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ABSTRACT

The dipeptidyl peptidase (DP) 4 gene family is a serine protease family that cleaves
various biopeptides at the post-prolyl bond. DP4 is the most studied member of the
family and is involved in regulating metabolism, the immune system and cell
signaling. Fibroblast activation protein (FAP) is another member of the DP4 gene
family that contributes to tissue proliferation during cell malignancy and wound
healing. In contrast to DP4 and FAP, the biological functions of DP8 and DP9 are
still under investigation although their mMRNA and protein are ubiquitously expressed
in human tissues. Previous work in the laboratory using a proteomics approach
identified adenylate kinase 2 (AK2) and other proteins as potential in vivo DP8 and
DP9 substrates and revealed a role for DP8 and DP9 in cell metabolism. AK2 is an
enzyme that is localized in the intermembrane space of mitochondria. This enzyme
has a pivotal role in catalyzing reversibly ATP and AMP to 2ADP, maintaining
cellular energy homeostasis. The major aim of this study was to further validate the
substrates identified and to investigate the role of these proteases in cellular

metabolism, in particular in regulating the function of AK2.

Immunocytochemistry and western blotting were used for studying DP8 and DP9 co-
localization with AK2 and calreticulin in ovarian cancer cell lines (SKOV3)
overexpressing DP8 and DP9, which were tagged with enhanced green fluorescent
protein (EGFP). MALDI-TOF mass spectrometry (MS) was then used to test a
further 12 substrates for cleavage by DP8 and DP9 that were previously identified
using a recent proteomics approach. Cleavage activity of DP8 and DP9 towards AK2
in these SKOV3 cells was evaluated using proliferation rate and AK assays. Changes

in adenine nucleotide levels (ATP, ADP and AMP) and cellular energy charge were

Xvii



assessed by using high performance liquid chromatography (HPLC). DP8 and DP9
small interfering RNA (siRNA) were used to silence these proteases in OVCA 429,
OVCA 432 and SKOV3 cell lines in order to test the effects of each DP gene on

AK?2 protein and enzyme activity.

Immunofluorescence confocal microscopy was used to demonstrate that DP8 and
DP9 and their substrates AK2 and calreticulin are in close proximity. No difference
in substrate localization was observed in cells expressing wt or mt proteases. The
work also revealed that N-terminal oligopeptides of seven of 12 potential substrates
are cleaved by DP8, DP9 and DP4. However cleavage rates differed between the
three enzymes, reflecting differences in their active sites. These differences reflect
different amino acids that line entry to the catalytic site and the site itself between
the three proteases. In the first six hrs after sub culture in a 96 well plate cells
expressing wt and mt DP8 had increased viability compared to vector expressing
cells, while the proliferation rate of SKOV3 cells with wt and mt DP9
overexpression was lower. In contrast in a T75 flask it was observed that both wt and
mt DP8 took longer to reach confluence and that vector and wt and mt DP9
expressing cells (four days compared to seven). In these SKOV3 cells
overexpressing wt and mt DP9, ATP levels and adenylate energy charge decreased
significantly, compared to those in SKOV3 cells overexpressing vector control.
Meanwhile, ADP and AMP levels in SKOV3 cells overexpressing wt and mt DP9
increased but a significant increase in AMP level was only observed in SKOV3 cells
overexpressing wt DP9. ADP/ATP and AMP/ATP ratios also increased in wt and mt
DP9 overexpression. This data combined suggests opposite roles for both DP8 and

DP9 in cell growth and proliferation that are independent of their enzyme activity.
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DP8 and DP9 were silenced in three different ovarian cancer cell lines. The results
were more similar in OVCA 423 and SKOV3 cells than in OVCA 429 cells, this
difference probably reflects the different phenotypes of these cells to start with.
Intriguing data was obtained using silencing that suggests that in vivo in SKOV3
cells that AK2 is a substrate of DP8 but not DP9. DP8 silencing led to a decrease in
AK specific activity and an increase in AMPK phosphorylation. A similar result was
observed when AK2 was silenced in these cells. In contrast DP9 silencing had no
significant effect on AK specific activity but did appear to increase the expression of

AK2 and had no effect on AMPK phosphorylation

In summary this work has provided additional evidence for the role of DP8 and DP9
in maintaining cellular metabolism. However, further work is required. Important
questions that need to be answered is what effect does DP9 and or DP8
overexpression have on activated AMPK and the pathways downstream including
glucose uptake and lactate production. In addition more work needs to be performed
to investigate the effect of DP8 and DP9 silencing on genes downstream of AMPK.
DP8 and DP9 may modulate AMPK an important player in both cellular metabolism
and cancer growth. Further understanding of this role may lead to development of
DP8/DP9 inhibitors or activators that may be used to treat cancers such as ovarian

cancer.
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1. INTRODUCTION

In the last decade, the dipeptidyl peptidase (DP) gene family has been extensively
studied because several members have become potential targets for the development
of drugs to treat human diseases. This enzyme family is different from other serine
proteases because dipeptidyl peptidases are exopeptidases that cleave various
biopeptides and proteins at the post-prolyl bond. This family consists of four
proteins, the extracellular proteins DP4 and fibroblast activation protein (FAP) and
the cytoplasmic proteins DP8 and DP9. DP4 was the first member of the gene family
discovered whose structure was determined (Engel et al., 2003; Hiramatsu et al.,
2003; Oefner et al., 2003; Rasmussen et al., 2003). DP4 is involved in regulating
metabolism, the immune system, cell signaling, the endocrine system and cancer
biology (Yu et al., 2010). FAP is another member of the DP gene family which has
an identical three dimensional (3D) structure to DP4 (Scanlan et al., 1994;
Niedermeyer et al., 1998; Aertgeerts et al., 2005). FAP contributes to degrading
extracellular matrix tissues during cell malignancy and scar formation (Scanlan et
al., 1994; Park et al., 1999). FAP is also involved in stromagenesis and angiogenesis
during tumor proliferation (Santos et al., 2009) and in blood clotting formation (Lee
et al., 2006b). In contrast to DP4 and FAP, the biological functions of DP8 and DP9
are still under investigation although their mRNA and protein are widely expressed
in human tissues. Therefore, the aim of this thesis is to validate DP8 and DP9 natural
substrates in order to unravel their physiological roles in normal and abnormal
conditions. In this chapter, each DP family member will be discussed in detail
regarding their structure, expression and some advances in the clinical setting.
Because DP8 and DP9 structures have not been solved, this literature review focuses

on their expression and possible natural substrates and functions.



1.1. DP family

The DP family is an atypical serine protease family which belongs to the S9b
subfamily. Four members (DP4, FAP, DP8, and DP9) have the distinctive ability to
cleave proline or alanine in the second position from the N-terminus. The two
remaining members (DP6 and DP10) lack the catalytic serine residue and thus serine
protease activity. Although the enzyme members of the DP family are serine
proteases, their catalytic motif (Ser- Asp- His) is the reverse of the classical serine
proteases (His-Asp-Ser) like trypsin and chymoptrypsin (Neurath, 1984; David et al.,
1993; Lambeir et al., 2003b). Additionally, the catalytic serine site is flanked by
Gly-Trp and Tyr-Gly-Gly residues, this is different to the sequences found in
classical proteases (Gly-Asp-Ser-Gly-Gly-Pro) (Lambeir et al., 2003b). The Gly-
Trp-Ser-Tyr-Gly-Gly motif is split between two exons for DP4 and FAP but resides
in one exon for DP8 and DP9 (Abbott et al., 1994; Abbott et al., 2000; Olsen and
Wagtmann, 2002). Two glutamic acid residues in the propeller domain are also
conserved in all members of the DP gene family and essential for substrate entry into
the enzyme active site (Abbott et al., 1999; Ajami et al., 2003; Engel et al., 2003;

Aertgeerts et al., 2005).

1.1.1. DP4

1.1.2.1. DP4 structure

DP4 is a 766 amino acid (aa) membrane-bound proteolytic enzyme which has a
unique expression pattern in different tissues, cell types and cellular compartments of
all organisms (Sedo and Malik, 2001). This enzyme was firstly identified in 1966 as
glycylproline naphthylamidase (Hopsu-Havu and Glenner, 1966). Since this

identification, many studies have been performed to elucidate its structure and



function in both physiological and pathological conditions. The DP4 gene was
initially cloned and sequenced from rat liver (Ogata et al., 1989). With advances in
molecular biology techniques, the complete DNA and aa sequences for DP4 were
cloned from human lymphocytes (Misumi et al., 1992) and murine thymocytes
(Marguet et al., 1992). In humans, DP4 is located on the long arm of chromosome 2

locus 24.2 and contains 26 exons (Abbott et al., 1994).

The DP4 protein sequence contains a transmembrane domain and immunostaining
with DP4 antibodies has demonstrated that DP4 is expressed at the cell surface. DP4
contains a short N-terminus (1-6 aa) that acts a cytoplasmic tail (Engel et al., 2003;
Lambeir et al., 2003b). This is linked to hydrophobic segment (7-28 aa) and the
remaining extracellular sequences are attached to the membrane by a flexible stalk
(29-48 aa). The DP4 extracellular component consists of a 49-289 aa glycosylated
domain, a 290-510 aa cysteine domain and a 511-766 aa catalytic domain (Figure
1.1). A soluble form of DP4 exists that lacks the hydrophobic and N-terminus
segments but the DP activity remains unchanged (Durinx et al., 2000). The DP4
extracellular segment appears to have biological functions separate from the enzyme
activity and is involved in cell signaling, binds to adenosine deaminase (ADA),
caveolin-1 and extracellular matrix such as fibronectin (De Meester et al., 1999;

Lambeir et al., 2003a; Ohnuma et al., 2006).

X-ray crystallographic analysis indicates that the DP4 molecule consists of an o/B
hydrolase domain and an eight bladed [-propeller domain (Engel et al., 2003;
Hiramatsu et al., 2003; Rasmussen et al., 2003). 3 sheets are predominantly found in

the formation of the propeller and each propeller is linked together in the complex by



cysteine residues (Hiramatsu et al., 2003). The DP4 protein forms homodimers,

which are connected with several hydrogen bonds in order to retain the folded

511-7ssTcatalytic
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29-48
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16

Figure 1.1. Schematic of the DP4 homodimeric form with its transmembrane
domains. A majority of DP4 aa residues are located in the extracellular
compartment. The remaining domains are the hydrophobic transmembrane domain
and the cytoplasmic tail domain. Adapted from (Lambeir et al., 2003).

structure (Engel et al., 2003). Because the 3 propeller domain covers the catalytic
site of DP4, which is situated in the o/p hydrolase domain, the enzyme’s substrates
are likely to reach the active site through a side opening that is constructed by blade
1 and the carboxyl terminus on the side of § propeller (Engel et al., 2003; Hiramatsu

et al., 2003).

1.1.2.2. DP4 expression

DP4 is widely distributed in mammalian tissues and highly expressed on the surface
of epithelial, endothelial, and immune cells (De Meester et al., 1999). In mice, the
highest levels of the DP activity of DP4 are found in liver, kidney, lung, immune
system, and small intestine (Ansorge et al., 2009). Whilst, in rat and human tissues,
the kidney has the highest DP activity, followed by lung, adrenal gland, small
intestine, and liver (Mentlein, 1999). The discrepancy is probably caused by use of

different species. Surprisingly, both authors reported that only a small proportion of
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the DP activity in brain and pancreas is coming from DP4 (Mentlein, 1999; Ansorge
et al., 2009). There is no further information that clearly explains why those organs

have the lowest DP activity.

DP4 or CD26 as it is also known is expressed at different levels in several cells of
the immune system. Originally, CD26 was recognized as a molecule expressed by
activated T cells that was induced by IL-2 (Fox et al., 1984), anti CD3, antigen and
mitogenic agents (Fleischer, 1987). Basically, most peripheral blood T cells express
CD26/DP4 constitutively and the lowest amount of CD26/DP4 expression is found
on resting cells (Fox et al., 1984; Fleischer, 1987). After stimulation by pokeweed
mitogen, CD26/DP4 seems to regulate development of CD4" T and natural killer
(NK) cells, cytokine secretion, and immunoglobulin G (1gG) production activated by
T cells (Yan et al., 2003). In term of expression on B lymphocytes and NK cells,
there are different patterns between resting and activated forms. CD26/DP4 is
detected at low levels or zero levels on resting B cells but it increases considerably
after stimulation (Gorrell et al., 1991; Buhling et al., 1995). Meanwhile, cytokine-
activated NK cells expressed prominently CD26/DP4 while resting NK cells are
negative for CD26 (Buhling et al., 1994). It is also reported that some populations of
dendritic cells in skin and intestinal lymph nodes are positive for CD26/DP4
expression (Gliddon and Howard, 2002). Thus, coexpression of CD26/DP4 in
activated- immune cells is implicated in regulation of cell proliferation (Bihling et

al., 1994).



1.1.2.3. Clinical aspects of DP4

Because the specific function and natural substrates of DP4 protein will be tissue-
dependent, inhibition of DP activity will have different clinical implications. During
food intake, for instance, the DP activity of DP4 modulates the expression of gastric
inhibitory polypeptide (GIP) and glucagon like peptide-1 (GLP-1) peptides to
maintain normal levels of plasma glucose (Drucker and Nauck, 2006). In healthy
people, both incretin hormones are responsible for more than 50% of insulin
secretion after oral administration of glucose (Nauck et al., 1986). In type-2 diabetic
patients, however, bioactive GLP-1 levels are remarkably decreased resulting in a

loss of the incretin effect (Holst and Gromada, 2004).

Sitagliptin, a DP4 inhibitor, is now approved by the food and drug administration
(FDA) for treating patients who suffer type-2 diabetes. The inhibitor works by
enhancing circulating levels of GIP and GLP-1 and is therefore a useful treatment for
improvement of insulin deficiency (Mu et al., 2009). However, several studies have
indicated that a daily use of sitagliptin by type-2 diabetes patients might increase
infections of respiratory, alimentary and urinary tracts (Amori et al., 2007; Richter et
al., 2008). From these studies, it is necessarily noted that the researchers do not take
consideration of individual immune status and history of illness before treatment
with the DP4 inhibitor. White and coworkers (2010) also reported that CD4" T cells
isolated from peripheral blood patients, who suffer type-2 diabetes treated with
sitagliptin, remain inactive after induction by phytohaemaglutinin and a similar
result was also observed in CD4" T cells of diabetic patients who were treated with
sitagliptin. Therefore, the increased infections in the meta-analysis studies above

may not be associated with T cell inhibition but perhaps other cells of the immune



system are involved (White et al., 2010). Thus, in terms of patient safety, the
immune system of patients on long term treatment with DP4 inhibitors should be
monitored regularly since recent evidence has shown that the composition of
lymphocytes like T and B and NK cells are significantly decreased in diabetic mice
treated with sitagliptin (Kim et al., 2009) and DP4 deficient rats (Klemann et al.,
2009). As described in Kim et al. (2009), a higher soluble DP activity was observed
in type-1 diabetic mice that received islet transplantation compared to control mice
and the increased DP activity is correlated with increased CD4" T cell migration
from spleen. Whereas, administration of sitagliptin during the islet graft in those
mice decreased the DP activity and the CD4" T cell migration. Thus, the sitagliptin
might modulate T cell activity and the mechanism of action is probably via cyclic
adenosine triphosphate (CAMP) and or protein kinase A (PKA) pathways (Kim et
al., 2009). From cAMP and PKA activity assays, incubation of splenic CD4" T cells
isolated from diabetic mice with porcine DP4 enzyme increases CAMP and PKA
levels significantly, compared to control and sitagliptin administration abolishes the
DP activity (Kim et al., 2009). Although Kim’s findings seem convincing, further
research is required to check whether immune changes occur in patients with type-2
diabetes during long term sitagliptin treatment. Another study performed by
Klemann et al. (2008) reveals that older rats lacking the DP4 gene have a lower
number of CD4" and memory T cells in thymus and B cells and NK cells in blood
circulation than their counterparts. These findings indicate that CD26/DP4 plays an
essential role in T cell maturation and migration through interacting with a specific
site on antigen presenting cells (APCs). Furthermore, the decreased levels of B and
NK cells may be related to low levels of DP activity of CD26/DP4 which influences

B cell maturation in bone marrow and NK activity against pathogens respectively



(Ohnuma et al., 2008; Klemann et al., 2009). Other data collected from in vitro
studies confirm a role for CD26/DP4 in T cell migration but that T cell mobility
requires further cell signaling which up-regulates thrombospondin-1 (TSP-1), CD91
and CDA47 expression (Liu et al., 2009). Furthermore, the presence of vildagliptin
(another DP4 inhibitor) in T cell culture activated by anti CD3 down-regulates TSP-
1, CD47 and CD91 expression, leading to inhibition of lymphocyte migration and
adhesion (Liu et al., 2009). In addition, it should be noted that the type-2 diabetes
commonly found in older people results from insulin deficiency. So far, obesity,
genetic factors, lifestyle and physical activity have been considered as the main risk
factor for type 2 diabetes (Zhao et al., 2011; Zhao et al., 2013). Recent studies in
animal models and human subjects have showed that there is a causative direction
between type-2 diabetes, inflammation and autoimmune disease (Donath and
Shoelson, 2011; Nikolajczyk et al., 2011; DeFuria et al., 2013; Pedicino et al.,
2013). Thus, vildagliptin administration in patients with diabetes may also modulate

the immune system.

Another application of DP4 inhibitors that has been proposed is to use them to treat
autoimmune and inflammatory diseases. Rheumatoid arthritis is a human disease
with a combination of chronic inflammation and autoimmune disorders,
characterized by persistent activation of CD4" T cells, macrophage and B cells
(Firestein, 2003; Rodrigues et al., 2009). In rheumatoid arthritis, CD26/DP4 might
activate T lymphocytes and modify some chemokines (Busso et al., 2005). Liu et.al
(2009) support Busso’s hypothesis by giving clear evidence that CD26/DP4 is
involved in processing of chemokines CXCI12 and RANTES to stimulate T cell

migration through induction of TSP-1, CD47 and CD91 expression. Other studies



also reported that the membrane-bound proteolytic enzyme of CD26/DP4 is
increased in the synovial fluids and peripheral blood of patients with rheumatoid
arthritis (Muscat et al., 1994; Gerli et al., 1996). The increased CD26/DP4 enzyme
activity evidently correlates with severity of rheumatoid disease and is implicated in
inflammatory progression (Muscat et al., 1994; Gerli et al., 1996; Ohnuma et al.,

2006).

Starting from these viewpoints, several research centers have tried to apply some
DP4 inhibitors for treating rheumatoid arthritis. Tanaka and coworkers (1997), for
example, used DP4 inhibitors, Ala-boroPro, Lys-[Z(NO,)]-thiazolidide and Ala-Pro-
nitro-benzoylhydroxylamine to treat arthritis rat models, induced by a type II
collagen or alkyldiamine. The competitive DP4 inhibitor (Lys-[Z(NOy)]-
thiazolidide) seems to be more potent and reduced hind paw swelling as an arthritis
indicator, compared to other DP4 inhibitors (Tanaka et al., 1997). Interestingly,
weight loss was also observed in both chemically induced-arthritis rats and was
restored after subcutaneously injection of Ala-boroPro and Lys-[Z(NO,)]-
thiazolidide (Tanaka et al., 1998). The mechanism of action underlying these effects
is not well understood because administration of the DP4 inhibitors similarly inhibits
mitogen- and antigen-activated lymphocytes from spleen and lymph node of normal
and DP4 deficient rats (Tanaka et al., 1997). Additionally, the Lys-[Z(NO,)]-
thiazolidide perhaps inhibits DP8 and DP9 activities as well because this inhibitor is
not specific for DP4 (Reinhold et al., 2009; Yazbeck et al., 2009). To clarify these
findings, further studies are needed to determine the involvement of other members
of the DP gene family either in animal models or humans. Later, Tanaka et al

developed another candidate therapeutic agent, a tetrahydroisoquinoline compound



that was isolated from Aspergillus oryzae. This antibiotic shows similar results to the
previous DP4 inhibitors when administered to arthritis rats induced by alkyldiamine
but uncompetitive inhibition to synthetic DP4 substrates with a Ki = 5.3uM (Tanaka
et al., 1998). The DP inhibitory effect of tetrahydroisoquinoline is also observed in
normal human serum and in a T cell line with ICsq values less than 10uM (Williams
et al., 2003). The anti-arthritic effect of this DP4 inhibitor is possibly via inhibition
of lymphocyte proliferation since human and mouse lymphocytes induced by CD3
antibody and a bacterial antigen have a low proliferative response when co-incubated
with tetrahydroisoquinoline (Williams et al., 2003). However, further clinical studies
are required to support the inhibitory effect of this antibiotic in patients who suffer

rheumatoid arthritis.

1.1.2. FAP

1.1.2.1. FAP structure and its proteolytic activity

FAP is another member of the DP gene family that is an integral plasma membrane
protein. However like for DP4, Lee et al. (2006) suggest that a soluble form of FAP
is present in human plasma. This soluble FAP was initially recognized as an anti-
plasmin protease, which inhibits fibrin degradation during blood clotting (Lee et al.,
2004; Lee et al., 2006b). In general, FAP is similar to DP4. It shares DP activity and
50% aa identity to DP4, consists of 26 exons, and is located at 2924.2 adjacent to
DP4. Homodimerization is essential for its DP activity and a heterodimeric form that
binds to DP4 is found in migratory cells in response to connective tissue repair
(Ghersi et al., 2002; Aertgeerts et al., 2005). The DP activity of FAP is similar to
that of DP4, it is able to cleave some peptide substrates with Gly-Pro residues in the

N terminus. However, its catalytic activity is 100 fold weaker than the DP4 catalytic
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activity (Aertgeerts et al., 2005). As can be seen in the FAP structure, each
monomeric FAP protein consists of an o/ hydrolase domain and an eight bladed 83
propeller domain as well (Figure 1.2) (Aertgeerts et al., 2005). The catalytic residues
of FAP, Ser®®*, ASp702 and His"* are located in the o/B hydrolase domain but buried
between the two domains (Aertgeerts et al., 2005). Therefore like described for DP4
above, the active site can be accessed by FAP substrates through a central hole
formed by eight blades of the propeller and/or by the side cavity between the o/3
hydrolase and eight bladed [ propeller domains (Aertgeerts et al., 2005). Moreover,
the FAP sequence also has five potential glycosylation sites, most of which are
present in the B propeller sequence but their contribution to FAP biology is not

understood (Aertgeerts et al., 2005).

Even though FAP and DP4 are structurally very similar and share 50% aa identity
(Aertgeerts et al., 2005), FAP also has an endopeptidase activity and promotes tissue
remodeling only in fetal and pathological conditions (Garin-Chesa et al., 1990; Park
et al., 1999; Niedermeyer et al., 2000; Aertgeerts et al., 2005). Its endopeptidase
activity results from a change of residue Asp®®® instead of residue Ala®’ as in DP4
(Aertgeerts et al., 2005). From structural analysis and enzyme kinetic studies, this
residue decreases negative charges in the active site and affinity for N terminal

biopeptides, allowing FAP to operate as an endopeptidase (Aertgeerts et al., 2005).
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Figure 1.2. Superposition of FAP with DP4 using USCF chimera program
(Pettersen et al., 2004). The blue color is the human DP4 structure with 1PFQ PDB
code (Oefner et al., 2003) and human FAP is purple with 1268 PDB code
(Aertgeerts et al., 2005).

1.1.2.2. FAP expression

Originally, FAP was identified as an epitope of stromal fibroblasts expressed in
epithelial cancers and granulation tissue of healing wounds (Garin-Chesa et al.,
1990; Scanlan et al., 1994). Since this finding, FAP expression has also been
observed during fetal tissue development (Niedermeyer et al., 2000), chronic
inflammation like liver cirrhosis (Levy et al., 1999; Wang et al., 2008) and other
types of malignancy such as melanoma (Huber et al., 2003), multiple myeloma (Ge
et al., 2006), soft tissue sarcoma and bone sarcoma (Dohi et al., 2009). In contrast,

FAP protein expression is absent from stromal fibroblasts of benign lesions and adult

normal tissues (Rettig et al., 1988; Garin-Chesa et al., 1990).

In addition to FAP expression, several studies have been performed to elucidate its
functions and endogenous substrates. It is postulated that FAP has a vital role in the
promotion of tumor growth through release of some growth factors (Bhowmick et
al., 2004; Cheng et al., 2005), and regulating cell adhesion and migration (Wang et

al., 2005), and angiogenesis (Huang et al., 2004). The mechanism underlying these
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functions is not well understood. Recent findings give evidence that FAP promotes
tumor proliferation indirectly by up regulating degradation of extracellular matrix,
stromagenesis, and formation of new blood vessels in a mouse model with lung and
colon cancers (Santos et al., 2009). However is unclear whether its effect on cancer
promotion is via its enzyme activity or its interaction with other proteins. Other data
taken from patients who suffer colon cancer indicate that FAP up regulation is also
associated with cancer progression and recurrence (Henry et al., 2007). Meanwhile,
so far ap-antiplasmin is the only natural substrate identified for FAP. ay-antiplasmin,
a peptide with an additional 12 residues in the N terminus (X-Proi-Asnis- ap-
antiplasmin) is cleaved by FAP to become Asnis- a-antiplasmin, which binds to

fibrin during clotting formation (Lee et al., 2004; Lee et al., 2006b).

1.1.2.3. Clinical Aspects of FAP

Because FAP expression seems to be a critical mediator of tumor growth, inhibition
of FAP expression is a promising target for development of a novel tumor treatment.
In recent years, several therapeutic techniques to inhibit FAP protein expression,
FAP proteolytic activity, and FAP cell signaling have been developed (Kelly, 2005).
Initially, a mouse monoclonal antibody (mAb) against the human FAP antigen (mAb
F19) was used to treat patients with FAP-expressing colorectal cancer and soft tissue
sarcoma (Tanswell et al., 2001). Modifications of some regions of the mAb F19
were developed to avoid generation of anti-mouse antibodies during treatment and
then used to treat FAP positive carcinomas such as colon, lung, breast, head, and
neck (Scott et al.,, 2003; Kloft et al., 2004). Nevertheless, the results were
disappointing and no clinical advantages were observed although pharmacologically

these FAP unconjugated antibodies were found to be safe, tumor-selective, and well
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tolerated. In the near future, the next generation FAP monoclonal antibody will be
conjugated to anti-tumor agents like anti mitotic molecules (Ostermann et al., 2008)
and/or single chain antibody fragments will be incorporated into liposomes as a drug
delivery system (Baum et al., 2007) in order to provide an effective method to

eliminate FAP positive tumors.

Another method of inhibiting tumor growth may be via attenuation of the DP activity
of FAP. As reported by Cheng et al. (2005), all severe combined immunodeficient
(SCID) mice developed tumors when inoculated with HEK293 cells expressing wild
type (wt) FAP compared to their counterpart SCID mice with mutated FAP. These
results demonstrate that FAP protease activity plays an important role in promotion
of tumor growth (Cheng et al., 2005). In addition to these findings, inoculation of
HT-29 colon cancer cells without FAP expression into SCID mice could induce FAP
expression on tumor stroma and administration of a DP4 inhibitor (Val-boroPro) for
21 days seemed to inhibit expression of FAP protease and to reduce tumor size
(Cheng et al., 2005). However, a further clinical investigation using Val-boroPro to
treat advanced colorectal cancer revealed little clinical response (Narra et al., 2007)
as Val-BoroPro is not a selective FAP inhibitor and is quite toxic to cells. Therefore,
a more selective FAP inhibitor may give more promising results. Another possibility
to inhibit DP activity in FAP-positive cancers is to construct a protoxin peptide that
is activated by FAP selectively (LeBeau et al., 2009) and to generate photosensitive
molecules (Lo et al.,, 2009). LeBeau and coworkers synthesized promellitin
(inactivated toxic venom of European honeybee Apis milefera) and modified the
promellitin N terminus with the FAP substrate site. They injected 250 nM of the

FAP-promellitin intra tumorally in animal models with human prostate and breast
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cancers. The data show that the FAP-promellitin is more effective to kill tumor cells
than the control group. However, FAP-promellitin is toxic to normal cells when
given by other injection routes (LeBeau et al., 2009). Meanwhile, another research
center developed fluorescence molecules linked to a synthetic peptide containing
Pro-Asn op-antiplasmin sequence in order to inhibit cell tumor growth (Lo et al.,
2009). A greater reduction in tumor size (50%) was observed in mice inoculated with
HEK293 and HT29 cells which were injected with 8 uM of the fluorescence
molecule, compared to those injected with 4 uM of the molecule or media only (40%
and 0% respectively) (Lo et al., 2009). Nevertheless, this therapeutic approach is not
effective for long time treatment and other routes of drug administration are

required.

Disruption of signal transduction involving FAP and other molecules in/fon tumor
cells is another potential method for killing tumor cells (Kelly, 2005). However, the
interaction of FAP with other cell signaling proteins has not yet been defined and
extra research is required to elucidate the signaling pathways and FAP protein
domains that interact with other molecules to propagate signaling events (Abbott et

al., 2000; Gorrell, 2005; Kelly, 2005).

1.1.3. DP8 and DP9

1.1.3.1. DP8 and DP9 structures

DP8 and DP9 are newer members of the DP gene family and so far their structures
have not yet been determined. The human DP8 gene encodes 882 aa, consists of 20
exons and resides at 150922 (Abbott et al., 2000; Gorrell, 2005). Originally, DP8

protein was identified as monomer with molecular size nearly 100 kDa and situated
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in the cytoplasm (Abbott et al., 2000). However, more recent studies with purified
recombinant DP8 have revealed that DP8 like DP4 and FAP also forms homodimers
(Bjelke et al., 2006; Lee et al., 2006a). In recent years, another DP8 isoform was
identified from human testis cDNA and this isoform has 22 exons that encode 898 aa
(Zhu et al., 2005). Based on the aa sequence, DP8 shares 51% sequence identity to
DP4 but does not contain any glycosylation sites (Abbott et al., 2000). The catalytic

89 and two Glu residues at

residues in DP8 are found at Ser™®, Asp®’ and His
positions 256 and 257 also contribute to the DP activity, corresponding to the Glu
position in DP4 (Glu % and Glu %) (Abbott et al., 2000; Ajami et al., 2003).

DP9, initially identified in silico like DP8, is homologous to DP8 with 62% aa
identity. DP8 and DP9 have probably evolved from gene duplication (Abbott et al.,
2000; Olsen and Wagtmann, 2002). The human DP9 gene consists of 22 exons and
21 introns, which span 48.7 kb (Olsen and Wagtmann, 2002; Ajami et al., 2004).
This gene is located on 19p13 and encodes two protein one 863 and the other 892
amino acids (Olsen and Wagtmann, 2002; Ajami et al., 2004; Bjelke et al., 2006). It
was originally reported that the shorter form is an in-active monomer with molecular
size 98 kDa (Olsen and Wagtmann, 2002) but later, some research centers found that
the DP9 gg34q IS active (Qi et al., 2003; Ajami et al., 2004; Pitman et al., 2009).
Recent studies indicate that the longer form of DP9 is more active and more stable
(Bjelke et al., 2006) whilst natural DP9 protein purified from bovine testes has
similar biochemical properties to the recombinant DP9 shorter form (Dubois et al.,
2008; Dubois et al., 2010). Similar to DP8, the consensus motif in DP9 surrounding

the serine catalytic residue (GWSYGG) is encoded by one exon (Olsen and

Wagtmann, 2002). Because the two glutamic acid residues have a critical role in DP
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activity of the DP gene family, those residues are conserved in DP9 as well (Olsen

and Wagtmann, 2002; Ajami et al., 2004).

DP8 and DP9 protein lack a transmembrane domain and a targeted signal sequence
and therefore should be expressed in the cytoplasm (Abbott et al., 2000; Olsen and
Wagtmann, 2002). Expression studies have shown that both proteins are not detected
in cell culture supernatant and cell membrane, using DP8 and DP9 antibodies (Ajami
et al., 2004, Lee et al., 2006a). There is some additional evidence that DP9 protein
does not have glycosylation sites. An in vitro translation study demonstrates the
similar mobility of DP9 protein products in SDS PAGE with and without canine
microsomal membranes (Olsen and Wagtmann, 2002). Tang and coworkers (2009)
also reported that the N —glycosidase antibody does not recognize any glycosylation
site in purified recombinant DP9 protein. In contrast to DP4 and FAP, DP8 and DP9
also have a larger 3-propeller domain in the N terminus which may selectively affect

their binding to DP substrates.

1.1.3.2. DP8 and DP9 expression

DP8 like DP4 appears to be ubiquitously expressed. Using Northern blot analysis,
DP8 mRNA is widely expressed in human fetal and adult tissues and higher
expression was observed in testis, placenta, and leucocytes (Abbott et al., 2000)
whereas DP8gg2q, IS Only detected in four human tissues with higher expression
found in testis and pancreas using Southern blot analysis (Zhu et al., 2005). By
further investigation using reverse transcriptase polymerase chain reaction (RT-
PCR), adult testis highly expresses DP8gga COmpared to fetal testis and it is

postulated that this DP8 form may be involved in sperm production via immuno-
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modulation (Zhu et al., 2005). Other data generated from human and baboon tissues
by using in situ hybridization confirmed that both organisms have similar DP8 gene
MRNA expression. A similar pattern of DP8 protein expression is also observed (Yu
et al., 2009). By measuring DP activity in DP4 deficient mice high levels of DP
activity were observed in the liver, and medium activity levels were observed in the
pancreas, lymphocytes, lung, uterus and brain (Ansorge et al., 2009; Yu et al., 2009).
At this point it is not possible to distinguish whether this activity is contributed
equally by DP8 and DP9 or predominantly by one of the two enzymes. Interestingly
despite the high expression of DP8 mRNA in the testes when Dubois and coworkers
(2009) purified a natural non-DP4 proteolytic activity from testes, they demonstrated
that this protein is DP9 using antibodies and mass spectrometry (Dubois et al.,

2009).

DP9 mRNA expression resembles DP8 mRNA expression. Almost all human tissues
from early life to adult express DP9 mRNA and the highest expression is noted in
skeletal muscle, liver and heart (Olsen and Wagtmann, 2002; Ajami et al., 2004).
Some cancer cells such as melanoma, lung carcinoma, leukemia, and colorectal
carcinoma also express the DP9 mRNA (Olsen and Wagtmann, 2002). Interestingly,
although leucocytes express DP9 mRNA, their expression does not change after
stimulation with a mitogen agent (phytohaemaglutinin), in contrast to DP4 mRNA

expression (Tang et al., 2009).

1.1.3.3. DP8 and DP9 substrate specificity and its function
Although DP8 mRNA expression is found in many human cells, there is nearly no

knowledge about its endogenous substrates and the biological functions of DP8 in
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vivo. Because all members of the DP4 gene family have the same catalytic motif,
DP8 protein can hydrolyze many of the hormones and chemokines that contain a P,
prolyl bond and are cleaved by DP4. From Kinetic assays in vitro, the recombinant
DP8 protein is able to cleave artificial substrates with Ala, Gly, and Arg at the P,
position (Abbott et al., 2000). Neuropeptide Y (NPY), peptide YY (PYY), GLP-1,
and GLP-2 are all enteropeptides that are cleaved by DP8, however DP8 cleavage
rates are slower than that observed for DP4 (Bjelke et al., 2006). Several chemokines
inactivated by DP4: stromal cell-derived factors la and 168 (SDFla and B),
inflammatory protein-10 (IP10), and interferon-inducible T cell chemo-attractant
(ITAC) are also cleaved by DP8 in vitro. However, these are unlikely to be
endogenous substrates as they are located in a different cellular component to DP8
(Ajami et al., 2008). Overall, DP8-cleaved substrates are likely to be active
compounds in the alimentary and immune system where high DP8 mRNA levels are

observed.

So far DP9 appears to have very similar biochemical properties to DP8. As reported
for all other DP members, a homodimeric form of DP9 is required for its enzyme
activity, which has pH optimum around 7.5 (Bjelke et al., 2006; Tang et al., 2009).
Similar to DP8, the cleavage activity of DP9 reaches optimum when artificial
substrates contain basic or hydrophobic residues in the P, site (Abbott et al., 2000;
Ajami et al., 2004; Tang et al., 2009). The carboxyl terminus of DP8 and DP9 also
plays a vital role in their DP enzyme activity because single point mutation at the
carboxyl terminus results in elimination of the enzyme activity even though their
quaternary structure does not change at all (Lee et al., 2006a; Tang et al., 2009). For

biological substrates, Bjelke and colleagues (2006) showed that several
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enteropeptides like GLP-1, GLP-2, NPY, and PYY are cleaved by DP9 with similar
rates to the cleavage activity of DP8 but lower than that of DP4. As a consequence,
DP8 and DP9 may play a small role in N terminal processing of the incretin
hormones, however they are not found in the same cellular location (Bjelke et al.,
2006). A recent study has demonstrated that an antigenic peptide VPYGSFKHV
presented to MHC class | is a DP9 substrate (Geiss-Friedlander et al., 2009). The
authors also stated that DP9 enzyme activity is probably involved in degradation of

proteosomal products and antigen presentation.

1.1.3.4. The potential functions of DP8 and DP9

Most studies investigating DP8 and DP9 function have relied on DP4 family or
selective DP8/DP9 inhibitors since knockout mice for DP8 and DP9 are unavailable
(Geiss-Friedlander et al., 2009). As described above like DP4, DP8 and DP9 are
widely expressed in human tissues (Abbott et al., 2000; Olsen and Wagtmann, 2002;
Ajami et al., 2004; Tang et al., 2009; Yu et al., 2009). In vivo enzyme activity of
DP8 and DP9 was firstly identified in human lymphocytes (Maes et al., 2007). Their
activity may be related to lymphocyte activation and apoptosis because DP8 and
DP9 expression is up regulated in mouse lymphocytes, which were induced by
pokeweed mitogen and lipopolysaccharide (Chowdhury et al., 2013). Other studies
demonstrated that a selective DP8 and DP9 inhibitor, (2S,3R)-2-(2-amino-3-methyl-
1-oxopentan-1-yl)-1,3-dihydro-2H-isoindole hydrochloride, attenuates lymphocyte
proliferation in animal models (Lankas et al., 2005; Reinhold et al., 2009). In
addition to immunological function, DP9, but not DP8, is involved in processing the
RU134-42 antigenic peptide, presenting to MHC class | (Geiss-Friedlander et al.,

2009). DP8 and DP9 overexpression in human embryonic kidney cell lines increases
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apoptosis (Yu et al., 2006). It suggests that DP8 and DP9 might have a role in cell
growth, proliferation and differentiation. In the same cell line, overexpression of
DP9 down-regulates Akt protein kinase B of Ras cell signalling, resulting in
inhibition of cell proliferation (Yao et al., 2011). Therefore, it is difficult to
discriminate which biological events are influenced by DP8 or DP9 (Yu et al.,
2010). Further knowledge regarding the natural biological substrates of DP8 and

DP9 is required in order to delineate the functions of DP8 and DP9

1.1.3.5. Using proteomics to determine DP8/DP9 substrates

During her PhD Dr Claire Wilson used terminal amine isotopic labelling of
substrates (TAILS), an N-terminal positional proteomic approach, for the discovery
of in vivo DP8 and DP9 substrates (Wilson, 2011).This work revealed in vivo roles
for DP8 and DP9 in cellular metabolism and homeostasis via the identification of
more than 29 candidate natural substrates and pathways affected by DP8/DP9
overexpression. Using MALDI-TOFMS Dr Wilson was able to confirm cleavage of
two of these substrates, calreticulin and adenylate kinase 2 (AK2). The remaining

substrates have not been validated.

Calreticulin or calcium binding protein is found at high levels in the endoplasmic
reticulum of every cell in living organisms (Krause and Michalak, 1997).
Structurally, calreticulin is encoded by a single gene which contains 9 exons and 8
introns and is located on chromosome 19 (McCauliffe et al., 1992). The calreticulin
protein sequence consists of a 17 aa signal sequence, a N terminus with 180 aa, a
181-290 aa P domain rich in Pro residues and a 291-400 aa C terminus (Johnson et

al., 2001; Michalak et al., 2009). This protein has many biological roles, which vary
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from protein processing, anti-apoptotic, cell development, immunity, to cell
regeneration (Johnson et al., 2001; Michalak et al., 2009). Dr Wilson’s thesis
showed that DP8 and DP9 are capable of cleaving a N- terminal peptide of
calreticulin protein. This peptide contained the N terminus of calreticulin after the

signal sequence was removed.

AK?2

M'AP |SVPAAEPEYPKGIRAVLLGPPGAGKGTQAPRLAENFCVCHLA® .............. 2

Bifunctional purine biosynthesis protein PURH

M*APGOLALFSVSDKTGLVEFARNLTALGLNLVASGGTAKALRDAGL* 5%

C-1 tetrahydrofolate synthase, cytoplasmic

M*APAEILNGKEISAQIRARLKNQVTQLKEQVPGFTPRLAILQVGNRD® ............. 35
Calreticulin
MLLSVPLLLGLLGLAVAEP|AVYFKEQFLDGDGWTSRWIESKHKSD* .............°

Cathepsin Z/X

M'ARRGPGWRPLLLLVLLAGAAQGGLYFRRGQTCYRPLRGDGLAPLGRSTYPRPHEYLS

PADLPKSWDWRNVDG ™ ..o 303

Dihydropyrimidine dehydrogenase [NADP*]

M*APVLSKDSADIESILALNPRTQTHATLCSTSAKKLDKKHWKRNPDK® ...........10%

Mitochondrial import receptor subunit TOM34

M'APKFPDSVEELRAAGNESFRNGQYAEASALYGRALRVLQAQGSS® .............. 309

Obg-like ATPase

M'PPKKGGDGIKPPPIIGRFGTSLKIGIVGLPNVGKSTFFNVLTNSQAS® ............. 3%

Serine/threonine-protein phosphatase 6

M*APLDLDKYVEIARLCKYLPENDLKRLCDYVCDLLLEESNVQPVSTP *"............. 305

Figure 1.3. N terminal peptides of nine potential substrates for DP8 and DP9
identified by TAILS (Wilson, 2011). Bold, underlined text indicates peptides
identified using MS/MS. Blue bold text indicates the first residue of mature protein
that is removed by aminopeptidases. Red bold text indicates aa residues that are
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potentially cleaved by DP8 and DP9. Black arrow indicates cleavage site by DP8 and
DP9.

The second substrate of DP8 and DP9 that was validated was AK2. AKs are a family
of bioenergetic enzymes that convert ATP to 2ADP in the presence of AMP and
Mg®" in order to maintain energy supply for various cell activities (Noma et al.,
2001). To date, nine subtypes of these enzymes have been identified and these are
distributed in a tissue specific manner (Ren et al., 2005; Panayiotou et al., 2011,
Amiri et al., 2013). AK1 is found in the cytosol of brain, skeletal muscle and red
blood cells but AK2 is located in the cytosol and mitochondrial matrix of several
human tissues like liver, kidney, heart and spleen (Khoo and Russell, 1972; Noma et
al., 2001). Moreover, there are two isoforms of AK2 which were successfully cloned
and these isoforms encode 239 and 232 aa sequences respectively (Noma et al.,
1998). From mRNA and protein analysis, liver and heart have the strongest
expression of both AK2 isoforms while weaker expression was found in brain. In
kidney and skeletal muscle although RNA levels are high the protein levels are low
(Noma et al., 1998). The different expression of AK2 isoforms in some human
tissues might be the result of post-transcriptional and -translational modifications
(Noma et al., 1998). Naturally in bovine liver tissue two forms of AK2 were
isolated, one form was missing the Met residue only and the other form was missing
Met-Ala-Pro, and this later form of AK2 was found to be two fold active. The in
vitro identification of DP8 and DP9 proteases having the ability to process the N-
terminus of AK2, suggest that DP8 and DP9 may play a role in regulating AK2

function.
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As discussed in the background above, while DP8 and DP9 are widely distributed in
human tissues very little is still known about their physiological function. In our
laboratory, 22 potential substrates of DP8 and DP9 were identified but to date only
calreticulin and AK2 have been validated. This thesis aims to validate 12 more
substrates and to focus on investigating the role of DP8 and DP9 overexpression and

silencing on AK2 expression and enzyme activity.

1.2. Hypothesis

Although DP8 and DP9 are similar to DP4 in terms of structure, expression and
enzyme activity, up to now their endogenous substrates and biological functions
remain mostly unknown. For better understanding of DP8 and DP9 actions in
pathological conditions, the characterization of their natural substrates is definitely
required, which may give further clues and insights into their biological roles. One of
the main substrates identified as a DP8 substrate from a proteomics study was AK2.
AK2 plays key roles in cellular energy and nucleotide homeostasis. Many other
substrates identified in Dr Wilson’s study are involved in regulating metabolism and
energy homeostasis in the cell. The major hypothesis that is being tested in this
thesis is that DP8 and DP9 are essential modulators of metabolism and energy
homeostasis via their ability to cleave substrates involved in regulating these

processes.

1.3. Project aims

Thus the aims of this study are
1. For AK2 and calreticulin to be in vivo substrates for DP8 and DP9, both substrate

and proteases need to be in the same cellular compartment. In aim 1 it will be
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determined whether DP8 and DP9 co-localize with AK2 and calreticulin in an
ovarian cancer cell line (SKOV3) overexpressing DP8 and DP9 proteins (Chapter
3).

2.Dr. Claire Wilson’s thesis identified a further 27 potential DP8 and DP9
substrates. In aim 2, 12 further potential substrates of DP8 and DP9 will be tested
and compared to DP4 using MALDI-TOF (Chapter 3).

3. Current findings have showed that up regulation of DP8 and DP9 expression is
involved in several pathological processes (Yu et al., 2006; Yao et al., 2011).
Thus, in aim 3, the effects of DP8 and DP9 overexpression on AK2 activity in vivo
will be examined (Chapter 4). Phenotypical changes and proliferation rates of
SKOV3 cells overexpressing DP8 and DP9 will also be evaluated. Kinetic profiles
of AK activity in the cytoplasm and mitochondria will determine whether DP8 or
DP9 overexpression effects AK2 or not. Moreover, adenine nucleotide levels will
be measured in order to identify the effects of DP8 and DP9 overexpression on the
SKOV3 cells.

4. Qvarian cancer cells have different mRNA and protein levels of DP8 and DP9. In
Chapter 5, DP8 and DP9 in three OVCA 429, OVCA 432 and SKOV3 cell lines
will be silenced using SiRNA to see whether DP8 and DP9 silencing effects AK2
enzyme levels and downstream effects. AK2 expression and AK enzyme activity

in the three cancer cells will also be investigated.
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2. MATERIALS AND METHODS

Most chemicals used during this PhD were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise stated. To make buffers and solutions, standard

techniques were used (Sambrook et al., 1989).

2.1. Distilled water

All water used in this thesis was provided by the School of Biological Sciences,
Flinders University, South Australia and used for dissolving and diluting all
chemicals throughout this thesis after purification. Tap water was distilled three
times using Millipore equipment (Millipore Q Gard®l, Australia,

Cat#QGARDOOL1).

2.2. Buffers and solutions

2.2.1. Phosphate buffered saline (PBS)

8¢ NaCl (APS Ajax Finechem, New South Wales, Australia)
0.2¢g KCI (Chem-Supply, South Australia)

144 ¢ Na,HPO, (Scharlau, Chemie SA, Barcelona, Spain)
0.24¢g KH,PO,4 (Chem-Supply)

were dissolved in 800 ml water. The solution was adjusted with 32% volume/volume
(v/v) HCI (Merck, KGaA, Darmstadt, Germany) to give pH 7.4. The remaining
volume was added with water to reach 1,000 ml solution. For washing cells, PBS

solution was sterilized in an autoclave at 103 kPa for 15 minutes (min) at 121°C.

2.2.2. 1M Tris-HCIpH 7.4

121.14 ¢ Tris base (Amressco®, Solon, Ohio, USA)
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was dissolved in 800 ml water. The solution was adjusted with concentrated HCI to

give pH 7.4. The remaining volume was added with distilled water to reach 1,000 ml

solution.
2.2.3. 1 M NaCl
58.44 ¢ NaCl (APS Ajax Finechem)

was dissolved in 800 ml water. The solution was sterilized in an autoclave at 103

kPa for 15 minutes (min) at 121°C.

2.2.4. Tris buffer (50 mM Tris-HCI pH 7.4 and 150 mM NacCl)
50 ml 1M Tris-HCI pH 7.4
150 ml 1 M NaCl

were diluted in 800 ml water.

2.2.5.100 mM EDTA
3.722¢ EDTA
was dissolved in 50ml water. This solution was adjusted with 10M KOH to dissolve

completely and to give pH 8.0.

226.1MDTT
1542 ¢ DTT was dissolved in 10 ml water. The solution was filtered using a
0.20um syringe filter (Sartorius stedim biotech, Goettingen, Germany) and stored in

1ml aliquots at -20°C before use.
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2.2.7. 1 M Sucrose
34230 g Sucrose (BDH AnalaR®, Victoria, Australia)

was dissolved in 500 ml water.

2.2.8. 150 mM MgCl,
3.049¢ MgCl, (BDH AnalaR®, Victoria, Australia)

was dissolved in 100 ml water.

2.2.9. 100mM EGTA
3.804 ¢ EGTA (Sigma-Aldrich)
was dissolved in 50ml water. This solution was adjusted with 10M KOH to dissolve

completely and to give pH 8.0.

2.2.10. 1 M KCI
7.455¢ KCI (Chem-Supply)

was dissolved in 100ml water.

2.2.11. 200 mM HEPES pH 7.5
4.766 ¢ HEPES (BDH Biochemical, Poole, England)
was dissolved in 80ml water. This solution was adjusted with 10M KOH to dissolve

completely and to give pH 7.5.

2.2.12. Buffer and solution for flow cytometry analysis
2.2.12.1. 10 % weight/volume (w/v) Sodium azide (NaN3s)

1g  NaNj
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was dissolved in 10 ml water and filtered using a 0.20 um filter.

2.2.12.2. Fluorescence Activated Cell Sorter (FACS) buffer

1lg Glucose (Ajax Finechem, New South Wales, Australia)
1.3ml 40 % Formaldehyde (Merck KGaA, Darmstadt, Germany)
0.25 ml 10% NaNj3

were dissolved in 40 ml of PBS pH 7.4. The solution was adjusted to 50 mls.

2.2.13. Buffers and solutions for cell extraction

2.2.13.1. Lysis buffer modified from Ahn et. al. (2004)

50 mM Tris-HCIl pH 7.4

150 mM NaCl

1 mM EDTA

1 mM DTT

1x protease inhibitor cocktails (Sigma-Aldrich, Cat# P8849)

were freshly prepared and stored at 4°C before use.

2.2.13.2. Lysis buffer modified from Rezaul et. al. (2005)

250 mM Sucrose

20 mM HEPES pH 7.5
10 mM KCl

1.5 mM MgCl,

1 mMm EDTA

1 mMm EGTA

1mMm DTT
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1x protease inhibitor cocktails (Sigma-Aldrich, Cat# P8849)

were freshly prepared and stored at 4°C before use.

2.2.13.3. Sucrose buffer

250 mM Sucrose

10 mM Tris-HCI pH 7.4
1 mM EDTA

were prepared and stored at 4°C before use.

2.2.13.4. 4 % (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate
CHAPS solution
19 CHAPS (Boehringer Mannheim, Germany)

was dissolved in 25ml water.

2.2.13.5. Mitochondrial buffer

50 mM Tris-HCI pH 7.4

150 mM NaCl

4% CHAPS

1 mM EDTA

1x protease inhibitor cocktails (Sigma-Aldrich, Cat# P8849)

were freshly prepared and stored at 4°C before use.

2.2.14. Buffers and solutions for AK assay
2.2.14.1. 10 mM ATP

55.11 mg ATP was dissolved in 10ml water and stored at -20°C.
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2.2.14.2. 10 mM ADP
42.72 mg ADP

was dissolved in 10ml water and stored at -20°C.

2.2.14.3. 40 mM AMP
69.44 mg AMP

was dissolved in 50 ml water and stored in 10 ml aliquots at -20°C.

2.2.14.4. 40 mM MgSO,
0.986 g MgSO, (BDH AnalaR®, Victoria, Australia)

was dissolved in 100 ml water.

2.2.14.5. 200 mM Triethanolamine-HCI pH 7.6
18.57 g Triethanolamine
was dissolved in 400 ml water. The solution was adjusted with concentrated HCI to

give pH 7.6. The remaining volume was added with water to reach 500 ml solution.

2.2.14.6. 25 mM Tris-HCI pH 8.0
0.303 g Tris
was dissolved in 80 ml water. The solution was adjusted with concentrated HCI to

give pH 8.0. The remaining volume was added with water to reach 100 ml solution.

2.2.14.7. 10 mM Tris-HCI pH 8.5

0.121g Tris
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was dissolved in 80 ml water. The solution was adjusted with concentrated HCI to

give pH 8.5. The remaining volume was added with water to reach 100 ml solution.

2.2.14.8. 10.92 mM Phosphoenol pyruvate (PEP) solution
25 mg PEP
was dissolved in 5 ml of 25 mM Tris-HCI pH 8.0 and stored in 1 ml aliquots at -

20°C.

2.2.14.9. Pyruvate Kinase (PK) solution
3.3mg PK

was dissolved in 1 ml water and stored in 100 pl aliquots at -20°C.

2.2.14.10. Lactate dehydrogenase (LDH) solution
1.66 mg LDH

was dissolved in 1 ml water and stored in 100 pl aliquots at -20°C.

2.2.14.11. 13.48 mM Nicotinamide adenine dinucleotide (NADH) solution
20 mg NADH

was dissolved in 2 ml of 10 mM Tris-HCI pH 8.5 and stored at -80°C .

2.2.14.12. 50 mM K3PO,4 pH 7.0 adapted from Li et. al. (2007)

5239 KoHPO,4 (Chem-Supply)

2729 KH,PO,4 (Chem-Supply)

were dissolved in 800 ml water. The solution was adjusted with 1M HCI to give pH

7.0. The remaining volume was added with water to reach 1,000 ml solution. For
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HPLC elution buffer, K3PO, solution was filtered using Millipore glass filter device

(Merck Millipore, Billerica, MA, USA).

2.2.14.13. 0.6 M Perchloric acid
1.732 ml 70% Perchloric acid

was diluted in 18.278 ml water. The solution was stored at 4°C before use.

2.2.15. Buffers and solutions for SDS-PAGE and Western blotting

2.2.15.1. 1.5 M Tris-HCI pH 8.8

181.71 ¢ Tris base

was dissolved in 800 ml water. The solution was adjusted with concentrated HCI to
give pH 8.8. The remaining volume was added with distilled water to reach 1,000 ml

solution.

2.2.15.2. 1 M Tris-HCI pH 6.8

12.114 g Tris base

was dissolved in 80 ml water. The solution was adjusted with concentrated HCI to
give pH 6.8. The remaining volume was added with distilled water to reach 100 ml

solution.

2.2.15.3. 0.5 M Tris-HCI pH 6.8

60.57 g Tris base

was dissolved in 800 ml water. The solution was adjusted with concentrated HCI to
give pH 6.8. The remaining volume was added with distilled water to reach 1,000 ml

solution.
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2.2.15.4. 10% (w/v) sodium dodecyl sulphate (SDS)
209 SDS

was dissolved in 200ml water.

2.2.15.5. 10% (w/v) Ammonium persulphate (APS)
19 APS (BDH AnalaR)

was dissolved in 10ml water and stored in 1ml aliquots at -20°C.

2.2.15.6. 5% volume/volume (v/v) Acetic acid
5ml glacial acetic acid

was diluted in 95ml water.

2.2.15.7. Stripping buffer (200 mM NaOH)
8¢ NaOH (BDH AnalaR)

was dissolved in 1,000 ml water.

2.2.15.8. SDS-PAGE gels

2.2.15.8.1. 10% Resolving gel

4.840 ml water
2.500 ml 1.5 M Tris-HCI pH 8.8
2.500 ml acrylamide-bis (40%: 0.8%) (Amressco)

0.100 ml 10 % SDS
0.040 ml N,N,N,N tetramethylenediamine (TEMED)

0.050 ml 10% APS
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2.2.15.8.2. 4% Stacking gel

3.170 ml water
1.250 mi 0.5 M Tris-HCI pH 6.8
0.500 ml acrylamide-bis (40%: 0.8%)

0.050 ml 10 % SDS
0.010 mi TEMED

0.025 mi 10% APS

2.2.15.9. 3x SDS-PAGE sample buffer adapted from (Laemmli, 1970)

4.687 ml 1AM Tris-HCI pH 6.8

15 ml 10% SDS

18.75 ml Glycerol

1.5 ml 0.5% (w/v) Bromophenol blue
3.75 ml 2-Mercaptoethanol

6.312 ml water

were mixed thoroughly.

2.2.15.10. 10x Tris Glycine buffer pH 8.3-9.0

30.285¢g Tris base

144134 g Glycine (Amressco)

were dissolved in 800 ml water. The solution was adjusted if pH was more than 9.0.

The remaining volume was added with distilled water to reach 1,000 ml solution.
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2.2.15.11. Running buffer
100 ml 10x Tris Glycine buffer
10 ml 10% SDS

were diluted in 890 ml water.

2.2.15.12. Transfer buffer
100 ml 10x Tris Glycine buffer
100 ml 100% Methanol (Merck)

were diluted in 890 ml water.

2.2.15.13. Washing buffer (Tris buffer with 0.1% (v/v) Tween-20)
999 ml Tris buffer pH 7.4
1ml Tween-20

were mixed thoroughly.

2.2.15.14. Blocking buffer, 5% (w/v) skim milk in washing buffer
10g  Skim milk (Black and Gold, Australia)

was dissolved in 200 ml washing buffer

2.2.15.15. Ponceau staining

0.05g Ponceau powder (Sigma-Aldrich)

was dissolved in 50 ml of 5% acetic acid and wrapped with Aluminium foil.
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2.3. Methods

2.3.1. Cell stocks used

The SKOV3 cell line was obtained from stocks at the School of Biological Sciences,
Flinders University. SKOV3 cells overexpressing wt or mt DP8 and DP9 as well as
vector only were developed by Dr. Claire H. Wilson during her PhD. Briefly, DP8
and DP9 genes, which encoded 882 and 863 amino acid sequences, respectively
were cloned into a plasmid vector with EGFP tag (pEGFPN1) whilst DP8 and DP9
genes with inactive enzyme activity were generated by mutation of Ser’®® @™ 72
residues in their catalytic site into Ala residue and cloned into the same plasmid
vector (Yu et al., 2006; Wilson et al., 2013). These DNA constructs were then
transfected into SKOV3 cells using a liposome reagent, Fugene HD (Roche, USA)
and positive clones were selected by addition of gentamycin. To generate stable-
transfected SKOV3 cells, all positive clones were sorted using FACS device (BD
Pharmingen, San Diego, USA) (Wilson, 2011). All cells were finally kept in liquid
nitrogen storage at the School of Biological Sciences, Flinders University. Cultures

of all ovarian cancer cells were approved by Institutional Biosafety Committee (IBC)

(2006-06 EXEMPT).

2.3.2. Growing cancer cell lines

Cells were thawed while still in cryovials at room temperature (RT) and the vials
where disinfected with 70% ethanol (School of Biological Sciences, Flinders
University). The thawed cells were directly transferred into T25 cell culture flasks
(Greiner Bio-one GmbH, Frickenhause, Germany) containing 5 ml of RPMI 1640 or
DMEM supplemented with 10% heat inactivated foetal bovine serum (FBS), 100 U

penicillin and 100 pg/ml streptomycin with or without 500 pg/ml gentamycin. The
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resuspended cells were incubated at 37°C in a 5% CO; incubator (MCO-18AIC,
Sanyo, Japan). Every second day, the media were replaced with fresh media and the
cells were re-incubated until reaching confluence. Once the cells had reached
confluence, cells were seeded by detaching with 1% trypsin-EDTA solution. Before
adding the trypsin solution, cells were washed with sterile PBS pH 7.4 (1.76 mM
KH,PO4, 10.14 mM NazHPO,4, 137 mM NaCl and 2.68 mM KCI) to remove FBS
and cell debris. To ensure that all cells were completely detached, the flask was
incubated at 37°C for 5-10 min with 5% CO,. Activity of trypsin solution was
quenched by resuspending cells in complete cell media. To provide sufficient enough
cells during the experiments, cells were split into cell culture flasks as described in

Table 2.1.

Table 2.1. Propagation of ovarian cancer cells

Cell culture vessel Surface area  Cell number Volume of medium
(cm?) (x 10° (ml)

96-well 0.3 0.1 0.1

6-well 2 0.2 2

25 25 0.5 5

75 75 1 15

2.3.3. Harvesting cancer cell lines

After cells reached confluence, the cells were harvested by addition of 1 ml trypsin-
EDTA as described above. The resuspended cells were centrifuged at 1,500 x g in a
table top centrifuge (Hermle Z 400K, Germany) for 5 min at RT. Depending on cell
application, cell pellets could be resuspended in just media, complete media or PBS
pH 7.4. For example, cell pellets were dissolved in complete media without

antibiotics for small interfering (si) RNA transfection whereas cell pellets were
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dissolved in PBS pH 7.4 for flow cytometry analysis. Total cell number was then
determined by using trypan blue exclusion assay (described in the next section).
Solubilized cells were centrifuged again at the same speed and washed twice with
PBS pH 7.4. Cell pellets were finally kept in the -80°C freezer (Thermo Fisher

Scientific, Asherville, NC, USA) before further analysis.

2.3.4. Counting cell number using trypan blue exclusion assay

For seeding and other cell applications, the cell suspension described in the section
above was equally mixed with 0.4% (w/v) trypan blue solution and pipetted up and
down several times. Ten pl of the mixed solution was loaded into the edge of a
Neubauer chamber haemocytometer which had previously been affixed with a cover
slip. To calculate total cell number, viable (unstained) and dead (stained) cells were
counted in four individual 1 mm square sections. Total cell number was determined
by dividing the total cell count by four to give the average count for one cell and
then multiplying this number by 10* cells/ml. The percentage of cell viability was

then determined by dividing viable cells by total cells (Reed et al., 2007).

2.3.5. Preserving cancer cell lines

All cancer cell lines were regularly stored at liquid nitrogen to maintain cell stocks
throughout this study. After trypsination, harvested cells were resuspended in fresh
complete media and the cell viability was counted as described in the section above.
Cells were then centrifuged at 1,500 xg for 5 min at RT and cell pellets were washed
with PBS pH 7.4. Finally cell pellets were dissolved in fresh complete media which

contained 10% (v/v) dimethylsulfoxide (DMSO). Cell suspensions were gradually
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frozen at 4°C for 30 min, -20°C for 60 min, -80°C for overnight (o/n) and then put
into liquid nitrogen for long term storage.

2.3.6. Protein analysis

2.3.6.1. Cell extraction

Most cancer cells were extracted using a modified lysis buffer (Ahn et al., 2004).
After short centrifugation (detailed in the section above), cell pellets were washed
twice with cold PBS pH 7.4 and centrifuged at 400 x g for 10 min at 4°C. The cell
pellets were then dissolved in a cold lysis buffer which contained 50 mM Tris-HCI
pH 7.4, 150 mM NacCl. The modifications were the addition of 1 mM EDTA, 1 mM
DTT and 1x protease inhibitor cocktail (Sigma-Aldrich, Cat# P8849). Cell integrity
was disturbed using a probe sonicator (S-4000, Misonic-ultrasonic liquid processor,
USA) for 10 sec on an ice box. To remove cell debris, the cell lysate was centrifuged
twice at 650 x g for 10 min at 4°C. The cleared supernatant was transferred into a
fresh eppendorf tube and retained as a cell lysate. To obtain a cytosol fraction, the
cell lysate was centrifuged at 16,000 x g for 30 min at 4°C. All sample fractions were

kept at -80°C before further analysis.

2.3.6.2. Bicinchoninic acid (BCA) protein assay

In order to estimate protein concentration of whole or fractionated cells, a serial
dilution of bovine serum albumin (BSA) standard was needed. 200 mg/ml BSA
stock solution was diluted with water to make final concentrations: 2, 1.5, 1.0, 0.75,
0.5, 0.25 and 0.125 mg/ml. 10ul of diluted BSA, water and diluted samples, which
ranged from 2 to 10, was transferred into a 96 well plate (Sarstedt AG & Co,
Numbrecht, Germany). A 50 part quantity of solution A of BCA protein assay kit

was well mixed with an 1 part quantity of solution B. 200ul of mixed BCA solution
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were added into the each well of the 96 well plate. The microplate was shaken on an
orbital shaker for 30 sec at RT, followed by incubation at 37°C for 30 min. Before
measuring absorbance values, the microplate was cooled down for 10-15 min at RT.
The protein absorbance was measured using a microplate reader (FLUOstar omega,
BMG lab tech GmbH, Offenburg, Germany) at 562 nm, equipped with BMG lab
tech software version 3.00 R2. The protein concentration of diluted samples was

calculated by using a standard curve of diluted BSA standard and its ODsg; values.

2.3.6.3. DP enzyme activity

This assay was utilised to monitor whether recombinant DP8 and DP9 proteins were
still active after storage and the DP activity after cell extractions. Thawed
recombinant protein (various concentrations), or 10ul of cell lysate, cytosol or
mitochondrial fractions from cell lines were loaded into a 96 well plate. All
experimental samples were tested in triplicate. Samples were diluted with 40ul of
Tris-buffer solution which consisted of 50 mM Tris-HCI pH 7.4 and 150 mM NacCl.
50 pl of ImM H-Ala-Pro-pNA substrate also dissolved in Tris-buffer pH 7.4 was
added into each well. The temperature of the Fluorostar spectrophotometer was set at
37°C and the machine was configured to take continual readings every 5 min for 60
min. Every 5 min, the microplate was shaken at 500 rpm for 30 sec and the
absorbance values were directly measured with 405 nm and 600 nm to reduce
background. The specific enzyme activity was determined using the Beer-Lambert
formula A = €Cl, where A = absorbance, ¢ = p molar extinction coefficient (9.45
litres.umol™.cm™ for pNA at 405 nm), C = concentration (umol.litre™) and | = length
of light path (2.94 cm for Sarstedt 96 well plate). Before calculating enzyme activity,

the absorbance values of samples were normalized with the values taken for a Tris-
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buffer control. A absorbance was calculated by subtracting absorbance values at two
different time points during the exponential phase of enzyme activity. The A
absorbance per minute was then determined by

A absorbance/minute = (A t2 point — A t1 point)/time (minute)

Specific enzyme activity was presented in U/min/mg protein samples where 1 U was

equal to 1 p mol.

2.3.7. Western Blotting

2.3.7.1. SDS-PAGE

Samples (15 or 25 pg of protein) were mixed with 3x sample buffer (93 mM Tris-
HCI pH 6.8, 3% (w/v) SDS, 7.5% 2- mercaptoethanol, 0.015% bromophenol blue,
and 37.5% glycerol) and boiled at 100°C for 5 min in a dry block heater
(Thermoline, Australia). The denatured samples and 5ul protein marker (Bio-Rad,
Hercules, CA, USA) were loaded on to 10% SDS-PAGE gel which contains 1.5 mM
Tris pH 8.8, 30% (w/v) Polyacrylamide [29:1 (3.3%C) Acrylamide :N,N’-
Methylene-bis Acrylamide, 10% (w/v) SDS, 0.5% (v/v) TEMED and 10% (w/v)
APS. The gel was run with running buffer (192 mM glycine, 25 mM Tris, and 0.1%
SDS pH 8.3) in a Mini-Protean® I electrophoresis system (Bio-Rad) at 170V, 400

mA for 60 min.

2.3.7.2. Blotting the gels on the polyvinyl difluoride (PVDF) membrane

Separated protein samples from gels were transferred on to PVDF membranes with
wet and semidry transfer methods. The wet transfer method was used in Western
blotting in Chapter 3 using PVDF membrane from Thermo Fisher Scientific. A

sandwich was made from chromatography paper (Whatman®, Maidstone, England)
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and filter pads. Before the blotting process began, the membrane was soaked in
100% methanol and the sandwich supports were completely wet in the transfer
buffer. Once the transfer sandwich was set up in a chamber, a magnetic stirrer and a
frozen ice block were put into the chamber in order to achieve even transfer process
and to prevent protein degradation. The chamber was then filled with transfer buffer
up to the top of the transfer sandwich. The blotting process was performed at 60V,
400 mA for 90 min. After that, the blotted membrane was incubated in blocking

buffer at 4°C for o/n with shaking.

Meanwhile in Chapter 4 and 5, the semi-dry method was used to transfer separated
protein samples from gels on to Hybond-P PVDF membrane (GE Healthcare,
Buckinghamshire, UK). The membrane was soaked in to 100% methanol for at least
5 min, rinsed briefly with water and equilibrated in transfer buffer. At the same time,
three pieces of 3 mm Whatmann chromatography paper were soaked in transfer
buffer (25 mM Tris and 192 mM Glycine and 10% (v/v) methanol). The set up for
transfer was to place the wetted filter paper on the tray of the transfer apparatus
followed by PVDF membrane, gel containing proteins, and finally three more pieces
of filter paper on the top. The sandwich transfer was run in a Trans-Blot®Turbo™

transfer system from Bio-Rad at 25V, 1A for 30 min.

2.3.7.3. Ponceau staining

Once the blotted samples were completely transferred on to PVDF membrane, the
membrane was briefly washed with water and allowed to dry at RT. The dried
membrane was re-activated in 100% methanol and rinsed with water for a few min.

After that, the membrane was dipped in Ponceau red solution (0.1% (w/v) in 5%
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acetic acid) with shaking in an orbital shaker (Biodancer, New Brunswick Scientific,
Edison, NJ, USA) for 5 min. Destaining of the membrane was achieved by washing
with water at least three times. Red-coloured bands were then visualized using a
ChemiDoc™ MP system (Bio-Rad, Hercules, CA, USA) equipped with Image

Lab™ gsoftware version 4.0.

2.3.7.4. Immunoblotting

For detecting specific bands, Ponceau stained membrane was blocked with blocking
buffer at RT for 60 min with shaking in an orbital shaker. The blocked membrane
was briefly washed with washing buffer and then incubated with diluted primary
antibody in blocking buffer. The primary antibody dilution was dependent on
antibody types as stated in Table 2.2. Incubation was performed at 4°C o/n with
shaking. Unbound antibody was washed with washing buffer three times for 10 min
at RT. To detect antigen-antibody binding complexes, the membrane was incubated
with diluted secondary antibodies coupled with horse radish peroxidase (HRP) in
blocking buffer at RT for 60 min. Application of the secondary antibody was based
on the host primary antibody. The excess secondary antibody was washed with
washing buffer three times for 10 min. The washed membrane was then exposed to
the substrate solution (equal mixture of peroxide solution ECL and luminol solution
ECL) for 5 min at RT with shaking in an orbital shaker. Initially, some blotted
membranes in Chapter 3 were exposed with a Pierce ECL reagent (Pierce
Biotechnology, Rockford, USA) but the remaining Western blotting performed
throughout this study used another ECL reagent (GE Healthcare, Buckinghamshire,
UK). The substrate solution, which was not bound to the HRP, was removed by

tapping on tissue paper. The ChemiDoc™ imaging system was used to develop
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signals resulting from enzymatic reaction between protein targets and their
antibodies. Exposure time began at 1 sec until 1200 sec and the resulting image of
protein bands was quantified using Image lab™ software package program from
Bio-Rad. Image quantification was presented in volume pixel intensity per mm?area,

normalized with background and band intensity of wild type cancer cell line.

Table 2.2. Primary and secondary antibodies used for Western blotting. All
antibodies where diluted in blocking buffer

Antibody Source Catalog Dilution
number
Primary antibodies
AK2 (Rabbit polyclonal Abcam plc ab37594 1:2,500
anti human) (Cambridge,
UK)
AMPKa (Rabbit Cell Signalling | #2532 1:2,000
polyclonal anti human ) Technology
(Danver, MA,
USA)
Calregulin (N-19) (Goat Santa Cruz Sc-6468 1:10,000
polyclonal anti human ) Biotechnology
(CA, USA)
Phospho-AMPK (Thr172) Cell Signalling | #2535 1:1,000
(Rabbit polyclonal Technology
anti human)
RP1- DPP8 (Rabbit Triple Point 1:2,500 and
polyclonal anti human ) Biologics Inc 1:5,000
(Forest Grove,
OR, USA)
RP1-DPP9 (Rabbit Triple Point 1:5,000
polyclonal anti human ) Biologics Inc
B-Actin (Mouse Sigma-Aldrich | A1978 1:10,000
monoclonal anti human)
Human Mitochondrial Mn Antibody 1:10,000
Superoxide Dismutase Technology
(SOD2) (Rabbit polyclonal | Australia
anti human) (Daw Park,
South
Australia)
Secondary antibodies
Donkey anti goat 1gG Santa Cruz sc 2020 1:10,000
HRP Biotechnology
Swine anti rabbit 1gG Dako P 0217 1:5,000 and
HRP (Glostrup, 1:10,000
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Denmark)

Rabbit anti mouse 19G Dako P 0260 1:20,000
HRP

2.3.7.5. Stripping and reprobing the membrane

After immunoblotted membranes were visualized in the Bio-Rad ChemiDoc device,
primary-secondary antibody binding complexes in the membrane could be stripped
off. The presence of different proteins in the membrane could be detected using a set
of their specific antibodies. The membranes were dipped and incubated with
stripping buffer (section 2.4.7.7) for 60 min at RT with shaking. At the end of
incubation, the membrane was washed with Tris buffer four times for 10 min at RT
and then blocked with blocking buffer for 60 min at RT (in section above).
Reprobing the membrane was performed as same as described in immunoblotting
(section 2.5.7.4). Stripping was performed on DP8, DP9 or AK2 immunoblotted

membranes and then followed by reprobing with anti R-actin or anti SOD2.

2.3.8. Statistical analysis

IBM SPSS statistics software version 20 (SPSS Inc, Chicago, lllinois, USA) was
used to statistically analyse all experimental data generated in this study. For
comparing means of individual sample groups to control sample group, parametric
statistics (student’s t test and one way ANOVA) were used if the sample distribution
is normal. Meanwhile, non-parametric statistics (Mann-Whitney U and Kruskal
Wallis tests) were used to compare means of data samples, which were not normally

distributed. The significance value was set at P < 0.05.
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3. VALIDATING DP8 AND DP9 POTENTIAL

SUBSTRATES WITH BIOCHEMICAL AND IN VITRO

ASSAYS

Work described in this chapter was partially published in the Journal of Biological
Chemistry volume 20, no. 20, pp. 13936-13949, May 2013. The published paper
describes the generation of the stable SKOV3 cell lines overexpressing wt and mt
DP8 or DP9, the identification of potential substrates for DP8 and DP9 in these cells
using terminal amine isotopic labelling of substrates (TAILS) technique, validation
of amino peptides from 14 selected substrates using MALDI-TOF analysis and co-
localization between the substrates AK2 and calreticulin and DP8 or DP9 protein
using confocal microscopy and Western blotting. Dr. Claire Wilson performed the
first two studies and validated AK2 and calreticulin as DP8 and DP9 substrates
during her PhD. The remaining work validates a further 12 potential substrates and
verifies the co-localization of AK2 and calreticulin in SKOV3 cells overexpressing
wt and mt DP8 or DP9 protein was performed by me and is described in detail in this

chapter.

3.1. Introduction

Since the completion of the human genome around 550 human proteases or
proteolytic enzymes have been identified (Puente et al., 2003), many of them have
become drug targets. Physiologically, most proteases contribute to various biological
functions such as immunity, cell division, apoptosis, cell signalling, cellular
metabolism and metabolite recycling. Recent findings also suggest that proteases are

implicated in many human diseases such as cancer, diabetes, cardiovascular and
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neurodegenerative disorders. Therefore, it is essential to understand for each human
protease: what are their endogenous substrates, cleavage products, activators, and
inhibitors in order to unravel the physiological processes in which each protease is
involved (Klingler and Hardt, 2012; Turk et al., 2012). Originally, proteases were
divided into two groups which were based on their ability to cleave internal peptide
bonds (endopeptidases) or peptide bonds at amino and or carboxyl termini
(exopeptidases) (Lopez-Otin and Bond, 2008). Recently, proteases have been
classified into six groups based on their catalytic sites. Those are serine, cysteine,

threonine, metallo, aspartic and glutamic proteases (Lopez-Otin and Bond, 2008).

DP8 and DP9 proteases are serine proteases that belong to the DP4 gene family
(Chen et al., 2004). However, their catalytic motif is different from other classical
serine proteases (for details see Chapter 1 general introduction). Even though DP8
and DP9 proteins were discovered over a decade ago, their biological functions are
still under investigation and mostly unknown. From the predicted primary structure,
DP8 protein is similar to DP9 protein sharing 62% aa identity and both proteins are
located in the cytoplasm (Abbott et al., 2000; Olsen and Wagtmann, 2002). Previous
studies have reported that amino peptides derived from neurohormones,
enterohormones and chemokines are biochemically cleaved by DP8 and DP9 (Bjelke
et al., 2006; Ajami et al., 2008). Only one endogenous substrate has been identified
for DP9 which is involved in antigen presentation to MHC class | (Geiss-Friedlander

et al., 2009).

Many experimental methods have been developed to study protease activity (Agard

and Wells, 2009; auf dem Keller and Schilling, 2010). The techniques to identify

48



protease active sites were developed first, including substrate phage and bacterial
displays, peptide microarrays and peptide libraries (auf dem Keller and Schilling,
2010). The researchers used genetic and biochemical screenings to characterize the
protease cleavage sequence. The second technique that was developed aimed to
identify not only protease active sites but also the cleavage products. This technique
utilises protein separation, combined with mass spectrometry (MS). Uncleaved and
cleaved products of proteases are separated using either 1-dimensional or 2-
dimensional gel electrophoresis. Proteolytic products are analysed separately or
together using MS. Nevertheless, this technique has some limitations such as
sensitivity, throughput and numerous MS runs (Agard and Wells, 2009). Another
technique was developed to monitor protease activity that generally occurs at amino
or carboxyl termini. The basic concept of this technique is based on reactive nitrogen
atoms as all proteins have those reactive atoms in lysine e- and NH terminal a-
amines (Agard and Wells, 2009). In general, there are three steps to perform
identification of cleavage sites. The initial step is to isolate amino terminus of
untreated and protease treated potential substrates, using chemicals or enzymes
(Gevaert et al., 2003; Agard and Wells, 2009). The next step is to remove internal
cleavage products (negative selection) or to enrich amino terminus of cleavage
products (positive selection) with specific reagent, followed by solid phase
extraction or affinity chromatography. Isolated amino termini of cleavage products

are finally analysed using MS, accompanied by statistical analysis.

TAILS is one of the applicable techniques and it was used by Dr Claire Wilson
during her PhD to successfully identify 29 potential substrates for DP8 and DP9

(Agard and Wells, 2009; Kleifeld et al., 2010; Kleifeld et al., 2011; Lange and
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Overall, 2013; Wilson et al., 2013). At the completion of her PhD, she was only able
to validate two of these substrates AK2 and calreticulin. Since DP8 and DP9 are
intracellular proteases and localized in the cytoplasm (Abbott et al., 2000; Olsen and
Wagtmann, 2002; Ajami et al., 2004), interaction between these proteases and their
potential substrates is a prerequisite in order to understand their biological functions.
Thus the aim of this chapter was to investigate whether DP8 and DP9 proteases co-
localize with the two in vitro validated substrates AK2 and calreticulin. In addition,
an in vitro cleavage assay was used to further test DP8 and DP9 substrates identified

using this proteomics approach.

3.2. Materials and methods

3.2.1. MALDI-TOF mass spectrometry analysis

Twelve DP8 and DP9 potential substrates were chosen and peptides corresponding
to the first 15 to 20 amino acid residues in the N terminus were synthesized (GL
Biochem, Shanghai, China). Two previously validated substrates (AK2 and
calreticulin), were used as positive controls and obtained from Genscript
(Piscataway, NJ). To assist in complete solubilization of these peptides, the final
charge of each peptide was calculated using the manufacturers instructions: —1 for
acidic residue and +1 for basic residue. If the overall charge was positive or
negative, substrates then were dissolved in water to make 100uM stock solution
whereas substrates with neutral charge were dissolved in a mixture of organic
solvents such acetonitrile, methanol and isopropanol and water. The short isoform of
recombinant human DP8gg., and DP9gs3aa proteins, which were generated by Dr.
Melissa Pitman and Mrs Kym McNicholas, respectively were expressed in Sf9 insect

cells (McNicholas, 2008; Pitman et al., 2010). Recombinant human DP4 was
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generated by Dr Melissa Pitman using a construct generously supplied by
ProBiodrug for expression of DP4 in Pichia pastoris yeast (Bar et al., 2003).
Recombinant proteins were purified using nickel affinity chromatography and stored
at -80°C, added with 10% (v/v) glycerol and 0.1% (v/v) Tween-20 (Ajami et al.,
2008; McNicholas, 2008; Pitman et al., 2010). The day prior to the MALDI-TOF
assay, the DP enzyme activity of stored purified recombinant DP4, DP8 and DP9
was confirmed using the method described in Chapter 2. Volumes of purified
enzyme equating to 0.17 mU of DP activity for DP4 and 1.7 mU of DP activity for
DP8 and DP9 proteases were incubated with 10 uM of each peptide substrates in
Tris buffer solution, which contained 50 mM Tris-HCI pH 7.4 and 150 mM NacCl.
Incubation of the reaction mix was performed in a heat block (Thermoline,
Australia) at 37°C for up to 24 h. Proteolytic activity of DP4, DP8 and DP9 against
each peptide was analyzed by collecting samples at 4 time points: 0, 3, 6 and 24 h.
The reaction was stopped by adding an equal volume of stop solution, 0.1% (v/v)
TFA (Sigma-Aldrich). Because purified recombinant DP8 was preserved with 0.1%
Tween-20 detergent, some sample reactions were cleaned up using a C18 Zip Tip
(Millipore Corporation, Billerica, MA, USA). The tip was firstly equilibrated with
0.1% (v/v) TFA and samples were eluted in buffer solution which contained 80%

(v/v) acetonitrile and 0.1% TFA.

Each sample was mixed with matrix before application to the MALDI- plate. For
matrix solution, 52.86 mM of alpha-cyano-4-hydroxycinnamid acid solution was
prepared by dissolving in 0.495 % (v/v) acetonitrile, 0.495 % (v/v) ethanol and
0.001 % (v/v) TFA. Standard peptides (provided by Flinders Analytical Laboratory)

and samples were mixed well with matrix solution at 1:1 ratio and loaded on to a
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brushed metal plate (MTP 384, Bruker daltonics, Billerica, MA, USA). Spotted
samples were allowed to dry at RT for 20 min and then analyzed using a Bruker
Autoflex 111, MALDI MS/MS (Bruker daltonics, Billerica, MA, USA). Before firing
samples, the MALDI-TOF instrument was calibrated using the standard peptide mix
which consisted of adrenocorticotropic hormone fragment, rennin tetra-decapetide
and human angiotensin | with molecular mass 2465, 1759 and 1296 Da respectively.
Because molecular masses of all synthetic substrates were less than 4000 Da,
positive reflectron mode was used to analyze cleavage products. The peptide

standard provided data accuracy with less than 0.05% error.

3.2.2. Cell Culture

Stable SKOV3 ovarian cancer cell lines overexpressing wt and mt DP8 and DP9
proteins, vector only control and non-transfected wt SKOV3 cells were grown in
complete RPMI 1640 medium. The detailed methods were described in chapter 2 in

this thesis.

3.2.3. Flow cytometry analysis

To ensure that SKOV3 cell clones expressed high levels of EGFP, flow cytometry
analysis was regularly carried out. When SKOV3 cell culture reached confluence, all
cells were harvested as described in detail in Chapter 2 materials and methods
(Section 2.5.3). 1 x 10° cells were resuspended in 200 pl of fluorescence- activated
cell sorting (FACs) solution, containing 2% (w/v) glucose, 1.04% (v/v)
formaldehyde (Merck, KGaA, Darmstadt, Germany) and 0.05% (w/v) sodium azide
in PBS pH 7.4. Samples were then analyzed using an Accuri® C6 flow cytometer

(BD Biosciences, San Joses, California, USA). The flow cytometer instrument was
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set up at the fluidic rate of 50,000 events per second and ungated samples were
collected for 2 min. Collected data was presented as a histogram plot and non-
transfected wt SKOV3 cells were used as negative control. To analyze EGFP
expression, all data from SKOV3 cells with EGFP tag were gated with wt SKOV3

cells and the percentage of EGFP-positive cell population was determined.

3.2.4. Immunocytochemistry

After harvesting cells as described in Materials and Methods chapter 2, 2 x 10° cells
of wt SKOV3, SKOV3 cells over-expressing wt and mt DP8/DP9 proteins and
vector only cells were transferred on to a sterile glass cover slip in a 6 well plate.
Cells were incubated at 37°C in a 5% CO2 incubator for 1h in order to attach
completely to the cover slip. Two ml complete RPMI-1640 medium with or without
500 pg/ml gentamycin was added carefully into each well plate and then the cells
were further incubated o/n. The following day, the attached cells were washed twice
with PBS and fixed with 1ml of 3.7% fresh formaldehyde. Incubation was performed
at RT for 15 min and excess formaldehyde was washed with PBS for 5 min. The
cells were then permeabilized in 1ml of 0.2% Triton X-100 in PBS for 5 min and
washed with PBS. Cells were blocked with 1% BSA (w/v) in PBS for 30 min at RT
and then incubated with 1:50 dilution of anti-AK2 and calreticulin antibodies (see
Table 2.2 for details) in buffer solution containing 1% BSA and 0.2% Triton X-100
for 90 min at RT. The excess primary Ab was removed by washing twice with PBS
and the cells were then incubated with 1:50 dilution of donkey anti rabbit-Dylight
594 1gG and donkey anti goat-Dylight 549 IgG, respectively (Abcam plc,
Cambridge, UK) in PBS with 1% BSA and 0.2% Triton X-100 for 90 min at RT.

Finally, covers slips were washed twice with PBS and mounted cells-down on a
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glass slide with VectaShield (Vector laboratories, Burlingame, CA, USA) mounting
medium containing 4'-6-diaminidino-2-phenylindole (DAPI). Each corner of the
cover slip was sealed with clear nail polish and allowed to dry for 1-2 h. Slides were
observed under a SP5 Leica confocal microscope (Leica microsystems, Wetzlar,
Germany) equipped with an argon laser and conventional filter sets. Fluorescence
emission and nucleic acid stained with DAPI were separately captured. Collected
image data were analyzed using Image J (Rasband, 1997-2012; Abramoff et al.,

2004) and Photoshop software.

3.2.5. Western Blotting

25 g total protein from the cytosol fraction derived from each SKOV3 cell sample
was mixed with the sample buffer as described in detail in the Materials and
Methods in Chapter 2. For detecting AK2 and calreticulin, blotted membranes were
incubated with anti-AK2 or anti-calreticulin polyclonal antibodies at one in 5,000
and 10,000 dilution, respectively. To detect DP8 and DP9 proteins, anti-DP8 and
anti-DP9 polyclonal antibodies were diluted in Tris buffer solution at ratio 1: 5,000.
As a loading control, anti-human R-actin was diluted 1: 10,000 in Tris buffer
solution. Anti-rabbit secondary antibody coupled with HRP was used to detect
antigen-antibody binding complexes for AK2, DP8 and DP9. Calreticulin primary
antibody binding complexes were detected using an anti-goat secondary antibody
with HRP. Anti-mouse secondary antibody linked to HRP was used to detect the
interaction between R-actin and its primary antibody (Section 2.5.7.4). The
ChemiDocTM imaging system was used to visualise band images with an exposure
time of 20 sec for calreticulin and 3-actin. Other immunoblotted membranes were

exposed for 900 sec.
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3.2.6. DP enzyme activity
To ensure that SKOV3 cells overexpressed wt and mt DP8/DP9 and vector only, DP
enzyme activity was measured in each batch of cells. The detailed method was

described in Chapter 2.
3.3. Results

3.3.1. Characteristics of stable SKOV3 cell line

The stable DP8 and DP9 overexpressing cell lines where routinely monitored using
flow cytometry to detect expression of EGFP fusion proteins and via DP enzyme
assays. All stable SKOV3 cell lines expressed EGFP, 95% or more (Figure 3.1A). In
addition, DP enzyme activity increased in SKOV3 cells with wt DP8 and DP9
overexpression while a lower DP enzyme activity was observed in SKOV3 cells
with mt DP8 and mt DP9 overexpression, compared to that of SKOV3 cells with

GFP expression vector (Figure 3.1B).
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A. DP8 and DP9-EGFP expression

wt SKOV3 Vector wt DP8
A0l SKOV3 AD1 SKOV3 AD1 SKOV3
§_ Gate: (P3 in all) é Gate: (No Gating) g Gate: (No Gating)
~ 5 3
- - i = 94.9%
~Na
99.2%
g g \ g
i i wi
[l
|U.U%
o o -
10% 10¢ 10¢ 108 1072 108 104 10° 106 1072 10° 104 10° 10° 1072
FL1-A FL1-A FL1-A
mt DP8 wt DP9 mt DP9
AD1 SKOV3 ° AD1 SKOVA AD1 SKOVA
§‘ Gate: (No Gating) S Gate: (Mo Gating) § Gate: (Mo Gating)
o ~ o~
1 95.8% 1 99.9% 1
l \ 98.2%
g g g \
w b A
o 4 oA o
0 10 10° 108 1072 100 10° 10° 108 1072 00 1¢ 10° 10¢ 1072
FL1-A FL1-A FL1-A

B. DP enzyme activity

160
140

[
(=T "]
o o

(=2}
o

Specific enzyme activity
(mU/min/mg protein)
& 3

N
o

o

wtDP§ mt DP8 wt DP9 mt DP9 Vector wit
SKOV3

Figure 3.1. Characterization of SKOV3 cells overexpressing wt and mt DP8 and
DP9 proteins. (A) Fluorescence intensity in SKOV3 cells overexpressing wt and mt
DP8 or DP9, vector control (red open histogram) was analyzed using flow cytometry
and gated with non-transfected cells (black histogram). (B) Specific enzyme activity
of all SKOV3 cells was determined using 1 mM H-Ala-Pro pNA substrate. Data
were presented in means + SEM in three independent experiments.
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3.3.2. Co-localization of DP8/DP9 and AK2/calreticulin in SKOV3 cells

Endogenous DP8 and DP9 proteins appeared in all SKOV3 cell lines as a band of 99
kDa in mobility. The EGFP- fusion proteins ran as a band of 119 kDa in mobility
(Figure 3.2). In the AK2 immunoblots a major band of 26 kDa in mobility appeared
and in calreticulin immunoblots a major band of 55 kDa in mobility appeared.
Neither AK2 or calreticulin were altered in their expression levels in the wt or mt
DP8 and DP9 SKOV3 cell lines (Figure 3.2) indicating that DP8/DP9 proteolysis is
unlikely to alter the stability of these two proteins. Co-localization of both wt and mt
DP8- and DP9-EGFP with both AK2 and calreticulin was demonstrated by confocal
microscopy (Figure 3.3 and Figure 3.4) suggesting that both proteases are not clearly
localized in the mitochondria or endoplasmic reticulum. Unfortunately,
Immunostaining was not done with an endoplasmic reticulum or a mitochondrial
marker in this study but these images were inserted as part of our recent publication
(Wilson et al., 2013). Application of these markers will be useful to determine
localization of DP8/DP9-substrate complexes. No difference in the localization of
either AK2 or calreticulin was detected between the wt DP8- and DP9-EGFP cell
lines compared to the enzyme inactive mt DP8 and DP9-EGFP cell lines (Figure 3.3

and Figure 3.4).
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Figure 3.2. Protein expression in SKOV3 cells overexpressing wt and mt DP8
and DP9. Cell lysates (25 ug) from DP8-EGFP, DP8(S739A)-EGFP, DP9-EGFP,
DP9(S729A)-EGFP, vector-transfected and non-transfected SKOV3 cells were
analyzed by 10% (w/v) SDS-PAGE and immunoblotting using DP8 (1:5000), anti
DP9 (1: 5000), calreticulin (1:10,000), adenylate kinase 2(1:5000) and p-actin
(1:10,000) as a loading control. The result is representative of three independent
experiments.
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Figure 3.3. Co-localization of AK2 with DP8 and DP9 in stable SKOV3 cells. wt
and mt DP8-EGFP and DP9-EGFP SKOV3 expressing cell lines were analysed by
confocal microscopy and immunofluorescence using anti-AK2 (1:50) pAbs. As
labelled, red panels display AK2 staining while green panels display wt and mt DP8-
EGFP or DP9-EGFP expression. Merged images are shown in the far right hand
panels. Blue is DAPI staining.
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Calreticulin

Calreticulin

Figure 3.4. Co-localization of calreticulin with DP8 and DP9 in SKOV3 cells. wt
and mt DP8-EGFP and DP9-EGFP SKOV3 expressing cell lines were analysed by
confocal microscopy and immunofluorescence using anti-calreticulin (1:50) pAbs.
As labelled, red panels display calreticulin staining while green panels display wt or
mt DP8-EGFP or DP9-EGFP expression. Merged images are shown in the far right
hand panels. Blue is DAPI staining.
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3.3.3. Validation of potential DP8 and DP9 substrates

Although proteomic methods are able to identify potential protease substrates in a
mixture of samples, it is necessary to validate whether these putative substrates are
indeed substrates of the protease investigated or not. 12 potential substrates of DP8
and DP9 and two positive controls were tested using an in vitro cleavage assay and
MALDI-TOF MS was used to detect cleavage products (Table 3.1). AK2 and
calreticulin N- terminal oligopeptides were cleaved by DP8 and DP9 as previously
demonstrated (see Appendix: Figure 8.2 and 8.3). In addition N terminal
oligopeptides from bifunctional purine biosynthesis, cathepsin X/Z, C-1
tetrahydrofolate synthase, dihydropyrimidine dehydrogenase, mitochondrial import
receptor subunit TOM34, obg-like ATPase 1 and serine/threonine protein
phosphatase 6 which all have Pro residue in the P; position, were all cleaved by
recombinant DP4, DP8 and DP9. Five of these substrates have an Ala residue at the
P, position and either a Ser or Pro residue was observed at the P, position in N
terminal cathepsin Z/X and obg-like ATPase 1, respectively. The molecular mass of
observed cleavage products from DP8 and DP9 cleavage was similar to the expected
cleavage products for the seven oligo substrates, which have full length of protein
sequences ranging from 33.8 to 111.4 kDa. Five other potential substrates, acetyl-
CoA acetyltransferase, mitochondrial, collagen—binding protein 2 (Serpin H-1),
endoplasmin, enoyl-CoA hydratase, mitochondrial, and heat shock 70 kDa protein
1L were not cleaved by DP8 or DP9 proteases under the conditions tested (this data
is presented in the Appendix, Figures 8.1, and 8.4 to 8.7). None of these N-terminal
oligopeptides had a Ala or Pro in the P1 position. However when these peptides
where incubated with DP4, the N terminus of acetyl-CoA acetyltransferase was

cleaved sequentially such that 4 amino acids were removed.
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To investigate differences between DP8 and DP9 cleavage activity to each potential
substrate, a time course experiment was performed where samples were collected at
0, 3, 6 and 24 h. In addition the ability of each substrate to be also cleaved by DP4
was also tested. As can be seen in Figure 3.5, the N terminus of bifunctional purine
biosynthesis protein PURH was cleaved by DP8, DP9 and DP4 proteases. However,
while a similar cleavage rate was observed for both DP8 and DP9, the cleavage rate
was markedly lower than the DP4 cleavage rate. A 2040 Da cleavage product of
bifunctional purine biosynthesis protein was first observed after 3h incubation. This
cleavage is quite slow andafter 24h incubation 50% of the full length peptide
remained. In contrast, DP4 cleaved of the peptide instantly and almost 100% of the

peptide was cleaved after 3h incubation.

It can be seen in Figure 3.6 that the first cleaved peptide from N terminus of C-1-
tetrahydrofolate synthase was observed after 24h incubation with DP8 but with DP9,
the cleaved product was observed early, after 6h incubation. After 24h incubation,
the peptide was completely cleaved by DP9. Meanwhile, DP4 cleaved this peptide

instantly and it reached 100% after 6h incubation.
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Table 3.1. Cleavage of DP8 and DP9 potential substrates. 12 potential substrates which have Pro, Ser, Glut, Asp and Thr residues in
the P1 position of N terminus were selected and tested for cleavage by DP8 and DP9. AK2 and calreticulin N-terminal oligopeptides
were used as postive controls. 10 UM of peptide substrate was incubated with 1.7 mU of either purified recombinant DP8 or DP9.
Samples were collected at 0 and 24 hours by adding stop solution, 0.1% (v/v) TFA. MALDI-TOF MS was used to analyze the cleavage

products of DP8 or DP9 proteolytic activity. nc=no cleavage

Substrate Biological Sequence | Molecular | NH2 -terminal oligopeptide Uniprot | Molecular | Expected Observed molecular
pathway length mass KB mass molecular | Mass (Da)
(aa) (Da) Acession | (Da) Mass (Da)
post DP8 [ DP9 | DP4
cleavage
Acetyl-CoA Fatty acid | 427 45,200 VSKPTLKEVVIVSATR P24752 1727.09 1540.87 nc nc nc
acetyltransferase, metabolism
mitochondrial
AK2 Purine metabolism, | 239 26,478 APSVPAAEPEYPKGIR P54819 1681.89 1512.79 1513.9 | 1514.0 | 1514.8
cellular
energy
homeostasis
Bifunctional Purine metabolism | 592 64,616 APGQLALFSVSDKTGLVEFAR | P31939 2206.55 2038.34 2039.4 | 2039.5 | 2039.4
purine biosynthesis
protein PURH
C-1- Glyoxylate and | 935 101,559 APAEILNGKEISAQIR P11586 1709.98 1541.77 1542.8 | 1542.9 | 1542.9
tetrahydrofolate dicarboxylate
synthase, metabolism,  one
cytoplasmic carbon
pool by folate
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Calreticulin Chaperone, antigen | 417 48,142 EPAVYFKEQFLDGDGWTSR pP27797 2245.45 2017.95 2020.3 | 2019.2 | 2020.3
processing
and presentation
Cathepsin Z/X Lysosome, 303 33,868 SPADLPKSWDWRNVDG Q9UBR2 | 1843 1658.8 1659.9 | 1659.9 | 1659.8
proteolysis
Collagen-binding Response to | 418 46,441 AEVKKPAAAAAPGTAEKLSP | P50454 1907.21 1707 nc nc nc
protein 2 (Serpin | unfolded
H-1) protein, chaperone
Dihydropyrimidine | Pyrimidine 1025 111,401 APVLSKDSADIESILALNPR Q12882 2109.43 1941.22 1942.3 | 1942.4 | 1942.3
dehydrogenase metabolism
[NADPH']
Endoplasmin NOD-like receptor | 803 92,469 DDEVDVDGTVEEDLGKSR P14625 1978.03 1749.81 nc nc nc
signaling pathway,
chaperone
Enoyl-CoA Fatty acid 290 31,387 ASGANFEYIIAEKRGK P30084 1753.99 1595.82 nc nc 1596.8
hydratase,
mitochondrial
Heat shock 70 kDa | Response to | 641 70,375 ATAKGIAIGIDLGTTYSCVG P34931 1911.21 1739.01 nc nc nc
protein 1L unfolded
protein, antigen
processing
Mitochondrial Protein  targeting | 309 34,559 APKFPDSVEELRAAG Q15785 1586.78 1418.57 1419.6 | 1419.7 | 1419.6
import receptor | and

subunit TOM34

import, chaperone
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Obg-like ATPase 1 | ATP catabolism 396 44,744 PPKKGGDGIKPPPIIGR QINTKS | 1727.1 1532.86 1533.9 | 1533.9 | 1533.9
Serine/threonine- Protein 305 35,144 APLDLDKYVEIARLCK 000743 | 1847.22 1679.01 1680.0 | 1679.6 | 1680.0
protein dephosphorylation,
phosphatase 6 G1/S transition of

mitotic

cell cycle
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The N terminal peptide of cathepsin Z/X was cleaved by DP8 after 3h incubation and
50% of this peptide was still intact after 24h incubation (Figure 3.7). In contrast to
DP8, DP9 cleaved this peptide more slowly, and cleavage was not observed till 6h
incubation. Complete cleavage was observed by 24h. The cleavage activity of DP4
against this peptide was faster than that of DP8 and DP9 and the same pattern as the

cleavage rate of bifunctional purine biosynthesis protein PURH.

The cleavage activity of DP8 and DP9 to N terminal peptide of dihydropyrimidine
dehydrogenase [NADP'] seemed to have a similar pattern to cathepsinZ/X (Figure
3.8). The first cleaved peptide was observed after 3h incubation but it only reached
around 50% cleavage after 24h incubation with DP8. In the DP9 incubation, this
peptide was completely cleaved after 24h. Approximately 50% of this peptide was

cleaved by DP4 instantly and no intact peptide was observed after 3h incubation.
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Figure 3.5. DP8, DP9 and DP4 cleavage activity toward the N- terminus
bifunctional purine biosynthesis protein PURH. A cleaved peptide product
(around 2040 Da) is indicated by red arrows and uncleaved peptide has expected
molecular mass 2206.55 Da. Similar cleavage profiles were obtained for DP8 and
DP9. The cleaved peptide was observed after 3h incubation and more than 50%
peptide was cleaved after 24h incubation. In contrast, the peptide was directly
cleaved by DP4 after 0 h incubation and this peptide was almost completely cleaved
after 3h incubation. Data represents three independent experiments.
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Figure 3.6. DP8, DP9 and DP4 cleavage activity toward the N- terminus of C-1-
tetrahydrofolate synthase, cytoplasmic. A cleaved peptide product (around 1542
Da) is indicated by red arrows and uncleaved peptide has expected molecular mass
1709.98 Da. DP8 and DP9 had different cleavage profile for this peptide. The
cleaved peptide was observed after 24h incubation with DP8 and 6h incubation with
DP9. In contrast, the peptide was directly cleaved by DP4 after Oh incubation and
this peptide was almost completely cleaved after 3h incubation. Data represents two
independent experiments.
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Figure 3.7. DP8, DP9 and DP4 cleavage activity toward the N — terminus of
cathepsin Z/X. A cleaved peptide product (around 1659 Da) was indicated by red
arrows and uncleaved peptide has molecular mass 1843 Da. DP8 and DP9 had
different cleavage profiles for this peptide. The cleaved peptide was observed after
3h incubation with DP8 and 6h incubation with DP9. By contrast, the peptide was
directly cleaved by DP4 after Oh incubation and this peptide was almost completely
cleaved after 3h incubation. Data represents two independent experiments.
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Figure 3.8. DP8, DP9 and DP4 cleavage activity toward the N- terminus of
dihydropyrimidine dehydrogenase [NADP*]. A cleaved peptide product (around
1942 Da) is indicated by red arrows and uncleaved peptide has expected molecular
mass 2109.43 Da. The first cleaved peptide was observed after 3h incubation with
either DP8 or DP9. Around 50% of this peptide was cleaved by DP8 and this peptide
was completely cleaved DP9 after 24h incubation. By contrast, the peptide was
directly cleaved by DP4 after Oh incubation and this peptide was almost completely
cleaved after 6h incubation.
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In contrast to the N terminal peptide of dihydropyrimidine dehydrogenase [NADP ],
a higher cleavage rate was observed for the N terminal peptide of mitochondrial
import receptor subunit TOM34 incubated with DP8 than with DP9 (Figure 3.9).
After 3h incubation, this peptide was cleaved by DP8 and DP9 with a similar rate but
around 40% cleaved peptide was only observed after 24h incubation with DPS.
Cleavage activity of DP4 to this peptide was similar to the cleavage activity to the

peptide of dihydropyrimidine dehydrogenase.

In Figure 3.10, DP8 and DP9 had different cleavage activity against the N terminal
peptide of obg-like ATPase 1. The initial cleavage product was observed after 3h
incubation with either DP8 or DP9. However, DP9 completely cleaved this peptide
after 24h incubation while DP8 did not 100% cleave this peptide after this period of
time. DP4 cleaved this peptide faster than DP8 and DP9. Most of this peptide was

cleaved by DP4 after 6h incubation.

DPS8 cleaved the N terminal peptide of serine/threonine-protein phosphatase 6 faster
than DP9 (Figure 3.11). After 3h incubation, the initial cleavage product was
obtained for both DP8 and DP9. The completely cleaved peptide was observed in
DPS8 after 24h incubation but only a half of the peptide was cleaved by DP9. The
cleavage activity of DP4 to this peptide was the same as the previously validated

peptides and was complete within 3h.
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Figure 3.9. DP8, DP9 and DP4 cleavage activity towards the N-terminus of
mitochondrial import receptor subunit TOM34. A cleaved peptide product
(around 1419 Da) was indicated by red arrows and uncleaved peptide has expected
molecular mass 1586.78 Da. The first cleaved peptide was observed after 3h
incubation with either DP8 or DP9. 100% of this peptide was cleaved by DP8 and
this peptide was partially cleaved DP9 after 24h incubation. By contrast, the peptide
was directly cleaved by DP4 after Oh incubation and this peptide was completely
cleaved after 3h incubation.
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Figure 3.10. DP8, DP9 and DP4 cleavage activity toward the N- terminus of
obg-like ATPase 1. A cleaved peptide product (around 1534 Da) is indicated by red
arrows and uncleaved peptide has expected molecular mass 1727.1 Da. The first
cleaved peptide was observed after 3h incubation with DP8 and 24h incubation with
DP9. By contrast, the peptide was directly cleaved by DP4 after Oh incubation and
this peptide was almost completely cleaved after 3h incubation.
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Figure 3.11. DP8, DP9 and DP4 cleavage activity towards the N- terminus of
serine/threonine-protein phosphatase 6. A cleaved peptide product (around 1680
Da) is indicated by red arrows and uncleaved peptide has expected molecular mass
1847.22 Da. The first cleaved peptide was observed after 3h incubation with either
DP8 or DP9. 100% of this peptide was cleaved by DP8 and this peptide was partially
cleaved by DP9 after 24h incubation. By contrast, the peptide was completely
cleaved by DP4 after 3h incubation.
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3.4. Discussion

In this chapter it has been demonstrated that DP8 and DP9 protease expression can
be co-localized with the expression of the newly identified substrates AK2 and
calreticulin in the cytoplasm of SKOV cells. In addition during this study the
cleavage of the N- terminus of a further seven potential DP8 and DP9 substrates was
validated and the cleavage rates were monitored and compared to DP4. When DP8
and DP9 cleave AK2, calreticulin or any of these seven other substrates in vivo, there
will be only two amino residues difference between the cleaved and uncleaved full-
length proteins. In many other proteomic studies cleavage is confirmed using
Western blotting as it results in two distinct bands in mobility in the immunoblot, in
this instance cleavage of these substrates by the DPs will not be detected using
Western Blotting, unless Abs where available for each neo —N — terminus of the
cleaved N- terminus. Therefore, at present the only way to differentiate between the

cleaved and uncleaved peptides is via MS.

3.4.1. AK2 and calreticulin are natural substrates for DP8 and DP9

The full sequence of AK2 protein has 239 aa residues, including Met-Ala-Pro
residues at the amino terminus (Table 3.1). This protein is originally synthesized in
the ribosome and undergoes transcriptional and translational modifications
(Schlauderer and Schulz, 1996; Lee et al., 1998). Some published studies have
reported that AK2 has two isoforms, which encode 239 and 232 amino acids (Kishi
et al., 1987; Lee et al., 1996; Lee et al., 1998; Noma et al., 1998). Both AK2
isoforms have the same N- terminus but the longer isoform has seven additional
amino acid residues at the C terminus (Lee et al., 1998). Therefore both of these

isoforms are potential DP8 and DP9 substrates. Schlauderer and Schulz (1996)
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isolated both these enzyme isoforms from bovine liver and both forms lack the Met
and the Ala-Pro dipeptide. In addition, while the two isoforms are differentially
expressed in some human tissues the AK enzyme activity of the long and short AK2
isoforms is not different (Lee et al., 1998; Noma et al., 1998). These results indicate

that AK2 is regulated in a tissue-specific manner (Tanabe et al., 1993).

Interestingly, cytosolic and mitochondrial AK2 protein has the same amino acid
sequence (Kishi et al., 1987; Lee et al., 1996; Lee et al., 1998). Naturally, the Met
residue in AK2 seems to be removed by an unknown or known protease like
methionine aminopeptidase (Ben-Bassat et al., 1987). Our findings (Figure
3.3)suggest that DP8 and DP9 might have an important role in processing the N
terminus of AK2 since the long and short isoforms of bovine AK2, which lack the
Ala-Pro residues, have a two-fold increase in AK enzyme activity, compared to the
enzyme activity of uncleaved AK2 isoforms (Schlauderer and Schulz, 1996).
However, further studies are required for investigating whether Ala-Pro-cleaved

AK2 exists in human tissues or not.

Lack of AK2 function in some living organisms leads to detrimental effects. For
example, knock down of the AK2 gene in insect larvae can cause cessation of cell
growth and development (Fujisawa et al., 2009; Chen et al., 2012). Interestingly,
Lankas et al. (2005) found that administration of a DP8/DP9 selective inhibitor.in
animal models leads to serious effects in the lymphoid system like anemia,
thrombocytopenia and spleen enlargement. The clinical signs of the toxicity of

DP8/DP9 inhibitor resemble the clinical signs of human AK2 mutation, which is
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characterized by failure of haematopoiesis (Lagresle-Peyrou et al., 2009; Pannicke et

al., 2009).

Unlike AK2, calreticulin, which is not an enzymatic protein, is highly expressed in
all living cells (Krause and Michalak, 1997; Michalak et al., 2009). Looking at its
structure, calreticulin has 417 aa residues with two endoplasmic reticulum-targeting
signal sequences: a short signal sequence in the N terminus and KDEL sequence in
the C terminus (Gelebart et al., 2005; Michalak et al., 2009). In the lumen of
endoplasmic reticulum in human cells, the 17 aa signal sequence of calreticulin ,
which contains hydrophobic residues, is removed (Fliegel et al., 1989; Denning et
al., 1997). Retrotranslocation of the active calreticulin to the cytoplasm was also
observed in order for the protein to fulfil its function in modulation of cell adhesion,
antigen presentation and complement activation (Gao et al., 2002; Afshar et al.,
2005). Because the first two amino acids of active calreticulin are occupied by Glu-
Pro residues, in vivo this N-terminus will be available to naturally become a DP8
and/or DP9 substrate. In vitro cleavage studies in this thesis and by Wilson et al
confirm that DP8 and DP9 cleave Glu-Pro from the N terminal peptide of
calreticulin (Wilson et al., 2013). However, other studies reported that under stress
conditions, the cytosolic calreticulin undergoes arginylation, replacing Glu with the
Arg residue, to associate with stress granules (Decca et al., 2007; Carpio et al.,
2010). Therefore, DP8 and DP9 may not be able to cleave the arginylated
calreticulin (Wilson et al., 2013) or if DP8 or DP9 cleave calreticulin it is no longer
able to be modified in order to associate with stress granules. Thus DP8 and DP9

may play an important role in the regulation of calreticulin.
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3.4.2. Validation of potential substrates for DP8 and DP9

This study has validated that DP8 and DP9 are indeed processing some of the
potential substrates identified during the TAILS proteomic study, which have
numerous biological functions in processes such as metabolite degradation, immune
responses, cell cycle regulation and cellular metabolism. However, compared to the
proteolytic activity of DP4, their proteolytic activity is less efficient (Figure 3.5-
3.11). Interestingly, all validated substrates in this study, including AK2 and
calreticulin, are located in the cytoplasm, lysozymes and/or mitochondria. As
reported by Abbott et al. (2000); Ajami et al. (2004) and Lee et al. (2006a), DP8 and
DP9 are localized in cytoplasm, and will be able to interact with their substrates in
this location. To date no evidence has been provided that suggests that DP8 and DP9
reside in the mitochondria. All of the mitochondrial substrates identified are
translated in the cytoplasm and transported to the mitochondria so may be cleaved by

either DP8 or DP9 before being transported.

All substrates that were validated in the in vitro cleavage activity had a Pro residue
in the Py position and hydrophilic or hydrophobic residues in the P, position. Six
substrates had Ala residues and the remaining substrates have Glu, Pro and Ser
residues at the P, position (Table 3.1). This data confirms the preference data for
DP8 and DP9 that has been determined by using substrate libraries and commercial
substrates studies (Bjelke et al., 2006; Ajami et al., 2008) In addition, Bjelke and
colleagues (2006) showed that DP8 and DP9 could cleave peptides that contain Arg
and Lys or other residues in the P, position at the N terminus. None of the substrates
that were identified using the TAILS proteomic approach contained these residues

(Wilson et al., 2013).
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3.4.3. Proteins with a signal sequence:

Bifunctional purine biosynthesis protein PURH, for instance, is a cytoplasmic
enzyme protein that has dual functions in catalysing the last two steps of purine
synthesis. It has aminoimidazolecarboxamide ribonucleotide transformylase (AICAR
Transformylase) activity in the carboxyl terminus and inosine monophosphate
cyclohydrolase (IMPCH) activity in the amino terminus, respectively (An et al.,
2008). From the protein structure, this purine biosynthesis enzyme has 592 amino
acid sequences. 1-198 aa residues, including the Met-Ala-Pro residues in the amino
terminus belong to the IMPCH domain and 199-592 aa residues form the AICAR
transformylase domain (Cheong et al., 2004). Both domains can be expressed
separately in active forms and are localised in the cytoplasm (Rayl et al., 1996;
Tibbetts and Appling, 2000). In the presence of Bas 1p and Bas 2p transcription
factors, two metabolic intermediates (AICAR and succinyl-AICAR) and low
concentrations of phosphate and purine bifunctional purine biosynthesis protein
PURH gene expression is upregulated (Tibbetts and Appling, 2000; Pinson et al.,
2009). However, a proteolytic enzyme that degrades this enzyme has not been
identified. Therefore, DP8 or DP9 might have a role in inactivation of this protein
during purine metabolism. It is possible that when the Ala-Pro is removed from the

N-terminus of the IMPCH domain it modifies this activity.

Cathepsin Z/X is another potential substrate of DP8 and DP9 proteins. As occurs in
general enzyme biosynthesis, this cathepsin is synthesised as preproenzyme, which
has 303 aa residues (N&gler and Menard, 1998). The 23 aa signal sequence is
removed after translocation in the endoplasmic reticulum. The 38 aa transit sequence

remains attached in the N terminus to stabilise the intact protein during migration to
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the lysozomes (N&gler and Menard, 1998; Santamaria et al., 1998; Deussing et al.,
2000). Our finding in a biochemical assay indicated that DP8 and DP9 proteins
cleaved the N terminal peptide of cathepsin X but the N terminal peptide used in this
study begin toward the end of pro peptide and is not present in the active Cathepsin
X (Né&gler and Menard, 1998; Deussing et al., 2000). So, the proenzyme Cathepsin X
is unlikely to become a proteolytic target by DP8 and DP9. Interestingly, activated
Cathepsin X/Z has Leu-Pro residues in the N terminus that is secreted and found in
some human tissues (Santamaria et al., 1998; Krueger et al., 2005; Staudt et al.,
2010). Therefore, DP4 may probably cleave this secreted cathepsin because from the
results of in vitro cleavage assay, DP4 also cleaved the N terminal peptide of

cathepsin X/Z, faster than the proteolytic activity of DP8 and DP9 (Figure 3.7).

3.4.4. Substrates which contain a Met that is removed

Seven of the substrates that were validated for DP8 and DP9 shared the common
feature of having an initiator Met followed by Ala-Pro dipeptides (“MAP”) at their N
termini. In nature there exists a class of aminopeptidases called methionine
aminopeptidases whose function is to remove the initiator Met from the N- terminus
(Ben-Bassat et al., 1987). From examining Uniprot at present, there was evidence
that only four of the seven proteins existed in vivo with the Met removed. So that
they could be cleaved by either DP8 or DP9 but this does not mean in vivo that these
modifications do not exist. All peptides that were validated in our study had this Met

residue removed.

From our in vitro study, the N terminal peptide of cytoplasmic C-1-tetrahydrofolate

(THF) synthase was cleaved by DP8 and DP9 proteases. Naturally, this enzyme has
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three activities: a 10-formyl-THF synthetase, 5, a 10-methenyl-THF cyclohydrolase
and 5, 10-methylene-THF dehydrogenase activity in a single protein (Hum et al.,
1988; Schmidt et al., 2000). The TFH synthase has the function of transferring one
monocarbon unit into tetrahydrofolate (active folic acid) during production and
degradation of purine, pyrimidine, methionine, serine and glycine (Hum et al., 1988;
Schmidt et al., 2000). From the primary structure, this enzyme has a 935 aa
sequence, in which the dehydrogenase and the cyclohydrolase are located at the
amino terminal domain and the synthase is localised at the carboxyl terminal domain
(Hum et al., 1988). In human cells, there are two types of this enzyme, one located in
the cytoplasm and the other in the mitochondria. They share 61% amino acid identity
(Prasannan et al., 2003). However, the mitochondrial sequence contains a transit
peptide sequence which is removed and the final chain does not have a sequence that
could be cleaved by DP8 or DP9. Thus DP8 or DP9 proteins may work together to
control the dehydrogenase and the cyclohydrolase activities of cytoplasmic THF in
order to control intracellular biosynthesis of purine and pyrimidine. Once the two

amino acids are removed it may affect the activity, binding or the stability of THF.

The next cytoplasmic substrate of DP8 and DP9 is dihydropyrimidine
dehydrogenase (DPD) [NADPH®] enzyme, which degrades thymine and uracil to
become 3-amino-isobutyric acid and 3-alanine respectively (Wasternack, 1980). This
DPD enzyme is encoded by the DPD gene located on chromosome 1p22 which is
approximately 150 kb in length. This active enzyme has 1025 aa sequence with Met-
Ala-Pro residues in the amino terminus and 111.40 kDa molecular mass (Yokota et
al., 1994; Johnson et al., 1997). This enzyme is also involved in metabolising a

chemotherapeutic drug (5-Fluorouracil) by competing with the thymidilate synthase
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activity (Wasternack, 1980; Heggie et al., 1987; Yokota et al., 1994; Johnson et al.,
1997). Some studies reported that up regulation of this enzyme are related to
advanced stages of some human cancer cells (Ajiki et al., 2006; Fukui et al., 2008).
So, DP8 and DP9 might play arole in keeping the balance between DPD and

thymidilate enzymes in the cytosol compartments.

Another potential substrate for DP8 and DP9 proteins, which has Met-Ala-Pro
residues at the amino terminus, is mitochondrial import receptor subunit TOM 34.
From its name, this receptor contributes to importing mitochondrial proteins
synthesized in the ribosome by interacting with the mature portion of mitochondrial
precursor proteins (Chewawiwat et al., 1999; Mukhopadhyay et al., 2002). In
contrast to TOM 34, TOM 20 which is another receptor component of TOM
complex binds to mitochondrial precursor proteins. From the primary structure,
TOM 20 possesses Met-Val-Gly residues in the amino terminus and also a
mitochondrial targeted signal sequence. So, it would probably not be a DP8/DP9
substrate (Mukhopadhyay et al., 2002). In the outer membrane of mitochondria,
TOM protein complexes consist of TOM 40 as a core component and other TOM
receptors such as TOM 20, 22, 34, 37 and 70 (Shimokawa et al., 2006; Schmidt et
al., 2010). A 34 kDa protein is the active form of TOM 34 receptor and localised
predominantly in the cytoplasm (Mukhopadhyay et al., 2002). However, a
proteolytic enzyme that degrades this enzyme has not been identified. Perhaps, once
the Met is removed this transporter protein becomes a proteolytic target for DP8 or

DP9 proteins.
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Obg-like ATPase 1 or DNA damage-regulated overexpressed in cancer 45 is also a
potential substrate of DP8 and DP9. This enzyme is newly identified and able to
hydrolyse ATP but the biological function has not determined (Koller-Eichhorn et
al., 2007; Sun et al., 2010). It is estimated that the 396 aa protein forms is the active
form of Obg-like ATPase 1 with Met-Pro-Pro residues in the N terminus. This
enzyme was immunologically detected in cytoplasm and nucleus but predominantly
localised in the cytoplasm (Sun et al., 2010). In some cancer cell lines derived from
colon, rectum, ovarium, lung and stomach, obg-like ATPase 1 expression is induced
by DNA damage and PI3K/Ras cell signalling pathways (Sun et al., 2010).
However, a protease that modulates this enzyme has not been determined so far.
Therefore, once the Met was removed the role of DP8 and DP9, which could cleave

naturally this enzyme, needs further investigation.

The last cytoplasmic protein enzyme which has Met-Ala-Pro residues is
Serine/threonine-protein phosphatase 6. The active form of this enzyme has 305 aa
sequence and 35.144 kDa molecular mass (Bastians and Ponstingl, 1996).
Functionally, this enzyme has a high homology to yeast Sit4p, which modulates cell
cycle progression in biological and pathological conditions (Bastians and Ponstingl,
1996; Filali et al., 1999; Stefansson and Brautigan, 2006; Stefansson and Brautigan,
2007). IL-2 up regulates this enzyme expression in human lymphocytes (Filali et al.,
1999) but down regulation of this enzyme has not been investigated. DP8 or DP9
might have a role in modulating the phosphatase activity of this enzyme as once the

Met has been removed DP8 and DP would be able to cleave this protein.
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3.4.5. Proteolytic activity rate of DP8 and DP9

From seven validated substrates, there are two substrates (mitochondrial TOM34 and
serine/threonine-protein phosphatase 6) that DP8 cleaves faster than DP9. It suggests
that both substrates are more likely DP8 substrates not DP9 substrates. In contrast,
DP9 cleaves faster the remaining validated substrates compared to DP8, suggesting
they may be more naturally DP9 substrates. These data demonstrate that while
substrates with a lower molecular mass (approx. 30 kDa) are preferentially cleaved
by DP4, DP8 and DP9 may cleave substrates with molecular mass ranging from 40
to 100 kDa. However, DP4 cleaves faster all of the DP8 and DP9 substrates, which
indicate that DP4 family members share the same substrate specificity but as the
enzyme activity of DP4 is localised extracellularly, it is unlikely that DP4 would
come into contact with any of these cytoplasmically expressed substrates in vivo. In
addition, DP8 and DP9 begin cleaving seven candidate substrates by 3 h and
complete cleavage products were observed after 24 h. This implies that DP8 or DP9
may participate in cell signalling by interaction with their substrates. Binding of DP8
or DP9 to the substrates may be required to change the substrates conformation in
order to activate other proteins. Therefore, DP8 and DP9 may be able to activate

their substrates through enzymatic and non-enzymatic activities.

3.4.6. Limitation of these assays

SKOV3 cells with and without vector, DP8 or DP overexpression have comparable
DP enzyme activity, their total activity may not come only from DP8 and DP9 but
also other members of the DP4 gene family. According to a study performed by
Wilson (2011) and Wilson and her colleagues (2013), SKOV3 cells also expresses

DP4 and FAP. Therefore, endogenous activity of wt SKOV3 cells and SKOV3 cells
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overexpressing pEGFPN1vector is coming from both membrane bound and
cytoplasmic DP activities. In contrast to DP activity in wt DP9-overexpressing
SKOV3 cells, wt DP8 cells seemed to lose exogenous DP activity (Figure 3.1B).
This data is accordance to the data of recent flow cytometry analysis that SKOV3
cells with wt DP8 overexpression have lost some EGFP expression (data not shown).
The plausible explanation is that prolonged storage of stably transfected SKOV3
cells might alter the cell behaviour or a large amount of DP8 in cytoplasm is toxic to
the cells, so endogenous DP levels are downregulated in this cell line. Meanwhile, as
we expected, a lower DP activity in mt DP8 and mt DP9 SKOV3 cells were
observed (Figure 3.1B). The mt DP8 and DP9 overexpression might suppress the
endogenous DP8 and DP9 expression in SKOV3 cells, leading to a decrease in their

DP activity.

Many experimental methods are available to validate protease substrates. The
methods are based on protein separation using gel electrophoresis, affinity
chromatography and chemical or enzymatic digestion, which is followed by MS
analysis. In general, all developed methods have advantages and disadvantages. The
cleavage of a substrate by DP8 and DP9 will only change the substrate (protein) by
two amino acids, and this will lead to a change in protein size that is difficult to
detect using gel electrophoresis and immunoblots. One of the best ways of testing
the cleavage would be to use full length protein in enzyme assays. However the
potential substrates identified for DP8/DP9 range from 200 to 1000 amino acids, and
many are processed at the N- terminus before they contain the available N-terminus
for DP cleavage. This means that it would be hard to obtain recombinant protein

with the appropriate N termini for each substrate, and due to the size it would also be
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difficult to develop a technique to detect the proteins once cleaved. Thus at this
present time synthesising N- terminal peptides for each potential substrate and using
MALDI-TOF to detect the two amino acid cleavage is the best available method. As
more and more proteomics data becomes available in databases it is hoped that

further in vivo evidence for the cleavage of each substrate will be revealed.

During the validation of 12 potential substrates of DP8 and DP9, we found that rDP4
was able to cleave all DP8/DP9 substrates at the 0 hrs time point. Theoretically, no
enzyme activity should be detected at this incubation time. rDP4 has a lower km and
higher kcat on a wide range of natural or artificial substrates at range of temperatures
(20-37°C), compared with rDP8 and rDP9 and is also very stable at room
temperature. Biochemical studies also show that rDP4 is able to hydrolyze any
residues in P1 position of the N terminal peptide substrates while DP8 and DP9
prefer to hydrolyze basic residues in P1 position of the N terminal peptide (Abbott et
al., 2000; Ajami et al., 2004; Bjelke et al., 2006; Lee et al., 2006a). One way of
reducing cleavage observed at this time point would be to alter the work flow, or to

lower the amount of rDP4 enzyme used in the assay.

In summary, DP8 and DP9 co-localized with AK2 and calreticulin in the
cytoplasmic compartment. This result may indicate natural interaction between DP8
and DP9 and their substrates even though the levels of AK2 and calreticulin protein
expression is not different in cell lines overexpressing wt and mt DP8 or DP9
proteases. These protease-substrate binding complexes should be investigated further
by identifying AK2 and calreticulin cleaved products in biological

microenvironments and comparing cleaved AK2 and calreticulin activities to
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uncleaved AK2 and calreticulin activities. Seven potential substrates for DP8 and
DP9 have been validated further indicating that DP8 or DP9 cleaves specifically at
the prolyl bond. Further investigation is required to determine co-localization of DP

8 and DP9 and their substrates in a cellular context.
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4. INVESTIGATION OF THE EFFECTS OF DP8 AND

DP9 OVEREXPRESSION ON AK2 EXPRESSION AND

ACTIVITY IN SKOV3 CELLS

4.1. Introduction

In chapter 3, many new potential in vivo natural substrates for DP8 and DP9 were
identified but so far the role of DP8 and DP9 cleavage of these substrates in the
physiological and pathological processes remains unclear. All living cells essentially
require energy supply for various biological functions. Mitochondria have a central
role in providing sufficient enough energy for the cells through interconverting ATP
and ADP molecules (Hardie, 2007; Burkart et al., 2011). AK2 is a key enzyme that
is localised in intermembrane space of mitochondria. This enzyme regulates
equilibrium between ATP and ADP levels and monitors the cellular energy state in
conjunction with other AK isotypes and AMP signal transduction (Dzeja and Terzic,

2009; Panayiotou et al., 2011; Amiri et al., 2013).

From its primary structure, AK2 has Met-Ala-Pro residues in the N terminus but
naturally, the active form AK2 is lacking the Met residue (Frank et al., 1986).
However, a truncated AK2 without Ala-Pro residues is found in bovine liver and has
a specific enzyme activity twice as high as the specific enzyme activity of the intact
AK2 (Schlauderer and Schulz, 1996), suggesting that DP8 or DP9 may naturally
modify the N terminus of AK2. Some potential substrates for DP8 and DP9, which

were validated in Chapter 3, are also involved in cellular metabolism. Therefore, in
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this study we examined the role of DP8 and DP9 in cleavage of AK2 in context of

cellular growth and proliferation. .

In recent years, high expression of DP4 family members has been implicated in
several human cancers. Kajiyama et al. (2002) found that high expression of DP4
inhibits cancer migration and invasiveness of SKOV3 cancer cells. Moreover,
injection of this cancer cell with DP4 overexpression into nude mice can cause
inhibition of cancer metastasis in the peritoneum (Kajiyama et al., 2002). It suggests
that in vivo up regulation of DP4 has a tumour suppressor effect. The inhibition of
cancer migration and invasiveness by DP4 overexpression is mediated by up
regulation of E-chaderin and tissue matrix metalloproteinases (Kajiyama et al.,
2003). In contrast, FAP up regulation may promote cancer progression. In vitro and
in vivo studies show that FAP silencing reduced expression of type 1 collagen, which
contributes in promotion of the invasive phenotype and metastatic potential of
SB247 ovarian cancer cells (Kennedy et al., 2009). Like DP4, DP8 and DP9
overexpression in HEK 293 cell lines reduced cell migration and wound healing and
enhanced apoptosis but the observed effects of DP8 and DP9 in this cell were not
related to their proteolytic activity (Yu et al., 2006). In recent years, Yao and co-
workers (2011) found that DP9 overexpression in liver cancer cell lines (HepG2 and
Huh7) but not DP8 overexpression induced apoptosis, which is mediated by
inhibition of Akt expression. The inhibited Akt expression leads to disruption of H-
ras/PI3K cell signalling, which plays important roles in cell survival, growth,
proliferation and differentiation (Yao et al., 2011). Interestingly, the DP9-induced
apoptosis in this cell is correlated to the DP9 proteolytic activity (Yao et al., 2011),

indicating that DP9 cleaves a substrate which plays important roles in H-ras/PI3K
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cell signalling pathway. Based on these precedents, DP8 or DP9 overexpression may
signify an important role in regulation of AK2 since DP8 and DP9 can cleave an N

terminal peptide of AK2 (Chapter 3).

A crucial step toward understanding the effect of DP8 and DP9 proteolytic activity
to their potential substrates is to study the effect of cleavage of substrates on their
activity or function in vivo. Evidence in the literature (Schlauderer and Schulz, 1996)
already suggests that when the Ala-Pro residues are removed from the N- terminus
of AK2 it is more active. The aim of chapter 4 was to use the SKOV3 cell lines
overexpressing DP8 and DP9 to study whether DP8 or DP9 have effects on AK2
activity in either the cytosol or mitochondria compartments of the cell. To address
potential compensatory or redundant functions between DP8 and DP9 in these cells,

we used SKOV3 cells overexpressing mt DP8 and DP9 as negative controls.

4.2. Materials and Methods

4.2.1. Cell culture

1 x 10° SKOV3 cells overexpressing wt and mt DP8 or DP9 and vector (Wilson,
2011; Wilson et al., 2013) were maintained in RPMI supplemented with 10% heat-
inactivated FBS, 100 U/ug Penicillin/Streptomycin and 500 pg gentamycin (detailed
in Chapter 2). All SKOV3 cells including wt SKOV3 were grown in T75 flasks and
incubated in a 37°C humidified incubator with a 5% CO, atmosphere. Every three
days, the cell medium was replaced and re-incubated until cells reached confluence

(4-7 days).
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4.2.2. Cell proliferation assay

Harvested wt SKOV3 and SKOV3 cells overexpressing wt and mt DP8 and DP9
were seeded in to a 96 well plate with different cell concentrations, starting from 4,
2,1, 0.5 to 0.25 x 10° cells/well. Each cell concentration was repeated six times and
medium only served as a negative control. Seeded cells were incubated at 37°C in a
5% CO, incubator and after 6, 12, 18, 24, 36 and 48 h time points cells were treated
with 0.05% (w/v) pre-warmed 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium
bromide (MTT). Cells were then re-incubated at 37°C in a 5% CO; incubator for 1h.
To solubilize formazan that was formed in living cells, 20% (w/v) SDS in 20 mM
HCI was added. Finally, the plate was wrapped with aluminum foil and incubated at
RT for 1h before reading it in a Fluorostar spectrophotometer with optical density

570 nm and 630 nm for background.

4.2.3. Adenylate energy charge (AEC) assay

Adenine nucleotide levels were measured using an established method with some
modification (Li et al., 2007). Harvested SKOV3 cells from a T75 flask were washed
twice with PBS as described in detail in general materials and methods (Chapter 2).
Washed cell pellets were re-suspended in 500ul of 0.6 M cold perchloric acid and
incubated at 4°C for 10 min. The cell suspension was then centrifuged at 1,500 xg at
4°C for 10 min and the cleared supernatant was mixed with 500ul of 2 mM
potassium phosphate buffer. The mixed solution was centrifuged again at 1,500xg
for 10 min at 4°C. The cleared supernatant was transferred into HPLC vials (Agilent
Technologies, USA). The sample analysis was performed at the Flinders Analytical
Centre, by Dr. Daniel Jardine. Before running samples, a reverse-phase C18 column

(25 x 4.6 mm in size) attached to a water 2695 HPLC instrument (Waters Milford,
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MA, USA) was equilibrated with 50 mM potassium phosphate buffer pH 7.0. Each
sample was then injected into the column and eluted with the elution buffer,
containing 95% potassium phosphate buffer pH 7.0 and 5% methanol, with flow
sample rate 1 ml/min. After a few minutes, the proportion of elution buffer was set
up as 40% potassium phosphate buffer and 60% methanol and finally injected
samples were eluted back to the first elution buffer. The retention time of adenine
nucleotides was determined and the concentration of nucleotide samples was
measured using a standard curve, generated from ATP, ADP and AMP standards.
The AEC ratio was calculated using the formula (ATP + 0.5 x ADP)/ (ATP + ADP +

AMP) (Atkinson, 1968).

4.2.4. Mitochondria isolation

For conducting AK enzyme, DP enzyme, BCA protein and LDH assays, SKOV3
mitochondria were extracted from cells using a method as described in a published
paper with some modifications (Rezaul et al., 2005). Briefly, once SKOV3 cells,
which were grown in T75 flask, reached confluence (see Chapter 2), cells were
collected by centrifugation at 1,500 x g for 5 min at RT. The cell pellets were
washed twice with pre-cold PBS pH 7.4 and centrifuged at 400 xg for 10 min at 4°C.
The washed cell pellets were re-suspended in 1 ml of lysis buffer supplemented with
1x protease inhibitor cocktails and incubated at 4°C for 10 min. These protease
inhibitors were used to inhibit the activity of serine, cysteine, acid and
aminopeptidases, which potentially degrade isolated proteins during cell extraction.
After incubation, the resuspended cells were lysed using a sonicator probe at 4°C for
5 sec. Trypan blue staining was carried out during cell extraction to ensure that

approximately 75% of cells were lysed. To remove debris and live cells, cell lysates
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were centrifuged twice at 650 xg for 10 min at 4°C. Some volume of cleared
supernatants was retained as cell lysate and kept at -80°C for further analysis. The
remaining supernatant was centrifuged at 12,500 x g for 25 min at 4°C and cell
pellets were retained as the mitochondrial fraction, and re-suspended carefully in 500
pl of lysis buffer. Cleared supernatants were transferred into high speed
centrifugation tubes and centrifuged at 100,000 x g for 60 min at 4°C in order to
separate the cytosol and membrane fractions. To purify the mitochondrial fraction,
re-suspended cell pellets were re-centrifuged at 12,500 xg for 25 min at 4°C and cell
pellets were then dissolved in 500 pl of another buffer solution, which contained 250
mM sucrose, 1 mM EDTA, and 10 mM Tris-HCI pH 7.4. A sucrose gradient buffer
was made by transferring 1 ml of 1 M sucrose first into a high speed centrifugation
tube and adding 1 ml of 1.5 M sucrose carefully on top. The mitochondrial
suspension was then transferred into the sucrose gradient. After that, crude
mitochondria were centrifuged at 60,000 xg for 20 min at 4°C. The purified
mitochondria were aspirated from the middle phase between the two sucrose
concentrations and collected mitochondria were washed twice with lysis buffer,
followed by centrifugation at 15,000 x g for 20 min at 4°C. Purified mitochondrial
pellets were finally dissolved in 250 pl of mitochondrial buffer and incubated at 4°C
for 60 min. To remove insoluble particles and debris from the mitochondrial fraction,
the dissolved pellets were centrifuged 15,000 x g for 5 min and the cleared

supernatant was kept at -80°C before use.

4.2.5. BCA protein assay
All fractionated cell suspensions prepared above had their total protein concentration

estimated using the BCA protein assay. A detailed protocol was described in Chapter
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2. Cell lysate and cytosol fractions were diluted with 1:10 volume ratio and the
mitochondrial fraction was diluted in 1:5 volume ratio before the BCA assay was

performed.

4.2.6. DP enzyme activity

DP enzyme activity was determined in all cell fractions collected to monitor whether
DP8 and DP9 proteins were degraded or not during cell extraction and whether these
proteins were located in the mitochondria. Fractionated cell suspensions were loaded
into a 96 well plate and all experimental samples were tested in triplicate. The DP
enzyme assay was then performed the same as described in materials and methods in

Chapter 2.

4.2.7. LDH assay

This assay was intended to measure indirectly cell membrane integrity during
mitochondrial purification. The protocol of this assay followed the manufacturer’s
instructions (Promega, Madison, WI, USA) with minor modifications. Forty ul of
either cell lysate, cytosol or mitochondrial fractions were transferred into a white
opaque 96 wells plate (Corning Incorporated, Corning, NY, USA) and equilibrated at
22 °C for 20 min. Pre-warmed resazurin reagent suspension was equally added into
each well and incubated at RT for 10 min. Twenty pl of stop reaction solution which
consists of 10% SDS was added into each well to stop the reaction. A short
incubation at RT was required before measuring the fluorescence intensity.
Formation of resorufin resulting from the complex reactions initiated by LDH
released from broken cells was measured using a FLUOstar omega

spectrophotometer with 560 nm laser excitation and 590 nm laser emission. The
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fluorescence intensity was collected every min for 10 min and presented as relative
fluorescence intensity (RFU).

4.2.8. AK assay

This assay was adopted and modified from (Bergmeyer, 1974). The cytosol fraction
of all SKOV3 cells was diluted with the Rezaul’s lysis buffer in 1: 10 dilution.
Twenty pl of diluted cytosol suspension and mitochondrial suspension were
transferred into a 96 well plate. The AK assay was performed in triplicate. Before
transferring the sample into the plate, a master mix of reagents for the AK assay was
made in the ice box (Table 4.1). 151.22 ul of mixed reagent was transferred into a 96
well plate and equilibrated at 25°C. Diluted cytosol, mitochondrial samples and
buffer only was added into the plate up to 200 pl. Decreased concentration of NADH
substrate was measured in a FLUOstar omega spectrophotometer with absorbance
340 nm in length at 25°C every min for 20 min. AK activity was determined using

the Beer-Lambert formula with 6.22 x 10° M extinction factor for NADH.

4.2.9. Western Blotting

25 g of total proteins in the cell lysate and the mitochondrial fractions from SKOV3
cells were mixed with 3x SDS-PAGE sample buffer before running in a 10% SDS-
PAGE gel. This was described in detail in Chapter 2 materials and methods. For
detecting DP8 and DP9 proteins, blotted membrane was incubated with anti DP8 and
DP9 polyclonal antibodies with one in 5,000 dilution. Meanwhile, anti-human
mitochondrial SOD2 at 1: 10,000 dilution was used as a positive control for purity of
mitochondrial samples and anti AK2 polyclonal antibody was diluted in blocking

buffer 1: 2,500 dilution. Exposure time for SOD2 antibody was a maximum of 20
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sec and the other antibodies were exposed for 1200 sec unless band signals were

detected earlier.

Table 4.1. AK assay mixture modified from Bergmeyer (1974). Master mix was

made for 50 wells at any one time.

Substrate Stock Final Volume (ul) per
solution concentration well
(mM) (mM)

Triethanolamine  pH | 200 71.4 71.4

7.6

AMP 40 0.7 35

ATP 10 1.2 24

Phosphoenol pyruvate | 10.92 0.39 7.14

(PEP)

MgSO4 40 1.2 6

KCI 1000 142 28.4

Nicotinamide adenine | 13.48 0.4 5.93

dinucleotide (NADH)

Pyruvate kinase (PK) | 1521.3 7.1 0.93

Lactate 1002.64 19.6 3.91

dehydrogenase (LDH)

Sample in buffer 48.78

Total volume 200

4.2.10. Statistical analysis

Mean values of data from all experiments in this study were analyzed using IBM

SPSS statistics software version 20. The significance value was set at P < 0.05.

Collected data was expressed as mean = SEM. A one-way ANOVA was used to

compare means between vector and DP8 or DP9 overexpression samples, followed

by Tukey post-hoc test. If data of percentage of cell viability from SKOV3 cells was

not homogenous, Games-Howell post-host test was used to compare the means.
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4.3. Results

4.3.1. Characterization of SKOV3 cells overexpressing wt and mt DP8/DP9

In this study, SKOV3 cells overexpressing wt and mt DP8 and DP9 proteins were
used to investigate whether overexpression of DP8 or DP9 proteases affected AK2
activity in either the cytosol or mitochondrial compartments. To ensure that SKOV3
cells retained DP8 and DP9 protein overexpression, SKOV3 cell overexpressing
PEGFPNL1 vector (detailed in section 2.5.1) were used as a functional control while
wt SKOV3 cell provided a negative control. Morphologically all SKOV3 cells were
single cells and spread throughout the flask surface. SKOV3 cells which
overexpressed wt DP8 and DP9 were similar in shape and size to SKOV3 cell
overexpressing vector control and they had a polyhedral shape and a large cell size
(Figure 4.1). In contrast to wt DP8 overexpression, mt DP8-overexpressing SKOV3
cells looked different, these cells were larger in size and there were less cell numbers
observed in some areas of the flask. These features were opposite to SKOV3 cell
overexpressing mt DP9 which had a smaller spindle cell size and increased cell

number in observed areas.

The effect of DP8 and DP9 overexpression on cell proliferation was measured using
an MTT assay. In terms of proliferation rate, all DP-overexpressing SKOV3 cells
displayed different proliferation rates compared to vector control-overexpressing
SKOV3 cells (Figure 4.2A). After 6 h plating, SKOV3 cells overexpressing wt and
mt DP8 proteins proliferated faster than non-transfected SKOV3 cells and SKOV3
cell overexpressing vector control. However by 48 h incubation, the cells

proliferated equally. SKOV3 cells overexpressing wt and mt DP9 grew slower than
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non-transfected SKOV3 and vector control-overexpressing SKOV3 cells. However,

only wt DP9 cells achieved significantly lower cell growth (p = 0.001).

To further investigate whether DP8 and DP9 overexpression influenced cell viability
or not, the percentage of viable cells was calculated by dividing the proliferation rate
of overexpressing SKOV3 cells with the proliferation rate of non-transfected
SKOV3 cells. The result of % cell viability is presented in figure 4.2B. DP8
overexpression has a very different pattern to DP9 overexpression. More viable cells
were observed in SKOV3 cells overexpressing wt and mt DP8 compared to SKOV3
cell overexpressing vector control. The percentage of viable cells in wt and mt DP8
overexpressing cells was greater than the percentage of viable cells in wt and mt DP9
overexpression from 6h to 48h incubation. The viable cells decreased until the end of
incubation and significant differences were found in wt overexpression after 24h
incubation. While, DP9 overexpression had less viable cells than vector
overexpression and the percentage of cell viability in wt DP9 overexpression
remained unchanged after 48 h. incubation. For mt DP9 overexpression, the
percentage of cell viability slightly increased after 24h incubation. In contrast to
these results obtained in a 96 well plate when cells are routinely sub cultured in a
T75 flask, the wt and mt DP8 cells take longer to reach confluence (6 or 7 days)

versus the wt, vector control wt and mt DP9 cells (4 days) (data not shown).
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Figure 4.1. Characteristics of SKOV3 cells overexpressing wt and mt DP8/DP9

proteins. Morphology of all SKOV3 cells after 72h incubation. Cells were observed
under an inverted microscope with x100 magnification.

4.3.2. Purity of mitochondria extracted from SKOV3 cells with DP8 and DP9
overexpression

To obtain high purity mitochondria during cell extraction, an established method was
used, based on gradient centrifugation which resulted in three fractions, cell lysate,
cytoplasmic and mitochondrial fractions. The purified mitochondria fractions were
verified using DP and LDH assays and Western blotting. According to published
studies (Abbott et al., 2000; Olsen and Wagtmann, 2002; Ajami et al., 2004), DP8
and DP9 are only expressed in the cytosolic compartment. Therefore, DP enzyme

activity can be used to confirm the purity of the mitochondrial fraction.
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Figure 4.2. Cell viability of SKOV3 cells overexpressing wt and mt DP8/DP9
proteins. (A) Proliferation rate of all SKOV3 cells was measured using the MTT
assay. 1 x 10° cells were plated and analysed at 6,12,24,36 and 48 h. (B) Cell
viability of SKOV3 cells with DP8, DP9 and vector control overexpression was
compared to that of non-transfected SKOV3 cells. All data were presented as mean +
SEM (n = 3) and p value was set < 0.05. * denoted significant difference compared
to SKOV3 cells with vector control overexpression.
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Figure 4.3. Characterization of purified mitochondria from wt and mt DP8/DP9
over-expressing SKOV3 cells. (A) All cell fractions were incubated with 1 mM of
H-Ala-Pro-pNA substrate and absorbance values were measured at 405 nm in length.
DP enzyme activity was determined using Beer-Lambert formula. (B) LDH activity
was determined by incubation between all SKOV3 fractionated cell suspensions and
rezasurin reagent. Fluoresence intensity resulting from resorufin formation was
measured using 560 nm laser excitation and 590 nm laser emission. Each bar
represented the mean of three separate experiments and asterisk denoted a significant
difference. All data were presented as mean £ SEM and p value was set < 0.05. (C)
25 pg of total proteins of purified mitochondria in all SKOV3 cells was loaded onto
a 10% SDS-PAGE and analyzed by Western blotting. An antibody against SOD2 was
used as a marker for mitochondrial purity.

Unexpectedly DP enzyme activity was detected in the mitochondrial fraction of all
SKOV3 cells except those expressing mt DP8 and DP9 (Figure 4.3A). The DP
enzyme activity in purified mitochondria fraction from wt DP8 and DP9
overexpression was 21.94 and 20.68 mU/min/mg protein respectively, which was
higher than the enzyme activity in purified mitochondria fraction from vector control

overexpression and it reached significant difference (p = 0.005 and 0.012
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respectively). The increased enzyme activity was probably from wt DP8 and DP9

overexpression.

Regarding cell membrane integrity, there was no LDH activity observed in purified
mitochondria fractions from all SKOV3 cells (Figure 2B), suggesting that there was
no contamination from cell lysate and cytosolic fractions during cell extraction. In
addition to this result, AK2 protein was seen at 26 kDa band in mobility in the
purified mitochondria fraction of all SKOV3 cells (Figure 4.3C), which was
expected. DP8 was also detected in the all cell mitochondria but the band was 64
kDa not 99 or 119 kDa as observed in cytoplasmic fraction of overexpressing
SKOV3 cells. DP9 had dual band mobility (75 and 64 kDa) in all mitochondria
fraction of all SKOV3 cells, which was different from the band mobility observed in

cytoplasmic fraction of the cells (Chapter 3, Figure 3.2).

4.3.3. AK2 activity in SKOV3 cells with DP8 and DP9 overexpression

The in vitro study revealed that DP8 and DP9 cleave the N terminal peptide of AK2
protein, releasing Ala-Pro residues (Chapter 3, Table 3.1) however there is limited
evidence that DP8 or DP9 cleaves AK2 in vivo in humans. AK2 lacking the N-
terminal Ala- Pro residues has been isolated from bovine liver and found to be twice
as active as the uncleaved form (Schlauderer and Schulz, 1996). Therefore, the
effects of overexpressing DP8 and DP9 protein in SKOV3 cells, on AK2 enzyme
activity were investigated. AK2 is a mitochondria enzyme that catalyses reversibly 2
ADP into ATP + AMP in the presence of Mg?* (Dzeja et al., 1998; Dzeja and Terzic,
2003). Cytoplasmic and mitochondrial fractions from all SKOV3 cells were

incubated with different concentrations of AMP substrate in the presence of constant
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ATP concentration. AK affinity and conversion rate of the AMP substrate in the
cytoplasmic and mitochondrial fractions were measured using Michaelis-Menten
enzyme kinetics. Figure 4.4 illustrates the Michaelis—Menten curves for AK activity
in cytoplasmic and mitochondria extracts from the various cell lines. DP8 and DP9
overexpression had different effects on AK activity in the cytoplasmic and
mitochondria fractions. A higher maximum conversion rate was observed in
cytoplasmic fractions from wt and mt DP9 overexpressing cells and a lower
maximum conversation was from cytoplasmic fraction from wt and mt DP8
overexpressing cells, compared to that of vector overexpression (Figure 4.4A and
Table 1). However, a different pattern of maximum conversion rate was found in
mitochondrial fractions from all DP overexpressing SKOV3 cells (Figure 4.4B and
Table 1) but the maximum reaction rate decreased two fold compared to that of

cytoplasmic fractions from all DP overexpressing lysates.

Table 4.1 demonstrates the binding affinity of AMP to AK in cytoplasmic and
mitochondria fractions from SKOV3 cells with wt DP8 and DP9 overexpression.
DP8 and DP9 overexpression influenced AK binding affinity to AMP in cytoplasmic
and mitochondria fractions. When both DPs where overexpressed in cytoplasmic
fractions, they had lower AK binding affinity than vector expressing fractions (Km =
134.1 and 168 vs. 70 uM). In the mitochondria fraction, a higher AK binding affinity
(60.6 uM) was observed in fractions from SKOV3 cells overexpressing DP9,
compared to the AK binding affinity of fractions from SKOV3 cells overexpressing

DP8 and vector (119.5 and 117 uM respectively).
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Table 4.2. AK binding affinity to AMP and maximum reaction rate of SKOV3
cells overexpressing wt and mt DP8/DP9.

SKOV3 cell Cytoplasm Mitochondria
overexpression | Km (uM) Vmax (UM) | Km (uM) Vmax (UM)
wt DP8 134.1+439 |184.7+139 |1195+727 143.9 £ 18.82
mt DP8 81.26 +29.21 | 159.2+9.74 | 186.6+ 79.04 | 244.5+28.14
wt DP9 168 + 48.4 287.1+21.3 |60.6+17.8 139.9 £8.1
mt DP9 156.2 £ 37 426 +25.07 | 107.7+79.26 |211.2+31.46
Vector 70.7+£10.8 225.9+5.3 117 £76.3 194.3 £72.95

DP8 and DP9 overexpression in SKOV3 cells have different AK specific activities

in the cytoplasm and mitochondria (Figure 4.5). The cytoplasmic fractions from the

SKOV3 cells overexpressing mt DP9 were significantly different to the specific AK

enzyme activity of SKOV3 cells overexpressing vector cytoplasmic fractions (Figure

4.5A). In the mitochondria fractions AK specific activities where similar, however

SKOV3 cells expressing both mt DP9 and mt DP8 had significant increased activity

compared to the vector overexpressing SKOV3 cell fractions.
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Figure 4.4. AK kinetic profiles in cytoplasmic and mitochondrial fractions from
SKOV3 cells overexpressing wt and mt DP8/DP9. (A and B) SKOV3 cell
fractions were incubated with different AMP concentrations (0.175, 0.35, 0.7 to 1.4
mM). Reduction of NADH substrate was spectrophotometrically measured.
Michaelis-Menten graphs were generated from collected data using GraphPad Prism
software.
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Figure 4.5. Specific AK enzyme activity in cytoplasmic and mitochondrial
fractions from SKOV3 cells overexpressing wt and mt DP8/DP9. Cell fractions
were incubated with 0.7 mM AMP. 20 ug of cell lysate was incubated with 0.7 mM
AMP. The AK enzymatic reaction was performed at RT and spectrophotometrically
measured at 340 nm absorbance every min for 20 min. Each bar represented the
mean of three separate experiments and asterisk denoted a significant difference,
compared to vector and p value < 0.05.

4.3.4. Adenine nucleotide levels in DP8 and DP9-overexpressing SKOV3 cells
Given the role of AK2 in regulating adenine homeostasis in order to further

investigate the effect of DP8 and DP9 overexpression on AK2, adenine nucleotide
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levels were measured using HPLC. Adenine nucleotide levels were different between
DP8 and DP9-overexpressing SKOV3 cells (Figure 4.6). ATP levels decreased
significantly in all SKOV3 cells overexpressing DPs, excluding mt DP8
overexpression, compared to ATP levels in vector expressing SKOV3 cells (Figure
4.6A). The decrease in ATP levels in wt DP9 overexpressing cells was accompanied
with an increase in AMP levels. The AMP levels in wt DP9 overexpressing cells
were statistically increased around eight times, compared to that of vector
overexpression (Figure 4.6C). In contrast to DP9 overexpression, ATP and ADP
levels in DP8 overexpression were lower than that of vector overexpression (Figure
4.6A-B). Significant reductions were also observed in AEC values of wt and mt DP9
overexpression (approximately 50 and 10%, respectively), indicating a low energy
pool (Figure 4.6D). The ADP/ATP ratio was markedly elevated in DP9
overexpression compared with ADP/ATP ratio in vector overexpression (Figure
4.6E). Next, the AMP/ATP ratio was evaluated since the elevated ADP/ATP ratio
was seen in DP9 overexpression. In wt and mt DP9 overexpression, AMP/ATP ratio
was increased but the significant increase was only observed in wt DP9

overexpression.
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Figure 4.6. Adenylate energy charge of SKOV3 cells overexpressing wt and mt
DP8/DP9. (A-C) Adenine nucleotide levels were measured by using HPLC. (D) The
adenylate energy charge was determined by using Atkinson’s formula, AEC =
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(ATP+0.5ADP)/(ATP+ADP+AMP). (E and F) indicated ADP/ATP and AMP/ATP
ratio respectively that were used as an indicator of energy demand in viable cells.
One way ANOVA test was used to compare the mean of adenine and adenylate
energy levels of individual cell line to the vector. Each bar represented the mean of
three separate experiments and asterisk denoted a significant difference. All data
were presented as mean £ SEM and p value was set < 0.05.

4.4. Discussion

This chapter investigated the effects of DP8 and DP9 overexpression on AK2 protein
expression and AK enzyme activity in SKOV3 cell lines. DP8 and DP9
overexpression changed SKOV3 cell morphology. However, proliferation rate of
SKOV3 cells with DP8 and DP9 were negatively correlated with the morphological
changes. Moreover, initially the proportion of viable cells in wt and mt DP8
overexpression was greater than proportion of viable cells in wt and mt DP9
overexpression from 6h to 48h incubation. In contrast to the changes in morphology
and proliferation rate, in the mitochondria mt DP8 and mt DP9 overexpression
decreased specific AK enzyme activity and in the cytoplasm mt DP9 overexpression
increased the AK enzyme activity. In DP9 overexpressing cell lines, ATP levels
decreased and ADP and AMP levels increased. This work shows that following
stable transfection with wt and mt DP8 or DP9, SKOV3 cell behaviour changed as
measured visually, by proliferation rates, AK activity and AEC values. Cells
overexpressing wt and mt DP8 and DP9 proteins behaved differently suggesting

these proteins may play different biological roles.

Changing cell morphology in ovarian cancer cells frequently occurs. In primary cell
culture of normal ovarian epithelial cells, the cells undergo phenotypic changes,

which are characterised by losing some epithelial markers such as keratin and
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cytovillin and becoming mesenchymal-like cells. The cell differentiation apparently
occurs after a few cell culture passages (Auersperg et al., 2001). During reproductive
age, this phenotypic change is associated with degenerative response during
ovulation cycles (Auersperg et al., 2001). However, the morphology of ovarian
cancer cells remains unchanged during cell culture but cell differentiation strongly
correlates with low cancer progression (Auersperg et al., 2001). SKOV3 cells with
DP8 and DP9 overexpression have the morphology of a differentiated cell type. The
phenotype change may be in response to external stimuli in cell culture (Auersperg
et al., 2001; Ahmed et al., 2007). This phenotypic change is also found in SKOV3
cells with DP4 overexpression (Kajiyama et al., 2002; Kajiyama et al., 2003),
indicating that DP8 and DP9 overexpression has a similar effect on SKOV3 cells. In
order to verify whether the morphological changes in SKOV3 cells is caused by
DP8/DP9 enzyme activity or not, identification of DP8 and DP9 substrates involved
in cell proliferation is necessary. So far, there has been no data identifying potential
substrates for DP8 and DP9 that may promote ovarian cancer cell progression. In
addition, wt DP9 overexpression in human hepatoma and embryonic kidney cells
reduced cell survival and proliferation via inhibition of protein kinase B signaling
cascade (Yao et al., 2011). Therefore, this data suggests that DP8 and DP9 may play

an important role in cell differentiation that is independent of their enzyme activity.

In terms of cell proliferation, SKOV3 cells with wt and mt DP9 overexpression in
this study had lower proliferation rates than their counterparts with wt and mt DP8
overexpression (Figure 4.2A). These findings result from lower cell viability in cells
overexpressing DP9, approximately half the cell viability in cells overexpressing

DP8 (Figure 4.2B). DP9 overexpression led to a drop in ATP levels and an increase
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in the ADP/ATP ratio (Figure 4.6A&E), clearly indicating that DP9 overexpression
influences ATP production, leading to decrease in cell viability. The induction of cell
death by DP9 overexpression may be related to apoptosis due to lack of essential
nutrients in the cell culture. More active AK2 in wt and mt DP9 overexpressing cells
in response to metabolic stress in these cells, should result in inhibition of AMPK.
As a consequence, ATP demand and consumption are higher than ATP production in
DP9 overexpressing cells (Hardie, 2007; Hardie 2011b; Hardie, 2011a). Recent data
obtained by another phD student, shows that SKOV3 cells with mt DP9
overexpression have high CO, production, when carbon labelled glucose or acetate
are provided as energy sources (Appendix, Figure 8.8). Therefore, SKOV3 cells with

overexpressing mt DP9 may use an alternative energy source to survive.

Mitochondrial fractionation is required for studying DP8 and DP9 proteolytic
activity to AK2. Disruption of intact cells and purification of mitochondria are two
crucial steps in this procedure. There are several techniques that can be used to
disrupt cell membrane, chemical, physical and mechanical protocols but the
mechanical protocol using a sonicator provides the best choice for mitochondrial
isolation (Chaiyarit and Thongboonkerd, 2009). The next step is to isolate and to
purify mitochondria which can use gradient centrifugation, affinity chromatography
or free flow electrophoresis. The gradient centrifugation is the most common
technique applied in mitochondrial purification (Chaiyarit and Thongboonkerd,
2009). In our study, we used a combination technique of sonicator cell disruption
and gradient centrifugation. However, both techniques are laborious and time
consuming. So, we always add protease inhibitor cocktail in SKOV3 cell samples.

From biochemical assays and Western blotting, the mitochondria fraction of wt
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SKOV3 and SKOV3 overexpressing DP8 and DP9 proteins have high purity (Figure
4.3). Low and high DP enzyme activity in cell lysate and cytoplasmic fractions of
SKOV3 cell overexpressing wt DP8 and wt DP9 respectively may not relate to
addition of protease inhibitor cocktail because the similar enzyme activity was also
observed in cell lysate of the same cell in Chapter 3 (Figure 3.1). In Western blotting
analysis, protein expression of wt DP8 and wt DP9 expression in cell lysate and
cytoplasmic fractions did not differ (data not shown). Therefore, SKOV3 cells might

lose wt DP8 overexpression, resulting from prolonged cell storage or DP8 toxicity.

It is worth noting that DP8 and DP9 might also cleave AK2 in the mitochondria. The
DP activity and immunoblot analysis (Figure 4.3A&C) suggests that DP8 and DP9
proteins are present in the mitochondria. However, the expression of protein
indicative of active DP8 and DP9 proteins (99 kDa) was not observed. In the
mitochondria, DP9 was seen as a band 75 and 64 kDa in mobility and DP8 has a
band 64 kDa in mobility but these truncated proteins appeared to demonstrate DP
enzyme activity. A similar truncated DP4 (60 kDa) was also found in rat kidney
(Iwaki-Egawa et al., 1993). This suggests that DP8 or DP9 may activate AK2 in the

cytoplasm and the mitochondria.

It is more difficult to perform a kinetic study of AK2 using cytoplasmic fractions of
SKOV3 cells because so far nine AK isotypes have been identified (Amiri et al.,
2013). AK1, AK6, AK7 and AK8 isotypes are localised in the cytoplasm and are
widely expressed in all human tissues (Khoo and Russell, 1972; Ren et al., 2005;
Panayiotou et al., 2011). Our immunoblot data suggest that the AK2 isotype is

present in the cytoplasm as well as the mitochondria (Appendix, Figure 8.9).
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Moreover, these all AK isotypes have strong affinity for the AMP substrate in the
presence of ATP instead of GTP (Panayiotou et al., 2011). In contrast to the
expression of the AK family in the cytoplasm, expression of AK2, AK3 and AK4 is
limited to the mitochondria compartment and only AK2 binds to the AMP substrate
with high affinity in the presence of ATP (Khoo and Russell, 1972; Noma et al.,
2001; Dzeja and Terzic, 2009; Chen et al., 2012). Therefore, our data suggest that
AK binding affinity to AMP substrate in mitochondria (Figure 4.4 and Table 4.2)
comes from AK2 but AK binding affinity to AMP substrate in the cytoplasm may
not reflect AK2 activity, and may in fact be coming from other cytoplasmic AK
family members. In addition, the kinetic study showed that mitochondrial fractions
from wt DP9 overexpressing SKOV3 cell lines have lower binding affinity to AMP
than that of the other cell lines (Figure 4.4), suggesting that only AK2 binds to AMP.
However, the increased binding affinity in mitochondrial fractions from wt DP9
overexpression was not followed by increases in AK enzyme activity (Figure 4.4).
These binding affinities and AK activity patterns were reversed in the mitochondrial
fractions from mt DP9 overexpressing SKOV3 cells. Therefore, we speculate that
DP9-activated AK2 is due, at least in part, to another mechanism independent of

DP9 enzyme activity.

In summary, DP9 and DP8 overexpression change cell phenotype, proliferation rate
and cell viability. Mutant DP9 overexpression enhances AK enzyme activity and
decreases slightly binding affinity of AMP in the mitochondria. Meanwhile, wt DP9
overexpression increases AK enzyme activity and binding affinity of AMP in the
mitochondria. The increased AK activity in this cell is followed by decrease in ATP

and energy charge values. Silencing DP8 and DP9 genes in SKOV3 cells will
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provide important data to whether these proteases cleave AK2 or not in vivo.
Because AMPK plays a central role in controlling cellular energy through interacting
with ADP and AMP, measurement of AMPK phosphorylation in DP8 and DP9

silencing is required for identification of the downstream effects of AK activity.
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5. INVESTIGATION OF THE EFFECT OF DP8 AND DP9

SILENCING ON AK2 PROTEIN EXPRESSION AND

ENZYME ACTIVITY IN OVARIAN CANCER CELL

LINES

5.1. Introduction

The majority of ovarian cancer cases are derived from the surface epithelium but the
cancer origin comes from celomic epithelium in the Milerrian duct, which also
develops to the lining of the fallopian tubes, uterus, and endocervix (Auersperg et
al., 2001; Dubeau, 2008; Vaughan et al., 2011). So far, ovarian cancer has a low
survival rate because it is difficult to diagnose at an early cancer stage, leading to
widespread metastasis especially in the peritoneum and there are limited
therapeutical options (Jemal et al., 2008). There are only two chemotherapeutic
agents to date that effectively kill ovarian cancer cells (carboplatin and doxorubicin)
(Vaughan et al., 2011). Unfortunately, some ovarian cancers have become resistant
to the available drugs (Bast et al., 2009). In addition, the main characteristic of
ovarian cancer is its differentiation into an epithelial phenotype during early cancer
progression, which is different from most human cancers which maintain an
undifferentiated phenotype (Yoshioka et al., 2012). Thus, a better understanding of
the cellular and molecular mechanisms of ovarian cancer is required to identify

targets for future cancer therapy (Cheung et al., 2010).

To achieve this goal, reproducible material sources are certainly required (Langdon

et al., 1988). For example, ovarian cancer cell lines (OVCA 429 and 432) derived
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from ascites fluid of patients with ovarian cancer were developed by the laboratory
of Gynecological Oncology, Brigham and Women’s Hospital, Boston, USA, (Kim et
al., 2002). The SKOV3 cell line is also derived from the same tissue source and was
established by the American type tissue collection (ATTC, Rockville, MD). In
addition, these cancer lines have the same pathological cancer type, serous
cystadenocarcinoma (Kim et al., 2002). All these cell lines are also suitable as a host
for transfection in order to study oncogene expression with comparable results

(Kajiyama et al., 2003; Zhang et al., 2004; Meng et al., 2009; Wilson, 2011).

Even though ovarian cancer cell lines originated from the same disease,
heterogeneity of gene expression has been reported. Tumor suppressor gene (p53),
for instance, is differentially expressed in the OVCA cell lines. OVCA 429 cells
have the wt p53 gene and mt p53 was detected in OVCA 432 cell lines (Elbendary et
al., 1994) whilst SKOV3 cells express a null p53 gene (Yaginuma and Westphal,
1992). Using semi quantitative RT-PCR, higher expression of sex steroid receptors
(the follicle stimulating and luteinizing hormone receptors) were observed in OVCA
429 cells, compared to that of OVCA 432 cells (Syed et al., 2001). Both sex
receptors are not expressed in the SKOV3 cells, when using either a Northern blot or
RT-PCR (Parrott et al., 2001; Mandai et al., 2007). At present, the role of sex steroid
hormones in OVCA pathogenesis is still controversial (Choi et al., 2007; Sanner et
al., 2009). The OVCA cell lines express DP8 and DP9 differently at the mRNA and
protein levels (Wilson, 2011). The highest mMRNA expression of DP8 was found in
SKOV3, followed by OVCA 432 and OVCA 429, respectively. By contrast, OVCA
429 and SKOV3 cells express similar DP9 mRNA level and low mRNA expression

was found in OVCA 432 cells (Wilson, 2011; Wilson et al.,, 2013). From
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immunoblot analysis, OVCA 429 and SKOV3 cells have similar DP8 expression and
a higher DP8 expression was observed in OVCA 432 cells. Meanwhile, similar DP9
protein expression was found in OVCA 429 and OVCA 432 cells, whilst SKOV3
cells have lower DP9 protein expression (Wilson, 2011). Interestingly, mRNA and
protein levels of DP4 were only detected in SKOV3 cells (Wilson, 2011; Wilson et
al., 2013). However, to our knowledge AK2 expression in these cancer cells has not

been examined.

AK2 is a mitochondrial enzyme that maintains the fixed ratio of adenine nucleotide
levels by catalysing reversibly the exchange of phosphate bond from ATP to AMP,
which generates 2 molecules of ADP (Dzeja and Terzic, 2003; Noma, 2005). This
AK function becomes a critical sensor in all living cells that regulates small changes
in the ADP/ATP and AMP/ATP balances (Dzeja and Terzic, 2009). AK2 interacts
with other metabolic sensors such as AMPK and creatine kinase to monitor energy
consumption and energy utilization in cells (Dzeja and Terzic, 2009). Hypoxia and
glucose deprivation decrease ATP production whilst exercise or muscle contraction
increases ATP consumption. Such conditions will stimulate AMPK phosphorylation
(Hardie, 2007; Dzeja and Terzic, 2009; Carling et al., 2011; Hardie, 2011b; Hardie,
2011a; Oakhill et al., 2012). Once AMPK has been activated, catabolic pathways are
turned on to generate ATP and anabolic pathways are turned off to promote energy
efficiency, which results in inhibition of cell growth and proliferation (Hardie,
2011a). Chapter 3 and 4 demonstrate that AK2 is a potential natural substrate of DP8
and DP9 proteases and mt DP9 overexpression in SKOV3 cell increased AK enzyme
activity. Thus, we postulated that DP8 or DP9 silencing would decrease AK activity,

resulting in phosphorylation of AMPK (more activation).
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Therefore, the aim of this chapter was to examine AK2 expression in three different
ovarian cancer cell lines and the effect of DP8 or DP9 silencing on AK enzyme
activity. Because animal models lacking DP8 and DP9 genes have not been

established, DP8 and DP9 genes were silenced using SiRNA.

5.2. Material and Methods

5.2.1. Cell culture of ovarian cancer cell lines

OVCA 432 and SKOV3 cell lines were grown in RPMI supplemented with 10%
heat-inactivated FBS, 100 U/ml penicillin and 100 pg/ml streptomycin whilst OVCA
429 cell line was grown in DMEM with the same supplementation. All cancer cells

were maintained at 37°C in a humidified incubator with 5% CO, atmosphere.

5.2.2. siRNA transfection

One day before transfection, 2 x 10° cells from OVCA 432, SKOV3 and OVCA 429
cell lines were propagated into a 6 well plate with two ml of complete RPMI or
DMEM without antibiotics. Cells were cultured at 37°C for 24h in a 5% CO,
incubator in order to attach to the wvessel surface. AK2 siRNA (5'-
GCUUGAUUCUGUGAUUGAA-3", Cat#4390824-s1209), DP8 SsiRNA (5'-
CAACGAUAUUUGGAUAUCU-3", Cat#4390824-s29657), DP9 SsiRNA (5'-
CCGCCGUUUUAAAAUCCCA-3, Cat#4392420-s40557) Silencer Select and
Silencer Select negative control no 2 siRNA (Cat#4390846) were obtained from
Ambion® Life Technologies, Carlsbad, CA USA. After cells reached 50-70%
confluence, the cells were carefully washed with RPMI or DMEM without
supplementation in order to remove excess FBS. Washed cells were then

resuspended in two ml fresh RPMI or DMEM with 10% inactivated serum.
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Meanwhile, 100 pM siRNA suspensions and 15 pl Lipofectamine®RNAIMAX
reagent (Ambion) were diluted in 250 ul RPMI or DMEM without supplementation
and incubated them at RT for 5 min. Both solutions were then mixed thoroughly and
incubated at RT for 30 min. At the end of the incubation, 500 pl of sSiRNA-liposome
complexes were dropped carefully into the cells in a 6 well plate and incubated at
37° C for 24 h in a 5% CO, incubator. The following day, media were removed and
replaced with RPMI or DMEM supplemented with 10% FBS, 100 U/ml penicillin

and 100 pg/ml streptomycin and re-incubated to reach confluence for 48h.

5.2.3. Cell extraction and protein quantification

Post transfection (48h) cells were washed with PBS pH 7.4 twice and cells were then
detached using 200 pl of pre-warmed trypsin-EDTA for 5 min. In order to inactivate
trypsin, detached cells were resuspended in 1 ml of complete media and centrifuged
at 1,500 xg at RT for 5 min. After that, cells were washed again with cold PBS pH
7.4 twice and washed cells were resuspended in 200 ul of cold lysis buffer. For
breaking up cells, cell suspensions were sonicated on an ice box for 10 sec (detailed
description in Materials and Methods section 2.5.6.1). To collect cell lysates,
sonicated cells were centrifuged twice at 650 xg for 10 min at 4°C and cleared
supernatant was then kept at -80°C before use. Protein concentration of individual
samples was measured using the BCA method (see in materials and methods in
Chapter 2). Samples were diluted one in five in lysis buffer and mixed with 200 ul of

BCA reagent.
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5.2.4. Measuring adenine levels and AEC values

To do AEC assay in siRNA transfected cells in a 6 well plate, the existing method
was modified (Matsui et al., 1994). After 48h incubation, cell culture medium was
removed by pipetting and the plate was placed in an icebox. 500 pl of 0.6 M cold
perchloric acid was directly added into cells and cell were scraped off with a sterile
cell scraper. Lysed cells were transferred into 1.5 ml sterile tubes and neutralized
with 480 pl of water and 20ul of 50 mM potassium phosphate buffer pH 7.0. Cell
suspensions were then vortexed briefly and centrifuged at 10,000 xg for 10 minutes
at 4°C. Cleared supernatants were transferred into three HPLC vials and each vial
contained 300 pl cell lysate. The next step was exactly the same procedure as

described in Chapter 4.

5.2.5. DP enzyme activity assay

The DP enzyme activity of all cell lysates was measured spectrophotometrically
using H-Ala-Pro-pNA synthetic substrate. 10 pg of each protein sample was diluted
with 40 pl of lysis buffer in a 96 well plate. Diluted samples were then added with
50 pl of 1 mM H-Ala-Pro-pNA substrate in lysis buffer. The absorbance values were
directly measured using a micro plate reader with optical density 405 nm at 37°C

every five min for 60 min.

5.2.6. AK activity assay

AK activity in cell lysates was assayed by adding different concentrations of AMP as

the AK substrate as described in Chapter 4.
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5.2.7. Western Blotting

15 pg protein samples were diluted in 3x SDS-PAGE sample buffer and boiled at
100°C for 5 min in a dry block heater (detailed in Chapter 2 materials and methods).
Blotted membranes were incubated with diluted primary antibodies at 4°C o/n with
shaking. Unbound antibody was washed with washing buffer 3 times for 10 min at
RT and membranes were then incubated with anti rabbit secondary antibodies
conjugated with HRP (1: 5,000 dilution in blocking buffer for AMPK, phospho-
AMPK, AK2 and DP8 and 1: 10,000 dilution for DP9) and an anti mouse antibody
conjugated with HRP (1:20,000 dilution for R-actin) at RT for 60 min. The
ChemiDoc™ imaging system was used to develop signals from 1 sec to 900 sec. The
resulting images of protein bands were quantified using Image lab™ software
package program and presented in mean volume pixel intensity per mm? area. Bands
were normalized with background and band intensity of wt OVCA 429, OVCA 432

and SKOV3 cells between each immunoblot.

5.2.8. Statistical analysis

Each experiment was repeated three times and presented as mean £ SEM. However
AK activity data were collected from only two independent assays. Statistical
analysis was performed using the student’s t- test for comparing mean of DPP and
AK enzyme activities among SIRNA transfected OVCA 429, OVCA 432 and
SKOV3 cell lines. Because distribution of collected data was not homogenous, we
also used non parametric statistical analysis, Kruskal-Wallis and Mann-Whitney U
tests to compare mean of adenine nucleotide levels. A significant difference value

was set at p <0.05.
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5.3. Results

5.3.1. Characteristics of the three ovarian cancer lines

Before examining the effects of DP8 and DP9 silencing, the OVCA 429, OVCA 432
and SKOV3 cell lines were first characterized. Figure 5.1 demonstrates that the three
ovarian cancer cells had different characteristics. OVCA 432 and SKOV3 were
morphologically similar and formed single cell colonies with fibroblast-like cells.
While fibroblast-like cells were observed in OVCA 429 cell lines, which formed
clumped colonies. In addition, OVCA 432 and SKOV3 cells had similar AK enzyme
activity while OVCA 429 cell had a two-fold increase in AK enzyme activity (Figure
5.1B). However, a similar DP enzyme activity was observed in OVCA 429 and
OVCA 432 cells. DP enzyme activity doubled in SKOV3 cells, compared to DP
activity in other cells (Figure 5.1C). From immunoblot analysis, AK2 protein was
observed in all three cancer cells (Figure 5.1D&E). Higher AK2 protein levels were
detected in OVCA 429 cell followed by OVCA 432 and SKOV3 cells. DP8 and DP9

proteins were also detected in all
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Figure 5.1. Characteristics of the three ovarian cancer cell lines. (A)
Morphology: OVCA429 cells were grown in DMEM and OVCA 432 and SKOV3
cells were grown in RPMI. Images were taken under an inverted microscope with
x100 magnification after 48h incubation. (B) AK enzyme activity of the cell lines
against 0.7 mM AMP substrate. The AK enzymatic reaction was performed at RT
and spectrophotometrically measured at 340 nm absorbance every min for 20 min.
(C) 10 pg of extract cells were incubated with 1 mM of H-Ala-Pro-pNA substrate
and absorbance values were measured at 405 nm in length. (D) 15ug of protein
samples were analysed by Western blotting using anti AK2 and B-actin antibodies.
(E) AK2 band intensity in cancer cells was quantified with Bio-Rad Image lab™
software and normalised with band intensity of 3-actin. The DP assay was performed
three times on lysates from the three ovarian cancer cells and the AK2 assay was
performed twice. Data were presented as mean £ SEM.

cancer cell lines. DP9 protein levels were higher in OVCA 429 and SKOV3 cells
compared to DP8 protein level in the same cancer cells while DP8 and DP9 levels in

OVCA 432 cells was the opposite to those in OVCA 429 and SKOV3 cells (Figure
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5.2D). A higher DP8 protein level was observed in OVCA 432 cells than that of
OVCA 429 and SKOV3 cells, which had half the DP8 protein level (Figure 5.2D).
The highest DP9 protein level was detected in SKOV3 cells followed by OVCA 429

and OVCA 432 cells, respectively.
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Figure 5.2. Immunoblot analysis of ovarian cancer lines transfected with DP8,
DP9 and AK2 siRNAs. (A-C) Protein expression of DP8, DP9, AK2, AMPK and
pAMPK in OVCA 429, OVCA 432 and SKOV3 cells transfected with DP8, DP9
and AK2 siRNAs. 15ug protein samples were separated using 10% SDS-PAGE and
electro-transferred on to PVDF membrane. Blotted membranes were then analysed
in immunoblots using anti DP8, DP9, AK2, AMPK and phosphorylated AMPK
antibodies and anti R-actin antibody was used as a control. (D) DP8 and DP9 band
intensities in wt cancer cells were quantified using Bio-Rad Image lab™ software
and normalised with band intensity of R-actin. Images were representative of three
immunoblots.

5.3.2. Validation of DP8, DP9 and AK2 siRNAs in ovarian cancer cell lines
To verify that DP8, DP9 and AK2 siRNA silencing actually reduced DP8, DP9 and

AK?2 respectively, DP and AK enzyme activity and protein levels were evaluated in
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all ovarian cancer cell lines after transfection with 50 nM siRNAs. The same gels
were used to do immunoblot and densitometry analysis in Figure 5.2 and 5.4. In
Figure 5.2D, only the band intensity of DP8 and DP9 in wt SKOV3 cell was
analyzed and normalized with band intensity of B-actin while in Figure 5.4, the band
intensity of DP8 and DP9 in SKOV3 cells with all siRNA silencing was analyzed
and normalized with band intensity of wt SKOV3 cell. Interestingly, DP8 and DP9
siRNA silencing decreased the DP8 and DP9 activities and protein levels in all
cancer cells even though the decreased activity and protein level were variable
among the cells (Figure 5.2 — 5.4). DP8 and DP9 silencing reduced DP enzyme
activity in all cancer cells but a greater reduction was observed in cancer cells with
DP9 silencing. Similar results were also found in DP8 and DP9 protein expression.
Around 20-60% reduction of DP8 protein levels were found in all cancer cells with
DP8 silencing and the DP8 silencing also reduced 20% DP9 protein level in OVCA
429 and OVCA 432 cells (Figure 5.4). A similar reduction was also observed in
cancer cells with DP9 silencing. Similar results were also found in DP8 and DP9
protein expression. Around 20-60% reduction of DP8 protein levels were found in
all cancer cells with DP8 silencing and the DP8 silencing also reduced 20% DP9
protein level in OVCA 429 and OVCA 432 cells (Figure 5.3). The similar reduction
was also observed in cancer cells with DP9 silencing. Surprisingly, DP8 silencing in
SKOV3 cells does not affect DP9 protein levels and vice versa. Further investigation
is required in order to understand the different effects of DP8 and DP9 silencing in
the ovarian cancer cells. However, overall the data demonstrated that all three cancer
cells are suitable for examining whether DP8 and DP9 silencing influences AK2

activity and protein level or not.
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Figure 5.3. DP enzyme activity in ovarian cancer cell lines transfected with 50
nM DP8, DP9 and AK2 siRNA. 10 pg of cell lysate were added to 1 mM H-Ala-
Pro-pNA synthetic substrate. Enzymatic assay was measured in a microplate reader
at 405 nm for 60 min at 37°C. Specific enzyme activity was determined using Beer-
Lambert formula with extinction factor 9.45 M for pNA. The DP assay was
performed three times from different transfections and data were presented as mean
+ SEM with * P < 0.05.
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Figure 5.4. Relative protein expression of DP8 and DP9 in ovarian cancer lines
transfected with DP8, DP9 and AK2 siRNAs. (A-F) 15ug of protein samples were
analysed by Western blotting using anti DP8 and DP9 antibodies. Band intensity was
quantified with Bio-Rad Image lab™ software and normalised with band intensity of
wt ovarian cancer lines. Results were mean £ SEM of relative protein expression of
duplicate blotted membranes. Immunoblot images were representative images using
anti DP8 and DP9 antibodies (the experiment was performed three times). A and D
were OVCA 429 cells with DP8 and DP9 protein levels respectively. B and E were
OVCA 432 cells with DP8 and DP9 protein levels and C and F were SKOV3 cells
with DP8 and DP9 protein levels respectively.

5.3.3. Effects of DP8 and DP9 siRNA silencing on AK2, AMPK and AEC levels

AK2, AMPK and AEC levels were examined in the three ovarian cancer cells after
silencing. DP8 and DP9 siRNA silencing had different effects on AK and AMPK
activities (5.5 — 5.6). AEC levels were also different in SKOV3 cells with DP8 and
DP9 silencing (Figure 5.7). DP8 and AK2 silencing decreased AK enzyme activity in
OVCA 432 and SKOV3 cells (Figure 5.5B & C). Meanwhile, DP9 silencing had no
effect on AK enzyme activity in these cells. In contrast, in OVCA 429 cells a

different effect was observed. DP9 silencing and not AK2 nor DP8 silencing resulted
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in lower AK enzyme activity (Figure 5.5A). In contrast to AK enzyme activity, DP§
and DP9 siRNA silencing decreased AK2 protein levels in all cancer cells (Figure

5.5A-C).

To evaluate the effects of DP8 and DP9 silencing on AK2, total AMPK and
phosphorylated AMPK protein levels, Western blotting was performed. The same
immunoblots were used to analyse band intensities of AK2, total AMPK and
phosphorylated AMPK proteins using Bio-Rad software (Figure 5.2 and 5.6).
Greater reduction of AK2 protein levels was detected in OVCA 429 and SKOV3
cells with DP8 siRNA silencing than in OVCA 429 and SKOV3 cells with DP9 and
negative siRNAs silencing. In OVCA 432 cells, reduction of AK2 protein levels was
similar between DP8 and DP9 siRNA (Figure 5.6B). Total AMPK protein levels
where decreased in OVCA 429 cells by AK silencing (Figure 5.6D), and in OVC 432
cells by DP9 silencing (Figure 5.6E), but no effects on AMPK phosphorylation
where observed (Figure 5.6G and H). In contrast in SKOV3 cells both AK2 and DP9
silencing lead to an increase in total AMPK levels, but again no differences in

AMPK phosphorylation were observed (Figure 5.6F & I).
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Figure 5.5. AK specific enzyme activity in ovarian cancer cell lines transfected
with 50 nM DP8, DP9 and AK2 siRNA. 20 pg of cell lysate of OVCA 429 (A),
OVCA 432(B) and SKOV3 cells (C) was incubated with 0.7 mM AMP. The AK
enzymatic reaction was performed at RT and spectrophotometrically measured at
340 nm absorbance every min for 20 min. Each bar represented the mean of two
separate experiments.

Only SKOV3 cells transfected with DP8 and DP9 siRNAs were used to examine
adenine nucleotide levels. Silencing with AK2, DP8 and DP9 had no significant
effect on ATP or AMP levels, AEC values or ADP/ATP ratio (Figure 5.7A-E)).
However silencing with DP8 and DP9 did lower ADP levels, compared to the
control, but only DPS silencing reach significance (Figure 5.7B). Following from
this, DP8 silencing reduced the ADP/ATP ratio but this did not reach significance

(Figure 5.7E).
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Figure 5.6. Relative protein expression of AK2, total AMPK and
phosphorylated AMPK in ovarian cancer lines transfected with 50 nM DPS8,
DP9 and AK2 siRNA. A, D and G are OVCA-429, B, E and H are OVCA 432 and
C, F and I are SKOV3 cells 15ug protein samples were analysed via Western blot
using anti AK2, AMPK and pAMPK antibodies. Band intensity was quantified with
Bio-Rad Image 1ab™ software and normalised to band intensity of wt ovarian cancer
lines.
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Figure 5.7. Adenylate energy charge of SKOV3 cells 72h after transfection with
50 nM DP8, DP9 and AK2 siRNAs. 1 x 10° cells were lysed with 0.6 M cold
perchloric acid and neutralised with potassium phosphate buffer. (A-C) Adenine
nucleotide levels were determined using HPLC and (D) the adenylate energy charge
was calculated using Atkinson’s formula, AEC =
(ATP+0.5ADP)/(ATP+ADP+AMP). (E) ADP/ATP ratio was used as an indicator of
cell viability. Data were presented in means + SEM in three independent
experiments. * P < 0.05, difference with negative control.

5.4. Discussion

Although AK2 structure and function have been extensively studied, AK2 protein
expression and activity are not established yet in ovarian cancer cells. In this chapter,
it was demonstrated that OVCA 432 and SKOV3 cells expressed the same levels of
AK2 protein and similar AK enzyme activity. . However, AK enzyme activity in
OVCA 429 cells was twice that in the other ovarian cancer cells. All of the three
ovarian cancer cells were fit to be used as a cell model to investigate the effect of
DP8 and DP9 silencing on AK2, AMPK and AEC levels. Activation of AK2 seemed

to require DP8 proteolytic activity in OVCA 432 and SKOV3 cells. DP8 silencing
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decreased AK2 expression in all three ovarian cancer cells and increased AMPK
phosphorylation in OVCA 429 cells. However, down regulation AK2 protein in

SKOV3 cells did not lead to decreases in phosphorylation of AMPK.

Although the ovarian cancer cell lines used in this study are derived from the same
disease (Kim et al., 2002), they demonstrated different characteristics. OVCA 432
cells showed similar morphology to SKOV3 cells but OVCA 429 cell morphology
was different. The discrepancies in cell morphology are more likely related to
repeated in vitro culture. These cells were originally obtained from the Peter
Macullum Cancer Research Institute in Melbourne and may no longer have the same
phenotype as the original cells. From a previous study performed by Wilson (2013),
mMRNA and protein expression of DP8 in SKOV3 cells were higher than mRNA and
protein expression of DP8 in OVCA 429 and OVCA 429 cells and a similar pattern
of expression was also seen in mMRNA and protein expression of DP9 in these cancer
cells. However, DP9 expression was lower than DP8 expression in all cancer cells. It
is not surprising that SKOV3 cells have higher DP enzyme activity because the
SKOV3 cell lysates used to measure the DP enzyme activity, also express DP4 on
their cell membrane (Abbott et al., 2000; Wilson et al., 2013). Wilson (2011) has
demonstrated that neither OVCA 429 nor OVCA 432 cells express DP4 mRNA or
DP4 protein.. Thus, DP enzyme activity in these cancer cells would be more similar
if the cytoplasmic fraction was used. Therefore, it is hard to evaluate alteration of the
DP enzyme activity in OVCA 429 cells after transfection with DP8 and DP9

SsiRNAs.
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Silencing DP8 and DP9 expression modulates AK2 protein expression and AK
enzyme activity in the three cancer cells. However, down regulation of AK2 protein
is not followed by reduction of AK enzyme activity in OVCA 429 cells with DP8
silencing and in OVCA 432 and SKOV3 cells with DP9 silencing. The reduction of
AK2 protein expression might be compensated by increasing cytoplasmic AK1
protein expression because these AK proteins have the same role in catalyzing 2ADP
into ATP and AMP, just different cellular location (Dzeja and Terzic, 2009).
Therefore, AK enzyme activity in this study should be taken from the mitochondrial
fraction of these cells in order to provide more accurate AK2 enzyme activity.
However it is difficult to prepare such fractions when the silencing experiments are
conducted in small scale. Because OVCA 432 and SKOV3 cells have the same
morphology, reduction of AK activity and protein level are comparable in these cells
with DP8 silencing whilst DP8 silencing did not affect AK activity and protein level
in OVCA 429 cells, which has a slightly different morphology. In addition these
cells were cultured in different media and it is possible that if OVCA 429 cells were
adapted to the RPMI media that silencing effects might be more similar. Thus, DP8
may be required for AK2 activation but the mechanism underlying AK2 activation

by DP8 needs further investigation.

Based on the quantitation of the immunoblots, down regulation of AK2 protein
expression in three cancer cells does not affect total AMPK expression level or
phosphorylation of AMPK. However a visual inspection of the blot in Figure 5.4
shows that in this experiment pAMPK signal was increased by DP8 SiRNA
silencing. To give additional evidence, adenine nucleotide levels were measured in

SKOV3 cells with DP8, DP9 and AK2 silencing. DP8 silencing led to a significant
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decrease in ADP thus suggesting less AK2 activation and more phosphorylation of
AMPK as observed. As described in several studies, AMPK expression is stimulated
by increasing cellular levels of AMP and ADP or decreasing ATP level through
interacting with y subunit of AMPK, which results in more sensitivity to
phosphorylation by the tumor suppressor protein LKB1 and Ca*" -activated,
calmodulin-dependent kinase kinases (Hardie, 2007; Carling et al., 2011; Hardie,
2011b; Oakhill et al., 2011; Oakhill et al., 2012). Our findings confirmed that DP8
silencing activates AMPK in order to keep energy balance, which inhibits ATP
consumption and accelerate ATP production (Hardie, 2007; Hardie, 2011b). The
changed energy balance will then suppress cell growth and proliferation in order to
increase survival (Hardie, 2011a). As a result, ATP level increases and ADP and

AMP levels decrease as observed in SKOV3 cells with DP8 silencing.

In summary, AK2 expression was investigated in three different ovarian cancer cell
lines. Additionally, the effects of DP8 and DP9 silencing on AK enzyme activity and
expression in the three ovarian cancer cells were also investigated. All cancer cells
express AK2 protein and two fold AK2 protein expression was found in OVCA 429
cells, which correlates with its increased AK enzyme activity. DP8 silencing down
regulates AK2 expression and AK enzyme activity in SKOV3 cells. Reduced AK2
activation stimulates phosphorylation of AMPK to maintain cellular energy
homeostasis in these cells. Therefore, DP8 plays a central role in activation of AK2
and the enzyme activity of DP8 may contribute to the pathogenesis of ovarian

cancer.
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6. GENERAL DISCUSSION AND CONCLUSION

Determining the full substrate repertoire for DP8 and DP9 is essential for
determining their physiological and pathological roles. At the beginning of this work
although many potential substrates for DP8 and DP9 had been identified only AK2
and calreticulin had been validated (Wilson, 2011). Many of the candidate substrates
identified for DP8 and DP9 play crucial roles in metabolism and maintaining cellular
homeostasis. AK2 which has been validated as a DP substrate plays a key role in
energy metabolism and energy transfer. In this thesis, the substrates AK2 and
calreticulin were shown to be in close proximity to DP8 and DP9 proteases, and a
further seven substrates that play roles in regulating metabolism where confirmed. In
addition by studying the effects of over expression and silencing of these proteases,
further functional evidence has been provided to support the role of these proteases
in regulating cell growth, adenine nucleotide levels, and AK2 activity. In particular
overexpression of wt and mt DP9 decreased AK enzyme activity, ATP levels and
adenylate energy charge while ADP, AMP, ADP/ATP ratio and AMP/ATP ratio
were increased. DP8 and AK2 silencing in SKOV3 cells decreased AK enzyme
activity and phosphorylation of AMPK and suggests in vivo that AK2 is a substrate
for DP8 and not DP9. However these results need further validation. In addition
preliminary evidence was found suggesting that a shorter form of both DP8 and DP9

which may or may not be active is present in the mitochondria of cells.

6.1. Potential natural substrates for DP8 and DP9

In this study, DP8 and DP9 proteases were able to modify the N terminus of seven
oligopeptides (Chapter 3). Six of these seven potential substrates were localized in

the cytoplasm together with DP8 and DP9, suggesting that DP8 and DP9 would
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come into close contact with these substrates in vivo. In physiological conditions,
three potential substrates (bifunctional purine biosynthesis, C-1-tetrahydrofolate
synthase and dihydropyrimidine dehydrogenase) have important roles in base and
amino acid metabolism. Thus DP8 and DP9 may play important roles in the
maintenance of cellular energy metabolism in vivo. From the available data, the full
length of seven potential substrates except cathepsin Z/X still have a Met residue in
the N terminus. To examine DP8 and DP9 proteolytic activity to these substrates, it
should be done using the full aa sequences. Unfortunately, there is no available
cleavage assay that will do this. Most recombinant protein that is available either
contains a His tag at the N- terminus or the incorrect pre-processing, for it to be
recognised as substrate for DP8 or DP9. More importantly in the literature, pre
molecular biology, when some of these enzymes were isolated and purified from
heart and liver tissues and sequenced using Edman sequencing, they have been found
to exist mostly in the form that is missing the two aa residues that DP8 and DP9
cleave (Frank et al., 1986; Hum et al., 1988; Schlauderer and Schulz, 1996; Schmidt
et al., 2000). DP8 and DP9 are one of very few cytoplasmic enzymes that have the
unique prolyl bond. Thus this is strong in vivo evidence that DP8 and/or DP9 cleave

these substrates.

Although DP8 and DP9 modified slowly (still not 100% after 24h) the seven
potential substrates in vitro, the proteolytic activity of DP8 and DP9 in vivo may be
faster. Studies in healthy and diabetic people, for instance, confirmed that GLP-1
inactivation in vivo required a shorter time than that observed in vitro (Deacon et al.,
1995; Kieffer et al., 1995; Deacon et al., 2000). An in vitro study reported that

recombinant human DP4 inactivated -GLP-1 with half-life from 0.2 to 1.2h whereas
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elimination of GLP-1 required just two min after intravenous administration of GLP-
1 in healthy and diabetic subjects (Vilsboll et al., 2003; Bjelke et al., 2006).
Therefore, those studies clearly indicate that natural microenvironments greatly
influence proteolysis. Another possibility is that while substrates are bound in the
active pocket of DP8 or DP9 that this has effects on the substrate activity, and this is
a more important part of the regulatory process than cleavage. Thus it is an
advantage for cleavage to be very slow, as once cleaved the substrate would no

longer bind to the protease.

Further work over many years will be needed in order to further establish whether
the seven other substrates identified in this work and calreticulin are actually true
DP8 and DP9 substrates in vivo using many different cell-based assays as was
performed for AK2 in this thesis. Each substrate plays differing roles in regulating
cellular metabolism, different assays will need to be developed in order to assess the
role that DP8 and DP9 cleavage plays in the function of each substrate. To date mice
deficient in either DP8 or DP9 have not been made, these mice will be invaluable
tools to help validate what effects that lack of protease cleavage will have on the
functions of each of these substrates. Until these tools are available, this work needs

to be continued using cell models where DP8/DP9 is overexpressed or silenced.

In general, the majority of mitochondrial proteins are synthesised by the ribosomes
in the cytoplasm as precursor proteins and transported into the mitochondria using
protein transporter networks such TOM and TIM (Endo and Kohda, 2002; Schmidt
et al., 2010). Most mitochondrial proteins have amino signal sequences that are

cleaved by membrane-bound proteases and bind to TOM and TIM protein
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complexes during importing process into the inner membrane and matrix of the
mitochondria (Endo and Kohda, 2002; Schmidt et al., 2010). For nuclear-encoded
mitochondrial proteins translocated into the intermembrane space of mitochondria,
these proteins do not have external targeting signal and are directly imported by the
TOM complex (Schmidt et al., 2010). For example, yeast Mic14, Mic 17 and Mdm
35 proteins and human Cox 17 and ATP/ADP translocator proteins possess internal
targeting sequences in their mature proteins (Cys motif) (Gabriel et al., 2007; Sideris
et al., 2009; Schmidt et al., 2010). These proteins interact with the mitochondrial
intermembrane space assembly protein complex to become mature proteins with

disulphide bonds (Schmidt et al., 2010).

Unfortunately, translocation of AK2 protein into the intermembrane space of
mitochondria does not follow the above pathway. Some studies have demonstrated
that translated AK2 proteins are directly imported into the intermembrane space of
mitochondria via interactions with the cognate receptor in the outer membrane of the
mitochondria (Nobumoto et al., 1998; Angermayr et al., 2001; Schricker et al.,
2002; Strobel et al., 2002). This AK2 import mechanism is based on observations in
wt and mt yeast adenylate kinase. The majority of mature AK2 protein is localised in
the cytoplasm and around 6-8% mature AK2 proteins are translocated into
intermembrane space of the mitochondria (Angermayr et al., 2001; Schricker et al.,
2002; Strobel et al., 2002). However, in higher vertebrates the proportion of AK2
localization in the cytoplasm shifts to 30-70% (Watanabe and Kubo, 1982;
Nobumoto et al., 1998). Our findings are in agreement to Nubumoto et al., where
AK enzyme activity in the cytoplasmic fraction was approximately two fold higher

than AK enzyme activity in the mitochondria fraction. Because translated AK2
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protein is susceptible to protein degradation, it is not surprising that only small
amounts of AK2 protein reach the intermembrane space of the mitochondria

(Angermayr et al., 2001; Strobel et al., 2002).

6.2. AK2 processing by DP8

In Chapter 5, DP8 silencing in OVCA 432 and SKOV3 cells resulted in reduction of
AK2 protein together with a decrease in AK enzyme activity. From these findings, it
suggests that DP8 cleaves AK2 protein in order to make it more active in these
cancer cells. However, further evidence is required to support this. To confirm the
reduction of AK2 protein expression, semi quantitative RT-PCR to measure mRNA
level of AK2 in the cancer cells should be performed. AK2 kinetic profiles in
cytoplasmic and mitochondria fractions of ovarian cancers with DP8 silencing will
also provide data on the activated AK2, which may have higher binding affinity and
maximum reaction rate for AMP. Purification and amino acid sequencing of cleaved
and uncleaved AK2 protein from cell extracts would also provide further evidence
for the role of DP8 in processing AK2 in vivo. Schlauderer and Schulz (1996) have
demonstrated that cleaved AK2 was more active than uncleaved AK2 in bovine
liver. In the natural microenvironment there is evidence that the Met-Ala-Pro
residues at the N-terminus of AK2 are removed and data obtained in this thesis

implies that DP8 is involved in this AK2 processing.

6.3. DP8 protein is a potential target for inhibition of ovarian cancer

cells

In this study, wt DP8 overexpression in SKOV3 cells caused a morphological

change in the cells from a fibroblast-like appearance to a polyhedral shape.
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Furthermore, AK enzyme activity also was reduced by the overexpression of wt
DP8. However, mitochondria AK enzyme activity was negatively correlated to
adenine nucleotide and AEC values (Chapter 4). Overall these data suggest that wt
DP8 overexpression inhibits AK enzyme activity. Several studies have demonstrated
that mitochondria dysfunction has an essential role in activating apoptosis (Richter et
al., 1996; de Graaf et al., 2002; Comelli et al., 2003; Wang and Youle, 2009; Otera
and Mihara, 2012). Depending on stimuli, the apoptotic process can be initiated
through intrinsic (mitochondrial) and extrinsic pathways (Wang and Youle, 2009). In
response to stress stimuli, cytochrome c is released from the mitochondria into the
cytoplasm to form the apoptosome by associating with Apaf-1 and pro-caspase-9,
which leads to caspase-3 activation (Li et al., 1997; Zou et al., 1997). However,
inhibition of ATP production and ATP/ADP exchange transport is detected earlier in
the apoptotic process than releasing cytochrome ¢ and opening of permeability
transition pore (Richter et al., 1996; Vander Heiden et al., 1999; Bradbury et al.,
2000). Impairment of mitochondrial energy metabolism has been used as an
apoptotic marker in B cell and leukaemia cell lines treated with various stimuli
(Vander Heiden et al., 1999; Bradbury et al., 2000; de Graaf et al., 2002; Comelli et
al., 2003). Therefore, further studies are required in order to see whether wt DP8
overexpression induces apoptosis or not. Because DP8 silencing leads to a decrease
in AK2 expression and AK enzyme activity, imbalance of adenylate nucleotide
levels will activate phosphorylation of AMPK. Catabolic pathways should then be
switched on to increase ATP production via increasing glucose uptake and fatty acid
metabolism (Carling et al., 2011; Hardie, 2011a; Oakhill et al., 2011; Oakhill et al.,
2012). On the other hand, anabolic pathways are switched off to reduce ATP

consumption, resulting in inhibition of cell growth and proliferation (Hardie, 2007;
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Hardie, 2011b; Hardie, 2011a). In the silencing study glucose uptake, aerobic
glycolysis and fatty acid oxidation have not yet been examined, but this work should

be done in future.

A possible mechanism for targeted inhibition of DP8 in ovarian cancer cell is related
to DP8 proteolytic activity on AK2 (Figure 6.1). DP8 silencing will reduce
activation of AK2 protein, which results in changing cellular adenine nucleotide
levels. We assume that a reduction of ATP levels and increase of ADP and AMP
levels will stimulate AMPK expression, followed by inhibition of mTOR protein.
This protein has an important role in PIK3/Akt cell signalling and is a direct
downstream target of AMPK (Guertin and Sabatini, 2007; Luo et al., 2010).
Therefore, mTOR inactivation will leads to inhibition of cell growth (Luo et al.,
2010). Overall, DP8 silencing may inhibit mTOR expression, leading to inhibition of
cell growth and promotion of autophagy (Luo et al., 2010; Mihaylova and Shaw,

2011). However, further investigation is required to support this hypothesis.

If DP8 silencing leads to inhibition of ovarian cancer cell growth we would expect
overexpression of DP8 to increase the activity of AK2 decrease the ratio of
AMP/ATP and lead to a reduction in AMPK activation and increased proliferation of
SKOV3 cells. Both wt and mt DP8 overexpressing cells had increased cell viability
and decreased AMP and ATP levels compared to vector transfected cells. Therefore,
this change of nucleotide levels should inhibit AMPK activation, leading to cell
growth and proliferation that are mediated by the mTOR signaling cascade.
However, as similar results were observed for mt and wt DP9 the molecular action of

DP8 in increasing cancer progression may not be associated with its enzyme activity.
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A lot of extra studies are required to tease out the enzyme dependent and enzyme

independent roles of DP8 in cell growth and the AMPK/mTOR pathway.

6.4. DP9 promotes cancer progression

Preliminary evidence that mt DP9 overexpression in SKOV3 cells increased
glycolysis and fatty acid oxidation was obtained (Figure 8.8 in Appendix). Thus, our
data suggest that mt DP9 overexpression resembles cancer progression, which uses
aerobic glycolysis to fulfil the higher energy demand (the Warburg effect) (Vander
Heiden et al., 2009). SKOV3 cells overexpressing mt DP9 had increased
proliferation rates and AK enzyme activity. Greater reduction of ATP levels and
AEC values was also observed. As a consequence, ADP and AMP would
accumulate in the cytoplasm (Figure 4.1 in Chapter 4). Faubert and colleagues
(2013) demonstrated that a AMPK mutation promotes tumorigenesis in Ep-Myc
transgenic mice. Loss of AMPK activity also increased glucose consumption and
fatty acid oxidation either in the transgenic mice, lung cancer or colon cancer cells
with AMPK silencing (Faubert et al., 2013). This study suggests that highly
proliferating cells like cancer shift the energy supply from oxidative phosphorylation
to aerobic glycolysis, which is in accordance to the Warburg effect (Vander Heiden
et al., 2009). Figure 4.5 and Table 4.1, clearly show that mt DP9 overexpression in
SKOV3 cells up regulates AK activity, which may cause inhibition of AMPK
activity. However, some additional work needs to be performed to measure the total

and phosphorylated AMPK in these overexpressing cells.
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Figure 6.1. A model for the regulation of AK2 activity by DP8. Modified from
(Luo et al., 2010; Hardie, 2011a).

mt DP9 overexpression may also abrogate AMPK activity through a mechanism
independent of its proteolytic activity. With the advent of molecular and proteomics

technologies, our concept of carcinogenesis has changed (Hanahan and Weinberg,
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2011). A decade ago, cancer formation was characterised by six hallmarks:
immortalised cell growth, increase in angiogenesis, decrease in programmed cell
death, inhibition of tumour suppressors, activation of invasion and metastasis and
auto activation of cell signalling (Hanahan and Weinberg, 2000). However, applying
these concepts to investigate a new potential target for diagnostic and therapeutic
biomarkers is very often not successful. The majority of ovarian cancer cells have
mutations in the TRP53 gene and some efforts have been performed to increase this
suppressor protein (Buller et al., 2002; Vasey et al., 2002; Ahmed et al., 2010;
Cancer Genome Atlas Research, 2011). Nevertheless, administration of wt TRP 53
failed to inhibit proliferation of ovarian cancer cells during a preclinical trial (Zeimet
and Marth, 2003). Around 50% cases of ovarian cancers have mutations in either
PI3K or RAS cell signalling (Cancer Genome Atlas Research, 2011). Hyperactivity
in these cell signalling pathways leads to constitutive cell proliferation and mutations
in upstream pathways (growth factor receptors) such as EGFR or downstream
pathways for PI3K or RAS proteins have similarity effects in cell proliferation
responses (Hernandez-Aya and Gonzalez-Angulo, 2011; Janku et al., 2011). Some
research centres have tried to develop potential inhibitors that down-regulate the
PI3K or RAS cell signalling but the clinical trials are still in progress (Baines et al.,
2011; Kalachand et al., 2011). Therefore, mt DP9 overexpression may activate Akt
B protein that is involved in PI3K or RAS cell signalling, resulting in inhibition of
AMPK activity and activation of mTOR expression (Luo et al., 2010). In contrast,
Yao et al. (2011) reported that wt DP9 overexpression in liver cancer cell lines
induced apoptosis by inhibiting Akt B protein. Therefore, to confirm the effect of mt
DP9 overexpression in cancer progression, migration and invasion assays and

injection of these cancer cell lines into nude mice needs to be performed as Kajiyama
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et al. (2002). Kajiyama et al. were able to show that DP4 overexpression has a
tumour suppressor effect using animal models (2002). Thus, DP9 overexpression

may play a differing tissue specific role to that observed for DP4.

There are four additional factors that are identified to date to be involved in cancer
cell progression that are probably also found in ovarian cancer cells. These factors
are genome instability and mutation, tumour-promoting inflammation, escape of
immune destruction and reprogramming energy metabolism (Hanahan and
Weinberg, 2011; Hanahan and Coussens, 2012). From our collected data, mt DP9
overexpression in SKOV3 cells shifted energy metabolism in the cells toward
aerobic glycolysis and fatty acid oxidation. To support this finding, the activity of
glucose transporter 4 (GLUT4) in this cell needs to be measured because
intracellular glucose uptake requires GLUT4 (Calvo et al., 2010; Nagendran et al.,
2013). Thus, DP9 might contribute to cancer cell progression and may be a potential

drug target for ovarian cancer therapy.

6.5. Limitation of this study

Although our developed assays have some benefits, some disadvantages were also
identified. The expression of DP8 and DP9 proteins are different between various
cancer cell lines. It has been demonstrated that human leukaemia, ovarian cancer,
colon cancer and breast cancer cell lines differently express DP8 and DP9 proteins.
(Sulda, 2009; Wilson, 2011). The ovarian cancer cells used in this study have
different expression of DP8, DP9 and AK2 expression. These cancer cell lines are
immortalised and as such some important genes may no longer be expressed in these

cells. Therefore, the cells may no longer behave like they would in the natural
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environment and mutated genes might influence the experimental outcome (Zang et
al., 2012). Since the SKOV3 cells were stably transfected, prolonged DP8 and DP9
exposure might change the SKOV3 phenotype so that it is different from the original
cancer cell line. So, the result of this study may not represent normal ovarian tumor
cells but at least, this result provides valuable data for further studies. Transient
transfection of DP8 and DP9 into low passage SKOV3 cells may minimize these

unexpected effects.

The variability between immunoblots throughout this study was high, in future
experiments all aspects that influence Western blotting experiment need to be more
tightly controlled. Antibodies that can recognise aa sequences not only in the N
terminus of DPs need to utilised. From recent flow cytometry analysis, SKOV3 cells
stably overexpressing wt DP8 had lost some EGFP expression toward the end of this
project. When glucose was used as energy sources, CO2 production in wt DP8
overexpressing SKOV3 cells was also lower than that in wt DP9 overexpressing
SKOV3 cells (Figure 8.8 in Appendices). These cell lines need to be recloned in
order to get reliable and reproducible data. The plausible mechanism for EGFP loss
may be due to toxicity of DP8 to the cell host and inappropriate insertion of gene of
interest in host genome (Taghizadeh and Sherley, 2008). As explained previously
overexpression of DP8 may also lead to inhibition of cell proliferation, so there

might be adaptive pressure on the transfected cells to discard the DP8 gene.

The AK2 enzyme activity results are not consistent in the SKOV3 cells between
overexpression and silencing, alternative techniques need to be considered. During

the study, the Km value of human AK2 proteins in cancer cell lines was measured
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using four different concentrations of AMP, higher than the AMP concentration used
in an existing method in a parasite Leishmania donovani (Bergmeyer, 1974; Villa et
al., 2003). The AK assays in this thesis were performed in a 96 microplate reader
instead of in a 1ml cuvette. Our AK enzyme activity data was compared to that from
parasite recombinant AK2 (Villa et al., 2003). The AMP concentrations used in this
thesis were higher than the Km value of parasite AK2 (Dzeja and Terzic, 2009).
Therefore, in future AMP concentrations less than 0.07 mM should be used in order
to gain better AK2 kinetic results. In the next study, different concentrations of ATP
substrate should also be used to confirm that AK enzyme activity is specific to AK2,

not overlapping with other AK family members such as AK1.

For improving the indirect measurement of AK enzyme activity, a more sensitive
method is required to measure adenine nucleotide levels in subcellular
compartments. For higher cell numbers, our modified HPLC method worked well
but for smaller cell numbers, AMP concentrations were very low even undetectable
in some cases. ATP and ADP concentrations in these samples also had high
variability. So, it is essential to use a more sensitive and reliable assays to measure
adenine nucleotide levels in SKOV3 cells. For example, bioluminescence detection
may be used to measure ATP levels in cell culture (Taylor et al., 1998). This
technique is based on releasing ATP concentration from cell culture and then
incubating with D-luciferin-H2 and O, in the presence of the luciferase enzyme. This
reaction will produce oxy-luciferin, AMP, CO,, Ppi-Mg** and light. The light
intensity released is correlated with the released ATP level from the cells (Taylor et

al., 1998). This basic technique is currently used to evaluate ATP levels and
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ADP/ATP ratio in culture cells with many different drug treatments (Schafer et al.,

2009; Chandak et al., 2010).

Regarding AMPK signalling, changes in total and phosphorylated AMPK expression
were not consistently observed in response to reduced activity of AK2 in SKOV3
cells with DP8 siRNA silencing. It is very hard to interpret the data if just using
results of immunoblot analysis. Verification of these results via silencing with a
different siRNA for each gene and using more than one siRNAs for each gene at any
one time may overcome the variability but these experiment will require much more
time and funding. However when higher concentrations of siRNAs (100uM) were
used in these experiments, silencing even using the negative control siRNA seemed
to have impact on AK activity, suggesting cells were undergoing some stress that
also affected adenine concentrations just from transfection independent of silencing
the DP8, DP9 or AK2 genes. Some studies have demonstrated that phosphorylation
of AMPK can be assessed by using a combination of Western blotting and AMPK
enzyme activity. These assays might provide more accurate data (Zou et al., 2004;
Oakhill et al., 2011; Wu et al., 2012). However, they measured AMPK enzyme
activity using a radioisotope method and it is not suitable to be performed in
laboratory centres without radioisotope facilities. Recently, one study has developed
a simple technique that uses a fluorescently labelled peptide (Reichling et al., 2008)
but this technique also require radiation to excite the europium chelate dye to induce
665 nm emission. Some studies have reported that AMP, LKBI (calcium-calmodulin
dependent protein kinase kinase ) and Ca directly modulate the AMPK expression
(Hardie, 2007; Oakhill et al., 2010; Oakhill et al., 2011) and metformin, an anti-

diabetic drug, up regulates AMPK expression by inhibition of AMP deaminase,
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which degrades AMP to become IMP (Ouyang et al., 2011). To provide strong
evidence whether AK2 regulates AMPK or not, more sensitive and reliable cell-
based assays that cover measurement of AK2 and AMPK activities atthe same time

are required.
6.6. Conclusions and future directions

This study demonstrated that AK2 and calreticulin co-localized with DP8 and DP9
in the cytoplasm, which confirmed the in vitro cleavage study. Seven potential
substrates of DP8 and DP9 were biochemically validated and most of these
substrates are involved in regulating cellular metabolism and energy homeostasis.
DP9 overexpression in SKOV3 cells may promote cancer progression through
enzymatic and non-enzymatic activities. Meanwhile, DP8 silencing in ovarian cancer

cells down regulates AK2 protein expression and AK enzyme activity.

In future, further research is required for unravelling the mechanism of cancer
progression in DP9 overexpression. DP8 silencing may become a biological model
to investigate the role of these proteins in cellular energy metabolism in normal and
pathological conditions. DP8 protein may also become a molecular target for drug

development in ovarian cancer.
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Figure 8.1. DP8, DP9 and DP4 cleavage activity towards the N terminus acetyl-
CoA acetyltransferase. There was no cleaved peptide product after 24h incubation
with DP8, DP9. Uncleaved peptide has molecular mass 1727.09 Da. After 3 h DP4
cleaved this peptide (1315 Da). Data represents three independent experiments.
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Figure 8.2. DP8, DP9 and DP4 cleavage activity towards the N terminus of AK2.
A cleaved peptide product (around 1515 Da) was indicated by red arrows and
uncleaved peptide has molecular mass 1681.89 Da. The first cleaved peptide was
observed after 3h incubation with DP8 and Oh incubation with DP9. 30% of this
peptide was cleaved by DP8 and this peptide was completely cleaved DP9 after 24h
incubation. By contrast, the peptide was directly cleaved by DP4 after Oh incubation
and this peptide was completely cleaved after 24h incubation. Data represents three

independent experiments.
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Figure 8.4. DP8, DP9 and DP4 cleavage activity towards the N terminus of
collagen-binding protein 2 (Serpin H-1). There was no cleaved peptide after 24h
incubation with DP8, DP9 and DP4. Uncleaved peptide has molecular mass 1907.21
Da. Data represented three independent experiments.
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Figure 8.5. DP8, DP9 and DP4 cleavage activity towards the N terminus of
endoplasmin. There was no cleaved peptide after 24h incubation with DP8, DP9
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independent experiments.
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Figure 8.9. Protein expression of AK2 in cell fractions from SKOV3 cells with
wt and mt DP8/DP9 overexpression. 25 pg of total proteins of cell lysate, cell
membrane, cytoplasm and purified mitochondria were separated using 10% SDS-
PAGE and electro-transferred on to PVDF membrane. Blotted membranes then
analysed in immunoblots using anti AK2 antibody. The band intensity was
quantified using Bio-Rad Image lab™ software.
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Background: Biological roles for intracellular dipeptidyl peptidases 8 and 9 are unknown.
Results: By degradomics, 29 new in vivo substrates were identified (nine validated) for DP8/DP9, including adenylate kinase 2

and calreticulin.

Conclusion: These substrates indicate roles for DP8 and DP9 in metabolism and energy homeostasis.
Significance: Being the first proteomics screen for DP8/DP9 substrates, unexpected new cellular roles were revealed.

Dipeptidyl peptidases (DP) 8 and 9 are homologous, cytoplas-
mic N-terminal post-proline-cleaving enzymes that are anti-tar-
gets for the development of DP4 (DPPIV/CD26) inhibitors for
treating type Il diabetes. To date, DP8 and DP9 have been impli-
cated in immune responses and cancer biology, but their patho-
physiological functions and substrate repertoire remain
unknown. This study utilizes terminal amine isotopic labeling of
substrates (TAILS), an N-terminal positional proteomic
approach, for the discovery of in vivo DP8 and DP9 substrates. In
vivo roles for DP8 and DP9 in cellular metabolism and homeo-
stasis were revealed via the identification of more than 29 can-
didate natural substrates and pathways affected by DP8/DP9
overexpression. Cleavage of 14 substrates was investigated in
vitro; 9/14 substrates for both DP8 and DP9 were confirmed by
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MALDI-TOF MS, including two of high confidence, calreticulin
and adenylate kinase 2. Adenylate kinase 2 plays key roles in
cellular energy and nucleotide homeostasis. These results dem-
onstrate remarkable in vivo substrate overlap between DP8/
DP9, suggesting compensatory roles for these enzymes. This
work provides the first global investigation into DP8 and DP9
substrates, providing a number of leads for future investigations
into the biological roles and significance of DP8 and DP9 in
human health and disease.

Dipeptidyl peptidase 8 (DP8/DPP8/dipeptidyl peptidase IV-
related protein 1 (DPRP-1)) and DP9 (DPP9/DPRP-2) are
highly conserved and ubiquitously expressed intracellular exo-
peptidases of the serine protease SC clan S9b subfamily (which
includes (DPP4/DPIV/DPPIV/CD26 EC 3.4.14.5)) that share
61% identity at the amino acid level in humans (1-4). Studies
utilizing nonselective DP” inhibitors (5) and more selective
DP8/DP9 inhibitors (6 — 8) have suggested an important immu-
nological role for DP8/DP9. DP8/DP9 have also been impli-
cated in the allergic response of the lung (9) and inflammatory
bowel disorders (10). In vitro studies have demonstrated non-
enzymatic roles for DP8 and DP9 in cell migration, prolifera-
tion, and apoptosis (11). In cancer, increased DP8 mRNA has
been found in chronic lymphocytic leukemia (12) and DP9
mRNA in testicular cancer (3), and increased levels of DP8/DP9
mRNA, protein, and enzymatic activity have been observed in
human meningiomas (13). Ubiquitous but differential expres-
sion of DP8/DP9 has been observed in breast and ovarian
carcinoma cell lines (14), and a study has identified DP8/DP9
as survival factors for the Ewing sarcoma family of tumors
(15). Despite these findings, the mechanism(s) of DP8/DP9

”The abbreviations used are: DP, dipeptidyl peptidase; EGFP, enhanced
green fluorescent protein; IPl, International Protein Index; TAILS, terminal
amine isotopic labeling of substrates.
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function in these events has yet to be identified, and their
exact biological roles remain unknown. Uncovering protease
substrates greatly assists in revealing the functions of pro-
teases in vivo and their significance in pathophysiological
processes (16, 17).

In vitro, both DP8 and DP9 cleave the well known DP4 sub-
strates neuropeptide Y(1-36), glucagon-like peptide-1(7-36),
glucagon-like peptide-2(1-33), and peptide YY(1-36) (18, 19).
In vitro, DP8 cleavage of chemokine stromally derived factor 1
(CXCL12)-a/B, interferon-y-inducible protein, and interfer-
on-inducible T cell a-chemoattractant, also known DP4 sub-
strates, has been demonstrated (20). However, as DP8 and DP9
are intracellular enzymes, it is unlikely that these secreted sub-
strates will be of physiological relevance in vivo. Clues for their
in vivo roles come from studies blocking DP8/DP9 or DPIV
expression, which leads to neuropeptide Y-driven cell death
within the Ewing sarcoma family of tumors cells (15). To date,
the first and only in vivo substrate identified for DP9 is the
antigenic peptide renal ubiquitous-1(34—42) with DP9 prote-
olysis preventing major histocompatibility complex class I cell
surface antigen presentation (21). Besides these initial studies,
no comprehensive effort has been made to identify the in vivo
substrates of DP8 and DP9 on a system-wide scale.

This study used a positional N-terminal proteomics approach,
terminal amine isotopic labeling of substrates (TAILS), to iden-
tify the substrate degradome of DP8 and DP9. TAILS is focused
around the isolation of protein and peptide N termini for pro-
teomic identification of neo-N termini resulting from proteo-
lytic events (22). This method was recently used to detect cleav-
age events iz vivo in inflamed mouse skin (23). Stable human
ovarian cancer (SKOV3) cell lines expressing enzyme-active
and catalytically inactive forms of DP8 and DP9 were gener-
ated, and their cytoplasmic proteomes were isolated and ana-
lyzed by TAILS. A number of candidate substrates were identi-
fied and confirmed, including two of biological interest,
calreticulin and adenylate kinase 2. This work reveals the
involvement of DP8 and DP9 in cellular energy homeostasis
pathways in this ovarian cancer cell line.

EXPERIMENTAL PROCEDURES

All chemicals were purchased from Sigma unless stated
otherwise.

Stable Cell Culture and Flow Cytometry—SKOV3 cells were
maintained (14) with G418 addition (500 wg/ml) to stable
transfectants. FUGENE® 6 (Roche Diagnostics) was used to stably
transfect cells with constructs of pEGFPN1 (Clontech) alone or
with wild-type human DP8 g, ..y and DP9 465 1o short form) (Where
aa is amino acid) or catalytically inactive mutants DP8(S739A)
and DP9(S§729A) (11). Clonal cell lines were generated by single
cell sorting of transfected parental cells using a FACSAria
(Pharmingen) with initial supplementation of growth medium
with 0.5X hybridoma fusion cloning supplement (Roche Diag-
nostics) and gentamicin (16 mg/ml). Stable EGFP-expressing
transfectants were monitored using a FACScan (Pharmingen).

Isolation of Cytoplasmic Proteomes—Cells were grown to
confluence in three T175 flasks, washed with PBS (three times,
10 ml) to remove serum proteins, and then incubated for 3 h in
15 ml of phenol red-free, serum-free DMEM (Invitrogen). Cells

MAY 17,2013 +VOLUME 288+-NUMBER 20
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were washed with ice-cold PBS, detached with 0.2% (w/v)
EDTA/PBS, and then resuspended in ice-cold PBS. Cells (0.5—
2 X 107) pooled from three flasks were pelleted by centrifuga-
tion (1500 X g, 5 min), resuspended in homogenization buffer
(50 mM HEPES, pH 7.2, 200 mMm NaCl, 10 mm CaCl,) containing
protease inhibitors (0.2 mm PMSF, 10 um E64, 1 um pepstatin
A, and 1 mm EDTA), and then gently lysed by nitrogen cavita-
tion (800 p.s.i., 30 min on ice) using a Parr Cell Disruptor (Parr
Instrument Co.). Lysates were clarified by centrifugation
(1500 X g, 10 min, and 4 °C), and then supernatants were sub-
jected to ultracentrifugation (type 70.1 Tirotor, 100,000 X g, 60
min at 4 °C; Beckman Coulter Ultracentrifuge; Palo Alto, CA)
for separation of membrane and cytosolic fractions. Cytosolic
fractions were further clarified by additional ultracentrifuga-
tion (100,000 X g, 30 min, 4 °C). Protein concentrations were
determined by micro-Bradford assay (Bio-Rad). Aliquots were
made and stored at —70 °C until TAILS proteome analysis.

TAILS—TAILS was performed using dimethylation labeling
of primary amines of protein N termini and e-amino acids of
lysine side chains as described (22). In brief, equal quantities of
cytosolic proteome (supplemental Table S1) from enzyme-ac-
tive and catalytically inactive cell lines (both DP8 and DP9)
were concentrated and purified by 12% (v/v final) TCA precip-
itation. Protein denaturation, reduction, and alkylation of cys-
teine residues was performed as described previously (22).
Samples were isotopically labeled by dimethylation using form-
aldehyde as described previously (22) (supplemental Table S1).
Residual formaldehyde was quenched; then heavy and light iso-
topically labeled samples were combined, concentrated, and
purified by acetone precipitation and tryptically digested, and
then labeled peptides were enriched by a negative selection step
using a dendritic polyglycerol aldehyde polymer as described
(22). Blocked N-terminal peptides (unbound) were physically
separated from the polymer-captured peptides via 10-kDa
Microcon centrifugation (Millipore, Bedford, MA) (22). Sam-
ple and wash flow-throughs were combined and then prepared
for off-line strong cation exchange-HPLC fractionation or
desalting (supplemental Table S1). Three biological replicates
for both DP8 and DP9 were subjected to the TAILS process in
three independent experiments.

Off-line Strong Cation Exchange-HPLC Fractionation and
Peptide Desalting—Desalting and pre-fractionation of samples
(~100 ug) by strong cation exchange-HPLC, prior to LC-MS/
MS analysis, was performed as described (24). N-terminal pep-
tides not fractionated by strong cation exchange-HPLC (sup-
plemental Table S1) were desalted using reverse phase-solid
phase extraction via Sep-Pak® C,; column (Waters, Milford,
MA) according to the manufacturer’s recommendations.

In-line Liquid Chromatography and Tandem-Mass Spectrom-
etry—Peptide samples were analyzed by in-line reverse-phase
nanospray LC-MS/MS using a C18 column (150-mm X
100-m column at a flow rate of 100 -200 nl min ') coupled to
a quadrupole time-of-flight QStar XL hybrid electrospray ion-
ization mass spectrometer (Applied Biosystems/MDS-Sciex,
Concord, Ontario, Canada) or a QStar Pulsar mass spectrome-
ter (Applied Biosystems/MDS-Sciex, MDS-Sciex, Concord,
Ontario, Canada). Samples were loaded, eluted, and separated
on the C18 column, and MS data were acquired automatically
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FIGURE 1. Characterization of stable wild-type and mutant DP8 and DP9 SKOV3 cell lines. A, cells transfected with wild-type (DP8-EGFP and DP9-EGFP) or
mutant (DP8(5739)-EGFP and DP9(S729A)-EGFP) constructs (filled histograms) or nontransfected cells (open histograms) were analyzed by fluorescent flow
cytometry on a FACScan. Band C, cell lysates (50 ng) from DP8-EGFP, DP8(S739A)-EGFP, DP9-EGFP, DP9(S729A)-EGFP, vector-transfected, and nontransfected
SKOV3 cells were analyzed by 8% (w/v) SDS-PAGE and immunoblotting for detection of DP8 (B) or DP9 (C). Recombinant purified DP8 and DP9 were included
as controls and are indicated by arrows. For a loading control, B-actin was detected. D and E, specific activity against the synthetic DP substrate H-Ala-Pro-p-
nitroanilide (0.5 mm) was determined in whole cells (D) and in membrane and soluble fractions (E). Values in D are expressed as means =+ S.E. (n = 10). Values

in E are from a single experiment.

using Analyst QS version 1.1 software (Applied Biosystems/
MDS-Sciex, Concord, ON, Canada) as described (25).

Mass Spectrometry Data Analysis—MS peak lists were
searched by MASCOT (version 2.2, Matrix Science, London,
UK) against the human International Protein Index (IPI) data-
base (version 3.16, 62,322 entries, release date April, 2006).
MASCOT searches of MS data were performed separately for
heavy- and light-labeled peptides. Searches were performed
using the following modifications: fixed carbamidomethylation
of cysteines (+57.021 Da (Cys)), fixed heavy lysine (+34.0631
Da (Lys)), or light lysine (+28.0311 Da (Lys)); variable methio-
nine oxidation (+15.995 Da (Met)), and fixed and variable
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modifications of N termini with heavy formaldehyde
(+34.0641 Da (N termini)), light formaldehyde (+28.0311 Da
(N termini)), and acetylation (+42.011 Da (N termini)). The
additional search criteria used were as follows: semi-ArgC
cleavage specificity with up to three missed cleavages; a
monoisotopic mass error window for the parent ion of 0.4 to 0.6
Da; peptide mass tolerance of 0.4 Da for MS/MS fragment ions;
and the scoring scheme ESI-QUAD-TOF. Allowed peptide
charge states were 17, 2", and 3™. Search results were analyzed
using the Trans-Proteomic Pipeline (version 4.0 JETSTREAM
revision 2, Build 200807011544 (MinGW)) (26) with Peptide-
Prophet (27) sensitivity-error rate analysis. Quantification of
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FIGURE 2. Summary of total peptides and proteins identified by TAILS analysis. A and B, three-way Venn diagrams of the number of unique peptides,
unique stripped peptides, and unique proteins (identified by more then one spectra) identified by MASCOT searches in experiments (Exp.) 1, Exp. 2, and Exp.
3 for DP8 (A) and DP9 (B). C, two-way Venn diagram of unique proteins (identified by more then one hit) identified from all datasets for DP8 and DP9. The
intersection of Cdisplays the number of overlapping proteins identified in both the DP8 and DP9 datasets. The number of unique peptides for each experiment
takes into account all possible modifications of a given peptide, including variable oxidation of methionine residues, although the number of unique stripped
peptides for each experiment refers to unique peptides after the removal (stripping) of all possible modifications. The total number of unique proteins excludes
any “single hit” proteins, i.e. a protein that is not identified by any other peptide/spectra in the dataset. All peptides were identified with =95% confidence
according to PeptideProphet. All MASCOT searches were performed against the human IPI database (version 3.16, 62,322 entries, release date 4/2006).

the ratio of heavy to light isotopically labeled peptides was
achieved by using ASAPRatio (28) software. ASAPRatios were
manually checked and edited, and CLIPPER was used to iden-
tify statistically significant changes in cleaved neo-N peptides
(29).

DP8 and DP9 are exopeptidases with a strong preference for
cleavage of N-terminal dipeptides mainly after a Pro residue in
the P1 position (NH,-P2-P1-P1’-P2’-). Because of this strict
canonical specificity, datasets were also manually parsed to
identify all peptides with a cleaved or noncleaved Pro residue in
what would be the P1 position of a DP8/DP9 substrate. Pairs of
peptides that differed in length by two amino acids at their N
termini, but did not contain a Pro in P1, were also selected as
candidate substrates.

Additional substrates and proteins that are altered (in
expression or non-DP8/DP9 proteolysis) via DP8/DP9-affected
pathways were identified from quantitative analysis of heavy/
light (protease/control) isotope-labeled peptide abundance ratios.

AV N
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Only peptides identified with =95% confidence (Peptide-
Prophet) were used for quantitative analysis. ASAPRatios were
normalized by recentering the raw datasets around a median of
one and then applying a natural logarithm transformation. This
enabled the exclusion of obvious outliers and established a nor-
mal range for determining significance by using means and S.D.
of the normalized data to determine 90% confidence intervals
of the nontransformed data. This was achieved using the R sta-
tistical package. High and low ratio peptides were considered to
be either substrates of DP8/DP9 or derived from proteins that
were either differentially expressed or processed by an alterna-
tive protease to DP8/DP9.

Functional Annotation and Pathway Mapping—UniProt
Knowledge Base (UniProtKB) accession numbers were mapped
to protein IPI numbers. Functional annotation and biological
pathway information were obtained from UniProtKB entries or
by using the database for annotation, visualization and inte-
grated discovery (DAVID), version 6.7 (30) (david.abcc.ncifcrf.
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DP8 and DP9 Substrate Discovery

TABLE 1
Candidate DP8 and DP9 substrates

Peptides listed include the following peptides: (i) having a proline N-terminal to the MS/MS-identified peptide so that the peptide may have resulted from DP8/DP9
cleavage; (ii) peptides that contained a Pro in the P1 position; and (iii) peptides differing by two N-terminal dipeptide residues likely to have been removed by DP8/DP9
proteolysis. All individual peptides are listed for DP8 and DP9 in supplemental Tables S2 and S3, respectively. The MS/MS spectra for each of the peptides in the
supplemental Tables can be found in the associated supplemental Tables S2 and S3 spectra files. #, number; #AA, number of amino acids in full-length protein; Seq. Pos.,
position of identified peptide in the full-length protein; —2AA, the two amino acids preceding the identified peptide, of these (—M) indicates initiator methionine; +1 AA,
the first amino acid adjacent to the C-terminal end of the MS/MS-identified peptide; Exp, experiment number; Conf. is the confidence determined by Peptide Prophet
modeling that the peptide identification was correctly assigned. Peptides in parentheses are those that have a lower confidence in spectra to peptide assignment, but their
presence supports the protein being a substrate if identified from a separate high confidence peptide. Bold underlined text indicates the amino acid that DP8/DP9 will cleave
atif the identified peptide is a bona fide substrate. Where more than one occurrence of a peptide was identified, only the highest confidence was reported in this table. Values

for all peptides can be found in supplemental Tables S1 and S2.

DP8 DP9
UniProtkB Protein #AA  Seq. | -2 Identified Peptide +1 Exp. Hits  Conf. Exp. Hits  Conf. L izatil iological Pathway
Accession Pos. AA AA (%) (%)
P60709 Actin, cytoplasmic 1 375 103- | HP VLLTEAPLNPKANR E 1 1 >96 Cytoplasm; Focal adhesion, Adherens
116 cytoskeleton junction, Tight junction,
101- | EE (HPVLLTEAPLNPKANR) E 1 1 >50 Leukocyte transendothelial
116 migration, Regulation of actin
cytoskeleton
P62736 Actin, aortic smooth 377 47- VM | VGMGQKDSYVGDEAQSKR G 1 2 100 Cytoplasm; Vascular smooth muscle
muscle 64 Cytoskeleton contraction
49- VG VMVGMGQKDSYVGDEAQSKR G 1 4 100
64 2 2 100
P54819 Adenylate kinase 2, 239 4-17 | AP SVPAAEPEYPKGIR A 1 2 >90 Mitochondrial Purine metabolism, energy
mitochondrial 2 1 >75 2 1 >99 intermembrane metabolism, nucleotide
2-17 | -M | APSVPAAEPEYPKGIR A 1 1 100 1 1 >99 space synthesis
2 5 >99 2 5 >99
3 1 100 3 1 >99
Q8NI99 Angiopoietin-related 470 131- | GA EPAAALALLGER \ 152 1 >75 Extracellular space Angiogenesis, cell
protein 6 precursor 142 252 2 >95 252 2, >95 differentiation (probable)
P31939 Bifunctional purine 592 2-22 | -M APGQLALFSVSDKTGLVEFAR N 1 1 100 3 2 100 Cytoplasm Purine  metabolism, IMP
biosynthesis protein biosynthesis via de novo
PURH pathway One carbon pool by
3 1 >95 folate,
P11586 C-1-tetrahydrofolate 934 2-16 -M APAEILNGKEISAQIR A 1 1 >95 Cytoplasm Glyoxylate and dicarboxylate
synthase, cytoplasmic 2 1 >99 metabolism, One carbon pool by
folate, tetrahydrofolate
interconversion, purine
biosynthesis, amino-acid
biosynthesis
P27797 Calreticulin 417 20-36 EP AVYFKEQFLDGDGWTSR w 2 2 >90 1 2 >99 Cytoplasm; Antigen processing and
Endoplasmic presentation
18-36 | VA EPAVYFKEQFLDGDGWTSR w 1 4 100 1 13 100 Reticulum; Plasma
2 5 100 |2 4 >90 | Membrane;
3 1 599 3 595 Nucleus; Secreted
Q9UBR2 Cathepsin Z/X 303 58-69 | YL SPADLPKSWDWR N 1 1 >99 1 3 >85 Lysosome; Lysosome, proteolysis
Endoplasmic
2 1 >90 2 1 >50 Reticulum;
extracellular space
Q8N8B8 CDNA FLJ39703 fis, clone 145 56-78 RP AGEEDAGGPERPGDVVNVVFV S 1 2 >99 Unknown Not available
SMINT2012195 DR
Q12882 Dihydropyrimidine 1025  4-21 AP VLSKDSADIESILALNPR T 1 1 >85 1 1 100 Cytoplasm Pyrimidine metabolism, beta-
dehydrogenase [NADP+] Alanine metabolism,
Pantothenate and CoA
biosynthesis, Drug metabolism
Q16643 Drebrin 648 480- WP | GNGEGASTLQGEPR A 252 2 >90 252 3 >90 Cytoplasm Binds F-actin, cell differentiation,
493 neuorgenesis
Q05639 Elongation factor 1- 463 250- LP (LQDVYKIGGIGTVPVGR) \" 1 1 >65 Cytoplasm; Protein biosynthesis
alpha 2 266 Nucleus
248- LR LPLQDVYKIGGIGTVPVGR \ 1 1 >80
266 352 2 100 352 2 100
Q9Y5Q0 Fatty acid desaturase 3 445 107- GP LNAQLVEDFR A 252 2 >85 Endoplasmic Electron transport, fatty acid
116 Reticulum biosynthesis/metabolism, lipid
Membrane biosynthesis/metabolism
P04075 Fructose-bisphosphate 363 3-21 MP | YQYPALTPEQKKELSDIAHR ! 2 2 100 1 2 100 Cytoplasm Glycolysis/Gluconeogenesis,
aldolase A 2 2 100 Pentose phosphate pathway,
121 | - MPYQYPALTPEQKKELSDIAHR | 2 1 100 2 2 100 Fructose and mannose
621 | YP | (ALTPEQKKELSDIAHR) | 152 2 >90 L
8-21 AL TPEQKKELSDIAHR I 1 1 >95
2 2 >70
Q08380 Galectin-3-binding 585 456- RY YPYQSFQTPQHPSFLFQDKR Vv 2 2 >95 Extracellular Cell adhesion
protein 475
000214 Galectin-8 316 58-58 | KP RADVAFHFNPR F 252 4 >95 Cytoplasm Carbohydrate binding
Q13151 Heterogeneous nuclear 305 174- KA VPKEDIYSGGGGGGSR S 2 2 100 Nucleus mRNA-binding componenet of
ribonucleoprotein AO 183 ribonucleosomes

gov). The TopFIND knowledge base was used to obtain func-
tional insights to the cleaved substrates (31).

DP-specific Enzyme Assay—Diprolyl peptidase enzymatic
activity was assayed using 0.5 mm H-Ala-Pro-p-nitroanilide
(Bachem, Bubendorf, Switzerland) as described previously (14).
Enzyme activity was expressed as milliunits/mg of protein,
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where 1 unit of activity is defined as the amount of enzyme that
cleaves 1 wmol of substrate per min under the given assay
conditions.

Western Blot Analysis—Protein extraction, SDS-PAGE, and
Western blotting were performed as described previously (14)
using primary antibodies for DP8 (RP1-DP8, Triple Point Bio-
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TABLE 1—continued

DP8 and DP9 Substrate Discovery

DP8 DP9
UniProtKB Protein #AA Seq. -2 Identified Peptide +1 Exp. Hits  Conf. Exp. Hits Conf. Localization Biological Pathway
Accession Pos. AA AA (%) (%)
P10253 Lysosomal alpha- 957 78- RA VPTQCDVPPNSR F 1 1 >99 Lysosome Galactose metabolism, Starch
glucosidase 89 Membrane and sucrose
metabolism,Lysosome
000754 Lysosomal alpha- 1011 602- | SW SPALTIENEHIR A 1 2 100 Lysosome Other glycan degradation,
mannosidase 613 Lysosome
2 2 100 2 1 100
P10619 Lysosomal protective 480 46- EA APDQDEIQR L 2 >99 Lysosome; Lysosome, Renin-angiotensin
protein (cathepsin A) 54 Endoplasmic system
reticulum
Q15785 Mitochondrial import 309 4-13 | AP (KFPDSVEELR) A 1 1 >90 Cytoplasm; Protein targeting and import of
receptor subunit TOM34 213 | -M APKFPDSVEELR A 2 2 >95 1 2 100 Mitochondrial proteins to mitochondria,
outer membrane chaperone
P22894 Matrix metalloproteinase 467 441- | GP RYYAFDLIAQR \Y 2 2 >60 Cytoplasmic Collagen degradation,
8 (MMP8) 451 granule; secreted, | proteolysis
extracellular
space
QINTKS Obg -like ATPase 1 396 2-18 | -M PPKKGGDGIKPPPIIGR F 1 >99 Cytoplasm ATP catabolism
2 >90 2 2 >99
Q06830 Peroxiredoxin-1 199 90- VN TPKKQGGLGPMNIPLVSDPKR T 2 2 >95 Cytoplasm Oxidoreductase, cellular redox
110 regulation, intracellular redox
signaling, proliferation
P30044 Peroxiredoxin-5, 214 54- AM APIKVGDAIPAVEVFEGEPGNKV | L 1 1 100 Mitochondrial Oxidoreductase, cellular redox
mitochondrial 77 N regulation, intracellular redox
signalling
P07737 Profilin-1 140 39- GK TEVNITPAEVGVLVGKDR S 1 1 >99 Cytoplasm; Regulation of actin
56 Cytoskeleton cytoskeleton, response to
a1- | TE VNITPAEVGVLVGKDR s 1 1 100 growth factor stimulus
56 252 2 100
32 3 100
53- | VN ITPAEVGVLVGKDR s 22 3 100
56
P07602 Sap-mu-0 of Proactivator 524 171- | AP FMANIPLLLYPQDGPR S 252 2 >85 Lysosome Lysosomal degradation of
polypeptide precursor 186 sphingolipids
(prosaposin)
000743 Serine\threonine-protein 305 2-14 -M APLDLDKYVEIAR L 2 >95 Cytoplasm Protein dephosphorylation,
phosphatase 6 2 2 >99 2 2 >85 G1/S transition of mitotic cell
cycle
Q53HE2 Triosephosphate 243 178- | TA TPQQAQEVHEKLR G 2 1 >99 1 2 100 Cytoplasm Glycolysis/Gluconeogenesis,
isomerase 190 GK TATPQQAQEVHEKLR G 2 1 >99 1 1 100 Fructose and mannose
176- metabolism, Inositol phos
190
2 1 >85

logics Inc.), DP9 (RP1-DP9, Triple Point Biologics Inc.), B-actin
(ab8227, Abcam, Cambridge, UK, or 011M4812, Sigma), calre-
ticulin (sc-6468, Santa Cruz Biotechnology Inc., Santa Cruz,
CA), and adenylate kinase 2 (ab37594, Abcam).

In Vitro Validation of DP8 and DP9 Substrate Cleavage with
MALDI-TOF MS Analysis—Recombinant human DP8 g,
and DP9 4,,,.) were expressed and purified as described previ-
ously (20, 32). N-terminal peptides of 14 proteins identified by
TAILS to be candidate substrates (Table 3) were synthesized to
>95% purity by Genscript (Piscataway, NJ) or GL Biochem Ltd.
(Shanghai, China). Peptides (10 um) were incubated with 1.7
milliunits of recombinant DP8 or DP9 in assay buffer: 50 mm
Tris, 100 mMm NaCl, pH 8.0, at 37 °C for up to 24 h. Calreticulin
and adenylate kinase 2 were also incubated in assay buffer alone
or with DP8/DP9 in the presence of 10 um of the DP inhibitor,
Val-Boro-Pro (PT-100/Talbostat; obtained from Dr. Jonathon
Cheng (Fox Chase Cancer Centre, Philadelphia) with approval
from DARA BioSciences Inc., Raleigh, NC). At time points of 0,
1,4, and 24 h, 5 ul of each reaction was removed and stopped by
the addition of 1% TFA. Peptides were desalted and cleaned by
OMIX® C18 tip (Varian, Inc., Palo Alto, CA). Eluates were
mixed 1:1 with a-cyano-3-hydroxycinnamic acid matrix solu-
tion (1% (w/v) a-cyano-3-hydroxycinnamic acid, 49.5% aceto-
nitrile, 49.5% ethanol, 0.001% TFA) and spotted onto a standard
stainless steel MALDI sample plate, and then masses of intact
peptides and DP8/DP9 cleavage products were obtained by
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MALDI-TOF MS analysis performed on a Waters Micromass®
M@ALDI (Waters Micromass, Manchester, UK) or a Bruker
Autoflex III MALDI MS/MS (Bruker, Billerica, MA). All cleav-
age experiments with MALDI-TOF analysis were performed in
triplicate. MS spectra were processed using MassLynx 4.0
(Waters) software package.

Accession Information—All LC-MS/MS data (.wiff files) asso-
ciated with this study may be downloaded from Proteome
Commons.org Tranche using the following hash: YRRnlo-
2jMISR]7vSBk70G65e/3cVbIQ7ksECUIT97Doxwfgl YAGW -
J5eHBqzMXog/IQFcGWzIS08gVKP/RqN+E1KLoVWAAAA-
AAAAYRg.

RESULTS

Generating Stable Clonal Cell Lines of Wild-type and Mutant
DP8 and DP9—SKOV3 cells were stably transfected with con-
structs encoding enzymes DP8 and DP9, with a size of 882 and
863 residues, respectively, including the N-terminal B-propel-
ler and C-terminal o/ B-hydrolase domains. Clonal cell lines for
both DP8 and DP9 were selected for equal expression of the
active and inactive version of each enzyme in fusion with the
fluorescent EGFP protein (Fig. 14). DP8- and DP9-EGEFP pro-
teins were visualized by immunoblot (~118 kDa in mobility)
confirming the heterologous expression of active and inactive
proteases (Fig. 1B). All cell lines were found to express basal
levels of endogenous DP8 and DP9 protein (~98 kDa in mobil-
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DP8 and DP9 Substrate Discovery

ity) (Fig. 1B) that may contribute to background proteolysis and
affect the discovery of substrates by TAILS. DP activity
increased in the wild-type DP8- and DP9-transfected SKOV3
cells when compared with the catalytically inactive DP8(S739A),
DP9(S729A), and vector-transfected controls (Fig. 1C). Enzy-
matic assays of fractionated clonal cell lines confirmed that this
increase in DP activity is due to the overexpression of cytosolic
DP8/DP9 (Fig. 1, D and E).

TAILS N-terminome Analysis of DP8 and DP9 Stable Cyto-
plasmic Proteomes—TAILS was performed on three isolations
of cytoplasmic proteomes from both wild-type and catalytically
inactive DP8- and DP9-stable SKOV3 cell lines. The total num-
ber of unique peptides and proteins identified within each
experiment was determined (Fig. 2, A and B). Each TAILS
experiment yielded 200 — 400 unique proteins that were identi-
fied from more than one N-terminal peptide occurrence, i.e.
peptide/spectra (Fig. 2, A and B). The union of each DP8 TAILS
experiment yielded 59 unique proteins (Fig. 2A4), whereas the
union of each DP9 TAILS experiment yielded 92 unique pro-
teins (Fig. 2B). From all three experiments, a total of 543 unique
proteins were identified for DP8, and 597 were identified for
DP9, of which 394 proteins were common to both DP8 and DP9
(Fig. 2C).

Identification of Candidate DP8/DP9 Substrates by Parsing
TAILS Data—A total of 22 and 21 proteins were identified by
parsing for potential DP8 and DP9 substrates, respectively. Of
these, 8/22 and 7/21 candidate substrates were uniquely iden-
tified for DP8 and DP9, respectively (Table 1). Most candidate
substrates are localized to the cytoplasm or intracellular organ-
elles (Table 1). Adenylate kinase 2 and calreticulin were two
predominant proteins for which the most cleaved and non-
cleaved peptides were identified for both DP8 and DP9 (Table
1). Approximately half of the peptides identified with the
potential for DP8/DP9 cleavage were located at the N termini of
the mature proteins as annotated in UniProtKB (Fig. 3, Table 1,
and supplemental Figs. S2 and S3). Functional annotation and
pathway mapping revealed the involvement of candidate sub-
strates in biochemical pathways relating to lysosomal pro-
cesses, carbohydrate metabolism, and nucleotide metabolism
and synthesis (Table 1; supplemental Tables S6 and S7).

Identification of Candidate DP8/DP9 Substrates and DP8/
DP9 Pathway-affected Proteins by Quantitative Analysis of
TAILS Data—Quantitative analysis was only performed on
datasets derived from the first two TAILS experiments for both
DP8 and DP9 due to the poor recovery of labeled peptides from
experiment 3 (data not shown). In total, 37 proteins were iden-
tified as potential DP8 substrates or DP8 pathway-affected pro-
teins, and 55 proteins were identified as potential DP9 sub-
strates or DP9 pathway-affected proteins; only 10 of these
proteins were common to both DP8 and DP9 (supplemental
Table S10). Of these, 17/37 and 10/55 proteins were identified
as being candidate substrates of DP8 and DP9, respectively
(Table 2), based on analysis of peptide positioning in the
UniProtKB annotated protein sequences, e.g. peptides located
at mature N termini. All other proteins identified (20 for DP8 and
45 for DP9) are listed in supplemental Table S10. Evidence of
non-DP8/DP9 N- and C-terminal truncation of proteins was
found (supplemental Table S10 and supplemental Figs. S3 and
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Acetyl-CoA acetyltransferase
M‘AVLAALLRSGARSRSPLLRRLVQEIRYVERSY&QKPTLKEVVIVSAT 9,..4%7

Adenylate kinase 2
M1@{SVPAAEPEYPKGIRAVLLGPPGAGKGTQAPRLAENFCVCHLA""’ ...... 239

Bifunctional purine biosynthesis protein PURH
M1E]GQLALFSVSDKTGLVEFARNLTALGLNLVASGGTAKALRDAGL“G ...... 592

Calreticulin

M'LLSVPLLLGLLGLAVAEPFAVYFKEQFLDGDGWTSRWIESKHKSD®......*""

C-1-tetrahydrofolate synthase, cytoplasmic
M'APAEILNGKEISAQIRARLKNQVTQLKEQVPGFTPRLAILQVGNRD ... 2%

Dihydropyrimidine dehydrogenase [NADP+]
M1E!VLSKDSADIESILALNPRTQTHATLCSTSAKKLDKKHWKRNPDK‘” ...... 1025

Lysosomal protective protein
M1IRAAPPPLFLLLLLLLLLVSWASRGEAEEDQDEIQRLPGLAKQPSF‘” ...... 480

Mitochondrial import receptor subunit TOM34
ME;KFPDSVEELRAAGNESFRNGQYAEASALYGRALRVLQAQGSS“ ...... 809

Obg-like ATPase 1
M1@KKGGDGIKPPPIIGRFGTSLKIGIVGLPNVGKSTFFNVLTNSQAS“ ...... 286

Serinelthreonine-protein phosphatase 6
MYAPLDLDKYVEIARLCKYLPENDLKRLCDYVCDLLLEESNVQPVSTP?......30%

FIGURE 3. Peptides of several candidate substrates identified by TAILS.
Peptides identified by MS/MS are indicated by bold underlined letters. Light
colored letters indicate precursor peptides of mature proteins or their initiator
Met residues that are known to be removed as annotated in UniProtKB. The
dipeptide residues identified as being cleaved, or as having the potential for
cleavage, are outlined by a box. Where two peptides were identified by
MS/MS as being the noncleaved DP8/DP9 precursor peptide (N-terminal
dipeptide intact) and the DP8/DP9 cleavage product peptide (N-terminal
dipeptide removed), an arrow is used to indicate the site of DP8/DP9 prote-
olysis. Peptides for C-1-tetrahydrofolate synthase and cytoplasmic and lyso-
somal protective proteins were identified from manual parsing of the DP8
dataset. All other proteins were identified in both DP8 and DP9 datasets. The
peptides corresponding to three of the potential cleavage sites indicated for
fructose-bisphosphate aldolase A were only identified from manual parsing
of the DP9 dataset (see Table 1). Full-length protein sequences of the above
and other potential substrates can be found in supplemental Figs. S2 and S3.

S4), demonstrating that non-DP proteolytic pathways are
altered by increasing DP8/DP9 activity. Interestingly, approxi-
mately half of the proteins identified for DP8 are mitochondrial,
potentially occurring during mitochondrial turnover (Table 2
and supplemental Table S10). Functional annotation and path-
way mapping revealed that many of the identified proteins play
key roles in carbohydrate, nucleotide, and protein metabolism
(supplemental Tables S8 and S9).

In Vivo Substrate Specificity of DP8 and DP9—Fig. 4 displays
the frequency of residues in the P1 and P2 position of all DP8
and DP9 candidate substrates identified in this study. As
expected, the majority of candidate substrates contain a Pro in
the P1 position (Fig. 4, A and B) followed by an Ala in the P2
position (Fig. 4, C and D). The frequency of residues in the P1
and P2 position for the remaining candidate substrates was
variable for both DP8 and DP9 (Fig. 4).

DP8 and DP9 cleave in vitro the N termini of adenylate kinase
2, calreticulin, and other peptides. In vitro validation of DP8/DP9
cleavage was performed for 14 candidate substrates, including the
two most abundant substrates, adenylate kinase 2 and calreticulin
(Table 3, Figs. 5 and 6, and supplemental Fig. S5). In total, cleavage
of 9/14 substrates by both DP8 and DP9 was confirmed. No unique
cleavage was identified for DP8 or DP9 demonstrating similar
enzyme specificity and large substrate overlap between these
enzymes.
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TABLE 2
Candidate DP8 and DP9 substrates identified by quantitative analysis of TAILS data

DP8 and DP9 Substrate Discovery

Peptides were identified as significantly increased or decreased in the active DP8 EGFP or DP9-EGFP SKOV3 cells compared with the catalytically inactive forms. Individual
peptides identified by MS/MS can be found for DP8 and DP9 in supplemental Tables S4 and S5, respectively. The MS/MS spectra for each of these peptides can be found
in the associated supplemental Tables S4 and S5 spectra files. #, number; #AA, number of amino acids in full-length protein; Seq. Pos., position of identified peptide in the
full-length protein; —2AA, the two amino acids preceding the identified peptide, of these (—M) indicates initiator methionine; +1AA, the first amino acid adjacent to the
C-terminal end of the MS/MS-identified peptide; Exp., experiment number; Hits, number of spectra positively identified for each peptide; Ratio H/L, the isotopic heavy/light
ratio. Ratios are expressed as means = S.D. Bold underlined text indicates the amino acid that DP8/DP9 will cleave at if the identified peptide is a bona fide substrate. Arrows
(| /7) indicate whether the presence of peptide was significantly increased or decreased.

UniProtKB Protein #AA Seq. -2 Identified Peptide +1 DP8 DP9 Localization
Accession Pos. AA AA | Exp. Hits Ratio H/L Exp. Hits Ratio H/L
P61981 14-3-3 protein 247 2-19 -M VDREQLVQKARLAEQAER.Y hd 2 1 10.32 Cytoplasm
gamma
P42704 130 kDa leucine-rich 1402 60-77 | LY AIAAKEKDIQEESTFSSR K 1 1 10.14 Mitochondria:
protein 2 4 10.51+0.01 Nucleus; Nucleus
membrane
P24752 Acetyl-CoA 427 34-49 sy VSKPTLKEVVIVSATR T 1 1 10.18 Mitochondria
acetyltransferase, 2 3 1.65+0.10
mitochondrial
P62736 Actin, aortic smooth 377 45-64 | QG VMVGMGQKDSYVGDEAQSKR G 1 1 10.24 1 6 13.50+1.21 Cytoplasm;
muscle 2 1 1.04 2 4 1.270.06 Cytoskeleton
47-64 VM | VGMGQKDSYVGDEAQSKR G 1 2 1.06+0.00
50-64 GM GQKDSYVGDEAQSKR G 1 a 1037
231- MA TAASSSSLEKSYELPDGQVITIGNER F 1 1 16.01
256
P54819 Adenylate kinase 2, 239 2-17 -M APSVPAAEPEYPKGIR A 1 1 10.17 1 1 12.44 Mitochondria;
mitochondrial 2 4 1.47+0.15 9, 4 13.04+0.37 Mitochondrial
3 1 10.22 3 1 0.22 inner membrane
4-17 AP SVPAAEPEYPKGIR A 2 1 0.63
P31939 Bifunctional purine 592 2-22 -M APGQLALFSVSDKTGLVEFAR N 1 1032 Cytoplasm
biosynthesis protein 1 0.67
PURH
Q9UBR2 Cathepsin Z/X 303 58-69 YL SPADLPKSWDWR N 1 1 10.24 Lysosome
2 1 1.04
P11586 C-1-tetrahydrofolate 935 2-17 -M APAEILNGKEISAQIR A 2 1 1245 Cytoplasm
synthase, cytoplasmic 1 1 0.82
P50454 Collagen-binding 418 19-46 LA AEVKKPAAAAAPGTAEKLSPKAATLAER S 2 1 12.87 Endoplasmic
protein 2 (Serpin-H1) reticulum lumen
Q07021 Complement 282 74-94 | GS LHTDGDKAFVDFLSDEIKEER K 1 1 1029 Mitochondrial
component 1, Q 2 2 1.19+0.01 matrix; Nucleus
subcomponent-binding 3 5 0.51+0.00
protein, mitochondrial
P30084 Enoyl-CoA hydratase, 290 28-41 | PF ASGANFEYIIAEKR G 1 2 1/0.2520. Mitochondrial
mitochondrial 00 Matrix
2 9 1.01x0.12
3 2 0.72+0.00
P41091 Eukaryotic translation 472 2-16 | -M AGGEAGVTLGQPHLSR Q 2 1 1.0.05 1 1 10.11 Cytoplasm
initiation factor 2 1 1 1.08
subunit 3
P04075 Fructose-bisphosphate 364 9-22 AL TPEQKKELSDIAHR | 1 1 13.81 Cytoplasm
aldolase A 3-22 MP YQYPALTPEQKKELSDIAHR | 1 1 0.70
2-22 -M PYQYPALTPEQKKELSDIAHR | 1 2 1/0.1940.00
2 1 0.89
1-22 - MPYQYPALTPEQKKELSDIAHR | 2 2 0.56+0.00
32-43 | IL AADESTGSIAKR L 1 1 10.11
Q7Z4H8 KDEL motif-containing 507 21-31 | AA GAPEVLVSAPR S 1 1 10.11 Endoplasmic
protein 2 reticulum
000754 Lysosomal alpha- 1011 602- sw SPALTIENEHIR A 2 1 14.46 Lysosome
mannosidase 613 1 2 182.6210.25
Q15785 Mitochondrial import 309 2-13 | -M APKFPDSVEELR A 2 1 MN2.74 Cytoplasm;
receptor subunit Mitochondrial
TOM34 outer membrane
QoH1k1 NifU-like N-terminal 167 35-57 | RL YHKKVVDHYENPR N 1 1 40.14 Mitochondria;
domain-containing Cytoplasm;
protein Nucleus
QINTKS Obg-like ATPase 1 278 2-18 | -M PPKKGGDGIKPPPIIGR F 1 1 10.12 2 2 \/0.380.38 Cytoplasm
P36871 Phosphoglucomutase 1 562 2-23 | -M VKIVTVKTQAYQDQKPGTSGLR K 1 10.15 Cytoplasm
2 4 1.05+0.04
P07737 Profilin-1 139 38-55 | GK TEVNITPAEVGVLVGKDR S 1 1 14.01 Cytoplasm;
40-55 | TF VNITPAEVGVLVGKDR S 1 1 1039 Cytoskeleton
Q99436 Proteasome subunit 277 44-62 | TG TTIAGVVYKDGIVLGADTR A 1 1 10.28 Cytoplasm;
beta type 7 Nucleus;
Proteasome
2 3 1.23+0.00
Q53HE2 Triosephosphate 249 176- | GK TATPQQAQEVHEKLR G 2 1 10.49 1 1 1Na.46 Cytoplasm
isomerase 190
178- | TA TPQQAQEVHEKLR G 2 1 1.34 1 2 142.40+0.00
190
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FIGURE 4. Frequency distribution of residues in P1 and P2 position of DP8 and DP9 candidate substrates. The frequency distribution of amino acids in the
P1 (Aand B)and P2 (Cand D) position of candidate substrates identified in Table 3 are given for DP8 (A and C) and DP9 (B and D). The exact number of peptides
in which each residue is found in the P1 or P2 position is given along with the percentage relating to frequency distribution.

TABLE 3

Confirmed cleavage of DP8 and DP9 substrates

For each substrate, 10 uMm of the N-terminal oligopeptide was incubated with 1.7 milliunits of active, purified recombinant DP8 or DP9. Observed molecular mass (Da) was
determined from MS spectra acquired 24 h after incubation, nc means not cleaved.

Expectad Observed
UniProtkB lecul HApecte lecul
Substrate Biological Pathway NH; -terminal oligopeptide Accession Mass (Da) Mass (Da) Mass (Da)
Post-Cleavage DPS DP9

Acetyl-CoA acetyltransferase, mitochondrial Fatty acid metabolism VSKPTLKEVVIVSATR P24752 1727.09 1540.87 nc nc

Adenylate kinase 2 Purine metabolism APSVPAAEPEYPKGIR P54819 1681.89 1512.79 1513.94  1514.01

Bifunctional purine biosynthesis protein PURH Purine metabolism, One APGQLALFSVSDKTGLVEFAR P31939 2206.55 2038.34 2039.4 2039.5
carbon pool by folate

Calreticulin Antigen processing and EPAVYFKEQFLDGDGWTSR P27797 2245.45 2017.95 2019.67 2019.81
presentation

Cathepsin Z/X Lysosome, proteolysis SPADLPKSWDWRNVDG Q9UBR2 1843 1658.8 1659.9 1659.9

Collagen —binding protein 2 (Serpin H-1) Response to unfolded AEVKKPAAAAAPGTAEKLSP P50454 1907.21 1707 nc nc
protein

C-1-tetrahydrofolate synthase, cytoplasmic Glyoxylate and dicarboxylate ~ APAEILNGKEISAQIR P11586 1709.98 1541.77 1542.8 1542.9
metabolism, One carbon pool
by folate,

Dihydropyrimidine dehydrogenase [NADP+] Pyrimidine metabolism, APVLSKDSADIESILALNPR Q12882 2109.43 1941.22 1942.3 1942.4

Endoplasmin NOD-like receptor signaling DDEVDVDGTVEEDLGKSR P14625 1978.03 1749.81 nc nc
pathway

Enoyl-CoA hydratase, mitochondrial Fatty acid metabolism ASGANFEYIIAEKRGK P30084 1753.99 1595.82 nc nc

Heat shock 70 kDa protein 1L Response to unfolded ATAKGIAIGIDLGTTYSCVG P34931 1911.21 1739.01 nc nc
protein, antigen processing

Mitochondrial import receptor subunit TOM34 Protein targeting and import, ~ APKFPDSVEELRAAG Q15785 1586.78 1418.57 1419.6 1419.7
chaperone

Obg-like ATPase 1 ATP catabolism PPKKGGDGIKPPPIIGR QINTKS 17271 1532.86 1533.9 1533.90

Serine/threonine-protein phosphatase 6 Protein dephosphorylation, APLDLDKYVEIARLCK 000743 1847.22 1679.01 1680 1679.6

G1/S transition of mitotic cell
cycle

In comparison with DP8, DP9 more readily cleaved the
N-terminal peptide of adenylate kinase 2 (Fig. 5A4) demonstrat-
ing a probable higher affinity of recombinant DP9 for this sub-
strate in vitro. Recombinant DP8 cleaved N-terminal peptides
of adenylate kinase 2 and calreticulin with similar kinetics,
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whereas DP9 displayed a faster rate of cleavage for the calreti-
culin N-terminal peptide compared with adenylate kinase 2
(Figs. 54 and 6A). Specificity of DP8/DP9 cleavage was con-
firmed by performing peptide catalysis reactions in the pres-
ence of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/

VOLUME 288+NUMBER 20-MAY 17,2013
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FIGURE 5. DP8 and DP9 cleave the N-terminal peptide of adenylate kinase 2 in vitro. The N-terminal peptide of mature adenylate kinase 2 is displayed. The
arrow indicates the site of DP8/DP9 proteolysis with the gray text indicating the dipeptide that is removed following DP8/DP9 proteolysis. A, 10 um of the
adenylate kinase 2 peptide was incubated alone or with 1.7 milliunits of active purified recombinant DP8 or DP9. Samples were collected and stopped with 1%
TFA (v/v) final at 0, 1, and 4 h. MS spectra were acquired for noncleaved (m/z) and DP8/DP9-cleaved (m/z) peptides with a mass accuracy of 0.01 to 0.05% error.
Theoretical masses of noncleaved and cleaved peptides are 1681.89 and 1512.79 Da, respectively. B, specificity of cleavage by DP8/DP9 of these peptides was
confirmed by performing catalysis reactions in the presence of 10 um of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/Talabostat). Displayed spectra are
representatives from three independent cleavage experiments. AK2, adenylate kinase 2.

Talabostat) (Figs. 5B and 6B). Co-localization of DP8- and DP9-
EGFP with both adenylate kinase 2 and calreticulin was
demonstrated by confocal microscopy (Fig. 7A) confirming
physical proximity between protease and substrate. No differ-
ence in the localization of either adenylate kinase 2 or calreti-
culin was detected between the active DP8- and DP9-EGFP cell
lines compared with the catalytically inactive DP8(S739A)-
EGFP and DP9(S729A)-EGFP cells (data not shown). Immuno-
blots demonstrated that full-length adenylate kinase 2 and
calreticulin are not altered in their expression levels in the
DP8- or DP9-EGFP SKOV3 cells lines (Fig. 7B) indicating

MAY 17,2013 +VOLUME 288+-NUMBER 20

that DP8/DP9 proteolysis is unlikely to alter the stability of
these two proteins.

DISCUSSION

This is the first cytosol-wide analysis of proteome regulation
by DP8 and DP9. In contrast to other studies focused on indi-
vidual substrates in in vitro assays (18, 20, 21), we have utilized
TAILS (22), an N-terminally focused negative selection
proteomics approach for the first time on a cytoplasmic pro-
teome, to identify in vivo DP8 and DP9 substrates. In this study,
stable transfected SKOV3 cells were used to identify 23 and 17
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FIGURE 6. DP8 and DP9 cleave the N-terminal peptide of calreticulin in vitro. The N-terminal peptide of mature calreticulin is displayed. The arrow indicates
the site of DP8/DP9 proteolysis, and the gray text indicates the dipeptide that is removed following DP8/DP9 proteolysis. A, 10 um of the calreticulin was
incubated alone or with 1.7 milliunits of active and purified recombinant DP8 or DP9. Samples were collected and stopped with 1% TFA (v/v) final at 0, 1, and
4 h. MS spectra were acquired for noncleaved (m/z) and DP8/DP9-cleaved (m/z) peptides with a mass accuracy of 0.01 to 0.05% error. Theoretical masses of
noncleaved and cleaved peptides were 2245.45 and 2017.95 Da, respectively. B, specificity of cleavage by DP8/DP9 of these peptides was confirmed by
performing catalysis reactions in the presence of 10 um of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/Talabostat). Displayed spectra are representa-

tives from three independent cleavage experiments. CRT, calreticulin.

candidate substrates of DP8 and DP9 respectively; 14 of these
were selected for in vitro validation. Adenylate kinase 2, calre-
ticulin, and seven other substrates were validated as DP8/DP9
substrates. This quantitative analysis identified additional pro-
teins involved in pathways regulated or affected by overexpres-
sion of DP8 (20 proteins) and DP9 (45 proteins) enzyme activ-
ity. Many of the proteins identified by quantitative analysis and
those confirmed as DP8/DP9 substrates are involved in regu-
lating cellular metabolism and energy homeostasis. Thus, this
study for the first time reveals potential roles for DP8 and DP9
in cellular metabolic pathways, including glycolysis, gluconeo-
genesis, fatty acid metabolism, and nucleotide metabolism/bio-
synthesis. In addition, the involvement of calreticulin in the
antigen processing and presentation is consistent with a role for
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DP9 proteolysis in preventing cell surface presentation of the
major histocompatibility complex class I antigen (21).

Many of the candidate substrates in Table 3 were identified
only from peptides with the potential for DP8/DP9 cleavage,
with little to no detection of the cleaved peptides. This is likely
due to the cleaved peptides being of low abundance or may
indicate their rapid degradation following DP8/DP9 trunca-
tion. For some targets, contradictory isotopic heavy/light ratios
were identified, and discrepancies were observed with ratios
between different datasets. These contradictory ratios are
probably due to the endogenous enzyme levels of DP8 and DP9
present in all our cell lines. It is likely that background endoge-
nous DP8/DP9 proteolysis also contributes to the identification
of overlapping substrates of DP8 and DP9.
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FIGURE 7. Expression and co-localization of adenylate kinase 2 and calre-
ticulin with DP8 and DP9 in SKOV3 cells. A, DP8-EGFP- and DP9-EGFP
SKOV3-expressing cells lines were analyzed by confocal microscopy and
immunofluorescence using anti-calreticulin (1:50) and anti-adenylate kinase
2 (1:50) polyclonal antibodies. As labeled, red panels display adenylate kinase
2 or calreticulin, and green panels display DP8-EGFP or DP9-EGFP expression.
Merged images are shown in the far right-hand panels. B, cell lysates (25 ug)
from DP8-EGFP, DP8(S739A)-EGFP, DP9-EGFP, DP9(S729A)-EGFP, vector-
transfected, and nontransfected SKOV3 cells were analyzed by 10% (w/v)
SDS-PAGE and immunoblotting using DP8 (1:5000), anti DP9 (1:5000), calre-
ticulin (1:10,000), adenylate kinase 2(1:5000), and 3-actin (1:10,000) as a load-
ing control. AK2, adenylate kinase 2; CRT, calreticulin.

In Vivo Substrate Specificity of DP8 and DP9—Candidate
substrates identified in this study confirm in vivo the in vitro
work of others demonstrating a preference for both DP8 and
DP9 to cleave the post-prolyl bond (33—35), with a strong pref-
erence for substrates with an Ala in the P2 position followed by
Val, Thr, Ser, or Pro residues. Our findings also reveal the
potential for DP8/DP9 cleavage to occur after nontypical resi-
dues in the P1 position; however, all validated substrates con-
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tained a Pro in P1 (Table 3). In addition an in vivo preference
was observed for the potential cleavage of dipeptides from sub-
strates with an Ala, Lys, Val, Thr, or Gly residue in what would
be the P1’ position. Roles for P1’ and P2’ residues in DP8 sub-
strate specificity have been previously suggested following
observations of DP8 in vitro cleavage of chemokines where DP8
kinetically favored cleavage of chemokines containing Ser in
P2’ and Leu and Val in P1’ (20).

Identification of Noncytoplasmic Substrates—A number of
DP8/DP9 substrates and pathway-affected proteins identified
in this study are known to be localized in intracellular organ-
elles. Approximately half of the identified DP8 substrate candi-
dates are mature mitochondrial proteins for which a mitochon-
drial targeting sequence is absent (e.g. adenylate kinase 2) or has
been removed. These findings suggest that in the DP8 cell lines,
there may be increased mitochondrial turnover/degradation
resulting in leakage of proteins from autophagosomes (as
occurs for acetyl-CoA acetyltransferase (36)) suggesting that
DP8 may play a role in mitochondrial homeostasis. Although it
may be possible that some nuclear, mitochondrial, and other
noncytoplasmic proteins are released upon cell lysis and thus
accessible to DP8/DP9 cleavage, it is thought that this was not
likely due to the gentle method of cell lysis used in this study,
the rapid inclusion of protease inhibitors during lysis, and to the
differences in localization of proteins between the DP8 and DP9
datasets.

Adenylate Kinase 2 and Calreticulin as Natural Endogenous
DP8 and DP9 Substrates—Co-localization in vivo of a protease
with its substrate is required for cleavage. By demonstrating
this by co-localization studies, it supports the in vivo relevance
of adenylate kinase 2 and calreticulin as natural substrates of
DP8 and DP9. Although determination of the biological impor-
tance of the cleavage of adenylate kinase 2 and calreticulin by
DP8/DP9 is difficult due to the pleiotropic effects of both
adenylate kinase 2 and calreticulin (37), evidence for a potential
biological role for DP8/DP9 processing in adenylate kinase 2
and calreticulin function exists in the literature. DP8 and DP9
may play a role in the post-translational modification of adeny-
late kinase 2, prior to its mitochondrial import, to produce a
known variant lacking the N-terminal “MAP” sequence, which
has a 2-fold higher activity than the major variant with the
Ala-Pro dipeptide intact (38). DP8/DP9 proteolysis of adenylate
kinase 2 may also occur following its apoptosis-induced release
from the mitochondria, potentially altering its binding affinity
to Fas-associated protein with death domain and activation of
apoptosis via a novel pathway (39). Calreticulin is known to be
retrotranslocated from the endoplasmic reticulum lumen to
the cytoplasmic space after removal of its N-terminal signal
peptide (residues 1-17) (40). In the cytosol, calreticulin has
been shown to undergo post-translational arginylation of the
exposed N-terminal aspartic acid residue (41, 42). Under stress
conditions, arginylated calreticulin associates with stress gran-
ules in a calcium-dependent manner (41). Such a modification
would make the N termini of cytosolic calreticulin inaccessible
to DP8/DP9; however, under the basal conditions used in our
study, no arginylated N-terminal peptides of calreticulin were
identified in our datasets (data not shown). Indeed, we did iden-
tify DP8/DP9-cleaved N-terminal peptides of calreticulin.
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Potentially, DP8/DP9 are involved in regulating the function
and subcellular localization of cytoplasmic calreticulin in
response to stress. In our study, under basal conditions, no
change in calreticulin localization was observed following over-
expression of active or catalytically inactive DP8 and DP9; how-
ever, under conditions of stress this may be altered.

The N-end rule specifies that the stability of a protein can be
affected by the identity of its N-terminal residue (43). Although
it is thought possible that DP8/DP9 may be involved in degra-
dation of proline-containing proteins by affecting their stability
upon N-terminal cleavage, no increase or decrease in the
expression of full-length adenylate kinase 2 or calreticulin was
observed in this study following overexpression of DP8 or DP9
(Fig. 7B).

In conclusion, this study has identified and validated a num-
ber of biologically important candidate in vivo substrates for
both DP8 and DP9, both previously enigmatic proteases with
only one in vivo substrate known. Furthermore, this work has
highlighted roles for both of these proteases in cellular energy
metabolism and homeostasis. Importantly, adenylate kinase 2
and calreticulin were identified and validated as substrates of
both DP8 and DP9. Adenylate kinase 2 plays an important role
in maintaining cellular energy homeostasis, and thus DP8/DP9
proteolysis may contribute to regulating cellular energy home-
ostasis through adenylate kinase 2. TAILS is a powerful pro-
teomic approach for the discovery of protease substrates. The
recent use of TAILS in in vivo analysis of tissue samples opens
the possibility for similar analysis of DPs in the future. For the
first time, we have applied TAILS to a cytoplasmic proteome
and found the approach to be particularly well suited to the
discovery of N-terminal substrates of the exopeptidases DP8
and DP9. This proteomic investigation has identified some
unique but largely overlapping roles and substrates for DP8 and
DP9, thus paving the way for ongoing investigations into the
fundamental roles of DP8 and DP9 in cellular metabolism and
homeostasis.
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