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Abstract

Arginine metabolic enzymes are being investigated worldwide as agents
for cancer treatment, because many tumor cells are auxotrophic for arginine.
Biosynthetic arginine decarboxylase (ADC), an enzyme that catalyzes the
conversion of arginine to agmatine and carbon dioxide, possesses anti-tumor
activity yet has received much less attention than the other two arginine-
depleting enzymes — arginine deiminase (ADI) and arginase. In order to
gain a better understanding of ADC, the expression, purification and anti-
cancer properties of this enzyme originates from Escherichia coli were

explored in this project.

ADC tagged with 6 histidine residues was expressed in E. coli grown in
shake flask and had undergone a single-step affinity chromatographic
purification. Typically, around 110 mg of ADC can be purified from E. coli
grown in 1 L culture medium. Purified ADC is of around 28.9 2.7
units/mg at 37 <C and pH 8.0, and remains relatively stable for at least 6

months when stored at 4<C in darkness.

When tested in vitro, ADC inhibits the proliferation of ten cell lines of
different human cancer types, with 1Cso values ranging from 3.8 to 38.1
ug/ml, yet is relatively safer in a non-tumorous cell line. Further in vitro
studies focusing on HCT116 and LoVo colorectal cancer cells indicates that
ADC induces S and/or G2/M phase arrest as well as intensive apoptosis in

these cells. The ADC-induced apoptosis follows the mitochondrial apoptotic



pathway and is caspase-3-dependent in HCT116 cells but not in LoVo cells.
Autophagy, surprisingly, is not observed in either cell lines. In fact, the anti-
proliferation effect of ADC in HCT116 cells is antagonized by the
autophagy inhibitor hydroxychloroquine (HCQ). Related to these effects,
multiple pathways in HCT116 cells may have been altered by the treatment
of ADC, including the inhibition of extracellular regulated protein kinase
(ERK) activity and the activation of Akt through phosphorylation. Further
drug combination studies suggest that ADC is synergistic with doxorubicin

and LY204002 at high doses, while antagonistic to verapamil at all doses.

To proceed to in vivo studies, a major challenge for a protein drug is the
extension of its blood circulation half-life. To tackle this problem, ADC
fused with an albumin binding domain (ABD) has been tested in this
project. Having the specific activity of ADC almost fully retained, ADC-
ABD is even more potent than ADC in vitro but fails to prolong the
arginine-depletion effect in vivo. The Bacillus caldovelox arginase (BCA)-
ABD fusion protein (BHA), however, decreases serum arginine to an
undetectable level for a much longer period (24 h) than that when using

native BCA (2 h), thus proves the feasibility of the ABD fusion strategy.

With all results obtained, we suggest that ADC has the potential to be a
competent drug material due to its simple production process, satisfactory
stability, as well as the broad anti-cancer spectrum with high efficacy.

Therefore, ADC is worthy to be more deeply investigated in the future.
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Chapter 1

Introduction

1.1 An overview of cancer

111 Cancer statistics

As a leading cause of death, cancer occurred in 12.7 million people and
resulted in 7.6 million deaths worldwide in 2008 (Jemal et al., 2011).
Although earlier prognosis and advanced treatment methods have helped to
improve survival from cancer in recent years, the number of cancer patients
continues to increase mainly as a result of the growing and aging population
(DeSantis et al., 2014; Jemal et al., 2011). According to National Central
Cancer Registry (NCCR) of China, in the registration areas in 2009, age-
standardized incidence of all cancers was 146.87/100,000, and the age-
standardized mortality was 85.06/100,000 (Chen et al., 2013). In the United
States, there were around 14.5 million Americans living with cancer up to
January, 2014, and this number was predicted to rise to around 19 million in

the next ten years (DeSantis et al., 2014).

The patterns in cancer incidence are gender- and region-dependent, and
usually change with time. In mainland China in 2009, the top three cancer
sites in males were lung, stomach, and liver, while the top three in females

were breast, lung and colorectum (Chen et al., 2013). In Hong Kong in
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2011, the three most frequently diagnosed cancer types were lung,
colorectal, and prostate cancer for males while breast, colorectal, and lung
cancer for females (Hong Kong Cancer Registry, Hospital Authority, 2013).
In the United States in early 2014, the top three cancer types among males
were prostate cancer, colorectal cancer, and melanoma, while the top three
among females were cancers in breast, uterine corpus, and colorectum
(DeSantis et al., 2014). The differences in environment, demography,
cultural and genetic backgrounds among different regions may contribute to

such variations.

The increasing cases of cancer have not only brought huge pains to
millions of people and their families but also exerted serious impacts on
global economy and social development. In 2003, cancer cost more than 86
billion RMB in China which accounted for 7.23% of the total national
economic cost of diseases (Zhao et al., 2010). The exact global economic
cost of cancer, although hard to measure, is sure to be tremendous, and is
likely to grow with time due to the increasing trend in cancer incidence and
mortality. Therefore, the prevention and control of cancer has long been,

and will continue to be one of the main issues for humans.



1.1.2  Therapeutic methods of cancer

1.1.2.1 Surgery

Surgery is one of the main treatments of cancer, especially for cancers
at an early stage. The surgical removal of the primary tumor typically
provides a great chance of disease-free survival. Other methods such as
radiation therapy and chemotherapy are often used prior to or subsequent to

surgery to enhance the effectiveness of the treatment.

For surgeons, a main challenge is to differentiate the tumorous tissue
from healthy ones. This problem is likely to be tackled in the near future by
the rapid development of imaging technologies. For example, invisible near-
infrared fluorescence imaging may assist surgeons by providing real-time
images of the tumorous region (Gioux et al., 2010). In 2013, a group of
researchers demonstrated that with the use of ratiometric activatable cell-
penetrating peptides, not only primary but also metastatic tumors could be

easily identified in mice model in real time (Savariar et al., 2013).

Although surgery is a necessary treatment for most cancers, the surgical
trauma and recovering processes can increase the risk of metastasis through
mechanisms including immune suppression, production of angiogenic
factors, loss of inhibitory factors generated by the primary tumor, and
enhanced tumor cell adhesion (DeLisser et al., 2009; van der Bij et al.,

2009).



1.1.2.2 Radiation therapy

Radiation therapy destroys diseased cells with ionizing radiation, and is
another cornerstone of cancer treatment at present. Among all cancer
patients with solid tumors, around 50% have received radiation therapy
(Ringborg et al., 2003). While being a non-invasive method, radiation
therapy is able to be accurately manipulated, and is often used along with
other therapeutic methods. Despite its effectiveness, radiation therapy is
associated with various side effects. Early side effects include skin
erythema, dry or moist desquamation of the skin, mucositis, nausea and
diarrhea which can occur within weeks after treatment; late side effects such
as radiation-induced fibrosis, atrophy, vascular and neural damage usually

appear after months or even years posterior to treatment (Bentzen, 2006).

Similar to surgery, a major attempt on the improvement of
radiotherapeutic effect is to enhance the preciseness of the treatment while
minimizing the impact on adjacent normal tissues. As a result, various
techniques such as three-dimensional conformal radiotherapy, stereotactic
radiotherapy, intensity-modulated radiotherapy and image-guided
radiotherapy have been developed in recent years (Nakamura et al., 2014).
As a method to increase the therapeutic ratio, targeted radiotherapy with
gold nanoparticles is also being investigated in recent years (Ngwa et al.,

2014).



1.1.2.3 Conventional chemotherapy

The earliest application of chemicals on the treatment of cancer dates
back to 1940s when nitrogen mustard gas was used on patients with
lymphoma (Gilman and Philips, 1946; Goodman and Wintrobe, 1946). In
1958, antifolate was reported to have successfully cured choriocarcinoma

which was the first solid tumor cured by chemotherapy (Li et al., 1958).

Standard chemotherapeutic drugs primarily aim at interfering with the
integrity of DNA or blocking cell division (Dobbelstein and Moll, 2014).
Examples include paclitaxel, irinotecan, fluorouracil (5-FU), platinum
compounds (such as cisplatin), anthracyclines (such as doxorubicin), and
epipodophyllotoxins. While still playing a major role in clinical uses
nowadays, chemotherapeutic agents, with limited effectiveness, can cause
substantial side effects as they also damage normal cells. Moreover,
secondary neoplasms are sometimes observed in long-term survivors that

have been treated by chemotherapy (Armstrong et al., 2011).



1.1.2.4 Targeted therapy

As advanced molecular and genetic technologies have revealed a
tremendous amount of information on signaling networks related to cellular
activities, various drugs targeting at more diverse signaling intermediates
and focusing on molecular defects particularly in cancer cells have been
developed, marking the beginning of the “era of targeted therapy”. Small
molecule drugs and monoclonal antibodies (mAbs) are currently the two

major approaches available for clinical use (Imai and Takaoka, 2006).

One of the representative small molecule drugs is imatinib mesylate
(Glivec or Gleevec; Novartis) that inhibits the BCR-ABL, a fusion protein
responsible for the pathogenesis of chronic myeloid leukemia (Capdeville et
al., 2002; Weisberg et al., 2007). Another famous small molecule drug,
gefitinib (Iressa; AstraZeneca), inhibits the function of epidermal growth
factor receptor (EGFR), and is more effective on non-small-cell lung cancer
with EGFR mutation compared to traditional chemotherapy (Maemondo et
al., 2010). Other key signaling pathways that are frequently mutated in
cancer cells, such as the RAS/RAF/MEK (MAPK/ERK kinase)/ERK
(extracellular signal-regulated kinase) pathway, the Hedgehog signaling
pathway, JAK (Janus kinase)/STAT (signal transducer and activator of
transcription) pathway, mTOR (mammalian target of rapamycin) pathway,
and the Wnt pathway, have all become targets for certain small molecule
drugs (Chen et al., 2010; Dobbelstein and Moll, 2014, Faivre et al., 2006;

Zhou and Huang, 2012).



Another promising aspect of small molecule inhibitors is that they may
be used against cancer by blocking the supplementation of nutrients. In
mammalian cells, the constant cellular uptake of glucose is facilitated by the
glucose transporter (Olson and Pessin, 1996). A subtype of this transporter,
glucose transporter 1 (GLUTL), is frequently upregulated in tumor cells to
meet their increased demand for nutrients (Ganapathy et al., 2009). In 2014,
the solution of crystal structure of GLUT1 marked another breakthrough in
cancer treatment as it will certainly provide abundant information for the

design of new small molecule inhibitors of GLUT1 (Deng et al., 2014).

As mentioned, nutrient starvation is a promising strategy for cancer
therapy. This strategy is based on the differences in metabolism between
cancer cells and normal cells, and hence can also be categorized as a type of
targeted therapy. Unlike small molecule inhibitors that usually target a
specific cell signaling intermediate, nutrient starvation can affect multiple
cellular machineries, making it relatively more difficult for cancer cells to
develop resistance, and hence may be an advantageous cancer therapeutic
method. An example of nutrient starvation in cancer therapy is the selective
killing effect of arginine deiminase (ADI) on cancer cells that lack the
enzyme argininosuccinate synthetase (ASS) (Ensor et al., 2002; Gong et al.,
2000; Kelly et al., 2012; Sugimura et al., 1992). The details of amino acid
starvation and its application in cancer therapy will be introduced in Section

1.3.

mADs that recognize pathogenic antigens represent another prominent

type of targeted cancer therapy. One of the earliest clinically approved mAb,
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trastuzumab (Herceptin; Genentech/Roche), interferes with the receptor
tyrosine kinase HER2 and has become the first-line therapy for HER2-
overexpressing metastatic breast cancer patients (Carter et al., 1992; Vogel
et al., 2002). In conjugation with other therapeutic agents such as toxins,
radioisotopes, cytokines, or small molecule drugs, mAbs can help to deliver
these therapeutic agents effectively to tumor cells (Brekke and Sandlie,
2003; Imai and Takaoka, 2006). In addition, mAbs can act on the immune
system as indirect agents against cancer. Antibodies against programmed
cell death protein 1 (PD-1), such as BMS-936558 (Nivolumab; Bristol-
Myers Squibb), can enhance T-cell activities and has resulted in promising
responses in cancer patients with mild adverse effect, making their

development as a breakthrough in cancer therapy (Topalian et al., 2012).

The side effects of targeted therapeutic agents are generally lower than
conventional chemotherapeutic drugs. On the other hand, targeted therapy is
still facing some challenges. Relapse has been frequently reported after
treatment as a result of the acquired resistance of cancer cells (Dobbelstein
and Moll, 2014). Another consideration is the high price of targeted therapy,
especially mAbs. For colorectal cancer patients receiving an eight-week
treatment, a conventional chemotherapy of 5-FU plus leucovorin costs less
than $100, whilst treatment containing bevacizumab or cetuximab can cost
up to $30,790 (Gerber, 2008). Such an enormous cost of mAbs restrains
their popularization. It is unfortunate that a great number of people with low

income may not be benefited from this modern cancer therapeutic method.



1.1.2.5 Combination therapy

Cancer is usually treated by a combination of surgery, radiation therapy,
and drugs (Al-Lazikani et al., 2012). For anti-cancer drugs, it has also been
observed that their effects can be enhanced through combination (DeVita et
al., 1975). Successful combination therapies allow for the reduction of drug
doses, and hence may lower the side effects (Chou, 2010). Besides, tumor
cells are genetically heterogeneous and often develop resistance to a certain
targeting drug through the activation of alternative oncogenic routes, thus it
is believed that the combination of drugs with distinct anti-cancer
mechanisms is a promising strategy to overcome such plasticity of cancer

(Al-Lazikani et al., 2012; Dobbelstein and Moll, 2014).

The first reported cancer cure by combination therapy dates back to
1960s when a quadruple combination of the Vinca alkaloid tubulin inhibitor
vincristine, the antifolate methotrexate, the purine nucleotide synthesis
inhibitor 6-mercaptopurine and the steroidal agent prednisone was used
against acute lymphoblastic leukemia (ALL) (Al-Lazikani et al., 2012;
Dobbelstein and Moll, 2014). Modern drug combination strategies usually
involve the administration of conventional chemotherapeutic drugs together
with targeted drugs. Examples include the combination of paclitaxel and
trastuzumab for breast cancer (Slamon et al., 2001), the administration of
cyclophosphamide/doxorubicin/vincristine/dexamethasone in combination
with rituximab for non-Hodgkin’s lymphoma (Coiffier et al., 2002), and the

usage of irinotecan in combination with cetuximab for colon cancer
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(Sobrero et al., 2008). In addition, nutrient starvation strategy may also be a
choice of drug combination studies. In 2006, the United States Food and
Drug Administration (FDA) approved a first-line treatment of children with
ALL which involved the usage of the asparagine-depleting enzyme,
asparaginase, as a component of a multiagent chemotherapy regimen

(Dinndorf et al., 2007).

Although there are numeous mathematically possible drug
combinations, not all of them make mechanistic sense, and only a few of
them may actually be effective. Therefore, strategies for the prediction and
evaluation of potential combinations still remain as a great challenge for the

future drug combination studies.
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1.2 Cell death pathways

1.2.1 An overview of different modalities of cell death

Cells may die in different ways, uncontrollably or in a more
programmed manner. Oncosis is a term first proposed by von Reckling-
hause in 1910 to describe the phenomenon of accidental cell death with
swelling (Majno and Joris, 1995). This type of cell death is usually caused
by insufficient energy supply or direct damage to the cell membrane
(Elmore, 2007). Being a passive, uncontrolled, irreversible process, oncosis
results in necrosis with karyolysis, and the cellular contents are released into
the surrounding interstitial tissue (EImore, 2007; Majno and Joris, 1995).
The term necrosis originally refers to the degradative process after cell
death, but is now more widely used instead of the term oncosis (EImore,
2007). In contrast, programmed cell death, including apoptosis and
macroautophagy (hereafter referred to as autophagy), are highly regulated
self-destructive processes essential for development and survival (Elmore,

2007; Maiuri et al., 2007).

Another relevant term, senescence, refers to the irreversible cell-cycle
arrest under the condition in which the cells are stimulated to grow yet the
cell cycle is blocked (Blagosklonny, 2011; Schmitt, 2003). Although there
have been examples that senescent cancer cells are rapidly eliminated by

phagocytic cells (Xue et al., 2007), it has also been reported that some
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senescent cells are able to reside in the organism for years (Michaloglou et

al., 2005). Therefore, senescence, to be precise, is not a mode of cell death.

Apoptosis, autophagy, and necrosis are also named as type I, I, and 111
cell death (Kroemer et al., 2009). Together with senescence, they are all
possible goals of anti-cancer therapeutic approaches (Amaravadi and
Thompson, 2007; Nardella et al., 2011; Schmitt, 2003). Apoptosis,
autophagy and senescence will be introduced with more details in the

following sections, and will also be investigated in this project.
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1.2.2 Apoptosis

The term apoptosis was first brought up in 1972 to describe a type of
active, programmed cell death mechanism with unique morphological
features (Kerr et al., 1972). The process of apoptosis, from initiation to
completion, may take only around 2-3 h (Elmore, 2007), and can be
summarized into two stages (Kerr et al., 1972). During the early stage of
apoptosis, the cell rounds up, shrinks, starts to have blebs on cellular
membrane, and subsequently fragments into a number of membranous
vesicles (apoptotic bodies) which can be visualized under a light microscope
(Kerr et al., 1972; Kroemer et al., 2009). Apoptotic bodies consist of
cytoplasm, intact cell organelles, and sometimes the nuclear fragments
(Elmore, 2007). In the late stage of apoptosis, apoptotic bodies are engulfed
by other cells and degraded by lysosomal enzymes within phagosomes of

the ingesting cells (Kerr et al., 1972).

The early stage of apoptosis can be further divided into two phases. The
first phase is mainly the initiation of apoptosis, and can be classified into
three pathways: the extrinsic pathway triggered by the binding of death
ligands to the receptors on cell surface; the intrinsic pathway which involves
changes in mitochondria as a result of non-receptor-mediated stimuli such
as absence of nutrients or growth factors, presence of toxins, hypoxia, or
radiation; and the perforin/granzyme pathway which involves T-cell
mediated killing of the cell (Figure 1.1) (Elmore, 2007). All these three

pathways are followed by the execution pathway which involves the
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degradation of chromosomal DNA, the condensation of nucleus, the
reorganization of cytoskeletons, and the disintegration of the cell into

apoptotic bodies (Figure 1.1) (ElImore, 2007).

In the late stage of apoptosis, apoptotic cells are removed by
phagocytosis. The recognition of apoptotic cells requires the involvement of
phosphatidylserine (PS), a component of the cell membrane. PS normally
faces the cytosolic side of the cell membrane, but will translocate to the
outer layer of cell membrane during apoptosis which resembles the hallmark

of this stage (Bratton et al., 1997).

Depletion of nutrients is likely to trigger the intrinsic pathway of
apoptosis which involves the participation of mitochondria. Apoptotic
mitochondrial events are under the control of the Bcl-2 family of proteins
which are regulated by the tumor suppressor protein p53 (Cory and Adams,
2002; Schuler and Green, 2001). As a result of apoptotic stimuli, the
mitochondrial transition pores on the inner mitochondrial membrane opens,
the mitochondrial transmembrane potential therefore decreases, and some
mitochondrial proteins are released into cytosol (Saelens et al., 2004). Some
of these mitochondrial proteins, such as cytochrome c, function at an earlier
phase of the intrinsic pathway by activating procaspase-9, one of the main
initiator caspases in the cell (Chinnaiyan, 1999). Caspase-9 then triggers the
activation of caspase-3, and hence initiates a protease cascade which finally
results in rapid cell death (EImore, 2007). Some other mitochondrial
proteins, on the other hand, participate in the later phase of the intrinsic

pathway. For example, caspase-activated DNAse (CAD), when released
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from mitochondria, enters the nucleus where it is cleaved by caspase-3, and
leads to the fragmentation of oligonucleosomal DNA as well as the further

condensation of chromatin (Enari et al., 1998).

Apoptosis is an indispensable mechanism for growth and development
as it helps to remove undesired contents in human bodies. Apoptosis at a
normal level is necessary to maintain homeostasis (Renehan et al., 2001),
while increased level of apoptosis has been observed during development,
aging, inflammation and disease processes (Greenhalgh, 1998; Nijhawan et
al., 2000; Renehan et al., 2001). Dysregulation of apoptosis can lead to
diseases such as cancer (EImore, 2007). In human cancers, the tumor
suppressor protein p53 is frequently mutated (Wang and Harris, 1997). The
malfunction of p53 results in suppressed apoptosis, and hence promotes the

development and progression of cancer (Kerr et al., 1994).
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Figure 1.1: A schematic representation of apoptosis (EImore, 2007).
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1.2.3 Autophagy

Autophagy (macroautophagy) refers to the self-degradation process
during which the cellular components are delivered to lysosome and
degraded there (He and Klionsky, 2009). It is a term first defined in 1963 by
C de Duve whom also discovered the lysosome (Ohsumi, 2014). Autophagy
enables the cells to remove damaged and harmful contents as well as to
recycle nutrients (Kroemer et al., 2010), and hence allows the cells to
survive during metabolic stress (Levine and Kroemer, 2008; Mizushima et

al., 2008).

The process of autophagy can be divided into multiple steps, as shown
in Figure 1.2. The first step is the induction of the generation of a double-
membrane structure named phagophore, followed by the expansion of
phagophore around intracellular contents (autophagic cargos) which are
targeted for degradation (Mari et al., 2011). The phagophore then closes to
form an intact double-membrane vesicle named autophagosome which later
fuses with lysosome to generate autophagolysosome (Mari et al., 2011). In
the final step, lysosomal hydrolases degrade the autophagic cargos to
produce metabolites which can be used by the cell as building blocks for

new cellular contents or energy source (Mari et al., 2011).

Autophagy can be induced by multiple signals including deprivation of
nutrients, withdrawn of growth factors, shortage of cellular energy, bacterial

or viral infection, and stresses such as reactive oxigen species (ROS) and
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hypoxia (low levels of oxygen) (He and Klionsky, 2009). Figure 1.3
summarizes the pathways involved in autophagy regulation related with the

levels of amino acids, growth factors, and energy.

mMTOR is the main negative regulator of autophagy in response to
amino acid levels (He and Klionsky, 2009). The inhibition of mMTOR
complex 1 (mTORCL1) results in the formation of phagophore which
requires the interaction between vacuolar sorting protein 34 (vps34) and
Beclin 1 and the participation of autophagy-related proteins (Atg) (Pattingre
et al., 2008). The Atg proteins also promotes the conversion of the cytosolic
form of microtubule-associated protein 1A/1B-light chain 3 (LC3), namely
LC3-1, to its lipidated form, LC3-1I (Tanida et al., 2008). LC3-II
incorporates into the membrane of autophagosome and is then degraded by
autophagolysosomal enzymes (Tanida et al., 2008). Therefore, the level of
LC3-1l is an excellent reflection of autophagic activity (Tanida et al., 2008).
LC3-11 also interacts with p62 (sequestosomel, SQSTML1), an autophagy

receptor which recognizes the proteins to be degraded (Janku et al., 2011).

Apart from mTOR pathway, autophagy induced by amino acid
deprivation is also regulated through the activation of Ras/Raf-1/ERK

pathway (Pattingre et al., 2003).

Basal level of autophagy is essential for homeostasis as it removes
dysfunctional cellular components (Levine and Klionsky, 2004; Mizushima,
2007). During metabolic stress, upregulated autophagy promotes cell
survival by providing nutrients and energy through its recycling process and

is considered as a mechanism for the resistance of cancer cells to therapies
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(Apel et al., 2008; Degenhardt et al., 2006; Sui et al., 2013; Vazquez-Martin
et al., 2009). Therefore, autophagy inhibitors can be developed as anti-
cancer drugs. Examples of autophagy inhibitors include chloroquine (CQ)
and hydroxychloroquine (HCQ) which are registered antimalarials (Cufi et

al., 2013; Goldberg et al., 2012).

On the contrary, unrestricted autophagy leads to cell death due to
increased consumption of cellular components (Baehrecke, 2005).
Compared to autophagy inhibitors, a great more number of anti-cancer
agents are found to have autophagy-inducing effect (Janku et al., 2011). For
example, temsirolimus (or CCI-779; Torisel; Wyeth) and everolimus (or
RAD-001; Afinitor; Norvatis) are registered drugs for the treatment of renal
cancer through the inhibition of mTOR; sorafenib (Nexavar; Bayer and
Onyx) which inhibits tyrosine kinases has been approved by FDA for the
treatment of renal cancer and hepatocellular carcinoma (HCC); tamoxifen,
an estrogen receptor antagonist, is a drug for breast cancer therapy (Janku et

al., 2011).
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Figure 1.2: The general scheme of autophagic process (He and Klionsky,
2009). The five steps of autophagy are: induction, expansion, vesicle

completion, fusion and cargo degradation (Mari et al., 2011).
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124 Senescence

The cell cycle is composed of four phases: the gap phase before DNA
replication (G1 phase), the phase for DNA synthesis (S phase), the gap
phase after DNA replication (G2 phase), and the mitotic phase during which
cell division happens (M phase) (Hartwell and Weinert, 1989). Cell cycle
processes are monitored by multiple checkpoints regulated by proteins
cyclins and cyclin-dependent kinases (CDKSs) to ensure an upstream event
be completed before the initiation of a subsequent one (Hartwell and
Weinert, 1989; Poon et al., 1996). For example, the restriction point (R
point) is a checkpoint in Gz phase for the commitment of the subsequent cell
cycle processes in which extracellular stimulations such as growth factors
are no longer required (Pardee, 1974). The withdrawal of growth factors
causes normal cells to arrest in early G1 phase before the R point, a status
called Go arrest or quiescence (Blagosklonny, 2006). Quiescence is
associated with low levels of metabolism, RNA, and protein synthesis
(Blagosklonny, 2006). Quiescence, however, is not a stable status, as it can
either be reversed when growth factors are re-supplemented or proceed to
apoptosis upon prolonged, complete deprivation of growth factors

(Blagosklonny, 2006).

Non-Go phase arrest happens under the conditions when growth factors
are present yet some downstream cell cycle processes are blocked by CDK
inhibitors (Blagosklonny, 2006, 2011). As a result, the cells arrest beyond

the R point which is a phenomenon named senescence (Blagosklonny,
22



2006). Senescent cells may arrest in late G1, S, or G2/M phase
(Blagosklonny, 2011; DiPaola, 2002; Pietenpol and Stewart, 2002). While
the cell cycle is arrested, the presence of upstream signals such as growth
factors continues to promote cell growth, and hence results in large cell
morphology as well as active metabolism (Blagosklonny, 2006).
Elimination of the impact brought by CDK inhibitors may overcome
senescence Yyet it has been reported that most re-activated cells undergo
abnormal cell cycle processes or die during mitosis (Chang et al., 2000).
The bypass of cell cycle blocks upon the effect of oncogenes such as c-Myc
may also lead to cell cycle restoration but will in turn result in cancer

(Hanahan and Weinberg, 2000).

Senescence, as a detrimental state for the cells, contributes to the
process of aging as well as the suppression of oncogenesis (Dimri et al.,
1995; Serrano et al., 1997). In fact, as senescence is triggered both in vitro
and in vivo by many chemotherapeutic agents, it is likely to be a possible
anti-cancer mechanism of these drugs and may deserve further

investigations (Collado et al., 2007; te Poele et al., 2002).
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1.2.5 Crosstalk among apoptosis, autophagy, and senescence

Apoptosis, autophagy, and senescence are not unrelated events but
instead share multiple signaling pathways such as the mTOR pathway and
the Ras/Raf/ERK pathway (Cagnol and Chambard, 2010; Meric-Bernstam

and Gonzalez-Angulo, 2009).

The complex relationship among different modalities of cell death,
especially apoptosis and autophagy, has been widely studied. Inhibition of
apoptosis can switch the cells to autophagy (which is usually
cytodestructive in this situation) (Maiuri et al., 2007), and vice versa (Boya
et al., 2005). Besides, autophagy, as a relatively transient process, is
sometimes observed prior to senescence and/or apoptosis as a death-
facilitating process (Maiuri et al., 2007). In addition, autophagy may serve
as a cytoprotective mechanism to avoid apoptosis (Maiuri et al., 2007). The
proposed relationships among apoptosis, autophagy, and senescence are

summarized in Figure 1.4.
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Figure 1.4: The proposed relationships among apoptosis, autophagy, and

senescence (Gewirtz, 2009).
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1.3 Amino acid-depletion as an anti-cancer method

1.3.1  Principle of amino acid-depletion against cancer

Cancer cells have several characteristics that distinguish them from
their normal counterparts. First, normal cells usually cease proliferation
after dividing a limited number of times, while most cancer cells are
theoretically immortal with limitless replicative potential due to their ability
of telomere maintenance (Hanahan and Weinberg, 2000). Besides, unlike
normal cells, cancer cells do not exhibit contact inhibition, therefore these
cells will keep growing when their cell membranes come into contact
(Abercrombie, 1979). In addition, cancer cells may have a different
requirement of nutrients due to their rapid speed of growth and altered
genetic contents. Moreover, many cancer cells do not have stringent G
control, and hence lack the ability of entering quiescence when nutrients or
growth factors are depleted (Scott et al., 2000). The resulting continuous
cell cycle process in an unfavorable environment may cause the cancer cells
to reach an imbalanced state of growth and die eventually (Scott et al.,

2000).

Due to their specific genetic contents and metabolic properties, cancer
cells may be more liable to the deficiency of nutrient such as glucose or
amino acids. So far, multiple researches have been conducted to examine

the impact of amino acid deprivation on cancer cells.
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1.3.2  The depletion of asparagine by asparaginase

Asparagine is a non-essential amino acid for human since it can be
synthesized by asparagine synthetase in normal cells. In leukemic cells, the
activity of asparagine synthetase is much lowered so that these cells are
auxotrophic for asparagine (Prager and Bachynsky, 1968b). This metabolic
difference between leukemic cells and normal cells has inspired the idea of
using asparaginase (EC 3.5.1.1), an asparagine-depleting enzyme, to

selectively kill the leukemic cells.

L-Asparaginase catalyzes the hydrolysis of asparagine to aspartate and
ammonia. Currently in the United States, clinically available asparaginase
are derived from Escherichia coli and Erwinia species (Masetti and Pession,
2009). E. coli aspraginase is a homo-tetramer in the form of two intimate
pairs of dimers (Swain et al., 1993). Its structure is shown in Figure 1.5.
Although each subunit contains one active site, it is only the tetrameric
asparaginase that is catalytically functional as the active sites are all located
between subunits (Swain et al., 1993). E. coli asparaginase functions
optimally at 50<C, pH 7.0, and its Michaelis-Menten constant (Km) for L-
asparagine is 7 uM (Wada et al., 1990). Under standard conditions, the
specific activity of asparaginase is ~300-400 umol asparagine per min per

mg of protein (Masetti and Pession, 2009).

Preclinical studies examining the effect of asparaginase on tumor cells

dates back to the late 1950s and the early 1960s (Pasut et al., 2008). After
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then, positive results were obtained from several clinical trials using native
asparaginase originates from E. coli and Erwinia chrysanthemi, giving the
proof that this enzyme is effective against leukemia (Pasut et al., 2008).
Modification of asparaginase was conducted later to eliminate the problem
of immunogenicity caused by the native enzyme through the random
covalent conjugation of several polyethylene glycol (PEG) molecules with
the enzyme. Pegylation, while retaining the catalytic properties of
asparaginase, has also significantly enhanced the circulating half-life of this
enzyme from ~30 h to ~140 h (Asselin et al., 1993). The pegylated form of
asparaginase, named as pegaspargase (Oncaspar; Enzon), has been approved
by FDA for the first-line treatment of children with ALL (Masetti and

Pession, 2009; Pasut et al., 2008).

Although asparaginase and pegaspargase are both effective anti-
leukemia drugs, resistance to these agents has been discovered. A major
reason for resistance is the development of anti-asparaginase and anti-PEG
antibodies in patients that have previously received the corresponding
treatments (Armstrong et al., 2007; Asselin et al., 1993; Cheung et al.,
1986; Panosyan et al., 2004). Another possible reason is the increased
activity of asparaginase synthetase in cancer cells after treatment with
asparaginase (Kiriyama et al., 1989; Prager and Bachynsky, 1968a).
Asparaginase is also of limited use as it is only effective against a few types
of cancer. Despite these defects, asparaginase is still a powerful tool for the

treatment of leukemia at present.
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Figure 1.5: Crystal structure of E. coli L-asparaginase (PDB number:
3ECA) viewed by Cn3D 4.3. (A) E. coli L-asparaginase tetramer contains
four identical subunits; (B) The interaction between subunits of E. coli L-
asparaginase. Amino acid residues located at active sites are highlighted in
yellow. The catalytic product aspartic acid is shown in ball-and-stick

representation.
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1.3.3  The depletion of methionine and the application of

methioninase

The growth of a few solid tumor cell lines has been found to be
methionine-dependent. In vitro studies have shown the replacement of
methionine with its metabolic precursor homocysteine leads to S/G> cell
cycle arrest in several tumor cell lines as well as in fresh patient tumors
while having no impact on human foreskin fibroblast cells (Guo, Herrera et
al., 1993). Methionine-free diet for sarcoma-bearing nude mice has also
resulted in an increase of DNA content specifically in tumor cells,
indicating a methionine-dependent cell cycle block (Guo, Lishko et al.,
1993). Methionine-free diet has significantly extended the survival of
tumor-bearing mice while having no significant impact on their body weight
and performance (Guo, Lishko et al., 1993; Kudou et al., 2007). In addition,
methionine-free diet in combination with standard regimen for colorectal
cancer has received satisfactory response rate with minimal toxicity in

patients (Durando et al., 2010).

L-Methionine y-lyase (EC 4.4.1.11), or methioninase, catalyzes the
hydrolysis of L-methionine to methanethiol, 2-oxobutanoate and ammonia.
Methioninase has been found in many microorganisms such as
Pseudomonas putida. As shown in Figure 1.6, P. putida methioninase is a
homo-tetramer built up as a dimer of active dimers (Kudou et al., 2007).
Each active dimer consists of two monomers held tightly through hydrogen

bonds, hydrophobic interactions and intermolecular active-site interactions
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(Kudou et al., 2007). A dimer structure is essential for the binding of the
cofactor pyridoxal-5’-phosphate (PLP) as well as the catalytic activity of the
enzyme, whilst a tetramer configuration is thought to help make the enzyme

more stable (Kudou et al., 2007).

According to the assay method established by Takakura et al. (2004),
the specific activity of recombinant P. putida methioninase is 57 U/mg and
the K, for L-methionine is 1.7 mM at 37<C, pH 8.0. The protocols for the
large-scale production of recombinant methioninase has been established,
and hence enables the application of methioninase as a therapeutic agent

(Tan, Xu et al., 1997).

In vitro studies have shown that methioninase has tumor-specific
inhibitory effect on many types of human cancer cells including lung, colon,
head and neck cancer, and firosarcoma (Yoshioka et al., 1998).
Methioninase is also found to be safe and effective on nude mice implanted
with human colon cancer cells HCT15 (Tan, Xu et al., 1997). Apart from
being active alone, methioninase is synergistic with 5-FU in murine Lewis
lung carcinoma model, and its toxicity is negligible (Yoshioka et al., 1998).
In a pilot phase I clinical trial, i.v. fusion of recombinant methioninase
effectively lowered the serum methionine level in patients while no toxic

effects were observed (Tan, Zavala et al., 1997).

In order to solve the problem of immunogenicity and instability,
pegylated form of methioninase has been developed (Yang, Wang et al.,
2004). Pegylation has been reported to significantly reduce the

immnunogenicity of methioninase in vivo, and extend the enzyme half-life
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from 2 to 38 h (Sun et al., 2003). Although some antibodies against
pegylated methioninase were detected in primate model that has received
multiple treatments of this enzyme, the level of these antibodies was too low

to result in drug resistance (Pasut et al., 2008).

The results so far indicate that methioninase may be a promising anti-
cancer enzyme drug. However, the development of methioninase for cancer
therapy seems to have obscurely ceased in recent years, and no related
clinical trials have been reported. Since methionine is an essential amino
acid, the stagnation of studies on methioninase may due to its long-term
cytotoxic effect in not only tumors but also normal cells and tissues upon

the deprivation of methionine.
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Figure 1.6: Structure of P. putida methioninase (Kudou et al., 2007). (A)
The homo-tetramer of P. putida methioninase is built-up as a dimer of
active dimers; (B) Monomer of the enzyme contains an N-terminal domain
(blue), a PLP-binding domain (yellow), and a C-terminal domain (red). PLP

and PLP-binding Lys211 are shown in ball-and-stick representation.
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134 The absence of leucine and its effect on cancer cells

Leucine is a branched-chain amino acid. It is an essential amino acid
that cannot be synthesized by human body. Leucine is the only dietary
amino acid that is able to stimulate the synthesis of muscle proteins, its
catabolism happens not in liver but primarily in skeletal muscle (Etzel,

2004).

The association between dietary leucine and tumorigenesis is intricate
and seems to be tumor type-dependent. For example, leucine is suspected to
trigger bladder cancer in rats according to Nishio et al. (1986). From their
studies, rats given a diet supplemented with a bladder carcinogen BHBN
(N-butyl-N-(4-hydroxybutyl) nitrosamine) and additional leucine was found
to be more prone to bladder tumorigenesis compared to the rats given a diet
supplemented with BHBN only (Nishio et al., 1986). Another in vivo study
indicates leucine-free diet can lead to significant decrease in food intake and
body weight of nude mice bearing human breast cancer xenograft (Singh et
al., 2011). In contrast, a study conducted in melanoma cell lines has
demonstrated that a cease of proliferation and a decrease in cyclin D1 co-
occur in these cells when leucine is depleted (Sheen et al., 2011). Leucine
triggers caspase-3-dependent apoptosis in melanoma cells while exerting no
such effect on their normal counterparts (Sheen et al., 2011). Unlike
asparagine and methionine, studies on leucine related to cancer therapy

mainly focus on leucine-free diet instead of any leucine-depleting enzyme.
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1.3.5  The depletion of arginine and its anti-cancer effects

1.3.5.1 Arginine and urea cycle

Arginine is a semi-essential amino acid for human because it can be
sufficiently synthesized by healthy adults but is required from dietary intake
by specific groups of people such as children and patients (Bewley et al.,
1999). Arginine plays an important role in various metabolic processes.
Despite of being an important material for protein biosynthesis, arginine is
also a precursor for a variety of compounds including nitric oxide, urea,
ornithine, citrulline, agmatine, putrescine, creatine, and glutamate. Among
these compounds, both ornithine and citrulline are intermediates of the urea
cycle (Figure 1.7), a cyclic metabolic pathway occurs in animals that
produce urea. In brief, arginine is converted to ornithine and urea by
arginase in cytosol. While urea is excreted, ornithine is transported into
mitochondria where it is converted to citrulline by ornithine
transcarbamylase (OTC; EC 2.1.3.2). Citrulline is then transported back to
cytosol and is utilized for arginine re-synthesis by two enzymes located
close to mitochondria - argininosuccinate synthetase (ASS; EC 6.3.4.5) and
argininosuccinate lyase (ASL; EC 4.3.2.1). The urea cycle takes place
mainly in liver, and also in kidney to a small extent.

The depletion of arginine has greater impact on tumor cells than on
normal cells due to two main reasons. First, most somatic cells have
complete urea cycle pathways while many cancer cells do not. Somatic cells

can use orithinine, the product of arginine hydrolysis, to resynthesize
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arginine and ensure their nutrient supply; in contrast, many tumor cells are
ASS- and/or OTC-negative thus are more likely to encounter the problem of
arginine deficiency (Cheng et al., 2007; Wheatley et al., 2005). Second, in
vitro studies have found that in arginine-free medium (AFM), normal cells
including human fibroblasts, rat kidney epithelial cells, and mink lung
epithelial cells, enter a quiescent state (Go phase) that can last for several
weeks, and are able to recover when arginine is added back to the medium
(Scott et al., 2000). On the other hand, a wide range of cancer cell lines, due
to their defective cell checkpoints, continue the cell cycle processes till
imbalance and finally die (Scott et al., 2000). These evidences provide the
theoretical basis that arginine-depleting enzymes can be used as potential
targeting therapeutic agents for cancer.

There are five types of enzymes that can catabolize arginine: nitric
oxide synthase (NOS; EC 1.14.13.39), arginine-glycine amidinotransferase
(AGAT; EC 2.1.4.1), arginase (EC 3.5.3.1), arginine decarboxylase (ADC;
EC 4.1.1.19), and arginine deiminase (ADI; EC 3.5.3.6). All of these
enzymes are found to be expressed in mammalian cells except ADI. At
present, ADI and arginase are under development as potential anti-cancer
drugs due to their arginine-depleting effect, while ADC is much less
characterized and so far has received little attention in terms of its anti-

cancer potential.
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Figure 1.7: Major steps of urea cycle and enzymes involved. OTC, ornithine
transcarbamylase; ASS, argininosuccinate synthetase; ASL,

argininosuccinate lyase.
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1.3.5.2 Arginine deiminase (ADI) and its anti-cancer properties

ADI is a microbial enzyme first identified in Bacillus pyocyaneus in
1933 (Ni et al., 2008). In microorganisms, ADI plays an energy-providing
role by hydrolyzing arginine to citrulline and ammonia, and generating ATP
at the same time. The type of ADI that has been most widely studied is that
from Mycoplasma. ADI from Mycoplasma arginini is a homo-dimer with a
subunit MW of ~45 kDa (Takaku et al., 1992), as shown in Figure 1.8.
Native M. arginini ADI functions optimally at 50<C and pH 6.0-7.5, and its
Km for L-arginine is 0.2 mM (Takaku et al., 1992). Similarly, recombinant
M. arginini ADI (Asn244Ser) expressed in E. coli has optimal reaction
conditions of 41<C, pH 6.4-7.4, and its Kn, for L-arginine is ~0.37 mM (Noh
et al., 2002). The measured specific activity of M. arginini ADI varies
among different research groups, probably due to the differences in protein
sequences, reaction conditions and assay methods. According to Misawa et
al. (1994), the specific activity of recombinant M. arginini ADI is around
33.6 umol L-citrulline per min per mg protein at 37 <C, pH 6.5, while Noh et
al. (2002) has reported a much higher specific activity value of recombinant
M. arginini ADI of 72.3 umol L-citrulline per min per mg protein under the

same conditions.

ASS was first identified in liver where it is highly expressed, and was
later found to be a ubiquitous enzyme in mammalian tissues. ASS is the

rate-limiting enzyme in the re-synthesis process of arginine (Haines et al.,
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2011). Its expression is mainly regulated by dietary protein intake and
hormones (Morris, 2002). The ASS and ASL pathways are strongly coupled
(Wheatley et al., 2005). So far, the complete loss of ASL enzyme activity
has not been found in any situation (Wheatley et al., 2005). In contrast,
many tumor cells have been characterized as ASS-negative. Due to the lack
of ASS, the pathway for arginine re-synthesis from citrulline in these tumor
cells is cut off (Figure 1.9), leading to arginine-depletion and resulting in

cell death.

ADI is a potent anti-cancer drug candidate, and has been found to have
inhibitory effects on the growth of many types of malignant cells that do not
express the enzyme ASS (Ensor et al., 2002; Gong et al., 2000; Kelly et al.,
2012; Sugimura et al., 1992). A three-day treatment with medium
containing 50 ng/ml ADI can cause cell cycle arrest at G; and/or S phase in
osteosarcoma, neuroblastoma, and retinoblastoma cells (Gong et al., 1999).
When the dose of ADI is increased to 200 ng/ml, apoptosis is triggered in
these cells (Gong et al., 1999). The inhibitory effect of ADI is found to be
around 100-fold stronger than asparaginase in human lymphatic leukemia

cell lines (Gong et al., 2000).

Native ADI is thought to be strongly immunogenic since it is of
microbial origin. Besides, ADI has a short half-life of only 4 to 5 h in mice
(Takaku et al., 1992). These problems have been solved by conjugating ADI
with PEG molecules. Conjugation with PEG of 20,000 MW has no impact
on the pharmacokinetics and pharmacodynamics of ADI, and is considered

as the optimal method for formulating ADI (Holtsberg et al., 2002).
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Compared to native ADI which reduces serum arginine to below detectable
levels for less than 1 day, the effect of ADI-SS PEG20,000 mw Of the same
dose lasts for around 7 days (Ensor et al., 2002). In phase I/11 studies on
unresectable HCC, 19 patients have received ADI-SS PEG20,000 mw treatment
for three months, two of them gave complete response to the treatment,
seven patients showed partial response, another seven showed stable
disease, while only three patients had progressive disease (lzzo et al., 2004).
No allergic symptom has been developed during the treatment period (lzzo
et al., 2004). Phase I and II clinical trials of ADI-SS PEG20,000 mw ON patients
with metastatic melanoma have also yielded exciting results (Ascierto et al.,
2005). Pegylated ADI has resulted in 25% response rate in 24 patients with
metastatic melanoma and has extended the survival period of these patients

(Ascierto et al., 2005).

Despite the problem of anti-PEG antibodies, another major problem of
ADI left unsolved is that it has only been proved effective on ASS-negative
tumor types. The relationship between ASS expression and sensitivity to
ADI has been confirmed by transfecting ASS gene into ADI-sensitive tumor
cells, as the results showed that these transfected tumors became ADI-
resistant (Ensor et al., 2002). Treatment of ADI has resulted in resistance in
melanoma cell lines through the c-Myc-mediated induction of ASS
expression (Tsai et al., 2009; Tsai et al., 2012). Such findings indicate an
obstacle for the long-term application of ADI, and suggest the urgent need
to discover proper combination drugs for ADI to combat the drug resistance.

In addition, ADI has a limited anti-cancer spectrum as many tumor types are
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of high ASS level (Figure 1.10), and are found to be ADI-resistant (Shen et

al., 2003).
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Figure 1.8: Structure of M. arginini ADI. (A) Crystal structure of M.
arginini ADI homo-dimer (PDB number: 1S9R) viewed by Cn3D 4.3.
Arginine is shown in ball-and-stick representation, and the amidino reaction
intermediate is shown in a spherical representation (Das et al., 2004); (B)
Structure of M. arginini ADI monomer. The substrate binding site is located

at the center of the molecule as marked in cyan (Das et al., 2004).
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Figure 1.9: The anti-cancer mechanism of ADI. ADI catabolizes arginine
and the product citrulline cannot be recycled for the de novo synthesis of

arginine in ASS-negative tumor cells.
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1.3.5.3 Arginase and its anti-cancer properties

Arginase catalyzes the hydrolysis of arginine to ornithine and urea. The
finding that arginase has inhibitory effect on tumor cells dates back to 1950s
(Bach and Simon-Reuss, 1953). According to this study, arginase purified
from bovine liver is found to strongly inhibit the mitosis of cultured
fibroblast and Jensen sarcoma cells (Bach and Simon-Reuss, 1953).
However, bovine liver arginase is considered unsuitable for anti-cancer
therapy because of its low affinity for arginine (Km for L-arginine is 6 mM
for native enzyme at a physiological pH) (Savoca et al., 1984), short blood
half-life (a few minutes) as well as a non-physiological optimum pH value

of 9.6 (Tsui et al., 2009).

Later, as the recombinant protein technology develops, recombinant
human liver arginase I (rhArg) has been studied. Human arginase I (hArg) is
a homo-trimer and the MW of each subunit is ~35 kDa (Stone et al., 2012).
Each monomer of this enzyme is catalytically active, and contains two
manganese ions as cofactors (Stone et al., 2010), as shown in Figure 1.11
(A). Compared to its bovine counterpart, rhArg expressed in Bacillus
subtilis has higher affinity for its substrate arginine (Kn, for L-arginine is 1.9
+0.7 mM for the native enzyme) (Tsui et al., 2009). At 30<C, pH 8.5, the
specific activity of rhArg is ~400 umol urea per min per mg protein (Cheng
et al., 2007). Stone et al. (2010) have demonstrated a significant
improvement of overall catalytic activity as well as serum stability of rhArg

when the two Mn?* ions are replaced with Co?* (Co-hArg).
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Compared to ADI, arginase has a wider anti-cancer spectrum. Both
rhArg and Co-hArg are effective in cells lines of liver cancer, cervical
cancer, melanoma, and leukemia (Agrawal et al., 2012; Cheng et al., 2007;
Lam et al., 2011; Morrow et al., 2013). Some extra types of cancer cells
lines, including those of melanoma, lung cancer, osteosarcoma, pancreatic
cancer, prostate cancer, colon cancer, thyroid cancer, and breast cancer, are
also found to be sensitive to Co-hArg (Agrawal et al., 2012). Cytotoxicity of
Co-hArg against normal human tissues, however, has also been reported
(Agrawal et al., 2012). Moreover, 6 mg/kg pegylated Co-hArg can result in
transient weight loss in mice model while a doubled dose is harmful
(Agrawal et al., 2012). The toxic effect of Co-hArg is probably due to its
enhanced catalytic effect compared to normal human arginase containing
Mn?*. Some researchers therefore suggest that Co-hArg be used in
combination with citrulline against cancers with low ASS level to avoid
high toxicity (Agrawal et al., 2012). Such suggestion, even if feasible, will

limit the application of Co-hArg to ASS-low cancers only.

By conjugating rhArg with mPEG-SPA (methoxypolyethylene glycol-
succinimidyl propionate) of MW 5,000 Da, the resulting rhArg-pegs,ocomw
has not only retained most of its catalytic activity (Km for L-arginine = 2.9
mM) but also retained its tumor inhibitory effect at a physiological pH (Tsui
et al., 2009). The part of enzyme activity lost through pegylation may be
compensated by a prolonged plasma half-life of around 3 days (Cheng et al.,
2007). Studies have shown that pegylated rhArg can dramatically inhibit the

growth of several HCC and melanoma xenografts in mice (Cheng et al.,
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2007; Lam et al., 2009; Lam et al., 2011). The pegylated rhArg, PEG-BCT-
100, has entered phase I and Il trials for patients with liver cancer (Bio-

Cancer Treatment International Limited, 2014a, 2014b).

Another arginase which originates from Bacillus caldovelox, BCA, has
also been studied by our group members. Unlike human arginase, BCA is a
homo-hexamer (Figure 1.11 B) (Bewley et al., 1999). Each monomer of
BCA is of 31 2 kDa (Patchett et al., 1991) and is thought to have a full set
of active-site residues (Bewley et al., 1999). The protein sequence
alignment of hArg and BCA is shown in Figure 1.12. As can be seen, these
two proteins share moderate similarities with some conserved amino acid

sequences.

Since B. caldovelox is an extreme thermophile, BCA is quite
thermostable and has optimal activity at 60<C, pH 9 (Patchett et al., 1991).
The heat-resistant property is a great advantage of BCA over its human
counterpart as it allows BCA to be easily purified by heat treatment. In
addition, the advanced recombinant protein technology allows a 6x histidine
tag to be attached to BCA so that the enzyme can be further purified by an
affinity column. The anti-cancer properties of BCA is being studied both in

vitro and in vivo which will be discussed in the following chapters.

As introduced previously, the main advantage of arginase over ADI is
that it is effective against several tumor cell types that have previously been
found to be ADI-resistant (Cheng et al., 2007). Therefore, it is predicted that
arginase is effective in both ASS-negative and ASS-positive tumors, as long

as OTC is not expressed in these cells. Since the absence of OTC activity is
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more frequently observed in tumor cells, it is believed that arginase has a
much wider range of uses on cancer therapy than ADI. Another advantage
of arginase lies in the fact that urea, the catalytic product of arginase, is less
toxic than ammonia produced by the ADI-catalyzed reaction. Therefore,
arginase may be a much safer choice for the treatment of cancer patients

compared to ADI.
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Figure 1.11: Structure of arginase viewed by Cn3D 4.3. (A) Structure of
human arginase (PDB number: 2ZAV); (B) Structure of BCA (PDB

number: 2CEV). Manganese ions are shown as spheres in gray.

49



hirg NS AFSRT TITGAPF S RGP RGGYEEGE TYLEEAGLLEFT FEQECTVED T GILFFATTE -

ECh —=——MEFISIIGYFMILGATERGYDMGE S AMEY sV TERL ERTHITTETLGITFIGERER
U -0 SR S SR ST I ST 3E SO SRE A

hieg —HDSFFOIVENE RS YGRS EQLAGEY AEVEFHGEL S LY LG HS LA TGS TS GHARYHE DL
ECh LHEQGBSElEHIEAFﬁEAHEEIAAAFDQ?FHEGEFPLFIEGDHEIAIGTLAG¥1EHYEEL
I IR RE I F - N I R R - 2T 2 T T I SR
hieg YWY DAHT D INTF LT TT S GHLHGAE VS FLLEELEGEIFIVE GF SWWTFCISAFDIVIIG
ECA G%IWYDAHEDHHTAETSPSGHIHEMPlAASLEFGHTAIIQIGGE-——SPRIRPEHF?IIG
LS S ST T St R A SR S I TR
hieg LEDYDFGEHY ILETLGIEY FEMTEVDELGL EYMEET LS Y LLGEFREREF THLSF IVINGLIE
ECA YRSLIEGERRFIREKGIET Y TMHEVDRLGM T RYMEET T A Y LEERTDG-VYHLSLILIGLIF
CELE CRED DD RREE D ORRRREE D CRRRRE R R DRk R ok
hieg SFTEATGTEVYGGLT T REGLY ITEEIYRT GLISGLDIMEYRE SLGETFEEVIRTYHTAYA
ECA SDAPGHGTPFIGGIIYEESHLAMEHLAEAHIITSAEFFEFHPILr——-DERHRIASFAFA
L S SRS R 2 L Dok ok B R N S

hirg ITLACFGLAREGHHEF IDYLHFFE

BCA LMGSLFGEKLM--—-——--—----
. 4

Figure 1.12: Protein sequence alignment of hArg and BCA by
CLUSTALW. Protein sequences are corresponding to the crystal structures

shown in Figure 1.11. Alignment score: 39.1304.
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1.4 Arginine decarboxylase (ADC)

1.41  ADC in general

ADC catalyzes the conversion of L-arginine to agmatine and carbon
dioxide (COy). It has been found in various types of organisms, including

bacteria, fungi, parasites, plants, marine animals, and mammals.

In bacteria and plants, ADC, together with ornithine decarboxylase
(ODC) which catalyzes the decarboxylation of ornithine to form putrescine,
serves in two alternative pathways for the biosynthesis of polyamines
(Bouchereau et al., 1999; Morris and Pardee, 1966; Tabor and Tabor, 1985;
Watson et al., 1998). Polyamines are organic cations essential for cell
growth and proliferation (Gerner and Meyskens, 2004). The ADC pathway
of polyamine biosynthesis also involves the enzyme agmatinase which
hydrolyzes agmatine to urea and putrescine (Bouchereau et al., 1999; Tabor
and Tabor, 1985). Putrescine, while being one of the three main polyamines
in living organisms, can be further metabolized to the other two main

polyamines — spermidine and spermine (Gerner and Meyskens, 2004).

Unlike bacteria and plants, in mammals, the biosynthesis of polyamines
is merely through the enzyme ODC (Zhu et al., 2004). In early days, ADC
was not believed to be expressed in mammals (Tabor and Tabor, 1984). It
was only till 1994 when ADC activity was first detected in bovine and rat
brain (Li et al., 1994). Human ADC, a protein of 460 amino acid residues, is

selectively expressed in brain and is of negligible level in some other tissues
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including heart, kidney, lung, skeletal muscles, and peripheral leukocytes
(Zhu et al., 2004). The catalytic product of ADC, agmatine, can cross the
blood-brain barrier (Piletz et al., 2003), and is widely distributed in
mammalian tissues (Raasch et al., 1995). While the activity of human ADC
Is quite low to generate much agmatine (Molderings and Haenisch, 2012),
gastrointestinal uptake is also an important source of agmatine (Molderings
et al., 2003). Agmatine serves multiple physiological roles such as a
neurotransmitter (Reis and Regunathan, 1998) and a suppressor of cell
proliferation (Isome et al., 2007; Satriano et al., 1998). It has been reported
that in kidney cells, agmatine can suppress the production of polyamines

through the inhibition of ODC (Satriano et al., 1998).

Compared to its bacterial and plant counterparts, mammalian ADCs are
of a distinct type because: they are membrane-associated (Zhu et al., 2004);
their substrates include not only L-arginine but also L-ornithine (Zhu et al.,
2004); it is reported that rat (Regunathan and Reis, 2000) and human ADCs
can be inhibited by calcium ions, which is also an unique feature of
mammalian ADCs (Zhu et al., 2004). The relationships among ADCs of
bacteria, plants, and mammals are summarized in Figure 1.13 (Zhu et al.,

2004).
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GenBank Accession #

Vibrio cholerae NP_233201
Vibrio vulnificus NP_934779
Homo sapiens ADC AAQ62560
Escherichia coli inducible NP_418541
Bacillus cereus NP-833681
Carica papaya AAC68512
Nicotiana tobacum T15046
[~ Glycine max T06593
— Lotus coniculata CAE02645
[~ Homao sapiens ODC AAH25296
— Escherichia coli constitutive P21170

Figure 1.13: Phylogenetic tree based on amino acid sequences showing the

relationships among ADCs of different origins (Zhu et al., 2004).
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1.4.2 Biodegradative ADC from E. coli

In E. coli, two isoforms of ADC have been identified: biodegradative
(or inducible) ADC, and biosynthetic (or constitutive) ADC. Biodegradative
ADC was first studied in 1940 (Gale, 1940). The gene that encodes this type
of ADC, adiA, is only expressed under anaerobic, acidic conditions (Blethen
et al., 1968; Gale, 1940). Therefore, this type of ADC is also named as

inducible ADC, or acid-induced ADC.

Characterization studies in early days have shown that biodegradative
ADC requires PLP as a cofactor (Baddiley and Gale, 1945). The enzyme
has optimal activity at pH 5.2, 37-40<C, with its K, for L-arginine of 0.65
mM (Blethen et al., 1968). Structural studies propose that biodegradative
ADC is an 850 kDa-homo-decamer composed of five homo-dimers (Figure

1.14) (Andrell et al., 2009; Blethen et al., 1968).

Similar to other PLP-dependent enzymes, the basic unit of
biodegradative ADC is a dimer rather than a monomer (Andrell et al.,
2009). The dimer is composed of two identical subunits, one from each
pentameric rings (Andrell et al., 2009). These two subunits are packed
tightly so that the two active sites are well-buried from the dimer interface
(Andrell et al., 2009). The PLP cofactor binds to the lysine residue of one of
the subunits, and is further coordinated by several other residues from both

subunits of a dimer (Andrell et al., 2009). Salt bridges and hydrogen bonds
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are responsible for connecting neighbouring dimers to form the pentameric

ring (Andrell et al., 2009).

Biodegradative ADC plays an important role in the acid resistance
system of bacteria. Under acidic conditions, the enzyme becomes activated
and catalyzes the decarboxylation of arginine to agmatine. This process
requires the consumption of proton, therefore prevents the accumulation of
protons inside the bacterial cell (Andrell et al., 2009). Due to such a defense
mechanism, bacteria, such as E. coli, are able to survive in acidic

environments such as the digestive tract of a host organism.
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Figure 1.14: Structure of E. coli biodegredative ADC homo-decamer

(Andrell et al., 2009). (A) Bottom view; (B) Side view.

56



1.4.3  Biosynthetic ADC from E. coli

More than twenty years later after the first observation of
biodegradative ADC, scientists pointed out that apart from the
decarboxylation of ornithine by ODC, there was actually an alternate
pathway for the biosynthesis of putrescine in E. coli involving a distinct
form of ADC which functions optimally at around pH 8 and requires not
only PLP but also magnesium ions as cofactors (Morris and Pardee, 1966).
This enzyme, being constitutively expressed, is named as constitutive or

biosynthetic ADC.

In 1973, biosynthetic ADC was successfully purified from E. coli and
was further characterized (Wu and Morris, 1973a). The purified biosynthetic
ADC is a tetramer of around 296 kDa (Wu and Morris, 1973a). This enzyme
functions optimally at pH 8.4, and its Ki, value for L-arginine is 0.03 mM
(Wu and Morris, 1973a). Later studies have shown that encoded by gene
speA, biosynthetic ADC from E.coli is a 280 kDa-homo-tetramer (Moore
and Boyle, 1990), as depicted in Figure 1.15. The mininal functional unit of
biosynthetic ADC is a homo-dimer which contains two active sites that lie
at the interface between the two interacting monomers (Forouhar et al.,
2010). Each monomer consists of 658 amino acid residues. As shown in
Figure 1.16, E. coli biosynthetic ADC shares little sequence homology with
the biodegradative ADC, and this may account for their different reaction
properties. In addition, unlike its biodegradative counterpart which is

located in cytoplasm, biosynthetic ADC exists in the periplasmic space
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(Buch and Boyle, 1985). It had been reported that many bacterial secreted
proteins contain certain hydrophobic signal sequences at their N-termini
which help to transport the proteins through the cell membrane (Inouye and
Halegoua, 1980). Because of the existence of such a signal peptide
sequence, the monomer of biosynthetic ADC is first synthesized as a
precursor polypeptide of 74 kDa, then transported into the inner periplasmic
space of E. coli, where the signal sequence is removed so that the matured
enzyme of ADC with a size of 70 kDa can be settled there (Buch and Boyle,
1985). This mechanism is evolved probably to result in a readily conversion
of the exogenous arginine to putrescine while having minimum disturbance

to the intracellular environment (Buch and Boyle, 1985).
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Figure 1.15: Structure of E. coli biosynthetic ADC (Forouhar et al., 2010).
(A) Tetramer, and (B) monomer of E. coli biosynthetic ADC. A sulfate ion

is located at the phosphate binding site of PLP.
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Figure 1.16: Protein sequence alignment of biodegradative and biosynthetic
ADCs from E. coli by CLUSTALW. Protein sequences are corresponding to
the crystal structures shown in Figures 1.14 and 1.15. Alignment score:

9.15916.
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1.4.4 Previous studies on the anti-cancer effects of ADC

As an arginine-depleting enzyme, ADC is expected to have inhibitory
effects on tumor growth. Around 7-20 pg/ml E. coli biosynthetic ADC has
demonstrated obvious inhibitory effect on the growth of HelLa cells cultured
in vitro starting from the second day of the treatment (Philip et al., 2003).
When the dose of ADC is increased to around 330-1000 pg/ml and the
treatment period is extended to four days, the growth inhibitory effect of

ADC is almost the same as that of using AFM (Philip et al., 2003).

Apart from its arginine-depleting function, ADC may also inhibit tumor
growth through it catalytic product, agmatine. This idea is supported by
multiple studies which have demonstrated the in vitro inhibitory effect of
agmatine on cell growth (Molderings et al., 2004; Philip et al., 2003; Wang
et al., 2005; Wolf et al., 2007). In addition to agmatine, the catabolic
reaction of arginine by ADC also produces CO>, hence may have milder
side effects than those catalyzed by ADI (generates ammonia) and arginase
(generates urea). More improtantly, while ADI has little inhibitory effect in
ASS-positive cell lines and arginase is thought to have little inhibitory effect
in OTC-positive cell lines, ADC, whose catalytic products are not
intermediates in the urea cycle, may be advantageous over the other two
arginine-depleting enzymes as it may, theoretically, inhibit the growth of

cancer cells regardless of their urea cycle enzyme expression profiles.
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1.5 Extending the circulating half-lives of drug materials

15.1  Pegylation

As introduced in the previous sections, pegylation is the main
established method for extending the circulating half-life of anti-cancer
enzymes such as aparaginase and rhArg. PEG is a hydrophilic, synthetic
polymer, and the process during which one or several PEG molecules are
conjugated covalently to the surface of the target material is termed
pegylation (Pasut et al., 2008). The size of PEG used in pharmaceutical
practice ranges from 400 Da to 50 kDa (Knop et al., 2010). The non-toxic
and weakly immunogenic nature of PEG has made it the most widely used
type of polymer conjugate for therapeutic proteins (Pasut et al., 2008;
Roberts et al., 2002). The effect of pegylation includes the reduction of
renal clearance of relatively small molecules through increasing their sizes,
the elimination of immunogenicity of heterogeneous proteins through
shielding their antigenic epitopes, the prevention of protein degradation by
proteolytic enzymes probably through shielding the enzyme-recognition
sites on proteins (Roberts et al., 2002), and the improvement of protein
solubility due to the hydrophilic property of PEG molecules (Pasut et al.,

2008).

The first reported case of pegylation took place in 1977 when PEG was
conjugated to bovine serum albumin (BSA) (Abuchowski et al., 1977).

Since then, pegylation has been studied as a method for altering the
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pharmacological and biological properties of proteins. Pegylated therapies
that are currently used in clinical practice include: Adagen (Enzon), the
pegylated form of bovine adenosine deiminase (ADA), as an orphan drug
for the treatment of ADA deficiency; PEGASY'S (Roche), the pegylated
interferon a-2a, as a treatment of hepatitis C; and Oncaspar (Enzon), the
pegylated L-asparaginase for the treatment of ALL (Knop et al., 2010; Pasut

and Veronese, 2009).

In addition to its potential immunogenicity over long-term application,
pegylation also has some other defects. The pharmaceutical grade of PEG
reagent can be of high price, whereas high PEG-to-drug ratio is often used
during pegylation. The standard protocols for the preparation of both PEG-
ADI and PEG-rhArg recommend a molar ratio of PEG to enzyme of 40:1 or
50:1 (Cheng et al. 2007; Holtsberg et al., 2002; Stone et al., 2012).
Therefore, pegylation of drug material may not be a quite cost-effective
process. Some downstream procedures, such as the removal of free PEG
molecules from the pegylated enzyme, is also required after the process of

pegylation.

Another main defect of pegylation for the modification of protein drugs
lies in the fact that it may easily affect the protein binding or catalytic
activity (Bailon et al., 2001; Kubetzko et al., 2005). It has been reported that
PEG-ADI retains only half of the specific activity of native ADI (Ni et al.,
2008). Although careful design of the conjugation site may help to minimize
the loss of enzyme activity, changes are unavoidable in most cases. In fact,

it has been reported by our group members that the activity of ADC has
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greatly decreased after pegylation (Section 6.4.1). Therefore, alternative

methods should be explored.
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1.5.2 Fusion proteins

1.5.2.1 Human serum albumin (HSA) fusion proteins

Apart from serving as potential anti-cancer drug materials, proteins can
also play the role of macromolecular conjugates for the modification of anti-
cancer chemotherapeutic drugs. Plasma proteins, especially serum albumin,
are preferably picked up and accumulate in tumor cells due to the impaired
lymphatic drainage of these cells (Brown and Giaccia, 1998; Wunder et al.,
1997). After entering tumor cells, plasma proteins are broken down by
lysosomal enzymes to provide amino acids for the de novo synthesis of
tumor proteins (Stehle et al., 1997). Therefore, albumin is a good candidate
for tumor targeting agents. For example, doxorubicin carried by the human
serum albumin (HSA) nanoparticles has demonstrated effective localization
in tumors as well as obvious cytotoxic effect in tumor cells (Bae et al.,
2012).

For protein or peptide drugs, genetic fusion is a common method for the
generation of HSA-drug conjugates. Serum albumin is abundant in human
plasma, with an average concentration of 40 mg/ml (>600 uM) (Sand et al.,
2015). As a relatively large monomeric protein of ~67 kDa, HSA may help
to prevent its drug conjugates from being excreted through renal filtration
by increasing the size of the drug. The long biological half-life of HSA
(around 20 days in humans; Peters, 1985) is also a favored property for
conjugating materials (Muller et al., 2007). Furthermore, as HSA is of

human-origin, it is also believed that through the fusion with HSA, the
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immunogenicity of the drug may be alleviated. Albutropin, an HSA-growth
hormone fusion protein, has been used for the treatment of growth hormone
deficiency (Osborn et al., 2002). Compared to the unmodified growth
hormone, the fusion protein has a four-fold longer half-life in rats and a six-
fold longer half-life in monkeys (Osborn et al., 2002). Albinterferon a-2b, a
fusion of interferon a-2b with HSA, is reported to have an extended
circulating half-life of 6-7 days, and has entered phase I11 trials for the
treatment of chronic hepatitis C (Balan, 2006; Subramanian et al., 2007).
HSA-fusion is a key breakthrough for improving the pharmacokinetic
properties of drugs. It accomplishes the modification once and for all on a
genetic basis, and is a much more economical alternative to chemical

methods such as pegylation.
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1.5.2.2 The application of albumin binding domain (ABD)

The genetic fusion of a protein to an aloumin binding domain (ABD)
from streptococcal protein G has been used since the early 1990s (Makrides
et al., 1996; Nygren et al., 1991). ABD is a relatively small domain at the
N-terminus of streptococcal protein G which has affinity for serum albumin
(Akerstrom et al., 1987). In vivo studies have shown that the ABD fusion
protein is able to bind to serum albumin effectively, and hence stabilizes the
protein of interest (Nygren et al., 1991). The circulation half-life of the

protein has also been extended (Makrides et al., 1996).
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1.6 Objectives of the project

In order to gain a better understanding of ADC, the expression,
purification and anti-cancer properties of this enzyme originates from E. coli

were explored in this project.

The first part of this project mainly consists of the expression and
purification of a recombinant E. coli biosynthetic ADC tagged with six
histidine residues (hereafter referred to as ADC unless specified). Through
the determination of the optimal reaction conditions for ADC, an improved

method for assaying the specific activity of ADC has also been established.

The project then focuses on the anti-cancer properties of ADC in vitro.
The effect of ADC on cell viability has been examined in a variety of cell
lines of different cancer types. The ability of ADC on the induction of
apoptosis, autophagy, and cell cycle arrest was then investigated. In
addition, we have tested some combinations of ADC with other anti-cancer
small molecules such as doxorubicin and HCQ in cancer cells. Some

comparative studies using ADI and BCA has also been conducted.

The project then proceeds to a preliminary in vivo study to test the
feasibility of ABD fusion for the improvement of circulating half-life of
enzyme drugs. Both ADC-ABD and BCA-ABD have been prepared and

studied.
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By revealing the enzymatic properties, the anti-cancer potential, as well
as some defects of ADC, this study may provide more information for the

future development of ADC as an anti-cancer drug.
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Chapter 2

Materials and methods

2.1 Materials
2.1.1 Protein constructs

2.1.1.1 Protein construct of ADC

The pET expression system was used for the expression of ADC. The
gene encoding ADC was slightly modified and inserted into a pET-3a vector
(Figure 2.1). Expression of ADC was under the control of a T7 promoter
and required the induction of isopropyl B-D-1-thiogalactopyranoside
(IPTG). The recombinant vector was then cloned into E. coli strain BL21
(DE3). This whole process was done by Ms. Sandra Y. S. Siu who was a

former member of our research group.

The ADC used in this project was a slightly modified version based on
the native E. coli biosynthetic ADC. The modifications of the ADC’s DNA

sequence are shown in Figure 2.2 and described as follows:

First, the 32 amino acid residues at the N-terminus of native ADC
representing the signal peptide sequence had been removed to make ADC
remain in the cytoplasm of E. coli, which was easier for purification.
Because a start codon “ATG” is included in the Ndel restriction site
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“CATATG” (Figure 2.1), a methionine residue was artificially added to the

N terminus of the protein.

Second, a point mutation was made to change the 1299™" neucleotide of
native ADC from thymine to cytosine. This is a silent mutation therefore has
no effect on the amino acid sequence produced. This mutation is necessary
to remove the undesired BamHI restriction site within the middle of the
native ADC DNA sequence, as BamHI restriction site is involved in the

cloning process of ADC into the pET-3a plasmid.

Finally, a DNA sequence encoding the 6x histidine tag was added to the
C-terminus of ADC so that the enzyme can be easily purified by nickel
affinity chromatography. According to Ms. Sandra Y. S. Siu, this
modification is preferably performed at the C-terminus of ADC, since an N-
terminal 6x histidine tag results in much less protein yield and significantly

lower enzyme activity (Appendix Figure 1).

An alignment of the protein sequences of native E. coli biosynthetic

ADC and the ADC used in this project is shown in Figure 2.3.
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Ndel
RBS, /rgene 10 leader
P17+ |/ BamHI
AT 17

Lampicillin

7/

*pBR322 ori

GAAGGAGATATACATATGAGC ene  CACCACCACCACCATCACTAAGGATCC
u | Ndel His.His His His His His Stop BamHl
RBS

Figure 2.1: Plasmid map of ADC used in this project. This map is provided

by Ms. Sandra Y. S. Siu. RBS, ribosome binding site.
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6l
121
181
241
301
36l
421
481
541
601
eel
721
781
841
901
g6l

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
18¢l

Signal peptide sequence was deleted

Estet
gegogegaac acggtasact acgotocaty cagoagotss caatgagese seaggaagcc A new
1[atdagcaaga

aacgagctgg
ctcgcgcagt
ttcccacaga
gaatcctacg
cgccgcgtga
aaagccgagt
aacggttata
aaggtctatc
cgtctgaatg
aaatggcagt
caactggttg
cacctcggtt
cgtttctatg
ggtetgggey
ctcaatgaat
ctgccgecatc
ctggtgtcta
gaagatgcgce
cgaactcgece
catatcggct
tatttgagca
ccgattatcg
ttccagtcga
gggctggate
ggtgctatcg
tacgatccag
ctcggcaaca
gacggtagcg
tatgtacagce
gatcttgatg
tatacttatc

tgctgecgtac
gccacattag
tagtgaaaac
tcctgecagea
gctataacgg
ttgagtccct
tgatggcagt
aagaccgcga
tggtcattga
tcgttecteg
cctcecggegg
aaaccctgcg
cgcagatggc
tggaactgca
tggattatga
acgccaacaa
cgacggtaat
atatcatcgg
cgcgegeget
gttctctgceg
actcttccgg
tgtgccatga
acgagctgca
tgccggacge
aagtgccgga
accactatat
agaatccgcee
tgcacaacct
tagaagtaga
tcgatccgaa
ctgaactgca
ttgaagatga

ttacaatatt
cgtgtgcccg
tcgtgaagca
ccgtttgegt
cgattacttc
gattcattcg
actggcacat
atatatccgce
gaagatgtca
tetgggegty
ggaaaaatcg
tgaagccggg
gaatattcgc
caagctgggc
aggtactcgt
cattatctgg
caccgaatcg
cgtggaacgt
gcaaagcatg
tgaatggtta
catctttagce
agtgcaaaag
ggaacgtatg
atgggggatce
acgtcgcget
tgatggtgac
gatgctcggt
gttcggtgat
actgtctgac
aacgctgtta
acaacagttc

gectggtogy
gacccggacg
cagggccagce
tccattaacg
cttgtttatc
ggcgaaccgce
gctggcatga
ctggcattaa
gaaatcgcca
cgtgcacgtc
aagttcggcece
cgtctcgaca
gatatcgcga
gtcaatattc
tcgecagtecg
gegatiggcy
ggtegtgcyy
aacgaataca
tgggaaacct
cacgacagtc
ctgcaagaac
cagctggdde
gcggacaaaa
gaccagttgt
gtgctgctgg
ggtattgcca
ttctttatgg
accgaagcgg
gaaggcgata
acccagttcc
cttgaagagt

gcaccaccac

caccatcaclt

A 6-histidine tag was added

gcaataacta
tcccggaage
gtctgectge
ccgcgttcaa
cgatcaaagt
tgggtctgga
cccgtagegt
ttggcgagaa
ttgtgctgga
tggcttcgea
tggctgecgac
gcctgcaact
caggcgttcg
agtgcttcga
actgttcggt
atgcgtgtga
tgactgcgca
cggtgccgac
ggcaggagat
agatggatct
gtgcatggge
cgcaaaaccg
tgtacgtcaa
tccecggttcet
atattacctg
cgacaatgcc
tcggcgcata
ttgacgtgtt
cegtggcgga
gcgatcaagt
tcgaggcagy
aa

ctatgacgtt start codon
tegegtegat was added
actgttctgt
acgtgcgagy
taaccagcac
agccggttce
catcgtctge
gatggggcac
tgaagcagaa
gggttegggt
tcaggtactg
actgcacttc
tgaatccgeg
cgtcggcggce
gaactacggc
agaaaacggt
tcacaccgtg
cgcgcctgca
gcacgaaccyg
gcacgacatt t was
tgagcagett artificially
tgctcatcegt mutated to
cttctegety ¢ to silence

geCYCtYTAR he BamHT
tgactctgac -
aatgccggag SHiE
tcaggagatc
cgtcttcect
catgctgcaa
gaagaaaacc
tttgtacggt

Figure 2.2: DNA sequence of ADC used in this project showing the

modifications made. Information was provided by Ms. Sandra Y. S. Siu.
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Native MSDDMSMGLPSSAGEHGVLRSMQEVANSSQEASKIMLRT Y NTAWWGNNY Y DVNELGHISVC
Modified MSKMLRTYNIAYRGNNY Y DVNELGHISVC
HARRRRR RO

Native PDPDVPEARVDLAQLVKTREAQGQRLP ALFCFPQILQHRLRSI NAAFKRARESYGYNGDY
Modified FDPDVPEARVDLAQLYVKTREAQGQRLPALFCFPQILQHRLRSINAAFKRARESYGYNGDY
AAAAAAAAAAAAAAAAAAAAAAAAAAARAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAA K
Native FLVYPIKVNQHRRVIESLIHSGEPLGLEAGSKAELMAVLAHAGNTRSVIVCNGYKDREYL
Modified FLVYPIKVNQHRRVIESLIHSGEPLGLEAGSKAELMAVLAHAGNTRSYIVCHNGYKDREYI
Native RLALIGEKMGHKVY LVIEKMSEIATVLDEAERLNVVPRLGVRARLASQGSGKNQSSGGEK
Modified RLALTGEKMGHKVY LVIEKMSEI AL VLDEAERLNVVPRLGYRARLASQGSGKRQSSGGEK
AAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA K
Native SKFGLAATQVLALVETLREAGRLDSLQLIHFHLGSQMANIRDIATGYRESARFY VELHKL
Modified SKFGLAATQVLALVETLREAGRLDSLALLHFHLGSQMANIRDIATGYRESARFY VELHKL
HAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAKAAAAAAAAAAAAAAAAARAAKA K
Native GYNIQCFDVGGGLGYDYEGTRSQSDCSYNYGLNEY ARNI IWATGDACEENGLPHPTVITE
Modified GYNIQCFDVGGGLGYDYEGTRSQSDCSYNYGLNEY ARNIIWATGDACEENGLPHPTVITE
HAAAAAAAAAAAAAAAAAAAA AR AR AR AR AR AR AR AR AR K
Native SGRAVTAHHTVLYSNIIGYERNEY TVPTAPAEDAPRALASHAETRQEMHEPGTRRSLREW
Modified SGRAVTAHHTVLYSNIIGYERNEY TVPTAPAEDAPRALQSHAETRQEMHEPGTRRSLREW
KRR AAAAAKAAAAAAAAAAAKAAAAAAAAAKAAAAAAAAAAAAAAAAAAAAAKAAAA A
Native LHDSQMDLHDIHIGYSSGIFSLQERANYAEQLY LSMCHEVQKQLDPQNRAHRPIIDELQER
Modified LHDSQMDLHDIHIGYSSGIFSLAERANAEQLY LSMCHEVQKQLDPQNRAHRPIIDELQER
FAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAA K
Hative MADKMY VNFSLFQSMPDARGIDQLFPVLPLEGLDQVPERRAVLLDITCDSDGAIDHYIDG
Modified MADKMY VNFSLFQSMPDARGIDQLFPVLPLEGLDQVPERRAVLLDITCDSDGAIDHYIDG
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAA K
Native DGIATTMPMFEYDPENPPMLGFFMYVGAYQEILGNMHNLFGDTEAVDVFVFPDGSVEVELS
Modified DGIATTMPMPEYDPENPPMLGFFMYGAYQEILGNMHNLFGDTEAVDVFVFFDGSVEVELS
Native DEGDTVADMLAY VQLDPKTLLTQFRDQVKKT DLDAELQQQFLEEFEAGLYGYTYLEDE-~
Modified DEGDTVADMLAYVQLDPKTLLTQFRDQVKKT DLDAELQQQFLEEFEAGLYGYTYLEDEHH
HORAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAKAAAK
Native o
Modified HHHH

Figure 2.3: Alignment of the protein sequences of native E. coli biosynthetic
ADC (accession number: P21170) and modified recombinant ADC used in
this project. Multiple sequence alignment was performed by CLUSTALW.

Score of alignment: 98.8942.
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2.1.1.2 Protein construct of ADC-ABD

The construct of ADC-ABD was designed by Dr. H. K. Yap in our
research group, who also kindly provided E. coli cells that expressed ADC-
ABD produced from fed-batch fermentation for this project. pPRSET
expression system was used for the production of ADC-ABD (Figure 2.4).
This expression system does not require lactose or IPTG induction, and

hence the cell culturing process is easier than that of ADC.

A high affinity version of ABD designed by Jonsson et al. (2008) was
used in this project. This fragment contains a linker sequence (AVDANS) as
well as ABD, and was fused directly to the C-terminus of ADC. When the
protein is expressed, a 6x histidine tag provided by the pRSET plasmid is
added to the C-terminus of the fusion protein. The alignment of the protein
sequences of ADC and ADC-ABD used in this project is shown in Figure

2.5.
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Figure 2.4: Plasmid map of ADC-ABD. This map is provided by Dr. H. K.

Yap.
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ADC MSKMLRT Y NLIARWGNNY Y DVNELGHISVCFDPDVPEARVDLAQLVKTREAQGQRLFALFC
ADC-ABD MSKMLRTY NIARHGNNY Y DVNELGHISVCFDPDVFPEARVDLAQLVKTREAQGQRLPALFC
B S e e e

ADC FPQILQHRLRSINAAFKRARESYGYNGDYFLVY PIKVNQHRRVIESLIHSGEPLGLEAGS
ADC-ABD FPQILAHRLRSINAAFKRARESYGYNGDYFLVYPIKVNQHRRVIESLIHSGEPLGLEAGS
RO
ADC KAELMAVLAHAGHTRSVIVCHGYKDREY IRLALTGEKMGHKVYLVIEKMSEIATVLDEAE
ADC-ABD KAELMAVLAHAGHTRSYIVCNGYKDREY IRLALTGEKMGHKYY LVIEKMSEIATVLDEAE
e e e e
ADC RLNVVPRLGVRARLASQGSGKN¥QSSGGEKSKFGLAATQVLALVETLREAGRLDSLALLHF
ADC-ABD RLNVVPRLGVRARLASQGSGKNQSSGGEKSKFGLAATQVLALVETLREAGRLDSLQLLHF
B e e S e e e e
ADC HLGSQMANIRDIATGVRESARF Y VELHKLGYNIQCFDVGGGLGYDYEGTRSQSDCSVNIG
ADC-ABD HLGSQMANTRDIATGVRESARFY VELHKLGYNIQCFDVGGGLGYDYEGTRSQSDCSVNYG
B e e e e e
ADC LNEY ANNITWATGDACEENGLPHPTVITESGRAVTAHHT VLVSNIIGVERNEYTVFTAPA
ADC-ABD LNEYANNII®ATGDACEENGLPHPTVITESGRAVTAHHT VLVSNIIGVERNEYTVFTAPA
FRRAR OO RO
ADC EDAPRALQSMHETHQEMHEPGTRRSLREX LHDSQMDLHDIHIGYSSGIFSLAERARAEQL
ADC-ABD EDAPRALQSMWETWQEMHEPGTRRSLREW LHDSQMDLHDIHIGYSSGIFSLQERARAEQL
HRRRRRAO OO0
ADC YLSMCHEVQKQLDPQNRAHRPIIDELQERMADKNY VRFSLFQSHPDANGIDQLFPVLPLE
ADC-ABD YLSHCHEVQKQLDPQNRAHRPIIDELQERMADKNY VRFSLFQSHPDARGIDQLFPVLPLE
B e e e e e e e
ADC GLDQVPERRAVLLDITCDSDGAIDHY IDGDGIATTMPMPEYDPENPPMLGFFMVGAYQEIL
ADC-ABD GLDQVPERRAVLLDITCDSDGAIDHY IDGDGIATTMPMPEYDPENPPMLGFFHVGAYQEL
B e e e e
ADC LGHMHNLFGDTEAVDVFVFFPDGSVEVELSDEGDTVADMLAY VQLDPKTLLTQF RDQVKKT
ADC-ABD LGNMHNLFGDTEAVDVFVFPDGSVEVELSDEGDTVADMLAY VQLDPKTLLTQF RDQVKKT
RO
ADC DLDAELQQQFLEEFEAGLYGYTYLEDEHHHHHH
ADC-ABD DLDAELQQQFLEEFEAGLYGYTYLEDEAVDANSLAEAKVLANRELDKYGVSDFYKRLINK
FOOOOOO OO
ADC
ADC-ABD AKTVEGVEALKLHI LAALPGGSHHHHHH

Figure 2.5: Protein sequence alignment of ADC and ADC-ABD used in this

project by CLUSTALW. Score of alignment: 99.5261.
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2.1.1.3 Protein constructs of BHA and BAH

The protein sequence of BCA used in this project is the same as that
used by Bewley et al. (1999) (PDB ID: 2CEV) except that it contains a 6x

histidine tag at the C terminus.

The constructs of both BCA-6xHis-ABD (BHA) and BCA-ABD-6xHis
(BAH) were designed by Mr. Steve H. C. Chong in our research group, who

also kindly provided E. coli cell stocks that expressed BHA and BAH.

In both BHA and BAH, the BCA portion is a mutated version of BCA
with its valine residue at position 20 mutated to proline (V20P), while the
ABD portion is the wild-type version of ABD with a linker sequence
(AQHDEAVDANS) (Jonsson et al., 2008). The ABD portion is either
located at the very C terminus of the fusion protein (in the case of BHA) or
fused in between BCA and 6x histidine tag (in the case of BAH). The
alignment of the protein sequences of BCA, BHA, and BAH used in this

project is shown in Figure 2.6.
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ECh MEFISIIGYEMDLGATERGVIMGE S sMEY AGYTERLERLHYTTENLGIOTFIGEAERT HER

EH& MEFISITGYPMILGYTRRGFIMGES AMEY AGYTERLERT HY ITEDLGOTFTGEAERL HEQ
EaH MET TSI TGYEMDLGY TERGE IMGE S AMEY AV I ERLERLHY DTEDLGDIF TGEAERLHED

ERAAA AR AR A AR
BCA GOERLENLERY AR ANERT A AVIOVVOEGEFF LYLGGIHE T ATGTLAGYARHT EELGYTY
EHA& GOSELENLEAVAE ANERL A& AVIQVVOREGEFFLYLGGOHSTATGTLAGYARHY ERLGYIN
E&H GOSRLENLEAVAEANERL A AVIQVVORGEFFLYLGGOHETATGTLAGYARHY ERLGYTN

Fh ook
BC& TOAHGIVHT AETSFEGHIHGME LihSLGFHE ALTQI G CFETEFEHVVLIGVESLIE
EHA YDAHGIVHT AETEFEGHIHGNE LS LGFGHE ALTQIGGY CPETEPEHVVLIGVESLIE
EaH TOAHGIVHT AETSFEGHIHGME LS LGFHE ALTQI G CFEIEFEHVVLIGVESLIE

40 6 0 0B B b b b b b Rk R R

ECh EXRF IRERGTET Y TMHE VD RELGMTEYMEETTAYLEERT DixVHL ST DL DF SOAF YT
EH& EXRFIRERGTET Y TMHE VDI RLGMTEYMEETTAYLEERT D-VHL ST I DL DFSDAF YT
BAH ERFFIRERGIET Y TMHEVDELGM TRYMEET LAY LEERT D VHLS LI DGLOPSDATYGT

EEEE RS ELEE RS SRS RS RE RS EL SRS RS AR EE S EAE RSN R SRS

BCA PY¥IGGLT Y RESHLAMEMLAEAQTTTSAEFVEVHE ILDERNET ASYAVAIMGELFGERILMH

EH& FVIGGLT Y RESHLAMENLAE AQTTTI AEFVEVHF ILOEENET ASVAVATMGELFGEFTMH

EsH FVIGGLT Y RESHLAMEMLAE AQTTTZAEFVEVHFILIERNET ASVAVATMGELFGERT M
B e e e s s e s s e e e e m

ECA HHHHH:

EHA HHHHHAQHDEAYDARSLAE ARV LANRELDEY VS DT Y ENLTHHART VEGYEALTDET LA

EaH QAHDEAVDAN-————- SLAEARYLAREELDEY GVSDT YENLTHHART VEGYEATLTOET LA M
EL

BCA =

EHA Lf-=----

BaH LFHHHHHH

Figure 2.6: Protein sequence alignment of BCA, BHA and BAH used in this
project by CLUSTALW. Scores of alignment: BCA versus BHA: 99.6721;

BCA versus BAH: 98.0328; BHA versus BAH: 97.5138.
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2.1.2  Chemicals and reagents

Nickel (I1) sulfate hexahydrate, magnesium chloride anhydrous,
agmatine sulfate, L-arginine, L-citrulline, L-ornithine, urea, urease,
thiosemicarbazide, sodium hydroxide, HEPES, trichloroacetic acid (TCA),
hydrochloric acid, sulfuric acid, phosphoric acid, isopropanol, 2-
mercaptoethanol, Triton X-114, amino acid standards, human serum
albumin (HSA), dimethyl sulfoxide (DMSO), doxorubicin hydrochloride,
verapamil hydrochloride, rapamycin, and hydroxychloroquine (HCQ)

sulfate were purchased from Sigma-Aldrich.

LB broth, yeast extract powder, ampicillin, kanamycin, IPTG,
imidazole, sodium phosphate (monobasic), sodium phosphate (dibasic),
sodium chloride, sodium dodecyl sulfate (SDS), and Tween 20 were

purchased from Affymetrix.

Manganese (1) chloride tetrahydrate, iron (I11) chloride hexahydrate,
bromophenol blue, diacetyl monoxime, and acetic acid were purchased from

BDH (VWR).

Ammonium persulfate (APS), 30% acrylamide/bis-acrylamide solution,

and TEMED were purchased from Bio-Rad.

Glycerol, glycine, and Tris base were purchased from Amresco.

Methanol and ethanol were purchased from DUKSAN.

Coomassie Brilliant Blue R-250 was purchased from Unichem.
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Glutamate dehydrogenase, a-ketoglutaric acid, and NADPH were

purchased from Roche.

LY294002 was purchased from Calbiochem.

Arginine-free medium (AFM) was purchased from United States

Biological.

Antibodies to GAPDH, LC3, PARP, phospho-Akt, Akt, phospho-
ERK1/2, ERK1/2, phospho-mTOR, mTOR, phosphor-p70S6K, p70S6K,
and rabbit 19G (HRP-linked) were purchased from Cell Signaling

Technology.

Ultra Ninhydrin Reagent Kit, Lithium loading buffer, Lithium buffer 1-
5, and Lithium regeneration buffer for amino acid analysis were purchased

from Biochrom.

ADI used in this project was kindly provided by Mr. Godfrey Y. M.
Lam in our group. BCA used in this project was kindly prepared by Ms.

Shirley S. L. Chu in Dr. Thomas W. H. Lo’s research group.
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2.1.3 Cell lines

Human colorectal carcinoma cell lines HCT116 and LoVo, human
colorectal adenocarcinoma cell lines COLO205 were obtained from the U.S.

National Cancer Institute (NCI).

Human pancreatic adenocarcinoma cell line BXPC-3 (ATCC number:
CRL-1687), human pancreatic carcinoma cell line PANC-1 (ATCC number:
CRL-1469), and human foreskin fibroblast cell line HFF-1 (ATCC number:
SCRC-1041) were obtained from the American Type Culture Collection

(ATCC).

Human colorectal adenocarcinoma cell line SW1116, human cervix
adenocarcinoma cell line HeLa, human malignant melanoma cell line A375,
human hepatocellular carcinoma cell line HepG2, and human lung
carcinoma cell line A549 were provided by Bio-Cancer Treatment

International Limited.

Tumor cells were maintained in complete medium unless specified. The
complete medium was either DMEM (for A375, A549, HelLa, HepG2, and
PANC-1; Life Technologies) or RPMI 1640 (for BxPC-3, COLO 205,
HCT116, LoVo, and SW1116; Life Technologies) supplemented with 10%
(v/v) fetal bovine serum (FBS; Hyclone) and 100 units/ml

penicillin/streptomycin (Life Technologies).
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2.2 Protein expression

E. coli cell stocks that expressed ADC, BHA and BAH were provided
by Mr. Steve H. C. Chong. To prepare the seed culture, a small amount of E.
coli BL21 (DE3) glycerol stock was inoculated into 10 ml LB medium
supplemented with 100 pg/ml ampicillin in a universal bottle. The seed
culture was grown at 37 <C with shaking at 700 rpm for overnight (~16 h).
2.5 ml overnight seed culture was then used to inoculate 250 ml of LB
medium with 100 pg/ml ampicillin in every 2 L flask. Inoculated cells were
grown at 37 <C with shaking at 280 rpm for 2-4 h to an ODgoo 0f 0.6-0.8. 0.2
mM IPTG was then added to the culture medium to induce the
overexpression of target protein. Cells were grown for a further 4 h and
harvested at 4500 rpm. Cell pellets were used immediately or stored at -

20<C.

E. coli cell stock that expressed agmatinase were provided by Dr. H. K.
Yap. The expression of agmatinse started with the inoculation of a small
amount of E. coli glycerol stock into 250 ml 2x TY medium supplemented
with 50 pg/ml kanamycin, 50 pM MnClI. and 0.06% lactose (a sterile
solution of 20% (w/v) lactose monohydrate was prepared beforehand) in
every 2 L flask. The culture was grown at 28 <C with shaking at 280 rpm for
~21-24 h and was harvested at 4500 rpm. Cell pellets were used

immediately or stored at -20<C.
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E. coli cells that expressed ADC-ABD were produced from 500 ml
fermentation culture and were provided in the form of a cell pellet by Dr. H.

K. Yap.
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2.3 Protein purification by nickel affinity chromatography

E. coli cell pellets were resuspended in buffer containing 50 mM Tris-
HCI, 100 mM NacCl (pH 7.4; for the purification of ADC and ADC-ABD, 5
uM MgCl, was supplemented in buffer; for the purification of agmatinase, 5
uM MnCl> was supplemented in buffer) and were broken by sonication. Cell
debris was then removed by centrifuging at 10,000 rpm for 40 min.
Supernatant was applied to a 5 ml HiTrap™ chelating column (GE
Healthcare) that had been charged with Ni?* and equilibrated with buffer A
(20 mM sodium phosphate, 0.5 M NaCl, pH 7.4) using an AKTA purifier.
Proteins were eluted using a gradient of 0-0.5 M imidazole which was
achieved by the combination of buffer A with buffer B (0.5 M imidazole in
buffer A) at various ratios. Fractions were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 12%
polyacrylamide gels, and those containing the target protein were pooled.
Pooled fractions were concentrated and the buffer of the concentrated
pooled fractions was exchanged with 20 mM sodium phosphate (pH 7.4)
using centrifugal filter device (Amicon) or tangential flow filtration device
(Millipore). The membrane cut-off was 50,000 MW for ADC and ADC-
ABD and 30,000 MW for BHA, BAH and agmatinase. The retentate was
then diluted to a desired concentration and underwent sterile filtration
through a 0.2 um syringe filter and stored at 4 <C. Cofactors (5 mM MgCly,
0.1 mM PLP) were supplemented in ADC and ADC-ABD products, and

light should be prevented for the storage of these products.
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2.4 Protein gel electrophoresis

Protein samples were analyzed by gel electrophoresis to examine their

molecular weight and purity or as a step prior to the immunoblot assay.

Samples were mixed with the same amount of 2x loading buffer (20
mM Tris, 100 mM 2-mercaptoethanol, 2% SDS, 20% glycerol and 0.016%
bromophenol blue for SDS-PAGE; same ingredients but without 2-
mercaptoethanol for native-PAGE). SDS-PAGE samples were then boiled
in water for 5 min before being loaded onto the gel. The gel was a
composition of 4% stacking gel layered on top of 8-12% separating gel. For
SDS-PAGE, molecular weight standards (low range) or Precision Plus
Protein Dual Color Standards (Bio-Rad) were used as markers to determine
the MW of proteins. Electrophoresis was carried out in a Mini-PROTEAN
I11 dual slab cell (Bio-Rad) filled with 1x running buffer (25 mM Tris, 192
mM glycine and 1% SDS for SDS-PAGE; same ingredients but without
SDS for native-PAGE) at 80 V for ~20 min then at 130-180 V for ~50 min-
1 h. After electrophoresis, the gel was stained with staining solution (25%
methanol, 10% acetic acid, 0.06% Coomassie Brilliant Blue R-250) for ~5
min with agitation. The gel was then destained with destaining solution
(10% acetic acid and 10% methanol) with agitation until the background
became clear. For storage purpose, the gel was then washed with deionized

water (DI water) and air-dried with gel drying films (Promega).
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2.5 Determination of protein concentration

In general, protein concentrations were determined by the Bradford’s
method. Samples were diluted to the desirable concentrations, topped up to
800 ul with MilliQ water, mixed with 200 ul Protein Assay Dye Reagent
Concentrate (Bio-Rad), incubated in dark for 10 min, and measured the
absorbance at 595 nm. Bovine serum albumin (BSA; Sigma) was used to

construct a standard curve for the calculation of protein concentration.

Protein concentration of tumor cell lysates was determined by the
Pierce BCA Protein Assay Kit (Thermo Scientific) according to the
producer’s instruction. BSA was used for the construction of a standard

curve.
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2.6 Determination of enzyme activity

2.6.1 Diacetyl monoxime (DAMO) method

Enzyme activity was measured by the diacetyl monoxime (DAMO)
method which quantifies the produced urea in the reaction mixture

(Kanagasabapathy and Kumari, 2000).

Specific activity of ADC and ADC-ABD was determined by coupling
the reaction catalyzed by ADC or ADC-ABD to that by agmatinase so that
the formation of agmatine could be monitored by the amount of urea, and
hence could be tested by the DAMO method. The following standard assay
conditions were used unless specified: first, 7.5-30 ul ADC or ADC-ABD
sample was diluted to 350 pl with 100 mM HEPES buffer (pH 8.0)
containing 50 mM MgCl; and 0.5 mM PLP, the diluted enzyme was mixed
with 150 pl 700 mM L-arginine (pH 8.0) and incubated at 37 <C for 5 min,
the reaction was stopped by boiling for 10 min; then 50 pl supernatant of the
first-step reaction mixture was added to a 350 ul mixture of 0.03 mg E. coli
agmatinase and 100 mM Glycine-NaOH (pH 9.0), allowed to react for 15
min and stopped by 100 pul 500g/L TCA; the reaction mixture was 2-fold
diluted prior to the DAMO assay. One unit of enzyme activity is defined as
the amount of ADC/ADC-ABD that catalyzes the production of 1 umol urea
per min under standard assay conditions. Specific activity of the enzyme is

expressed as activity units (U) per mg of protein.

88



For the activity assay of agmatinase, the following standard conditions
were used unless specified: first, a 350 pl mixture of 2.5-20 pl agmatinase
sample and 100 mM Glycine-NaOH buffer (pH 9.0) was reacted with 50 pl
2 M agmatine sulfate at 45<C for 5 min, the reaction was stopped by 100 ul
500g/L TCA,; the reaction mixture was then 10-fold diluted prior to the
DAMO assay. One unit of enzyme activity is defined as the amount of
agmatinase that catalyzes the production of 1 umol urea per min under
standard assay conditions. Specific activity of the enzyme is expressed as U

per mg of protein.

For the activity assay of BHA and BAH, the following standard
conditions were used unless specified: first, a 450 pl mixture of 300 ul
diluted protein sample (dilution fold: 100, 200, 400 and 800) and 20 mM
sodium phosphate buffer (pH 7.4) was reacted with 150 ul 700 mM L-
arginine (pH 7.4) at 37T for 5 min, the reaction was stopped by 250 ul
500g/L TCA, the reaction mixture was then 20-fold diluted prior to the
DAMO assay. One unit of enzyme activity is defined as the amount of
BCA/BHA/BAH that catalyzes the production of 1 umol urea per min under
standard assay conditions. Specific activity of the enzyme is expressed as U

per mg of protein.
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2.6.2 Ikemoto method

Two methods were used for determining the activity of BCA and its
derivatives in this project: for in vitro experiments, activities of the enzymes
were determined by the DAMO method as introduced in Section 2.6.1; for
in vivo experiments, activities of the enzymes were determined by a
spectrophotometric method as described by Ikemoto et al. (1989) with slight
modifications. Basically, 1 ul enzyme sample was added to 500 ul mixture
(pH 8.3) of 0.1 M Tris, 50 mM L-arginine, 10 mM a-ketoglutaric acid, 35
U/ml urease, 1 U/ml glutamate dehydrogenase, and 0.3 mM NADPH. The
reaction mixture was well mixed by vortex and incubated at 30C in a
spectrophotometer. Absorbance at 340 nm was read, and the reaction
kinetics was analyzed by Swift Il (GE Healthcare). One unit of enzyme
activity is defined as the amount of BCA/BHA/BAH that catalyzes the
production of 1 pmol urea per min under standard assay conditions. Specific

activity of the enzyme is expressed as U per mg of protein.
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2.7 Removal of endotoxin in proteins

The endotoxin content of the proteins was removed by phase separation
with Triton X-114 as described by Aida and Pabst (1990). Triton X-114 was
added to the protein solution (v/v = 1:100). The solution was mixed by
vortex for 1 min at room temperature, then placed on ice for 5 min. After a
brief vortex, the solution was incubated in a 37 <C water bath for 5 min, and
centrifuged at 16,200 rcf for 7 s or longer at room temperature. The upper
layer was collected. For each protein sample, these phase extraction

processes were repeated for three times to minimize the endotoxin content.

The endotoxin content in protein samples was determined by limulus
amebocyte lysate (LAL) test. 100 ul pyrogen-free water was added to a
Pyrotell gel-clot formulation vial (containing 0.25 EU/mI endotoxin;
Associates of Cape Cod, Inc.) to dissolve the contents in the vial. 100 pl
sample was then added to the vial, and the contents in the vial were mixed
by vortex. After mixing, the vial was incubated at 37 <C for exactly 60 min.
Endotoxin level would be lower than the kit sensitivity if the contents
remain in solution form, or higher than the kit sensitivity if the contents clot.
Control standard endotoxin (Associates of Cape Cod, Inc.) was used as a
positive control. A sample with endotoxin content no greater than 200

EU/ml is considered proper for the administration in animals.
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2.8 Cell culture

All tumor cell lines were cultured in 25 cm? or 75 cm? tissue culture
flask (TPP) at 37 <C in an incubator containing a humidified atmosphere of
95% air and 5% CO2. When reaching around 90% confluence, cells were
diluted and passed to a new tissue culture flask to maintain the cell growth.
To pass the cells, medium in the tissue culture flask was first removed. Cells
remained adherent in the culture flask were then washed once with sterilized
1x phosphate buffered saline (PBS; pH 7.4), and treated with 1 ml (for cells
in 25 cm? tissue culture flask) or 3 ml (for cells in 75 cm? tissue culture
flask) of Trypsin-EDTA liquid (0.25% trypsin, 1 mM EDTA 4Na;
Invitrogen) at 37 <C to allow for the detachment of cells from the culture
flask. After 2-5 min of trypsin treatment, the same volume of medium was
added to the tissue culture flask to inactivate trypsin. The mixture was then
centrifuged at 1,200 rpm for 3 min at room temperature. After removing the
supernatant, 1 ml complete medium was used to resuspend the cell pellet.
Depending on the growth rate of each specific cell line, 50 ul to 250 pl of
mixture was transferred to a new culture flask supplemented with fresh

complete medium.

Cells number was counted through trypan blue staining. 10 ul of cell
resuspension which had been diluted to a suitable concentration was mixed
with 10 pl of Trypan Blue Solution (0.4%; Life Technologies). 10 ul of the

stained mixture was then used to fill a hemocytometer for cell counting
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under a microscope. Nonviable cells were stained and viable ones excluded

the stain.

To prepare a cell stock, 2-5 x 10° cells were suspended in 1 ml mixture
of 45% complete medium, 50% FBS and 5% DMSO within a 2.0 ml cryo
tube (TPP), and stored in an isopropanol-bathed bucket at -80<C for 24 h.
Then frozen cell stocks were then transferred into a tank containing liquid
nitrogen for long-term storage. To thaw cells, a vial of frozen cell stock was
taken out of the liquid nitrogen tank and warmed in a 37 <C water bath with
gentle shaking for less than 2 min. The cryoprotective medium was then
removed by centrifugation and the cells were resuspended with pre-warmed
complete medium at 37 <C for culture. Passages below 30 of each cell line

were used in this study.
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2.9 Cell viability assay

Cells were seeded in 96-well tissue culture plates at 3-6 x 10° cells (for
72 h drug treatment; the number was determined by cell types and growth
rates) or 10* cells (for 24 h treatment) in a volume of 100 ul of complete
medium per well, and incubated overnight to allow for cell adhesion to the
plate. On the next day, the culture medium was replaced by either complete
medium with varying concentrations of reagents or AFM. The plates were
then incubated for an additional 24 or 72 h. Cell viability was analyzed by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
MTT reagent was made by dissolving MTT (Invitrogen) in PBS and the
working concentration was 5 pg/ml. 10 ul MTT reagent was added to each
well and the culture plates were incubated for another 4 h. 100 ul of 0.01 N
HCI in 10% SDS was then added to each well and the plates were cultured
overnight. The absorbance of the each well at 570 nm was determined
against the background of absorbance at 655 nm measured by a
spectrophotometer. In living cells, the yellow-colored MTT can be reduced
to purple formazan which dissolves in acidified SDS solution. The change
of color indicates the redox potential of cells and can be quantified to reflect
the cell viability. Non-linear regression with Prism 5.0 (Graphpad Software)
was used to fit a sigmoidal curve, and the amount of a compound needed to
achieve 50% inhibition of cell viability is defined as 1Cso. The results of

drug combination studies were analyzed by Calcusyn version 2.0 (Biosoft).
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2.10 Apoptosis analysis by flow cytometry

2.10.1 Apoptosis analysis by annexin V binding assay

Evaluation of apoptosis was performed using the annexin V-FITC
apoptosis detection kit (BD Pharmingen). 1-2 x10° cells per well were
seeded in a 6-well plate, grown overnight, and treated with various
concentrations of reagents. After 24, 48 or 72 h of incubation, both
suspension and adherent cells were collected by treatment with 0.25%
trypsin-EDTA for 2-3 min and centrifugation at 1,200 rpm for 3 min. Cell
pellet was washed with 1x PBS (pH 7.4), resuspended in binding buffer
containing annexin V-FITC and propidium iodide (PI) at room temperature
for 15 min in darkness according to the manufacturer’s instruction. Cells
were then analyzed in a FACSAria flow cytometer (BD Biosciences) within
1 h after staining. Annexin V detects for the translocation of
phosphatidylserine (PS) from the inner to the outer leaflet of the cell
membrane which is a sign of early apoptosis. P, as a membrane
impermeable dye, detects for the membrane integrity of cells thus reflects
the cell viability. 10,000 cells were acquired from each sample. The subsets
of cells undergoing early apoptosis (annexin V-positive, Pl-negative) and
late apoptosis (annexin V-positive, Pl-positive) were determined by

FASCAria software (BD Biosciences).

95



2.10.2 Apoptosis analysis by active caspase-3 assay

Evaluation of apoptosis was also performed using the CaspGLOW
fluorescein active caspase-3 staining kit (BioVision) according to the
manufacturer’s instruction. 1.5 x 10° of HCT116 cells per well were seeded
in a 60-mm dish, grown overnight, and treated with various concentrations
of ADC or BCA. After 72 h of incubation, both suspension and adherent
cells were collected by treatment with 0.25% trypsin-EDTA for 2 min and
centrifugation at 1,200 rpm for 3 min. Cell pellet was washed with 1x PBS
(pH 7.4), resuspended in 300 ul pre-warmed complete medium containing 1
ul FITC-DEVD-FMK and incubated at growth condition for 30 min. After
staining, cells were washed twice with wash buffer and analyzed using a
FACSAria flow cytometer (BD Biosciences). DEVD-FMK is a cell-
permeable caspase inhibitor that can bind irreversibly to active caspase-3 in
apoptotic cells. 10,000 cells were acquired from each sample. The subsets of
cells containing active caspase-3 were determined by FASCAria software

(BD Biosciences).
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2.10.3 Apoptosis analysis by mitochondrial outer membrane

permeabilization (MOMP) assay using JC-1 dye

Evaluation of apoptosis was also achieved by analyzing the changes in
MOMP using the JC-1 (Invitrogen) according to the manufacturer’s
instruction. 10° of HCT116 cells per well were seeded in a 6-well plate,
grown overnight, and treated with various concentrations of ADC. After 72
h of incubation, both suspension and adherent cells were collected by
treatment with 0.25% trypsin-EDTA for 2 min and centrifugation at 1,200
rpm for 3 min. Cell pellet was washed with 1x PBS (pH 7.4), resuspended in
500 ul pre-warmed complete medium containing 1 pl JC-1 and incubated at
growth condition for 10 min. After staining, cells were washed twice with
1x PBS (pH 7.4) and analyzed using a FACSAria flow cytometer (BD
Biosciences). JC-1 is a cationic dye which establishes membrane potential-
dependent accumulation in mitochondria. It appears in aggregated form (red
fluorescence) in mitochondria and as monomer (green fluorescence) in
cytosol. A shift in JC-1 fluorescence emission from red to green indicates
the increase of MOMP which is a sign for mitochondrial pathway of
apoptosis. 10,000 cells were acquired from each sample. The subsets of
cells showing green or red fluorescence were determined by FASCAria

software (BD Biosciences).
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2.11 Cell cycle analysis by flow cytometry

10° HCT116 or LoVo cells per well were seeded in a 6-well plate,
grown overnight, and treated with various doses of ADC or BCA. After 72 h
of incubation, both suspension and adherent cells were collected by
treatment with 0.25% trypsin-EDTA for 2-3 min and centrifugation at 1,200
rpm for 3 min. Cell pellet was washed with 1x PBS (pH 7.4) and fixed with
75% ice-cold ethanol for at least 30 min. After removing ethanol, fixed cells
were stained with PI/RNase staining buffer (BD Biosciences) at room
temperature for 15 min in darkness. Stained cells were analyzed by flow
cytometry (FACSAria, BD Biosciences). Pl intercalates between the bases
of DNA, and hence can be used for the evaluation of DNA content. For each
data file, data from 10,000 cells were collected, and the percentages of cells
in Go/G1, S and G2/M phases were analyzed with ModFit LT 3.0 (Verity

Software House).
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2.12 Immunoblot assay

HCT116 cells were planted at 5 x 10° per well in a 6-well plate or at 10°
per 60-mm culture dish, allowed to grow overnight, and treated with various
doses of reagents. After a certain period of incubation (2-72 h), both
suspension and adherent cells were collected by treatment with 0.25%
trypsin-EDTA for 2 min and centrifugation at 1,200 rpm for 3 min. Cell
pellet was washed with 1x PBS (pH 7.4) and lysed in RIPA lysis buffer
(Millipore) containing both Protease Inhibitor Cocktail Set 111 (EDTA-free;
Merck) and phosphatase Inhibitor Cocktail 3 (DMSO solution; Sigma). The
lysate was mixed by vortex for a complete lysis and centrifuged at 13,200
rpm for 10 min at 4<C. Supernatant was subjected to SDS-PAGE analysis or

stored at -80<C if not used immediately.

After SDS-PAGE analysis, the gel was transferred to Immobilon-PSQ
transfer membrane (PVDF, 0.2 um; Millipore) in a tank filled with ice-cold
1x transfer buffer (25 mM Tris base, 0.2 M glycine, 20% methanol and
0.037% SDS) at 100 V for 90 min (or at 300 mA for 3 h when transferring
large proteins such as phosphor-mTOR and mTOR) in a cold room. The
transferred membrane was blocked with blocking buffer which was 1x
TBST (0.02 M Tris base, 0.15 M NacCl, 0.05% Tween 20) containing 5%
(w/v) Blotting Grade Blocker (nonfat dry milk; Bio-Rad). The blocking
process lasted for 1 h at room temperature with gentle agitation. Then the
membrane was washed for 3 x 5 min with 1x TBST at the same conditions.

Blocked membranes were incubated with primary antibodies diluted at
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1:1,000-1:5,000 in 1x TBST with 5% BSA (Roche) at 4T with agitation
overnight. On the next day, membrane was first washed for 4 x 5 min with
1x TBST, then incubated with secondary antibodies diluted at 1:5,000-
1:20,000 in blocking buffer for 1 h at room temperature with gentle
agitation. After another 4 x 5 min washing with 1x TBST, the membrane
was incubated with Immobilon Western Chemiluminescent HRP Substrate
(Millipore) for ~3 min at room temperature in darkness. The image was then
taken by ChemiDoc imaging system (Bio-Rad) and analyzed by Quantity

One (Bio-Rad).
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2.13 Animal studies

2.13.1 Invivo studies of ADC and ADC-ABD

Seven ICR mice were used for the in vivo study of ADC and ADC-
ABD. All mice were males. Prior to the injection of protein, blood sample
was taken from each mouse and used as control (0 h). 6 mice were treated
with different doses (1.25 mg, 2.5 mg or 5 mg per mouse) of ADC or ADC-
ABD via i.p. or i.v. injection, and another mouse was i.v. injected with 250
ul of 1x PBS (pH 7.4) as control. Blood samples were taken at 2, 6, 24, 48,
and 72 h after injection. The serum of each blood sample was collected by
centrifugation at 3,000 rpm for 10 min at room temperature. 20 pl of serum
was mixed with 20 ul of 1x PBS. The diluted serum was then mixed with an
equal volume (40 ul) of 10% SSA (5’-sulfosalicylic acid; Sigma) solution
and was allowed to precipitate at 4 <C for 1 h or overnight. After
centrifugation at full speed for 10 min at 4<C, 70 pl of the supernatant was
mixed with an equal volume of lithium citrate loading buffer (Biochrom),
filtered through 0.4 pum filter disk, and analyzed by amino acid analyzer

(Biochrom) for arginine contents.
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2.13.2 Invivo study of BHA

Six BALB/c mice of 8 weeks old were used for the in vivo study of
BHA. 3 mice were males and 3 were females. Prior to the injection of BHA,
blood sample was taken from each mouse and used as control (0 h). The
mice were randomly divided into two groups for i.p. and i.v. injection,
respectively. 250 U of BHA was injected to each mouse, and blood samples
were taken at 2, 6, 24, 72, and 120 h after injection. The serum of each
blood sample was collected by centrifugation at 3,000 rpm for 10 min at
room temperature. 16 pl of serum was mixed with 24 ul of 1x PBS (pH 7.4).
The diluted serum was then mixed with an equal volume (40 pl) of 10%
SSA solution and was allowed to precipitate at 4<C for 1 h or overnight.
After centrifugation at full speed for 10 min at 4<C, 70 pl of the supernatant
was mixed with an equal volume of lithium citrate loading buffer
(Biochrom), filtered through 0.4 pum filter disk, and analyzed by amino acid

analyzer (Biochrom) for arginine and ornithine contents.
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2.14 Statistical analyses

For all statistical analyses, data were analyzed by either two tailed t-test
or one-way analysis of variance (ANOV A) with post hoc Dunnett’s multiple

comparison test with P < 0.05 considered as significantly different.
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Chapter 3

Results: preparation, expression and purification of ADC

3.1 Expression and purification of ADC

Figure 3.1 shows the chromatogram of ADC purification. Two peaks
were observed during the elution process using increasing concentrations of
imidazole. The first peak occurred at lower concentrations of imidazole,
while the second one occurred when imidazole concentration reached ~0.1

M.

According to the SDS-PAGE analysis of the eluted fractions (Figure
3.2), eluted fractions 5 to 10 mainly contain a protein with a molecular
weight between 66.2 and 97.4 kDa which is likely to be the ADC monomer
(~71.5 kDa calculated based on the amino acid sequence). This result
suggests that ADC has been successfully expressed and purified. The peak
corresponding to these fractions is the second peak in the chromatogram,
indicating the binding of ADC to the nickel column is tighter than that of

the impurities to the column.
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Figure 3.1: Elution profile of the purification of ADC from E. coli cells
grown in 500 ml shake flask culture by a single step of nickel-charged 5 ml
HiTrap™ chelating HP column chromatography. mAU, milli absorption

unit; 100% B = 0.5 M imidazole.
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Figure 3.2: SDS-PAGE analysis of the column fractions from nickel affinity
chromatography for ADC. M, SDS-PAGE molecular weight standards, low
range (Bio-Rad); FT, flow through; F3-F11, eluted fractions from the

column.
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3.2 Specific activity of ADC

3.2.1  The reactions of ADC and agmatinase should be performed
separately to achieve a more accurate measurement of the specific

activity of ADC

Previously, researchers in our group measured the activity of ADC in a
mixture containing ADC, agmatinase, and the substrate L-arginine. In their
assay, arginine was converted to urea under the catalysis of ADC and
agmatinase (Figure 3.3), and urea was subsequently quantified by the
DAMO assay. The measured specific activity of ADC through this method,
however, was very low. Considering ADC and agmatinase may have
different optimal pH values, optimal temperatures and kinetics, a reaction
condition favored by ADC may not allow the complete conversion of
agmatine to putrescine and urea by agmatinase. Therefore in this project, we
have proposed an improved method that the reactions of ADC and
agmatinase be performed in succession to reflect the real activity of ADC in
a more accurate way. The reaction conditions of the assay should also be

optimized.

To prove the need for an improved activity assay method, a comparison
on the specific activities of ADC between the old method (ADC and
agmatinase in the same reaction mixture) and the new method (ADC- and
agmatinase-catalyzed reactions were performed in succession while the

temperature and pH conditions are same as the old method) was conducted
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using four different batches of ADC samples. As the preparation method
and storage condition of ADC were not optimized at the time when this
experiment was conducted, batch-batch variations of ADC activity were
expected. According to the result (Figure 3.4), the new method is more
sensitive as it is able to demonstrate the batch-batch variations of ADC
activity among the four samples which the old method failed to show.
Besides, in all the four ADC samples tested, much higher specific activities
are derived when the ADC- and agmatinase-catalyzed reactions are
performed separately (Figure 3.4). This proves our hypothesis that in the old
method, the assay conditions are not favored by agmatinase, and hence a
portion of agmatine produced by ADC-catalyzed reaction is not converted
to putrescine and urea. Therefore, it is suggested that the reactions of ADC
and agmatinase be performed separately, and the optimal reaction

conditions for ADC and agmatinase be determined respectively.

In addition, colorless product was observed when testing the ADC-
catalyzed reaction mixture (which contains agmatine but not urea) by

DAMO assay, indicating that agmatine is not an interfering molecule.
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. ADC ,
Arginine » Agmatine + CO,

) Agmatinase )
Agmatine » Putrescine + Urea

Figure 3.3: The two enzymatic reactions involved in the assay method for

ADC activity.

109



600+ B3 Old assay method
3 New assay method

500+

400+

300+

200+

Relative activity (%)

ch2 Batch3d Batchd

Batch1 Bat

Figure 3.4: Bar chart showing the comparison of the activities of ADC
measured by the old method (ADC and agmatinase in a single mixture) and
the new method (ADC and agmatinase in subsequent reactions). Data are
expressed as percentage of the activity of the corresponding sample
measured by the old method. Each bar represents a single measurement. All
reactions were performed in 20 mM sodium phosphate buffer at 37 <C, pH
8.0. Reaction mixtures containing ADC were also supplemented with 1 mM
MgClz and 0.1 mM PLP. In the new assay method, overnight agmatinase

reactions were carried out.
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3.2.2  Preparation and characterization of E. coli agmatinase

3.2.2.1 Purification of agmatinase by affinity chromatography

Figure 3.5 is the chromatogram showing the purification of 6x
histidine-tagged agmatinase from E. coli cell lysate. Two peaks were
observed during the elution process using increasing concentrations of
imidazole. The first peak occurred at lower concentrations of imidazole,
while the second one occurred when imidazole concentration reached ~0.3

M.

According to the SDS-PAGE analysis of the eluted fractions (Figure
3.6), fractions 7 to 10 mainly contain a protein with a molecular weight
slightly above 31 kDa which is quite close to the calculated molecular
weight of agmatinase monomer (~34 kDa). This result indicates that
agmatinase has been expressed at a high level and has been successfully

purified.
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Figure 3.5: Elution profile of the purification of agmatinase from E. coli
cells grown in 500 ml shake flask culture by a single step of nickel-charged
5 ml HiTrap™ chelating HP column chromatography. mAU, milli

absorption unit; 100% B = 0.5 M imidazole.
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Figure 3.6: SDS-PAGE analysis of the column fractions from nickel affinity
chromatography for agmatinase. M, SDS-PAGE molecular weight
standards, low range (Bio-Rad); FT, flow through; F2-F11, eluted fractions

from the column.
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3.2.2.2 The optimal pH for agmatinase

The optimal pH for the purified agmatinase was determined by the
DAMO activity assay. The activities of agmatinase in 20 mM sodium
phosphate buffer of eight pH values ranging from 6.5 to 10.0 were tested. It
Is observed from Figure 3.7 that agmatinase favors basic pH, and its activity
increases as pH rises, reaching a maximal value at ~pH 10.0 or even higher.
Since we prefer a relatively mild reaction condition, pH 9.0 was therefore
selected as the pH for agmatinase-catalyzed reaction of the activity assay for
ADC. 100 mM glycine-NAOH buffer at pH 9.0 was used for all subsequent
reactions of agmatinase unless specified, as it provides better buffering

capacity than sodium phosphate buffer at a basic pH.
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Figure 3.7: Effect of pH on the activity of agmatinase. Data are expressed as
percentage of enzyme activity at pH 10.0. Each point represents the mean of
a single experiment performed in duplicate. All reactions were performed in

20 mM sodium phosphate buffer at 37 <C.
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3.2.2.3 The optimal temperature for agmatinase

According to some literatures, assays for the activity of agmatinase are
conducted at 37<C (Hyung et al., 2004; Salas et al., 2004; Satishchandran
and Boyle, 1986). It is, however, also notable that one study pointed out the
activity of agmatinase retained after being incubated at 60 <C for 20 min
(Carvajal et al., 2004). To examine whether the activity of E. coli
agmatinase is affected by temperature, temperatures ranging from 20 to
50 <C were tested in this project. The results show that agmatinase prefers
reaction temperatures higher than 37 <C and its activity is maximal at ~45<C
(Figure 3.8). Therefore 45<C was selected as the temperature for all

subsequent reactions of agmatinase.
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Figure 3.8: Effect of temperature on the activity of agmatinase. Data are
expressed as percentage of enzyme activity at 45<C. Each point represents
the mean of a single experiment performed in duplicate. All reactions were

performed in 20 mM sodium phosphate buffer at pH 9.0.
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3.2.2.4 Specific activity of agmatinase

To gain a better understanding of the enzymatic properties of
agmatinase, specific activity of this enzyme was also examined. 100 umol
agmatine sulphate was used for each reaction to ensure there would be

excess amount of substrate.

As measured in our study, specific activity of freshly prepared
agmatinase is 101.17 £6.31 U/mg (at 45<C, pH 9.0). One unit of enzyme
activity is defined as that amount of agmatinase that catalyzes the
production of 1 umol urea per min under standard assay conditions. This
result is much higher than the value of 62 U/mg obtained by Salas et al.
(2004) at pH 9.0 (temperature not specified). Such a difference may due to
the differences in reaction temperature, substrate amount, reaction time,

type of buffer, and enzyme quality between these two studies.

The measured specific activity of agmatinase provides important
information to help us design a reaction that may ensure the maximal
conversion of agmatine produced by ADC-catalyzed reaction to putrescine

and urea.
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3.2.3  Optimal pH for ADC

The activities of ADC in 20 mM sodium phosphate buffer of nine pH
values ranging from 6.0 to 8.6 were tested. It is observed from Figure 3.9
that ADC shows maximum activity at pH 8.0, and its activity is almost fully
retained when pH rises to 8.2. However, ADC only retains around half of its
full activity at a physiological pH (Figure 3.8). Our measured optimal pH
for ADC is quite close to the result of pH 8.4 derived by Wu and Morris
(1973a) using 100 mM HEPES. Although another research group has
reported that the same type of ADC functions optimally at pH 7.2-7.4
(buffer not specified, may be 100 mM HEPES or Tris-HCI) (Song et al.,
2010), their data variations seem to be too great to draw any persuasive

conclusion.

Therefore, pH 8.0 was selected as the optimal pH for ADC-catalyzed
reaction of the activity assay. This project then followed the suggestion by
Wu and Morris (1973a) to use 100 mM HEPES buffer in all subsequent
activity assays for ADC. Phosphate buffer is reported to exert an inhibitory
effect on the activity of ADC (Wu and Morris, 1973a). However, we
obtained similar specific activity values from sodium phosphate buffer,
Tris-HCI buffer and HEPES buffer at 37 <C and pH 8.0 for ADC-ABD
(Appendix Figure 2). Tris-HCI buffer is not favored for the activity test of
ADC because its pH at storage condition (4<C or 25<C) is much higher than

that at activity assay condition (37 <C).
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Figure 3.9: Effect of pH on the activity of ADC. Data are expressed as
percentage of enzyme activity at pH 8.0. Each point represents a single
measurement. All ADC-catalyzed reactions were performed in 20 mM
sodium phosphate buffer (supplemented with 1 mM MgCl; and 0.1 mM

PLP) at 37<C.
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3.2.4  Optimization of the cofactor concentrations for the activity

assay of ADC

The effect of cofactors on the activity of ADC was investigated by
fixing the concentration of one cofactor in the reaction mixture while testing
the effect of another at a time. The rate of arginine decarboxylation
catalyzed by ADC shows hyperbolic dependence on both Mg?* and PLP
concentrations (Figure 3.10). The activity of ADC reaches its maximum
value when the reaction mixture contains 14 mM MgClI. (Figure 3.10 A)
and 0.14 mM PLP (Figure 3.10 B). Surprisingly, excessive amount of both
cofactors exert inhibitory effects on the activity of ADC instead of
maintaining ADC activity at the maximal value (Figure 3.10). The possible
reason for such a phenomenon is that too much cofactors may result in non-
specific binding to ADC and hence interfere with the ADC activity.
Therefore, 10.5-35 mM MgCl; and 0.07-0.35 mM PLP should be used to
achieve maximal activity of ADC. We suggest a reaction mixture containing
35 mM MgCl; and 0.35 mM PLP for the standard activity assay for ADC,
as this combination of cofactor concentrations results in high ADC activity
not only in purified ADC samples but also in E. coli cell lysates (Appendix

Figure 3).
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Figure 3.10: Effect of cofactors on the activity of ADC. Each point
represents a single measurement. (A) Effect of MgCl2 on the activity of
ADC. Data are expressed as percentage of enzyme activity at 14 mM
MgCl.. All ADC-catalyzed reactions were performed in 100 mM HEPES
buffer (supplemented with 0.07 mM PLP) at 37 <C. (B) Effect of PLP on the
activity of ADC. Data are expressed as percentage of enzyme activity at
0.14 mM PLP. All ADC-catalyzed reactions were performed in 100 mM

HEPES buffer (supplemented with 35 mM MgCl») at 37 <C.
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3.25  Specific activity of ADC measured by the improved assay

method

Based on our assay method, specific activity of freshly prepared ADC is
28.88 +2.68 U/mg (at 37 <C, pH 8.0). One unit of enzyme activity is defined
as the amount of ADC that catalyzes the production of 1 umol urea per min
under standard assay conditions. This result is higher than the previously
reported value of 16.4 U/mg at 37<C pH 8.4 (Wu and Morris, 1973a).
Despite that Wu and Morris (1973a) used a direct method by measuring the
CO; produced by ADC-catalyzed reaction while our method is an indirect
measurement, it is suggested the differences in buffer pH and the
concentration of magnesium ions used in the assays are the main reasons for
the differences between our measured specific activities of ADC. The assay
by Wu and Morris (1973a) was conducted at pH 8.4 with 4 mM Mg?*, while
the assay in this project was excecuted at pH 8.0 with a reaction mixture

containing ~35 mM Mg?*.
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3.3 Overview of ADC purification from shake flask culture

The preparation of ADC from E. coli cells can be summarized into four
main stages: first, E. coli cell pellet was resuspended in buffer and lysed by
sonication; the cell debris was then removed by centrifugation; supernatant
containing soluble proteins was applied to the nickel affinity column;
finally, eluted fractions containing relatively pure ADC were pooled
together, concentrated and exchanged to the buffer for storage,
supplemented with cofactors, underwent sterile filtration to become the final
product. Samples drawn from these four stages were analyzed by SDS-

PAGE and the results are shown in Figure 3.11.

The strong T7 promoter of the expression system used has resulted in
high level of ADC expression. According to the analysis by Quantity One
(Bio-Rad), ADC comprises ~43% of the cells total soluble protein (Figure
3.11, lane S). Protein purification by nickel affinity column chromatography
has removed most contaminates and the purity of ADC is ~92% (Figure
3.11, lane P). As the final product is more concentrated, some impurities are
more obviously observed on the gel. However, considering the proportion of

these impurities is quite small, the purification result is still acceptable.

Table 3.1 lists the details of a typical purification process. 110 mg of
ADC protein has been purified from 1 L bacterial culture grown in shake

flask.
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A notable observation is that comparing the final ADC product to the
whole E. coli lysate, the fold of purification is only 2.49 according to the
analysis of SDS-PAGE band intensity by Quantity One (Bio-Rad) (Figure
3.11), and 2.02 according to the calculated enzyme activity (Table 3.1).
Such low values of purification fold are atypical yet reasonable. As ADC
comprises almost half of the total proteins in E. coli cells due to the strong
protein expression system used in this project, the improvement that can be

achieved on fold of purification is quite limited.
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Figure 3.11: Representative image showing the SDS-PAGE analysis of a
typical purification process for ADC from E. coli cell lysate obtained from
500 ml shake flask culture. M, SDS-PAGE molecular weight standards, low
range (Bio-Rad); L, induced whole-bacterial lysate; S, the sonicated
supernatant containing all soluble proteins which was to be loaded onto a
nickel affinity column; P, pooled eluted fractions from the nickel affinity
column containing relatively pure ADC; F, ADC final product after buffer

exchange and supplementation of cofactors.
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LTT

Table 3.1: Purification of recombinant E. coli biosynthetic ADC from 1 L shake flask culture.

Purification step

Total enzyme activity (U)

Total protein (mg)

Specific enzyme activity

Fold purification

% Recovery

(U/mg)
Whole cell lysate 4113.5 304.7 13.5 1.00 100.00%
Soluble proteins 3757.0 221.0 17.0 1.26 91.33%
Affinity column
3144.1 111.1 28.3 2.10 76.43%
pooled fractions
Final Product 3005.7 110.1 27.3 2.02 73.07%




3.4 Long-term storage of ADC

The final product of ADC contained ~3-4 mg/ml protein in 20 mM
sodium phosphate buffer supplemented with 5 mM MgCl; and 0.1 mM PLP,
and was stored at 4 <C in darkness. Surprisingly, the optimal pH for ADC
activity does not fit for the storage of ADC. When stored at pH 8.0, ADC
activity fell to around one-fourth of its original value after 4 months of

storage. Therefore pH 7.4 was used as the pH for the storage of ADC.

Three batches of ADC were tested for their specific activity when
freshly prepared, as well as at several months after their preparation. The
protein concentrations and specific activities of these three batches of ADC
all remained quite stable during the whole storage period (Figure 3.12),
although the specific activity of ADC experienced a slight decrease over
time. The fluctuation of results may due to the variation among different
batches of reagents for the activity test. Some reagents, such as those for
DAMO assay, are shared within the research group. As these shared
reagents are prepared by different group members from time to time, their

performance may vary slightly.

When observed with naked eyes, it has been found that the color of
ADC solution changes from yellow to light yellow, or even transparent,
during longer storage period (for example, 24 months). This observation
indicates that the decrease of specific activity of ADC may due to the

degradation of PLP.
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Based on our data, we suggest ADC can remain relatively stable for 6-
12 months when stored at 4<C in darkness in the suggested formulation.
Therefore in this project, only those batches of ADC that had been stored

for less than 6 months were used for tissue culture and animal experiments.
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Figure 3.12: Effect of long-term storage on protein concentration and
specific activity of ADC. All batches of ADC were formulated at ~3-4
mg/ml in 20 mM sodium phosphate buffer supplemented with 5 mM MgCl;
and 0.1 mM PLP, and were stored at 4 <C in darkness. (A) Changes of
protein concentration of ADC upon storage. Data are expressed as mean +
SD of a single experiment performed in duplicate; (B) Changes of specific
activity of ADC upon storage. Data are expressed as mean £SD of a single
experiment performed in triplicate. All ADC-catalyzed reactions were
performed under standard assay conditions (37 <C, pH 8.0). *, P < 0.05; **,

P < 0.01 (versus corresponding freshly prepared ADC).
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Chapter 4

Results: anti-cancer properties of ADC in vitro

4.1 ADC reduces cell viability in ten human cancer cell lines

411  ADC inhibits the proliferation of ten human cancer cell lines in

a dose-dependent manner

Ten cell lines of different cancer types, including liver cancer (HepG2),
lung cancer (A549), cervical cancer (HeLa), melanoma (A375), pancreatic
cancer (BxPC-3, PANC-1), and colorectal cancer (HCT116, LoVo, COLO
205, SW1116), as well as a non-tumorous cell line, human foreskin
fibroblast HFF-1, were tested for their sensitivities to ADC. After 72 h of
treatment with ADC at a series of concentrations, cell viability was tested by

the MTT assay.

As summarized in Table 4.1, the treatments of ADC in ten cell lines of
different cancer types all result in notable inhibition of cell growth, with
ICso values of ADC ranging from 3.8 to 46.5 pug/ml, indicating that ADC
has a broad anti-cancer spectrum. Cell sensitivity to ADC appears to be
dose-dependent. For each cell line, the cytotoxicity of ADC increases as the
dose of ADC increases, and finally reaches a plateau which is regarded as
the maximum cytotoxicity (Figure 4.1). In this project, maximum

cytotoxicity is expressed as the percentage of nonviable cells achieved by
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the maximum concentration of ADC tested (50 pg/ml for HeLa; 100 pg/ml
for the rest of cell lines) relative to control (0 ng/ml ADC). At the highest
tested concentration of ADC, ~ 62% - 93% of tumor cells are growth-
inhibited (Table 4.1). Figure 4.2 shows micrographs of HCT116 cell growth

and proliferation upon ADC treatment.

In contrast, around 70% of the non-tumorous HFF-1 cells remain viable
even when the maximum dose (100 pg/ml) of ADC is used (Figure 4.1).
The relative resistance of HFF-1 to ADC treatment provides some evidence

that ADC may be a potential selective therapeutic agent for cancer.
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Table 4.1: I1Csp and maximum cytotoxicity of ADC in ten cancer cell lines.
ICso value is defined as the amount of ADC needed to achieve 50%
inhibition of cell viability. Maximum cytotoxicity is expressed as the
percentage of nonviable cells achieved by the maximum concentration of
ADC tested (50 pg/ml for HeLa; 100 pg/ml for the rest of cell lines) relative
to control (0O ug/ml ADC). Data are expressed at the mean of three

experiments performed in triplicate. ADC treatment period: 72 h.

Cancer Type Cell Line ICs0 (ug/ml)  Maximum cytotoxicity (%)

Melanoma A375 5.61 84.76
PANC-1 4.65 82.98

Pancreatic
BxPC-3 16.85 93.16
HCT116 12.23 84.35
COLO 205 19.40 81.62

Colorectal
LoVo 38.09 66.17
SW1116 21.30 73.69
Lung A549 12.29 69.13
Liver HepG2 30.75 61.87
Cervical HelLa 3.82 86.49

Non-tumorous HFF-1 > 100 <50
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Figure 4.1: Dose-response curves showing the effect of ADC in ten cancer
cell lines (black) and one non-tumorous cell line (red). Cells were incubated
with different concentrations of ADC for 72 h prior to MTT assay. Data are
expressed as percentage of control treatment (0 pg/ml ADC) and are the

mean =SEM of three experiments each performed in triplicate.
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Untreated, 24 h

Figure 4.2: Micrographs of HCT116 cells upon ADC treatment. Left

column (untreated): HCT116 cells were grown in complete medium with
cofactors (1 mM MgClz, 0.1 mM PLP) for 24, 48, and 72 h; right column
(50 pg/ml ADC): HCT116 cells were grown in complete medium with

cofactors and 50 ug/ml ADC for the same periods. Scale bar, 100 pm.

135



4.1.2  ADC inhibits the proliferation of five human cancer cell lines

in an ASS-independent manner compared to ADI and BCA

The cytotoxicities of ADI, BCA and ADC were determined in a
comparative study in five tumor cell lines: A375, HeLa, BXPC-3, PANC-1,
and HCT116. A375 is a typical melanoma cell line which has been
frequently used in studies on ADI, and has been reported to be ASS-
negative as well as ADI-sensitive in all the studies (Manca et al., 2011,
Sugimura et al., 1992; Tsai et al., 2009, Tsai et al., 2012; Wu et al., 2011).
The cervical cancer cell line HeLa, in contrast, is ASS-positive with high
ASS activity (Cheng et al., 2007; Shen et al., 2003) and has been found to
be ADI-resistant (Shen et al., 2003; Sugimura et al., 1992; Wu et al., 2011).
It has also been reported that HeLa cells express an increased amount of
ASS in response to ADI treatment which further accounts for their drug
resistance (Wu et al., 2011). HCT116, unlike the other colorectal cancer cell
line counterparts which are highly ASS-positive, expresses only a low level
of ASS (Appendix Figure 4). PANC-1 and BxPC-3 are both pancreatic
cancer cell lines with low or medium levels of ASS (Bowles et al., 2008;

Appendix Figure 4).

As both ADI- and BCA-catalyzed reactions are parts of the urea cycle,
it is hypothesized that the anti-tumor effects of ADI and BCA are both
related to cellular ASS level. In contrast, the anti-tumor effect of ADC may
be relatively less affected by the presence of ASS, as neither catalytic

products of ADC are intermediates of the urea cycle.
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Our results have demonstrated that ADI, BCA and ADC all exert some
inhibitory effects in the cell lines studied. ADI is effective against A375,
HCT116, BXxPC-3, PANC-1 but not HeLa cells, while both BCA and ADC
are effective against all these five cancer cell lines tested (Table 4.2).
Generally, ADC is the least potent arginine-depleting enzyme, yet it is still
advantageous over ADI and BCA in terms of efficacy, especially in ASS-

positive cancer cells (Table 4.2).

As expected, sensitivity of tumor cells to ADI displays a clear
relationship to the cellular ASS level (Table 4.2). ADI treatment is most
effective against ASS-negative A375 cells, as more than 90% of the cells
become nonviable upon the treatment of the maximum dose of ADI; BxPC-
3 and PANC-1 cells are defined as “partially ADI-sensitive” since only less
than 60% of these cells are inhibited when the maximum dose of ADI is
applied; HeLa cells are found to be ADI-resistant (Table 4.2) which agrees
with the findings reported in previous literatures (Shen et al., 2003;

Sugimura et al., 1992; Wu et al., 2011).

For BCA, there also seems to be a trend that the 1Cso value increases
while the maximum cytotoxicity decreases along with an increase in cellular
ASS level yet more cell lines should be studied before drawing a solid
conclusion (Table 4.2). It is notable that PANC-1 is relatively more resistant
to BCA than BxPC-3 despite its original ASS level is lower (Appendix
Figure 4). This observation can be explained by a previous finding that the

treatment of arginase has induced the ASS level in PANC-1 cells (Glazer et
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al., 2010). Therefore, the ASS level in PANC-1 cells is defined as

“low/medium, and inducible” in this project (Table 4.2).

In the case of ADC, however, no clear relationships between cellular
ASS level and cell sensitivity to ADC has been observed (Table 4.2). This
result meets our expectation that ADC may inhibit tumor cell growth in a
more ASS-independent manner compared to ADI and BCA. A systematic
study on the induction of ASS protein expression by the three arginine-
depleting enzymes in different cancer cell lines should be conducted in the

future go generate a more solid conclusion.
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Table 4.2: I1Cso and maximum cytotoxicity of ADI, BCA and ADC in five cancer cell lines. Cells were treated for 72 h before MTT

analysis. Data are the mean of three experiments performed in triplicate. 1Cso value is defined as the amount of enzyme needed to achieve

50% inhibition of cell viability. Maximum cytotoxicity is expressed as the maximum percentage of nonviable cells achieved by each

enzyme. ADI-resistant cells are defined as cells of which more than 50% survive under the maximum dose of ADI tested.

ICso (ug/ml) Maximum cytotoxicity (%)
Cancer Type  Cell Line ASS protein level

ADI BCA ADC ADI BCA ADC
Melanoma A375 Undetectable, uninducible 0.03 0.12 5.61 93.92 86.92 84.76
Colorectal HCT116 Low 0.10 0.22 12.23 72.18 81.05 84.35
BxPC-3 Medium 0.09 0.44 16.85 57.53 84.82 93.16

Pancreatic
PANC-1 Low/medium, inducible 0.04 1.81 4.65 55.68 63.01 82.98
Cervical HelLa Low/high, inducible Resistant 1.25 3.82 <50 61.14 86.49




4.1.3  The anti-proliferation effect of ADC is less vulnerable to

extracellular citrulline compared to BCA

Apart from ASS, OTC is another key enzyme in the urea cycle. Since
all the cell lines studied in this project are found to be OTC-negative
(Appendix Figure 4), a cell line that expresses high level of OTC protein
should be artificially constructed to examine whether cellular OTC

expression can affect the cytotoxicity of arginine-depleting enzymes.

OTC-positive cell line construction using adenoviruses carrying gene
encoding OTC to infect the tumor cells has been carried out in HelLa cells in
this project. HeLa was chosen because this cell line is easy to infect. As a
control, adenovirus carrying gene encoding green fluorescent protein (GFP)
is used to infect HelLa cells so that the efficiency of infection can be
evaluated under a fluorescent microscope. The infection efficiency,
however, was far from satisfactory (Appendix Figure 5). Therefore we
switched to another strategy by adding excessive citrulline (1.15 mM) to the
culture medium to mimic an environment in which OTC-positive cells
grow. The effect of excessive citrulline on the ADC- and BCA-induced cell

death was then tested.

The results show that excessive extracellular citrulline has little impact
on the anti-tumor effects of both ADC and BCA in ASS-negative A375
cells, as the dose-response curves of citrulline-treated group and control

group almost fully overlap (Figure 4.3). In ASS-positive tumor cells, the

140



supplementation of excessive citrulline has demonstrated rescuing effect of
cells from both ADC and BCA treatments, although the effect of ADC
seems to be less affected than that of BCA (Figure 4.3). In HCT116 cells
which expresses low level of ASS, the supplementation of citrulline has
little impact on the cells treated with ADC but rescues a small number of
cells treated with BCA (Figure 4.3). In COLO 205 cells which expresses
medium level of ASS, excessive extracellular citrulline recovers ~70% of
cells from ADC treatment, whilst making the cells almost totally survived

from BCA treatment (Figure 4.3).

Our results have demonstrated that ASS is the rate-limiting enzyme for
cell growth under citrulline-rich and arginine-poor conditions. These results
also indicate that ADC may be more effective than BCA in tumor cells with

high levels of both ASS and OTC.

141



Percentage viability (%) Percentage viability {%)

Percentage viability {%)

A375:

-
[
(=]

-
-

Control
+1.15 mM citrulline

-
o oo O
o o o

40

20

I;I 1.IJ 2.IJ 3.IJ 4.I] 5lIJ E.IJ ?.IJ B.IJ B.IJ 1I;II]1‘iIJ
Concentration of ADC (pg/ml)

HCT116:

=&~ Control
-& +1.15 mM citrulline

- =
o B
o o

80+

60
404

204

0 1lIZI 2lIZI 3.I] aIlI] 5.I] B.I] ?.I] BlI] BlIJ 1I;II] 1‘illl
Concentration of ADC (pg/ml)

COLO 205:

160+
1404
1204
1004
804
604
40+
204
0

-& Control
- +1.15 mM citrulling

0 10 20 30 40 50 60 70 80 90 100110
Concentration of ADC (pg/ml)

A375:
- Control
< 120 - +1.15 mM citrulline
é -
> 100
S 80
5
=
> 60
o
£ 40
[:1]
£ 20
@
o
u L) L) L L) L) L L) 1
10 20 30 40 50 60 70
Concentration of BCA (pg/ml)
HCT116:
=&~ Control
120 Lo
.{b - +1.15 mM citrulline
=
. 100
=
s 80
5
=
> 60
o
£ 40
=1}
2 20
=]
o
u L) L) L) L) L) L) L) 1
0 10 20 30 40 50 60 70
Concentration of BCA (pg/ml)
COLO 205:
- Control
. 160+ o
9 - +1.15 mM citrulline
2 1404
=
§ 120+ N % * ok
T 1004
=
> 804
& 601
5 40
2
o 204
o
u L] L} L} L} L} L} 1
0 10 20 30 40 50 60 70

Concentration of BCA (pg/ml)

142



Figure 4.3: In vitro growth inhibition curves of ADC and BCA in A375,
HCT116, and COLO 205 cells. Cells were treated with ADC or BCA for 72
h in complete medium (control) or complete medium supplemented with
1.15 mM citrulline. Data are expressed as percentage of the cell population
at 0 pg/ml enzyme in control group and are the mean =SEM of three
experiments each performed in triplicate. *, P < 0.05; **, P <0.01; ***, P <

0.001 (versus corresponding enzyme concentration in control group).
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4.1.4  The anti-proliferation effect of ADC is dependent on the

concentrations of its cofactors in the cell culture environment

Although the formulation of ADC already contains both MgCl; and
PLP, supplementation of additional cofactors in the culture medium is still
suggested based on the experience from DAMO enzyme activity assay.
Here we tested the importance of cofactors for the cytotoxicity of ADC by
comparing the ICso values of ADC in culture medium with and without
MgCl, (1 mM) and/or PLP (0.1 mM), using HCT116 and SW1116 cell

lines.

According to the results, the potency of ADC in cancer cells is affected
by the amount of cofactors present in the culture medium. It is found that
the addition of either MgCl. or PLP, or both, decrease the ICso values of
ADC in both HCT116 and SW1116 cells (Table 4.3). Compared to MgCly,
PLP seems to play a more important role in boosting the anti-cancer potency
of ADC (Table 4.3). When both cofactors are added to the medium, the
lowest 1Cso value among all treatment groups is achieved (Table 4.3).
Therefore it is recommended that both MgCl2 and PLP be supplemented in
the culture medium for in vitro studies of ADC to achieve better cytotoxic

effects.
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Table 4.3: Supplementation of cofactors in the culture medium affects the
ICso values of ADC in HCT116 and SW1116 cells. Cells were treated for 72
h before MTT analysis. ICso values are calculated based on the results of

three experiments performed in triplicate.

ICs0 of ADC (pg/ml)
Tumorcellfine 1mM  01mM  1mM MgCl;+
cofactors MgCl. PLP 0.1 mM PLP
HCT116 53.17 36.82 18.90 12.23

SW1116 76.63 47.90 37.70 21.30
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4.1.5  The role of agmatine in the anti-proliferation effect of ADC

It has been reported that agmatine, the product of ADC-catalyzed
reaction, has anti-cancer effect (Isome et al., 2007; Molderings et al., 2004;
Wang et al., 2005; Wolf et al., 2007). Therefore we would like to study
whether the cytotoxicity of ADC is due to arginine depletion or agmatine

production or both.

The effects of agmatine in three colorectal cancer cell lines, HCT116,
LoVo, and COLO 205, as well as in one pancreatic cancer cell line, BXPC-
3, were first examined. Agmatine sulphate was used. It has been found that
the ICso values of agmatine in the three colorectal cancer cell lines tested are
all ~2 mM (Table 4.4). This result is consistent with the previously reported
data (Mayeur et al. 2005, Wolf et al., 2007). The pancreatic cancer cell line,
BxPc-3, is more sensitive to agmatine treatment with an 1Csg value of ~1
mM (Table 4.4). Consequently, it is suggested that agmatine itself has some
anti-proliferation effect in these four cancer cell lines tested, and the cell

sensitivity to agmatine may be cancer type-dependent.

A following experiment then examined the effect of arginine-depletion
in five cancer cell lines using arginine-free medium (AFM), and compared
that with the inhibitory effect of the maximum ADC concentration (100
pg/ml). According to Figure 4.3, the maximum dose of ADC (100 ug/ml)
achieves similar anti-proliferation effect to that of AFM in A375, HCT116,

COLO 205 and SW1116 cells. This may indicate that the production of
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agmatine through ADC-catalyzed reaction has little impact on the growth of

these cells when high doses of ADC are used.

Interestingly, BXPC-3 cells respond to AFM and ADC in a distinct way.
It is found that AFM has much lower efficacy than ADC in BXPC-3 cells
(Figure 4.4). This can be explained by the fact that BXxPC-3 is more sensitive
to agmatine than the other cell lines tested. Besides, the growth rate of
BxPC-3 is much slower than the other four cell lines tested, and hence

BxPC-3 cells may be less vulnerable to nutrient-depletion.

To further examine the role of agmatine in the anti-tumor effect of ADC
in BXPC-3 cells, the cells were subjected to the treatment of ADC combined
with agmatinase. A rescuing effect of agmatinase was expected in BXxPC-3
cells, since the harmful agmatine would be removed and the pro-
proliferative putrescine would be generated. Excessive agmatinase (~99
ug/ml), when administered alone, has no significant impact on the viability
of BXxPC-3 cells (Figure 4.5). When combined with ADC, it has been
observed that agmatinase rescues a small portion of BXxPC-3 cells from 100
ug/ml ADC (Figure 4.5) which fits our hypothesis. Thus, ADC may inhibit
the growth of BxPC-3 cells through both arginine-depletion and agmatine
production, and arginine depletion seems to be the main reason for BxPC-3

cell death.
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Table 4.4: 1Cso of agmatine in four cancer cell lines. Cells were treated with
agmatine sulphate for 72 h before MTT analysis. ICso values are calculated

based on the results of three experiments performed in triplicate.

Cancer type Cell line ICso of agmatine (mM)
Pancreatic BxPC-3 1.09
HCT116 1.79
Colorectal LoVo 2.24
COLO 205 1.85
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Figure 4.4: Bar chart comparing the effects of AFM and the maximum dose
of ADC (100 pg/ml) on cell viability. Cells were treated for 72 h before
MTT analysis. Data are expressed as the percentage of viable cells
compared to control (complete medium) in the form of mean =SEM of

three experiments performed in triplicate.
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Figure 4.5: In vitro growth inhibition curves of ADC with and without
excessive agmatinase in BxPC-3 cells. Cells were cultured in complete
medium with or without ~99 pg/ml agmatinase for 72 h prior to MTT assay.
Data are expressed as percentage of control (0 ug/ml ADC, 0 ug/ml
agmatinase) and are the mean =SEM of three experiments each performed

in triplicate. **, P < 0.01 (ADC + excessive agmatinase versus ADC only).

150



4.2 ADC induces apoptosis in HCT116 cells

4.2.1  ADC induces apoptosis in a time-dependent manner in

HCT116 cells and is a stronger apoptosis inducer than BCA

To study whether the reduced cell viability upon ADC treatment is due
to apoptosis, HCT116 cells were grown in the absence or presence of 50
ug/ml ADC for 24, 48, and 72 h and were subjected to annexin V-FITC
staining and flow cytometry analysis. Annexin V is a recombinant protein
that has a strong, specific interaction with PS, and is therefore used for the

detection of apoptosis (EImore, 2007).

Prior to cell harvest, an observation under the light microscope has
shown that decreased cell population as well as numbers of small, round,
detached vesicles are found in all ADC-treated groups (Figure 4.2).
According to the images taken by time-lapse microscopy, these vesicles are
likely to be apoptotic bodies as they are blebbings emerged from the cells
and their number increases with time upon ADC treatment (Figure 4.6).
When stained with annexin V-FITC and observed under a fluorescent
microscope, more green cells are found in the ADC-treated group,
indicating the externalization of PS — a sign for early apoptosis (Appendix

Figure 6).

According to the flow cytometry results, apoptosis is induced in
HCT116 cells in a time-dependent manner upon ADC treatment. At 24, 48,

and 72 h post-ADC-treatment, ~35%, 52%, and 57% of HCT116 cells
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undergo apoptosis, respectively (Figure 4.7). BCA also induces apoptosis in
HCT116 cells in a similar way (Figure 4.7). However, ADC seems to be a

much stronger apoptosis inducer than BCA in HCT116 cells, as only ~16%,
21%, and 25% of cells undergo apoptosis at 24, 48, and 72 h when 50 pg/ml

of BCA is used (Figure 4.7).
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Figure 4.6: Micrographs of HCT116 cells incubated in medium with 50

ug/ml ADC at 0, 24, 48, and 72 h. Images were taken by the time-lapse

microscopy. Arrowheads indicate apoptotic bodies. Magnification = 400x.
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Figure 4.7: Bar graph showing mean ==SEM of the apoptosis percentage in
HCT116 cells after 24, 48, or 72 h of treatment with ADC or BCA. *, P <

0.05; *** P < 0.001 (versus corresponding control). n = 3.
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4.2.2  ADC induces apoptosis in HCT116 and LoVo cells in a dose-

dependent manner

To investigate ADC-induced apoptosis in more details, HCT116 cells
were grown in the presence of different concentrations of ADC for 72 h and
then harvested for the examination of apoptosis. Comparing to the control
group (0 ug/ml ADC, 2.93% cells undergo apoptosis), the apoptotic cell
population remains relatively unchanged at 6.25 pug/ml ADC (4% cells
undergo apoptosis), but increases by 4.9-, 18.1-, 21.2-, and 21.8-fold at 12.5,
25, 50, and 100 ug/ml ADC, respectively (Figure 4.8 A, C). The dose-
dependent apoptosis-inducing effect of ADC is also observed in LoVo cells
(Figure 4.8 B). Similarly, BCA triggers apoptosis in HCT116 and LoVo
cells in a dose-dependent manner (Appendix Figure 7). It is also observed
that compared to HCT116 cells, LoVo cells show a higher basal level of
apoptosis both in complete medium (~16%, Appendix Figure 7 B) and in
complete medium supplemented with cofactors (~23%, Figure 4.8 B) which
deserves further examination. No necrotic cell population has been detected

in ADC- or BCA-treated HCT116 and LoVo cells.
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Figure 4.8: ADC induces apoptosis in HCT116 and LoVo cells in a dose-
dependent manner. (A) Bar graph showing mean =SEM of the apoptosis
percentage in HCT116 cells after 72 h of treatment with different
concentrations of ADC (n = 3); (B) Bar graph showing mean =SEM of the
apoptosis percentage in LoVo cells after 72 h of treatment with different
concentrations of ADC (n = 3).**, P <0.01; ***, P <0.001 (versus 0 pg/ml
control); (C) Representative data from triplicated experiments showing the
pro-apoptotic effect of ADC in HCT116 cells. Q1: necrotic cells; Q2: late
apoptotic cells; Q3: living cells; and Q4: early apoptotic cells. (a) 0 pg/ml
ADC (control); (b) 6.25 pg/ml ADC,; (c) 12.5 pg/ml ADC; (d) 25 pg/ml

ADC; (e) 50 pg/ml ADC; (f) 100 pg/ml ADC.
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4.2.3  ADC-induced apoptosis in HCT116 cells follows the

mitochondrial pathway

The mechanism of ADC-induced apoptosis in HCT116 cells was then
studied. Based on the findings by Sheen et al. (2011) that leucine
deprivation causes cell death through the mitochondrial apoptotic pathway,
it is hypothesized that the lack of arginine may also act as a negative
stimulus of apoptosis by increasing the permeability of mitochondria, and

may hence cause the release of pro-apoptotic proteins into the cytosol.

HCT116 cells were treated with 50 pg/ml ADC for 72 h, stained with
JC-1, and analyzed by flow cytometry. As a cationic dye, JC-1 accumulates
potential-dependently in the form of red fluorescent aggregates in
mitochondria, and it dissociates into green fluorescent monomers when
diffused into cytosol due to the change of electrochemical gradient of
mitochondrial outer membrane (MOM). As shown in Figure 4.9, the
decrease of red/green fluorescence intensity ratio in ADC-treated HCT116
cells indicates the depolarization of mitochondria and increase of
mitochondrial outer membrane permeabilization (MOMP). The percentage
of ADC-treated HCT116 cells with increased MOMP is ~50% which is
quite comparable to the apoptotic population (~57%, Section 4.2.1). This
result suggests that a major portion of HCT116 cell population dies through
the mitochondrial apoptotic pathway upon ADC treatment which is

reasonable, as ADI has also been reported to reduce the mitochondrial
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membrane potential in the ASS-deficient breast cancer cell line MDA-MB-

231 (Qiu et al., 2014).

In contrast, a preliminary experiment on LoVo cells shows that the
effect of ADC on MOMP is less obvious in this cell line (Appendix Figure
8). Even in untreated LoVo cells, a high basal level of increased MOMP has
been detected (Appendix Figure 8) which is consistent with the high basal

level of apoptosis observed in this cell line (Section 4.2.2).
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Figure 4.9: Representative data from triplicated experiments showing
changes in MOMP in ADC-treated HCT116 cells using JC-1 dye and flow
cytometry. Cells were grown for 72 h prior to analysis. a, control (0 ug/ml

ADC); b, 50 ug/ml ADC.
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4.2.4  ADC-induced apoptosis is caspase-3-dependent in HCT116

cells and caspase-3-independent in LoVo cells

As the release of mitochondrial contents can activate caspases to
execute apoptosis, we then detected whether caspases had truly been

activated by focusing on caspase-3, a typical caspase in apoptotic study.

When treated with 50 pg/ml of ADC for 72 h, ~51% of ADC-treated
HCT116 cells become caspase-3-activated (Figure 4.10 A), which is quite
consistent with the apoptotic population (~57%, Section 4.2.1). This result
suggests that apoptosis induced by ADC in HCT116 cells is caspase-3-
dependent. Similarly, the majority of apoptotic HCT116 cells in the BCA
treatment group may follow the caspase-3-dependent pathway (Appendix

Figure 7 A, Appendix Figure 9 A)

Further examination on the cleavage of poly (ADP-ribose) polymerase
(PARP), a known substrate of caspase-3, shows that cleavage of PARP in
HCT116 cells is invisible until after 12 h of ADC treatment (Figure 4.11).
This finding is consistent with the flow cytometry results and also provides

some clues on the timing of ADC-induced apoptosis in HCT116 cells.

Compared to HCT116, the case of LoVo cells is more complicated.
Consistent with the relatively high basal level of apoptosis, high basal level
of active caspase-3 (Figure 4.10, Appendix Figure 9 B) and cleaved PARP
(Figure 4.11 B) are observed in LoVo cells. Compared to cells grown in

complete medium (12% cells with active caspase-3), the treatment of either
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21 or 42 ng/ml of BCA further increases the percentage of LoVo cells with
activate caspase-3 to ~25% (Appendix Figure 9 B) yet such a proportion is
only around half of the apoptotic population (52%, Appendix Figure 7 B).
The addition of ADC, nevertheless, does not induce further activation of
caspase-3 and cleavage of PARP in LoVo cells (Figure 4.10 B, Figure 4.11
B). Therefore, in LoVo cells, the apoptosis-inducing effect triggered by
ADC may be caspase-3-independent, while the effect triggered by BCA
may be a combination of caspase-3-dependent and caspase-3-independent
events. These distinct responses of HCT116 and LoVo cells towards ADC
and BCA suggest that the detailed apoptotic pathway induced by enzymatic
arginine deprivation is not only cell line-dependent but also enzyme-

dependent.
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Figure 4.10: FITC-DEVD-FMK staining and flow cytometry results
showing the percentage of (A) HCT116 and (B) LoVo cell population with
active caspase-3 upon ADC treatment. Data are expressed as mean =SEM
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=
[e)]

4



0O 2 4 8 12 24 72h

PARP - B ab & e

Cleaved PARP G

GAPDH ---“—-.

0 2 4 8 12 24 48 72h

PARP s i A
| —— et e e e

Cleaved PARP

GAPDH

Figure 4.11: Immunoblot analysis showing the time-dependent effect of 50
ug/ml ADC on the cleavage of PARP in (A) HCT116 cells and (B) LoVo

cells.
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4.25  ADC inhibits the ERK signaling pathway in HCT116 cells

Extracellular signal-regulated kinase (ERK; ERK1 and ERK2) is a key
regulator for cell growth and proliferation and has been identified as a pro-
survival factor with anti-apoptotic effect in most cases (Lu and Xu, 2006).
The effect of ADC on ERK1/2 was therefore examined in this project.
According to the immunoblot result shown in Figure 4.12, phosphorylated
ERK1/2 is detected in untreated HCT116 cells, indicating the activation of
ERK pathway under normal growth conditions. Both rapamycin (an mTOR
inhibitor) and LY?294002 (a PI3K inhibitor) do not alter the phosphorylation
of ERK1/2 (Figure 4.12). In contrast, treatments with ADC and BCA both
decrease the level of p-ERK1/2 which may provide a mechanistic
explanation for their induction of apoptosis in HCT116 cells (Figure 4.12).
In stark contrast to the downregulation of ERK activity by BCA and ADC in
HCT116 cells observed in this study, it has been reported that ERK is
activated upon ADI-PEG20 treatment in several melanoma cell lines (Tsali
et al., 2012). The activation of ERK signaling pathway by ADI-PEG20 is
believed to be related to the upregulation of cellular ASS and the cell

resistance to ADI (Tsai et al., 2012).

Interestingly, treatment with AFM only slightly decreases the level of
phosphorylated ERK1/2 (Figure 4.12), suggesting that arginine-depletion is
not the main reason for the inhibitory effect on ERK1/2 by ADC and BCA.
Therefore, both ADC and BCA may act on the ERK pathway through

mechanisms other than arginine-depletion. Experiments testing whether the
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catalytic products of ADC and BCA (agmatine and ornithine, respectively)
can affect the ERK signaling should be conducted in the future. Alternate

time points should also be studied.
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Figure 4.12: Immunoblot analysis showing the effects of different
treatments on the ERK1/2 activity in HCT116 cells. Cells were grown in
complete medium with the specified reagents for 24 h before analysis. U,
untreated cells grown in complete medium; Rapa, 10 nM rapamycin; LY, 25
uM LY294002; AFM, arginine-free medium; ADC, 50 ug/ml ADC; BCA,

50 png/ml BCA.
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4.3 ADC may not induce autophagy in HCT116 and LoVo cells

Apart from apoptosis, autophagy is another possible pathway triggered
by arginine-depletion. Previous research has found that ADI triggers
autophagy in prostate cancer and melanoma cells (Kim, Bold et al., 2009;
Kim, Coates et al., 2009; Savaraj et al., 2010). In this project, the

autophagy-inducing effect of ADC was explored.

HCT116 and LoVo cells were treated with 50 pg/ml ADC for different
periods and were analyzed by immunoblot assay. As shown in Figure 4.13,
LC3-I1I in both cell lines is detectable at all the time points studied,
indicating the ongoing of autophagy which involves the conversion of LC3-
| to LC3-11. At time zero, autophagy occurs at a basal level. At 12 and 24 h
of ADC treatment, the increased intensity of not only LC3-I1 but also LC3-I
in HCT116 cells indicates that the degradation of these molecules may have
been temporarily inhibited (Figure 4.13 A). In LoVo cells, on the other
hand, the levels of both LC3 molecules remain relatively constant
throughout the 72 h of ADC treatment period, suggesting that LoVo cells
may have a higher basal level of autophagy, and the autophagy process is

not likely to be intensified by the treatment of ADC (Figure 4.13 B).

We then examined the effect of HCQ, an autophagy inhibitor, in
HCT116 cells. The ICso value of HCQ in HCT116 cell line is around 50 uM
(Table 4.5). We then tested whether the supplementation of HCQ, at a

relative less toxic dose, would have an impact on the anti-cancer effect of

169



ADC. The preliminary MTT assay result shows that the addition of 25 uM
HCQ generally has no impact on HCT116 cells treated with various
concentrations of ADC (Figure 4.14). This result, together with the previous
one on the levels of LC3 molecules, suggest that ADC may not induce

autophagy in HCT116 cells.

To further confirm our hypothesis, the combination effect of ADC and
HCQ was studied. It is found that ADC has an antagonistic effect with HCQ
at both 24 h and 72 h of treatment periods (Table 4.6, Table 4.7, and Figure
4.15), indicating that these two reagents may induce cell death through

distinct pathways.

170



0O 2 4 8 12 24 48 72h

LC3-| ———— ———— —
LC3-II o — P ——
GAPDH — — — — ————

0 2 4 8 12 24 48 72h

LC3-I - -
LC3-II | —— e — — . —

GAPDH — e < RS TR ==

Figure 4.13: Immunoblot analysis showing the effect of 50 pg/ml ADC on

LC3in (A) HCT116 and (B) LoVo cells.
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Table 4.5: ICso of HCQ in HCT116 cells. Cells were treated with HCQ for
24 and 72 h prior to MTT assay. 1Cso values are calculated based on the

results of three experiments performed in triplicate.

ICs0 of HCQ (uM)
Tumor cell line

24 h 72 h

HCT116 56.85 47.53
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Figure 4.14: In vitro growth inhibition curves showing the effect of HCQ in
ADC-treated HCT116 cells (preliminary). Cells were incubated with
different concentrations of ADC for 24 h in complete medium (control) or
medium supplemented with 25 uM HCQ. Data are expressed as percentage
of the cell population at 0 ug/ml ADC in control group and are the mean =+

SEM of two experiments performed in triplicate.
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Table 4.6: Combination index (CI) values of the combination therapy of
ADC and HCQ at the ratio of 1:2 in HCT116 cells. Cells were treated for 24
h prior to MTT assay. The data are calculated by Calcusyn based on the
results of three experiments performed in triplicate. A combination is
defined as synergistic when CI value is less than 1, additive when CI equals

to 1, and antagonistic when CI is greater than 1 (Chou and Talalay, 1984).

Arginine-depleting enzyme  Cl at ICso ClatICss Clat ICg

ADC 2.11 1.73 1.77

r=0.98

Table 4.7: Cl values of the combination therapy of arginine-depleting
enzymes and HCQ at the ratio of 1:1 (ADC: HCQ) and 1:0.616 (BCA:
HCQ) in HCT116 cells. Cells were treated for 72 h prior to MTT assay. The
data are calculated by Calcusyn based on the results of three experiments

performed in triplicate.

Arginine-depleting enzyme Clat ICso ClatICss  ClatlCg

ADC 3.97 2.24 1.48

BCA 828.47 3.86 2.38

r =0.80 for ADC + HCQ; r = 0.97 for BCA + HCQ
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Figure 4.15: Illustrative Fa-Cl plot for the combination effect of ADC and
HCQ at a 1:2 fixed drug ratio in HCT116 cells. Cells were treated for 24 h
prior to MTT assay. The graph is generated by Calcusyn based on the
results of three experiments performed in triplicate. Fa: fraction of the

system affected.
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4.4 ADC induces S and/or G2/M phase cell cycle arrest in HCT116

and LoVo cells

To investigate the effect of ADC on cell cycle progression, HCT116
cells were exposed to different concentrations of ADC for 72 h and
analyzed by flow cytometry for their cell cycle profiles. In the absence of
ADC, the cell populations at Go/G1, S and G2/M phases are ~69%, 21% and
10%, respectively (Table 4.8). The S phase subpopulation remains steady at
low doses of ADC, but rises at 25, 50 and 100 pg/ml ADC in a dose-
dependent manner (Table 4.8). The G2/M phase proportion slightly
increases in response to ADC treatment and peaks at 25 pg/ml ADC (Table
4.8). BCA also results in S and G2/M phase arrest in HCT116 cells

(Appendix Table 1).

To explore whether this cell cycle arrest pattern is unique for HCT116
cell line, LoVo cells were used for the same study. Results have shown that
LoVo cells arrest at Go/M phase following the exposure to low doses of
ADC and switch to S phase arrest when the doses of ADC become higher
(Table 4.9), but only arrest at S phase when treated with BCA (Appendix

Table 2).

ADI treated tumor cells often arrest at Go/G1 phase (Gong et al., 1999;
Gong et al., 2000; Kim, Kim et al., 2009). As the effect of neither ADI nor
arginase in colorectal cancer cells has been reported, the previous findings

may not provide much reference to this project. However, S and/or G2/M
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phase arrest is not a preserve of ADC- and BCA-treated colorectal tumor
cells. While there are reports that ADI induces Go/G1 cell cycle arrest in cell
lines such as SNU-1 (stomach adenocarcinoma), SH-EP (neuroblastoma),
and DU145 (prostate carcinoma) (Kang et al., 2000; Kim, Kim et al., 2009),
S phase arrest is observed in some other ADI-treated cell lines including
WAC2 (neuroblastoma), SaOS (osteosarcoma), and Jurkat (leukemia)
(Gong et al., 1999; Gong et al., 2000). S and G2/M arrest have also been
observed in hepatocellular carcinoma (HCC) cell lines treated with
pegylated recombinant human arginase | (rhArg-PEG) (Lam et al., 2009). It
is reported that rhArg-PEG results in S phase arrest in HepG2 and

PLC/PRF/5 cells while G2/M arrest in Hep3B cells (Lam et al., 2009).
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Table 4.8: Cell cycle distribution of HCT116 after 72 h of treatment with

ADC, as measured by PI staining and flow cytometry. Data are shown as

mean £SD (n = 3). One-way ANOVA reveals significant effects of ADC on

S and G2/M phase subpopulations. Post hoc Dunnett’s test of treatment

versus control: ™, P < 0.01.

ADC (ug/ml) Go/G1 (%) S (%) G2/M (%)
0 68.9 +£2.78 20.9 +1.38 10.2 +1.60
6.25 65.3 +6.55 19.1 +5.51 15.4 +1.06
12,5 64.9 £0.69 19.7 +0.61 15.4 +0.15

25 54.0 £3.24 20.0 £3.11 17.0 £2.74"
50 48.0 £4.11 37.0+4.37"  15.0+0.54
100 48.5 +4.29 3584+223" 157 +3.88

178



Table 4.9: Cell cycle redistribution of LoVo cells after 72 h of treatment
with ADC, as measured by PI staining and flow cytometry. Data are shown
as mean =SD (n = 3). One-way ANOVA reveals significant effects of ADC

on S and G2/M phase subpopulations. Post hoc Dunnett’s test of treatment

versus control: ™, P < 0.01.

ADC (ug/ml)  Go/G1 (%) S (%) Ga2/M (%)
0 44.1 +2.45 435 +£3.52 12.4 +2.18
6.25 37.4 +2.67 45.7 £3.21 16.9 £0.55™
12,5 39.7 +4.67 42.4 £3.23 17.9 +1.77"
25 32.8 +4.76 53.0 +4.83 14.2 +1.40
50 34.0 +3.61 58.9 +3.43" 7.2 £0.20™
100 26.2 £1.42 72.6 £0.46™ 1.2 +1.03™
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4.5 Drug combination studies

45.1  ADC shows concentration-dependent interaction with

doxorubicin in HCT116 cells

Doxorubicin, an anthracycline antibiotic agent, is regarded as one of the
most potent chemotherapeutic drugs approved by FDA (Carvalho et al.,
2009). For decades, doxorubicin has been acknowledged for its effect
against rapid dividing cells due to its ability of causing DNA damages as
well as producing free radicals. However, doxorubicin exhibits severe side

effects as it is also toxic to non-cancerous cells (Tacar et al., 2013).

An in vivo study has demonstrated that doxorubicin has little effect
when used alone in colorectal tumor cells but shows moderate effect when
used together with other chemotherapeutic agents including 5-FU and
cyclophosphamide (Corbett et al., 1977). Therefore, we would like to study
whether the combination of ADC can make doxorubicin a more potent drug

in colorectal tumor cells.

Combinations of doxorubicin with arginine-depleting enzymes were
analyzed in HCT116 cells with ratios of 40:1 (doxorubicin: ADC) and 6:1
(doxorubicin: BCA) by MTT assay. As illustrated by Table 4.10 and Figure
4.16, ADC and doxorubicin are antagonistic at 1Csg, but exhibit synergy at
IC75 and 1Cq0. Similarly, BCA and doxorubicin are antagonistic at low and

intermediate concentrations, but are synergistic at ICgo (Table 4.10).
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As suboptimal drug dosages may increase the likelihood of drug-
resistance (Bulgheroni et al., 2004), synergy at higher concentrations of
anti-cancer agents is therefore more relevant for therapy (Chou, 2010).
However, in vitro studies are not enough to demonstrate the potential of
ADC as an anti-cancer drug in combination with doxorubicin, as
pharmacokinetic factors should also be taken into consideration in in vivo
and clinical studies. Besides, the toxicity of combined drugs for the patients
is an important issue. Hence the combination of ADC and BCA with
doxorubicin on the treatment of colorectal cancer is promising yet

challenging at this moment.
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Table 4.10: CI values of the combination therapy of arginine-depleting

enzymes and doxorubicin at the ratio of 1:40 (ADC: doxorubicin) and 1:6
(BCA: doxorubicin) in HCT116 cells. Cells were treated for 72 h prior to
MTT assay. Data are calculated by Calcusyn based on the results of three

experiments performed in triplicate.

Arginine-depleting enzyme  ClatilCsp ClatlCss  ClatICgo

ADC 1.24 0.98 0.85

BCA 2904.76 3.24 0.23

r = 0.96 for both ADC and BCA combinations with doxorubixin
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Figure 4.16: Illustrative Fa-Cl plot for the combination effect of ADC and
doxorubicin at a 1:40 fixed drug ratio in HCT116 cells. Cells were treated
for 72 h prior to MTT assay. The graph is generated by Calcusyn based on

the results of three experiments performed in triplicate.
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45.2  ADC shows antagonism with verapamil in HCT116 cells

Verapamil is a drug for the treatment of various diseases including
cardiac arrhythmias and hypertension (Meister et al., 2010). Its
phenylalkylamine derivative inhibits the calcium flux into the cells
(McTavish and Sorkin, 1989). It has also shown some effects against cancer
cells, usually used as a combination drug. Muller et al. (1994) shows that
verapamil can reduce drug resistance in leukemia cells. In vitro experiments
have found that verapamil is able to enhance the effect of the drug
bortezomib in myeloma (Meister et al., 2010) and mantle cell lymphoma
cells (Chen et al., 2012). Another group of researchers have also pointed out
that verapamil has synergistic effect with gambogic acid in HepG2 (human
hepatocellular carcinoma) and K-562 (human chronic myelogenous
leukemia) cells through the inhibition of proteasome as well as the

production of reactive oxygen species (ROS) (Liu et al., 2014).

To investigate whether the addition of verapamil could enhance the
cytotoxic effect of arginine-depleting enzymes, combinations of verapamil
with arginine-depleting enzymes were analyzed in HCT116 cells with ratios
of 1:1 (verapamil: ADC) and ~0.62:1 (verapamil: BCA) by MTT assay. As
shown in Table 4.11 and Figure 4.17, combinations using ADC and
verapamil are antagonistic at all concentrations tested. Similar results are
observed in BCA and verapamil combinations, with the exception of 1Cgo
where the effect is synergistic (Table 4.11). In general, verapamil is not

considered as a suitable combination drug for ADC and BCA.
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Table 4.11: CI values of the combination therapy of arginine-depleting
enzymes and verapamil at the ratio of 1:1 (ADC: verapamil) and 1:0.616
(BCA: verapamil) in HCT116 cells. Cells were treated for 72 h prior to
MTT assay. Data are calculated by Calcusyn based on the results of three

experiments performed in triplicate.

Arginine-depleting enzyme  Cl at ICso ClatlCs  ClatlCo

ADC 1.12 1.29 1.50

BCA 1594.21 13.55 0.47

r = 0.95 for ADC + verapamil; r = 0.99 for BCA + verapamil
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Figure 4.17: lllustrative Fa-Cl plot for the combination effect of ADC and
verapamil at a 1:1 fixed drug ratio in HCT116 cells. Cells were treated for
72 h prior to MTT assay. The graph is generated by Calcusyn based on the

results of three experiments performed in triplicate.
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45.3  ADC shows concentration-dependent interaction with

LY204002 in HCT116 cells

PI3K/AKkt is an important signaling pathway for cell growth and

proliferation. Therefore the effect of ADC on this pathway was examined.

According to the immunoblot result in Figure 4.18 A, treatments of
AFM, BCA and ADC all lead to increased phosphorylated Akt, indicating
the possible activation of PI3K/Akt pathway in HCT116 cells upon arginine
starvation. Treatment with AFM only slightly increases the level of
phosphorylated Akt, suggesting that arginine-depletion is not the only
reason for the activation of Akt by ADC and BCA in HCT116 cells (Figure
4.18 A). Therefore, both ADC and BCA may act on the Akt pathway
through other mechanisms besides arginine-depletion, such as their
production of agmatine and ornithine, respectively. In this experiment,
phosphorylated Akt is not detected in untreated HCT116 cells (Figure 4.18
A), yet another experiment with higher amount of proteins reveals that
untreated HCT116 possesses low level of phosphorylated Akt (Figure 4.18
B). This second experiment also confirms that ADC can activate Akt in
HCT116 cells (Figure 4.18 B). When examining the downstream molecules
such as mTOR and p70S6K, however, the effect of ADC is less obvious
(Figure 4.18 B), which is probably because mTOR and p70S6K are also

regulated by other upstream signaling molecules.
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As ADC has been found to inhibit the ERK1/2 activity (Section 4.2.5),
we would like to examine if the dual inhibition of ERK and PI3K/Akt
pathways through a combination of ADC and a PI3K inhibitor can result in
further cell death. Therefore, HCT116 cells were grown in combinations of
LY294001 with ADC at a constant ratio of 1:1.25 (LY294002: ADC) for 72
h and analyzed by MTT assay. The ICso value of LY294002 alone in
HCT116 cells is 22.36 mM. According to the results in Table 4.12 and
Figure 4.19, ADC and LY294002 are antagonistic at lower concentrations

but tend to be synergistic at 1Cqo.

Interestingly, according to the immunoblot result, LY294002 at a
concentration close to its ICso value in HCT116 cells does not act as a PI3K
inhibitor but instead increases the proportion of phosphorylated Akt (Figure
4.18 A). While this finding may explain the antagonistic interaction between
ADC and LY294002 at low concentrations, there may be a need to examine
the quality of LY294002 used in this project. Further studies with different
doses of LY 294002 on cellular Akt activity at multiple time intervals should

be examined to generate a full picture of this issue.
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Figure 4.18: Immunoblot analysis showing the effects of different
treatments on the Akt activity in HCT116 cells. Cells were grown in
complete medium with different reagents for 24 h before analysis. U,
untreated cells grown in complete medium; Rapa, 10 nM rapamycin; LY, 25
uM LY294002; AFM, arginine-free medium; ADC, 50 ug/ml ADC; BCA,

50 pg/mi BCA.
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Table 4.12: CI values of the combination therapy of ADC and LY294002 at
the ratio of 1:0.8 (ADC: LY294002) in HCT116 cells. Cells were treated for
72 h prior to MTT assay. Data are calculated by Calcusyn based on the

results of three experiments performed in triplicate.

Arginine-depleting enzyme  Cl at ICso ClatlCs  ClatlCo

ADC 1.88 1.18 0.81

r =0.98986
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Figure 4.19: lllustrative Fa-Cl plot for the combination effect of ADC and
LY294002 at a 1:0.8 fixed drug ratio in HCT116 cells. Cells were treated
for 72 h prior to MTT assay. The graph is generated by Calcusyn based on

the results of three experiments performed in triplicate.

191



Chapter 5

Results: ADC-ABD and a preview of its usage in in vivo

studies

5.1 Expression and purification of ADC-ABD

Figure 5.1 shows the chromatogram of ADC-ABD purification. During
elution, the first peak which was considered to contain non-specific proteins
occurred when the column is washed with 0.06 M imidazole (Figure 5.1).
When the concentration of imidazole was raised to 0.15 M, the second peak
occurred and reached its summit at around 0.3 M imidazole (Figure 5.1).
Compared to ADC which starts to be eluted at ~0.1 M imidazole (Figure
3.1), the elution time for ADC-ABD requires higher imidazole
concentration, indicating that ADC-ABD binds to the nickel affinity column

more tightly than ADC.

According to the SDS-PAGE gel image, the second peak mainly
consists of a target protein of around 76 kDa (Figure 5.2, lanes F6-F14).
This target protein is likely to be ADC-ABD since the calculated molecular
weight of ADC-ABD monomer based on its amino acid sequence is 77.38
kDa. Therefore, ADC-ABD has been successfully expressed and purified.
Fractions containing relatively pure ADC were pooled together and

exchanged buffer using centrifugal filter device (Amicon). The 50,000 MW
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cut-off of the membrane helps to further remove some of the unwanted

small proteins in the sample.
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Figure 5.1: Elution profile of the purification of ADC-ABD from 5 g E. coli
wet cell pellet (produced by fed-batch fermentation) by a single step of
nickel-charged 5 ml HiTrap™ chelating HP column chromatography. mAU,

milli absorption unit; 100% B = 0.5 M imidazole.
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Figure 5.2: SDS-PAGE analysis of the column fractions from nickel affinity
chromatography for ADC-ABD. M, SDS-PAGE molecular weight
standards, low range (Bio-Rad); FT1, flow through at an earlier stage; FT2,

flow through at a later stage; F3-F15, eluted fractions from the column.
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5.2 Overview of shake flask expression and purification of ADC-

ABD

Since an alternate expression system was used, the expression of ADC-
ABD by shake flask culture is ~50 mg/L E. coli culture and is only half of
the value of ADC. However, much higher expression level of ADC-ABD
can be achieved when using E. coli cells cultured by fed-batch fermentation.
According to Dr. H. K. Yap, when using large-scale fermentation method,

the yield of ADC-ABD is estimated to be ~1.2 g/L E. coli culture.

Our method results in ~3 fold of purification of ADC-ABD, and the
yield of ADC-ABD is around 76%. The purity of the ADC-ABD final

product is satisfactory as shown in Figure 5.3.
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Figure 5.3: Representative image showing the SDS-PAGE analysis of a
typical purification process for ADC-ABD from 9.4 g E. coli wet cell pellet
(produced by fed-batch fermentation). M, SDS-PAGE molecular weight
standards, low range (Bio-Rad); L, induced whole-bacterial lysate; S, the
sonicated supernatant containing all soluble proteins which was to be loaded
onto a nickel affinity column; P, pooled eluted fractions from the nickel
affinity column containing relatively pure ADC-ABD; F, ADC-ABD final

product after buffer exchange and supplementation of cofactors.
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5.3 Specific activity and stability of ADC-ABD

The specific activity of ADC-ABD was measured by the same method
as that for ADC. One unit of enzyme activity is defined as the amount of
enzyme that catalyzes the production of 1 umol urea per min under standard
assay conditions. Based on our assay method, specific activity of freshly
prepared ADC-ABD is 25.02 +£1.17 U/mg (at 37 <C, pH 8.0). This value,
although slightly lower than that of ADC (28.88 +2.68 U/mg), indicates

that the fusion of ABD has not altered much of the ADC activity.

Same as ADC, the final product of ADC-ABD contains ~4 mg/ml
protein in 20 mM sodium phosphate buffer at pH 7.4 supplemented with 5
mM MgCl; and 0.1 mM PLP, and is stored at 4<C in darkness. The protein
concentration and specific activity of ADC-ABD seem to be relatively
stable for at least 6 months as well (Figure 5.4). Yet more batches of

proteins should be studied before drawing a solid conclusion.
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Figure 5.4: Effect of long-term storage on protein concentration and specific
activity of ADC-ABD. ADC-ABD was formulated at ~4 mg/ml protein in
20 mM sodium phosphate buffer supplemented with 5 mM MgCl, and 0.1
mM PLP, and was stored at 4<C in darkness. Data are expressed as mean +
SD of a single experiment performed in triplicate. All ADC-ABD-catalyzed

reactions were performed under standard assay conditions (37 <C, pH 8.0).
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5.4 Removal of endotoxin from ADC and ADC-ABD

Protein concentrations and enzymatic activities before and after
endotoxin removal were tested. For both ADC and ADC-ABD, ~90%
proteins are recovered after endotoxin removal process, and the enzyme
activities are not much affected (Figure 5.5). Therefore, phase separation by
Triton X-114 is proved to be a proper method to remove endotoxin from

ADC and ADC-ABD.
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Figure 5.5: Effect of endotoxin removal by Triton X-114 on the activities of

ADC and ADC-ABD. Data are expressed as mean SD of a single

experiment performed in triplicate. All ADC- and ADC-ABD-catalyzed

reactions were performed under standard assay conditions (37 <C, pH 8.0).
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55 In vitro anti-cancer properties of ADC-ABD

After 72 h of treatment with increasing concentrations of ADC-ABD,
the viability of three colorectal cancer cell lines was tested by MTT assay

and the results were compared with those of ADC.

As summarized in Table 5.1, ADC-ABD inhibits the growth of all the
three colorectal cancer cell lines tested. Surprisingly, ADC-ABD is much
more potent in all these three cell lines than ADC. It has also been observed
that ADC-ABD is less effective than ADC in HCT116 cells yet exhibits

similar maximum cytotoxicity as ADC in COLO 205 and LoVo cells.
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Table 5.1: A comparison of the effects of ADC and ADC-ABD in three
colorectal cancer cell lines. Cells were incubated in medium with one of the
arginine-depleting enzymes for 72 h before MTT analysis. The 1Cso value is
calculated based on the results of three experiments performed in triplicate
and is defined as the amount of an enzyme needed to achieve 50% inhibition
of cell viability. Maximum cytotoxicity is expressed as the maximum
percentage of nonviable cells achieved by 100 pug/ml of each enzyme which

is the mean of three experiments performed in triplicate.

ICso (ug/ml) Maximum cytotoxicity (%)
Cell Line
ADC ADC-ABD ADC ADC-ABD
HCT116 12.23 2.46 84.35 71.44
COLO 205 19.40 2.66 81.62 79.90
LoVo 38.09 17.81 66.17 62.06
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5.6 In vitro binding to albumin of ADC-ABD

To investigate whether ADC-ABD could bind to serum albumin as
expected, ADC-ABD was mixed with HSA at different ratios and analyzed
on 10% native-PAGE gel. When the two proteins are mixed together, a new
band which probably resembles the HSA-ADC-ABD complex is observed
(Figure 5.6). According to native-PAGE analysis, the interaction between
HSA and ADC-ABD is quite weak, as free HSA and ADC-ABD molecules
are observed at almost every HSA-to-ADC-ABD ratio tested (Figure 5.6). It
should be noticed that native-PAGE provides only a rough detection for the
interaction between ABD fusion protein and albumin. Standard assay
methods such as surface plasmon resonance should be tried in the future
studies to examine the interaction between HSA and ADC-ABD in a more

accurate way.
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Figure 5.6: Native-PAGE analysis of the interaction between HSA and
ADC-ABD. 4 ug of HSA was constantly loaded to each HSA-positive lane,
Different amounts of ADC-ABD were used as indicated by the HSA: ADC-

ABD ratio.
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5.7 In vivo performance of ADC-ABD

In this preliminary study, ADC and ADC-ABD were administered to
mice, and their arginine-depleting effects were investigated. As these two
enzymes have not been studied in vivo so far, their proper dosages in mice
are also aimed to be determined. ICR mice were chosen over BALB/c mice
in this study as they are of bigger size, and hence are easier to handle and
are able to tolerate higher doses of drugs. Various concentrations of ADC
and ADC-ABD were injected to ICR mice. Lower dose of enzyme (1.25
mg) was administered intravenously, and higher doses (2.5 and 5 mg) were
administered intraperitoneally since their volumes were too large for i.v.

injection.

As shown in Figure 5.7, ADC depletes the plasma arginine in mice in a
dose-dependent manner. The plasma arginine is around 50 uM at 2 h after
injection of 1.25 mg ADC (Figure 5.7 A), but remains at an undetectable level
at the same time point after injections of 2.5 and 5 mg ADC (Figure 5.7 B,
C). In contrast, all doses of ADC-ABD tested are able to maintain plasma
arginine at an undetectable level within 2 h after injection (Figure 5.7). We
have also observed that when 2.5 mg enzyme is administered, the plasma
arginine returns to normal level more slowly in the mouse treated with
ADC-ABD than in the one treated with ADC (Figure 5.7 B). However, the
same observation is not found in mice treated with 5 mg enzymes (Figure

5.7 C). Considering that for all concentrations of ADC-ABD tested, the
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plasma arginine returns to a normal level at 48 h after injection and remains
stable thereafter (Figure 5.9), it seems that ADC-ABD fails to prolong the

circulating half-life of ADC in a significant manner according to our study.

A possible reason for such a result may be the weak interaction between
ADC-ABD and mice serum albumin. The linker between the ADC and
ABD (amino acid sequence: AVDANS) may be too short to make the ABD
region protruded enough to the environment to interact effectively with
albumin. Therefore, it is suggested that the construct of ADC-ABD be

redesigned in the future.

Another possible reason is that the concentrations of surrounding
cofactors are much diluted when ADC-ABD is administered to mice. The
lack of sufficient cofactors may also be responsible for the short circulating
half-life of ADC-ABD in vivo, as cofactors are found to play important roles
in the activity of ADC (Sections 3.2.4 and 4.1.4). Therefore, continuous
supplementation of cofactors is suggested in the future experiments on ADC

and ADC-ABD.

Some other valuable experiences are also gained from this preliminary
study. All mice showed good tolerance with the enzymes administered, as
no obvious side effects were observed during the whole study period. The
proper doses of ADC and ADC-ABD are recommended to be 2.5 to 5 mg
(or more) per ICR mouse. Moreover, the method of administration seems to
have no influence on the in vivo arginine-depletion ability when enough

enzyme is used (Figure 5.7 B, C).
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Figure 5.7: The pharmacodynamics of ADC and ADC-ABD on plasma
arginine in mice. ICR mice were each injected with 1.25 mg (i.v.), 2.5 mg
(i.p.), or 5 mg (i.p.) ADC or ADC-ABD. Plasma was collected at 2, 6, 24,
28, and 72 h after injection. Time O refers to the serum sample collected
prior to the injection. The amount of arginine in each sample is determined
by amino acid analysis. Arginine concentrations below the detection level
are regarded as O uM in these plots. Each point represents a single mice

plasma sample.
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5.8 Further investigations into the ABD fusion strategy using BCA

5.8.1  Expression and purification of BHA

According to the chromatogram of BHA purification, three peaks were
observed during the elution process using increasing concentrations of
imidazole (Figure 5.8). The first two peaks were merged together,
succeeded by the third peak that occurred when imidazole concentration
reached ~0.13 M (Figure 5.8). When analyzed by SDS-PAGE, it has been
found that the third peak mainly consists of a target protein of around 40
kDa (Figure 5.9, lanes F4-F8). This target protein is likely to be BHA since
the calculated molecular weight of BHA monomer based on its amino acid
sequence is 39.44 kDa. Therefore, it is suggested that BHA has been
successfully expressed and purified. Fractions containing relatively pure

BHA were pooled together for further processes.
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Figure 5.9: SDS-PAGE analysis of the column fractions from nickel affinity
chromatography for BHA. M, SDS-PAGE molecular weight standards, low
range (Bio-Rad); FT, flow through; F2-F10, eluted fractions from the

column.
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5.8.2  Expression and purification of BAH

According to the chromatogram of BAH purification, three peaks were
observed during the elution process using increasing concentrations of
imidazole (Figure 5.10). The second and third peaks were merged together
and occurred when imidazole concentration reached ~0.18 M (Figure 5.10).
When analyzed by SDS-PAGE, it has been found that this merged peak
mainly consists of a target protein of around 40 kDa (Figure 5.11, lanes F6-
F14) which is likely to be BAH. Compared to BHA which is eluted at ~0.13
M imidazole, BAH seems to bind more tightly to the nickel affinity column.
This is probably because the ABD domain, when inserted between BCA and
the 6x histidine tag, helps to make the 6x histidine tag more exposed, and
hence the BAH can interact with the nickel ions in the column more

effectively than BHA.

Fractions containing relatively pure BAH were pooled together and
exchanged buffer using tangential flow filtration device (Millipore) instead
of a centrifugal filter device, as this protein is prone to precipitate at high
concentration. However, the protein was still severely precipitated during
the buffer exchange process, leading to a great loss of protein. It is proposed
that BAH is only soluble at a high salt concentration, probably due to its
structure. When buffer is exchanged to 20 mM sodium phosphate, the

protein may become unstable.
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5.8.3  Specific activities of BHA and BAH

Two methods are used for determining the activities of BCA and its
derivatives in our research group. For in vitro experiments, activities of the
enzymes are determined by the DAMO method at 37 <C, pH 7.4. For in vivo
experiments, activities of the enzymes are determined by a
spectrophotometric method as described by Ikemoto et al. (1989). One unit
of enzyme activity is defined as the amount of BCA/BHA/BAH that
catalyzes the production of 1 umol urea per min under standard assay
conditions. Specific activity of the enzyme is expressed as activity units per

mg of protein.

Under standard DAMO assay conditions (37 <C, pH 7.4), freshly
purified BHA has a specific activity value of 220.6 +15.8 U/mg, which is
close to the value of BCA (around 243.30 U/mg according to Ms. Shirley S.
L. Chu). After one month of storage at 4<C, pH 7.4, the specific activity of
the same BHA sample decreased to 164.5 +10.9 U/mg, indicating that BHA

is not very stable under the storage conditions used.

When analyzed by Ikemoto assays under standard conditions (37 <C, pH
8.3), the measured specific activity value of BHA is smaller, probably
because the pH used in this method is suboptimal for BHA. Similar to ADC
and ADC-ABD, endotoxin removal process by Triton X-114 phase
separation does not affect the specific activities of BHA and BAH (Table

5.2). When measured by the Ikemoto methods, freshly purified BHA is of
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142.23 +6.75 U/mg before endotoxin removal, and 144.78 +14.39 U/mg
after endotoxin removal. The specific activities of both BHA and BAH
seem to have slightly increased after endotoxin removal (Table 5.2),
probably because some lipophilic impurities have been removed during this
process. However, the specific activity and the protein amount of BAH are

so low (Table 5.2) that this enzyme cannot be used in animal experiments.
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Table 5.2: A comparison of the enzymatic activities before and after
endotoxin removal, assayed by lkemoto method. One unit of enzyme
activity is defined as the amount of enzyme that catalyzes the production of

1 umol urea per min under standard assay conditions (37 <C, pH 8.3).

Specific activity (U/mg)
Protein
Before endotoxin removal  After endotoxin removal
BHA 142.23 +6.75 144.78 +14.39

BAH 8.15+0.42 11.07 £1.76
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5.84  Invivo performance of BHA

The in vivo arginine-depleting effect of BHA was studied in BALB/c
mice and is compared with that of BCA, as shown in Figure 5.12 and 5.13.
According to the results provided by Dr. Stephen C. F. Kim, plasma
arginine level quickly returns to normal within 24 h after the injection of
BCA (Figure 5.12). In contrast, an undetectable level of serum arginine has
been remained for at least 24 h after injection of BHA (Figure 5.12). This
result indicates the fusion of ABD has prolonged the circulating half-life of
BCA in vivo. Although further modifications of the fusion protein construct
should be made, our results at this moment have already proved that ABD
fusion is a feasible and promising strategy for improving the

pharmacodynamic properties of arginine-depleting enzymes.

As the product of BCA-catalyzed reaction, ornithine was also examined
in our study. The level of plasma ornithine slightly decreases after the
injection of BHA, and remains slightly below the original level even at 120
h after injection (Figure 5.13). This may due to the reconversion of ornithine
to arginine by the liver in order to synthesize enough arginine to meet the

metabolic needs under the stress of arginine-depletion.

The route of administration seems to have no influence on the arginine-
depleting effect of BHA in vivo (Figure 5.12 and Figure 5.13). Besides, all
mice have shown good tolerance with the administration of BHA as no

obvious side effects have been observed.
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Figure 5.12: The pharmacodynamics of BCA and BHA on plasma arginine
in mice. Each BALB/c mice was injected i.v. or i.p. with 250 U BCA or
BHA. Plasma was collected at the indicated time points after injection. Time
0 refers to the serum sample collected prior to the injection. The amount of
arginine in each sample is determined by amino acid analysis. Arginine
concentrations below the detection level are regarded as O uM in these plots.
Each point represents mean £SD of three mice. Data on BCA are provided

by Dr. Stephen C. F. Kim.
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Chapter 6

Discussions

6.1 Preparation of ADC

6.1.1  The reason for choosing E. coli biosynthetic ADC in this study

ADC has been found in various types of organisms, including bacteria,
fungi, parasites, plants, marine animals, and mammals. As a potential drug
material, ADC of human origins is the first to consider since it may cause
less immunological response in patients. However, ADCs originate from
human and other mammals are membrane-associated (Zhu et al., 2004), and

thus are difficult to produce in large quantities.

In plants such as rice and Arabidopsis, heat stress induces elevated
putrescine level which acts as a protective mechanism for plants, and this
response is related with the induction of ADC activity (Roy and Ghosh,
1996; Sagor et al., 2013). Plant ADCs are generally of low catalytic
activities. ADCs in oat and barley are reported to have activities of around
6000-8000 nmol CO: per h per g of fresh leaf extract which are much higher
than those of many other plant species (Birecka et al., 1985). The activity of
oat ADC, when expressed in transgenic tobacco, is around 100 nmol CO>
per h per mg protein at most (Masgrau et al., 1997). In contrast, the unit of

bacterial ADC specific activity is usually umol CO. per min per mg protein
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(Blethen et al., 1968; Graham et al., 2002; Wu and Morris, 1973a).
Regardless of the differences in analytical methods among research groups,
a conclusion that plant ADCs are of much lower catalytic activities than

their bacteria and mammalian counterparts can still be safely drawn.

The establishment of multiple ways to reduce the immunogenicity of
heterogenous proteins, such as pegylation and nanoparticle drug delivery
system, has expanded our therapeutic choices. As a result, bacterial enzymes
have become useful materials in cancer therapy. Asparaginase from E. coli
and E. chrysanthemi has already been used in clinical practice for the
treatment of ALL (Pasut et al., 2008). ADI from Mycoplasma species has
also resulted in exciting response rate in patients with HCC and melanoma
(Ascierto et al., 2005; 1zzo et al., 2004). Therefore, ADC originates from

bacterial species such as E. coli became a focus of our study.

In E. coli, two isoforms of ADC have been detected. Biodegradative
ADC is only activated in an acidic environment and loses most of its
activity at physiological pH (Blethen et al., 1968), thus making it
unfavorable as an anti-cancer agent. In contrast, Wu and Morris (1973a)
reported that the optimal pH of biosynthetic ADC is much closer to
physiological pH. Their conclusion has also been proven by this project.
Another bacterial ADC which originates from Bacillus subtilis has
previously been studied in gastric cancer MKN-45 cells by our group
members. It has been found that B. subtilis ADC is less potent than E. coli
biosynthetic ADC. As a result, E. coli biosynthetic ADC was chosen in this

project.
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6.1.2  Expression, purification, endotoxin removal, and long-term

storage of ADC

Despite some protein loss during the affinity chromatography, a
considerable final yield of ADC was still obtained in this project. In a
typical experiment, around 110 mg ADC is purified from E. coli grown in 1
L culture medium. When scaled up from shake flask culture to fermentation,
the yield of ADC is even much more delightful. According to Dr. H. K. Yap
in our group, the yield of ADC from fermentation is 2.0-2.5 g/L of E. coli

cell culture.

As ADC used in this project is bacteria-originated, an important
consideration is to find a proper method for removing endotoxins in the
final protein product. The theoretical pl is 5.03 for ADC and 5.12 for ADC-
ABD (calculated by Compute pl/Mw; EXPASYy). Since endotoxin also has
an acidic pl value of around 2 (Shi et al., 2001), it is difficult to be separated
from either ADC or ADC-ABD by any ion exchange. Phase separation by
the nonionic detergent Triton X-114 thus appears to be a better choice in
this situation. Triton X-114 is homogeneous at low temperatures but
partitions into an aqueous phase and a detergent phase at temperatures
above its cloud point (23<C) (Bordier, 1981). In this way, hydrophilic and
hydrophobic proteins in a solution containing Triton X-114 can be
separated. The results on ADC, ADC-ABD, BHA, and BAH have all shown
that phase separation by Triton X-114 can reduce the endotoxin contents in

proteins to a satisfactory level and has little impact on protein amount as
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well as enzyme activity. Therefore, Triton X-114 phase separation is
recommended as a simple yet effective and universal method for endotoxin

removal.

There is, however, still potential for improvement on our present
purification methods. Some impurities, although of tiny amount, are still
detected in the final product of ADC, making ADC difficult to meet the
diagnostic and therapeutic requirements at this moment. To improve, some
refinery purification processes, such as ion exchange or hydroxyapatite
chromatography, should be recruited in addition to affinity chromatography

in the future.

To sum up, ADC is of high yield and good purity by simple and cost-
effective preparation procedures. Its bacterial stock is of high stability for
more than three years at -80<C while its protein stock is stable for at least
six months at 4<C in solution form. Generally speaking, ADC is a promising

druggable material on the aspect of production.
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6.1.3  The improved activity assay method and the specific activity of

ADC

The most widely used method for the determination of ADC specific
activity is probably the one through the detection of **CO2 produced from
(1-**C)-arginine (Burrell et al., 2010; Morrissey et al., 1995; Regunathan
and Reis, 2000; Wu and Morris, 1973a; Zhu et al., 2004). This method,
however, is infeasible in this project as it requires specific equipment and

reagents.

Some other methods for measuring the activity of ADC have also been
reported. Goldschmidt and Lockhart (1971a, 1971b) have introduced a
simple method which involves the extraction of agmatine with n-butanol
and the subsequent detection of extracted agmatine by formulated diacetyl
agents. The extraction process, although is necessary to avoid the
formulation of diacetyl agents from reacting with arginine in solution
(Goldschmidt and Lockhart, 1971b), may be hard to ensure the accuracy of

a quantitative analysis.

Our thought then turned towards the detection of urea generated from
arginine through a combination of ADC- and agmatinase-catalyzed
reactions, since our lab has already been using an established DAMO
method for detecting the urea produced by arginase-catalyzed deprivation of
arginine. Under strong acidic conditions, urea reacts with DAMO to yield

colored product whose intensity can be measured at 540 nm
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(Kanagasabapathy and Kumari, 2000). The previously established activity
method for ADC in our research group, as described in Section 3.2.1, allows
ADC and agmatinase to react in the same mixture, and results in an
extremely low ADC activity of around 1 pmol urea per min per mg protein
at 37<C and pH 8.0. Such a result is inconsistent with the findings that ADC
can effectively inhibit the growth of tumor cells. Therefore, it was
speculated that ADC and agmatinase might have distinct optimal reaction
conditions, and their reactions must be conducted separately. We first
incubated the reaction products of ADC with agmatinase overnight to make
sure the incubation time was long enough to allow as much agmatine be
converted to putrescine and urea as possible, and then compared the result to
that derived by the old assay method. Through this preliminary trial we have
proved our speculation that the activity of ADC has been underestimated

previously, and a more accurate assay method is needed to be designed.

The improved activity assay method established in this project is
regarded as a reliable one as it is repeatable in different trials and provides
reasonable results regarding the data of Wu and Morris (1973a) as a
reference. It is also proven to be a simple method that can be easily
mastered by researchers without any previous experience on protein activity
assay. Unlike the detection of *4CO,, this assay method requires less
equipment and is more cost-effective. Compared to the previous method in
our group which requires as much as 1.1 mg purified ADC per test, this
improved method also enhances the experimental throughput as only 0.02-

0.15 mg ADC is required for each test. The mere limitation of this improved
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method is that it may be difficult to determine the Km and kcat of ADC, as it
consists of two enzymatic reactions which need to be performed in

sequence.

Through the modification of the activity assay method, we have also
gained much knowledge on the enzymatic properties of E. coli agmatinase,
including its optimal reaction temperature and pH. E. coli agmatinase is also
an enzyme with easy and cost-effective preparation processes. As
agmatinase is able to hydrolyze agmatine, it was used together with ADC
for some anti-cancer mechanism studies in this project, and will continue to

be a useful research tool in the future.
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6.1.4  The effect of cofactors on the structure, specific activity, and

anti-cancer properties of ADC

Biosynthetic ADC is a unique enzyme as it requires two cofactors:
magnesium ions and PLP. At pH 8, magnesium ions are essential for the
dimer and tetramer formation of ADC, and they also coordinate the binding
between ADC and PLP (Wu and Morris, 1973b). PLP accounts for the
catalytic activity of ADC as Wu and Morris (1973b) have pointed out that
there is a Schiff base formed between PLP and a lysine residue of ADC
which is a part of the typical PLP-decarboxylation mechanism according to
O’Leary (1992). Therefore, both cofactors are crucial for the catalytic
activity of ADC, and PLP seems to be of higher importance than

magnesium ions which has been proven by this project (Section 4.1.4).

According to the structural study of Forouhar et al. (2010), PLP binds
to ADC through a covalent bond as well as some non-covalent forces
including hydrogen bonds as well as n-stacking interaction. We hypothesize
that the requirement of additional PLP supplementation to ensure the
optimal activity of ADC may due to the degradation of ADC-bound PLP.
Prior to this project, similar conclusions that the supplementation of
additional cofactors is necessary for the enzymatic activity have been drawn
by researchers studying other PLP-dependent enzymes such as
methioninase. For example, Sun et al. (2003) have supplemented additional
PLP in buffer for the activity assay and storage of methioninase. Even for in

vivo studies of methioninase, a supplementary of PLP provided by osmotic
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mini-pumps implanted in mice can help to maintain low plasma methionine

level for a longer period (Sun et al., 2003).
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6.2 Anti-cancer properties of ADC

6.2.1  Colorectal cancer as a focus of this project

Globally, colorectal cancer has become the third most frequently
diagnosed cancer type in males and the second in females (Jemal et al.,
2011). The incidence of colorectal cancer is higher in economically
developed regions such as Australia, New Zealand, Europe, and North
America while is much lower in Africa and South-Central Asia (Jemal et
al., 2011). Although not being the top priority for prevention and therapy,
colorectal cancer is still one of the major cancers in mainland China. The
incidence of colorectal cancer ranked the fifth in both Chinese males (7.7%)
and females (8.0%) in 2008 (Wang et al., 2012). The mortality of colorectal
cancer increases with age (Zheng et al., 2012), and has been slowly yet
steadily increasing during the past thirty years, ranking the fifth in both
urban (9.78/100,000) and rural mainland China (5.96/100,000) in 2004-
2005 (Zhao et al., 2010). Compared to mainland China, Hong Kong is
facing a more severe problem of colorectal cancer. The incidence of
colorectal cancer in Hong Kong has more than doubled over the past decade
(YYau, 2013). While lung cancer has long been occupying the top spot in
terms of incidence in Hong Kong (YYau, 2013), in 2011, it was beaten into
the second place by colorectal cancer (Hong Kong Cancer Registry,
Hospital Authority, 2013). According to the Hong Kong Cancer Registry,
Hospital Authority (2013), there were 4,450 new cases of colorectal cancer

and 3,789 reported deaths from colorectal cancer in 2011.
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Apart from factors such as inflammatory bowel disease, colorectal
polyp and adenoma, as well as family history of colorectal cancer, it is
commonly agreed that many life habits that have emerged in recent decades,
including the consumption of red and processed meat, low intake of dietary
fiber, and lack of physical activities, all contribute to the pathogenesis of
colorectal cancer (Zheng et al., 2012). Screening tests such as sigmoid-
oscopy are able to detect colorectal cancer at an earlier stage, and hence can
greatly reduce the death rate (DeSantis et al., 2014; Jemal et al., 2011;
Zheng et al., 2012). These screening tests, however, have not yet been
popularized in less-developed countries (Jemal et al., 2011). Even in well-
developed countries such as the United States, in early 2014, only 59% of
the population above age 50 received colorectal cancer screening as

recommended (DeSantis et al., 2014).

Surgery is the most common treatment of early-stage (stage | and II)
colorectal cancer, while chemotherapy is often the main treatment for
advanced colorectal cancers (DeSantis et al., 2014). Several combinations
of conventional chemotherapies, such as FOLFOX (oxaliplatin plus 5-FU
and leucovorin), FOLFIRI (irinotecan plus 5-FU and leucovorin), and
XELOX (or CAPOX; oxaliplatin plus capecitabine) are recommended as the
first- and second-line treatments of patients with metastatic colorectal
cancer (Cassidy et al., 2011; Goldberg et al., 2004; Tournigand et al., 2004).
Side effects of these treatments include nausea, vomiting, diarrhea,

neutropenia, febrile neutropenia, paresthesia, and dehydration (Goldberg et
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al., 2004). Powerful therapeutic methods with milder side effects are still

under exploration.

Human colorectal cancer cell lines are reported to have similar gene
mutation profiles as primary colorectal tumors, and are considered as proper
models for drug development against colorectal cancer (Mouradov et al.,
2014). Colorectal cancers are generally of high ASS levels (Delage et al.,
2010), and thus have been a restricted area for the studies of ADI so far.
Contrarily, we have made a preliminary yet successful step in this area by
demonstrating the effectiveness of ADC in four colorectal cancer cell lines
with different levels of ASS protein expression. Such findings have revealed
a main potential advantage of ADC over ADI. In addition, ADC may be a
promising agent against colorectal cancer in particular, as its anti-
proliferative catalytic product agmatine has been reported to accumulate in
several human colon carcinoma cells via specific agmatine transporters

(Heinen et al., 2003; Mayeur et al., 2005; Molderings et al., 2003).

Apart from colorectal cancer, ADC also exerts inhibitory effect on cell
lines of other cancer types. For example, we have demonstrated that ADC
has inhibitory effect on the cervical cancer cell line HeLa which is ADI-
resistant. We have also found that ADC is very effective against pancreatic
cancer cell lines BXPC-3 and PANC-1. Therefore, we believe that ADC may

also have a promising future in the treatment of other cancer types.

233



6.2.2 Reliability of MTT assay in reflecting the cell viability

MTT assay is a colorimetric method for measuring the mitochondrial
activity of cells, and is one of the most commonly used methods for the
detection of cell viability or cytotoxicity. In living and metabolically active
cells, succinate dehydrogenase in mitochondria cleaves the tetrazolium ring
of MTT, and hence converts the water soluble MTT to an insoluble purple
formazan compound (Fotakis and Timbrell, 2006). MTT provides a rapid
and precise quantitative measurement of the number and activity of living

cells (Mosmann, 1983).

The lactate dehydrogenase (LDH) assay which measures the leakage of
LDH from damaged cells into culture medium, is another commonly used
method for the determination of cell growth and viability. Compared to the
LDH assay, MTT assay is a more sensitive method to detect early cytotoxic
events (Fotakis and Timbrell, 2006), and is more reliable on the
determination of cytotoxicity that only affects intracellular events
(Weyermann et al., 2005). It has been reported that certain renal carcinoma
cell lines treated with ADI show similar amount of LDH release as control
(Yoon et al., 2007). Although such result is meaningful as it suggests the
ongoing of cell cycle arrest upon ADI treatment (Yoon et al., 2007), it also
indicates that the LDH assay is not a suitable method for the quantification

of cytotoxicity of arginine-depleting enzymes.

MTT assay also has certain advantages over the other methods on the
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evaluation of cell viability. Compared to the neutral red assay in which the
neutral red accumulates in the lysosomes of living cells, MTT assay is
thought to be much more sensitive in certain cases (Weyermann et al.,
2005). Trypan blue exclusion assay may not be suitable for samples with
low viability, and is also problematic for measuring the proportion of viable
cells after ADC treatment as most dead cells have undergone apoptosis to
form apoptotic bodies which make it difficult to determine the actual cell
numbers. In contrast, the quick, cheap, easy and relatively reliable
properties of MTT all make it a preferred method for the determination of

cytotoxicity in this project.

However, MTT may sometimes overestimate the cell viability if an
experiment involves inhibitors of the mitochondrial enzymes. A group of
researchers have found that the ICsp value of epigallocatechin gallate
(EGCG) determined by MTT assay is higher than those determined by other
methods because EGCG promotes mitochondrial functions (Wang et al.,
2010). On the other hand, MTT may underestimate the number of viable
cells, as some cells may be living with low metabolic activities. MTT assay
is also not recommended for determining the cytotoxicity of reagents that
can generate superoxide, as superoxide can reduce MTT to formazan
products (Wang et al., 2011). Therefore, our results were further validated
by a series of flow cytometry experiments that can directly quantify cell

apoptosis and cell cycle arrest.

It is observed in this project that none of the anti-cancer reagents used

can achieve 100% cytotoxicity. The maximum cytotoxicity of ADI is ~94%
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in A375 cells, and the maximum cytotoxicity of ADC is ~93% in BxPC-3
cells. Even chemotherapeutic drugs such as doxorubicin and verapamil
cannot kill 100% of cancer cells based on our MTT results. As we always
make sure that the highest dose and the second highest dose of a certain
agent achieve similar cytotoxic effects, we are quite confident that the
maximum cytotoxicities measured in this project are close to the actual
values. Therefore, it is possible that MTT assay may have overestimated the
cell viability in this project, or that some resistant cells, probably cancer
stem cells, may have survived from drug treatments. As multiple agents
with various anti-cancer mechanisms are involved in this project, we also
suggest the cell viability be measured with some other methods such as
LDH assay and alamar blue assay along with MTT assay in the future to

provide more information on cell viability.
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6.2.3 Comparisons of ADI, BCA and ADC on their anti-cancer

properties

In this project, the anti-cancer effect of three different arginine-
depleting enzymes with distinct catabolic pathways of arginine, namely
ADI, BCA and ADC, were studied. Their enzymatic reactions as well as
their relationships with the urea cycle are depicted in Figure 6.1. Among
these three enzymes, ADI is the best-studied arginine-depleting enzyme at
the moment, as it has already completed phase I and Il trials on patients with
HCC and melanoma (Ascierto et al., 2005; Izzo et al., 2004), and is
undergoing more clinical trials, including a phase 111 clinical trial on
patients with advanced HCC (Polaris Group, 2011a), phase Il trials on
patients with leukemia and lymphoma (Polaris Group, 2013b, 2013c), and a
few phase I studies in which ADI is used as part of a combination therapy
(Polaris Group, 2011b, 2013a, 2014). BCA, although without much
published information, shares the same mechanism with the better-studied
hArg, and is therefore believed to be a powerful anti-cancer enzyme. In
contrast, ADC has long been kept away from the spotlight, despite that an
early study by Philip et al. (2003) has shown the inhibitory effect of ADC in

HelLa and L1210 cells.

Since ADC and its catalytic products are not involved in the urea cycle
(Figure 6.1), it is hypothesized that the anti-cancer effect of ADC is less
affected by the urea cycle enzyme expression profile of tumor cells. In this

project, we tested the effect of ADC in ten tumor cell lines of different
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cancer types, and have demonstrated that ADC is effective against all these

cell lines regardless of their ASS levels.

We have, in particular, compared the effect of ADI, BCA, and ADC in
five cancer cell lines with different ASS levels. It is now widely agreed that
cellular ASS, either constitutive or inducible, helps to convert citrulline to
arginine and hence results in the resistance of tumor cells to ADI treatment
(Delage et al., 2010; Savaraj et al., 2010; Shen et al., 2003). Our
experimental results fit this hypothesis as we have observed a trend that the
efficacy of ADI decreases as cellular level of ASS increases (Table 4.2). It
should be noticed that ASS is the rate-limiting enzyme in the urea cycle
(Haines et al., 2011), and low cellular level of ASS may not be sufficient to
maintain cell growth through the de novo synthesis of arginine from
citrulline (Shen et al., 2003). Consequently, we have observed that cells
with lower levels of ASS protein, such as BXPC-3, PANC-1 and HCT116,
are all sensitive to ADI treatment. We have also demonstrated that HeLa
cells which is reported to be highly ASS-positive upon ADI treatment
(Cheng et al., 2007; Shen et al., 2003; Wu et al., 2011), have more than
50% of the cell population survived from the maximum dose of ADI (Table
4.2). This finding is similar to those reported by previous publications (Shen
et al., 2003; Sugimura et al., 1992; Wu et al., 2011). In addition, we have,
as expected, shown that HeLa cells are sensitive to BCA and ADC
treatment, especially the latter (Table 4.2). Some other ADC-sensitive cell
lines, such as LoVo, COLO 205, and SW1116, all have high ASS protein

levels (Appendix Figure 4) and are likely to be ADI-resistant as well. Future
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experiments should be focused on these cell lines to verify the potential

advantage of ADC over ADI in the treatment of ASS-positive cancers.

A series of experiments were then conducted to compare the anti-cancer
effects of BCA and ADC in ASS-positive cancer cells. As BCA and ADC
catalyze the catabolism of arginine to different products, it is hypothesized
that tumors with both ASS and OTC expressed will be resistant to BCA but
not ADC. We failed to testify this hypothesis in this project, as it was
difficult to find a natural tumor cell line that would express both ASS and
OTC, and it was also challenging to construct such a cell line. The fact that
few tumors express OTC may indicate the broad anti-cancer spectrum of
both BCA and ADC. Yet related explorations will continuously be made in

the future.

Instead of working on an ASS and OTC double positive cancer cell
line, we have tried to mimic a situation of cells expressing excessive amount
of OTC by a citrulline supplementation experiment (Section 4.1.3). We have
found that in ASS-positive tumor cells, the supplementation of excessive
citrulline exerts rescuing effect on cells from both ADC and BCA
treatments, and the extent of rescue increases as cellular ASS level
increases. Such finding agrees with that of Agrawal et al. (2012). We have
also demonstrated that ASS-positive tumor cells under citrulline-rich
conditions are more vulnerable to ADC than BCA, and we suspect such
vulnerability may due to the production of anti-proliferative agmatine by
ADC-catalyzed decarboxylation of arginine. As citrulline added in this

experiment (1.15 mM) is in excessive amount while the concentration of
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citrulline in human plasma is only around 40 uM (Crenn et al., 2000), there
may be no need to worry that the human plasma citrulline will affect the
anti-cancer activity of ADC. Nevertheless, our results do indicate the
theoretical possibility of the existence of an ADC-resistant cell line. In order
to be ADC-resistant, the cells must express high levels of both ASS and
OTC, be insensitive to agmatine, and be supplied with sufficient arginine or

any other urea cycle intermediate.

Our citrulline supplementation experiment, although is not able to truly
reflect the living conditions of OTC-positive cells, is still a meaningful trial
as it indirectly reflects the cellular ASS activity. We therefore recommend
that in the future, citrulline supplementation experiments be conducted
along with RT-PCR and immunoblot assay, in order to detect cellular ASS
at mMRNA level, protein level, and enzyme activity level, thus may provide

more complete information to predict cell sensitivities to ADI treatment.

The anti-cancer potency and efficacy of ADI, BCA and ADC were also
compared in this project. Through the studies in four cancer cell lines with
low or medium ASS expression, it is observed that ADI has highest potency
in all of these four cell lines, followed by BCA and ADC (Table 4.2). This
is likely due to the differences in specific activity and enzyme efficiency
among these three arginine-depleting enzymes. According to the previous
studies, Km for L-arginine and specific activity of Mycoplasma arginini ADI
are 0.2 mM and 50 umol citrulline per min per mg protein at 37<C, pH 6.5
(Takaku et al., 1992), Kn, for L-arginine and specific activity of BCA are 3.2

mM and ~170 umol urea per min per mg protein at 25<C, pH 7.4 (Leung

240



and Lo, 2013), while Kn, for L-arginine and specific activity of E. coli
biosynthetic ADC are 0.03 mM and 16.4 pmol CO2 per min per mg protein
at 37<C, pH 8.4 (Wu and Morris, 1973a). As the assay conditions vary and
the Keat Values of these enzymes are unreported, it is hard to observe a clear
relationship between the enzymatic properties and the anti-cancer potency
based on our current knowledge. We propose that ADC is less potent
probably because it only retains around half of its full activity at
physiological pH (Figure 3.8). Yet ADC is still much more potent compared
to some other anti-cancer enzymes such as methioninase. It has been
reported that the 1Cso of L-mehioninase from A. flavipes is 2.5 U/ml (~162
ug/ml) in HCT116 cells (El-Sayed et al., 2012), while the 1Cso of ADC is

12.23 pg/ml according to our studies.

On the other hand, we are excited to find that ADC exhibits greater
efficacy than ADI and BCA in three of the four cell lines tested, namely,
HCT116, BXPC-3 and PANC-1 (Table 4.2). The different performances of
ADI, BCA and ADC in cancer cells may due to their distinct catalytic
pathways as summarized in Figure 6.1. The main catalytic products of ADI,
BCA and ADC are citrulline, ornithine, and agmatine, respectively.
Citrulline, as mentioned, can be converted back to arginine in cells with
functional ASS. Ornithine itself, although may slightly inhibit tumor growth
in some cell lines as observed in a preliminary test in this project (Appendix
Figure 10), can be converted to the cytoprotective putrescine by ODC in
human body. Besides, it has been reported that ODC is overexpressed in

tumors of pancreatic cancer, prostate cancer and breast cancer (Black Jr. and
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Chang, 1982; Deng et al., 2008; Mohan et al., 1999; Young et al., 2006).
Considering such findings, BCA may be a doubtful choice for the treatment
of these cancers as the ornithine produced by BCA reaction can be easily
converted to the pro-survival putrescine in this case. Agamatine, the
catalytic product of ADC, is an anti-proliferative compound (Isome et al.,
2007; Molderings et al., 2004; Wang et al., 2005; Wolf et al., 2007). It is
even more exciting to learn that agmatinase, the enzyme that can degrade
the anti-survival agmatine to the pro-survival putresciene, is diminished in
some tumors such as those of renal cell carcinoma compared to normal
human tissues (Dallmann et al., 2004). These previous studies all provide
possible explanations for the higher efficacy of ADC over ADI and BCA,
and offer a promising prospect that ADC may be specifically against tumor

cells rather than normal cells.

Based on our results together with the published findings, we believe
that ADC, as an alternative arginine-depleting enzyme, is worthy to be
further studied, and a more solid conclusion that ADC is advantageous over
the other arginine-depleting enzymes (or even over the other anti-cancer

agents) on certain types of cancers is likely be derived in the future.
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Figure 6.1: Schematic diagram showing the enzymatic reactions of ADI, BCA, hArg, and ADC as well as their relationships with the urea

cycle. Enzymes involved in the urea cycle are indicated in blue. The cylinders denote the transporters. The dashed lines indicate the

transportation of urea cycle intermediates. This diagram is a modified version of the one proposed by Mian and Lee (2002).



6.2.4 The role of arginine deprivation-induced autophagy on

cancer cells

Unlike apoptosis which results in cell death, the role of autophagy in
cell fate is much more complicated. Kim, Coates et al. (2009) have
suggested that autophagy protects prostate cancer cells from ADI-induced
cell death, as their study on prostate cancer cell line CWR22Rv1 with 0.1
ug/ml ADI-PEG20 and 25 uM CQ has shown the combination of these two
reagents resulted in a significantly elevated apoptosis population after 48
and 72 h of treatment. Similar conclusions have been drawn by other
research groups studying the effect of ADI in melanoma and lung cancer
cell lines (Kelly et al., 2012; Savaraj et al., 2010). A study on hArg has also
pointed out that inhibition of autophagy through the addition of CQ can
significantly increase the cytotoxicity of hArg in leukemia cell lines (Tanios
et al., 2013). Although autophagy has been widely agreed to play an
important role in cell survival mechanism, it is also characterized as type 2
programmed cell death. For example, a more recent study by Qiu et al.
(2014) has suggested that ADI induces autophagic cell death in breast
cancer cells, as they found the addition of 10 uM CQ slightly rescued the

cells from ADI-PEG20.

Surprisingly, unlike these previous studies which all suggest that
autophagy can be induced by enzymatic degradation of arginine, we failed
to detect the ongoing of autophagy in ADC-treated HCT116 and LoVo cells

with immunoblot assay for the change of LC3 intensity and drug
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combination study of ADC and HCQ. The first possibility may be that ADC
fails to deprive arginine in cell culture medium. However, this possibility is
ruled out by a preliminary experiment which suggests that arginine level in
HCT116 cell culture medium is successfully lowered by ADC and becomes
undetectable after 24 h of ADC treatment (Appendix Figure 11). Another
possible explanation, supported by the previously published opinion that
autophagy is a cellular event prior to apoptosis (Maiuri et al., 2007; Marino
et al., 2014), is that ADC-induced autophagy in HCT116 and LoVo cells is
too transient to be detected by our experiments (in which 2 h is the earliest
time point to study). In this case, the impact of autophagy on cancer cells
may be minor. In addition, it is also possible that ADC inhibits intensive

autophagy in HCT116 and LoVo cells with unknown mechanisms.

Together with the previous findings, our study may indicate that the
ongoing of autophagy and its role in cell fate is enzyme- and cell line-
dependent. We also suggest that the details of the relationship between ADC

and autophagy in colorectal cancer cells be further examined in the future.
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6.3 The possibility of enhancing the anti-cancer effect of ADC

through drug combination

In the treatment of dreadful diseases such as cancer and AIDS, drug
combination is a well-accepted strategy as it may achieve satisfactory
therapeutic effect while reducing the drug doses, side effects, and drug
resistance (Chou, 2010). Drug interactions are categorized based on the CI
value calculated by the Chou-Talalay method, and are defined as synergism
(Cl < 1), additive effect (Cl = 1), or antagonism (CI > 1) (Chou and Talalay,
1984). The selection of combination agents with potential synergistic effect
to the target drug requires a great deal of experience. The developer of the
famous Chou-Talalay method even suggests the difficulty of predicting
synergism by drug mechanisms in reality (Chou, 2010). As few studies on
the anti-cancer properties of ADC have been conducted prior to this project,
and it may take a long period to reveal the detailed anti-cancer mechanisms
of ADC, we had to rely on some guesswork to select a few agents and test
their combination effects with ADC. In this project, four agents with anti-
cancer potential, namely HCQ, doxorubicin, verapamil, and LY 294002,

were tested in combination with ADC in HCT116 cells.

CQ and HCQ are antimalarial drugs with promising anti-cancer effects
(Janku et al., 2011; Kimura et al., 2013). After entering the lysosome, CQ
and HCQ become protonated and block the acidification of lysosome, thus
inhibit autophagy at a late stage (Kimura et al., 2013; Yang et al., 2011).

Both CQ and HCQ have been studied in a variety of preclinical and clinical
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trials in combination with different chemotherapeutic drugs or small
molecule drugs (Amaravadi et al., 2011; Yang et al., 2011). Compared to
CQ, HCQ is much safer (Gunja et al. 2009; Smith and Klein-Schwartz,
2005), and thus is preferred in this project. Unlike our hypothesis that HCQ
may further increase the cytotoxicity of ADC through the blockage of
cytoprotective autophagy, our combination studies showed that ADC
interacted antagonistically with HCQ in HCT116 at both 24 and 72 h of
drug treatment periods (Table 4.6 and Table 4.7). As a result, HCQ is not a

suitable combination drug for ADC in such a situation.

We also tested the combination of ADC with doxorubicin, a well-
established chemotherapeutic drug that have been used for the treatment of
cancer for over 30 years (Tacar et al., 2013). Doxorubicin intercalates into
DNA to disrupt DNA replication, and thus leads to apoptosis (Carvalho et
al., 2009; Tacar et al., 2013). Although doxorubicin is effective against a
wide range of cancers, it is also highly toxic to non-tumorous tissues
(Carvalho et al., 2009). The combination study of ADC with doxorubicin in
this project aimed at decreasing the dose of doxorubicin while achieving
similar anti-cancer effect. Our results have shown that not only ADC but
also BCA are synergistic with doxorubicin at high doses (Section 4.5.1), and
such combination effects deserve to be further tested in vivo. In fact, a phase
I clinical trial of ADI-PEG20 plus doxorubicin in patients with HER2-
negative metastatic breast cancer is ongoing at present (Polaris Group,

2013a). It is expected the result of this clinical trial, in the future, may give
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more hints on the feasibility of the combination of doxorubicin with an

arginine-depleting enzyme.

Verapamil has been used as a drug for cardiac diseases, hypertension,
as well as cluster headaches (Meister et al., 2010). As a calcium channel
blocker, verapamil inhibits the influx of calcium ions into cells (McTavish
and Sorkin, 1989). It is believed that verapamil can inhibit the activity of
calmodulin through the changing of intracellular calcium environment, and
thus prevent chemo-resistant cells from actively removing the
chemotherapeutic agents (Simpson, 1985). As a result, verapamil is often
studied in combination with small molecule drugs against cancer (Chen et
al., 2012; Liu et al., 2014; Meister et al., 2010). As verapamil is not likely
to affect the anti-cancer mechanisms of ADC and BCA, the combination
studies of verapamil with arginine-depleting enzymes in this project are not
expected to yield synergistic results, but instead can be regarded as negative
controls. We found that ADC and verapamil were antagonistic in HCT116
cells at all concentrations tested (Section 4.5.2). Similar results were
observed in BCA and verapamil combinations, with the exception of 1Cg at
which the effect was synergistic (Table 4.11). We propose that verapamil is
not a suitable combination drug for ADC as the result is not promising

according to our study.

The last combination agent to study in this project, LY204002, was
selected based on our mechanism studies that ADC can inhibit ERK while
upregulating Akt in HCT116 cells (Figure 4.12 and Figure 4.18). It has been

reported that the dual inhibition of RassMEK/ERK and PI3K/Akt/mTOR
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pathways may result in greater drug efficacy compared with inhibition of
either pathway alone in the treatment of cancer (Renshaw et al., 2013; Saini
et al., 2013; Shimizu et al., 2012). LY294002, as a pan-PI3K inhibitor, was
expected to demonstrate synergistic effect with ADC in this project. In
reality, we found that the interaction between LY294002 and ADC is quite
dose-dependent, as these two agents are antagonistic at 1Cso, antagonistic or
nearly additive at IC7s, and synergistic at 1Cgo (Table 4.12). In a previous
study of ADI in melanoma cell lines, the researchers also reported an
upregulation of Akt activity upon ADI-PEG20 treatment, as well as an
additive effect on cell growth inhibition when ADI-PEG20 was used
together with LY?294002 (Tsai et al., 2012). Their studies also showed that
LY294002 could enhance the anti-tumor activity of ADI-PEG20 in mice
xenografts (Tsai et al., 2012). As both ADI and ADC are arginine-depleting
enzymes and may share some similar anti-tumor mechanism, the results of
Tsai et al. (2012) may indicate a promising future of ADC in combination

with PISK/Akt/mTOR inhibitors in the treatment of cancer.
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6.4 ABD fusion strategy

6.4.1  The reason for constructing ADC-ABD

When searching for a strategy to eliminate the immunogenicity of ADC
while extending its circulating half-Ife, pegylation was our first
consideration since it has been proved to be effective on a variety of
enzymes such as apsaraginase, methioninase, ADI, hArg (Pasut et al.,
2008), and BCA (Leung and Lo, 2013). Two PEG molecules, methoxy-
PEG-maleimide (mPEG-MAL,; reacts with cysteine residues), and mPEG-
SPA (reacts with lysine residues), were therefore tested by our former group

member, Mr. Angus C. L. Chan, prior to this project.

As shown in Figure 2.3, the protein sequence of ADC used in this
project contains 8 cysteine and 18 lysine residues. According to the
structural study of ADC, the 8" cysteine (cysteine 497) is crucial for the
catalytic function of ADC, and is also responsible for the binding of
substrate (Forouhar et al., 2010). This conclusion is supported by our
observation that mMPEG-MAL results in significant activity loss of ADC
(Appendix Figure 12 A). The 4" lysine residue (lysine 96) of ADC is also
required for a functional ADC, as it locates at the PLP binding site of the
enzyme (Forouhar et al., 2010). Probably due to a competition of PLP and
MPEG-SPA for this lysine residue, pegylation of mPEG-SPA with ADC
holoenzyme retained the activity of ADC (Appendix Figure 12 A) yet

results in inefficient pegylation (Appendix Figure 12 B), while pegylation
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with ADC apoenzyme improves the pegylation efficiency (Appendix Figure
12 B) but leads to nonfunctional ADC (Appendix Figure 12 C). And hence
the concern of pegylation of ADC with mPEG-SPA is to reach a
compromise between enzyme activity and pegylation efficiency. Although
some other types of PEG molecules can be tested in the future, pegylation is
still not favored in this project compared to fusion protein strategies, as it is
neither cost-effective nor time-effective, and may result in the formation of

anti-PEG antibodies in animals and humans.

Compared to pegylation, the conjugation with HSA is a more recent
strategy for the improvement of drug properties. HSA has been conjugated
with various chemotherapeutic drugs including methotrexate, doxorubicin,
and chlorambucil to prolong their circulating half-lives (Stehle et al., 1997).
In addition, a fusion of recombinant bispecific antibody to HSA has
increased circulation time of the antibody while still retaining its retargeting
effect on T lymphocytes to tumor cells (Muller et al., 2007). The fusion
protein of interferon a-2b with HSA (albinterferon) has been found to have
extended the half-life of interferon while being efficacious and well

tolerated in patients with hepatitis C (Subramanian et al., 2007).

It should be noticed that all these successful examples are the
conjugation or fusion of HSA to small molecule drugs. In contrast, ADC is a
large protein molecule as it is a homo-tetramer with each monomer of
around 71 kDa. While there may be no need to further increase the size of
ADC as it is large enough not to be removed by renal clearance, the fusion

of a large molecule like HSA (~67 kDa) will take up more space and thus
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may hinder the correct structural formation of ADC during protein
synthesis. Therefore, the fusion of ADC to the peptide ABD which can bind
to HSA is preferred in this project. Successful examples of ABD fusion
proteins include the single-chain diabody-ABD fusion which mediates the T
cell retargeting to tumor cells (Hopp et al., 2010), and the Affibody
Zner2:342-ABD fusion which targets HER2 (Andersen et al., 2011). The
effect of ABD fusion may be comparable with that of HSA-fusion, as it has
been reported that for a bispecific single-chain diabody, the circulating half-
life of its ABD fusion in mice model is similar to that of its HSA-fusion
(Stork et al., 2007). Apart from the fusion to small proteins and peptides,
ABD can also be fused with large protein molecules. For example, Makrides
et al. (1996) have demonstrated the binding of ABD fused with human
soluble complement receptor type 1 (SCR1) to rat serum albumin and the
consequently extended in vivo half-life. Their results have provided a
practical basis for the application of ABD fusion strategy on the

improvement of ADC performance.
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6.4.2 Preparation of ADC-ABD and BCA-ABD

The expression system of ADC-ABD is distinct from that of ADC, as
these two constructs are designed and prepared by different members in our
group. As a result, the yield of ADC-ABD from shake flask culture is 50%
less than that of ADC. Similar situation has been reported when the bacterial
culturing process is scaled up to fed-batch fermentation according to Dr. H.
K. Yap in our group. Nevertheless, 50 mg ADC-ABD per L of shake flask
culture and 1.2 g ADC-ABD per L of fed-batch fermentation culture are still
satisfactory protein yields. For BCA-ABD fusion proteins, extremely high
protein yield of up to 290 mg protein per L of shake flask culture has been
obtained in the case of BHA, while little protein has been obtained in the
case of BAH due to its instability during purification and formulation

processes.

The yields of ABD fusion proteins are highly dependent on the
expression systems used. It has been reported that the yield of ABD fused
with SCR1 ranges from 0.4 to 1.1 ug per 24 h per ml of Chinese hamster
ovary cell culture (Makrides et al., 1996). Around 2-15 mg single-chain
diabody-ABD fusion proteins can be obtained from every L of HEK293 cell
culture (Hopp et al., 2010; Stork et al., 2007). The yield of ABD-TolA
fusion protein expressed in E. coli BL21 host is 20 mg/L LB broth medium
(Ahmad et al., 2012). In comparison, the yields of both ADC-ABD and
BHA are much higher. Our results have demonstrated that the production of

both ADC-ABD and BHA are simple and cost-effective. Same as ADC,
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these fusion proteins are readily available materials for cancer studies in the

future.
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6.4.3 The effect of ABD fusion on the properties of ADC and BCA

Although ABD is a small peptide fragment of ~6 kDa, the effect of its
fusion on the structure of the target protein cannot be ignored. In this
section, we would like to discuss the impact of ABD fusion on ADC and
BCA enzyme properties, as well as the function of ABD, on the aspects of
protein preparation, enzyme activities, in vitro cytotoxicities, and in vivo

arginine deprivation effects.

Our first observation that ABD fusion may have slightly altered the
structure of ADC is derived from the protein purification process, as higher
imidazole concentration is required to elute ADC-ABD compared to ADC
(Figure 5.1 versus Figure 3.1). We propose that the insertion of ABD in
between ADC and the 6x histidine tag has made the 6x histidine tag more
exposed to the surrounding environment, and hence has allowed for a tighter
binding between the fusion protein and the nickel affinity column. Similar
observation has been found in the cases of BCA-ABD fusion proteins, as
higher imidazole concentration is required for the elution of BAH compared
to BHA (Figure 5.10 versus Figure 5.8). Besides, ABD fusion also results in
the precipitation of BAH during the buffer exchange process, as described

in Section 5.8.2.

When analyzing the enzyme activity, it is exciting to find that ADC-

ABD and BHA both retain the activity of their native counterparts. We also
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have observed that the specific activity of ADC-ABD upon long-term

storage follows the same decreasing pattern as that of ADC.

Despite the similar catalytic activities between ADC and ADC-ABD, an
intriguing result has shown that ADC-ABD, although slightly less effective,
is much more potent than ADC in all the three colorectal cancer cell lines
tested (Table 5.1). The reason for the boosting effect on the cytotoxicity of
ADC by ABD fusion remains a mystery at the moment. We hypothesize that
ADC-ABD may be more long-lasting than ADC during cell culture
experiments through its interaction with bovine serum albumin in the
culture medium. This hypothesis has not been testified by the native-PAGE,
as native-PAGE is not sensitive enough to demonstrate weak protein
interactions. Our preliminary studies by isothermal titration calorimetry also
failed to determine the interactions between ABD fusion proteins with
serum albumin. Surface plasmon resonance assay has been widely used for
the detection of interaction between ABD and its binding targets (Ahmad et
al., 2012; Dennis et al., 2002; Jonsson et al., 2008; Makrides et al., 1996;
Walker et al., 2010). While we may refer to this method for the detection of
protein interactions in the future, we have to admit that the interaction
between ADC-ABD and albumin in this project is too weak to meet our
expectation, and this may partially account for the undesirable results of our

in vivo experiments.

Our in vivo experiments have shown that both ADC-ABD and BCA-
ABD can slightly prolong the arginine depleting effect than their native

counterparts in mice (Figure 5.7 A and Figure 5.12 A). These results,
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however, are far from satisfactory, as BCA-ABD only maintains the plasma
arginine below detection levels for ~24 h. The result is even worse for
ADC-ABD, as it can only maintain the plasma arginine below detection
level for 2 h. As both ADC and BCA are large proteins, they may hinder the
interaction between ABD and albumin if the ABD locates too close to them.
In fact, the linker between BCA and ABD is only of 11 amino acid residues
in length, and the linker between ADC and ABD is even shorter. We
suggest that the length of the linker sequence be increased in the future to
make the ABD portion more protruding to the environment. In this way, the

binding between ABD fusion proteins and albumin may be stronger.

Another reason that accounts for the undesirable performance of ADC-
ABD in vivo lies in the fact that ADC requires additional cofactors in the
surrounding environment to function optimally. It has been reported that the
in vivo activity of the PLP-dependent methioninase is remarkably prolonged
by the simultaneously administration of PLP via a subcutaneously implanted
osmotic mini-pump (Sun et al., 2003; Yang, Sun et al., 2004). These
published results on methioninase will be useful references for us to

improve the in vivo performance of ADC and ADC-ABD in the future.

To conclude, our current ABD fusion strategy is only partially
successful. The enymze portion of the fusion protein seems to function well,
as ADC-ABD and BHA are found to retain the activity of ADC and BCA,
respectively. On the other hand, the ABD portion of the fusion protein may
not be fully functional, especially in the case of ADC-ABD. We suggest the

fusion protein constructs be carefully redesigned in the future.
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6.5 The possible anti-cancer effect of ADC in vivo

Apart from further investigations of ADC-ABD, the native form of
ADC can also be tested in tumor xenograft mice models in the future. This
proposal is mainly based on the fact that native forms of asparaginase
originate from E. coli and Erwinia chrysanthemi have already been
clinically available for years (Pasut et al., 2008). These two forms of
asparaginase do not present antigenic cross-reactivity, and hence patients
that have developed antibodies against one form of asparaginase can be
switched to the treatment of another form (Pasut et al., 2008). Despite the
development of antibodies against asparaginase which have been observed
in a small population of patients as well as the relatively frequent injection
rate (every 2-5 days), native forms of asparaginase are still a fine choice for

the treatment of leukemia at present (Narta et al., 2007; Pieters et al., 2011).

In addition, compared to pegylated BCA, native form of BCA shows
similar inhibitory effect in mice xenografts of human lung cancer, and
slightly lower yet significant inhibitory effect in mice xenografts of human
colorectal cancer (Leung and Lo, 2013). Therefore, it is possible that not
only ADC-ABD but also native ADC can be used as a competent alternative

to ADI and arginase for anti-cancer therapies in the future.
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Chapter 7

Conclusions

In this project, a slightly modified, recombinant version of E. coli
biosynthetic ADC tagged with 6 histidine residues has been successfully
expressed and purified. The protein yield is around 110 mg per 1 L of shake
flask culture medium. The specific activity of ADC is 28.9 2.7 units/mg at
37<C, pH 8.0, and remains relatively stable for at least 6 months when

stored at 4<C in darkness.

We have demonstrated the inhibitory effect of ADC in ten cell lines of
different human cancer types, including liver (HepG2), lung (A549), cervix
(HeLa), melanoma (A375), pancreatic (BxPC-3, PANC-1), and colorectal
cancer (HCT116, LoVo, COLO 205, SW1116), regardless of the cellular
ASS protein levels. The ICso values of ADC in these cell lines range from
3.8 to 38.1 pg/ml. On the other hand, we have observed that the non-
tumorous HFF-1 cell line is relatively resistant to ADC. A comparison study
have shown that although being less potent, ADC is of higher efficacy than
ADI and BCA in three of the four cancer cell lines tested, namely HCT116,
BxPC-3, and PANC-1. We have also shown that ADC is much more

effective than BCA in the ADI-resistant HelLa cells.

Mechanism studies using HCT116 cell line as a model has revealed that
ADC is a much stronger apoptosis inducer than BCA. The apoptosis

induced by ADC in HCT116 cells follows the mitochondrial pathway, and
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Is caspase-3-dependent. This mitochondria- and caspase-3-dependent
characteristic, however, is not observed in ADC-induced apoptotic LoVo
cells. Beside apoptosis, ADC also results in cell cycle arrest at S and/or
G2/M phases in HCT116 and LoVo cells. Autophagy, on the contrary, has
not been detected in ADC-treated HCT116 and LoVo cells, indicating this
event may either be absent or too transient to exert much influence on these
two cell lines. Preliminary studies on the cell signaling pathways suggests
ADC may upregulate the PI3K/Akt pathway and downregulate the
Ras/MEK/ERK pathway in HCT116 cells. Drug combination studies
indicates that doxorubicin and LY294002 may be suitable combination
agents for ADC in future anti-cancer studies, as their combinations with
ADC in HCT116 cells show synergistic effects at high doses. Contrarily,

ADC is antagonistic with both HCQ and verapamil in HCT116 cells.

To extend the circulating half-life and to eliminate the immunogenicity
of ADC, the fusion protein ADC-ABD has been prepared and studied.
ADC-ABD is readily expressed and purified, and almost fully retains the
specific activity and stability of ADC. When tested in three colorectal
cancer cell lines, ADC-ABD is of slightly lower efficacy but much greater
potency than ADC. Unfortunately, ADC-ABD failed to prolong the
arginine-depleting effect at a significant level in mice. Yet further studies on
the BCA-ABD fusion protein, namely BHA, have proved the feasibility of
ABD fusion strategy by decreasing serum arginine to an undetectable level
for a much longer period (24 h) than that when using native BCA (2 h). We

propose two major solutions for the improvement of the in vivo performance
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of ADC-ABD, including the elongation of the linker sequence in the protein
construct as well as the application of an osmotic pump with supplemental

cofactors in mice.

To sum up, our results suggest that ADC is a promising selective anti-
cancer drug candidate due to its simple production process, high protein
yield, satisfactory stability, as well as the broad anti-cancer spectrum with
comparable or even advantageous efficacy over ADI and BCA. Therefore,

ADC is worthy to be more deeply investigated in the future.
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Chapter 8

Suggestions for future studies

Suggestions for the future studies of ADC are discussed here on the
aspects of protein preparation, selection of modeling tumor cell lines,
mechanism studies, drug safety, the possible strategies for extending the

half-life of ADC, and in vivo anti-cancer studies.

As mentioned, the purity of ADC after a single-step affinity
chromatographic purification is satisfactory yet can be further improved.
Additional purification steps can be introduced in the future to refine the
purity of ADC. Apart from storing ADC in liquid form at 4 <C, methods
such as lyophilization which dehydrates materials may have a chance to
further prolong the storage period of ADC while making ADC a more

portable form.

We have demonstrated the broad anti-cancer spectrum of ADC in cell
lines of various human cancer types, and have shown that ADC has higher
efficacy than ADI and BCA in several ASS-positive cancer cell lines,
including HCT116, BxPC-3, PANC-1, and HeLa. Future experiments
should be focused on these cell lines and the corresponding cancer types to
further elucidate the advantages of ADC over ADI and BCA. We have also
identified that BXPC-3 is relatively more sensitive to agmatine than the
other cell lines tested. We suggest a more thoroughly screening for

agmatine-sensitive cancer cell lines and cancer types in the future, as ADC
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may be more effective in these cancers. In this way, ADC may be used as a

personalized therapeutic agent in the future for cancer treatment.

Future mechanism studies of ADC will be focused on two main issues.
First, a tumor cell line with high levels of both ASS and OTC activities
should be used to testify our hypothesis that ADC may be more effective
against ASS and OTC double positive cancers compared to ADI and BCA.
Besides, we would like to further explore the effects of ADC on the cell
signaling molecules upstream and downstream of both Akt and ERK. We
would like to specifically examine the impact of ADC on mTOR, as mTOR
has been reported to be regulated by amino acids (Demetriades et al., 2014;
Kapahi et al., 2010; Menon et al., 2014; Tato et al., 2011; Tsun et al.,
2013). The results of these mechanism studies may provide some guidance

on the selection of potential combination drugs for ADC in the future.

Insufficient experiments have been conducted regarding the safety of
ADC in this project due to the limitation of experimental materials.
Therefore in the future, ADC should be tested in more non-tumorous cell
lines as well as in animal models to testify if it is truly safe for therapeutic

use as expected.

Future phamacodynamic studies of ADC and its derivatives should be
conducted in BALB/c mice as this mice species is more commonly used
than ICR mice. To improve the arginine-depleting activity of ADC, we may
follow the previous examples of methioninase (Sun et al., 2003; Yang, Sun
et al., 2004) by implanting an osmotic pump subcutaneously in mice to

provide sufficient cofactors for the enzyme to function properly. Regarding
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the improvement of the circulating half-life of ADC, we plan to redesign the
construct of ADC-ABD by elongating the linker sequence between ADC
and ABD. Methods with higher sensitivity for the detection of the
interaction between ADC-ABD and albumin, such as surface plasmon
resonance, should also be involved. Besides, as there are various types of
PEG molecules which can conjugate to different amino acid residues, we
can also re-explore the strategy of pegylation by testing alternate types of
PEGs. For example, PEG that can be specifically conjugated to the
polynhistidine tag as described by Cong et al. (2012) may be a suitable

candidate for the modification of ADC.

Apart from the modified versions of ADC, anti-cancer effect of the
native form of ADC can also be tested in mice tumor xenografts in the

future.
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App Figure 1: Elution profile, SDS-PAGE analysis, and activity of ADC
with 6x histidine tag at different positions. (A) Purification of ADC with 6x
histidine tag at its C-terminus; (B) Purification of ADC with 6x histidine tag
at its N-terminus; (C) Activity assay of both types of ADC. Proteins were
expressed in E. coli cells and were purified by a single step of nickel-
charged 5 ml HiTrap™ chelating HP column chromatography. mAU, milli
absorption unit; 100% B = 0.5 M imidazole. M, SDS-PAGE molecular
weight standards, low range (Bio-Rad); 4hr, total protein after 4 h of IPTG
induction; FT, flow through; Fr, eluted fractions from the column. Activity
assay of ADC was performed by amino acid analyzer (Hitachi 8800) to
detect the arginine content in cell culture medium. Results are provided by

Ms. Sandra Y. S. Siu.
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App Figure 2: Effect of buffer on the activity of ADC-ABD at 37 <C, pH 8.0.
Data are expressed as percentage of specific activity of ADC-ABD
measured in 20 mM sodium phosphate buffer (pH 8.0) and are mean £SD
of a single experiment performed in triplicate. All buffers were

supplemented with 1 mM MgCl; and 0.1 mM PLP.
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App Figure 3: Effects of MgCl2 and PLP on the activity of ADC in E. coli
cell lysate. Data are expressed as percentage of enzyme activity at 35 mM
MgClz, 0.35 mM PLP. Each point represents a single measurement. All
ADC-catalyzed reactions were performed in 100 mM HEPES buffer at

37<C.
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App Figure 4: Immunoblot analysis showing the expression of OTC and
ASS proteins in the ten cancer cell lines used in this project. Rat liver is

used as positive control. Results are provided by Dr. Ryan H. Y. Chow.
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App Figure 5: The infection of adenoviruses encoding GFP into HeLa cells.
Photos were taken under (A) normal light, and (B) fluorescent light. 5 <103
HeLa cells in a volume of 100 pl of culture medium were seeded to each
well of a 96-well plate and incubated overnight allowing for cell adhesion to
the plate. On the next day, the culture medium was replaced by medium
with adenoviruses encoding GFP at an MOI of 100 and incubated overnight

prior to the observation under a fluorescent microscope.
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App Figure 6: Micrographs and fluorescent micrographs of HCT116 cells upon 72 h of ADC treatment. Cells were grown in complete medium
with cofactors (1 mM MgClz, 0.1 mM PLP) in the absence or presence of 50 ug/ml ADC. Cells were stained with annxin V-FITC prior to the

observation under a fluorescent microscope. Scale bar, 100 um (top row), 10 um (bottom row).
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App Figure 7: BCA induces apoptosis in (A) HCT116 and (B) LoVo cells in

dose-dependent manners. Bar graphs show the mean =SEM of the

apoptosis percentage after 72 h of treatment with different concentrations of

BCA (n =3). ***, P <0.001 (versus 0 pg/ml control).
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App Figure 8: A preliminary experimental trial showing the change in
MOMP in ADC-treated LoVo cells using JC-1 dye and flow cytometry.

Cells were grown for 72 h prior to analysis.
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App Figure 9: FITC-DEVD-FMK staining and flow cytometry results
showing the percentage of (A) HCT116 and (B) LoVo cell population with
active caspase-3 upon BCA treatment. Data are expressed as mean =SEM
of three individual experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001

(versus 0 pg/ml control).
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App Figure 10: Preliminary dose-response curves showing the effect of

ornithine in HCT116, LoVo, and COLO 205 cell lines. Cells were incubated
with different concentrations of ornithine for 72 h prior to MTT assay. Data
are expressed as percentage of control treatment (0 ug/ml ADC) and are the

mean =SEM of one experiment performed in triplicate.
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App Figure 11: Arginine level in HCT116 cell culture medium with ADC.
HCT116 cells was cultured in complete RPMI medium with or without 50
ug/ml ADC. Medium samples were collected at 5 min, 1 h, 2 h, and 24 h
post ADC treatment, then centrifuged to remove the suspended cells, and
boiled for 10 min to inactivate ADC prior to analysis. The amount of
arginine in each sample is determined by DAMO assay with excessive BCA
and is expressed as percentage of the arginine content in complete RPMI

(1.15 mM according to the manufacturer). Each bar represents a single

measurement.
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App Figure 12: The effect of pegylation on the catalytic activity of ADC.
(A) The effect of pegylation of the activity of ADC holoenzyme
(formulation contains 5 MM MgSQas, 0.1 mM PLP). mPEG-SPA (5 kDa)
was added to ADC at a molar ratio of 20:1 in buffer containing 20 mM
sodium phosphate, 0.5 M NaCl at pH 7.4, and the mixture was then
incubated at room temperature for overnight with stirring, while mPEG-
MAL (20 kDa) was added to tris(2-carboxyethyl) phosphine (TCEP)-
reduced ADC (reduction performed by incubating of ADC with excessive
TCEP for 5 h at room temperature with stirring) at the same molar ratio, and
the mixture was then incubated at 4 <C for overnight. The activity of ADC
was reflected by measuring the arginine level in cell culture medium
through an amino acid analyzer (BioChrom). Control: no enzyme was
added; (B) SDS-PAGE gel showing the pegylation efficiency of mPEG-
SPA with ADC holoenzyme and apoenzyme (without supplementation of
cofactors). The molar ration of MPEG-SPA and ADC is 40:1. Lane 1,
marker; lane 2, ADC holoenzyme before pegylation; lane 3, ADC
holoenzyme after pegylation; lane 4, ADC apoenzyme before pegylation;
lane 5, ADC apoenzyme after pegylation. (C) The effect of pegylation on
the activity of ADC apoenzyme. Results are provided by Mr. Angus C. L.

Chan.
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App Table 1: Cell cycle distribution of HCT116 after 72 h of treatment with
BCA, as measured by PI staining and flow cytometry. Data are shown as
mean £SD (n = 3). One-way ANOVA reveals significant effects of BCA on

S and G2/M phase subpopulations. Post hoc Dunnett’s test of treatment

versus control: ™, P < 0.01.

BCA (ug/ml) GolG1 (%) S (%) G2/M (%)
0 72.0 +0.92 18.2 +1.17 9.8 +£0.25
21 19.3 +2.32 41.1 +4.49™ 39.6 +2.93™

42 17.6 +2.60 53.0 £5.46™ 29.2 £3.02"
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App Table 2: Cell cycle redistribution of LoVo cells after 72 h of treatment
with BCA, as measured by PI staining and flow cytometry. Data are shown
as mean =SD (n = 3). One-way ANOVA reveals significant effects of ADC
on S phase subpopulation. Post hoc Dunnett’s test of treatment versus

control: ™, P < 0.01.

BCA (ug/ml)  Go/Gi (%) S (%) G2/M (%)
0 48.4 +0.46 38.5 +1.20 13.1 +1.61
21 36.8 +1.45 489 167"  14.3%3.10

42 34.2 +0.55 58.9 +2.20™ 6.9 +£2.65
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