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ABSTRACT

The IKK complex is an essentiategulator of the NF{ " OECT Al 1 ET C DAOE>»
comprised of three subOT EOON AAOAI UOEA OOAOT EOO ) ++4 Al
be assembled in multiple conformationsas either hetero or homo-AET AOO 1T £ ) ++
with or without OEA OAAZEAI 1 AET Igs repuinie©ORA T YOE€d Al BET C
related cellular inflammatory responses that are often constitutively active in many

cancer cells. Beyond regulation of NkB sigralling a number of other potential IKK

substrates have been proposed including the mitotic kinase Aurora A, one of three
serine/threonine kinases of the Aurora kinasefamily that mediate mitotic progression

in cells. Aurora A kinase specifically has sevdraoles in the cell cycle, regulating

spindle formation/attachment, centrosome maturation and cytokinesis, ancas been

observed to be overexpressed in several cancers.

Several studies have linked IKK complex to Aurora A signalling, as either a substrafe

) ++4 j OOAEAPAOCE A0 Al h c¢inAHhBAGAO redulated A0 OAOC
degradation (Irelan et al, 200’) both linked to cell cycle progression independent of

NF{" OECTAITETC8h ! 00T OA ! EET AQA EORCTEIXNAG/
throuCE OEA DPET OPEI OUlI AOETT AT A AACOAAAOQEITT 1 FE
subgroup of patients exhibiting Aurora A gene amplificationBriassouli et al, 200Y.

Prostate cancer is a significant worldwide health issue and is themost prevalent

canca in males and % most prevalent cancer overall with over 900,000 new cases

diagnosed in 2008 Ferlay et al, 201). The current therapies treating prostate cancer

are far from ideal and have signifiant side effects. Both Aurora Aand NF[ “related

kinases have been shown to be oveexpressed or constitutively active inProstate

cancer and therefore the suggested novel interaction may serve as a potential
mechanism for intervention in cancer. This study aimed to validate IkKurora A

interactions and potentially identify novel targets for the development of therapeutics

in perostate cancer.

50ET ¢ OAAT T AET AT O DOT OAET 1 AOETAT1 T GCEAO OEA

Aurora A were confirmed. Utilising peptide array technology, it has been possible to



A£OOOEAO A1 OAEAAOA OEA 1T AOOOA 1T &£ OEA8 ET ORDHAA
ET OAOAAOQETT 1T & ' 00T OA ' ATA )Y++4Tr xAO 1 APD
kinase domain and the NEMO binding domain. The NEMSNnding Domain is a

conserved hexapeptide sequence,-D-W-SW-L, a1 OO AT OE ) mediptindAT A ) + +
theinteractEil T xEOE OEA OAAZEAEI 1 AET ¢ DPOI OAET ) ++r 7.
of the NBD as a multprotein docking site. Binding of these proteins was further

confirmed endogenously in a cellular setting, by means of €dmmunoprecipitation and

also the kinetic profiles of these interactions were characterised using recombinant

proteins and Surface Plasmon Resonance. Thereafter Cell Permeable Peptides (CPPs)

based on the IKK NBD were utilisedas pharmacologicaltools, to examine potential

competitive perturbation of Aurora AIKK interactions mediated by the NBD in

prostate cancer cells.This identified in a cellular setting treatment with NBD CPPs

resulted in the inhibition of Aurora A phosphorylation and induced Aurora A
degradation, which correlated with cell cycle arrest. It was also suggested through

molecular modeling that the IKK NBD peptides could bind to the Aurora A protein,

potentially at sites engaged by TPX2, an activation accessory protein for Aurora A. This

purported mechanism may account for the oberved IKK NBD peptidemediated de

phosphorylation and subsequent degradation of Aurora A.

Therefore, this study has identified the NEMO binding domain as a potential multi
protein binding site and has identified novel functionality of the IKK NBD cell
permeable peptides. This may represent a novel target for the intervention of IKK
mediated regulation of the cell cycle and serve as the basis for the development of
novel peptidomimetics and related small molecules for the treatment oProstate

cancer.



CHAPTERL: INTRODUCTION



1.0 INTRODUCTION

1.1 Cancer

Cancer is one of thavorld @ most significant health problems, affecting ~12.8 million
people a year and accounting for around 13% of all deaths worldwide (based on
studies by the WHO in 2008 Ferlay et al, 201®. Cancer is a term used to describe a
wide variety of diseases, Wich can affect any region of the body, and is defined as a
disease of uncontrolled abnormal cellular growth. The unregulated growth of human
cells leads to tumour formation and in its malignant form can spread via the lymphatic
system or the bloodstream b disparate regions of the body. This mechanism is referred
to as metastasis andt is these metastases that are the leading cause of death from the
disease, due to a spread of the tumour to essential tissues leading to a disruption of

normal function and subsequently death(Hanahan et al, 2000

The causes of cancer are hard to determine as there is such a wide range of tissue
affected, over two hundred different cancers have been observed in humans, so there is
often no way to ascertain one specific caasive agent that leads to the development of
cancer. Usingarge-scaleepidemiological studies it has been possible to elucidate risk
factors associated with certain cancers e.g. the strong statistical association between
the smoking of tobacco and lung azer incidence Sasco et al2004. The external
agents associated with the development of cancerous malignancies are known as
carcinogens and can be splitnto three separate categories; physical carcinogens,

chemical carcinogens andiblogical Carcinogers.

Physical carcinogens are defined as a physical agent, which can lead to the formation of
cancer such as the exposure to ionising radiation or high levels of ultraviolet radiation.
Long-term exposure to the sun without adequate protection has long len associated
with the incidence of melanoma's (skin cancer) due to exposure to high levels of
ultraviolet radiation. Many studies have highlighted the link between the levels of
unprotected exposure to the sun and cancer with a recent study showing 95% of al

malignant skin cancers occurring in sun exposed regiorfgndrade et al, 201p

Chemical carcinogens are any chemical agemthich can lead to carcinogenesis such as
arsenic (water contaminant) or tobacco smoke components. Tobacco smoke contains

up to 4000 chemicals many of which are carcinogenic, 93% of all incidence of lung



cancers have been associated with the inhalation of cigarette smok¥illneuve et al,
1994; Sasco et al, 2004

Finally, biological carcinogens are cancers caused by infection by Witacterial or
parasitic infection. One such example of a cancer associated with a biological
carcinogen is Kaposi's Sarcomaa malignant form of skin cancer associated with
cutaneous lesions. All incidents of tis cancer are associated witlinfection by Kaposi's
Sarcoma Herpes Virus (KSHYbtherwise known as Human Herpes Virug 8 (HHVS8)
this is one of several cancers which have been shown to be caused through viral
infection (Shulz et al, 2000

These are all risk factors linked toexposure to anexternal source that leadsto the
increased chance of developing of this disease. However, there are atgnetically
linked internal risk factors also stown to be causative agentof cancer. There are
genetic mutations that can increase the likelihood ofdeveloping cancere.g. the
hereditary mutations of the BRCAlgene increases both breast and ovarian cancer
incidence and has been shown to be linked tbugh generations of families(Friedman
et al, 1994. Hormone imbalancecan act as another internal risikfactor asa number of
hormones are responsible for the regulationof cell growth and development;so where
these hormones are migegulated and levels are elevated this can lead to tumour
developmente.g. endometrial cancer is linkedtrongly to hormonal imbalance (Tinelli
et al, 2009.

Fundamentally, all cancers are caused througlgenetic mutation, responsible for the
loss of control of the mechanisms governing correct cellular proliferation. The
development of these mutations can besomatic, such as lik between BRCAland
breast cancer, but are rare likely to be due to exposure tdoth external and internal
risk factors over the lifetime of the patient leading to the development of the disease.
Although reducing the exposure to the external risk factorgan significantly decrease
the probability of developing cancer, the risk factor with the strongest association to a
rising cancer incidence is therefore age. The development of modern medicine has
increased life expectancy of the population and with thigncreased life expectancyhas
come an increase in the prevalence of cancefonsideringthe statistics published by
the WHOat the conclusionof a worldwide study between 19762008 it was observed
that in developed countries 78% of all new cancers were diagnosed in the over 55

population, this is reduced to 58% in developing nationgFerlay et al, 2012. Most



cancers occurdue to a cumulative xposure to one or several of the risk factors leading
to an increase ingenetic mutations and subsequent development of the disease, some
cancers are directly associated with ageing. The most significant of thesecsncer of

the prostate.

1.2 Prostate cancer: Prevalence and incidence

Cancer of theprostate is an adenocarcinoma, a cancer of the epithelium in glandular
tissues, in over 95% of all cases. Globally it is the most prevalent rattaneous cancer
found in men (Ferlay et al, 2019 and is the sixh leading cause of death in men
worldwide with 900,000 new cases diagnosedeach yearand an estimated 258,000
deaths occurring in 2008. The prevalence gbrostate cancer is strongly linked to age,
with the likelihood of developing the disease increasingexponentially as the patient
ages. From a study ofancerincidence and age in the USA between 202005 between
the ages of 4554 there is an increase in incidence from almost none under the age of
45 to 8.6%, with a total incidence recorded in the 85 population of 37%. The highest
diagnosisrate in a single age range is that of 634 years with 36% of all cases and
above this 27% of all incidences isecorded (Crawford et al, 2009. A study examining
prostate cancer incidence in the autopsies of wite males who had no prior
intervention also showed an agedependent increase in frequency with 35% of those
aged 6669 and 46% of 7081 year olds were observed to havéisplayed cancer of the
prostate (Yin et al, 2008. Although age is the most well estdished risk factor for the
development of prostate cancers there has also been shown a link with both ethnicity
and diet playing a role in the prevalence ofprostate cancer amongst certain
populations (Crawford et al, 2009. Studies investigating the linksbetween diet alone
and prevalence of prostate cancer have so far proven inconclusive. The most
convincing of the studies highlighting a possible link between prostate cancer and diet
has been that byCook et al1999. This study linkeddiet to a rising incidence of postate
cancer frequency amongst Asian immigrants and their descendants with an almost
doubling of the incidence observed inAsian Americansborn in the USA.The most
obvious change in the environmentafactors, which may have exerted an effean this
increase,is diet. The disparity between the ethnicities of those affected by prostate

cancer becomes clear wherthe statistics are investigated. ®idies carried out in the



USA show thatAfrican American menhave a 1.6 times greater risk of devefiing cancer
and almost double the probability of dying from the disease compared to white men
(Crawford et al, 2009 Howlander et al, 2012 This trendwas also observedon a global
scalewhen worldwide incidence was investigated, as seen in th e LOBOCAMNeport by
the International Agency for Research on Cancer (FC). The report showedan
incidence rate in Europe, Noth America and Australia at 66.8 perl00,000 while in
Central Asia e.g. IndiaChina the rate is less than 7.4 pet00,000. This is an almos¥0
fold variance across the world(American Cancer Societ®011). Some of this variance is
attributable to the more widespread use of screening techniques in the countries with
the highest prevalence. The differences observed in prostate cancers amondsterent
races are not well understood, with many factors attributable, such as diet or
environmental factors, having been implicated. There is however some evidence for a
genetic predisposition to the disease in men of African descerfbr example a recat
study into the deletion mutations of glutathione Stransferase genes show a significant
increase in the incidence of cancer when linked to smoking amongst Africakmerican
men (Taioli et al, 201). The hereditary predisposition to prostate cancer throud
genetic links arewell established (Albright et al, 2019. These strong familial links to
increased risk of prostate cancemwere established through analysis ofScandinavian
monozygotic and dizygotic twins. These studies showed strong hereditary genetic
link to familial aggregation of cancer compared to the effect of shared environmental
factors (Lichtenstein et al, 2000

1.3 Current treatment modalities of cancer of the prostate

Although the rate of prostate cancer incidece has been rising steadily over the past 25
years, the rate of mortality associated with the disease has been steadily decreasing
(Howlander et al, 201 This has been attributed to the improvements and widespread
implementation of screening techniques HBowing for earlier detection greatly
increasing the success of treatment and thereby reducing the mortality rates. There
have however been some questions as to the efficacy of these screening methaslsa
result of two large-scale studies recently completd in Europe and USAhat showed
slightly different results. The European study showd a 20% decrease in mortality over

a median of 9 years in those being screened. However the study conducted in the



United States of America showed no difference in the miadity rates. Although this
study can be interpreted as a comparison of regular screening compared to high levels
of screening as the control arm of the study received ‘regular care' which include

routine screening (Etzioni et al, 2012.

The screening fo cancer of the prostate is carried out by two methodseither using a
blood test to investigate the circulating levels ofProstate Specific Antigen (PSA) or
manual assessment through digital rectal examinatiorA high circulating level of PSA
has been indicated to associatestrongly with a positive biopsy for prostate cancer
(Thompson et al, 2006and with advancements in the sensitivity of screening it has
been possible to detect PSA at increasingly low levels. $Heads to faster treatment of
early stage cancers which has a positive effect on survival outlook, with an almost
100% five year survival rate post diagnosis seen in the USA and rates varying in Europe
from 48% to 87% (Ferlay et al, 201{Howlander et al 2012) when diagnosisoccurred in
the early stages of the disease. There are a wide range of treatment options once
diagnosed;these are dependent on a wide variety of factors including age, stage and
grade of the cance(Denmeade et al, 2004 When consideing the options for treatment

it is important to determine if immediate treatment is in fact essential. postate cancer
has been shown to be a slow progressing localised form of cancer and doesn't rapidly
develop into the more aggressive metastatic formg the short term. The treatments
for the disease on the other hand are highly invasive with common side effects
including urinary incontinence and loss of erectilefunction, which can be severely
detrimental to the B A O E duhli§y ®fdife and are not neessary in the treatment in the
early stages. TheD O O A A @dsdmfPidyed at this stageis 'watchful waiting' which
refers to a regimen of increased screening byligital rectal exams, biopsy or PSA level
screening to monitor the progression of the cancemore accurately with the curative
intent of identifying the diseasebefore it advances to thanore aggressive forms of the
disease (Sanda et al, 200Q The increased monitoring of the diseaseallows for the
tailoring of treatment to the individual. It allows for a more complete understanding of
how the disease is progressingand how it is affecting the patient, which will be
advantageous for improvingboth quality of life and long-term survival (Denmeade et al,
2004). Watchful waiting is more accuratelyreferred to as deferred definitive therapy,

as its function is to merely defer the time before more definitive treatments must be
employed. There are three definitive therapies employed in the treatment of prostate

cancer:



1. Radical prostatectomy
2. Radiotherapy
3. Brachytherapy

These methodologies are all applied to early and intermediate forms of the disease but
for the more advanced metastatic forms androgen ablation therapy is also used in
conjunction with one or more of these definitive therapies. The clinical model for those
whom @atchful waiting8is the recommended treatment was defined in 1993 by
Epsteinet al and has led to betweera third to a half of all patients having no further

treatments over Syears (Sanda et al, 200Q



1.4 The current definitive tre atments for cancer of the prostate

1.4.1 Treatment of Prostate cancer by Radical Prostatectomy

The progressionof cancer of the prostate will eventually lead to the need for definitive
therapies as described previously. The first of these is the surgicatmoval of the
prostate otherwise known as radical postatectomy. This is a highly invasive surgery
requiring in-patient hospitalisation and a period of restricted activity postoperatively
and is associated with negative perioperative events and sevenaing-term side effects
(Johanssoret al, 2011). The perioperative effectsinclude acute symptoms such as
internal bleeding, infection and urinary retention, there are also severe and life
threatening effects such as haemorrhage or rectal injury(Sanda et § 2008.
Prostatectomyis an invasive surgery in thegastrointestinal region andas such the risk
of infection and sepsis arehigh both during the operation and post-surgery. The
significant advancement in surgical techniquesand correct vetting of canddates
however has helped minimise these risks. Studies have shown thens also an
increased risk of myocardial infarction amongst the older patientsundergoing
prostatectomy as observed in any serious surgery, coupling this with an overall
reduction of morbidity and alternatives Radical Prostatectomy is unlikely to be
recommended for this demographic(Sanda et al, 208). There has been a move
recently to more laparoscopic techniques to reduce the invasiveness of this surgery
often using robotic assistancdPatel et al, 2007. This method reduces blood loss and is
more cosmetically appealing; it however shows little improvement on the long-term
side effects(Tewari et al, 2012. The most common sideffects which are associated
with this treatment are erectile dysfunction and urinary incontinence; both affecting
the B A O E Audalify®8 life significantly and the methods used are constantly being

improved to reduce these effect¢Sanda et al, 2008

1.4.2 Radiation Therapy in the treatment of prostate canc er

Comnonly used as an alternative to radical prostatectomy isadiation therapy; a
targeted dose of radiation from an external source can be used to kill the cancerous

tissue; it is also commonly referred to as external beam radiation therapy. The use of
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modern imaging techniques allows for accurate targeting of the radiation beam to only
affect the cancerous cells and minimising the exposure of healthy tissu8anda et al,
2009). The use of targeted radiation has been shown to significantly improve sual
rates over a 5year period, one study showing an increase from 79% to 91%Zéitman
et al, 2005. As with all of the definitive therapies for prostate cancer there are
significant risks and side effects associatednd this is no different with radiation
therapy. There have been toxic effects afadiation observed in both the shortterm and
long-term in patients undergoing this form of treatment, the more acute effects include
an increased urinary frequency,difficulty in urination and increased urgency b
urination as wellas similar rectal effects also(Sanda et al 200R Erectile dysfunction is
observed in patients being treatedby any of the definitive therapies although adiation
therapy and krachytherapy of the three have thdowest prevalence in @mparison to
that observed for radical postatectomy (Mirza et al, 201). Radiation therapy is most
commonly used in conjunction with androgen suppression therapy and when these
therapies have been used in combination further increased survival rates, dependant
on treatment length have beenobserved. However, a 2007 study showed there was an
influence on time to fatal myocardialinfarction by the use of shortterm androgen
suppressive therapie$ 6! | EAT A @ reAenhtfstudy tomparingthe mortaliti es
related to either radical prostatectomy or radiation therapy indicated that patients
treated using radical postatectomy fare significantly better than their ounterparts
treated using only radiation therapy. These two studies combined with the
advancementin surgery and reduction of surgical associated morbidities make the use
of radiation therapy a less attractive option particularly for older patients(Abdollah et
al, 2012.

1.4.3 Brachytherapy as a definitive treatment of prostate cancer

The final definitive therapy used in Brachytherapy, this is the implantation of
radioactive isotope pellets (iodine 125, palladium 103) via a trangeritoneal injection
guided using advanced imaging techniques. These particular isotopes are used as they
have relatively short half-lives and are of sufficiently low energy to affect only the
tissues immediately surrounding the implantation site Denmeade et al, 2004 This
allows for high doses of radiation delivered to the affected regions directly and the

ability to progressively scale up the amount of radiation to better control and treat the
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disease(Masson et al, 2012 This technique is most commonly used in conjunction with
external beam radiation, as with the implantation it is not possible to treat all the
affeded areas simultaneously. Brachytherapy can also be applied through the
temporary implantation of a high dose emitting bead for a shorter time coupled with a
high dose of external beam radiationThis method is referred to as igh dose rate
brachytherapy and is becoming increasingly popula(Masson et al, 2012 The use of
external beam radiation as well as high dose rate brachytherapy also means that a
higher dose of radiation can be givento the patient in a single treatment whilst
remaining within the safe exposure guidelines for other organs. There has been
reported a reduction in the acute rectal toxicity and reduced effect on urinary
obstructions or incontinence and bowel/rectal function in patients treated with
Brachytherapy compared to either adical prostatectomy or radiation therapy (Sanda
et al, 2009. Currently the favouredform of this treatment is the high dose rate form as
a 2009 review of efficacy showed an improvement in both progressiefree survival
and overall survival (Pieters et al, 209) with a marked improvement in toxicity

observed also.

There is a very significant side effect linked to the s of radiation, through either
brachytherapy or rexternal beam radiation therapy, to treat prostate cancer and this is
the persistence of locdbed cancer as observed in 1:26% of patients treated by
External beam radiation therapy and 8% of brachytherapy patient§Zelefsky et al, 2008
Stone et al, 200y This is a majordisadvantagein the long term treatment of prostate
cancer as it increasestte probability of recurrence. Radical prostatectomy when used
as the initial treatment can avoid this unfortunate side effect but has the most extreme
effects on quality of life. For these reasons it can be difficult to determine the best
course of treatment. These treatments are most commonly used in the early and
intermediate stages of prostate cancer progression due to the localisation of the cancer
predominantly to the prostate itself allowing for accurate targeting of the treatments to
the affected are. The later stages of the disease however are considerably harder to
treat, due to the highly metastatic nature of this form of cancer. The spread of
metastases make it considerably harder to treat the disease via surgical or radiological
means. In the l&er stages of the disease in order to combat the problems associated
with these treatments as described above, thegre pursued increasinglyin conjunction

with androgen ablation therapy.
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1.4.4 Androgen ablation therapy in prostate cancer treatment

Prostate cancer is an androgen dependent cancer withrnour cell proliferation relying
on the production of testosterone in the gonads and adrenal glands in m¢mamoto et
al, 2009. Therefore the use of hormone therapyas a meando prevent the production
of androgens and prevent tumour growth was introduced. Androgen ablation therapy
has been used in the treatment of prostate cancer since the 1940's when Huggins and
Hodges used bilateral orchiectomy to reduce the circulating testosterone levels in
patients suffering from advanced forms of prostate cancefHuggins et al, 1941
Surgical castration is a very effective method of reducing testosterone levels with
effects seen in hours possurgery, it is however an uncommon treatment due to the
psychologicalimplications for the patient (Suzuki et al, 2008 In the 1980's the use of
luteinizing hormone-releasing hormone (LHRH) agoniststo reduce testosterone to the
same levels as seen in castration patientsexe pioneered (Suzuki et al, 2008 The two
most commonly usedwere Leuprolide and Gosereln, they act through the inhibition of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) at thepituitary gland
subsequently reducing circulating testosterone levels. Treatment with LHRH agonists
alone can lead to a 90% reduction of circulating testosterone and in combination with a
non-steroidal anti-androgen, which prevents androgen uptake in prostatic tissuethis
can be further reduced to close to 100%Gomella et al, 2010 This treament has some
unique sideeffects compaed to the definitive therapies described previously,
including short-term side-effects such as hot flashes, a loss of libido, gynecomastia and
more severe longterm side effects such as osteoperosis and an increaseisk of
associated fatal myocardial infarction (Zietman et al, 2005uzuki et al, 2008
Progression ofcancerof the prostateleads to the development of the castrate resistant
form of the disease whch results in the malignant cellsno longer requiring hormones
for growth. In both healthy andneoplastic prostate tissue the androgen receptor is an
essential component & cellular proliferation, and has been linked to all stages of
prostate carcinogensis (Koochekpour, 2010 The androgen receptor is a nuclear
transcription factor mediating the growth promotion actions of circulating androgens
and as such is an obvious target for intervention in the treatment of cancef the
prostate. Treatment with arti-androgens remains effective for up to three years in the
treatment of advanced prostate cancer, but as a direct result of the treatment however,

the disease progresses into more aggressive and metastatic forms of thieahse Gittes,

13



1991). The molecular mechanisms resulting in this progression, to the hormone
refractory form of the disease are poorly understood but furthering our knowledge in
this area is essential in aiding the development of new treatment modalities
(Koochekpour, 201D It has beenobservedin patients undergoing androgen blockade
the androgen receptor is still activating and driving the expression of target genes
independent of stimulation e.g. PSA. PSA is a target gene for the androgen receptor, and
circulating levels return after time in patients treated in this manner. There hae been
many differing hypotheses asto how the androgenreceptor signdling regains function
post-androgen ablation therapy examples of which include somatic mutation inducing
a gain of functionand ligand-independent activation of the androgen receptor through
cytokines or growth factors such asinterleukin 6 (IL-6) or epidermal growth factor
(EGF)respectively (Feldman et al, 2001and Kim et al, 2004. The side effects of this
treatment in the long term have led to the use of androgen ablation therapy as
primarily a treatment for the advance stages of the diseasdt is used mostly in
conjunction with other forms of definitive therapies therefore reducing the time the
patient is being treated with hormones. Using hormone therapy in this manner also
serves to increase the efficacy of the other treatments. The use of hormone therapy in
combination with radiation has been suggested to be effective by several mechsmis;
the hormone therapy will cause ashrinking of the prostate providing a smaller area to
target with external beam radiation reducing toxicity to surrounding tissues, androgen
ablation can also lead to radiesensitisation of the cancerous cells and the reduction of
the number of cancer cel to be treated Gomella et al 201) It is also used as part of
the treatment schedule with radical prostatectomy to help suppress the regrowth of
the cancer Penmeade et al, 2004 Androgen ablation is also very useful for the
treatment of the metastaticforms of the disease as it will be effective across all tissue

as it is not a targeted therapy unlike prostatectomy or radiation therapy.

The treatment options implementedcurrently for prostate cancer as described all have
their advantages and disadvardges, with no clear choice as to which would be the
most suitable, it is therefore necessary for all options to be discussed with every
individual patient as to which option will most suit them. The options for advanced
metastatic hormone refractory prostae cancer however are limited and can have very
severe side effects. There has been increasing interest in using chemotherapy as a
novel mechanism for treatment of prostate cancer for patients suffering from this form

of the disease. At present the firstihe of treatment is using docetaxol as established by

14



trials published in 2004 (Tannock et al, 2004 This drug belongs to the taxane family
and acts as an antmitotic blocking microtubule depolymerisation. However, this
treatment is not curative and as such novel therapeutickas been pursued. The most
famous of which is Abiraterone a selective inhibitor of androgen biosynthesis, which
has been shown to significantly prolong overall patient survival Kizazi et al, 2013
However, this only translates to a few months survival and it is therefore essential for
the cellular mechanisms governing oncogenesis and tumourigensis to be further
investigated to provide insight into the molecular mechanisms that cause this disease.
There have been signifiant advances over the last decade into the links between
inflammatory signalling and its role in the development of cancer. This has led to the
further research into a range of pathways and in particular the use of the NIB

signalling pathway as a potentl target in the development of novel therapeutics.

1.5 Nuclear Factor-kappa B (NF-{f " @ OECT Ai 1 ET ¢ DPAOExAU Al
inhibitory Kappa B Kinases (IKK)

15.1NF{ " QOI’

The NF[B signalling pathway is a family of transcriptional regulatory factors

regulating the inducible expression of a wide range of proteins essential to both innate

and adaptive immunity, as a key mechanism of inflammatory signalling and cell

survival pathways (Solt et al., 2008 and has been implicated in cell growth and

division. NF[B signalling is initiated in response to many different extracellular stimuli

and is mediated through a series of intracellular adaptor proteins dictating the

functional outcome of which aspect of the NF[ * DAOEx AU ¥he NHB OEOAOA

proteins are a family of 7proteins (RelA (p65), RelB, Rel, NF[ " @105/ p50) and NF
I " qpl0P/p52)) (see Figure 1.1)that form dimeric complexes in mammalian cells
(Hayden et al, 2008 These proteins exhibit high levels of hmology (see Figure 1.1)
forming various homo and hetero-dimers through the Rel Homology Domain (RHD)
Hydrophobic residues found at the @erminal of this domain act as the dimersation
interface between proteins while the immunoglobulin like Nterminal regulates their

DNA binding activity (Hoffman et al, 200% The formation of these home and hetero
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dimers results in the N[ " BOT OAET O AQGEOOEI ¢ E1T Al OE OC
inactive confirmations. These dimers are complexed to the Inhibitory Kappa B [B)
family of proteins in the cytoplasm, this complexation of activél~{ " A Eren8etsO

them inactive until the I[B proteins are phosphorylated and ubiquitinated leadingto

their degradation by the 26Sproteasome allowingNF{ "  OOAT OltieAki®E | 1 Ol
to occur, promoting DNA binding which mediates the expression of Nf "regulated
transcription products (Gilmore,2006) The N[ " DOl OAET O Al 1l OEAOA «

homologous N-terminal sequence termed the RHOvhich mediates the home/hetero -
dimerisation of the NE{ " OOAOT EOO AT A A1 01 OACOI AGAO OE
essential to this pathway(see Figure 1.1) The DNA binding regions are also known as
[ "sites and transcriptional ativation domains (TAD) of the NF[ * DOl OARI O DPou h
and RelB regulate transcriptionpositively, p50 and p52 however lack this domain and
therefore their hetero-dimerisation with other family members is essential to make
them active components of the pathway. p50 and p52 although lacking a TAD domain
can bindto the [ "domains and prevent transcriptioral activity down-regulating genes
until an active component of the pathway displaces thenfHoffman et al, 200p. The
RHD and TAD domains are subject also to pestanslational modifications altering the
transcriptional activity and DNA binding affinity adding a further layer of control to the
regulation in the pathway. The activation of these transcription targets leads to an
increase in the expression of proteins regulating cellular proliferation, components of
the cell's apoptotic machinery (elnhibitor of Apoptosis [¢-IAP] and TNF Receptor
Associated Factors [TRAF] 1 and 2) and proteins that control cell cycle progression.
The NF{ " D A OE »pdstkssédsd $Bliregulatory capacity as the pathway activates
the expression of molecules essential ilboth driving and inhibiting the pathway e.g. the
pro-inflammatory cytokine TNF, and I[By (Yamamoto et al, 2004 The) [ proteins act

as the gatekeeper for theNF2B nuclear translocation, mediated through degradation
of the ) [ by the 26S proteasome. This process is initiated througltheir initial
phosphorylation catalysed by thelnhibitory Kappa B Kinase (IKK) complex driving the

subsequent ubiquitination (Solt etal, 2008 and degradation of these proteins.
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Figure 1.1. Schematic representation of NiJ "and IKK complex protein composition
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1.5.2 The Inhibitory Kappa B Kinase sand the IKK complex

The IKK complexis comprised of three constituents, two catalytically active subunits

) ++1 )Ad+k AT A OEA AAOAI UGEAAI I U NEkapphBEOA OA
Essential Modulator (NEMO) (Regnier et al, 1997DiDonato et al, 1997; Zandi et al,

1998; Rothsvarf et al, 1999 . The catalytically activeAT | BT T AT O ) ++1 AT A ) +
52% sequence homology with the essential leucine zipper (LZ) motif sequence

required for the binding and formation of the IKK home and heterodimers, the LZ

iTOEE EO Al O AOOAT OEAI Al O OEMerdiiolettaDA AAOE
1997)8 ) +Ay ) Ak Al OE OE A Gdmindl H8ik-LodpiHENC (HOHD  #
domains and the NEMGbinding domain scaffolding sequence at the extreme -C

terminal, which allows for the scaffolding of NEMO and the formation of active

) ++ | 1 Tr . Vhic beBdedc®is ID-W-SW-L (Leu-Asp-Trp-SerTrp-Leu) and is

known as the NEMGBinding Domain (NBD) and through this sequence the interaction

ofIKKf ¥) ++1 AT A . %-(SolteE®, 2000 AEAOAA

The IKK complex can assembl@& a combiration of both homo- and hetero-dimers and

the nature of the complex assembly defines by which mechanism the pathway acts. The

canonical function (Figure 1.2) of the N~ [ " DAOExAU EO DOAAT I ET AT O
the hetero-dimeric form of the IKK complex com@EOET C 1T &£ ) ++1h ) ++
OAAEAI 1 AET ¢ DPOT OAET ) ++r {yamtamdtogt alR0d).ThisA @ ET ¢
complex regulates the phosphorylationof) [ "4 AT A )Y ["r AO 3A0Oocc¢ Al
and Sep w AT A 3 A Oafter witich thdy fare pbiquitinated and subsequently

degraded releasingthe NH * DB OT OAET O A& O &nd fodrikidgGhe GO AT O1 T A
regulation of gene expression through interactions with the promoter regions of Nff "
dependentgenes.This is known as the canonical patvay. 4 E A )subunit plays an

essential role in the canonical pathway andnockout8experiments in mice (Hu et al,

1999; Tanaka etal, 19990 ET x OEAO OACAOAI AOO T £ OEA EECE
not necessary for the activation of the canonical NfB pathway it can however replace

the activity T £ ) ++1 xEAT EO EAO AAAT Al ImBdel®ET T Al I
(Yamamoto et al, 200%&0lt et al, 2009. These deletion models however are
embryonically lethal highlighting the fundamental roles ofthe NFR[ " pathway in

cellular functions. In these models there were differing phenotypic outaoes to
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deletion between kinaseq ) ++1 AAAEAEAT O Ai AOUui 6 xAOA 1
extensive apoptosis in the liver leading to mortalityalso observed in NF[ © A AtEEAE A
models (Lietal, 199€18 (1 xAOAO ET ) + +exhibibadbrBEmAlEikelkt® Al AOU
and craniofacial morphogenesis, which does not align with what is observed with NF

{" AAEEAEASiIGt al, 20DA ITi@se jstudies highlight the differences in

transcriptional function these two subunits regulate.

y++1 Al OET OCE 110 AT AOOAT GEAI AT T BITTAT O 1
essential for the activation of what is referred asthe non-canonical pathway or

alternative pathway. The noncanonical signda | ET1 ¢ PAOExAU EO GAcCOI AO.
dimers, without the scaffolding protein NEMO, processing the NF" POl OAET O
RelB/p100 to RelB/p52 by the site specific ubiquitination of p100 allowing for nuclear
translocation of RelB/p52, binding to promoter regiors and upregulation of NF{ "
dependentgenes(Xiao et al, 200L The associaton of IKK AT A . %-/ EO 110 |/
for the non-canonicalNF-[ "pathway and indeletionof) + +1 xAO O1 AAT A O1 ¢
canonical signalling. It is the association of NEMO artde NF{ "subunits undergoing

processing which are used as the defining features that allow for the categorisatio

these pathways into either the canonical or nostanonical forms(seeFigure 1.2.

The IKK complex andNF{ "  OECT Al | E Tinfens& @sedkdh and D\ rAsearckE

done into this signalling cascade has made imcreasingly apparent that the functions

are not limited solely toNF-{ * OEC) Ak EEG® AAAT OAAAT Ol U OE
and regulate with several new substrates e.g. depression of the silencing mediator

for retinoic acid and thyroid hormone receptor (SMRT)(Hoberg et al, 2005 and
phosphorylation of the Histone H3 in the nucleugYamamoto et al, 2008 Aurora A

kinase has also recently been identified as a potential mel substrate of the IKK

complex linking the NF[B pathway to mitotic progression and the regulation of the cell

cycle. In a 2006 studyPrajapati et alshowed thatinvitro ) ++4 AT O1 A AA 1T AOA
regulate the phosphorylation of Aurora A kinase in the dwation loop at the Threonine

288 residue AOOAT OEAT &1 0O OEA &£O011 AAOEOAOEI-T 1T & !
phase of thecell cycle(Prajapati et al, 200§.
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CANONICAL NF-kB SIGNALLING ’ NON-CANONICAL NF-kB SIGNALLING
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1.6 Rolesofthe NF-{ " OECT Al 1 ET C b
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The involvementofthe NF[ * OECT AT 1 ET ¢ PAOExAUO ET OEA £
tumour growth is an area of research under significant scrutiny. The hallmarks of

cancer as defined byWeinberg et al(Hanahan et al, 201} include limitless growth

potential, independence from external growth stimuli, resistance to apoptotic

signalling, sustained angiogenesis, tissue invasion and metastatic capabilities. The

function of the NF[f " OECT Al 1 E1 Ce dbektl) Binkell oGsevérdl bf thése

essential factors in tumour development. Increased activity of the NF" OECT Al 1 EI
pathway has also been observed in many of the most prevalent solid tumour cancer

types e.g lung (Chen et al, 201)1 breast (Shostak €al, 2011), colon (Sakamoto et al,

2010) and prostate Jain et al, 2012 It has also been observed in haematological
malignancies such as multiple myeloma and leukemi@dideshima et al, 200Q The

observation of increased activity of this signalling cascade however only implies a
relationship between the NF{ " OECT AT 1 ET ¢ DPAOExAU AT A 1T1AI
increase in activity of NF{ " OECT AT T ET ¢ EAO AAAT 1 ETEAA Al
features in the development of cancers through extensive research utilising boih

vitro and in vivo methodologies and hrough these studies it has beememonstrated

thatthe NF{ " OECT Al 1 E Taffect BlAQte hallarkd ok ¢ancer as defined in

Weinberg et al 2011.

1.6.1 Malignant proliferation

Uncontrolled growth is an essential feature of carcinogenesis driving the formation of

tumours, this is often regulated through the increased expression of growth factors,

and e.g platelet derived growth factor (PDGF) otransforming growth factor - alpha

(TGH Q8 4 EeRpressiordadd upregulation of growth factor receptors can also lead

to an increased in proliferative effects driving the growth of malignant cellsHanahan

etal, 201). The NF[" OECI Al 1 ETI C DAOGExAU EAO Al O6i AA
proliferation as many of the target genes of the pathway play a significant role in
proliferation. These target genes includecyclin D1, cyclin E and CDK2, which are

essential @mponents for the correct transition of the cell to progression through the

cell cycle Pahl etal, 1999 NF[ " OAOCAO CATAO Al O ETAI OAA «
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the cytokine IL-6 a growth factor for hepatocytes. Oveexpression of Il-:6 has been
linked to Hepatocellular carcinoma througha - U$S g y¥ ) ++51 AOOAT OEAI

(Naugler et al, 2007; genetic studies in myeloid cells also show the decrease in-&L

DOl AGAOGET 1T ODI prevents the prolifdkdtioh @fEcblitis associated colon
cancers Beckeret al, 2009. In breast cancer models the link between Nf *  OECT Al 1 E1I
AT A AAT1 01 A0 POT 1 EAEAAOAQGETT EO |1 AAEAOGAA OEOI

DOAEAO OOCET ¢ ET AAOEOA Ab prévént proMeratiorr and x AOA
significantly reduce tumour growth in the Neu/ErbB2 model as opposed to models in

which tumours are activated through the HaRas oncogene (Downward et al, 2003).
Oestrogen receptor negative breast cancer cells often rely on the ErbB2/Her2 pathway

to drive proliferation and this opens up the treatment with NF[{ " ET EEAEOI OO
therapy in this form of disease with studiesin vitro validating this as an effective

treatment (Cao et al, 200and Singh et al, 200).

Mutation also plays an important role in the dysregulation of theproliferative

signalling leading to the uncontrolled growth characteristics of cancer cells. The most

commonly associated somatic mutation of cancer cells is of the RAS signalling pathway
observed in 2025% of all human tumours its prevalence increasingiurther up to 90%

in pancreatic cancers Pownward et al, 2003 NF[ " EAO Al 01 AAAT OET >
several associated mutations acting to promote carcinogenesis. A study into roles of the

NF{" BDAOExAUO EIT | Ol OEPI A T UAITI A nsEiBECEI ECE
particular, which play a significant role in the development of this disease. The first

mutations are of NF-[ " ) T A O A E(NIR) throligh dvér-&xpression arising due to
translocation or amplification of the genes LOCUS or mutations leading to the enhanced

stability of NIK and as an upstream regulator of the noganonical pathway promoting

tumour cell survival. The second mutations bnote were inactivating mutations in the

form of homozygous deletion or the epigenetic silencing of TRAF3. The loss of TRAF3

function leads to the promotion of tumour cell survival through the NF{ © BDAOE x AU
although the mechanism that is yet to be fully lacidated (Annunziata et al, 200y

although it is suggested that it ismediated through stabilisation of NIK promotingnon-
canonicalNF{ " OECT Al 1 ET C8

22



1.6.2 NF-{ "and the evasion of apoptosis.

The NF{ " OECT AT 1 ET C DAOExAU Trbliferatibnl df thnc@uA UO A
cells but also in the evasion and prevention of apoptosis, the prevention of apoptosis

has long been defined as a functionof NF* AT A EO DAOEADPO OEA Al AA
which NF{ " AAT DOI I 1T OA Ké&id ét bl,Qa0E. CHelagofdiOpathways

are a selfregulatory process by which immune and genetic mechanisms regulate and

control correct cellular growth and prevent malignancies from developing. The primary

function of many of the NF{ * OAOCAO CAT AO offlaoptdliEshgnadm@p O OA OO
and includes Bci2, Inhibitors of Apoptosis (IAPs) and e-lip. The link between NF[ "

and apoptosis in cancer progession was observed in studiesvhich noted an increased

resistance in cancer cells to apoptosis, but wheNF{ *  Qliagwaddisrupted there

was an increase insensitivity to apoptosis (Rahman et al, 200 NF{ " AAT A&AZEAA
apoptosis at several different level of the signalling, with upstream components such as

)y ++1r DEIT OPEI OUI AOET ¢ AT A Fbrkhbad Ba2 B3agOXO®MA AACO/
a pro-apoptotic transcription factor observed in several cancer cell typesHu et al,

2004). The NF{ " [ AAEAOAA Aapopt@i® hdne ekplessidnl cArE also be

implicated for example in a study investigating cell survival of Higkin and Reed

Sternberg cells (H/RS) in Hodgkins lymphomalt was observed that when the NF "

pathway was disrupted using the supetOAD OAOOT O &I Oi T &£ ) [" 1 A C
group of genes were no longer expressed; the ardipoptotic proteins Bfl-1/A 1, ¢IAP2,

TRAF1, andB-cell lymphomarextra-large (Bcl-xl), the cell cycle protein cyclin D2 and

two cell surface receptors CD40 and CD8ancreased expression of these proteins all

serve as markers of cancer in both primary and cultured forms of H/RS d¢g| the

inhibiton of NF-{ * AU OEEO 1 AAEAT EOI Al O ETHABOAAA OE
these cells although wereable to be rescued through the expression of the presurvival

gene BcixL (Hinz et al, 200). The regulation of expression of CD40 and CD86 cell

surface markers is an interesting feature of the Nf * OECT Al 1 ET ¢ ET OEEO
as these are both TNFctivated receptors and are upstream regulators of the NF "

pathway (Rickert et al, 201] showing a selfregulatory mechanism controlling gene
expression.This study serves to highlight the integral role of aberrantNg *  OECT Al 1 E1
has within the proliferation and pro-survival signalling observed in Hodgkins

lymphoma, with proliferative proteins (Cydin D2), pro-survival protein (Bfl-1/A1, c-

IAP2, TRAF1, BekL) expression and also the increased expression of NF* A AOEOAOEI
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cell surface receptors (CD40 and CD86) all working in concert to drive thegqgression
of this cancer. Itcan be used as an example of thaulti -faceted mechanisms by which
NF{" AAT OAcCOI AOGA AAT AAO DPOI COAOOEIT T 8

Finally, a key mechanism of apoptotic signalling is the production of reactivexggen
species (ROS) through the-Jun NH2-terminal kinase (JNK) pathway. Studies carried

I OO E Hdefigient+Hepatocellular Carcinoma cells (HCC) show that NF"  x E1 1|
suppress persistent JNK mediated generation of ROS acting as a prsurvival
mechanism in this form of cancerBubici et al, 200§. The subversion of apoptosis by
NF{" OECT Al | Ethe€ meGnariism Gy whicH this pathway is intrinsically

linked to the development and progression of cancers.

1.6.3 Metastasis and angiogenesis regulated viathe NF-{ " DAOEx AU

TheNF{ " DAOExAU EAO AAAT OEI x1 O1 AA EhOI 1 OAA
the early stages of cancer in the tissue. The role it plays in the disease however is not
just limited to initial development and continuous growth of the tumour but also to the
spread and further establishment of the disease in the body. The progression of cancer
from its early stages to metastatic forms requires a shift in the signalling and molecular
mechanisms driving the proliferation ofthe tumours. Although the exacipathways by
which these changes occur are not fully understood there ka been studies carried out

to help elucidate this mechanism, one of the best examples of which specifically links
NF[ " to the metastatic potential of postate cancer. The ovegexpression and
increased nuclear activation of the regulatory component of the nenanonical NF[ "
DAOEx AUh ) eninkdu toBEh& @presdlon ofMaspin, a metastatic suppressor

protein. The expression of Maspin negatively asciated with the levels of activated

T OAI AAO ) ++1 ET 1 AOA caféritatls thoulitd b bragdisidd D OT 00
through the expression of RANK ligand (RANKL) a previously defined IKK activator
(Bubici et al, 2006, Cao et al, 2001The ReceptorActivator of N[ " j 2! . +q EO

member of the Tumour necrosis Factor (TNF) family ofcytokines, expressed in
numerous epithelial cell and mammary cells as well as in several cancerous
malignancies. Infiltration of the advanced prostate tumours by Tells epressing

RANKL, activator of the RANK receptor on the ovaxpressed in the malignant cells
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AT A EAO A1 01 AAAT OOCCAOOAA O AA OAODPIT OE/
activation (Maeda et al, 200k This link between the RANK receptor activation and
y++1 [ AAEAOAA - AOPET OADPOAOGOEIT xAO Al O1 1

in the migration of melanomas to bone metastases in previous studi¢kuo et al, 2007.

>
n\

A critical step in the formation and continued growth of solid phase tumours is the

formation new of blood vessels once the malignancy is too large for the native blood

supply, this will act to provide the essential nutrients and oxygen while remowg

cellular waste products and arbon dioxide (Hanahan et al, 201l Developing
neovasculdure in the tumour microenvironment is how cancer manages this. The

formation of this new vasculature is often mediated throughTumour-Associated
Macrophages (TAMs), which can act to both to create a immunosuppressive
environment and to secrete a rangef cytokines/chemokines and other factors aiding

in the promotion of angiogenesis, metastasis and growtfHao et al, 2012. The release

of many of these cytokines includingTNFy, IL-1, and IL-6 are all controlled through NF

[" OECTAIIEIC8POERI ®ETAROAAIA §I,AO DOI 1 EAAOAD
previously discussed, however this cytokineri conjunction with IL-p AT A have afl |

been shown to stimubte the activation of Vascular Endothelial @wth Factor (VEGF) a

primary regulator of angiogenesis and itself a target of NF " i AAREAOAA CA
expression (Su et al, 2004, Bancroft et al, 2002This was observed in prostate cancer

cells after the blockade of N * 1 AA A OECI EEAEAAT O AAAOAAOA |
IL-8 and MMR9, a matrix metalloproteinase, all key for neoplastic angiogenesigHuang

et al, 200). Furthermore a study in 2003 tied the expression of VEGF by macrophages

in a NFJ “dependent manner again linkingthe N * DAOExAU O OEA POl i

tumour microenvironment created by TAMs(Suh et al, 2004Kiriakidis et al, 2003.

There is a significant amount of literatue linking the IKK complex andNF~{ " OECT Al 1 E1
to a wide range of functions in cancer and for this reason they have been the focus of
considerable efforts todevelop novel therapeuticsapplicable to not only to camer but a

range of inflammatory-based diseases
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1.7 Development of IKK inhibitors

The IKKs are well defined essential regulators of the prmflammatory NF-[ "
signalling pathway which has been sbwn widely to play a role in many inflammatory
diseases such as rheumatoid arthritis, Irritable bowel syndrome andasthma
(Grivennikov et al, 201)) and also in the development of cancer through either the
promotion of anti-apoptotic, proliferative responses as well as metastasis, inducing
gene expression or NF “independent roles in the regulation of the cell cycle. The NF
{" DAOExAU AO DOAOEI 00l U AEOAOOOAA EAO A A
mechanisms and resulting in highly varied downgeam gene expression, closely
regulated by the upstream signal. Despite the diverse functions of the signalling
pathway all outcomes of the NH " DAOExAU OANOEOA AO 1 AAOGO
members to mediate the signalling(Liu et al, 2012. This has éd to the IKKs being an
attractive drug target hotly pursued in both academic and industrial research. There
have been large scale and wide ranging implementation of High Throughput Screening
(HTS) and@it-to-leadddevelopment programmes designed tadentify small-molecule
inhibitors that target different structural features of the IKKs This research has led to
a wide range of small druglike molecules being deeloped with two modes of action;
adenosine tri-phosphate (ATP) competitive inhibitors acting @ the kinase domain or
allosteric binding compounds which act to reduce kiase activity.A major challenge has
been the fact that he kinase domairs of the IKKsare highly conserved acrossboth
kinases however awide variety of compoundshave beendeveloped and pursued to
target IKK function, the majority displaying selectivity for IKK . These compounds
were initially tested in vitro against a range of cells and then carried forward intan
vivo models of disease establishing potencyThere have been promising effects pre-
clinically however use of these inhibitors in the clinicare yet to be reported(Gamble et
al, 2012. Table 1shows a range ofwell-characterised IKK inhibitors from a variety of
companies effective inblocking IKK-NF[B signallingin pre-clinical animal models of
disease all compounds exhibit ahigh selectivity for IKKy inhibition with supporting

cellular andin vivodata.
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coumestan

Inhibitor molecule IC50s Cell - based studies (Refs.)
Chemical structure IKKU vs. | In vivo analysis (Refs.)
Chemical name KK b
Bayer compound A 135nM B/T - lymphocytes, HEKs, PBM
e paH vs.2 nM (Murata et al., 2003, 20044, b).
SN [.H _-I
I | Pulmonary inflammation
) r”""f"“'z (Ziegelbauer et al., 2005).
DD
-
2- Amino - 3- cyano - 4- alkyl - 6-
hydroxyphenyl)pyridine
PS 1145 Hela cells (Castro et al ., 2003).
CI\'___\ . >100 000
oo nM  vs. | LPS-induced TNF U production (Castro et
o Fow— 100 nM al ., 2003).
HMH H
Y
N- (6 - chloro - 9H- b- carbonlin - 8-
yl) nicotinamide b - carboline
ML120B >100000 Synoviocytes, chondrocytes, mast cells
. nM (Wenet al ., 2006).
Yy N, = vs.
r.1au-'¢l~____x-' J & 45 nM Inflammatory arthritis model (Schopf et
o ’ al ., 2006).
-MH H
-
S
N- (6 - chloro - 7- methoxy - 9H- b-
carbonlin - 8-yl) -2-methyl -
nicotinamide b - carboline
BMS 345541 4000 nM HUVECs (MacMaster et al ., 2003), THP -1
. VSs. monocytes (Beaulieu et al, .2007).
= 300nM
'“-]f'“i'.T'”wr (N. D. Colitis model (MacMaster et al ., 2003),
g o o HHy vs. 10 7| LPS-induced TNF U production (Burke et
H 60 nM) al ., 2003).
( 4 ( 2adninoethyl)amino - 8-
dimmethylimidazo(1,2 a)quinoxali
ne)
Wedelolactone < 10 mM | BALB/c fibroblasts, HelLa cells, murine
a, vs. < 10 splenocytes (Kobori et al ., 2004).
HOL x}_n‘x—;\ mM
T [ 4 o No information.
. e T
HC
7- Methoxy -5,11,12 - trihydroxy -

Table 1.1. An overview of IKK inhibitors and their structures.
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1.7.1 ATP competitive inhibitors targeting the IKKs

O#1 1 BT OTA 156

The first of the IKK targeted compounds in the tableis the Bayer 'Compound A'

developed by Bayer after a screen of their compound library supplied &it§(Murata et

al, 2003. Following, lead optimisation to improve the in vitro activity (Murata et al,

2004 OEA 111 AAOGI A OAOI AA o#11 Bl O1T A setectve AO OEIT
inhibitor (Murata et al, 2004, showing IGGOAT OAO T £ pouv 1 - A O ) ++
) + H{@amble et al, 2012 Throughout the optimisation of this compound it was tested

against a wide variety of cell types includingHuman embryonic kidney (HEK) cells,

peripheral blood mononuclear cells(lPBMC) and both B and -Tymphocytes (Murata et

al, 2003, Murata et al, 2004 and Murata et al, 200d4nd was followed with astudy in
vivoinvestigating the effect of@ompound Aon pulmonary inflammation in a model of

asthma 16 xA O OET x1 O AA AEEAAOEOA al®@@hOOET C )

the treatment of chronic pulmonary inflammation (Ziegelbauer et al, 2006

PS1145 anaML-120B

The second and third compoundsin Table 1.1 PS1145 and Mi120B, are both based
around the same r-carboline scaffold and manufactured by Millennium
Pharmaceuticals These compounds wereboth shown to be highly selective towards

)y ++1 xEOE nWICgEm@hyxnxny AJAMCAEJIOO ))#+1r EIT OEA
120B and the less potent PBL45 had a similar 1IGoOAT OA O Aihd>100600nM A A E
AT A )at1QnM (Catley et al, 2006 Both compounds have been shown to be
effective inreducing inflammatory signalling inHuman airway smooth muscle celland

have been suggestedis a potential treatment for Asthma andChronic Obstructive
Pulmonary Disease(Catley et al, 2006 These compounds were also shown to be
effective in synoviocytes, chondrocytes, mast cells to reduce inflammatory signalling as
components of Rheumatoid Arthritis (Wen et al, 2005. Both compounds have also

been usedin vivo and shown to been effective in the treatment of multiple disease
states, ML:120B ecifically was observed to suppress antibodynduced Arthritis in

both clinical and histopathological models(lzmailova et al, 200y and through the
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ET E E A E O E,IML-120B4rotected ggainst bone marrow and cartilage destruction
in rat models of Rheunatoid Arthritis (Schopf et al, 2006 PSL145 showed activity
against lung inflammation in mouse model¢§Newton et al, 2007, Chapoval et al, 2007
and by reducing LPSinduced production of TNF in micdYemelyanov et al, 2006 These
two compoundsAT A O#1 1 BT OT A | @ll hAvd ©dntildr Amddd of dcioh i® A

so far as they act as ATP competitive inhibitors.

1.7.2 Allosteric inhibitors and Natural product inhibitors of the IKKs

BMS 345541

Alternative mechanisms of actiomagainstand inhibition of IKK have beenexplored, an

example of which is the Bristol Myers Squibb (BMS) compound BME5541. This has a

i OAE 11T xAO OAl AAOE OE Gdd diidredce Jn+Gpyalues BOOENMT T 1 U A
)y ++41 OO08 of@atiey btal, 2DOB i kinase assaysin vitro it was shown to have

non-mutually exclusive ability to bind to a peptide substrate and Adenosine DBi
phosphate(ADP)ET ) ++1 xEEIT A OEA ET OAOOA EO OOOA 1 ¢/
has been proposed to be through allostericbT AET ¢ O1 AEAZEAOAT O OACE

y++r O T AAAET ¢ O ATT &£ Of AGET 1T Al sdbanAl CAO 1
which affect the ability of ATP to bind and therefore the activity of the IKK complex
(Burke et al, 2003. IncelAAOAA OOOAEAO EO xAO OEIT x1 O1 1 E]

) ++ 1 Eilcelld(Buke et al, 2003 and HUVEC$MacMaster et al 200R It has also
been tested in vivo showing reduced TNF| production in LPSchallenged mouse
models (Castro et al, 200Band as an effective treatment of dextran sulphate induced
mouse colitis (MacMaster et al, 2008 BMS34551 like thecompounds described above
haveall been developed through HTS strategies investigating synthetic small molecules
however natural products are awell-establishedsource of compounds to be developed

into novel pharmacological agents.
Wedeloactone

Wedeloactone is a example of a natural product effective in targeting the IKKsicting
AO Al EOOAOAOOEAI A EIT EEAE @ivaluesifofEboth éndyhes) + + | A

<10mM; the efficacy was tested across a wide range of cell types including HelLa cells,
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BALB/c fibroblasts and murine splenocytegKobori et al, 2004. Natural products have
been heavily researched with respect to inhibition of N B signalling (Bremner et al,
2002, Lugman et al, 201D however have not been well studied in the context of IKK
inhibition and the mechanisms by which they act the IKK complex remain to be fully

elucidated.

The compounds described are a small selection tifie constantly increasing libraries
being developed, however the use of small molecule inhibitors directly targeting the
kinase activity is not the only mechanism by which inhibition of the IKK complex is

being approached.

1.7.3 Limitations of Small -molecule IKK inh ibitors

AEAOGA AT i pPI OTAOG All OEIi x AAOEOEOU ACAET 00O |
homology between these twosubunits can be linked to this cross reactivity however

these compounds almost uniformly show greater inhibition Table 1.1) | £ ) + +

AT 1 DAOAA . Ahbugh thetrelasons for this disparity are yet to be elucidatedt

suggests that subtle differences in the structures could be responsibl&he difficulty in

the development of these inhibitors lies in this cross reactivity andhe effect of the

pleiotropic outcomes of disrupting the IKK signalling Although each activating

stimulus of the NF[ * DAOExAU Al 1T OAOCAO 11 OEA )++ ATI
varying patterns of gene expressiondependenton the upstream signals. Thisnay be

controlled through the different adapter proteins which mediate the upstream signals

or through differential composition of the IKK complex into the various bmo- and
hetero-dimers possible Hayden et al, 2008 In order to target the IKK complex asa

mediator of the NF{ " OECT Al 1 ET ¢ DPAOExAU EO EO OEAOA
understand these activating mechanism and also the effect of inhibition on the
downstream effects on transcriptional regulation or other NF[ “independent

functions the IKKs have. The IKK complex has been linked independently of the {fIF*

pathway to the cellcycle (Prajapati et al , 2006, Irelan et al, 2007 proliferation,

immune function and cell survival Chariot,2009) which all must be considered when

developing novel therapeutics to minimise toxicities. The use of ATP competitive

inhibition strategies is problematic initself as the kinase domain is conserved across a

wide range of enzymes which have many functions in the cell and can leadstgnificant
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off-target effects (Garber et al, 2008 mutations of the kinasedomain are also very
common particularly in cancer and are mechanisms by which cancers can become
resistant to treatment (Karvela et al, 2012, Bonanno et al, 2011There has been
therefore a focus on deviping disruptors that do not specifically target either the
kinase domain or actin an ATR competitive manner e.g. the allosteric inhibitorBMS
345541, Research into kinase inhibition has led to an effort to find entirely novel
targets from the kinase danain such as substrate competitivénhibitors (Licht-Murava

et al, 2017 or the targeting of binding to activating proteins.

1.8 Protein -protein interactions as drug targets against the IKK

complex

1.8.1 The Nemo-Binding Domain and disruptor peptide s

An alternative target for the inhibition of the IKK complex that has come under some
significant research is the disruption of he protein-protein interactions (PPIs)
occurring between members of the IKK complex. The aim is to modulate the gene
expression outcome specific to different IKK complex compositions that can
significantly reduce IKK complex activity. The most successful of example of this
approach is the development of the NEMO binding domain (NBD) peptide. This peptide
mimics the binding site of. %- / x EOE ) + + | Tntaims a@éniabcor®hv@E 1 1T Al
hexapeptide sequence ED-W-SW-, xEEAE | AAOOO ET A EUAOI PET A
) ++1 h D ididalyBoh Belule of hydropathyplots (May et al, 200 and was fully

outlined through the analysis of the cacrystallisation of NEMQbinding domain peptide

and a truncated form of NEM@Rushe et al, 2008 Initial studies in the development of

these peptides carried out byMay et al,show that the NBD peptide can act as
competitive disruptor ofthe ET OAOAAOQOET T O AAOxAAT . %-/ AT A ).
the preformed IKK complexes through displacement of the IKKs from the hydrophobic
pocket of NEMQ(May et al, 2002. Interestingly, the concentrations required to disrupt
OEA AET AET ¢ 1 A& rp significanflyl hi§her. tRan that recfiired to disrupt

) ++ 1 7. Glay et al, 2000 which fits with the well characterised role of the

) ++1 ¥. %-/ EIT OAOAAOEIT ET OEA AATTT1TEAAI b

>\
O
m/
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AOT ACETT O 1T &£ OEA ) + + | ¥cartdnical sighdliogd OTAA EMDT O E1
binding domain peptide was usedn assaysin vitro as either an 11 or 12 mer peptide
derived from the primary amino acid sequencesurrounding the core hexapeptide
sequenceeffectively in the down regulatedNF[ * OAOCA O CAi(May@a AT OAOE
2004).To investigate these peptidesn vitro, and to allow for trafficking across cellular
plasma membranes,they have beenformulated with the addition of membrane
transduction sequences derived from eitheiDrosophilaantennapedia protein (DR-Q-I-
K-1-W-F-Q-N-R-R-M-K-W-K-K) or from the HIV-1 Trans-Activator of Transcription

(TAT) protein transduction domain (Y-G-R-K-K-R-R-Q-R-R-R) (Console et al, 2003 The

NBD peptide inhibiton of NF{ * OECT AT 1 ET ¢ EAO AAAT AwOAT OEO
vitro and in vivo settings, inthese studies a WT NBD peptides usedalongside a dual
Trp-Ala mutation of the NBD which serves as the control ¥ reducing the binding

ability of the peptides. Initially observedto block the TNF and IL-1-mediated NF[ "
activation in HelLa cells, NO production by macrophages adtNFmediated adhesion
molecule expression in vascular endothelial cell§May et al, 2000. These peptides

were further investigated and successfully used to block osteoclast differentiatiofdimi

et al, 2004, Dai et al, 2004in vitro and to inhibit the adivation of intestinal epithelial

cells, Bcells, T-cells, macrophages, neutrophils and dendritic cell®range et al, 208).

The NBD peptides have alsobeen shown to be effective in a wide range of cell types and
disease modelsin vitro and more recently have been testedin vivo against a range of
models including inflammatory arthritis where it successfully reduce osteoclast
formation and therefore reduced bone erosion(Dai et al, 2004. Models ofRheumatoid
arthritis were also used and the NBD peptide was effective in reducing the JF* CAT A
expression and subsequently dowsregulating inflammatory signals decreasingbone
cartilage destruction and bone erosion as well as an overaikeduction in osteoclast
formation (Jim et al, 2004. Other examples include mouse and rat models of
pancreatitis (Ethridge et al, 2002, Long et al, 20p%vhere it was observed to reduce
inflammation and the associated tissue damagerhe NBD peptides act byeducing
neutrophil infiltration and necrosis, down-regulating p65 expression and mononuclear

cell invasion of the spinal cord in Experimental allergic encephalomyelitis (EAE) mouse
models improving clinical symptoms and slowing disease progression(Dasgupta et
al,2004) . The use of the NBIpeptide across the range oin vitro and clinically relevant

in vivo disease models to successfully block prmflammatory cytokine induced NF[ "
activation while leaving the basal activation unaffected is a very attractive feature of

using these peptidesas it may contribute to a decrease in unwanted side effects such as
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increased apoptosis (Kucharczak et al, 2008 The NEMO binding domainand
associateddisruptor peptides although well studied in the inflammatory disease setting
both in vitro andin vivo have not been used in cancer models vivoas of yet This isan
area in which they could be of significant usend is an exciting area to be investigated

further.

The NBD peptides proved successful inaffecting the regulation of NF[ "in disease

models however limitations to this approach are apparentMost notably due to the

."%$ AAET C DPOAOGAT QGnherdidre tha INBIE pepjide ‘€an¥djsrupt the

ET OAOAAOQEIT T 1T AMay et+al, 2009, alkhoughdthis/relationship remains

poorly understood and OEA AEEAAOO ) ++ 1 T. %-/ ESIDAOAAQE
unknown. The NBD peptide itself will prove to be invaluableas a pharmacological tool

in the elucidation of the fundions of this domain and the PPlIs it mediateboth in vitro

andin vivo.

1.8.2 Substrate specific NF-[ "targets for Cell Permeable Peptides (CPP)

The success of th&lBDcell permeable peptidein down-regulating the NE{ " DAOEx AU
led to the development of peptides targetinghe IKK-binding domain on NEMO, these
peptides however were not able to disrupt the IKK complex anth factincreased signal

induced NFf[ " A A @&ri@rifigldlet al, 2008. Further mutant peptides in this study
highlighted the requirement of NEMO oligorerisation for the correction formation of

the IKK complex assemblyMarienfield et al, 2008. Reptides targeting regions essential

for NEMO oligomerisation werealso investigated and have been shown to inhibit N+

{" CATA AGPOAOOEIT T AdiskAgdtiletmO2A0% 4 EAT BODOBO AR O
on the disruption of NEMO/IKK interactions are the most characterised of the NF "

targeting peptide disrupters however CPPs targeting other critical components of
classical NF[ " OE Cd.gPigIlvE TAG A sphprylgtionphBEvie also been developed.
Phosphorylation of p65 occurs atserine residues at positions 276, 529 and 536
respectively, thesemodification are essential for thenormal transactivating activity of

p65, and peptides were therefore developed to mimic these residues and their
surrounding sequences(Takada et al, 2005 These peptides were testedn human

head and neck squamous cell carcinomas and against KEMchronic myeloid

leukaemia cells, where they were effectivein the inhibition of constitutive activation,
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cell proliferation and pro-inflammatory signal induced NF[ " (Takada et al, 2004,
Aggarwal et al, 2004 signalling. Similarly peptides were developed against the
essenEAI  DET OPET OUI A O EdsponsbleOfdr 1t QubiqlitiEation fatidy

degradation of the proteinpromoting NF{ " T OAT AAO OOAT 011 AAGET 1T O

residues in this instance are theserineslocated at positions 32 and 36, peptides have
not been targeted specifically against these residgerather have been developd as
ful-i AT COE A E E iwhhte Gritidal Fesiflugs'sybstituted to alanine or through
the truncation of the NTerminus ercompassing the S32 and S36Due to it's

effectiveness at reducing IE1f and TNFstimulated NF{ © AAOEOEOU ET AAPAT A

MAPK and eJun when tested in HeLa, A459 and Jurkat cells the construct/peptide

became known as the TAT super repressqiKabouridis et al, 2002. This peptide has
been testedin vivo against carrageenarinduced pleurisy and was effective in reducing

the infiltration of leukocytes at sites of inflammation(Blackwell et al, 200

The use of CPP mediated peptide transduction as a rhet for pharmacological
intervention has been shownextensively to be an effective mechanism in the down
regulation of N[ * OECT AT 1 ET ¢ ET OAODBI T OA O1 Al
of cell types bothin vitro and in vivo. The use of these pgtides as a direct therapy is

unlikely due to the high cost of themanufacturing the peptides themselves, they will

however be very useful in the research and development of novel small molecule

inhibitors either based upon CPP structures that have been hdated in cells or the
CPR beingused to validatePPlsas a novel target for intervention. The CPP peptides
however are not only useful for in the development of pharmaceuticals they will also be
invaluable tools for researchers to better understand the signalling components which
regulate theIKK/NF{ " D AyGudxeAd to the many transcriptional outcomes of this
pathway.

The NF[{ " AEAT A EO AiI T OOAT OI U AOT I OET C AT A

cell. Thiswill serve to help in the development of more effective drugsargeting IKK-

NF[B in the treatment of a vast range of diseases. A major limitation in the

development of IKK inhibitors has been the difficulties in solving the crystal structures

AOOA

xEOE

of the IKK complex, recently however the structure okenopug + +1 ET AT 1 Bl A@ x

inhibitor was solved to a resolution of 3.6A(Xu et al, 2012. This will provide valuable

structural information that will help inform future development and refinement ofthe

AODOOAT O OOOAOACEAO MMtA this Belstructures pof hilrariforresi B A £0 1

34



T £ Y++1 AT A . %/ AOA £ OOEAI T ETC¢C EAIPEIC EI

inhibitors.

1.8.3 NF-[ "independent substrates of the IKK complex as novel drug targets

Currently the development of drugs targeting the IKK complex haveeen targeted

specifically towards its roles as a regulator of NEB signalling either through ATR

competitive inhibition or the use of CPPs against NF" OOAOOOAOAOG8 (1 xAO,
ET AOAAOGET ¢ AOGEAAT AA OEAO Al OE ) imdependénioA ) + +
NF{ " gn@liing and he increasing diversity in IKK functionopens up novel avenues to

be pursued in the development of IKK inhibitors through substrate specific inhibition

These NF{ " ET AADPAT AAT O an make atéadieCdug Glyes.) A + 1
substratesinclude tumour suppressor FOXO34Hu et al, 2004 and 14-3-0 [ Gripghuis
etal, 20081 xEEAE Al OE AAT DI AU A OI 1A ET AAI1T B

phosphorylation of the insulin-receptor substrate-1 (IRS1) leads to the inhibition of

insulin signalling which can catribute to the development of type-2 diabetes

(Nakamori et al, 200§. There are also several links to the MAP kinassggnaling
DAOGExAU OEOI OCE ) ++1 OOAO Gdaptd fr@ein®DRLI(EAET C Ol
etal, 20041 AT A )++1 ETAOAAA pDPOi OAT | icdGn@ MAPAE Dp v
kinase regulated cellular proliferation Beinke et al, 2006 Thenl OAT OOAOOOAOAO 1
include; the transcriptional co-repressor SMRT which carde-repress transcription of

NF{ "via the release ofhistone deacetylase3 (HDAC3) (Hoberg et al, 2005 CREB

AET AET ¢ DOl OAET j#"0qQq OEOI OCE xEHeyHating++4 AA
chromatin remodelling and gene expression of Nf * OA O C AYamamdtd eh &)

2003) and the interferon regulatory factor-7 (IRF7) which induces Interferon alpha

expression (Hoshino et al, 2008 ) ¢ah jalso playa role in controlling cellular

proliferation through the regulation of cyclin D1 an essential regulatorof the G/S

phase transition in mitosis. Cycin DIEO OOAOOOAOA 1T £ )++, AT A OE
Thr286byIlk+ 1 1T AAAO O1 O Eyllin BIANQWIAGCAIQEIE hrrestathe A

G/S phase transition (Kwak et al, 2006. However phosphorylation by ) + +dqf
substrates 1 -catenin and oestrogen receptory | %a&ng i@ coactivator SRC3both

induce the Cyclin D1 promoter causing increased expressidhus promoting cellular

proliferation which may play a role in breast cancer oncogenesi®érk et al,2005).
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driving the cell through mitosis (Prajapati et al, 20086.

The identification of these novel substrates and their roles in essential cellular
processes such agroliferation make this a pertinent strategy for the development of

novel therapeutics against the IKK complex.

1.9 The Aurora kinase Family

The Aurora Kinases are a family of three highly conserved serine/threonine kinases
essential for the correct praression of the cell through mitosis. First identified in 1995
by Glover et alwhen screening for genes regulating spindle function ifDrosophila,it
was observed that mutations of the gene Aurora ledto failure of the centrosome
separation and bi-polar spindle formation. This led to the formation ofCrcular mono-
polar spindles leading to pupal lethality and mitotic arrest(Glover et al, 199h
Previously however a homologous genewas identified in 1993 in Saccromyces
CervesiasmamedIpL1 and confirmed to be essential for the progressiomf cellsthrough
the cell cycle(Chan et al, 1993, Bischoff et al, 1998rom the first discovery of this
homologue in fungi and then its discovery in multicellular organisms in the following
years, there were homologus observed in many mammalian cellseported by research
groups worldwide under a wide variety of nhomenclatures. The Human homologues
were first identified in 1998 by Bischoff et aland named Aurora A, B and Bischoff et
al, 1998. All the Aurora homologueswere recognised asbeing derived from a common
ancestor and anysequence divergence observed waslue to natural evolutionary
pressures driving mutations to occur during gene duplicatior{(Caravagal et al, 2006 In
humans there are three homologues of # Aurora kinase each with unique functions,
however in the lower organisms such asKenopusor Caenorhabitis elegansnly two
have been identified corresponding to the human Aurora A and B S.Cervesiaeonly
one form has beenobserved showing theclosesthomology to human Aurora B. This
provides the evidence for the evolution and divergence in function from a common
ancestor amongst the Aurora Kinase family{BolanosGarcia, 200%. Amongst the

members of the Aurora kinase family there is a high level of ggence homology
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observed in all humanmembers of the subfamilywith >70% homology observed in the
catalytic domains of Aurora AB and C. All three of the kinases share the same basic
structural homology; an N-terminal domain 39-132 residues long, a Catatic domain of
251 residues and @erminal domain 15-20 residues long(Fu et al, 2007 as shown in

Figure 1.3.
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Figure 1.3 Schematic representations of all three members of th&urora kinase Family.
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The catalytic dbmains of all threeAurora kinasescontain a structural feature known as
the Activation loop. This isnecessary for the correct function of these enzymes. In each
member of the subfamilythere is akey Threonine residue located within the activation
loop, the phosphorylation of which is esential for the full activation of the Aurora
kinase [Bayliss et al, 2008 This phosphorylation is regulated through the interaction
with several distinct co-factors, all unique to Aurora A, B and (QKarthiygeyan et al,
2010). These act to regulate the specific activity of eachAurora kinase outwith the
catalytic domain(s). The Nterminal domains however do not show the same levels of
sequence homology and has been suggested to the function as element of the
protein structure that may regulate the PPIsspecific to eachmember of the subfamily
(Carmena et al, 2008 The Nterminal regions of Aurora A and B however do both
contain the homologous sequence referred to as the-Box or D-activating Box, and in
conjunction with the Gterminal D-Box has been shown to be required for the targeting
of Aurora A for degradation by a E3 ubiquitinligase known as theAnaphasePromoting
Complex/ Cyclosome (APC/C). The APC/C and its specificity partner Cdhl maintain the
low levels of Aurora kinase Aand B during early stages of the cell cycle andrget it for
destruction during mitotic exit (Vader et al, 2008 These structures arrangéhemselves
around a hingecontrolling the selectivity towards and positioning of the substrate. The
N-terminal lobe has been shown to position the AT#phosphate group througha| ( A1 E @
and the Gterminal lobe harbours and positions the substrate for phosphorylatior(Yan
et al, 201). The 26 anmo acid ATP binding region is highly conserved between the
three members of the subfamily with only three differences observed all of which
occur in Aurora A occurring at positionsL215, T217 andR220 (Brown et al, 2004). The
Aurora Kinases in spite of heir sequence homologies have markedly different cellular

spatio-temporal localisations and functions.

1.9.1 Aurora Kinase Localisation through the cell cycle

Aurora A kinase is ubiquitously expressed in the cell. The expression profitd this
protein however changes throughout the cell cyclavith expression levels remaining
low until S-phase, and begin to increase again through.@nd M phase eventually

peaking during pro-metaphase. As mitosis is completed Aurora A is subsequently
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degradedupon mitotic exit via the interaction with the APC/C. Aurora A is an essential
regulatory mechanism for the control of mitotic entry, centrosome
maturation/separation and bipolar spindle assembly (Barr et al,2009). In prophase
and metaphase Aurora A localises initiyf to the centrosomes and microtubules, then
migrates during anaphase and telophase localisg to the spindle midzone whilst also
remaining at the centrosomes. Aurora B however is expressed later and becomes
detectable only in prophase and maintains its x@ression until degradation at mitotic
exit. Aurora B3 €pecific functions include essential roles in chromosome condensation,
sister chromatid condensation, correct chromosomal orientation, mitotic spindle
assembly, checkpoint control and cytokinesis. Auora B localises to the centromeres
throughout pro-metaphase/metaphase andafter the separation of the chromatids it
relocates to the midzone of the cell where it remains until cytokinesis is completelt
then undergoes degradation via the APC/C pathwaiCaravagal et al,2006, Fu et al,
2007, Vader et al, 2008 The localisation ofAurora A and B are shown in Figurel 4
with the functional roles they play at each stage of the cell cycle also outlined. Both
Aurora A and B are ubiquitously expressed in all tissues across the body. Aurora C
however has been shown to be predominantly expressed in the testes and plays a role
in embryonic development and in meiosis(Tang et al, 2006, Kimmins et al, 2007, Avo
Santos et al, 2011l The localisation and functionof Aurora Cis however poorly
understood in comparison to Aurora A and Balthough it is worth noting that it was
recently observed that in the absence of Aurora B, Aurora C can act to compensate and
replace its mitotic functions(Slattery et al, 2009. In recent studies it was observed that
the inclusion of a mutation of Glycine 198 toAsparaginein Aurora A it was possibleto
mimic the localisation and functionality of Aurora Balthough Aurora A and B are
unable to compersate for the loss of each otherHans et al, 2009 The Aurora kinases
all show similar expression patterns in both their messenger RNA and protein levels,
peaking during G/M phase of the cell cycle andheir expression is closely linked
during mitosis. However they maintain distinct localisation and function, as seen in
Figure 1.4. These differences can be attributed to their relationships witlthe activating
and regulatory proteins specific to eachmember of the Aurora kinase family and so

maintain the distinct mitotic functions of these three kinasegKarthigeyan et al, 201).
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prophase prometaphase metaphase anaphase A/B telophase cytokinesis

Centrosome Promotion of bipolar Degradation by APC/C¢d
maturation and spindle assembly
separation

Promotion of

mitotic entry
Chromosome Correction of defective Central spindlin Promoting contractile ring
condensation attachments localisation and phosphorylation function
Histone H3 Cohesin displacement Promoting localised RhoA Spindle disassembly
phosphorylation activation

NoCut pathway

HP-1 displacement Regulation of SAC function
Degradation by APC/C®!

Figure 1.4. Localisation of Aurora A and Aurora B in Mitosis

a) lllustration of the mitotic stages in dividing cells. b) Aurora A (red) localisation throughout mitosis Aurora A
can be seen to be localised to the centrosomes in early mitosis and moving to the kindétoes and chromatids
promoting bi-polar spindle assembly. c) Aurora B (red) is seen mostly in mitb late mitosis and localises
strongly to the mid-zone of the cells where it acts in a regulatory role ensuring spindle attachment is correct al
repairing faulty interactions. (Vader et al, 2008)
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1.9.2 Roles of Aurora A kinase in the cell

There are severalspects controlling the regulation ofexpression andcontribute to the
activation of Aurora A kinase. The Aurora A genis located on the chromosomdocus
20913 and mutations in this gene region are frequently observed in breast cancers
(Lengauer et al, 199Band prostate cancer Mosquera et al, 2018 Aurora A has an open
reading frame (ORF) of 1,209 base pairs which codes for the 403 amino acids
comprising the Aurora Aprotein sequence. The transcriptionof the Aurora A geneis
regulated by positive regulatory element 1 (PRELPREL is a 7 base pair sequence at
position -85 and -79 and has the sequenc&€TTCCGG. This region controls the gene
expression through the predominantly via the E4ATF1 transcription factor, a member of
the ETS family also containing the Aurora A regulatory factorEndothelial Growth
Factor Receptor(EGFR and GABIinding Protein (GABB. E4TF1lis a hetercdimeric
complex of E4TF160 and E4TF1-53 with the ETS DNA binding regin located in the N
terminal of E4TF160. The regulation of Aurora A kinase is tightly controlled with
expression linked closely with cell cycle progression in particular expression of Aurora
A only occurs during G/M phase. This is controlled at the transcriptional level by the
CDE(cell cycle-dependent element)/CHR (cell cycle gene homology regionklement
which act as cell cycle specific repressor of transcription and are located downstream
of the PREL region(Tanaka et al, 2003. Posttranslational control of Aurora A kinase
can be attributed to covalent modification of the kinase itself through interaction with
co-factors specific to the functional outcomesand it is these modifications which are
responsible for the functional control of Aurora A kinase. Theohosphorylation of the
threonine residue at position 288 (Thr288) of Aurora A is an important step in the full
activation of this kinase andis controlled through (auto) phosphorylation mediated by
several interacting proteins. The Thr288 residue is located in the activation loop near
the ATRbinding region and it is the phosphorylation of this residue which regulates
the kinase activity, the preceding lreonine residue at position 287 can also reage
activity in the case of Thr288 mutation (Zhao et al, 2008, Walter et al, 20p0The
underlying mechanism of auto/phosphorylation of Thr288 in Aurora A is poorly
understood with several different activator proteins suggested to play a role&Zhao et al
in 2005 showed thatp21 Protein Activated Kinase 1 (Pak1) binds and can promote the
phosphorylation of Aurora A kinase at Thr288 inXenopusmodels(Zhao et al, 200k

This mechanism however has not been confirmed in human studies. Tls¢atus and
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activity of Aurora A is reliant on its interaction with several co-factors regulating
function in relation to the progression ofcell cycle. Aurora A regulates the entry of the
cell into mitosis through the recruitment and subsequent activation of the CDK
l/cyclin B complex. Aurora A directly phosphorylates the phosphatase CDC25B at
serine353 which in turn leads to the activation of CDK1/cyclin B, this interaction is
mediated through the association of Aurora A with its cdactor Ajuba (Hirota et al,
2003). Aurora A abo acts in conjuntion with Polo-Like Kinase 1(PLK1) to regulate
CDK1/cyclin B activity. When PLK1s in an active confirmation through interaction
with its co-factor Bora, Aurora A has been shown to phosphorylate threonine 210
within the PLK1kinase domain allowing the BoraPLK1 complexto become activated
fully phosphorylating and activating the phosphatase CDC25BSeki et al, 2008
targeting the CDK1 inhibitory kinase Weel for degradatiorfvan Vugt et al, 2001 The
phosphorylation of PLK1by Aurora A is regulated through the interaction with the ce
factor Bora inducing a conformational change allowing Aurora A full access to the
activation loop, this mechanism is selfegulatory with activated PLK1 targeting Bora
for ubiquitination ( Seki etal, 2008. It is through this mechanism thatentry of the cell
into mitosis is regulated via CDC25B and CDK1/Cyclinmcruitment. Aurora A is also
an essential regulatory mechanism for the maturation of centrosomes and bipolar
spindle assembly in early ¢ late G phase of the cycle(Barr et al, 2009. Aurora A
regulates centrosome maturation through the recruitment of pericentriolar material
(PCM) proteins. PCM proteins inclde; the Aurora A substrate srine/threonine kinase
(Abe et al, 2006, Toji et &004). NDEL1is another Aurora A substrateessential for the
recruitment and phosphorylation of katanin p60 which promoting the microtubule
remodelling. NDEL1 is also essential for the targeting of TACC3 to thentrosomes,
which in turn is phosphorylated by Aurora A(Mori et al, 2007 driving the formation of

a complex comprising of XMAP215/Msps promoting microtubule growth and
organisation. The control of the microtubule nucleation to the centrosome is also
regulated through Aurora A dependent phosphorylation ofthe Gterminal of
centrosomin; medE AOET ¢ OEA OAOCA OHfubuin toitheAcentbobonesi OET C
(Terada et al, 2003. These PCM proteins all work inconcert to regulate centrosome
maturation, microtubule remodelling and ultimately mitotic entry. These cefactors
also play a critical ole in controlling the sub-cellular localisation of Aurora A
throughout the cell cycle particularly in the localisation to the centromeres. e co

factor Ajuba hasalso been suggested to be an activating proteifor Aurora A kinase
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(Hirota et al, 2003 however more recent studies inDrosophilaindicate that it is not
actually controlling the activation rather acting in a scaffolding role to ensure the
correct localisation of Aurora Aat the centrosomes mediatingmicrotubule attachment
and centrosome separtion/maturation (Sabino et al, 201)L PLK1has also been shown
to recruit Aurora A to the centromeres at the beginning of maturatioiiTerada et al,
2003). The exact mechanisms of how all these substrates and interacting proteins
contribute to the successful progression and completion of mitosikas not been fully
elucidated however it is apparent that centrosome maturation is a complex and tightly

regulated system ensuring the process is highly accurate.

One of the characteristic defects aterved in Aurora A deficient cells is abnormal
mitotic spindles (Glover et al, 199% which can be attributed to defects in centrosomal
maturation and its role in the activation and localisation of acid coileetoil protein
TACC3. TACC3 is an exclusive stitage of Aurora A which is responsible for the
localisation of TACC3to the centromeres either through direct phosphorylation or
through the Aurora A mediated activation of NDEL1. At the centrosomes TACC3
complexes withch-TOG/XMAP215 (TOG), promoting miatubule stability through the
stabilisation of the kinetochores byinter-microtubule bridging (Booth et al, 201). The
binding of TACC3/TOG complex to microtubules is essential for microtubule stability as
it acts antagonistically to Mitotic CentromereAssociated Kinesin (MCAK which
mediates destabilisation, regulated by Aurora B, to ensure correct assembly of the
microtubules at the centromeresoccurs (Barr et al, 2009. Aurora A also maintains a
secondary role in the bipolar spindle assembly in the absee of centrosomes through a
RAN-GTP mediated pathway at the chromosomes. RAN is first converted to RGP
by RCE1 around the chromosomes, thus forming a gradient of active RANTP related

to the proximity of the mitotic chromosomes. Theactivated RAN-GTP can then interact
with importin-f  OAT AAGET C | EAOT OOA OINASAA Réed bnd they £A
Aurora A cofactor TPX2(Nachury et al, 2001 Aurora A phosphorylates TPX2 which in

p21
O

turn drives the (auto)phosphorylation of Aurora Aand therefore E Ccatélytic activity.
TPX2 also medhtes a conformational change irthe Aurora A tertiary structure which
has a protective role in preventing de-phosphorylation of Thr288 by Protein
Phosphatase 1A(PP1A) (Bibby et al, 2009. Activated Aurora A can then recrii the
essential proteins of the EXTAHcomplex which drive centrosomeindependent
microtubule assembly(Barr et al, 20073. The binding of Aurora A and TPX2 during this

mechanism is an essential regulatory step in the function of Aurora A in mitosis, asghi
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interaction maintains the activation and stability of Aurora A through the cell cycle
(Bibby et al, 2009, Giubettini et al, 2011

More recently Aurora A has been implicated in several novel mitotic functions such as

the correct fragmentation of the golg machinery to ensure the corect segregation into

the daughter cells(Persico et al, 2010and novel mechanisns of activation via calcium

dependent procesgs regulating ciliary disassembly Plotnikova et al, 2012. These new

studies show that Aurora A plays a far more diverse range @fnctional rolesin cellular

proliferation than previously established andis leadingto novel areas of study which

will provide a betterundA OOOAT AET ¢ 1T £ OEA shokwithnRUAT A AT A

1.9.3 Aurora A kinase co -factor TPX2

TPX2 is a cdactor of Aurora A, essential for the activation and function in mitosis.
TPX2 activates Aurora A by binding of the Aurora A-Mrminus with the C-terminus of
TPX2. This promotes enhanak phosphorylation and activation through (auto)
phosphorylation of Aurora A at Thr288(Eyers et al,200Binducing an 8A change in the
conformation; this conformational changeexposes the ATP binding domaimand fully
activatesthe kinase by exposing the Thr288 residue promiting auto/phosphorylation .
This conformational change also has a protective role by preventing de
phosphorylation and subsequent deactivation by Protein PhosphataseAl (PP1A)
(Bayliss et al, 2008 TPX2 is o responsible for the targeting of Aurora A to the
microtubules and spindle poles (but not the centrosomes) within the cells, maintaining
correct spindle length and the stabiligtion of the microtubules in the late stages of
mitosis (Bird et al, 2008, Tai et al, 2003. The TPX2/Aurora A activated complex has
also been associated with the interaction of p53 and Aurora A. Aurora A catalyses the
phosphorylation of p53 at serine residues 215 and 315 within the DNA binding regions;
the phosphorylation of these residues prevens the DNA binding and transactivation
activities of p53, increasesthe binding of p53 to Mdm2 and subsequentlyincreases
ubiquitin targeted degradation of p53Liu et al, 2004, Katayama et al, 20D4Aurora A
overexpression observed in seeral cancers may therefore down-regulate the p53
activity as an essential component required for cell cycle checkpoint activation and
pro-apoptotic pathways(Pascreau et al, 2008 TPX2 has also recently shown to control

the spatio-temporal organisation o the essential kinesin motor protein and Aurora A
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substrate Eg5 in the cell cyclg(Gable et al, 2012, Carmena et al, 2009 his cross
functionality of the TPX2Aurora A complex highlights its essential role in the
progression from G to M phase of the cell cycle and it too may represent a potential

strategy in the development of Aurora Akinase) inhibitors .

1.9.6 The Roles of Aurora kinases in Oncogenesis

Disruption of the tightly controlled expression of the Aurora kinases through gain/loss
of function or over-expression altering the normal cellular function thus can be linked
to increased cancer susceptibility. There has been a significant amount of resgainto
the roles of Aurora A kinase in tumourigenesis and there still remains no clear
conclusion as to its importance. The oveexpression of Aurora A kinase has been
shown to transform rodent cellsin vitro, and these cells lead to tumour formation upn
introduction into a nude mice (Sen et al, 1997, Bischoff et al, 1998 owever, studies
carried out using a transgenic mouse model ovegxpressing Aurora A kinase showed
no formation of malignant tumours even after a long latency period, suggesting that
Aurora A kinase alone cannot act as an oncogengh@ng et al, 200% but can act in
concert with other oncogenic mutations such as those of the RAS pathway to potentiate
tumourigenesis (Tatsuka et al, 2001 The function that Aurora B plays in
tumourigenesis on the other hand is far less clear, the locus for Aurora B has been
identified as at 17p13 but has not been observed to be amplified in tumours as of yet.
However, studies indicate the overexpression of Aurora B in several cancer cell lines
(Katayamaet al, 2009 is linked to polyploidy and chromosomal instability similar to
what has been observed with Aurora A oveexpression. Although the polyploid cells
over-expressing Aurora B can induce tumour formation in nude mice, this was shown
to have been tmough Aurora B promoting Rasmediated cellular transformation in
these cells Kanda et al, 200h The overexpression of Aurora B in tumours therefore
may not function as an oncogenic mechanism independently but rather the over

expression is a feature offte highly proliferative nature of tumour cells.

Centrosome amplification and aneuploidy are also hallmarks of cancer, regulation of
these features are controlled through Aurora kinases. Ovaxxpression of Aurora A
drives centrosome amplification and the sbsequent tetraploidisation due to
associated cytokinesis failure leading to the muklihucleation of cells Meraldi et al,

2002). The increased centrosome number leads to monopolar or multipolar spindle
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formation, in healthy cells these abnormal spindle cdigurations lead to trigger mitotic
arrest. In normally cycling cells the polyploid cells would arrest through at the postiG
checkpoint mediated by the p53Rbpathway and the cells would subsequently undergo
apoptosis. p53interacts with Aurora A in normal cells through a several mechanisms
suppressing centrosome amplification and cellular transformation. Aurora A subverts
this mechanism by phephorylating p53 at two sites; ®rine 215 preventing DNA
binding and thus inhibiting downstream p53 targets (iu et al, 2004 and rine 315
which promotes MDM2 binding targeting p53 for ubiquitination and degradation
(Katayama et al, 2001 The overexpression of Aurora A in tumour cells therefore
disrupts this feedback loop checkpait mechanism by reducing the cellular p53
concentration which in turn prevents the p53Rb pathway triggering allowing
polyploid cells to pass into mitosis and resulting in aneuploid cells, a characteristic
feature of all cancers Rajagoplan et al, 2004 Over-expression of Aurora A was not
however enough to induce cellular transformation alone, mutations rendering p53
inactive or deleted were also required and in p53 knockout mice studies the owver
expression of Aurora A was observed to induce the malignamtansformation of cells
(Zhang et al, 2008 As established in several studiesAurora A cannot promote
tumourigenesis alone however Aurora A oveexpression in conjunction with p53
mutations or the HRAS mutations lead to the oncogenic effects of Aurora oAer-
expression. Dysregulation of the E3 ubiquitipprotein ligase CHFR is another
mechanism that has been suggested to drive Aurora A mediated tumourigenesis.
Aurora A ubiquitination is controlled through the interaction with mitotic checkpoint
protein CHFR, in 2050% of all primary tumours and cancer cell lines CHFR expression
is lost leading to Aurora A overexpression, chromosomal instability and ultimately

tumourigenesis (Yu et al, 200%

The Aurora Kinases have not only been linked to tumourigenestsut also have been
implicated in having several other oncogenic functions. Aurora A has been linked to
enhanced invasiveness and genomic stability in breast carcinoma's with owver
expression documented in 94% of all invasive duct breast adenocarcinomas
(Harrington et al, 2009 and is also an early pathological event in the onset of ovarian
tumours (Karthiyegan et al, 201 Aurora B has also been directly associated with a
poor prognosis in glioblastoma, ovarian and hepatocellular carcinomasD{az et al,
2012).
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The Aurora kinases have been implicated by several studies as having an oncogenic
role in prostate cancer development. Aurora A has recently been shown to regulates
the androgen receptor of prostate cells, the oveexpression of Aurora A in prostate
cancer cell lines, observed in 98% of prostate cancer lesiond¢keelven Buschhorn et
al, 2009, through the phosphorylation and activation of the Androgen Receptor may
drive Androgen-independent growth of the tumours Shu et al, 2010 Aurora A over
expression is thought to be an early event in the carcinogenesis of prostate tissue as it
is observed in 98% of cancer lesions and 96% of higlirade prostatic intraepithelial
neoplasia (PIN) lesions, however Aurora A oveexpression is also observed in 20% of
the normal prostate tissue surrounding these lesions. This suggests that Aurora A over
expression may play a role in instigating genomic instability, which subsequently
drives carcinogenesis in prostate cells Qiaz et al, 2012 Aurora A and B over
expressian has been shown to be significantly linked to the Gleason score and therefore
the severity of prostate cancer Kumano et al, 2010, Chieffi et al, 2006This link
between the Aurora Kinases and the progression of prostate malignancies was shown
by studiesutilising RNAI (Kumano et al, 201Ppor kinase specific inhibitors (Chieffi et al,
2006) on prostate tumours that suppressed tumour growth but had no effect of normal
prostate tissue proliferation. These studies suggest the therapeutic potential of the

Aurora kinases as a drug target for the treatment of prostate cancer.

1.9.4 The mitotic roles of Aurora B kinase

The second Aurora kinase is Aurora B, between Aurora A and B there is a high level of
shared sequence homology with >70% similarity observedwithin the kinase domain.
They do however maintain distinct functions within the cell (Vader et al, 2008 In early
mitosis Aurora B islocated inthe nucleus and has been demonstrated to phosphorylate
Histone H3 at both Serl0 and Ser28. The function of ithis largely unknown in
mammalian models. When mutations of these residues were carried out in other
species, such asTetrahymena thermophiliaand Saccromyces Pombeat was been
observed to be essential for chromosome condensatiofWei et al, 1998, Mellom et al,
2003). However, in a previous study, the mutation of Aurora Bshowed no effect of H3

phosphorylation by Aurora B in Saccromyces Cervesigklsu et al, 200D so the role of
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Aurora B in chromosome condensation isas of yetnot fully defined although this
function has been suggestedo occurin mammalian cells alsqFu et al, 200Y. Aurora B
has also been linked to the Condensin 1 complex that is essential for chromosome
cohesion and correct chromatid formation. It has been proposed that Aurora B
phosphorylates the nonStructural Maintenance of Gromosomes (SMGpsubunits of
this complex (Fu et al, 2007, Giet et al, 2001 The Cohesin complex binds sister
chromatids in a ring like structure until the completion of metaphaseanaphase
transition and aOA OA1T AAOGAA OEA ' 00T OA " 1T AAEAOQGAA
controls the regulation of Cohesin through the Aurora B interaction with the
centromeric Shugosin protein of SGO1 driving the localisation SGO1 to the centromeres
promoting cohesin binding and association to the chromosome armgDai et al, 2008.
Aurora B subsequently regulates the dissolution of the cohesin complex through the
phosphorylation and degradation of securin via the Anaphase Promoting
Complex/ Cyclosome (APC/C). Following the degradation of securin the enzyme
separase is located to the chromosomes through an interaction with Aurora B
degrading cohesin and allowing the cells to move into anaphag&’uan et al, 200%
Aurora B also plays a muclyreater role in the regulation of the clromatid separation
not just in the regulation of chromosome condensationAurora B is involved in several
mechanisms vital for chromatid sepaation, microtubule attachment, @ror correction
and control of the pindle assembly checkpoint (SAC) Aurora B regulates the spindle
orientation and attachments through two groups of complexes. Firstly the
microtubule/kinetochore -capture factors Ncd 80/Hect and DamZk complexes are
used to regulate the dissociation of the microtubules through phosphorylation by
Aurora B decreasing the affinity of microtubules to the kinetochores preventing
attachment of misaligned spindles and allowing for correct associations to be formed
(Cheeseman et al, 20p6Secondly, the correction and attachment of the microtubules
by Aurora B through the deactivation of MCAK acts as a depolymerisation agent to
destabilise the incorrect attachments at the kinetochorescausing the coupling to fail
and causing the microtubule attachment process to repeat until the correct spindle
arrangement is ahieved. Aurora B phosphorylates MCAK, deactivating its spindle
destabilisation activity; when not phosphorylated the MCAK will continuously
destabilise microtubules therefore preventing attachment and progression to
separationin a negative feedback procgs. Chromatid separation can only occur when
the correct spindle biorientation occurs, that is to say that each of the sister

chromatids are attached to microtubule from each pole respectivelfAndrews et al,
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2004). These mechanisms are all part ofhe larger process known as the spindle
assembly checkpoint consisting of a group of regulatory proteins including Mpsl1 and
the Mad and Bub familiegDitchfield et al, 200%. This ensures that all chromatids are
bi-orientated and attached before the progressiorfrom metaphase to anaphase can
occur. Aurora B regulates the kinetochore attachments through the recruitment of
attachment proteins as described previously. If no attachments or faulty attachments
have occurred, Aurora B inhibits the APC/C, a regulatoryadtor necessary for the
progression to anaphase. APC/C is a ligase that targets securin and CyBlirfor
destruction by the 26S proteasome. If there are any incorrect attachmenti.e.
monopolar attachment or mono/syntelic attachments it will act to destabilise
kinetochore attachment thereby preventing the progression through thesAQPinsky et
al, 2005. The APC/C acts in conjunction with twaspecificity co-factors CDQ0 and
cdhl (Visintin et al, 1997 controlling the progression of mitosis particularly the
transition into anaphase from metaphase. The APC#€20 complex is required for the
Spindle Assembly Checkpoint and the role of the APC/@n1 complex in the degradation
of Aurora A and B has already been discussethe complex it forms with SAC proteins
at the kinetochores inhibits APC/Cc20, This complex assembly is regulated by
microtubule tension, which will allow for the discrimination between correctly and
incorrectly assembled microtubules attachments. The role of Aurora B in destabilising
microtubules has been described previously and indicates its vital role in th6AC
Once the SAC has been passed the progression to anaphase cocs the sister
chromatids are pulled by actin motors to opposing poles of the cells and the cells then
progress to tebphase and then into cytokinesis. At this stage in the cell cycle Aurora B
localises to the centre of the cells (miebody/central spindle) and interacts with several
substrates e.g.Vimentin (Goto et al, 2008 Desmin and GFARKawajiri et al, 2003. All
of these proteinsare essential components of cytokinesis, howevesur understanding
of the mechanisms controlling cytokinesishas yet to be fully determined and the
involvement of Aurora B yet to be fully characterisedOzlu et al, 201D

Aurora B, like Aurora A, relies heavily onits association with cefactors to determine its
localisation and activation. Analogous to the relationship between Aurora A and o
factor TPX2 promotingthe activation of the kinaseAurora B is activated via association
with the cofactor INCENP(Honda et al, 2008 Aurora B phosphorylation is driven by
the interaction with INCENP and is esserdl for activation of the kinase. he full
activation of Aurora B is further driven by the phosphorylation of INCENP by Aurora B

in a positive feedback loop that regulates the activity of Aurora BBishop et al, 200R
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INCENP activates Aurora B through the allosteric binding of INCENP to thdobp of
Aurora B promoting the (auto) phosphorylation of Thr232 partially activating the
kinase. This interaction and partial activation in turn leads to the phosphorylation of
the two Serine residues of the INCENP ThreonirgSerinez Serine (TSS) motif located
at the Gterminal IN box enabling a conformational changeto occur in INCENP then
fully activate the Aurora B kinase(Bishop et al, 2002, Sessa et al, 2D0%his (auto)
phosphorylation mechanism is essential in the correct activation of Aurora B kinase
and its spatiotemporal functionality as demonstrated in studies mutating the Thr232
to Ala. In cell-based studies this mutation leadsto the failure of cytokinesis and
subsequently anobserved increase in thenumber of multi-nucleated cells(Yasui et al,
2004) showing phosphorylation at this site was an essential sgein the control of
cytokinesis and in the completion of mitosis.

The degradation of Aurora A and B are closely regulated ribugh the activity of
APC/Cdht complex, however the temporal differences in expression have been
observed this may be due tdhe differences in structure between the Aurora A and B
kinases. The sequences required for recognition and degradation have beeefined for
the Aurora Kinase families: the KEMNox, Dbox and Abox. These motifs are required
for the regulation of the degradatory mechanisms however they are not all essential
and between themembers of the subfamilywhich motifs are required vary. Aurora A
requires both the KEN and D boxes but not the-Box and alternatively Aurora B
requires KEN and A boxes; and it is these differences that are likely to account for the
variation in temporal degradation that is seen during mitosigCrane et al, 2004\ guyen
et al, 2005.

1.9.5 Aurora Kinases and the development of Cancer

The Aurora kinase family as regulators of cell cycle progression and normal cellular
proliferation have been frequently linked to tumourigenesis and the progression of
cancer(Table 1.2). Unregulated cellular proliferation and aberrant progression through
the cell cycle are two of the most significant hallmarks afancer;therefore the Aurora
kinases as essential mitotic kinases are strongly associated with tumourigenesis and
the progression of cancer. Aurora A was in fact first isolated through a screen of the
BTAK gene (Breast Tumour Amplified Kinase) located on the 20g13 region of the
genome(Sen et al, 1997 The 20q13 gene is frequently observed to be amplified both
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in cancer cell lines e.g colon, prostate andovarian, andis also in many primary
tumours such as breast and colorectal cance(Bischoff et al, 1998 Theoverexpression
of the Aurora kinases has been identified in a wide range of cancers andslsown to
have a wde variety of functionsin the cell. Tablel.2 shows a summary of cancers that
the Aurora Kinases have been linked to and their correlation to each type of the

disease.
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Cancer type Specimen type Findings

Aurora A
Bladder Cell lines Overexpression
In vivo Amplification and overexpression
Breast Cell lines Amplification and overexpression
In vivo Owverexpression in 94% and amplification in 12%
Cplorectal Cell lines Amplification and overexpression
In vivo Amplification and overexpression in >50%
Cervical Cell lines Amplification and overexpression
Endometrial In vivo Amplification in 56%
Esophageal In vivo Overexpression in 68%
Gastric Cell lines Amplification in 29%; overexpression in 44%
In vivo Amplification in 5—13%; overexpression in 41—50%
Glioma In vivo Amplification in 26—31%; overexpression in 60%
He patocellular In vivo Amplification in 3%; overexpression in 61%
Head and neck In vivo Owerexpression
Kidney Cell lines Amplification and overexpression
Laryngeal In vivo Overexpression in 68%
Leukemia Cell lines Owerexpression
In vivo Owerexpression
Melanoma Cell lines Amplification and overexpression
Mon-Hodgkin's lymphoma In vivo Overexpression
Owvarian Cell lines Amplification in 10—15%; Overexpression in 67%
In vivo Owerexpression in 50%
Pancreatic Cell lines Owerexpression
In vivo Owerexpression in 56—93%
Prostate Cell lines Amplification and overexpression
In vivo Overexpression in 98%
Aurora B
Breast Cell lines Overexpression
Colorectal Cell lines Overexpression
In vivo Owerexpression
Glioma In vivo Overexpression
Kidney Cell lines Overexpression
Leukemia Cell lines Overexpression
In vivo Owerexpression
Lung Cell lines Overexpression
In vivo Overexpression
Prostate In vivo Overexpression
Thyroid Cell lines Owerexpression
In vivo Overexpression

Table 1.2. Aurora A and Aurora B overexpression in Cancer types (Adapted frollountzious et
al, 2008).
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1.9.7 A review of Aurora Kinase inhibitors and their history

The AuroraKinases are an attractive antcancer drug target thanks to their essential
mitotic role coupled with their frequently observed overexpression inmalignant cells
(Zhou et al, 1998 this aberrart expression can manifest byblocking tumour
suppressor gene functior(Liu et al, 2004 leading to tumourigenesis These features of
Aurora kinase signalling can lead to development of highly aggressive tumsuwhich

are paentially reversible through inhibition of these enzymes

Aurora A kinase has also been shown to functionally interact with several other critical
cancer related proteins suchas Nf " DAOExAU Al | b1 (Phjaadd) ) ++ 4 T
al, 2006 Irelan et al, 2007 and) By (Hideshima et al, 2009, Sun et al, 2Q0The Aurora

A mediated phosphorylation and subsequent inactivation of tumour suppressor
proteins; BRCALOuchi et al, 200and p53 (Liu et al, 2004 and also the upregulation

of severd proliferative and transformative oncogenic pathways through direct
phosphorylation an example of which is the GSK& activation by Aurora A upregulating

[ -catenin/TCF transcription complex downstream targets of which include CyclirD1
and cmyc (Dar et al, 2009). The multi-faceted roles of Aurora A kinase in cancer
through the aforementioned pathways hae made this a focus of research into the
development of novel therapies. Targeting the Aurora kinases also has the additional
feature of having an inbuit selectivity for proliferating cells due to their increased
expression inmitosis; this makes them ideal candidates for cancer therapies due to the
highly proliferative nature of tumours (Lapenna et al, 2008 In vitro studies of an early
Aurora kinase inhibitor highlighted feature as it was shown to preferentially affect the

viability of only dividing cells (Warner et al, 2006.
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1.9.7.1Development of ATP -Competitive inhibitors of the Aurora Kinases

The development of Aurora Kinase inhibitors havebeen driven through a variety of
different methods encompassing both experimental methodologies such as fragment
based screeningWarner et al, 2006 and structure-based computational techniques
such asvirtual screening (Fu et al, 2008. This has led tahe development ofmore than
30 Aurora Kinase inhibitors in various stages of clinical and preclinical studie§he
first generation of Aurora kinase inhibitors developed were Hesperadin (Boehringer
Ingleheim), VX680 (Vertex) and the first ZM44743 (AstraZeeca).These three Aurora
Kinase inhibitors all have similar actions as small molecule inhibitors of the Aurora
Kinase ATPbinding site. Both Hesparadin and ZM44743 were initially discovered in
drug screens looking for compounds that have kinase inhibitorproperties (Hauf et al,
2003, Ditchfield et al, 2008 while VX-680 was tailored specifically to have binding
affinity against the Aurora kinase specificATP binding pocket(Harrington et al, 2004.
These inhibitors were extensively used in the research of the Aurora Kinases and have
been an invaluable tool in the understanding of Aurora Kinase functions in the cell
cycle. ZM44753 and Hesparadin when tested alongside \880 in vitro predictably
were far less potent inhibitors of Aurora kinase function Enzymatic assays allowed for
the specificity of these inhibitors to be fully investigated, and it became apparent that
Hesparadin was a Aurora B specific inhibitor, while ZM44753 and VX680 were more
selective for Aurora A although still hitting Aurora B. The specificity of Hesparadin
towards Aurora B was used extensively and led to the elucidation of many of the
proliferative and mitotic roles Aurora B playsin cancer (Hauf et al, 2003. ZM44753
was dso used extensively as a tool in both the validation afiovel Aurora Kinase
inhibitors and in the determination of normal Aurora A cellular functiongDitchfield et
al, 2003 Hesparadin and ZM44753 were primarily used as pharmacological tool
rather than as potential drugs, however V>80 was more comprehensively
characterised in preclinical and early stage clinical trials as a potential therapeutidn
vitro and in vivo studies showed reduction of colony formation, tumour growth
progression and increasedapoptosis of AcuteMyeloid Leukaemia(AML) cells of mouse
and rat colon and pancreas xenograft modeléLin et al, 2008 replicated in ovarian
cancer models (Lin et al, 200§. The IGo values for the inhibition of proliferation
determined across a range ofumour cell lines were from 15nM to 130nM(Kollareddy

et al, 2013. It was also observed to induce apoptosis through the failure mitotic spindle
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checkpoints causing an accumulation of aneuploid cellslarrington et al, 2004 in vivo.
The pre-clinical data suggestedVX-680 as an effective treatment and it was therefore
carried forward as the first Aurora kinase inhibitor into clinical trials with varied
results. The initial study in patients with solid tumours showed that it had good
tolerability and the does limiting side effect was asymptomatimeutropenia. Further
trails were initiated but were promptly abandoned after one patient developed
corrected QT interval prolongation leading to heart failure (Boss et al, 2009 However,
an interesting off-target effect was noted in one of the trails targetingchronic Myeloid
Leukaemia(CML) and Philadelphiapositive acute lymphoblasticleukaemia (ALL) and
was shown to be effective in the treatment of the T351l and V299L BG®BL mutants
which are resistant o imantinib (Katayama et al, 201D. This led to a reevaluation of
the compound as a Aurora Kinase inhibitor and it showed an inhibition profile against
WT BCRABL tyrosine kinase and the T3511 BGRBL mutants with I1Go values of 10nM
and 30nM respectivey (Katayama et al, 201D Recently it has been used in clinical
trails and has shown successful nhibition of mutant BCRABL and positive
haematological outcomes(Boss et al, 2010 This has led to the reassessment of many
clinical compounds agains drug resistant forms of disease perhaps leading to novel

uses for previously abandoned compounds.

1.9.7.2 Specific inhibitors of the Aurora Kinases

VX-680 is one of the first generation of Aurora A inhibitorsand is anexcellent example
of a panrAurora inhibitor with an inhibition profile that mimics that of Aurora A and B
loss of function (Katayama et al, 201D There are many examples opan-Aurora
inhibitors currently in development e.g.PHA739358, AMG900 and CYC116all at
various stages of clinical trials. There are questions however as to the efficacy of
targeting both Aurora A and Aurora Bdue to the varied roles theymay play in disease
states andpotentially contradictory roles possible. The development okinase specific
inhibitors therefore has been a significant area of research. Two examplef which are
the Aurora A specific inhibitor MLN8237 and the Aurora B specific inhibitor AZD1152.

1.9.7.3 Aurora A specific inhibitors MLN8237/MLN8054
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MLN8237/MLN8054, developed by Millennium pharmaceuticals are highly specific
Aurora A selective compounds, MLN827 has an 1Go of 1nM and is 200 fold more
sensitive for Aurora A over Aurora B. It was designed through the refinement of the
earlier compound, MLN8054. MLN8054 was extensively characterised in colorectal,
prostate, NSCLC, breast, and ovarian cancer cell lines showing effective inhibition of
growth and was further investigated in vivo in tumour xenograft models of these
cancers inducing cell death and senescenc@Cheetham et al, 2007 When taken into
the clinic the trials for this compound indicated a lack of target inhibition and were
deemed unsuccessfulThe structure of this compoundhowever was used as a scaffold
for further refinement through Structure Activity Relationship (SAR) optimisation
leading to the synthesis of themore potent MLN8237. This compound has been more
successfully used inPhase 1clinical trials againsta range of solid tumours showing
disease stabilisation and in one casereliminary anti -tumour activity in metastatic
ovarian cancer(Boss et al, 2000 The success of thisompoundin its Phase 1 trial has
supported the planning ofPhase Il trials and patients are being recruited with a range
of both solid and blood tumours. It must also be acknowledged the role these
compounds have played in the discovery of Aurora A specific cellular functio
particularly in defining the spindle assembly checkpoint regulation by Aurora A. This
was defined in studies due to the multinuclear phenotype observed after treatment of

cells with this compound and microtubule perturbing agents {\Wysong et al, 2009

1.9.7.4 Aurora B specific inhibitor AzZD1152

The AstraZeneca developed compound AZD1152 is a highly selecticempound
towards Aurora B. It was observed to exhibii values of 0.37nM against Aurora B and
1329nM against Aurora A and wherscreenedagainst a panel of 50 kinases show a
highly specific activity toward Aurora B (Yang et al, 200). It has been extensively
tested in vitro and in vivo against a large range ofleukaemia cell lines successfuly
inhibiting proliferation in all cell types with ICso valuesranging between 3nM to 40nM.
In vivo it was shown to effectively inhibit 55100% of growth in mouse xenograft
models of colon cancer and other haematological malignancies in a desdependent

manner. It was most effective inHL-60 Human promyelocytic leukaemia cells with
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complete regresson of the tumours being observedWilkinson et al, 2007. Histological
staining of these tumours was used to confirm increased caspa8devels an apoptotic
marker, in the tumours supporting the findings in vitro. The results of these studies
suggestthat Aurora B inhibition leads to an increased cellular DNA content due to
cytokinesis failure and the subsequent aneuploidy causes the cells to undergo
apoptosis(Yang et al, 200y. As with other Aurora kinase inhibitors AZD1152 was
taken into the clinic in a Phase | clinical trail targeting a range of solid and
haematological tumours. It was shown to be effective in the stabilisationf disease
progression in 5 of the 13 patients, the pharmokinetics of the drug were shown to be
highly favourable with rapid conversion of the drug to an active statevith good safety
and tolerability profile sin all patients. A more specific trail wasthen set up focusing on
newly diagnosed and relapsed AML patients, results of the study shoav25% positive
response rate wa observed with no major side effectseported (Lowenberg et al,
2011). The success of these trails have allowed for the progression of this inhibitor into
larger phase Il BCell lymphoma trails taking it one step closer to being a novel effective

therapy against this disease.

1.9.7.5 The limitations of Aurora kinase inhibitors

The Aurora kinase inhibitor field is vast with many drugs proving effective in bothn
vitro and in vivo settings many of which are in the early stages of clinical trails. The
examples provided are a just a few of the best characterised compounds in terms of
clinical efficacy andtheir uses as a pharmacological tool in elucidation of Aurorkinase
signalling in general. These novel drugs however have some limitations common to the
development of all kinase domain targeting inhibitors notably the off-target effects
observed due to the high kinase domain homology shared amongst all kinaseslahe
development ofdrug resistance.The Aurora B specific inhibitor AZD1152 was recently
shown to become ineffective due to resistance developed after chronic treatment in
both colon cancer cell lines and pancreatic cell lingssuo et al, 200R The mainfocus of
all Aurora kinase inhibitor development is targeted toward the kinase domain
regardless of the high levels of homology across thénome; however the development
of allosteric inhibitors or substrate-competitive inhibitors may ultimately be more

suitable targets for inhibition.
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The validity of Aurora kinases as drug targets howeveis under scrutiny alsoas their
oncogenic properties remain far from fully understood and there is no clear
understanding of the effects of inhibiton in a singular cancer cell type. Most of the
studies both in vitro, in vivo and in the clinic have all focused on a wide range of
malignancies to tesing for any possible effect, rather than gainst asingle modelfully
elucidating the mechanism of actio. The roles of the Aurora kinases in regulation of
proliferating tumour cells however is clear with a wide range of cell typesand primary
tumours showing an overexpression of both Aurora A and B Gautschi et al, 2008
This has led to debate in the fild as to which is the most effect target to be pursued
between these twokinasesand with no consensus come to as of yet. This had led to the
most promising feature of Aurora kinase inhibitor development driving research into
both Aurora A/B and the use of parnhibitors that are constantly helping to further
our understanding of these kinases andvell as the nature of tumourigenesis and

proliferation.

1.10 Aurora A kinase and the IKK complex

There is extensive published literature that Inks the NF{ "  OECT AT 1 ET ¢ AT A
complex to a wide variety of oncogenic and tumourigenic properties. The relationship

between the IKK complex and the cell cycléhowever has been established more

recently. There have been two studies and several suggésts in the literature of the

IKK complex playing a role in the regulation of the mitotic kinase Aurora ARrajapati et

al published the first in 2006, reporting OEAO ) ++; OACcOi AOAG OEA -
cycle through the phosphorylation of T288 in the ativation loop of Aurora A kinase

increasing the kinase activity of the enzyméPrajapati et al, 200§. It was also observed

OEAO xEAT OOAAOAA »xcgl®HErmrest in the celDii heGY/M phased A1 |
occurred. It was determina that this occurred through the decreased levels of active

Aurora A kinase in the cell rather than any effect of transcriptional regulation of Aurora

A. Thepotential inteOAAQET T 1T £ | O @asQ@lbo irvestifdted an)l wsing a

sucrose gradient to fractionate the cellular components it was possible to
immunoprecipitate Aurora A using an ant) ++4 DI 1 UAI T frolnl the AT OEAT

centrosomal fraction, this fraction also containedPLK1IAOO 11 ) ++5r 8 4EA 1T AC(
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ET OAOAAO T 1T /& ) ++ jfulyA&licated Bubsuggested the fodn@tio 1 O

ofaOT ENOA | BOT OA 1 ) ++ A(Prhjaphtikial, 20@. OEA AAT OOI
The second study followed tiis a year later and investigatingDEA OT 1 A T & ) ++7
bipolar spindle assembly.lrelan etal showedthAO OBI 1T OEA AdindOET T 1
siRNA run down cells showed multipolar spindle assembly and a failure to undergo

normal mitotic progression. Using recombinant protein it was shown to be possible to
co-immunoprecipitate Aurora A kinase withthe cellular forms of the IKK complex. The

mechanisns by WEEAE ) ++5 AAQOO O bifivestigdte® GhroagA the x AOA
transfection of mutanti O1 O | £ ) ++1 AIT-TRCPROMIBh hésoprevioBsy A OA
OET x1 O AOOT AEAOA xEOE ) targeted DIEfroeasEmiad Ul A OA A
degradation. The study showedhe intetOAAQOET T 1T £ | OOI-TREGP to beEET AOA
dependent on) + + 1 h ExXIEEHAEA O -@dulatéd Aprera A phosphorylation is

controlling the mitotic expression of Aurora Kinase and through this mechanismmay

regulate the mitotic spindle assembly(Irelan et al, 2007.

These two studies establish the relAOET T OEED A A Gx+Anll1Aurora+Ar | h
suggesing the formation of a 700800kDa complex(Prajapati et al, 2006, Irelan et al,

2007) however what this comgex is actually comprised of is not fully understood.

The effect of disruption of this interaction on the cell cyclehas been investigated

through the use of SIRNAk T AEAT xT T £ AT OE nhpsHed jo sdhewhat) + +1 A
contradictory results that may be die to cell type specific mechanisms.Prajapati et al
used OE2 . ! Ol ETTAE Al x1 DOl OAET AoBMAOOEII

accumulation in HelLa cells which supports their findings of Aurora A being activated
through this mechanism Both this study and that of Irelan et al showed results of
OE2. ! 0OO1 A bendrated fifgings thatfwere somewhat contradictory. One
showed no effect on the cell cycle progressiofPrajapati et al, 200§ when observed
through the cell cycle and the other showedan accumulation of the cells inhe G;/M
phase(lrelan et al, 2007. This is not a cell type specific event as the studies were both
in HeLa cells. These are not the only studies however that have observed this
Ob1 1 AAIl A O Emelanoinateells thererwasaicell cycle arrest at the/@l phase

of the cell cycle. Immunoblotting of these cells also show the Aurora A expression in
these cellwas reduced upon the ablation ofIK+ r(Yang et al, 201} which again is a

contradictory discovery to previously published data(lrelan et al, 2007. The last of the
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OOOAEAO OOAA 1 Al OEOGEOAT OOAT OEAAOQETT 1T &£ OE2.
OECT EZA£E A AT Aifionin Muliple MyelontaicdliE on the tranO AAAOET T 1T £ ) -
shRNA a significant growth inhibition was observed and when investigatedthe

expression of Aurora A was decreasefbllowing the depletion | &£ )(Hideshima et al,

2009). This finding supports the previ 00 OOOAEAO OEAO OOCCAOGO )
component essential for the activation and correct expressioof Aurora Athrough the

cell cycle.

Consequently, he relationship between the IKK complex and Aurora A is a poorly
understood area of research withseemingly conflicting data in the literature however
there is strong evidence that there is a relationship between these kinases and that the
IKK complex can play a significant role in the function of Aurora A kinasfhis
interaction is a very attractive drug target as it combines two weHldefined and heavily

researched drug targetsareas

As shown in the literature described previously Aurora A is a recently defined novel

substrate of the IKK complex whichis an essential component of the N "  OEgT Al 1
pathway. Interestingly, Aurora A kinase has been also shown #ffect N[ " OECT Al I E1
through several IKK independent mechanisms. It was initially observed that the

inhibition of Aurora A through pharmacological intervention led to the subsequent
down-regulation of NF{ "  OE Cleallihg t& th€ decreased expression of NF "
transcriptional targets Bcl-XL and Bcl2; anti-apoptotic genes thought to play a role in

the development of chemoresistance in cancer ce{iSun et al, 200y. This study was

followed by the dbservation in breast carcinoma thatAurora A canregulate the N~ "

pathway tE OT OCE Al OE OEA P Elleadng fo Qe dedrddiatibnl andi £ ) [ "
through p65 nuclear translocation subsequently activating the transcription of

downstream NF[ " O ABri@s&ddIDet al, 200Y. Aurora A kinase haslso been seen

to be overexpressed in a many different cancers and the ovexpression has been

suggested to drive presurvival signaling through the NF{ " D A Guedxcduld be a
mechanism by which Aurora A and N * AT T OAOCA &1 AOEOA OOI 1
circumvent chemotherapeutic interventions(Briassoulli et al, 200Y. This theory can be

directly addressed when observing the effect of the reduction of the E3 ligase
checkpoint with fork head-associated and ring finger (CHFR), a component of the
regulatory mechanism controlling the ubiquitination and degradation of Aurora A in

the cell cycle. In Tcells infected with Human Fcell leukaemia virus type 1 (HTL\A1;

HTLV-1 is the etiologic agentfor adult T-cell leukaemia (ATL) and normal ATL cells
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Aurora A overexpression is observedIn both these cell typesdecreased CHFR mRNA

levels are also observed due toabnormal methylation in the promoter region which

leadsto a reduction in transcription. This reduction in CHFR expressioms responsible

for the over-expression of Aurora A which in turn leads to an increase in NF* AAOEOEOU
which is directly linked to the expression of antiapoptic proteins such as survivinand

Ai 01 A1l ETAOAAOA Ei ) ++1 -PEI OPEiiodihieBADET 1 AC
2009) and leading to increasedproliferation. The activation of NF{ " OECbyAl 1 ET C
phosphorylation of ) [ "by Aurora A(Briassoulli et al, 200y has been suggestedtbea

mechanism by which Aurora A promotes oncogenic survival. The dowmegulation of

) [ "by Aurora A is controlled through Akt activation which stimulates the) [ " |
degradation and the nuclear transloation of NF[ "  x E E-Aedilated fhe pro-

survival gene product BckXL (Yao et al, 2008 The relationship between the over

expression of Aurora A and the N " OECT AT T ET C DPAOExAU AAITT
survival signalling in cancer cells having been linked to breagBriassoulli et al, 200Y,

lymphoma (Tomita et al, 2009, tongue (Yao et al, 2009 and ovarian (Chefetz et al,

2011) cancers survival by this mechanism of action. It is for this reason that the
relationship between Aurora A and NF{ * OECT Al 1 ET CvilbA©BE AAU AEO
AOEOET C ) fioh grthddylgIRKAMediated interactions with Aurora Ahas been

put forward as a potential area to be exploited for noveherapeutics.
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1.11 Aims of the Study

The Aurora Kinases and the IKK complex are both significant areas of research in the
development of novel therapeutics targeted at the treatment of many cancers. However
much of this research is focussed on the development of AT®mpetitive inhibitors,
which have been shown to have significant limitations. One method for circumventing
these limitations is through the use of substrate competitive or allosteric inhibitors.
Recent studies have identified several novel substrates for the IKKs and among them
Aurora A is suggested to be one. Aurora A has a central role in mitotic progression and
therefore represents an important chemotherapeutic target. Aurora A and the NfF "
pathway have both been identified as being overexpressed and constitutively active in
many primary tumours and numerous cancer cell lines, including, ttee derived from
tumours of the prostate or related metastases.. The potential link between the IKKs and
Aurora A represents an attractive point of convergence of two key therapeutic
strategies in the devdopment of novel drugs against postate cancer as has been

discussed alove.

In this thesis, the experimental work, detailed across three chapters, aims to;

O
M-

1. CharacteriseOEA 11T OA1 ) ++,47r ET OAOAAOQOEI T O xE
scanning peptide arrays, to map potential interacting regions between the two
proteins, and through the use of alanine scanning and truncation arrays identify

critical residues and any minimalbinding sequence.

2. Recapitulate and confirmthe relative importance of an identified sites/regions
of interaction as identified by the peptide array in a cellular transfection system

utilising the xogenous expression of mutant and/or truncated IKK plasmids

3. 50A AEI PEUOEAAI 1 AOQGEIT AT1TCEAO O Z£O00OEAO
AT A )y++1r xEOE ! OOTOA ' AT A O EAAT OEAU EE
may be exploited in the design of peptide based inhibitors, and

4. Develop competitive peptidebased inhibitors of IKK-Aurora A interaction(s)

based on identified binding sites and to assess the impact of said peptides on; a)

Aurora A-IKK binding, b) Aurora A and/or IKK status including potential
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modulation of expression/phosphorylation, and c) relatal signalling events and

functional outcomes, in particular mitotic and cell cycle progression.

Collectively, these studies therefore aim to identify the possibility of targeting any IkK
Aurora A interactions in prostate cancer cells and provide the basisowards the
development of peptiderelated disruptor molecules for intervention in prostate

cancer.
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CHAPTERZ:

MATERIALSAND METHODS
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2.0 MATERIALS

2.1 General reagents

All materials used were of highestcommercial purity available and weresupplied by Sigma

Aldrich Co Ltd. (Poole, Dorset, U.K.) unless otherwise stated.

Pre-stained SDSPAGE molecular weight markersBiorad Laboratories (Hertfordshire, U.K.)
Bovine serum albumin:Gibco BRL (Paisley, UK)

DTT:Boehringer Mannheim Ltd (East Sussex, UK)

Ethanol: Bamford Laboratories

Hydrochloric acid: Fisher Scientific (Leicestershire, UK)

Methanol: Bamford Laboratories

Nitrocellulose membrane (Protran): Schleicher & Schuell (Surrey, UK)

Recombinant TNFuellnsight Biotechnology Ltd (Wembley, UK)

3MM paper:Whatman (Kent, U.K.)

Lipofectamine RNAiMax Invitrogen Ltd (Paisley, UK)

Polyethylenimine (PEI). Polysciences (Warrington, UK)

Rotiphorese® Gel (37.5:1) AcrylamideCarl Rothe GmbH + CO.KG (Karlruhe, Germany)

2.1.2 Reagents for cell culture and transfection

Corning B.V. (Netherlands)
Cell Culture plastic ware

Invitrogen GIBCO BRL. (Paisley, U.K.)
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Antibiotics (Penicillin streptomycin), Foetal calf serum (FCS), Geneticin (G148), Medium 199
with Earls salts (M199), Versene (0.2% EDTA/PBS)L-C1 OOAIT ET Ah (! 4 OODBDI Al AT
Modified Eagles Medium (DMEM), RPMI 164Minimal Essential Medium (x10), Non essential

amino acds, Penicillin/Streptomycin, Sodium Bicarbinate.
Sarsredt AG & Co LTD (Leicester, UK)

Serological pipette 5ml

Serological pipette 10ml

Serlogical pipette 25ml

2.1.3 Antibodies
Santa Cruz Biotechnology Inc (CA, USA)

Rabbit Polyclonal IgG anty) + + | -#70) | (
Rabbit Polyclonal lgGantt) + + rr | &, T pw(
Rabbit Monoclonal antiz) [ "(G21)

Mouse Polyclonal IgG antiactin (G-22)

Rabbit Polyclonal IgG antiNF{ "p65 (C-20)

Cell signalling Technology Inc. (MA, USA)
Rabbit Polyclonal IgG anti Aurora A (1G4)
Rabbit Polyclonal IgG antg P- Aurora A [Thr 288] (C39D8)

Rabbit monoclonal 1gG antiPhosphoAurora A (Thr288)/Aurora B (Thr232)/Aurora C
(Thr198) (D13A11)

Rabbit Polyclonal IgG antg cdc2

Rabbit Polyclonal IgG anty Phosphacdc2 (Tyrl5)
Rabbit Polyclonal IgG antiz p-p65(Sers39)

Rabbit monoclonal IgG antiGAPDH 14C10)

Abcam Inc. (MA, USA)
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Rabbit Polyclonal IgG anti TPX2

Mouse Polyclonal IgG anti Aurora A (35C1)

Rabbit Monoclonal IgG antiKKf  § 9t o @ Q

Invitrogen Ltd., Paisley, UK

Mousemonoclonal IgG AntiXpress (R91025)

Stratech Scientific Limited, Oaks Drive, Newmarket, Suffolk, CB8 7SY
Horseradish peroxidase (HRPxonjugated sheep antimouse 1gG,

HRRconjugated donkey antirabbit IgG

2.1.4 Reagents for Site Directed Mutagenesis
BD Bioscience (Oxford, UK)

Advantage Ultrapure dNTP mix
Eurofins MWG Operon (Ebersberg, Germany)

All custom designed primers were synthesised and purifiedby Eurofins MWG Operon,

Ebersberg, Germany.

Agilent Technologies ( Chesire, UK)

PfuUltra High-Fidelity DNA Polymerase

Invitrogen Ltd (Paisley, UK)

One Sha? Top10 Chemically competent cells

Qiagen Ltd (West Sussex, UK)

Plasmid PlusMaxi/Mini Kit

Parental IKK plasmids were a kind gift fronDr. M. May, Universityof Pennsylvania

Aurora A plasmids were a kind gift from Prof. S. Dimitrov,Institut Albert Bonniot, Grenoble,

France

2.1.5 NEMOBIinding Domain Peptides
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All NEMO binding domain peptides were obtained fronGGenscript USA Inc., New Jersey, USA
at >95% purity.

2.1.7 Radiochemicals

PerkinElmer life sciences, Cambridge, UK

r ¥P]-ATP (3000 Ci/mmol?)

2.1.8 Recombinant Proteins

Invitrogen Itd., Paisley, UK
His-Tag IKKa

His-Tag IKKb

Millipore, Dundee, UK
GSTIKKb

GSTIKKa

His-Aurora A

2.1.9 BiaCore Reagents

All reagents purchased from GE Healthcare,
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2.2 METHODS

2.2.1 Cell Culture

All cell culture carried out under aseptic conditions in a Class Il cell culture hood unless

otherwise stated.

2.2.1.1 Cell lines

Human Caucasian pstate adenocarcinoma, PC3 atalogue No. 90112714 were obtained from
European Collection of Cell Cultures (ECACC), United Kingdom.

Human Embryonic Kidney cells, HEK293, Catalogue No. 85120602 were obtained from
European Collection of Cell Cultures (ECACC), United Kingdom.

2.2.1.2 PC3 Cell Culture

The PC3 cells were maintained in RPMI 1640 supplemented with 10¢/v) Foetal Calf serum,
L-glutamate (27mg/ml) and penicillin/streptomycin j ¢ v m1  OT E GQybnf) linl arhpridifi¢d
atmosphere at 3PC and 5% C@ Cells were grown as a monolayer in vented 75ml flasks in 10ml
RPMI 1640 and incubated until subculture.

2.2.1.3 Subculture of PC3 Cells

PC3 cells were grown a monolayer and upon reachingZ0-85% confluent media was aspirated
and cells washed twice with 1.5ml sterile 5% (w/v) trypsin solution or Versene solution. The
Trypsin/Versene was then aspirated and the flasks were gently tapped to ensure the celiere
fully detached. 10ml RPMI 1640 was added to the flask +®uspending recovered cells for
passage. A proportion of the cell suspension was then added to new plastic ware and fresh

media to seed a fresh monolayer as required.

2.2.1.4 HEK293 cell culture
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Human embryonic kidney (HEK) 293 cellsvere maintained in modified eagles media (MEM)
supplemented with; penicillin  (250units/ml), streptomycin  (100ug/ml), L -glutamine
(27mg/ml) and 10% (v/v) Foetal calf serum (FCS). Cellwere maintained in a humidified

atmosphere of 5% C@at 37°C in 75cn$ vented flasks with 10ml media until subculture.

2.2.1.5 Subculture of HEK293 cells

Once cells wereB0-90% confluent the mediawas aspirated and 1.5 mls of 1 x sodium sodium
citrate (SSC)(8.78g of NaCl and 4.41g of sodium acetate dissolved in 1 litre of water then pH
adjusted to 7.0 with a few drops of sterile NaOH)sed to wash the monolayer then aspirata. A
further 1.5ml 1 x SSGvas added andthe monolayerwashedthoroughly and left to rest for 30s-
2min, aspirated and 1 x SSC replackwith 10ml HEK293 media to resuspend cells andvere

seeced into new plastic ware as required.

2.2.1.6 Cell synchroni sation and preparation of whole cell extracts

Double Thymidine Treatment

To synchronisethe cells at the G/'S phase transition Double Thymidine block treatment was
used tosynchronise the cells. PC3 cells were subcultured and plated into single 2ml plates and
were grown until 40% confluent. The media wasthen changed to fresh RPMI164Gand each
bl AOGA xAO OOAAOAA x Hriphosphate diluted indsterllel PBSCHItUrds werd
returned to the incubator for a further 16-18 hours. Cells were then washed three times with
sterile PBS (1ml) and the media replaced to release the cells frolmetinitial block and returned

to the incubator for 8-10 hours. Cells were removed from the incubator and washed again with
sterile PBS (1ml) three times to ensure all the mediavas removed. A second treatment of 2mM

4 EUI E A-Eiphdsphaté was pursued toinitiate the second block of 1618 hours. Cells were
then washed three times with sterile cold PBS (1ml) and returned to full media releasing the
cells from the second block. At the time point outlined in the experimental design the cells were
washed twice with ice cold PBS (1ml) and lysed using DTTSB (Sample Buffer 1x [trizema base
63mM, NaP.O; 2mM, EDTA 5mM, Glycerol 10% (v/v), SDS 2% (w/v), Bromophenol Blue
0.007% (w/v) ], 50mM DTT) Cells were then scraped and chromosomal DNA sheared by the

repeated uptake and ejection with a syringe needle. The lysates were then transferred to

71



Eppendorf tubes (1ml) and boiled for 45mins allowing the proteins to become fully denatured,

lysates are then allowed to cool and stored a20°C until use.
Nocodazole Treatment

Cells were subcultured into 12 or 6 well plates and grown until 780% confluent in full media.
Cells were treated with 50ng/ml Nocodazole for 1620 hours and then washed with full media
and media replaced releasing the cells from Nocodazole mediated artesn early pro-

metaphase.

2.2.2 Western Blotting

2.2.2.1 Sample Preparation

Cellstreated as appropriate were upon termination ofexperiments were washed twice with ice
cold PBS andysed using DTTSB (Sample Buffer 1x [trizema base 63mM, /Rz0; 2mM, EDTA
5mM, Glycerol 10% (v/v), SDS 2% (w/v), Bromophenol Blue 0.007%w/v) ], 50mM DTT) at an
appropriate volume. Cells were then scraped to fully recover the cells from the monolayer and
chromosomal DNA sheared by the repeated uptake and ejection with a syremmgieedle. The
lysates were subsequently transferred to Eppendorf tubes (1ml), placed intzoiling water bath
at 100°C for 45mins to fully denature the proteins. Preparedcell lysateswere then allowed to

cool andsubsequentlystored at-20°C until use.

2.2.2.2 SDSPolyacryl amide Gel Electrophoresis (SDS -PAGE)

Resolving gels comprising of Nnethylenebis-acrylamide (30:0.8), 0.375M Tris pH 8.8, 0.1%
(wiv) SDS and 0.05% (w/v) ammonium persulfate (APS) were initially prepared. The
acrylimide gel polymerisation occurs at room temperature upon the addition of N,N,N,N;N
tetramethylethylenediamine (TEMED) 0.05%(v/v). The resolving gels were prepared at suitable
acrylimide concentrations relative to the size of the protein being investigated (11% (w/v), 10%
(Wh) , 9% (w/v), 7.5%(w/v) of acrylimide). The gel solution was poured between two glass
plates with 0.05ml spacing (Bierad), leaving a space 41.5cm to the top that is overlaid with
0.1% SDS solution. Dependant on ambient temperature the gel will take betwe8@-60 minutes

to fully polymerise which can be visualised as a solid line underneath the 0.1% SDS solution.
The 0.1% SDS solution was then discarded and the stacking gel is added directly to the top of

the resolving gel. The stacking gel contains 10% (vjvacrylimide: N, -methylenebis-acrylamide
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(30:0.8) in 125mM Tris, pH6.8 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulfate and 0.05%

(v/v) TEMED. A comb (10 or 15 well) was inserted to the stacking gel immediately after the

addition to the resolving gel to povide wells for protein loading. The polymerisation occurs

more rapidly for the stacking gel, 515 minutes. The comb was then removed and the gels are
assembled into a Biel2 AA 001 OAAT ))A Al AAOOT PET OAGEO OATE
(25mM Tris, 129mM glycine, 0.1% (w/v) SDS). An aliquot of prstained SDSPAGE molecular

weight marker containing known molecular weights is loaded into a well. Aliquots of prepared

cell lysates loaded into wells using a syringe washed with ethanol in an order outlined the
experimental design and run concurrently with the marker for identification of the protein of

interest by molecular weight. The samples were electrophoresed at a constant voltage of 130V

until the bromophenol dye in the sample buffer had run off thed of the gel.

2.2.2.3 Electrophoretic Transfer of Proteins to a Nitrocellulose Membrane

Once completed the separated proteins were transferred from the gel to a Nitrocellulose
membrane by electrophoretic blotting following a protocol devised by Towbin et al., 1979. The
gel was placed, and pressed firmly onto a nitrocellulose sheet, sandwichdaetween sheets of
3MM paper and two sponge pads in a transfer cassette. @bassette vasthen be placed in a Bie
Rad Mini TransBlot ™ tank with the nitrocellulose orientated towards the anode and fully
immersed with a blotting buffer (25M Tris, 19mM gline, 20% (v/v) methanol) a constant
current of 240mA was then applied for 1 hour 45 minutes. The tank is cooled by the addition of
an ice reservoir. The negative charge conferred to the proteins due to the presence of SDS in the
resolving gel will transfer to the proteins to the nitrocellulose membrane for the analysis by

Antisera detection of protein.

2.2.2.4 Detection of the Protein utilising Antisera

Once the transfer has occurred the proteins will be affixed to the nitrocellulose membrane, the
membrane was incubated with a 3% Bovine Serum Albumin (BSA) (w/v) in NATT buffer
(pH7.4) solution (150mM NaCl, 20mM Tris pH7.4 0.2%(v/v) Tween-20) blocking buffer and
agitated constantly on a shaking platform for 2 hours. The blocking buffevas then discarded
and replaced with a 0.2% (w/v) BSA NATT pH7.4 solution in which antisera specific to the

protein of interest (primary antibody) was added at an appropriate concentration. This was left
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on a platform shaker overnight at 50rpm mint and then washed every 15 minutes with NATT
pH 7.4 solution for 1.5 hours. The secondary antibody, an IgG antibody raised against the
primary antibody species and conjugated to horseradish peroxidaseas added in 0.2% BSA in
NATT pH 7.4 and left at room tempeature in the platform shaker for 2 hours. The membrane
was then washed every 15 minutes for 1.5 hours with NATT pH 7.4 andas then developed
using enhanced chemiluminescene (ECL) reagents. The final washs then discarded and to
the membrane 3ml of oth ECL solution 1 and ECL solution 2 was added and washed over the
membrane for 35 minutes. The membranewas then loaded to an exposure cassette and
covered with cling film. In a dark room Kodak XOMAT LS filmwas exposed to the membranes
for an antibody sensitivity dependent length of time, filmwas developed in a Kodak M358M-X-

OMAT processor.

2.2.3 Peptide Array Protocols

The peptide libraries were created using automatic SPOT synthesis on a continuous cellulose
support using Fmoc (fluoren9- ylmethoxycarbonyl) chemistry with the AutoSpotRobotASS222

(Intavis Bioanalytical Instruments AG).

2.2.3.1 Glass Slide Array Protocol

The peptide arrays used contained had prelefined peptide sequences printed on a membrane
that is affixed to a microscope slideThe peptide sequencesvere printed in duplicate on each
array slide and the controls for these arrays were run in parallel on different slides, as these
arrays were not reusable.Arrays were initially blocked in TBST containing 5% BSA for 4 hours
at room temperature on an orbital shaker. The slides were then rinsed in TBST and the
OAAT I AET AT O POI OAET AEI OOAA ET m8ub "3!T4" 34
with the slide at 4°C overnight. The slidesvere then washed three times in TBST for te
minutes per wash, after which the primary antibody was added in 1% BSA/TBST and incubated
for 4 hours at room temperature. The slidesvere then washed twice with TBST for five minutes
and the secondary antibody was then added for 1 hour at room temperate. Slides were then
washed with TBST three times for ten minutes and developed using Enhanced

Chemiluminescene reagents (ECL) in the same manner as western blotting.
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2.2.4 Immunoprecipitation

1.5-2ug of an Antibody, specific to the protein intended to & isolated from the whole cells
extract, was precoupled to 1530ul of Protein G sepharose beads (Sigma, UK) in Solubilisation
buffer (20mM Tris-HCI pH7.6, 1mM EDTA, 0.5mM EGTA, 10% [v/v] Glycerol, 0.1% [w/v] Brij 35,
puomni - . A#l h ¢ mni -GLucekoghmsphater D.5mMyNavQy, 1ImM PMSFp 1tt Gt | 1
Leupeptin, p Tt Gt Aprbtinin, p 1t C! Pepistatin A) at 4C for 1 hour on a platform shaker.
Samples were prepared for Immunoprecipitation by adding solubilisation to either whole cells
The pre-coupled protein G beadswere subsequently centrifuged at 14000rpm for 1min and
solubilisation buffer was aspirated off with uncoupled antibody. The Solubilised extractsvere
then added to the beads and placed on a mixing wheel for4hours. The amples were then
removed and centrifuged at 14000rpm for 1min and the supernatants removed and kept. Beads
were then washed with solubilisation buffer and centrifuged at 14000rpm for 1 minute then the
solubilisation buffer is removed, thiswas carried out 2-4 times. The beads and supernatants
were then treated with 2x and 4x sample buffer respectively and boiled for five minutes.

Samples can then be frozen until analysis by western blot.

2.2.5 Polyethylnimine (PEI) Transfection

HEK?293 cells were seeded aa 1:10 dilution into 6 well plates after subculture as described
previously in section 2.2.1.5 Cells then allowed to grow until 890% confluert in the 6/12 well
plates until transient transfection using Polyethylenimine (PEI, Polysciences Inc., Warringtp
UK). It was found that to achieve maximal gene expression and low cytotoxicity with suitable
levels of transfection a ratio of 2ug of DNA/11.4pul of PEI was optimal. The stock solution of PEI
was prepared at 1mg/ml in deionised water then heated until disolved and then filtered and
stored at -80°C. For each transfectiorl-2ug of the plasmid DNA was added to 11.4ul PEI and
200ul of complete growth media in an eppendorf. This solution was mixed by a pipette and then
left to incubate at room temperature for 10minutes. In this time the media in the wellswas
aspirated and replace with 1.8ml fresh media and after ten minutes the contents of the
eppendorfs then added to the appropriate well. The platesvere then incubated overnight at
37°C in a humidified atmoghere at 5% C@ The cells were then harvested and

Immunoprecipitated as described in section 2.2.4 .
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2.2.6 urface Plasmon Resonance (SPR)

SPR interactiors studies were carried out using a BiaCore 3000 (BiaCore AB, Uppsala, Sweden
BiaCore AB, Uppsala, Sweden) machine at Leddsiversity or using a BiaCore T100 (BiaCore
AB, Uppsala, Sweden BiaCore AB, Uppsala, Sweden) atlthasersity of Edinburgh Biophysical

Characterisation Facility. Thanks to Dr. J Beattie and Dr J Branham for their guidance.

2.2.6.1 Immobilisation

Recombinant HisAurora A protein was immobilised on the active Flow celbf a CM5 sensor
chip. Finalsurface concentrationof Aurora Avaried between experiments and can be calculated
due to 1000RU being equal gg/mm2, The CM5 chip has a carboxymethylated dextran matrix
that was activated by the flow over of a 1:1 mixture of NHS:EDC {N/droxysuccinimide:1-ethyl-
3(3-dimethylaminopropyl) -carbodiimide hydrochloride). Once the surface was activated
recombinant Aurora A was diluted with a 10mM Sodium acetate buffer (pH 5.5) and flowed over
the surface at a constant rate of 5ul/min at 28C in a SPR running buffer (20 mM HEPES, 150
mM NacCl, 0.005%v/v surfactant P20, and 2 mM DTT at pH 7.4). The sensor chipas

deactivated after protein immobilisation using a 1M ethanolamine solution (pH 8.5).

For theintial Protein-Protein interaction experiments on the reference surfac®SA proteinwas

immobilised as a reference surface to show any nespecific interactions. BSA is immobilised to
a density of 34000 response units (RU); 34 pg/mmz2of protein on the surface. BSA (1 mg/ml
stock) was diluted to a final concentration of 5ug/ml with pH 4.5 sodiumacetate buffer and then

immobilised on the surface using the protocol described for the immobilisation of Aurora A.

After the proteins are immobilised and the chip is deactivated, the system is left at 5 with the

running buffer flowing over at a low fow rate overnight to equilibrate the system.

2.2.6.2 SPRof IKK Complex Proteins

2.2.6.2.1Protein -Protein interaction study

The proteins that were to be analysed for an interaction were theatalytic members of the IKK
AT 1 bl Ag /A ThéyWare prepareg @t p range of concentrations; 0.125 WMuM in SPR
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running buffer. The BiaCore machine was programmed to cycle through the concentrations,
randomly injecting each concentration at a flow rate of 30pl/min for180s with a 900s
disassociation period prior to the regeneration step. The regeneration step is the injection of 2 x
30s pulses of regeneration buffer (2 mM EDTA and 1 M NacCl), followed by 20s stabilisation.
Each protein concentration rangewas analysed in series overnight. The interaction data can be
followed in real time on a sensogramThese experiments were carried out on an Aurora A
surface of 30063500RU.

2.2.6.2.2 Single Cycle Kinetics

00EI O 07 OEA OOiITEIC T A& OEA OEITCI A AUAI A EET AOGEA

were buffer exchanged into the running buffer for these experiments (10mM HEPES, 150mM
NacCl, 0.05% P20, 0.5mM DTT, 0.5mM EDTA) and prepared at a range of cotnattons either
90nM, 30nM,10nM, 3.3nM, 1.1nM or 300nM, 100nM, 33.3nM, 11.1nM, 3.7nM. The BiaCore t100
was programmed toinject the range of concentrations sequentially from lowest concentration

to highest concentration with no disassociation phase untifter the final injection. The protein
injections were at a 100pl/min for 60s and 90s between injections, final disassociation phase
was for 1500s.The onrates would be calculated across all the concentrations but only the final

off rate would be used.

Biaevaulation software (BiaCore AB, Uppsala, Sweden BiaCore AB, Uppsala, Sweden) is used to

Analyse the data obtained from these studies.

2.2.7 Flow Asissted Cell Sorting (FACS) Aalysis

Cells treated specific to the relevant assay, then trypsinised angsuspended in media and
transferred to a 1.5ml eppendorf tube. Cells the centrifuged at 3000rpm for 10 mins and media
aspirated off leaving the cell pellet. Cell pellet in resuspended in 150ul of PBS pHard 100%
ice-cold ethanol added dropwise, vortexng between drops to fix the cells. Samples are stored
overnight at -20°C (samples can last up to a week). Samples are prepared for FACS analysis by
adding 1ml of fresh cold PBS pH7.4 and vortexing samples then centrifuging the cells at 300rpm
for 10 minutes removing supernatant and resuspending cell pellet in 250pl of cold PBS pH7.4.
5ul of RNAasq| 70units/ml) added to each sample and incubated in the dark at 3Z and 5%

CQ for 1 hour. FACSare tubes prepared during the incubation and after this is complete

samples are transferred and10ul Propidium lodide (Img/ml) is added to each sample and
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vortexed. Samples are run orFACScantocytometer and 10,000 events measured for each

sample and data wasanalysed with FACSDiva software.

2.2.8 Transfection of siRNA

siRNA purchased from Thermo Scientific [eicestershire, UK), Target sequences: IKK
jr#r 5L #5511 5Qh ) ++7 i ' !-tardetng BCatt No. B! ' | #51 |
001810-01-05). siRNA resuspended in Rnase/Dnase free waterand maintained at stock

concentrations| £ ¢ mt - 8

Cells were subcultured into 12 or 6 well plates until 50% confluent. Tweeparate eppendorfs

were prepared, 100nM siRNA dded to tube 1made upto 10q I x EOE il tBeG&cbnd |

OO0AA wutl , EDT EAAOAT ET A 2.1 E- ! 8 TukeAllis shiliséqietthk A ET OI
added to tube 2 and mixed gently by hand. Tubesgere left for 15-20 minutes to allow complex

formation. Full mediawas then aspirated off cultured cells ananonolayer is washed with sterile

PBS to remove and antibiotics, media is then replaced with® OE| Oi j ynmt 1l A& O pcg =
for well) after 15-20 minute incubation of siRNA and lipofectamine transfection mixturevas

added to theappropriate wells dropwise. Plates were incubated overnight at 37°C at 5% &0

transfection mixture was aspirated off and monolayers washed with fresh media and full media

replaced. Cells were thersubsequentlyreplaced in the incubators for 48hrs when maximal run

down has beenobserved.

2.2.9 aurface Enhanced Raman Scattering (SERS) Aalysis of NBD Peptide /A urora A
Binding

2.2.9.1 Labelling of Aurora A with MG ITC

I 0T OA ! j-EI1EDPI OAh "EITAOEAA -!h 53! QqQ AEO0O0O 1
A

@)
AuroraA(03nGC¥i 1 q ATA tm t1 m8p - OI AEOI AEAAOAIT T AOA
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MWCO centrifugal filter (Amicon Ultraz 0.5 ml, Millipore, Billerica MA, USA) and centrifuged at

po8tE OPI EA O v TEIT8 owm tI ndp - OI AEOI AEAAOA
centrifugation step repeated. The addition of buffer and centrifugation step was repeated for a

third time before the centrifugal filter unit was inverted and placed in a fresh eppendorf and

AAT OOEAOCAA AO p8m E OPI A O Awrorh KEin 0.OM SO ET ¢ EI
bicarbonate buffer pH 9.2 (assuming 100% recovery of protein). The freshly buffer exchanged

Aurora A was then conjugated to MG ITC. 6 mM MG ITC solution in anhydrous dimethyl

001 £l GEAA j$-3/QqQ joo (1 Qq xdiquotb@addriednyloludoh & AAAAA

I OOT OA ! jtuv tlh m8tt Icxilh m8p - OI AEOI AEAAOA
had been added, the resulting solution was protected from light and agitated for 2 h at r.t. After

2 h, the solution was addd to a 30K MWCO centrifugal filter and centrifuged for 5 min at 13.4k

ObPih pmnm t1 0"3 xAO AAAAA AT A OEA OI1 O00EI1T xAO A
was repeated before the centrifugal filter unit was inverted and placed in a fresh eppendaahd

AAT OOEZAOCAA AO p8nm E OPI A O v 1 ET OAOO; OEI C EI
AOGOOI ET C pnmb OAAT OAOU 1T £ AT 1T EOCAOAQ ET 0" 38 4EEC(

2.2.9.2 Functionalis ation of Array Substrates with Wild Type and Mutant
peptides

The wild type (WT) and mutant peptides were custom ordered from Genscript (Piscataway NJ,
USA). The bimetallic nanohole array surfaces were prepared by Dr Debby Corréiedo at
Université de Montréal. The nanohole arrays had a 1 nm chromium adhesion layer62.5 nm
silver underlayer and a 62.5 nm gold top layer. A 2*MHA SAM was formed on the surface of the
arrays by incubating three nanohole substrates in a 5 mM solution of 1#8IHA in DMF for 65
hours. The samples were then thoroughly washed with ethanolna dried under nitrogen before

being placed into a microarray chamber. Activation of the carboxylic acid group to a NHS

AAOEOAOAA AOOAO xAO AAEEAOAA AU AAAEOETT 1T A& pnm |
mM EDC and 100 mM sulfdNHS. This solubn was agitated for 1 h at r.t. After activation, each
xAl1 xAO xAOEAA OxEAA xEOE pnm t1 0"3 H( 1808 pn

PDPADPOEAA AEOOT |1 OAA ET 0"3 xAO AAAAA O OEA bl OEOE
mutant peptide dissolved in PBS was added to the control wells. The samples were agitated for

c E AAZEI OA AAET ¢ xAOEAA o OEIi A0 xEOE 0"38 pnm tI
each well and incubated for 1 h with agitation. The wells were then washed thre@tes with

PBS prior to incubation with Aurora A MG.
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2.2.9.3 Interaction of Aurora A MG with the peptide -functionalised surfaces

ot t1 T &£ - 1TAAATTAA 1 6OT OA ' xAO AAAAA O AAAE
After the incubation period, the wells were then thoroughly washed with PBST and the samples
were removed from the microarray chamber and washed again with ddH20 before being dried

under nitrogen prior to analysis.

2.2.9.4 Analysis

Analysis was performed using a Renishaw Ramascope eppéd with a Renishaw HeNe laser of
633 nm excitation All samples were analysed at 633 nm excitation using a 50x objective (Leica,
NPIlan, NA = 0.75), 10 % laser power and 10 s integration time. 8 replicate scans were collected

from each substrate over the ample area.

2.2.10 Rigid Body Docking (ZDOCK)

Docking NBD of IKK1 and IKK2 in TPX2 binding site of Aurora A. IKK1 NBD taken from chain A

of 3BRT, IKK2 NBD taken from chain A of 3BRV, Aurora A is PDB code 3HA6. The Dock Proteins

(ZDOCK) protocol in DS is used to attempt docking of the protein pairs. $k#ues more than 7A

AxAU £EOIT I OEA 408¢ AOACI AT O jAEAET "qQ T &£ o(! ¢ xE
£ O OEA AT AEET C j cOil OPAA AOG O Oi 6P6 EI o(! Q8 O,
(alpha) as SEELVAEAHNLCTLLENAIQDTVREQGNS and in 3BRWeta) as

3%%, 6! %! (., #4,, %. ! )1%$462%1%$13h AT A ET OEA &EI OAO
2A0EADOAOGSL x MOIRLDWBSAETA(bolded)Gn 3BRT andFTALDWSWLQ (bolded) in

0" 26 xEOE A 0% ERidKoih ades.Alother afamnetérsAventeft as default.
Repeated both the docking studies using an angular stegize of 6 degrees.

The docking was performed using the ZDOCK protocol in Accelrys Discovery Studio 3.1. All

images prepared using Accelrys Discovery Studio 3.1.
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2.2.11 Basic Molecular Techniques

2.2.11.1 Site directed Mutagenesis

Custom designed primers were synthesised by Eurofins MWG Operon and used in Site directed
mutagenesisaccording tothe manufacturers protocol outlined in QuikChang® 1l site directed

mutagenesis kit (Stratagene, Ca, USA)

2.2.11.2 Bacterial culture

All plasmids were grown in broth cultures containing LB media (10g £ NaCl, 10g £
Bactotryptone, 5g L1 Bacto yeast extract pH 7.0). Solid media was prepared by the addition of
1.5% (w/v) agar to LB media. All media was sterilised before use, by autoclaving and, upon
coolingtobelow60# h Al PEAEI 1 ET x#H O AAAAA jpnnt C 11

2.2.11.3 Isolation of plasmid DNA

For smallscale isolation of plasmid DNA, 5ml LB was inoculated with the appropriate plasmid

DNA and grown overnight at 3?C. DNA was isolated from the cultures following the
manufactures protocol (Sigma MINIPREP Kit). For larggcale preparation of plasmid DNA,

100ml LB was inoculated with appropriate plasmid and grown at 3¥C overnight. DNA was

EOT 1T AOAA OOGEIT ¢ AT %l AT ZOAA” 01 AOGI EA - A@E +EOh
(Qiagen, UK).

2.2.11.4 Spectroscopic Quantification of DNA con centration

The concentration and purity of nucleic acid was quantified by a GeneQuant by spectroscopic

measurement of the absorbance of UV radiation at wavelengths of 260nm and 280nm.
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2.2.12 In vitro Kinase Assays

2.2.12.1 Aurora A and IKK in vitro activity assay

Recombinant HisAurora A, HislKKy and HisIKKr in ng amounts were combined as
appropriate in the absence or presence ofrig GSHKBN in a total volume of 2% of kinase
buffer 25mM Hepes, pH 7.6, 26mM Mg£l2mM DTT, 5mMb-glycerophosphate, 0.1 mM
orthovanadate). Reaction were then initiated by the addition of 8 of 6x kinase mix generating
final conditions of 50nM ATP/3.0nCi 32P-ATP. This kinase mix was incubated at 3G for 30
minutes and the reactions terminated by tle addition of 10m of4 x Laemmli SDS sample buffer.
Samples were then resolved by SDBAGE on 10% (v/v) acrylamide gels, fixed in 20% (v/v)
methanol, 10% (v/v) acetic acid for 30 minutes and rinsed in distilled water. The gels were
then placed between tw porous cellophane sheets in a drying frame and dried for
approximately 60 minutes at 8®C by a Hoeffer EazBreezeTM gel dryer. The extent off{P]
incorporation into each protein was assessed by autoradiography. KodakOMAT LS Xay film
was exposedto the dried gels for 1624 hours atz20°C in a spring loaded metal cassette and
developed by a KODAK M3B81 XOMAT processor.

2.2.12.2 Fixing and drying gels

Gels containing proteins and labelled with $2P] were fixed in 20% (v/v) methanol, 10% (v/v)
acetic acid for 30 minutes and rinsed in distilled water. The gel was then placed between two
porous cellophane sheets in a drying frame and dried for approximately 60 minutes at 80 by a
Hoeffer EazyBreezeTM gel dryer. The radiolabelled protein was dected by autoradiography.
Kodak XOMAT LS Xay film was exposed to the dried gels for 16 hours a&20°C in a spring
loaded metal cassette and developed by a KODAK MBBEX-OMAT processor.

2.2.13 Scanning Densitometry

All western blots were analysed byscanning densitometry using BieRAD GS300 calibrated
Densitometer. All blots quantified with Quantity One 21D analysis software (BieRAD,

Herfordshire, UK). All immunblotsnormalised to loading controls prior to statistical analysis
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2.2.14 Data Analysis

All data shown expressed as mean = S.E.M and were representative of at least three independent
experiments unless otherwise stated. The statistical significane of differences between means
was determined by either oreeOAET AA 3 O0A Afeshdr & twathiledoredvdy/analsis

of variance (ANOVA) with Dunnetd O BT 00 OAOO 061 wub AT 1T £ZEAAT AA
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CHAPTERS3:

CHARACTERISATION OF HE IKK AND AURORAA

INTERACTIONS USIN®EPTIDEARRAYS
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3.0 Characterisation of the IKK and Aurora A interactions using Peptide

Arrays

3.1. Introduction

The interaction of Aurora A kinase and the IKK complex is poorly understood with

limited experimental evidence in the published literature.Prajapati et al, in a study

carried out in 2006 were able to ceimmunoprecipitate Aurora A from the centrosomal
AOAAOQGEIT 1T &£ OEA AAI 1 O OEOI OCE OEA OOA 1T &£ Al
ITT )Y++r xAO DPOAOGAT O ET OEEO EOAAOQEF)++Al A OE
OPAAEAEA Al i PIl A xAO A& O0Of AA AO OEA AAT OOI1 OT i
(Prajapati et al, 200§. The following year a study was published byrelan et al that

showed interaction of Aurora A with all three members of the IKK complex thragh
immunoprecipitation of endogenous IKK proteins incubated with recombinant Aurora

A (Irelan et al, 2007. These studies therefore both suggested that an interaction(s)

occurrs between the IKK proteins and Aurora A however no evidence has been
presented to characterise and identify the protein domains/structures responsible for

any interaction(s). One strategy towards confirming interactions of partner proteinsn

vitro and identify key protein domains/structures is that of peptide array technology.

Peptide arrays are a recombinant methodology for investigating proteiprotein
binding and characterising the essential components of these interactions. Peptide
arrays are libraries of peptides affixed to a nitrocellulose membrane, which can be
overlaid with recombinant proteins to map interacting regions of your proteins of
interest. The concept of spotting synthesised peptides on a membrane sheet was
initially proposed at the 21st European Peptide Symposium in Barcelona in 199Frank

et al, 1990).At this meding it was shown that it was possible to affix peptides to a
membrane in small quantities that could be arranged on the membrane as a series of
spots. This observation opened up the possibility for the large scale screening of
libraries of peptides againg target proteins with wide ranging implications for drug

design.
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The basis of this procedure came from observations made when carrying out peptide
and oligonucleotide synthesis Frank et al, 1983, Frank et al, 1998on individually
labelled cellulose memipanes that chemical reactions can proceed to completion when
enough reagent is absorbed by the support material. From this it was extrapolated that
peptide synthesis could be carried out on the support membranes. Using low volatility
solvent it was possibe to absorb reagents quickly in small spots on the membrane
surface and this could then act as an open reactor for chemical reactions to take place,
which was then used to affix short amino acid sequences in distinct regions
simultaneously to a membrane Frank, 2002. Each region would form a spot when
attached to the membrane and dependent on the absorptive capacity of the membrane,
volume dispensed and the support/solvent surface tension properties the size of each

spot could be determined to create custmisable arrays of peptidegFrank, 2002).

The control of spot size can then be used to determine the density of spots on each
array. The materials most commonly used for the membrane support in this process
are cellulose prepared from cotton linters, ashis material is suitably compatible with
Fmocpeptide synthesis chemistry Frank et al, 1988).Fmoc peptide synthesis
chemistry is basic solidphase chemistry producing high quality reproducible peptides
on the membrane surface. The spotting of arrays nae carried out by hand but are
usually carried out using an automated system to ensure the accuracy and consistency
of the array that will be more uniform. An example of the commercially available
systems is the AutoSpeRobot ASS222 developed by IntaviBioanalytical Instruments
(Hipler et al, 2007.

The arrays have a multitude of uses for bioassays or screening of peptide libraries
(Frank et al, 2002). One such use is for the analysis of protegprotein interactions by
mapping of linear binding sites.The arrays can be easily printed breaking down the
primary amino acid sequence of the protein into 6 to 25 amino acid sequences with 1 to
5 overlapping amino acid residues between each sequenc&gzim et al, 198D and
overlaying with full length recombinant protein of the other interacting partner. The
use of peptide arrays in the characterisation of proteifprotein binding interactions has
become an increasingly important tool in biology and biochemistry with over 400

original and peer reviewed articles uing this methodology (/olkmer et al, 2012

Using binding domains identified by this method, sites of interaction can be further

investigated through the use of alaninescanning arrays and truncation analysis of the
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binding regions to allow for critical binding residues to be identified which can then be

further investigated using mutational approactesin a cellular system.

Therefore experimental examination of potential IKKAurora A interactions were

constructed with the use of peptide array technology amh parallel celtbased assays

aimed at;
(1) Confirming direct protein-protein interaction(s)
(ii) Map regions/domains important for the interaction of IKK/Aurora A

(i) Utilising alanine scanning arrays to identify any key residues in identified

regions of binding

(iv) Utilising N-terminal and Gterminal truncation approaches either alone or
in combination to investigate the potential for the existence of any minimal

binding motif ,
(v) cell based work : endogenous IPs and exogenous transfections

All towards the aim ofinforming the development of disruptor peptides and potetially

design of peptidomimeticcompounds.
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3.2 Investigating Aurora A binding with the IKK  kinases using peptide
Arrays

The binding of Aurora A and the IKKkinases were initially examined using peptide

AOOAUO AEODPI AUET ¢ OEA &£O011 AT ETT AAEA OARNOA]
ODOET ¢ OEA AiiTi11xETC DOi OAET AT ET I AAEA O/
1T #upeoech )++1rd !!S$nypwwyx AT A nd acid sequercad ¢ + w8 -

each protein was broken down into overlapping 25 amino acid peptides, with a 5

amino acid shift along the primary sequence between each peptide. The peptide array

was printed in duplicate side by side on a nitrocellulose support affixetb a glass slide.

4EA AOOAU xAO OEAT ET AOAAOAA x-tagped AdrorpA, - OT 1 C
probed with Aurora A specific antisera, a HRoupled secondary antibody and

developed using chemiluminescence to assess the interactions of Aurora Ahweach of

the IKKkinases This identified key regions involved in these interactions. As a control

an array that was probed with the Aurora A antisera in the absence of any incubation

with His-tagged Aurora A to check for any cross reactivity with themmobilised

peptides

3.2.1 Aurora A binding to Full length IKKy Peptide array

4EA OAOGOI 6O T &£ OEA 1T OAOI AU 1T &£ OAATT AET AT O ' C
are shown in Figure 4.1 i). From this array it was observed that recombinant Aurora A
intAOAAOAA xEOE OEA )++; AARAOEOAAeredFisyFIBAO AO
spots on the 2d row numbered 34 to 43 indicated binding of recombinant Aurora A to

the IKKy| array; these spots corresponded to the primary amino acid residues 17221

of IKKfy @&OU AOA OEI x1 ET &ECOOA 1t18p EQ8 &Oii C
encompasses residues 1301 (Perkins, 2008 of the primary amino acid sequence. The
identification of binding in this region suggests that Aurora A may act either as a

substrate £1 O ) ++1 1T O DI OAT O Anadelactivatiorsdtigit) ITheOT O 1T £
second region of binding was identified as the final spot (145) corresponding to
residues720xtv | £ )++18 4EEO PAPOEAA A1 1T OAET AA OE

essential scaffolding motif for the assembly of the heterdimeric form of the IKK

88



complex. The NBD is a hexapeptide sequenceDW-SW-L, which binds the regulatory
sub-OT E O May et al, 2§02

This array also showed other regions of binding however the two outlined above
encompassing elements of the kinasdomain and NBD showed the strongest levels of

binding and therefore were of the most interest.
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Figure 3.1 Binding of Aurora A kinase to IKK full length arrays

yI 1T AEI EOAA PAPOEAA OODPI 006 xAOA DPOET OAA xEEAE A
each shifted 5 amino acids across the entire relevant IKK isomer amino acid sequence. The

AET AET C xAO AOOAOGOAA AU i OA ddgdedAiion A TGy was - OAAT
probed with an anti-Aurora A rabbit monoclonal antibody, then an HRRonjugated antirabbit

secondary antibody and binding visualised using ECL reagents. A control array was carried out

with the primary antibody incubation on an array that had not been incubated with Aurora A to

determine any nonspecific binding to the arrays i) The overlay of HisAurora A (1uM) on the

)y ++1 AOOAUR EE QAubiA (1uM) ArOtheAKK dira®, i) e overlay of His

1 00T OA ' jpA-q 11T OEA )Y++r AOOAU EOGQ )++ AOOAUO
were diluted at 1:3000 in TBST 0.3% BSA. Spots are numbered from right to left and correspond

to the primary amino acid as follows: Spot 1 = amino acids-45, Spot 2 = amino acids-@0 etc.

Array printed in duplicate and binding was consistent on both arrays.
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3.2.2AuroraAbil AET ¢ O &Oi1 1TATCOE )++r OAPOEAA A

In Figure 3.1 ii) the interaction of Aurora A with ) + +dprived sequences was

confirmed by the IKK scanning array, several regions of interaction were identified.

The regions of binding observed on this array follow a similar pattern to those

I ACGAOOGAA 11 OEA )++; AOOAU8 4EA EET AGA AITITA
300 (Perkins, 2008 and from the array several binding regions were identified to occur

within this binding region. The most prominent binding that occured within this

domain occurs at spots numbered 189 (amino-acids 86121) in the first row and

spots 3843 (amino acids 186235). Bah these regions fall within the kinase domain of

)y ++r h OOCCAOOEIC ! OOIOA I AOG A bi OAT OEAI ¢
modulator of IKKf EET AOA AAOEOAOQEI T TAAOEOEOQU8 ! O 1T AOA
3.1 i) the spots containing the NBD of + +1 Al O OEI xAA OEA 0OO0O0I T C
array. These spots are found at numbers 14448 corresponding to the amino acids

711-xvp T A& )++1r8 %AAE 1T &£ OEA v OP1I OO 1T £ AET A
EAAPDPAPOEAAS8 .1 OAx1 OAEU EO OEAQ@I GER AAEAODOI
which explained why the NBD sequence was present in more spots on this array when

Al i DAOAA O OEA )++4 AOOAUR OEOO O0QG@@AOOET C
IKKr , may represent a means of interaction with Auna A.

The similarities between these two regions of Aurora A binding based on sequences
DOAOGAT O xEOEET Al OEunis bdde theserspotsAhk Most)interegtingO O A

when considering a strategy to pursue further analysis of these interactions.

3.2.3 Aurora A binding to Full length ) + +PReptide array

The binding of Aurora A to the scanning peptide array displaying 2Ber sequences
derived from the regulatory subOT EO ) ++r EO OEI x1 ET &ECOOA o
Aurora A was shown to interactx EOE OAOAOAT OANOAT AAOGTODPT OO0
Al OET OCE EAxAO ODPI OO 1T &£ AETAET ¢ xAOA T AOGAOO
xAOA OEOAA 1 AET OACEIT T O EAAT OE-#mH#&mno #&ids AET AEI
61-100), spot 46 (amino acids 226250) and spots 7678 (amino acids 371410). The

first region of binding at amino acids 61100 falls within the coiled-coiled region 1 of
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y++r AT A ATAT I PAOOAO AT AAOEOAOEI1T OEOA OEA
ATM at serine 68 Wu et al, 2008. The seond and most pronounced region of binding

observed in this array was at residues 22&50 which is found in an undefined region

I £/ OEA )Y++r OANOAT AA xEOE 11 OADPI OOAA ET OAOA
final binding site at amino acids 371410 corresponds to the zineZEET CAO AT I AET | A
OEAO AT 1 OAET O OANOGEOET AET RafdeCal, EPAO OACOI AO
The interaction of Aurora A with sequences derived from IKKd in this array was at

residues 226250 which is found in anin and nay therefore represent the mapping of

novel interactions between this mitotic kinase and the scaffoidg subunit of the IKK

complex.

As described previously, as a control an array that was probed with the Aurora A
antisera in the absence of any incubatiomvith His-tagged Aurora A to check for any

cross reactivity with the immobilised peptides was also pursued as shown in Figure 4.1
iv). This array showed no regions of binding that corresponded to the protein bound

arrays and therefore the binding observedvas deemed to be due tdona fideprotein-

peptide interactions.

3.2.4 Summary of Aurora A interactions with the full length IKK Peptide
Arrays

From the overlay of recombinant HisAurora A on the IKK fulllength arrays, it was

observed that there were multiple interactions between Aurora A and all three

members of the IKK complex. The array showed that the regions of binding of Aurora A

i1 AT OE )++4 AT A )++1r AOOAUO xAOA OAOU OEI( EI
in both of thesekinases The first was in the kinase domains which suggested that
AEOEAO ! OOT OA ' T AU AA A OOAOOOAOA & O Al OE
A may potentially influence IKK activation and/or activity. The high levels of

correlation between the observed bindngOACET T O &£ O AT OE ) ++, A
however be due to the high level of sequence homology in this domain. When the

AT ETT AAEA OANOGAT AAOG AliiiTi1 OF Ai OE OEA 1 AO!
ATA )++7 AOOAUO xAOAR Al E @kists/h 7456natshinidertih AT O E £E

and 82% match in amino acid charge, as seen in Figure 3.2. This suggests that the
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similarities in the binding observed in these regions may be due to homology and

Aurora A may only be a substrate for one of thg + +aBdXhe shared binding in this

OACEIT AT OI A AA AOA OiF OANOATAA ETIiTIiicguUus 4]
heavily researched drug targets and therefore these regions of binding were not

considered to be further pursued by mutational and truncation array aalysis.

Identity Positives
26/35(74%) 29/35(82%)
IKKalpha 186 QYLAPELFENKPYTATVDYWSFGTMVFECIAGYRP 220
QYLAPEL E + YT TVDYWSFGT+ FECI G+RP
IKKbeta 187 OQYLAPELLEQQKYTVTVDYWSFGTLAFECITGFRP 221

>

Figure 3.2. Alignment of Kinase Domain residues bound U | OOT OA ' h Alsd i 11 OI

O

", 134 OANOAT AA AT ECTIi AT O 1T &£ GEA Al ETT AAEAO EI
observed to be bound by Aurora An the peptide arrays.

The second ad most prominent regions of Aurora A binding observed on both the

y++1 AT A )++1r AOOAUO T AAOOOAA ET OEA EET Al
I £/ OEA )++1y AOOAU xEEAE -MABNOAIGAH GiIKRBefa Al ET 1
respectively, all ontaining the majority, if not all, of the hexapeptide core sequence of

the NBD. Figure 3.3 shows the alignment of the amino acid sequences represented by

these spots.

From Figure 3.3 it can be seen that there is considerably less homology between these

two regions of IKKE and IKKE, which in part is due to the post-NBD Gterminal

AgOAT OETT T &£ )++7r8 (1 xAOAOh AAOxAAT OEAOGA O
homologous sequence was that of the NEMO binding domain hexapeptidd)W-SW-

L. This was an inteesting observation as this is a welrecognised motif for the

ET OROAAOEI T 1 & )++] AT A ) ++1 MayEt@AE2000&4 OAA £A
has been suggested to have a regulatory role in NF" OECT AT 1 ETC OE
phosphorylation of the central serne by PLK1 and has been suggested to potentially act

as a multiprotein scaffolding site (Higashimoto et al, 2008
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716 C-T-L-L-E-N-A-
721 N-A-I-Q-D-T-V-
726 T-V-R-E-Q-D-Q-
731 D-Q-S-F-T-A-L-
732 Q-S-F-T-A-L-D-

) ++1r AOOAUS8

Primary amino acidsOANOAT AAO &£ O OEA 1T AGAOOAA AET AET C

= U nwH
n = 9 HEI0
= W0 310 9

L"E?UH
IOL—'LI—'!O<I
'—JIOIIUCGDU
IIIHIE"!IL'EI
M Ew»n a0
SRR

Homologous residues highlighted in red.

These spots were the strongest regions of Aurora A binding observed on the arrays
alongside the other identified region of binding in the kinase domais of IKKIly act as a
mult the strength of observed binding and the possibility of Aurora A representing an
additional protein that could potentially interacts with the IKKs through the NBD as an

emerging multi-protein docking site made the NBD containing ts more attractive

rxjtle.l—'l.-'vo
o H©O U ®0n
nomAasm
QunHn g
Lhbhd
e I B T B
O HEHO O
DO m A s

T £ OEA EET Al

sequences to characterise further using alanirecanning and truncation arrays.

3.3 Investigating IKK binding with Aurora

To further understand the nature of the interactions between the IKK proteins and

Aurora A an Aurora A/B/C fulklength scanning peptide array was printed using the

kinase s using peptide Arrays

amino acid sequences obtained from the NCBI database. The Accession numbers used

for each kinase were as follows; Aurora A (NP_940839), Aurora B (NP_004208) and
Aurora C (NP_001015878). The array was printed with the same format as for the full
length IKK array, with 25 amino acid peptides in an overlapping arrangement with a 5
amino acid shift. Two arrays were overlaid with recombinant HEOA CCA A
ET AK®EA Ol 1 UEET Al

antisera. A neprotein control array was carried out for each antibody to account for

) T

any nonOPAAE £EA

Al OEAT AU

AT T AAT OOAOQET 1

AET AET ¢

Oi

745
740
745
750
755
756

opi 6 1T £ OE

T Ol

) + 4+ Al

AT A DPOI

OEA AOOAL
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experiments, as we were nable to obtain sufficient quantities of thisenzyme at high
enough purity to ensure a reliable response from the arrays. The control arrays probed
xEOE AT OE ) ++1 AT A ) + +gpecificlin@fadidhoffantiemiwkhA A T 1T |

the peptide arrays (dat not shown).

c808p )++)] ET OAOAAOEIT O xEOE OEA A&O0i1 1ATCO

When the Aurora A/B/C array were overlaid with either GST or His-IKK The control
arrays probed with both | any of the three Aurora kinase (data not shown). These

arrays were blank for both the control and protein overlay experiments.

The Aurora array was also overlaid with His + +1 BOT OAET AT A ET OAO
observed with dl three Aurora kinases as illustrated in Figure 3.4. The results from this

array supported those displayed in Figure 3.1 ii) for Aurora binding of IKKlerived

sequences. The overlay of HilKK[ on the Aurora array in this ingance acted as further

AT 1T £ZEOI AGETT 1T &£ AT ET OAOAAOQET 1 -ddrivedhmemdid@ET ¢ A A«
sequences. It also suggested that IKKnay interact with both the Aurora B and Aurora

C as the other two members of this kinase family. The binding of His+ + O1T OEA
Aurora A array is shown in Figure 3.4 i) and can be mapped specifically to one main

region of binding, occurring at spots 3642 corresponding to the amino acids 17&30.

A single spot was also identified at site numbered 53, the amino acids that are
represented by this spot are 266290. Spots number 65 (amino acids 32B50) and 71-

72 (amino acids 351380) also showed some interaction although to a lesser extent

than observed with the previously described spots. All these binding regions fall within

the defined knase domain of Aurora A encompassing amino acids 1383 (Fu et al,

2007). Interestingly, the interactions mapped to amino acids 174230 and 266290 that

also correlate with the TPX2 binding sitesBayliss et al, 20083

This array confirmed the interactiol | & ) ++ 1  Adedved |péptilbsAd !
highlighted a possible binding site analogous to that of TPX2, an activating-factor for

Aurora A.
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c8¢80 )++1r ET OAOAAOEIT O xEOE OEA &O011 1A

)
O

Figure 3.4 ii) shows the interaction of His) + +th the sequences/spots of the Aurora
B array. The interaction of HislIKK| with the array occured in one main binding site at
spots 27-31, amino acids 126170 of Aurora B. This binding site again falls within the
kinase domain of Aurora B which is definecas 76327 (Fu et al, 200J. The Aurora
kinases show high levels of sequence identity within this region and this could

therefore be a factor in defining the observed interactions.

96



Spot No.

Aurora A

Aurora B

iii)
Aurora C

Figure 3.4 Bindingof His) + +1 EET AOA O1 OEA ! 001 OA EET AOGA &EOI1 1

yIi 11T AEI EOAA PADPOEAA OOPI 6008 xAOA DPOEI OAA xEEAE A
each shifted 5 amino acids across the entire amino acid sequenelevant to exh Aurora

protein8 4EA AOOAU xAO 1 OAOI AURAACEGERE) ptr ORAT ODBET AE]
assessed. The array was probed withanarti + + 1 OAAAEO 1111 Al-tfahbibl AT OQEAI
HRP-coupled secondary antibody and binding visualised using ECL reags. A control array
was carried out with the primary antibody incubation on an array that had not been incubated
withHis-) + +1 O AAOQAOI ET Aspediic bisdhd\td theEarlys, ifThdJovdrldy bof
His) ++1r j pA-QqQ 11 OEAheov@®y diis) I+ +AOPAWR QEEq DEA | OOT ¢
i) TheoverlayofHis) ++1 j pA-qQ 11 OEA 1 601 OA # AOOAU EOQ ! O
overlay. Antibodies were diluted at 1:3000 in TBST 0.3% BSA. Spots are humbered from right

to left and correspondto the primary amino acid as follows: Spot 1 = amino acids25, Spot 2 =

amino acids 630 etc. Array printed in duplicate and data present was consistent on both arrays.
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o8¢8t )++1r ET OAOAAOEIT O xEOE OEA &O011 1A

—
)
(@)

His-IKKy binding to the Aurora C array is shown in Figure 3.4 iii). There were several
sites of HisIKKy binding to Aurora C-derived peptides identified. The clearest sites of
binding occured at spots 1823 and 5255 which corresponded to amino acids 8635
and 256-295 respectively. There was also a site of binding observed at spot 35 (amino
acids 171-195). These sequences also all correlated with the kinase domain of this
protein, which is classified as residues 3290. The interacting region at spots 555
also mntained the D-box of Aurora C which is a motif used for the regulation of Aurora

C degradation.

3.2.5 Summary of IKKf binding occured at spots 18 -23 and 52-55 which

correspond

The overlay of the Aurora array with His) + + 1 AT 1T £ZEOIT AA OEARI E)IOAOAA
and peptide squences of the Aurora Awhilst also indicating potential novel
interactions with the two other members of the Aurora kinase family. HidKKf
showed binding with all three of the Aurora kinasesdisplayed as scanning peptide
arrays and this was observed to occur withinlie kinase domain of each enzymeThis
domain shows >70% sequence huology between the three Aurora kinase (Fu et al,
2007). When the three Aurora kinases were compared by sequene alignment, as
shown in Figure 3.5 the high level of homology was observed. The black lines under
each sequence indicate the binding regions identified by the peptide arrays, when the
identified interacting regions are compared it can be seen that the réns in which

)y ++1 EO OET x1 01 ofite Addkakidases &rérghlylhorhologdisO A A
Due to the nature of the peptide arrays being printed as short amino acids sequences
derived from the primary amino acid sequence of the proteins the intei@ions
identified at these regions could be due to homology and therefore requires further

examination and validation in a cellular setting.
AEA ET OAOAAOQEIT 1T O Jefived sequgnces, BsGRowr iORigur&® 34 also
identified an additional binding site not observed in the other twoAurora kinases at

amino acids 32%380. This region precedes the Box of Aurora A present at amino acid

371-374- that is a requirement for the regulation of degradation by the APC/C complex
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and controls the tempord regulation of Aurora A levels Crane et al, 2004 The
interactions of IKKThis region precedes the Box of Aurora A present at amino acid
371-374- that is a reqll with the TPX2 binding sites of Aurora Adentified by Bayliss et

al. to be apparent betwen amino acid residues 127280.

Aurora A 1 NSSQRIPLQAQK([ 19 |SVPHPVSRPLNNTQKSKQPLPSAPE( 18] 125

EPVTPSALVLMSR SNVQPTAAPGQKVMENSSGTPDILT 69

Aurora B 1

Aurora C 1 MS - -- - - SPRAVVQLGK A-~QPAGEELATANQTAQQPSSPAM 35

Aurora A 126 RQWALEDFEIGRP
Aurora B 70 RHFTIDD

EIQSHLRHPNILRLYGYFHDATR 205
RLYNYFYDRRR 149
ALKVLFKSQIEKEGLEEQLRREIETQAHLOHPNILRLYNYFHDARR 115

IG

VLFKSQIEKEGVEHQL

EIQAHLHHPN

Aurora C 36

Aurora A 206 VYLILEYAPLGTVYRELQOKLSKFDEQRTATYITELANALSYCHSKRVIHRDIKPENLLLGSAGELKIADFGWSVHAPSSR 285

Aurora B 150 1IYL

APRGELYKELOKSCTFDEQRTAT

Aurora

YKRISRVEFTFPDFVTEGARDLISRLLK 365
SASHNETYRRIVKVDLKFPASVPMGAQDLISKLLR 309
FESASHSETYRRILKVDVRFPLSMPLGARDLISRLLR 275

Aurora

Aurora

Aurora C 196

Aurora A 366 ITANSSK-~-~PSNCONKE[6] 403
Aurora B 310 PWVRANSRRVLPPSALQSVA 344
Aurora C 276 YQPLERLPLAQILKHFWVQAHSRRVLPPCA-QMAS 309

Figure 3.5 Alignment of the kinase domains of the Aurora kinases by amino acid sequence.

Sequence alignment of Aurora Kinase family by COBALT software. Amino acid homology shown
in red, binding sites identified by peptice arrays shown by black underlining.

3.4 Mapping of the Aurora A interactions with IKK using Alanine -

scanning and truncation arrays

Following the fullzlength scanning arrays further arrays were developed to help
further characterise the interactions oft OOT OA | xEOQOE ) ++41 AT A ) ++
ful-il ATCOE )++4 AT A )++5y AOOAUO 1 OAOI AEA xEOE
OACET 10 1T &£ AETAET ¢ EAAT OEZEAA xAOA OEI OA A
characterised role in scaffolding the IKK comlex (May etal, 20081 AT A EO086 O bi OAI
function as a multiprotein binding site (Higashimoto et al, 2008this region was taken
forward for further study thro ugh danine-scanning and truncation arrays. These

approaches take the identified interactingpeptide sequences from the fulength
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arrays and either sequentially mutate each amino acid to alanine, or truncate each

amino acid one at a time from both directions (Nerminal; C-terminal) individually and

then together on separate arrays. The aims dhis approach is to identify the critical
ORAOEAOAO xEEAE |1 AAEAOA OEA AET AET ¢ AAOxAAI]
regions, and to determine if there are any unigel to one Aurora kinasewhich could be

exploited when consideringspecific design of dérupting peptides.
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348p )1 OAOAAQEITT 1T &£ ! 001 Odcanningatta@ E OEA ) + + )

4EA AETAET ¢ OAGCEIT EAAT OEAEAA -énbth abayA AET A

corresponded to the amino acids residues 72 tv | £ ) ++)] | &ECOOA
sequencewas then printed as an alaninescanning array where every amino acid of the
primary sequence was sequentially mutated to an alanine residue. The array was

I OAOI AEA xEOE pt -Auro@MAand ikfdndbiot@d Witk Burora A

specific antisera, naprotein controls were also carried out in parallel and showed no
cross-reactivity of the antibody with the array (data not shown). Each array is carried

out in duplicate and each replicate is shown side by side. Figure 3.6 shows the result of

the Aurora A ovelay on this array. The initial spot on this array represented the

OPAOAT 68 OANOAT AA OF AiT1T Z£ZEOI OEAO AETAEIC

sequence/spot. In both replicates the binding was again observed and further
confirmed results reported in Figure3.1. The alaninescanning began in the subsequent
spots, and any modulation of binding observed in both replicates was assumed to be an
AKROOAT AEAT CA ET OEA EI1 OA Qidiled Eeptide seqiende® O1 O A
at this spot. The first observed mdulation of binding occured when the glutamic acid
residue at number 729 was mutated, with little or no changes observed until
methionine 736. The NBD hexapeptide sequence follows this mutation at amino acids
738-743 and it can be seen from the array thagach of the tryptophans at 740 and 742
within the NBD were required for the interaction of Aurora A. This was further
supported by the loss of Aurora A binding upon mutation of both of these residues to
alanine in the final spot of this array. The mutatia of luecine 743, tyrosine 744 and
glutamic acid 745 all also ablated the interaction of Aurora A wittO E A Yetivied

sequences/spotat this site.
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Amino Acid

Number
721-745 5-7-1-I-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-W-S5-W-L-T-E
S 721 A-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S5-W-L-T-E
T 722 S-A-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L-T-E
I 723 5-T-A-I-H-E-A-N-E-E-0-G-N-S-M-M-N-L-D-W-S-W-L-T-E
I 724 5-T7-1-A-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-W-S5-W-L-T-E
H 725 S-T-I-I-A-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L-T-E
A 726 S-T-I-I-H-A-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L-T-E
A 727 5-T-I-I-H-E-D-N-E-E-0-G-N-S-M-M-N-L-D-W-S-W-L-T-E
N 728 §-T-I-I-H-E-A-A-E-E-0-G-N-5-M-M-N-L-D-W-S-W-L-T-E
E 729 5-7-I-I-H-E-A-N-A-E-Q0-G-N-5-M-M-N-L-D-W-S5-W-L-T-E
E 730 5-T-I-I-H-E-A-N-E-A-Q-G-N-5-M-M-N-L-D-W-5-W-L-T-E
Qo 731 5-7-1-I-H-E-A-N-E-E-A-G-N-5-M-M-N-L-D-W-S5-W-L-T-E
G 732 S-T-I-I-H-E-A-N-E-E-Q-A-N-S-M-M-N-L-D-W-S-W-L-T-E
N 733 S§-T-I-I-H-E-A-N-E-E-Q-G-A-S-M-M-N-L-D-W-S-W-L-T-E
S 734 S-T-I-I-H-E-A-N-E-E-Q-G-N-A-M-M-N-L-D-W-S-W-L-T-E
M 735 S-T-I-I-H-E-A-N-E-E-0-G-N-S-A-M-N-L-D-W-S-W-L-T-E
M 736 5-T-I-I-H-E-A-N-E-E-0-G-N-5-M-A-N-L-D-W-5-W-L-T-E
N 737 S-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-A-L-D-W-S-W-L-T-E
L. 738 5-7-1-I-H-E-A-N-E-E-0-G-N-5-M-M-N-A-D-W-S5-W-L-T-E
D 739 §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-A-W-S-W-L-T-E
W 740 5-T-I-I-H-E-A-N-E-E-Q0-G-N-5-M-M-N-L-D-A-5-W-L-T-E
s 741 5-T-I-I-H-E-A-N-E-E-0-G-N-S-M-M-N-L-D-W-A-W-L-T-E
W 742 S-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-A-L-T-E
L 743 5-T-I-I-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-W-5-W-A-T-E
T 744 5-T-I-I-H-E-A-N-E-E-0-G-N-S-M-M-N-L-D-W-S-W-L-A-E
E 745 S-T-TI-I-H-E-A-N-E-E-Q0-G-N-S-M-M-N-L-D-W-S-W-L-T-A
E729/E730 5-T-I-I-H-E-A-N-A-A-Q0-G-N-S-M-M-N-L-D-W-S-W-L-T-E
W740/W742 s5-T7-1-I-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-A-S-A-L-T-E

Figure 3.6 ) + +721-745 alanine-scanning peptide array overlaid with HisAurora A.

4 EA ) + 745 algnnepscanning peptide array was printed based upon the 25 amino peptide

OANOGAT AA 1T AOGAET AA EOI i OEA OPAOAT 66 ODPI O 1T AOAOOA/
array, shown as the top spot. Each amino acid was sequentially substituted by alanine. Any

repeated amino acids in the sequence were substituted with Alaniria every permutation

possible4d EA AOOAU xAO EIT Afufoéad@Andl immimbbibtted with AufoEa @

specific antisera at a 1:3000 dilution. Mutated residues are highlighted in re@he final two

spots show the double tryptophan mutation within the NBD and double glutamic acid

mutations.
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3.4.2 Interaction of Aurora A withthe IKK 4 OOOT AAOET T AOOAUO

4EA PAOAT O OANOGATAA T &£ )++1 xAO OEAT OOAA
critical residues and suggest minimal sequences required for this interaction to occur.
The overlay of Aurora A on the arrays was carried out as with previous experiment
and any nonreplicated loss or gain of binding was ignored. Figure 3.7 shows the result
of the truncation analysis. Figure 3.7 i) is the M terminal truncations and from this it
can be seen that no effect on binding was observed until the truncation gliutamic acid
730 which ablates binding until glycine 732 is also truncated whereby the interaction
returns until the truncation of serine 734 which again leads to total loss of the
interaction. Binding was subsequently restored after the truncation of métionine 737.
The binding then remained until the loss of the NBD aspartic acid 739 after which the
binding was not restored. The loss and return of binding observed in this array
suggested that the binding of Aurora A withthese ) + +dgrived sequences/regbn
requires multiple sites/amino acids, however they cannot all be essential as binding
could be reestablished with shorter sequences. This array alsmdicated that the NBD
must remain intact to maintain binding by Aurora A kinase. Figure 3.7 ii) show$ieé CN
terminal sequential truncations from which it can be seen that the truncation of
tryptophan 742 was enough to completely ablate binding with the rest of the sequence.
This suggested that although the short sequences containing this residue in theQN
truncations (Figure 3.7 i) were not enough to maintain binding, loss of this amino acid
was enough to prevent binding with any of the other potential regions of this binding
site. The loss of glutamic acid 745 also seemed to reduce the levels of bindiogvever
did not completely ablate the interaction. The simultaneous truncation from the N and
C terminals shown in Figure 3.7 iii) shows the loss of glutamic acid 745 and serine 721
in the first spot dramatically reduced the levels of binding however it isiot until the
truncation of both tryptophan 742 and isoleucine 723 that the binding was lost
completely. Taken in conjunction with the data of in Figure 3.7 i) and ii) where no effect
was seen with the truncation of isoleucine 723, this further supportshe essential role
of tryptophan 742 as a critical residue within the IKK NBD for the interaction of

| OOT OA ' xEOE ) ++,38
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i) Truncation 721-739 N-C i) Truncation 745-725 C-N

0-G-N-S=M-M=-N-L-D-W-S-W-L-T-E

G-N-5-M-M-N-L-D-W-S-W-L-T-E

T-I-I-H-E-A-N-E-E-0-G-N-S-M-M-N-L-D-W-S-W-L-T-E §-T-I-I-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-W-S-W-L-T
I-I-H-E-A-N-E-E-0-G-N-5-M-M-N-L-D-W-S-W-L-T-E S-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L
I-H-E-A-N-E-E-Q-G-N-S-M~-M-N-L-D-W-S-W-L-T-E §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W
H-E-A-N-E-E-0-G-N-S-M-M-N-L-D-W-S-W-L-T-E §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S
E-A-N-E-E-Q—G-N-S§—M-M-N-T-D-W-8-H-L-T-F S$-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W
A=N-E-E-Q=G=Nn-§ ~M-M-N-L-D-H=S=H~-L-T-E §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D
N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L-T-E §-T-I-I-H-E-A-N-E-E-0-G-N-S-M-M-N-L
E-B-Q=G=Ne§-M-M—N-T,-D-W—§ ~W-L—T-E §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N
E-0-G-N-S-M-M-N-L-D-W-§-W-L-T—E §-T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M
S-T-I-I-H-E-A-N-E-E-Q-G-N-S-M

Q
Q

N-S-M-M-N-L-D-W-S-W-L-T-E

S=M-M-N-L-D-W-S-W-L-T-E S§-T-I-I-H-E-A-N-E-E-0-G
M-M-N-L-D-W-S-W-L-T-E S-T-I-I-H-E-A-N-E-E-Q
M-N-L-D-W-S-W-L-T-E S-T-I-I-H-E-A-N-E-E

N-L-D-W-S5-W-L-T-E
L-D-W-S-W-L-T-E
D-W-5-W-L-T-E

S-T-I-I-H-E-A

W-S-W-L-T-E
S-T-I-I-H-E

S=-W-L-T-E S-T_I-I-H

iii) N and C Truncation
T-I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L-T
I-I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W-L
I-H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-S-W
H-E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W-§
E-A-N-E-E-Q-G-N-S-M-M-N-L-D-W
A-N-E-E-Q-G-N-S-M-M-N-L-D
N-E-E-Q-G-N-S-M-M-N-L
E-E-Q0-G-N-S-M-M-N
E-Q-G-N-S-M-M
Q-G-N-S-M

G-N-5-M

Figure 3.7 ) + + | -745¢rpncation arrays overlaid with His-Aurora A

The IKK21-745 truncation arrays overlaid with His-Aurora AA kinase. Figure 3.7 ii) shows the-C
OAOI ET AT OANOAT OEAI OO0OO01T AAOGET T O A&01 AOOAA

shown as the top spot in Figure 3.6. Each amino acid was sequentially truncated from either the

N terminus or the C terminusor both until a 5 amino acid sequence remained. The array was

ET AOAAOAA xparOrE A ang immundblGtted with Aurora A specific antisera at a

1:3000 dilution.
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3480 30i 1T AOU 1T &£ 1@ 601 OA | AEdakiBgagd x EOE ) ++ ] /

truncation arrays

The further analysis of Aurora A interactions with IKKJ -derived sequences/spots using
alanine-scanning and truncation arrays have highlighted the essential role of the NBD

in the interactions of Aurora Awith) + + | 8 &ECOOA o8¢ OEI xAA OEAO
OOUPOI PEAT xtm AT A xtc¢ch AOEOBVaAdtal, 20dtkeA OA O Al
interaction with Aurora A was also abrogated (Figure 3.6). The truncation arrays also

supported the observation thatthe NBD played an essential role in the binding of

Aurora A, as seen when the truncation of NBD residues led to total loss of binding The

data presented in Figure 3.7 ii) supported the critical role of tryptophan 742 in this

interaction, as truncation of this residue was enough to prevent binding with the

shorter sequences. Although the M truncation array indicated that the interaction

may require multiple binding sites simultaneously the loss of some parts of this binding

motif were enough to modulatebinding as seen by the pattern of loss and return of

binding apparent in Figure 3.7 i). Figure 3.7 ii) shows that without tryptophan 742 no

binding occured and as such even if the interaction required multiple binding sites, loss

of this residue was enoug O DOAOAT O AOOOEAO ET OAOAAOQEI T
peptides at this site. These arrays indicate collectively the role of the NBD in mediating

OEA AETAETC T &£ ! OOI OA ' xEOE )++4 AO OEEO OE

3.5Mappingthe ) ++1 ET OAOAAQEIT T O x&nhe- ! OOT OA |

scanning and truncation arrays

The Gterminal regions of IKKi that displayed binding by Aurora A, as identified by the
full-l AT COE ) ++1 AOOAU | &He @ralGive spoit8 pf th& fHkhgthAT | D OE ¢
scanning array encompassing residues71856 from the primary amino acids sequence

I £ )++r8 4EEO tn AIiETT AAEA OACEIT xAO OIT A
and due to the 5 amino acid overlap of the 25 amino acids spots from the fighgth

array only the first (716-740), second {21-745) and final (731-756) spots were

chosen to represent this binding site. These spots together fully encompassed all the
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residues that were identified from IKK as potential elements mediating Aurora A
y++1r AET AET C8 %AAE | £ ifgBdndDdscadring ahdtrumcation AT AT U
arrays, which were prepared as previously described. The primary antibody control

array with no protein overlay showed no nonspecific binding (data not shown).

3.5.1 Interaction of Aurora A with amino acids 716 -7400f) ++1 ET OAOAAOQEIT 1

site

3.5.1.1 Alanine -scanning Array of amino acids 716 -x tm | £ ) ++1 | OAOI AEA >
Aurora A
4EA T OAOT AU T &£ ' 601 OA ! IT OEA Al ATET A OAAI

Figure 3.8. ThisEOOO AET OAT b A Bdkde Al sequencelC tdrndihal)of+he

NBD hexapeptide from tryptophan 739. This however appeared not to havany effect

IT OEA ET OAOAAOGEIT1T AAOxAAT 1 OOT OA ' AT A ) +-
observed across all the spots of this array apart fra the initial 7 spots, which showed

differential binding between the two duplicates but showed no total loss of binding

across either duplicate. The mutation of tryptophan 739 also showed some loss of

binding but was not seen in both of the replicates antherefore was discounted.

3.5.1.2 Truncation Arrays of amino acids 716 -x tnm | £ ) ++1 | OAOI AEA xEO

AEA OOOT AAGET 1T Al7Away CGefii€d olt A6 dgtermine any pnipimal

binding sequence. Figure 3.9 i) and ii) show the truncations from &aN-C terminus and

C. OAOI ET OO OAOPAAOGEOAI U8 4EAOA OOOT AAOGETT O
reproducible effect on the interactionobserved between! OOT OA | AF740. ) ++1 X
However, upon the truncations of the first Nterminal leucine 718 ard Gterminal

aspartic acid 739 the binding was lost (Figure 3.9 ii)) though subsequently was re

established after the truncation of leucine 718 and leucine 737 in the next spot. It was

noticeable that the loss of the @erminal aspartic acid 739 within the NBD of this IKK-

derived sequence paralleled the effects of truncation of the aspartic acid (D739) within
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the IKKf . "$nN OEA 1100 1T £ xEEAE A1 O0I AAI AGAA AE
745(see Figure 3.5).
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Amino Acid

Number

716-740 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S~-F-T-A-L-D-W-S
c 716 A-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-§
T 717 C-A-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-§
L 718 C-T-A-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-§
L 719 C-T-L-A-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
E 720 C-T-L-L-A-N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L-D-W-§
N 721 C-T-L-L-E-A-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-§
A 722 C-T-L-L-E-N-D-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-§
I 723 C-T-L-L-E-N-A-A-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
0 724 C-T-L-L-E-N-A-I-A-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
D 225 C-T-L-L-E-N-A-I-Q-A-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S
T 726 C-T-L-L-E-N-A-I-Q-D-A-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
v 727 C-T-L-L-E-N-A-I-Q-D-T-A-R-E-Q-D-Q-S-F-T-A-L-D-W-S
R 728 C-T-L-L-E-N-A-I-Q-D-T-V-A-E-Q-D-Q0-S-F-T-A-L-D-W-S
E 729 C-T-L-L-E-N-A-I-Q-D-T-V-R-A-Q-D-Q-S-F-T-A-L-D-W-S
0o 730 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-A-D-Q-S-F-T-A-L-D-W-S
D 731 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-A-Q-S-F-T-A-L-D-W-S
Q 732 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-A-S-F-T-A-L-D-W-S
s 733 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-A-F-T-A-L-D-W-§
F 734 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-A-T-A-L-D-W-§
T 735 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-A-A-L-D-W-§
A 736 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-D-L-D-W-§
L 737 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-A-D-W-S
D 738 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-A-W-S
W 739 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-A-S
S 740 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-A
L718/L719 C-T-A-A-E-N-A-I-Q0-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S

Figure 3.8) + + 1 -7#0ml@nine-scanning aray overlaid with His-Aurora A.

4EA Al AT ET A O A7A0 pegdiide @rrays-werg printepl pased upon the 25 amino
DPAPOEAA OANOAT AA T AOAET AA EOI I OEA ODPAOAT 06
peptide array and shown as the top spot. Eachmano acid was sequentially substituted by

alanine. Any repeated amino acids in the sequence were substituted with Alanine in every
permutation possible .The mutated residues are shown in red. The array was incubated with

pt - -AuBbf A and immunoblottedwith Aurora A specific antisera at a 1:3000 dilutionThe
final spot shows the L718A/L719A mutations.

108

Obi

0



i) Truncation 716-735 N-C ii) Pruncation 735-720 C-N

T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S~F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W
L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-§-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D
L-E-N-A-I-0-D-T-V-R-E-0-D-0-S-F-T-A-L-D-W-§ C-T-L-L-E-N-A-I-Q-D-T-V-R-E-0-D-0-S-F-T-A-L
E-N-A-I-0-D-T-V-R-E-0-D-0-S-F-T-A-L-D-W-§ C—T-L-L-E-N-A-I-Q-D-T-V—-R-E-Q-D-0-S-F-T-A
N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T
A-I-0-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D-T-V-R-E-0-D-0-S-F
I-0-D-T-V-R-E-0-D-Q-5-F-T-A-L-D-W-5 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-0-§
Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-0-D-T-V-R-E-0-D-0Q
D-T-V-R-E-0-D-Q-S-F-T-A-L-D-W-§ C—T-L-L-E-N-A-I-Q-D-T-V-R-E-Q-D
T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-5 C-T-L-L-E-N-A-I-Q-D-T-V-R-E-Q

-D-0-S-F-T-A-L-D-W-5 C-T-L-L-E-N-A-I-Q0-D-T-V-R-E

C-T-L-L-E-N-A-I-Q0-D-T-V-R

E-Q-D-Q-S-F-T-A-L-D-W-5 C-T-L-L-E-N-A-I-Q-D-T-V
0-D-Q-S-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D-T
D-Q-5-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q-D
Q-5-F-T-A-L-D-W-S C-T-L-L-E-N-A-I-Q
S-F-T-A-L-D-W-S C-T-L-L-E-N-A-I

F-T-A-L-D-W-S C—T-L-L-E-N-A

T-A-L-D-W-8 C-T-L-L-E-N

A-L-D-W-S C-T-L-L-E

iii) N and C Truncation
T-L-L-E-N-A-I-0-D-T-V-R-E-0-D-Q-§-F-T-A-L-D-W
L-L-E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D
L-E-N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L
E-N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A
N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T
A-I-Q-D-T-V-R-E-Q-D-0Q-S-F
I-Q-D-T-V-R-E-Q-D-Q-§
Q-D-T-V-R-E-0-D-0
D-T-V-R-E-Q-D

T-V-R-E-Q

Figure 3.9) + + 1 -740drgncation arrays overlaid with His-Aurora A.

The IKK16-740 truncation arrays overlaid with His-Aurora A.ed based upon the 25 amino

PAPOEAA OANOAT AA T AOAET AA &EOI I OEA OPAOAT 66 0PI O
array and shown as the top spot. Each amino acid was sequentially truncatedrh either the N-

terminus or the Gterminus or both until a 5 amino acid sequence remained. The mutated

OAOEAOAO AOA OET x1 ET OAA8 4 RArord/CaddiiramumoBiditedE T AOA A O/
with Aurora A specific antisera at a 1:3000 dilution.
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3.5.2 Interaction of Aurora A with amino acids 721 -745 of IKK.

3.5.2.1 Alanine -scanning Array of amino acids 721 -x tv | &£ ) ++1 1 OAOI AEA >

Aurora A

Figure 3.10 represents the Aurora A binding of alaningcanning arrays developed from
the second of the 5 spts of binding within the Gterminal region of the IKKr primary
amino acid sequence. It was apparent from this data that there was no modulation of
Aurora Abinding/ interaction except in the final spot, where biding was completey lost
following the dual mutation of both tryptophan 739 and 741 of the NBD. This suggested
that at least one of these tryptophan residues must be present for this interaction to

Occur.

3.5.2.2 Truncation Arrays of amino acids 721 -x tv | £ ) ++1 | OAOI AEA xEO

The truncation AOOAUO | A745 cantlye seerg ip Figure 3.11. Overlay of His
Aurora A on the NC terminal truncation array (Figure 3.11 i)) showed no modulation
of binding with any of these truncations. This may have be due to the fact that the
minimal truncated sequence present on this array still containedryptophan 739 of the
NBD. Therefore with all preceding mutations also containing this potentially critical
residue for Aurora A-) ++1r ET OAOAAOETT 11 AOOOEAOGN I T ADI A
truncation array in Figure 3.11 ii) however showed that the binding was lost after the
truncation of both tryptophan 739 and 741 alongside aspartic acid 733 which
interestingly in Figure 3.6 was seen to also ablate the interaction of Hi&urora A with

) + + )| -745¢ Binding returned after the truncation of leucine 730 but was lost again
after alanine 729. The interaction returned after the truncation of aspartic acid 731 and
was lost again afterthe mutation of glutamine 730 in the same spot, there was some
weak binding seen in the following spots although less than was seanywhere else on
the array. The dual truncations (Figure 3.11 iii) showed that upon truncation of
tryptophan 739 and asparic acid 725 there was almost total loss of the interaction,
which was restored after the truncation of serine 740 and threonine 726 but lost once

again after the truncation of tryptophan 739 and valine 727. Some binding was
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observed however it was poorly eplicated by the parallel array and was subsequently
discounted. The loss and r@stablishment of HisAurora A-IKKy binding in both the G

N (Figure 3.11 ii)) and dual truncations (Figure 3.11 iii)) again suggested that there are

multiple regions which mecE AOA OEA ET OAOAAOQEI 1 -deiive ! OOT O
sequences at this site. The NBD however was again shown to be critical for this
interaction.
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Amino Acid
Number

721-745 N-A-I-Q-D-T-V-R-E-Q-D=0-S-F-T-A-L-D-W-S-W-L-0-T-E
N 721 A-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E
A 722 N-D-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E
I 723 N-A-A-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E
o 724 N-A-I-A-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-Q-T-E
D 725 N-A-I-Q-A-T-V-R-E-Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E
T 726 N-A-I-Q-D-A-V-R-E-Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E
v 727 N-A-I-Q-D-T-A-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-Q-T-E
R 728 N-A-I-Q-D-T-V-A-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-Q-T-E
E 729 N-A-I-Q-D-T-V-R-A-Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E
0 730 N-A-I-Q-D-T-V-R-E-A-D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E
D 731 N-A-I-Q-D-T-V-R-E-Q-A-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E
Q0 732 N-A-I-Q-D-T-V-R-E-Q-D-A-S-F-T-A-L-D-W-S-W-L-Q-T-E
s 733 N-A-I-Q-D-T-V-R-E-Q-D-0-A-F-T-A-L-D-W-5-W-L-Q-T-E
F 734 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-A-T-A-L-D-W-S-W-L-Q-T-E
Q 735 N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-A-A-L-D-W-S-W-L-Q-T-E
D 736 N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-D-L-D-W-S-W-L-Q-T-E
L 737 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-A-D-W-S-W-L-Q-T-E
D 738 N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L-A-W-S-W-L-Q-T-E
w739 N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-A-S-W-L-Q-T-E
S 740 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-A-W-L-Q-T-E
W 741 N-A-I-Q-D-T-V-R-E-Q-D-0-S-F-T-A-L-D-W-S-A-L-Q-T-E
L 742 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-A-Q-T-E
Q 743 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-A-T-E
T 744 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-Q-A-E
5 745 N-A-I-Q-D-T-V-R-E-Q-D-Q0-S-F-T-A-L-D-W-S-W-L-Q-T-A
W739/W741 N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-A-S-A-L-0-T-E

Figure 3.10 ) + + 1 -745@lanine-scanning array overlaid with HisAurora A.

4EA Al Al ET A 7QI1A7A9 pedfide @rray was grinted based upon the 25 amino peptide
OANOAT AA T AOAET AA EOiI i OEA OPAOAT 66 ODPI O 1T AGAOOA/
shown as the top spot. Each amino acid was sequentially substituted by alanine. Any repeated

amino acids in the sequence were substituted with alanine in every peutation possible. The

i OOAOAA OAOCEAOAO AOA OEIT x1 ET OAAd@oraddlaAd AOOAU xAO
immunoblotted with Aurora A specificantisera at a 1:3000 dilution.The final two spots show

the double NBD tryptophan mutation.

112



i) Truncation 721-741 i) Truncation 745-725 C-N

o 7
(@]

A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L-Q-T
I-0-D-T-V-R-E-Q-D-Q-§-F-T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L-Q
Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-0-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L
D-T-V-R-E-Q-D-Q-§-F-T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-0Q-D-0Q-S-F-T-A-L-D-W-S-W
T-V-R-E-Q-D-0-5-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
V-R-E-Q-D-0-§-F-T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W
R-E-Q-D-Q-§-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-§-F~T-A~L-D
E-0Q-D-0-S-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L
0-D-Q-§-F-T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T-A
D-Q-S-F-T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F-T
0-8-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S-F
S-F-T-A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q-S
F-T-A-L-D-W-5-W-L-Q0-T-E N-A-I-Q-D-T-V-R-E-Q-D-Q
T-A-L-D-W-S-W-L-0-T-E N-A-I-Q-D-T-V-R-E-Q-D
A-L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E-Q
L-D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R-E
D-W-S-W-L-Q-T-E N-A-I-Q-D-T-V-R
W-S-W-L-Q-T-E N-A-I-Q-D-T-V
S-W-L-Q-T-E N-A-I-Q-D-T
W-L-Q-T-E N-A-I-0-D

iii) N and C Truncation
A-I-Q-D-T-V-R-E-Q-D-0-§-F-T-A-L-D-W-§-W-L-0-T
I-0-D-T-V-R-E-Q-D-Q-§-F-T-A-L-D-W-S-W-L-Q
Q-D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W-L
D-T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S-W
T-V-R-E-Q-D-Q-S-F-T-A-L-D-W-S
V-R-E-Q-D-0-§-F-T-A-L-D-W
R-E-Q-D-Q-S-F-T-A-L-D
E-Q-D-Q-S-F-T-A-L
Q-D-Q-S-F-T-A

D-Q-S-F-T

Figure 3.11 ) + + 1 -74bdrpncation arrays overlaid with His-Aurora A.

4 EA ) 721745 truncation peptide arrays were printed based upon the 25 amino peptide

OANOGAT AA 1 AOAEQAMAD o/ESETEN ADEMAIIOANACOE ) ++1 DPADPOEAA Al
shown as the top spot. Each amino acid was sequentially truncated from either thet&tminus

or the Gterminus or both until a 5 amino acid sequence remained. The mutated residues are

showninred. Thearrayx AO ET AOA A OA Aursr& Ldhd imrhunoblottEdiwvith Aurora

A specific antisera at a 1:3000 dilution.
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3.5.3 Interaction of Aurora A with amino acids 731 -756 of IKKa

3.5.3.1 Alanine -scanning Array of amino acids 731 -x v | &£ ) ++1 1T OAOI AEA >

Aurora A

A final alanine-scanning array based on the last of the 5 spots of Aurora A binding to

the Gterminal IKKy sequences was developed for further overlay experiments with

His-Aurora A, as shown in Figure 3.12. ThAOOAU xAO DPOET OAA xEO
OANOGAT AAO OEAO AiI 1T OAET AA OEA ) ++ terminal$ AO x
AGOAT OETI 1 OPAAEAZAZEA @.lOvelay and bindingof HisQuboaADNO ET ) +
this array was not affecteduntil mutation of glutamic acid 753 at the extreme €

terminus of this sequence. Mutation of this residue led to the total loss of interaction.

This was the sole single alanine mutation to cause any loss of binding however KK

731-756 sequence contained a run of 4 glutamic acids at amino acids 7487.

Individually wh en these amino acids were mutated no loss of binding was observed but

when 2 or more of these residues in any combination were mutated this led to the

interaction being ablated. This suggested that the total charge of the 4 glutamic acid

was contributing to the interaction of Hisl OOT OA | xEOE ) ++1 AT A >

reduced by the loss of any of these residues the interaction no longer occurred.

3.5.3.2 Truncation Arrays of amino acids 731 -x v | £ ) ++1 1 OAOI AEA xEO

The sequential truncation arrays of the amino acids 731756 of IKKh Aurora Aually

when these amino ed the role of glutamic acids 74848 in the interaction with Aurora

A. In Figure 3.13 i) no total loss of binding occured with any of the-8 terminal

truncations shown on this array, whth could be explained by the fact that as glutamic

acid 753 remained in all of the peptides on this array. Mutation of glutamic acid 753 in

the alanine-scanning array was the only single amino acid mutation that led to the loss

of binding and this suggestd that this residue may play a role in the interactions of

I 00T OA ' x E OHN tedminat frudcatidris As séen in Figure 3.13 ii) further

O00pbPI OOAA OEA OI 1T A T &£ GEA ."$ AO AT Al Ai AT O

this site. This array showedno loss of interaction until the truncation of NBD
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tryptophan 739 after which both of the critical NBD tryptophans were truncated and
therefore the binding was lost. The interaction returned however after the truncation
of NBD aspartic acid 738 and afterhe truncation of the final NBD residue leucine 737
the binding was lost totally. The final spot of this array was the sequence@SF-T
corresponding to amino acids 731735, which in this settingshowed binding however
in Figure 3.11 iii) this was the fhal sequence also, but showed no interaction. This was
therefore discounted as a potential minimal sequence for the interaction of Aurora A
I £ )++1 88

with this COA O ET AT  OACEI 1
The dual truncation array in Figure 3.13 iii) shows no total loss of bindingpon any of

these truncations, however there was some reduction after truncation of tryptophan
741; tryptophan 739 was however still present and was sufficient to maintain binding
I £ 1 00T OA ! -deritzed pepti®ssdquences: |
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Amino Acid

Number
731-756 D=Q=-8=F=T=A-L-D-W-S~W-L=Q=T-E-E-E-E-H-S-C-L-E-Q-A
D 731 A=Q-S-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
0 732 D-A-§-F-T-A-L-D-W-S5-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
s 733 D=Q-A-F=T=A-T,=D=-W-5-W-L-Q=-T-E-E-E-E-H-S§-C-L-E-Q-A
F 734 D-Q-S=A-T=A-L,=D-W-S-W-L-Q=-T-E-E-E-E-H-5-C-L-E-Q-A
T 735 D-Q-S-F=A=A-L-D-W-5-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
A 736 D-Q=-S=F=T=A-L-D-W-S-W-L-Q-T-E-E-E-E-H-5-C-L-E-Q-A
L 737 D-Q-5-F=-T-A-A-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
D 738 D=Q=8=F=T=A-L-A=-W-5=W-L-Q=T-E-E-E-E-H-S-C-L-E-Q-A
W 739 D-Q-§-F-T-A-L-D-A-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
S 740 D=Q=8=F=T=A-L=D-W-A-W-L-Q=T-E-E-E-E-H-S-C-L-E-Q-A
W 741 D-Q-§-F-T-A-L-D-W-S-A-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A
L 742 D-0-5§-F-T-A-L-D-W-S-W-A-Q-T-E-E-E-E-H-S-C-L-E-0-A
o 743 D=Q=§=F=T=A-L-D-W-S~W-L-A-T-E-E-E-E-H-S-C-L-E-Q-A
T 744 D-0-5§-F-T-A-L-D-W-S-W-L-Q-A-E-E-E-E-H-S-C-L-E-0-A
E 745 D=Q=§=F=T=A-L-D-W-S5-W-L-Q=T-A-E-E-E-H-S-C-L-E-Q-A
E 746 D-Q-5-F-T-A-L-D-W-5-W-L-Q-T-E-A-E-E-H-S-C-L-E-Q-A
E 747 D-Q-§-F-T-A-L-D-W-5-W-L-Q-T-E-E-A-E-H-S-C-L-E-Q-A
E 748 D-Q=-§=F=T=A-L-D-W-S-W-L-Q-T-E-E-E-A-H-S-C-L-E-0Q-A
H 749 D-Q=8=F~T-A-L-D-W-S~-W-L-Q=T-E-E-E-E-A-S~-C-L-E-Q-A
s 750 D-Q-5=F=T=A~L-D=W-5-W-L-Q-T-E-E-E-E-H-A-C-L-E-Q-A
¢ 751 D-Q-5-F-T-A-L-D-W-5-W-L-Q-T-E-E-E-E-H-S-A-L-E-Q-A
L 752 D-Q-S=F=T=A-L-D-W-5-W-L-Q-T-E-E-E-E-H-S-C-A-E-Q-A
E 753 D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-A-Q-A
Q 754 D=Q=8=F=T=A-L-D-W-S~W-L=Q=T-E-E-E-E-H-S-C-L-E-A-A
A 755 D-Q-5-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-D
E746/E747 D-0-5=F=T=A~L-D=W=5-W-L=0=T-E-A-A-E-H-S-C-L-E-Q-A
E747/E748 D-Q-8=F=T=A-L-D-W-S-W-L=Q=T-E-E-A-A-H-S-C-L-E-Q-A
E745/E747 D-Q-S=F=T=A-L-D-W=S=W-L-Q-T-A-E-A-E-H-S-C-L-E-Q-A
E745/E748 D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-A-E-E-A-H-S-C-L-E-Q-A
E745/E748 D-Q=S=F-T=A-L-D-W-S=W-L-Q=-T-E-A-E-A-H-S-C-L-E-Q-A
E745/E746/E747 D=Q=8=F=T-A-L-D-W-S~W-L-Q=T-A-A-A-E-H-S-C-L-E-Q-A
E746/E747/E748 D-0-5-F-T-A-L-D-W-5-W-L-Q-T-E-A-A-A-H-5-C-L-E-Q-A
E745/E747/E748 D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-A-E-A-A-H-S-C-L-E-Q-A
E745/E746/E748 D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-A-A-E-A-H-S-C-L-E-Q-A
E745/E746/E747/E748 D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-A-A-A-A-H-S-C-L-E-Q-A

Figure 3.12 ) + + 1 -7¥6alanine-scanning array overlaid with HisAurora A.

«Q

4EA Al Al ET A -7@Rpkptide)arraysiwerg pripted based upon the 25 amino peptide

OANOGAT AA 1T AOGAET AA EOI i OEA OPAOAT 66 ODPI O 1T AOGAOOA/
shown asthe top spot. Each amino acid was sequentially substituted by alanine. Any repeated

amino acids in the sequence were substituted with alanine in every permutation possible. The

i OOAOGAA OAOEABAO AOA OET x1 E1T OAA@AaEA AOOAU xAO
immunoblotted with Aurora A specific antisera at a 1:3000 dilution.. Mutation of glutamic acids

745-748 were carried out in every permutation and shown at the end of the array.
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i) Truncation 731-752 N-C ii) Truncation 756-735 C=N

Q-8-F-T-A-L-D-W-5-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q
S=F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A D-0-5-F-T-A-L-D-W-5-W-L-Q-T-E-E-E-E-H-S-C-L-E
F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A D-Q-8-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L
T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-5-C-L-E-Q-A D-Q-5-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-5-C
A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S—-C-L-E-Q-A D-Q-§-F-T-A-L-D-W-§-W-L-Q-T-E-E-E-E-H-§

B D—H5 LT E—E—E—E—H—5—C—L-E—Qk D-Q-S-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H
D-W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A D-Q-8-F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E
W-S-W-L-Q-T-E-E-E-E-H-S-C-L-E-Q-A D-Q-5-F-T-A-L-D-W-S-W-L-Q-T-E-E-E
$-W-L-Q-T-E-E-E-E-H-§-C-L-E-Q-A D-Q-5-F-T-A-L-D-W-5-W-L-Q-T-E-E
WeLieQ-TeE~E-E-E-H-S-C-LeE-Q-A D-Q-§-F-T-A-L-D-W-S-W-L-Q-T-E
L-Q-T-E-E-E-E-H-5-C-L-E-0Q-A D-Q-5-F-T-A-L-D-W-S-W-L-0-T
Q=T-E-E-E-E-H-S-C-L-E-Q-A D-Q-S-F-T-A-L-D-W-S-W-L-Q
T-E-E-E-E-H-S-C-L-E-Q-A D-Q-S-F-T-A-L-D-W-S-W-L
E~E-E-E-H-5-C-L-E-Q-A D-Q-5-F-T-A-L-D-W-S-W
E-E-E-H-S-C-L-E-0-A D-Q-§-F-T-RA-L-D-W-§

E-E-H-S-C-L-E-0-A D-0-8-F-T-A-L-D-W
E_H-S_C_L_E_0-A D-Q-S-F-T-A-L-D
H_S_C-L_E_Q-A D-Q-S-F-T-A-L
S-C-L-E-0-A D-Q-S-F-T-A
C-L-E-Q-A D-Q-S-F-T

iii) N and C Truncation
D-Q-§-F-T-A-L-D-W-5-W-L-Q-T-E-E-E-E-H-5-C-L-E-Q
Q-8-F-T-A-L-D-W-5-W-L-Q-T-E-E-E-E-H-5-C-L-E
§-F-T-A-L-D-W-S-W-L-0-T-E-E-E-E-H-§-C-L
F-T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S-C
T-A-L-D-W-S-W-L-Q-T-E-E-E-E-H-S
A-L-D-W-§-W-L-Q-T-E-E-E-E-H
L-D-W-S-W-L-Q-T-E-E-E-E
D-W-S-W-L-Q-T-E-E-E
W-5-W-L-Q-T-E-E

S-W-L-Q-T-E

Figure 3.13 ) + + 1 -7%6drpncation arrays overlaid with His-Aurora A.

The IKK31-756 truncation arrays overlaid with His-Aurora A.ased upon the 25 ano peptide

OANOAT AA 1T AOGAET AA EOI i OEA OPAOAT 66 ODPI O 1T AOGAOOA/
shown as the top spot. Each amino acid was sequentially truncated from eithiéye N-terminus

or the Gterminus or both until a 5 amino acid sequence remained. The array was incubated

x EQOE p-Aurora(AR®@ immunoblotted with Aurora A specific antisera at a 1:3000 dilution.
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3630I 1T AOU 1T &£ 1 601 OA ' AET-4cBhiyamdEOE ) + +

truncation arrays

The GOAOI ET A1l OEOA EAAT OEEZEAA xEOEET )++1 A& O
716-x voh Al OET OCE OEEO EO A 1 AOCAO OEOA AO EAA
721-745. This was due partially to the @erminal exOAT OET 1 1 -MBD) Asthis BT 00
sequence was comprised of more that 25 amino acid residues it was not possible to use

a single sequence for the alaninscanning or truncation arrays and as shown in Figures

3.8 to 3.13 three separate sequences were indddially analysed in this manner to

attempt to clarify which elements within IKKy were essential for Aurora A interaction.

From these arays however it was clear thatinteraction relied upon multiple regions

which all contributed to the binding by Aurora A ad due to this it was very difficult to

assess firstly which residues were critical for binding and secondly establish any

minimal sequence for this interaction. However, it was apparent that in all the

sequences a critical role was played by the NBD trymbhans 739/741. It was shown in

Figure 3.8, 3.9 iii), 3.10, 3.11 iii) and 3.13 ii) that upon the loss of both of these residues

in all of the arrays was enough to totally ablate any interactions with Aurora A. These
observations identified the only commonfeature to all three of the sequences analysed.

This suggested that the NBD hexapeptide sequenceDEW-SW-L, homologous to that

i £ )++1h ATA EI DAOOEAODI AO OOUDOI PEAT O YowT)
Awiththe GOAOI ET A1 OACETT T &£ )++18

This hexapeptide sequence is common to and identical between both of the cata

subunits of the IKKs May et al, 2000 and therefore this binding could be due to

homology betweensubunits, however as seen in the alanine scanning and truncation

arrays bothIkky AT A ) ++1r Al 1170 EAOA EECE |1 AOGAI O 1 ¢
xAO OEIT x1 ET thai Bdse shrroundif rregions made a significant
contribution to the binding by Aurora A. The NBD may therefore act as the critical

element to this protein-protein interaction and the surrounding residues may play

more regulatory role in modulating the kinding of Aurora A with the IKKs.
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3.7 Interaction of Aurora A with the NEMO binding domain

The regulation of the Aurora A and IKK interactions at this site was reliant on the
presence of the NBD as demonstrated previously. Therefore to determine theyke
residues of the NBD essential for Aurora A binding, the sequencelND-W-SW-L-T
which contains the essential NBD hexapeptide was printed and the interactions
investigated by truncation analysis. Due to the short length of this sequence the
truncation from both the Gterminal and N-terminal individually and together was not
required as there would be overlap between the sequences presented, the array was
OEAOA AL OA POAPAOAA xEOE DAOI OOAOGETI T O 1T £ OEE
permutations. Thearray was overlaid with His-Aurora A as previously described and
the blank control array showed no bindng (data not shown). Figure 3.14hows the
result of the Aurora A overlay on this array. This array showed that there were several
residues within the NBD that contribute to the binding of HisAurora A with this
sequence. The first of which was aspartic acid 738uncation of this residue in the N to
Cterminal truncations was enough to ablate binding even with the continued presence
of the two NBD tryptophans 739/741 that were previously observed to be critical to
the interaction. However, this array also showed that upon truncation of tryptophan
741 in the C to Nterminal truncation was also enough to lead to loss of binding. This
suggested that both apartic acid 738 and tryptophan 741 are the critical elements for
the interaction at this site and therefore the optimal binding sequence for Aurora A
would be DW-SW-L.
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Truncated

residues

N-L-D-W-S-W-L-T
N 737 L-D-W-S-W-L-T
L 738 D-W-S5-W-L-T
D 739 W-S-W-L-T
W 740 S-W-L-T
T 744 L-D-W-S-W-L
L 743 L-D-W-S5-W
L 738 D-W-S-W-L
W 742 L-D-W-S

741 N-L-D-W

Figure 3.14 ) + + | -74#4d\D truncation array overlaid with HisAurora A.

The IKK37-744 NBD truncation array overlaid with HisAurora A.was enough to ablate binding
even with the continued presence of the two NBD tryptophans 739/741 that were previously

observed to be critical to the interaction. Hnce possible. The array wasslOAA OAA xEOE »pt -
Aurora A and immunoblotted with Aurora A specific antisera at a 1:3000 dilution.
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3.8 Discussion of Aurora A -IKK binding as assessed by peptide arrays

The interactions of Aurora A with components ofthe IKK complex (and viceversa)

were investigated extensively through the use of peptide arrays. Initially regions of

Aurora A binding were identified through the use of the fullength IKK peptide arrays,

which identified two main regions of binding (Figure 3.1); the first occurred withn the

kinase domain and the second at the extreme-@rminii which contained the NBD of

the IKKs (May et al, 200Q. Following this the full length Aurora kinases were printed as
DPAPOEAA AOOAUO AT A 1 OAOI AEA xEOE OAALI AET AT
however was unsuccessful with no binding observed with any of the Aurorkinases.
yTEOEAI T U OEEO xAO AAI EAOGAA O AA AOG& O OE
Transferase (GST) tag; the GST tag is a 220 amino acids long (26kDa) sequence vidich
commonly used to help purify proteins as well as make the protein amenable for the

analysis of protein-protein interactions by tag-specific pull-downs (Vikis et al, 2004.

The large size of the GST tag was thought to have masked any binding of 5ST+q

Aurora A, therefore the interaction was subsequently investigated with a Hisagged

Al Ol 1 Agaih ro-bipddg was observed. The fact that the Aurora A protein bound

O OEA )++, AOOAU OOCCAOOO OEAO Al EYORAOAAOQE
to the Aurora arrays was unexpected. This however may be a reflection of the
limitations of this technique; peptide arrays are a methodology to investigate protein

protein interactions in a discontinuous manner i.e. short peptides of the fullength

sequence representing interaction sites. This means that any interactions relying on

specific secondary structure or protein folding are not possible to be observed. Also

binding kinetics of interactions must be considered as protein interactions that are

very quick, such as those mediating podranslational modifications, may not remain

on the arrays long enough or are not strong enough to enable detectable protein
remaining bound to the peptide arrays. This limitation is one of the reasons why the

data obtained by peptide arrays must be supported by the use of complimentary
techniques (Katz et al, 201). The potential role of IKK ET OEA BDET OPET OUI
Aurora A at threonine 288 as shown in the study byPrajapati et al may suggest that

this interaction is transient which can be further investigated by the use of more

quantative techniques for measuring proteinprotein binding kinetics such as Surface

Plasmon ResonanceRrajapati et al, 2006.
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IKKr on the other hand was seen to bind to all threenembers of the Aurora kinase

family (Figure 3.2) although some of the regions identified across th&urora kinases

may be due to sequence homology as previously discussed. The binding sites identified

on Aurora A however were observed to encompass the same reg@othat TPX2, the

Aurora A cofactor, has been shown to interact with Bayliss et al, 2008 TPX2 binding

is essential for Aurora A localisation to the spindle microtubules, induces a
conformational change promoting autephosphorylation of Aurora A which dso

protects the protein from de-phosphorylation by Protein Phosphatase 1 (PP1)Bibby et

al, 2009. Disruption of TPX2bindingby) + +1r | AU AA A b1 OAT OEAI 1 A,
prevent this conformational change subsequently driving the degradation of Aurar A

AU OEA 1o#1#8 4EA Ol 1 A [ITRCP)mediated Aufora @A COI A(
degradation has been suggested byrelan et al, (Irelan et al, 2007) however this

potential mechanism of activation/deactivation requires to be characterised fully in a

cellular setting.

The strongest binding of Aurora A to bth of the IKK catalytic subunis was apparent at
the extreme Gterminii and due to the role of this region in NEMO bindingNlay et al,
2002) and also its reportedfunction as a multiprotein docking site (Higashimoto et al,

2008) this region was further analysed by alanine scanning and truncation arrays.

&OT 1 OEEO EO xAO AAOAOI ET AA @dnhinédia® Bitdidg OE OA 1
by Aurora Aand there are multiple residues within this region that contibute to the
ET OAOAAOET 18 4EA AOOAT OEAI OAcCEIT1T OF OEA E

identified to be the NBD hexapeptide sequence -D-W-SW-L, with the central
tryptophans being critical for this interaction as previously described in (see Section
3.X Figure 3. XX). These results further support the idea of the NBD as a rapitttein
binding site with the central hexapeptide sequence as the critical feature for not just

NEMO binding but also for other additional alternative IKK interacting proteins

This observation must be further investigated using alternative techniques as peptide
arrays are an artificial system by which to analyse proteiprotein interactions that
only considers small sections of the full protein at any given time and therefor@annot
accurately replicate the true nature of these interactions Katz et al, 201). These

results were therefore further pursued in a cellular system.
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3.9 Investigating the IKK/Aurora A interaction in a cellular system

The peptide arrays allowed for he mapping of binding sites of proteirprotein
interactions, however there are limitations to this methodology. Therefore the
potential for Aurora A-IKK interactions were investigated further in a cellular system.
The standard methodology for investigatingprotein-protein interactions in a cellular
system is through the use of (cQimmunoprecipitation. Immunoprecipitation is the
separation of a known protein from a crude mixture of proteins in solution i.e.
solubilised cell lysates through the use of spedif antibody. If the protein of interest is
bound to other proteins as part of a larger complex these proteins can in theory be
extracted from the mixture alongside the protein(s) of interest. The complexes isolated
from the mixture can then be analysed byimmunoblotting to determine the
components of this complex, this is known as emnmunoprecipitation. The aim of this
technique is to solubilise intact protein complexes prior to incubation with the
antibody. The cell lysates are therefore prepared using &sis buffer, which will
maintain the complexes structural integrity and allow for the enrichment of these
complexes to analyse the component parts. The lysis buffer uses rimmic detergents
(e.g. Triton %100, NP40) to permeabilise the cell membrane whil keeping the non
covalent protein-protein interactions intact. A combination of protease inhibitors is
also used to prevent protein degradation (e.g. Pepstatin, Leupeptin, Aprotinin) within
the cells. Once the cells are lysed two methods are typically wsefor
immunoprecipitation of protein complexes. The first is the direct capture method in
which the antibody is precoupled to an agarose/sepharose support bead through
either protein A or protein G, bacterially expressed surface proteins that express
multiple Ig binding sites. Once coupled to the beads are incubated with the solubilised
cellular lysates and will isolate the protein of interest from the mixture. The second
method used is referred to as indirect capture is when the antibody is incubated with
the crude lysate for 12 hours or more to allow for the binding of the antibody to the
protein of interest and this mixture is subsequently incubated with the protein A/G
beads which in turn will bind any protein-antibody complexes assembled and separate
yi 00 DPOiT OAET 1T &£ ET OAOAOGO &EOiI i OEA T E@OOOAN

protein.

123



The composition of the isolated complexes can then be investigated by
immunoblotting. For SDSPAGE these complexes are eluted from the beads with
loading buffer. This is a harsh eluent and will also elute antibody fragments and nen

covalently bound antibody that will be visible on immunoblots.

Using either direct or indirect methods it is possible to isolate larger complexes
assembled with the protein of interestand can therefore be used to investigate
interaction between proteins. In order to further investigate the interaction of both
) ++4 AT A-immuneprecipation of the complex with Aurora A was pursued

using a direct capture methodology.

3.9.1 Colmmunoprecipitation of the catalytic sub  -units of the IKK complex

with Aurora A

CoEi I OTT POAAEPEOAOGETT 1T &£ AT AT CATT OO ) ++y Al
Al OEAT AEAO xAO bDOOOOAA ETEOEAI T U8 ptcC 1T & !
coupled to ProteinG-agarose beads and mixed with a solubilised cell lysate of PC3 cells

at 4°C for 2 hours. As a control, beads alone were incubated with a parallel solubilised

cell lysate in the absence of primary antAurora A antibody to identify any nonspecific

binding of proteins agarose beads/ support matrix. It was possible to co

Ei i O1i POAAEDEOAOA AiOE )++4 AT A )++1 jOAA &E
to visualise the immunoprecipitation of endogenous Aurora A by the Aurora A specific

antibody in these exgriments as the molecular weight of Aurora A (48kDa) is the same

as that of the heavy chain of the antibody fragments and therefore was obscured by the
immunoglobulin Heavy Chain. The beads alone showed very little nespecific binding

of the IKK proteins and therefore this interaction is likely mediated through the

interaction of the IKK proteins with Aurora A. The level of binding observed was very

low however and close to the limits of detection. This may have been due to the fact

that this immunoprecipitation was pursued with an asynchronous population of cells

with variable Aurora A expression. As Aurora A expression is tightly regulated and is at

its maximal level during mitosis further experiments were carried out using PC3 cells

treated with Nocodazde to arrest the cells during premetaphase. This experimental

strategy towards elevating cellular Aurora A expression had however no effect on the

1 AGAT 6 1T £ AE OE A anmynepregipitatedOwit) Aurora AA(data not
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shown).The use ofbeads alone icubated with solubilised cell lysate in the absence of
antibody demonstrated that the IKK proteins did not interact nonspecifically with the
protein G-sepharose beads/support matrix, as illustrated in Figure 3.15 i) and ii). This
suggested the cammunoprecipitation of these proteins was through interaction with
recovered cellular Aurora A and not due tonon-specific binding to the beads. The
inability to visualise Aurora A distinct from the Immunoglobulin Heavy Chain
polypeptide also made it impossible todemonstrate the ceimmunoprecipitation of

Aurora A with the IKKs using IKK specific antibodies.

To circumvent these problems and allow alsehe manipulation of the IKK proteins to
incorporate mutations of the residues identified as key reglators of Aurora A binding
in the peptide arrays an alternative methodology was developed. This methodology
was based upon the use of transient transfection of cells with plasmid expression
constructs encoding affinity-tagged proteins (e.g. HaemaglutinifHA)). These affinity
tags would enable firstly specific immunoprecipitation of exogenous oveexpressed
proteins in a tagspecific manner distinct from endogenous counterparts and secondly
allow cross-detection of any ceexpressed affinitytagged proteins using antitag
antibodies therebyallowing assessmenbf any potential protein-protein interactions in

a cellular setting.
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i) ii)
S/N P M.W S/N P M.W

WB: IKKX WB: IKKp

IP: AurA

87kDa

Figure 3.15CoEIl | OT 1T POAAEPEOAOGETT T &£ )++y3 AT A )++1 xEOE
lysates.

pt ¢ OAAAEO I-Adrofa/laritiBodyiwashieddlpled to protein Gsepharose beads
and incubated with solubilised cell lysates of PC3 cells for 2 hours. Recovered proteins present
in immonoprecipitate pellets versus unbound proteins present in the gpernatants were

assessed by Western blotting as descried in the Methods section.i) apti+ + 4 | T OOA 1T 1 11T Al 1
antibody at 1:3500 dilution was used to detect communoprecipitation of IKK] EEQ ) ++1 OAAAE.
monoclonal antibody at 1:3000 dilution was used taletectcoE | | OT T POAAEDPEOAQEIT T 1 A

Beads alone were incubated with the solubilised cell lysates to act as a negative control for non
specific interactions of the IKK proteins with the matrix. Prestained markers were run in

parallel to prepared samplego indicate molecular weights of detected proteins. Data shown is
representative of three independent experiments.
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3.9.2 Colmmunoprecipitation of components of the IKK complex with Aurora

A in a co-transfection system.

To further analyse the Aurora AIKK interactions, a cellular transfection system was
developed using exongenous DNA expression constructs. Plasmid constructs encoding
affinity -tagged cDNAs of hAurora A and hIKKZ¥ 1 Were kindly supplied by Prof. S.
Dimitrov (Institut Albert Bonniot, Grenoble, France)and by Dr.M. May (University of
Pennsylvannia PA, USA) respectively. These constructs were used in a transient
transfection system in Human Embryonic Kidney 293 (HEK293) cells, as this is a
commonly used system highly amenable to transfection. Thgasmid constructsfor the
IKK complex additionallyexpressed an Xpress tag)-L-Y-D-D-D-D-K) at the N-terminus

of each of the fulllength IKK proteins and the Aurora A constructs additionally
expressed an Nerminal HA tag (Y-P-Y-D-V-P-D-Y-A). This allowed for ceexpression
and coimmunoprecipitation throu gh the use of antibodies specific to the tags. The use
of tag specific antibodies to isolate tagged proteins also allowed for the detection of any
potential larger protein complex assembled by the oveexpressed proteins by virtue of
crossblotting for the alternative tags. The cetransfection of these constructs was
optimised so a near equal leel of expression of all subunits of the IKK complex and
simultaneously the coetransfected Aurora A protein was observed in whole cell lysates
by Western blotting. Coimmunoprecipitation was carried out as previously described
OOET C p t-BA ahtiibdyAtd @Ever HAAurora A and then crossblotted for
Xpress to show any cemmunoprecipitation of the IKK proteins (see Figure 3.14).
Following co-transfection of HEKcells with each of the XpresdkKKs and HA Aurora A
all three members of the IKK complex were recoverable following immunoprecipitation

of HA-Aurora A using antiHA antibodies (Figure 3.16 i). In parallel, whole cell lysates
were immunoblotted to determine the level of exprasion of each XpressKK subunit
and HAAurora A in the cell lysate. Empty plasmid vectors, HA and His C, were
simultaneously expressed and immunoprecipitated as controls to determine if the
vector was leading to any expression detectdd in the Ilysates or by
Eii OTT POAAEPEOAOGEI T8 )OO xAO APPAOAT O &EOI I OF
xAOA A1l AAT A O ET OANOAMO EAT AA GTONEA OFEA T OBXEIC
expression and immunoprecipitation of HAAurora A was also assssed by
immunblotting of the same samples with antiHA antibody as shown in Figure 3.16 ii).

The expression of HAAurora A was consistent between lysates showing that it was
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possible to caexpress the XpresdKK proteins alongside HAAurora A. However, de
to cross reactivity of the detecting antibodies with the heavy chain of the
immunoglobulin used for immunoprecipitation present in the pellets of these samples

it was impossible to determine the effectiveness of HAurora A pull down.

To confirm that the coimmunoprecipitation of the IKK proteins was occurring through
an interaction with Aurora A and not through the nonspecific interaction of the
expressed proteins with the beads a nantibody-beads aloneimmunoprecipitation
was carried out with the individually expressed constructs. The results of these
experiments are shown in Figure 3.17 and showed that the exogenous IKK proteins and
Aurora A all bound to the beads nosspecifically. This made it impossible to interpret
any suggested communoprecipitation of the IKK proteins with Aurora A and vice
versa This was an unexpected result as it had been found in the immunoprecipitation of
endogenous IKKs (Figure 3.15) pursued previously that there were no observed non
specific interactions of any of the IKksubunits with beads in the absence of antibody.
Therefore, in the transient transfection system the observed nespecific binding of the
beads by the exogenously expressed XprefisKs may potentially have been due simply
to increased expression of the prteins in the cells, leading to detectable levels of nen
specific interactions. The structural nature of the oveexpressed proteins may also
have contributed to the observed norspecific interactions, as the sepharose support
matrix is hydrophobic like the IKK proteins that contain large hydrophobic regions at
their surfaces to facilitate protein-protein interactions. . Several further experimental
conditions were then assessed in an attempt to reduce the levels of nspecific
binding. This included shorer incubations of the prepared solubilised whole cell
lysates with the Protein Gsepharose beads ranging from from 15 minutes to 2 hours.
These approaches had no effect on the levels of binding of the cvetpressed Xpress
IKKs to the beads alone. More strigent washing of the beads after incubation was also

pursued but again showed no effect (data not shown).

The binding of all expressed proteins to the Protein Gepharose beads in the absence
of anti-tag antibodies, as shown in Figure 3.17, meant thatas impossible to assess

binding of the IKK proteins with Aurora A using this antibody support structure.
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Figure 3.16 ColmmOT 1 POAAEPEOAOGET T 1 £ OOAT OFEAAOAA ) ++ ¥ T

Aurora A recovered from HEK293 whole cell lysates

(%+cwo xAOA OOAT OEAT O1 U OOAT OEAAOAA xEOE pt C DPAS
pt ¢ OAAAEO I -HA anflobdy wasiprecAdplédEto protein G sepharose beads and

incubated with solubilised whole cell lysates prepared from transfected HE293 cells for 2hrs.

Proportions of whole cell lysates were each immunoblotted to assess expression of all

constructs. i) antiXpress mouse monoclonal antibody at 1:12,000 dilution used to detect co
immunoprecipitation of IKKy ¥ r #f) anti-HA rabbit monoclonal antibody at 1:12,000 dilution

used o detect immunoprecipitation of HAAurora A. Prestained protein markers were included

in all immunoblots to indicate molecular weights of detected proteins. Data show is

representative of three independent experimets.
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Figure 3.17 Precipitation of transiently expressed XpresdKKs and HAAurora A by Protein G
sepharose beads in the absence of artag antibodies.

(%+qwo AAIT O xAOA OOAT OEAT O1 U OOAT OEZAAOAA xEOE pit
indicated. Potein Gsepharose beads were incubated with whole cell lysates of transfected

(%+cwo AATT O A O ¢ EI OO0 ATA A 11T xET ¢ OEEO OPAII
proportion of whole cell lysates (WCL}jvere kept and immunoblotted to assess expigsion of

constructs in the cells. antiXpress mouse monoclonal antibody at 1:12,000 dilution used to

detect immunoprecipitation of XpressIKK and antiHA rabbit monoclonal antibody at 1:12,000

dilution used to detect immunoprecipitation of HAAurA. Prestained protein marker included

in all immunoblots to indicate molecular weights of stained proteins. Data shown is

representation of three independent experiments.
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3.10 Design and expression of IKK mutants

The peptide array analysis of Aurora A and IKKmteractions as reported in Sections

32068uv OET xAA OEAO A EAU OEOA 1T &£ ET OAOCAAOQEIT I
weOEET OEA ."$ Aiiii11T O Al Owel yefined i th&d 4EEO
literature (May et al, 2000, Rushe et al, 2008 and &tiret al, 2006 as a key regulator of

y++r AETAEI C O AT OE )++y4 AT A )Y++rh EIxAOAO
with PLK1 and has been proposed to function as a multirotein docking site
(Higashimoto et al, 2008 In order to support the findings of the peptide arrays the

expression constructs forwildOUDA j 74Q ) ++; AT A é&dbyDr.M+r h EE]
May, were used agemplates to prepare mutants of the NBDbased on the residues

identified in the alanine-scanning and truncation arrays to beessential for Aurora A

binding. The residues identified for Aurora A binding have also been described to be

critical for NEMO interactionswith IKKf AT A ) ++rh 11006 11 O0AAT U OE
residues of the NBD hexapeptide sequence:-W-SW-L (May et al 2002; Rushe et al,

2008) The strategy for the design of the mutations was to use the results obtained from

the peptide arrays combined with what has been defined in the literature as the

essential residues for NEMO binding to detenine if the interactions occur at the same

site and whether there is any conserved or divergent hierarchy associated with

individual amino acid residues.

Site-directed mutatgenesis (SDM) was used to synthesise the mutant expression
constructs, Table 3.1 shows the range ohutants and the primer sequences used to

create the said NBDI OOAT 6O 1T £ )++r8 111 i OOAT 6O xAO
incorporation of the mutation was confirmed by sequencing of the mutated plasmid

DNA. To ensure no additional mutations were incorporatednto the parent DNA

plasmid the sequencing was carried out across the entire DNAsert. The mutations

shown in Table 3.1 were all incorporated successfully into new expression constructs.

yl AAAEOEI T h OEA OOA 1T £ OEA padEr784ddutas O AAAE
OANOGAT OEAIT U 11T OEA OAI A Ai1 OOOOAO A piI AOGIE
W739A/MWT741A/F743A mutant was prepared. This triple mutation was carried out as

these three residues were identified in the the peptide arrays studies dming essential

for Aurora A binding but also by the independent carystallisation studies of Rushe et

al as being the critical amino acids for IKK NBMEMO binding.
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These mutants were subsequently optimised for expression in the HEK293 system by

transient transfection and were able to be expressed to an equivalent level in the cells

as showninFigure38 p y8 4EA [ OOAT O )++1r AGPOAOOEIT ATl
a cellular cotransfection system and ceimmunoprecipitation experiments pursued

however non-specific interactions of these constructs were observed to interact nen

specifically with the protein Gsepharose beads in the absence of afipress/anti-HA

antibodies as seen with the WT IKK constructs (Figure 3.17) (data not shown).

The creationof IKK] mutant constructs were also pursued but at time of writing were

still being carried out.
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IKKb WT:
733 756
WT IKK b
SFTA LDWSWL QTEEEEHSCLEQAS &
AGTTTCACGGCCCTAGACTGGAGCTGGTTACAGACGGAAGAAGAAGAGCACAGCTGCCTGGAGCA(
IKK b Post NBD truncation MUTANT: SFTALDWSWL  &TEEEEHSCLEQAS
IKK b
Primers:
Post NBD
SDMF: - BOCCTAGACTGGAGCTGGABACGGAAGAAGAAGAGCAE
Trunc.
SDMR: - BEGGGATCTGACCTCGACCAATATCTGCCTTCTTCTTCTIGGTG
IKK b Pre NBD truncation MUTANT: SFT &LDWSWLQTEEEEHSCLEQAS
IKKb
Primers:
Pre NBD
SDMF: - BACCAGAGTTTCATEACTAGACTGGAGCTAG3'
Trunc.
SDMR: - BBGGTCTCAAAGTGCATTGATCTGACCTCGAGC
IKKb W739/741 MUTANT: SFTALD ASALQTEEEEHSCLEQAS
IKKb Primers:
W742A SDMF: 506 GAGTTTCACBRGGCTAGABGACGGAAGAAGAA 3
SDMR: 56 TTCTTCTTCCGTCTGTAACGCGCTCGCGTCTAGG
IKKb F734A MUTANT: S ATALDWSWLQTEEEEHSCLEQAS
IKKb Primers:
F734A SDMF: 15@GAACAAGACCAGABIACGGCCCTAGACTGG3 6
SDMR: 15@CAGTCTAGGGCCGTGGCACTCTGGTCTTGITTEG
IKKb S740A MUTANT: SFTALDW AWLQTEEEEHSCLEQAS
IKKb Primers:
S741A SDMF: i15@GGCCCTAGACTGGOGGTTACAGACGE 3 6
SDMR: 15@CGTCTGTAACCAGGCCCAGTCTAGGGCB®
IKKb S740E MUTANT: SFTALDW EWLQTEEEEHSCLEQAS
IKKb Primers:
S741E SDMF: i15@TTTCACGGCCCTAGACTBZEI GGTTACAGACGGAAGAAGRA &
SDMR: i5TTTCTTCCGTCTGTAACCATTCCCAGTCTAGGGCCGTGRANC

Table3.14 AAT A

00EI AOO AAOCECTI AA A O 3$%-

I £ DPOEIi AOO OOAA O 1T AEA ) ++7

i OOAT OO

AT AATET ¢ OEA ET AT OPT OAOI

Codons changed are highlighted in red, altered amino acids are highlighted in blue and stop
codons are represented byan ampersand and highlighted in blue.

133



IKKp Mutant

F734A

W739A W739A

M.W WT S740A PrNBD PoNBD S740E F734A W741A W741A
87kDa WCL

Figure 3.18 Expression of mutant Xpress + 4#nHEK293 cells.

HEK?293 cells were transiently transfected with 1 g pcDNAS3.1 expression constructs. 48hours
post transfection whole cell lysates were prepared andmmunoblotted with anti -Xpress mouse
monoclonal antibody. Prestained protein marker were included in all immunoblots to indicate
molecular weights of visualisedproteins. Data shown is representative of three independent
experiments.

134



3.11 Conclusions

The use of peptide arrays to study Aurora AKK interactions has demonstrated that
Aurora A binds potentially to both IKK| and IKKf via interactions mediated by theNBD.
The critical residues for this interaction were shown to fall within the NBD hexapeptid
sequence ED-W-SW-L (May et al, 2000Rushe et al, 2008 From the peptide arrays it
was also evident that all residues of the NBD wereinvolved in the binding of Aurora A,
the central tryptophans being essential to the interaction, with the more @rminal
residue as the most critical. The surrounding sagences were also identified toplay a

role in mediating the interactions of the IKK proteins with Aurora A, interestingly the
Cterminal sequencepost. " $ ET ) ++1 OAAI AA O EMbdy AT EI f
of Aurora A. This region has not generally been considered in the literature when
AOOAOOET ¢ OEA £EO1T ARDEhé dt al 2008, M6k al J0pbinging with $
NEMO and therefore maybe plays a specific role in mediating interactions with Aura

A.

AEA ET OAOAAOGEITT 1 &£ )++4 AT A )Y++1r xEOE 1 O0i ¢
endogenous ceimmunoprecipitation, which has not been observed nor reported in the

literature previously. However when further investigated through the use of tagged

protein expression constructs it was observed that the oveexpressed forms of the

protein bound non-specifically to the Protein Gsepharose beads which were used as

the antibody support matrix. This unfortunately negated any attempts to interpret any

suggested interactions between the ovetexpressed forms of the IKKs and Aurora A

proteins. In order to circumvent these problems it will be necessary to investigate

alternative support matrices for any further antibody-based immunoprecipitation

strategies or uilise alternative in vitro methods to further investigate these protein

protein interactions.
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CHAPTER4:

CHARACTERISINGAURORAA/IKK INTERACTIONS

USINGSURFACEPLASMONRESONANCE
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4.1 Introduction

It is well recognised that the IKK complex assembles thugh protein-protein

interactions of catalytic subunits as homeand hetero-dimers toward the generation of

a fully functional signalosome. The IKK complex can assemble in several different
confirmations AT T OOEOQOOOANT £T1)0+ +y++1 Al 11 A-cattyic x EOQOE
OAAEAI 1 AET ¢ DOI OAET -dimeficHarn of te condplexisobserzed ©A O

be the most active in classical Nf " O E C IHAyhH eE &I, Q009, May et al 20p2

however the multiple confirmations of the IKK complex allows for the divergece in

AOT AGET T 1T &£ )++1 AT A Y++7y AO OEAU Ai1 OOEAOOZ
and non-canonical NFkB signalling pathways as described in Chapter 1. However, it is

more recently that more diverse functions of the IKKs have been identified.

The IKKs have been shown to play a far more diverse role in cellular signalling than
initially realised with the recent identification of many NF[ " ET AADAT AAT & &0

p>3

recent years, there has been a wide range of novel binding partners regulators and
OOAOOOAOAOG All EAAT OEEZEAA8 )++1h EAO AAAT O
AUAT ET $ph OEOI OGE OEA Aduérin(yArberi ét al, 00 OOAAE
and through the direct phosphorylation of threonine 286 can induce degradatiomf

cyclin D1 Kwak etal, 200618 4EEO AEOAAOI U Ei Pl EAAOAO ) ++
cycle. A considerable number of novel substrates/regulators/interactors have also

AAAT EAAT OEAZEAA &I O )++1r A1 Ol h OOAE AO &/ 8.
apoptosis or mediate a cell cycle arrest{u et al, 2004.

yl OEA AT 1 OA@O 1T £# OEEO OOOAU OEA EAAT OEEEAA
AT A )Y++5y EAO CEOAT A pi OAT OEAIT U OECT EEEAAI
progression of the cels (Prajapati et al, 2006, Irelan et al, 20Q7In both the studies that

have linked the IKKs to Aurora A it has been shown that disruption of this interaction

leads to failure of the cells to fully progress through mitosis and leads to an arrest in

the cdl cycle, therefore identifying this potential interaction an attractive drug target

for the treatment of a range of disease states.

Through the use of peptide arrays it has been possible to map the AuroralldK
interactions, identifying several key regiors of binding of the IKKs with Aurora A and
vice versa. Furthermore, the endogenous interactions of these proteins were confirmed
by immunoprecipitation in a cellular system. The interactions were pursued further

using an exogenous transfection system, hower there were significant technical
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issues with this methodology and therefore as a further strategy to further understand
the IKK-Aurora A interactions, to examine their binding events and to build on the
findings of Chapter 3. a biophysical approach wasdertaken using fulklength, purified

recombinant proteins and Surface Plasmon Resonance (SPR)

This component of experimental work focussed on and aimed to ;
1. Prepare and establish a Aurora A surface/chip for use in SPR assays,

2. Examine the potential inA OAAQET 10 T &£ ) ++1 AT A ) A

with an established Aurora A surface/chip, and

3. Use Surface Plasmon Resonance to inform on the kinetics of and
identify potentially binding affinities for the IKK-Aurora A

interactions.

4.2 Introduction to Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance is a surface electromagnetic wave that propagates
in parallel to a metal/dielectric surface interface. At the metal/dielectric
boundary surface plasmon waves (SPW) are formed through theteraction of
light and the surface chargers on the metal (usually Gold or Silver). The SPW is a
transverse wave that propagates along this surface and forms an evanescent
field at the metal/dielectric interface decaying into both the dielectic medium
and the metal surface, however travels further in the dielectric medium due to
the damping effect of the metal surface Homola et al, 1999 This decaying
evanescent field makes the surface plasmon wave highly sensitive to changes in
refractive index atthe MM OAT OOOZAAAA8 )T OEA pwemndO EC
surface plasmon waves could be excited through the principles of total internal
reflection (Otto et al, 1968, Kretschmann et al, 1968
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Total internal reflection is the principle that states that wren light travels

between optically dense material such asir and a material of lesser optical
density such as water, if the incident light hits the boundary between materials
at an angle greater than the critical angle the light becomes totally internally

reflected with a reflected angle equal to that of the incident light.

Otto and Kretschmann observed when a metal surface was placed at the
interface between the different optical densities the incident light excites
electrons at the metal surface forminga SPW Iomola et al, 1999, Otto et al,
1968 and Kretschman et al, 1968The propagation of a SPW at the metal surface
causes the loss of energy from the incident light, which alters the intensity of the
reflected light. Resonance occurs when the energyf the incident photons of the
light is equal to the energy of the SPW and it is at the angles where Surface
Plasmon Resonance occurs the intensity of reflected light is reduced. It was first
suggested that SPR could be used in biosensor applications in8B%y Liedberg

et al as a label free method to monitor interactions occurring between
biomolecules. As the angle at which SPR occurs causes a decrease in intensity of
the reflected light and the relationship between the angle of incident light
causing SPRs associated with the nature of the metal surface it is possible to
measure any changes in redime that are occurring at the metal surface by
determining the angle at which SPR occurs as outlined in Figure 4.1. BioSensors
were developed by using the Krisschman set up to create a metal/dielectric
medium interface at which fluidic systems could be used to deliver buffer and
analytes to the sensor surface in highly controlled manner. The penetration of
the evanescent wave into the dielectric medium occursma gold surface
between 162400nm depending on the wavelength of light used to propagate
the SPW. This means that any changes to the surface within this range will
induce changes in the amount of energy required for SPR therefore
biomolecules can be immolbised on the surface (this is termed the ligand) by a
range of chemical processes and the interacting partner (known as the analyte)
can be flowed over the immobilised ligand and binding can be assessed in real

time by following the changes in SPR angl&igure 4.1).
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Figure 4.1 Principle of SPR detection in a BiaCore System

Basic principles of SPR using a microfluidics system to measure the binding of analyte to a
bound surface ligand.
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Figure 4.2 Sensorgram output of BiaCore SPR system (adapted fr@dopnath, 2010

The changes in SPR angle are shown as a sensorgram (Figure 4.2), the interactions are
measured in Response Units (RU) as the SPR angle and the amount of surface bound
biomolecules are directly proportional; 1RU is equivalent to 0.000dchange in SPR
angle or 1pg/mm?2 biomolecule on the sensor surface. This redgime nature of this
technique allows for the indepth characterisation of the interactions occurring at the
sensor surface. It is possible to determine rate constants for both enates and offrates
specific to an interaction as well as affinity data giving an indication of how strong or

weak any interaction between the two molecules may be.

The BiaCore systems from GE healthcare utilise an automated microfluidic system with
the sensor surfaces on a removable chip. The sensor surface is affixed with a series of
micro-channels at to deliver buffer and analyte at a constant flowate controlled by the

system and adaptable to specific assay requirements. The use of microfluidic chatm
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also allows for multiple ligand binding to be analysed and used simultaneously with the
same analyte. Figure 4.3 shows the arrangement of Flow cells on the sensor surface as

used in BiaCore chips.
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Figure 4.3 Schematic representation of Microfluidic gstem on BiaCore chips

The system of valves allows the flow cells to be analysed individually or in series so

that reference surfaces can be used as an internal control for the binding.

The most commonly used chip for proteirprotein interactions is the CM chip and was
used in this chapter for all experiments. The CM5 chip surface is made of a 50nM layer
of gold coupled with a 100nM layer of methyldextran, which is used to covalently bind
the ligand via a range of surface chemistries such as amine, thialdehyde or

maleamide coupling depending on the ligand requirement.

The use of SPR based systems as a method for probing biomolecular interactions has
become steadily more prevalent with 1514 published papers in 2009 containing
biosensor data obtained fom commercial SPR systemsR(ch et al, 201}) and has been
extensively validated through large scale comparative studies of the same interaction
by several independent research teams resulting in consistent reporting of rate
constants Rich et al, 2009

4.3 Preparation of Protein Surface

The interaction of the IKK complex and Aurora A kinase was therefore further
investigated through the use of Surface Plasmon Resonance as a biosensing

methodology using recombinant forms of these proteins. All proteingvere His-tagged,
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as the larger GST tag at 22kDa was perceived as a potential meahgenerating non
specific binding and therefore could potentially disguise or perturb the IKK/Aurora A
interactions. Aurora A kinase was chosen as the ligand and immobgd on the chip
surface when investigating these interactions as it was thought to facilitate the assay
development by requiring a single surface to be used. Additionally, the basic pl of
Aurora A of 9.45 results in the protein being positively charged undethe assay
conditions and would lead to nonspecific binding to the unmodified negatively
charged dextran surface if Aurora A was used as the analyte. The \KEnd IKKf
proteins have lower pl values between 5.7 and 6.5 respectively and under the assay
conditions would be negatively charged thereby minimising norspecific interactions

with the dextran surface.

Aurora A kinase was immobilised using an amine coupling reaction on a dextran
surface of a BiaCore chip; the surface was activated by the injectioha 1:1 mixture of
NHS:EDC. The EDC was used as a coupling agent and facilitated the formation of an
NHS ester at the carboxylic acid of the dextran. It was anticipated that the primary
amine groups of lysine side chains of Aurora A kinase would attacke NHS ester
leading to the formation of amide bind between Aurora A kinase and the dextran
surface. The subsequent injection of ethanolamine deactivated any unreacted ester
bonds on the dextran surface, blocking any neapecific binding and it as apprecited

that a surface prepared in this manner would likely have a heterogenous arrangement

due multiple possible amino acids interactions with the dextran surface.

The lengths of protein injections were varied to tailor the surface ligand density as
required for each experiment. In all experiments an active surface was prepared
alongside a reference surface with no ligand coupled, which was then be used to

monitor any non-specific interactions occurring due to the dextran surface.

The sensorgram in Figure 4 demonstrates the immobilisation of Aurora A forming a
low density surface of 72RU. 1000 RU is equivalent to 1ng/mirof bound surface
protein (Sternberg et al, 199) therefore this surface had 0.07ng/mni of protein
immobilised. The sensorgram shows thelange in surface binding at the chip surface
as a function of time. Any change in solution flowing over the surface will cause a
refractive index shift which is also measured by the instrument and can lead to bulk
changes in the sensorgram and these bullefractive index changes are accounted for

through the use of a reference surface during binding experiments. The amount of
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protein immobilised is calculated by measuring the increase in baseline after the
ethanolamine deactivation step and comparing it tdhe baseline level after NHS:EDC

activation.

Figure 4.4 is representative of all immobilisation methods described in this chapter.
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Figure 4.4 Immobilisation of Aurora A on Dextran Surface of CM5 chip

Immobilisation of Aurora A kinase (100nMsolution) in pH6.0 Sodium acetate buffer on active

flow cell of CM5 chip. (ADextran surface was activated with a 1:1 mixture NHS:EDC for 420

OAATTAO AO viti1 TIi ETh j"q OANOAT OEAT pn OAAITTA EITE/
AOEAEAO AO repadded uhtl desired sukface density was achieve(C) Surface
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determined by the difference between end of injection A and injection C.
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4. 4 Investigating the Interactio n of the IKK complex proteins and

Aurora A kinase by Surface Plasmon resonance

Initially an experiment was conducted as a proof of concept to analyse the interaction
of Aurora A kinase with eitherlKKy or IKKy. A highdensity surface of Aurora A of 6
6500RU was prepared irflow cell (Fc) 2 of a CM5 as described previously and BSA was
coupled to the reference surface in Fcl at an equivalent level. The BSA was used on the
reference surface to account for any potential nospecific interactions. The analyte
were prepared as a decreasing range of concentrations betweeluM-62.5nM in
duplicate in the running buffer and for each analyte the concentrations were randomly
injected over FctFc2 for 180 seconds at a flow rate a80ul/min with a 15 minute
disassaocidion phase followed by a regeneration injection of 2mM EDTA and 1mM NaCl.
The data is presented as a sensorgram as Fcl subtracted from Fc2 to account for the
non-specific interactions of the analyte. The experiments investigating the interactions
of IKKy and IKKy were carried out under identical conditions on the same surfaces at
250C using a BiaCore 300.

&ECOOA 18u OEI xO OEA OAZAOAT AA OOAOOAAOAA C
xEOE ! OO1T OA 18 4EA OA1T Ol OCOAIi 6 OEI x OEA AOE
concentration previously described with the Aurora A surface. The injections of analyte

can beobserved by the large spikes on the sensorgram (175s and 350s). The rising

OAODPI T OA Obpi1T ETEAAOQCEIT T&£ ATAITUOA 11 OEA C
&ECOOA t18uv EEQQ ETAEAAOAO OEAO OEA Al Al UOA
interacting and the level of binding is measured in with an arbitrary measurement

known as Response Units (RU). The gradient of the sensorgram can be measured to

inform on the kinetics of the binding events between the IKKs and Aurora A. The

analyte injection is subsequetly stopped and the interaction is allowed to disassociate

which is shown by the decreasing the profile of the sensorgram upon the injection

ending.

The interaction of IKK and Aurora A was observed to occur in a concentration
dependent manner with the hidest concentration IKK| demonstrating a binding

response of 240ResponseUnits (RU) (Figure 4.5 (i)). From the sensorgram it can be
seen that the binding kinetics showed a fast erate and a slow dissociation rate across

all the concentrations of proteinexamined. The binding of IKK 0T | 6OT OA | xA
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observed to occur in a concentration dependent manner, the highest concentration
giving a response of 150RU (Figure 4.5 ii)). This response was less than observed with
y ++1 AT A AEODI AU Adprofifes sigyeEwmd ot ithe intéraciioAsOok

y++ 1 X¥r xEOE ! OOT OA ' xAOA TAAOOOET ¢ AU AE AAEA

The analyte concentrations were prepared in duplicate angach concentration was
injected in a random order andwhen the replicate cocncentrations are observed on the
sensorgram theresponse should be identical for each injection. However, this was not
observed in this experimental data. There is poor duplication of results at the higher
concentrations and there was considerable degradation of ¢éhactive surface, which can
AA OAAT AU A1 ETAOAAOA ET OECiI Al O11EOAS
degradation of the surfaces can lead to a loss of activity in the surface that may explain
the poor replication of the duplicate runs. An amumulation of the analyte on the
surface is visible due to the increasing baseline during the disassociation phase rather
than returning to a steady baseline consistent between runs, which, again, may explain
the poor replication of binding between the prdein runs. The accumulation on the
active surface suggests the regeneration conditions were not adequately removing any

excess analyte bound to the surface.

This experiment however confirmed there were interactions between both IKK and
IKKr with the Aurora A surface occurring and there appeared to be a marked
difference between the kinetics of these two interactions which was then then taken

forward for further investigation
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Resonance

y++4 AT A ) ++1 AT Al UOA -08625pMpniasioweddvér b high dehsiyA | p A -
Aurora A (3500RU) coupled sensor surface at a constadtA O A | o i) His-IKK) Broten

binding to Aurora A kinase ii) His) + 4protein binding to Aurora A kinase. The data has been

parallel subtracted between Fc2Fcl to account for norspecific binding. These data are
representative of 2 independent expennents.
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4.5 Kinetic analysis of the IKK/Aurora A interaction

4.5.1 Experimental Design

Initial experiments carried out on the high density Aurora A surface indicated both

IKK) and IKKr bound and interacted with Aurora A. The conditions for this assay were
however unsuitable for more accurate analysis of the kinetics of this interaction. It was
therefore necessary to further optimise the experimental conditions to establish

suitable regeneration conditions and an optimal concentration range to give the best
data to further characterise this interaction. The subsequent experiments were carried
out using a BiaCore T100 instrument. The preparation of protein surfaces was carried
out as previously described at lower densities to minimise the accumulation of analyte
on the ligand surface. All experiments were carried out at a constant temperature of
250C.

New surfaces were prepared with Aurora A as the active surface diluted in pH6.0
sodium acdate buffer and a blank immobilisation with no protein used as the reference
surface. Optimisation experiments were carried out to investigate suitable
concentration ranges and regeneration steps on an Aurora A surface of 1300RU (data
not shown) immobilised on Fc2 of a fresh CM5 chip with blank immobilisation of Fcl as
a reference. A range of regeneration conditions was investigated including 6381 NacCl,
50% (v/v) Ethylene Glycol solution and 0.30.5% (w/v) SDS solution. The high salt and
ethylene glycol ®lutions had no effect on the bound analyte, the SDS successfully
removed the analyte but dramatically reduced the activity of the protein surface
leading to a lack of reproducibility between protein binding injections and therefore
was not suitable for suface regeneration. With these outcomes no viable regeneration
conditions that would maintain surface activity and remove any remaining analyte
were identified. This therefore made any kind of kinetic analysis impossible when
conditions were configured usng a randomised concentration injection assay protocol,
as used previously. However, iwas possibleto use a single cycle methodology to

investigate kinetic dynamics of proteirprotein interactions.
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BiaCore SPR systems can determine the equilibriutrinding constant (ko) of protein-
protein interactions by analysing the kinetics of the orrate (ka) and off-rates (kqy) of the

interaction. The Ko is calculated by using the following equation:
Ko = ka/ kg

When k; and kg are considered to be:

This is the simplest binding model for biomolecular interactions and is analogous to the

Langmuir isotherm for the adsorption of a gas to a metal surfac&&ngmuir et al, 1916.

The k.and the Iy values are determined by fitting the experimental data to the simplest
binding model. Generally the kand the k are calculated individually for each
concentration, giving a I value at each concentration which should be consistent for
all concentrations and any variance between the values is considered to be standard
error. However in the case for proteins that show very tight binding and would require
very long disassociationphases between protein injections, single cycle kinetics are
used. In single cycle kinetics the protein concentrations are sequentially injected at
increasing concentrations with short disassociation phases (90s) until the final
concentration after which there is a long disassociation phase of 15 minutes or more.
The k; values are calculated across all the binding events but they kalue is only
calculated for the final disassociation phase. This method allows for strong interactions

with high affinity to be investigated and the Kvalues to be calculated.

To optimise this approach single cycle kinetics runs were set up using the 1300RU
protein surface using several concentration ranges fromlpM-62.5nM to 10nM
0.625nM (data not shown) and a flow rate coristent with previous experiments. From
this it was ascertained that at the higher concentrations of analyte and immobilised
ligand the re-binding effect was occurring. The rebinding effect occurs when higher
order analytes i.e. analytes which form dimeror larger complexes disassociate then
dimerise with a still bound monomer on the surface therefore giving an artificially slow

kq value and giving a I§ value suggesting an interaction tighter than it may actually be.
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In order to minimise the re-binding effect it was necessary to use an even lower density
surface. The orrates for both IKK] and IKK; remained very fast and therefore to more
accurately determine the k value the analyte flow rate was increased t@00ul/min, the
maximum possible for the machine which can help to give a more accurate
measurement of lk and also contribute to minimising the rebinding effect. Due to the
nature of the IKK proteins and their ability to form higher order home and hetero-
each protein was investigated on individual MArora A surfaces at approximately
equivalent immobilisation levels to prevent any rebinding betweenthe IKKscaused by

any residual analyte remaining on the ligand surface between runs.

Two Aurora A surfaces were prepared alongside the blank immobilisatie on Fc24
and Fck3 respectively. Aurora A was immobilised to 72RU on Fc2 as shown in Figure
4.6 and 68.5RU on Fc4. Initially the analyte concentration range used was 300nM,
100nM, 33.3nM, 11.1nM and 3.7nM for both IKKand IKK .

In initial experiments examining IKKE, A0 AT AT A1 UOA OEA GAT O1 OC«
time binding events occurring on the reference surface and active surfaces between

y++1 AT A 1 OOI OA ' j &ECOOA 189 EQ AT A EEQQ8 4
T £ )++; AIORAOCOOAEAER ABRIOEAOAA O OEA OAEAOR
interacted with Aurora A in a concentration dependent manner. To further analyse this

data the reference surface was subtracted from the active surface to give a single
sensorgram showingthe ik ET C T £ ) ++1 AT A 1 OOriosheciic AAAT O
or masstransport effects. Prior to each protein run a blank run was crried out, this was

identical to the protein run but the analyte concentration series was replaced with

buffer injections (Figure 4.6 ii.)). This accounted for any bulk refractive index changes

that occurred dude to variations between running buffer and the sample buffers. The

blank run and the referece surface were the internal controls for each binding event

and were sbracted fron the sensorgram at the active surface to give the adjusted
sensorgram asseen in Figure 4.6 iii). The adjusted sensorgram (Figure 6. iii)) was then

utilised in the analysis of binding kinetics wih respect to IKK 8

Furthermore, Figure 6 collectively is repesentative of each SPR kinetic run and all SPR
AAOA DPOAOGAT OAA &£O01Ti OEEO PIETO 11 xEIlT AA AQ
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the low density (72RU) Aurora A active surface for 60s with a 90s disassociation between
injections and a 15 minute disassociation phase after the final injection. i) sensorgram showing
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(red) and analyte (green) injections on active surface iii) adjustedemsorgram showing the
reference surface subtracted from active surfac&his datais from 1 independent experiment.

151



18v8¢ +EIT A ®BJIAGtoAura)Atsarface
4.5.2.1 SPR runs using High Concentrations of IKK | as analyte
Kinetic andysis of the 300nM3.7nM analyte concentration range was carried out with

the data depicted in Figure 4.6 iii); the data was modelled as a 1:1 interaction using the

Langmuir binding model and the fit is shown in Figure 4.7.
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Figure 4.7 Kinetic analysisil £ ) ++4 AT A 1 O00OI OA ' AETAET ¢ AO EECE

Blank adjusted sensorgram fitted with a 1:1 binding model (black) by BiaEval software
(Uppsala, Sweden). These data are representative of 1 independent experiment..

Although both the onrate and off rates appeared to be modelled well using a 1:1 fit, no
accurate Ik could be calculated. It was not possible from this range of concentrations to
determine the onrate as it was beyond the capabilities of the instrument. The
measured on rate was very fast fortte interaction of IKK| and Aurora A and showed an
interesting binding profile. In Figure4.6 iii) it was apparent that the onrate for IKKJ
rose very quickly, then reached a peak and subsequently began to disassociate before
the completion of the injection,this was observed most prominently at the 300nM

concentration. This was and remainsa highly unusual profile for protein-protein
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interaction and made it difficult to analyse. This phenomenon was highly reproducible

and may be due to the binding kinetics of this interaction.

)y O xAO Al 01 APPAOAT O OEAO ObteEihalingavergfasbA AAAT
and transient interaction with Aurora A and therefore bound very quickly to the

available Aurora A and thereafter began to disassociateThis suggested the peak

achieved represented the saturation of the surface and instead of relging equilibrium

the proteins began to disassociate. Another alternative possibility suggested by the

AAOA xAO OEAO OEA )++)3 bDOI OAET OAdRE&A ANOE
the surface and when the dimers began to degrade the observed unusumhding

profile occurred. This phenomenon was most clearly observed at the highest
concentration of the series therefore a lower concentration series was prepared and

run in triplicate with long equilibration steps between runs to minimise this effect.

4522SPRrunsOOET C 11T x #1171 AAT GOd&aEd 10 1T £ ) ++ )

Given the outcomes of Section 4.5.2.1 further kinetic studies were then pursued using
lower analyte concentrations of IKK in an attempt to generate Kd values for IKK
binding/interaction with Au rora A. These were developed over a concentration range
of 90nM, 30nM, 10nM, 3.3nM and.1nM. The runs were set up as previously described
with a 60s analyte injection at a constant flow rate of 10Q1/s and a 90s disassociation
phase between the lower conentrations and a 15 minute disassociation phase after the
final analyte injection and a long equilibration phase between cycles to allow for
surface bound analyte to disassociate and the baseline to be-a@stablished. Each
analyte run was preceded by a lnk run of buffer injections to be used for blank
subtraction. Theresults of these single cycle kinetic runs carried out in triplicate are

depicted in Figure 4.8

The three runs all showed very high levels of reproducibility with approximately 4RU
difference in maximum binding levels. This can be explained by the differences iRk
The Rnaxis the binding capacity of the surface and can be calculated theoretically by the

eguation:

Rmax= (Analyte MW/Ligand MW) x Immobilised Ligand x Stoichiometry
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For this surface the theoretical Rax was calculated to be 130RU, assuming that the
surface is 100% active and all immobilised ligand is correctly orientated for binding.
However, when the Rux is calculated experimentally it is usually lower than this value
as it is unlikely that the surface will be 100% active. The Jxvalues calculated for the
single cycle kinetics indicated the availability of an active surface of between 8.1
11.6RU. This ould be due to the immobilised ligand being inactive or due to the
heterogenous nature of amine coupling some of the ligand may be orientated in such a
way that the binding sites were masked. Although the experimental Rvalues were
small it was still possible to determine kinetic data from this run. The kinetics of the
interaction were all determined relative to the individual Rnax values accounting for

variability in the surface activity.

The data was then fitted globally with a Langmiur 1:1 binding i The kinetics of the
interaction shows a kvalue of 1.64 x1@° Ms?, This was a very quick orrate for the
interaction and very close to the limit of detection by the instrument. The fit for the on
rate however was quite poor for the second and third idependent runs that coincided
with the increasing Rnax Of the runs. Thiswas duepotentially to inefficient regeneration

of the surface between runs leading to an accumulation of analyte at the ligand surface.
It is well established that IKK| forms homo-dimers (Chen et al, 1996, Woronicz et al,
1997) and therefore any accumulation of said dimers at the surface could potentially
mask any interactions with Aurora A and therefore a feature of the erate could be not
only analyte-ligand interactions but analyt-analyte interactions. This was also

observed in the higher concentration kinetic runs.

The disassociation phase fitted very well to this binding model generating a kalue of
85.99 sl. The offrate for this interaction was fast and fitted very well with this model,

across all three of the repeat cycles.

Using the calculated k and kqvalues the binding constant was determined for this
interaction and was shown to be 5.25 nM which indicates a very tight interaction
I AAOOAA AAOxAAT )++4 AT A 1 O0O1T OA ' 8
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i) Single cycle kineticsrun on 72RU Aurora A surface in triplicate, first run (red line) second run
(blue line) final run (green line) with 1:1 binding fit overlaid (black line) individually calculated
using Rnax specific to each run. Kinetic runs carried out on 72RU Aurora A dace in series with
a blank immobilised reference surfaceii) Table showing kinetic analysis of 1:1 binding model.
Sensorgram is reference surface and blank subtracted. Data presented in panel A is from from
three independent experiments carried out usinghe same surface.
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To investigate the binding of IKK and Aurora A, a new Aurora Ammobilised surface
was prepared. A single Aurora A surface could not be used to assess both jlkiRd
IKKr binding as these proteins are known to dimerise Chen et al, 1996, Woronicz et al
1997), therefore any accumulated analyte on the surface could pattially interact with

the analyte that is being flowed over which would be detected alongside the analyte

ligand interactions and give rise to inaccurate kinetic data.

The new Aurora A surface was prepared as previously described alongside a new blank
immobilised reference surface of Fc4 and Fc3. The same level of Aurora A
immobilisation as was achieved on Fc2 was attempted, to allow the data for IiKkKand

IKKr to be as comparable as possible. 68.5RU of Aurora A was immobilised for the

kinetic analysis of OEA ) ++1r AT A 1 OOI OA ' E1T OAOAAQEI T 8
Rwxl £ pco25h xEEAE EO AO A Al i bAOAAT A 1 AOGAT O

The BiaCore T100 system allowed for the kinetic runs to be carried out in parallel on

different surface due to the microfluidic chip system that was employed. The higher
concentration series (300nM, 100nM, 33.3nM, 11.1nM, 3.3nM) therefore was
developed for the IKK /Aurora A interaction at the same time as for the IKIi/Aurora

A interaction. Figure 4.9 i)illustrates the blank adjusted sensorgram for the IKK

[ /Aurora A interaction. It can be seen from this sensorgram that the level of binding

observed between IKKT! OOT OA ! xAO 11T xAO OEAT OEAO xEO
kinetics differed considerably béween the two proteins.

The fit for this kinetic run modelledAAOOA O OEAT OEAO 1T &£ ) ++4 AT A
that the machine could measure reliably. Figure 4.9 ii) shows the fit calculated to a 1:1

Langmuir binding model and in iii) the calculated ra¢ constants are shown. The

calculated k value for this interaction was 1.25 x16 Ms! and the k value was 8.435

x103 s1 generating a k value of 67.3nM. The experimental RxVvalue was slightly

lower for this run also at 7.161 RU.

At the higher concentrations of IKK displayed a similar profile of binding as observed

for IKK]; the sensorgram showed the binding reached a peak and then began to

156



decrease although to a lesser degree than was observed in the HKurora A
interactions at the same concentrations. Although it was possible to calculate some
kinetic values for this run, it was once again deemed more appropriate to use lower
concentrations for the triplicate runs to match the IKK /Aurora A interactions toward

the calculation ofquantitative binding constants.
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RU Blank Subtracted Sensorgrams
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i)
Ka (1/Ms) | kq(1/s) Ko (M) | Rmax(RU)
IKKd | 1.25x1C° | 0.008435 | 6.73 x 108 | 7.161

Figure 4.9+ ET AOEA AT A1 UOEO 1 & )++1r AT A 1 001 OA |
IKKT .

E Q) analyte concentrations were prepared from 300nM3.7nM and sequentially injected over
the low density (72RU) Aurora A active surface for 60s with a 90s disassociation between
injections and a 15 minute disassociation phase after the final injection. ii) &hk adjusted
sensorgram fitted with a 1:1 binding model (black) by BiaEval software (Uppsala, Sweden) iii)
Rate constants as calculated by BiaEval software. Data represents 1 independent experiment.
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Further protocols were pursued to examine IKK binding with the Aurora A surface
using lower concentration of analyte IKK concentrations were prepared at 90nM,
30nM, 10nM, 3.3nM and 1.nM and were flowed over the 68.5RU Aurora A surface at a
constant flow rate of 10Qq I/s for 60s with 90s disassociation phases until the final
concentration where a 15 minute disassociation wasarried out. Between cycles a long
equilibration phase was used to allow for any surface bound analyte to disassociate and

for the active surface to return to baseline.

The results of these runs are shown in Figure 4.10. The sensorgram of the triplicate
analyte runs across the concentration range of IKKwere well replicated with the
second and third runs almost identical whilst the first showed a greater total level of
binding. This may reflect the recorded experimental Rxvalues. In the first run the
adive surface was calculated to be 7.3RU, this then reduced to 4.9RU and 4.7RU for the
second and third runs respectively. This drop in activity of the surface may explain the
observed differences in total level of binding; it also showed that in runs 2 arg] when

the Rnax vValues were very close, the sensorgrams showed excellent replication of
binding suggesting that the available active surface was responsible for these
differences. Each fit was calculated to individual Rx values as defined previously so

differences in total binding were not considered when calculating thedand k; values.

The ks value determined from the kinetic analysis for the IKIK/Aurora A interaction at
the lower concentrations was 3.32 x18Ms1 which correlates well with 1.25 x1® Ms1,
the ka as calculated at the higher concentration range giving values in the same order of
magnitude. The onrate for this interaction was well fitted by this model in all

replicates suggesting that the ofrate for this reaction is in this order ofmagnitude.

The kyvalues obtained from the triplicate single cycle runs was 9.14 x141 which is
close to that calculated following the development of IKK analytes at the higher
concentration, namely 8.435 x18& s1. Although these values were notonsistent this
was likely due to the poor fitting of the offrate. This off rate is very slow indicating a
very tight interaction as has been suggested by the initial interaction experiments

shown in Figure 4.4.
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The fact that the offrate was poorly fitteA EAAT OEAZEAA OEAO EO
accurately calculate the K in a manner similar to that pursued previously. The
calculated K however can givean indication of what range this value would be; it was
calculated to be 2.25nM in this experimentThe previously calculated Ig value from the
higher concentration range on the same surface was 67.3nM. These values taken
together suggest that the interaction of IKK and Aurora A has I§ value of below
100nM.

An alternative methodology for the calculation of the Ky is to use a steady state affinity
model, this can be calculated when the interaction reaches equilibrium during the
analyte injection. It was possible to determine a ivalue from the lower concentration
range using this method and this fit isshown in Figure 4.11 i). The Kvalue calculated
by this method was 52.4nM which is close to that obtained by a 1:1 Langmuir binding
model and these values taken together showed that thepKralue obtained for this

interaction is in low nano-molar range.
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RU

Response

1.1nM 3.3nM 10nM  30nM  90nM

200 0 200 400 B0 500 1000
Time
i)
ka (UMs) | ka(1/s) | Ko(M) | Rmmx(RU)
3.32x10° | 9.14 x104 | 2.25x10°
Cycle 1 7.3
Cycle 2 4.9
Cycle 3 4.7
Figure 4.10 Kinetic analysisof) + +1 AT A 1| OO1 OA ! AE

) + T

1200

i) Single cyclekinetics run on 68.5RU Aurora A surface in triplicate, first run (red line) second

run (blue line) final run (green line) with 1:1 binding fit overlaid (black line) individually

calculated using Ruax specific to each run. Kinetic runs carried out on 68.5RAurora A surface in

series with a blank immobilised reference surface. Sensorgram is reference surface and blank
subtracted ii) calculated rate constants from 1:1 langmuir binding fit. Data presented in panel A
is from triplicate runs from three independent experiments
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Response

u} f f : f t i
1} 2e-8 4e-5 Ge-& Ge-3 1e-7
Concentration 1l

ii)
KD (M) | Rmax(RU)
5.24E-08
Curve 1 10.68
Curve 2 8.25
Curve 3 7.67

Figure 4.11 Use of a steady state affinity model for the calculation of thesKalue for IKKf

binding to the Aurora A surface

N3OAAAU OOAOA AEEET EOU i1 AAl  i14Mceneentratoh rAnge OOT OA |
for triplicate runs Kp as calculated from the graph is show as the red dotted line. ii) Calculated

Kp values by BiaEval software.
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4.5 Discussion

The interactions of IKK| and IKKf were successfully analysed using SPR to give
approximate Kp values, which informs on the strength of these interactions. One of the
key advantages of using SPR in the investigation of proteprotein interactions is the
ability to also determine the kinetics of interactions, which can give more information

on the nature of the affinity of interactions being studied.

The complex nature of proteinprotein interactions must be taken into account when
considering the data obtainedrom SPR. Although the majority of interactions will fit to

a 1:1 binding model, it is possible thaany interaction(s) may bemore complex than

this with variable stoichiometry. It is possible to use more complex models to try and

fit the data generatedand these may well give a better fit for the data however without

iTOA ET & Oi AGETT O1T OAZET A OEAOGA 1T AAITEIC
the case of the IKKproteins interacting with Aurora A, although there is evidence, as

seen in previouschapters, that there @ae multiple binding sites onIKK | ¥ for Aurora

'h ET Al OAET ¢ OEA +3$ AT A ."3$0O0 OEAOA OEIPI U x4
develop a more complex binding model. It is also possible that in solution the IKK
enzymes willbe a heterogenous population with monomers and dimers or even higher

order complexes present. This too could be factored into a complex binding model but

without information as to the ratio of these different complexes this cannot be
accurately incorporatedwhen modelling the data. Due to these limitations using more

complex models was not possible and therefore all the data was fitted according to the

1:1 binding models.

The Ko values calculated for both IKK (5.25nM) and IKK (2.25nM) fall in the low
nanomolar when binding studies were developed using lower IKK [ analyte
concentration ranges, suggesting that the interaction between both + + jajfidfAurora
A have similar affinities. This indicated very tight binding occurs beteenAurora A and
AE OE A O. These valligs however are only approximate as it was not possible to
accurately fit both the k and the kjvalues for eachsubunit. The parameters required
to be fitted well to generate an accurate & However the calculatedsalues are certainly

within the correct order of magnitude for these interactions.
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The interesting elements of the data came from the differences that have been
observed in the kand kyvalues between IKK and IKKr. The calculated orrate for
IKKy in Figure 4.8 was 1.64 x1€ Mst which is very fast, in fact close to the limits of
detection of the BiaCore instrument. The omate also never reached equilibrium
instead began to disassociate even before the analyte injection finished. This suggested
that the binding of IKK| to Aurora A occurs very quickly however in a transient manner
suggesting that the function of this interaction could be to mediate a postanslational
modification such as phosphorylation which supports the findings oPrajapati et al.
(2006) Although the fit used to calculate this ofrate was of a less desirable qualitythe
on-rate that was calculated was in fact slower than the sensorgram reported which
implies that in actuality this interaction has an even faster omate than as repoted.
IKKr on the other hand has a much slower calculated, kalue of 3.32 x16Ms! which is

well fitted by the 1:1 binding model as seen in Figure 4.10.

The calculated k values for IKK| and IKKy also differ, with the kyvalue for the IKK|
and Aurora A binding measured to be 85.99swhich fitted well by this model. IKK on
the other hand displayed a kvalue of 9.14 x1¢* s, which was fitted poorly in the
model and in fact maybe slower. This offate was poorly fitted as from the sensorgam

it was apparent that the disassociation occurred in an almost fphasic manner with a
fast off-rate observed immediately after the analyte injection ended with the rate then
settling as very slow for the remainder of the disassociation phase. This mattee data
hard to fit with a simple 1:1 binding model. However, it can still be seen that the eoff
rates for IKK| and IKK; were very different with the kq of IKKy shown to be five orders
I £ I ACT EOOAA O1 1 xAO OodieAnias abdEfikelordés & magnituged 4 E A
slower for IKKy than for IKK) and this observation when viewed in conjunction with
the differences in the k rates between IKK and IKK illustrated and identified that the
kinetics of IKK| and IKK] interaction with Aurora A are very different. The quick on
and off-rates of IKK| suggest a transient interaction, however the slower onand off-
rates for IKKy indicate a stronger more scaffolding role that this interaction may play.
Collectively, this may imply that these interactions have a flerent role functionally
though these elements of differential IKKAurora A complex formation remain to be

examined fully in a cellular setting.

In these studies attempts were made to utilise peptides derivé from the IKKs that
encompassthe NEMO Binding Domain of these proteins, one of the identified binding

sites in Chapter 3, however these investigations were unsuccessful. The peptides used
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proved to be insoluble at the concentrations of DMSO required to give accurate results
using SPRas DMSO gives a very large refractive index change when used in this system
therefore in order to yield good results the concentration must be as low as possible. At
low concentrations of DMSO the peptides were not soluble and accumulated in the
microflui dic systems on the chip and therefore no data could be obtained on Aurora A
NBD binding. The use of a TAT sequences on the peptides, which not only confers the
ability to penetrate cell membrane but also improves solubility, was also tried but
again at theoptimal DMSO concentrations for SPR it was not possible to keep them in
solution and therefore the use of SPR to investigated the binding of the NBD peptides to

Aurora A was not pursued further.

Previous studies have been carried out using SPR and reldteiophysical technigues to
provide insight into the interaction of IKKf and NEMO (Lo et al, 2008). These studies
utilised truncated forms of both IKK (680-756) and NEMO (38196) and show a
concentration dependent high affinity interaction of IK and NEMD mediated at the
NEMO binding domain with k values for this interaction calculated at 3.4nM which is
close to that observed with Aurora A in this chapter. However, when using shorter NBD
peptides the association/disassociation of IKK NBD peptide (735745) and NEMO was
too quick to determine any reliable kinetic parameters for this interaction suggesting
that the affinity of the IKKr NBD peptide is weak, which would explain why the
concentrations required to get a cellular response are highLp et al, 20@). This study
highlighted the role of the surrounding residues of the NEMO binding domain in
mediating this interaction and due to low levels of homology may be explain any
divergence in IKK and IKKf /NEMO interactions which can further be extrapolated to
apply to Aurora A which has been identified as interacting both IKKand IKK at the
NEMO binding domain (Chapter 3) however has very different kinetics between
) + + {(@hppter 4).

The kinetic information obtained through these experiments has given a nevinsight

into the nature of the interactions between IKKh ) ++7 AT A 1 OO1 OA ' AT,
the results of Chapter 3. What remains to be examined is whether there may be some
divergence in the relative importance of individual or groups of amino acid nesent

within the C-terminii, both within and outwith the NBD, of the IKKs that dictates the

relative affinities of these kinases for binding to Aurora A. Understanding these

potential differences between interactions may potentially be exploitable when
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considering the design of drugs targeting the interaction(spf the IKKs with Aurora A

in asubunit specific manner.

There is considerable scope for the further investigation of the IKK and Aurora A
interactions through bio-physical means, it was however ot plausible in the confines
of this study to fully pursue this avenue. There is a range of different ways in which this

could be further investigated.

These experiments were designed to minimise any artefactual features of the binding
such as mass transpa limitations or the re -binding of analytes to the surface. However
it was still not possible to derive totally accurate kinetic values and further
optimisation was out-with the time-frame of this study. To help inform further on these
results and the kiretics of these interactions it would be useful to fully understand the
nature of the homodimer formation of each of the IKK subung, this could be studied
through further SPR analysis using the IKK proteins as both analyte and ligand. This
information could be used in conjunction with the data already obtained to determine
if some of the features of the kinetic profiles for the IKK binding to Aurora A were in
fact due to analyte dimerisation at the ligand surface rather than a true interaction

between anayte and ligand.

Another approach which could be utilised to give a more accurate understanding of the
kinetics of these interactions is through the use of alternative coupling methods to
immobilise Aurora A on the chip surface. Using an immobilisation metid utilising the

recombinant protein tag it would be possible to create a more homogenous surface,
which may improve the activity of the ligand on the surface and give more accurate
values for the rate constants. By using an NTA chip, proteins can be imniged by a

His-Tag through the addition of Ni ions to the surface and using this immobilisation
method between runs the protein surface can be stripped and regenerated using fresh

ligand which will remove any analyte build up on the surface (Nieba et &l998).

To further understand the stoichiometry of this interaction Multi-angle Light scattering
(MALS) can also be used, this would therefore provide greater insight into the
IKK/Aurora A binding and allow for a more complex model to be applied to give aane

accurate kinetic information about these interactions.

The calculated k values should also be confirmed through the use of complimentary

biophysical techniques such as isothermalatorimetry to validate these findings.
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4.6 Conclusions

In summary, through the use of SPR it has been possible firstly to confirm the
interaction of full-length purified recombinant IKK; and IKKr with Aurora A further
validating the findings presented in Chapter 3 utilising peptide array strategies.
Additionally, the use of SPR has enabled the generation of initial kinetic data
EECEI ECEOEI ¢ OEAO )++y4 AT A )++1r AAAE AEODPI AL
their indivi dual interactions with Aurora A. These approaches have also shown that
these interactions havea low nanomolar I value indicating a high affinity. It has also
been possible to establish conditions for the use fulength IKK proteins to investigate
protein-protein interactions initially with Aurora A using surface plasmon resonance.
This could subgquently be further exploited in the pursuit of identifying novel IKK
substrates and reglators. The data obtained from the studies investigation IKK
interactions with Aurora A indicates the requirement to investigate the functional
significance of theseriteractions and any outcomes apparent upon disruption of these

interactions in a cellular setting.
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CHAPTERS5: CHARACTERISING THE FNCTIONAL
OUTCOMES OF DISRUPNG IKK/A URORA

SGNALLING
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5.1 Introduction

The IKK complex is a weltharacterised component of the NH " ET &£ Al 1 AOT C
signalling pathway first identified by Chen et al(1996) as a large multisub-unit

complex. The IKK complex is comprised of two catalytic sudbT EOO ) ++4 AT A ) +-
can assemble in various homo and heterodimers with the interaction of

OAAZAEI 1 AET CTOACOI AOT Rothwalf At ial ALB9®. Therinteraftiortof /
y++)] AT A )++1 xEOE )++r EO OANOEOAA i DBOTII
et al, 2009, this interaction is mediated through the @A Oi ET A1 AT 1 AET O 1 &£
y++1 xEEAE AT 1T OAET A ETIiT17TcCci 00 EAGAPAPOEAA
NEMO binding domain (NBD) ay et al, 200Q.

The NEMO binding domain was initially identified through the use of ldropathy plots

by May et a2000) and identified the conserved central sequence,-D-W-SW-L as the

AOOAT OEAT AETAET ¢ OEOA &£ O ET OAOCAAOQEITT 1T &£ )
further detailed by Rushe et a{2008) through the use of cecrystallisation studies of

OEA ) +OADf EHEE AT A )++r8 4EAROR OOOAEAO EECE
interactions as the central tryptophan residues, however the surrounding residues

although not critical were important for this interaction (May et al, 202, Rushe et al,

2008). Studies have also suggested that the NEMO binding domain can act as a
substrate for PLK1, which can phosphorylate the central serine of the NBD
hexapeptide, which downregulates IKK activity Higashimoto et al, 2008 This

highlights the potential for the NEMO binding domain to function as a muifunctional

protein binding site.

yl #EAPOAO oh OEOI OCE OEA OOA 1T &£ DAPOEAA AO
) ++1 xEOE | OOT OA | OEA ."$ xAOGngBehwkdnDEEEAA A C
proteins. When these regions were further investigated it was identified that the

conserved NBD sequence was essential for the interaction of Aurora A and IKK proteins

at this site. When further investigated in a cellular system howevet iwas not possible

to elucidate the function of the NBD in Aurora A interactions due to experimental
challenges.The data presented in Chapter 4 shed further light on the interaction of

AT OE )Y++y4 AT A )++1r xEOE 1| O0O1 OA 'lionbftel OCE O
interaction through the use of Surface Plasmon Resonance. These experiments

however were carried out using fulllength WT IKK proteins and as such were unable
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to inform further on the role of the NBD in this interaction and due to solubility isaes

it was not possible to measure NBD peptide binding to Aurora A by this method.

Therefore, in order to further investigate the role of the NBD in Aurora A interactions in

this chapter a short peptide derived from the surrounding primary sequence and

inct OAET ¢ OEA in 4 &ellpbriicable+wag taken forward as a competitive

inhibitor of NBD binding events. This is a welllefined pharmacological tool, which

targets interactions of the IKKs initially described byMay et al(2000) as a competitive

disrtOPOT O T &£ )++1r AT A . %-/ AEhdded F{ AT AADEDPEAP
that had no effect on basal activity of IKKs. Futhermore, the NBD peptides have been
investigated in several disease models bottin vitro and in vivo and shown to be

effective tools for the inhibition of IKK mediated cellular disease without effecting basal

activity (Jimi et al, 2004, Tas et al, 2005 his peptide can therefore also be utilised to

ET OAOOECAOA OEA bi OAT OEAT -AummAMA BéractionlE AEOOC
mediated, at least in part, by the NBD.

The aims of this chapter were to:

1. Further investigate the interactions of Aurora A and the IKK NBD through the
use of the NBD peptides

2. To investigate functionaloutcomes of treating PC3 with ell permeable forms of
the NBD peptides

3. Further elucidation of the relationship between IKK and Aurora A signalling.

170



v8¢ -TAAITTETIC T &£ )++4Tr ETI OAOAAOGEI 1 O xE(

The binding of Aurora Ato peptideOANOAT AAO AAOEOAA &£OT I Al OE
previously to map to the Gterminal region NBD (Section 3.1; Figure 3.1) When the
AETAET C T &£#/ OEA )++ DPOT OAET O xEOE ! 001 OA I x/
to the same region as that bound by TPX2 kay Aurora A activating protein Bayliss et

al, 2003. This observation was further pursued through the use of a rigid body protein

docking simulation as a method to model potential confirmations of the interactions of

the NBD related peptide derivedfré T &£ ) ++1 AT A )++1 xEOE ! OOI

This methodology uses individually determined crystal structures of two proteins and

through the use of complex algorithms to assess a range of parameters including shape
complementarity and electrostatic attraction Chen et al, 2003 model potential docking

of the crystal structures. The aims of which are to identify potential confirmations for

the interaction of two candidate binding proteins/partners. This method relies simply

IT Oxi OEGCEA 0O0O0O0A &@dthedconfoimationdlicadybsiptdteidsA AT O1
AAT O1 AAOCT xEAT &I OIiETCc AlTibDlIAGAO AT A AO ¢
highly complex nature of these potential conformational changes in proteiprotein

interactions although possible to model with algorihms, can take hundreds of hours to

run the simulations for each proteinb OT OAET ET OAOA A &E T A BE 1405A CRAGEI
useful tool to in the initial investigation of potential interactions between proteins and

can provide insight into potential interacting sites. Algorithms developed byChen et al
jecnmmeq ETix1T AO :$/#+ xAOA Apbi EAA O OEA A
AT A Y++r ."$ AETAET ¢ xEOE ! OOI OA ! O1T OEIi Ol A
with the TPX2 binding site on Aurora A.

vd8¢8p 2ECEA AT OT A AT AEET C 1T &£ OEA )Y++,1 %1 ."$

11 OET OCE 11 AETAEI C xAO 1 AOAOOAA XxEOE ) ++4 ¢
0808pN &ECOOA o81Qqh ) ++1r OEI-2384nd 26283 &fT C AAO
Aurora A (Figure 3.2). The reipn between residues 176285 was therefore used to

OAZET A OEA bl OAT OEA1 OEOA 1T &£ AiI AEET ¢ 1 £ OEA

identified previously by the alanine-scanning and truncation arrays it was also possible
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to refine the amino acids of the " $ OEAO xAOA AOEOEAAI O1 OEA
Aurora A which were identified as the central tryptophan residues of the NEMO

binding domain hexapeptide (Section 3.3:B.3.4.3.2). These arrays also suggested the
methionine and phenylalanine residuess £ ) ++1 AT A ) ++1 OAOPAAOEOD
NBD, were also important for this interaction. These residues have all been identified

as essential components of NEMO bindingM@ay et al 2002, Rushe et al 200&nd

therefore have been used as the residues dig¢ NBD that were examined to potentially

interact with Aurora A in this model.

4EA ) ++1 AET AET C-230 nd 260285 imdekestingly Addtaipey many of
the essential residues for TPX2 binding, as identified bBayliss et al(2003) (Figure
5.1).

10 20 30 40 50 60
MDRSKENCIS GPVKATAPVG GPKRVLVTQQ FPCQONPLPVN SGQAQRVLCP SNSSQRVPLQ

70 80 90 100 110 120
AQKLVSSHKP VQNQKQKQLQ ATSVPHPVSR PLNNTQKSKQ PLPSAPENNP EEELASKQKN

130 140 150 160 170 180
EESKKRQWAL EDFEIGRPLG KGKFGNVYLA REKQSKFILA LKVLFKAQLE KAGVEHQLRR

190 200 210 220 230 240
EVEIQSHLRH PNILRLYGYF HDATRVYLIL EYAPLGTVYR ELOKLSKFDE QRTATYITEL

250 260 270 280 290 300
ANALSYCHSK RVIHRDIKPE NLLLGSAGEL KIADFGWSVH APSSRRTTLC GTLDYLPPEM

310 320 330 340 350 360
IEGRMHDEKV DLWSLGVLCY EFLVGKPPFE ANTYQETYKR ISRVEFTFPD FVTEGARDLI

370 380 390 400
SRLLKHNPSQ RPMLREVLEH PWITANSSKP SNCQNKESAS KQS

Figure5.1) AAT OEEZEAAOQETT 1T &£ )++1r AT A 408c¢ AET AET C OEO/
sequence of Aurora A.

Primary amino acid sequence of Aurora A (NCBI. Number NP_940839.1), Essential residue for

TPX2 binding are annotatedinred ) ++1 AET AET ¢ OEOA EAAT OEEZEAA £&EO
in green, residues which are common toAX¢ A | A bijdirgrare annotated in blue

Figure 5.2 i) shows the crystal structure of Aurora A without a surface prepared and in

ii) the sites which areblocked i.e. not modelled for interactions, are indicated in yellow

on the structure. The structures have been orientated with the TPX2 binding site at the

front of the image and the ATP binding cleft behind this. The IKK NBD structures are

shown in Figure 5.2 iii) and the residues which have been used for the docking

OEi O1 ACGET 1T AOA OET x1 AO AAI1 AT A OOGEAE 11 AA
AT A &xotT7xocwX7xtp A O )++r8 i1 1T OEAO OAOE!
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the docking simulation. Figwe 5.3 shows Aurora A with predicted solid surface

modelled and on the surface the residues essential for TPX2 binding and were also
xEOEET OEA )++1r 7! 001 OA ' AETAEI C OEOAO AOA
bound to the Aurora A as a ball and gk representation. The binding of TPX2 with

Aurora A was shown by the cerystallisation of Aurora and two fragments of TPX2

(amino acids 621 and 2642) from which the structure of Aurora A used for this

simulation was derived (Zhao et al, 2008 (pdb: 3HA6). The crystal structures of the

IKK NBDs used were sourced from the IKK/NEMO binding domain architecture study
carried out byRusheeta) ¢ty q j 4 DPAAd o"24h 1 DPAAd 0" 260
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i) ii)

N-Terminal

C-Terminal

Figure52- 1T AAT O T &£ !¢ OOT OA ' AT A OEA ."3$0 1T &£ )++ ATA
The crystal SOOAOOOAOG 1T &£ | OOT OA ' AT A OEA . "$0 1T &£ ) ++
and ribbon diagrams. i) Crystal structure of Aurora from pdb code 3HAG ii) Crystal structure of

Aurora from pdb code 3HA6 with ligand blocked sites highlighted in yellow iii) IKKINBD taken

from chain A of pdb code 3BRT; IKK2 NBD taken from chain A of pdb code 3BRV residues
indicated as ball and stick residues are those used for ligand docking. Images prepared by

Accelrys Discovery studio 3.1) T OEA £E C 0 OA O-hdidskuctire, BleeAindiCafe©a AT |

r -sheet and Green are hinge regions.
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N-Terminal

TPX2 26-42

TPX2 6-21

C-Terminal

TPX2 Fragment 1 TPX2 Fragment 2
6 21 26 42
SSYSYDAPSDFINFSS GDTONIDSWFEEKANLE

Figure 5.3 Aurora A surface filled with TPX2 structure.

Aurora A structure surface filled and bound to TPX2 fragments from pdb code 3HA6. Full

structure of Aurora A-TPX2binidng; TPX2 shown as ball and stick diagram in grey. Aurora A

predicted surface in blue and regions highlighted in yellow correspond to residues essential for

408¢ AETAET ¢ OEAO 1 OAOI AD xEOE EAAT OEAEAA ) ++7
sequence & shown below structures. Images prepared by Accelrys Discovery studio 3.1.
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The protein-protein docking simulation was run with the refinements as previously
AAOAOEAAA AT A CAT AOAOGAA eq¢nnmn PI OAO &£ O Al OE
were sepaited into clusters and then the highest scoring pose of each cluster was then

visually assessed for best modelling of th®1 OAT OEAI ET OAOAAOQEI T 8 &

poses were consideredo be the best fits, these are shown in Figure 5.4 and Figure 5.5.

528p8¢ )++4 ."$ AT AEEI C xEOE ! 001 OA !

4EA Oxi DI OGAOG T &£ )++1 AOA OEI x1 ET &ECOOA u
compared to TPX2 across the whole protein, panels i) and v) are magnified and

focused images of the binding sites and iii) and vi) aréhe focused images of the

binding site with the TPX2A AOE OAA AEOACI AT OO 1T OAOI AEA8 4EA
docked with Aurora A both show similar binding patterns as observed with TPX2.

1."%$ 0/3% p AEOO xAll EITOI OEA veiteA ! CO
essential Aurora A residues for TPX2 binding, as indicated by the yellow surface on
I OOT OA ' j &ECOOA v8t EEQ8 7EAT 4EA 408¢ AET A

i &kRECOOA vst EEEQ OEA OAOEAOGAO iBWsEWATPR2 ¢ OEA
AET AET ¢ DPAOOAOT 8 4EA ;."$ 0/3% ¢ EAAT OEAZEAA
confirmation with the binding site in a cleft further towards the N-terminal. The site of
binding falls within region identified by the peptide arrays for IKk AET AET ¢ 11 10
I ATA AT AOG 110 AT OOAI AOGA xEOE OEA OAOEAOAO
binding. This this pose was overlaid with TPX2 binding (Figure 5.4 vi) the tryptophans
xtmnrfxteg £ OEA Y++1 ."$ | AOAE Alihe®dditiues x EOE
16/19 within the C-terminal of the 2-21 TPX2 fragment which have been identified as

components of the Aurora A/TPX2 interaction.

4EA Oxi1 DI OAO EAAT OE£ZEAA £ O OEA HY++,4 . "$ |
similar arrangement of amino acils and good positioning in the binding grooves of
| 50T OA 18 )T OAOAOGOETICIU 4."$ 0/3% ¢ OEIix0O A
OAOI ET Al AET AET ¢ OEOA OEAO AT AOT 80 AT OOAI AO,
OEA EAAT OEEEAA ) tion sitdslidéndfieddffom the geptide Acasiand
i AU AA AT Al OAOT AOGEOGA OEOA 1T &£ AETAETC 1T £ ) ++
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i) ONBD POSE 1 iv) KNBD POSE 2

ii)
iii)

Figure 5401 OAO EAA] OEAEAA A O )++4, ."$ AEITAEIC O 1 6
01 OAO AO EAAI OEAEAA AU :$/#+ Of £Ox AOAR EEKQ 14 .""$$ 0.
0/ 3% xEOE AETAEIC OACEIT [ACIEAEAA EEEQ 1."$ 0
AET AET C AOT 1 1 OECEI Al AOUOOAI OOOOAOOOA EOQ 1."$
0/ 3% ¢ AEIAET C OACEIT | ACT E/EE A Anified Bra overlait $ith 0 / 3 % p

TPX2 binding from original crystal structure. Aurora A structure surface filled and bound to

TPX2 fragments from pdb code 3HA6. TPX2 is shown as ball and stick diagram in grey. Aurora A

predicted surface is displayed in blue and rgions highlighted in yellow correspond to residues

AOOAT OEAI &I O 408¢ AETAEI C OEAO 1 OAOI APO xEOE E/
analysis and images prepared by Accelrys Discovery studio 3.1.
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v8¢8p8¢ )++1r ."$ AT AEET C xEOE ! 601 OA !

The interAAOCET T T £ ' OOTOA ' ATA )Y++1r xAO DOAOET (
1 00T OA ' DPADOEAA AOOAUO OEA EET AOGA AT 1T AET 1
shown to mediate a strong interaction with Aurora A when the IKK fullength arrays

were investigated WOE OEA 1T OAOI AU 1T £ OAAT I AET AT O ! 60T
for IKKr NBD interaction with Aurora A were identified as the best models for this

interaction based on the softwarederived scores alongside visual assessment. The two

Dl OAO |1 A-ApreraAinterattin are shown in Figure 5.5. Panels i) and iv) show

the poses as compared to TPX2 across the whole protein, ii) and v) are magnified and

focused images of the binding sites and iii) and vi) are the focused images of the
binding site with the TPX;, 1 OAOI AEAS8 4EAOA DPI OAO AiI OE O
1 0T OA ' ET OAOU OEIi EIAO Al 1T £EOiI ACGEI T O O OE
docks well with the TPX2 binding groove of Aurora A suggesting binding in the same

region as the overlapping TPX2/IKKk AET AET ¢ OAOEAOAO j &ECOOA v
shown overlaid with the TPX2 binding from the cecrystal it can be seen that the

OOUPOI PEAT O xowXxtp | £ -tprmihabtyrobihek 10 of TRN2] x EOQE
both critical residues for AuroraAbl AET C | & ECOOA v8uv EEEQ8 ."$
EO | OEAT OAOGAA AO A OIECEOI U AEZEAOCAT O AT CI A
however the binding site fits within the same cleft. The docking at this site fits well and

when overlaid withthe T0 8 ¢ OANOAT AA OEIi xO ."$ OOUDOI PEA
408¢ DEATUI ATATETA pwh OTTEEA 4."3$ 0/3% ¢ Ol
orientated further towards the TPX2 binding groove which contains the overlapping
408c¢T)++r AET AET @s wiihki® BRXQ ArQineA 3 HindidgitoEAQrora A

at residues identified byBayliss et a{2008) as a point of interaction.

10O xEOE OEA ,."$ Al OE DPi OAO EAAT OEEEAA Al E
| 50T OA 'h xEOE Al OE DI OA +i+F AETREEC] I0RAOEAD,
Al TOAT U xEEAE EO OI AA AgGpAAOGAA AO OEAOGA x|
Aurora A full length peptide array.
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i)

ii)

iii)

BNBD POSE 1 , BNBD POSE 2

Figure 5.5 Poses identified for IKK NBD binding to Aurora A.

Poses as identified by ZDOCK softwae.q 1. " $ 0/ 3% p xEOE xEIT 1A 1 00l O

0/3% p AEIAET C OACEIT [ACIEEEAA EEEQ [."$ 0/3% p
408c¢ AETAEIC AOi 1 1 OECETAI AOUOOAI OO0OAOOOA EOQ
[."$ 0/ 3METcC MENCETT [ACIEAEAA OEQ [."$ 0/3% p 1A

structure surface filled and bound to TPX2 fragments from pdb code 3HA6. TPX2 is shown as

ball and stick diagram in grey. Aurora A predicted surface in blue and regions highlighted i

yellow correspond to residues essential for TPX2 binding that overlaps with identified

y ++r 71 OO1T OA ' AET AET ¢ OEOAO8 :$/#+ AT Al UOEO AT A |
3.1.
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5.3 Investigating the Aurora A/INEMO binding domain interaction with

Nanohole Arrays.

The use of the rigid body docking algorithms highlights that there are several

AT 1T £ZEOI AGETT O AU xEEAE OEA ."$ 1T &£ AT OE ) ++4
to further investigate the interactions of the NBD with Aurora A peptidesnimicking the

NBD domain were utilised. The use of the peptides mimicking the NEMO binding
domain was an essential tool used for the identification of the key residues that
regulate the IKK/NEMO interactions May et al, 2000. An 11 amino acid peptide was
synthesised which included the NEMO binding domain hexapeptide-D-W-SW-L, a

TAT sequence was added to the-Nerminal of this peptide also to aid solubility and

allow for translocation across cell membrane for use in cells. When using these
peptides a cortrol mutant form was also used in which the essential NBD tryptophans

were mutated to alanine that was shown to reverse inhibition of the Nf © BDAOE x AU
mediated by the use of a NBD targeting peptideb@i et al, 2004. Peptides synthesised

are shown in Figue 5.6 with the key residues of Aurora A binding, as identified in
Chapter 3, and the IKK/NEMONMay et al, 2002 interaction highlighted.

Y-G-R-K-K-R-R-Q-R-R-R-F-T-A-L-D-W-S-W-L-Q-T NBD WT CPP
Y-G-R-K-K-R-R-Q-R-R-R-F-T-A-L-D-A-S5-A-L-Q-T NBD MT CPP

Figure 5.6 NEMO binding domain peptides

The sequences of the cell permeable NEMO binding domain peptides (NBD Qieq in all

assays in this chapter. Highlighted in blue is the TAT sequence derived from HIV that allow for

the peptides to cross the cell membrane, the amino acids in red are the critical residues for both
IKK-Aurora A and IKKNEMO interactions. The mutat peptide (NBD MT CPP) has the essential
tryptophans mutated to alanine (also highlighted in red).

The use of the peptides in SPR was attempted to assess binding (as detailed in Chapter
4) however it was not possible to develop the assay as there were sificant problems

with solubility of the NBD peptides without the TAT sequence. The TAT sequence is
lysine/arginine rich which makes these peptides highly charged which will give

significant non-specific interactions with the dextran matrices of the SPR gt and
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therefore make binding events difficult to measure. Therefore, alternative binding
assays were sought. The work described in this section was carried out in collaboration
with a colleague from the Department of Pure and Applied Chemistry at the Wersity

of Strathclyde.

To further probe the interaction between the NBD WT CPP and Aurora A, surface
enhanced Raman scattering (SERS) was used. SERS is a sensitive vibrational
spectroscopic technique complementary to SPR, which can give chemically specifi
information about the analyte and can detect and quantify analyte binding at very low

concentrations.

To investigate the potential NBD peptideAurora A interactions a bimetallic nanohole
array was used as the SER&tive surface. This surface has beenharacterised
previously and shown to generategood SERS enhancement profile3he nanohole
arrays were functionalised with a selassembled monolayer (SAM) of 16
mercaptohexaundecanoic acid resulting in a monolayer of carboxylic actdrminated
molecules. NBD WTand NBD MT peptides (to act as a knamkt control) were bound to

the functionalised nanohole array surface via EDC/NHS chemistry as used in the SPR
studies described in Section 2The surface was then blocked with ethanolamine to

terminate and remove any unreacted carboxylic acids.

For this investigation, Aurora A was seleed to be labelled with a SERS&ctive dye so as

to allow easy detection by SERS and also so that multiple ligands could be assessed
simultaneously. Aurora A was functionalised with Malachite green (MG), a well
characterised SER@ctive dye that gives a strong and easily identifiable Raman
spectrum, using EDC/NHS chemistry to link malachite green to both the-tdrminus

and any lysine side chains of Aurora A. This gave a heterogenous population of dye

coupled HisAurora A.

The assay mnethod was based on thepproach used in the SPR investigation discussed
in Chapter 4 as SPR and SERS are related and complementary techniques to one

another.

pCt - -AUr&®A-MG was incubated with the peptidefunctionalised surfaces for a
time period of 30 minutes. Three sepate interactions were carried out on one
functionalised surface for both the wildtype and mutant peptides, with each separate

interaction being carried out in a separate well. After 30 minutes, the surfaces were
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thoroughly washed with PBS. The surfaces we then analysed using an excitation
wavelength of 633 nm. These conditions have been shown in previous reports to give
good Raman spectra. Eight replicate scans were taken across each interaction well. In
order to evaluate the data, the peak height of aell-defined peak, as shown in Figure
5.7, was calculated for each spectrum collected allowing calculation of both the mean
signal and the standard deviation from the wildtype and the mutant interactions with
MG labelled HisAurora A.

[§)
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1175 cm™! peak
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Figure 5.7 MG-Aurora A peak at 633nm and interaction of Aurora A with immobilised NBD WT
and NBD MT peptides.

The peak height measured for the Hig\urora A-MG at 1175cm1 is shown alongside the results
of the HisAurora A-MG binding to WT NBD and MT NBD peptides. Data shogrrepresentative
of 3 independent experiments, analysed with one tailed upaired t-test at P<0.05.

It can be concluded from Figure 5.7 that although the average signal collected from the
interaction of Aurora A with the WT NBD peptide was greater tharthat from the
interaction of His-Aurora-MG with the NBD MT peptide, the standard deviation values
were not significantly different indicating His-Aurora A-MG did not discriminate
between the wild type and mutant peptides. The lack of discrimination betwaethe
wild type and mutant peptide interactions may be a result of norspecific binding

between the peptide functionalised surface and the M{abelled Aurora A.

A onetailed t-test at 95% confidence level was then performed with the results
generated to deéermine whether the difference between the mean signal from the NBD
WT CPP and the NBD MT CPP binding was statistically significant. THest results

showed t.acwas greater than tii: (tcacteit) and so the null hypothesis was rejected; the
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difference between wild type and mutant mean Raman signal was significant and not
due to random error. The results of the statistical analysis indicate that there is a
significant difference in the interaction of MGlabelled Aurora A with the NBD WT CPP
compared with that of the NBD MT CPP. This investigation was designed to be a proof
of-concept study to determine if there was any measurable difference in binding of the
NBD WT CPP to Aurora A compared to the binding of the NBD MT CPP to Aurora A. It
was also desiged to ascertain if this method could be used in a peptideinding
screening process. This methodology is advantageous as a single array surface could be
functionalised with numerous possible peptidebinding targets allowing a high
throughput screening ass# to be developed although further investigation is needed to

fully develop this assay methodology

5.4 Effects of the NEMO kinding domain cell permeable peptide on

Aurora A status in a cellular system

The disruption of the NFf{ * DAOEx AU HokW of Adndiderab® EeBearch due to its
essential role in regulating the immune response to infection. The main focus of this research
has been in the development of kinase inhibitors targeting the AFRET AET ¢ BT AEAO
This however has limitations such as potential offtarget effects due to the high levels of
homology observed in all kinase domains and drug resistance due to mutations in this region.

This has led to the investigation of allosteric sites that may inhibit the activity of the catatig

£

IKK comporents. The effect of disrupting. %- / AET AET ¢ O )++1¥r xEOE

permeable peptide (CPP) was shown bay et al (2000) to inhibit cytokine-induced NF[ "
activation. As previously described considerable research has been carriedtda investigate the
OOA 1T /£ OEA #0000 OAOCAOGEI C OEA ."$ 1 & )++,77
ET j 3AAOCEIT o08c¢cq OEA ET OAOAAOQGEIT 1T &£ ' OQEmA !
) + +spggesting the NBD to function as a mulprotein binding site. Preliminary experiments

also investigated the interaction of recombinant Aurora A with the NBD CPP (NBD WT) versus a
mutant form of the peptide (NBD MUT) and identified a significant differece between the
interaction of recombinant Aurora A with the NBD WT over the NBD M which further
supports the critical role of the central NBD tryptophans to regulate Aurora A and IKK

interactions at this site.

Therefore, the NBD peptide was subsequentlused as a tool to further investigate the role of

AO A
AT A

A
Y

)y ++4 71y ET 1 00T OA ' OECIAITEIC xEAT OEA ET OAOAAOQE

the NBD site in a cellular systemiNBD peptides (1tmer), as used in the nanoholbinding assay,
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were then couded to a TAT-derived amino acid membrane transduction sequence
(YGRKKRRQRRR) to generate a CPP form and taken forward for use in all-basdked

experiments.

5.4.1 NBD CPP effects on Aurora A in an asynchronous cell population

5.4.1.1 Characterisation of the effects of NBD WT CPP treatment on TNF-}
stimulated NF-{ " OECT Al luf®da @ stétisAn PC3 cells.

The effects of the NBD CPP peptides were investigated initially in relation to classical

NF{" OECTAITTETCh 11T O0AAI U (hidhAactd peb (iayEen @ al] AOET 1
2008). The NBD peptide has been shown to inhibit NF" ET  OAI AOGET 1T Ol
induced activation of the IKK proteins but does not affect basal IKK activitiviay et al,

2000). Therefore, the effect of the NBD WT was investited in relation to stimulation

of cells over time with TNF| h  A-descAbked agonistofthe NH " OECT Al 1 ET C A/
(Wajant et al, 2003. The mutant peptide, NBD MT, served as a negative control as the

mutation of the central NBD trytophans to alaninlD AOEAOAO AAI AOGAO OEA b
to disrupt IKK-NEMO interaction,its inhibitory function and thus should show no effect

on agoniststimualted N[ " OECT Al 1 ET C8

Figure 58 shows the effect of WT and MT NBD CPP on agorstimulated NF[ "
signalling. After 24 hours serum starvation cells were prefOOAAOAA xEOE pmnmt -
or MT CPPs for 2 hours prior to exposure to TNFE j ¢l ¢x¥i 1 qQ &£ O puh
minutes. The peptides were dissolved in 100% DMSO to counteract the solubility issues

as identified in Ghapter 4 and therefore all experiments used DMSO as the control. It

can be observed that prereatment with the WT NBD CPP inhibited TNfF-mediated
phosphorylation of p65 at Se¥3¢at all time points compared to both the DMSO and MT

NBD controls. The indudion of p65 phosphorylation by TNF| xAO [ A@EIT Al /&l «
experiment at the 15 minute time point (2.76 fold £ 0.83; n=2) and decreased with time

but did not return to basal levels, ly comparison pre-treatment of cells with the WT

NBD CPP inhibited TNF-stimulated p65 phosphorylation significantly at this time

point (0.85 fold + 0.3; n=2) and remained at neabasal levels across all timgoints.
Pretreatment of cells with the MT NBD CPP did not affect TNF&-stimulated p65
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phosphorylation at any of the time points examined. This indicated that the NBD WT
CPPwasactingonNf" OECT AT T ETC AO bvjcdal,2d0pi U AAOAOE,
Interestingly, when Aurora A levels were investigated in this experiment the WT NBD

CPP induced the degradation of Aurora An the TNFy OOEI OI AOGAA OAEEAI .
there was no significant degradation of Aurora A observed, however in the NBD WT

CPP pretreated, TNH -stimulated samples there was a significant reduction in Aurora

A expression at 15 min (85 = 7%; n=3), 30 min @+ 5%; n=3) and 60 min (79 + 7%;

n=3). The degradation of Aurora A across all TNF OOEI OI AOGAA OEIi A b
consistent and was identified as significant statistically to P < 0.05. The degradation

was not observed inthe TNfFE OOE T O1 AOAA ($the NBD MIACPREGhritrdls 1 1

that suggest this was a NBD WT CPP induced effect. Degradation was also observed in

the cells pretreated with the NDB WT CPP alone however this change was not shown to

be statistically significant. This is likely due to the largeariability within these samples

and with a larger experimental group may become significant.
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Figure 5.8 NBD WT CPP mediated inhibition of TNj=stimulated p65 phosphorylation and
induction of Aurora A degradation in PC3 cells.

PC3cellswere preOOAAOAA xEOQOE ."$ #0000 jpnnt-Qq A0 ¢EI 600
(20ng/ml) for 15, 30,60 min. Whole cell lysates were prepared in sample buffer and separated

by SDSPAGE and assessl for p-p65 (S536), p65,Aurora A and GAPDH expression by Western

blotting. GAPDH was used as a loading control and protein levels were normalised to loading

controls before analysis. i) Fold stimulation of pp65 (n=2) iii) Fold stimulation of Aurora A

(n=3) analysed by tway ANOVA with Dunnets test relative to DMSO unstimulated control. All

values calculated by scanning densitometry and shown as mean + SEM. (* indicates P < 0.05).
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5.4.1.1 Characterisation of the concentrations dependent effects of NBD WT CPP
on TNF-; OOEI| Ol -kBGshyralling&nd aurora A status in PC3 cells.

To further investigate the nature of the NBD WT CPRiRduced Aurora A degradation
experiments were constructed to pretreat cells with variable concentrations of the

peptides. In order to confirm the inhibitory activity of the peptide it was necessary to

stimulate the cells with TNFy AT A A1 01 AAOAOI ET A OEA AEEAAO
at variable concentrations. It was observed in Figure 8.that the maximal TNH -

stimulated phosphorylation of p65 occurred at the 15minute time point therefore this

time point was used for examination of the effects of all concentrations of NBD CPPs.

The cells were pretreated with the variable peptide concentrations for 2 hours prior b

stimulation.

Figure 59 shows the concentration dependent effect of the peptide on TNF@-

stimulated phosphorylation of p65.1t was seen that upon exposure of cells, preated

with the varying concentrations of DMSO vehicle, to TNF OEA OOEp6dI AOET 1
phosphorylation was consistent, 2.2 + 0.4 (n=2) fold compared to the wstimulated

cells. This showed no effect of DMSO concentration on TiHnduced phosphorylation

of p65. Pretreatment of cells with increasing concentrations of the NBD WT CPP

however showed a concentration dependent inhibition of TNF-stimulated
phosphorylation of p65. Cell pretreated with the highest concentration of NBD WT

CPP alone showed no effect of on p65 phosphorylation status however in sgfire-

treated in a similar manner but exposed to TNFf, OOAAOI AT O AEODPI AUAA
inhibition of TNF]-stimulated p65 phosphorylation, 0.73 + 0.44 (n=2) fold. Pre

treatment with decreasing concentrations resulted in the reversal of the inhibition of

TNF -stimulated p65 phosphorylation.! 6 OEA omnt - ATl -sBdulatédOA OET 1
phosphorylation of p65 was observed to be 1.8 £ 2.2 (n=2) fold over untreated controls

ATA AO OEA pmt- AlTAAT OOA Gduivdent Bghe vebidsl OPET O
controls (2.2 fold £ 0.8; n=2). Prdreatment with the NBD MT CPP showed no effects

compared to the controls at the highest concentration, 2.3 +* 1.07 (n=2) fold
stimulation. This indicated that the NBD WT CPP acted to inhibit TNF@-stimulated

phosphorylation of p65 in a concentrationdependent manner.

Figure 59 iii) shows the effect of the NBD WT CPP on Aurora A status when cells were

treated with the CPP at variable concentrations. It was observed in this experiment that
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AO OEA pnmnt- AiTAAT OOAOETT OEA ."$ 74 #00
Aurora A in both the stimulated (81 = 10% n=3) and unstimulated (50 + 5% n=3)

treated cells. At the lower concentrations, with TNf  OOEIT O1 AGET T h EIT x/
degradation of Aurora A was not significant, prd OAAOT AT O xEOE ont - OE’
16 % (n=3) redudDET T AT A OEA pnt- AEODI AUAA A O1 OAI
showed an increase of 16 + 22% (n=3) in Aurora A levels. The NBD MT CPP showed no

effect on Aurora A expression compared to the vehicle controls.

Therefore, Figure 58 and 59 identified that the effect of the NBD WT CPP on Aurora A
degradation in an asynchronous population of cells was independent of TNF
stimulation and also the NBD WT CPP acted in a concentration dependent manner. This
suggested that the NBD WT CPP was intdog the degradation of Aurora A.
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Figure 5.9 Concentration dependent effect of NBD CPP on TNBtimulated phosphorylation of
p65 and induction of Aurora A degradation.

PC3 cells pretreated with NBD# 00O | pnimt - h ont - AT A pnt-q A& O ¢
withTNFy j ¢ml ¢¥ilq &£ O puvi EIT 08 7ET1T A AAIT 1 UOAOAO
by SDSPAGE and assessed forg65 (S536), p65,Aurora A and GAPDH expression. GAPDH was

used as a lading control and protein levels were normalised to loading controls before analysis.

i) Fold stimulation of p-p65 (n=2) iii) Fold stimulation of Aurora A (n=3) analysed by iway

ANOVA with Dunnets test relative to DMSO unstimulated control . All valued@alated by

scanning densitometry and shown as mean + SEM. ( * indicates P < 0.05).
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5.4.2 the effects of pretreatment with the NBD CPP on Aurora A status in a

synchronous Cell population.

Aurora A kinase is an essential component to mitotic progressioof mammalian cells
and its expression is temporally regulated to be expressed maximally during mitosis
(Fu et al, 2007. Expression of Aurora A then returns to a baseline level in the cell upon
completion of cytokinesis through APC/@hi-mediated ubiquitination and subsequent
degradation (Vader et al, 2008 Therefore to inform further on the effect of the NBD
WT CPP on Aurora A status/signalling it was necessary to investigate the effects of the

NBD-related peptides on Aurora A during mitosis.

Initially a double thymidine trap and release treatment as described in (Section 2.2.1.6)
was used to synchronise the cells ati5-phase. Figure 5.1&Ghows the trap and release

of the cells over a 24 hour period with samples prepared every two hours post release.
Expression of cellular components were then assessed by SIP8GE for phosphe

l OOT OA ' j4EO cyyq T!'OOTOA ' ATA )Y++171r Aob
markers to indicate the progression of the cells through mitosis. It can be seen that
both Aurora A and pAurora A levels increased at 14 hours alongside survivin and-p
cdc2 (Tyr 15) which are both markers of @M phase of the cycle. The Aurora A co
factor TPX2 also increased in expression at this time point. This suggested that the cells
were transitioning into the G/M-phase at 14 hours postrelease from the double
OEUI EAETA OOADP8 4EA )++1 71 AGDPOAOGOEI T EI xAC
cycle, which was to be expected, as they are not cell cycle regulated proteins. This
method of synchronisation rowever was not suitable for use for the treatment with the
NBD WT CPPP as treating the cells for hurs with the peptide was likely to induce
high levels of cell death or alternatively the NBD WT CPP may be degraded/broken
down within the cell with a long incubation which would compromise interpretation of
any potential NBD CPP mediated effects. Therefore another synchronisation
methodology was utilised to synchronise the cells at the prmetaphase. At this point of
the cycle it was anticipated that the AMArora A expression and associated
phosphorylation at Thr 288 would be at their maximum and would allow enable a
more straightforward assessment of any effects of the peptide(s). To synchronise the
cells at this phase of the cycle Nocodazole was used inrapt and release methodology

as described in Section 2.2.1.6.
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Figure 5.10 Characterisation of cell cycle components after Double thymididine trap and
release

PC3 cells were treated with 2mM thymidine for 16hrs, media was changed and cells were
released for 8hrs and then treated again with 2mM thymidine for 16hrs. Media was then
changed and cells were released from trap and whole cell lysates prepared for separation by
SDSPAGE and analysis by immunoblotting with the specified antibodies. Datagsented is
representative of two independent experiments.
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To establish optimal conditions for nocodazole arrest various concentrations and time
points of treatment of cells were examined, established asl®-hour treatment with a
50ng/ml concentration of Nocodazole (data not shown). Nocodazole acts to prevent
microtubule polymerisation and as such prevents the cells from progressing into
mitosis due to a spindle checkpoint failure and an arrest in pronetaphase (ordan,
1992). PC3 cells were therefore trated with said 50ng/ml Nocodazole for 16 hours and
then released by washing the cells twice with fresh media. The release was
subsequently followed for 8 hours postrelease with whole cell lysates prepared every
2hours or in parallel cells were collected gery 2 hours by trypsinisation and fixed with
70% ethanol overnight prior to analysis by flow cytomery. Figure 5.111) shows the
trap and release of the cells assessed by DNA content using propidium iodide staining
measured by Fluorescent Associated Cedlorting (FACS) analysis. It can be seen that at
the Ohr time point 75% of the cells were arrested in @M phase of the cycle with 15%

at G and 7% in S phase. This shows that nocodazole treatment successfully trapped the
cells in G/M phase of the cycle ad upon release it can be seen that the cells return to a
ratio of 60% Gto 30% G/M phase 4 hours after release and was observed to stay at
this ratio at the subsequent time points. This indicated that the cells moved
progressively through the cycle postrelease from the nocodazole trap and the cells
exited mitosis by the 4 hour time point (Figure 5.11i)). At these time points the Aurora

A expression and phosphorylation were also investigated by immurotting as shown

in Figure 5.11ii) which showed at the 0 hour time point Aurora A was maximally
expressed and was at its highest level of phosphorylation. The expression and
phosphorylation of Aurora A was subsequently reduced as the cells were released from
the trap with a basal level achieved at the 4 hautime point which was observed
consistently at 6 hours and &ours postrelease also. The phosphorylation of Aurora A
however was reduced much faster than the observed decrease in total protein
expression; at 2hours the level was almost at basal level3his was due perhaps to the
lesser functional role of Aurora A in the latter stages of mitosis. The phosphorylation of
Aurora B (threonine 232) was also assessed in these samples and from this it can be
observed that Aurora B phosphorylation was present at higher level than that of
Aurora A until the 6 hour time point and this again is consistent with the reported
functions of Aurora B in the latter stages of mitosisHu et al, 2007. The expression
FAGAT O T &£ Y++1 AT A ) ++1 xAAngeAin épressh® OAOOA £

following release from the nocodazole trap. This was consistent with the observations
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in Figure 5.11 that the catalytic IKK subunits expression remained constant through the

cell cycle.

Collectively, these data identified and confirmedhat the nocodazole trap and release
methodology could be used for the arrest of PC3 cells at the/Kd phase transition and
upon release successfully move through the cell cycle. Furthermore, these experimental
conditions could also be utilised in the futher examination of any modulatory effects of

the NBD WT CPP upon Aurora A status/expression and associated phosphorylation.
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release fromNocodazole trap of PC3 cells

PC3 cells were incubated with 50ng/ml overnight with nocodazole and released by washing

twice with fresh media. Cells were either fixed for FACS analysis in 70% ethanol overnight or

whole celllysates prepared for SDSPAGE. i) FACS analysis of the cells pastp and release,

times indicated as hours postrelease. Propidium iodide staining is shown in the graphs and is

relative to cellular DNA content measured using a PE filter at excitation walength 488nM with
FACSCANTO Flow cytometer. Gates shown on graphs indicate measured cell cycle populations

(P2=G, P4=S, P5=4AM) and shown as percentage of total measured population in the table. ii)

Whole cell lysates were analysed by immunoblotingad DAAE £ZEAA OEI A bPiI ET 00 A&
pan-p-Aurora (AurA Thr288/AurB Thr 232/Aur C 198) and total Aurora A levels. Data

presented is representative of two independent experiments.
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5.4.2.1 Characterisation of the effects of the NBD WT CPP on P@ cell cycle

progression.

Figure 5.11 showed that nocodazole trap and release was a suitable method for the
arrest of cells at the @M phase transition (pro-metaphase) and these cells could
subsequently be released to progress through the cell cycle. The observatitimt
Aurora A degradation was induced by an acute treatment of the NBD WT CPP in an
asynchronous population of PC3 cells (see Figures85and 59), prompted the re-
examination of the effects of the NBD WT CPP on cells as they moved through th&1G
phase tansition, the phase of the cycle in which Aurora A is highly active, maximally
expressed and critical to mitotic function. The NBD CPPs were used again at a
AT T AAT OOAQETT T &£ pnnt- xEEAE xAO OEI x1 DPOAOE
of Aurora A. The cells were treated with the NBD CPPs at the point of release after
nocodazolewashout; a DMSO vehicle control was also used for each time point that
showed the normal progression of the cells through mitosis. At each time point cells
were collected by ypsinisation and then fixed with ethanol overnight before RNase

digestion and staining with propidium iodide.

The effect of the NBD WT CPP on the progression through the cell cycle was striking
with an almost complete failure of the cells to progress thnagh mitosis after 2 hours of
treatment with the NBD WT CPP, the failure of the cells to pass through the cycle after 2
hours was not observed to reverse totallyover time as seen in Figure 5.12There were

no comparable populations observed between all calitions in these samples in any of
the experiments carried out after the release from nocodazole trap and therefore the %
of each population has not been quantified for these samples. However, the gating
indicates how the different populations could be mesured (P4=G, P5=S, P6=@M)
and shows the relative levels of the cells at different phases and allow for visual
comparison of differences in the cell cycle for each condition. The normal cell cycle
progression without peptide can be seen in the vehicle atrol (DMSO) samples which
showed the reversal of the arrest at the 2 hour time point with the cells returning to
predominantly G, phase and this was maintained through the rest of the time points.
The NBD MT CPP also showed the same progression with tle#l< progressing through

mitosis. The cells were observed to be mainly in;@t the 2 hour time point and as seen
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in the vehicle control this remained the case for the remaining time points. The NBD

WT CPP treated cells however arrested at S phase angdMG phase of the cycle at 2

hours postrelease and did not progress normally through the cycle, there was a

reduction in the accumulation at the 6 hour time point postrelease however this was

still considerably higher than that observed in either the NBD MTCPP or the vehicle

controls. This suggested that the NBD WT CPP was disrupting the normal progression

of the cells through mitosis and this may be due to either perturbation of IKINEMO

interactions and/or IKK NBD-Aurora A interactions. To further investigate the

functional response to the NBD WT CPP, lower concentrations of peptide were also

used to determine if this effect was concentration dependent. Figure 8Ishows the
AEmEAAO 1T £ OOAAOIATO 1T &£ o#ao AATT O xEOE OEA .
progression. The effects of the NBD WT CPP appeared to occur in a concentration
AAPDAT AAT O T ATTAON AO ont- OEAOAJvwpAateadd AAAOQI
hours postrelease and this accumulation in @M phase remained at all time points

examined 4EA pmnt- AT T AAT OOAQGEITTO T &£ ."$ 74 #0
accumulation relative to the vehicle control. The NBD MT CPP was also tested in

parallel at matching concentrations and showed no differences to the DMSO vehicle

control (data not shown). This showed that the NBD WT CPP was acting on the cell

cycle in a concentrationdependent manner, these experiments however were only

carried out once and therefore requires further confirmation by addional

independent replicates.

The result of NBD WT €P on the progression of the cells through mitosis was clearly
apparent in these experiments, however it was also observed that there was an
increased population of cells at suliyindicated by the increased cell count prior to
gate P4. This accumulationfosub- & cells can be seen in both Fig. 5.12 and Figure 5.13
at all time points, and is chaactersitic of cells undergoing apoptosis suggesting that the
NBD WT CPP was inducing an apoptic response in the PC3 cells afiterodazole trap
and release. This bservation requires further investigation however through the
analysis of apoptotic markers such as annexin v alongside cell cycle analyisiwill be

possible to assess the extent of the apoptotic response to the NBD WT CPP in PC3 cells.

The effect of tre NBD WT CPP is striking on the cell cycle when analysed by flow
cytometry, this however only informs on gross changes to DNA content and not by
which mechanism of action the peptide is functioning i.e. if these changes are mediated

through the disruption of Aurora A signalling or through the inhibition of IKK signalling
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by the NBD WT CPP. In order to investigate the effects of the peptide on Aurora A
signalling it was essential to determine the effects on the phosphorylation status as
well as on total Auraa A levels within the cell to further our understanding by what
mechanism the peptide is acting on Aurora A. The effect of the NBD WT CPP occurs
within 2hrs of treatment post release (Figure 5.1l and the characterisation of the p
Aurora A status in Figue 5.11 showed that the pAurora A levels was considerably
lower 2hrs post release therefore a shorter time scale was used for analysis of Aurora A

signalling with respect to treatment with the peptide.
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Figure 5.12 The effects of NBD WT CPP on PC3 cell cycle progression after nocodazole trap and
release.

PC3 cells were treated with 50ng/ml Nocodazole for 16hrs to induce an arrest at pro
metaphase, cells were released from trap by washing with fresh media and treatedth NBD
CPPs at specified concentrations upon release. Samples were collected by trypsinisation and
fixed in 70% ethanol overnight prior to RNase digestion and staining with propidium iodide to
analyse DNA content. Flow cytometry analysis of DNA contewis carried out using a
FACSCANTO flow cytoseter and data processed usinGACSDiva software. Data is
representative of 4 independent experiments.
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Figure 5.13 Concentration dependent effects of the NBD WT CPP on PC3 cell cycle progression
after Nocodazole trap and release.

PC3 cells were treated with 50ng/ml Nocodazole for 16 hours to induce an arrest at pro
metaphase, cells were released from trap by washing with fresh media and treated with NBD
CPPs at specified concentrations upon release. Gah Ohours is the same control sample as
presented in Figure 5.13. Samples were collected by trypsinisation and fixed in 70% ethanol
overnight prior to RNase digestion and staining with propidium iodide to analyse DNA content.
Flow cytometry analsysis ofDNA content was carried out using a FACSCANTO flow cytometer
and data processed using FACSDiva software. Data is representative of 1 independent
experiment.
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5.4.2.2 Characterisation of effects of the NBD WT CPP on cellular Aurora A

status.

Cellular Aurora A was observed to be degraded over time pastelease from nocodazole

trap and its phosphorylation status also decreases with time although this occurred

more rapidly than the decrease in total expression (Figure 5.11 ii). Therefore, to

investigate the effect of the NBD WT CPP on Aurora A status after release from
synchronisation at pro-metaphase Aurora A expression and phosphorylation were

examined by Western blotting at 30, 60 and 120 minute time points. These
experiments sought to determine ifthe NBOY 4 #00 AO pmnmnt- xAO AEOO
Aurora A expression/function or if the cell cycle progression effects were mediated

through an alternative mechanism.

Figure 5.14 i) and ii) show the treatment of cells with the NBD WT CPP inhibited
significantly the phosphorylation of Aurora A relative to the levels observed in the
vehicle control at 0 min. At 30 min the phosphorylation of Aurora was reduced
following NBD CPP treatment by 71 + 7% (n=3) and at 60 mins by 84 + 3% (n=3). The
observed decrease in Aurorad phosphorylation was statistically significant to P < 0.01.
However at 120 minutes postrelease from the Nocodazole trap the reduction of
Aurora A phosphorylation was still statistically significant but the reduction in Aurora

A phosphorylation was also gnificantly reduced (P < 0.01) in both the vehicle control
and the NBD MT CPP treated cells, at this time point. In these three samples the
reduction of Aurora A phosphorylation was 60 + 4% (n=3) for the vehicle control, 71 +
1% (n=3) for the NBD MT CPPral 88 + 5% (n=3) in the NBD WT CPP treated cells.
This shows that over this time course the levels of Aurora A phosphorylation were
reduced naturally, however the NBD WT CPP induced a significant decrease in the
phosphorylation of Aurora A independently & the inhibition seen over time. The total
levels of Aurora A were also assessed to determine if the loss of phosphorylation was
associated or linked to a comparative éss of Aurora A or through d@hosphorylation

by the NBD WT CPP. Figure 15 14 iii) sh@ahat there was a significant loss of total
Aurora A induced by the peptide at 30min (38 + 2 %; n=3), 60 min (35 + 6%; n=3) and
there was a significant reduction observed also at 120 min (40 +8% n=3). However,

there was also significant loss in both the ehicle controls (40 £ 0.1% n=3) and NBD MT
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CPP treated cells (64 + 8% n=3) at this time point which illustrated that Aurora A levels
were being reduced over time, as observed in Figure 5.11 ii). This finding therefore
suggested that the NBD WT CPP induceddegradation of Aurora A as observed in the
asynchronous cells (Figure 8 and 59) and this was promoting an inhibition of Aurora
A phosphorylation. The rate of degradation of Aurora A however was slower kinetically
than the loss of phosphorylation and wsggested therefore that Aurora A
dephosphorylation may preceed any loss in total expression of Aurora A protein. Figure
5. 14 i) also showed the inhibition of the phosphorylation of Aurora B and Aurora C
upon treatment with the NBD WT CPP; The total levelsf Aurora B and C however
were not assessed and therefore it remains to to be determined if the observedioér
effect of the NBD WT CPWas an inhibitory phenomenon common to all Aurora kinasse

and was linked in any way to degradation of thesadditional Aurora kinases .

The effect of the NBD WT CPP on the classical components of thefNF DAOE x AU
also assessed for one of these experiments and it was observed that there was little
Ei PAAO 11 )Y++1Trh DBeuv AT A ) [ "ugtion GrOped OO
phosphorylation suggested with respect to either treatment with the NBD WT CPP or
after the release of the cells for prametaphase arrest (Figure 5.15) and further

independent replicates are required to confirm these preliminary findings.
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Figure 5.14 Effects of NBD WT CPP on cellular Aurora A status after Nocodazole trap and
release.

PC3 cells were treated with Nocodazole (50ng/ml) for 16 hours and tréad with specified NBD
CPP (100M) or DMSO as a vehicleontrol upon release. Whole cell lysates were prepared at
indicated time points and analysed by SDBAGE and proteins levels assessed by
immunoblotting with specific antibodies at concentrations previously described. Data presented
is representative of three independent experiments. Twetailed 1-way ANOVA with Dunnetts
test was used to determine statistical significance of observed changes relative to vehicle
control at 0 mins (* = p<0.05, ** = p<0.01).

202



