 25 65
0.02 E 10 25 65
0.01 E 5 30 65
0.002 F 10 25 65
0.001 F 5 30 65
0.0002 F 1 34 65

Preparation of cruzain buffer solution for reversibility studies. 4.8 ml of this
solution was made by mixing 1320 pl of 400 mM NaOAc pH 5.5, 5.28 ul of 10% Brij 30,
165 pl of 80 mM DTT, 132 pl of 40 mM EDTA, and 3177.7 ul of water. Final
conditions were: 100 mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, and 0.01% Brij
30.

Preparation of cruzain stock solution for reversibility studies. 100 ml of this
solution was made by diluting 1.82 pl of cruzain enzyme (1.1 pM) in 98.18 pl of the
cruzain buffer solution for reversibility. Final conditions in this solution were 100 mM

NaOAc pH 5.5, | mM EDTA, 2.5 mM DTT, and 0.01% Brij 30, and 20 nM cruzain.
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Table 7.2. Preparation of Cruzain Assay Buffer

40 mM 400 mM
Assay ?“ffer EDTA S0 li DTT  NaOAc  Water (u)  10% Brij (ul)
1000 32.5 40.625 325 600.575 1.3
2000 65 81.25 650 1201.15 2.6
3000 97.5 121.875 975 1801.725 3.9
4000 130 162.5 1300 2402.3 52
5000 162.5 203.13 1625 3002.87 6.5
6000 195 243.75 1950 3603.45 7.8
7000 227.5 284.38 2275 4204.02 9.1
8000 260 325 2600 4804.6 10.4
9000 292.5 365.63 2925 5405.17 11.7
10000 325 406.25 3250 6005.75 13
11000 357.5 446.88 3575 6606.32 14.3
12000 390 487.5 3900 7206.9 15.6
Table 7.3. Preparation of Cruzain Stock Solution
Cruzain -Stock 40 mM 80 mM 400 mM 10% Brij 1.1 uM
Solution EDTA DTT NaOAc  Water (ul) (ul) Cruzain
(1) (1D (1D (1D 1))
600 15 18.75 150 415.49 0.6 0.16
1200 30 37.5 300 830.99 1.2 0.31
1800 45 56.25 450 1246.48 1.8 0.47
2400 60 75 600 1661.98 2.4 0.62
3000 75 93.75 750 2077.47 3 0.78
3600 90 112.5 900 2492.96 3.6 0.94
4200 105 131.25 1050 2908.46 4.2 1.09
4800 120 150 1200 3323.95 4.8 1.25
5400 135 168.75 1350 3739.45 5.4 1.4
6000 150 187.5 1500 4154.94 6 1.56
6600 165 206.25 1650 4570.43 6.6 1.72
7200 180 225 1800 4985.93 7.2 1.87
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Experimental Section

Kinetic Cruzain Assay

Kinetic studies to determine the catalytic activity of cruzain against Z-FR-AMC
substrate were carried in 96-well black microplates using a Thermo Fluoroskan
microplate reader. The total reaction volume was 200 ul per well, with each well
containing 100 pl of assay buffer, 10 ul of 35% DMSO solution, 70 pl cruzain solution,
and 20 pl of varying concentrations (in 2.5% DMSO) of Z-FR-AMC solution. Serial
dilutions were used to prepare Z-FR-AMC solutions that were 10x the final
concentrations in the well (Table 7.4). The reaction mixture containing assay buffer,
enzyme solution, and 35% DMSO was preincubated at 25 °C for 5 minutes after which
the reaction was initiated by the addition of Z-FR-AMC to each well. The production of
AMC was monitored for 5 minutes at 25 °C using excitation and emission references of
355 and 460 nm respectively. Readings were taken every 15 seconds for five minutes.
Reactions were carried out in triplicate. The final concentrations of the kinetic assay are:
100 mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, 0.01% Brij 35, 0.1 nM cruzain and

2% DMSO. Final concentrations of Z-FR-AMC varied between 0.2 and 15 pM.

Preliminary Inhibition Studies

A subset of compounds from a library of thiosemicarbazone analogs (synthesized
by members of the laboratory of Dr. Kevin G. Pinney) was assayed to determine
inhibitory activity against cruzain. The total volume of the reaction was 200 pl, with each
well containing 100 pl of assay buffer, 10 ul of 35% DMSO (control) or 10 pl of'a 200

uM dilution of compound (to give a final concentration of 10 uM in the well), 70 ul
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cruzain solution, and 20 pl of 150 uM Z-FR-AMC solution. The enzyme-inhibitor
mixtures (180 ul of assay buffer, 35% DMSO (control) or inhibitor, and cruzain solution)
was preincubated at 25 °C for a duration of 5 minutes in 96-well black microplates, after
which reactions were initiated by addition of 20 pl of Z-FR-AMC. The release of AMC
product from the substrate in the inhibited and uninhibited reactions was monitored for
five minutes. The final concentrations of the preliminary inhibitory reactions were: 100
mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, 0.01% Brij 35, 0.1 nM cruzain, 10 pM
of the screened inhibitor and 15 uM of Z-FR-AMC. Readings were taken every 15
seconds for five minutes and reactions were carried out in triplicate. Compounds that did
not have cruzain inhibitory activity more than 50% (i.e. vi/vo < 0.5) compared to the
uninhibited control reactions were considered ‘inactive’ compounds and a general 1Cso
value greater than 10000 nM was assumed. Compounds that inhibited cruzain inhibitory

activity more than 50% were further assayed and an exact ICso value was determined.

Table 7.4. Dilution table for varying substrate concentrations (in 2.5% DMSO and water)

Final Concentration Volume of
Concentration prepared (uM) previous Water (ul) DMSO (pl)
(uM) Substrate (ul)
6000 (stock)
15 150 25 975
10 100 666.7 325 8.3
7.5 75 750 243.75 6.25
5 50 666.7 325 8.3
2.5 25 500 487.5 12.5
1 10 400 585 15
0.5 5 500 487.5 12.5
0.25 2.5 500 487.5 12.5
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Cruzain Inhibition Assay (ICso Determination)

Thiosemicarbazone analogues were analyzed for their inhibitory activity against
cruzain using a modified protocol of the preliminary inhibition assays described above. In
this case however, eight different inhibitor dilutions (with final concentrations in the
wells of ranging from 10 pM and 10 pM) were used. Total volume of the reaction was
200 pl, with each well containing 100 pl of assay buffer, 10 pl of 35% DMSO or 10 pl of
inhibitor dilutions, 70 pl cruzain stock solutions, and 20 ul of Z-FR-AMC stock solution.
A 180 pl reaction mixture containing assay buffer, 35% DMSO or inhibitor, and cruzain
was pre-incubated at 25 °C for 5 minutes in 96-well black microplates, after which
reactions were initiated by addition of 20 pl of Z-FR-AMC. The release of AMC product
from the substrate in the inhibited and uninhibited reactions was monitored for five
minutes. The final concentrations of the preliminary inhibitory reactions were: 100 mM
NaOAc pH 5.5, | mM EDTA, 2.5 mM DTT, 0.01% Brij 35, 0.1 nM cruzain, 10 pM of
the screened inhibitor and 15 uM of Z-FR-AMC. Readings were taken every 15 seconds

for five minutes and reactions were carried out in triplicate.

Construction of AMC Calibration Curve

In order to validate the fluorimeter at the excitation and emission wavelengths
used (355 and 460 nm respectively) as well for enzyme activity standardization purposes,
an aminomethylcoumarin (AMC) standard curve was created monitoring the fluorescence
of varying concentrations of AMC. Dilutions were made to include at eight different
concentrations of AMC ranging from 15-0.2 uM in 2% DMSO in a manner similar to that

described in table 7.4.
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Effect of Inhibitor Concentration on Cruzain Progress Curves

Final concentrations, conditions, and volumes were similar to the cruzain
inhibition assay. Assay buffer, inhibitors (final concentrations varied between 1 nM and
10 uM) and Z-FR-AMC (final concentration: 15 uM) were added to the 96-well black
plates (volume of the substrate-inhibitor mixture: 130 pl). Then 70 pl of cruzain solution
was added immediately without any pre-incubation of enzyme and inhibitor. Readings

were taken every 30 seconds for sixty minutes.

Effect of Substrate Concentration in Cruzain Progress Curves

This assay was also similar to the cruzain inhibition assay. Assay buffer, inhibitor
(final 1 uM) and Z-FR-AMC (with varying concentrations ranging from 1-15 uM) were
added to the 96-well black plates (volume of the substrate-inhibitor mixture: 130 pl).
Then 70 pl of cruzain solution were added immediately without any pre-incubation time.

Readings were taken every 30 seconds for sixty minutes.

Effect on Pre-incubation on Cruzain Inhibition

Pre-incubation studies with some of the compounds were carried via an assay
similar to the cruzain inhibition assay described earlier. In this assay, solutions
containing assay buffer, inhibitor and cruzain were pre-incubated for varying time
periods ranging from 0 and 120 min. Fluorescence readings were taken every 15 s for 5

min total and reactions were carried out in triplicate.
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Determination of Kiapp Using Morrison’s Quadratic Equation

Data obtained from preincubation assays were further analyzed as possibly being
tight binding inhibitors of cruzain. This was done by fitting the data via a nonlinear
regression using Morrison’s quadratic equation so as to determine the apparent Ki of the

inhibition.

Cruzain Reversibility Studies

A 4.8 ml of volume assay buffer for reversibility studies was prepared. 20 pl of
cruzain solution for reversibility was pre-incubated assay buffer for reversibility studies
with an equal amount of a concentrated solution of the inhibitor (at a concentration of
20x the pre-determined 1Cso value) at 25 °C between one and four hours. This results in a
solution containing 10 nM cruzain (10x the normal assay amount), compound with 10x
ICso0 concentration, and 50% DMSO. 20 pl of cruzain solution for reversibility was also
incubated with an equal amount of a 50% DMSO solution to serve as the untreated
control. Subsequently, 2 ul of the enzyme-inhibitor mixture (or control solution) were
rapidly mixed with 178 ul of cruzain assay buffer for reversibility and 20 pl of Z-FR-
AMC to start the reaction. Total reaction volume was 200 pul. Readings were taken
every thirty seconds for four hours. Final concentrations are equivalent to those
described previously. Final conditions were: 100 mM NaOAc, pH 5.5, 1 mM EDTA, 2.5

mM EDTA, 0.01% Brij 35, 0.1 nM cruzain and 15 uM of Z-FR-AMC.

Molecular Modeling Studies
Computational studies were performed using Discovery Studio 2016 Client. First,

a crystal structure was obtained from the PDB database. The molecule used for this
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analysis was 1ME3 [425]. Previous experiments conducted with this molecule by
previous members of Trawick group were used to verify the accuracy of the results [298,

452].

Preparation of the Protein

The selected crystal structure is related to the analysis of recombinant cruzain
bound to a synthetic ketone inhibitor. Therefore, the protein needed to be prepared and
validated using a high affinity substrate as reported [425].Water molecules and other
ligands (synthetic ketones) were removed. The structure was re-examined to correct
possible structural disorders, protein residue connectivity, bond-orders, and missing side-
chain or backbone atoms. The pH of the system was also changed in order to modify the
protonation state of the enzyme termini and side chain residues. The pH value used for
this analysis was 6.8. Finally, the binding site was defined according to default

specifications from PDB records.

Preparation of the Ligand (Thiosemicarbazones)

Compound 28 was selected to be modeled with cruzain in order to verify mode of
inhibition and observe major interactions. Compound 1 was used as a comparison
because it was previously modeled with cruzain [298]. Each molecule was drawn in
ChemDraw 6.0 and copied into Discovery Studio 2016. Each molecule was prepared as
‘ligands’. For each ligand, changes in ionization states, and canonical tautomers were
allowed to be carried out. At the end of the run, a list of tautomers was generated for

each compound.
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Docking Simulations

CDOCKER, a dock ligand protocol was used to docking the selected ligands into
the macromolecule. The algorithm allows the simulation of several ligands with a single
receptor protein simultaneously. The input receptor was the cruzain molecule (1ME3)
and the ligands were the entire list of tautomers for each compound. The total number of
top hits was set up to 200. The site sphere coordinates were set as: 5.1024, 9.25127,
6.43005, 8.4. These coordinates were set according to the PDB files default conditions
and they established the permitted area where both ligand and receptor
(thiosemicarbazones and cruzain respectively) could interact. The number of
‘orientations to refine’ was set to 20. Similarly, the ‘maximum bad orientation” and
‘orientation vdW Energy Threshold numbers were 800 and 800 respectively. The
selected force field was CHARMm and the ligand partial charge method was changed to
MMFF. CHARMmMm was used due to its extensive use when modeling organic molecules
with proven accuracy and works quite well with a variety of solvents used in in vitro
studies in several receptor-ligand studies where ligands are synthetic molecules.
Similarly, MMFF is type of force field derived from experimental calculations. MMFF is
extensively used in pharmaceutical industries for studies involving changes in
conformation energies and nonbonded interactions. MMFF also gives accurate results for
a wide range of organic molecules but fails when parallel processing is required.
Docking simulations took several minutes to be performed. For each compound, the
number of conformations varied from a couple of dozen to hundreds to possible
conformations. These conformations were arranged based on the interaction energies to

localize the conformations with highest interaction energies for the compounds analyzed.
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A visible conformation was selected in order to observe interactions between cruzain and
its inhibitors. Finally, a selection filtering residues having interactions with every ligand
was set. Distances for selected atoms were selected and calculated. Also, hydrogen
bonds in that region were chosen and selected. Discovery Studio 2016 Client set
hydrogen bonds less than 2.5 A, but this distance was also modified depending on each

case.

Results and Discussion

Previous studies into the potency of compounds with a thiosemicarbazone moiety
as inhibitors of cruzain have elicited promising results [445, 447]. Therefore, a subset of
compounds from a library of thiosemicarbazone inhibitors was biochemically evaluated
for potency of inhibition against cruzain. This study was a performed as part of a larger
collaborative project between the Kevin G. Pinney and Mary Lynn Trawick laboratories
at Baylor University. Synthetic non-peptidic thiosemicarbazones were provided by
members of the laboratory of Dr. Kevin G. Pinney at Baylor University. Investigation of
the inhibitory activity of these compounds against cruzain included evaluation of
inhibitory potency (ICso) values, elucidation of modes of inhibition using advanced
kinetic studies, and elucidation of binding interactions between compounds and the
protein via molecular modelling.

In order to study the various factors concerning the inhibitory activity of these
compounds against cruzain, enzyme-inhibitor-substrate mixtures were assayed
fluorometrically. Cruzain studies were carried out using a 96-well microplate
fluorometric based assay (Figure 7.1). Z-FR-AMC is a validated fluorogenic substrate

that for serine and cysteine proteases. Substrate concentration was set to 15 uM so as to
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avoid substrate inhibition that may occur at excessive substrate concentrations. Final
conditions for the cruzain fluorometric assay are: 100 mM NaOAc pH 5.5, | mM EDTA,
2.5 mM DTT, 0.01% Brij 35, 2% DMSO, 0.1 nM cruzain, and 0.5 — 15 uM Z-FRM-

AMC.
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Figure 7.1. Fluorometric enzyme assay reaction. Z-FR-AMC is hydrolyzed by cruzain resulting in
a fluorescent product (AMC)

Construction of AMC Calibrations Curves

Fluorometric based assays were used to study the potency, mechanism, and mode
of inhibition of thiosemicarbazones as cruzain inhibitors. This assay relies on the ability
of cruzain to cleave AMC, a fluorophore, from Z-FR-AMC, a less fluorescent synthetic
substrate that is extensively used in research involving cysteine proteases (Figure 7.1).

The construction of AMC standard curves was necessary in order to convert the
relative fluorescence units (RFU) into the concentration of the fluorophore. The curve
allowed the validation of enzymatic activities, kinetic and inhibition assays. Also, kinetic

parameters, velocities and rates could be compared to standard concentration units that
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can be found in the literature. The standard curves were constructed, using GraphPad
Prism™ software, by plotting varying concentrations of AMC over time (Figure 7.2).
Linear regressions of these values were performed and the y-intercept values
corresponding to each AMC solution were obtained. These y-intercept relative
fluorescence values were plotted over the AMC concentrations and a second liner
regression performed (Figure 7.3). Results of the second linear regression give an
equation that can correlate RFU and AMC concentration. The equation is RFU= 146

AMC (in uM) + 38 and the linear coefficient (r?) calculated to give a value of 0.9985.
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5 25001
3 — 15uM
2 2000- — 10uM
[=
- — 7.5uM
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Figure 7.2. Fluorescence values of AMC plotted over time

Determination of Kinetic parameters (Ku, Vmax, and kcat)

Kinetic parameters of the recombinant cruzain with the fluorogenic synthetic
peptide substrate (Z-FR-AMC), were based on the steady state assumption, and indicate
that cruzain velocity as a function of substrate concentration is consistent with the

Michaelis-Menten equation (Eq. 5.1).
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Figure 7.3. AMC Calibration Curve

Kwm, Vmax and kcat for this enzymatic reaction were determined using
experiments that observed the catalytic activity of a fixed concentration of cruzain (0.1
nM) with varying concentrations of Z-FR-AMC (0.2 -15 uM). Experiments were carried
out in triplicate. Catalytic rates were calculated by applying linear regression to a plot of
relative fluorescence obtained from the varying substrate concentrations over time. The
slopes obtained from these linear regressions are the reaction rates/velocities.
Subsequently, these rates were plotted against Z-FR-AMC concentration and a nonlinear
regression analysis using the Michaelis-Menten equation (Eq. 5.1) was performed to
calculate Km and Vmax values. These plots, regressions and calculations were done using
GraphPad Prism 5.0 software. The kcat constant value was determined using equation
5.2. The parameter vo is the initial rate velocity at a specific substrate concentration. The

Vmax is the maximum velocity, Kwm is the Michaelis-Menten constant, [S] is the substrate
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concentration, and kcat is the catalytic rate constant. The Km value was found to be 2.37
+ 0.04 uM, similar to previously reported literature values [457]. The Vmax was

determined to be 2.13+ 0.15 nM/s AMC. The kcat value was calculated to be 21.3 s7\.

The R? of the fit was 0.96.
1.5
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Figure 7.4. Catalytic activity of cruzain over time with varying substrate concentrations

_ VMAX[S] _ M
Vo = m (Eq 51) kCAT = [E] Eq (52)

Preliminary Inhibition Assays of Thiosemicarbazones with Cruzain

The first set of inhibitory experiments was performed to screen for compounds in
the library of thiosemicarbazones that could be potential cruzain inhibitors. Compounds
that caused inhibition of the catalytic activity of cruzain 50% (compared to untreated

control) were selected for further analysis of inhibitory activity.
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Figure 7.5. Dependence of cruzain activity on substrate concentration. The curve was fit to the
Michaelis-Menten equation via non-linear regression using the GraphPad Prism 5.0 software.

Three independent sets of experiments of untreated ([I]: 0 uM) and treated
samples ([I]:10 uM) were preincubated with 0.1 nM cruzain for 5 minutes at 25 °C.
Inhibitory activities were monitored when reactions were started by adding 15 pM Z-FR-
AMUC as a fluorogenic substrate. Reactions demonstrated a linear behavior for at least the
first five minutes. Active compounds were further analyzed to determine an exact ICso
value. If the rate of the reaction of the inhibited reaction was greater than 50% (i.e.
inhibition less than 50%), then the compounds were not considered potential inhibitors

and an approximated IC50 value > 10000 nM was assigned to them.

Cruzain Inhibition Assay (ICso Determination)

A subset of compounds from the library of thiosemicarbazone inhibitors was
assayed to ascertain their potency as inhibitors of the catalytic activity of cruzain. A 96-
well microplate fluorometric assay was utilized to determine the inhibitory activity of

each of these inhibitors. Uninhibited cruzain catalytic activity showed linear behavior
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when 15 pM Z-FR-AMC was used for reactions times that were 5 minutes long. The
determination of the IC50 values was carried out with experiments that observe the
inhibitory capacity of the synthetic compounds when a fixed concentration of cruzain
(0.1 nM) was preincubated for 5 minutes at 25 °C. The final concentration of each
compound varied between 10 pM and 10 uM. Experiments for each tested inhibitor were
done in triplicate. Catalytic rates of uninhibited and inhibited samples were calculated by
linear regression of the data ((AMC]: dependent variable and time (seconds): the
independent variable). The slopes from this linear regression (representing the reaction
rates for each compound concentration-enzyme mixture) were then plotted over the
compound concentrations. The data was consistent with a sigmoidal dose response
relationship, thus a nonlinear regression using equation 5.8 was performed to calculate
ICso values. The value Y represents the inhibited activity (normalized relative to control),
and the X is log ([inhibitor]) in uM. The velocities vmin and vmax represent when
cruzain was preincubated with the highest and lowest inhibitor concentrations
respectively (10 uM and 0 pM or control). The Hillslope value is the slope of the
sigmoidal curve. ICso = S.E. values represent the average and standard errors of at least
three independent experiments. The data from these experiments is presented in Tables

7.6-7.10.
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Table 7.6. ICso values of benzophenone thiosemicarbazone compounds against cruzain

1C50 £ S.E.

Compound Structure (nM)

NH,
NH
11 O | O 11.17+2.9
Br
NH,

Y
N,NH
% > | ~ 30343 3
Br OH
SYNHZ
3 B N > 10000
(J 10
S<_NH,
4 i 70.37+6.4
0
Br
S<_NH,
N
5 S | S > 10000
OH OH
S<_NH,
F NT\I;
6 | > 10000
1
SYNHQ
NH
13 > 10000

.
SeReS

1 Synthesis Reference- R. Siles et al. Bioorg. Med. Chem. Lett., 16 (2006) 4405-4409
2 Synthesis Reference- G.D.K. Kumar et al. Bioorg. Med. Chem. Lett., 20 (2010) 6610-6615.
3 Synthesis Reference- G.D.K. Kumar et al. Bioorg. Med. Chem. Lett., 20 (2010) 1415-1419.
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Table 7.7. ICso values of thiochromanone thiosemicarbazone compounds against cruzain

IC50 + S.E.
Compound Structure (nM)
N/NH\C/NHZ
| I
144 02N\©51 S 47.93+5.9
S
N/NH\C/NHz
I
15¢ Fj©5|j S 158.1£23
F S
LN
| |
Br- S
16* 40.74£2.3
s
F
N o ANH:
PP
174 91.77+26
s
Br
N/NH\C/NHZ
| I
18* /\©51 S 87.03+19.38
S

c
I
194 CI\©5lj S 14.08+3.3
s

4 Synthesis Reference- J. Song et al. ACS Med Chem Lett, 3 (2012) 450-453.
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Table 7.7 (continued). ICsy values of thiochromanone thiosemicarbazone compounds against

cruzain
IC50 =+ S.E.
Compound Structure (nM)
N/NH\C/NHZ
| I
20¢ S 627.6+116
S
N/NH\C/NHZ
214 F5C | g 39.58+3.58
S

Table 7.8. ICso values of benzoyl benzophenone thiosemicarbazone compounds against cruzain

IC50 + S.E.
Compound Structure (nM)
S NH
Y 2
NH
225 o Nf" 70.24+12.9
SYNHZ
NH
235 o) N‘f” 45.9+4.1
jsasasy
Sa_NH,
ﬂqNH
245 ? N ~10000

HsCO

5 E.N. Parker, et al., Bioorg Med Chem, 23 (2015) 6974-6992.
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Table 7.8 (continued). ICsy values of benzoyl benzophenone thiosemicarbazone compounds

against cruzain

IC50 + S.E.
Compound Structure (nM)
S NH,
JNH
25° oH N 1248+157
SaNH,
o N*"«NH
|
26° O O O 36.22+9.1
0
SYNHZ
o NJ\NH
SYNHZ
NH
(0] NNJ
28° ! 12.86+3.75
CLO 0
Br
S NH,
Y
NH
55
295 Q N 117+£8.5
PORGRSW
Ss_NH,
NH
30° Q N 334429
PORCASY
S NH,
o N’PNH
335 O O \ O ~ 10000
Br Br Br
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Table 7.9. 1Cs¢ values of benzophenone (with alkyl linkers) thiosemicarbazone compounds
against cruzain

I1C50 + S.E.
Compound Structure (nM)
SY NH,
_NH
34 N > 10000

I
Y,

35 O NH > 10000
)

S«_NH,
_NH
36 N > 10000
g BN
Sa_NH,
N,NH
37 PP > 10000
g L
S<_NH,
38 O ‘ O ~ 10000
OH OH
Sa_NH,
N,NH
39 O P O ~ 10000
OH OH

236



Table 7.9 (continued). ICso values of benzophenone (with alkyl linkers) thiosemicarbazone
compounds against cruzain

IC50 + S.E.
Compound Structure (nM)
SYNHZ
N-NH
40 \ > 10000
oL e
SYNHZ
N/NH
42 O P O > 10000
Br Br
SsNH,
n-NH
44 O s A O > 10000
cl cl
NH,

45 HO_ N\ > 10000
Oy U
F ‘ F

A significant number of the compounds assayed proved to be potent inhibitors of
cruzain (ICso< 100 nM) (Figure 7.6), with some others showing moderate activity (100
nM<ICso< 10 uM). In addition, the compounds that showed inhibitory activity against
cruzain represented all four of the structural scaffolds (Figure 5.33) around the

thiosemicarbazone moiety.

Advanced Kinetic Studies
A number of the compounds demonstrating inhibitory activity against cruzain

(and representing the four different scaffolds) were further assayed using various kinetic
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methods in order to determine time dependence of inhibition, elucidate the mechanism by
which this class of compounds inhibit cruzain, as well as determine the reversibility of

inhibition of this class of compounds.

SYNHZ S<_NH
»NH N/NH\C/NHZ T
N | c NH
(¢ m S ® 0
12
Br Br S Br
(1) ICso: 11.2 nM (14) ICs0: 47.9 nM (4) ICso: 70.4 nM
S<_NH,
S<__NH
SYNHz N ju/H
+NH o) N

NH O N
. oo
' SAGAS
TU0 . g ot

(22) 1Cs0: 70.2 nM (23) 1Cs0: 45.9 nM (26) 1Cs0: 36.2 nM
s N N/NH\C/NHZ
Y 2 | ; S<_NH,
NH Br- S Y
o) N© _NH
| ”|
Loy 12 S (J T
F
F F
Br Br OH
(28) ICso: 12.9 nM (16) ICs0: 40.7 nM (2) ICs0: 30.3 nM
NH NH
NH NH N2
N~ \ﬁ/ 2 N| ¢ LN
cl | s S | I
FiC S
S
S s
(19) ICso: 14.1 nM (18) ICs0: 87.0 nM (21) ICs0: 39.6 nM

Figure 7.6. Potent thiosemicarbazone inhibitors of cruzain
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Effects of Thiosemicarbazone Inhibitors on Cruzain Progress Curves

To assess the time dependence of the inhibition, the reaction rates were monitored
as a function of time. For this experiment, the enzyme was treated with various
concentrations of inhibitor in the presence 15 pM substrate Z-FR-AMC. Reactions were
initiated by the addition of the enzyme to the inhibitor substrate mixture without
preincubation and fluorescence measurements were taken every 15 seconds up to 3000
seconds. The components were added in the sequence noted in order to observe the initial
interactions of the enzyme with the inhibitor. For time dependent curves, a change in
slope over time should be observed where the inhibition increases as the reaction
progresses. This is due to the initial velocity of enzyme catalyzed substrate cleavage
followed by a change to a steady state velocity. Analysis of progress curves of the
activity of cruzain inhibited with compound 23 shows that this compound inhibits cruzain

in a time dependent manner (Figure 7.7), suggesting slow binding inhibition of cruzain.

— control
81 — 0.00005 uM
— 0.001 uM
64 — 0.005 uM
s — 0.05 uM
e
o 4- — 0.25 uM
i — 1 uM
2- — 5uM
10 uM
0 L] L] L] 1
0 1000 2000 3000 4000

Time (sec.)

Figure 7.7. Cruzain progress curves with varying concentrations of compound 23
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As mentioned in Chapter five, further examination of the exact mechanism of slow
binding inhibition was performed by fitting the data to equation 5.13, by nonlinear
regression analysis using GraphPad Prism 5.0 software. P is the concentration of product
(uUM), vo and vs are the initial and steady-state velocities (WM/s), t is the time in seconds
and kobs the rate constant for conversion of the initial velocity vo to the steady state
velocity vs. The rate constant (kobs) units are given in s'. In equation 5.13, P and t are the
dependent and independent variables, while the velocities and the rate constant are
unknowns. For each case, the constraints for their calculation were to give positive
values (i.e. kobs > 0). It is also worth noting the equation is only valid when substrate
depletion is insignificant [336, 337]. Various kinetic parameters obtained from this

analysis are presented in Table 7.10.

(vo - vs)

P=vct
s kobs

(1 — e~*obst) (Equation 5.12)

Table 7.10. Calculated Kinetic Parameters for Cruzain Progress Curves with compound 23

[1] (uM) 10 5 25 1 0.05

vs(BM/S) 90001085  0.0001307  0.0002868  0.0003478 0.0004961
Vo(UM/S) 0005748 0.006306  0.003130  0.002461 0.002286
Kops (5 0.01019 0.01044 0.003514  0.001691 0.001512

When kobs 1s plotted over inhibitor concentration (Figure 7.8), a hyperbolic curve
is observed. This suggests that the mechanism of slow binding inhibition is one that
involves an initial simple slowly reversible binding step followed by the cruzain-inhibitor
complex undergoing isomerization or covalent modification, to form a more stable

enzyme-inhibitor complex.
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Figure 7.8. Graphical representation of relationship between k. and 23.

Effect of Substrate Concentration on Thiosemicarbazone Inhibition of Cruzain Activity

A useful assay to determine mode of slow binding inhibition of an enzyme is to
generate progress curves with different concentrations of substrate while keeping the
inhibitor concentration constant. For this experiment, progress curves were generated by
addition of 1 uM of compound 19 to cruzain and initiating the reaction with Z-FR-AMC
concentrations ranging from 1-15 uM. Analysis of these progress curves (Figure 7.9)
indicated time dependence of inhibition (as seen from reduction in slopes over time).

As discussed in Chapter five, the mode of inhibition for a slow binding inhibitor
can be determined by observing the effects of substrate concentration on the value of kobs
at a fixed inhibitor concentration [337, 458, 459]. For a competitive inhibitor the value of
kobs Will diminish hyperbolically with increasing substrate concentration as seen from

Figure 5.27 and equation 5.14. In order to confirm this, the data from this experiment was
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fit into Equation 5.12 in order to calculate the koss values for each substrate concentration

(Table 7.11). Plotting the calculated ko»s values against substrate concentrations results in

an inverse hyperbolic curve (Figure 7.10). This indicates the occurrence of competitive

inhibition
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2.5 uM
1.0 uM

Figure 7.9. Cruzain progress curves with varying substrate concentration and 1 pM of compound

19

Table 7.11. Kinetic parameters for Cruzain substrate progress curves with compound 19

[S] (uM) 15 10 5

1

vs (UM/s) 0.0002251 0.00011 5.599e-005 1.851e-005

Vo (UM/s) 0.002841 0.002852 0.002534

kobs (s™) 0.002778 0.003489 0.004188

6.991e-006

0.002226

0.01299
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Figure 7.10. Graphical representation of relationship between ks and substrate concentration
when cruzain is inhibited with compound 19

Effects of Pre-incubation Time on ICso Values

Progress curves provided strong evidence for the occurrence of time
dependent/slow-binding inhibition. Therefore, the effect of pre-incubation time on the
inhibitory potency of thiosemicarbazones on their ICso values was examined. The ICso
values of a number of thiosemicarbazone compounds were determined at different pre-
incubation times ranging between 0 and 120 minutes. Final inhibitor concentration

ranged 0 and 10 uM. The data from these experiments is presented in Table 7.12

Table 7.12. Effect of Pre-incubation Time on ICso Values with various compounds (ND - not

determined)

Compounds ICso Values (nM)

0 min 5 min 30 min 60 min 120 min
2 > 10000 30.3+£3.3 6.8+1.1 4.4+0.4 ND
23 9072+2004 45.9+4.1 10.6+0.7 4.3+1.1 ND
22 > 10000 70.2+12.9 9.2+4.2 0.1+0.03 ND
28 ~ 5000 12.943.7 2.5+1.3 1.8+£0.8 ND
25 > 10000 1248+156.9 110£14.5 49.9+4.2 5.3£0.8
18 > 10000 87.0£19.4 10.8+1.0 7.6+0.9 ND
26 > 10000 36.249.1 4.9+1.0 0.62+0.01 ND
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As presented in Table 7.12, the effect of pre-incubation on the effectiveness of
cruzain inhibition of these compounds is significant. For instance, the unsubstituted
benzoyl benzophenone compound (compound 25) showed minimal inhibitory activity
with no pre-incubation with the cruzain. However, there was a significant increase in
inhibition when the pre-incubation time was increased to 5 minutes, showing a greater
than 100-fold increase in inhibitory potency with an ICso value of 70.2 nM. There was
further significant increase in potency with longer pre-incubation times, culminating in an
ICso less than 10 nM when cruzain was pre-incubated with the compound for 2 hours
(Figure 7.11). Analysis of other thiosemicarbazone compounds showed similar trends.
These results confirmed the strong dependence of ICso value determination with respect
to the pre-incubation time parameter. Uninhibited controls were monitored for every
time period so as to ensure that no significant loss of catalytic activity at longer pre-
incubation times occurred.

It should be noted that inhibitory assays typically differ in this specific parameter
when inhibitory assays are reported in the literature, making comparison of ICso values a
somewhat difficult proposition. It is thus expedient to standardize this parameter to get an
accurate measure of how various inhibitors, especially time-dependent ones, compare to

others in inhibitory potency.
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Figure 7.11. Effect of increasing pre-incubation times on ICso of compound 25 against cruzain

Analysis of Tight Binding Inhibition: Determination of K1 using the Morrison Equation
In order to ascertain whether these compounds were tight binding inhibitors of
cruzain, the Williams Morrison equation (equation 5.17) was used to determine the
apparent binding constant for the inhibitor to the enzyme, the Ki*P, after specified pre-
incubation times. A number of compounds with high inhibitory potency against cruzain
were further analyzed using this equation in order to elucidate the extent of their binding
affinity to cruzain. The data obtained from the ICso determination studies (5-minute pre-

incubation time) were input into this equation in order to determine the Ki*" values.

(IE]r + 1+ (1 + (L)) - J ([l + [y + (K, (1 ' (%)))) ~ 4BVl (pquation
5.17)

Vo 2 [E]T
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The rates vi and v, are the inhibited and uninhibited cruzain velocities (RFU/s);
[E]r (nM) is, the total concentration of enzyme found in solution (free enzyme and
inhibitor-enzyme complex); [I]r (nM) is the total concentration of inhibitor present in
solution (free inhibitor and inhibitor-enzyme complex); and K1 (nM) is the inhibition
constant, often referred as the dissociation constant. GraphPad 5.0 was used to fit the
data to the non-liner regression curve generated from the equation. The residual activity
(or vi/vo) was normalized to 1 (i.e. vo: 1 and 0 <vi < 1). Normalized residual activity and
[I] were defined as the dependent and independent variables respectively. Nonlinear
regression was applied using the following conditions: [S]: 15 uM, Km: 2.37 uM, [E]r:
0.0001 uM and vo: 1.

As seen from the results presented in Table 7.13, the thiosemicarbazone
compounds with high inhibitor potency also turned out to be tight-binding inhibitors of
cruzain, with K1 values in the low nanomolar range. Furthermore, the graphical
representation of the Morrison equation with these compounds results in a very robust fit,

with R? values close to 1 (Figure 7.12 and 7.13).

Table 7.13. ICso and K;*" values of potent thiosemicarbazone inhibitors of cruzain (5 minute

preincubation)

Compound 1Cs9 (nM) K™ (nM)
1 11.17 1.53
2 30.30 4.68
14 47.93 6.12
19 14.08 1.51
23 45.92 7.98
22 70.24 18.66
25 1248 100
26 36.20 7.30
27 217.0 47.60
28 12.86 1.06
29 117.0 21.6
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This data suggests that these thiosemicarbazone compounds from the three

different scaffolds being examined act as tight binding inhibitors of cruzain.
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Figure 7.12. Graphical representation of Morrison Analysis of tight binding of 23 to cruzain
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Figure 7.13. Graphical representation of Morrison Analysis of tight binding of 28 to cruzain

Cruzain Reversibility Studies

Thiosemicarbazone compounds were found to be competitive and time-dependent
inhibitors of cruzain based on the progress curve assays and pre-incubation studies.
Therefore, the next step taken was the exploration of the reversibility of inhibition of

these compounds. A mixture containing 10 nM cruzain and 1 uM compound 14 were
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incubated at 25 °C for 4 h. The reaction was initiated by rapid dilution of the mixture
(100-fold) with assay buffer containing Z-FR-AMC. Experiments were set up in order to
monitor these reactions almost immediately initiation. The final reaction conditions were
0.1 nM cruzain, 10 nM of the thiosemicarbazone compound and 15 puM of Z-FR-AMC
substrate. A control experiment with cruzain incubated with DMSO vehicle control was
carried out simultaneously. The release of AMC over the first 5000 seconds is observed,
as presented in Figure 7.14. Recovery of catalytic activity of cruzain occurred after the
rapid dilution with assay buffer containing Z-FR-AMC. The results showed cathepsin L
was recovered up to 80% after 5000 seconds of reaction. Furthermore, a closer
inspection of the early time-points in the reaction showed that cruzain recovered its

activity within the first 300 seconds of the reaction up to about 60% (Figure 7.15).
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Figure 7.14. Reversibility curves for cruzain incubated with compound 14
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Figure 7.15. First 500 s of reversibility reaction showing rapid recovery of cruzain activity

Molecular Modeling

In order to further understand the interactions between the thiosemicarbazone
compounds and cruzain towards optimization of drug candidates as therapeutic agents
against 7. cruzi, detailed information on how the inhibitor structures interact with cruzain
is required. Molecular modeling is a very important tool in drug design and
development. This technique has been used with the aid of computer technology to screen
and develop potential drug-like molecules and to visualize the abstractive receptor-ligand
complex in two- or three-dimensions.

The active site of cruzain is described using the X-ray structure IME3. As
discussed in Chapter six, the cruzain active site consists of 8 subsites (S1, S2, S3, S4, S1°,
S2°, 83, and S4”). Based on previous molecular modeling studies done by past members
of the Trawick research group, it has been ascertained that thiosemicarbazone compounds
that are potent inhibitors of cruzain typically interact with the enzyme at subsites S1, S2,
and/or S3. The S3 subsite is composed of Thr-59, Asp-60, Ser-61, Ser-64, Gly-65, Gly-

66, Leu-67, and Asn-70. Ala-133, Leu-157, Glu-205, and part of Leu-67 and Met-68
249



along with Gly-66, Asp-158, His-159, and Gly-160 form the deep hydrophobic S2
pocket. The S1 subsite is made up of Cys-25, Ala-30part of Trp-26 and Ser-61, Asp-60,
Thr-59, Asn-70, part of Leu-67 and Met-68, Gly-160, and Asp-158 compose the S1
pocket.

An evaluation of the library of thiosemicarbazones showed several compounds
are outstanding inhibitors of cruzain with ICso values less than 100 nM. One of the potent
benzoyl benzophenone thiosemicarbazone compounds (28) was docked with cruzain
using 1ME3 as a reference structure. Also a compound with no inhibitory activity (24)
was modeled for comparison purposes. The results from the kinetic assays along with
molecular models suggested the formation of covalent bonds between the thiocarbonyl
carbon of the TSC and Cys25 (papain numbering) thiolate group of cruzain (C—S), the
active residue in the catalytic triad. The proximity between these groups of less than 5 A

promotes the formation of a transient covalent bond.

Molecular Docking of 28 with Cruzain

Benzoyl benzophenone analog 28 was one of the more potent inhibitors analyzed,
with an ICso value of 12.1 nM. Molecular modeling using the parameters stated in the
experimental section resulted in a large number of possible conformations of the
compound at the active site. The most likely binding conformation was selected based on
the relative interaction energy with the enzyme. The conformation with the highest
relative interaction energy was then examined to elucidate important interactions and
possible hydrogen bond formation (Figures 7.16). Closer examination of the compound
docked at the active site revealed a number of key interactions (Figure 7.17). This model

places the thiosemicarbazone moiety in the S1 pocket such that the thiocarbonyl is in
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close proximity with the Cys-25 residue. The benzophenone arm of the inhibitor is
located in the deep, hydrophobic S2 pocket, the bromophenyl arm is positioned at the
interphase between the S1 and S2 pockets, and the fluorophenyl arm attached to the
thiosemicarbazone moiety is located on the right-hand side of the S3 pocket close to the
S1 pocket. Some other important interactions between 28 and the active site of cruzain
are:

e Hydrogen bond between one of the hydrogens on the backbone carbonyl of Asp158
and the fluorine on the benzophenone ring, which possibly helps secure this ring in
the deep S2 pocket.

e The (C—S) distance is 4.216 A

e A hydrogen bond between the thiocarbonyl sulfur of the inhibitor and a hydrogen on
Cys25 at the active site, which may contribute to placing the thiocarbonyl carbon

atom of the inhibitor in close proximity to the Cys25 thiolate

Molecular Docking of 24 with Cruzain

For comparison purposes, molecular docking studies were also carried out with
analogue 24, which was inactive against cruzain. Molecular modeling indicated that
analogue 24 did not bind in a manner that would facilitate formation of a covalent bond
(Figure 7.18). Unlike the orientation seen with analogue 28, analogue 24 binds in a
manner such that the TSC group is oriented away from the enzyme towards the solvent.
The benzophenone ring resides in the S1 subsite while the phenyl ring closest to the TSC
moiety resides in the S2 pocket. In each of the top binding orientations, the thiocarbonyl

carbon atom of analogue 24 was positioned no closer than 8 A from the Cys25 thiolate
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ion of cruzain. This comparison further suggests that formation of a transient covalent

bond is necessary for activity against cruzain in this series of compounds.

Figure 7.16. Molecular docking of compound 28 with cruzain (IME3). Compound 28 is docked
with a Connelly surface model of cruzain with the active site subsites labelled.

Summary
A series of benzophenone and other functionalized thiosemicarbazones were
analyzed as potential inhibitors of cruzain. A few of these compounds were shown to be
potent inhibitors of cruzain, with ICso values less than 100 nM (Figure 7.6). Advanced
kinetics analyses were performed in order to investigate the mechanism by which some
of the more potent compounds inhibit cruzain. These compounds were determined to be
competitive, time dependent, tight-binding, and reversible inhibitors of cruzain. For one

of the most potent inhibitors, molecular docking with cruzain showed that
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thiosemicarbazones are placed at the S1 subsite in close proximity to cruzain Cys25 and

in the correct orientation such that bond formation between these groups is possible.

J

TSC Carbon

Figure 7.17. Compound 28 docked at the active site of cruzain with thiosemicarbazone carbon to
Cys-25 sulfur distance labelled. Cruzain is represented with ribbons, active site Cys-25 is
represented as a stick model, and compound is represented as a ball and stick model.
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Figure 7.18. Molecular docking of compound 24 with cruzain (IME3). Compound 24 is docked
with a Connelly surface model of cruzain with the active site subsites labelled.
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CHAPTER EIGHT
Inhibition of Cysteine Cathepsins by Thiosemicarbazone Compounds
Materials and Methods for the Evaluation of Thiosemicarbazone Compounds as Cysteine
Protease Inhibitors
Materials and Equipment
Sodium acetate (anhydrous), ethylenediaminetetraacetic acid (EDTA), and
dithiothreitol (DTT) were obtained from EMD. Z-Phe-Arg-AMC (7-Amino-4-
methylcoumarin, N-CBZ-L-Phenylalanyl-L-arginine amide, hydrochloride, Z-FR-AMC)
the substrate used for analysis of cathepsin L and K was purchased from Sigma Aldrich.
Z-Arg-Arg-AMC Pure (99.9 %) Dimethyl sulfoxide (DMSO) and pure 7-Amino-4-
methylcoumarin (AMC) were purchased from Acros and Anaspec respectively.
Cathepsin L was purchased from Sigma Aldrich, cathepsin K from Enzo life sciences,
and cathepsin B from Calbiochem. Human recombinant caspase 3 enzyme, fluorogenic
peptide substrate of caspase 3 Acetyl-Asp-Met-Gln-Asp-amino-4-methylcoumarin (Ac-
DMQD-AMC) and a validated aldehyde inhibitor of caspase 3 acetyl-Asp-Glu-Val-Asp-
aldehyde (Ac-DEVD-CHO) were all purchased from Sigma Aldrich. The
thiosemicarbazone inhibitor compounds were synthesized by members of the Dr. Kevin
G. Pinney laboratory at Baylor University. Black 96 well flat bottom microplates (3991)
and 0.2 um filters were obtained from Corning. Single and twelve-channel pipettes as
well pipette tips were obtained from Eppendorf. Range of pipettes used varied between

0.5 and 5000 pl. 18 mQ ultra-pure water was generated using a Elga PureLab Flex water
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purification system. Also, a pH meter (Mettler Toledo) and a Fluoroskan Ascent FL
(Thermo) were used to calibrate the pH of the prepared solutions and for fluorometric
experiments respectively. MDA-MB-231 cells used for invasion and migration assays
were obtained from ATCC. Matrigel™ invasion and migration assay kits were purchased
from BD Biosciences. DMEM media (VWR), FBS (Gibco), and DIFF QUIK (Imeb)

were all used for the cell invasion and migration assays.

Preparation of Buffers and Stock Solutions for Cathepsin L Assays

Preparation of 400 mM sodium acetate buffer, pH 5.5. 200 ml of this solution
was prepared by dissolving 5.59g of anhydrous sodium acetate in 0.74ml glacial acetic
acid and making solution up to 200 ml with pure water. Glacial acetic acid or sodium
hydroxide 5 M (MW: 40 g/mol) were used to adjust the pH of the buffer. This solution
was stored at 4 °C.

Preparation of 40 mM EDTA. A stock concentration of this solution was
prepared by dissolving 14.89 mg (40 umol) of EDTA (MW: 372.29 g/mol) in one
milliliter of water. Fifty milliliters of this solution (744.5 mg; 2 mmol) was prepared for
multiple experiments. The solution of 40 mM EDTA was stored at 4 °C.

Preparation of 80 mM DTT. A freshly made stock concentration of this solution
was prepared by dissolving 12.3 mg (80 pmol) of DTT (MW: 175 g/mol) in one milliliter
of sodium acetate 400 mM, pH 5.5. The 80 mM DTT solutions were made fresh for each
experiment.

Preparation of 20 mM AMC. This stock solution was prepared by dissolving 1.38
mg (6 umol) of AMC (MW: 229.2 g/mol) in one milliliter of pure DMSO. This solution

was stable for several months when stored at low temperatures (-20 °C).
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Preparation of 20 mM Z-FR-AMC stock solution. This solution was made by
dissolving 12.99 mg (20 umol) of Z-FR-AMC (MW: 649.15 g/mol) in one milliliter of
pure DMSO. This solution was stable for several months when stored at low
temperatures (-20 °C).

Preparation of 500 uM Z-FR-AMC solution. This solution was prepared by
diluting 25 pl of the 20 mM Z-FR-AMC stock solution in 975 pl of pure water, resulting
in 1 ml of a 500 uM (in 2.5% DMSO) Z-FR-AMC solution. This solution was stable for a
month when stored at -20 °C.

Thiosemicarbazone derivative stock solutions. A subset of compounds from a
library of thiosemicarbazone inhibitors was used to make inhibitor stock solutions (20
mM) in pure DMSO. Typically, one milligram was weighed to give a final volume that
varied between 100 and 200 pl of these stock solutions.

Preparation of inhibitor dilutions. Inhibitor solutions were prepared as
previously discussed for the cruzain assays in Chapter seven. Tables 7.1A and B show
sample calculations for the procedure for preparation of the inhibitor stock solutions in
pure and 35% DMSO.

Preparation of cathepsin L assay buffer. Cathepsin L assay buffer contained 1.8
mM EDTA, 5.4 mM DTT, 0.02% Brij 35 and 180 mM NaOAc pH 5.5. Ten milliliters of
assay buffer were made by adding 450 pl of 40 mM EDTA, 675 pl of 80 mM DTT, 20 pl
of 10% Brij 30, 4.5 ml of 400 mM NaOAc pH 5.5, and 4.36 ml of water in a plastic 50 ml
conical tube. A summary of a typical calculation sheet used to make different volumes of
assay buffer is presented in Table 8.1. The solution was stable up to a maximum of 24 h

after preparation.
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Preparation of 35% DMSO solution. An aqueous solution of DMSO was
prepared by dilution of 35 pl of DMSO with 65 pl of water to bring a total of 0.1 ml. This
solution was made up and used for each individual experiment.

Preparation of cathepsin L secondary stock solution. This solution contained 1
mM EDTA, 3 mM DTT, 0.01% Brij 35, 10 nM cathepsin L (enzyme stock concentration
~ 9 uM) and 100 mM NaOAc pH 5.5. Table 8.2 presents a summary of typical
calculations used to prepare different volumes of cathepsin L stock solution. The
solution was made prior to every kinetic or inhibition experiment.

Preparation of buffer solution for reversibility studies. 4.8 ml of this solution was
made by mixing 1320 pul of 400 mM NaOAc pH 5.5, 5.28 ul of 10% Brij 30, 180 pul of 80
mM DTT, 132 pl of 40 mM EDTA, and 3162.7 ul of water. Final conditions were: 100
mM NaOAc pH 5.5, 1 mM EDTA, 3 mM DTT, and 0.01% Brij 30.

Preparation of cathepsin L stock solution for reversibility studies. 100 ml of this
solution was made by diluting 1.9 pl of cathepsin L enzyme (9 pM stock solution) in
98.12 pl of the buffer solution for reversibility. Final conditions in this solution were 100
mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, and 0.01% Brij 30, and 200 nM

cathepsin L.

Preparation of Buffers and Stock Solutions for Cathepsin K Assays

Preparation of 400 mM sodium acetate buffer, pH 5.5. 200 ml of this solution
was prepared by dissolving 5.59g of anhydrous sodium acetate in 0.74ml glacial acetic
acid and making solution up to 200 ml with pure water. Glacial acetic acid or sodium
hydroxide 5 M (MW: 40 g/mol) were used to adjust the pH of the buffer. This solution

was stored at 4 °C.
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Table 8.1. Preparation of Cathepsin L Assay Buffer

Columns Volume(pl) EDTA (ul) DTT(ul) NaOAc(ul)  Water(ul) Brij(ul)

1 1000 45 67.5 450 435.5 2
2 2000 90 135 900 871 4
3 3000 135 202.5 1350 1306.5 6
4 4000 180 270 1800 1742 8
5 5000 225 337.5 2250 2177.5 10
6 6000 270 405 2700 2613 12
7 7000 315 472.5 3150 3048.5 14
8 8000 360 540 3600 3484 16
9 9000 405 607.5 4050 3919.5 18
10 10000 450 675 4500 4355 20
11 11000 495 742.5 4950 4790.5 22
12 12000 540 810 5400 5226 24

Table 8.2. Preparation of Cathepsin L Secondary Stock Solution

Columns Volume(pl) EDTA(ul) DTT(ul) NaOAc(ul) — Water(ul) Brij(ul)  Cathepsin L(ul)

1 200 5 7.5 50 137.07 0.2 0.23
2 400 10 15 100 274.14 0.4 0.46
3 600 15 225 150 411.21 0.6 0.69
4 800 20 30 200 548.28 0.8 0.92
5 1000 25 37.5 250 685.35 1 1.15
6 1200 30 45 300 822.42 1.2 1.38
7 1400 35 52.5 350 959.49 1.4 1.61
8 1600 40 60 400 1096.56 1.6 1.84
9 1800 45 67.5 450 1233.63 1.8 2.07
10 2000 50 75 500 1370.7 2 23

11 2200 55 82.5 550 1507.77 2.2 2.53
12 2400 60 90 600 1644.84 24 2.76

Preparation of 40 mM EDTA. A stock concentration of this solution was
prepared by dissolving 14.89 mg (40 umol) of EDTA (MW: 372.29 g/mol) in one
milliliter of water. Fifty milliliters of this solution (744.5 mg; 2 mmol) was prepared for

multiple experiments. The solution of 40 mM EDTA was stored at 4 °C.
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Preparation of 80 mM DTT. A freshly made stock concentration of this solution
was prepared by dissolving 12.3 mg (80 pmol) of DTT (MW: 175 g/mol) in one milliliter
of sodium acetate 400 mM, pH 5.5. The 80 mM DTT solutions were made fresh for each
experiment.

Preparation of 20 mM Z-FR-AMC stock solution. This solution was made by
dissolving 12.99 mg (20 umol) of Z-FR-AMC (MW: 649.15 g/mol) in one milliliter of
pure DMSO. This solution was stable for several months when stored at low
temperatures (-20 °C).

Preparation of 500 uM Z-FR-AMC solution. This solution was prepared by
diluting 25 pl of the 20 mM Z-FR-AMC stock solution in 975 pl of pure water, resulting
in 1 ml of a 500 uM (in 2.5% DMSO) Z-FR-AMC solution. This solution was stable for a
month when stored at -20 °C.

Thiosemicarbazone derivative stock solutions. A subset of compounds from a
library of thiosemicarbazone inhibitors was used to make inhibitor stock solutions (20
mM) in pure DMSO. Typically, one milligram was weighed to give a final volume that
varied between 100 and 200 pl of these stock solutions.

Preparation of inhibitor dilutions. Inhibitor serial dilutions were made similarly
to those for the cruzain and cathepsin L assays described earlier. However, the difference
here is that solutions contained 75% DMSO in water.

Preparation of cathepsin K assay buffer. Cathepsin K assay buffer contained 1.8
mM EDTA, 4.5 mM DTT, 0.02% Brij 35 and 270 mM NaOAc pH 5.5. Ten milliliters of
assay buffer were made by adding 450 ul of 40 mM EDTA, 562.5 pl of 80 mM DTT, 20

ul of 10% Brij 30, 6.75 ml of 400 mM NaOAc pH 5.5, and 2.22 ml of water in a plastic
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50 ml conical tube. A summary of a typical calculation sheet used to make different
volumes of assay buffer is presented in Table 8.3. The solution was stable up to a
maximum of 24 h after preparation.

Preparation of 75% DMSO solution. An aqueous solution of DMSO was
prepared by dilution of 75 pl of DMSO with 25 pul of water to bring a total of 0.1 ml. This
solution was made up and used for each individual experiment.

Preparation of cathepsin K secondary stock solution. This solution contained 1
mM EDTA, 2.5 mM DTT, 0.01% Brij 35, 3 nM cathepsin K (stock concentration =~ 0.9
uM) and 150 mM NaOAc pH 5.5. Table 8.2 presents a summary of typical calculations
used to prepare different volumes of cruzain stock solution. The solution was made prior

to every kinetic or inhibition experiment.

Preparation of Buffers and Stock Solutions for Cathepsin B Assays

Preparation of 400 mM phosphate buffer, pH 6.0. 200 ml of this solution was
prepared by dissolving 1.36 g of dibasic sodium phosphate (48 mM) and 9.58 g of
monobasic potassium phosphate with pure water. Hydrochloric acid or sodium hydroxide
5 M (MW: 40 g/mol) were used to adjust the pH of the buffer. This solution was stored
at 4 °C.

Preparation of 40 mM EDTA. A stock concentration of this solution was
prepared by dissolving 14.89 mg (40 umol) of EDTA (MW: 372.29 g/mol) in one
milliliter of water. Fifty milliliters of this solution (744.5 mg; 2 mmol) was prepared for
multiple experiments. The solution of 40 mM EDTA was stored at 4 °C.

Preparation of 80 mM DTT. A freshly made stock concentration of this solution

was prepared by dissolving 12.3 mg (80 pmol) of DTT (MW: 175 g/mol) in one milliliter
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of sodium acetate 400 mM, pH 5.5. The 80 mM DTT solutions were made fresh for each

experiment.
Table 8.3. Preparation of Cathepsin K Assay Buffer

Columns  Volume(ul) EDTA (ul) DTT(ul) NaOAc(ul) Water(ul) — Brij(ul)
1 1000 45 56.25 675 221.75 2
2 2000 90 112.5 1350 443.5 4
3 3000 135 168.75 2025 665.25 6
4 4000 180 225 2700 887 8
5 5000 225 281.25 3375 1108.75 10
6 6000 270 337.5 4050 1330.5 12
7 7000 315 393.75 4725 1552.25 14
8 8000 360 450 5400 1774 16
9 9000 405 506.25 6075 1995.75 18
10 10000 450 562.5 6750 2217.5 20
11 11000 495 618.75 7425 2439.25 22
12 12000 540 675 8100 2661 24

Table 8.4. Preparation of Cathepsin K Secondary Stock Solution

Columns  Volume EDTA DTT(ul NaOAc Water Brij  Cathepsin K

(0)) (0)) ) (1) (0)) () E(0))
1 200 5 6.25 75 11287 02 0.68
2 400 10 12.5 150 22574 04 136
3 600 15 18.75 225 338.61 0.6  2.04
4 800 20 25 300 45148 0.8 272
5 1000 25 3125 375 56435 1 3.4
6 1200 30 375 450 67722 12 4.08
7 1400 35 4375 525 790.09 1.4 476
8 1600 40 50 600 902.96 1.6  5.44
9 1800 45 56.25 675 101583 1.8  6.12
10 2000 50 62.5 750 1128.7 2 6.8
11 2200 55 68.75 825 1241.57 22 748
12 2400 60 75 900 135444 24 816
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Preparation of 20 mM AMC. This stock solution was prepared by dissolving 1.38
mg (6 pmol) of AMC (MW: 229.2 g/mol) in one milliliter of pure DMSO. This solution
was stable for several months when stored at low temperatures (-20 °C).

Preparation of 24 mM Z-RR-AMC stock solution. This solution was made by
dissolving 16.67 mg (24 umol) of Z-RR-AMC (MW: 621.29 g/mol) in one milliliter of
pure DMSO. This solution was stable for several months when stored at low
temperatures (-20 °C).

Preparation of 600 uM Z-RR-AMC solution. This solution was prepared by
diluting 25 pl of the 24 mM Z-RR-AMC stock solution in 975 pl of pure water, resulting
in 1 ml of a 600 uM (in 2.5% DMSO) Z-RR-AMC solution. This solution was stable for
a month when stored at -20 °C.

Thiosemicarbazone derivative stock solutions. A subset of compounds from a
library of thiosemicarbazone inhibitors was used to make inhibitor stock solutions (20
mM) in pure DMSO. Typically, one milligram was weighed to give a final volume that
varied between 100 and 200 pl of these stock solutions.

Preparation of inhibitor dilutions. Inhibitor solutions were prepared as
previously discussed for the cruzain assays in Chapter seven. Tables 7.1A and B show
sample calculations for the procedure for preparation of the inhibitor stock solutions in
pure and 35% DMSO.

Preparation of cathepsin B assay buffer. Cathepsin B assay buffer contained 1.8
mM EDTA, 5.4 mM DTT, 0.02% Brij 35 and 216 mM K-Na phosphate buffer pH 6.0.
Ten milliliters of assay buffer were made by adding 450 ul of 40 mM EDTA, 675 pl of

80 mM DTT, 20 pl of 10% Brij 30, 5.4 ml of 400 mM Phosphate buffer pH 6.0, and 3.46
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ml of water in a plastic 50 ml conical tube. A summary of a typical calculation sheet
used to make different volumes of assay buffer is presented in Table 8.5. The solution
was stable up to a maximum of 24 h after preparation.

Preparation of 35% DMSO solution. An aqueous solution of DMSO was
prepared by dilution of 35 pl of DMSO with 65 pul of water to bring a total of 0.1 ml. This
solution was made up and used for each individual experiment.

Preparation of Cathepsin B secondary stock solution. This solution contained 1
mM EDTA, 3 mM DTT, 0.01% Brij 35, 10 nM cathepsin B (enzyme stock concentration
~12.8 uM) and 120 mM K-Na phosphate pH 6.0. Table 8.6 presents a summary of
typical calculations used to prepare different volumes of cruzain stock solution. The

solution was made prior to every kinetic or inhibition experiment.

Table 8.5. Preparation of cathepsin B assay buffer

Volume (pl) EDTA (ul) DTT (ul) K-Na Phosphate (ul) Water (ul) Brij (ul)
1000 45 67.5 540 345.5 2
2000 90 135 1080 691 4
3000 135 202.5 1620 1036.5 6
4000 180 270 2160 1382 8
5000 225 337.5 2700 1727.5 10
6000 270 405 3240 2073 12
7000 315 472.5 3780 2418.5 14
8000 360 540 4320 2764 16
9000 405 607.5 4860 3109.5 18
10000 450 675 5400 3455 20
11000 495 742.5 5940 3800.5 22
12000 540 810 6480 4146 24
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Table 8.6. Preparation of cathepsin B secondary stock solutions

Volume(pnl) EDTA  DTT K-Na Phosphate Water Brij Cathepsin B

@ @ @ (uh) )
200 5 7.5 60 127.14 0.2 0.16
400 10 15 120 254.29 04 0.31
600 15 22.5 180 381.43 0.6 0.47
800 20 30 240 508.57 0.8 0.63
1000 25 37.5 300 635.72 1 0.78
1200 30 45 360 762.86 1.2 0.94
1400 35 52.5 420 890 1.4 1.1

1600 40 60 480 1017.15 1.6 1.25
1800 45 67.5 540 1144.29 1.8 1.41
2000 50 75 600 1271.43 2 1.57
2200 55 82.5 660 1398.58 2.2 1.72
2400 60 90 720 1525.72 24 1.88

Experimental Section

Kinetic Cysteine Protease Assays

Kinetic studies to determine the catalytic activity of their respective substrates
against substrates were carried out in 96-well black microplates using a Thermo
Fluoroskan microplate reader. The total reaction volume was 200 pl per well, with each
well containing 100 pl of assay buffer, 10 ul of vehicle (DMSO) solution, 20 pl enzyme
solution, and 20 pl of varying concentrations (in 2.5% DMSO) of substrate solution.
Serial dilutions were used to prepare substrate solutions that were 10x the final
concentrations in the well (Table 7.4). After combining all the assay components, the
production of AMC was monitored for 5 minutes at 25 °C, using excitation and emission
references of 355 and 460 nm respectively. Readings were taken every 15 seconds for 5
minutes total. Reactions were carried out in triplicate. The final parameters of each of

the respective enzyme kinetic assays are:
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e Cathepsin L - 100 mM NaOAc pH 5.5, 1 mM EDTA, 3 mM DTT, 0.01% Brij 35,
1 nM cathepsin L and 2% DMSO. Final concentrations of Z-FR-AMC varied
between 0.2 and 15 uM.

e (Cathepsin K — 150 mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, 0.01% Brij
35, 0.3 nM cathepsin K and 4% DMSO. Final concentrations of Z-FR-AMC
varied between 1 and 15 pM.

e (Cathepsin B — 120 mM K-Na Phosphate pH 6.0, 1l mM EDTA, 3 mM DTT,
0.01% Brij 35, 1 nM cathepsin B and 2% DMSO. Final concentrations of Z-RR-
AMC varied between 1 and 60 uM

Preliminary Inhibition Studies

A subset of compounds from a library of thiosemicarbazone analogs (synthesized
by members of the laboratory of Dr. Kevin G. Pinney) was assayed to determine
inhibitory activity against all three cathepsin enzymes. Components of this assay are
similar to those described in the kinetic assay protocol above, in addition to 10 uM of the
compounds being screened. Compounds failing to inhibit cysteine protease activity by
more than 50% (i.e. vi/vo < 0.5) compared to the uninhibited control reactions were
considered ‘inactive’ compounds; a general ICso value greater than 10000 nM was
assumed. Compounds that inhibited cysteine protease activity by more than 50% were

assayed to determine exact ICso values against the enzymes.

Cathepsin Inhibition Assay (ICso Determination)

Thiosemicarbazone analogues were analyzed for their inhibitory activity against
the cathepsins L, B and K using a protocol similar to the one described for cruzain
analysis in Chapter seven. Total volume of the reaction was 200 pl, with each well
containing 100 pl of assay buffer, 50 ul of water, 10 pl of vehicle or 10 pl of inhibitor
dilutions, 20 pl enzyme secondary stock solutions, and 20 pl of substrate solution
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(500uM Z-FR-AMC solution for cathepsin L and K, and 600 pM Z-RR-AMC for
cathepsin B). A 180 pl reaction mixture containing assay buffer, vehicle or inhibitor, and
enzyme was pre-incubated at 25 °C for 5 minutes in 96-well black microplates, after
which reactions were initiated by addition of 20 pl of substrate solution. The release of
AMC product from the substrate in the inhibited and uninhibited reactions was monitored
for 5 minutes. The final concentrations of the preliminary inhibitory reactions were:

e Cathepsin L - 100 mM NaOAc pH 5.5, 1 mM EDTA, 3 mM DTT, 0.01% Brij 35,
1 nM cathepsin L, 50 uM of Z-FR-AMC, and varying concentrations of inhibitor
compounds.

e (Cathepsin K — 150 mM NaOAc pH 5.5, 1 mM EDTA, 2.5 mM DTT, 0.01% Brij
35, 0.3 nM cathepsin K, 50 uM of Z-FR-AMC, and varying inhibitor
concentrations.

e Cathepsin B — 120 mM K-Na phosphate buffer pH 6.0, | mM EDTA, 3 mM
DTT, 0.01% Brij 35, 1 nM cathepsin B, 60 uM of Z-RR-AMC, and varying
inhibitor concentrations

Readings were taken every 15 seconds for five minutes and reactions were carried out in

triplicate.

Construction of AMC Calibration Curve
AMC calibration curves were constructed as previously described in Chapter

seven.

Effect of Inhibitor Concentration on Cathepsin L Progress Curves

Final concentrations, conditions, and volumes are similar to the cathepsin L
inhibition assay. Assay buffer, inhibitors (final concentrations varied between 100 nM
and 10 uM) and Z-FR-AMC (final concentration: 50 uM and 10 uM) were added to the
96-well black plates (volume of the substrate-inhibitor mixture: 180 ul). Then 20 pl of
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cathepsin L solution were added immediately without any pre-incubation time. Readings

were taken every 30 seconds for sixty minutes.

Determination of Kiapp Using Morrison’s Quadratic Equation
Data obtained from preincubation assays were further analyzed as potential tight
binding inhibitors of cruzain. To determine the apparent Ki of the inhibition, the data was

fit via nonlinear regression by applying Morrison’s quadratic equation.

Reversibility Studies

Cathepsin L reversibility solution for was pre-incubated with an equal amount of
a concentrated solution of inhibitor (at a concentration of 20 pM) at 25 °C for 3 hours.
The cathepsin L reversibility assay solution contained 100 nM cathepsin L (10x the
normal assay amount), 10 uM compound, and 50% DMSO. Enzyme solution for
reversibility was also incubated with an equal amount of a 50% DMSO solution to serve
as the untreated control. After the 3 h incubation, 2 pl of the enzyme-inhibitor mixture
(or control solution) were rapidly mixed with 178 pl of cruzain assay buffer for
reversibility and 20 pl of Z-FR-AMC to start the reaction. Total reaction volume was
200 pl. Readings were taken every thirty seconds for four hours. Final concentrations
are equivalent to those described previously. Final conditions were: 100 mM NaOAc, pH
5.5, 1 mM EDTA, 3 mM EDTA, 0.01% Brij 35, 1 nM cathepsin L and 10 uM of Z-FR-

AMC.

Alkaline Phosphatase (AP) Activity Assay
An assay buffer comprising 10 mM glycine-NaOH buffer (pH 8.6) with 2 mM

MgCl2 was prepared. Stock enzyme solution was made by dissolving 0.26 mg human
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placental alkaline phosphatase enzyme (Sigma Aldrich) in 260 pl DI H20 (about 1.2
units/100 pl solution). At optimum conditions, 1 unit of AP converts 1 pmol of 4-
nitrophenyl phosphate (substrate) to 4-nitrophenol (product) per minute. A 60 mM
substrate stock solution was prepared; 0.02-unit alkaline phosphatase aliquots were made
and used for the assay. Final assay conditions in the cuvette were: 1.4 ml of assay buffer
(10 mM Gly-NaOH, 2mM MgCI2, pH 8.6), 50 ul of 0.02-unit enzyme aliquots, and 50 pl
of 60 mM substrate solution (to give a final substrate concentration of 2mM). Assay was
performed at 37°c for 50 minutes in a UV/Vis spectrophotometer with absorbance

readings taken at 405 nm every 6 seconds.

Preliminary Inhibition Assay for Thiosemicarbazone Phosphate Analogue

A modified preliminary inhibition assay protocol was used to determine the
percentage inhibition of cathepsin L by 10 uM of a phosphate analogue of compound 2,
compound 46 (Figure 8.1). In this assay, the reaction solution contained 0.1% Tween (as

opposed to 0.01% Brij used in other reactions).

Alkaline Phosphatase Activation of Thiosemicarbazone Analogue Assay

AP (1.2 units per sample) was incubated with 200 uM of compound 46 for 18 hr.
at 37°C. HPLC was used to confirm amount of conversion of KGP420 to KGP9%4 due to
cleavage of the phosphate group. 2% DMSO was added to a separate sample and also
incubated under the same conditions. This was done because KGP94 is not very soluble

in water and could possibly precipitate due to the AP activity on KGP420.
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In order to ascertain the inhibitory capacity of alkaline phosphatase-treated 47 on
cathepsin L, a modified version of the preliminary inhibition assay was used. The assay
was run using the following conditions:

e Assay buffer; 100 mM Sodium acetate-acetic acid buffer (pH 5.5), | mM EDTA, 3 mM
DTT, 0.1% Tween.

e 1 nM Cathepsin L
e 50 uM substrate (Z-FR-AMC)

e 10 ul AP-KGP420 solution to give a final solution of 10 uM of compound in 200 pl
reaction solution.

Cathepsin L was allowed to incubate with the AP-46 mixture for 5 minutes before
reaction was initiated with addition of Z-FR-AMC. 10 ul volumes of AP-46 in
2%DMSO, glycine NaOH buffer and AP alone (1 unit) were also incubated with
cathepsin L in other reaction solutions. Fluorescence readings over 5 minutes were
obtained and the % inhibition compared to control was calculated for AP-46, AP, glycine

NaOH buffer, and AP-46 in 2% DMSO.

S<_NH,
NH
Nr"'
YO
Br o2
Nad ONa

Figure 8.1. Structure of Compound 46, a phosphate analogue of compound 2

Caspase 3 Inhibition Assay
Assays to determine the effects of on thiosemicarbazone inhibitors (using
compound 2) on the activity of recombinant human caspase 3 (Sigma Aldrich) were

carried out using the fluoregenic peptide substrate Acetyl-Asp-Met-Gln-Asp-amino-4-
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methylcoumarin (Ac-DMQD-AMC) [460, 461]. A validated aldehyde inhibitor of
caspase 3, acetyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO) [461], was used as a
positive control for enzyme inhibition. Inhibitors (I pM compound 2 or 100 nM Ac-
DEVD-CHO) were not pre-incubated with enzyme before initiation of the assay. The
final assay conditions were 1 mM EDTA, 10 mM DTT, 0.1% v/v CHAPS, 50 mM
HEPES, 2% v/v DMSO, 10% v/v glycerol, 100 mM NaCl, pH 7.4, 5 nM caspase 3, and
50 uM of Ac-DMQD-AMC and inhibitor in a total reaction volume of 200 pl. The
release of AMC from the substrate was monitored at 15 second intervals over 30 minutes
at 25°C in black 96 well Corning 3686 assay microplates using a Thermo Fluoroskan
Ascent FL microplate reader at excitation and emission filter wavelengths of 355 nm and

460 nm respectively. Analysis of data was performed with GraphPad Prism 5.0 software.

MDA-MB-231 Cell Culture

MDA-MB-231 cells that were stored under cryogenic conditions were thawed and
plated (using fetal bovine serum (FBS) supplemented DMEM medium) in T-75 flasks and
incubated at 37 °C and 5% COz/air. Supplemented DMEM medium was replaced every
two days. Cells were passaged (removed and placed at lower cell densities in new flasks)
once they reached about 80-90% confluence.

Passaging was carried out by removing DMEM medium from confluent cells and
immediately adding 4 ml of trypsin-EDTA solution to induce cell detachment and lift off
into culture media. After 5-minute incubation at 37°C, cells were observed under the
microscope to confirm if they were completely rounded and detached from the flask
surface. Equal volumes of FBS supplemented DMEM media were added to the flasks in

order to neutralize the proteolytic activity of trypsin. Trypsinized cells were used to seed
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a new generation of cells by transfer to new T-75 flasks containing fresh DMEM media.

New passages were cultured and maintained as previously described.

Cell Freezing Protocol

Trypsinized cells were periodically frozen to keep and maintain an inventory for
future experiments. Stock solutions were centrifuged at 10000 rpm for 5 minutes to form
a cell pellet. Suspended media was removed and replaced with DMEM medium that is
supplemented with 5% DMSO. A cell counter was used to determine cell concentration
in the new stock solutions. Cell concentration varied between one and 5 million cells/ml.
These cell stock solutions were transferred to cryogenic vials. Cells were kept under

cryogenic conditions (liquid nitrogen).

Cell Invasion Assays

Invasion assays were carried out using the BD Bioscience Matrigel™ invasion kit
assay. MDA-MB-231 cells were cultured and passaged as described. Cells were
trypsinized when they were 80% confluent. However, trypsin neutralization was done
with DMEM with no FBS. Cell density was determined with a Beckman Coulter Z-
Coulter cell counter. Cell solutions were diluted with DMEM with no FBS in order to
reach a 200,000 cell/ml concentration in each case. Thiosemicarbazone inhibitors
(compounds 22, 23, and 28) with high cathepsin L activity were selected to test its
efficacy by delaying cell invasion. Also, E-64, a validated pan-cysteine protease
inhibitor was used as a positive control.

Compound dilutions were made by diluting 20 mM compound stock into DMEM

media (with no FBS) to give 50 and 20 pM solutions. Simultaneously, several BD
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BioCoat Matrigel® invasion chambers, which contain an 8-micron pore size PET
membrane with a layer of Matrigel basement, were prepared for the experiment. Both
sides of each matrix were rehydrated using 500 ul DMEM media with no FBS for two
hours in a 5% COz environment at 37 °C. Media was removed and inserts were ready to
be used to start the invasion assay. The experiment was initiated by adding 750 pl of
DMEM supplemented with 10% FBS (which functions as a chemoattractant) and
gentamicin to a 24-well microplate (i.e. lower chamber). Then, the inserts were carefully
placed on top of the wells containing the chemoattractant, avoiding air bubbles between
the bottom part of the insert and medium. Two hundred fifty microliters of the cell stock
solutions (400,000 cells/ml) and 250 pl of 50 and 20 uM of each compound to be tested
were added to every insert. Final conditions for treated cells were: 2% DMSO, 100,000
cells and 25 or 10 uM of the compounds. Final conditions for untreated (controls) cells
are: 2% DMSO and 100,000 cells. The 24-well plates containing the invasion studies
chambers were placed in an incubator with a 5% CO: environment for 24 hours at 37 °C.
Reactions were terminated by removing medium from the inserts. Each insert
was cleaned twice with cotton swabs to remove cells located at the top side of the
membrane. Membranes were stained with a Diff-Quik staining kit (IMEB, Inc.) and
fixed with 100% methanol for two minutes. Then, membranes were rinsed with
deionized water and consecutive staining solutions of azure and xanthenes dyes. Samples
were placed in each solution for a minimum of two minutes and rinsed with water in
between. Finally, samples were air-dried for a minimum for two hours in a biological

safety cabinet.
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Membranes were removed using sterile scalpels and placed on glass slides. Each
sample was observed under a Zeiss Axiovert 40 CFL inverted microscope with and
attached Canon Powershot camera. Ten fields were chosen and observed under a 40X
objective. Eight fields were located at the periphery of the circular sample and numbered
clockwise. Two more fields were counted at the middle of each sample, as depicted in
Figure 8.2. Experiments were performed in triplicate. Counting of the invaded cells was
done using Adobe Photoshop counting tool. The inhibition of the invasiveness of MDA-
MB-231 cells was measured by using the formula: treated cells that invaded the

Matrigel™ layer/untreated cells that invaded the Matrigel™ layer.

Cell Migration Assays

The experimental procedure for the determination of the ability of MDA-MB-231
to migrate is similar to that described for the cell invasion assays. However, the inserts
with an 8 pm did not contain the Matrigel™ layer. Both, invasion and migration assays
were performed simultaneously and used the same MDA-MB-231 cell stock solutions.
The inhibition of the motility of MDA-MB-231 cells was measured by using the formula:
treated cells that migrated to the 8 um membrane/untreated cells that migrated to the 8

um layer.

Figure 8.2. Invasion and Migration Assay Sample Fields
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Results and Discussion

As part of a collaborative project between the Pinney and Trawick research
groups at Baylor University, a small library of thiosemicarbazone compounds were
synthesized, which led to the discovery of a number of thiosemicarbazone derivatives as
inhibitors of cruzain and cathepsin L, with some also showing inhibitory activity towards
other cysteine proteases.

The characterization of compounds that could be used as potential therapeutic
agents involved numerous evaluations. Understanding the kinetic effect of these
inhibitors helped to identify their mechanism of action. Fluorometric based assays were
used to study inhibitor potency, determine Ki, as well as determine whether or not these
thiosemicarbazone compounds are reversible inhibitors of cathepsin L. Two dimensional
cell based assays (colorimetric cell invasion and cell migration assays) were used to
determine the ability of these compounds to inhibit invasion and migration in a metastatic
breast cancer cell line. Furthermore, in order to ascertain selectivity of the different
compounds to cysteine cathepsins, these compounds were also assayed against cathepsins
B, L and caspase 3. Furthermore, as part of the ongoing effort to develop these
compounds as therapeutics, a phosphate analogue (which is more water soluble than the
parent thiosemicarbazone compound) was developed and assayed as a phosphatase
substrate and for its inhibitory activity against cathepsin L.

Cathepsin studies were carried out using a 96-well microplate fluorometric based
assay, similar to the studies used for cruzain analysis. The major advantage of this type
of assay is that a relatively large number of experiments can be performed in a short

period of time without compromising the reproducibility of the results. Microplate-based
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assays are commonly used in drug discovery; furthermore, high throughput screening is
also available where hundreds or thousands of samples can be evaluated simultaneously.
As mentioned earlier, Z-FR-AMC is a validated fluorogenic substrate for serine and
cysteine proteases. This substrate was used for the Fluorometric assays involving
cathepsins L and K (Figure 8.3). Cathepsin B, due to the presence of the active site
occluding loop, has slightly different substrate specificity to the other cysteine cathepsins
(see Chapter five), and as such the fluoregenic substrate Z-RR-AMC is used for this

assay (Figure 8.4).

Construction of AMC Calibrations Curves

AMC calibration curves were constructed in a similar manner to those used for
the cruzain assays, so as to be able to convert the relative fluorescence units into the
concentration of the fluorophore. The standard curves were constructed, using GraphPad
Prism™ software, by plotting varying concentrations of AMC over time (Figure 7.2).
Linear regressions of these values were performed and the y-intercept values
corresponding to each AMC solution were obtained. These y-intercept relative
fluorescence values were plotted over the AMC concentrations and a second liner
regression performed (Fig 7.3). Results of the second linear regression give an equation
that can correlate RFU and AMC concentration. The equation is RFU= 146 AMC (in

uM) + 38 and the linear coefficient (r%) calculated to give a value of 0.9985.
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Figure 8.3. Cathepsin L/K catalyzed hydrolysis of Z-FR-AMC
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Figure 8.4. Cathepsin B catalyzed hydrolysis of Z-RR-AMC

Determination of Kinetic Parameters (Ku, Vmax, and kca) for Cathepsins L, K, and B
Kinetic parameters for the cysteine proteases with fluorogenic synthetic peptide
substrates Z-FR-AMC (for cathepsins L and K) and Z-RR-AMC (cathepsin B), were

based on the steady state assumption, and indicate that reaction rates of these enzymes as
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a function of substrate concentration were consistent with the Michaelis-Menten equation
(Eq. 5.1).

Kwm, Vmax and kcat values for these reactions were obtained using a similar
method to the one described for cruzain in Chapter seven. Briefly, kinetic parameters
were determined by observing the catalytic activity of a fixed concentration of enzyme
with varying concentrations of substrate, applying linear regression to ascertain the rates
of these reactions, plotting these rates against substrate concentration, and then applying
nonlinear regression analysis using the Michaelis-Menten equation (Eq. 5.1), in order to
calculate Km and Vmax values. These analyses were done using GraphPad Prism 5.0
software. The kcat constant value was determined using equation 5.2. The parameter v,
is the initial rate velocity at a specific substrate concentration. The Vmax is the
maximum velocity, Km is the Michaelis-Menten constant, [S] is the substrate
concentration, and keat is the catalytic rate constant. The final reaction values for all the
enzyme assays are presented in the experimental section.

For cathepsin L, the Km value was found to be 1.65 + 0.2 uM, similar to the
previously reported literature values [462]. The Vmax was determined to be 1.34+ 0.11
nM/s AMC. The Kcat value was calculated to be 1.34 s™!. The R? of the fit was 0.96. The
plot of the change in [AMC] over time as a result of cathepsin L activity is graphically
represented in Figure 8.5 A, and the graphical representation of the Michaelis-Menten
equation showing cathepsin L activity is presented in Figure 8.5 B.

For cathepsin K, the Km value was found in our assays to be 61.95 + 4.98 uM.
The Vmax was determined to be 3.18 nM/s of AMC. The kcat value was calculated to be

206.5 s7'. It should be noted from the kinetic results that cathepsins K and L values
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reveals a considerable difference in proteolytic activity against Z-FR-AMC between both

enzymes.
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Figure 8.5. Graphical representation of the kinetic parameters for cathepsin L against Z-FR-AMC
synthetic fluoregenic substrate.

Z-FR-AMC is an excellent cathepsin L substrate (Km: 1 uM). However, that is not
the case for cathepsin K. Literature values show the Km to be roughly 10 times higher
than that of cathepsin L [463] (60 times higher in the assay presented here) and this
difference could be occurring as a result of differences in substrate affinity. Cathepsin K
has been shown to have a specific preference for proline, and other substrates (Z-GPR-
AMC) have been developed to test cathepsin K activity in other studies [464]. The plot of
the change in [AMC] over time as a result of cathepsin K activity is graphically
represented in Figure 8.6 A, and the graphical representation of the Michaelis-Menten

equation showing cathepsin L activity is presented in Figure 8.6 B.
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Figure 8.6. Graphical representation of the kinetic parameters for cathepsin K against Z-FR-AMC
synthetic fluoregenic substrate.

Kinetic parameters for cathepsin B were determined by a previous member of the
Trawick laboratory, Dr. Amanda Charlton-Sevcik using very similar conditions to the
ones used for the inhibition analyses of the thiosemicarbazone compounds against

cathepsin B. The Kwm value was found to be 200.8 uM [465].

Preliminary Inhibition Assays of Thiosemicarbazones with Cysteine Proteases

The first set of experiments that were performed to screen for compounds in the
library of thiosemicarbazones that could be potential inhibitors cathepsins L, B, and K.
Compounds that caused inhibition of the catalytic activity by more than 50% (compared
to untreated control) were selected for further analysis of inhibitory activity. Three
independent sets of experiments of untreated ([I]: 0 pM) and treated samples ([1]:10 uM)
were preincubated with enzyme for 5 minutes at 25 °C. Inhibitory activities were
monitored when reactions were started by adding substrate. Reactions demonstrated a
linear behavior for at least the first five minutes. Active compounds were further
analyzed to determine an exact ICso value. If the rate of the reaction of the inhibited
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reaction was greater than 50% (i.e. inhibition less than 50%), then the compounds were
not considered potential inhibitors and an approximated IC50 value > 10000 nM was

assigned to them.

Cathepsin Inhibition Assay (ICso Determination)

Forty six compounds from the total library of thiosemicarbazone inhibitors were
assayed to ascertain their potency as inhibitors of the catalytic activities of cathepsins L,
B and K. The synthetic compounds were synthesized by members of the Pinney research
laboratory as part of a larger collaborative project between the Pinney and Trawick
research groups. A 96-well microplate fluorometric assay was utilized to determine the
inhibitory activity of these inhibitors. The determination of the ICso values was carried
out with experiments that observe the inhibitory capacity of the synthetic compounds
when a fixed concentration of each of the enzymes was preincubated for 5 minutes at 25
°C with thiosemicarbazone compounds being analyzed. The final concentration of each
compound varied between 10 pM and 10 uM. Experiments for each tested inhibitor were
done in triplicate. Catalytic rates of uninhibited and inhibited samples were calculated by
linear regression of the data ([AMC]: dependent variable and time (seconds): the
independent variable). The slopes from this linear regression (representing the reaction
rates for each compound concentration-enzyme mixture) were then plotted over the
compound concentrations. The data was consistent with a sigmoidal dose response
relationship, thus a nonlinear regression using equation 5.8 was performed to calculate
ICso values. The value Y represents the inhibited activity (normalized relative to control),
and the X is log ([inhibitor]) in uM. The velocities vmin and vmax represent the highest

and lowest velocities for the reactions. The Hillslope value is the slope of the sigmoidal
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curve. ICso & S.E. values represent the average and standard errors of at least three
independent experiments. The various ICso values and thiosemicarbazone compound
structures are shown in Tables 8.7-8.10 below (some of the ICso values presented were
also previously reported by past members of the Trawick research group [452, 465]).

Of the thiosemicarbazone compounds analyzed against cathepsin L, 8 of them
proved to be particularly potent inhibitors with 1Cso values less than 100 nM (Figure 8.7).
Compounds from three of the four different structural scaffolds (Figure 5.33) were
represented in this group of potent cathepsin L inhibitors, with only the compounds
having the benzophenone with extended alkyl link structure not showing any inhibitory
activity against cathepsin L. There were also a few other compounds assayed that showed
moderate inhibitory activity against cathepsin L (i.e. 100 nM<ICso> 10 pM).

There were also a significant number of compounds assayed that showed
moderate to potent activity against cathepsin K, with about 9 compounds having
inhibitory activity less than 100 nM (Figure 8.8) and another 10 compounds having
inhibitory activity between 100 nM and 10 uM. It should also be noted that while a
number of compounds displayed significant inhibitory activity against both cathepsin L
and cathepsin K, a number of compounds showed inhibitory specificity against one or the
other cathepsin (Figure 8.9). Finally, this group of thiosemicarbazones had insignificant
inhibitory effect on cathepsin B activity, as only compound 1 had an ICso value below 10
uM. This is likely due to the difference in the active site cavity of cathepsin B compared

to cathepsins L and K.
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Advanced Kinetic Studies with Cathepsin L

A number of the compounds shown to have inhibitory activity against cathepsin L
(and representing the various compound scaffolds) were further assayed using various
kinetic methods in order to elucidate the mode of inhibition. These assays were done to
determine time dependence of inhibition, elucidate the mechanism by which this class of
compounds inhibit cathepsin L, as well as determine the reversibility of inhibition of this

class of compounds.

Effects of Thiosemicarbazone Inhibitors on Cathepsin L Progress Curves

To assess the time dependence of the inhibition, the reaction rates were monitored
as a function of time. For this experiment, cathepsin L was treated with various
concentrations of inhibitor in the presence 10 uM substrate Z-FR-AMC. Reactions were
initiated by the addition of the enzyme to the inhibitor substrate mixture without
preincubation and fluorescence measurements were taken every 30 seconds up to 50
minutes. For time dependent curves, a change in slope over time should be observed
where the inhibition increases as the reaction progresses. This is due to the initial velocity
of enzyme catalyzed substrate cleavage followed by a change to a steady state velocity.
Further examination of the exact mechanism of slow binding inhibition of cathepsin L by
compound 22 was performed by fitting the data to equation 5.13, by nonlinear regression
analysis using GraphPad Prism 5.0 software. P is the concentration of product (UM), vo
and vs are the initial and steady-state velocities (LWM/s), t is the time in seconds and kobs the

rate constant for conversion of the initial velocity vo to the steady state velocity vs.
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Table 8.7. ICso values of benzophenone thiosemicarbazone compounds against cysteine
cathepsins

ICso =£S.E (nM)
Compound Structure R Cathepsin L Cathepsin K Cathepsin B

26.5+1.9 2185+189

x SYNH-‘,

z
9
4
I
o)

16.2+3.1
| Br
o
2
2 L \© 18911 53.3+3.4 >10000
OH
SYNHz
3 Br N“hNH ‘f‘
3 | > 10000 524.8431.2 >10000
Ri Br
S« _NH;
R
£ . j@ 17514195 617455  >10000
F
Br
SYNHZ
o NH ;
5 l R, \© > 10000 > 10000 >10000
OH
OH
SYNHz
F N“NH f
6 | j@ 7200+751 > 10000 >10000
g
S« _NH,
Ts Y \Q 02432 ND >10000
NJ‘

OCH;

8¢ 104.7+£3.6 >10000

> 10000

@
?i—_

o
z o
T

OCH;

6 Synthesis Reference- E.N. Parker, et al. Bioorg. Med. Chem. Lett. (2016).
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Table 8.7 (continued). ICsy values of benzophenone thiosemicarbazone compounds against
cysteine cathepsins

ICs0 £S.E
Compound Structure R Cathepsin L Cathepsin K Cathepsin B

S

NH,
?/ OH

T,

N NH
96 Br I R, > 10000 203.3+10.7 >10000
OH
Br
S _NH, & OCHs
10° T: > 10000 > 10000 >10000
NJ\
| OCH;
R & on
11°¢ il \©/ > 10000 > 10000 >10000
r
OH
SYNHZ
N s OH
126 HO l R \©/ > 10000 368.9+46.1 >10000
1
Br
Br
NH,
N

S
oNH &
13 N 1876£124  >10000 10000
Ly

Table 8.8. ICsg values of thiochromanone thiosemicarbazone compounds against cysteine
cathepsins

ICso =£S.E (nM)
Compound Structure Ri Cathepsin L. Cathepsin K Cathepsin B

O,N
4 s NH,
14 Y \© 678468 164.7+14.9 >10000

NH
N
|
R1_ F
4
15 o Fj@ s4476 176.6£143  >10000
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Table 8.8 (continued). ICs values of thiochromanone thiosemicarbazone compounds against
cysteine cathepsins

ICso +S.E (nM)
Compound Structure R
Cathepsin L. Cathepsin K Cathepsin B

Br
16* D 434.24+14.8 442429 >10000

F

F

4

17 D ~ 10000 419.4+21.6 >10000

Br
18 N /\© 27204240  29.141.8 >10000

~NH
1

o O cl
19¢ ! KS \© 228.4+11.6 62.9+2.3 >10000
20¢ \© 213.8+16.4 80.8+£2.6 >10000
214 \© 284.1+10.7 21.49+£2.1 >10000

Table 8.9. 1Csg values of benzoyl benzophenone thiosemicarbazone compounds against cysteine

cathepsins
Cathepsin ICsy = S.E (nM)
Cmp Structure R; R R; Ry X L K B
s NH,
~NH
1
5
22 * O O H H H H 5 19633 1738004 >10000
Ry Rs3 R3 R
Rz R4 Rz
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Table 8.9 (continued). ICso values of benzoyl benzophenone thiosemicarbazone compounds

against cysteine cathepsins

c Cathepsin ICs5o£S.E (nM)
;Z;p Structure R; R R; Ry X
L B K
235 F H H H Lo 144245 s500s664  >10000
OCH

2 3 H H H C=0 5117600 2105£129  >10000
5
25 H H H H COH 5284625 296.5+5.1 >10000
5 HC=0  _
26 H H H le ¢=0 5619 2796420 >10000

s NH,

NN

|
27 § O O H H H  CH; C=0 729+110  1034£68  >10000

Ri Rs Ry R
Ry Ry Ry

285 H H Br F C=0 812405  >10000 >10000
295 OH H H H C=0 3405430  =~10000 >10000
30° Br H H H (=0 12;? =10000° - 10000
31° H OH H Br C=0 71668 >10000  ~10000
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Table 8.9 (continued). ICso values of benzoyl benzophenone thiosemicarbazone compounds
against cysteine cathepsins

Cathepsin ICso+ S.E (nM)

Cmpd Structure R, R R; Ry X L K B
~10000
328 S NH: H Br H OH
1. C=0  >10000 >10000
-
foqe
33 kR K H Br  H  Br ., =000 >10000 >10000

Table 8.10. ICso values of benzophenone thiosemicarbazone compounds (with alkyl chain linkers)
against cysteine cathepsins

ICso +S.E
(nM)
Compound Structure Cathepsin L~ Cathepsin K Cathepsin B
Ss_NH,
34 v
O ‘ O >10000 >10000 >10000
SsNHy
35 T\I/H
O N O >10000 >10000 >10000
SYNHQ
36 '@
O ‘ O >10000 >10000 >10000
F F
S<_NH,
_NH
37 P >10000 >10000 >10000
g L,
S« NH,
38 O ! O >10000 >10000 >10000
OH OH
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Table 8.10 (continued). ICso values of benzophenone thiosemicarbazone compounds (with alkyl
chain linkers) against cysteine cathepsins

1C50=S.E (I’IZM)
Cmpd Structure
Cathepsin L. Cathepsin K Cathepsin B
S« NH,
N,NH
39 >10000 >10000 >10000
OH OH
S NH;
_NH
40 N ~10000 >10000 >10000
LT 2
SsNH;
NNH
41 P> >10000 >10000 >10000
LT 0
S<NH;
N,NH
42 O s A O >10000 >10000 >10000
Br Br
SsNH,
43 Y >10000 >10000 >10000
70
SeNH;
NN
44 O P O >10000 >10000 >10000
cl cl
NH,
S p—
45 \HO " ~10000 >10000 >10000
Oy O
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Figure 8.7: Potent thiosemicarbazone inhibitors (ICsp < 100 nM) of cathepsin L

The rate constant (kobs) units are given in s™'. In equation 5.13, P and t are the
dependent and independent variables, while the velocities and the rate constant are
unknowns. For each case, the constraints for their calculation were to give positive
values (i.e. kobs>0). The kinetic parameters obtained from this analysis are presented in
Table 8.11.

Observation of a plot of koss over inhibitor concentration (Figure 8.12) suggests
that the relationship between these two parameters is a linear one. This suggests that the
mechanism of slow binding inhibition of cathepsin L by compound 22 is one that

involves simple slowly reversible inhibition. However, analysis of the mechanism of
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slow binding inhibition of compound 28 against cathepsin L suggests a different
outcome. The relationship between kobs and inhibitor concentration observed here is a
hyperbolic one (Figure 8.13), suggesting that the mechanism of inhibition may involve an
initial simple slowly reversible binding step followed by the cruzain-inhibitor complex
undergoing isomerization or covalent modification, to form a more stable enzyme-

inhibitor complex.
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[
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Figure 8.8. Potent thiosemicarbazone inhibitors (ICso < 100 nM) of cathepsin K
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Figure 8.9: Thiosemicarbazone compounds selective for cathepsin L and/or K
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Figure 8.10. Progress curves of cathepsin L activity inhibited with varying concentrations of

compound 22
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Figure 8.11. Progress curves of cathepsin L activity inhibited with varying concentrations of

compound 28
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Table 8.11. Kinetic parameters obtained from non-linear regression analysis of progress curves of
cathepsin L inhibited by compound 22

[22]

10 5 1 0.5 0.1 0.01 0.005
(uM)
Vs 5.645e-  7.572e- 1.551e- 2.019e- 4.701e-
(uM/s) 005 005 0.0001982 0.0002630 014 014 014

Vo
(uM/s)  0.01095 0.006306 0.002321  0.002127  0.001936  0.001910  0.001982

k"lfa(s_ 0.04373  0.02199 0.003213  0.001854 0.0004476 0.0003145 0.0002009

0.05-

0.04+

0.03-

0.02-

kobs (™)

0.014

0.00 . | |
0 5 10 15

[22] (uM)

Figure 8.12. Graphical representation of the relationship between kobs and [22]

Analysis of Tight Binding Inhibition: Determination of Ki using the Morrison Equation
Analysis of tight binding inhibition of cathepsin L by thiosemicarbazone

compounds using the Williams Morrison equation (equation 5.17) was used to determine

the binding constant for the inhibitor to the enzyme, the Ki, at specified pre-incubation

times.
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Figure 8.13. Graphical representation of the relationship between ks and [28]

A number of compounds with high inhibitory potency against cathepsin L were further
analyzed using this equation in order to elucidate the extent of their binding affinity to
cruzain. The data obtained from the ICso determination studies (5-minute pre-incubation

time) were input into this equation in order to determine the Ki values.

(IE] + 1+ (K, + (L)) - J ([l + [y + (K, (1 ' (%)))) 4B (pguation
5.17)

v 2 [Ely

The rates vi and v, are the inhibited and uninhibited cruzain velocities (RFU/s);
[E]r (nM) is, the total concentration of enzyme found in solution (free enzyme and
inhibitor-enzyme complex); [I]r (nM) is the total concentration of inhibitor present in
solution (free inhibitor and inhibitor-enzyme complex); and K1 (nM) is the inhibition
constant, often referred as the dissociation constant. The equation may be solved to give
two possible answers. However, the equation is written so that there is only one possible

answer that fits physiological conditions (i.e. Ki*® > 0). GraphPad 5.0 was used to fit the
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data to the non-liner regression curve generated from the equation. The residual activity
(or vi/vo) was normalized to 1 (i.e. vo: 1 and 0 <vi < 1). Normalized residual activity and
[I] were defined as the dependent and independent variables respectively. Nonlinear
regression was applied using the following conditions: [S]: 15 uM, Km: 2.37 uM, [E]r:
0.0001 uM and vo: 1.

As seen from the results presented in Table 8.12, the thiosemicarbazone
compounds with high inhibitor potency also turned out to be tight-binding inhibitors of
cathepsin L, with Ki*? values in the low nanomolar range. Furthermore, the graphical
representation of the Morrison equation with a representative compound results in a very
robust fit, with R? values close to 1 (Figure 8.14). This data suggests that these
thiosemicarbazone compounds from the three different scaffolds being examined act as

tight binding inhibitors of cathepsin L.

Table 8.12. K; values of a selection of thiosemicarbazone inhibitors of cathepsin L

Compound 1Cs9 (nM) K™ (nM)
1 16.2 0.39
2 223 38.9
7 202 7.60
23 14.4 1.83
26 56.0 0.81
28 8.12 1.04
31 71.6 2.71

Cleavage and Inhibition Studies of a Thiosemicarbazone Phosphate Analogue against
Cathepsin L

In this research project as well as in previous studies, Compound 2 has been
shown to be a potent, slowly reversible, time-dependent inhibitor of cathepsin L [466].

Furthermore, the low cytotoxicity against human umbilical vein endothelial cells

296



(HUVECS), the ability to inhibit the invasive and migratory potential of both PC-3ML
(prostate cancer cell line) and MDA-MB-231 (breast cancer cell line) in vitro, and the
ability to reduce metastatic tumor burden and increase survival rate in PC-3ML tumor
bearing mice has led to the identification of this compound as a pre-clinical candidate for
potential development as an anti-metastatic agent, functioning through a potent inhibition

of cathepsin L [455, 466].
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< R*=0.95
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c
S
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Figure 8.14. Graphical representation of Morrison analysis of tight binding of compound 7 to
cathepsin L

However, compound 2, like most of the other thiosemicarbazone compounds
being analyzed, has limited solubility in water. Therefore, a water-soluble prodrug salt,
compound 46 (Figure 8.1), was synthesized so as to further the pre-clinical development
of this promising agent. This phosphate prodrug had low inhibitory activity against
cathepsin L (ICso> 10000 nM). However, the phosphate prodrug can be converted to the

parent compound by endogenous phosphatases in vivo (Figure 8.15).
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Figure 8.15. Conversion of compound 46 to compound 2

Initial in vitro analysis of this compound involved a preliminary inhibition assay
of cathepsin L with compound 46, an alkaline phosphatase activity assay, alkaline
phosphatase treatment of compound 46, and finally a cathepsin L preliminary inhibition
assay using the product of the reaction between alkaline phosphatase and compound 46.
The enzymatic activity of alkaline phosphatase (from human placenta) was determined
by monitoring the conversion of 4-nitrophenyl phosphate (Sigma-Aldrich) substrate
(Sigma-Aldrich) to 4-nitrophenol. This enzymatic assay was carried out as described in
the experimental section, and showed that the alkaline phosphatase enzyme converted
substrate to product at a rate of roughly 0.002 umol/min (1 pmol 4-nitrophenol = 1
absorbance unit) (Figure 8.16). This alkaline phosphatase activity was about 10 fold less
active than expected (at optimum conditions, 1 unit of AP converts 1 pmol of 4-
nitrophenyl phosphate (substrate) to 4-nitrophenol (product) per minute; 0.02 units of
alkaline phosphatase were used), mostly likely due to sub-optimal assay pH. However,
this activity was still deemed to be comparable to conditions in cells and sufficient to

adequately convert the phosphate prodrug into the parent drug.
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The cleavage of prodrug 46 with ALP was carried out by incubation at 37 °C in
10 mM glycine buffer solution (pH 8.6, with 2 mM MgCl2) over 48 h. HPLC analysis of
both compounds (Agilent Technologies 1200 series, with a ZORBAX Eclipse XDB-18
column) isocratically in 50% acetonitrile and 50% water (containing 0.05% TFA) at 1
mL/min showed retention times of 1.565 minutes for 46 and 5.582 for 2 (Figure 8.17).
Once these retention times for the compounds were determined, compound 46 (200 uM)
was incubated with alkaline phosphatase (1.2 units) in glycine buffer solution for 18 h as
previously stated in the experimental section. Subsequently, conversion of compound 46
to compound 2 was monitored via HPLC. It should be noted that 2% DMSO was added

to a separate sample and also incubated under the same conditions.
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Figure 8.16. Alkaline phosphatase enzymatic assay

This was done because compound 2 is not very soluble in water and could
possibly precipitate due to the alkaline phosphatase activity on compound 46. Incubation
of compound 46 with alkaline phosphatase resulted in almost complete conversion to

compound 2 due to cleavage of the phosphate group (Figure 8.18).
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Figure 8.17. HPLC Chromatogram of Compounds 2 and 46

Addition of 2% DMSO to the reaction solution also produced similar results
(Figure 8.19). It should be noted that compound 47 was incubated for 48 h in glycine
buffer solution without ALP at 37 °C, minor hydrolysis (5.6%) to form 2 was observed
(Data not shown). When 47 was stored at 4 °C at a 20 uM concentration in water, no
hydrolysis to form 2 was observed. This suggested that minimal spontaneous hydrolysis

occurs with these compounds under these conditions.
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Figure 8.18. HPLC chromatogram of alkaline phosphatase treated compound 46
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Figure 8.19. HPLC chromatogram of alkaline phosphatase treated compound 46 in 2% DMSO

Subsequently, the cleavage product was assayed against cathepsin L to determine
the inhibitory activity. This was compared to the inhibitory activity at 10 uM (5 minute
pre-incubation) of compounds 2 and 47. Analysis of the cleavage product against
cathepsin L showed that incubation of 47 with alkaline phosphatase restored the
inhibitory activity against cathepsin L that was seen with treatment of cathepsin L with 2

(Figure 8.20).

Caspase 3 Inhibition Assay

In order to ascertain that thiosemicarbazone inhibitors specifically target cysteine
cathepsin proteases, the inhibitory activity of a potent cathepsin L inhibitor from this
group of compounds (compound 2) was determined against caspase 3. Caspases are
cysteine aspartyl proteases that play important roles in apoptosis and inflammation.
Caspase 3 is one of the downstream effector caspases that are activated by initiator
caspases during apoptosis, leading to selective hydrolysis of cellular proteins in the

pathways leading to cell death [467].
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Figure 8.20. Effect of alkaline phosphatase activity on cathepsin L inhibition by 46

Caspase activity is highly regulated in the cell. Improper caspase activity has
been shown to play roles in many severe human diseases, including neuronal crush
injury, stroke, heart failure, and neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases are associated with increased activities of
caspases [467]. On the other hand, caspase activity is suppressed in cancer,
autoimmune diseases and viral infections [467].

Using the fluoregenic assay described earlier, compound 2 was shown to inhibit
caspase 3 activity by only 4.5% at 1 uM, compared with over 90% inhibition of caspase 3
activity by 100 nM of the positive control inhibitor (Ac-DEVD-CHO) (Figure 8.21). This
indicates that this compound is inactive against caspase 3 and as such would not cause

any significant change in caspase activity in cells.

Inhibition of Cell Invasion and Migration
Cysteine cathepsins have been shown to play a significant role in tumor

metastasis and have been shown to be upregulated in various highly metastatic tumors
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[327, 468]. Tumor metastasis involves increased cell motility and degradation of
extracellular matrices. Therefore, we decided to explore the potency of some of the
thiosemicarbazone compounds to reduce invasion and motility of MDA-MB-231 cells, a
human breast cancer cell line that has been previously investigated and showed high

levels of cathepsin L, invasiveness and motility properties.
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Figure 8.21. Caspase 3 Inhibition Assay
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Three benzoyl benzophenone thiosemicarbazone compounds (Compounds 22, 23
and 28) were analyzed, and E-64, a nonspecific cysteine protease irreversible inhibitor
was used as a positive control to verify the activity of the compounds. E-64 was selected
because it is highly selective towards cysteine proteases and not reacting with other
enzymes, as well as its ability to inhibit tumor migration and invasion [469, 470].
Invasion and migration assays were carried out using MDA-MB-231 cells that have been
harvested with DMEM media supplemented with 10% FBS, as previously described in
the experimental section. Final conditions were 50,000 cells per well/insert, 2% DSMO,
and 10 or 25 uM of compounds 22, 23, 28 and E-64. Samples were incubated for 24 h at

37 °C in 5% CO2/air environment. After incubation time, media was removed, and the
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inner sides of the membranes were cleaned to remove cells that did not invade or migrate.
Then, membranes were stained with DiffQuik staining kit with azure and xanthenes dyes.
Membranes were air-dried and placed on slides. Manual cell counting was performed
using a Zeiss inverted microscope. Slides were placed onto the instrument, and were
observed under a 40X objective. Cell that migrated the 8 um membrane or cells that
invaded the Matrigel® layer have a dark purple shade with a round shape. The purple
coloration is due that cytoplasmic matter and nuclei are sensitive to both dyes. The dark
color is also easier to follow and distinguish from other particles.

Analysis of the experimental data produced shows that treatment of MDA-MB-
231 cells with thiosemicarbazone compounds 22, 23, and 28 has significant effects on
cell invasion of Matrigel and on cell motility (Figure 8.22). Treatment of cells with 10
UM of compound 28 caused significant inhibition of cell invasion (67% compared to
control) which is similar to the inhibition seen with E-64 treatment. However, at this
concentration compounds 22 and 23 have barely any inhibitory effect on cell invasion
(Figure 8.21 A). At 25 uM, all compounds 22, 23, and 28 inhibit cell invasion by 30, 65
and 67% respectively (Figure 8.22 B). It should be noted that the inhibitory activity of
compound 28 does not seem to increase between 10 and 25 uM concentrations which is
unexpected, as the other compounds and E-64 show a concentration dependent increase
in inhibition of MDA-MB-231 cell invasion.

All three compounds also significantly inhibit cell migration at both 10 and 25
UM concentrations. At 10 uM, compounds 22, 23, and 28 inhibit cell migration by 40, 42
and 25% respectively (Figure 8.21 C). At 25 uM, the inhibition of migration increases to

75%, 50% and 60 % respectively (Figure 8.22 D).
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Overall, all three compounds seem to cause significant inhibition of cell invasion
and migration that is comparable to E-64, with moderate increase in inhibitory potency

due to increased compound concentration.

Cathepsin L Reversibility Studies

Similar to the results seen with cruzain, thiosemicarbazone compounds were
found to be time-dependent inhibitors of cathepsin L based on the progress curve assays
and pre-incubation studies. In order to get a more robust understanding of the mode of
inhibition, it was necessary to ascertain whether the inhibition of cathepsin L by these
compounds is a reversible process. A mixture containing 10 nM cruzain and 5 uM
compound 22 were incubated at 25 °C for four hours. The reaction was initiated by rapid
dilution of the mixture (100-fold) with assay buffer containing Z-FR-AMC. Experiment
was set up in order to monitor these reactions almost immediately initiation of reaction.
Final conditions are 1 nM cruzain, 50 nM of the thiosemicarbazone compound and 10
uM of Z-FR-AMC substrate. A control experiment with cathepsin L incubated with
DMSO vehicle control was carried out simultaneously. The release of AMC over the
course of 7500 s was observed, and results presented in Figure 8.23. Observation of the
reaction over the course 7500 s showed complete initial inhibition of enzyme activity by
both compounds for about the first 1000s. However, there was slow recovery of enzyme
activity in the inhibited reactions as observed from the increase in the rate of product
release over time (Figure 8.22 inset). Cathepsin L activity for the uninhibited reaction
was found to be 1.47 nM/s, compared with 0.26 nM/s for compound 22. This indicates

reversibility of inhibition.

305



5 5 S 10 3
s . 3 = 1.0
5 10 Leoo 3 g §_
E 3’ c g
= -4 =
- - o
= 400 8 2 8
© 0.5 s o 0.5 o
> @ = a
= 3 o ®
& 200 s 3
5 3 s s
x 4 o ®
0.0- Lo 0.0
g g &
C c . D : :
B a 5 800 g
5 2 & 2
H g H L600 T
= o — o
3 e S Lisg 2
@ ] o &
> I3 > @
— -1 o
B 3 K L200 3
] ° ] °
© 3 @ ©
0.04 Lo
o
& bl
,B\° Q»\"

Figure 8.22. MDA-MB-231 invasion and migration data for 10 and 25 uM of thiosemicarbazone
compounds and E-64.
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Figure 8.23. Reversibility curves for cathepsin L incubated with compound 22. Inset shows
clearer view of slow recovery of enzyme activity over time.
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Summary

The research presented in this chapter described assays aimed at analyzing a
subset of thiosemicarbazone compounds with various functionalizations as inhibitors of
cathepsins L, K, and B. A number of these compounds proved have significant inhibitory
activity against cathepsin L and K, with a few showing selectivity towards either
cathepsin L or K. However, only compound 1 showed any inhibitory activity towards
cathepsin B.

In order to elucidate the mechanism of action of this class of compounds against
cathepsin L, advanced kinetic assays were performed using a number of the more potent
cathepsin L inhibitors. Based on these assays, these compounds were determined to be
tight binding, time dependent and reversible inhibitors of cathepsin L. To further confirm
selectivity towards cathepsins, one of the relatively potent inhibitors of cathepsin L
(compound 2) was assayed against caspase 3. It was found that this compound exhibited
minimal inhibitory activity against caspase 3.

A number of the more potent thiosemicarbazone compounds analyzed also
showed the ability to significantly inhibit invasion and migration of MDA-MB-231 breast
cancer cells. Inhibition of invasion and migration suggests that these compounds may
have some anti-metastatic properties.

Finally, analysis of a phosphate prodrug (compound 46) of one of the promising
cathepsin L inhibitors (compound 2) was conducted. This compound was derivatized so
as to improve its aqueous solubility in order to position it as a viable therapeutic
candidate. Results from cathepsin L inhibition assays showed that the phosphate prodrug

did not have significant inhibitory activity against cathepsin L. However, this compound
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was also shown to be readily cleaved by alkaline phosphatase to release the parent drug,

which led to restoration of the inhibitory activity towards cathepsin L.
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CHAPTER NINE

Conclusions

The research presented in this dissertation involved pre-clinical analyses and
evaluation of a number of small molecule compounds as possible therapeutic candidates
targeting tumor vasculature and cysteine proteases using various biochemical and

molecular biology techniques.

Vascular Disrupting Agents

VDA, in contrast to AIAs, selectively target the established tumor vasculature of
larger solid tumors. VDAs cause rapid breakdown of the tumor vascular network leading
to reduction in blood flow and subsequent tumor necrosis. Amongst the most promising
of VDAs are the small molecule microtubule-targeting agents which increase microtubule
depolymerization in ECs as a means of inducing tumor vascular dysfunction. However,
the number of drug candidates is still relatively limited, some compounds suffer from
severe side effects, and VDAs are yet to be FDA approved for cancer therapy. Therefore,
it is important to continue to make progress in this field by discovering, characterizing
and evaluating new compounds.

In this study, the indole compounds OXi8006 and its phosphate prodrug OXi8007
were evaluated as prospective VDAs. These analyses were done in vitro (using activated
HUVECs as a model for tumor vasculature) and in vivo (using MDA-MB-231 luc tumor

xenograft models). Results presented show that OXi8006 treatment of activated
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endothelial cells resulted in rapid disruption of the microtubule network, increase in
myosin light chain phosphorylation along with increased actin stress fiber formation, and
increased phosphorylation of FAK leading to increased focal adhesion formation. In
addition, OXi8006 treatment also leads to increased phosphorylation and inactivation of
cofilin by LIMK, also contributing to stress fiber formation and increase in EC
contractility. This initial increase in contractility was eventually followed by resolution of
cellular contractility as the cells begin to shrink, round up, undergo membrane blebbing,
and eventually detach from the extracellular matrix. Furthermore, OXi8006-induced
tubulin depolymerization and resulting EC contractility is mediated via activation of the
RhoA/ROCK pathway. It was also ascertained that the link between OXi8006-induced
microtubule disruption and activation of the RhoA/ROCK signaling pathway is the
activation of a specific microtubule associated and RhoA binding guanine-nucleotide
exchange factor, GEF-H1. Analysis of another microtubule associated exchange
0Xi8006 and OXi8007 treatment also led to significant cell cycle arrest at G2/M in
HUVEC:s, suggesting antimitotic effects of these compounds. The results obtained from
an annexin V/microscopy experiment showed that OXi8006 treatment led to increased
annexin V binding by HUVECsS, suggesting that this compound may induce significant
apoptosis in these cells, albeit at an extended time period compared to the early signaling
and morphological changes.

In vivo results indicated that a single dose of OXi8007 (350 mg/kg) significantly
decreased blood flow in a cohort of mice bearing xenograft tumors of luciferase-
transfected human triple negative breast cancer (MDA-MB-231-luc) assessed by BLI.

This dose was well tolerated and led to rapid and significant decrease in tumor
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vasculature within 6 h, albeit with some recovery of signal at the 24 h time point.
However, this recovery was significantly less than what was observed with CA4P
treatment, a VDA in human clinical trials.

All these results taken together suggest that OXi8006/7 exerts strong vascular
disrupting activities in vitro and selectively impairs tumor blood perfusion in vivo, thus
positioning this compound as a promising pre-clinical candidate for antivascular tumor

treatment.

Cysteine Protease Inhibitors

Cysteine proteases are ubiquitous enzymes that play numerous biological roles.
These proteases have been shown to be upregulated in various cancers and have been
implicated to play crucial roles in tumor growth and metastasis (Figure 9.1). Cysteine
proteases also play important roles in the pathogenesis and disease progression of
numerous parasitic ailments. This presents these enzymes as a viable target for
therapeutic development.

The research presented in this study involved the evaluation of small molecule
compounds with a thiosemicarbazone functional group as inhibitors of four different
cysteine proteases; cathepsin L, cathepsin K, cathepsin B, and cruzain.

A subset containing 46 compounds (part of a larger library of thiosemicarbazone
compounds synthesized by the Pinney laboratory) were assayed to determine their
inhibitory capability against cathepsins L, K, and B. A number of these compounds were
potent inhibitors of cathepsin L (Figure 8.7) and cathepsin K (Figure 8.8), with ICso
values less than 100 nM. Furthermore, a few of these compounds showed some measure

of selectivity against either cathepsin L or K (Figure 8.9). Of the 46 compounds analyzed,
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only one showed any measure of inhibitory activity against cathepsin B. The likely
reason for this is the presence of on occluding loop at the active site cavity of cathepsin B
which might prevent association of these compounds with the active site. In addition, one
of the lead thiosemicarbazone compounds showed minimal activity against caspase 3.
Subsequently, some of the more potent inhibitors of cathepsin L were subjected to
in vitro analyses to determine the mechanisms of inhibition and evaluate their
performance and efficacy. Kinetic analysis was used to investigate the mechanism and
mode of inhibition of these compounds. The results show that these compounds were
time-dependent/slow-binding, reversible, and competitive inhibitors of the fluorogenic
substrate of cathepsin L. Also, analysis of the results via the Morrison quadratic equation
suggested either a tight binding interaction between the compounds and the enzyme or
the formation of a transient covalent intermediate. However, the observed interaction
energies obtained from the molecular modeling studies were somewhat lower than what
would be expected for a tight binding interaction, which suggests a covalent interaction
as the more likely mechanism of inhibition. Furthermore, the results suggested that the
inhibition occurred via one of two mechanisms; a simple reversible inhibition or a more
complex two-step mechanism of inhibition. Also, some of the potent cathepsin L
inhibitors were shown significantly inhibit invasion and migration of the breast cancer
MDA-MB-231 cell line, suggesting the promise of these compounds as anti-metastatic
agents. In addition, a derivative of compound 2 (the phosphate prodrug compound 47)
was assayed to determine its water solubility, its inhibitory activity against cathepsin L,
how efficiently it could be cleaved by alkaline phosphatase, and the inhibitory activity of

the cleavage product against cathepsin L. It was determined that this compound was very
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soluble in aqueous conditions and showed minimal inhibitory activity against cathepsin
L. Furthermore, the compound proved to be a good substrate for alkaline phosphatase,
and the product of the alkaline phosphatase reaction had significantly increased activity
against cathepsin L compared to the activity of 47, and similar to the activity of 2.

A number of the compounds assayed against the cysteine cathepsins were also
assayed for their inhibitory activity against cruzain. As with cathepsins L and K, a
number of compounds were found to be potent inhibitors of cruzain (Figure 7.6). Further
kinetic analyses also showed these compounds to be competitive, reversible, time-
dependent inhibitors of recombinant cruzain. As with the cysteine cathepsins, the
suggested mechanisms of inhibition of cruzain by this series of compounds is via either a
simple reversible slow binding or via a more complex two step enzyme isomerization
mechanism. Furthermore, these suggested mechanisms are most likely to involve the
formation of a transient covalent bond between the thiocarbonyl carbon and the sulfur of
the Cys-25 at the active site.

This suggested mechanism is supported by advanced kinetic studies with cruzain
and cathepsin L using a number of the more potent inhibitors of these enzymes, as well as
molecular docking using the aforementioned inhibitors and cruzain. Therefore, it is
reasonable to assume that the presence of the thiosemicarbazone moiety in these
molecules is vital for their inhibitory potency.

These preliminary studies have contributed to understanding the characteristics of
thiosemicarbazones as potential anticancer and/or anti-Chagas’ disease agents. The
proposed mode of inhibition based on these studies involves a transient covalent

modification due to the interactions between the thiocarbonyl carbon of the
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thiosemicarbazone moiety and the thiolate group of cysteine 25, one of the catalytic triad
residues and a key residue in the activity of these cysteine proteases (Figure 9.2).
Following the formation of a transient covalent bond, the mechanism may proceed as a
simple slow binding reversible inhibition to recover the active enzyme. However, there is
a distinct possibility that thiocarbamoylated cruzain, cathepsin L or cathepsin K is formed

followed by slow hydrolysis. Thus, a future direction for this study would be to confirm

this using a technique such as mass spectrometry.
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Figure 9.1. Overview of roles of cysteine cathepsins in invasion and metastasis. Upregulation of
certain cathepsins in the tumor microenvironment along with downregulation of endogenous
inhibitors, increase of proteolytic capability of cathepsins due to extracellular acidification, and
extracellular secretion of cathepsins contributes to increased invasion and metastasis of malignant
tumors. Small-molecule cathepsin inhibitors have the potential to inhibit the invasive nature of
malignant cells [455].
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Figure 9.2. Proposed mechanism for thiosemicarbazone inhibition of cysteine proteases
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APPENDIX A

Immunofluorescence Microscopy Experiments
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Figure Al. VDA Compound Structures. KGP18 and KGP265 syntheses in [471]. OXi6196 and
0Xi6197 syntheses in [176]
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Figure A2. Effects of OXi8006 treatment on confluent monolayers of HUVECs.
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Figure A3. Effects of CA4 treatment on HUVECs
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Figure A4. Effects of GEFH1 knockdown on CA4 treated HUVECs
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Figure AS5. Inhibition of ROCK activity via pretreatment with a ROCK inhibitor (Y27632, 10
uM, 30 min), abrogates CA4 induced effects in HUVECs
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Figure A6. Effects of OXi6196 treatment on HUVECs
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Figure A7. Effects of OXi6197 treatment on HUVECs
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Figure A10. Effects of GEFH1 knockdown on OXi6196 treated HUVECs

326



APPENDIX B

Wound Assays
Control 1 nM OXi8007 10 nM OXi8007
: -
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Figure B1. Representative phase contrast images showing effects of OXi8007 treatment on
wound closure in MDA-MB-231 monolayers
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Figure B2. Quantification of effects of OXi8007 on MDA-MB-231 wound closure. A) Graphical
representation of rates of MDA-MB-231 wound closure due to different OXi8007 concentrations.
B) Bar graphs showing MDA-MB-231 wound closure over time at different OXi8007
concentrations.
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10 nM CA4

Figure B3. Representative phase contrast images showing effects of CA4 treatment on wound
closure in MDA-MB-231 monolayers
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Figure B4. Quantification of effects of CA4 on MDA-MB-231 wound closure. A) Graphical
representation of rates of MDA-MB-231 wound closure due to different CA4 concentrations. B)
Bar graphs showing MDA-MB-231 wound closure over time at different CA4 concentrations.
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