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SUMMARY

The inhibitor of gpoptoss protens (IAPs) have been shown to interact with a growing number of
intrecellular proteins and ggndling pathways in order to fulfil their anti-gpoptotic role. In order
to invedtigate in detall how the avian homologue ITA intefered with both TNF induced apoptosis
and the NGF mediated differentiation in PC12 cdls, a two hybrid screen was performed with a
PC12 library usng ITA asabait.

The screen resulted in the identification of severd overlapping fragments of a previoudy
unknown gene. The complete cDNA far this gene was isolated, the andyss of which reveded a
high homology with a large family of tumour antigens known as MAGE (mdanoma assodciated
antigens). This newly identified member of the MAGE family, which wes later named NRAGE,
exhibited some unique characteridics that suggested for the firg time a role in norma cdlular
physology for this protein family. MAGE protens are usudly redricted in their expresson to
mdignant or tumour cdls however NRAGE was ds0 expressed in termindly differertiated adult
tissue.

NRAGE ds0 interacted with the human XIAP in direct two-hybrid tests. The interactions
obsaved in yeet cdls wee oconfirmed in mammdian cdl culture, employing both
coimmunoprecipitation and mammdian two-hybrid methods. Moreover, the results of the
coimmunoprecipitation experiments indicated that this interaction requires the RING domain.
The widdy gudied 32D cdl sysem was chosen to invedtigate the effect of NRAGE on gpoptoss.
NRAGE was dably transduced in 32D cdls and found to augment cel desth induced by the
withdrawa of Interleukin-3. One reason for this reduced cdl viability in NRAGE expressng
cels could be the binding of endogenous XIAP, which occurred inducibly after growth factor
withdrawa. Interestingly, NRAGE was able to overcome the protection afforded to 32D cdls by
the exogenous expresson of human Bd2. Thus NRAGE was identified during this research
doctorate as a novel progpoptotic, IAP-interacting protein, able to accelerae gpoptoss in a
pathway independent of Bcl-2 cdll protection.




ZUSAMMENFASSUNG

Die Familie der ,inhibitor of gpoptods protens’ (IAPs) interagieren mit ener wachsenden Zahl
an intrazdlul&en Proteinen und Signdtransduktionsvegen um ihre anti-gpoptotische Aufgabe zu
eflllen. Es konnte gezeigt werden, dass das ITA-Homolog aus dem Huhn sowohl die durch TNF
induzierte Apoptose ds auch die durch NGF induziete Differenzierung von PC12-Zdlen
verhindert bzw. verlangsamt.

Um diee Befunde genauer zu untersuchen, wurde in dieser Arbet en "yeast twohybrid
sreen” mit ITA ds "bat' (Koder) und einer cDNA-Bank aus PC12-Zdlen durchgefihrt. In
diesem "screen” konnten verschiedene Fragmente enes bis dahin unbekannten Gens identifiziert
werden. Die Untersuchung der isoliete Gesamt-cDNA egab eine hohe Homologie mit ener
Familie von Tumor-Antigenen namens MAGE (mdanoma associated antigens). Im Gegensatz zu
den bisher identifizieten MAGE, zeigte dieses neue Familienmitglied, welches spder NRAGE
genant wurde, enige Chaakteridika die des ede md ene Rolle in da normden zdlulden
Physiologie nahe legten.

In @nem direkten "yeest two hybrid tet" konnte die Interaktion zwischen NRAGE und
humanem XIAP gezegt werden. Diese Interaktion konnte sowohl in Ko lmmunprézipitationen
as auch im sogenannten Sduger two-hybrid bedtétigt werden. Desweiteren zeigten die Ko
Immunprézipitetionen, dass fir die Interaktion dieser beiden Protene die RING-Doméne von
ITA bendtigt wird. Um Effekte von NRAGE auf die Apotose zu untersuchen, wurde dass
gdbliete 32D Zdlsytem vewendet. NRAGE wurde gdabil in 32D-Zdlen exprimiet, wodurch
die Apoptoserate dar Zdlen, induziert durch die Kultivierung in IL-3 fraem Medium, gesteigert
wurde. Ein Grund fir diese ehdhte Apoptoserate, konnte in der Bindung von XIAP, welches
nach dem Entzug von Wachdumdfaktoren induziet wird, an NRAGE liegen. Interessanterweise
wa NRAGE auch féhig die protektive Wirkung von exogen exprimietem Bd-2 aufzuheben.
Somit konnte in diesr Arbeit NRAGE ds proapoptotisches und mit 1AP interagierendes Protein
beschrieben werden. Deswelteren konnte gezeigt werden, dass die Vestékung der Apoptose
unabhéngig von dem bekannten durch Bd-2 bedingten anti-gpoptotischen Sgnaweg erfolgt.



INTRODUCTION

I.1. Apoptosis

Over the past 150 years the process of cdl death has been recognised as an important part of
homeodass in multicdlular organisms both during embryonic devdopment and in adult life [1,
2. A grest ded of interes was generated in this fidd with the obsarvdion in the nemaode
C.elegans that this process was under genetic control [3]. The discovery that many diseases such
as cancer [4], austoimmunity [5, and degenerative diseases [6] are concomitant with dysfunction
of progranmed cell degth (PCD) let to an exploson of research in this fidd. This resulted in the
identification of many of the key players involved in gpoptods, and a better underganding of the
ways in which these play ther parts in the processes that hold the baance between the intended
celular fate and the unwanted disease date. The pathways leading to cell death can be broadly
classfied into extrindc (receptor mediated) or intrindc  (celula/mitochondria  stress)  pathways,
and triggering of one or both of these results in deavage and thereby activation of a family of
cydene proteases known as cagpases. The death sgnd is tranamitted through the cdl in the form
of a proteolytic cagpase cascade, whereby the executioner caspases inectivate or activate their
specific cdlular targets by proteolyss. Once these cagpases ae engaged, many of the cdl’s
homeodtass and repar mechaniams are disabled, gooptoss inhibitors are inactivated, and the cdl
is summarily dissssambled. This then gives rise to the characterigic morphologica changes seen
in dying agpoptotic cdls such as chromain condensation, cytoplasmic drinkege and membrane
blebbing. An dternaive pahway leading to cdl degth dso exigs didinct from gpoptods and
has been temed necrods Principd dements of necrods indude mitochondrid  oxidetive
phosphorylation, reective oxygen production, and non-caspase proteolytic cascades depending on
serine proteases, capans, or cathepsins[7].

I.2. Receptor mediated apoptosis

The tumour necross factor receptor (TNFR) superfamily regulates a large number of biologica
functions, such as growth and differentiation, in addition to gpoptoss. The extracdlular ligand
binding regions are characterised by variable numbers of cysteine rich repeats. Death receptors
bdonging to this family indude the TNF-RI (pS5), CD9% (FasApo-l) and p75 neurotrophin



receptor (P7SNTR) [7] [8]. What disinguishes these from the other TNFR membeas eg TNF-R2
and CDA40, is that they contain an intracdlular desth domain (DD), or in the case of p7/5NTR a
region resembling the DD but with some crudd dructurd differences [9]. The important
domans in degh sgndling, i.e DD, deah effector doman (DED) and caspase recruitment
doman  (CARD) digplay vay gmilar 3D dructures. Each congds of dx attipadld,
amphipathic a hdices with a consaved set of hydrophobic amino acids in dl domains which
fam the hydrophobic core of the proteins [10] [11]. The differences between the domains lie in
the surface resdues that gabilise complex formation [12].

The DDs tend to be present in the intracdlular @rts of

A~ desth receptors, whereas the DEDs and CARDs are
- jj found in the adgpter molecules which mediate receptor
oo L or mitochondria desth signals [13] [11].
u‘; = Thee domans ae important in medidging protein-

protein interactions, and thus transducing the dgnd

R L - S— from membrane surfaces to the cytosol, whereby the

L_: . adepter proteins provide the link to the upstream
i o O regulators of cell death. The TNFRI-associated desth
ﬁ% ’gg- domain protein (TRADD) is recruited to the TNF-R1,
= which trimerises upon TNF ligend binding, in tun
I i dlows binding of the fas-associated protein with desth

doman (FADD). TRADD can further recruit the

v adepter protein  RAIDD and the RIP kinase, as

described in Figl-2. As depicted opposite FADD is
% + : ableto bind directly with CD95 (Fig.l-1).

Fig.I-1: Apoptosissignalling by CD95. DD, death

domain; DED, death effector domain. (Mod.[14])

It is through these interactions thet ligation of TNFR1 or CD95 can result in the formation of a
desth inducing dgndling complex (DISC), a complex condituting the activated receptors,
adapter proteins, and initiator caspases. This results in the activation of the initigtor protesse
Caspase 8 [14] [8] [7].



|.3. Stress mediated cell death

In addition to the sgnas transduced by degth receptors, an intringc pathway leading to cdl death
dso exids Irrepaable DNA damege by mutagens and ionising radiation, or the deprivation of
essentid growth factors can trigger a series of events leading to the rdease of a number of
molecules from the intermembrane space of the mitochondria [15] [16], induding gooptoss
inducing factor (AIF) [17] and smac/DIABLO [18] [19]. Reease of one of these proteins,
cytochrome ¢, into the cytosol enables it to come into contact with the adapter molecule Apaf-1,
initiating a series of events resulting in the activation of effector cagpases [20]. Andogous with
the receptor sgndling molecule FADD, Apaf-1 recruits and promotes trans-activaion of an
initiator cagpase [21]. The initistor caspases possess long prodomains that enable them to interact
with the DEDs or CARDs present in these adapter molecules [13]. Apaf-1 contains at least three
functiond domains induding a CARD, a CED-4 doman required for sdf-oligomerisation, and a
sies of WD40 repests which possbly mediate proten-protein  interactions [22]. Upon
cytochrome ¢ binding, Apaf-1 is adle to hydrolyse dATP or ATP and undergoes oligomerisation,
whilg a the same time recruiting and processng cagpase 9 [23]. This complex has been termed
the ‘gpoptosome, and once formed transmits the desth sSgnd further by processng the effector
cagpases 3 and 7 [24]. Indeed, the fully processed caspases 3 and 7 have been found within this
complex, indicating that not only cagpase 9 mediaed deavage but dso autocaalytic processing
of these effector cagpases takes place within the gpoptosome[24] .

Engagement of the mitochrondria was not thought to be universdly required in the early
dages of gpoptoss, when the dimulus is directed via extracdlular desth receptors. Very recently
however, a drect link has been discovered between receptor Sgndling and  mitochodrid
gooptods. This novd direct link between both types of ggndling involves the deavege and
subsquent activation of Bid, a newly doned member of the Bd-2 family (see bdow). Bid is
cleaved by activated caspase 8 [25], and subsequently binding tightly to the mitochondria, where
it can trigger gpoptotic eventsin cooperation with other desth agonists of the B-2 family [26].

Clearly, apoptoss has evolved great intricacy, and its outcome is very much dependent on
the organism or cdl type, and the environmenta stimulus applied. It is important that the cdlular
repponse to thee dimuli is didted in a manner, which is bendficid to the organism. Degth is
often not the appropriate response, and equdly important cdl survivd pahways and degth
inhibitory molecules have evolved in pardld.



l.4. Survival signaling via cell membrane receptors

1.4.1. The TNF receptor in cell protection

The binding of TNF to the TNFR1 does not result in cdl desth in evay cdl type unlike
CD95L-receptor binding. Indeed the desth sgnd is often only brought about with a concomitant
blockage of proten synthess indicding there may be preexising cdlular proteins which can
block the apoptotic simulus ater TNF dimulation. As previoudy described, TNF ligand binding
induces trimerisation of the receptor and subsequent binding of the adapter molecule TRADD.

THF

|
|
||
THER1 ',_:_:._;
L

|- i

=7
A
K
Kn .
- i
w

Fig.I-2: Survival and death signalling pathways
from the TNFR1. (For details see text). (Mod. [14])

In survivd sgndling, TRADD functions as a plaform
adapter that attracts severa adapter molecules to the
activated receptor: The binding of TRAF2 (TNFR
asociated  factor-2) and  RIP  (receptor -interacting
protein) [14] dimulae pathways leading to the
activetion of NF-kB and INK/AP-1 [27], as opposed
to the desth pahway engaged by FADD binding.
TRAF2 and RIP activate NIK (NFkB-indudng
kinasg), which in turn activates the IkB (inhibitor of
kB) kinese complex, IKK [28] [29. IKK
phosphorylates 1kB, leading to 1kB ubiquitingtion and
subsequent  degradation, thereby liberating NF-kB  and
dlowing it to trandocate to the nudeus where it is able
to ectivate gene transcription [30]. The transcriptiond
targets of NF-kB indude the Bd-2 pro-survivd
homologues Bd-xL, Bfl/Aland Nrl3, as wdl as
many transcription  factors, growth fectors  and
cytokines[31].



The pathway leading from TRAF2 and RIP recruitment to JNK activation occurs through
a different sequence of events than that resulting in NFkB activation. The sgnd is transduced
via a cascade involving the MAP (mitogenactivated protein) 3 kinases MEKK1 (MAP/Erk
kinase kinase-1), JINKK (Jun N-termind Kinase Kinasg), and the nuclear shuttle kinase INK [32]
[33]. MEKK1 is rdaed to NIK, ard has been implicated in this pathway because a dominant
negative MEKK1 has been shown to block TNF medigted INK activation. INK is typicaly
activated by a wide variety of gimuli, including physcd and chemicd dress as wel as TNF and
other cytokines[34].

Interestingly however, of the two INK Kinases MKK4 and MKK7, only the ldter is
activated in response to TNF dimulation [35]. In addition to MEKK1, MKK4 and MKK7 ae
targeted by other members of the MAP3K (MAP Kinase Kinase Kinasss): Amongst these are
AXK-1 (gpoptoss sgnd-regulating kinese) [36], TAK-1 (TGF-b-activating kinese) [37], ad
MLK3 (mixed lineage kinase 3) [38]. Accordingly, the pathway leading from TNFR1 to INK
might indude a leest TRADD, TRAF 2, and a MAP3K. The sgnd is tranamitted via INK to the
nudeus, where the regulation of nove gene expresson takes place through the phosphorylation
of transription factors bdonging to the AP-1 family. The phosphorylation tekes place within
ther activation domans leading to an increesed transcriptiond  activity possibly  through
enhanced ability of AP-1 factors [39]. The transcriptiond targets for NF-kB and AP-1 indude
the Bd-2 prosurvivd homologues Bd-xL, Bfl/Aland Nrl3, as wdl a many transoription
factors, growth factors and cytokines c-1APL, ¢c-IAP2, TRAF1 and TRAR2 [31] [4]].

|.4.2. Receptor tyrosine kinase signalling

The RPTK (receptor protein tyrosine kinase) family is a diverse group of transmenbrane proteins
with ligand simulatable PTK (protein tyrosne kinase) cadytic activity through tyrosne
auto/trans-phosphorylation. Catdytic activity is dther intrindc to the receptor or is mediated
through asodaing molecules Upon  ligegnd  binding, many cytoplasmic  sgndling  proteins
containing SH2 (Sc homology-2) and PTB (protein tyrosne-binding) domains congregate a the
receptor, initigting a cascade of sgndling events. A great ded of interes has been focused on
both the receptor and cytosolic PTKs snce many are known oncogenes. The outcome of signd
trangduction through RPTKs very much depends on the ligand and receptor type [41]. In PC12
cdls for example EGFHEGFR binding rexults in prolferation, wherees NGF binding to Trk
receptors leads to differentiation, both events teking place through RPTK-Ras-MAPK sgndling



[42]. For a long time it was believed that the contribution that these proteins made to oncogeness
was by dgegulaing mitogenic dgndling, via ResRaf-MEK-ERK, leading to increased
proliferation. However, RPTKs have been shown to contribute to these plethora of cytoplasmic
PTKs recruited ether directly or via adapter proteins [43]. Of particular interet was the
revdation tha such dgndling events could adso lead to the activation, or neutrdisation of certain
key apoptotic molecules such as BAD or Bd-2 through phosphorylaion via downdream
effectors such as Raf and PI3K [44] [49. This goes beyond orchedrating the transcriptiond up-
regulation of antigpoptotic genes, providing a further advantage to the cdl in terms of repdling

any atempt at gpoptoss.

1.4.3. Interleukin-3 and its receptor

IL-3 is cgpable of inducing growth and differentiation of both multipotentid haematopoietic sem
cdls and mecrophages, erythrocytes and lymphoid cdls but can adso support the proliferation of
murine cdl lines with the properties of multi-potentid progenitors. Unlike RPTKs however, the
cytoplasmic regions contain no detectable catdytic domain. Neverthdess evidence suggeds that
the sgnd transduction from IL-3 receptors involve tyrosne phosphorylaion. The [L-3 receptor
condsts of an a and a b subunit, and sgndling is achieved by recruiting numerous and varied
tyroane or serinethreonine kinases, adapter/docking proteins, eventudly leading to the activation
of transcription factors. Examples of the later are the JAKs (Janus kinases), which phosphorylate
tyroanes on the receptor thereby dlowing a transoription factor, termed STAT (dgnd
transducers and activators of transcription) to be recruited. The STATs bind a the phosphoryled
receptor tyrodnes, becoming themsdves phosphorylated by JAKS, subsequently dissociating and
initiating the transcription of genes controlling proliferation and surviva [46] [47].

In an andogous fashion with the RPTKs IL-3 receptor dgndling dso results in the
activation of classcd mitogenic pathway [48], as wdl as the Sc-PI3K-Akt pathway [49] [50]
[45]. Upon dimuldion, tyrodne phosphylation on the b chain leads to SHC recruitment via its
PTB doman. SHC and Gb2 form a tenary complex dlowing the guanine nudectide exchange
factor Sos to bind. The sgnd is then passed on via Ras to the mitogenic kinase cascade. The
PI3K ds0 binds a the b chain region where Ras is recruited, probably via an dterndive adapter
molecule, where it can trangmit the sgnd to Akt after I1L-3 binding [46]. This receptor system
can d enhance the survivd potentid of the cdl by influencing the function of gpoptoss



regulatory molecules mediated in paticula by Raf and Akt, both directly & the mitochondria
and viatranscription [44] [45].

1.5. Anti-apoptotic molecules

The ggndling pathways that regulae cdl survivd cen directly and indirectly target molecules,
which are cgpable of hdting the desth process by its teeth. Much of our understanding of these
molecules, and ther mechaniams of direct cagpase inhibition, come from obsarvaions meade
during virus infection. As a means of defence againg virus infection, cels commit suicide and
die via gooptods in order to bendfit the whole organism. Some viruses, in the meantime, have
themsdves developed effective means of <df-preservaion [51]. In the genome of the
baculovirus, an insect virus, two independent genes coding for proteins that can directly inhibit
hogt cagpases have been identified. The proteins, named P35 [52] and IAP (inhibitor of apoptoss
protein) [53], are adle to inhibit the cagpases of many organiams incduding nemaodes, flies and
mammas. Additiondly, the cowpox virus has a gene coding for the cytokine response modifier
(crmA), a sarpin which not only blocks host apoptoss by impeding cagpase-8 activity, but is dso
cgpable of intefeing with the hogt inflanmatory response by binding to caspasel [54].
Although dl three of these proteins can exet ther effects in many different species and cdl
types, only one is conserved throughout evolution.

[.6. The inhibitor of apoptosis proteins

Snce the discovery of the firgd IAP in baculoviruses, a multitude of rdaed protens have been
described in virtudly dl eukaryotes, as wdl as in other viruses In addition to ther presence in
these organisms ther scope of function and activity has adso diversfied with evolution. The
investigetion of thar importance in cdl surviva sgndling has intendfied greatly in recent years
with the observetion that in humans, AP mafunction contributes to various diseases.

The identifying characteridic of the IAP family members lies not sngulaly in ther
ability to prevent apoptoss, but rether in the presence of a key doman within ther dructure
This novd domain, termed the baculovirus IAP repeat (BIR), has a core presence and spacing of
cydene and hididine resdues (CxoCxgWxsDxsHxsC) at the N-terminus, which has been



identified as a novd zinc-binding fod [S5]. Membership of this family requires the presence of
a least one of these domains, dthough severd IAPs contain as many as three. In addition to the
BIR domain, a number of IAPs contan a carboxyl-teemind RING zinc finger doman. Some
IAPs ds0 posess a caspase recruitment domain (CARD), dso present in many of the adapter
molecules contralling gpoptods Sgnalling.
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Fig.I-3: Structures of the IAP /BIR containing protein family. 1AP proteins from many species are represented,
and their various domains are highlighted. The BIR is shaded black, the CARD grey, the RING red, and the
ubiquitin-conjugating domain (UBC) is chequered. The amino acid length is indicated on the top right of each

protein. (mod.[56]).

At leed seven human IAPs have been described dready, as wel as severd mammadian
homologues an avian homologue ITA (inhibitor of T-cel apoptoss), two Drosophila 1APS
(DIAPL and DIAP2), two Caenorhabditis elegans members (CaAPL and CeAP2), one from
eech of the fisson yeast Schizosaccharomyces pombe and the budding yeast Saccharomyces
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cerevisae (SpIAP and SCIAP) [56]. Such is the a@undance of these molecules that constant

stream of new |AP members continue to gppear in the literature.

1.6.1. Regulation of |AP expression

As previoudy described, TNFR1 triggers NFKB adtivaion upon TNF ligand binding, leading to
nuclear trandocation and transcription of important cdl survivd molecules.  The expresson of a
leest two of the human IAPs, c-IAPL and c-lAP2, is transcriptiondly regulated via the TNF-R1-
NFkB pahway [57]. Interestingly TRAF1 and TRAF2, which play a very important role in TNF
cdl survival dgndling, ae dso gene targets of NFkB, and must be expressed with clAPs 1 and
-2 to prevent TNF mediated gpoptoss [40]. The tissue digribution of c-lIAPL and c-IAP2 appear
to be gmilar, found mog highly expressed in kidney, smdl intesine lung and liver, and only
weekly expressed in the centrd nervous sysem [58]. The neurond IAP (NAIP) dso shows a
redricted expresson, detectable only in liver, placenta and brain [6]. In contragt, the X-linked
IAP (XIAP) appears to be expressed a the RNA levd in virtudly every adult and foetd tissue
examined, except peiphed blood leukocytes [59). Very recently however, dosr inspection
reveded the regulation of XIAP protein expresson to be more complex than that of IAPs 1 and 2,
being controlled a the level of trandation initigtion. There is a 162-nudectide internd  ribosoma
entry dte (IRES) sequence located in the 5 untrandated region (UTR) of XIAP mRNA, and this
sequence is essentid for capdependent trandation of XIAP [60]. Furthermore, the IRES-
mediated trandation of XIAP mMRNA is resgant to represson of protein synthess tha
accompanies cdlular dress such as serum deprivation or g irradigion [60]. This suggedts that the
modulation of XIAP expression is beneficd for the cdl during gpoptotic sgndling.

Although the expresson of IAP proteins in cancer has only recently been touched upon, a
picture is emerging of eroneous IAP expresson playing a Sgnificant role in the survivd of
mdignant cdls For example, higher levels of XIAP proten has an adverse prognogic
ggnificance for paients with acute myeoid leukeemia (AML) [61], and the expresson of
Survivin in oesophaged cancer seems to corrdate with poor prognoss and respondveness to
treetment [62]. The oppodste may dso be true eg. in degenerdive diseases, where a lack of IAP
can contribute to dissese. In the inherited dissese spind muscular arophy  (SMA), NAIP was
identified as a candidate gene by virtue of its deletion together with another gene Im, resulting
in enhanced neurond deeth possibly through unchecked caspese activity [6].

1.6.2. IAP involvement in signal transduction
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The human c-IAPL and cIAP2 were origindly doned through ther associaion with TNF-R2
receptor complexes [58] [63]. The proteins responsible for recruiting the 1APs are TRAFL and
TRAF2, which form heterocomplexes, since the IAPs do not interact directly with the receptor.
The TNF-R1 ds0 binds TRAFs 1 and 2, and it would be reasoneble to assume that the I1APs play
a rde in surviva dgndling via both these receptors. As dready noted, these molecules are N~
kB target genes via sgndling from the TNFR1. Furthermore, overexpresson of ¢lIAP2 can dso
leed to NFkB ectivation [57]. The observation that these c-lAP2 activities can be blocked by a
dominant form of [-kB which is resgant to TNF mediaed degradaion, would tend to suggest
that a podtive feedback loop exigs via the TNF-R1-NF-kB signd cascade and IAP gene
transcription [40]. Interestingly, dthough TNF can activate caspase8 via the TNFRL, this rardy
leeds to cdl death unless protein synthess inhibitors are gpplied, suggeding that only in the
absence of NF-kB target gene trandation is TNF cytotoxic.

Further evidence linking IAPs to NFkB came with the observation that in endothdid
cdls XIAP overexpresson leads to NFKkB activaion, increesed p65 nudear locdistion, and
enhanced |kB degraddtion [64]. In dissecting this observetion, it seems tha XIAP activates
IKK2, via a pahway requiring NIK but not MEKK1, and moreover invalving the MAP3K
TAK1 This last observation complemented earlier findings that IAP family members can play an
additiond role in 9gndlling cascades unrdlated to the TNF pathway.

XIAP can act as a mediator of bone morphogenic proten (BMP) sgndling, by linking the
intracdlular  domain of the BMP-receptor 1A to the dggndling modulaor TABL1 which
subsequently  recruits and activates TAKL [65]. This activity is wel consarved, snce one of the
ealies findings described the Drosophila IAPs, dIAP-1 and dIAP-2/dILP, as TkV-interacting
(Thickveing) proteins in a two-hybrid screen. TkV is a type | serine-threonine kinase receptor
homologous to the BMP type | receptor [66]. Another study aso showed that XIAP could play a
role in MAPK ggnd transduction. In this case, overexpresson of XIAP led specificdly to the
activation of INK1, and not INK2 or any other MAPK, and that this activation was necessary to
block procaspasel mediated gooptoss [67]. This accumulation of evidence drengthens the case
for IAPs as multifunctiond proteins, manoeuvring the cel away from agpoptoss through multiple
ggnd tranduction pathways whils dso cgpable of directly neutrdisng the cdl’'s deah
effectors.

During the preparation of this dissertation, a thrilling new report highlighted exactly this
dexterity of XIAP. This report placed XIAP a a centrd location for co-ordinating sgndling from
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the TGF-b type | receptor for the activation of transcription, as well as for the activation of both
NK ad NF-kB. The introduction of a dominant negative mutant of Smadd4, a key player in
TGF-b ggndling, completdy abolished theses adtiviies However, the introduction of this
Smad4 mutant had no effect on XIAP anti-caspase activity [68]. Some of the pathways in which
IAPs play an important role are summarised in Fg.l-4.
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Fig.-4: The possble IAP interactions within the cell and involvement in apoptosis regulating signal
transduction pathways. Many human and Drosophila IAPs have been shown to directly block caspase 3, 7 and 9
activity. IAPs may aso influence NFkB and JNK signal transduction pathways through TNFR1- and TNFR2-type
cytokine receptors. Very recently, XIAP has been shown to be involved directly with TGF-b- and BMPR-signalling,
both in humans and Drosophila. Many of these assigned functions are however preliminary, and require verification.
(Mod. [56])

1.6.3. IAPs and direct caspase inhibition

The origind discovery of the baculovirus IAP as an gpoptoss inhibitory molecule naturdly led to
extensve invedigdion to determine a which leve this inhibition took place It soon became
clear that the IAPs were a mgor modulator of cagpase activity. One of the earliet observations
characterised XIAP as a molecule that could not only inhibit caspase activity but dso bound
cagpases 3 and 7 directly in vitro [69]. The growth in knowledge about XIAP function occurred
hand in hand with an increesed underdanding of the cdlula desth machinery, in paticular the
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circumgtances under which the caspases are activated. Many recent discoveries illugrate the
complexity axd the fine bdaxe regquired in mantaning tisue homeodass.

Whilg c-IAP1 and c-IAP2 have been shown to prevent binding and activation of caspase
8 to the TNF receptor [40], they can dso bind to and inhibit the effector caspases. Smilarly,
dthough XIAP is a hridging protein a the receptor levd in TGF-b and BMP receptor sgndling,
it too inhibits effector caspases. Indeed, XIAP, clAP-1, dAP-2 and even Survivin have been
shown to bind and potently inhibit cagpases 37 and 9 [69] [70], but not caspases 6, 10 or 8§,
meking the 1APs the only know cdlular inhibitor of cagpases which target the enzymes directly,
rather than indirectly affecting their activation. The gpecific regions responsble for this caspase
binding have dso recently been solved by cydd dructure andyss. Interestingly, binding to
cagpases 3 and 7 requires BIR2 and the flanking ‘linker’ region of XIAP [71] [72], whilst caspase
9 recruitment tekes place viaBIR3 [55].

As dready menttioned, apoptoss ggndling via the mitochondrid pathway involves
formation of the agpoptosome, containing a number of different molecules, induding cytochrome
¢, dATP/ATP, Apaf-1, and caspase9. The intimate involvement of XIAP with cagpases made it
somewhat unsurprisng that the process of caspase inhibition could adso teke place a the
gooptosome.  Beyond the aforementioned molecules, XIAP was dso found within  the
gpoptosome, in association with processed caspases9 and —3. Furthermore, XIAP was shown to
interact directly with Apaf-1, and was patidly regpongble for mantaining active cagpase-3
within the complex [73]. These observations shed further light on the effectiveness of AP
mediated cagpase inhibition, Snce by keeping the active effector caspases imprisoned within the
gpoptosome, cdl destruction cannot take place.

[.6.4. Regulation of | AP function

Ingghts gained from the Drosophila sysem suggested that IAPs are subjected to regulation by
cdlular proteins. The Drosophila 1APs, DIAP-1 and DIAP-2, as wdl as the baculovirus IAPs
OplAP and CplAP have been shown to interact with a number of cel death proteins. These
include the gptly named Regper (RPR), GRIM, HID and DOOM [74] [75]. Expresson of these
genes promotes gpoptosis that can be suppressed by coexpresson of the vird or Drosophila
IAPs. Indeed RPR, HID and GRIM dl contain a 14 amino acid sequence necessary and sufficient
for inducing gpoptoss and for binding IAPs. This suggeds tha it is the binding and subsequent
neutrdisation of IAPs by these desth molecules that dlows apoptods to proceed unhindered [76].
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It is posshble to envisage a mechanism whereby these desth molecules capture 1APs dlowing the
I AP inhibitable molecules such as caspases to carry out their task unopposed.

Although these Drosophila molecules ae equdly deady in mammdian cdls the
homologues thereof have yet to be identified. Very recently however, two groups of researchers
amultaneoudy discovered the putative functiond human and mouse homologues of these
Drosophila regulators  ~ Smac/DIABLO is a protein which resdes in the mitochondrid
intermembrane space (IMS), and is cdeaved and subsequently released into the cytosol during
gooptoss [18] [19]. Once in the cytosdl it is adle to compete for the cagpase binding domains of
the IAP proteins, and thereby antagonises IAP anti-cagpase function in much the same way as the
Drosophila death-inducing proteins. Specificdly, this binding tekes place & BIRs 2 and 3 of
XIAP, through a tetrgpeptide motif at the N-terminus of Smac/DIABLO (AVPI) which is ds0
present on processed caspase-9 (ATPF) [77] [78] [79. In concordance with RPR, HID and
GRIM, Smac/DIABLO is dso ade to induce cdl desth when overexpressed in cdls The
authenticity of Smac/DIABLO as a functiond anadogue was hotly contested very recently, when
ancther group could show that Smac/DIABLO exids as multiple splice variants (Smac b, Smac g
Smac d), and that even a variant lacking the IAP-binding domain was able to potentiate apoptoss
to the same extent as Smac. Although it seems clear tha Smac/DIABLO does play an important
role in regulaing IAP function, its main pro-gpoptotic function may be due to a mechanism other
then IAP binding [80].

[.6.5. The |lAP RING domain.

The BIR domains of IAP proteins have receved the greatest atention in regard to understanding
thar functiond rdevance. However, the RING finger domain, present in most IAP members,
adso makes an important contribution to their celular roles Until recently, no specific function
had been ascribed to RING finger domains, other than an involvement in dimerisation, dthough a
large number of unrdated proteins possess such a domain. This changed with the redisation that
RING finger protens play citicd roles in mediaing the trander of ubiquitin (Ub) both to
heterologous substrates as wdl as to the RING finger proteins themsdves. Protein ubiquitination
involves the sequentid action of Ub adtivaing enzyme (E1), a Ub conjugaing enzyme (E2), and
a Ub proten ligae (E3), leading to the trander of Ub, and formaion of multi-Ub chains on
protens. These multi-Ub chans ae potent targeting Sgnds for protein  degradeion in
proteasomes [81]. Indeed, the RING domains of XIAP, ¢lAPL [82] ad c-IAP2 [83] have been



show to cadyse their own ubiquitination, indicating that they may dso play an important role in
«df-regulation of ther abundance and activity. Whether 1APs are dso dble to catdyse the
ubiquitination of other molecules, and what these subgtrates may be, is ill undear.

In addition to this Ub ligase activity, the RING finger domain is important in mediating an
dternative ggndling event. XIAP was identified in connection with BMP sgndling, by virtue of
its interaction with the intracdlular domain of the BMPR-1A in a twohybrid screen. Since this
interaction took place via the RING doman of XIAP, there is dealy more to it than soldy
ubiquitination. Furthermore, binding via the RING doman enabled TAB1 to bind to the BIR
domans forming a bridging complex recruiting the sSgnd transducer TAK1 [65]. The functiond
vasiility of the RING doman dealy suggests a broader spectrum of potentid targets il
awaits discovery.

I.7. The Bcl-2 family in apoptosis regulation

Ancther group of protens important in the regulaion of apoptoss is the Bd-2 family. Thee
proteins aso regulate an ancient cdl death pathway, present in nematode worms, Drosophila and
mammas. This diverse protein family can be divided into three didinct groups Bd-2 and its
close rdaives inhibit apoptoss whereas dructurdly dmilar rdaives such as BAX, and more
digant members such as BAD, ae abiters of cel death. These opposng groups govern the
commitment of a cdl whether to undergo gpoptoss or not, with their focus of activity manly &
the mitochondria The Bcd2 family is one of the mgor groups of proteins which determine

whether the apoptosome can assemble.
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Fig.l-5: A cross section of some of anti-apoptotic and pro-apoptotic Bcl-2 members. Bcl-2 homology regions
(BH1-4) are denoted, asisthe carboxyl-terminal hydrophobic transmembrane (TM) domain. (Mod. [85])
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Although the mechaniam is not entirdy dear, Bd2 family members gopear to play a role in
mantaning or digupting mitochondrid membrane integrity.  Agan, protein domans contribute
dgnificantly to this The Bd-2 and Bax subfamilies share three of the four BH (Bd-2 homology)
seguence matifs and can assume a dmilar conformation, wherees members of the third
ubfamily share only the BH3 doman. Some members of the Bck2 family and the domains they
contain are described in Figl-5. These domans and Most members of the Bd-2/Bax family
possess a hydrophobic C-termind  ssgment  which fadlitates  thelr  interaction  with  the
endoplasmic reticulum (ER), nudear enveope, and in paticular the outer mitochondriad
membrane. The anti-gpoptotic members normdly resde a the mitochondria, and mogt others
assemble during the process of gpoptosis.
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Fig.-6: A modd of apoptotic and growth factor survival signalling pathways involving the Bcl-2 members.
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pl5 BID subsequently translocates to the mitochondria resulting in the release of cytochrome c. Cytochrome c
release sets off a set of events leading to apoptosome formation and ensuing caspase cascade activation. Activation
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molecules such as Raf and Akt, which are in turn able to phosphorylate BAD. This removes BAD from the
mitochondria, where it usually exerts its pro-apoptotic effects. Withdrawal of the growth factor returns BAD and
induces the transl ocation of BA X to the mitochrondria. (Mod.[85]).
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Bd-2 overexpresson is ale to prevent mitochondrid disturbances associated with gpoptoss,
such as pH change, membrane permesbility and outer membrane integrity, and thereby prevent
the escgpe of apotogenic molecules from the IMS and subsequent downdream gpoptosome
formation [84] [85].

An important means of controlling some of the progpoptotic dements relies on signd
transduction via growth factor/ cytokine receptors, described in earlier chepters. As mentioned in
previous sections, phosphorylation of BAD a the mitochondria by the Reaf kinase neutrdises its
function by dlowing the adgpter molecule 14-33 to bind and abrogate its pro-gpoptotic
capebility [44]. Smilaly, Activated AKT initistes 14-3-3 binding by phosphorylaing BAD &
srines-136 and —112, a consensus Stes bearing the motif RXRXXST, in dimulaed cdls [86]
[45]. Denid or deprivaion of the GF however has dire consequences for the cdl, dlowing BAX
and BAD to promote cdl deeth [46]. Depicted in Fg.l is a summay of some of the sgndling
pathways which converge on the mitochondria, highlighting the interplay between these cascades
and Bd-2 protens. It is dear tha many dgndling events are important in determining cdl fate
[87], and certtanly Raf and AKT may be cgpable of targeting other mitochondrid associated
protens (V. LeMdlay, persond communication). One useful modd cdl sysem often employed
in the sudy of GF deprivation is the 32D promydoid leukaemic cdl line These cdls may be
maintained undifferenticted in cdl culture by supplementation of the medium with the essentid
growth fector Interleukin-3 [83]. However, GF withdrawa results in induction of gpoptoss,
which can be deayed by forced expresson ether of the anti-apoptotic Bdl-2 proteins or by
moleculesinvolved in the Sgnd transduction events [89] [90].

1.8. NRAGE and the p75 neurotrophin receptor

Neurotrophins exert ther effect by binding two types of cdl surface receptors. The Trk receptors
are receptor tyrosne kinases, wheress the second type of neurotrophin receptor belongs to the
TNF receptor superfamily and is known as the p75 neurotrophin receptor (p75NTR). Although
there is a cetan amount of cooperation between the two receptors, the precise physica
arangement of the p/5NTR with the Trk receptors is unknown, and hboth receptors co-digtribute
on cdl surfaces. Whereas the Trk receptors are predominantly involved in survivd, proliferation
and differentiation dgndling, the evidence suggests that the p7SNTR tends to dicit cdl deeth
sgnds, as severd dudies have shown in vitro and in vivo [91] [92]. However, the mechaniam by
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which this occurs is generdly unknown. In accordance with other TNF receptors, sgndling via
the p7/SNTR ds0 rexults in INK and NF-kB adtivation, and dthough the mechaniam is agan
rather vague, the involvement of TRAF molecules has been hinted a [93]. Further efforts aimed
a defining the effector molecules of p7SNTR gooptotic sgndling reveded BAX [65], some

caspases ad the Fasassociated phosphatase-1 [94]. New data has dso shown the recruitment of
the RhoA GTPase to the pseudo-desth domain of p7/ANTR [95)].
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(black line) and the death domain (grey rectangle). SC-1, NRIF and NRAGE have been identified as directly binding
to the receptor, and have been shown to play role in NGF-p75NTR mediated apoptosis. The solid arrows represent
experimental observations, whilst the broken arrows are hypothetical. (from Trends in Neuroscience)

Ancther line of experimentd evidence puts forward the posshility that gpoptoss is a
sconday  effect cause by the inteference with cdl cyde progresson. Retind  neurones
overexpress cydin B2 dter NGF dimulaion in vitro, and reenter the cel cycle before any cdl
desth occurs [96]. A possble link between cydin B2 and desth is the tumour suppressr gene
p53, which as been shown to medige p7/SNTR induced gpoptoss [97]. Further evidence for this
line of thought comes from a newly described p75NTR-interacting protein. SC-1 was shown to
interact with the intracdlular domain of the p7SNTR, and trandocated to the nucleus after NGF
bindng [98]. Whils SC-1 had no effect on gpoptoss, the newly identified neurotrophin receptor
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interacting factor (NRIF), a zinc finger protein, actively participated in cel desth [99]. It has not
been determined however, if thisinvolves cdl cyde disruption or not.

Lae last year came the identification of NRAGE, the neurotrophin-receptor interacting
MAGE homologue, in a two-hybrid screen with the receptor’'s intracdlular domain (see FHg.l-7).
Recondiitution experiments usng the sympato-adrend MAH cdl line, which does not express
Trk, p/ANTR o NRAGE, dhowed that the formaion of p75-NRAGE and p7/5NTR-TrkA
complexes ae mutudly excdusve, and tha the expresson of both p7/SNTR and NRAGE were
necessay to convey the agpoptotic ggnd after NGF gimulation. Interestingly, NRAGE did not
bind the desth doman, but raher an 80 amino add juxtamembrane doman. Furthermore,
dimulation of PC12nnr5 cdls (a mutant cdl line lacking Trk receptors) with NGF resulted in a
shift of endogenous NRAGE to the plasmdemma cdl fraction, dthough the expresson in cytosol
and nucdear fraction remaned condant. In addition, trandent overexpresson of NRAGE in
HEK293 cdls ds0 seemed to gdrongly retard cel cycle progresson [100]. Thus NRAGE was
shown asanove link between receptor sgndling and gpoptoss pathways



1.9. Experimental design and aim of the project

At the beginning of my doctord thess very little was known dout how IAPs peformed ther
degth-inhibitory roles The ealy indications were that I1APs could effectivdly neutraise caspase
activity via direct binding [69]. Obsavations made in our group indeed showed tha the
expresson of ITA, the avian IAP homologue, could prevent TNF induced agpoptoss in PC12
cdls dbat by an unknown mechanism [101]. This showed that despite the species disparity, 1AP
protens mantan a very drong functiond conservation, in addition to a high dructurd smilarity.
This had been previoudy indicaed for Drosophila and vird [APs [75]. A more unexpected
findng was tha ITA dso blocked NGF mediated differentiation in these cdls [101]. This
implicated IAPs in a previoudy undescribed cdlular  function. Furthermore, ITA co
immunoprecipitated with Raf, a key player in the mitogenic 9gnd transduction cascade. That Raf
and ITA did not interact in the twohybrid sysem suggested other molecules might be important
in these processes.

In order to understand a what levd ITA intefered with these processes, a yesst two
hybrid screen was the chosen method. This technique had proved invauable in identifying nove
protein interactions and discovering new genes. Since the observations from our group indicated
that ITA could intercept celular Sgnds in PC12 cdls, the library chosen for the screen was
derived from a PC12 cdls [101]. It is of course possble a lesst in pat, to predict the outcome of
such a screen given the avalable knowledge on [AP-interacting proteins [58] [102] [69] [101].
The mog interesting interactions are however those which are unpredictable. The result of this
streen and subsequent andyses of nove  |AP-interacting  proteins, their roles in gpoptoss
signdling, and their influence on cdll death will be described in the following chapter.
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RESULTS

[I-1 The identification of a novel IAP interacting protein

The yeast two-hybrid screen is a veary useful tool for identifying nove interactions, but this is
only if certain criteria are met. It is therefore important to optimise three conditions that lead to a
successful screen. Firdly, the expresson of a large exogenous protein in yeest cdls can lead to
cytotoxicity, even if the proten itsdf is under norma crcumstances nonttoxic. In this case,
Ga4DB-ITA was found not to be toxic, and yeest cels were adle to grow unhindered by the
expresson of the "bat" condruct (data not shown). Secondly, the Ga4DB-ITA fuson protein
should not autonomoudy ectivate any of the reporter genes in the yeest cdls ether when
expressed done or when co-expressed with the "prey” vector. The transformed yeest were unable
to grow under -LEU-TRP-HIS sdection conditions when singly expressng the fuson protein or
when the prey vector was co-expressed (data not shown). Findly, it is criticd thet the bat fusion
protein is expressed in the yeast cdls dfter transformation with the plasmid DNA. Yesst protein
lysates trandformed with Ga4DB-ITA or Ga4DB were subjected to SDSPAGE, trandferred to
nitrocelulose, and immunoblotted with an alTA antibody. Fig. 11-1 shows the expresson of the
G4a4DB-ITA fudon protein in the yeast drain HF/7c. This yeast drain has a wesk promoter in the
reporter genes reducing the likdihood of non-specific reporter gene activation. Therefore the
initid criteriawere met to confidently proceed with atwaohybrid screen (Clontech).

The result of the screen is described in table 11-1. The andyss of these dones, i.e ther
identification, ther authenticity as IAP-binding protens and their functiond rdevance will be
described in this section of the dissartation.
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Fig. I1-1: The Gal4DB-ITA fusion protein is expressed in yeast Yeast were transformed with either pPC97 or

pPC97-ITA, and grown in selective culture media for 48 hrs, then lysed and electrophoresed on a 10% denaturing
polyacrylamide gel and then transferred to nitrocellulose. The membrane was probed with an al TA antibody. A band
representing Gal4DB-ITA can be seenin pPC97-ITA expressing yeast but not pPC97 containing yeast.



[I-1.1 The result of the two -hybrid screen

Reporter yeast-grain: HF7c

Source of the cDNA Library: Mitatic rat PC12 cdlls
Bat-vector: pPCI7 ITA
Cotrandformation efficiency: 500 cfu/ ug DNA
Amount of Library-plasmid used: 2400ng
Number of screened clones: 3.6x 10°
Number of times through library: 0.5
HIS-postive dones (diameter > 2mm): 32
b-Ga-paodtive 8
Pogitives after elimination of false postives: 3

Table |1-1: The yeast two-hybrid screen results in 3 genuine positive clones. HF7c yeast strain was transformed
first with the bait plasmid, and then with the library plasmids, at an efficiency of 500cfu/mgDNA. 3.6 10

independent clones were screened, from a library with a complexity of roughly 7.5 10° independent clones,
indicating that roughly half the library was screened. 32 clones were able to grow on the triple nutrient marker
deficient plates, and of these 8 wereb-gal positive. Finally, after retransformation, 3 genuine positives remained.

The yeast two-hybrid screen resulted in 32 -LeuTrp-His pogtives colonies.  Of these, 8 turned
bue in the b-gdactosdase assay. The ,prey* plasmids from these b-gdactosdase postive
clones were then recovered by picking the yeest colonies 4ill contaning both plamids and
growing in liquid culture with TRP1 deficient media This causes redundancy and therefore loss
of the Leu2 nutrient maker-contaning bat vector. The plasmids were then isolated and
resriction andyds was performed to didinguish the prey vectors from the resdud bat vector.
Thee were then retrandformed into the yeest in padld with control transformations. This
procedure further diminated 5 fdse pogtives leaving 3 genuine postive interections from the
screen that interacted specificaly with ITA, and not with the bat vector. These ¢cDNA clones
were then amplified in bacteria, reisolated, and subjected to sequence andyss.

Upon receipt of the DNA sequences, each clone was trandaed into its corresponding
amino acid sequence. The correct reading frame was derived from the reading frame of the
Ga4AD, snce thexe prey cones should code for fuson proteins without any termination sgnds
between the AD and the first amino acid of the protein of interest. All three clones were found to
contain full open reading frames (ORFS). These rexults were obtaned usng the Lasergene
Navigator software package. Next, the cDNAs could be identified usng the Nationd Center for
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Biotechnology Information (NCBI) Badc Locd Alignment Seach Tool (BLAST) program.
BLAST is a poweful andyticd tool which compares a given nudleotide sequence agang other
nucleotide sequences dored in a database The fird search using the non-redundant database
containing previoudy identified cDNAs proved negdive for dl three dones This suggested that
none of the interacting cDNAs had been previoudy described. The sequences were then
submitted to a database containing "expressed sequence tags' (ESTS), which are collections of
sequences of short reverse transcribed  MRNAS, randomly generated and  sequenced.  This
database returned severd hits for each clone, indicating that dl three cDNAs were previoudy
undescribed, but nevertheless genuinely expressed genes.

20 30 40 50 60
DN GCTAGTCCCCAGAGTTCACAGCCCCCAACTGCCAATGAGATGGCTGACATTCAGGTTTCA 68

A°'S PQ S S Q P P T A NE M A D I Q V s

A S P Q S S Q P P T A N E K A D T E VvV S
THC GCTAGTCCCCAGAGTTCACAGCCCCCAACTGCCAATGAGAAGGCTGATACTGAGGTTTCA 252

200 210 220 230 240 250

70 80 90 100 110 120
DN GCAGCTGCCGCTAGG---CTAAGTCAGCCTTTAAAGTCCAGAATGCCACCACAAAAGGCC 125
A A A A R L 2 S A F K vV Q N A T T K G P

AA A A R K3 T G F K A QN T T T K G P
THC GCAGCTGCTGCCAGGCCTAAG--ACAGGCTTTAAGGCCCAGAATACCACCACAAAGGGGC 310

260 270 280 290 300

Fig. 11-2: A short excerpt of the identity between THC179960 and DNRAGE. TIGR clone THC179960 (THC)
shows avery high (>95%) identity with the DNRAGE (DN) two-hybrid clones.

The Inditute of Genomic Research (TIGR) dso provides an Internet based search tool
incorporating the information about sequenced ESTs. They took this data a sep further in that
they assembled overlgoping ESTs in order to form a tentaive human consensus (THC)
"dectronic cdone'. One such done, THC179960 showed a very high identity with each of the
three cDNAs a short exet of which is shown in Fg.ll-2. THC179960 wes later identified as
NRAGE, and therefore the twohybrid dones are given the nomenclaiure “NRAGE followed by
ther molecular weight on SDSPAGE. This provided two very important pieces of information.
Firdly, this showed that the three clones from the two-hybrid screen bedong to one gene
Secondly, it meant that these were incomplete parts of a larger cDNA, as represented in Fig.ll-3.
Furthermore, dnce the twohybrid cones were pulled out of a ra library, and showed very high
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identity with the human THC179960, it is dso probable that this gene is conserved amongst

mammals ’ _2.6kb »
THC179960/ [ —— s——
NRAGE
1,0kb
e
ANRAGEpE0
L 1 Ekb Il
I 1
ANRAGEpTO |
} 1.4kb
ANRAGERBD |

Fig. 11-3: Schematic r epresentation of thethree overlapping two-hybrid clones compared with THC179960.

I1-1.2 direct yeast two-hybrid tests

The IAP family comprises many proteins with varying degrees of identity between the individud
proteins. c-IAPL, c-IAP2 and XIAP bear the grestest identity with ITA. It was therefore
interesting to see whether these IAPs dso interact with the “NRAGE dones In addition, the
neurond 1AP, NAIP, was dso teded. Interegingly, dl three two-hytrid clones interacted with
human XIAP, but not with humen c-IAPL, c-IAP2, and nather with murine NAIP. The bait
vector was added as a negative control. This indicated that the NRAGE truncated proteins
showed specificity for ITA and XIAP, as depicted in table 11-2, srengthening their case as IAP
interacting proteins.

Cotransformants Relative intensity of b-Gal test

ANRAGE +ITA +++
ANRAGE + c-IAP1 -
ANRAGE + c-IAP2 -
ANRAGE + XIAP +H+
DNRAGE + NAIP -
DNRAGE + Gd4DB -

Table 11-2. DNRAGE also interacts with human XIAP. The three two-hybrid clones interact with XIAP with the
same b-gal intensity as ITA in direct two-hybrid tests, but not with any of the other mammalian IAPs. The given

cDNAs were cotransformed in yeast and spread onto -LEU/-TRP plates and subsequently streaked out on
membranes and placed onto -LEU/-TRP/-HIS plates. After 48hrs xga tests were performed, and the relative
intensities noted after 4hrs.



[1-1.3 Mammalian two-hybrid test

The experiments described until now have been performed solely in yeast cdls It was important
that these results were repeated under more physologicad conditions For this reason, the
"mammdian twohybrid tes " was employed (Clontech). This dlowed the interaction to be tested
in higher eukaryatic cdl types, which normally express XIAP and NRAGE [69] [100].
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Fig. 114: XIAP and ?NRAGEpP60 interact in the mammalian two-hybrid system HEK 293 cdls were
transiently transfected with VP16-?NRAGEpP60 Op®°) and either the Gal4DB-vector (pM) or the Gal4DB-XIAP
(XIAP), together with a 4 17-mer Ga4DB-Luciferase reporter construct, and a CMV-bGalactosidase to control

transfection efficiency. After 24hrs, the cells were lysed and luciferase activity was measured. Values were
standardised using protein concentration and ONPG activity of the bgal construct. The values represent two

experiments performed in duplicate. The hatched boxes represent a 3:1 DNA ratio of VP16-?NRAGEp60:pM/XIAP,
whereas the solid boxes represent a 1:3 DNA ratio VP16-?NRAGEp60:pM/XI1AP. The fold induction of luciferase
activity in each test is measured against the baseline activity of pM with VP16-2NRAGEp60. The error bars denote
standard deviation.

The activation of a luciferase reporter gene can only occur when the Ga4DB and VP16
transcriptiond activator assemble  together to form a complex with this  reporter  congruct,
andogoudy with the yeast sysem (Clontech). In Fgll-4 the luciferase activities are standardised
on the vector control, and given in fold activity induced by XIAP-D. This resulted in a 45 fod
induction of luciferase activity suggesting 2NRAGE [5° can be recruited to the reporter construct
by XIAP. This induction is dso independent of the redive raios of trandected DNA of VP16
NRAGE p°:pM/pMXIAP. The outcome of this experiment provided the evidence to suggest
that this interaction was indeed as genuine for the mammdian sysem as it was for the yeest

environment.
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[I-2 The molecular cloning of the complete nrage cDNA

The largest twohybrid done was 14 kb in length, contaned an uninterrupted ORF, and did not
contain a polyadenylation sgnd. Furthermore, the dectronic cdone THC179960 had a predicted
length of 2.6 kb. Taken together, this suggested that even the largest two-hybrid done contained
merdy a truncated cDNA. Therefore it was of the utmost importance to obtain the full cDNA of

this gene for further functiond analyss.

I1-2.1 Expression and screening for nrage in S194 plasmacytoma

There ae many mehods avalable to obtan full cDNAs from incomplete sequences. These
indude gandard PCR, RACE PCR (rgpid amplification of cDNA ends) or libray screening. In
order to assess whether these were an option, an initid Northern blot was performed. Fig.ll-5
shows that these transcripts are highly expressed in the murine NIH 3T3 fibroblagt cdl line dso

in the murine S194 plasmecytomacel line.
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Fig. I1-5: the nrage mRNA is highly expressed in NIH 3T3 cells and in the S194 murine plasmacytoma cell
line. 10 ny total RNA from various cell lines was separated on a denaturing 1% agarose gel, and Northern blot
analysis was performed with radioactively labelled Dnragep80 probe. Strong signals were only observed with NIH
3T3and S194 RNA.

The high transript expresson in S194 cdls indicated that a bright option for obtaning the
complete ¢cDNA would be through screening a bacteridly expressed S194 c¢DNA  library
avaldble a our inditute The complete cDNA was thus isolaed from the library by colony
hybridisstion &fter seved amplification rounds, usng the largest twohybrid inset as a
radioectivdly labdled probe The origind podtive colonies ae shown in Fgll-6, and were
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derived from a dngle done. The resultant done was 2.6 kb in length, with a putative trandation
initiation sequence a its 5' as wdl as a polyadenylation sgnd & its 3, and a polyadenylaion tall.

Pasitive Clonas

Fig. 11-6: The full length nrage cDNA is successfully cloned from an S194 cDNA library. 1° 10° bacterial colony
forming units were plated out on 160mm agar plates, and colony hybridisation was performed using an [a->’P|dCTP
labelled DNRAGEP® probe, and finally an Xray film was overlaid on the membranes. The two initial positive
clones shown above were subjected to several rounds of enrichment until single positive bacterial clones could be
easily identified

I1-2.2 Analysis, modification and expression of the completenrage cDNA

The complete cDNA was sequenced through twice, with ambiguous or unreedable dretches re
examined to determine whether these required further sequencing with dternative primers. The
sequence information was put together usng the Lasergene Navigator software system, and a
consensus sequence incorporating the data from each sequence reaction was edtablished. The
DNA consensus sequence was then trandated into the predicted amino acid sequence, shown in
Fgll-8A. Closer ingpection reveded a number of trandation termination codons. The firg
gpeared @ amino add 29, and was folloved by a potentid trandation initigtion codon a
pogtion 47, indicating that this op codon possbly beonged to the 5 untrandated region of the
gene and was therefore legitimate. In the carboxyl-terminad region, a duger of termination
codons gopeared from amino add 792, which dso gopeared to be legitimate Surprisngly
however, the triplet 1140-1142 (responsble for aa38l) was dso a sop codon. This stop codon
was not present in the corresponding region of the dones identified in the two-hybrid screen.
This suggested thet it was ether a mutation specific for the S194 cdl ling, or that this was a DNA
polymerase proof-reading eror caused during the amplification of the cDNA libray [103]. In
order to resolve this quedion, S194 MRNA was reverse transcribed (RT), and then the region of
the cDNA where the sop codon appeared was amplified with specific primers, utilisng the
polymerase chan reaction (PCR), and then sequenced. The results of these DNA andyses are
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shown in Fgll-8B, and dearly indicate that the sop codon is due to a sngle base exchange a
podtion 1141. In the origind cDNA done pogtion 1141 is an adening flanked by 5 by a
thymine and 3 by a guanine. In the NRAGE ORF this mutaion (TAG) leads to a trandation
termination dgnd. In the RT-PCR S194 mRNA however, podtion 1141 is a guanine nudeotide,
which changes the code to a TGG, reaulting in the amino acid tryptophan. This would suggest
that a proof reading eror by the DNA polymerase during the amplification of this cDNA library
is responsible for the mutation.

It was therefore necessry to undo this erroneous nucleotide exchange, snce this would
result in the tranddion of a truncated protein. Ste directed mutageness was the method chosen
to return the adenine to a guanine nudleotide. As seen in Fig.ll-8B, this technique was successtul
in reintroducing the guanine to podtion 1141, Snce this process d involved PCR
amplification, the resultant cDNA was sequenced once again to ensure there were no further

proof-reading errors created.
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Fig. I1-7: The primary sructure of the NRAGE protein highlighting the domains of interest. The full cDNA
was translated into the corresponding amino acid sequence in order to identify possible known protein motifs. The
information from several database searches is summarised in this figure. A potential nuclear localisation signal
(NLS),a25 WQXPXX domain repeat, and a melanoma-associated antigen (MAGE) domain is represented.

wee

Having obtained the full coding sequence of this previoudy undescribed gene this wes
then resubmitted to the BLAST database, in order to see if the new sequence information would
provide some further clues as to whether this protein had any known rdatives. The results of this
new search showed that indeed the NHy-termind pat of the protein bore a high homology to a
lage proten group known a the MAGE (mdanoma associaed antigens) family.
Disgppointingly however, despite awareness of these proteins for over a decade, hady any
information was avalable regading ther physoogicd role in cdl function. Mog of the
investigative work centred on the finding that without exception, these genes and the many splice
vaiants thereof, show a highly redricted expresson pettern. The only termindly differentiated
tissue in which some of these genes are expressed are testes, whereas many tumours are known to
harbour these proteins. To such an extent that they are regarded as targets for anti-tumour therapy
[104]. This new proten contained a unique doman however, and was dgnificantly larger than
any of the MAGE proteins, which suggested it may not belong to the dasscd MAGE family, but
perhgps shares a functiond MAGE doman. This new doman condsts of an admost perfect



twenty-five times repeasted Sx amino acid sequence with the consarved WQXPXX matif. An
additional feeture of this proten was a putative nudear locdisation sgnd (NLS) just upstream of
this novel repeat region (RGKRTRK). Thee regions are highlighted in the primary dructure on
NRAGE in FHg.ll-7

A: predicted NRAGE amino acid sequence

AGAESATEPFPILLSAEEGNSEGIGVAP GKAEASVEDSALLVOTLMETIQISEAPPTSQ 60

ATAAASGPHNASPOSSOPPTANEKADTEVSAAAARPKTGFKAQNATTEKGPNDYSOAR {20
NAKEMPKNOSKAAFKSONGTPKGPHAASDFSOAAPTGKSAKKSEMAFKGONSTEKA 180
GPGTTYNFPQSPSANEMTHNOXKTAKAWNDTTKVPGADAQTONVNOAKMADVGTS 240
AGISEADGAAAQTSADGSATANVESRTIRGKATAKVNNLNVEENNSGDARRASLAS 300

GNWHSAP"I’P‘\I"I'I"EIQNFFGAPPNVLWDTFLAWGNPEGWGHGTRHWPPMHU’$FI’: 360
AROTPEAWONPVAWON WIWPNWMGNFVIWPHPIVWPGPIELFI&IFMAWDSTPG% 420

QSPPSWILPPSWDEPDDWHGPPDWQ?PFDWSHPPUWSFPSDWPFPPUWIP&BU@ 480

PIPPDWQON LHPSPN{HESENSRS{]HGGPPDPHD\PALLDE RANKLVEYLMLKDYTKY 540

PIKRSEMLRDIREYTDVYPEIERACFVLEKKFGIOLKEIDKEEHLYILISTPESLAGILGT 600
TEDTPELGLLLVILGIIFMNGNRATEAVLWEALAKMGLARPGVARHPLLGDLRKLLTYEF 660
VHOKYLDYRRVPNSNPPEYEFLWGLRSYHETSKMEVLRFIAEVOKRDPROWTACQFM 720
EAADEALDALDAAAAEAEARAEARNRNMGIGDEAVSGPWSWDDIEFELLTWDEEGDF T80

GDPWSRIPFTFWARYHONARSAFPOAFTGPIGPSGTATANFAANFGAIGFFWVE Bar

B: Analysis and modification of nucleotide 1141

Site directed
Original cDNA clone S$194 RT-PCR mutagenesis
AT ru_kqirhn.;ifn oN 11;“-.&14--.:113}. ':.;_"' ATT ﬁ-cff‘_l%;p TRy

Fig.Il-8 The predicted amino acid sequence of NRAGE, and subsequent modification of an erroneous (TAG)

stop codon. Part A shows the result of the DNA translation by Lasergene Navigator into the corresponding amino
acid sequence. The ORF isin bold type, the 25" (WQXPXX) repeat region iswritten in blue type, the MAGE domain
in red, and the stop codon is circled in turquoise. The amino acid number is shown at the end of each row. In part B,
the identification of the TAG (highlighted in turquoise) sequence in the original cDNA clone is shown, together with
the result of the sequence analysis of RT-PCR of S194 mRNA. The third panel shows the successful reversion of the
adenine at 1141 to aguanine, thereby returning the wild-type TGG sequence to NRAGE.



[1-2.3 Protein expression of NRAGE confirms successful site directed mutagenesis

In addition to the sequencing evidence, to be certain that the nrage cDNA has been correctly
mutegenised a nudeotide 1141, and that no further termination signds occurred as a result of
this, the cDNA was cdoned into the eukaryotic expresson vector PCSM2+. The twohybrid
clones and the origind cDNA were dso placed in this vector, which expresses the protein with 6
c-Myc epitopes, and then transfected into HEK293 cdls. The cdls were lysed after 48 hrs, and
20y proten from each of these lysates was subjected to SDS-PAGE, transfered to
nitrocelulose and probed with aa-Myc antibody.
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FigIl-9: Confirmation in vivo of the sequence data by Western blot analysis of trandated proteins. The
origind *NRAGE cDNA, together with the mutagenised NRAGE version and the origina two-hybrid DNRAGE
clones, were inserted into a mammalian expression vector in-frame with a myc epitope and transfected into HEK 293
cells. The cells were lysed after 48hrs, and 20ng protein was loaded on an SDSPAGE transferred to a nitrocellulose
membrane, and immunobl otted with aaMyc antibody.

The reault is shown in FHgll-9, and dearly demondraes the truncated protein in lane 3 running
just above the ungpedific band a about 55kD, whilst the protein resulting from the cDNA with
the nudeotide exchange & podtion 1141 runs much dower a aound 110kD in lane 1. The two
hybrid clones can adso be seen expressed as predicted from ther uninterrupted ORFs in lanes 2, 4
and 5. Lane 6 shows the vector trandfected negetive control, with an unspecific crossreacting
band a 55kD.

I1-2.4 Distribution of expression pattern of nrage transcriptsin adult mousetissue

The only due s0 far as to the type of family to which NRAGE bedonged came from the sequence
compaison daa usng the BLAST program. This showed a high identity between the Carboxyt
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terminus of NRAGE and the MAGE group of proteins In order to find out if the expresson
pattern of nrage correponded with that of the mage family, a multiple tissue Northern blot was
condructed from the organs of inbred mice This was then hybridised with a radiolabdled full-
length cDNA NRAGE probe. In Fg.ll-10A the result of this Northern blot is shown.
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Fig!1-10: The nrage transcript is expressed in many adult mouse tissue types. 20 ng total RNA from various
adult mouse tissues was loaded onto a denaturing formaldehyde agarose gel, blotted onto a membrane and cross
linked with UV light. For panel A, the complete NRAGE cDNA was labelled with p->P] dCTP by random primer
labelling, and hybridised O/N with the membrane. A photographic film was exposed to the membrane for two weeks,
and then developed. In panel B the RNA was visualised with ethidium bromide prior to blotting to shown equal
loading.

As with other MAGE doman containing proteins there is indeed a high levd of nrage
expression in tedis. In contragt with dl previoudy identified mage genes however, this novd
transcript is adso expressed in many other termindly differentiated adult tissue types [104]. Mot
notable is the very high expresson in bran and ovary, but expresson is aso detected in various
other organs induding kidney, liver, lung thymus and heat. Expresson was not detecteble in
sleen or thymus tissue. This indicates that nrage sill shows a redricted expresson pattern, but
much broader than that of any other previous mage gene, suggesting therefore that NRAGE is an
important protein in normd tissues It remains to be seen whether NRAGE dso plays a role in
tumours. Ancther obsarvation made from this experiment was tha nrage transcripts were of
uniform length, unlike many of the mage genes which are often expressed in multiple splice
forms[104].



I3 Investigation of the JIAP-NRAGE binding in co-immunoprecipitation
experiments

Although the reaults of the mammdian two-hybrid sysem in section 11-1.3 gave a good
indiction that the interections obsarved in the yeas twohybrid sysdem were genuing,
confirmation was required with more detailed examingtion.

I1-3.1ITA interactswith NRAGE via its RING zinc-finger domain

To indegpendently confirm  the ITA-NRAGE two-hybrid interaction,  co-immunoprecipitations
were performed. A Hag epitope was fused to in frame with the full coding sequence of NRAGE
by PCR, and then doned into the mammdian expresson vector PGEZ-IEG5. HEK293 cdls were
then cotrandfected with HA-tagged ITA, HA-ITA ddeion mutants and Hag-NRAGE. The
results are shown in FHg.l1-11

Flag-NRAGE + + + + +
HA-ITA +
HA-ARING +
HA-ABIR +
pcDNA-HA 4
A IP: uFlag aHA
135 -
itFlag WH A — — < Flag NRAGE
97 =
B
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-+ HA-ARING

- -4 HA-ABIR
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FigIl-11:1TA coprecipitates with NRAGE in mammalian cdls via its RING domain. In panel A, Flag-NRAGE
is shown to coprecipitate with HA-ITA and HA-DBIR in mammalian cell lysates (lanes 2 and 4), but not with HA-
DRING (lane 3). HEK 293 cells were transfected and proteins were immunoprecipitated after preclearing, with anti-

HA antibody as indicated, washed twice with high salt NP40 and detected after SDS-PAGE with goat polyclonal
anti-Flag antiserum. Lane 1 shows the positive NRAGE control, lane 5 the negative vector control. The

immunoblot was stripped and reprobed with the 12CA5 anti-HA antibody to show the HA -ITA proteins (Fig. 2B).
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NRAGE was immunoprecipitated and subsequently immunoblotted usng a goat  anti-Hag
attibody (Figll-11A, lane 1) a a pogtive contro. NRAGE was deectable after
immunoprecipitation with the 12CA5 HA antibody usng lysaes from HA-ITA expressng
lysates (Fig.llI-11A lane 2), but not from contral cdls (Figll-11A, lane 5). Furthermore, NRAGE
coimmunoprecipitated with an ITA ddetion condruct containing only the RING doman (Figll-
11A, lane 4), but not with the ddetion condruct containing only the BIR domans of ITA (Fgll-
11A, lane 3). Thexe interactions were able to withdand high sringency washes with 500mM
NeCl. In Fg. II-11B the presence of the immunoprecipitated ITA proteins used in the co
precipitetion expeiments (lanes 2-5) was confirmed by dripping and reprobing the same
membrane with the 12CA5 monoclond antibody. Thee expeiments demondrate that ITA
interacts with NRAGE with high &finity, and that this interaction occurs probably via ITA’s
carboxyl-termind RING zinc-finger domain.

[1-3.2 XIAP bindsto NRAGE

The same drategy was applied to confirm the XIAP-NRAGE binding. HEK293 cdls were
transently transfected with vectors expressng Hag-NRAGE and GST-XIAP, or HagNRAGE
and GST only. In Fgure 11-12A NRAGE is co-precipitated with GST-XIAP (lane 2), wheress no
coprecipiteted  protein - was  detected in  the controdl sample (lane 3). NRAGE was
immunoprecipitated and immunoblotted as a postive control (lane 1). The blot was dripped and
reprobed using the rabbit polycona XIAP antibody to visudise GST-XIAP in the lower pand.

In  Figll-12B, the reverse expaiment was peformed. GST-XIAP was co
immunoprecipitated with NRAGE (lane 2). Once agan, this interaction was dable enough to
withgand high st washing conditions (500mM  NaCl). Immunoprecipitated and  immunoblotted
GST-XIAP was used as the pogtive control (lane 2) while GST containing lysate was used as a
negative contral in this experiment (lane 3). The blots were gSripped and reprobed usng the Hag
antibody to detect tagged NRAGE. Thee experiments confirm NRAGE as a novd XIAP
interacting protein, with a strong binding &ffinity.
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Figll1-12: XIAP coprecipitates with NRAGE in mammalian cells. GST-XIAP or GST was transfected together
with Flag-NRAGE in HEK293 cells as depicted. In Fig.ll-12A, Flag-NRAGE coprecipitates with GST-XIAP in
precleared cell lysates, after immunoprecipitation with a rabbit polyclonal anti-X1AP antibody, washing twice with
high salt NP40, and subsequently detecting with goat anti-Flag antiserum (lane 2). Lane 1 shows the positive

NRAGE control, lane 3 the negative GST control. The blot was stripped and reprobed with anti-XIAP antibody. In
Fig.l1-12B, GST-XIAP coprecipitates with Flag-NRAGE in precleared transfected lysates, after immunoprecipitating
with anti Flag M2 monoclonal antibody and washing with high salt NP40 (lane 2). The immunoprecipitates were
subjected to SDS-PAGE and electroblotting, then detected with anti XIAP antibody. Lane 1 shows the positive
control GST-XIAP, and lane 3 the GST negative control. The blot was stripped and reprobed with goat anti-Flag to
detect Flag-NRAGE.

[I-4: The influence of NRAGE on apoptosis in 32D cells upon IL-3 withdrawal

[1-3 dependent 32D cdls have been wel studied with regard to the process of gpoptoss induced
by growth factor withdrawa [88] [105]. IL-3 is essentid for survivd of 32D cdls mediated
through many different dSgndling events linking the receptor to cytosolic modulators  of
gooptoss, meking this cal system a ussful mode to study apoptods|[46].



I1-4.1NRAGE expression in thel L-3 dependent 32D cell [ineaugmentsfactor withdrawal induced

apoptosis

NRAGE and vector gably transduced cdl lines were established to examine the contribution of
NRAGE to this process NRAGE expresson was determined by Western blotting (Fig.ll-13B).
The proliferation rate of these cdls was not affected by the stable integration of the retrovird
vector or NRAGE protein expresson (data not shown). Cdl surviva after 1L-3 withdrawd was
measured by trypan blue exdudon. As shown in Figll-13A the vector transduced cdls behave
identically to the parentd cdls. In contradt, expresson of NRAGE had a dramatic effect on the
kindtics of cdl death in 32D cdls  The survivd curves for NRAGE and the vector/parentd lines
diverge very early on (12hrs) and this trend continues throughout the experiment.
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Figll-13: Stable NRAGE expression greatly reduces the viability 32 D cells after IL-3 withdrawal. (A) 32D
parental, empty vector, and NRAGE transduced cells were seeded (0.5 10°) in medium lacking IL-3 into the wells
of a 24 well plate, and cell viability measured at the time points indicated by trypan blue exclusion. Fig.ll-13A is
representative of 5 experiments, each performed in duplicate, with the points of the curves being taken from two of
these experiments, measured in duplicate. Between 150-250 cells are counted per measurement. Mean values and
standard deviation (error bars) are shown. In Fig.I1-13B, the expression of Flag-NRAGE in the stable NRAGE cells
is confirmed. 20y proteins from the lysates of each cell type were subjected to Western immunoblotting with a Flag

antibody.



At the 24hr timepoint about three times as many dead cdls were obsarved with the NRAGE
expressing cdl pool. This indicates thaa NRAGE greetly accelerates the cdl desth process upon
growth factor withdrawa in this 1L-3 dependent promydoid cdl line.

I1-4.2 NRAGE binds XIAP in vivoupon IL -3 withdrawal in 32D cells.

Over a 24 hour period the interaction of NRAGE with endogenous XIAP was andysed in 32D
cdls  The binding of NRAGE with XIAP is undetectable in proliferating 32D cdls however, &
12 hours after IL-3 withdrawa an induction of binding can be observed, tralling off theresfter,
and becoming undetectable a 16 hours, as shown in Fgll-14. In an ealier experiment, the
induction was even observed after 4 hrs.
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Fig.l1-14: NRAGE binds inducibly to endogenous XIAP upon IL-3 withdrawal. NRAGE transduced cells were
washed 3 times and seeded in 20ml medium lacking IL-3 (05 ~ 10° cells/ml) in T75 culture flasks, and lysed in
NP40 buffer at £C at the indicated time points. A vector control was also taken at time 0 (C). NRAGE was
immunoprecipitated O/N at £C using the monoclonal Flag antibody (M2) coupled to 30nh protein-G agarose from
500y precleared lysate, and washed twice in high salt NP40. The IPs were subsequently immunoblotted with

aXIAP to identify any coprecipitating endogenous XIAP. The blot was then stripped and reprobed with Flag
antibody to detect NRAGE. 20ng lysate was also taken from each time point to determine XI1AP expression levels. L
denotes 20ng lysate from time 0 NRAGE expressing cells. The data is representative of two experiments, with the
results from one being shown.

I1-4.3 NRAGE overcomes Bcl-2 mediated cell protection

Forced Bcl-2 expresson in 32D cdls has been shown to be very effective in rescuing these cdls
from the induction of gpoptoss by a variety of simuli induding withdrava of essentid growth
factors [106]. It was interesting therefore to tet whether Bcl-2 could dso block the desth
enhancing activity of NRAGE. 32D cdls dably expressng Bd-2 were infected with either the
retrovird control vector, or the retrovirus containing Fag-NRAGE, and sdected as described in
Materids and methods. 24 hours after 1L-3 withdrawd, the 32D cdls expressng Bd-2 had
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ganed a 100% increese in survivd compared with the wild type cdls, and no ggnificant
difference was seen between the 32DBcl-2 vector transduced cdls and the parentd cdls.
However, the 32DBd-2 cdls expressng NRAGE showed a dramatic reduction in survivd,
completdly abolishing any protection given by Bd-2 (Fgll-14A). This would suggest tha
NRAGE is a pro-gpoptotic protein in spite of Bd2 expresson, after growth factor withdrawd.
The expresson of the transduced proteinsis shown in Fg.l1-14B
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Figll-15: The effect of NRAGE on 32D cells protected from IL-3 withdrawal by the expression of Bcl-2 was
investigated. 32D parental cells, Bcl-2, Bcl-2 + empty vector, and Bcl-2 + NRAGE stably expressing cells were
seeded as above and cell viability was measured after 24 hours. The results shown in Fig.l1-5 are representative of 4
experiments each performed in duplicate, after 24 hours IL-3 withdrawal, measured as previously described. The
results from two of these experiments are depicted in the figure; mean values and standard deviations (error bars) are
shown.

[I-5 The participation of NRAGE and XIAP in signalling pathways

Previous reports hed indicated that XIAP could influence MAPK signdling pathwaysviaan
unknown mechanism [67]. 1t would therefore be unsurprisng if NRAGE was involved in this
avenue of IAP function. Indeed NRAGE was cloned as a protein which interacts with a receptor
potertidly involved in MAPK signd transduction [100].

I1-5.1 NRAGE and XIAP cooperatein JNK signalling

When overexpressed in HEK293 cdls, XIAP was able to spedificdly activate INK1, but not any
other MAPK member, and that this played a role in XIAP mediated cdl desth prevention [67].



Therefore it was interesting to see whether NRAGE could influence this signd pathway. XIAP,
NRAGE and MLK3, a known JNK1 activaetor [107], were transfected together with JNK1 in
vaious comhbinaions in HEK293 cdls. INK1 was then immunoprecipitated, and incubated with
its subgtrate c-dun, in an immune-complex kinase assay, the results of which are shown in Fg.ll-
16. In lane 1 the expresson of XIAP weskly activates INK1, which is not affected by the co
expresson of NRAGE (lane 2). NRAGE itsdf had no detectable effect on INK1 activity, as seen
in lane 6. Overexpresson of wild-type MLK3 reaults in a dightly enhanced INK1 activity, which
is not greatly influenced by the co-expresson of XIAP. However, when NRAGE is included with
XIAP and MLK3, a dramaticdly enhanced INK1 ectivity is obsarved (lane 5). This is only
comparable with the activation observed after 60 minutes of arsenite dimulation, a classcd
stress inducing agent (lane 7), and potent inducer of INK activity [108].
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Figll-16: NRAGE and XIAP cooperate to greatly enhance MLK3 mediated JNK activation. HEK 293 cdls
were transfected with the constructs denoted, the amount of DNA being standardised where necessary with empty
vectors. The cells were starved for 48hrs and then lysed. HA -JNK1 was immunoprecipitated from 500rmg protein
lysate, and an immune-complex kinase assay was performed with GST-c-Jun as a substrate. An X-ray film was
exposed O/N, and the membrane probed with HA to show equal loading. The lysates were also probed for MLK3
and NRAGE. Lane 7 shows cells stimulated with arsenite for 60 minutes as a positive control for INK activity.

This suggests that dthough it is highly unlikdy that ether XIAP or NRAGE possess intrindc
cadytic activity, they may neverthdess influence kinase sgndling pathways upon binding.

Prdiminary data undeway to determine the role of NRAGE in cdl sgndling suggests
thaa NRAGE is itdf a potetid a tage for phoghorylaion. Probing immunoprecipitated
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NRAGE from lystes of cdls trested with various dimuli, utilisng phosphotyrosne antibodies,
uggested that certain factors found in FCS may induce arapid tyrosine phosphorylation in

NRAGE (data not shown). The dgnificance of thee observations is not dear, and cetanly
requires further invedigation. Another indication that NRAGE ocould be a tage for
phospohorylation came from a software program avalable on the Internet. The NetPhos 2.0
WWW  saver, (http:/Amww.cbsdtu.dk/servicesNetPhos/), produces neurd network predictions
for sering, threonine and tyrosne phosphorylaion dtes in eukaryotic proteins A summay of the
predicted phosphorylated resdues on NRAGE, with a probebility of >0.90, is shown in Hgll-17.
The predictions are based on the andyds of neighbouring amino acids, which dthough by no
means definitive, certainly provide some further preiminary indications. Interestingly, only one
tyrosine resdueis given a probability of >0.9 of being phosphorylated.
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Fig!l-17: NetPhos predicts that NRAGE is phosphorylated on many serines, threonines and tyrosines. A
summary of the predicted phosphorylatable residues, with a probability of >0.90, are superimposed on the primary

structure of NRAGE. Other residues showing a probability of between 0.70-8.9 are not depicted.

11-6 Cellular localisation of NRAGE and DNRAGE mutants

Ancther congderation important in determining the function of a protein is its locdisation within
the cdl. Many proteins occupy different subcdlular postions depending on the datus of the cdl,
or the environmenta dimulus Many cdlular proteins dso contain domains, which dlow them to
travel between different compartments. One such doman is the NLS which dlows docking with
catan nudear pore proteins thereby fadilitating nuclear import [109]. A potentid NLS located
in the NHxtermind pat of NRAGE, dightly upstream of the WXQXXP repeet region. It wes
therefore of interet to examine the functiondity of this domain. The lagest and smdlest two
hybrid dones, DNRAGEP®™® and DNRAGEP®®, as well as the full length NRAGE were trangently
trandfected in HEK 293 cdls, and andysed for their cdlular locdisation.



Surprisngly, the two-hybrid cones locdised to entirdy different cdlular compatments.
DNRAGEP®™ was located exdusively in the nudeus (Fig.l-21A), whils DNRAGEP® could only
be obsarved in the cytoplaam (Fg.ll-21B). Furthermore, the wild-type NRAGE was located
maogly in the cytoplasm (Fg.ll-21C), but could dso be seen in the nudeus of a smdl proportion
of cdls (Fgll-21D). This would imply that dthough the NLS is presat in dl dones
DNRAGEP®™ and the full NRAGE might contain other domains through which they are retained
in the cytoplaam, by other cytosolic proteins.
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Figll-21: NRAGE is located in many celular compartments. HEK 293 cells were transfected with the
DNRAGEP?® and -p truncated isoforms, as well as the complete cDNA, and the expression of each was measured
by immunofluorescence: After 48hrs culture in 10% FCS, the cells were fixed in 4% formaldehyde, and
permesabilised with 0,5% Triton-X-100. The cells were then incubated with the primary antibody and then with the
appropriate FITC or Cy3 conjugated secondary antibody. The Myc-DNRAGE-P° and Myc-DNRAGE-P constructs
were detected using the 9E10 Myc monoclonal antibody, followed by a secondary FITC conjugated rabbit anti-
mouse antibody. The Flag-NRAGE protein was visualised using the primary monoclonal Flag (M2) antibody
followed by a goat anti-mouse Cy3 conjugated secondary antibody. Panels A and B are at 20" magnification, whilst
panels C and D are at 100" magnification. Panel A shows Myc-DNRAGE-P?® |ocated exclusively in the nucleus, in
contrast to panel B which shows the larger Myc-DNRAGE-P® solely expressed in the cytoplasm. The location of the
wild-type NRAGE is however, not as conclusive. Panel C shows NRAGE clearly located in the in the cytoplasm of
the cell, with a slightly speckled distribution. Panel D on the other hand shows NRAGE present only in the nucleus
of the cell, highly concentrated at certain structures. In the majority of cells though, NRAGE is cytoplasmic (data not
shown).
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DISCUSSION

[1-1. The discovery of a novel IAP-binding protein

Apat from the Bcl-2 protens the IAP family members conditute the largest group of pro
aurvivd molecules Members of this heterogenous family are defined by the presence of up to
three NH»-termind BIR domains, and their ability to suppress gpoptoss Many contan additiond
domains such as a Caboxy-temind RING znc-finger doman [56]. BIR domains are thought to
mediate cagpase hinding and inhibition, and ae both necessay and sufficent for the ant:
gooptatic function of IAP protens [70]. Many IAP-inhibiting molecules dso compete for BIR-
binding such as RPR and Smac [110] [78], and further evidence suggest homo-oligermerisation
even takes place a the BIRs [111] whilgt very little is known gbout the function of the RING
domain.

The mode of action of Bd-2 members is wel understood [85]. In contrast very little is
known &bout the mechanisms by which they pursue ther anti-gpoptotic function [56]. In an
atempt to define such regulators, a yeas two-hybrid screen was performed in a PC12 library
usng the avian IAP, ITA, as a bat. Three truncated overlgpping cDNAs were identified as
genuine pogdtive interacting clones. They represented the NHo-termind pat of an  unknown
protein (Fig.ll-3), which was later isolated independently by ancther group. The dlocation of
nomendaure to this undecribed gene is discussed in the next section, and will be designated as
NRAGE. This interaction with NRAGE was ds seen with XIAP, a human IAP member, in
direct two-hybrid tests (Table 11-2). At lees when conddering amino acid sequence identity, an
interaction with c-IAPL or c-IAP2 might have been expected, snce these show a grester
gmilaity with ITA[112]. However, snce the exact role of ITA in the physologicd context is
unclear, or indeed which functiond IAP isoform it representg113] [114], it can be conduded thet
XIAP is a rdevant mammdian IAP for the interaction with NRAGE. The neurond IAP member
NAIP did not interact with NRAGE. This obsarvation could a leest be daified through
ubsequent  experiments, which found the RING domain of IAP proteins necessxy for the
NRAGE-IAP interaction (fig.ll-11). NAIP is one of the IAP members which dong with Survivin
and the yeast BIR proteins, does not possess a Carboxy-terminad RING domain [115] [6].

To vdidate these twohybrid data required further experiments were performed. This
binding was teted in a more gopropriate higher eukaryotic cdl sysem, the HEK293 cdl system,
by two independent techniques. In the fird indance, XIAP was demondraed to interact with the
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DNRAGEP® in the mammdian twohybrid sysem. This showed the interaction indirectly via the
adtivation of a reporter gene, which could only occur when XIAP and DNRAGEP®® bound
together. They are thus recruited to the reporter congruct Ga4 binding matif by the Ga4DB-
XIAP thereby dlowing the VP16-DNRAGEP® to transactivate the luciferase gene. This result
extends the yeast two-hybrid test. This observation, teken together with the yeast twohybrid
results, dso suggested that the NHo-termind pat of NRAGE was regponsble for the interaction
with ITA and XIAP.

Of great interest was the capability of the complete NRAGE wild-type protein to
bind with ITA and XIAP. To invedigate this the same HEK 293 cdl sysem was utilised, but this
time the interaction was gpprased in co-immunoprecipitations With this technique, the binding
between proteins can be visudised by Wedern blotting. The optimd lyss buffer is a reatively
mild one, containing no SDS detergent, and rddivdy low amounts of sdt. The dimination of
unspecific binding was achieved through raisng the dringency of the washing conditions, in this
cae by increesng the concentration of sdt. The results showed that the complete NRAGE
protein indeed interacts with ITA and XIAP. This is dealy important, snce NRAGE has been
demondrated s0 far as being expressed in vivo as a complete protein, and not as truncated
proteins such as those identified in the two-hybrid screen. These results dso indicated that the
RING region of ITA gppearsto be necessary for thisinteraction (Fig.l1-11).

Until now, the function of the RING doman had been modly overlooked in favour of the
more unique BIR domains. RING domans ae more ubiquitous than BIR domains, and have been
idertified in many proteins as important protein-protein, or proten-DNA interacting regions.
They conss of conserved patterns of cysteine and hidtidine resdues, which bind two Zinc aoms.
[116]. The course of research undertaken in this dissertation led to the identification of NRAGE
as the firgd intracdlular non-receptor protein to interact with this specific domain. Snce many
other proteins contain a RING domain, it could dso be possble tha NRAGE binds to the RING
domain of other proteins A BLAST search with the RING and linker region of XIAP reveded a
number of nonlAP codlular protens with ggnificant homology. One such RING  containing
protein, the MIR (myosn regulaory light chain interacting protein), dso showed homology with
XIAP in the region adjacent to this domain Indeed, this protein was cloned as the result of a
search for novel AP proteins. Furthermore, overexpresson of MIR in PC12 cdls was ddle to
block neurite outgrowth after NGF stimulation, downstream of Trk phosphorylation [117].



The underganding of the IAP RING doman function had previoudy been limited to the
knowledge that it could be a target for ubiquitinetion [82] [83], a function common to the RING
domans of many other proteins [81]. The binding of NRAGE a this region might therefore result
in one of three events One posshility is that this could lead to the catdyss of NRAGE
ubiquitination and subsequent  degradation:  Another  posshility concerrs speculdion  that  the
ubiquitinetion of XIAP is an indirect method of casgpase degradation [118]. Since both IAP
ubiquitination and caspase activation occur after gpoptotic simuli, it might be possble that by
binding activated caspases, XIAP tagets them for degradation. Therefore, NRAGE binding the
RING doman could prevent IAP ubiquitingtion, thus prolonging XIAP survivd and increesng
the hdf-life of active caspases [82]: Or findly, tha the binding of NRAGE to the RING doman
would peform some role in an unrdated, as yet undiscovered function for the IAP RING
domain. This may include sequedtration of XIAP by NRAGE to a compatment of the cdl where
it may no longer be active. The results from section 11-4, where NRAGE function in 32D cdls
was invedtigated, shed some light on which of the hypotheses is likely to be the case In figure 1I-
14, the leve of expresson of overexpressed NRAGE is unaffected over a time period of 24hrs of
IL-3 withdrawa. This would indicate that the first hypothess is not rdlevant in this sysem. The
second is however possble dnce over the same time course the levd of expression of
endogenous XIAP dso seems to be congant. If NRAGE does prevent the ubiquitination of XIAP,
and thereby prolong XIAP hdf-life, then it would gppear that the enhanced dability of the protein
may not neccessarily be advantageous in terms of preventing cdl death caused by growth factor
deprivetion in 32D cdls If indeed XIAP-NRAGE heterodimers were gill ale to bind activated
caspases, but this complex was no longer targeted for degradation, it could be true that the hdf-
life of the activated cagpases is aso increased [73]. It would of course be equdly necessary to
monitor the expresson of XIAP in nonNRAGE expressng cdls, and to compare the expresson
and activity of the cagpases in this environment. The third posshbility cannot be excduded, since
0 little is known about the rdevance of this RING doman, other than the sngular observation
theat XIAP can act asa bridging proteinin BMP sgndling [65].

Ancther point to condder is whether the binding of NRAGE to this region could dericdly
hinder or obscure dterndtive docking aress, most notably the BIR domans, for other cdlular
proteins. The recently identified IAP inhibitor molecule Smac/DIABLO is thought to compete
directly with cagpases for 1AP-binding a the BIR [79]. Thus the cdlular baance between life
and death could be tilted ather way, depending on the avalability of IAP subgdrates. Without
competition from other sources, IAPs can effectivdy dave off cdl degth by directly binding
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caspases [69]. The introduction of competing noncaspase IAP-BIR-binding molecules, such as
Smac/DIABLO, RPR, HID or GRIM, could however reverse or neutrdise this death inhibitory
mechanism, tilting the baance once again towards gpoptosis [119] [18] [19]. It was observed that
NRAGE expresson augments cdlular degth after initigion of gpoptods in 32D cdls and that
there is induced binding between NRAGE and endogenous XIAP. An dterndive explanation for
this phenomenon, would sse NRAGE obscuring the XIAP-cagpase docking dtes, and  thus
neutrdisng the endogenous XIAP anti-caspase function. Since it is dso cdear thaa NRAGE may
have its own intrindc desth-promoting activity [100], it cannot be ruled out tha NRAGE itsdf
further influences gpoptossin an | AP-independent mechanism.

The expresson of Bc-2 has been shown to protect 32D cdls from growth factor
withdrawa [120] [105]. The ability of Bd-2 to block gpoptoss is however very much dependent
on the cdl type and dimulus, or indeed the mode of gpoptoss[121] [122]. Whilst Bd-2 was able
to block [I-3 deprivation induced apoptods this was not the case when an dternative simulus
such as TNF was employed as a desth-inducing agent[106]. It was therefore of great interest to
see whether the accelerated desth caused by NRAGE expression could be abrogated by Bck2. As
depicted in figll-15, Bcl-2 cdl protection was dradicdly reduced in the NRAGE expressng
cdls This could indicate that NRAGE is capable of augmenting cell desth even in the presence
of Bcl-2. The pahways leading to gpoptoss have been separated into two distinct groups, based
on cdl type In Type | cdils eg SKW (B-cdl lymphoma), CD95 triggering leads to srong
caspase-8 activation a the DISC, which bypasses the mitochondria, and results in activation of
downgream effector cagpases. With type 1l cdls on the other hand eg. Jurka T-cdls CD95
activation causes a wesk DISC formation, leading to the activation of the mitochondrig, in turn
reulting in cleavage of cagpase-3 and caspase-8 downdream of the mitochondria [121]. Thus
blocking ectivation of the mitochondria by Bd-2 or Bd-x. inhibits receptor induced gpoptoss
only in type Il cdls [121]. It is dso likely however that a certain amount of crosstak exigts [26].
Snce NRAGE is ale to overcome the protection given by Bd-2 & the mitochondria, this
uggests tha NRAGE might ether intefere with Bd-2 directly & the mitochondria, or the
enhanced death in NRAGE/Bd-2 cdls is due to an dterndive pathway. NRAGE has been shown
to interact with the p7/5NTR, and that the agpoptotic sgnd required NRAGE recruitment upon
NGF binding. Furthermore, NRAGE trandocated to the cdl membrane &fter dimulation of this
pro-gpoptotic pathway [100]. These observations were however based on a very narow st of
conditions, and it is likdy that the link between the receptor-NRAGE binding, and the
downsream effectors of apoptoss, may teke place in a more diverse set of sysems. Perhgps
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NRAGE could even interact with death receptors other than the p7SNTR, as is seen with
molecules such as the TRAF, which bind many of these receptors [123]. Indeed, the TRAF2-
p7/S5NTR interaction was shown to enhance cdl degth [93]. It may therefore be possble tha
NRAGE trandocates to the cdl membrane with dterndive gpoptotic simuli, where it may
influence an NGF independent pathway. It may dso be possble that the induction of apoptoss,
together with the unphysologica overexpresson of NRAGE, is aufficient to engage the pathway
downgream of NRAGE. This pathway may be independent of mitochondrid apoptoss, snce
NRAGE expresson could bypass of the cdlular protection ganed by Bd-2 expresson. The
result described in Fgll-15 would suggest that NRAGE does not compete with or antagonise
Bd-2 function at the mitochondria

The protection afforded by Bd-2 is not pemanet or complete, but smply ddays the
onst of cdl deth[105]. Although the expresson of NRAGE abdlishes the protective effects of
Bd-2, after 24 hours in the absence of IL-3 Bc-2/NRAGE expressng cdls exhibited the same
levd of vidblity as wild-type 32D cdls In contrast, 32D cdls expressng jus NRAGE showed a
marked reduction in cdl viability compared with wildtype cdls. The reason for this could be that
the expresson of Bd-2 dampens mitochondrid mediated gpoptods thet possbly occur a laer
stages.

In summary, the results from sections 11-3 and 11-4 suggest that NRAGE binds the IAP
pratens ITA and XIAP, with a drong afinity. This binding seems to require the RING domain.
Furthermore, NRAGE potentiates cdl death upon dimulation of gpoptods by a mechanian
involving an induced binding with the potent cdlular cagpase inhibitor XIAP. The enhanced
gooptoss takes place via a pathway which is not inhibited by the expresson of Bd-2, and may
therefore involve a pathway independent of the mitochondria, a leest in the early Sages of
gooptosis. Further, NRAGE may neutrdize XIAP anti-caspase function by sequedtration or by
interfering with its caspase binding ability.

[1-2 NRAGE is a novel MAGE-like member with unique characteristics

With the identification of a noved gene, one of the fird tasks is to ascribe the gene an gppropriate
nomenclature, which should reflect the physologicd function of the gene Prior to any such
functiond daa beng avalable my persond choice had been BONUS (Bearer Of a New and
Unusud Structure), and throughout the duretion of my doctord reseerch, other groups
independently identified the same or orthologous genes as MAGE-D [124], snergl [125], DIxin
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1 [126] and the neurctrophin interacting MAGE homologue, NRAGE [100]. The firg group to
publish this new gene [124] were concerned solely with the identification of MAGE genes, which
until then had been entirdy tumour and germline spedific protens coding for antigens
recognised by T cdls whose cdlular function was virtudly unknown [104]. Lucas et al.
confirmed the results of section 11-24 that this new MAGE variant was expressed in marny more
termindly differentiated adult tissues than amply tesis Furthermore, they showed that Mage-D
did not code for any previoudy known MAGE antigenic peptides [124]. This raises the question
as to whether in fact NRAGE bdongs to the MAGE family, or is a functiondly diginct protein
that containsaMAGE domain.

With the rgpidly increesng amount of genome sequence information avalable and the
drides made improving the software for andysng this Data, it is dear that a number of other
NRAGE:-like genes exid. Thee include the hepaocdlular carcinoma associated gene (JCL-1)
(Genbank entry AADO00728), and the breest cancer associated gene proten (BCG-1) (Genbank
entry AF126181), which ds0 dhow a high homology with NRAGE outdde the MAGE domain.
Other proteins which contain a MAGE domain, but show no homology outsde this doman
indude members of the Magphinin (Genbank entry AF241245) and Trophinin family. Trophinin
is a completidy unrdaed protein important in trophoblast-endometrid  epithdid cdl adheson in
the mouse uterus [127]. In addition, the platelet derived growth receptor dpha (PDGFRA)
possbly contans a truncated MAGE doman adjacent to its tyrosne kinase cataytic doman
(domain architecture retrievd tool (DART) a NCBI, ref: XP011186). The samilarities between
some of the recently identified MAGE/MAGE-like proteins and NRAGE ae described in Fglll-
L

The evidence suggests that NRAGE is a MAGE rddive, dbet more digant than the
classcd MAGE atigens, raher than smply a MAGE doman containing protein. However, the
fact that it possesses the unique 25(WQXPXX) doman, its exigence as a sngle splice form
(Figll-5 and Fgll-10), and that it does not show the usudly recognised MAGE antigens [124]
would lead to the condusion that particularly regarding its function, NRAGE and not MAGE-D,
is the most gppropriate nomencdlaure for THC179960. This dso concurs with the nomenclaure
given to other MAGE-like familieswhich arenamed BAGE, GAGE, LAGE €ic. [104].

Underganding the function of NRAGE in normd cdlular physology may thus shed some
light on the importance of MAGE and MAGE domains in tumours. The discovery tha NRAGE
binds the p7/SNTR [100], and XIAP (this dissataion), two human proteins important in
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regulating apoptosis, should dimulate research amed a investigaing whether this interaction is
common to other MAGE proteins in maignancies.

Comparison of MAGE/MAGE domain containing proteins

A
MRAGE/ 1 7%
W oo e
Dixin-1
T2%
MAGE-D2/ 1 s
MAGE-Tike/BCG-1/JCL-1 [
Ta%

1 1987

B
30-40%

Necom [
“Classical’ MAGEs (MAGE A,
e MASE A [ —

1 57

1 B4

MAGPHIMNIN Reo-sigma 1

1 663

racC hspergis — - — — —
orizae)

Potentlal nuclear localisation signal

25% (WQXPXX) repeal

MAGE Domain

Myosin tail

Reovirus viral attachment protein sigma 1
Zinc Finger, C2H2 type

EEEEEO

Figlll-1: Primary protein sructures of MAGE/MAGE domain proteins compared with NRAGE. In part A,
the MAGE proteins with the highest homologies to the NRAGE MAGE domain are shown, with relative percentage
indicated between the MAGE domains. In part B, the less homologous members of the MAGE/NECDIN protein
family are shown. The relative identities between these MAGE domains and the NRAGE MAGE domain vary
between 30-40%. Grey regions indicate lower homology regions. The additional putative domaing/structures are
indicated by coloured boxes, described at the bottom of the figure. Amino acid length is indicated above each
protein. Human MAGE proteins are shown unless otherwise indicated. The primary structure of the "classical"
MAGE members is represented by a single protein for simplicity. Domains are predicted by the NCBI DART
program.

The one exception amongst the MAGE proteins is Necdin, for which a sgnificant amount
of research has been dedicated to resolving its cdlular function. It was identified in 1991 from a
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neurdly differentiated embryonic carcinoma cdl line [128]. It appeared to be a nuclear protein
which ssemed to be important in bran/neurd tissue, specificdly in post-mitatic neurons and
could arest the cdl cyde [129]. More explicitly, it was shown that Necdin interacts with vird
cdl cyde regulaiors such as the SV40 large T, adenovirus E1A, and the transcription factor
E2F1, as wdl as the tumour suppresser pS3 [130] [131]. Interestingly, Necdin is dso a possble
candidate gene for Praderwilli syndrome (PWS), dnce its chromosomd location is one often
deleted in PWS [132]. Since this was the only information avalable about MAGE function, and
taking its neurond expresson into account, it may readily be thought that NRAGE could dso
function in a cdl cydedinfluencing fashion. Indeed the invedigaors who identified NRAGE
suggested as much, based on Necdi’NRAGE dructurd smilarity and on experiments where
trangently overexpresssed NRAGE resulted in a reduction of cdl cyde progresson. They pointed
to a shared mechanism for Necdin and NRAGE in mediating cell cycle effects [100].

The results presented in this dissartation would indicate that the function of NRAGE lies
not primarily in cdl cycde ared/inteference, snce this would preclude the sable overexpresson
of NRAGE in 32D cdls (section 11-4.1) and indeed even in PC12 cdls (daa not shown), where
NRAGE is dready expressed as an endogenous protein [100]. However, since a successtul
sdection process requires proliferating cdls, it could be that in the dably transduced NRAGE
cels are low expressers of the protein. The experiments performed by Sdehi et al. took placein
trandent overexpresson conditions in HEK 293 cdls where high levds of protein can be
achieved. There are however many MAGE proteins other than Necdin which show a greater
dructurd identity with NRAGE. Usng the BLAST sequence dlignment program from NCBI,
Necdin scores 140 points when compared with NRAGE, wheress MAGE-E1lb, Maged3, Maged2,
and MageB3 store 412, 34, 311 and 171 respectivdy (NRAGE agang NRAGE scores 1406).
Snce the MAGE proteins are expressed in tumours and madignancies, cdl populaions which
characterigticaly  undergo genetic changes, it could be possble that under these conditions cell
cyde interference may be of benefit to the tumour [104]. It would aso be of great interest to see
if other MAGE proteins dso interact with XIAP, and what consequence this interaction would
have in tumour or meanoma progresson and agpoptoss resstance in chemotherapy [133]. It
might dso be possble tha homo- or hetero-dimerisation dso important in NRAGE, &s it is with
IAPs[111].

The rdevance of the MAGE domain is unknown, but it would gopear that other domains
additiondly present in the aypicd MAGE proteins may have a dgnificat influence on the
precise function of these proteins Identifying the function of the MAGE doman would however
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go a long way towards underdanding the MAGE family as a whole Srangdy, in more then 10
years of research, no mutationd analysis or characterisation of this domain has been described.

[1-3 The influence of NRAGE and XIAP on signal transduction

One of the more recent obsarvations involving IAP function was the participation of XIAP in the
activaion of the MAPK INK1 [67]. Furthermore, our group identified ITA as being ddle to
interfere with differention in PC12 cdls [101], a process governed by MAPK sgndling [134]. It
was therefore intereting to examine the role of NRAGE in MAPK dggndling. Described in
section 11-5 is the firgd revdaion thaa NRAGE is a novd dgnd transduction protein. Although
the protein itsdf has no catdytic domain, this does not preclude the posshility thaa NRAGE may
fadlitate the trangmisson of a dgnd via dternaive means XIAP had previoudy been shown to
act as a bridging molecule, linking the BMP receptor to the downdream effectors of signd
tranduction, however the exact mode of action is unknown [65] [64] [68]. Adapter molecules
have been shown previoudy to induce a sSgnd when overexpressed, independently of ligand
receptor binding [135].

The results shown in Fg.ll-16 confirm that the overexpresson of XIAP gives rise to a
limted INK1 adtivaion [67]. In confirmation with Sanna & d, no effect was seen on the
mitogenic cascade, or the MKK6/p38 pathway, when XIAP was overexpressed with NRAGE or
an upsream member of ether cascade (data not shown). NRAGE did not cause any such
activation when coexpressed with INK1, but did not sgnificantly effect the levd of XIAP
mediated INK1 activation ether. MLK3, a known upstream kinase of INK1 [107, 136] d<0 led
to a wesk INK1 activation, that was not ggnificantly effected by the coexpresson of XIAP.
However, when NRAGE was coexpressed with MLK3 and XIAP, the level of INK1 ectivity was
greetly incressed, dthough the levd of MLK3 expresson was equd in eech case The levd of
activity was compaable to that ater 60 minutes arsenite dimulation, which is sufficient  to
maximaly activate JNK1 [108]. This obsarvaion is dl the more sunning snce the cdls were
daved undimulated, and a kinase with only basd activity was cotransfected. This suggested
that NRAGE and XIAP may act upstream of MLK3 in INK sgndling, and that dl must be
expressed together in order to exert amaxima JNK activity.

MLK3 is a MAP3K, and XIAP had been previoudy shown to activate the MAP3K TAK1
[64]. Furthermore, p/5NTR dgndling is thought to be mediated in pat via MEKK1-INK i.e
MAP3K ggndling [137] [97]. Bearing thee reports in mind, and snce NRAGE hinds directly
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with the p7/SNTR [100] as wdl as with XIAP (B.W.M. Jordan et al. submitted), it would be
concaivable that thaa NRAGE could dso influence MAPK dgndling upstream of MAP3K. The
interpretation of the dgnificance of INK activation via XIAP or via the XIAPNRAGE/MLK3
coexpresson is clouded by the abundance of evidence linking the activation of JNK to both cdll
aurvivd and cdl death fates [39]. Interestingly however, MLK3 expresson has been shown to
induce gpoptoss in PC12 cdls and sympathetic neurons, whilg a dominant negative form of the
kinae blocked both this pathway, and the desth Sgnd induced by NGF withdravd [138].
Therefore it could be that NRAGE mediaes pat of its gpoptotic sgnd via the enhancement of
MLKS ativity, modulated by the coexpresson of XIAP, posshly linking the death receptor to an
unknown upstream activator. The activation of MAPK pahways during gpoptoss/differentiation
in PC12 cdls requires a fine bdance between ERK and JNK activation, which can be more
accuratdy investigated using endogenous leves of proteins [139] [140]. In direct two-hybrid
tests, nether NRAGE nor XIAP interacted with MLK3 (data not shown). Whilgt the downstream
targets of MLK3 are wel known, Racl and CDC42 are the only described upstream activators of
MLK3, and it would dso be interesting to examine whether NRAGE or XIAP ae themsdves
influenced by these proteins [141] [142].

In order to identify the cause of the inducible interaction between XIAP and NRAGE, ore
possble clue came from the Internet verson of the Netphos program. This suggested that severd
sarine, threonine and tyrodne resdues on NRAGE were phosphorylatable Since 1L-3 receptor
ggndling involves the phogphorylation of many differet targels, on sarines threonines and
tyrosnes, it would aso be worthy to gpeculae that the inducible binding between NRAGE and
XIAP dfter 1L-3 withdrawvd is influenced by phosphorylation/dephosphorylation events [46].
Prdiminary data indicate NRAGE is conditutively tyrosne phosphorylaed in 32D cdls, up to 20
hrs after 1L-3 withdrawd (data not shown). This does not exclude that other serine, threonine or
indead other tyrosne phosphorylaion/dephosphorylaion may teke place during this time.
Although the 32D cdls are deprived of IL-3 during these investigaions, they are dimulaied with
10% FCS. Further investigetion reveded in HEK 293 cdls that serum gimuldion leads to a rapid
tyrogne phosphorylaion of NRAGE (data not shown). This doservation brought to light the fact
tha NRAGE function may be influenced by more than smply the p75NTR [100] and perhaps
receptor tyrosgne kinases. Another indicator that other NRAGE-like Mage protens are possble
subgirates for kinases came from a smdl report which identified severd casain kinase | (CKI)
substrates. Amongst  these was MAGE/Necdin-like (accesson Z98046) [143], a putaive 606
amino add protein which shares a 67% identity with NRAGE C-termind and 30% identity with
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the NRAGE N-temind pat. CKI is a sainefthreonine kinase, whose function is poorly
characterised. Interegtingly, CKI has been shown to associate with and phosophorylate the p75
TNFRI [144].

Indeed, ancther group independently doned NRAGE as DIxin-1, a protein that was able
to bind to DIX5 , a protein which is specificaly expressed in bone dructures [126]. DIX5 is a
podtive regulator of the mouse ogsteocdcin gene, however this is subject to some controversy
[145] [146]. Interestingly, odeocdcin is regulaed by FGF2, a transmembrane RPTK involved in
ggnd trangduction through a variety of pathways, incuding the dasscd mitogenic pahway
[147] [148]. DIxin-1 was thus identified in the very specific context of ogeoblast regulation,
giving grong evidence of the cdlitissue type dependent role of this multifunctiond protein126].
Findly, the laa group to have identified this gene named it snergl, laer MAGE-D [125].
Transcripts of this gene were detected in hedthy tissue, and the levels of these transcripts were
regulated by fallitropin, lutropin and prolactin in rat Sertoli and Leydig cdls [125] .

It is clear therefore from the work carried out during this dissartation, as wdl as from
published reports, that NRAGE and XIAP may paticpae in many cdlular responses involving
vaied dgnd transduction pathways This undoubtedly indudes direct phogphorylation of
NRAGE, dthough from which receptors the dgnd originates, or the mechanisms that control this
have yet to be identified.

One possble way in which the phosphorylaion of NRAGE may dter its function would
be though dtering its odlular locdisation, or by dteing its binding ability with other proteins
[149]. The cdl locdistion data ganed from the immunofluorescence microscopy of the
DNRAGE mutants reveds some noteworthy disparity. The exdlusive locdisation of DNRAGEP™
in the nudeus would seem to legitimise that the putative NRAGE NLS described Fgll-7 is
functiond. Agtonishingly, DNRAGEpP® appears soldly in the cytoplasm of the cdls This would
suggest that a 20kD region between the WQXPXX aman and the MAGE domain is repongble
for binding to another cdlular protein, which confines DNRAGER™® to the cytosdl. Intriguingly,
the complete NRAGE protein is present in both the cytoplasm and the nudeus, dthough the
mgority of the cdls express NRAGE in the cytoplasn (Daa not shown). This is not
unsurprisng, snce one would expect NRAGE to equilibrate within the cdl to its optima location
for the cdl, but tha nevethdess a minority of cdls may experience locd fluctuations or
digurbances, which could dter this didribution. The posshility that this cdlular movement
follows the engagement of dgnd transduction cascades gains credence from the observations of
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SHehi et al., and of Masuda et al.. The former observed a shift of endogenous NRAGE to the
plaamdemma upon NGF dimulation in PC12nnr5 cdls dthough expresson remained rdaivey
condant in nudear and cytoplasmic fractions [100]. The later group observed an interaction
between DIxin-1 and DIX5 which is preset in both the nucdeus and the cytoplasm [150], and
between DIxin-1 and the nuclear transcription factor Msx2 [151] [126].

Clearly, as discussed in this dissartaion there are many ambiguities to be daified in
oder to fully underdand the physologicad conssquences of these new discoveries. Taken
together, the data provided in this thess add a completldy new dimenson to the previoudy
avaldble information regarding IAP function. Furthermore, a previoudy undescribed gene was
identified, whilst its function both dependent and independent of IAPs has been highlighted.



MATERIALS AND METHODS

The methods described in this section are al based upon today's standard molecular and celular
biology techniques.

IV-1. Materials

IV-1.1. Instruments

Hardware Manufacturer
Bacterid incubator Heraeus B 6200
Bacterid shaker New Brunswick Scentific innova 4330
Cdl culture incubator Kdttermann
Cdl culture microscope Cal Zess
Cdl culture Hood HLB2472, BIO-FLOW Technik
Deveoping machine Agfa
DNA Sequencer ABI Prism 373, ABI
Electrophoress power supply EPS600, Pharmacia
Electrophoresis unit, small Bio-Rad Mini-Protean 1
Fnescde Scatec SBC 21
Heat block Liebisch, Type 2099-DA
Homogenizer Polytron
Horizonta eectrophoress ge MWG Biotech
Microlumet EG&G, Beathold
Mega centrifuge J6B, Beckman, Megafuge 1.0 R, Heraeus,
RC 5B plus Sorvd
Mini centrifuge 5417R, Eppendorf
Biofuge 15, Heraeus
pH meter Microprocessor, WTW
Phosphoimeger Fujix BAS-2000 11, Fuii,
with plates BAS-MP 2040P, Fuji
Shakers Heidolph, Unimax 2010, Edmund Bihler
W5
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Scde

Spectrophotometer
Thermocycler
Vortex

Water bath

BP2100S, BP310S, Sartorius
U-2000, Hitachi

PE9600, Perkin Elmer
Saientific Indudtries Genie-2
GFL 1083, AmershamBuchler

IV-1.2. Chemical reagents and general materials

Reagent

[ a-**P|dCTP

[ g**PldATP

1 kb DNA ladder

Acrylamide (30%)/Bisacrylamide (0,8%)
Adenosn-5 Triphosphate (ATP)
Agarose, ultra pure

Ammonium Acetete
Ammonium peroxydisulfate (APS)
Ampidllin

AntifoamA

Apratinin

Bacto-Agar

Bovine serum dbumin (BSA)
Bradford-reagent
Bromphenalblue
b-Mercaptoethanol
Cdciumchloride (CaCly)
Chloroform

Cirdegrow (GC)

Deoxycholate (DOC)

Diethyl pyrocarbonate (DEP)
Dimethylsulfoxide (DM SO)

Purchased from
Amersham

Amersham

Sgma
Roth
Sgma
Life Technologies, Inc.
Sgma
Sgma
Sgma
Sgma
Roth
Roth
Sgma
Biorad
Sgma
Rath
Sgma
Roth
Dianova
Sgma
Merck
Sgma




Dithiothratol (DTT)
D-Luciferin (free acid)
dNTP
Ethylenediaminetetraacetic
(EDTA)

EGTA

Ethanal

Ethidiumbromide
Formadehyde

Formamide

acid-disodium

Glutathion-sepharose

Glycerdl

Guanidine thiocyanate

Hydrochloride (HCI)

IGEPAL (NP-40)

|soropyl-1-thio-b-D-gd actopyranosde (IPTG)
|sopropanal

Leupeptin

L-Arginine

L-Lysne

L-Methionine

L-Phenyldanine

L-Threonine

L-Tryptophen

Magnesumchloride
3(N-morphalino)propanesulfonic acid (MOPS)
Nitrocdlulose BAS-85 membrane
Ortho-nitrophenyl-b-D-gaactosde (ONPG)
Pefablock

Phenol

Phenol:Chloroform:soamylacohal
Phenol/Chloroform (TE saturated)

st

Sgma
Applichem
MBI
Sgma

Sgma
Roth

Life Technologies, Inc.
Roth

Roath
Pharmedia
Sgma
Roath

Roth
Sgma
Roath

Sgma

Schieicher & Schill
Applichem

Roth

Roth

Roth

Roth



Ponceau S Sgma

Potassum acetate (KAC) Sgma
Potassumchloride (KCl) Sgma

Potass umdihydrophosphete (KH2PO4) Merck

Protein A-agarose Roche

Protein A-peroxidase Amersham-Buchler
Protein marker (SDS-7B) Sgma

SDS ultrapure Roth

Sodium atrate Merck
Sodiumdihydrophosphate (NaH >, PO4) Merck
Sodiumhydrophosphate (NaHPO4) Merck
Sodiumhydroxide (NaOH) Sgma

sodium morpholineethanesulfonate (NasMES) agma

Sodium orthovanedate Sgma

Sonicated sdmon sperm Invitrogen
12-O-tetradecanoyl-phorbol-13-acetate (TPA) Sgma

TEMED Roth
Tris-(hydroxymethyl) -aminomethane (Tris) Roth

Triton-X100 Sgma

Tyrosne Sgma

Uracil Sgma

Whatman 3MM Paper Schiecher & Schill
X-gal Sgma

X-ray film Amersham-Buchler
Xylencyanol Roth

Y east extract Life Technologies, Inc.

IV-1.3. Cell culture materials
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Reagent Source

DMEM Life Technologies, Inc.

Foetd cdf serum (FCS) PAA

Interleukin-3 WEHI conditioned medium
M)

L-Glutamine Life Technologies, Inc.

Phosphete buffered sdine (PBS) Giboo

Penicllin /Streptomyain Life Technologies, Inc.

Puromyan

RPMI 1640 Life Technologies, Inc.

Trypsn-EDTA Gibco

Trypanblue Sgma

Zeodn ™ Invitrogen

Cdl Feezing  Medium: 70%  Complete MSZ

DMEM/RPMI 1640 (10% FCS, PIS), 20% Fetd

Bovine Serum, 10% DMSO

IV-1.4. Antibodies

Antibodies Antigens Source

anti-Hag M2 (mouse monodond) Hag-epitope Kodak-1BI (Integra)

anti-Myc (mouse monodondl) Myc epitope MSZ Wirzburg

anti-GST (rabbit polydond) Glutathione-S MSZ Wirzburg
Transferase

anti-15CA5 (mouse monodond) Haemagglutanin MSZ Wirzburg
(HA) antigen

anti-ITA (rabbit polyclond) peptide [112]

anti-X1AP (rabbit polydond) peptide R&D Sysems

anti-Rabbit IgG conjugated peroxide Amersham-Life

Sciences




atti-Goat 1gG  oconjugated  peroxide
(POD)

anti-Mouse 19G conjugated
peroxidase (POD)

Protein-A conjugated Agarose-beads
Protein-A conjugated Peroxidase
Protein-G conjugeated Agarose-beads

IV-1.5. Enzymes

Items
Cdf Intestind Phosphatase (CIP)

Pfu polymerase
RNase

T4 Ligase

Resriction Endonucliesses

IV-1.6. Kits

ltems
ECL Wedtern blotting detection reagents

QIAEX Il Gd Extraction Kit

QIAGEN Plasmid Kit (Midi, Maxi)

QIAquick PCR purification Kit

Quick Change™ Site Directed Mutagenesis Kit
redipime” ™11 random prime labelling system

39

Santa Cruz
Biotechnology
Amersham-
LifeSsciences

Roche

Roche

Roche

Source
New England Biolabs

Stratagene

Roche

New England Biolabs
(NEB)

AGS Fermentas,
Boehringer Mannheim,

Source
Amersham

Qiagen

Qiagen

Qiagen

Stratagene

Amersham Pharmacia
Biotech



IV-1.7. cDNA libraries and plasmid DNA

cDNA libraries and plasmids Source

Mitotic PC12 (rat) cDNA library in the A.Kdmes (M)

yeast two-hybrid vector pPC86HA

Mouse S194 plasmacytoma cdl library T.Wirth (Ulm)

in pPRCMV2

pRCMV2-*NRAGE B.W.M jordan

pPC97 D.Nathans (Howard Hughes
Medicd Indititute, Batimore)

pPC86 D.Nathans (Howard Hughes
Medicd I ndtititute, Batimore)

pPC86HA -DNRAGER® B.W.M jordan

pPC86HA -DNRAGED™ B.W.M jordan

pPC86HA - DNRAGEP™ B.W.M jordan

pPCI7-ITA L. Wixler

pPC97-c-IAP1 L.Wixler

pPCI7-c-IAP2 L. Wixler

pPCI7-XIAP L. Wixler

pPCI97-NAIP L.Wixler

pCFG5 IEGZ D.Lindemann (Indtitute of Virology)

pCFG5 |IEGZ-NRAGE B.W.M jordan

pCMV FagMLK3 JHartkamp

pCDNA3 Invitrogen

PCDNA3-HANK1 A. Kieser (Miinchen)

pCDNA3-*NRAGE B.W.M jordan

PCNDA3-NRAGE B.W.M jordan

pC2+MT R.Rupp

pCS2+MT-DNRAGEp® B.W.M jordan

pCS2+MT-DNRAGED™ B.W.M jordan




pCS2+MT-DNRAGEP® B.W.M jordan
pPCR+HMT-NRAGE B.W.M jordan
pC+MT-*NRAGE B.W.M jordan
4x17-mer GAL4DB-L uciferase Clontech
pM Clontech
pMGa4BD Clontech
pVP16 Clontech
pM-XIAP B.W.M jordan
pVP16-DNRAGEP®® B.W.M jordan
I'V-1.8. Oligonucleotides
Primer name Sequence

Forward kozek-Hag-NRAGE

Reverse kozek-Hag-NRAGE
Forward mutagenesis
Reverse mutagenes's

5-

gacaaactggaaaccatccag-3

5'-gegectegagttactcaacccagaagaagccaatg-3
5'-cetggce ceaattgtetggecasacccaatggec-3

5-ggecattgggtttggecagacaattgggecagg-3

IV-1.9. Céll lines, yeast and bacterial strains

Cell lines:
HEK 293

293T
3D

3D-Bd-2

Yeast strains:

HF7c, Y190

Source:
Human embryonic kidney, transformed with adenovirus.

HEK 293 cdlstransformed with the SV40 Large T Antigen
Mouse trandormed promyeoid leukeemia cdl  ling
dependent [88] [105]

32D cdls gtably transduced with human Bdl-2 [106]

Source
Clontech. Contain HI S3 and lacZ reporter genes
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Bacterial strains: Source:

DH5a Bethesda Research  Laboratories.  Optimised  for  DNA
trandformation and replication

BL21 Stratagene. Optmimesed  for  DNA  trandformation and  protein
trandation

IV-2. Solutions and buffers

IV-2.1. Bacterial medium and DNA isolation buffers

LB (Luria-Bertani) medium
10g/L Bacto-tryptone

10g/L NaCl, 5g yesst extract
Adjust pH to 7.5 with NaOH
For plates, add 15 g Bacto-agar

CG (Circle-Grow) medium
40g Cirde Grow dissolved in 1L d.d. water

2x TY medium
16 g Bacto-tryptone

10 g Yeast extract

5gNaC

Adjug pH to 7.4 with NaOH and totdl volumeto 1 litre with H,O
For plates, add 15 g Bacto-agar

Buffer P1 (resuspension buffer)
50nM Tris-HCL

10mMEDTA
10nyml RNaseA

pH 8.
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Buffer P2 (Lysis buffer)
10% DS

200 mM NaOH

Buffer P3 (Neutralization buffer)
3 M potassum acetate, pH5.5

Buffer QBT (Equilibration buffer)
15% ethanol

0.15% Triton X-100

Buffer QC (Wash buffer)
20 M NaCl

50 mM MOPS, pH7.0
15% ethanal

Buffer QF (Elution buffer)
1.25mM NeCl

50 mM Tris-HCl, pH 85
15% ethanol

V-2.2. RNA buffers

SolutionD

AM Guanidine thiocyanite
25mM Na-citrate

100mM b-Mercaptoethanol
0.5% Lauroylsacosine
0.1% AntifoamA

DEP-H20
20m DEPto 100ml H,0O, leave 1hr before autodaving.

STE
0.1IM NeCl

20mM Tris(pH 7.4)
10mM EDTA (pH8.0)



Probe buffer

50%(v/v) Formamide
17.5%(v/v) formadehyde
5% (viv) 200 MOPS
27.5% (viv) DEP H,O

TNEE buffer
10 mM TrispH 7.5

1mM EDTA
50 mM NaCl
5mM EGTA

Phosphate buffer
89g NaH,PO,.2H,0

4ml 85% Phogpharic add
medeupto 1L, pH 7.2

Hybridisation/prehybridisation buffer
7% SDS

0.5M Phosphate buffer
1mM EDTA

Washing buffer 1
40mM Phosphate buffer

ImM EDTA
5% SDS

Washing buffer 2
40nM Phosphate buffer

ImM EDTA
1% SDS

10" RNA gel loading buffer
See 10' DNA gd loading huffer.

I V-2.3. DNA buffers



1x CIP Buffer
50 mM NaCl

10mM Tris-HCl
10mM MgCl,
1 mM dithiothraital , pH7.9

10x DNA Gel Loading Buffer
40% (w/v) saccharose

0.25% bromphenolbiue
0.25% xylencyandl, use as 1x solution

1x Tris-Acetate-EDTA (TAE)
40 mM Tris-HCl,

40 mM ecetic adid,

2mM EDTA,; pH7.8

10x TrisBuffered Sdine (TBS)
1mM Tris-HCl,

150 mM NaCl

IV-2.4. Protein analysis buffers

TBST
Ix TBS+ 0.05% Tween

Blotting Buffer
39 mM Glyane

48 mM Tris
0.037% SDS
10% Methanol

Blocking Buffer
5% (w/v) of non-fat dry milk in TBST

Kinase Buffer
10 mM MgCl,

25mM HEPES pH 7.5



25 mM b-glycerophosphate
1 mM Sodium vanedate
05mM DTT

Luciferase Assay Buffer
125 mM NaMES, pH 7.8

125mM TrisHCI, pH 7.8
25 mM magnesium acetate
2 mg of ATP per ml

Luciferin Solution
1 mM D-ludferinin 5 mM KH,PO4

Lysis Buffer (for cel culture)
50 mM Na-MES, pH 7.8

50 mM Tris-HCl, pH 7.8
10mM DTT

2% Triton X-100

b-Gal Assay Buffer
100 mM Na-phosphate-buffer, pH7.4

10mM KCl

1 mM MgSO,
3.5 n¥ml b-mercaptoethanol

ONPG-solution
4 mg/ml ONPG in 0.5 M Naphosphate buffer, pH7.0

Phospate-Buffered Sdine (PBS)
136 mM NaCl

26 mM KCl

10 mM NaxHPOy,

15 mM KH2PO4, pH7.4

NP40 lysis buffer
10 mM HepespH 7.4

145mM KCl
5mM MgCh



1mM EGTA

0.2% IGEPAL

1 mM pefablock

1 mM sodium vanadate
5mM benzamidine
5ng/ml goratinin
5ng/ml leupeptin

TLB Buffer
20mM Tris pH 7.4

50 mM Sodium b-glycerophosphate
20 mM sodium pyrophosphated
500 mM NaCl

10 % (viv) glycerdl

0.1% Triton X-100

2 MMEDTA

1 mM pefablock

1 mM sodium orthovanedate
5mM benzamidine

5ng/ml goratinin

5ng/ml leupeptin

Running Buffer (for SDS-PAGE)
25mM Tris

250 mM Glyane
0.1 % SDS

5x SDS-loading Buffer (for SDS-PAGE)
31 mM TrisHCI, pH6.8

1% SDS

5% Glycerin

2.5 % Mercaptoethanol

0.05 % Bromphenoblue, 1x solution
Sodium Tris-EDTA Buffer (STE)
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100 mM NaCl
10mM Tris-HCI, pH 8.0
1mM EDTA

IV-2.5. Yeast media and solutions

Amino acid dropout solution
0,2g aginine

0,1g Hidtidine

0,69 Isdleucine

0,69 Leucine

04g Lydne

0,1g Methionine

0,69 Phenyl danine

0,59 Threonine

0/4g Tryptophan

Dissolve in 100ml d.d water, derile filter, and sore a 4°C. Omit the appropriate amino acid for
the respective dropout solution.

Glucose
20 % (wiv) Glucose dissolvein didtilled water and autoclaved. Stored & 4 C one open.

Selection Media (SD)

8g Difco yeadt nitrogen base w/o amino acids

55mg Tyrosne

55mg Uradl

56mg Adenine

(for plates, 259 Agar)

Make up to 890ml didtilled water and autodlave.

10ml gppriate 100° dropout solution, and 200ml glucose

Growth media (YEPD)
11g yeast extract

22g Bacto peptone
55mg Adenine



(For plates 24g agar)
Hll to 900ml with dig. water and autoclave. Coal to 50-60°C; add 100 ml 20%glucose

X-Gal stock solution
20mgm X-ga  (5Bromo-4-Chloro-3-Indolyl-b-D-Gdectopyranosd) disolved in - DMF  and

dliquoted a -20°C in darkness.

Z buffer
16.1gl NapHPO,

5.5¢/1 NaH2PO4.H20

0.75g9/1 KCl

MgS0,.7H,0

Adjust to pH 7, autodave and maintain a room temp.

Plate mixture
45% PEG (devile filtered)

1M lithium acetate

1M Tiis-Ol (pH7.5)

05M EDTA

Dissolved in digt. water and Sevile filtered.

10 TE
0,1 M Tris-HCL
10 mM EDTA (pH 75)

10" LiAc
1 M litium acetate

50% PEG
50 % (w/v) PEG dissolved in water and Sterile filtered.

IV-3. Methods

IV-3.1. Bacterial manipulation
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Masmid transformed bacteria are sdected on LB plates with the appropriaie antibiotic for 24 hr.
For ovenight mini cultures dngle colonies ae picked and inoculated in LB medium with
antibiotic and sheken overnignt a 37°C. This preculture is then used for preparing frozen
glycerine cultures, plasmid DNA or protein purification. For sorage of bacteria, a glycerol stock
culture is prepared by growing bacteria to an OD of 0.8 a a wavdength of 600nm in culture
medium. 500m becterid culture is taken and added to 500 nmh 80% glycarine and then mix
thoroughly in a smdl 15ml tube This dock solution is subsequently frozen & -80°C. To
inoculate an overnight culture again, teke out bacteria and hold a room temperaure (RT) until
aurface is thawed. Pick a smal amount of cells and mix into 25 ml culture medium and leave to
grow for severd hours a 37°C in a bacterid culture sheker. The frozen gock is immediady
returned to the -80°C.

IV-3.1.1. Preparation of competent cells (CaCl, method)

On the firgt day, inoculate an overnight preculture from asngle colony on a prestresked plate
(from glyceral stock) in2ml LB or 2x TY media by incubation a 37°C and shaking to aerate.
The second day, inoculate 1 ml of the preculture in 100ml fresh media and grow the culture at
37°C until OD a waveength 600nm of the culture reaches between 0.2 and 0.3. Cool down the
culture onicefor a least 15 min. (The following procedures should be carried out & 4°C in pre-
cooled gerile tubes). Harvest the cdllsin a centrifuge a 5000 g for 5 min, and discard the
upernaant. Resuspend the bacterid pellets thoroughly in asmdl volume of ice-cald 200mM
CaCl,. Dilute the sugpenson with the CaCl, solution to afind volume of 30-40 ml, and leave on
ice for 25 min with occasond shaking. Spin down the cells as before, discard the supernatant
carefully and resugpend the pdletsin 5 ml glycerolCaCl,. The suspension can be diguoted in
10010400 m diquots and stored at —70°C. The trandformation efficiency of the bacteria

prepared by this method should reech at leest 10°.
IV-3.1.2. Transformation of competent bacteria

Thaw the competent bacteriafrom adesred origin onice. Add amaximum of 20ng ligated DNA
or purified plasmid-DNA to 100 m competent cdlsin acold 1.5 ml microfuge tube. Mix
caefully and kegp onice for 20 min or longer. Heet-shock the bacteria then a 42°C for 90 sec,
add 1 ml antibiotic-free LB medium, and aerate a 37°C for 30 min. Sdlection of transformed
bacteriais done by plaing 100 ni of the bacterid suspension on antibiotic containing agar plates.
Only bacteriathat have taken up the desired plasmids, which normdly contain ampicillin
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resistance cassette, can grow on the agar plates. A single colony can then be expanded in LB
medium and used for DNA preparation.

IV 3.2. DNA methods

IV-3.2.1. Electrophoresis of DNA on agarose gel

Double sranded DNA fragments with lengths between 05 kb and 10 kb can be separaed
according to ther lengths on agaose gds Agaoe is added to 1x TAE to obtan a find
concentration between 0.72%. Boil the suspenson in the microwave until the agarose is
completdy solubilised.  Allow the agarose to cool down to around 50°C before adding ehidium
bromide up to 05 nyml and pour into the gd goparatus Add DNA gd loading buffer to the
DNA sample and gpply on the gd. Electrophorese in 1x TAE buffer a 100 volts The DNA can
be visudised under UV-ight.

IV-3.2.2. Isolation of plasmid DNA from agarose (QIAEX Il agarose gel extraction
protocol)

This protocol is desgned for the extraction of 40-bp to 50kbp DNA fragments from 0.32%
dandard agarose gels in TAE or TBE buffer.  DNA molecules are adsorbed to QIAEX Il glica
paticles in the presence of high st.  All non-nudec acid impurities such as agarose, proteins,
sdts, and ethidium bromide are removed during washing steps.

Excise the desred DNA band from the agarose gd under the UV light. Weigh the gd dice ad
add 3 volumes of Buffer QG to 1 volume of gd for DNA fragments 100-bp-4 kbp; for DNA
fragments more than 4 kbp, add 2 voume of QG plus 2 volumes of HO. Resuspend QIAEA I
by vortexing for 30 sec; add 10 m (or 30 ni) of QIAEX Il to the sample containing not more than
2 ng of DNA (between 2-10 ng). Incubate a 50°C for 10 min to solubilise the agarose and bind
the DNA. Mix by vortexing every 2 min to keep QIAEX Il in sugpenson. Centrifuge the sample
for 30 sec and caefully remove supernatant with a pipette. Wash the pelet with 500 ml of
Buffer QG and then twice with Buffer PE.  Air-dry the pdlet and dute the DNA in 10 mM Tris
HCL or H2O and resuspend the pdlet by vortexing. Incubate a RT for 5 min (or a 50°C for 5
min) for DNA fragments not more than 4 kbp (for DNA fragments between 410 kb). Centrifuge
for 30 sec and carefully pipette supernatant into a clean tube.

IV-3.2.3. Purification of plasmid DNA (QIAquick PCR purification Kit)
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This protocol is dedgned to purify sngle o double-stranded PCR products or DNA plasmids
ranging from 100 bp to 10 kbp. DNA adsorbs to the dlicamembrane in the presence of high st
while contaminants pass through the column.  The impurities are washed away and pure DNA is
duted with Tris buffer or H,O.

Add 5 voume of buffer PB to 1 volume of the contaminants and mix. Pace a QIAquick spin
column in a 2 ml collection tube Apply the mixed sample to the QIAquick column and
centrifuge 30-60 sec.  Discard flow-through and place QIAquick column back into the same
collection tube  Add 0.75 ml Washing Buffer PE to column and centrifuge 30-60 sec. Discard
flow-through and place QIAquick column back into the same collection tube Centrifuge column
for an additiond 1 min & maximum speed. Place QIAquick column in a dean 1.5 ml microfuge
tube. Add 50 m Elution Buffer EB or H,O to the centre of the QIAquick column and centrifuge

for 1 min. Sore the purified DNA a - 20°C.

IV-3.2.4. Ligation of DNA fragments

1.Cdf -intestind-phosphatase (CIP) reection (5 phosphorylation)

Alkdine phosphatase catdyses the removd of 5 phosphate groups from DNA, RNA and ribo-
and deoxyribonuclleosde triphosphates.  For blunt end ligation, the 5 phosphate group of the
vector mugt be removed by CIP reaction. This reaction is dso used to prevent the religaion of
the vectors. 2.5 ng of DNA fragments is phosphorylated a 37°C for 30 min in 100 ni of reection
volumes congding of 1x CIP buffer and 1 nt of phosphotases 5 mM EDTA is then added to the
reection and incubated with the reaction a 65°C for 15 min to inectivate the enzyme. The DNA
fragments are purified by phenol and ethanol precipitation before ligation reaction.

IV-3.2.5. Cohesive-end ligation

Prepare the plasamid DNA or DNA fragment by cutting it with suitable redriction enzymes,
which is fdlowed by purificaion. 1.3 molar raio of vector: insat DNA fragments together with
1 m of T4 ligase are incubated in 1x Ligation Buffer in a totd volume of 20 ni for 4 hr a RT or
ovenight & 16°C. Heat the mixture a 65°C for 10 min to inectivate the enzyme.

IV-3.2.6. Mini-preparation of plasmid DNA

Grow 3 ml ovenight culture in LB, 2x TY, or GC media with 100 ng/ml ampidllin & 37°C
overnight. Pdlet the cdls a 14,000 rpm for 1 min. Remove the supernaant and resuspend the
pdlets in 100 nt Buffer. Add 200 m Buffer P2 (Lyss Buffer) and incubate a RT for 5 min. Add
150 m icecold 3 M addic KOAc (Neutrdisation Buffer), mix by inveting the tubes for 6-7
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times and incubate on ice for 5 min. Centrifuge & 15000 rpm for 3 min.  Trander the
supernatant to a fresh Eppendorf tube and add 900 mh of precooled 100% ethanol, precipitate at -
70°C for 10 min. Centrifuge the pdlet a 15000 rpm for 10 min. Wash the pdlet with 200 nh
70% ethanal. Air-dry the pellet and resuspend it in 30-50m 10 mM Tris-HCI, pH 7.8.

IV-3.2.7. Maxi-preparation of plasmid DNA

Grow culture in 50 ml GC media containing plaamids or recombinant plasmids overnight in a
37°C incubator with sheking & 220 rpm. Collect the bacteria and isolate DNA plasmids by using
a Quiagen Plasmid Maxi Kit. This extraction method is bassd on Birnboim's dkdi lyss
principle. Resuspend the bacterid pdlet in 10 ml of Buffer PL. Add 10 ml of Buffer P2, mix
gently, and incubate & RT for 5 min. Add 10 ml of chilled Buffer P3, mix immediady, and
incubate on ice for 20 min. Centrifuge a& 4,000 rpm for 30 min a 4°C. Filter the supernatant
over a prewetted, folded filter. Apply the supernatant to a equilibraled QIAGEN-tip 500 and
dlow it to enter the resn by gravity flow. Wash the QIAGEN-tip twice with Buffer QC. Elute
DNA with 15 ml Buffer QF. These processes result in the isolation of a DNA-sdt pelet, which
is precipitated by 0.7 volumes (105 ml) of isopropanol and centrifuged further a 4000 rpm for
30 min. Washed the resulting pellet twice with 70% ethanol and ar-dry a RT. The pelet is then
carefully restspended in TE buffer and used for trandfection of cultured mammdian cdls.

IV-3.2.8. Measurement of DNA concentration

The DNA concentration is determined by usng an UV gpectrophotometer a wavelength of 260
nm. The dorption of 1 & 260 nm corresponds to a concentration of 50 ng/ml double stranded
DNA. Identity, integrity and possble purity of the DNA can be subsequently andysed on an
agarose gdl.

IV-3.2.9. DNA Sequencing (Sanger Dideoxy Method)

DNA can be sequenced by generdting fragments through the controlled interruption of enzymétic
replication [152]. DNA polymerase | is used to copy a particular sequence of a sngle-stranded
DNA. The synthess is primered by complementary fragment, which may be obtaned from a
redriction enzyme digest or synthessed chemicdly. In addition to the four deoxyribonudeosde
triphogphates (ddNTP), the incubation mixture contains a 2', 3 -dideoxy andogue of one of them.
The incorporation of this andogue blocks further growth of the new chain because it lacks the 3'-
hydroxyl terminus needed to form the next phosphodiester bond. A fluorescent tag is atached to
the oligonudectide primer, a differently coloured one in each of the four chanterminating
reection mixtures. The reection mixtures ae combined and eectrophoresed together. The
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separaed bands of DNA are then detected by their fluorescence as they pass out the bottom of
the tube, and the sequence of their colours directly yields the base sequence.

1. Sequencing Reaction:

The "Taq Cyde Segencing’ is peformed by usng "PRISV™™ Ready Reection DyeDeoxy'™
Taminator Cyde Seguencing Kit”. Mix the folowing reagents in a 0.6 ml double-snap-cap
microfuge tube:

Terminator premix* 95m

DNA template 10ny

Primer 10pmoal

dH20 Adjus the find reection volume to 20
m

*A-Dye Terminator labdled with
dichloro[R6G]

C-Dye Terminator labdlled with
dichloro TAMRA]

G-Dye Terminator labelled with
dichloro[R110]

T-Dye Terminator labdled with
dichlorog[ROX]

Place the tubes in a therma cyder prehested to 96°C which is followed by 25 cydes of therma
cyding deps 96°C for 15 sec; 48°C for 15 sec; 60°C for 4 min; and keep a 4°C dfter the
reaction.

2. Removd of the excess dye terminators by usng CENTRI-SEP Columns.

CENTRI-SEP Columns are designed for the fagt and efficient purification of large molecules
from smal molecules

Prepare the CENTRI-SEP columns according to the standard  procedures (PRINCETON
SEPARATIONS, INC) Transfer the DyeDeoxy™™ terminator reection mixture to the top of the
gd. Caefully dispense the sample gently onto the centre of the gel bed a the top of the column
without disurbing the gd surface. Place the column into the sample collection tube and place
both into the rotor. Maintan proper column orientation.  Spin the column and collection tube &
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750 g for 2 min.  The purified sample will be collected in the bottom of the sample collection
tube. Dry the sample in avacuum centrifuge.

3. Preparation and Loading of the samples:

Resuspend the pdlet in 4 nh of the following resgent mixture contaning 5 nh deonized
formamide and 1 mt 25 mM EDTA with blue dextran (50 mg/ml). Centrifuge the solution to
collect dl the liquid & the bottom of the tube Denature the samples & 95°C for 2 min and
trandfer them immediatdly on ice The samples are then separated on polyacrylamide g on the
ABI Prisv 373 DNA Seguencer with the appropriate run module, DT {dR S&t Any-Primer}
mohbility file, and matrix file

DNA seguencing isdone by R. Krug (MSZ, Wirzburg).

IV-3.3. Extracting and handling RNA

IV-3.3.1. Isolation of RNA from tissue

RNA is extremdy sendtive to degradation by RNases and should therefore be handled where
possble with RNase-free materids. Tissues can be taken fresh or stored & -80°C. Frozen or fesh
tissues should be put in 8 ml Sol. D (in 50 ml Falcon tube). Homogenise in Polytron for 30 sec &
soeed "6'(gpeed "7 for bone). Repeat until adequately homogenised (the mechanicd parts may
heat up during this procedure, therefore avoid prolonged homogenisation, and kegp on ice). Add
0.8 ml NaAc pH 4.0, 80ml Phend (TE sat) and 1.6 ml Chloroform. Mix on a Vortex for 25 sec
then place on ice for 15 min. Centrifuge a 10,000 rpm for 15 min. Disolve pdlet in 2 ml
TE/OS5% SDS. Add 7 ml Isopropanol and incubate O/N at -20°C. Trandfer to a 10 ml polyalomer
tube (Facon) and add 2 ml Phend/Chloform (10" TE sat.). Vortex for 10 sec and spin for 3 min
a 3000 rpm. Add 1 ml 75M NHzAc and 8 ml 95% Ethanol, and incubate & -20°C for 15 min.
Soin 5 min a 5000 rpm. Resuspend pdlet in 100nh DEP-H,O, measure concentration, and store
at -20°C under 2.5 volumes ethanal.

IV-3.3.2. Isolation of RNA from cells

Harvest cdls and wash twice in ice-cold PBS, and resuspend in 1 ml icecold PBS and trandfer to
Eppendorf. Spin for 10 sec, remove supernatant and resuspend in icecold TNEE buffer. Add
30m of 5% NP40, vortex briefly and incubate on ice for 5 min. Spin @& max. speed for 1 min. In
the meantime prepare an Eppendorf containing 30 nh 10% SDS and 200 m Phenol (TE buffered)
(& room temperaure). Trander the supernatant from the last centrifugation Sep to the tubes
containing SDS/Phenol, vortex 20 sec, and spin agan for 1 min. Trander the supernatant to a
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tube containing 30m 3M NaOAc and 1 ml ethandl. Incubate for 1 min a -70°C and then on ice
for 10 min, and then centrifuge a full speed for 5 min. Dry pdlet, take up in 400nm DEP-H,0,
measure concentration a OD260, and store the rest under 2.5 volumes ethanal at -20°C.

IV-3.3.3. Running RNA samples on denaturing gels

Centrifuge 10ng RNA a full soeed for 15 min, take off SN and ar dry (usudly requires 1 min,
do not dry longer!). Reconditute with 18 mi probe buffer, pipetting up and down severd times
Denature a 56°C for 10 min and add 2nmh 10" loading buffer. Dissolve 1 g agarose in 77 ml DEP
water, and boail. Allow cooling to 60°C ad then add 5 ml 200 MOPS and 18 ml formddehyde
Pour gd and dlow to set. The gd is run in 1 MOPS buffer. The RNA can be labeled usng
ethidium bromide, photographed, and then capillary blotted onto nitrocellulose.

IV-3.3.4. Northern blotting

Once the denaured RNA has been immobilised onto nitrocdlulose, it is possble to radicectivdy
label and hybridise a probe The Northern blots described in this dissertation were probed with
cDNAs labelled according to the Rediprime™ kit protocol from Amersham Pharmacia Biotech,
which is based upon a sandard Klenow based technique. The membrane was firgt incubated with
prehybridiang solution for 1 hr a 65°C. The solution was then changed and replaced with
hybridisstion solution containing the radiolabeled probe and incubated overnignt a 65°C. The
probe may be frozen, denaured and reused for up to one week later. Following hybridisaion,
the membrane is then subjected to washing a 65°C. The membrane is washed once with washing
buffer 1, followed by three times with washing buffer 2, each for 15 min. The membrane is then

rinsed to remove excess SDS.
IV-3.4. Yeast two-hybrid methods

A modified Clontech Matchmaker™ yeast two-hybrid system was utilised in order to identify
new IAP-binding proteins This sysem was based on that of Stanley Fedds and co-workers at the
Sate universty of New York a Stony Brook [Fidds 1989 #165]. The principle uses a smple
growth sdlection and cdourimetric assay which is based on reconditution of a functiond GAL4
transcriptiond  activator.  This transcriptiond  activator is fird separated into  its DNA-binding
doman (DB) and attivation doman (AD), and then recondituted in vivo in yeest cdls. This
recondtitution results in activation of a nutritiond reporter gene (HIS3), as wdl as a colourimetric
reporter (LacZ), under the control of a GAL4-respondve promoter. This method has yidded a
great ded of information regarding previoudy unknown protein interactions [153] [102].
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IV-3.4.1. The two-hybrid screen

ITA was doned in frame into the pPC97 vector contaning the GAL4 DB, resting in a
GAL4DB-ITA fudon protein, adso desgnated 'Bait, when trandformed in yeest. Likewise, the
PC12 cDNA library was doned into the complementary pPC86 vector containing the GAL4AD,
relting in GAL4AD-PC12-LIBRARY fusons dso desgnated 'Prey. Each of the vector types
dso contans a nutrient marker, dlowing the successfully transformed yeest to grow in the
absence of the specific amino acid. Reconditution of the GAL4-DB and -AD, brought about by
an interaction between GAL4DB-ITA and a GAL4AD-PC12-LIBRARY fudon proten, results in
the activation of a third nutrient reporter gene located in the yesst genome. Activation of this
third reporter gene (HIS3) enables the yeast to grow on -Hig-Lew/-Trp SD medium. To confirm
the proten interaction, primary His™ transformants are tested for expresson of the second
reporter gene LacZ usng a b-gdactosdase colony filter assay.

Protocol: 2mg pPC97 ITA was trandormed udng the smal scde trandformation protocol, plated
onto a -Leu SD plae, and incubated for 48hr & 30°C. Fve colonies were inoculated in 0.5 ml -
Leu D medium, vortexed and tranderred to a flask containing 150 ml -Leu SD medium. This
was then grown O/N a 30°C sheking a 250 rpm to an ODggp >1.5. This was then trandferred to 1
L -Leu SD giving an ODgpp of 0.20.3 and incubated for 3 hr with sheking a 250 rpm. The cdls
were then centrifuged a 1000 ~ g for 5 min a room temperature, the SN discarded, and the pellet
resugpended in 8 ml freshly prepared gerile 1 ° TE/LiIAc. 24 mg PC12 library DNA was added
to the pdlet and mixed wdl. 60 ml deile 1 © PEG/LIAc solution was added, vortexed, and
incubated a 30°C for 30 min shaking with 200 rpm. Next, 8 ml DMSO (10% find concentration)
was added and mixed gently by inverson. The cdl suspenson was heat shocked in a 42°C water
bah for 15 minutes swirling occasondly to mix. The cdls were then chilled on ice and then
pdleted by centrifuging for 5 min a 1000 ~ g The pdlet was resuspended in 15 ml 1~ TE
buffer, plated out onto -Lew-Trp/-His SD plates, and incubated for 59 days at 30°C.

The trandormation efficdency and number of independent cdones screened  were
determined in order to assess the effectiveness of the procedure. 1/10, 1/100 and 1/1000 dilutions
of the cdl sugpenson were made and then plated out onto -Leuw-Trp SD plates and dlowed to
grow 2-3 days The number of colonies were counted for each dilution, and the cotransformation
efficently was cdculated according to the following formula

cfu” totd sugpeson val. (M)
Vol. plated (nh) ~ dilution factor © amount DNA used (ng)

cfu/ny DNA
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To estimate the number of clones screened:

cfu/mg”~ amount DNA used () = # of dlones screened

IV-3.4.2. Colony lift b-galactosidase filter assay

Due to the occurrence of fadse pogtives growing on the triple dropout (-Lew-Trp/-His) plates, a
second test is peformed to determine which of the HIS3 postive cones ae dso LacZ, by
screening for blue colonies in a b-gd test. The colonies are tranderred to filters and placed on
section medium. After incubetion for 1-2 days & 30°C, the membranes are lifted out and the
colonies assayed for b-gdactosdase activity. A Z-buffer/X-gd mix is prepared by adding 500nh
X-Gd dock (20 mg/ml) 27 m b-Mercgptoethanol to 10 ml Z-buffer. A derile Whatman #5 filter
was placed in a 100 mm plae and soaked with 1 ml Z buffer/X-gd buffer. The yeast were
permesbilised by placing the membrane face up in a poal of liquid nitrogen. Usng forceps the
membrane should be completedy submerged for 10 sec, or until uniformly frozen. The membrane
was then placed caefully, colony sde up, on the presoaked filter. Genuine podtives should
develop a blue colour between 30 min-8 hr.

IV-3.4.3. Transforming S. cerevisiae with plasmids (small scale)

A dngle yeast colony is incubated O/N in 50 ml YEPD medium, shaking @ 30°C in a water bath.
One ml yeast culture per trandformation is placed in an Eppendorf and spun for 5 sec. The SN
can be discaded, leaving 50-100 m in the tube in which to resuspend the pelet. To this 2nh
carier DNA and » Ing plasmid DNA is added and then vortexed. In addition, 0.5 ml plae
mixture and 20 m DTT were added, the tube was vortexed agan and incubated a room
temperature for 6 hrs to O/N. after a 10 min heat shock a 42 °C, 200n cdls from the bottom of
the tube were plated out on asdection plate. The yeast were grown for up to three days at 30°C.

IV-3.4.4. Direct two-hybrid tests

Usng the above method it is possble to cotransform two complementary vectors to andyse a
direct interaction between two proteins. After cotransformation, the yeast are plated firg on -
Lew-Trp SD plates, before being tranderred to -Lew-Trp~His SD plates to tet HIS3 and
Subsequently LacZ activity. This direct tesing method is dso employed to test the specificity of a
library screen interaction, since it is possble to examine whether potentia prey done is ddle to
autonomoudy activate the reporter genes with or without the empty bait vector.
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IV-3.4.5. Plasmid isolation from yeast cells

In order to identify prey plasmids from a library screen, 1,5 ml of an overnight culture is spun a
14,000 rpm for 5 sec, and the pdlet resuspended in 100 pl STET buffer. To this 100 ul glass
beads are added and shaken violently for 5 min on a vortexer, in order to mechanicaly bresk the
cdl membranes Add another 100pl STET and incubate & 100°C for 3 min. Chill on ice ad
centrifuge a 4°C for 10 min, then aspirate 100l supernatant and trandfer to an Eppendorf
containing 50ul 75M ammonium acdate Incubate a -20°C for 30 min, then centrifuge (12,000
" g) a 4°C. 100ul supernaant is ten added to 400puL 100% ethanal, incubated for 5 min on ice
and centrifuged a 12,000 *~ g. After the DNA pdlet is dry, resolve in 20ul TE and transform in
DH5a becteria. The bait and prey plasmids should be didinguished by redriction digest of
overnight cultures from colonies picked. The prey plasmid can then be sequenced, retransformed
in yeast and tested for interaction with the bait plasmid/empty vector in direct two-hybrid tests.

IV-3.4.6. Protein extraction from yeast

Centrifuge 1,5 ml overnight culture for 30 sec, remove supernatant and add 30 pl 2 °  laemmli
buffer, boil for 2 min and fill to fluid leve with glass beads. Vortex for 1 min, then add ancther
70ul leemmli. Vortex again for 1 min, bail for 2 min then place on ice for 5 min. add a further
30ul laemmli, pipette the liquid and trandfer to a new Eppendorf. Centrifuge for 30 sec, place the
SN in anew Eppendorf, and run on SDSPAGE.

IV-3.5. Protein methodologies

IV-3.5.1. Immunoprecipitation

For immunopredipitation of cdlular proteins, proten G sepharose is employed for monocond
antibodies and goa antisera, whereas protein A sepharose is used for rabbit antibodies 20 nh
sepharose was incubated with 054 ng of antibody, 500 ng precleared lysate and the volume
meade up to 1 ml in an Eppendorf tube using lyss buffer. Lysates are fird precleared for 1 hr with
the rdlevant beads. Samples are incubated on a nutator for a least 2 hr a 4 °C and then washed
with appropriate wash buffers, depending on the dringency required. The choice of wash buffer
should inaure low background and maximum preservation of complexed protens  When
andysng nove interactions a mild wash buffer like NP40 buffer is used in order to insure that
interactions between proteins of interet are not destroyed. The immunoprecipitated proteins are
boiled in Laemmli buffer and subjected to SDS PAGE and Wedern blotting, or ther adtivity can
andysad inin vitro kinase assays.
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IV-3.5.2. In vitro kinase assay

The kinase activity of an enzyme can be messured in vitro by the upteke of [¢*2P] ATP
radioactivity by its subdrate. The immunoprecipitated kinases are washed twice with both lyss
buffer and kinase buffer. For MLK3 kinase assays, SDS mugt be omitted from dl buffers Add 5
nO [¢%°P] ATP, 25 ny of substrates 0.1 mM ATP, and 20 mi kinase buffer, incubate the
mixture a 30°C for 20 min. The reaction is then sopped by adding SDS-loading Buffer and
incubated a 95°C for 5 min. The proteins are separated by SDSPAGE, and then blotted onto
nitrocellulose membranes The membrane is placed in a lightproof cassette together with x-ray
film to detect the gradiaion. Equd loading of the immunoprecipitaied kinase is subsequently
controlled by immunaoblotting with specific antibodies.

IV-3.5.3. Measurement of Protein concentration (Bio-Rad protein assay)

The Bio-Rad Protein Assay is based on the obsarvation that when Coomasse Birilliant Blue G
250 hbinds to the protein, the absorbency maximum shifts from 450 nm to 595 nm [1%4]. Equd
volumes of cdl lysste contaning 1-20 ng of protein is added to diluted Dye Resgent and mixed
wdl (15 dilution of Dye Resgent Concentrae in ddH»O). After a peiod of 5 min to 1 hr, the
absorption a wavdength 595 is messured versus resgent blank ( which contains only the lyds
buffer).

IV-3.5.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE)

Proteins can be eadly separated on the bads of mass by dectrophoress in a polyacrylamide gd
under denaturing conditions. Cedls ae havesed, washed, lysed, and where possble protein
content is measured. Cdl debris is cleared by centrifugation. 5x SDSloading Buffer is used to
denature 2050 ng of precleared cdl extracts, whilst for IPs an equad amount of 2x SDS-loading
is added, and then heated a 95°C for 5 min. SDS is an anionic detergent that disrupts nearly dl
noncovaent interactions in naive proteins b-Mercaptoethanol is dso incdluded in the sample
buffer to reduce disulfide bonds. The SDS complexes with the denatured proteins are then
eectrophoresed on a polyacrylamide gd in the form of a thin verticd dab. Veticd gds ae st
in between 2 glass plates with an internd thickness of 1.5 mm between the two plates. In this
chamber, the acrylamide mix is poured and left to polymerise for a leest 30 min & RT. The gds
are composed of two layers. a 615% separating gel (pH 8.8) that separates the proteins according
to sze; ad a lower percentage (5%) dacking gd (pH 6.8) that insures the proteins smultaneous
entry into the separating gd a the same height.



Separating gel Stacking gel
TrispH 8.8 25ml. 125ml
Acrylamidebisacrylamide 29:1 (30%) 2.050ml 17m
10% SDS 01ml 01ml
dH,0 5.424ml 68ml
10% APS 01ml 0lml

The separdting gd is poured in between two glass plates, leaving a space of aout 1cm plus the
length of the teeth of the comb. Isopropandl is added to the surface of the gel to exclude air. After
the separating gd is polymerised, the isopropandl is removed. The stacking gl poured on top of
the separaing ge, the comb inserted, and dlowed to polymerise The samples are loaded into the
wells of the gd and running buffer is added to the chamber. A cover is then placed over the gd
chamber and 45 mA ae goplied. The negdively charged SDS-proteins complexes migrate in the
direction of the anode a the bottom of the gd. Smdl proteins move rapidly through the gd,
wheress large ones migrate dower. Proteins that differ in mass by about 2% can be didinguished
with this method. The dectrophoretic mohbility of many proteins in SDS-polyacrylamide gds is
proportiond to the logarithm of their mass

IV-3.5.5. Immunobotting

After the cdl extracts are subjected to SDS-PAGE, the proteins are trandferred by dectroblotting
to nitrocelulose BAS85 membrane. SDSPAGE gds ae dectroblotted a 400 mA in blotting
buffer for 45 min. Ponceau S fixaive dye solution (containing Ponceau S, trichloroacetic acid,
and sulfodicylic acid) is usad to check if the trandfer has occurred. Stain for 5 min and wash
with de-ionised water. For Western blot andyss, incubate the membranes in blocking buffer for
1 hr & RT. or overnight a 4°C on a shaker. Dilute the firg antibody in BST/5% milk (unless
otherwise indicated), add to the membrane, and incubate O/N a 4°C. Wash the membrane three
times with BST, each time for 10 min. Dilute the appropriate peroxidase-conjugated secondary
antibody in TBST (or according to manufacturers indructions), add to the membrane, incubate a
RT for 45 min, and wash. This gep is followed by the standard enhanced chemiluminescence
reection (ECL-sydem): incubate the membrane in a 1.1 mix of ECL solutions 1 and 2. This
reaction is based on a peroxidase catdysed oxidation of Luminol, which leads to the emisson of
light photons that can be detected on X-ray film. Thus the peroxidase conjugated secondary
antibodies bound to the primary antibody detect the protein of interest.
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IV-3.5.6. Immunoblot stripping
The removd of primary and secondary antibodies from a membrane is possble, o tha it may be
reprobed with dterndive antibodies To meke 50 ml dripping buffer, mix 3.125 ml of a 1M Tris
ution, 5 M of a 2000 DS olution, 0.35 ml of 4.3M b-Mercagptoethanol, and make up to 50ml
with 42ml ddilled H,;O. Incubae the membrane in dripping buffer for 30 min a 50°C. The
membrane should be washed & least 5 times with PBST or TBST. The membrane can then e
reprobed as described above.
IV-3.5.7. Luciferase reporter gene assay
Bioluminescence is characterised by light emisson cadysed by an enzyme Firefly lucferase,
cadyses the rdease of light upon addition of luciferin and ATP. The luciferase activity is
assayed and quantified by messurement of light production. The photon production by cataytic
oxidation of beetle luciferin occurs from an enzyme intermediate, luciferytAMP.

Lucfein+ ATP® lucferzyll AMP +PP

LuciferyllAMP+ O, ® oxyludferin + light
Luciferin is fird activated by addition ATP. The activated luciferin reacts with oxygen to form
dioxetane. Dioxetane decomposes and excites the molecule, which trandfers to its ground State by
emisson of fluorescence light.
The transfected cdlls are havested and lysed in 100 mk of lyss buffer, mixed wel, and incubated
on ice for 30 min. The crude cdl lysaes are precleared by centrifugation a maximum speed for 1
min. 50 m of precleared cdl extract is added to 50 ni of Luciferase Assay Buffer. The activity is
messured after injection of 50 m of D-ludferin solution, and the reaction is monitored in a
Bethold luminometer for 5 sec. The luciferase activities are normdised agang the b-
gdactosdase activity of cotrandfected 1 ng Rous sarcoma virus LTR b-gd vector in the b-
gdactosdase assay. Results are presented as luciferase units normaised to protein concentration.
Each expeiment is peformed in duplicates or triplicatess The mean and standard deviaions of
two independent experiments are shown in the figures.

IV-3.5.8. b-galactosidase assay
The b-gdactosdase assay is peformed according to a standard protocol (Sambrook, J, Fritsch,

EF, ad Maniais T. 1989 Modecular doning: A laboraory Manud 2" Ed, Cold Spring
Habor Laboratory Press New York). 20 m (goproximady 1520 ng of totd proten
concentretion) of precleared cdl lysate is added to 500 mk of b-gd Assay Buffer and 100 nh



ONPGsolution.  This is incubated a 37°C until the solution begins to turn ydlow (between 4 hr
to overnight). 250 mh of 1 M NaxCO; is added to stop the reection. The absorption of the solution
a wavdength 420 should be measured within the next 30 min.

IV-3.6. Cell culture techniques

IV-3.6.1. Cell maintenance

The human embryonic kidney cdl line HEK293 and 293T derived virus packaging cdls were
cultured in Dulbecco's modified Eagl€és medium (DMEM) supplemented with 10% (viv) foetd
cdf saum (FCS), 100 U penicllin and dreptomycin per ml, and 2 mM L-glutamine, a 37°C in
humidified ar with 6% CO,. The 32D cdls were obtained from Dr. JS. Greenberger and grown
in RPMI 1640 (Giboo) supplemented with 10% hest inactivated (45 min, 56°C) foetd calf
serum, 100 U penidllin and dreptomycin per ml, 2 mM L-glutamine and 15% of WEHI-
condiioned medium a 37°C, 5% CO, and 90% humidity. 32DBd-2 cells were obtained from
JReed.

IV-3.6.2. Transient transfection of 293 cells (Calcium phosphate method)

Cdlswere trandfected by a cacium phosphate coprecipitation method according to a

modified Stratagene protocol. For each 10 cm plate, 510 pg DNA was meade up to 450 pl with
Sgma entotoxin-free water, and mixed with 50 yl 25M CaCl,. Then 500 pl 2 BBS (pH6.97)
was added dropwise while vortexing, and left & room temperature for max. 20 min. The
transfection mix was then added carefully to the cdls and incubated for 6hr-O/N a 37°C, 7%
CO,. After the incubation, the cells were washed a least 3 with 1" PBS prewarmed to 37°C.
HEK293 cdls were sarved in DMEM with 0.3% (v/v) FCS for 48h after transfection, whereas
the 2903T deived lines were mantained in 10 % (viv) FCS throughout. Trandfection efficiency
was monitored via the GFP expresson from the pCFG5-1EGZ.

IV-3.6.3. Establishment of stable cell lines

70% confluent 293T derived virus-packaging cdls were trandected in a single wel of a fla
bottom sx-wel tissue culture plate with 25 ng of purified DNA following the above CaPQ,
protocol. 24 hours dfter trandection cdls were refed with 2 millilitres of fresh medium for
overnight. The folowing day tissue culture supernaants were cleared from cdls by
centrifugation (800" g, 5 minutes a 20°C) and sterile filtered through a 0.45 pm filter atached to
a syringe. 32D cdlls to be infected were seeded a 0.5x10° cdls per ml to which 1 ml of the virus
supernatant, 250 mi WEHI oonditioned medium and 1 ng polybrene/ml were added. 24 hours
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later the infection was resupplied with 2 ml fresh 32D cdl culture medium. Sdection of cdls
carying the pCF5 IEGZ expresson condructs was dated by adding 600ng Zeocin/mll.
Sdection medium was changed every other day.

IV-3.6.4. Cell survival assays

For the andyss of cdl survivd and intracdlular dSgndling pathways cdls were washed three
times in tissue culture medium without WEHI cdl supernatant. 05x10° cdls in a totd volume of
1 ml were digpensed into a sngle wdl of a fla bottom 24 wdl tissue culture plate. Cdl viability
was routindy assessed by staining the cdls in trypan blue (Sgma).

IV-3.6.5. Immunofluorescence

HEK 293 cdls were seeded on cover dips in 6-wels and trandfected the next day according to
the above protocol. 48hr after trandection, the cdls were washed 27 with 1" PBS, and fixed in
3,7% Formddehyde in PBS for 10 min. The cdls were washed again twice with 1 PBS and
permeebilised for 10 min with 05% Triton-X-100. To prevent non-specific antibody binding, the
cdls were then blocked in 1% BSA/1% serum (from the species where the secondary antibody
was deived from) for 30 min. The firg antibody wes diluted in 1% BSA according to the
manufacturers recommendations and incubated for 45 min. The unbound antibody was washed
avay by incubating three times for 5 min with I’ PBS. The fluorescence-conjugated secondary
antibody was then diluted appropriatdy in 1% BSA and incubated for 45 min protected from
light. The cdls were then washed three times in 1" PBS to remove excess antibody and carefully
mounted on a glass dide usng 50% glycerdl. The cover dip can then be mounted more
permanently by applying nall varnish to the edges

N.B. Some antibodies cross-react with BSA or with serum proteins, therefore aways check the
manufacturers guiddines before use. All deps ae caried out a room temperaure. The cdl
nudel may dso be dained dter the incubation with the second antibody by ringng with 200 mM
KC ad gpying a 211000 dluion of a 5Sugm DAR in PBS for 15 min
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APPENDIX

Abbreviations

b-Ga

DART
DB
DD
DED
DISC
(AANTP
DMEM
DMF
DMSO
DTT
E. ool
ECL
EDTA
EGF
ERK
EST
FADD
FCS
GST
HA

b-Gdactosdase

Amino add

(Gd4) Activation domain
Ampidllin

Apoptoss Sgnd-regulated kinase
Ammoniumpersulphate

Adenosine 5 -triphosphate
Baculovirus AP repesat

basc locd dlignment tool

Bone morphogenic protein
beziehungsweise
Caenorhabditiselegans

circa

cydic Adenosine monophosphate
Cagpase recruitment domain
colony forming unit

Cdf Intestina Phosphatase
Casain kinase |

Diacylglycerin

Domain architecture retrieva tool
(Ga4) DNA-Binding domain
Death domain

Degth effector domain

Deeth inducing sgndling complex
(Di)Desoxynudectide triphosphete
Dulbecco's Modified Eagle Medium
Dimethylformamide
Dimethylsulphoxide

Dithiothreitol

Escherichia coli

Enhanced Chemoluminiscence
Ethylendiamintetra acetic acid
Epidermd growth factor
Extracdlular sgnd regulated kinese
Expressed sequencetag
Fas-associaed protein with deeth domain
Foetd cdf serum
Guanidine-S-transferase

Haemegglutinin



His Hididine

kB Inhibitor of kB

IAP Inhibitor of gpoptods protein

IKK IkB kinase

IL Interleukin

IP Immunopredipitation

IRES Internd ribosomd entry ste

ITA Inhibitor of T-cdl gpoptosis

JAK Janus kinase

INK c-Jun N-termind kinase

INKK INK kinese

bp basepairs

kip Kilobasepairs

kD Kilo Ddton

Leu Leucine

LiAc Lithium acetate

MAGE Meanoma associated antigen
MAPK Mitogen activated protein kinase
MAP2K MAPK kinase

MAP3K MAPZK kinase

MEK MAPK/ERK activating kinase
MEKK MAPK/ERK activating kinase kinase
MKK MAP kinase kinase

MLK3 Mixed lineage kinase 3

Mad. Modified

MZ Indtitut fir Medizinische Strahlenkunde und ZdIforschung
NAIP Neurond |IAP

NCBI Nationd Center for Biotechnology Information
NFkB Nuclear factor kB

NG Nerve growth factor

NRAGE Neurotrophin receptor interacting MAGE homologue
NP40 Nonidet 40

oD Opticd density

ON Overnight

ORF Open reading frame

P/SNTR p75 neurotrophin receptor

PAGE Polyacrylamide-Gd dectrophoresis
PBS Phosphate buffered sdine

PC12 Phaeochromocytomacell 12

PCD Programmed cdl degth

PCR polymerase chain reection

PDGF Patelet derived growth factor

PKC Protein kinase C

PTB tyrogne binding domain

PTK Protein tyrosine kinase

pm revolutions per minute

RPTK Receptor protein tyrosine kinase
RT Room temperature

e Saccharomyces cerevisae
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XIAP

Schizosaccharomyces pombe
Stress-activated protein kinase

Saine

S¢ Homology

Son of savenless

Signd transducers and activators of transcription
TGFb-activating kinase
Trandorming growth factor

Tentative human consensus sequence
Threonine

The indtitute of genomic research
Tumour necrogs factor

TNFR1 asociated desth domain protein
TNFR associated factor

TNF receptor

Tryptophan

Tyrogne

Ubiquitin

Voume

Weight

X-linked IAP
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