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~ SUMMARY

Apoptosis and NFkB activation are two physiological processes that are essential
for host mediated response to cellular injury. Apoptosis is a mechanism that
removes damaged or unwanted cells. NFkB is a transcription factor that controls
the expression of a number of cytokines and other mediators of inflammation.
Recent studies have revealed that the molecular pathways that result in apoptosis or
NFxB activation share a number of common elements. Pathways leading to
apoptosis converge on the caspase cascade while pathways leading to NFxB
activation converge on the IKK complex. Moreover, many of the steps in these
pathways are controlled by a series of specific protein-protein interactions. A
number of conserved protein modules such as the CARD and DED motifs mediate
these interactions. To further characterise the role of CARD-containing proteins in
apoptosis and NFkB activation this thesis focuses on the molecular characterisation

of two CARD proteins CARDINAL and Nodl.

CHAPTER III

Caspase-10 is a long prodomain caspase, which contains two death effector
domains. The role of this caspase in cell death pathways is unclear and a specific
binding partner for caspase-10 is yet to be identified. We employed the yeast-two-
hybrid library screen to obtain caspase-10 binding partners. Unfortunately the

screen performed failed to find a strong caspase-10 interactor.

CHAPTER IV

This chapter describes the cloning and characterisation of CARDINAL (CARD
inhibitor of NFxB activating ligands), a novel CARD containing protein. In
contrast to the majority of CARD proteins described to date, CARDINAL failed to
promote apoptosis or activate NFxkB. Rather, CARDINAL potently suppressed
NFxB activation associated with overexpression of DR4, DRS5, RIP, RICK, Bcl-10
and TRADD, or through ligand-induce stimulation of the interleukin-1 or tumour
necrosis factor receptors. Co-immunoprecipitation experiments revealed that
CARDINAL interacts with the regulatory subunit of the IxB kinase complex IKKYy
(NEMO), providing a molecular basis for CARDINAL function. Thus CARDINAL

is a novel regulator of NFxB activation in the context of pro-inflammatory signals.




 CHAPTERV

i Nod1 is a member of the NBD-CARD subfamily of CARD proteins. Recent reports

have proposed that this protein functions as an intracellular receptor for
lipopolysaccharide (LPS). Using a subcellular localisation analysis approach we
demonstrated that LPS treatment is associated with relocalisation of the NFkB p65
subunit from the cytoplasm to the nucleus, in cells that are transfected with Nod1.
Reporter based assays confirmed that Nod1 sensitises cells to LPS-induced NFkB
activation. Finally, CARDINAL suppressed Nod1 dependent LPS-induced NFxB

activation.
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1.1 INTRODUCTION

" On a daily basis multicellular organisms become exposed to noxious stimuli and

infectious agents that provoke cellular injury or stress. Viral or bacterial infection,
DNA damage associated with irradiation or chemotherapeutic drug treatment and
competition for growth factors are a few examples of situations that may cause
cellular stress. How a cell responds to such stimuli represents a decision-making
process inherent to the makeup of all cell types. In essence, the choices available to
the cell are to repair the damage, to die or to remove the threat by initiating an
immune response. The outcome for the cell is thus a choice between death and
survival and although these two endpoints seem to be diametrically opposed, the

events leading to them are linked on a number of levels.

1.1.1 Apoptosis

How a cell chooses which of these two paths to take depends on a number of
deciding factors. From the cell’s perspective, if it becomes injured the most
beneficial outcome is survival. However, in multicellular organisms, the presence
of an injured cell can pose a significant threat to the host. For example, if a virally
infected cell were to continue to divide this would serve to propagate the virus
further throughout the host. Similarly in cancer, the persistance of transformed cells
has deadly consequences for the organism. However, multicellular organisms have

evolved a mechanism that allows the removal of defective, infected, transformed or

senescent cells in a process known as programmed cell death (PCD) or apoptosis.

Apoptosis is not only restricted to the removal of damaged cells but is also
fundamental to the normal development of higher organisms. For example, in the
developing foetus the hands and feet are initially webbed but are then sculpted into
mature digits as the interdigital cells are removed by apoptosis (Jacobson ef al.,
1997). Similarly, in the developing brain excess neurons undergo apoptosis as the
synaptic pathways are sculpted and laid out (Barde, 1989). Thus most cells appear
to trigger a default death pathway which initiates apoptosis when the life cycle of

the cell comes to an end.

Consequently, in the adult, apoptosis has a general role in ensuring that the number

of cells in the body remains constant by balancing the rate of cell death with cell



division (Jacobson ef al., 1997). If this balance is disturbed the consequences are

;_fiserious. An excess of cell death can be seen in degenerative diseases such as
Alzheimer’s disease, where too many nerve cells in the brain die, with devastating
consequences for the organ’s host (Yuan and Yankner, 2000). In contrast, when
cells fail to die on cue, this can lead to cancer, as the cells become immortalised

(Martin and Green, 1995).

The morphological changes seen when cells undergo apoptosis nicely demonstrate
how programmed cell death is a damage limiting process containing toxic elements
remain within the cell (Figure 1.1; Kerr ef al., 1972). First the cells shrink and pull
away from their neighbouring cells. As the cells shrink, numerous blebs develop on
the membrane surface. The chromatin also compacts and is degraded into smaller
fmﬁments. The cell is ultimately broken into many membrane enclosed apoptotic
béiiies, which are easily engulfed by resident macrophages. It is these
n;‘orphological changes which demonstrate how unwanted cells can be removed
without rupture of the cell membrane, hence they pose no threat to surrounding cells

and tissues.

1.1.2 Cell Death: A social decision beneficial or detrimental to the host

A number of factors contribute to the decision making process required to make the
choice between cell death and cell survival. The cell type or tissue involved is
important. Certain areas such as the lining of the gut or the lung are exposed to
i)athogens in the form of food and airborne particles on a daily basis. Large-scale
inflammation at such sites would be detrimental to the function of the organ and
therefore is down-regulated (Pugin et al., 1993). In the lining of the gut, for
example, where there is a rapid cell turn over, it is much more beneficial for an
injured cell to remove itself rather than have the organ continuously attacked by the
immune system. Disturbance or distortion of this process is seen in conditions such
as Crohn’s disease where persistent and chronic inflammation in the bowel results
in debilitating and occasionally lethal consequences for the patient (Truelove and
Pena, 1976).

Cell type is also a critical factor in how a cell responds to DNA damage. If the

DNA of a cell is damaged the cell can choose to repair the damage or to sacrifice
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Figure 1.1:

Schematic representation of morphological changes exhibited by cells

undergoing apoptosis

The cell targeted to undergo apoptosis shrinks and pulls away from neighbouring

cells.

and fragments.
macrophages (Kerr ez al. 1972).

As the cell shrinks, membrane blebbing occurs and the cell begins to
fragment into membrane enclosed apoptotic bodies.

The nucleus also condenses

The apoptotic bodies can then be removed by resident




elf (Levine, 1997). In proliferating cells, the risk of propagating a mutation is
quite high and could lead to the formation of tumours. In this case it is often more
favdurable for the damaged cell to be removed. However in cells that do not divide,
such as neurons, the damage is confined to one or a few cells and it is better to
repair the damage than to eliminate a cell of which there is limited supply (Yuan

and Yankner, 2000).

The magnitude of insult is a second deciding factor in how a cell responds to injury.
Cells react to many injurious stimuli by undergoing apoptosis. However treatment
with the same stimuli at an increased intensity will often force the cell to undergo
necrosis (Lennon et al., 1991). This is not a favourable outcome as necrosis results
in the literal bursting of the cell membrane causing its contents to spill out, many of
which are toxic and this will usually initiate similar necrotic reactions and

inflammation in the neighbouring cells and tissues thus amplifying the effect.

1.1.3 Inflammatory response

The host response to injury is predicated on the need to eliminate the threat, usually
by activation of the immune system. During the inflammatory response, when T
cells are activated by antigen for example, the transcription factor NFxB is activated
(Khoshnan et al., 1999), which decides a number of subsequent events. A number
of soluble products including cytokines are produced and released from the
activated cells (Evans, 1993). The release of cytokines has a number of effects, but
generally it results in the activation of cells of the immune system. First neutrophils
are activated and go to the site of infection. This is followed by migration of
monocytes and lymphocytes to the site of injury where they fight the infection. The
result is thus a massive influx of cells to a specific area. This process can often lead
to death of ‘innocent bystanders’ as dying cells rupture spilling out their toxic
contents to the surrounding area. The orderly elimination of the activated cells

(neutrophils, monocytes, lymphocytes and eosinophils) is also essential for health
(Haslett, 1992).

Just as for apoptosis, the pathways that control and initiate the inflammatory

response are complex and intricate. Once again, if the sequence of events are

altered or interrupted in some way this can lead to serious consequences. Many




liseases, such as arthritis and asthma are due to the inflammatory response being
d@egulated (Dinarello, 1996). Often this can be due to a deregulation of apoptosis.
For the inflammatory response to be completed successfully the activated immune
cells have to be removed by apoptosis otherwise persistent inflammation occurs
(Haslett, 1992). This is one example of the interplay that occurs between the two
pathways that are involved in host defence. As higher organisms continue to
develop defence strategies such as these, infecting organisms concurrently find
means to evade the immune response. In HIV-infected cells, not only is the virus
able to maintain survival of the infected cell by blocking apoptosis (Geleziunas et
al., 2001; Wolf et al., 2001), it may also force the cell to kill surrounding immune

cells by activating apoptosis (Zauli et al., 1999).

1.1.4 Apoptosis and Inflammation: Medical implications

A ;‘iumber of examples of diseases and disorders have been mentioned where a
causative factor is a failure of either the apoptosis or the inflammatory machinery to
function correctly. This underscores the fact that the correct execution of the
apoptosis and inflammatory processes are essential to the survival of the host. A
number of genetic disorders occur due to the disruption of genes involved in one of
these pathways. Physiological injury, caused by stroke or effects of alcoholism for
example, may result in excess apoptosis occurring, contributing to long-term tissue
d&mage (Thompson, 1995). Autoimmune diseases are thought to be the result of
t}ie failure of developing T-cells that recognise ‘self” antigens to be removed by
époptosis in the developing thymus (Nagata, 1997). Thus dissecting the pathways
that result in the initiation of the inflammatory response and apoptosis is invaluable
fo the understanding of the pathologies of diseases in which these processes are
disrupted. This knowledge will contribute greatly to the development of treatments

and therapies for such diseases.

1.1.5 Pathways Leading To Apoptosis and Immune Cell Activation

The processes of apoptosis and immune cell activation are co-dependant. For the
immune system to mount an inflammatory response, the life spans of many of the
cells, such as neutrophils, that migrate to the site of infection is extended, therefore
apoptosis is transiently inhibited (reviewed in Watson, 1999). Once the infection or

threat is cleared, activated cells need to be removed by apoptosis to avoid persistent



mﬂ‘amma‘uon in the area (Haslett, 1992; Savill ef al., 1989). The signalling

i ways that are intrinsically involved in the process that decides a cell’s fate are

R

complex and intertwined. Furthermore, the pathways that lead to apoptosis and

thOSe that result in NFxB activation share a number of features. Many stimuli, such
as TNF, that stimulate apoptosis can also activate NFkB leading to inflammation
(Hsu et al., 1995). Furthermore, many of the proteins involved in these two
pathways are closely related (Martin, 2001). Many advances have been made, in
recent years, to dissect the molecular events that initiate apoptosis or the activation
of the immune response, however the story is still incomplete. Although a large
number of proteins have been identified and characterised that are involved in
apoptosis and NFkB activation there is a sense that we have only scratched the
surface. As a result there are a number of questions that remain unanswered as to
how these pathways are mapped out. The identification of novel proteins involved
in these pathways is crucial to completing our understanding of how these processes

are 'éontrolled.

1.2 THE CASPASE FAMILY OF PROTEASES

Central to the apoptosis pathway in mammals is a family of proteases called
caspases. There are currently 14 members of the caspase family (caspase-1, -2 etc),
12 of which are of human origin (Table 1.1). The family is classified by a highly
cg)nserved pentapeptide motif (QACXG), which contains the active cysteine central
to it and hence, is termed the protease active site. Caspases are also categorised as a
fé,mily by virtue of their characteristic cleavage specificity as they all cleave their
Substrates after an aspartate residue (Alnemri et al., 1996).

1.2.1 Caspase Function

Currently, there is a long list of caspase substrates and many more which are likely
to exist. Unsurprisingly, many of the substrates cleaved during apoptosis are
structural proteins such as fodrin (Martin et al., 1995), gelsolin (Kothakota ef al.,
1997) and nuclear lamins A and B (Neamati et al., 1995, Orth et al., 1996). The
cleavage of such proteins by caspases suggests that they contribute to the break
down of the cell membrane and other cellular structures, resulting in the

Characteristic appearance of membrane blebbing (Figure 1.1).



fﬁﬁe 1.1: Summary of mammalian family of caspases, their functions and

otypes of mice nullizygous for the indicated caspases

development ?

Caspase Other Name | Knockout Function Ref.
:y phenotype
CARD-Caspases
Caspase-1 ICE Defects in IL-1B | IL-1B (Kuida et al.,
processing processing, 1995; Liet al.,
Resistance to LPS | inflammation, 1995; Thornberry
induced septic et al., 1992)
shock
IL-1o production
defect
Caspase-2 ICH-1 (human) | Viable Apoptosis (Bergeron et al.,
Nedd2 (mouse) | Excess oocytes initiator/ 1998; Wang et al.,
effector? 1994)
Caspase-4 TX/ICH-2/ Not done Inflammation? (Munday et al.,
ICE-11 1995)
Caspase-5 ICE,-1I/TY Not done Inflammation? (Munday et al.,
1995)
Caspase-9 ICE-LAP6/ Embryonic Lethal | Apoptosis (Duan et al.,
Mché Neuronal Initiator in 1996b; Hakem et
hyperplasia Apaf-1 pathway | al, 1998; Kuida
et al., 1998)
Caspase-11 (mouse) Ich3 (mouse) Resistance to LPS | Inflammation (Wang et al.,
induced septic 1996; Wang et al.,
shock 1998)
Caspase-12 (mouse) Partially resistant | Implicated in (Nakagawa et al.,
to ER stress ER stress- 2000)
inducers induced
apoptosis
Caspase-13 ERICE Not done Unknown (Humke et al.,
1998)
DED-Caspases
Caspase-8 MACH/FLICE/ | Embryonic lethal | Apoptosis (Muzio et al.,
i Mch5 Resistance to DR- | initiator in death | 1996;
g induced apoptosis | receptor Varfolomeev et
pathways al., 1998)
Caspase-10 Mch4/FLICE2 No murine Initiator? (Fernandes-
equivalent Alnemri et al.,
1996; Vincenz
and Dixit, 1997)
Short prodomain
Caspases
Caspase-3 CPP32/Yama/ Embryonic lethal | Apoptosis (Kuida et al.,
Apopain Resistance to Effector caspase | 1996; Nicholson
variety of death etal., 1995;
inducers Tewari et al.,
1995)
Caspase-6 Mch2 Viable Apoptosis (Fernandes-
(unpublished) Effector caspase | Alnemri et al.,
1995)
Caspase-7 Mch3/ICE- Embryonic lethal | Apoptosis (Duan et al.,
LAP3/CMH-1 (unpublished) Effector caspase | 1996a)
Caspase-14 mICE Not done Role in (Huet al., 1998)




econd group of substrates are regulatory or signalling proteins such as the
ur suppressor, retinoblastoma (Janicke ef al, 1996) and the p53 regulator,
\ MI)MZ (Erhardt et al., 1997). Cleavage of such regulatory proteins may function to

elther upregulate or ablate their function in some way that contributes to the demise
of the cell.

In the third category of substrates are proteins that are involved in DNA repair or
- gene expression. These include poly(ADP-ribose) polymerase (PARP) (Lazebnik ef

al., 1994) and the catalytic subunit of DNA-dependant protein kinase (DNA-PKcs)
(McConnell et al., 1997).

1.2.2 C.elegans: a model organism for the study of apoptosis
~ The discovery of the caspase family of proteins was greatly facilitated by studies
- carried out on the nematode C.elegans. During the course of C.elegans

| development, 1090 somatic cells are produced, 131 of which die in a programmed
| Imanner.

~ The C.elegans cell death machinery is comprised of at least fourteen genes that
‘ coptrol and regulate PCD. Among them are the cell death effectors ced-3 and ced-4
| and the cell death repressor ced-9. If any of the 131 cells in C.elegans that are
expected to undergo PCD carry mutations in either of the ced-3 or ced-4 genes the

cell will survive and differentiate as normal (Ellis and Horvitz, 1996).
\

| Overexpress1on of the ced-9 gene causes cells that usually undergo programmed cell

‘ dqath to survive (Hengartner and Horvitz, 1994).
|

|
Studies indicate that the ced-9 gene product inhibits cell death by antagonising the

‘functions of CED-3 and CED-4. The interplay between these three proteins is
“ controlled by specific protein-protein interactions. CED-3 binds to CED-4 and in
 this conformation CED-4 can, in the presence of ATP, activate CED-3 to carry out
“ its protease function (Chinnaiyan et al., 1997a). CED-9, which has been shown to
localise to mitochondrial membranes, can also bind CED-4 and recruit the protein to

“mitochondria (Chinnaiyan ef al., 1997b; Spector et al., 1997).




= Caspase-1: a mammalian homologue of CED-3

A mammalian homologue of CED-3 was found to be interleukin-1B-converting
enz!yme (ICE; Yuan ef al., 1993). Caspase-1/ICE was the first cysteine-aspartate
protease to be discovered. Caspase-1 cleaves interleukin-1p (IL-1B) from its
inactive 31kD precursor form to the active proinflammatory 17kD form (Thorberry
et al., 1992). IL-1B is an important protein in mediating the inflammatory response.
' This cytokine is involved in the pathogenesis of many conditions and diseases
including septic shock, wound healing, bone resorption and myelogenous leukaemia
(Dinarello, 1996). The pivotal role of IL-1B in inflammation suggests that caspase-

1 inhibition may be a powerful means of modulating the inflammatory response.

The IL-1B cleavage activity of caspase-1 can be specifically inhibited by the

| cowpbx serpin CrmA (cytokine response modifier protein; Ray et al., 1992).

Thﬁf'caspase-l is homologous to the C.elegans protein CED-3 is considered to be
one of the key early discoveries in the field of cell death. The sequence similarity
between CED-3 and caspase-1 suggested not only that CED-3 is a cysteine protease,
j but that caspase-1 may also promote cell death (Yuan ef al., 1993). Indeed, when
murine ICE was over-expressed in Rat-1 fibroblasts they underwent apoptosis
(Miura et al., 1993). This activity was prevented by the expression of both CrmA
and Bcl-2, the human homologue of CED-9 and a general inhibitor of apoptosis
(Miura et al., 1993; Hengartner and Horvitz 1994). CrmA was also shown to block
nerve growth factor withdrawal-induced apoptosis when it was microinjected into
chicken dorsal root ganglion cells, further suggesting a role for caspase-1 in cell

death promotion (Gagliardini et al., 1994).

 Thus ICE/caspase-1 became the first member of the growing family of mammalian
caspases. However, it is now generally established that caspase-1 does not play a
central role in programmed cell death pathways. A number of lines of evidence
suggest this. Firstly, overexpression of caspase-1 in cell lines causes apoptosis
(Miura ef al., 1993), but it has been shown that almost any protease, when
overexpressed will have a cytotoxic effect regardless of its role in a particular cell
death pathway (Williams and Henkart, 1994). Secondly the discovery of further

homologues to caspase-1 and CED-3 diminished the significance of some of the




i casp:ase-L For example, the experiments described above in chicken dorsal root
ganglion cells where the ability of CrmA to block apoptosis was used as evidence
for caspase-1 function (Gagliardini et al., 1994) can, be instead taken to suggest that
CrmA also inhibits certain caspase-1 related proteins. This has since shown to be
the case as CrmA can act as a general caspase inhibitor when overexpressed at high

levels (Zhou et al., 1997).

The strongest evidence to suggest that caspase-1 is not centrally involved in
apoptosis is shown by the phenotype of the CASP-1 knockout mouse (Kuida ef al.,
1995; Li et al., 1995). This mouse displayed no overt phenotype, which would be
caused by a disruption of the death pathway, compared to the gross abnormalities
resulting from the loss of CASP-8, CASP-3 or CASP-9 (increased brain size,
embryonic lethality etc; Varfolomeev et al., 1998; Kuida et al., 1996; Hakem et al.,
1998; Kuida et al., 1998; see below).

In the CASP-1 knockout mouse, the loss of caspase-1 results in serious defects in
IL-1 processing (Li ef al., 1995). There is no IL-1B exported from the mutant cells
and also there is a significant decrease in the amount of IL-1c release. The loss of
caspase-1 also results in resistance to LPS-induced septic shock, suggesting a more
prominent role in inflammation and associated processes, than in cell death. LPS
(lijiopolysaccharide) is a bacterial endotoxin produced by gram-negative bacteria,
that induces monocytes to activate several cytokines including IL-1f. When
monocytes from wild type mice are stimulated with LPS, active IL-1p is produced
and exported, but when the same treatment is applied to CASP-1 (-/-) monocytes IL-
1B is not processed. When a high dose of LPS is administered to wild type mice it
usually results in death of the animal. However, similar doses do not have any
effect on the CASP-1 knockout mouse (Li et al., 1995).

Thus caspase-1 is considered to have a primary role in inflammation. Caspases -1, -
4, -5 (Munday et al., 1995), -11 (Wang et al., 1996b) and -13 (Humke et al., 1998)
are all members of the caspase-1 subfamily of caspases. This grouping is based on

sequence homology between these proteins and they also share similar substrate



specificity (Garcia-Calvo er al., 1998). Little is known about the function of the
caspase-1 related caspases, but the available evidence suggests that they function
primarily in the regulation of inflammation, rather than apoptosis. Caspase-11 isa
murine caspase and has much in common with caspase-1 (Wang et al., 1996b). The
phenotype of the CASP-11 knockout mouse is similar to that of CASP-1, displaying
resistance to LPS induced septic shock and defects in IL-1 processing (Wang ef al.,
1998b). Unlike caspase-1, however, caspase-11 protein expression is induced by
LPS (Wang et al., 1998b). The human homologue of caspase-11 is not known but
is likely to be either caspase-4 or caspase-5. Caspase-4, but not caspase-5, can also
cleave pIL-1PB (Lin ef al., 2000). Interestingly, expression of caspase-5 is LPS
inducible, suggesting that caspase-5 may be the human homologue of caspase-11
(Lin ef al., 2000). Thus it is clear that a subset of the caspases function in the
regMon of the inflammatory response.

1.2.4 Caspase Structure

Each member of the caspase family has a similar domain structure, comprising a
prodomain, a long subunit and a short subunit. The caspases can be loosely divided
into two categories based on the length of their prodomains. Among the caspases
that have been implicated in apoptosis, it is generally regarded that the caspases
with long prodomains, such as caspase-9 and caspase-8, are upstream caspases,
wlﬁle short prodomain caspases, such as caspase-3, -6, and —7, are downstream or
eﬂ'@ctor caspases (Table 1.1; Slee ef al., 1999). However this rule is not set in
stone, because the full functions of all the different caspases, regardless of
prodomain length, have not been fully elucidated. In order to become activated the
prodomain of a caspase is usually removed. This either occurs in a self-cleaving or
auto-processing event where a particular caspase can promote its own cleavage, or

where one caspase is specifically cleaved by a different caspase.

The long prodomain caspases can be further divided into two groups, CARD-motif-
containing caspases and DED-motif-containing caspases. The CARD and DED
motifs are conserved domains found in the prodomains of some caspases and related
proteins; the caspase recruitment domain (CARD) and the death effector domain
(DED) respectively (Hofmann e al., 1997). Both of these domains have a similar
six-helical tertiary structure. CARD and DED motifs allow caspases to bind to
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er proteins, which contain similar domains, thus regulating their activity. For
exé&lple, caspase-8 (Muzio et al., 1996) is a DED-containing caspase and its
| adaptor, called FADD also contains a DED in its sequence (Chinnaiyan ef al.,
1995). Activation of caspase-8 by FADD occurs via an interaction between the
DED domains of both proteins thus initiating apoptosis. A third protein called FLIP
also contains two DED motifs and has been suggested to inhibit apoptosis by
competing with FADD for the binding of caspase-8 (Irmler et al., 1997). CARD
containing caspases behave in a similar way. Caspase-9 (Duan ef al., 1996) is
activated, by binding its adaptor Apaf-1, via a CARD-CARD interaction (Li ef al.,
- 1997).

Protein-protein interactions such as the ones just described are crucial to the
propagation of cell death signals. Consequently, the study of these interactions has
~ been fundamental to the discovery of novel caspase regulators and in the dissection

of the different stages of the apoptosis pathway, some of which are discussed below.

1.2.5 Routes to Caspase activation in apoptosis

Numerous forms of cell stress and cell damage, as well as signalling molecules
secreted by other cells, can result in caspase activation and apoptosis. Although in
many of these cases the upstream signalling events remain obscure, evidence
suggests that all of these stimuli engage the caspases in one of two main ways;

through death receptor stimulation or release of mitochondrial cytochrome ¢ (Figure

1.2). These two routes to caspase activation will now be discussed.

1.3 DEATH RECEPTOR PATHWAYS

A number of different stimuli induce cell death by engagement of one or more of a
| family of trans-membrane proteins, collectively known as death receptors. There

are currently a number of death receptors characterised and all are members of the
| tumour necrosis factor receptor (TNFR) family. The most fully characterised of the

death receptors is a molecule known as Fas (APO-I/CD95) (Itoh et al., 1991; Trauth
et al., 1989; Yonehara ef al., 1989). Fas, like other death receptors, contains an

extracellular signal sequence at its amino-terminal end, a single transmembrane
- domain and the carboxyl terminus is located inside the cell (Itoh et al., 1991). A

region towards the carboxyl terminus is conserved between Fas and TNFRI1, but is
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Figure 1.2:

Diverse stimuli initiate apoptosis through death receptor stimulation or
release of mitochondrial cytochrome ¢

Ligands such as FasL, TNF and TRAIL initiate apoptosis via the death receptor
pathway. Activation of caspase-8 directly activates downstream pathways and
also leads to the cleavage of Bid. Cleaved Bid (tBid) can initiate cytochrome ¢
release from the mitochondria. Other stimuli (UV etc.) directly activate the
mitochondrial pathway. DNA damaging agents activate p53 which can induce the
expression of the proapoptotic proteins Bax and Apaf-1.




CDiO or OX40 (Itoh et al., 1991). This conserved region is both necessary and
sufﬁcient to convey the apoptotic signal to the target cell and is called the death
domain (DD) (Itoh and Nagata, 1993; Tartaglia ef al., 1993). The death domain is
similar to the DED and CARD domains and also has a similar tertiary structure.

1.3.1 Fas and Fas Ligand

Fas is the receptor for Fas ligand (FasL; Suda ef al., 1993). FasL is a member of the
TNF ligand family. It is the interaction between Fas and FasL, that can be
mimicked by anti-Fas antibodies, that activates this death receptor pathway
(Ogasawara et al., 1993). In mice, loss of function mutations in Fas such as lpr
(lymphoproliferation; Watanabe-Fukunaga ef al., 1992), and in FasL, such as gid
(generalised lymphoproliferative disease; Takahashi et al., 1994), abolishes the
interaction between Fas and FasL, and hence the cell survives. Both of these
mutations result in the accumulation of lymphocytes. Both proteins are highly
expressed in activated lymphocytes after an infection, and it is the interaction
between these two molecules that contributes to the removal of T cells from an area
of inflammation after an infection has been cleared from the site (Abbas, 1996).
Fasl is also highly expressed in HIV-infected cells and may contribute to the

depletion of surrounding T lymphocytes (Zauli ef al., 1999).

Fas receptor promotes apoptosis through the formation of the DISC (death inducing
signalling complex; Kischkel ef al., 1995). Each molecule of FasL is capable of
binding three molecules of Fas (Figure 1.3). This results in the clustering of Fas
molecules at the cell surface. Each molecule of Fas, in turn, binds a molecule of
FADD, mediated by the death domain of Fas binding the death domain of FADD
(Chinnaiyan ef al., 1995). Then, via DED-DED interactions, FADD binds to
caspase-8. Once in close proximity the caspase-8 molecules activate each other
leading to activation of the caspase cascade and consequently death of the cell
(Medema et al., 1997).

1.3.2 TNF and the TNF receptor

TNF (tumour necrosis factor) can promote apoptosis but, unlike FasL, it can also

activate the NFxB survival pathway. As in Fas-induced cell death, TNF-induced
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Figure 1.3:
Death receptor mediated activation of caspases and NFxB

Schematic representation of the molecular events that occur upon ligation of the
death receptors Fas and TNFR with their respective ligands. Binding of the
ligands FasL or TNF to the extracellular region of Fas and TNFR respectively
induces aggregation of the intracellular death domain-containing portions. This
enables recruitment and clustering of the adaptor molecules FADD and
TRADD. FADD recruits caspase-8 increasing the local concentration of the
caspase, enabling autoactivation of the caspase. TRADD promotes apoptosis
via FADD, but alternatively TRADD recruits RIP which promotes assembly of

the IKK complex by binding IKKy resulting in NFxB activation.



apoptosis is mediated through FADD recruitment of caspase-8. The upstream
events are slightly different in that the TNF receptor (TNFR1), which is activated by
TNF, recruits FADD indirectly through the adaptor molecule TRADD (Figure 1.3;
Hsu ef al., 1995; Hsu ef al, 1996b). TRADD also contains a death domain, which
mediates these protein-protein interactions. As well as being able to initiate the
caspase cascade, TRADD is also a very potent activator of NFkB. This function of
TRADD is discussed in detail later in this chapter.

1.3.3 TRAIL and the TRAIL receptors

A third group of death receptors exists, which have the same ligand in common.
TRAIL (TNF-related apoptosis inducing ligand), like TNF, can promote apoptosis
and can activate NFxkB. Whereas Fas is predominantly expressed on T-cells,
receptors for TRAIL are expressed on many tissue types. Significantly, TRAIL
does not kill all cell types that express the TRAIL receptor and seems only to cause
the death of certain tumour cell lines (Pitti ef al., 1996; Wiley ef al., 1995). Thus
the elucidation of the components involved in the TRAIL pathway could lead to the
development of useful tumour therapies. Presently four receptors for TRAIL exist,
TRAIL-R1/DR4, (Pan ef al., 1997b), TRAIL-R2/DRS/TRICK2/KILLER
(MacFarlane ef al., 1997, Wu et al.,1997b), TRAIL-R3/TRID/DcR1/LTT
(MacFarlane ef al., 1997; Pan et al.,1997a; Degli-Esposti et al., 1997b) and TRAIL-
R4/TRUNDD/DcR2 (Degli-Esposti ef al., 1997a), all of which bind to TRAIL with
similar affinities.

TRAIL-R1 and TRAIL-R2 contain death domains at their C-terminal ends and are
pro-apoptotic receptors (Pan et al., 1997b; MacFarlane et al., 1997). TRAIL-R3, on
the other hand, completely lacks the cytoplasmic portion (Pan ef al.,1997a). This
receptor does not cause apoptosis and thus is widely assumed to act as a decoy
receptor. This is thought to explain how TRAIL does not cause apoptosis of
untransformed cells because it is sequestered by the TRAIL-R3 receptor, which
does not promote cell death. This would be expected to be the case if the
expression of TRAIL-R3 was highly expressed on most untransformed tissue types,
but the expression of this receptor seems to be restricted to peripheral blood
lymphocytes, spleen and lung (Pan et al.,1997a). TRAIL-R4 is also considered a
decoy receptor. Unlike TRAIL-R3 it possesses a cytoplasmic region, yet this region
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contains a truncated death domain (Degli-Esposti ef al., 1997a). This truncation is
sufficient to abolish any pro-apoptotic ability. The expression pattern of TRAIL-R4
shows a wide distribution in comparison to TRAIL-R3 and is also expressed to a
high level in a number of cancer cell lines (Degli-Esposti ef al., 1997a). This would
suggest that that the selective cytotoxic properties of TRAIL are more complex than
being solely due to the existence of these two decoy receptors. Because TRAIL-R4
expression is not restricted to untransformed cells, another mechanism must exist
that prevents these cells from being protected from TRAIL-mediated killing.
Recently it was shown that TRAIL could in fact cause apoptosis in untransformed
cells, specifically human hepatocytes. If this is the case then the idea that TRAIL

can be used as a cancer therapy still requires much investigation (Jo et al., 2000).

1.4 THE MITOCHONDRIAL PATHWAY

Certain death inducing stimuli do not lead to the engagement of death receptor
pathways. Stimuli such as UV irradiation or treatment with drugs such as
staurosporine initiate the mitochondrial pathway of apoptosis (Figure 1.2). These
stimuli lead to the rapid release of cytochrome ¢ from the mitochondrial
intermembrane space into the cytosol. The presence of cytochrome ¢ in the cytosol
of a cell is a certain indication of the imminent death of the cell. Cytochrome c, in
the presence of ATP, initiates the caspase-cascade through activation of Apaf-1
(Figure 1.4; Li et al., 1997, Slee et al., 1999).

1.4.1 Apaf-1 and cytochrome c release

One of the key recent discoveries in the field of apoptosis has been the discovery of
the human CED4 homologue, Apaf-1 (Zou et al., 1997). Apaf-1 is a molecule that
contains a CARD domain, a nucleotide binding domain (NBD) and a series of
WDA40 repeats. The WD40 repeats are thought to be responsible for maintaining
Apaf-1 in an inactive state, since removal of this domain serves to produce an active
protein (Adrain et al., 1999). When cytochrome c is released from mitochondria a
number of events ensue. Cytochrome ¢ binds to the WD40 repeats of Apaf-1,
causing the molecule to be activated, presumably by inducing a conformational
change in the molecule (Figure 1.4). Upon activation a number of Apaf-1

molecules aggregate to form part of a high molecular weight complex, known as the

apoptosome (Cain et al., 1999; Zou ef al., 1999). Each molecule of Apaf-1 binds to
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Schematic representation of events that take place distal to the entry of
cytochrome c into the cytoplasm.

The mitochondrial apoptosome is formed upon exit of cytochrome ¢ from the
mitochondrial intermembrane space. Upon activation, caspase-9 activates
downstream caspases initiating the caspase cascade (Slee ef al., 1999).




a molecule of caspase-9 through a CARD-CARD interaction (Srinivasula ef al.,
| 199&‘;{ Slee et al., 1999). Each caspase-9 molecule, in turn, recruits and processes
either caspase-3 or caspase-7 thus initiating the caspase cascade (Slee ef al., 1999).

| 1.4.2 The Caspase Cascade

Ordering experiments using cell free systems have shown that caspase-9 is the most
iupstream caspase in the Apaf pathway (Li et al., 1997; Slee et al., 1999). By
sequentially removing specific caspases the order of caspase activation events in the
Apaf-1/cytochrome ¢ pathway was determined (Figure 1.4). In summary, caspase-9
activates caspase-3 and caspase-7. Caspase-3 activates caspase-6 and caspase-2.
‘Caspase-3 also activates caspase-9 in a feedback loop manner, which serves to
amplify the signal. Finally caspase-6 activates caspase-8 and -10 (Figure 1.4).

\

The phenotypes of the CASP-3 and CASP-9 knockout mice confirm the evidence
from the ordering experiments (Kuida ef al., 1996; Hakem ef al., 1998; Kuida ef al.,
‘1998). In both cases the mutation results in embryonic lethality, with severe
developmental defects of the brain, associated with increased cell number. In
}CASP-9 (-/-) cells processing of other caspases (notably caspase-3), induced by UV,
‘was not seen, but in activated T-cells treatment with anti-Fas antibody led to
1proc‘essing of caspase-8 and -3 (Hakem et al., 1998; Kuida et al., 1998). This
sugéests that caspase-9 is upstream of caspase-3 and -8 in the mitochondrial
ip&thway, and that, caspase-9 is not required for apoptosis in the Fas death receptor
pathway. The phenotype of the CASP-3 knockout mouse is similar to that of CASP-
‘9,‘however unlike the CASP-9 mutant cells, CASP-3 (-/-) cells were equally as
susceptible to treatment with anti-Fas as they were to other stimuli, such as UV
irradiation (Kuida ef al., 1996). This suggests that caspase-3 is common to at least
two separate apoptotic pathways.

i

1.4.3 Smac and the IAPs

Smac/DIABLO is a second protein that is released from the mitochondria (Duet al.,
2000; Verhagen ef al., 2000). Smac is released after cytochrome ¢ and has been
%implicated in the neutralisation of IAPs namely XIAP. The IAPs are inhibitors of
apoptosis that bind to caspases 3, 7 and 9 thereby neutralising their activity (Bratton
:et al., 2001; Chai et al., 2001; Deveraux ef al., 1998). However Smac can compete
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out the IAP binding to caspases, by directly binding to the IAP proteins and
disp‘lacmg them from active caspases, thereby facilitating apoptosis (Srinivasula ef
al.,2001)

1.4.4 The Bcl-2 family of proteins
The Bcl-2 family are an important family of apoptosis regulatory proteins. These

proteins are characterised by the presence of BH1, BH2, or BH3 domains in their
sequence (Yin et al., 1994). The Bcl-2 family can be divided into two groups,
promoters of apoptosis, such as Bax (Oltvai et al., 1993) and inhibitors of apoptosis,
such as Bcl-2, which is the mammalian homologue of CED-9 (Hengartner and
%orvitz, 1994). The anti-apoptotic Bcl-2 family members generally tend to be
anchored at the mitochondrial membrane (Wolter e al., 1997), which is reminiscent
of the subcellular localisation of CED-9 in C.elegans. Proteins, like Bax, that
ipromote apoptosis, are usually found free in the cytoplasm and migrate to the

itochondria when they receive a death signal (Figure 1.2; Hsu et al., 1997b;
Wolter et al., 1997). The mechanism that underlies the pro-apoptotic function of
these proteins is not fully understood and a number of conflicting views exist
concerning how such proteins cause cytochrome ¢ release from the mitochondria

and the mode in which cytochrome c is released.

The prevailing view is that members of the Bax subfamily oligomerise to form
channels in the outer membrane of the mitochondrion that facilitates release of
eytochrome c¢ (Antonsson et al., 1997; Wei et al., 2001). The channels formed by

ax and related molecules either transport cytochrome ¢ themselves or they may
promote the transport of small molecules and ions (such as calcium) across the

itochondrial membrane leading to disruption of transmembrane potential, which
could allow for the release of cytochrome ¢ (Gogvadze et al., 2001). The latter case
results in the opening of what is termed the permeability transition pore (PTP),
which causes mitochondrial swelling and rupture of the outer mitochondrial
membrane, releasing cytochrome ¢ and other mitochondrial proteins (Crompton,
1999). Usually the damage to mitochondria caused by PTP opening is irreversible
leading to necrosis, since activation of the apoptosome requires ATP and hence
functional mitochondria. However, under conditions where the stimulus is mild it is

thought that enough mitochondria survive to produce ATP sufficient to activate
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Apaf-1 resulting in apoptosis. The role of Bax in this process is unclear as certain
reports show interaction of Bax with components of the PTP, while others state that
PTP opening is independent of Bax or other Bax sub-family members (Marzo e al.,
1998; Eskes ef al., 2000). Bcl-2 has been shown to block the release of cytochrome
¢ (Kluck et al., 1997; Yang et al., 1997), possibly through the neutralisation of Bax

by binding to it, preventing its insertion into the mitochondrial membrane.

The two pathways just described, death receptor and mitochondrial are not mutually
exclusive. Bid, which is a BH3-only protein, is the link between the two (Figure
1.2). When caspase-8 is activated by FADD it directly activates downstream
caspases. However caspase-8 also cleaves Bid, the cleaved form of which promotes
cytochrome c release and caspase-9 activation (Li ef al., 1998b). Investigations into
the significance of caspase-8 induced cleavage of Bid has led to the proposal of the
controversial theory that there are two types of cells which respond differently to
Fas-induced cell death (Scaffidi et al., 1998; Scaffidi ef al., 1999). In type I cells,
where there is a high concentration of Fas, caspases are directly activated by
caspase-8. Cytochrome c release occurs later and the cells have already been
committed to death at this stage. In type II cells death receptor induced apoptosis
induces less DISC formation than in type I cells. Therefore apoptosis occurs
primarily via the mitochondria in response to caspase-8 mediated cleavage of Bid.
Consequently the majority of caspase-8 activation occurs downstream of caspase-3
in these cells (Scaffidi ef al., 1998; Scaffidi et al., 1999).

1.5 THE CARD FAMILY OF PROTEINS

One key point that becomes obvious through the description of the above pathways
that lead to apoptosis, is that protein-protein interactions play an indispensable role.
These interactions allow the death signal to be transmitted down through a cascade
of proteins. A number of defined protein domains have been described that mediate
these interactions: the death domain (DD) (Itoh and Nagata, 1993; Tartaglia et al.,
1993), the death effector domain (DED), the caspase recruitment domain (CARD)
(Hofmann et al., 1997) and the recently described pyrin domain (PYD), (Bertin and
DiStefano, 2000; Staub et al., 2001). All of these modules form a six or seven
antiparallel o-helical bundle that has been termed the death domain fold.
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In the last two years a large number of proteins with CARD domains have been
characterised (Figure 1.5). The CARD domain was first identified in certain
caspases and their adaptor molecules. As the name suggests, CARD-containing
proteins were originally classified as proapoptotic molecules that act as docking
platforms for caspases. This action allows a number of caspase molecules to come
into close proximity enabling their activation. As the family of CARD containing
proteins expands, however, it has become apparent that the original nomenclature is
too restrictive. Many of the recently characterised CARDs, rather than binding
caspases, recruit other CARD proteins. Moreover, many CARD proteins do not
promote caspase activation but participate in NFxB signalling pathways associated
with innate or adaptive immune responses. At first glance it appears difficult to
reconcile the multifunctional properties of the proteins that contain CARD motifs.
Therefore, in order to simplify the following description of the CARD family of
proteins, they have been sub-divided into four sub-families based on their overall
domain structures as follows (Figure 1.5).

(1) The NBD-CARDs. These proteins contain a nucleotide-binding domain (NBD)
in addition to the CARD motif and also contain either leucine-rich repeats (LRR) or
WDA40 repeats within their C-terminal regions. The NBD of Apaf-1 has been shown
to act as an oligomerisation module (Adrain ef al., 1999) and presumably functions
in a similar way in other members of this group. Overall this group of proteins
probably act as molecular scaffolds around which protein complexes are assembled.
(2) The Coiled-Coil CARDs. Proteins within this group are broadly similar to the
NBD-CARDs but the central NBD is replaced by a coiled-coil (CC) motif. Again
these proteins are likely to be scaffold proteins for protein complex formation.

(3) The bipartite-CARDs. This group of proteins is less complex as members
contain a CARD and a second domain (a kinase domain, death domain, or PYD
domain). These tend to function as downstream adaptor or effector molecules, and
are recruited to the scaffold proteins of the first two groups, leading to their
activation, or enabling the to mediate th recruitment of additional effector molecules
to the complex.

(4) The CARD-only CARDs. These proteins contain a CARD domain and little

else and generally act as decoy molecules.
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CARD-only CARD:s as discussed in the text.



1.5.1 NBD CARD proteins

Apaf-1 is probably the most fully characterised of the CARD proteins and its role in
apoptosis has been described in the preceding sections. Recently, a number of
proteins that are structural homologues of Apaf-1 have been characterised, grouping
these proteins into their own subfamily of CARD proteins. Nod1/CARD4 (Inohara
et al., 1999; Bertin ef al., 1999), and Nod2 (Ogura ef al., 2001b) are two such
proteins of similar structure to Apaf-1, but they contain leucine rich repeats (LRRs)

in place of the WD40 repeats. Also, Nod2 has two CARD domains at its C-

terminus. However, unlike Apaf-1, the primary role of these two proteins is not in

apoptosis, but in the activation of the transcription factor NFkB. Interestingly the

model proposed for activation of NF«B through Nod1 and Nod2 is reminiscent of
the Apaf-1 pathway described above. These two proteins have been proposed as

intracellular LPS receptors (Inohara e al., 2001). LPS seems to bind to the LRRsof
Nod1l and Nod2, which is analogous to cytochrome ¢ binding to the WD40 repeats

of Apaf-1 (Figure 1.6). Once activated Nodl and Nod2 bind

RICK/CARDIAK/RIP2 in an induced proximity model (Inohara ef al., 2000). RICK

in turn recruits IKKY, the regulatory subunit of the IKK complex, through its

intermediate domain, thus activating NFkB (Inohara et al., 2001). The role of the

Nod proteins in the activation of NFxB is a major focus of this thesis and is

described in detail in Chapter V.

CARDI12/IPAF/CLAN (Geddes et al., 2001; Poyet et al., 2001; Damiano ef al.,
2001) is also very similar in structure to Nod1 and Nod2, as it contains a CARD, an
NBD and LRRs. However unlike these two proteins, CARD12 does not seem to be
involved in NFxB activation. This protein has been implicated in apoptosis and in
caspase-1 activation, thus, due to this conflict, the precise function of CARD12

remains to be resolved.

NAC/DEFCAP is another NBD-CARD, similar in structure to the Nod proteins,
although with a few notable differences, (Chu et al., 2001; Hliang et al., 2001).
Firstly the CARD domain is uniquely located at the C-terminus and it has a PYD
domain at the N-terminus. The PYD motif is a recent finding in apoptosis related

proteins (Bertin and DiStefano, 2000; Staub ef al., 2001). It is so called because it
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CARD proteins are involved in pathways that lead to apoptosis and NFkB activation

Schematic representation of some of the pathways that involve CARD proteins. Cytochrome c release from the mitochondria
activates Apaf-1, which recruits and activates caspase-9 leading to apoptosis. CARD-10,-11 and -14, in response to TCR and
BCR activation recruit Bcl-10 which leads to the activation of NFkB. LPS binds to the LRRs of Nod1l, Nod1 recruits and
activates RICK allowing IKKy recruitment and NFkB activation.




is found in a protein called pyrin, which is mutated in familial Mediterranean fever,
an inherited disorder characterised by frequent occurrences of fever and
inflammation (Booth ef al., 1998). There is also evidence to suggest that this is a
protein-protein interaction domain, as it has been shown to oligomerise (Masumoto
et al., 2001). The presence of a PYD in NAC thus suggests a possible involvement
in inflammatory pathways, however this is yet to be investigated. NAC has been
shown to bind caspase-9, caspase-2 and Apaf-1, upon transient overexpression of
both proteins (Chu e al., 2001; Hliang ef al., 2001). Due to its reported interaction
with Apaf-1, NAC has been proposed as a proapoptotic component of the Apaf-1

apoptosome (Chu e al., 2001). However, this observation remains to be confirmed
with apoptosomes generated at constitutive levels of NAC.

1.5.2 The Coiled-Coil CARDs

The second group of CARD-proteins, are a group of Bcl-10 interactors that through
Bcl-10 recruitment activate NFxB. Bcl-10 (CLAP/CIPER/CARMEN/mE10)
(Willis e al., 1999; Srinivasula et al.; 1999; Koseki ef al., 1999; Thome et al., 1999;
Yan et al., 1999), was initially characterised as a proapoptotic molecule that also
activates NFkB. However, the bcl-10 knockout mouse has few defects associated
with a dysregulation of apoptosis, namely incomplete neural tube closure in some
mice (Ruland et al., 2001). The primary defect of these mice is a profound
deficiency in NFkB activation in specific response to T and B cell activation. Thus
bel-10 null animals are highly susceptible to infections due to a failure of
lymphocyte populations to undergo clonal expansion in response to infection. This
demonstrates that Bcl-10 activates NFxB in T and B cell receptor driven pathways.
Bcl-10 has been shown to promote NFkB activation through recruitment of a
molecule called MALT1 (Lucas et al., 2001), which may in turn recruit IKKY
although this is yet to be formally demonstrated (Figure 1.6).

The intervening steps between the T and B-cell receptors and Bcl-10 seem to
involve one of four recently characterised CC-CARD proteins, CARD-9, -10, -11
and 14 (Bertin et al., 2000; Bertin ef al., 2001; Gaide ef al., 2001; Wang et al.,
2001b). CARD-10, -11 and -14 belong to the membrane-associated guanylate
kinase (MAGUK) family of proteins. Such proteins are characterised by a tripartite
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PDZ/SH3/GUK structure that acts as a molecular scaffold, co-ordinating protein
complexes at the cell membrane (Figure 1.6; Fanning and Anderson, 1999).
CARD-9 is related to the three other proteins but is truncated in comparison, lacking
the MAGUK structure. It is not clear how these proteins result in the activation of
Bcl-10 in response to T cell activation. CARD-9 has been shown to oligomerise

through the coiled-coil domain (Bertin ef al., 2000), and it is likely that the other
three behave in a similar manner.

1.5.3 Bipartite-CARDs

The proteins mentioned thus far are multi-domain proteins. The bipartate-CARD
proteins are less complex, comprising a CARD and one additional domain. These
proteins generally act as downstream adaptors for many of the aforementioned
proteins. This is the case, as has been described above, for Bel-10 and RICK in
NFxB activating pathways. RICK (CARDIAK/RIP2) (Inohara et al., 1998;
McCarthy ef al., 1998; Thome et al., 1998) has also been implicated as a caspase-1
binding protein, promoting caspase-1 activation. Whether the true primary function
of RICK is in caspase-1 regulation or NFkB activation, or if it does, in fact, function

in both pathways remains to be determined.

Similar to NAC, ASC is a CARD protein that also contains a PYD domain
(Masumoto ef al., 1999). ASC has been shown to form aggregates in apoptotic cells
but it is not clear what its role in apoptosis is. However this protein has been shown

to bind pyrin suggesting a role in an inflammatory process (Richards ef al., 2001).

Finally, RAIDD/CRADD (Duan and Dixit, 1997; Ahmad et al., 1997), one of the
first CARDs to be described, has a death domain and a CARD domain and is
thought to be the adaptor molecule linking RIP to caspase-2 leading to apoptosis,
although the context in which this occurs remains obscure. The caspase-2 knockout
mouse has no overt apoptotic phenotype (Bergeron ef al., 1998) and the RIP
knockout mouse has demonstrated that the primary role for RIP is in NFxB
activation (Kelliher et al., 1998). Therefore the exact role of RAIDD in this

pathway remains unclear.
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1.5.4 CARD-only proteins

ICEBERG and pseudoICE/COP are two proteins that contain only a CARD domain
(Druilhe et al., 2001; Humke et al., 2000; Lee et al., 2001). They both function to
inhibit capsase-1 activation and IL-1B processing. Both bind caspase-1 but
pseudolCE also binds RICK and it is proposed that the interruption of the RICK-
caspase-1 interaction leads to the inhibition. It seems reasonable to predict that if
similar proteins are identified that contain a CARD domain and little else, that they
would also function as decoy molecules as the two existing CARD-only proteins do.

From this list of CARD proteins and their functions it becomes apparent that there
are three major pathways in which these proteins are involved: caspase-1 regulation,
NFkB regulation and apoptosis. Broadly speaking, they function in cell death and
in the inflammatory response. One key point to note is that structural similarities
between these proteins does not always correlate with functional redundancy.
Although all the CC-CARDS seem to operate in the same way leading to Bcl-10
activation, the NBD-CARDs have more diverse roles, Apaf-1 induces apoptosis,
Nod1l and Nod2 activate NFkB and CARDI12 is potentially a caspase-1 regulator.
In order to reconcile how such similar molecules can operate in the seemingly
diverse processes of caspase activation and NFxB regulation it is necessary to
compare the different pathways. In doing so it becomes apparent that there are

many common themes running between the two.

1.6 NFxB

Many of the proteins mentioned so far in the Introduction, although related to
apoptosis regulating proteins, have been described as regulators of NFkB. NFkB is
a transcription factor that activates a number of genes involved in the inflammatory
and innate immune responses, including many cytokines such as IL-1 and IL-8
(Hiscott et al., 1993; Ott et al., 1998). NFxB also activates the transcription of
genes encoding chemokines, adhesion molecules, cell surface receptors, and
enzymes that produce secondary inflammatory mediators (Baeuerle and Baltimore,
1996). The NFxB protein is made up of two subunits, p65/RelA and pS0/NFxB1
(Ghosh et al., 1990; Nolan et al., 1991; Ruben ef al., 1991). Both can form
homodimers as well as the more natural p65/p50 heterodimer (Urban et al., 1991).
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Signal transduction pathways that lead to the activation of NFxB display many
similarities with the apoptosis pathways. Similar to apoptosis, a wide array of
stimuli can lead to the activation of NFKB, but as apoptosis pathways all converge
on the caspases, NFkB activation pathways all seem to converge at the point of the
IKK complex (Figure 1.7).

1.6.1 The IKK signalosome

The IxB Kinase (IKK) complex or signalosome is made up of three proteins IKK o
(DiDonato et al., 1997), IKKP (Faucheu ef al., 1996; Van Antwerp et al., 1996),
and IKKYNEMO (Rothwarf ef al., 1998; Yamaoka et al., 1998). IKKo. and IKKP
contain identical structural domains: a helix-loop-helix domain, a leucine zipper
domain and a kinase domain. IKKYy does not contain a kinase domain and is
regarded as the regulatory subunit of the complex (Figure 1.7, Rothwarf ef al.,
1998). If one of these genes is knocked out in mouse, severe phenotypes are
observed. The IKKa: null mouse, surprisingly, does not have impaired responses to
NFxB inducers such as IL-1 and TNF (Takeda ef al., 1999; Hu ef al., 1999).
However, these animals have severe defects in skin formation. Failure of the skin to
differentiate correctly results in it being ten times thicker than normal and does not
allow emergence of the limbs. This phenomenon has been shown to be independent
of the NFxB activating activity of IKKa., suggesting a second role for this enzyme
(Hu et al., 2001). IKKP knockouts, on the other hand, have lost their ability to
activate NFxB, resulting in embryonic lethality (Li ef al., 1999). The lethality is the
result of severe liver degeneration. Similarly IKKy mutant mice die in ufero due to
liver degeneration, and show no detectable NFkB DNA binding activity in response
to a variety of stimuli (Rudolph et al., 2000). The phenotype of the IKKy (-/-)
mouse is almost indistinguishable from that of mice where p65 is mutated (Beg et
al., 1995). The phenotype of these mice is in fact more severe than for IKKf
knockout mice suggesting that IKKY is indispensable for NFxB activation.

Evidence suggests that IKKY acts as a molecular scaffold that once activated recruits
IKKo and IKKP (Figure 1.7; Poyet et al., 2000). This leads to phosphorylation of
IKKB, which results in activation of the IKK complex (Delhase et al., 1999). The
activation of the complex is amplified by the ability of IKKB to phosphorylate
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Ihe IKK signalosome

Schematic diagram illustrating the composition of the activated IKK complex.
IKKy oligomerisation allows recruitment and subsequent activation of the kinases
IKKo and IKKB. Once activated the IKK complex phosphorylates IkB.
Phosphorylated IxB dissociates from NFkB and is targeted to the proteasome
where it is degraded. When separated from IxB, the nuclear localisation signals
(NLS) on NFxB are unmasked and NFxB is targeted to the nucleus where it

activates trascription of a number of genes.



IKKo and adjacent inactive complexes. Once activated the IKK complex, in turn,
leads to the activation of NFkB. NFxB is normally present in the cell complexed to
a second protein known as IkBo.. The complex formed between these two proteins
results in the masking of the two nuclear localisation signals on the surface of the
NFxB protein thus sequestering NFxB in the cytoplasm. IKKo and IKKp
phosphorylate IkBot and as a result, the protein is targeted to the proteasome where
it is degraded (Brown er al., 1995; Chen et al., 1995). Thus the nuclear localisation
signals on NFkB are unmasked and it can translocate to the nucleus where it
activates the transcription of a number of genes such as IL-1 and the IAPs (Figure
1.7; Hiscott ef al., 1993; Wang et al., 1998a). Among the genes activated by NFxB
is IkBa.. In this way IkBo reaccumulates in the cytoplasm and reforms the original
complex with NFxB in an autoregulatory manner. This represents one of two ways
in which the NFxB protein can negatively regulate its own activation. The ability of
IKKB to autophosphorylate its C-terminal end regulates the second mechanism.
Once nine of the C-terminal serines of the serine cluster domain (SCD) of IKKp are
phosphorylated the enzyme reaches a low activity state (Delhase et al., 1999). This
means of negative regulation ensures that minor proinflammatory insults do not

escalate into conditions of persistent inflammation, such as septic shock.

Similar to the cell death pathway, protein pathways leading to the activation of
NFxB consist of a complicated network of proteins. NFxB is triggered by
engagement of receptors by their cognate ligands most of which are at the
membrane level but two intracellular receptors have been characterised. More
common inducers of NFxB include IL-1, TNF, LPS and other bacterially and virally

derived products.

1.6.2 Interleukin-1 induced NFxB activation

Interleukin-1 (IL-1) initiates an NFxB activating pathway by engaging its receptor
Interleukin-1 receptor (IL-1R) at the cell surface. The intracellular portion of the
receptor then initiates a cascade of protein-protein interactions starting with the
recruitment of MyD88 (Burns ef al., 1998; Wesche et al., 1997). MyD88 through
its death domain binds the death domain-containing protein IRAK (Burns ef al.,
1998; Wesche et al., 1997). The events that occur downstream of IRAK are unclear,
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but it may directly phosphorylate the IKK complex or, by analogy with pathways
that activate NFkB through RIP or RICK, it is plausible that IRAK also recruits
IKKY.

1.6.3 LPS induced NFxB activation

LPS has been shown to activate NFkB by two distinct pathways, at the membrane
level and intracellularly. The intracellular receptors for LPS are Nod1 and Nod2 as
has been discussed elsewhere. Otherwise, LPS acts as an extracellular pathogen
through activation of a Toll receptor. The mammalian Toll-like receptor family is
comprised of ten members (TLR1, 2 etc). They are so called due to their homology
with the Drosophila protein Toll, which is involved in the establishment of the
dorso-ventral axis in the Drosophila embryo (Belvin and Anderson, 1996). The
LPS receptor was discovered to be TLR4 through studies on the Lps mutant mouse.
Lps mice are completely resistant to LPS-induced septic shock and they also lack
TLR4 (Poltorak et al., 1998). All other members of the TLR family in these mice
are intact and functional demonstrating that TLR4 is the sole receptor for LPS
(Poltorak et al., 1998). The other members of the Toll receptor family have been
implicated as receptors of other pathogen derived substances. For example, TLR2
recognises peptidoglycan, a component of gram-positive bacterial cell walls
(Takeuchi ef al., 1999). Once activated by LPS, TLR4 is thought to signal in a
similar way to the IL-1 receptor by recruiting MyD88 and through IRAK activates
NFxB (Medzhitov ef al., 1998).

1.6.4 TNF induced NFxB

TNF can activate both NFxB and apoptosis. Following engagement of the TNF
receptor by TNF, TRADD either recruits RIP or FADD (Hsu ef al., 1996a; Stanger
et al., 1995). Recruitment of RIP leads to NFxB activation, while FADD activation
results in apoptosis. What dictates the path that is taken upon engagement of the
TNF receptor, ultimately resulting in prolonging the life of the cell or death, is
unknown. It has been shown in a number of studies that if the NFxB response is
blocked, cells become increasingly susceptible to apoptosis. Conversely, if
apoptosis is blocked the amount of NFkB activation in response to TNF is increased

(Van Antwerp ef al., 1996b; Beg and Baltimore, 1996). This is especially seen in
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the knockout mouse studies of IKKy and IKKB (Li ef al., 1999; Rudolph et al.,

2000). These mice die of liver degeneration due to increased apoptosis of these
cells. Furthermore cells from these mice are much more susceptible to apoptosis
inducing stimuli.

1.6.5 The role of ‘apoptosis’ proteins in NFxB activation

Many proteins activate NFxB and, as has been described, a number of them were
originally characterised as promoters of apoptosis. More recent research has shown
that in most cases the primary role of these proteins is in NFkB signalling.
However, there are a number of links and similarities between the two processes
even though they result in opposing outcomes. For example the protein RIP was
originally characterised as a very potent inducer of apoptosis (Stanger et al., 1995).
When overexpressed, it kills cells at a comparable level to that of FADD and it has
a death domain, which suggests a role in PCD. However, RIP also induces NFxB.
The apparent paradox was resolved by the phenotype of the RIP knockout mouse
(Kelliher ef al., 1998). The phenotype of these mice is more similar to the
phenotype that occurs when IKKf, IKKy or NF-xB p65 are knocked out (Beg et al.,
1995; Li et al., 1999; Rothwarf et al., 1998) than to knockouts of pro-apoptotic
genes such as CASP-8 or APAF-1, which are characterised by accumulation of
excess cells (Cecconi et al., 1998; Varfolomeev et al., 1998; Yoshida et al., 1998).
RIP(-/-) mice are viable at birth but die within a few days due to increased apoptosis
in the lymphoid and adipose tissue (Kelliher et al., 1998). These mice are incapable
of activating NFxB suggesting that this is the primary function of RIP (Kelliher ez
al., 1998). As well as the death domain, RIP also has a kinase domain.
Intriguingly, it is neither of these domains that is responsible for its ability to induce
NFkB. The intermediate portion of the molecule between the two domains is the
region that binds IKKY thus triggering the NFxB response (Inohara et al., 2000;
Zhang et al., 2000; Poyet et al., 2000). The RIP-related protein, RICK, has been

shown to function in a similar manner, also recruiting IKKy through its intermediate

domain (Inohara ef al., 2000).
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1.7 CROSSTALK BETWEEN APOPTOSIS AND NFxB ACTIVATION
PATHWAYS

As mentioned above there is cross talk between the two pathways that result in
apoptosis and NFxB activation. This is exemplified by the role played by TNF
described above. In short, TNF, depending on the context will activate either
apoptosis or NFxB and activation of one process results in a shut down of the other.
A certain amount of communication between the two processes allows for this level

of control. When NFkB is activated the transcription of a number of genes is

induced. Among these are certain inhibitors of apoptosis including Bcl-xL, cIAP-1,

cIAP-2, FLIP and XIAP (Khoshnan et al., 2000; Micheau ef al., 2001; Stehlik et al.,

1998; Wang ef al., 1998a). TNF also activates the Jun-N-terminal kinase pathway.

Activation of JNK transcriptionally activates the proto-oncogene c-Jun. c-Jun by an
unknown mechanism activates one or a number of caspases leading to apoptosis

(Davis, 2000). Activation of NFkB by TNF has been shown to inhibit JNK induced
apoptosis through induction of gadd45B (De Smaele et al., 2001), a protein
previously associated with cell cycle control and DNA repair (Vairapandi et al.,

1996). NFxB transcriptional activation of XIAP has also been shown to suppress
TNF-induced JNK activation (De Smaele et al., 2001; Tang et al., 2001).

Further upstream, RIP has been implicated as a link between the two pathways. RIP
is cleaved by caspase-8, which abolishes its NFxkB inducing activity (Lin ef al.,
1999). This suggests that in cells that are susceptible to TNF induced apoptosis,
caspase-8 mediated cleavage of RIP is an early event that ensures the commitment
of the cell to the apoptosis pathway, rather than NF«B activation. It is thus possible
that other caspase substrates exist, the cleavage of which serves to interrupt a

pathway that otherwise would lead to NFxB activation.

1.8 PROJECT AIMS

From the description of the above the pathways it seems apparent that the two
physiological processes of apoptosis and immunity are linked both at the protein
sequence/structure level and at the functional level, with common signalling
proteins appearing in both contexts. It is the aim of this thesis to further explore and

dissect these pathways through the characterisation of novel proteins that may
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regulate signalling pathways leading to apoptosis, the activation of NFxB or both.
~ In doing so it is envisioned that such discoveries could shed light on some of the

questions that still remain concerning these protein pathways.

The introduction has highlighted the important role of protein-protein interactions
and conserved protein interaction domains, such as the CARD domain, in both
apoptosis pathways and pathways that lead to NFkB activation. Therefore it was
the aim of this study to find binding partners for known proteins involved in these
pathways, namely the caspases. To achieve this goal two separate strategies were
employed. The first strategy was to use the yeast-two-hybrid assay to find novel
binding partners for the DED containing caspase, caspase-10. The second strategy
was to search the public gene databases for novel proteins with homology to the
CARD containing caspase, caspase-1. Using the latter approach we identified a
novel CARD-containing protein, called CARDINAL and investigated its role in

caspase activation and NFxB activation.
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CHAPTER 11

Materials and Methods
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2.1 MATERIALS
2.1.1 Antibodies

Antibodies used to produce data included in this thesis were obtained from the
following sources

Anti mouse HRP x light chain specific Zymed labs inc., UK
T7 Tag antibody Novagen, UK
T7 Tag antibody HRP conjugate Novagen, UK
Anti-GFP monoclonal antibody Clontech, UK
Anti-HA polyclonal antibody Santa Cruz, UK
Anti-HA monoclonal antibody Roche, UK
Anti-Gal-4 (DBD) Santa Cruz, UK
Anti actin ICN, UK
Anti-ICE (A-19) (Caspase-1) Santa Cruz, UK
Anti-human IL-1 R&D systems, UK
Anti-p65 (NF-xB RelA) monoclonal antibody Translabs, UK
Anti-p65 (NF-xB RelA) polyclonal antibody Santa Cruz, UK
Anti —RIP monoclonal antibody Translabs, UK
2.1.2 Reagents

Restriction and modification enzymes were obtained from New England Biolabs
(NEB, UK) unless otherwise stated. Chemicals and general reagents were

purchased from Sigma-Aldrich, Ireland unless otherwise stated.

2.2 PURIFICATION AND MANIPULATION OF DNA

2.2.1 Plasmid Preparation

Generation of Ultra Competent DH5 ¢ (Inoue Method)

DH50 was grown at 18°C with rotation (250rpm) in SOB (2% (w/v) tryptone-
peptone, 0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl, 10mM
MgSO,, pH6.7 (50ml)) to ODgoo of 0.6, representing stationary phase of bacterial
cell growth. The cell culture was placed on ice for 10mins. Cells were pelleted at
2500g for 10mins at 4°C in a bench top centrifuge (Sorvall). The cell pellet was
resuspended in Inoue Transformation Buffer (10mM Pipes pH7.4, 55SmM MnCl,,
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15mM CaClp, 250mM KCl, pH6.7, 16ml per 50ml of starter culture) to wash the
ells and incubated on ice for 10mins. Cells were pelleted as before and
resuspended in transformation buffer (4ml per 50ml starter culture). DMSO was
added to a final concentration of 7% followed by a 10-minute incubation on ice.

Cells were frozen in liquid nitrogen and stored in aliquots at —70°C.

Transformation into competent DH5

Plasmid DNA was transformed into ultra competent E.coli DH5x by the following
protocol. 50pl ultra competent DH50: célls were used per reaction, to which 3l of
a dilute stock of plasmid was added. Samples were incubated on ice for 30mins to
allow the plasmid to coat the cells. Cells were heat shocked at 42°C for 40 seconds
to induce plasmid uptake, followed by a 2min recovery on ice. 450ul of SOC
(SOB, 20mM glucose) was added and cells were incubated at 37°C with 200rpm
rotation for lhr to allow expression of the Ampicillin resistance gene. Cells (25-

g 50pul) were plated on LB plates with ampicillin (1% (w/v) tryptone-peptone, 0.5%
 (WIv) yeast extract, 1% (w/v) NaCl, 1.5% (w/v) agar, 100pg/ml ampicillin).

Plasmid Miniprep

LB containing ampicillin (3ml) was inoculated with a single colony of plasmid

transformed DHS5a and incubated overnight at 37°C, 300rpm. Bacterial culture

v
4
£
3

(Iml) was pelleted at top speed in a bench top centrifuge for 1min. Cells were
resuspended in P1 buffer (100ul, SOmM Tris-HC1 pH8, 10mM EDTA) followed by
lysis in P2 buffer (200ul, 0.2M NaOH, 1% SDS) on ice for 2mins. Genomic DNA
was precipitated in P3 buffer (200ul, 3M KAc pH 5.5) on ice for Smins. The
precipitated DNA was then pelleted at top speed for 15mins in a microfuge. The

supernatant was retained and plasmid DNA was precipitated with 0.7 volumes of
isopropanol for 20mins. Plasmid DNA was pelleted at top speed in a microfuge for
~ 10mins followed by washing with 1ml 70% ethanol. Pellets were dried and the
DNA was resuspended in 10ul ddH,0 followed by 10ul 1X TE (10mM Tris-HCl
pHS8, ImM EDTA).
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Plasmid Midiprep Procedure

For large scale preps a 50ml culture was inoculated with the overnight starter
culture (100pl). The culture was pelleted at 5000g in a bench top centrifuge for
10min. Bacterial cell pellets were resuspended in P1 buffer (4ml) containing
100pg/ml Rnase A (Qiagen, UK). Cells were lysed in P2 (4ml) buffer on ice for
2mins. Genomic DNA was precipitated in P3 buffer (4ml) on ice for 5mins. The
precipitated DNA was then pelleted at 15,000g for 30mins in a Sorvall SS-34 rotor
at 4°C. The supernatant was retained and plasmid DNA was precipitated with 0.7
volumes of isopropanol for 20mins. Plasmid DNA was pelleted at 18,000g in a
Sorvall S8-34 rotor for 30mins. The DNA pellet was washed with 1ml 70%
ethanol. Pellets were dried and the DNA was resuspended in 50pl ddH,0 followed
by 50ul 1X TE (10mM Tris-HCI pH8, ImM EDTA).

Plasmid Midiprep — Qiagen Procedure

To isolate pure DNA for use in transient transfections and in vitro transcription and
translation (ITT) reactions the Qiagen procedure (Qiagen, UK) was followed.
Following the P1/P2/P3 procedure detailed above, the plasmid supernatant was
loaded onto a Qiagen tip-100 column, that had been equilibrated with 4ml QBT
buffer (750mM NaCl, 50mM MOPS pH 7, 15% (v/v) isopropanol, 0.15% (v/v)
Triton X-100). The column was washed twice with 10ml QC buffer (1M NaCl,
50mM MOPS, pH7, 15% (v/v) isopropanol) and the DNA was eluted into Sml QF
buffer (1.25M NaCl, 50mM Tris-HCl, pH8.5, 15% (v/v) isopropanol). DNA was

recovered by isopropanol precipitation as outlined in the previous section.

Restriction digest

Plasmids were subjected to restriction digest to verify the insert size or to digest the
DNA for cloning. For a restriction digest the appropriate amount of DNA was
typically digested for 18hrs with lunit of the relevant enzyme(s) per pg of DNA in
presence of the buffer supplied and recommended by the manufacturers (NEB, UK).

32

TRESTY COLLEGE LIBRARY DUBLIN



sy = @

2.2.2 Plasmid Generation

Amplification and ligation of insert DNA

Generation of the plasmids used in this study was typically carried out using the
following procedure. The coding sequence of interest was generated by PCR using
an existing cDNA or the pACT2-Jurkat library (see expansion of Jurkat library) as a
template. The primers for each plasmid generated are listed in Appendix Table II
and each incorporates restriction sites which place the insert into the corresponding
vector in the correct frame. PCR fragments were amplified using parameters listed
in Table 2.1. The PCR fragment and the parent vector were digested with the
relevant restriction enzymes for 18hrs at 37°C. The parent vector was treated with
Calf Intestinal Phosphatase (CIP, 1 unit per 100pmol DNA ends) in the presence of
the recommended CIP buffer (NEB, UK). CIP treatment was carried out for 1hr at
37°C to dephosphorylate the ends of the vector thus preventing self-ligation of the
vector. The CIP enzyme was heat inactivated at 75°C for 10mins. The insert and

vector were ligated together using T4 DNA ligase at 16°C for 18hrs.

Selection of positive clones

Plasmids were resolved on an agarose gel (0.6% agarose (w/v) in TAE buffer
(40mM Tris adjusted to pH8 with acetic acid, ImM EDTA)) alongside the empty
parent vector. Plasmids that were upshifted on the gel compared to the empty
vector were subjected to digestion with the restriction enzymes used to create the

plasmid to ensure that they contain the insert of correct size.

Table 2.1: DNA cycle parameters for PCR amplification and other applications

Parameters Method
(Temp, Time) Sequencing Library screen | PCR for cloning
PCR
Initial NA 94°C, 3min 94°C, 3min
denaturation
Denaturation 96°C , 10sec 94°C, 30sec 94°C , 30sec
Annealing 50°C, Ssec 57°C, 30sec (Tm of primer-10)°C, 1 min
Elongation 60°C, 4min 72°C, 4min 72°C, 1 min/kb of PCR fragment
Cycles 25 35 35
Final Elongation NA 72°C, 10min 72°C, 10min
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Silica Cleaning of DNA

To purify a PCR product or a digested plasmid fragment, DNA was resolved on an
agarose gel (1% (w/v) in TAE buffer). The fragment of interest was visualised by
staining the agarose gel in ethidium bromide solution ( 10pg/ml) followed by UV
trans-illumination. The area of the gel containing the DNA fragment of interest was
excised and the gel band was melted by incubation with 3ml 6M Nal per gram of
gel at 45-55°C for 5-10 minutes. This was followed by incubation with 1pl glass
milk per pg of DNA, under rotation for 30mins, to allow the silica to bind the DNA.
The silica was pelleted at top speed in a microfuge for 30 seconds and the pellets
were washed twice in wash buffer (10mM Tris-HCI pH7.5, 50mM NaCl, 2.5mM
EDTA, 50% ethanol). The wash buffer was removed after the last centrifugation
and the silica pellet was allowed to air dry for Smins. The DNA was eluted in
10mM Tris pH8, or ddH,O as required. DNA could also be cleaned directly from
solution. In this case the DNA solution was incubated with 3 volumes of 6M Nal
and 10pl glass milk per 3ug of DNA and the rest of the procedure was followed as
above.

Verification of Plasmids by sequencing

Plasmids and PCR products were sequenced using the ABI PRISM 310 Genetic
Analyser (Perkin Elmer, UK). For PCR products approximately 100ng of gene-
cleaned DNA was used as template for sequencing and for plasmids 400ng of
Qiagen-purified or gene-cleaned plasmid DNA was used. The sequencing reaction
was carried out using 200nM of the chosen forward or reverse primer (see
Appendix for primer sequences) and 8l of dye terminator ready reaction mix
(Perkin Elmer, UK) in a 20ul reaction. The sequencing reaction was carried out
using a DNA Engine (Perkin Elmer, UK) using recommended parameters (Table
2.1). Sequences were then precipitated in 50pl ethanol, 2ul NaOAc pH4.6 on ice
for 10mins. Precipitated DNA was pelleted at top speed in a microfuge for 30mins.
Pellets were washed with 70% ethanol (250pl). DNA was allowed to dry at 90°C
for 10mins and then resuspended by vortexing in template suppressor reagent (251,

Perkin Elmer, UK), followed by denaturation at 95°C for 5mins. Sequences were
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analysed on the ABI PRISM 310 Genetic Analyser on a 50cm capillary detector
according to the manufacturer’s instructions.

2.3 PROTEIN PURIFICATION AND DETECTION
2.3.1 Protein Purification

Purification of GST fusion proteins

GST fusion proteins were induced and purified in E.coli DH50 using the pGEX
system. E.coli DH50 was transformed with the pPGEX4T2 plasmid of interest as
previously described. A single colony was used to inoculate a 3ml culture in LB
containing ampicillin. The overnight culture was diluted to ODggo of 0.2 and grown
to ODeoo of 0.4-0.6. The culture was induced with 100uM IPTG at 37°C for 3-4hrs.
Cells were pelleted by centrifugation at 10,000g for 10mins. The cell pellet was
lysed in NETN lysis buffer (20mM Tris-HC1 pH8, 100mM NaCl, iImM EDTA,
0.5% NP-40, 100uM PMSF, 10pg/ml leupeptin, 2pug/ml aprotinin, 2pug/ml
pepstatin, 2ml per 100ml of original culture volume). Cells were further disrupted
by sonication on ice. Cells were subjected to five 30 second pulses at 50% output
on the sonicator, allowing the cells to recover on ice for 30 seconds between each
pulse. The lysates were centrifuged at 15,000g for 30mins at 4°C to pellet inclusion
bodies and debris. The supernatant was incubated with 50% Sepharose-Glutathione
slurry (100pl/ml of bacterial lysate) at 4°C for 4hrs under constant rotation to allow
capture of the GST fusion protein. The glutathione beads were collected by
centrifugation at 800g and washed three times in cold PBS pH7.2 and resuspended
to the original bead volume in PBS. Purified protein was resolved on SDS-PAGE
gels stained with Coomassie blue (45% methanol, 10% glacial acetic acid, 0.25%
brilliant blue) overnight and destained in destain (45% methanol, 10% glacial acetic
acid).

Elution of GST fusion proteins

GST fusion proteins were eluted in elution buffer (10mM reduced glutathione,
150mM NaCl, 50mM Tris-HCl pH8) at 1ml per 100pl beads. Each elution was
carried out at 37°C for 1hr. Again, eluted proteins were resolved on SDS-PAGE
gels where they were run side by side with the beads prior to and after the elution to

establish elution efficiency. Eluted proteins were concentrated using spin
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concentrators (Sartorious, UK) of the appropriate molecular weight cut off (half the
size of the protein). Proteins were spun through the concentrators at 5000g in a
microfuge until the protein had been concentrated by the desired amount. The
concentrated proteins were then washed to remove the elution buffer, with NEMN
(20mM MOPS-HCI pH8, 100mM NaCl, ImM EDTA, 0.5% NP-40). Known
amounts of the concentrated protein were run on SDS-PAGE gels against a titration
of BSA to verify the protein yield. Where required, proteins were dialysed in 3L
100mM MOPS to replace the Tris with MOPS, overnight at 4°C.

Estimation of protein concentration

The concentration of proteins was measured using the Biorad Protein Assay
(Biorad, UK). A series of dilutions of BSA were made in ddH,O within the
concentration range of 0.2-0.9mg/ml (this represents the linear range of BSA). The
protein sample was also diluted, usually by one in 50. The dye reagent was
prepared by making a one in five dilution of the Dye Reagent Concentrate with
ddH,0. 20pl of each protein sample and standard was made up to 1ml with the dye
reagent and the solution was mixed well. Samples were incubated at room
temperature for 30-60mins. The absorbance of each standard and sample was read
at 595nm.

2.3.2 Affinity purification of CARDINAL antibody

The CARDINAL antibody was affinity purified using an Affigel column (Biorad,
UK) by Dr. Emma Creagh. The Affigel column was prepared by mixing equal
portions of Affigel-10 and Affigel-15 (0.5ml of each). The gel was pelleted by
centrifugation at 1000g for 30sec and the solvent supernatant was removed. The
beads were washed twice with ice-cold ddH,O (10ml). The gel was resuspended in
100mM MOPS pH7.5 (1ml). To couple the antigen to the gel (in this case GST-
CARDINAL*""), 700pg of protein diluted in 100mM MOPS pH7.5 was added to
the gel, and mixed under constant rotation at 4°C for 2-4hrs. Ethanolamine-HCl
pH8 (100ul) was added to the gel and agitated for 1hr at 4°C to block unreacted
esters binding to the column. At this stage the gel was transferred to an
econocolumn (Biorad, UK). All the following steps were performed at 4°C. The
column was prewashed once with 10ml of each of the following solutions: (1)

100mM MOPS, pH 7.5, (2) PBS pH7.2, (3) 100mM Glycine-HCI
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pH2.4/150mMNaCl, (4) PBS pH 7.2. The serum was prepared by incubating at
56°C for 30min to inactivate complement. Following cooling on ice the serum was
filtered through a 0.2um filter and then spun in a microfuge at top speed for 10min.
The serum was applied to the column and passed through four times. The serum
was collected and stored at 4°C. The column was washed with PBS pH7.2 (15ml).
The antibody was eluted in 15 x 1ml aliquots with 100mM Glycine HCI
pH2.4/150mM NaCl. Each aliquot was collected into eppendorfs that contained
2001 1M Tris pHS to neutralise the elution buffer. Finally the column was washed
with 10mls of (1) PBS pH7.2, (2) 100mM Glycine-HCI pH2.4/150mMNaCl and (3)
PBS pH 7.2 and was stored at 4°C in PBS, 0.2% NaN;. Each fraction of the
purified antibody was assessed for its ability to detect the antigen by western blot.
The purified antibody was concentrated using a protein-concentrator (Sartorious,
UK) with a cut off of 10,000kD.

2.3.3 In vitro transcription and translation

333 labelled protein was made using the TNT Coupled Rabbit Reticulocyte Lysate
Transcription/Translation System (TNT, Promega, UK). Proteins were transcribed
and translated from plasmids with a T7, T3 or SP6 promoter (generally pcDNA3
based plasmids). The reaction consisted of TNT Rabbit Reticulocyte Lysate (25ul),
TNT buffer (2ul), template plasmid DNA (1pg approx.), RNasin Ribonuclease
Inhibitor (1pl), amino acid mix minus methionine (1ul), translation grade s
radiolabeled Methionine (20-40uCi, Amersham, UK), RNA polymerase (T7, T3 or
SP6 as required, 1pul) made up to 50ul with nuclease free ddH,O. Reactions were
incubated at 30°C for 2hrs and proteins were resolved on SDS-PAGE gels under
standard conditions. Gels were fixed in 2-3 changes of fixer (45% methanol, 10%
acetic acid) for several hours. This was followed by a 20min incubation in Amplify
solution (Amersham, UK). The gels were rehydrated in water and then dried onto
filter paper using a gel drier (Biorad, UK). Gels were exposed onto

autoradiographic film for 12-24hrs at -70°C.
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2.3.4 Protein Detection

SDS-PAGE

Standard SDS-polyacrylamide gel electropohoresis (SDS-PAGE) was carried out as
detailed by Sambrook and Maniatis (Sambrook and Maniatis, 1989). 8-15%
polyacrylamide gels were typically run at 50V to drive protein samples through the
stacking gel, and then 70-80V through the resolving gel in the presence of SDS-
PAGE running buffer (SmM Tris-HCI pH8.3, 50mM Glycine, 0.02% (w/v) SDS).
Protein samples were prepared for electrophoresis by denaturation at 90°C for 7
minutes in the presence of SDS loading buffer (50mM Tris-HCI (pH6.8), 2% (W/v)
SDS, 0.1% (w/v) bromophenol blue, 10% (v/v) glycerol, 5% (v/v) B-
mercaptoethanol).

Western Blotting

Proteins were separated under standard reducing conditions on SDS-polyacrylamide
gels. Separated proteins were blotted onto nitrocellulose membrane at 30mA for
14hrs. Blots were blocked for 1h in TBST (ImM Tris-HC1 pH8, 15mM NaCl,
0.005% Tween.) containing 5% (w/v) non-fat dried milk and then probed for 2h
with the primary antibody in the same buffer. Blots were then washed for 40min in
several changes of TBST followed by probing for a further 1h with the appropriate
horse-radish peroxidase coupled secondary antibodies (Amersham, UK). Bound
antibody was detected by enhanced chemiluminesence using the Supersignal

reagent (Pierce, UK).

Western blot analysis of protein expression on human tissues and tumour cell lines.

Total protein lysates (100pg/lane) prepared from a range of normal human tissues
(Clontech, UK) were electrophoresed on 12% polyacrylamide gels under standard
SDS-PAGE conditions. Total protein lysates were also prepared from a number of
human tumour cell lines by lysing cells at 10’/ml in SDS-PAGE loading buffer.
These lysates were also resolved on 12% polyacrylamide gels. Proteins were

transferred onto 0.45um nitrocellulose membrane and were probed for protein

expression using specific antibodies.
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Enzme Linked Immunosorbent Assay (ELISA)

Detection of IL-1p in the supernatant of cells was carried out using the human IL-
1B cytosets antibody pair assay system (Biosource, UK). 96-well ELISA plates
(Nunc immulon maxisorp, Nunc, UK) were incubated with 4pg/ml coating antibody
(100ul/well in PBS pH7.4) for 12-18hrs. Plates were blocked with PBS 0.5% BSA
fraction V (300ul/well) for 2 hours. The wells were washed three times with PBS
pH7.4 0.1% (v/v) Tween. The supernatant (100ul) was added to each well,
compared against the relevant IL-1pB standards, followed by 0.4pg/ml detection
antibody (50ul/well, in PBS 0.5% (w/v) BSA, 0.1% (v/v) Tween) and allowed to
incubate for 2 hrs. Wells were washed as before and incubated with streptavidin-
HRP (100pl/well in PBS (1:2500 dilution)) for 30mins. The wells were washed
again followed by incubation with tetramethylbenzidine (TMB, 100ul/well,
PIERCE, UK). Upon colour change the reaction was stopped by addition of 1.8N
H,SO4 (50ul/well). The plate was read at ODys using ODsgs as a correction on a
plate reader.

2.4 MAMMALIAN CELL CULTURE BASED METHODS

2.4.1 Cell culture and transfections

Calcium-phosphate precipitation transfection

Human Embryonic Kidney 293T cells were cultured in DMEM containing 10%
FCS. Transfection of cells was carried out by the calcium-phosphate precipitation
method. Cells were seeded at the appropriate density as shown in Table 2.2.
Precipitates were prepared by mixing the appropriate amount of DNA made up to
100p1 (or 200p1 for large scale) with sterile 0.5XTE (SmM Tris-HCI pH8, 0.5mM
EDTA) with 25ul (or 50ul) 2.5M CaCl,. To this 125l (or 250pul) 2XHBS buffer
(280mM NaCl, 10mM KCl, 1.5mM Na,HPO,, 12mM dextrose, 50mM HEPES,
pH7.1) was added dropwise. Following a 30-minute incubation the complexes were
added to the cells. After 6hrs the complexes were removed from the cells and

replaced with fresh medium.
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Table 2.2: Plating cells for calcium-phosphate transfection

Plating Format | Number of cells plated | Transfection scale
6-well plate 2 x 10°/well Small (250p1)
6cm dish 5x10° Small (250pl)
10cm dish 2x10° Large (500p1)

Fugene transfection

MCF-7 and HeLa cells were cultured in RPMI containing 5% FCS. Transfection of
MCF-7 and HelLa cells was carried out using Fugene-6 (Roche, UK). Cells were
plated at 1 x 10° per well of a 6-well plate and after approximately 18hrs they were
transfected with the indicated amounts of plasmid. For plate based B-galactosidase
reporter assays, cells were also transfected with 50ng pcMVBgal. 2ul of Fugene-6
were used per well of a six well plate, diluted to 100p1 with serum free RPMI. The
Fugene/RPMI mixture was allowed to incubate for 10mins, to allow for the lipid to
disperse, prior to dropwise addition of the mixture to the DNA. The resulting
mixture was incubated for 15mins to allow complexes to form and then the
complexes were added to the cells. After 6hrs the complexes were removed from

the cells and replaced with fresh medium.

Plate based [-galactosidase reporter assay to measure apoptosis

24-48h post transfection cells were fixed by replacing the medium with 1ml of PF
fixative (2% paraformaldehyde, 0.2% gluteraldehyde in PBS pH7.2) per well and
incubated for 5-10mins. Cells were washed with 2mls PBS pH7.2 for Smins,
followed by addition of 0.8ml B-gal staining buffer (SmM potassium ferricyanide,
5mM potassium ferrocyanide, 2mM MgCla, 0.02% (v/v) NP-40, 0.01% (w/v) SDS,
1mg/ml X-gal in PBS pH7.2) per well. Cells were incubated at 37°C until a
sufficient number of the cells had developed a blue colour (1-12 hrs). The reaction
was terminated by addition of PBS pH7.2, 0.5% (W/v) sodium azide (2ml/well).
For apoptosis assays blue cells were counted under light microscopy and were
assessed for features of apoptosis such as membrane blebbing and nuclear
condensation. The number of apoptotic blue cells and live blue cells observed were

recorded. At least 300 cells were counted per treatment.
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Generation of stably transfected cell lines

Plasmids were linearised by digestion with a single cutting restriction enzyme.
Each linearised plasmid (10pg) was incubated with 800ul of THP.1 cells at 10’
cells/ml on ice for 10 minutes. Plasmids were transfected into THP.1 cells by
electroporation (Biorad Gene Pulser II, Biorad, UK) at 0.25kV, 950uF with
resistance = oo. The cells were allowed to recover on ice for 10mins prior to
resuspension in 10ml RPMI 10% FCS. After 48 hours incubation at 37°C, cells
were washed and transferred into medium containing 1.4mg/ml G418 neomycin
(Melford Labs, UK). This concentration of G418 neomycin was determined as
optimal by incubating THP.1 cells with different concentrations of G418 neomycin
over seven days. Cell viability was assessed by Trypan Blue exclusion assay and
Hoechst staining. 1.4mg/ml was considered a concentration that would not be too
high as to prevent transfected cells from proliferating, but high enough, that non-
transfected cells would be killed. Cells were selected for 3 weeks at which stage
G418 resistant cells were isolated and further selected in 1mg/ml G418. Expression
of transfected proteins was confirmed by western blot on lysates from these cells

using specific antibodies.

Trypan blue assay

Cell viability was determined using the trypan blue exclusion assay. 50ul of cell
culture was incubated with 50ul Trypan blue reagent for Smins. The cells were
mounted on a haemocytometer and counted using a light microscope. Blue cells
were characterised as non-viable while cells that had not taken up the blue stain

were considered alive.

Hoescht staining

Hoescht staining was also used to determine cell viability. Cells were incubated in
50ul of al0uM Hoescht solution in 4% paraformaldehyde at 37°C for 30mins. The
cells were mounted on microscope slides and viewed under the UV filter of a
microscope. Nuclei were scored as apoptotic if they exhibited margination and

condensation of the chromatin.
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2.4.2 Luciferase reporter assays

Luciferase reporter assays were carried out using the Luciferase Reporter Gene
Assay, constant light signal (Roche, UK) or using in-house prepared luciferase

reagents (see below). Both methods gave comparable results.

For NFxB assays 2 x 10° HEK 293T cells were transfected with 100ng pGL3.5xKB-
luc, 50ng pcMVBgal and the required amounts of the relevant expression plasmids.
Total plasmid amounts per well were equalised with pcDNA3 empty vector. The

p53 reporter assays were set up in the same way using 100ng p53-luc in place of the
NFkB reporter. After 24hrs - 48 hrs transfection the media was removed from cells
and they were washed with PBS pH7.2. Cells were incubated with PBS (150pl) and
luciferase reagent (150pl, Roche, UK) for Smins to allow lysis of the cells and for
the light reaction to begin. The light emitted from triplicate 50pl aliquots of lysate
was measured in black 96 well plates by luminometry. Transfection efficiencies
were normalised by measuring B-gal activities. 50l of cell lysate was incubated
with 0.66mg/ml ONPG in 1ml Z buffer (60M Na,HPO,, 40mM NaH,PO4, 10mM
KCl, ImM MgSO,, pH 7) at 37°C until a yellow colour developed (typically
30min). The reaction was stopped by addition of 1M Na,COs (300ul) followed by

measurement of [B-galactosidase activity at ODapo.

Luciferase reporter assay (in-house method)

HEK?293T cells were transfected as described above. Each well of cells of a 6-well
plate was lysed in 200ul of Reporter Lysis Solution (100mM Hepes pH8, 2mM
MgCly, 2% (v/v) Triton-X100, 5SuM DTT). Lysates were freeze-thawed to aid lysis
of cells. 40ul of Luciferase assay reagent (20mM Glycylglycine, 1mM MgCI2,
100uM EDTA, 278ug/ml ATP, 213pg/ml Co Enzyme A, 2.5uM DTT, 50ul/ml
beetle luciferin (Promega, UK)) was added to each of 20ul aliquots of cell lysate.
The luminesence emitted from each sample was measured in a black 96 well plate

as described above.
2.4.3 Subcellular localisation by inmunofluoresence staining

HeLa cells were plated at 1 x 10° cells per well of a 6-well plate, on sterile

coverslips. Where required cells were transfected with the relevant expression
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plasmids. 24hrs after transfection the media was aspirated from the wells. Each
monolayer was washed in 3 x 2ml PBS pH 7.2. The cells were fixed in 3%
paraformaldehyde in PBS pH7.2 for 10mins. After 3 x 10min washes in PBS, the
cells were permeabilised in PBS, 0.15% (v/v) Triton for 10mins. Cells were
blocked in 2% (w/v) BSA for 30mins followed by staining with 100pl of a mixture
of the relevant antibodies, each at 1:100 dilution in 2% (w/v) BSA, for 1hr. Where
two antibodies were used, one was a rabbit polyclonal and the other was a mouse
monoclonal antibody to prevent cross reactivity of the secondary antibodies. Cells
were washed in 3 x 10min of PBS, 2% (w/v) BSA. The coverslips were incubated
with 100l mixture of the appropriate secondary antibodies (Molecular Probes, UK)
at a 1:250 dilution in 2% (w/v) BSA for 45mins. Generally one of the secondary
antibodies would be FITC conjugated to give a green immunostaining pattern and
the other would be Rhodamine conjugated to give a red staining pattern. Cells were
washed x 3 in PBS and the coverslips were mounted in antifade reagent (Molecular
Probes, UK). Immunofluoresence was visualised using a confocal microscope
(Biorad, UK) under the FITC and Rhodamine channel, or using a fluorescent

microscope (Zeiss, UK) using a FITC and Rhodamine filter as required.

2.4.4 Co-immunoprecipitation assays.

HEK293T cells were plated on 10cm plates as described the day before transfection.
Cells were transfected with 5-10ug of the appropriate plasmids. Cells were lysed
24-48hrs after transfection in 800ul IP lysis buffer (50mM Tris-HCl, pHS.0,
150mM NaCl, 1% (v/v) NP-40, 100uM PMSF, 10ug/ml leupeptin, 1pg/ml
aprotinin) on ice for 15mins. The lysates were cleared by centrifugation at 10,000g
for 10mins and pre-cleared with 201 agarose-coupled protein A/G (Santa Cruz) for
1hr at 4°C under rotation. Immunoprecipitation was carried out using 30ul protein
A/G beads and 1pug of the appropriate antibody (or 7ul of the anti-CARDINAL
antiserum). Samples were incubated with rotation for 3-6hrs at 4°C. Complexes
were pelleted at 1000g and washed 3-4 timed in IP lysis buffer containing 0.1%
(v/v) NP-40. Immunoprecipitates were then analysed by immunoblotting using

appropriate primary and secondary antibodies.
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2.5 YEAST TWO HYBRID METHODS

2.5.1 Expansion of pACT2 human leukaemia Jurkat cDNA library

Human leukaemia cDNA library in pACT2 (Clontech, UK) was expanded in DH5a
E.coli. The titre of the library was calculated by plating different concentrations of
the library on LB plates containing ampicillin. After 18hrs incubation at 37°C the
number of colonies on each plate was counted and the titre was calculated to be 6.8
x 10°cfw/ml. The size of the library is 1 x 10° clones. Three times the complexity

of the library (i.e. 3 x 10° clones) is required for the yeast-two-hybrid screen. To

expand the library to obtain at least 3 x 10%cfu, the library needed to be plated on

120 plates (at 50,000cfu/plate). Therefore 1l (equivalent to 6.8 x 10%cfu) of library

was resuspended in 30ml of LB and 250p1 of this culture was plated on each of 125

15cm LB plates containing ampicillin. Plates were incubated at 37°C for 18hrs.

Colonies were harvested by addition of 5ml LB broth to each plate and using a cell

scraper to collect the cells into a GSA centrifuge tube. Bacterial cells were pelleted

at 6000rpm in a Sorvall centrifuge at 4°C. Bacterial cell pellets were resuspended

and pooled into 30ml P1 buffer, 100ul/ml RnaseA. P2 buffer (30ml) was added and

after 2min incubation on ice, P3 (30ml) was added. Genomic DNA was allowed to

precipitate on ice for Smins and the lysates were centrifuged at 10,000g for 40mins.

The supernatant was decanted into fresh tubes and due to the high viscosity of the

liquid the lysates were centrifuged again at 10,000g for 30mins. Plasmid DNA was

purified using two Qiagen tip-500 columns according to manufacturer’s

instructions. Library plasmid DNA was resolved on a 0.6% agarose gel. The

plasmid concentration was measured by UV spectroscopy and by comparison of
linearised plasmid DNA (Xhol restriction digest) against a AHindIII ladder (NEB,
UK).

2.5.2 Yeast Transformation

Saccharomyces cerevisiae strain Y190 (Clontech, UK) was transformed by the
lithium acetate method as described by (Gietz et al., 1995) using the pAS2-
1/pACT2 Matchmaker Two-Hybrid System 2 kit (Clontech, UK). Three general
protocols for yeast transformation were used depending on the application. These
protocols are modifications of the same general protocol. The three protocols are

small-scale co-transformation; where two different plasmids are transformed



together, small-scale sequential transformation; where one plasmid is singly
transformed into yeast followed by transformation of the second plasmid, and large-

scale sequential transformation, which was used for the library screen.

The general object of the yeast transformation protocol is to induce yeast to take up
either a pAS2-1 based expression plasmid which contains the GAL-4 DNA binding
domain (BD), or a pACT2 based expression plasmid which contains the GAL-4
activation domain (AD), or both plasmids together. pAS2-1 plasmids contain a
tryptophan synthetase gene allowing yeast transformed with this plasmid to grow on
media lacking tryptophan (Figure 2.1A). Similarly pACT2 plasmids contain a
leucine synthetase gene enabling pACT2-containing yeast to grow on leucine free
medium (Figure 2.1B). Likewise if both plasmids are present in a yeast cell it can
grow on media lacking both amino acids. Finally if the plasmids are engineered to
encode a pair of proteins that interact, transcription from the histidine reporter gene
will be activated and consequently growth on media lacking histidine, tryptophan
and leucine will be observed (Table 2.3).

Yeast Media

The following types of media were prepared for use in the yeast transformation
protocols. Yeast Extract/Peptone/Dextrose (YPD, 1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) dextrose, pH5.8 (2% (w/v) agar for plates)) was used for non-
selective growth of yeast cultures. For growth of yeast transformed with a plasmid
or pair of plasmids, yeast were grown on selective media as detailed above. To
prepare the selective media a 10X amino acid stock solution was prepared
(300mg/ml L-isoleucine, 1500mg/ml L-valine, 200mg/ml L-adenine hemisulphate
salt, 200mg/ml L-arginine HCI, 300mg/ml L-lysine HCI, 200mg/ml L-methionine,
500mg/ml L-phenylalanine, 2000mg/ml L-threonine, 300mg/ml L-tyrosine,
200mg/ml L-uracil) which contained Histidine (200mg/ml) Leucine (1000mg/ml),
or Tryptophan (200mg/ml) as required. The appropriate amino acid stock solution
(Leu-, Trp-, LewTrp- or His/Lew/Trp-) was used to prepare the required synthetic
dropout medium (6.7g/L yeast nitrogen base with ammonium sulphate, without
amino acids, 1X amino acid stock solution, 2% (w/v) dextrose, pH5.8 (2% (W/v)
agar for plates)). His/LewTrp- media also contained 25mM 3-aminotriazole (3-
AT).
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Figure 2.1:

Schematic diagram of yeast-two-hybrid plasmids

(A) pACT2 vector map, pACT2 generates a fusion of the GAL-4
activation domain (GAL4 AD), a HA epitope tag and a protein of
interest into the MCS. This plasmid also encodes a leucine synthetase
gene(LEU2) (This figure was reproduced from the Clontech catalogue)
(B) pAS2-1 vector map, pAS2-1 generates a fusion of the GAL-4 DNA
binding domain (GAL4 BD) and a protein of interest cloned into the
multiple cloning site (MCS). This plasmid also encodes a tryptophan

synthetase gene (TRP1)

Table 2.3: Growth properties of Sacchromyces cerevisiae
Y190 transformed with yeast-two-hybrid plasmids. (+)
indicates ability to grow (-) indicates lack of ability to grow

proteins)

Transformed plasmid (s) Leu- Trp- | Lew/Trp- | His/Leu/Trp-
pAS2-1 - + - &
pPACT2 + - = -
PAS2-1(X)/pACT2(Y)

(X and Y are not interacting + + ¥ -
proteins)

PAS2-1(X)/pACT2(Y)

(X and Y are interacting o+ s A +




Small scale transformation

A colony of Sacchromyces cerevisiae Y190 was inoculated into YPD (30ml) and
grown at 30°C to stationary phase. Yeast were then expanded into fresh YPD
(500ml) and grown to an ODggo of 0.5+1 (approx. 3 x 10° cells per ml). Cells were
then harvested by centrifugation at 1000g for 5min. The cell pellet was
disaggregated by vortexing and washed once in TE (10mM Tris-HCI pH 7.6, ImM
EDTA) followed by resuspension in lithium acetate TE buffer (100mM LiAc,
10mM Tris-HCl pH7.6, ImM EDTA) to give a concentration of approximately 10°
cells per ml (therefore 227ul per 50ml original culture volume was added).
Following a 10-minute incubation at room temperature in this buffer, while
vortexing every 2mins, 100yl aliquots (10%cells) of the competent yeast were added
to tubes each containing herring sperm (9.4yl), and plasmid (up to 5pg). For single
transformation only one plasmid is transformed, but for co-transformation both the
bait and prey plasmids are transformed together. After a brief vortex to mix, 40%
PEG /LiAc /TE (40% (w/v) polyethylene glycol (PEG), 100mM LiAc, 10mM Tris-
HCI pH7.6, IM EDTA, 600ul) was added to each sample. Samples were vortexed
vigorously for 10 seconds followed by incubation at 30°C with 200rpm rotation for
30min. DMSO was added to a final concentration of 10% to disrupt the yeast cell
wall. Cells were heat shocked at 42°C for 15min, followed by a 2min recovery time
on ice. 700ul ice-cold ddH,0 was added to each sample and the sample was mixed
by inversion. Yeast cells were pelleted at 1000g for Smin in a microfuge and were
then resuspended in 1ml 1XxTE. 100ul of each sample was plated on the respective

selective medium. Plates were incubated at 30°C for 4-7 days.

For transformations where lithium sorbitol was used cells were incubated in lithium
sorbitol buffer (100mM LiAc, 10mM Tris-HCI pH7.6, ImM EDTA, 1M Sorbitol) at
100l per ml of starter culture, instead of the lithium acetate TE buffer, for 30mins
at 30°C. Cells were pelleted by centrifugation at 1000g for Smins followed by
resuspension in lithium sorbitol buffer at 4.5ul/ml of starter culture on ice. 100pl
aliquots (10%cells) of the competent yeast were added to tubes each containing

herring sperm (9.4ul), and plasmid as before and the above protocol was followed

from this point.
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Where YPD recovery was used to improve transformation efficiency, cells were

resuspended in 10ml YPD after the heat shock step and incubated for 1-2hrs at

30°C. Cells were harvested by centrifugation at 1000g for 5mins and plated as
before.

Library Screen Transformation

The two-hybrid protein-protein interaction library screen was conducted using a
protocol that is a scaled up version of the small-scale transformation detailed above.
pAS2-1-caspase-101'372 was singly transformed into Y190 cells as described above.
Trp- dropout media (150ml) was inoculated with pAS2-1-caspase-10'>7> colonies.
The resulting culture was incubated at 30°C for 16-18hrs at 250rpm until the cells
had reached stationary phase (ODggo of 2.0). A portion of the starter culture was
diluted in YPD to produce an ODgg of 0.2 in 500ml YPD and expanded as for the
small-scale transformation. Upon harvesting, the cells were washed in 125ml TE.
2.27ml 1xLiAc/TE was used to resuspend the cell pellet. The competent yeast cells
were added as before to each of 20 reaction tubes. Thus each transformation
reaction consisted of Sug pACT2-library plasmid; 20pl denatured herring sperm
carrier DNA, 100p] pAS2-1-caspase-10'>" transformed yeast competent cells and
600l 40% PEG/LiAc solution. Cells were vortexed and allowed to recover at 30°C
for 30mins as before. DMSO (70pul) was added to each reaction prior to heat shock.
Samples were then pooled in 1L YPD and incubated at 30°C, 200rpm for 1hr. Cells
were harvested in 50ml aliquots by centrifugation at 1000g and each cell pellet was
resuspended in 1ml TE.

For selection of positive interacting clones, 250ul yeast were plated on each of 80
15¢m petri dishes containing synthetic dropout (SD) medium lacking tryptophan,
leucine and histidine and supplemented with 25mM 3-aminotriazole (3-AT). 10ul
was plated on each of three LT- plates to assess transformation efficiency. Plates
were incubated at 30°C for 10 days. Putative positive colonies were picked after 10

days of incubation and restreaked onto selective medium.
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2.5.3 Expression of yeast proteins
To assess that the GAL4 fusion proteins were being expressed in yeast, protein
lysates were made. A single colony of transformed Y190 (e.g. pAS2.1 or pAS2.1-

caspase 1 O 1-372

) was inoculated into the appropriate selective medium and grown to
an ODgoo of 2.0. Cultures were diluted to an ODggo of 0.2 and expanded in YPD to
stationary phase (ODeo = 0.6). To chill the cells they were poured into, pre-chilled,
GSA centrifuge tubes, half filled with ice. Cells were pelleted in a GSA centrifuge
at 1000g for Smins at 4°C. The supernatant was discarded and the yeast cell pellet
was resuspended in ice cold ddH,O (50mls). The cell pellet was recovered by

centrifugation at 1000g for Smin at 4°C. The cell pellet was frozen in liquid
nitrogen and stored at —70°C.

To extract the protein from the yeast cells, 100ml of warm cracking buffer (§M
urea, 5% (w/v) SDS, 40mM Tris-HCI pH 6.8, 0.ImM EDTA, 0.4mg/ml
bromophenol blue, 0.3mM leupeptin, 145mM benzamidine, 0.37mg/ml aprotinin,
60°C) per OD unit was added. Cells were added to 80mg glass beads per 7.5 ODgoo
unit of cells and heated at 70°C for 10min. Samples were vortexed for 1 min. Cells
were pelleted by centrifugation at 14000 rpm for Smins at 4°C. The supernatant
was removed and denatured at 95°C for 7 minutes. Proteins were resolved on SDS-
PAGE gels under standard reducing conditions. Expression of the fusion proteins

was determined by immunoblot with the anti-GAL4 antibody.

2.5.4 Plasmid rescue from yeast

Plasmids were isolated from transformed yeast by the following protocol. A single
colony of Y190 transformed with a particular plasmid was inoculated into Sml of
the appropriate selective medium. After three days incubation at 30°C with 230rpm
shaking, yeast cells were pelleted at 1000g for Smins. Pellets were resuspended in
rescue buffer (10mM Tris, pH 8, 0.1IM NaCl, ImM EDTA, 2% (v/v) Triton X-100,
1% (w/v) SDS, 200ul). Cells were lysed and plasmids were extracted following
vortexing for 2.5mins with glass beads (300mg) in the presence of
phenol/chloroform/isoamyl alcohol (200ul). The aqueous phase was removed and
the debris pelleted. Plasmids were precipitated from the supernatant with two
volumes of ethanol and 0.1 volume 3M NaOAc at —~70°C for 10mins. DNA was

pelleted in a microfuge at top speed for 15mins, washed in 70% ethanol and
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resuspended in TE (5ul). This DNA was used as a template for PCR amplification
of the plasmid insert (Table 2.1). Alternatively, the DNA was transformed into
bacteria to rescue the plasmid. For doubly transformed yeast where the selection of
the pACT2 plasmid is required (as is necessary in a yeast-2-hybrid screen) DNA
was transformed into E.coli HB101 cells and grown on media containing ampicillin
and lacking leucine. Plasmid DNA was extracted from these cells by the usual

protocol.
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CHAPTER III

Use of the Yeast-Two-Hybrid Interaction Trap Assay to

seek novel binding partners for caspase-10.
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3.1 INTRODUCTION

As described in the introduction, the cysteine protease family of caspases can be
divided into two broad categories: initiator caspases and effector caspases. The
initiator caspases, which include caspase-9, caspase-8 and caspase-10 are thought to
act at the apex of cell death signalling pathways. The functions of caspases-9 and -8
are fairly well characterised, being the apical proteases in the Apaf-1 and Fas
pathways respectively. In contrast, little is known concerning the function of
caspase-10 (FLICE 2/Mch4) in apoptosis. Due to the extensive homology between
caspase-10 and caspase-8, caspase-10 has been defined as an initiator caspase.
However, it remains unclear whether caspase-8 and -10 are functionally redundant.

Therefore the identification of a caspase-10-specific binding partner could reveal

much about the function of caspase-10 in apoptosis.

3.1.1 Caspase-10

Caspase-10 is very similar in structure to caspase-8, the prodomain of caspase-10
also contains two death effector domain (DED) modules (Fernandes-Alnemri ef al.,
1996). Caspase-10 has been shown to activate caspase-3 and to provoke apoptosis
when overexpressed (Fernandes-Alnemri ef al., 1996; Vincenz and Dixit, 1997).
This is similar to properties exhibited by caspase-8 and, thus it has been broadly
assumed that caspase-10 functions in a similar mode to casapase-8, as an apical
caspase in death receptor contexts (Muzio ef al., 1996). This assumption suggests

that caspase-10 and caspase-8 are functionally redundant.

The role played by caspase-8 as the apical caspase in the Fas death receptor
pathway is well characterised (Muzio et al., 1997). Deletion of CASP-8 in mice
results in a lethal embryonic phenotype. Moreover, cells in the CASP-8 knockout
mouse are completely resistant to TNF, DR3 and Fas-induced cell death
(Varfolomeev et al., 1998), although they remain sensitive to other death inducing
stimuli, such as UV irradiation or staurosporine, which activate the mitochondrial
cell death pathway (Figure 1.2; Introduction; Varfolomeev ef al., 1998). This total
blockage of death receptor-induced apoptosis demonstrates that functional caspase-
8 is absolutely required in the death receptor pathway. If caspase-10 and caspase-8
were functionally redundant, it would be expected that caspase-10 would

compensate for the loss of functional caspase-8 in these mice and the apoptotic
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phenotype of the CASP-8 null mouse would be less severe. On the other hand, the
murine version of caspase-10 has not yet been found, so it is likely that caspase-10
arose from a recent gene duplication event of caspase-8, and does not exist in mice.
Indeed, caspase-8 deficient human cells, unlike their murine counterparts, remain
susceptible to TRAIL and Fas, but the cell death response is significantly delayed in
comparison to wild type cells (Kischkel ez al., 2001).

In human cells, the evidence supporting a role for caspase-10 in death receptor
induced apoptosis is conflicting. TRAIL, TNF and FasL use similar mechanisms to
induce apoptosis, through assembly of a death inducing signalling complex at the
cell membrane (DISC; Figure 1.3 in Introduction). Isolation of the Fas DISC from
cells by co-immunoprecipitaion with anti-Fas antibodies show that the complex is
comprised of Fas, FADD and caspase-8 molecules (Kischkel et al., 1995). Caspase-
10 has been shown to interact with components of the Fas, TNF and TRAIL DISCs
when overexpressed (MacFarlane ef al., 1997; Pan et al., 1997b; Vincenz and Dixit,
1997). However, since all these studies rely on overexpressed caspase-10, they do
not prove that the physiological role of caspase-10 is in Fas, TNF or TRAIL
induced apoptosis. In such experiments caspase-10 may mimic caspase-8 when
present at non-physiological levels. Isolation of the TRAIL DISC from a variety of
cell lines by co-immunoprecipitation has shown that FADD and capsase-8 are
always present in the complex (Bodmer et al., 2000; Sprick et al., 2000). However
certain studies have shown caspase-10 to be present (Kischkel et al., 2001) while
others find no evidence that caspase-10 is a compontent of the TRAIL DISC
(Bodmer et al., 2000).

Thus, the true function of caspase-10 remains something of a grey area. It may be
the case that caspase-10 functions in a caspase-8 like manner in tissues where
caspase-8 is absent, or of low abundance, in a compensatory mechanism. This
would suggest that caspase-10 does not have a global role in death receptor
pathways, but is quite cell and context specific. Given the fact that caspase-10 has
been assumed to have a similar function to caspase-8 based on the homology
between the two genes, it is entirely plausible that the primary function of caspase-
10 has been overlooked. Thus the approach of using a two-hybrid screen could be
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very useful in elucidating the function of caspase-10 through the characterisation of
a novel binding-partner for this protein.

3.1.2 The Principle of the Yeast-Two-Hybrid System

The yeast two-hybrid system is a method enabling the identification and cloning of
proteins that interact with a protein of interest. Originally developed by Stanley
Fields and co-workers, the method demonstrates whether a pair of proteins can
interact through exploitation of the Gal4 promoter system (Fields and Song 1989).

The Gal4 transcription factor has two domains, the activation domain and the DNA

binding domain (Keegan et al., 1986). Only when the two domains are juxtaposed,

can a reporter gene (usually histidine or B-galactosidase), driven by the Gal4

transcription factor, be expressed. In the yeast-two-hybrid system one protein is

fused to the activation domain (AD) while the other is fused to the DNA binding

domain (BD). Only if the two proteins physically interact will the two Gal4

domains come in contact and the strength of the interaction is measured by the

relative expression of the reporter gene (Chien ef al., 1991).

This strategy can be extended to search for novel proteins that interact with a
protein of interest. If a cDNA library is fused to the Gal4 activation domain then
the library can be searched using the yeast-two-hybrid method with a specific
protein attached to the Gal4 DNA binding domain as bait. Only if the “bait” protein
finds a binding partner in the library will the reporter gene be expressed. This
method has proven very useful for discovering proteins involved in the cell death
signalling pathways, since many of the key steps involve protein-protein
interactions. Thus many proteins have been discovered functionally and physically
linked to proteins already implicated in apoptosis through use of this method (Table
el k

3.1.3 Caspase-10 as a Candidate for a Yeast Two Hybrid Screen

We performed a yeast-two-hybrid screen to seek novel binding partners for caspase-
10 that may be involved in regulating the activation or activity of this caspase.
Caspase-10 is a suitable choice as a candidate for a yeast-two-hybrid screen for a
number of reasons. Firstly, as discussed above, little is known concerning the

function of caspase-10, therefore substantial insights on the role of this protease in
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Table 3.1: Examples of proteins cloned through use of the yeast-two-hybrid

screen protocol.
Bait protein | Cloned protein | Function Ref
TNFR-1 TRADD Apoptosis, NFkB (Hsu et al., 1995)
activation
WSL-1 Apoptosis, binds TRADD | (Kitson ef al.,
1996)
Fas FADD Apoptosis (Chinnaiyan et
al., 1995)
UBC9 Ubiquitin conjugating (Becker et al.,
enzyme (involved in 1997)
protein degradation)
FlAa Induces apoptosis (Chan et al.,
1999)
TRADD RIP NF«B activation (Hsu et al., 1996)
RIP RIP3 Apoptosis, NFkB (Sun et al., 1999)
activation
Caspase-2 ISBP Ich1S binding protein, (Ito et al., 2000)
inhibits caspase-2
processing
PACAP Apoptosis, also binds (Bonfoco et al.,
caspase-9 2001)
Caspase-3 Gelsolin Substrate (inactive mutant | (Kamada et al.,
of caspase-3 wasused as | 1998)
bait)
Caspase-8 FLASH Apoptosis (?) (Imai et al., 1999)
Caspase-9 DRADD Apoptosis, binds Rb (Adrain, 2001)
Caspase-10 | CASH/FLIP Inhibitor of apoptosis (Goltsev et al.,
1997)
DEDAF DED binding protein (Zheng et al.,
2001)
Bax MAP1 Proapoptotic Bcl-2 family | (Tan et al., 2001)
member
Bifl Proapoptotic Bcl-2 family | (Cuddeback et al.,
member 2001)
Bcl-xLL Aven Anti-apoptotic, binds (Chau et al.,
Apaf-1 2000)
Bel-2 Bad Proapoptotic Bcl-2 family | (Yang et al.,
member 1995)
Mcl-1 Bok Proapoptotic Bcl-2 family | (Hsu et al., 1997)
member




apoptosis could be made through identification of its binding partners. Secondly,
the structure of the caspase-10 prodomain would suggest that it functions through
protein-protein interactions, by virtue of the presence of the DED protein-protein
interaction motifs.

Finally, at the time that this screen was initiated only one yeast-two-hybrid screen
had been performed using the caspase-10 prodomain as the bait. The study in
question identified a protein named CASH (Goltsev e al., 1997). CASH has also
been found independently as FLIP, Casper, I-FLICE, and CLARP (Irmler, 1997;
Shu et al., 1997; Hu et al., 1997, Inohara ef al., 1997). This protein is thought to act
as a decoy molecule leading to inhibition of the caspase-8 cell death pathway.

Thus, in using the prodomain of caspase-10 as the bait in a yeast-two-hybrid screen

the aim would be to identify novel binding partners for caspase-10, which would
allow us to further dissect the function of this caspase in apoptosis pathways.
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3.2 RESULTS

3.2.1 Design of Caspase-10 Two-Hybrid Bait Protein

For the purpose of the yeast-two-hybrid screen, a bait plasmid comprising the N-
terminal prodomain and the large subunit (amino acids 1-372) of caspase-10, fused
to the DNA binding domain of the Gal-4 transcription factor was constructed
(Figure 3.1A). This region contains the DEDs of caspase-10. This plasmid was
transformed into Sacchromyces cerevisiae Y190 yeast cells and used to screen a

human Jurkat cDNA library of Gal4 activation domain fusion proteins.

3.2.2 Expression of Caspase-10-GAL4BD

Expression of the bait protein from the pAS2-1-caspase-10'"7 plasmid was verified
by western blotting of yeast lysates (Figure 3.1B). This confirmed that the GAL4
DNA binding domain (BD) was expressed as a 17kD protein as expected, and that
the GAL4BD-caspase-10"" fusion was expressed as a 65kD protein.

3.2.3 Caspase-10"*"? does not interact with FADD

In overexpression experiments caspase-10 has been reported to interact with FADD
through its DED motifs. To test this interaction, pAS2-1-caspase-10'~>"? was co-
transformed into Y190 yeast with pACT2-FADD (Figure 3.2). This was tested
alongside a number of positive controls (Caspase-8pro/FADD and Caspase-
9pro/Apaf(1-601)) as well as negative controls (pAS2-1/pACT2, Caspase-10"
372/pACT2). Compared to the positive controls that showed strong growth on media
lacking histidine, caspase-10'>" exhibited no interaction with FADD indicated by
its inability to grow on the selective medium. This result also demonstrated that
pAS2-1-caspaselO"372 bait did not spontaneously activate the His reporter, as there

was no growth observed when co-transformed with pACT2 empty vector.

3.2.4 Assessment of the transformation efficiency of the caspase-10 bait
plasmid

0'" as a bait plasmid in a yeast-

In order to determine the suitability of caspase-1
two-hybrid screen, the transformation efficiency was first tested. For a successful
library screen the transformation efficiency of the yeast for a particular plasmid

should be as high as possible and preferably greater than 5 x 10°cfu/pg. This is to
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Figure 3.1:

Generation and expression of caspase-10'-7? yeast-two-hybrid bait.
(A) Schematic representation of caspase-10 structure. The Death
Effector Domain (DED) regions, the large subunit and the small subunit
are indicated by black, hatched and grey shading respectively. Numbers
represent amino acid positions and the caspase-cleavage site (IEAD) and
the active site (QACQG) are indicated. A deletion mutant of caspase-10
(Casp-10'-37) was made to include the prodomain (the two DEDs) and
the large subunit. This truncation was cloned into the pAS2-1 vector to
be used as bait in the yeast-two-hybrid assay.

(B) Western blot analysis of protein lysates from Y190 yeast
transformed with either pAS2-1 empty vector (lanes 1-3) or pAS2-1-
Caspase-10'"2 (lanes 4-5), demonstrating expression of GAL4-BD and
the GAL4-BD- Caspase-10'-" fusion respectively.
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Figure 3.2
Caspase-10'72 does not interact with FADD in yeast.

The yeast-two-hybrid assay was used to determine if there is an
interaction between a Gal4 DNA binding domain (BD) fusion of
Caspase-10'-72 and an activation domain fusion (AD) of FADD. The
presence of interacting pairs was indicated by the transactivation of the
HIS3 reporter gene in yeast, which confers ability to grow on medium
lacking histidine. Leff, control plates showing equal loading of yeast;
right, the same transformants growing on plates lacking histidine where
colony growth indicates an interaction. The Caspase-10/FADD
interaction was tested in parallel with the positive controls (Caspase-
8pro/FADD and Caspase-9pro/Apaf(1-601)) and negative controls
(pAS2-1 empty vector/pACT2 empty vector and Caspase-10'72/pACT2
empty vector).



maximise the number of library clones screened and also to ensure that the number
of plates that need to be plated for the screen is not prohibitive.

The aim of a library screen is to screen at least three times the complexity of the
library. In this case, the size of the library is 3 x 10° clones. Thus, if the
transformation efficiency were expected to be 1 x 10*cfu/pg then 900ug of library
would be needed to screen the library three times. A maximum of 1.25pug of library
can be plated per plate; therefore the number of plates required would be 720.
However, if the transformation efficiency was as high as 1 x 10%cfu/ug then 1 x 10

library clones (33 times the library size) could be screened using 100pug of library
and 80 plates.

To assess the transformation efficiency, pAS2-1 or pAS2-1-caspase-10'2">
transformed Y190 cells were sequentially transformed with varying amounts of
either pACT2 empty vector or pACT2-library plasmid. The average transformation
efficiency was between 4 and 9 x 10*cfu/ug DNA after 5 days incubation. The

03" transformed cells was the

transformation efficiency for pAS2-1-caspase-1
same as for pAS2-1 transformed cells (Figure 3.3A). This indicates that expressing
caspase-10"7? in yeast cells did not cause any overt toxicity compared to cells
expressing the Gal4 DNA binding domain alone. During the screen, yeast colonies
are incubated for up to 10 days, so to investigate if longer incubation time had an
effect on the transformation efficiency, colony counts were made at 5 and 7 days
(Figure 3.3B). The longer incubation time only marginally increased the

transformation efficiency, by around 5000cfu/pug DNA.

In order to further optimise the transformation protocol, two modifications were
made to the original protocol. In the first method, cells were incubated in Lithium
Sorbitol instead of the Lithium Acetate buffer usually used. The use of sorbitol was
to further permeate the yeast cells to allow increased uptake of DNA into the cells.
The drawback of using this method is that it is quite an aggressive treatment and
may kill more cells than the standard protocol. The second modification of the
protocol was to incubate the cells in YPD for 2hrs after the transformation phase to

allow for recovery of the transformed yeast cells. Figure 3.3C shows that when

56



3’ 1x108

]

‘2

@ 8x10¢ A

52

g e 6x10¢ -

.ﬁ 4 4x10¢ 4

+

% 2x10¢ -

=

£ i
pAS2-1 empty Casp-10'37
pACT2 empty empty

Transformed plasmids

Figure 3.3:

Assessment of transformation efficiency of pAS2-1-Caspase-10!-3"2
transformed yeast.

(A) Comparison of the transformation efficiency of pAS2-1 empty
vector and pAS2-1-Caspase-10'7 transformed Y190, sequentially
transformed with pACT2 empty vector. Y190 yeast were transformed
with either pAS2-1 empty vector or pAS2-1-Caspase-10'-"? followed by
transformation with known amounts of pACT2 empty vector.
Transformed Y190 yeast were plated on media lacking leucine and
tryptophan and incubated for 5 days. The emerging colonies were
counted and the transformation efficiency in cfu/ug DNA was
calculated.
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Figure 3.3:
Assessment of transformation efficiency of pAS2-1-Caspase-10!372
transformed yeast.

(B) The effect of duration of incubation on transformation efficiency.
pAS2-1-Caspase-10'372 Y190 was transformed as in Figure 3.3A with
pACT2 empty vector. Transformation efficiencies were determined at 5
days and 7 days incubation.

(C) Comparison of yeast transformation efficiencies using three
different protocols. To optimise the transformation -efficiency,
variations of the original protocol (Standard) were used. Sorbitol
implies that an incubation step with Lithium Sorbitol was included as
described in the Materials and Methods. The second variation (YPD
recovery) included a 1-2 hour incubation with YPD after the yeast cells
were transformed. Each of these results are representative of at least

three separate experiments.



compared to the normal procedure used, the use of sorbitol did not significantly
increase the transformation efficiency. However inclusion of the YPD recovery
period more than doubled the transformation efficiency, bringing it up to 9 x 10*
cfu/ug DNA. This was considered a suitable transformation efficiency to enable the
screen to be carried out.

3.2.5 Transformation efficiency of the library screen

As detailed above, the transformation efficiency for Y190 yeast sequentially
transformed with pAS2-1-caspase-10""? and pACT?2 respectively using the YPD
recovery step was 9 x 104cfu/ug DNA. For the screen, the transformation efficiency
was conservatively predicted to be 5-6 x 104cfu/p.g DNA under the assumption that
the efficiency might decrease for the larger pACT2-library plasmid compared to that
of the pACT2 empty vector. Therefore transformation of 100pg of library plasmid
would be predicted to yield 5 x 10° cfu, which represents approximately twice the
library complexity, which is within the acceptable range for a library screen. pAS2-

1-caspase-10'2"

transformed Y190 yeast were sequentially transformed with 100pg
of library and plated across 80 plates. A portion of the reaction was plated onto
media lacking leucine and tryptophan to allow for assessment of the transformation
efficiency. After 10 days incubation, the colonies were counted to reveal that the
transformation efficiency of this screen was 1.2 x 10*cfu/ug DNA. Therefore 1.2 x
10° library clones were screened, which represents just over one third of the

complexity of the library.

3.2.6 Appearance of putative positive colonies

After 3 days incubation at 30°C there was only background growth observed on the
selective media and there was no appearance of any positive colonies. By day 5
there were indications of a number of positive clones emerging, with around 12
plates out of the 80 being identified as containing these colonies. On day 7 a
number of colonies growing above background levels were noted, many of which
were identified as potential positive clones. By day 10 colonies growing above
background were more obvious and numerous than on day 7. A number of the
colonies identified as potential positive colonies had grown larger in size and some

had turned from a white to a pink colour. However, some of these colonies had
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regressed back to background growth characteristics (small flat and white). Many
additional colonies had emerged since day 7. More than 400 potential positive
clones were initially identified but only 307 of these (usually the larger or pinker
colonies) were selected to be restreaked. 307 colonies were restreaked onto HLT-
plates with 25mM 3-aminotriazole (3-AT). The media is supplemented with 3-AT

to suppress growth of background colonies due to leaky expression of the histidine
reporter gene.

3.2.7 Emergence of restreaked colonies

After two days of incubation, 163 of the restreaked colonies showed signs of
growth; 13 of which seemed to be strong growers and 56, medium growers. After
three. days, 203 colonies showed signs of growth; 51 were strong and 94
intermediate. On day 4, 210 had grown; 76 were strong and 98 intermediate.
Therefore, from a screen of 1 x 10° library clones, two hundred colonies were
identified that activated the HIS3 reporter gene (indicating a possible interaction
with the bait plasmid) and that regrew on a second round of selection on plates
lacking histidine. Prey plasmids were rescued from these clones and 75 random

clones were chosen for identification by DNA sequencing.

3.2.8 Identification of positive colonies

BLASTx and BLASTn searches against the non-redundant public sequence
databases revealed that each of the 75 sequences were unique (Table 3.2 — 3.3)
except for 3 copies of the ribosomal protein HL23 which is a common false positive
in yeast-two-hybrid screens. Some of the sequences were revealed to be nonsense

DNA with little or no homology to any published sequence.

Although the majority of the clones were unique, some common elements can be
identified within the group. Almost a third of the clones were DNA binding and
ribosomal proteins. A number of the clones were identified as mitotic spindle
associated proteins or displayed homology with such proteins. These include p126
(clone 54) and chromatin assembly factor p48 (clone 10). p48 is also an Rb binding
protein. Two other Rb associated proteins featured in the group, p84 (clone 96) and
E1A-associated protein shared some homology with clone 207. Three of the clones

(158, 163 and 210) shared a high degree of homology with proteins that are
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Table 3.2: BLASTX of sequenced clones isolated from caspase-10 yeast-two-
hxbrid screen against the non-redundant (Homo sapiens) database

Clone# HOI‘IIOIOEE Comment Score |E-value
5 |ALU subfamily 76 | 3.00E-14
10  [chromatin assembly [Rb binding WD repeat protein 40 | 2.00E-06
factor 1 p48
Apaf-1 WD repeat region 27 23
11 |DNA binding protein [DNA binding 25 66
15 |homology to plant 50 | 4.00E-06
EST
24 |aggrecan core protein 26 33
receptor
28 |htra-2 alpha Pro apoptotic mitochondrial 25 79
protein, binds XIAP
regulator of mitotic 26 46
spindle assembly
32 |no hit NA NA
38 [Myogenic factor 4 32 0.29
46 |K1AA0807 Similar to mouse microtubule 31 1.3
associated testis specific
serine/threonine protein kinase
47 |zinc finger protein 39 | 5.00E-08
48 |S164 Ribosomal protein 31 1.3
54 |[pl26 Mitotic spindle associated protein| 29 3.2
NAIP 25 98
59 |ATPase Achain 155 | 6.00E-72
55 |EF-1 beta Elongation factor (DNA binding | 27 16
protein)
60 |Hsp90 beta 194 | 8.00E-50
64 |potassium channel .4 15
protein
67 |oxytocin receptor 22 764
71  |his rich Ca binding 27 26
protein
72 |IKBKAP component of IKK signalosome | 59 | 4.00E-09
83 |[trichohyalin Ca binding structural protein 36 0.04
95 |[sodium channel alpha 28 . % |
subunit
96 [p84 Rb binding protein 122 | 3.00E-38
97 |tyrosine kinase 178 | 6.00E-45
103 |dynamin 36 0.064
111 [tyrosine protein 32 300
kinase ABL2
112 |KIAA0346 Ubiquitously transcribed 30 24

tetracore repeat gene

SHTT Serotonin receptor 29 g%




Table 3.2: BLASTX of sequenced clones isolated from caspase-10 yeast-two-
mﬁd screen against the non-redundant (Homo sapiens) database

Clone# |Homologue Comment Score |E-value
116 _|NO synthase 31 | 0.048
118 '?gsomal protein  [DNA binding 251 | 6.00E-67
119  jmannosyl- Calcium binding protein 53 | 3.00E-07

oligosaccharide
lalpha
harahkiri Bcl-2 family member 28 9
122 [TF SOX4 Transcription factor 23 363
131 E].23 ribosomal DNA binding 212 | 4.00E-55
rotein
133 [no hit NA NA
141 _laspartoacetylase 29 3.9
142 [ribosomal protein  [DNA binding 274 | 6.00E-74
13A
145 fcarboxyl 109 | 4.00E-24
ethyltransferase
147 no hit NA NA
148 |actin 229 | 2.00E-60
149 [unknown 36 0.032
150 |60S Ribosomal [DNA binding 152 | 2.00E-48
rotein L44
152 jorf2 88 | 9.00E-18
158 |CLNS putative Ceroid lipofuscinosis neuronal 236 | 2.00E-62
transmembrane protein (involved in
rotein neurodegenerative disorder)
160 unknown protein pi 521
CIT987SK
163 |atrophin-1 Dentatorubal pallidduysian 27 20
atrophy protein
164 |[HL23 ribosomal IDNA binding 149 | 9.00E-51
rotein
169 |DEAD-box protein [DNA helicase 159 | 3.00E-73
170 |HL23 ribosomal DNA binding 139 | 1.00E-59
rotein
173 Eotel Implicated in Gaucher’s disease 32 1
176 [HL23 ribosomal DNA binding 122 | 2.00E-26
rotein
177 Jacyl coenzymeA 129 | 2.00E-46
dehydrogenase
178 [ribosomal protein  [DNA binding 66 | 3.00E-11
S3
182 [telomeric repeat DNA binding e o1
binding factor 1
187 | ribosomal protein [DNA binding 225 | 4.00E-59

L8




Table 3.2: BLASTx of sequenced clones isolated from caspase-10 yeast-two-
hybrid screen against the non-redundant (Homo sapiens) database

Clone# |Homologue Comment Score |E-value
188 | KI-67 Cell proliferation associated 160 | 2.00E-39
antigen (nuclear protein)
189 | hnRNP C DNA binding 81 | 1.00E-15
193 | zinc finger protein | DNA binding 27 29
GLI1
207 ERF-2 protein EGF response factor, 31 1.4
transcriptional adaptor
E1A-associated Involved in Rb regulation p 2 16
protein
210 | ataxin 2 Spinocerebellar ataxia protein 33 0.39
214 no hit NA NA
222 ribosomal protein | DNA binding 779 0
S6
225 similar to U28928 29 4.8
227 AF-4 protein Proto-oncogene, FEL protein ol 26
228 no hit NA NA
237 HL23 ribosomal DNA binding 127 | 9.00E-53
protein
241 NADH-ubiquinone 36 0.002
oxidoreductase
chain 4L
248 meningioma 24 145
expressed antigen
251 myh-1c¢ (myosin) | ATPase 25 55
252 ribosomal protein | DNA binding 31 0.9
S6
254 40S ribosomal DNA binding 29 4.9
protein S9
283 5- 27 23
hydroxytryptamine
1F receptor
c-CRK 26 30
288 monoclonal Ab 29 4.7
heavy chain
variable region
294 40S ribosomal DNA binding 237 | 7.00E-63
protein S15A
304 ankyrin Death domain containing 25 98
protein
305 unknown 104 | 1.00E-22




Table 3.3: BLASTn of sequenced clones isolated from caspase-10 yeast-two-
hybrid screen against the non-redundant (Homo sapiens) database

[Clone# Homologue Score |E-value
5 |PAC 166H1 194 | 5.00E-48
10 |BAC GSHB-227L 34 10
11 [Human thyroid transcription factor 52 | 3.00E-05
15 |mRNA expressed in thyroid 272 | 3.00E-71
24 |ArgBIP 84 | 1.00E-14
28 |htra-2 alpha 174 | 5.00E-42
32 |BAC GSHB 34 12
38 |PAC 313L4 406 | 1.00E-112
46 |12ql3.1 40 0.14
47 |chromosome 19 cosmid 38 0.78
48 |cosmid Q7A10 42 0.037
54 |PAC970DI 42 0.046
59 |Mitochondrial genome 997 0
oy €23 42 0.046
60 |Hsp90beta 896 0.0
64 |profillinll 952 0
67 |PAC RPCIP704A 32 62
71 |RGI181H17 710 0
72 |IKBKAP 618 | 1.00E-175
83 |Chromosome-19 fosmid 272 | 3.00E-71
atm gene 38 0.71
int-2 proto-oncogene 38 0.71
95 |PS alpha gene 40 0.19
96 |p84 387 |1.00E-105
97 |tyrosine kinase 888 0
103 |PAC chromosome Xp21 40 0.21
MAP kinase activating death domain protein (MADD) | 34 13
111 |[BAC RG315L10 38 0.59
112 |Xp22 BAC 42 0.047
116 |chromosome 19 cosmid 868 0
118 [ribosomal protein S18 850 0
119 |[873P14 40 0.18
122 |PAC 717L17 34 13
131 |HL23 ribosomal protein 775 0
133 |L23 ribosomal protein 775 0
141 |B331M8 48 | 7.00E-04
142 |23kD basic protein 793 0
145 |carboxyl methyltransferase 480 | 1.00E-134
147 |serine protease gene 38 0.66
148 |actin 858 0
149 |chromosome 5 BAC 54 | 1.00E-05
150 |[PAC DJ0620P06 597 | 1.00E-169
152 |Tiggerl 448 | 1.00E-124
158 |CLNS5 putative transmembrane protein 850 0
160 [BAC GS117010 38 0.91




Table 3.3: BLASTn of sequenced clones isolated from caspase-10 yeast-two-
hybrid screen against the non-redundant (Homo sapiens) database

|Clone# [Homologue Score |E-value
163 |BAC 326584 46 | 3.00E-03
164 [ribosomal protein I.17 652 0
169 |[DDX1 914 0
170 |HL23 ribosomal protein 801 0
173 [PAC pDJ457 337 | 7.00E-91
176 [HL23 ribosomal protein 468 | 1.00E-130
177 _lacyl coenzymeA dehydrogenase 751 0
178 |ribosomal protein S3 297 | 6.00E-79
182 |cigSmRNA 42 0.053
187 |ribosomal protein L8 825 0
188 |mki67a 813 0
189 |hnRNP C 819 0
193 |BAC119j3 751 0
207 |CpG island 40 0.19
210 |PAC 79C4 38 0.79
214 |cycA gene 32 51
222 |[ribosomal protein S6 177 | 7.00E-68
225 |22q13 cosmid 739 0
227 |[Mitochondrial genome 821 0
228 |T-cell antigen receptor gene 32 67
237 |HL23 ribosomal protein 793 0
241 |Mitochondrial genome 125 | 4.00E-27
248 |326L12 36 2!
251 |chromosome 17 clone 38 0.67
252 |hmd3b09 174 | 4.00E-42
254 |40S ribosomal protein S9 58 | 9.00E-07
283 |PAC 42616 38 0.64
288 |Mitochondrial genome 694 0
294 1408 ribosomal protein S15A 789 0
304 |59B16 36 3.3
305 |BAC286B10 837 0




associated with neurodegenerative disorders and they all contain trinucleotide
repeats in their sequence. Two of the clones (83 and 71) showed a low level of
homology with calcium binding proteins. Other clones that were of interest that did
not fall into any of the above groups were clone-60 (Hsp90p), clone 28 (Htra-2) and
clone 72 (IKBKAP). Clones that were identified as being potential binding partners

for caspase-10 were transformed into bacteria in order to rescue the plasmid DNA.

Overall the results of the screen were disappointing as only single copies of each

‘hit’ were found. Previous experience from yeast-two-hybrid screens carried out in

the laboratory strongly suggested that multiple copies of true interactors (greater

than ten) would be found in a successful yeast-two-hybrid screen.

3.2.9 Hsp90 is a not a caspase-10 interactor

One of the potential positive clones from the screen was identified as a heat shock
protein Hsp90p (Figure 3.4A). Due to the reported role of heat shock proteins in
apoptosis (Jaattela et al., 1998), and the fact that Hsp90 has been reported to be
present in the Apaf-1 apoptosome (Pandey et al., 2000), Hsp90 seemed a good
candidate as a caspase-10 interactor. This clone was retransformed into Y190 with
a panel of bait plasmids to assess specificity of binding. Thus the Hsp90 clone
(clone-60) was co-transformed into Y190 with the N-terminal pro-domain regions
of caspase-7, caspase-8, caspase-9, caspase-10 (Figure 3.4B). However, the
apparent interaction between caspase-10 and Hsp90 was not repeated and Hsp90 did
not bind to any of the other caspase prodomains listed above. Therefore it was

concluded that this was a non-specific interaction.

3.2.10 Remaking of Caspase-10 pro bait plasmid

Due to the apparent failure of the caspase-10 screen to identify a strong binding
partner for capase-10, it was concluded that the fault might lie in the construction of
the bait plasmid. The plasmid used in the screen included the prodomain and the
large subunit of caspase-10. The choice of this construct was guided by
observations made in our lab, as well as others, that this represented the processed
(i.e. active) form of capsase-10 (Slee ef al., 1999). At the time the screen was
performed there were no positive controls to validate the plasmid. Thus it could be

concluded that the region of caspase-10 chosen as bait was too large and that the
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Figure 3.4:

Hsp90p is a potential caspase-10 interactor.

(A) Published amino acid sequence of human Hsp90B. The sequence of
clone-60 that was pulled out by caspase-10'-"? in the yeast-two-hybrid

screen is underlined.




Leu- Trp- His- Leu- Trp-

BD hybrid AD hybrid
a caspase-10 (1-372) clone 60
b none clone 60
¢ caspase-8 pro FADD
d caspase-7 pro clone 60
e caspase-8 pro clone 60
f caspase-9 pro clone 60

Figure 3.4:
Hsp90pB does not interact with caspase-10'-72

(B) Yeast two-hybrid assay illustrating interaction between Gal4-AD-
clone-60 (Hsp90p) and the indicated Gal4-BD-caspase prodomain
fusions. Left, control plates showing equal loading of yeast. Right, the
same transformants growing on plates lacking histidine where colony
growth indicates an interaction. The interactions were tested in parallel
with the positive control Caspase-8pro/FADD




expressed protein could be misfolded. Thus the bait plasmid was remade to include
just the prodomain of caspase-10 (Figure 3.5A).

3.2.11 Caspase-10"?" in the pAS2-1 plasmid autoactivates the histidine
reporter gene.

The pAS2-1 bait plasmid containing the shorter version of caspase-10 (amino acids
1-219) was co-transformed into Y190 yeast along with a number of prey plasmids
and the relevant positive and negative controls (Figure 3.5B). The negative controls
were pAS2-1/pACT2 and pAS2-1-caspasel0'?'°/ pACT2, which would also reveal
whether the new bait construct would auto-activate the yeast reporter genes. The
positive controls were as before, caspase-8/FADD, caspase-9/Apaf-1(1-601) and
finally caspase10'*"/FADD to test the new plasmid. When plated on media
lacking histidine colonies grew where caspase-10'*'? was cotransformed with
pACT2 empty . This implies that the newly created caspase-10 bait plasmid auto-
activated the Gal4 promoter. Unfortunately, this precluded the use of this bait in a
yeast-two-hybrid screen.
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Caspase-10 # W00
1 219
Caspase-10 2% ] (N
Leu- Trp- His- Leu- Trp-

BD hybrid AD hybrid
a none none
b  Caspase-10(1-219) none
c Caspase-10(1-219) Apaf (1-601)
d  Caspase-10(1-219) FADD
e  Caspase-8pro FADD
f Caspase-9pro Apaf(1-601)

Figure 3.5:
A shorter version of caspase-10 autoactivates the histidine reporter gene.

(A) Schematic representation of caspase-10'%'° truncation made to include the
prodomain (DEDs are shaded in black). Numbers indicate amino acid positions.

(B) Yeast two hybrid assay to assess suitability of the caspase-10 construct for a
screen. Interactions between Gal4-BD-caspase-10'?"° and the indicated Gal4-AD-
caspase fusions were compared with the positive controls (caspase-8pro/FADD and
casapase-9pro/Apaf (1-601). Left, control plates showing equal loading of yeast. Right,
the same transformants growing on plates lacking histidine where colony growth indi-
cates an interaction. This result is representative of three separate experiments.




3.3 CASPASE-10 DISCUSSION
3.3.1 Introduction

This chapter describes the use of the pro-domain of caspase-10 as bait in a yeast
two-hybrid screen with the objective of finding a novel binding partner for caspase-
10. To this end the pro-domain of caspase-10 was transformed into Saccharomyces
cerevisiae Y190, with a Jurkat human cDNA library, with the aim of finding a
binding partner or partners for this caspase. The screen performed as reported here
however failed to find a strong caspase-10 interactor and this negative result clearly

demonstrates some of the major drawbacks to carrying out a yeast-two-hybrid

screen.

3.3.2 Analysis of the yeast two hybrid screen approach

The yeast-two-hybrid method of finding novel binding partners for proteins of
interest is a very useful tool. As detailed in the introduction of this chapter, many
proteins involved in apoptosis have been identified using the yeast-two-hybrid
method, by virtue of the fact that many of the steps in cell death pathways are
mediated through protein-protein interactions (Table 3.1). There are a number of
advantages to this strategy of finding novel protein-protein interactions but also a
number of disadvantages. The major advantage, compared to more conventional
biochemical techniques such as co-immunoprecipitation, is that the cloning and
identification of the proteins is very easy, because the gene that produces the protein
is readily available through isolation of the plasmid DNA. The system also allows
for the identification or characterisation of previously unknown proteins, to which
there are no antibodies available. Furthermore, because the interactions are carried

out in vivo the proteins involved are more likely to be in their native conformations.

However, there are also a number of drawbacks inherent to this method. The main
disadvantage is the appearance of false positive colonies on the selective medium.
Certain proteins (such as transcription factors or other DNA binding proteins) have
the ability to bind yeast DNA and can act as transcriptional activators. This effect
leads to the non-specific expression of the reporter genes in what is termed auto-
activation. False negative results can be another problem. The interacting proteins
may require accessory elements, such as chaperones, to facilitate their binding,

which are not present in yeast. Finally some mammalian proteins are toxic in yeast

61



and thus will not yield any interaction, regardless of the existence of binding
partners for such a protein.

Another practical problem with a yeast two-hybrid library screen is the scale of the
experiment. For a screen to be successful the largest possible number of library
clones need to be searched. This objective can be seriously hampered if the bait
construct being used does not allow efficient transformation of the library plasmid.
The lowering of the transformation efficiency effectively increases the scale of the
assay. Consequently, to screen a sufficient number of library clones, the number of
plates required increases considerably. This can easily become prohibitive,

especially if incubator space or other necessary elements are restricting.

For a screen to be successful a number of criteria need to be met. Firstly the
transformation efficiency should be sufficient so that at least 9 million library clones
(in this case 3 times the library size) are screened. The appearance of multiple
copies of a particular protein is also indicative of a profitable screen, because it
suggests that such proteins are real interactors and worthy of further investigation.
Also if the protein of interest already has a known binding partner and such a
protein is isolated in the screen, this would be an indication that the screen worked
and that the other isolated positive clones represent real interactors. Conversely, if -
the majority of the positive clones isolated from a screen represent proteins that are
known to be false positives in this system, such as transcription factors and DNA
binding proteins, this would diminish chances of the screen having identified a

meaningful interaction, as was the case here.

In the caspase-10 screen carried out here, the 75 clones sequenced were identified
all to be independent of each other except three copies representing different regions
of the ORF for the ribosomal protein HL23. This was a screen of low
transformation efficiency being only 1.2 x 10*cfu/ug DNA. Therefore 1.2 x 10°
library clones were screened, which represents just over 0.3 times the complexity of
the library. Thus by the criteria outlined above this was not a very successful yeast-

two-hybrid screen.
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The two main problems with the screen are associated. It may have been that the
low efficiency of the screen prevented the emergence of multiple copies of any one
interactor. The significance of three copies of the HL23 ribosomal protein was
considered negligible since ribosomal proteins in general and this one in particular,
tend to be false positives in the yeast two-hybrid system by virtue of their nucleic
acid binding capabilities. Only 10° clones were screened which represents only one
copy of the library complexity. For a successful screen the transformation
efficiency needs to be as high as possible, in reality it is difficult to achieve a
transformation efficiency of higher than 5 x 10* in test transformations using the
standard protocol. This efficiency generally tends to increase when the actual
screen is performed, possibly due to the increase in the scale of the experiment. In
this screen, however, this was not the case. In the test transformations the
efficiency was variable but reached a consistency of 5 x 10* (Figure 3.3) but in the
actual screen it was much lower. Therefore, due to the low efficiency of the screen,
fewer copies of potential interactors would be expected. However, this does not
alleviate the problem of deciding which clones to choose for further investigation.
Obviously, out of 75 individual clones, it is not possible to characterise each of
them. In this case, the only approach that could be taken, in the absence of any
other clues, was to choose the clones that have previously been reported to have
links with cell death pathways.

3.3.3 Putative Caspase-10 interactors
Although this screen was not very successful according to the above criteria a
number of interesting molecules were identified as putative positive interactors,

which could be speculated to have a role in a caspase-10 pathway (Table 3.2).

Mitotic spindle associated proteins

Three proteins were identified that showed homology to mitotic spindle associated
proteins. This would suggest a role for caspase-10 in cell cycle regulation. The
IAP protein survivin is a protein that is associated with microtubules and is
considered to be a mitotic spindle checkpoint protein, controlling cell division (Li ez
al., 1998a). Immunoprecipitation experiments have suggested an interaction
between caspase-9 and survivin, although it is unclear whether this is a direct or

indirect interaction (O'Connor ef al., 2000). The significance of such an interaction
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is also vague. One hypothesis is that survivin monitors mitotic spindle integrity and
promotes apoptosis of cells with incorrectly formed spindles. Could caspase-10 act
in a similar way by interacting with a related spindle associated protein? This idea

of course is highly speculative considering the evidence for a survivin/caspase-9

functional interaction is not entirely persuasive.

Proteins associated with neurodegenerative disorders

A second group of proteins isolated from the screen are related to each other
because they are all associated with neurodegenerative diseases. Clone 158 is
present in the database as CLNS, a putative transmembrane protein. Ceroid
Lipofuscinosis Neuronal Protein 5 (CLNS) is a protein involved in the
neurodegenerative disease Ceroid Lipofuscinosis (Savukoski et al., 1998). Cotel
(clone 173) is a protein implicated in the neurodegenerative disorder Gaucher’s
disease (Winfield et al., 1997). Atrophin (clone 163) and ataxin (clone 210) are both
triplet repeat proteins involved in Dentatorubal Pallidoluysian Atrophy (Nagafuchi
et al., 1994) and spinocerebellar ataxia (Pulst et al., 1996) respectively. The
expansion of trinucleotide repeats is a common causitive factor of a number of
degenerative disorders including muscular dystrophy and Huntington’s disease.
Huntingtin, which is mutated in Huntingtin’s disease, and other triplet repeat
proteins have been shown to be substrates for caspase cleavage (Goldberg ef al.,
1996; Wellington et al., 1998). It is possible that the proteins described above
represent caspase-10 substrates that transiently bind to caspase-10 in order to

undergo proteolytic processing.

Heat Shock Protein 90

Of the clones that were identified in the screen one showed significant homology to
heat shock protein 908 (HSP90B). Heat shock proteins have been reported to play a
role in apoptosis and Hsp90 and Hsp70 have been suggested to be part of the
apoptosome (Jaattela et al., 1998; Pandey ef al., 2000; Saleh et al., 2000). Hsp90
shows a high degree of homology to a protein called TRAP1. Very little is known
about this protein but has been suggested to interact with TNFR1 (Song et al.,
1995). The TNFR pathway is analogous to the Fas pathway in that TNFRI interacts
with TRADD, which recruits FADD, which binds to Caspase-8 via the death



effector domain. Thus Hsp90 or TRAP1 could be hypothesised to, by virtue of this

yeast-two-hybrid result, in a separate pathway, recruit caspase-10 to TNFRI and
initiate a caspase cascade in that way.

Despite the interesting potential of Hsp90 as a caspase-10 interactor, or even a
caspase interactor, the interaction could not be verified in subsequent co-
transformations with caspase-10 (Figure 3.4B). Furthermore this clone which
represents the amino acids 520-691 of Hsp90B could not interact with the pro-
domains of caspase-7, -8, or -9. In the apoptosome model Hsp90 is reported to be
recruited to the apoptosome to bind caspase-9. This result however suggests that
either Hsp90 does not bind to caspase-9, that the binding does not occur through the
pro-domain of caspase-9, or alternatively, that the binding is mediated by a portion
of Hsp90 that is not included in the clone isolated from the screen. Co-
immunoprecipitation assays of caspase-9 and Hsp90B showed no binding, which
would argue against a caspase-9/Hsp90 interaction (personal communication Dr.
Colin Adrian). However, Hsp90 may require the caspase-9 complexed with other

members of the apoptosome, such as Apaf-1, to enable it be recruited to caspase-9.

p84

A second protein of interest that was pulled out with the caspase-10 screen was p84.
p84 is an Rb-interacting protein (Dufree et al., 1994), a role for which has been
implicated in apoptosis (Adrain et al., 2001). Interestingly, this protein has been
found in a separate screen carried out in the lab as a caspase-9 interactor, and it has
a death domain as well as a CARD-like domain (Adrain ef al., 2001). In the study
that characterised p84 (DRADD) as a caspase-9 interacting protein, a possible
interaction between p84 and caspase-10 was tested using the same caspase-10'>"2
plasmid as was used in this study. In this case no interaction was observed. Thus it

can be concluded that this was also a false positive interaction.

IKBKAP
Two proteins in particular were pulled out from the screen where the significance of
any role they may have in apoptosis was not apparent at the time. The first is

IKBKAP (clone- 72, IxB Kinase Activating Protein). This protein is part of the
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IKK complex that is required for NFxB activation, although its function is not clear
(Cohen et al., 1998). Although a role for caspase-10 in NFkB activation has never
been shown, the related inhibitor of apoptosis FLIP has been shown by a number of
groups to activate NFxB (Hu et al., 2000; Yeh et al., 2000). The bait construct used
in this screen is quite similar to the structure of FLIP comprising two death effector
domains. Thus, it is reasonable to suggest that this may represent an interaction

between FLIP and IKBKAP and, in an analogous way to the mechanism by which

RIP or RICK mediates recruitment of the IKK complex through IKKY, is thus able
to activate NFkB.

HtrA2

A number of reports have recently identified the protein HtrA2 as having a role in
apoptosis (Hegde et al., 2001, Martins et al., 2001; Suzuki et al., 2001; Verhagen et
al., 2001). HtrA2/Omi is a serine protease that is released from the mitochondria
during apoptosis and, like Smac, binds to XIAP (Hegde et al., 2001). Not enough
is known about Omi to allow for speculation as to how caspase-10 may interact with
an IAP binding mitochondrial protein and what the significance of this may be,
since the assumption is that caspase-10 functions upstream of the mitochondria.
However, it has been shown that caspase-10 is also activated downstream of
cytochrome c release by caspase-6 (Slee ef al., 1999). Therefore it is feasible that
caspase-10 may interact with Omi at this point, modulating its function in some
way. It must be noted, however, that the clone (clone-28) that was isolated in the
screen shared quite a low level of homology with Omi, therefore it is unlikely that

caspase-10 interacts with this protein.

3.3.4 Suitability of the bait

In conclusion, the caspase-10 screen performed did not yield any proteins that could
be verified as true caspase-10 interactors. Aside from the fact that this was a low
efficiency screen, the presence of a number of false positive clones (ribosomal
proteins, transcription factors) and the lack of multiple copies of any one protein,
suggests that the failure of the screen may have been contributed to by another

factor.
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The choice of the correct bait construct is vital to ensure the success of a screen.
When a truncation of a protein is made, as was in this case, there is the risk that it
will not fold in its natural conformation, thus preventing it from recruiting its
natural binding partners. In this case, it was required to truncate the protein because
generally it is not feasible to carry out screens with large proteins, as they do not
allow for high yeast transformation efficiencies. Moreover, because caspase-10is a
protease, expression of the full-length caspase-10 protein in yeast would almost
certainly be toxic. The caspase-10'"? plasmid used included, not only the pro-
domain of caspase-10, but also the large subunit (Figure 3.1A). It is quite possible
that the DNA binding domain fused to this large gene segment may have induced

mis-folding of the protein thus shielding the DEDs or another binding domain from
potential interaction.

Due to the fact that at the time of the screen there was no binding partner reported
for caspase-10, there was no positive control with which to test the plasmid. The
ability of FADD to bind caspase-10 was only reported in one paper at that time of
embarking upon this screen (Vincenz and Dixit, 1997). Since then, the ability of
FADD to recruit capase-10 under physiological conditions has been widely debated.
It has recently been shown that the controversy that has arisen over the function of
caspase-10 has been contributed to by the fact that many of the commercially
available antibodies to caspase-10 are actually cross-reactive with the abundant

protein Hsp60, which is the same size (Kischkel et al., 2001).

Since the time of carrying out the screen the positive interaction between caspase-10
and FADD has been verified, at least between the overexpressed proteins, (Wang et
al., 1999; Wang et al., 2001a). In the preparation for the yeast two-hybrid screen, a
possible interaction between caspase-10 and FADD was tested giving a negative
result (Figure 3.2). At the time, due to the controversy that existed over the role of
caspase-10 in death receptor pathways, this result was taken to be a true
representation of the binding properties of caspase-10. However, now this result
could also be interpreted to suggest that the plasmid used for the yeast-two-hybrid

screen does not represent caspase-10 in its true native state.
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Therefore an alternative version of the caspase-10 plasmid was made to include just
the pro-domain of this protease (Figure 3.5A). This was done under the assumption
that the smaller truncation would have a greater probability of folding correctly.
However when this plasmid was tested it was shown to auto-activate the yeast
reporter genes and based on this result this construct could not be used in a
subsequent screen (Figure 3.5B). Certain proteins tend to auto-activate in the yeast-
two-hybrid system. This usually occurs if the protein contains a transcriptional
activation domain, which once fused to the Gal4-binding-domain mimics the
activation-domain/binding-domain complex that represents a pair of interacting
proteins, leading to non-specific activation of the reporter gene. Other proteins that

are not normally involved in transcription can have the same effect for unknown

reasons.

Once this effect of autonomous activation occurs it is impossible to obtain
meaningful results with the bait construct. The only solution to the problem of
auto-activation is to choose a different portion of the protein to use as bait in the
screen. However, this was not feasible, as the second caspase-10 truncation made
represented the smallest part of caspase-10 that could be used. If it was truncated
any further the likelihood of it being a true representation of caspase-10 (as opposed
to being a caspase-8 or FLIP-like molecule) would have been significantly
diminished.

3.3.5 Summary and Conclusions

In summary the screen performed here demonstrates a number of the pitfalls that
can be involved in using the yeast two-hybrid assay as a method of finding novel
proteins involved in apoptosis pathways. Recently a report of a caspase-10 screen
was published, where a protein named DEDAF was isolated as a caspase-8 and
caspase-10 interactor (Zheng et al., 2001). Unfortunately, even such a finding did
not contribute much to unlocking the function of caspase-10. DEDAF is a DED
interactor that binds caspase-8, -10 and FLIP, rather than a specific caspase-10
binding protein. Further work will have to be done on DEDAF to determine
whether it has a role that is specific to caspase-10 function.
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In conclusion, the yeast-two-hybrid assay, although a powerful tool in analysing
protein-protein interactions, can often, as in this case, yield negative results.
However,' in order to find novel proteins involved in the apoptosis pathway,
alternative methods are available. One way which can very effectively identify such
proteins, as is shown in the next chapter, is by searching the human genome for
proteins that show homology to a specific domain present in known apoptosis
proteins such as the DED or the CARD motifs. Advantages of this method over the
yeast-two-hybrid approach, is that it is quick and inexpensive. However, once a
protein is found it can be much more difficult to assign a function to it. In
comparison, isolation of a protein in the yeast-two-hybrid system implies that this
protein operates in the same pathway as the bait protein used, thus giving an

obvious starting point for further investigation.
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CHAPTER IV

Cloning and functional characterisation of CARDINAL, a
Novel CARD Protein
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4.1 INTRODUCTION
The previous chapter described the yeast-two-hybrid method of identifying novel

proteins involved in particular pathway using the caspase-10 prodomain as bait.
Proteins likely to participate in particular pathways can also be identified based on
the presence of conserved protein-protein interaction domains, such as the DED
motif, in the sequence of the protein. Thus, based on homologies between two
proteins, or between domains common to two proteins, one can infer a plausible
function for novel proteins. The yeast-two-hybrid screen described in Chapter III
failed to identify a novel DED-containing protein or a novel caspase-10 interactor,

therefore we used an alternative strategy to find such proteins.

Database searching for proteins that contain conserved protein motifs has proven to
be an invaluable tool in the field of apoptosis. Due to the presence of conserved
protein domains in many apoptosis-signalling proteins such as the Death Domain
(DD), the Death Effector Domain (DED) and the Caspase Recruitment Domain
(CARD), bioinformatics-based approaches have been used effectively to identify
many key proteins involved in apoptosis pathways. Thus, as an alternative to the
yeast-two-hybrid approach, we used the prodomain of caspase-10 to search the
public sequence databases for novel DED-containing proteins. These searches
failed to find a novel DED-containing protein. Therefore we switched our focus to
a second conserved protein motif, the CARD domain, that is found in many proteins
involved in apoptosis. The CARD domain of caspase-1 was used for these
searches, as only one CARD protein had been implicated as a caspase-1 interactor
(RICK/CARDIAK) when these searches were performed. Moreover, relatively
little is known about the pathway in which caspase-1 becomes activated to effect IL-

1B processing. These searches identified a novel CARD-containing protein we have

called CARDINAL.

At present, there is a wide variety of CARD proteins and these have been described
in detail in the Introduction. In summary, the CARD proteins fall into three main
functional categories, those involved in caspase activation leading to apoptosis,
those involved in caspase activation leading to cytokine processing and

inflammation, and those involved in pathways leading to NFxB activation.
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NFkB mediated transcription is central to the inflammatory response, leading to the
expression of a number of pro-inflammatory genes, such as [L-1. Among the many
proteins that lead to the activation of NFxB, many of them, such as RICK, Nod-1
and Bcl-10, contain CARD domains (Inohara et al., 1999; McCarthy et al., 1998;
Willis ef al., 1999). RICK has been shown to bind IKKY, the regulatory subunit of
the IKK kinase complex (Inohara et al., 2000). The activation of the IKK complex
is essential for NFkB activation, being the point of convergence of all known NFxB

pathways. RIP, a death domain containing kinase, also triggers NFkB through
recruitment of IKKy (Inohara et al., 2000).

Here we describe a novel CARD-containing protein CARDINAL, which does not
appear to be involved in the activation of either caspases or NFxB. Instead,
CARDINAL was found to inhibit divergent NFxB activation signals and to interact
with the regulatory subunit of the IxB kinase complex, IKKy. Thus CARDINAL
may play a role in setting a threshold for NFxB activation, or in limiting the

duration of the NFkB response in the context of pro-inflammatory signals.
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4.2 RESULTS
4.2.1 Identification of CARDINAL

To identify novel CARD-containing proteins, we performed BLASTp and
tBLASTn searches of the public databases, using the prodomain of caspase-1,
which includes a CARD motif, as the query sequence. These searches identified a
hypothetical protein denoted KIAA0955 (Genbank™ accession no. BAA76799).
Sequence analysis of this clone revealed an open reading frame of 431 amino acids
(Figure 4.1, A and B). The C-terminus of this protein shows significant homology
with the CARD domain of caspase-1. Alignments showed that the CARD domain
of this protein shares homology with the CARD domains of many other CARD-

containing proteins, including Caspase-2, RAIDD, ASC, CARD4, ICEBERG and
NAC (Figure 4.1C).

The KIAA0955 protein molecule also exhibits a high degree of homology with
C—terminus of the recently identified molecule NAC/DEFCAP (Figure 4.1D). The
aligned portion of the molecules displayed here represents not only the CARD
domain of NAC (located at the C-terminal end) but extends for approximately 300
amino acids into the NAC protein from the beginning of the NAC CARD motif.
The latter region represents the portion between the leucine rich repeats of NAC and
the CARD domain and does not contain any characterised sequence domains or
motifs. Due to the functional properties of this protein we have termed it
CARDINAL for CARD inhibitor of NFkB activating ligands (see below).

4.2.2 Cloning of CARDINAL

The coding sequence of full length CARDINAL was supplied as pbluescript-
KIAA0955 by the Kazusa institute (Japan). The KIAA0955 plasmid was used as a
template for all subsequent cloning manipulations of this gene except for the cDNA
used to make the pcDNA3-CARDINAL345 31 deletion mutant, which was cloned by
amplification of the fragment from a Jurkat cDNA library using gene specific
primers (Table II in Appendix). The pcDNA3-CARDINAL sequence was verified
by automated sequencing (Figure 4.1A).
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Figure 4.1:
Sequence analysis of CARDINAL and alignment with proteins possessing similar

motifs.

(A) The CARDINAL open reading frame encodes a predicted protein of 431 amino
acids. The region encompassing the CARD motif (amino acids 347-431) is underlined.
(B) Schematic representation of the domain structure of CARDINAL. The region
showing homology with NAC and the CARD domain are indicated by hatched and
black shading respectively. Numbers indicate amino acid positions.

(C) Alignment of the CARD domain of CARDINAL (amino acids 341-435) with the
CARD domains of other known proteins. Identical residues are shaded and conservative

substitutions are boxed.
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Figure 4.1:
Sequence analysis of CARDINAL and alignment with proteins possessing similar

motifs.

(D) Alignment of the NAC homologous domain of CARDINAL with NAC. Identical
residues are shaded and conservative substitutions are boxed.



4.2.3 Generation of anti-CARDINAL antibody

To verify expression of CARDINAL, we generated a polyclonal antibody by
immunising rabbits with a GST-CARDINAL*?"**! fusion protein. This antibody
specifically recognised CARDINAL migrating as a single band of approximately
50kD in cell lysates transfected with pcDNA3-CARDINAL (F igure 4.2A). In vitro
transcription and translation from the pcDNA3-CARDINAL and pcDNA3-
CARDINAL***! plasmids produced proteins of predicted sizes of approximately
50kD and 10kD respectively (Figure 4.2B, right panel). Immunoblotting of these
*3S-labelled proteins with the anti-CARDINAL antisera showed that the antibody
recognised full length CARDINAL but that it did not react with the CARDINAL***
! truncation (Figure 4.2B, leff panel). This deletion mutant is slightly smaller than
the CARDINAL*?"*! truncation used to immunise the rabbit, suggesting that the

antiserum specifically recognised an epitope within amino acids 321 and 345 of
CARDINAL.

The antibody in its crude form was not very efficient at detecting endogenous
CARDINAL. Therefore the antibody was affinity purified and concentrated using
Affigel-coupled CARDINAL**?*, Each of the first five eluate fractions were
assessed, for CARDINAL reactivity by probing cell lysates that had been
transfected with CARDINAL (Figure 4.2C). Each fraction recognised full length
CARDINAL and did not display any cross reactivity with untransfected HEK 293T
cell lysates (Figure 4.2C). Each fraction was subsequently concentrated to increase
the titre of antibody. Affinity-purified CARDINAL antibody was then used to
probe multi-tissue and multi-cell line western blots to determine the pattern of

CARDINAL expression (see below).

4.2.4 Tissue Expression of CARDINAL

Analysis of CARDINAL expression in tissues suggested that CARDINAL is
expressed highly in certain immune privileged sites, the testis, the placenta, the
ovaries and the lung (Figure 4.3A). CARDINAL is also expressed to a lesser extent
in heart, kidney and liver. A number of tumour cell lines were analysed for
CARDINAL expression and these revealed that CARDINAL was expressed very
highly in the MCF-7 breast carcinoma cell line and was expressed at moderate

levels in THP-1 and U937 cells, which are monocytic cell lines (Figure 4.3B). This
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Figure 4.2:

Characterisation of CARDINAL-specific antibody.

(A) A rabbit polyclonal antibody was raised against GST-CARDINAL 324! (amino
acids 321-431) which specifically recognises CARDINAL. The indicated amounts
of pcDNA3-CARDINAL or 3ug of pcDNA3 empty vector were transfected into
HEK293T cells and lysates made 24hrs later. Protein expression was detected by
immunoblot with anti-CARDINAL antibody or anti-actin antibody as indicated.

(B) In vitro transcription and translation (ITT) of CARDINAL and CARDINAL ¥
81 Left panel, ITT S-labelled CARDINAL and CARDINAL 2'#! were generated
as described in Materials and Methods, and labelled proteins were detected by
autoradiography. Right panel, ITT *S-labelled CARDINAL and CARDINAL *!-4!
were transferred onto nitrocellulose and probed with anti-CARDINAL antibody to

detect protein expression.
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Figure 4.2:

Characterisation of CARDINA L-specific antibody.

(C) Affinity purification of anti-CARDINAL antibody. Anti-CARDINAL antibody
was purified as described in Materials and Methods. GST-CARDINAL 32! was
covalently coupled to an Affigel column. Anti-CARDINAL polyclonal antisera was
run through the column and bound antibody was eluted and collected in separate
fractions. Each of fractions 1-5 was assesed for reactivity with transfected CARDINAL
compared to pcDNA3 empty vector-transfected HEK293T lysates and was compared
to the anti-CARDINAL antibody prior to purification (The purification of the anti-
CARDINAL antibody was carried out in collaboration with Dr. Emma Creagh and Dr.
Helen Egan).
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Fi 4.3:

CARDINAL protein expression in normal human tissues and transformed cell
lines.

(A) CARDINAL protein expression in human tissues. Whole cell lysates (100pg per
lane) from various human tissues were analysed for CARDINAL expression by
immunoblotting with affinity purified anti-CARDINAL antibody.

(B) CARDINAL protein expression in human tumour cell lines. Total protein lysates
(50ug per lane) from the indicated cell lines were assessed for CARDINAL expression
by immunoblotting with affinity purified anti-CARDINAL antibody (This experiment
was done in collaboration with Dr. Colin Adrain).



analysis also revealed a low level of CARIDNAL expression in the T and B
lymphoblastoid cell lines CEM and BJAB.

4.2.5 CARDINAL sub-cellular distribution

To determine the sub-cellular localisation of CARDINAL, an N-terminally EGFP-
tagged version of CARDINAL was transiently transfected into HeLa cells. Figure
4.4 shows the subcellular expression pattern of CARDINAL. The left panel shows
the fluorescence due to the GFP-CARDINAL protein. The centre panel shows cells
immunostained with the affinity-purified anti-CARDINAL antibody. The
expression pattern of the GFP-CARDINAL and the staining pattern produced by the
anti-CARDINAL antibody coincided as can be seen by the yellow staining pattern
in the merged view (Figure 4.4, right panel). The expression of CARDINAL was
shown to be predominantly cytoplasmic and nuclear. Thus CARDINAL appeared
to have no association with any particular cellular structures.

4.2.6 CARDINAL fails to induce apoptosis

As CARDINAL is a CARD-containing protein the first question we addressed was
whether CARDINAL has a role in apoptosis. Overexpression of CARDINAL in
MCF-7s by transient transfection did not result in any overt cytotoxicity compared
to the positive controls Bax, FADD, TRADD and RIP, all of which caused
extensive cell death (Figure 4.5A). Similar observations were made in HeLa cells

(data not shown).

To explore whether CARDINAL could modulate other death-promoting stimuli,
CARDINAL was transiently transfected into MCF-7 cells along with Bax, and also
with the alternative apoptosis inducers TRADD or FADD. After 24hrs
CARDINAL did not substantially augment or inhibit apoptosis provoked by FADD,
TRADD or Bax (Figure 4.5B). CARDINAL did appear to modestly augment Bax

induced cell death in certain experiments however (Figure 4.5C).

4.2.7 CARDINAL fails to induce NFxB
As described above, our initial investigations failed to confirm a role for
CARDINAL in promoting apoptosis. However, many CARD containing proteins

described to date are not involved in caspase activation or apoptosis. Rather, these
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| GFP-CARDINAL CARDINAL MERGE

| Figure 4.4:

‘ CARDINAL subcellular distribution

‘ HelLa cells were transfected with 800ng of EGFP-CARDINAL. 24hrs
\ after transfection, cells were fixed and assessed for GFP-CARDINAL
\ expression using the affinity purified anti-CARDINAL polyclonal
\ antisera. Cells were examined under confocal microscopy for GFP
fluorescence (Green, left panel) or GFP-CARDINAL expression
detected by staining with the affinity purified anti-CARDINAL antibody
(Red, centre panel). Right panel (merge), shows co-localisation of the
two staining patterns (Yellow). These images are representative of a
number of different fields of cells.
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Figure 4.5

Assessment of apoptosis associated with CARDINAL overexpression.

(A) MCF-7 cells were transfected with pcDNA3 empty vector (800ng) or the same
amount of expression plasmids encoding CARDINAL, FADD, Bax, TRADD, or RIP
as indicated, along with 50ng of B-galactosidase reporter plasmid (pcMVP). 48hrs
after transfection, the percentage of [B-galactosidase positive (blue) cells exhibiting

apoptotic features was determined from a minimum of 300 cells/well. Results are
representative of three separate experiments.
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Figure 4.5:
] Assessment of apoptosis associated with CARDINAL overexpression.

(C) MCEF-7 cells were transfected with 400ng of pcDNA3 empty vector or expression
plasmids encoding FADD, Bax or TRADD along with 400ng of either empty vector
(black shading) or 400ng of pcDNA3-CARDINAL (hatched shading). Each well also
received 50ng of B-galactosidase reporter plasmid (pcMVP). 24hrs after transfection,
the percentage of B-galactosidase positive (blue) cells exhibiting apoptotic features
i was determined as before. Results are representative of two separate experiments.

(D) HeLa cells were transfected with the indicated amounts of pcDNA3-Bax along
with 400ng of pcDNA3-CARDINAL, or the same amount of empty vector. 24hrs
after transfection, the percentage of B-galactosidase positive (blue) cells exhibiting
apoptotic features was determined as before. Results are representative of three separate

experiments.




CARDs participate in pathways leading to NFB activation. To test if CARDINAL
could induce NF«B activation, CARDINAL was co-transfected into HEK293T cells
with a luciferase reporter plasmid under the control of five tandemly repeated NFxB
binding elements. CARDINAL did not induce NFB at any of the concentrations
tested when compared to the positive controls RIP, TRADD, DR5, or CARDIAK
which all produced significant NFkB activation as expected (Figure 4.6).

Expression of CARDINAL was verified in these cells using the CARDINAL
specific antibody (Figure 4.6, inset)

4.2.8 The effect of CARDINAL on IL-1P processing

CARDINAL augments caspase-1 and RICK induced processing of transfected
prolL-1B

The similarity between the CARD domains of caspase-1 and CARDINAL
suggested that these proteins might function in the same pathway. The primary
function of caspase-1 is in the processing of IL-1B from a 35kD precursor to the
active 17kD mature cytokine. To investigate the effect of CARDINAL on caspase-
1 function we transfected HEK293T cells with proIL-1p and caspase-1 either alone,

with CARDINAL, or with the CARD domain of CARDINAL (amino acids 345-
431, Figure 4.7A). Co-transfection of proIL-1p and caspase-1 resulted in modest
processing of IL-1[, which in these cells yielded a 25kD intermediate form with the
17kD mature IL-1p rarely detected in these experiments (Figure 4.7B). In the
presence of CARDINAL, processing of IL-1B appeared to be enhanced when 2ug
and 1pg of caspase-1 were present. However when the concentration of caspase-1
was increased to 3jug, CARDINAL did not enhance the level of IL-1 processing to
the same extent as seen with the lower concentrations. When the CARDINAL***!
deletion mutant was present there was a profound inhibition of caspase-1 induced

processing of proIL-1p at all concentrations of caspase-1 tested (Figure 4.7B).

In the experiments described above, the 17kD mature fragment of IL-1B could not
be detected by western blotting, therefore we considered that the mature cytokine
may be released into the surrounding media. Thus, ELISA assays were performed
on the supernatants from the transfection assays to measure the amount of mature

IL-1B released under the various conditions to verify that this corresponded to the
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Figure 4.6:

Assessment of NF-kB activation associated with CARDINAL overexpression.
Using standard calcium phosphate precipitation, HEK293T cells were transfected
with either 1ug of empty vector or with 1ug of plasmids encoding RIP, TRADD,
DRS5 or RICK, alongside the indicated amounts of pcDNA3-CARDINAL plasmid.
All wells also received 200ng of pGL35X«kB-luc and 100ng of pcMVp reporter
plasmids and were normalised to the same amount of total DNA using pcDNA3 empty
vector. 24hrs after transfection, cell lysates were prepared and luciferase activities
associated with activation of the NFxB-driven luciferase reporter was measured in
triplicate, as described in Materials and Methods. Luciferase activity values were
normalised to -galactosidase activity values to correct for variability in transfection
efficiency between wells. NFxB values are expressed as fold-induction of the luciferase
activity associated with the vector control. The NFkB value associated with the vector
transfected cells was set at zero and all other values were corrected with respect to the
vector sample. Cell lysates prepared from CARDINAL-transfected cells were also
assessed for CARDINAL expression by immunoblotting (inset). Results are
representative of at least 6 separate experiments.



level of IL-1B processing detected by western analysis (Figure 4.7B, lower panel).
However, only very small amounts of IL-1B (a maximum of 25pg/ml) could be
detected in the cell supernatants, thus any changes observed in the levels of IL-1pB
released from the cells were unlikely to be significant. In addition, the pattern of

mature IL-1B release did not correlate with the apparent levels of processing that
was seen inside the cells (Figure 4.7B, lower panel).

RICK is a CARD protein that has been reported to drive caspase-1 activation
(Thome ez al., 1998). When RICK was co-transfected with caspase-1 and pIL-1pB
there was an increase in the processing of pIL-1P compared to that observed when
RICK or caspase-1 were present on their own with pIL-1p (Figure 4.7C). Similar to
what was observed in the previous experiment, the presence of full length
CARDINAL lead to a significant augmentation of pIL-1p processing induced by co-
transfection of RICK and caspase-1 together. This processing of IL-1B was again
blocked by the CARD domain of CARDINAL (Figure 4.7C).

Generation of GFP-CARDINAL stable cell lines

Stable cell lines were generated in an attempt to confirm the above observations in a
more natural context of IL-1B maturation. THP.1 cells were chosen to create these
cell lines, because they release IL-1B in response to LPS stimulation and contain
high levels of endogenous caspase-1. To assess the normal response of THP.1 cells
to LPS, cells were either left untreated or treated with LPS over a 24hr time course
(Figure 4.8). THP.1 cells did not exhibit constitutive expression of proIL-1, but
upregulated this cytokine upon LPS treatment. Upregulation of pIL-1B in THP.1
cells was accompanied by an increase in the release of the mature IL-1f protein into
the surrounding media as measured by ELISA (Figure 4.8 lower panel). Note that
the mature form of IL-1B did not remain in the cell and was released rapidly.
Interestingly, the induction and activation of IL-1B was not accompanied by any
detectable activation of capase-1, which was detected as the full-length molecule in

THP.1 cells throughout the duration of the experiment.

N-terminally EGFP-tagged CARDINAL, EGFP-CARDINAL**“**! or EGFP control
plasmid were transfected into THP.1 cells and cultured in G418 over several weeks
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Figure 4.7:
Assessment of a role for CARDINAL in the regulation of caspase-1 associated

processing of prolL-1p.

(A) Schematic representation of CARDINAL deletion mutants: Full length CARDINAL
(FL) and the c-term truncation (Ct) representing amino acids 345-431. The CARD
region is shaded in black.

(B) HEK293T cells were transfected with pcDNA3-pIL-1p (1pug) and the indicated
amounts of pcDNA3- caspase-1, along with either 1ug of pcDNA3 empty vector,
pcDNA3-CARDINAL (FL) or pcDNA3-CARDINAL**#! (Ct). 24h after transfection
cells were harvested and total cell lysates (50pg/lane) were analysed by immunoblot
with the indicated antibodies. The cell culture supernatants were collected and the
levels of mature IL-1B present was measured by ELISA (lower panel).
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Figure 4.7:

Assessment of a role for CARDINAL in the regulation of caspase-1 associated
processing of prolL-1f.

(C) HEK293T cells were transfected with pcDNA3 empty vector or pcDNA3-pIL-1§
(1pg), along with the indicated expression plamids encoding RICK (1pg), caspase-1
(2ug), CARDINAL (FL) (2ug) or CARDINAL*5#! (Ct) (2uug). 24h after transfection

cells were harvested and total cell lysates (5S0pg/lane) were analysed by immunoblot
with the indicated antibodies.
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Figure 4.8:

LPS upregulates pIL-1p and promotes the release of mIL-1p in THP.1 cells.
THP.1 cells were either left untreated or treated with LPS (1pg/ml) for the indicated
times. Total cell lysates (50pg/lane) were analysed by immunoblot with the indicated
antibodies. The cell culture supernatants were collected and the levels of mature IL-

1B present were measured by ELISA (lower panel). These results are representative
of three separate experiments.



to select for stably transfected clones. A number of clones transfected with EGFP,
EGFP-CARDINAL and EGFP-CARDINAL™"“*! formed viable colonies that were
cultured into cell populations. However, western blot analysis on lysates from these
cells showed that only one of the EGFP transfected clones and all three of the
EGFP-CARDINAL™! transfected clones tested were expressing the transfected
constructs (Figure 4.9). Western blotting was carried out with the anti-CARDINAL
antisera to confirm that the bands present in lanes representing EGFP-

CARDINAL*"*" transfectants were due to the CARD domain of CARDINAL .

To assess the effect of the CARDINAL?*“*'-deletion mutant on IL-1p release in
THP.1 cells in response to LPS treatment, THP.1 transfectants and wild type cells
were treated with different concentrations of LPS for 24 hrs. The amount of mature
IL-1P released into the cell culture supernatants was measured by ELISA (Figure
4.10). Compared to the non-transfected THP.1 control cells, cells transfected with
GFP-CARDINAL**'"*! released higher amounts of IL-1 in response to LPS
treatment. However, the clone expressing the wild-type GFP protein also showed a
significant increase in the amount of LPS-induced IL-1p released compared to wild
type THP.1 cells. This suggests that the presence of the GFP protein was in some
way distorting the normal reaction of these cells to LPS or that the drug selection in
G418 had randomly selected highly LPS responsive THP.1 clones. Thus when the
CARDINAL*"* transfected clones were compared to the GFP transfected control
cells, clones (1) and (3) showed a decrease in the amount of mIL-1f release in
response to LPS. In contrast, clone (2) exhibited a higher level of mIL-1f release
in response to lower concentrations of LPS. However at the highest concentration
of LPS used, the amount of mIL-1p released was slightly decreased compared to the
amount released by the GFP-transfected control. Attempts were made to create
stable THP.1 cell lines expressing the untagged version of CARDINAL but no

viable clones expressing the protein could be isolated.

Thus the enhancing effect of CARDINAL on IL-1f processing could not be
confirmed in the THP.1 system. Moreover, the enhancing effect of CARDINAL™"
“1 on IL-1P processing observed was at odds with the data generated in the transient

overexpression system using HEK293T cells where it appeared to antagonise
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Figure 4.9:

Expression of EGFP, EGFP-CARDINAL and EGFP-CARDINAL*!-#! proteins
in stably transfected THP.1 cells.

pEGFP, pEGFP-CARDINAL and pEGFP-CARDINAL*!* were transfected into
THP1. cells by electroporation. Cells were selected for G418 resistance over 6 weeks
in 1.4mg/ml G418/neomycin. Total cell lysates (50ug/lane) were analysed by
immunoblot for expression of GFP, GFP-CARDINAL or GFP-CARDINAL?*'#* fusion
proteins alongside non transfected wild type (wt) THP.1 cells with the indicated
antibodies.
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Figure 4.10:

Assessment of LPS-induced IL-1P production in THP.1 wild type cells and in
transfectants.

Wild type THP.1 cells or THP.1 cell stably tranfected with either pEGFP or pEGFP-
CARDINAL?!3 were either left untreated or treated with 100ng, 1pug or 10ug LPS
for 24hrs. Numbers in parenthesis represent clone numbers as they are in Figure 4.9.
Cell culture supernatants were clarified and analysed for IL-1B release by ELISA.
Results are representative of three separate experiments.




caspase-1 activation and IL-1B processing. Additionally, we could not find
evidence for an interaction between CARDINAL and caspase-1 by co-
immunoprecipitation, yeast-two-hybrid assays or GST-pulldown experiments
(Helen Conroy and Dr. Helen Egan, personal communication). Taking all of these

facts into consideration we concluded that CARDINAL was unlikely to participate
in caspase-1 regulation.

4.2.9 CARDINAL acts as an inhibitor of NFxB signalling

When CARDINAL was assessed for its ability to activate NFxB, it was noted that
on many occasions the levels of NFkB reporter activity associated with
CARDINAL were actually lower than the basal level of NFxB activity associated

with the empty vector control (Figure 4.11). This indicated that CARDINAL might
have an inhibitory effect on NF«B signalling. To determine whether this was the

case, CARDINAL was co-expressed with a number of known activators of NFxB:
RIP, TRADD, DR4, DRS and Bcl-10 to determine whether CARDINAL could
antagonise NFxB signals driven by these molecules. As can be seen from the data
presented in Figure 4.12A CARDINAL substantially inhibited the NFxB activation

in each case.

The effect of CARDINAL on NFxB signalling was dose dependent. When titrated
against a fixed amount of RICK, the inhibitory effects of CARDINAL were
diminished when lower levels of CARDINAL are present. However, CARDINAL
still possessed a detectable amount of inhibitory activity at levels as low as 250ng

(Figure 4.12B).

Importantly, CARDINAL did not have any effect on a p53 driven luciferase reporter
activity (Figure 4.12C). When the NFxB activated luciferase reporter used in the
above experiments was replaced by a luciferase reporter construct under the control
of p53-responsive promoter elements, CARDINAL did not influence p53-induced
expression of the luciferase gene. This demonstrates that the effect of CARDINAL

was specific to NFxB activation.

79



NF-xB activation
(fold induction)

& 1 05 025 . .Y e

& Q
# CARDINAL i <&

Treatment

Figure 4.11:
CARDINAL overexpression is associated with sub-basal levels of NF-xB

activation.

Using standard calcium phosphate precipitation, HEK293T cells were transfected
with either 1ug of empty vector, or with 1ug of plasmids encoding TRADD or DRS,
alongside the indicated amounts of pcDNA3-CARDINAL plasmid. All wells also
received 200ng of pGL35XkB-luc and 100ng of pcMV reporter plasmids and were
normalised to the same amount of total DNA using pcDNA3 empty vector. 24hrs
after transfection, cell lysates were prepared and luciferase activities associated with
activation of the NFxB-driven luciferase reporter was measured in triplicate, as
described in Materials and Methods. Luciferase activity values were normalised to
B-galactosidase activity values to correct for variability in transfection efficiency
between wells. Results are representative of at least 6 separate experiments.
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Figure 4.12:

CARDINAL is an inhibitor of multiple pathways leading to NF«xB activation.
(A) left panel, HEK293T cells were transfected with 1jug of expression plasmids
encoding RIP, TRADD, DR4 or DRS along with 2jug of either empty vector (black
shading) or 2ug of pcDNA3-CARDINAL (hatched shading). Right panel, HEK293T
cells were transfected with 1pg of an expression plasmid encoding Bcl-10, along
with 1pug of either empty vector (black shading) or 1ug of pcDNA3-CARDINAL
(hatched shading). In both cases, all wells also received 100ng of pGL35X«kB-luc
and 50ng of pcMVP reporter plasmids and were normalised to the same amount of
total DNA using pcDNA3 empty vector. 24hr after transfection, cells were lysed and
NF-kB driven luciferase reporter activities were measured, in triplicate, as described
in Materials and Methods. Luciferase activity values were normalised to B-
galactosidase activity values to correct for variability in transfection efficiency between
wells. Results are representative of three separate experiments.
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Figure 4.12:
CARDINAL is an inhibitor of multiple pathways leading to NFxB activation.

(B) HEK293T cells were transfected with 1ug of RICK expression plasmid, along
with the indicated amounts of pcDNA3-CARDINAL. All wells also received the
pGL35XkB-luc(100ng) and pcMV (50ng) reporter plasmids. Luciferase assays were
performed 24hr after transfection and normalised to correct for transfection efficiency
as described previously. Lysates were also assessed for CARDINAL expression by
immunoblot using anti-CARDINAL rabbit polyclonal antibody (lower panel).

(C) CARDINAL does not inhibit transactivation of a p53 responsive luciferase reporter
gene. HEK293T cells were transfected with 500ng of empty vector or 500ng of a p53
expression plasmid, along with 1pug of empty vector (black shading) or 1ug of
CARDINAL expression plamid (hatched shading). All wells also received 100ng of
p53-luc and 50ng of pCMV reporter plasmids. 24hr after transfection, cells were
lysed and p53-driven luciferase reporter activities were measured (in triplicate) and
normalised to B-galactosidase activity values. Results are representative of three

separate experiments.



4.2.10 Inhibition of IL-1 and TNF-associated NFxB activity by CARDINAL
We next explored whether CARDINAL could inhibit IL-1B and TNF induced
NFxB activation. The activation of NFKB in this context is due to the engagement
of the IL-1 or TNF receptors by their natural ligands rather than a result of over-
expressing one or more proteins. HEK293T cells were transfected with either
empty vector ()cDNA3), pcDNA3-CARDINAL, or the pox-virus derived inhibitor
CrmA as a control, along with the NFxB-driven luciferase reporter plasmid.
Transfected cells were incubated for 24hrs to allow for expression of the transfected
genes, followed by stimulation with either recombinant IL-1B or TNFa for 6hrs.
Figure 4.13 shows that CARDINAL substantially suppressed the NFkB activation
induced by TNF and IL-1B. On the other hand, CrmA expression did not have any
effect on the level of NFxB activation seen in response to TNF or IL-1 treatment.
The CrmA protein was also expressed from a pcDNA3 based vector. Thus in this
experiment both of the expressed proteins were expressed from the same promoter
(CMV). The failure of CrmA to block NFkB activation in a similar way to
CARDINAL clearly demonstrates that the CARDINAL associated effect is specific

4.2.11 Deletion analysis of CARDINAL

To explore the region of CARDINAL responsible of the inhibition of NFxB
activation, a panel of deletion mutants was used (Figure 4.14A). These consisted of
EGFP-tagged CARDINAL representing the full-length protein, EGFP-
CARDINAL'*? which comprised the NAC homologous N-terminus, and EGFP-
CARDINAL*?*"*!_ which represented the C-terminal CARD domain. The different
truncation mutants of CARDINAL were transfected into HEK293T cells along with
the NFxB reporter plasmid. As in previous experiments, neither EGFP-tagged
CARDINAL nor its deletion mutants, were capable of spontaneously activating the
NFkB-driven luciferase reporter plasmid (Figure 4.14B, lefi panel).

Relative to the GFP control, full length CARDINAL inhibited both TNF and IL-1§
induced NFxB as before (Figure 4.14B). The N-terminus of CARDINAL inhibited
NFkB activity to a greater degree while the CARD domain had no effect on its own.
Thus it appears to be the N-terminus of CARDINAL that is responsible for its
NFxB inhibitory function. The failure of EGFP-CARDINAL**"*#! to suppress
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Fi 4.13:

CARDINAL inhibits IL-1 and TNF associated NFxB activation.

HEK?293T cells were transfected with either pcDNA3 empty vector (2j1g) or the same
amount of pcDNA3-CARDINAL or pcDNA3-CrmA expression plasmids as indicated.
All wells also received the pGL35XkB-luc (100ng) and pcMVp (50ng) reporter
plasmids. 24hr after transfection, cultures were stimulated for 6hrs with 20ng/ml
IL-1, or TNF, or were left untreated as shown. Cells were then lysed and NFxB
activation assays performed as described in Materials and Methods.



NFxB activation signals was not due to decreased expression levels of this protein,
as this mutant was expressed at levels comparable to or even higher than the other
EGFP tagged constructs (Figure 4.14C). Similar experiments were performed with
the untagged versions of CARDINAL yielding comparable results, where both the
full length CARDINAL and the N-terminal truncation resulted in inhibition of IL-1

and TNF induced NFxB activation, whereas the C-terminal deletion mutant had no
effect (Figure 4.14D).

4.2.12 CARDINAL interacts with IKKYNEMO

Due to the inhibitory effects of CARDINAL on a wide range of receptor driven
pathways resulting in NFkB activation (IL-1, TNF, TRAIL-R1/DR4, TRAIL-
R2/DRS5) we reasoned that CARDINAL might act at the point of convergence of
such pathways, which is thought to be the IKK complex. Recent studies have
shown that both RIP and RICK promote NFxB activation by direct binding to the
regulatory subunit of the IKK complex, IKKY/NEMO (Inohara ef al., 2000). As has
been shown above NFxB activation through both RIP and RICK could be
attenuated by CARDINAL co-expression. This suggested that CARDINAL might
act at the level of IKKYNEMO recruitment by RICK or RIP, or at a point
downstream of this.

To explore this possibility we asked whether CARDINAL could directly bind to
IKKY, providing a means whereby this CARD protein could antagonise multiple
independent NFxB activation pathways. Thus HEK293T cells were co-transfected
with expression plasmids encoding IKKYy in combination with EGFP or EGFP-
CARDINAL. 24hrs post transfection cell lysates were made and CARDINAL was
immunoprecipitated using anti-CARDINAL antibody (Figure 4.15A). Immune
complexes were then probed for the presence of co-precipitated IKKYy. IKKYy was
readily detectable in the CARDINAL precipitate, suggesting that CARDINAL
directly interacts with this subunit of the IKK complex. Additional co-
immunoprecipitation experiments with all three components of the IKK complex
show that CARDINAL specifically interacted with IKKy and not IKKo or IKKB
(Fig. 4.15B). Thus it seems that CARDINAL may act to antagonise the ability of
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Figure 4.14:

Deletion analysis of CARDINAL.

(A) schematic representation of EGFP epitope tagged mutants. The CARD domain is
shaded in black.

(B) HEK293T cells were transfected with either EGFP vector (2ug), or the same
amount of the indicated EGFP-tagged CARDINAL expression plasmids as indicated.
All wells also received the pGL35XkB-luc (100ng) and pcMVP (50ng) reporter
plasmids. 24hr after transfection cultures were stimulated for 6h with 20ng/ml IL-1
or TNF, or were left untreated as shown. Cells were then lysed as described previously.
(C) Expression of EGFP and EGFP-CARDINAL deletion mutants under the conditions
described in panel B. Total cell lysates (50pg/lane) were analysed with an anti-GFP

.monoclonal antibody.

(D) HEK293T cells were transfected with either pcDNA3 empty vector (1pg), or the
same amount of the indicated pcDNA3 based CARDINAL expression plasmids as
indicated. All wells also received the pGL35XxB-luc (100ng) and pcMV (50ng)
reporter plasmids. 24hrs after transfection, cultures were stimulated for 6h with 20ng/
ml IL-1 or TNF, or were left untreated as shown. Cells were then lysed as described
previously.
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Figure 4.15:

CARDINAL interacts with IKK-y (NEMO)

(A) HEK293T cells were transfected with Spug of T7 epitope-tagged IKK-y along
with 5ug of plasmids encoding EGFP or EGFP-CARDINAL as indicated. 24hrs
after transfection, cells were lysed and CARDINAL was immunoprecipitated with
anti-CARDINAL polyclonal antibody, followed by probing with horseradish
peroxidase-linked anti-T7 monoclonal antibody or anti-GFP monoclonal antibody
as shown.

(B) HEK293T cells were transfected with Sug of the indicated T7-epitope tagged
IKK expression plasmids, along with Spug of pcDNA3-CARDINAL as indicated.
24hrs after transfection, cells were lysed and CARDINAL was immunoprecipitated
with anti-CARDINAL polyclonal antibody followed by probing with anti-T7 or anti-
CARDINAL antibodies, as shown. Cell lysates were also assessed to confirm
expression of IKKa, IKKp and IKKy by immunoblotting (data not shown). The
asterix represents immunoglobulin heavy chain; the arrow indicates T7-tagged IKKYy.



proteins such as RIP and RICK to promote NF«B activation by sequestering IKKY,

in such a way as to prevent activation of NFxB.

4.2.13 CARDINAL may compete with RIP for IKKY recruitment

Since CARDINAL could interact with IKKY, we reasoned that CARDINAL might
be able to compete with NFkB-activating proteins such as RIP, or RICK, for IKKY
recruitment. To explore this possibility, HEK293T cells were co-transfected with
T7-epitope tagged-IKKYy and RIP on their own, or in the presence of CARDINAL.
24hrs after transfection, cell lysates were made and T7-IKKy was
immunopreciptitated using an anti-T7 antibody. Immune complexes were then
probed for the presence of co-precipitated RIP. Figure 4.16 illustrates that RIP
interacted with IKKYy in agreement with previously published results. When equal
amounts of CARDINAL and RIP were co-transfected, the ability of RIP to recruit
IKKY was not attenuated. However, when twice the amount of CARDINAL to RIP
was transfected, substantially less RIP was co-precipitated with IKKy. This
suggests that the ability of CARDINAL to inhibit NFkB activation may be through
the sequestration of IKKy from NF«xB activating proteins such as RIP.
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Figure 4.16:

CARDINAL may compete with RIP for IKK-y recruitment

HEK293T cells were transfected with 5pg of T7 epitope-tagged IKK-y along with
5ug of plasmids encoding FLAG-RIP, with empty vector Sug or 10ug of CARDINAL
as indicated. 24hrs after transfection, cells were lysed and IKK-y was
immunoprecipitated with anti-T7 antibody, followed by probing with anti-RIP
monoclonal antibody or anti-T7 monoclonal antibody as shown. Results are
representative of two separate experiments.



4.3 DISCUSSION

The CARD domain features prominently in apoptosis pathways (Hofmann et al.,
1997). Like the DED and death domain, the CARD is a protein-protein interaction
domain and the presence of such a domain in a protein previously suggested a role

in a cell death pathway. However proteins containing these motifs are not

necessarily restricted to apoptosis signalling. As outlined in the Introduction, many
CARD-containing proteins play integral roles in pathways leading to NFxB
activation, thereby participating in the inflammatory response (Martin, 2001). This
chapter has described the identification of a novel CARD protein CARDINAL,
which inhibits numerous pathways that lead to NFxB activation.

Sequence analysis of CARDINAL revealed that the CARD domain of this protein is
quite closely related to the pro-domain of caspase-1, which also contains a CARD
domain (Figure 4.1C). There is also extensive homology between the N-terminus of
CARDINAL and the C-terminus of the recently identified NAC protein (Figure
4.1D). Unlike many CARD proteins, CARDINAL does not promote apoptosis or
NFxB activation (Figiure 4.5A; Figure 4.6). However, it has been shown here to
suppress NFxB activation induced by a number of different proteins (Figure 4.12).
CARDINAL binds to the regulatory subunit of the IKK signalosome, IKKY (figure
4.15). These results suggest that CARDINAL, through recruitment of IKKY, might
act to antagonise many NFxB inducing proteins such as RIP and RICK.

4.3.1 CARDINAL and apoptosis

To characterise this protein we first investigated a role for CARDINAL in apoptosis
and found that it does not display any overt cytotoxicity. In a separate study
CARDINAL was cloned independently by a group who named it TUCAN (Pathan
et al., 2001). Their results suggest a role for CARDINAL as an inhibitor of
apoptosis, more specifically as an inhibitor of the Apaf-1 apoptosome. Their model
suggests that TUCAN/CARDINAL competes with Apaf-1 for caspase-9 binding.
However we did not find any role for CARDINAL in suppressing apoptosis induced
by a number of stimuli including Bax (Figure 4.5 C-D). This is in direct
contradiction with the results reported in the TUCAN paper, where they reported a
dramatic inhibition of Bax-mediated cell death by TUCAN. However, both studies
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examined the expression profile of this protein, which yielded similar results,
notably the high level of expression in MCF-7s. This clearly shows that both
groups were working with the same protein. It can thus only be concluded that the

disagreement between the two groups is perhaps due to different assays or
expression systems used.

4.3.2 CARDINAL as a regulator of Caspase-1 Activation

A striking feature of the sequence of the CARDINAL protein is its high degree of
homology with the pro-domain of caspase-1 (Figure 4.1C). Given the recent
discovery of a number of CARD proteins that function as caspase-1 regulators it

seemed a reasonable hypothesis that CARDINAL may also act to regulate caspase-1
function.

Caspase-1, the prototypical caspase, was initially reported to have a role in
apoptosis when it was discovered to have a high degree of homology with the
C.elegans cell death protein CED-3 (Miura et al., 1993; Yuan et al., 1993).

However, it has since been recognised that the primary role of this protein is in the
maturation of IL-1pB (Li ef al., 1995). There are a number of proteins that have been
reported to bind to and potentially regulate caspase-1. RICK, the CARD containing
kinase has been shown to bind caspase-1 and to weakly promote caspase-1

activation (Thome et al., 1998). ICEBERG and pseudoICE/COP are two small

CARD proteins that are very similar to the CARD of caspase-1 (Humke et al., 2000;

Druile et al, 2001; Lee et al., 2001). Both bind to caspase-1 and have been
suggested to disrupt RICK mediated oligomerisation of caspase-1, thus inhibiting its
function. Finally CARD 12/Ipaf, like RICK, has been implicated as an activator of
caspase-1 (Geddes et al., 2001; Poyet ef al., 2001).

To investigate whether CARDINAL, similar to these proteins, acts as a caspase-1
regulator, we assessed whether CARDINAL has any effect on caspase-1 mediated
IL-1P processing. The presence of CARDINAL seemed to increase the efficiency
of IL-1P processing by caspase-1 and the CARD domain of CARDINAL potently
inhibited this processing (Figure 4.7B). Moreover, when RICK was co-expressed

with caspase-1, more efficient processing of IL-1B was observed, which again was
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enhanced by the presence of CARDINAL, or inhibited by the presence of the
CARD domain of CARDINAL (Figure 4.7C).

This observation suggested an interesting model for caspase-1 regulation by
CARDINAL. We hypothesised that CARDINAL could bind caspase-1 through a
CARD-CARD interaction and that the N-terminus of CARDINAL possesses an, as
yet unidentified, oligomerisation domain. Thus through oligomerisation of
CARDINAL, caspase-1 molecules would be brought into closer proximity, serving
to activate this caspase and promote IL-1PB processing. Conversely, the CARD
domain inhibited the activity of caspase-1, because the truncation of the N-terminus
would be likely to abrogate the oligomerisation capabilities of CARDINAL. This
would cause the CARD domain to act as a decoy molecule in a similar way to

ICEBERG and pseudoICE (Humke ef al., 2000; Druile et al., 2001; Lee et al.,
2001).

Although this is an attractive model for caspase-1 regulation, a number of lines of
evidence did not support it. Firstly, we could not find binding between caspase-1
and CARDINAL, by GST pulldown, co-immunoprecipitation or by the yeast-two-
hybrid assay (Helen Conroy and Dr Helen Egan, personal communication).
Secondly, the model predicts that CARDINAL induces activation of caspase-1
leading to increased IL-1B processing. However the presence or absence of
CARDINAL did not affect the processing of caspase-1 in a detectable way (Figure
4.7). Finally, the original observation, pertaining to increased IL-1B processing
could not be verified in the context of LPS-induced IL-1f release in THP.1 cells.

In order to verify the results obtained using HEK293T cells, stable THP.1 cell lines
were generated to express EGFP, EGFP-CARDINAL or EGFP-CARDINAL **!1,

From the previous experiments it was expected that THP.1 cells stably-expressing
full length CARDINAL would lead to an increase in IL-1P release, while the CARD
domain would repress the release of IL-1B compared to wild type THP.1 cells.
Although G418 resistant clones for all three proteins grew out, only the EGFP and
EGFP-CARDINAL?'! cells were shown to express the protein (Figure 4.9). LPS

treatment of cells expressing the CARD domain led to an increase in IL-1P release
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over wild type THP.1 cells, which is in direct disagreement with the results obtained
in HEK293T cells (Figure 4.10). However the EGFP-transfected lines also showed
an increase in IL-1p release. Therefore compared to the GFP control, two of the
clones expressing EGFP-CARDINAL*?"*! showed a decrease in IL-1P release,
while the third showed an increase at lower levels of LPS. This suggests, firstly,
that the presence of the EGFP protein alone was having an effect on the LPS
response of these cells. Secondly, the discrepancy between the three EGFP-
CARDINAL**"! ¢lones suggested that none of the results from these lines could
be assumed to be representative of a real effect. This is a major drawback of
working with cloned cell lines. Because the cell population is grown from one or a
few cells, there is a high risk that the cloned population is not representative of a
normal population of cells. In this case there may be variable levels of LPS (TLR4)

receptor density in each population of cells which alone could lead to variations

between the LPS responsiveness of the different clones.

Although, the effect of CARDINAL on IL-1f processing suggested an interesting
potential function for this protein, there were many problems with the system used
to show this effect. The processing pattern observed and used as a readout of IL-1[3
release was not classical. In other words the expected mature 17kD fragment of IL-
1B could not be detected, only a 25kD intermediate. The ELISA results suggested
that the mature subunit was not being released, or that it was being released at sub-
detectable levels (Figure 4.7B). Also, processing of pIL-1f was always
accompanied by an increase of the pro-form, rather than a disappearance as is seen
with the cleavage of most caspase substrates. This may have been due to increased
transcription of endogenous IL-1p, resulting from activation of the IL-1 receptor by
the mature IL-1P that was being released from the cells. However, the ELISA
results argue against this, since very low levels of mature IL-1PB appeared to have

been released (Figure 4.7B).
Given these internal contradictions to the initial model for CARDINAL function,

and in the absence of any other supporting evidence it seemed unlikely that

CARDINAL acts as a caspase-1 activating protein. Therefore we explored the role
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of CARDINAL in a third area in which CARD containing proteins play a prominent
role, NFxB activation,

4.3.3 CARDINAL is an inhibitor of NFxB activating pathways

The results shown here describe CARDINAL as an inhibitor of NFxB activation.
When CARDINAL was co-expressed with a number of activators of NFxB
including RIP, RICK and Bel-10 it resulted in a quite dramatic suppression of
NFxB activation (Figure 4.12). The three aforementioned proteins represent three
distinct pathways that lead to the same outcome, that is, activation of the NFxB
protein (Figure 1.3 and 1.6 in Introduction). Furthermore, CARDINAL also
inhibited IL-1 and TNF-induced NF«B, which not only represents activation of the
pathway through engagement of receptors naturally present on the surface of the
cell rather than over-expressed proteins, but also, in the case of IL-1, is a completely
separate pathway leading to NFkB activation (Figure 4.13). All of these pathways
converge at the level of the IKK signalosome. Therefore, it is not surprising that

CARDNAL binds to IKKYy the regulatory subunit of this complex (Figure 4.15).

At least two activators of NFkB, RICK and RIP, have been shown to bind to IKKY,
and it would be expected that other downstream activators of NFxB might act in the
same way (Inohara et al., 2000; Poyet et al., 2000). In the case of RIP and RICK,
these proteins bind to IKKy not through their death or CARD domains
(respectively) or through their kinase domains, but through an intermediate domain
which has not yet been defined as having a particular motif or signal sequence.
Similarly, in the case of CARDINAL, it is not the CARD domain that is responsible
for the inhibitory function, but the N-terminal domain (Figure 4.14). These results
suggest that CARDINAL functions to antagonise downstream NF«B activators such
as RIP and RICK by competing with such proteins for recruitment of IKKYy (Figure
4.16). In doing so, CARDINAL blocks the activation of the IKK complex and

downstream events leading to activation of NFkB.
4.3.4 Is there a CARD protein that binds CARDINAL?

CARD-containing proteins have typically been found to interact with other proteins
through CARD-CARD interactions. No association was found between
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CARDINAL and a number of caspases and known CARD-containing proteins (data
not shown). This does not rule out the possibility that CARDINAL may bind an, as
yet, uncharacterised CARD-containing protein, which may modulate its function.

An approach to isolating such a protein would be to perform a yeast-two-hybrid
screen, using CARDINAL as bait

The significance of the extensive homology between the N-terminus of
CARDINAL and the C-terminus of NAC remains unclear. NAC is a member of the
NBD-CARD protein family. There is disagreement as to the specific binding
partners of DEFCAP/NAC (caspase2/caspase-9 versus Apaf-1) and whether this
protein promotes caspase activation and apoptosis via direct or indirect means
(Hlaing e al., 2001; Chu ef al., 2001). The domain structure of NAC/DEFCAP is
similar to that of Nod1/CARD4 and Nod2 containing an NBD and LRRs. This
would strongly suggest that this protein is likely to act as a sensor for pathogen
products, like Nod1/CARD4 and Nod2, although this remains to be determined.
The latter possibility introduces a scenario where CARDINAL may act to
antagonise signals routed through DEFCAP/NAC by competing for the same C-
terminal binding partners, which may operate via CARD-CARD interactions.

4.3.5 Conclusions

CARD-containing proteins have been implicated in caspase activation leading to
apoptosis or NFkB activation resulting in inflammation. However, this is the first
report of a CARD-containing protein that serves to inhibit NFxB activation. The
tissue expression pattern supports the idea that CARDINAL may be involved in
some type of immune-protection function since it is quite highly expressed in a
number of tissues, such as ovary and testis, that could be considered to be immune

privileged sites.

Given the emerging role for CARD-family proteins as signalling intermediaries in
multiple pathways that result in NFxB activation, CARDINAL may act to
counteract some of the known NFxB activating molecules, such as RIP or RICK, to
set a threshold for NFxB activation. Alternatively, CARDINAL may play a role in
limiting the duration of NFxB activation. The exact context in which CARDINAL
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participates is to be explored further. Here we have demonstrated that CARDINAL
acts to inhibit a number of NFkB pathways. However, there are still a number of
questions concerning CARDINAL function that remain unanswered. Is the
expression of CARDINAL highly regulated or is it modified in some way to
activate its function? Does CARDINAL-associated inhibition of NFxB activation
pathways lead to the transcriptional repression of all NF«B regulated genes or does
it only affect a particular subset of genes activated by NFkB? Further work is
clearly necessary to explore how CARDINAL expression is regulated in response to
pro-inflammatory stimuli and to determine the specific biological context in which
CARDINAL operates. However the results shown here strongly suggest that this

protein plays an important role in the negative regulation of stress responses and

inflammation.
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CHAPTER V

Characterisation of the role of Nod1 in the LPS response
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5.1 INTRODUCTION

The previous chapter described CARDINAL as a novel CARD protein with an
important role in NFkB regulation. Having assessed the ability of CARDINAL to
inhibit NFkB, activated by the proinflammatory stimuli IL-1 and TNF, we wished
to investigate if CARDINAL could also inhibit NFxB activated by LPS. Two
CARD proteins Nod1 and Nod2 have been proposed as intraéellular receptors for
LPS (Inohara ef al., 2001; Girardin et al., 2001; Martin, 2001), presenting an

opportunity to analyse the role of CARDINAL in a novel LPS driven pathway
resulting in NFxB activation.

5.1.1 TLR4 — The LPS receptor

The proposal that the Nod proteins act as intracellular receptors for LPS suggests a
novel paradigm for LPS signalling, which up until now had been thought to act
exclusively at the membrane level through the Toll-like receptor TLR4. TLR4 is a
member of a family of ten receptor molecules that share a similar structure
possessing a series of leucine rich repeats (LRRs) in the extracellular region, a
transmembrane domain and an intracellular TIR domain, that is also found in the
intracellular region of the IL-1 receptor (IL-1R) (Rock ef al., 1998). In vitro studies
have implicated both TLR4 and TLR2 as the receptors for lipopolysaccharide
(Chow et al., 1999; Kirschning ef al., 1998). However studies on the /ps mutant
mouse, confirmed that a mutation in TLR4 was responsible for the LPS resistant
phenotype, suggesting that TLR4 was the sole receptor for LPS (Poltorak et al.,
1998). Studies of the TLR2 knockout mouse suggest that TLR2 is a receptor for
peptidoglycan, a component of gram-positive bacterial cell walls (Takeuchi et al.,
1999). In fact the consensus is that each member of the Toll-like receptor family

recognises a different pathogen derived component.

5.1.2 Nod1 and Nod2 - intracellular receptors for LPS?

Given that the phenotype of the /ps mutant mouse, due to a mutation in one gene
TLRA4, results in complete resistance to LPS induced shock, the physiological
relevance of an intracellular LPS receptor may seem slight. ‘However, a number of
lines of evidence underscore the significance of this discovery. Firstly, not all cells

are naturally responsive to LPS. For example, epithelial cells in the gut are exposed
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to bacteria and flora on an ongoing basis, yet do not activate an inflammatory
response (Pugin e al., 1993). These cells do not express TLR4 and in this way they
have adapted to their surroundings (Naik et al., 2001). However if the same cells
are infected with the invasive bacteria Shigella flexneri they have been shown to
activate NFxB and the release of cytokines such as IL-8 (Philpott et al., 2000). The

same effect was seen when these cells were microinjected with LPS (Philpott et al.,
2000) suggesting that an intracellular receptor for LPS might exist.

The main candidate for such a receptor is Nod1 and its close relative Nod2. When
cells that are not normally LPS responsive are transfected with Nod1l or Nod2 and

then induced to uptake LPS they were shown to activate NFKB (Inohara et al.,
2001; Girardin et al., 2001).

5.1.3 Nod2 is mutated in Crohn’s disease

Nod2 is located on chromosome 16, which has been implicated as the chromosome
responsible for harbouring mutations that predispose to Crohn’s disease (Hugot et
al. 1996). Crohn’s disease is an inflammatory bowel disorder associated with
chronic and persistent inflammation in the gut (Truelove and Pena, 1976). The
chromosomal location of Nod2 and its proposed role in LPS signalling prompted a
candidate gene approach to investigate if Nod2 was mutated in this disorder. This
study and two independent studies which scanned the chromosome for mutations
associated with Crohn’s identified three mutations all located in the LRR region of
Nod2 (Ogura ef al., 2001a; Hugot et al., 2000; Hampe et al., 2001). These
mutations cause frame shift and missense mutations in the protein. It would be
expected from the role of Nod2 that such mutations would create a constitutively
active Nod2 protein, which is hyperresponsive to LPS. In fact the opposite is true,
the mutant does not activate NFxB in response to LPS to the same level as the intact
protein. The authors thus speculate that this inability of the cell to respond to LPS

may promote an increased adaptive immune response (Ogura et al., 2001).

Nod?2 has also been shown to be mutated in Blau’s syndrome (Miceli-Richard ez al.,
2001). Blau’s syndrome, like Crohn’s disease, is an inflammatory condition but it
affects different organs, being characterised by early-onset arthritis and skin rash
(Blau, 1985). Three mutations have been found in the NBD of Nod2 that are
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responsible for this syndrome (Miceli-Richard ef al., 2001). Exactly how these

mutations lead to increased inflammation in skin and joint areas has not been tested.

The striking phenotypic effects of a number of mutations in this one gene suggest
that Nod2 plays an important role in the regulation of the inflammatory response.

This is in favour of the proposal that Nod2 and Nod! act as intracellular receptors
for bacterial pathogens.

5.1.4 NBD-LRR - a feature of plant disease resistance proteins

The structures of the Nod proteins are also supportive of their role as pathogen
receptors. Both proteins are members of the NBD-CARD sub-group of CARD
proteins (Figure 1.5 in Introduction). The structures of both Nod1 and Nod2 are
similar to that of Apaf-1, containing a CARD domain, an NBD and a series of
leucine rich repeats (LRRs) in place of the WD40 repeats found in Apaf-1. It has
been shown that LPS binds to the LRRs analogous to the way in which cytochrome
¢ binds to the WD40 repeats of Apaf-1 (Figurel.6 in Introduction; Inohara et al.,
2001). The combination of the NBD and LRR domains is found in many plant
disease resistance genes or R proteins. These R proteins bind to infectious avr

proteins and hence act as sensors for infection in plants (Dangl and Jones, 2001;
Staskawicz et al., 2001).

5.1.5 Aims of Chapter

As recently identified members of the CARD family of proteins, Nod1 and Nod2
have emerged as molecules of potentially huge significance, representing a novel
pathway and physiological response to LPS. Therefore the aim of this chapter was
to further explore the proposal that Nod1 is an intracellular LPS receptor that drives
NFxB activation and also to investigate the ability of CARDINAL to act as an

antagonist of this novel route to NFxB activation.
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5.2 RESULTS
5.2.1 Nod1 subcellular localisation

To determine the subcellular localisation of Nod1 we transfected HeLa cells with a
HA-tagged vector encoding full length Nod1 and the expressed protein was detected
using a monoclonal anti-HA antibody. The results revealed that the protein was
found distributed throughout the cytoplasm and the nucleus, although in some cells
Nod1 appeared to be excluded from the nucleus (Figure 5.1A). Nod1 also exhibited
a bright perinuclear staining-pattern in the majority of cells. Another notable
feature of the Nod1 distribution was the appearance of bright punctate spots in the
cytoplasm. These may represent Nod1 complex or signalosome formation, but it

must be noted that these punctate spots were not present in all Nodl expressing
cells.

To investigate if the subcellular distribution of Nod1 changed in response to LPS
treatment, HeLa cells were again transfected with HA-tagged Nodl and 24 hours
post-transfection the cells were either left untreated or treated with LPS for 2hrs.
Cells were then fixed and stained with anti-HA antibody to measure Nodl
expression. From Figure 5.1B it is apparent that there was no obvious difference
between untreated cells and LPS treated cells with respect to Nodl subcellular
distribution. As in the untreated cells, bright punctate spots were observed in LPS

treated cells, but again these were not present in all cells that expressed Nod]1.

5.2.2 The NFxB sub-unit p65 moves to the nucleus with TNF and IL-1
treatment

We next endeavoured to determine the effect of Nod1 on the redistribution of the
NFxB subunit p65 (RelA). When the IKK signalosome is activated, this results in
the phosphorylation and targeted proteasomal degradation of the NFxB inhibitor
IxBo. In unactivated cells NFxB is complexed to IxkBow masking the nuclear
localisation signals on NFxB. Degradation of IxBa allows NFxB to relocate to the

nucleus and activate transcription of various target genes (Figure 1.7 in

Introduction). We thus investigated if we could visualise the relocalisation of
endogenous NFxB to the nucleus by studying the activity of the NFxB subunit p65

in response to the stimuli IL-1 and TNF. HeLa cells were either left untreated or
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Figure 5.1:
Subcellular localisation of Nodl1.

(A) HeLa cells were transiently transfected with HA epitope-tagged Nod1
(400ng). 24hrs after transfection, cells were fixed and stained with an anti-
HA monoclonal antibody to evaluate Nodl expression. Cells were
photographed under UV microscopy using a FITC filter.

(B) HeLa cells were transiently transfected with HA epitope-tagged Nod1
(400ng). 24hrs after transfection cells were either left untreated or treated
with LPS (10ug/ml) for 2hrs. Cells were fixed and stained for Nodl

expression with an anti-HA monoclonal antibody.



treated with IL-1 or TNF for 20mins. p65 subcellular distribution was analysed by

staining with an anti-p65 monoclonal antibody. Untreated cells exhibited a

distinctive cytoplasmic and non-nuclear pattern (Figure 5.2 A and C). In strong

contrast, treatment with IL-1 and TNF induced translocation of p65 from the
cytoplasm to the nucleus (Figure 5.2 B and D).

5.2.3 p65 relocalisation to the nucleus after LPS treatment is associated with
Nod 1 expression

To confirm that Nod1 is an intracellular receptor for LPS we investigated the effect
of LPS on p65 distribution in cells that overexpress Nodl. HeLa cells were
transfected with HA-Nod1 as before. 24hrs after transfection, cells were either left
untreated, or treated with LPS for 15mins, 30mins, 1hr or 2hrs (Figure 5.3). The
DNA-lipid complexes, formed by the transfection agent Fugene, were not removed
from the cells under the assumption that this would aid LPS entry into the cells. In
cells that were not expressing Nod1 there was no activation of NFxB as the p65
staining was entirely cytoplasmic and non-nuclear (Figure 5.3A). In the cells where
Nod1 was overexpressed there was a significant increase in the number of cells that
displayed nuclear staining for p65 suggesting that Nod1 expression alone is
sufficient to activate NFxB (Figure 5.3B). Treatment of these cells with LPS led to
a further increase in the number of cells displaying nuclear staining of p65, which
became more profound with increased duration of LPS treatment (Figure 5.3C-E).

There was an increase over background of Nodl transfected cells that showed a
nuclear staining pattern of p65. As discussed above, the presence of bright spots in
the cytoplasm of Nod1 expressing cells may represent complex formation, but they
were not present in all cells. It is tempting to speculate that these spots are only
present in cells where NFxB is activated either by Nodl1 alone or by LPS treatment
of Nod1 transfected cells. However, when microscopic observations of these cells
were made no notable association was observed between cells that showed this

Nod]1 staining pattern and nuclear p65 staining.
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Figure 5.2:
TNF and IL-1 induced relocalisation of NF-xB p6S5 to the nucleus.

HeLa cells were either left untreated (A and C), were treated with IL-1
(20ng/ml) (B), or TNF (20ng/ml) (D) for 20mins. Cells were fixed and
immunostained for NE-kB p65 expression using a p65 monoclonal
antibody. Cells in (A-B) were stained with a Rhodamine coupled
secondary antibody and were viewed using a confocal microscope under
the rhodamine (red) channel. Cells in (C-D) were stained with a FITC
coupled secondary antibody and were viewed using a confocal

microscope under the FITC (green) channel.
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Figure 5.3

Nod1 overexpression is associated with LPS-induced relocalisation of NFxB p65
to the nucleus

HeLa cells were transfected with HA-epitope tagged Nodl (400ng). 24hrs after
transfection cells either left untreated (A-B), treated with LPS (10pg/ml) for 30mins
(C), or treated with LPS for 2hrs (D). Cells were fixed and stained for Nod1 expression
(left panels) with a monoclonal anti-HA antibody followed by FITC conjugated anti-
mouse secondary antibody, and for p65 expression (right panels), with a polyclonal
anti-p65 antibody followed by staining with a rhodamine conjugated anit-rabbit
secondary. Cells were examined using a fluorescent microscope under the FITC (green)
and Rhodamine (red) filters to analyse Nod1 and p65 expression respectively.

(E) HeLa cells were transfected with HA-epitope tagged Nod1 (400ng). 24hrs after
transfection cells either left untreated treated with LPS (10ug/ml) for the indicated
times. Cells were fixed and stained for Nod1 expression and for p65 expression as
described above. Cells were examined using a fluorescent microscope under the FITC
(green) and Rhodamine (red) filters to analyse Nod1 and p65 expression respectively.
The localisation of p65 was assessed in cells expressing Nod1 and in untransfected
cells. The percentage of Nod-1 expressing cells (hatched boxes) and untransfected
cells (black boxes) exhibiting p65 nuclear staining was determined.



5.2.4 Nod 1 induces NFxB activation

The above results demonstrate that Nod1 can activates endogenous NFxB. This has
been suggested in previous studies using reporter based luciferase assays. To
confirm this result Nod1 was co-transfected into HEK293T cells with a luciferase
reporter plasmid under the control of five tandemly repeated NFxB binding

elements. Nod1 induced activation of the NFkB reporter significantly (Figure 5.4).

5.2.5 LPS does not activate NFxB in HEK293T cells
As outlined in the Introduction, LPS is a potent activator of NFxB through the
TLR4 receptor in certain cell types. This is evident in THP.1 cells, which are

monocytes, as seen by the rapid induction of IL-1 with LPS treatment. Thus we
investigated whether HEK293T cells could activate NFxB induced by LPS
treatment. HEK293T cells were transfected with either empty vector, or TLR4, and
were either left untreated or treated with LPS for 6hrs (Figure 5.5). In the same
experiment vector transfected cells were treated with IL-1 or TNF as positive
controls. Although IL-1 and TNF treatment resulted in strong NFxB activation as
expected, LPS did not have any significant effect on NFxB activation and this was

not altered significantly by the presence of co-transfected TLR4 (Figure 5.5).

5.2.6 Activation of NFxB by Nod1 is augmented by LPS treatment

To assess the effect of LPS on NFkB activation when Nodl is overexpressed,
HEK?293T cells were transfected with Nod1, either alone, or in the presence of LPS
(Figure 5.6). Three strains of LPS were tested, E.coli, Salmonella typhimurium, and
Shigella Flexia. As was seen before, Nod1 activated NFxB at higher levels but this
decreased proportionately as the amount of Nodl transfected was lowered.
However, in the presence of LPS, the fold induction of NFxB was greatly increased
and was especially evident at the lowest concentrations of Nodl. LPS, as before,

had no effect on NFxB activation in HEK293T cells when Nod1 was not present.

5.2.7 CARDINAL inhibits Nod1 induced NFxB

CARDINAL has been shown to inhibit a number of pathways leading to NFxB
activation. CARDINAL can effectively inhibit RICK-induced NFxB activation,
and RICK is recruited by Nod 1. Therefore we investigated whether CARDINAL
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Figure 5.4
Nod1 associated activation of NF-xB.

HEK?293T cells were transfected with 1ug of pcDNA3 empty vector or the same amount
of pcDNA3.Nodl. Each well also received 100ng of pGL35X«kB-luc and 50ng of
pcMV reporter plasmids. 24hrs after transfection cells were lysed and NF-xB driven
luciferase reporter activities were measured, in triplicate as described in Materials and
Methods. Luciferase activity values were normalised to B-galactosidase activity values
to correct for variability in transfection efficiency between wells. This result is
representative of at least three experiments.
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Figure 5.5
LPS treatment of HEK 293T cells does not acitvate NFxB.

HEK?293T cells were transfected with 1ug of pcDNA3 empty vector or the same amount
of pcDNA3.TLR4. Each well also received 100ng of pGL35XkB-luc and 50ng of
pcMV reporter plasmids. 24hrs after transfection cells were treated with LPS (Sug/
ml), TNF (20ng/ml) or IL-1 (20ng/ml) for 6hrs. Cells were lysed and NF-xB driven
luciferase reporter activities were measured., in triplicate as described in the Materials
and Methods. Luciferase activity values were normalised to B-galactosidase activity
values to correct for variability in transfection efficiency between wells. This result is
representative of at least three experiments.
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Figure 5.6

Nod1 sensitises HEK293T cells to LPS induced activation of NF-xB.

HEK293T cells were transfected with 800ng of pcDNA3 empty vector or the indicated
amounts of pcDNA3.Nodl. Each well also received 100ng of pGL35X«B-luc and
50ng of pcMVp reporter plasmids and were normalised to the same amount of total
DNA using pcDNA3 empty vector. Cells were either left untreated or treated with
10pg/ml LPS from E.coli, Salmonella typhimurium or Shigella flexneri for 24hrs. Cells
were lysed and NF-xB driven luciferase reporter activities were measured, in triplicate
as described in the Materials and Methods. Luciferase activity values were normalised
to B-galactosidase activity values to correct for variability in transfection efficiency
between wells.



could also inhibit Nod1 induced activation of NFkB. HEK cells were transfected
with Nodl, or with Nod1 and CARDINAL. As has been seen for other NFxB
activators, CARDINAL effectively suppressed the level of NFkB activation
associated with overexpression of Nod1 (Figure 5.7). The degree of inhibition was

comparable to that seen when TRADD was co-expressed with CARDINAL.

5.2.8 CARDINAL inhibits LPS-induced NFxB through the Nod 1 pathway

To investigate whether CARDINAL could also inhibit LPS driven NFxB activation
through the Nod 1 pathway we treated Nod1 transfected HEK293T cells with
different strains of LPS. As expected, Nod1 induced NFxB activation was greatly
increased by treatment with LPS from E.coli, S.typhimurium, and Shigella flexneri.
The presence of CARDINAL suppressed this activation in all cases (Figure 5.8).
The inhibitory effect of CARDINAL on NFkB activation induced by LPS from
E.coli was dose-dependent (Figure 5.9A). Nodl was transfected into HEK293T
cells at a basal level of 400ng either alone or in the presence of different amounts of
CARDINAL. As before, Nod1 activated the NFkB reporter without LPS treatment,
but this was increased more than two-fold when LPS from E.coli was present. The
presence of CARDINAL inhibited the effect LPS in a dose-dependent manner.
When LPS from Salmonella typhimurium was used in a similar experiment the same

effect was seen (Figure 5.9B).
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Figure 5.7:
CARDINAL inhibits constitutive Nod1 associated NF-kB activation.

HEK?293T cells were transfected with 1pug of expression plasmids encoding Nod1 or
TRADD along with 2ug of either empty vector (black shading) or 2jug of pcDNA3-
CARDINAL (hatched shading). Each well also received 100ng of pGL35XkB-luc
and 50ng of pcMV reporter plasmids and were normalised to the same amount of
total DNA using pcDNA3 empty vector. 24hr after transfection, cells were lysed and
NF-xB driven luciferase reporter activities were measured, in triplicate as described
in the Materials and Methods. Luciferase activity values were normalised to -
galactosidase activity values to correct for variability in transfection efficiency between

wells.
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Figure 5.8:
CARDINAL inhibits LPS driven Nod1 associated NF-kB activation.

(A) HEK293T cells were transfected with 200ng of pcDNA3 empty vector or 200ng
of pcDNA3- Nod1-HA along with 400ng of either empty vector (black shading) or
400ng of pcDNA3-CARDINAL (hatched shading). Each well also received 100ng of
pGL35XkB-luc and 50ng of pcMVp reporter plasmids and were normalised to the
same amount of total DNA using pcDNA3 empty vector. Cells were treated with the
indicated strains of LPS (10pg/ml) for 24hrs as before. 24hr after transfection, cells
were lysed and NF-kB driven luciferase reporter activities were measured, in triplicate
as described in the Materials and Methods. Luciferase activity values were normalised
to B-galactosidase activity values to correct for variability in transfection efficiency

between wells.
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Figure 5.9:
CARDINAL inhibition of E.coli LPS induced Nod1 mediated activation of NFxB

is dose-dependant.

(A) HEK293T cells were transfected with 400ng of HA-Nod1 expression plasmid,

along with the indicated amounts of pcDNA3-CARDINAL. All wells also received

the pGL35X«xB-luc(100ng) and pcMVf (50ng) reporter plasmids. Cells were treated

for 24hrs with E.coli LPS (10ug/ml). Luciferase assays were performed 24hr after
‘ transfection and normalised to correct for variation in transfection efficiency as

described previously.
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Figure 5.9:
CARDINAL inhibition of Salmonella typhimurium LPS induced Nod1 mediated

activation of NFxB is dose-dependant.

(B) HEK293T cells were transfected with 200ng of HA-Nod1 expression plasmid,
along with the indicated amounts of pcDNA3-CARDINAL. All wells also received
the pGL35XkB-luc(100ng) and pcMV (50ng) reporter plasmids. Cells were treated
for 24hrs with Salmonella typhimurium LPS (10pug/ml). Luciferase assays were
performed 24hr after transfection and normalised to correct for variation in transfection

efficiency as described previously.



5.3 DISCUSSION
5.3.1 Introduction

The aim of this chapter was to investigate the role of the NBD-CARD protein Nod1
in NFxB signalling and the effect CARDINAL has on this pathway. The initial
study proposing Nodl and Nod2 as intracellular LPS receptor is provocative,
especially given the recent finding that Nod2 is mutated in Crohn’s disease (Inohara
et al., 2001; Ogura et al., 2001a; Ogura et al., 2001b). Given the potential
importance of this pathway, it was paramount that this phenomenon be explored
further. Thus we set out to confirm the proposal that LPS could activate a Nod1-
dependent NFxB pathway and to investigate if the Nod1-LPS interaction could be
verified by looking at endogenous NFxB. A second aim of this study was to

investigate whether CARDINAL could inhibit LPS induced-NF«xB activation

In this chapter we show that the subcellular distribution of Nod1 was cytoplasmic
and did not change with LPS treatment (Figure 5.1). However Nodl expression
was associated with a high degree of movement of p65 (Figure5.3) to the nucleus
similar to with events that were observed when cells are treated with TNF or IL-1
(Figure 5.2). The proportion of cells with p65 nuclear staining was increased with
LPS treatment (Figure 5.2E). Moreover we confirmed published results that Nod1
could activate NFxB and that this activation was enhanced by LPS from a number
of stains of bacteria (Figure 5.6). Finally we demonstrated that CARDINAL could
inhibit both Nod1 mediated NFxB activation and LPS-induced activation of NFxB

via Nod1 (Figure 5-7-5.9).

5.3.2 LPS activation of Nod1 induced relocalisation of NF-xB p65 to the
nucleus

The fact that we show here that Nod1 could induce movement of the NFxB p65
subunit to the nucleus, which was greatly enhanced by LPS treatment, gives strong
corroborative evidence to the results of the NFxB reporter assays (Figure 5.3). In
this study the readout was an effect on an endogenous protein, thus it is very
unlikely that the effect seen is a spurious activation of the NFxB luciferase reporter
construct. Whereas the reporter assays rely on accumulation of the luciferase protein

over a period of time (in this case 24hrs), using the immunostaining approach the

98



effects of LPS on Nod1 induced NF«B could be seen as early as 30 minutes after
LPS stimulation.

5.3.3 Nod1 subcellular distribution — Evidence for complex formation?

Nod1 has been proposed to respond to LPS in a similar manner to the way Apaf-1

responds to cytochrome c (Figure 1.6 in Introduction; Martin, 2001; Inohara ef al.,

2001). LPS binds to the LRRs enforcing oligomerisation of a number of Nod1

molecules (Inohara et al., 2001). In this way Nod1 may recruit RICK molecules in
an induced proximity model (Inohara et al., 2000). RICK in turn recruits IKKY, the
regulatory subunit of the IKK signalosome, leading to activation of NFkB. The
subcellular distribution pattern of Nod1 did reveal, in some but not all cells, the
existence of bright punctate spots in the cytoplasm that may represent complex
formation (Figure 5.1). However these spots were not present in all Nodl-
transfected cells and the presence of the spots did not seem to be associated with

NFxB activation, indicated by translocation of p65 to the nucleus. Thus the

significance, if any, of these spots is unclear.

Although Nod1 has been proposed as an intracellular LPS receptor it has not been
formally demonstrated that this protein is not a membrane-associated protein. From
the subcellular localisation studies shown here, it is clear that this protein is found

predominantly in the cytoplasm and also in the nucleus and is not a membrane

protein (Figure 5.1).

5.3.4 CARDINAL inhibits LPS induced Nod1 associated NFxB activation

We also show here that CARDINAL can effectively inhibit the NFxB activation
induced by LPS through Nodl (Figure 5.8 — 5.9). This supports the hypothesis
proposed in the previous chapter that CARDINAL is an inhibitor of multiple
pathways leading to NFxB activation. Nodl operates upstream of the IKK
signalosome, and the ability of CARDINAL to interrupt the Nod1 pathway is in
concordance with results presented in Chapter IV that placed CARDINAL function

at the point of the IKK signalosome.

99



5.3.5 Conclusions

In conclusion, evidence presented here strongly suggests that Nod1 functions as an
intracellular LPS receptor, an activity that can be inhibited by CARDINAL. Further
work is necessary to clarify what the outcome of this pathway is. In particular it
would be of interest to know which subset of genes are transcriptionally upregulated
by NF«B as a result of LPS induced activation of Nodl. Obvious candidates would
be IL-1 and IL-8, which have been shown to be upregulated by LPS in different

contexts.
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CHAPTER VI

GENERAL DISCUSSSION
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6.1. INTRODUCTION

In recent years the related conserved protein domains, DED and CARD have been
identified in a number of proteins that participate in signalling pathways that lead to
caspase activation or NFkB activation. This thesis has investigated the functional

properties of two of these proteins: the novel CARD-containing protein
CARDINAL and the NBD-CARD protein Nod1.

The yeast-two-hybrid screen, using caspase-10 as the bait, aimed to identify a novel
binding partner for caspase-10. The role of caspase-10 in cell death pathways
remains obscure and it was hypothesised that the identification of a specific binding
partner for this molecule would help to resolve the function of this caspase.
Unfortunately the yeast-two-hybrid screen failed to identify a strong binding partner
for caspase-10 highlighting a number of drawbacks of this approach. The
appearance of misleading false positives, the likely misfolding of the bait protein in

yeast and the low transformation efficiency of the screen probably all contributed to

the failure of this screen.

Therefore, a database interrogation approach was used to identify novel death fold-
containing proteins, using the BLAST search tool. We thus identified CARDINAL,
a novel CARD-containing protein. As was described in Chapter IV, CARDINAL
acts as an inhibitor of NFxB activation that can inhibit multiple pathways that lead
to the activation of this transcription factor. CARDINAL seems to operate at the
point of convergence of multiple NFxB activation pathways, which is the IKK
signalosome. The NFxB activators RIP and RICK have been shown to bind to
IKKY (Inohara et al., 2000) and here we have shown that CARDINAL also binds to
IKKY.

To further dissect the role of CARD proteins in NFxB signalling we investigated the

role of the NBD-CARD protein, Nodl, as an intracellular LPS receptor. In this
study we confirmed that the presence of Nod1 sensitises cells to LPS treatment by
showing that LPS treatment of Nodl expressing cells promotes relocalisation of the

NFxB subunit p65 from the cytosol of the cell to the nucleus. We also showed that

Nod1 induced activation of NFxB, measured in the luciferase reporter assay system,
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is upregulated by LPS from a number of different bacterial strains. Furthermore,
this mode of LPS induced activation of NFkB was suppressed by CARDINAL.

6.2 CARDINAL - A NOVEL NFxB REGULATOR

The structure of CARDINAL reveals that it contains a CARD domain and no other
recognisable motif or domain. In accordance with the classification of the CARD-
family of proteins outlined in the Introduction (Figure 1.5), CARDINAL is a
member of the CARD-only subgroup of CARD proteins. The two other members
of this group are ICEBERG and COP/pseudoICE and both of these proteins act as
inhibitors of caspase-1 function (Druilhe et al., 2001; Humke ef al., 2000; Lee et al.,
2001). The ability of CARDINAL to act as an inhibitor of NFxB activating

pathways is consistent with its placing in this group.

This study presents data implicating a role for CARDINAL in the inhibition of
multiple NFxB activating pathways. Although much of the data presented in this
thesis was obtained using an NFkB reporter plasmid, the control experiments,
notably using a p53 responsive reporter in place of the NFxB responsive reporter
gene, suggest that this is an effect that is specific to NFxB activation. To further
confirm that CARDINAL inhibits NFkB activation, electrophoretic mobility shift
assays (EMSA) could be used. EMSA measures the ability of NFxB to bind a DNA
probe representing the NFkB DNA binding sites. It would be predicted that the
presence of CARDINAL would result in an inhibition of NFkxB DNA binding
activity. However, this method is more laborious, in comparison to the reporter
assay system used, therefore we chose the latter method to measure NFxB

activation.

The exact mechanism through which CARDINAL operates is still not entirely clear.
Clearly it is important to further examine the role of CARDINAL by analysing its
function at endogenous levels. The expression of ICEBERG has been shown to be
upregulated in THP.1 cells in response to LPS treatment (Humke et al., 2000).
However unlike LPS induced expression of pIL-1B, which occurs rapidly in these
cells, induction of ICEBERG expression occurs much later (Figure 4.8; Humke et
al., 2000). This suggests that ICEBERG functions to control IL-1 levels thereby
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preventing minor proinflammatory insults escalating into conditions of persistant
inflammation such as septic shock. The NFxB inhibitor, IkB, functions in a similar
way. Activation of NFkB requires the degradation of IxB, but the latter is
resynthesised through transcriptional activation by NFkB so it can reform a
cytosolic complex with NFxB in a negative feedback loop. By monitoring the
response of endogenous CARDINAL to proinflammatory stimuli such as LPS, TNF
or IL-1, it would be possible to investigate whether CARDINAL operates in a
similar way. The expression of CARDINAL may be upregulated in these contexts,
which would suggest that this protein represents an additional level of internal
control in the context of the immune response. Another way to approach this
possibility would be to investigate whether CARDINAL expression is directly
activated by NFxB. Attempts were made during this study to analyse the effect of
proinflammatory stimuli on levels of endogenous CARDINAL expression.

Unfortunately these experiments failed to yield conclusive results.

The interplay between pathways leading to NFxB activation and apoptosis has been
discussed in chapter I. In particular, the observations that have been made on cells
that have had their ability to activate NFxB disrupted in some way, suggest that
NFkB can suppress apoptosis (Beg and Baltimore, 1996; Van Antwerp et
al.,1996b). One could thus extrapolate from this that CARDINAL, as an NFxB
inhibitor, may make cells more vulnerable to apoptotic stimuli. Obviously further
work is required to investigate if CARDINAL plays a role as a mediator of the
decision making process that causes a cell to commit to either the death or survival
pathway. However, viewed in isolation, the fact that CARDINAL can inhibit NFxB
activation is important. NFkB activation seems to confer resistance to the cytotoxic
activity of TNF and certain chemotherapeutic drugs, by inducing the expression of
survival genes (Van Antwerp ef al., 1996b; Wang et al., 1996a; Wang et al., 1998a).
NFxB activity has also been shown to suppress the expression of MyoD, which is a
regulator of skeletal muscle differentiation (Guttridge ef al., 2000). This can lead to
muscle wasting associated with cancer, AIDS and other chronic diseases. To
explore whether CARDINAL has a role in such events it would be necessary to
analyse the effect CARDINAL has on specific NFkB regulated genes. Future work

would aim to identify the subset of these genes that are transcriptionally repressed
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by the action of CARDINAL and the biological context in which CARDINAL may
influence the expression of such genes.

6.3 NOD1 and the LPS response

The physiological relevance of the role of Nodl and Nod2 as mediators of LPS-
induced NFxB activation has been demonstrated by the finding that Nod2 is
mutated in certain inflammatory conditions (Hampe et al., 2001; Hugot et al., 2001;
McGovem et al., 2001; Ogura et al., 2001a). Here we have confirmed that Nod1, a
member of the NBD-CARD subfamily of CARD proteins, acts as a receptor for
LPS. It is the combination of the NBD and LRR motifs present in Nod 1 and Nod 2
that is responsible for this function. The LRRs most likely recruit LPS and the
NBD acts as an oligomerisation platform (Inohara ef al., 2000; Inohara et al., 2001).
In the TLR family of LPS receptors, each TLR has been shown to recognise a
different bacterially derived product (Takeuchi et al., 1999). By analogy it is likely
that members of the same NBD-CARD subfamily act as pathogen sensors that
recognise pathogen-associated products distinct from LPS. One candidate is the
protein NAC. Although this protein has been implicated in apoptosis (Chu et al.,
2001; Hlaing et al., 2001), the presence of a pyrin domain in its sequence may
suggest a functional role in an inflammatory pathway. Thus NAC may, akin to
Nod1 and Nod2, recognise an as yet unidentified bacterial-derived product resulting
in the activation of NFxB. Moreover the high degree of homology between
CARDINAL and the C-terminus of NAC suggests that these two proteins may
operate in the same pathway. The advances made here with respect to the Nodl
pathway strongly support the proposal that intracellular receptors exist that function
to recognise the presence of bacteria and their products inside the cell. Further
characterisation of these proteins and the mechanisms through which they activate
NFxB will greatly improve our understanding of the molecular elements that

determine disease susceptibility, especially with respect to bacterial infection.
6.4 CONCLUSIONS

There are significant conclusions that this thesis supports. Specifically one could

conclude that
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(i)  CARDINAL is a novel CARD protein that inhibits NFkB activated by
multiple pathways by interacting with IKKY, the regulatory subunit of the
IKK signalosome.

(i)  Nodl functions as an intracellular LPS receptor

(iii) CARDINAL can inhibit LPS-induced NFkB activation associated with

Nodl expression.

The characterisation of the CARD proteins described here contributes to the
growing body of evidence that proteins containing the CARD motif play an
indispensable role in pathways that lead to NFxB activation. These conclusions
provide further support for the role of CARD proteins in the context of host

mediated defence against cellular injury.
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Table I: Origin of plasmids used for work undertaken in the thesis

Plasmid Name Made by/Supplied by
pcDNA3 Invitrogen
pEGFPC3 Clontech
pcDNA3.hICE Laboratory of Dr Vishva Dixit
pAS2-1.Caspase-7pro Dr. Mary Harte
pAS2-1.Caspase-8pro Dr. Mary Harte
pAS2-1.Caspase-9por Dr. Mary Harte
pAS2-1.Caspase-10(1-372) Dr. Colin Adrain
PAS2-1.Caspase-10(1-219) Lisa Bouchier-Hayes
pRK.FLAG-RIP Laboratory of Dr. David Goeddel
pRK.Myc-TRADD Laboratory of Dr. David Goeddel
pcDNA3.TRAIL-R1 Laboratory of Dr. Henning Walczak
pcDNA3.TRAIL-R2 Laboratory of Dr. Henning Walczak
pACT2.FADD Dr. Mary Harte
pcDNA3.Bax Laboratory of Dr. Doug Green Lab
pcDNA3.CrmA Laboratory of Dr. Vishva Dixit
pcDNA3.T7-Bcl-10 Laboratory of Dr. Emad Alnemri
pcDNA3.T7-IKKYy Laboratory of Dr. Emad Alnemri
pcDNA3.T7-IKKo Laboratory of Dr. Emad Alnemri
pcDNA3.T7-IKKB Laboratory of Dr. Emad Alnemri
p53luc Stratagene
pGL3.5xkBluc Laboratory of Prof. Luke O’Neill
pcDNA3.prolL-1B Lisa Bouchier-Hayes
pBluescript.SK+.prolL-13 S. Galleas (Aventis)
PCR3V72Met-VSV-Stop.CARDIAK Laboratory of Dr. Jurg Tschopp
pRCCMV.p53 Laboratory of Dr. Moshe Oren
pcDNA3.CARDINAL Dr. Helen Egan
pEGFPC3.CARDINAL Dr. Helen Egan
pBluescriptIISK+KIAA0955 Kazusa DNA research institute, Japan
pcDNA3.CARDINAL(345-431) Lisa Bouchier-Hayes
pcDNA3.CARDINAL (1-320) Lisa Bouchier-Hayes
pEGFPC3.CARDINAL(321-431) Dr. Helen Egan
pEGFPC3.CARDINAL(1-320) Dr. Helen Egan
pACT2.Apaf1(1-601) Dr. Mary Harte
pcDNA3. HA-Nodl Laboratory of Dr. Gabriel Nunez




Table II: Primers used to generate some of the plasmids used for work undertaken in the thesis

PROTEIN PRIMER NAME SEQUENCE PARENT | RESTICTION SITE
PLASMID
CARDINAL | Forward ACA GGA TCC GCC ATG ATG AGA CAG AGG pcDNA3 BamHI
(1-320) CARDINAL MetF GGA TCC)
Reverse GAC CTC GAG TTA CAA AGT CCC ATG TCT Xhol
CARDINAL Leu320R . (CTC GAG)
CARDINAL | Forward ATA GGA TCC GCC ATG GCA GCC TTT GTG AAG pcDNA3 BamHI
(345-431) CARDINAL Ala345F (GGA TCC)
Reverse CTA GGA TCC CTC GAG TTA CAA ATT CTG CTG Xhol
CARDINAL StopR * (CTC GAG)
prolL-1 Forward ATA GGA TCC GCC ATG GCA GAA GTA CCT pcDNA3 BamHI
IL-1B MetF (GGA TCO)
Reverse GGC CTC GAG TTA GGA AGA CAC AAATITG Xhol
IL-1B StopR ’ (CTC GAG)
Caspase-10 Forward ATA GGA TCC CCG GGG ATG AAA TCT CAA GGT pAS2-1 Smal
(1-219) Caspasel(0 MetF CCCGGG)
Reverse TGG GGA TCC CTC GAG CTA ATC TGT TTG GGA AAC BamHI
Caspase10 Asp219R . (GGA TCC)

Each primer is named in the same way: protein name followed by the name and number of the first codon of the protein sequence present in the

primer and the letter F or R signifies the direction of the primer.

Primers are listed in 5’ to 3’ direction

Kozac consensus sequence if present is underlined

Genomic sequence is in bold

Stop codons are marked with a (*)




Table III: Primers used for automated sequencing applications

Primer Sequence
pACT2 forward screening primer* | TTC GAT GAT GAA GAT ACC CC
pACT? reverse screening primer* GAA CTT GCG GGG TTT TTC

T7 forward primer

TAA TAC GAC TCACTATAGG

* Used to screen library clones pulled in yeast two hybrid screen and also for

sequencing inserts in pACT?2 plasmids
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