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Abstract

Leishmania species are protozoan parasites which have a eantip¢ cycle, which is
coordinated with its cell cycle. There are 11 aydiependent kinases (CDKs) and 11
cyclins present in theeishmania genome reflecting the complexity of cell cycle cohtn
this parasite, perhaps due to the requirement yaclsonisation with the life cycle.
Leishmania mexicana CRK3, a cdc2-related serine/threonine protein deénaf the CDK
family, is essential for transition through the @2phase checkpoint of thieeishmania
cell cycle. TheTrypanosoma brucei homologue of CRKS3, with 78% identity tb.
mexicana CRKS3, has been shown to form an active kinase tmmpith the CYC6 cyclin.
Using this knowledge a putative mitotic cyclin, C&Cfrom Leishmania major was
identified. Monomeric CRK3 does not have proteindse activity, but was activatea
vitro with CYC6 to produce a protein kinase complex wiistone H1 kinase activity.
CRK3his and CYC6his were co-expressed and co-pdrifiomEscherichia coli via metal
affinity and gel filtration chromatography to obitaa 1:1 ratio of CRK3:CYCG6 proteins,
which formed a stable protein kinase complex. Udigjone H1 as a substrate, active
CRK3:CYC6 was used to develop a radiometric assatalde for low to medium
throughput compound screening and then an asstbkufor high throughput screening
(HTS) using IMAPM fluorescence polarization technology. This HTSagssas used to
screen a 25,000 compound chemical library to ifiertits which significantly reduced
CRK3:CYC6 protein kinase activity. Two main pharmjplores with the highest potency
towards CRK3:CYC6 protein kinase activity were itiiged from the high throughput
screen. Structure Activity Relationship (SAR) amsadyof the hits identified the chemical
groups attached to the scaffold structures whioh @ssential for the inhibition of
CRK3:CYC6 protein kinase activity. The CRK3:CYC@ashivere subsequently counter-
screened against a panel of 11 mammalian kinashsding human CDK1:CYCB (the
functional orthologue of CRK3:CYC6), human CDK2:CX@nd human CDK4:CYCD1
to determine their selectivity. Compound hits thetre selective towards CRK3:CYC6,
were tested againkeishmania in vitro. Progress towards synthesising potent and segectiv
derivatives of the HTS hits will be discussed, vitie view to evaluating their potential for

the development of novel therapeutics against hegshasis.
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Chapter 1

Introduction

1.1 The trypanosomatids.

Several species of trypanosomatid protozoa aretibigical agents of parasitic diseases
in mammals, including humans. These organisms Hmeen the subject of extensive
scientific research because of their involvemena irange of diseases, resulting in both
medical and economical issues. Current therapeuisesl in the treatment of African
trypanosomiasis and leishmaniasis, such as thenieatdased Melarsoprol (Mel B,
Arsobal™) and the antimonial based Sodium stibogluconatent(®tarfi, SSG) are
unsatisfactory for a number of reasons includingcity and drug resistance (Croft and
Coombs, 2003; Fairlamb, 2003; Cradt al., 2006b). As a result, new targets for anti-
parasite chemotherapy are being continuously soafiat because of the medical and
economical implications involved. There have beenent advances in research into
possible anti-parasite therapeutic targets, andsmoh area is that of cyclin dependent
kinases (CDKSs) in the parasite life cycle. Severaltein kinases play essential roles in the
cell cycle, and thus provide an attractive areatatly for drug design to treat parasitic

diseases.

1.1.1 Parasitic trypanosomatids:

1.1.1.1 Leishmania species.

Leishmania parasites are parasitic protozoa belonging to #mily Trypanosomatidae.
There are over 20 known species and sub speciedishimania prevalent in 88 countries
worldwide which are grouped into old world (Afric&sia and Europe) and new world (the
Americas and Australasia) species according to rthgeographic distribution.
(www.who.int/tdr/diseases/leish/diseaseinfo). Thase the etiological agents of the

leishmaniases, a group of diseases transmittedatomals by the bite of blood feeding



female sand fliesRhlebotomus spp. in the old world and.utzomyia spp. in the new world)

(Reithingeret al., 2007).

1.1.1.2 African trypanosomes.

African trypanosomes are parasitic protozoa froemghnuslrypanosoma of which there
are a number of subspecies prevalent in 36 cosniniesub-Saharan Africa. They are
transmitted by the bite of the blood feeding tséliséGlossina spp.) and cause debilitating
diseases from a health and economical standp®mypanosoma brucel brucei is the
etiological agent of N'gana, a muscle wasting disem cattle and other wild mammals,
but cannot infect humans (www.who.int/tdr/diseasgs/diseaseinfo). Trypanosoma
brucei gambiense causes the chronic form of human African trypanassis (HAT), also
known as African sleeping sickness, which is distieéd throughout central and Western
Africa. Trypanosoma brucei rhodesiense is the causative agent of the acute form of HAT
prevalent mainly in Eastern and Southern Africas kstimated that 60 million people are
at risk of infection and the World Health Organigatestimate that approximately 0.5
million people carry the infection, of which thesiee 50 000 deaths per annum (Bareett
al., 2003). Post infection, early symptoms includevefe and an enlarged spleen
(splenomegaly). This is followed by headaches, mm@aand swollen tissues. The parasites
then invade the central nervous system (CNS) wisgraptoms progress to mental
retardation, coma and in all cases results in death

(www.who.int/tdr/diseases/tryp/diseaseinfo).

1.1.1.3 American trypanosomes.

Trypanosoma cruzi are American trypanosomes which are parasiticopo# belonging to
the Trypanosoma genus. They are transmitted by the bite of thedl®eding triatomine
insect (sub-familyTriatominae), also known as “Assassin bugs”. The faeces ofrtkect
contain the parasites which can enter the humanveshe wound left after a blood meal,

usually when it is scratched or rubbdd.cruz is the causative agent of Chagas disease



also known as human American trypanosomiasis aisdestimated that between 8 and 11
million people are infected with the disease (wwilg.gov/chagas/factsheet.html). The
disease is prevalent in 18 countries in two eccklgiones: the Southern cone, where the
vector insects live inside human homes; and Nomtlf®&uth America, Central America
and Mexico where the vector insects live both iesithd outside human dwellings. Post
infection, symptoms include a small sore wherepdasite enters the body and if this has
occurred near the eye, the eyelid becomes swolleahws known as Romanfa’s sign. The
disease occurs in acute and chronic forms. Swdylenph nodes and fever can develop
within a few days and this initial acute phase msult in illness and death, especially in
young children. More commonly, patients are subjedhe chronic phase of the disease
which shows no visible symptoms and can last séweoaths or years. During this time,
the parasites invade most of the organs in the bedysing heart, intestinal and
oesophageal damage and progressive weakness. InoB2b@se infected, substantial
damage to the heart and intestinal tract occursclwhis fatal to the patient.

(www.who.int/tdr/diseases/chagas/diseaseinfo).

1.2 Leishmaniasis.

Leishmaniasis is a vector-borne disease from waictkstimated 350 million people are at
risk of infection (Reithingeet al., 2007). An estimated 12 million individuals anéeicted
worldwide. There is an annual incidence of 0.5 igmllof the visceral form of the disease
and 1.5-2 million cases of the cutaneous form efdisease (Croftt al., 2006b). Several

clinical forms of the disease occur.

1.2.1 Cutaneous leishmaniasis (CL).

CL can result in the production of a large numbielesions or skin ulcers (sometimes up
to 200) which usually form on exposed areas, swihha face, arms and legs. These
usually heal within a few months invariably leavitige patient permanently scarred, a

stigma which can cause serious social prejudice.



(www.who.int/tdr/diseases/leish/diseaseinfo, wwwovitit/topics/leishmaniasis/en/). CL

can be classified into three forms.

1.2.1.1 Diffuse cutaneous leishmaniasis (DCL).

DCL is mainly caused by. aethiopica, L. amazonensis and L. mexicana. The disease
results in widely spread and chronic skin lesionsny.who.int/topics/leishmaniasis/en/).
Multiple parasite laden non-ulcerative noduleseafiem the initial site of infection which
may cover an individual’s entire body (Reithingeal., 2007). This form of the disease is

difficult to treat and patients do not self cure.

1.2.1.2 Localised cutaneous leishmaniasis (LCL).

LCL is caused by all species b&ishmania. A small erythema develops at the bite site
which develops into a papule and then a nodule hvpiogressively develops into an

ulcerative skin lesion. Lesions typically self heaithin 2-6 months of development

(Reithingeret al., 2007).

1.2.1.3 Mucocutaneous leishmaniasis (MCL).

MCL is mainly caused bl. brazliensis andL. panamensis. The disease results in lesions
which can partially or totally destroy the mucousmtbranes of the nose, mouth and throat
cavities and surrounding tissues (www.who.int/tej@@shmaniasis/en/). It is difficult to
diagnose and treat this form of the disease (Heltwdl999), with secondary bacterial

infections common and it can be fatal (Reithingeal., 2007).

1.2.2 Visceral leishmaniasis (VL).

VL is caused byL. donovani andL. infantum. Also known as kala-azar, this is the most
serious form of the disease. It is characterisedspmptoms including high fever,
substantial weight loss, enlargement of the lived apleen and other secondary effects
such as anaemia and diarrhoea. If left untreateddibease has a fatality rate of 100%

within two years (www.who.int/topics/leishmaniasis/).



1.2.3 Post-kala-azar dermal leishmaniasis (PKDL).

PKDL occurs as a complication of visceral leishraard and is characterised by a rash of
which the most common form is a nodular rash. Tisn of the disease has been

described in India and Sudan in patients who hagevered from visceral leishmaniasis.

The rash originates at the mouth and then spreadthéer parts of the body depending on

the severity (Zijlstraet al., 2003).

1.3 Leishmania life cycle.

Leishmania parasites possess a highly complex biphasic litdec(Figure 1.1), whereby
they survive in their sand fly vector and mammalrest. Leishmania parasites exist in
five major morphological forms: procyclic promastigs, nectomonad promastigotes,
leptomonad promastigotes, metacyclic promastigosesd amastigotes. Procyclic
promastigotes are present in the abdominal midftheosand fly. They are a flagellated,
weakly motile, replicative form of the parasite.té&fa few days, the parasites slow their
replication and develop into elongate, strongly ileatectomonad promastigotes, where
they move towards the anterior midgut until thegctethe stomodeal valve, which guards
the junction between foregut and midgut (Bates,720@nce the parasites reach the
stomodeal valve, they transform into leptomonadmastigotes, shorter forms of the
parasite which resume replication (Gossagt al., 2003). Some of the
nectomonad/leptomonad promastigotes also diffeaninto haptomonad promastigotes.
The leptomonad promastigotes differentiate into mafan infective metacyclic
promastigotes in the mouthparts of the sand flyg@Reet al., 2002). After transfer of the
metacyclic promastigotes to the mammalian hosthieysand fly bitel.eishmania invade
host macrophage cells where they transform intonthremotile amastigote form and live
within the phagosomal compartment of the host n@wage. As the number of
amastigotes increases, the macrophage eventualdyrdleasing the amastigotes, which
then go on to infect other macrophages. This psoaamtinues until the infected

macrophages are taken up in the blood meal of and#leding sand fly. In the gut of the
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sand fly, the amastigotes emerge from macrophages diferentiate into procyclic

promastigotes and the life cycle then repeats.

IN SAND FLY THORACIC MIDGUT & FOREGUT
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Figure 1.1 — Schematic representation of thd.eishmania specieslife cycle in
Lutzomyia longipalpis. Taken from the International Journal for Parasigl (Gossaget

al., 2003).



1.4 Current antileishmanial chemotherapy.

The chemotherapy currently available for leishmsisias far from satisfactory. The
demand for new antileishmanial drugs has been niitbyethe parasite acquired resistance
to the pentavalent antimonial drugs, the first lomemotherapy against the disease, which
are now almost obsolete in India (Croft and Coon2063; Croftet al., 2005). Antimonial
based treatments recommended for VL and CL wemdduoted in 1945 and remain
effective treatments for certain forms of leishnasis (Croft and Coombs, 2003).

However, the requirement for new antileishmanislgaramount.

There are a number of drugs currently recommendedhi treatment of leishmaniasis
such as the pentavalent antimonials Sodium stilvoglate (Pentostdin SSG) and
Meglumine antimoniate (Glucantiffie Also included are Amphotericin B and its lipid
formation AmBisome® and Pentamidine (Croft and Cbem2003). Miletefosine
(Impavidd®) and Paromomycin have also been registered tblaishmaniasis. Those that
remain in clinical trials include Imiquimod and &ttaquine. These drugs exhibit a variety

of modes of action and structures (Figure 1.2).

The antimonials, introduced over 60 years ago lieeean the recommended drugs used to
treat CL and VL for over 20 years (Croft and Coon303; Croftet al., 2005). However,
they require parenteral administration for up to d&/s and exhibit varying efficacies
against CL and VL. Perhaps the most significantofaimiting the usefulness of these
drugs is the emergence of drug resistance. A perample of this limiting factor, as
mentioned, is in India where the pentavalent antiale are almost no longer used to treat

leishmaniasis in this part of the world.

Amphotericin B is a highly effective polyene antibc used in the treatment of antimonial
resistantL. donovani VL and certain cases of MCL (Croft and Coombs, 300t has

selective activity against fungi as well laeshmania and Trypanosoma cruz. Its efficacy



is due to the higher selectivity towards ergostdia main sterol in these organisms over
cholesterol, the predominant sterol in mammals ftCebal., 2006b). However, it is an
unpleasant drug due to its acute toxicity and tleednfor slow infusion parenteral

administration over four hours (Croft and Coomii¥)3.

Numerous Amphotericin B lipid formulations develdpa the 1980s for the treatment of
immunocompromised patients with systemic mycosege haroved effective as anti-
leishmanials. These lipid formulations have a redumxicity and been shown to have an
extended half life, in comparison to the parenggdfor the treatment of fungal infections
(Croft and Coombs, 2003). AmBisof)ethe liposomal formulation of Amphotericin B,
was first shown to cure a case of VL in 1991 anclisently registered for the treatment of
VL as a first line drug by the Food and Drug Adrmtration (Croft and Coombs, 2003;

Croftet al., 2005). However, high cost has limited its usammsantileishmanial drug.

The diamidine Pentamidine was introduced in 1952 lzas been used to treat those with
VL, CL and DCL. It is primarily used as a secontklireatment in cases where antimonial
resistance occurs and the antimonials are inefie¢Croft and Coombs, 2003; Creftal .,

2006b). The primary mode of action is unclear aadt&midine is not a widely used drug

to treat leishmaniasis (Cradt al., 2006b).

The antileishmanial activity of Miltefosine (Impakd®) (hexadecylphosphocholine) was
identified at Wellcome, and although originally miéed as an anticancer agent, had its
antileishmanial activity proven by 1985. It is adyphospholipid analogue and the first oral
treatment produced for VL whilst also being effeetiagainst CL (Crofet al., 2005).

Miltefosine, registered in India in 2002 and in phdV clinical trials, is used in cases of
antimonial resistance. However, there is a numlbdmuatations regarding Miltefosine.

The main limitation being its teratogenicity anerifore women of child bearing age are

excluded from its use (Croft and Coombs, 2003).tifesmore, there are concerns



regarding the long half life of the drug which migincourage drug resistance and there is

also a narrow therapeutic window with Miltefosigrdft et al., 2006a).

Imiquimod [1-(2-methylpropyl)-H-imidazo(4,5-c)quinolin-4-amine] is an antiviral
compound commonly used to treat genital warts chbsethe human papillomavirus. It
has been shown to have an effect in experimenfttions of CL and successfully treat
patients with cutaneous lesions, who did not redgonantimonial treatment alone (Croft

et al., 2006a).

Paromomycin (Aminosidine) is an aminoglycoside-awvyclitol antibiotic originally
identified as an antileishmanial in the 1960s (Cevfd Coombs, 2003). It is used to treat
VL in a parenteral formulation and CL in topicaldaparenteral formulations(Crodt al.,
2005; Croftet al., 2006b). It is currently in phase Il clinicaliats in Africa and was

registered in 2006 to treat Leishmaniasis in Ifdiaw.dndi.org).

Sitamaquine is an 8-aminoquinoline derivative (4hgk6methoxy-8-aminoquinoline)
whose antileishmanial activity was identified inreti970’s at the Walter Reed Army
Institute of Research (WRAIR) (Croft and Coombs0Q20Croft et al., 2006a). It is

currently in development at GlaxoSmithKline (GSK) phase Il clinical trials for the
treatment of VL (Croft and Coombs, 2003; Creftal., 2006b). Sitamaquine toxicity
seems to be reasonably mild, causing mild methagdymgiemia (Croft and Coombs,

2003).



(a) Meglumine antimoniate
(Glucantime)

(also known as aminosidine and monomycin)

(b} Amphotericin B (polyene antibiotic)

(c) Pentamidine (diamidine)

)\ OH OH NH NH
CHzNHCH; CHzCH HO o
o b N
[ =sor ] H,N \(\O' OH 0N
HCO ocH OH S ! o
HCOH HOCH
| | CH
HCOH HOCH = -
| I ( o0 ;
CH20H CHoNHCHa ] !
HO
"
(d) Paromomycin (aminoglycoside antibiotic) (e) Miltefosine (hexadecylphosphocholine) (g} Imiquimod

(imidazoquinoline)

(o]
I
o NH, H3G{CHahe—CH, O—T—O—CH:CHgN'{CHs)s NH;
AT
. . o N N>
i |
“NH 5 . . . T
,O T N (f) Sitamaquine (8-aminoquinoline, | N
o OH originally WRG026) K(CHa
HOAU CHs CHy
3 S CHa0
< oM
o 0 )
HaN™ - |
HO™ “NH - CaHs
OH NH{CHz)gN= CaHs

TRENDE in Parasitology

Generic name of drug (chemical type)

Mechanism of action®

Pentavalent antimonials: Meglumine antimoniate
{Glucantime) Sodium stibogluconate (Pentostam™)

Amphotericin B (polyene antibiotic)

Pentamidine (diamidine)

Paromomycin (aminoglycoside antibiotic) (also known as

aminosidine or monomycin)

Miltefosine (hexadecylphosphocholing)

Sitamaguine (&aminoquinoline, originally WRE026)
Imiguimod (imidazoguinoling)

Structure of sodium stibogluconate is still not known despite its use for
over 50 years. Activated within the amastigote, but not in the
promastigote, by conversion to a lethal trivalent form. Activation
mechanism not known. Antileishmanial activity might be due to action
on host macrophage.

Complexes with 24-substituted sterols, such as ergosterol in cell
membrane, thus causing pores which alter ion balance and result in cell
death.

Accumulated by the parasite; effects include binding to kinetoplast DN A.
Primary mode of action uncertain.

In bacteria, paromomycin inhibits protein synthesis by binding to 305
subunit ribosomes, causing misreading and premature termination of
mRNA translation. In Leishmania, paromomycin also affects
mitochondrion.

Primary effect uncertain, possible inhibition of ether remodelling,
phosphatidylcholine biosynthesis, signal transduction and calcium
homeostasis.

Unknown, might affect mitochondrial electron transport chain,
Stimulates nitric oxide production from macrophages.

Figure 1.2 — Structures and modes of action of cuent antileishmanial drugs. Upper
panel: Structures of current antileishmanial driugsver panel: modes of action of current
antileishmanials. Both were taken from TRENDS irraBa#ology (Croft and Coombs,

2003).
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1.5 The eukaryotic cell cycle.

The generalised eukaryotic cell cycle is dividet ifour main stages: G1, S, G2 and M-
phase (Figure 1.3). However, there is anotherayele stage, called gap 0 (G0). G1 is the
first gap phase where the cell grows and prepameS4phase. During G1, the cell makes
the decision to continue, pause or exit the cetlleeyprocess. Cells that should cease
division enter GO where they leave the cell cyahel ajuit dividing, which can be a
temporary resting period or more permanent. Ceallstiouing the division process then
enter a restriction point referred to as START, alhis where they are committed to
completing the cell cycle. This proceeds into Sgghahere the cell replicates its genome.
The cell then progresses into G2, the second gapepWwhere it again grows and prepares
itself for the onset of M-phase. M-phase or mitasisthe process by which the cell
segregates its duplicated chromosomes into tworapauclei. The final process is
cytokinesis where the cell separates into two idahtdaughter cells which marks the

completion of the cell cycle (Johnson and Walké89).

1.5.1 Cyclin-dependent kinase regulation.

Cyclin dependent protein kinases (CDKs) are a adédsnzymes shown to be vital for the
regulation and progression of the cell cycle (Nui€90; Pines and Hunter, 1990) and are
ubiquitously expressed in eukaryotic organisms. G@ake serine/threonine protein kinases
which catalyse a phosphotransfer reaction wherdi®y ytphosphate from ATP is
transferred onto a serine or threonine residue stilastrate. At least six mechanisms
govern and control the activity of CDKs; cyclin sulit binding, CDK phosphorylation,
inactivation by CDK inhibitory subunits (CKIs), iofwvation by regulatory kinases

(Morgan, 1997), CDK cellular localisation and CDKusture.

CDKs are catalytic subunits which are inactive asamers and require the binding of a

regulatory cyclin subunit to become activated, ¢bgrforming an active protein kinase
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complex (Morenct al., 1989; Solomoret al., 1990). Homology among cyclins is usually
limited to a relatively well conserved domain ofpapximately 100 amino acids, termed
the “cyclin box”, which is responsible for CDK biimgy and activation (Kobayaskt al.,
1992; Lees and Harlow, 1993) via a PSTAIRE bindmgif in the CDK. However, recent
analysis of the human genome has identified thdircypox as being comprised of 150
amino acids (Malumbres and Barbacid, 2005). Cyttlimction is primarily controlled by
changes in cyclin levels which increase and deerdasughout the cell cycle as required.
Their degradation involves ubiquitin-mediated pobtysis, requiring a recognition motif,
termed the “destruction box” near the amino termiend of the cyclin (Glotzest al.,

1991).

In addition to cyclin binding, complete CDK activ@t requires phosphorylation at a
conserved threonine residue, in a region calledTdh@op, by a CDK activating kinase
(CAK) (Morgan, 1995). CAK was identified and showm phosphorylate and activate
Cdc2 (Ducommun et al., 1991; Solomon et al., 19@#)1, a CAK fromSaccharomyces
cerevisiae was shown to tightly bind and phosphorylate CD@2&vo and to be essential
for cell viability (Thuret et al., 1996). Additiohavork on mammalian CDKs has shown
that phosphorylation is vital for CDK1-cyclinB aaty, where cyclin binding alone has
little effect on activity, or CDK2-cyclinA activitywhere high affinity cyclin binding can
not occur without phosphorylation (Deshial., 1995). CDK1 (Cdc2) is phosphorylated on
Thr 161 and CDK2 on Thr 160 (Morgan, 1995) whick baen shown to be carried out by
CDK7-cyclinH-MAT1, the mammalian CAK (Fesquet al., 1993; Fisher and Morgan,
1994). An interesting point, however, is that aation of some complexes such as CDK5-
p35 and CDK7-cyclinH-MAT1 itself do not require @phorylation (Nigg, 1996; Gt al.,
1995) and CDKS8-cyclinC does not contain a phosphtaile residue at the analogous site

in the T-loop (Tassad al., 1995hb).
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CDK-cyclin complexes can also be inhibited by pHhusplation as seen with human
CDK1 and CDK2 on the Thr 14 and Tyr 15 residuesr@aa, 1995). Phosphorylation of
these residues is important in the control of CDd€livation at mitosis. CDK1-cyclinB
complexes are maintained in an inactive state wgdhosphorylation of these residues
occurs at the end of G2 and CDK1 becomes activeddfg 1995). Tyr 15 of CDK1 has
been shown to be phosphorylated by the kinase Wemdever, it does not phosphorylate
Thr 14. This is carried out by a dual specificitygmbrane-bound kinase encodedvibyl
(Borgne and Meijer, 1996). Thr 14 and Tyr 15 arehbdephosphorylated by a dual

specificity phosphatase termed CDC25 which promGeK1 activity (Morgan, 1995).

The fourth mechanism of CDK regulation is the asdmn with a diverse family of
proteins, termed cyclin-dependent kinase inhibit@@«Is) which bind and inactivate
CDK-cyclin complexes. A number of CKls are presentyeast; FAR1 and p40 i
cerevisiae and PHOS8L1 irS. pombe (Morgan, 1995). There are currently two familids o
CKis identified in mammals, the Cip/Kip and Ink4rféies (Laineet al., 2007; Johnson
and Walker, 1999). The Cip/Kip family is comprisefdp21°?*, p27** and p5%*? which
can act on most CDK-cyclin complexes (Johnson aradk@v, 1999) and are known to
inhibit CDK2 and CDKA4/6-cyclin complexes involved G1 and G1-S control (Johnson
and Walker, 1999; Morgan, 1995; Morgan, 1997). Thk4 family is comprised of
p15NKP  p18NK4a p18VK4e and p18™4? which have a relatively narrow specificity for
CDK4/6-cyclinD complexes, preventing their assaorat(Morgan, 1997; Johnson and

Walker, 1999; Carnero and Hannon, 1998).

The cellular localisation of CDKs can also reguldéibeir function. For example, the
function of human CDK1 is partially dependent omaitd its cyclin binding partner’s
location within the cell. CDK1:CycB1 colocalizestiwicytoplasmic microtubules during
interphase (Porter and Donoghue, 2003; Migetra., 2006), and then translocates to the

nucleus to initiate mitosis. However, the CDK1:Cgc&mplex colocalizes with the golgi
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apparatus whereas CDK1:CycB3 is permanently locatedhe nucleus (Porter and

Donoghue, 2003).

Finally, the structure of CDKs has a role in thaativation. This has been elucidated from
detailed studies carried out mainly on CDK2 and ofhés binding partners, CycA. For
example, when CycA binds CDK2, by comparison witefCDK2, large conformational
changes occur in the active site. These changeletd®STAIRE helix and the T-loop
realign active site residues and makes the actteeascessible, which in turn, activates

CDK2 (Jeffreyet al., 1995).

1.5.2 The yeast cell cycle.

Pioneering work has been carried out in the fidlgeast molecular genetics which has
heightened our understanding of the eukaryoticaalle. The yeast cell cycle is governed
by a single CDK. This is Cdc28 in the budding yeZa&tharomyces cerevisiae and Cdc2

in the fission yeasgchizosaccharomyces pombe (Morgan, 1997). Cdc28 was shown to
have a key role in the cell cycle (Hartwell, 19¥#)ere it initiated the first step in the cell
cycle, termed START (Hereford and Hartwell, 197lc28 was necessary to activate two
independent pathways, one leading to DNA replicaind nuclear division and the other
to bud emergence and cytokinesis (Hartveeldl., 1974; Hartwell, 1991). It was shown
that the gene product @dc28 had a dual role in two phases of the cell cycigdétt et

al., 1982) and that that Cdc28 was indeed a protieiask (Reect al., 1985). Work on
the distantly related yea§& pombe identified the Cdc28 homologue, Cdc2, which was
required for entry into the cell cycle and for qotltng the onset of mitosis (Nurse and
Bissett, 1981). Cdc2 was shown to have 62% idetdit¢dc28, andCdc2 encoded a 34
kDa gene product (Hindley and Phear, 1984) which determined to be a protein kinase
(Simanis and Nurse, 1986)hese protein kinases are involved in all stagethefcell

cycle of their respective species of yeast.
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The ability to control cell cycle progression is part due to the association of protein
kinases (CDKs) with cyclin proteins which activdake CDKs. Cyclins were discovered
due to their oscillating levels in abundance duseg urchin cleavage divisions (Evaas
al., 1983; Nasmyth, 1993). Numerous cyclin proteiasehbeen identified since whose
biochemical properties help promote the correcingof CDK activity during the cell
cycle (Loog and Morgan, 2005). 8 cerevisiae, two families of cyclins (Cln and Clb (B-
type)) control the cell cycle; based on sequengection and timing of expression, they
can be grouped into three categories: the G1 ydiml, CIn2 and CIn3, the S-phase
cyclins Clb5 and CIb6, and the mitotic cyclins Cli@llb2, Clb3 and Clb4 (Jacksah al
2006). The G1 cyclins, CInl CIn2 and CIn3 are esaslefor START. None of thes€ln
genes are essential for cell division; howeveretah of all three genes is lethal causing
cells to arrest in G1 (Richardsenal., 1989). CIb5 and CIb6 trigger the transition fr@

to S-phase (Basad al., 1995; Epstein and Cross, 1992; Kuhne and Lint#93; Schwob
and Nasmyth, 1993) and play redundant roles inrtiiation of S-phase (Nasmyth, 1993).
Either CIb5 or Clb6 can promote entry into S-phaseschedule (Bascet al., 1995;
Epstein and Cross, 1992; Schwob and Nasmyth, 19#8yever, Clb5 but not CIb6 is
required for timely progression through S-phases{&p and Cross, 1992; Schwob and
Nasmyth, 1993). Mitosis is then governed by Clblh2C Clb3 and Clb4 where these
proteins are necessary for the formation and fonabf the mitotic apparatus (Fitehal.,
1992; Richardsoret al., 1992; Surana&t al., 1991), and deletion dflb2 alone greatly

delays the onset of mitosis (Surasal., 1991).

In S pombe, four cyclin proteins control the cell cycle, Cjglig2, Cdcl13 and Pucl. Cigl
Cig2 and Cdc13 are B-type cyclins, whereas Puctase closely related t8. cerevisiae
CIn cyclins (Fisher and Nurse, 1996; Stern and &lud9©96). The B-type cyclins are
essential for entry into S-phase and mitosis (Fisimel Nurse, 1996; Hayles al., 1994,
Martin-Castellanogt al., 1996; Mondesewtt al., 1996) and also promote G1 progression

past START (Martin-Castellancs al., 1996; Obara-Ishihara and Okayama, 1994). Cig2
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regulates entry into S-phase (Martin-Castellasbsl., 1996; Mondesertt al., 1996;
Obara-Ishihara and Okayama, 1994) while Cigl atstributes to the onset of S-phase
(Fisher and Nurse, 1996; Mondesettal., 1996). Cdcl3 controls entry into mitosis
(Booheret al., 1989; Morencet al., 1989) and Pucl has been shown to play an imorta
regulatory role in the G1 phase of the cell cydaitin-Castellanost al., 2000). As
cyclins have an important regulatory role in th# cgcle, it is evident that they are tightly
controlled. Two regulatory processes identifiedgyalin control have been identified, gene

transcription and protein degradation (Morgan, 3997

However, although only one CDK controls the celtleyin yeast, it is important to realise
that there are other CDKs involved in yeast cetlyfmocesses. For example, &
cerevisiae, five CDKs function to regulate transcription; R#, Srb10, Ctkl, Sgvl and
Pho85. Three of these CDKs, Kin28 (Valeyal., 1993), Srb10 (Lia@t al., 1995) and
Ctkl (Sterneret al., 1995; Lee and Greenleaf, 1991), regulate mRNAth&sis by
phosphorylating the carboxyl-terminal domain (CTBf) RNA polymerase 1l. Sgvl
regulates transcription, possibly also as a CTDas# as its mammalian orthologue
CDKO9, functions as a CTD kinase (Prelich and Winstt©93). Lastly, Pho85 functions to
inhibit gene transcription in response to phosphetels (Lenburg and Oshea, 1996).
However, Pho85 also has a secondary role in celegyogression, promoting the G1-S-
phase transition in the absence of the G1 cyclitsl and CIn2 (Espinozet al., 1994;

Measdayet al., 1994).
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Figure 1.3 — Schematic of the eukaryotic cell cycl®uiescence:Cells which are not
proliferating are said to be quiescent or in "GOage.G1 Phase:Cells grow in size in
response to mitogenic signals, which may triggeommitment to entering the next phase
of the cell cycle. During G1 phase protein kinasesome active and thereby send a signal
that the cell division process has begurhe Restriction Point: Late in G1, many cell
types become committed to entering the next phasieeccell cycle at a time termed the
restriction point or STARTS-Phase:Soon after the restriction point a cell begins to
replicate its genetic material. Cells synthesizeeaact replica of their DNA genome
replicating of all their chromosome&2 Phase: At the completion of S-phase, DNA
replication ceases and cells enter the G2 phadbeotell cycle where they grow and
prepare for the onset of mitosiglitosis: Mitosis is the phase of the cell cycle in which
cells segregate their duplicated chromosomes w deparate nuclei and physically
divide into two separate daughter celytokinesisis the process whereby the cytoplasm
of a single cell is divided to spawn two daughtelisc It usually initiates during the late
stages of mitosis to complete the cell cycle. Th# cycle schematic was taken from

www.images.clinicaltools.com.
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1.5.3 The mammalian cell cycle.

The mammalian cell cycle, by comparison with yesstontrolled by a number of CDKs.
At present, 13 CDK proteins have been identifiedhi@a human and mouse genomes and
around 29 cyclins have been identified in man (Mdwes and Barbacid, 2005). A
summary of mammalian CDKs and their cyclin parth&gsshown in Table 1.1.
Mammalian CDK function has been determined fromchemical studies with human
tumor cell lines and by their ability to complemeygast CDK mutants. Additional
research has been carried out using genetic maimul of mouse models which is

considered the gold standard method of establigBb function and essentiality.

Homologues of Cdc2 were identified in human cellsthieir ability to complement yeast
mutants (Draettat al., 1987; Lee and Nurse, 1987). Human Cdc2 was ndill, the
first mammalian CDK identified and is functionalipmologous to Cdc2/Cdc28 in yeast
(Morgan, 1997). CDK1 binds preferentially to A-typ&l and A2) and B-type (B1, B2
and B3) cyclins which are involved in the G2 andoiNases of the cell cycle (Malumbres
and Barbacid, 2005). At the end of S-phase, A-tyyelins associate with CDK1 and are
involved in cell cycle progression into G2-phaseauribg G2, the A-type cyclins are
degraded by ubiquitin-mediated proteolysis and Bwype cyclins are synthesised
(Malumbres and Barbacid, 2005). As a result, CDKfnplexes with the B-type cyclins,
preferentially binding to cyclins B1 and B2. The KDcyclinB complexes are thought to
regulate several events during both the G2-M ttenxmsiand progression through mitosis
itself (Nigg, 2001) where CDK1-cyclinB is also knovas the M-phase promoting factor
(MPF) (Morgan, 1997). Finally, the inactivation GDK1-cyclinB complexes is required
for the successful exit from mitosis occurring ulaiquitin-mediated degradation of the B-
type cyclins. Genetic manipulation has recentlyvahdhat CDK1 can execute all the
events that are required to drive cell divisiortha absence of other CDKs (Santamatia

al., 2007). CDK1 can functionally compensate in theesmce of interphase CDKs (CDK2,
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CDK3, CDK4 and CDKG6), by binding the G1 cyclins ébd E-type cyclins). This shows

that CDKL1 is the only essential CDK and is sufiitieo drive the mammalian cell cycle.

CDK2 was cloned by three independent approachesdbas the complementation &f
cerevisiae Cdc28 mutants, differential display or interaction wi@tyclin A (Elledge and
Spottswood, 1991; Pareb al., 1991; Tsaket al., 1991; Ninomiya-Tsujet al., 1991). Like
CDKZ1, CDK2 is functionally homologous to Cdc2/Cdaf8/east but primarily associates
with the A-type (Al and A2) and E-type (E1 and E£¢lins (Morgan, 1997) and CDK2-
cyclinE is required for the G1-S-phase transitideg et al., 1993). CDK2 interacts with
the A and E-type cyclins at the beginning of S-gh#s induce the initiation of DNA
synthesis, and then binds cyclin A throughout Ssphfar DNA synthesis (Morgan, 1997).
Genetic approaches to stu@PK2 have been carried out showing that CDK2 is not
essential for the mammalian cell cycle, si@@K2 knockout mice are viable (Berthett

al., 2003).

CDKa3 is closely related to Cdc2 and CDK2 and cammement Cdc28 mutants @
cerevisiae (Meyersonet al.,, 1992). CDK3 interacts with the A and E-type aysl
suggesting it may have a similar role to CDK2 dagrinterphase of the cell cycle. It also
complexes with cyclin C during the GO-G1 transitifRen and Rollins, 2004). Little
genetic analysis oEDK3 has been carried out in mice because most lalygrat@ins of

mice are deficient in CDK3 due to a naturally octy mutation (Ye et al., 2001).

CDK4 was originally identified as PSK-J3, later aemed CDK4 (Hanks, 1987) and
associates exclusively with the D-type cyclins (D2,and D3) (Malumbres and Barbacid,
2005). Along with CDK6, CDK4 is the principle coitor of cell cycle initiation and
required for progression through G1 into S-phasatéMshimeet al., 1994). CDK4

knockout mice have shown that lossGiPK4 is not detrimental to cell cycle progression
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and that cell proliferation continues (Malumbetsal., 2004), although, S-phase entry is

delayed (Tsutsui et al., 1999).

CDKS5 was originally identified as PSSALRE, latenaened CDKS5 (Hellmiclet al., 1992)
and is primarily involved in neuronal function (Kespanyet al., 2003). CDKS5 is
activated by non-cyclin partners p35 and p39, twotgins that are almost uniquely
expressed in brain (Cruz and Tsai, 2004; Kesavagaaly, 2004). It has been shown that
targeted disruption of th€DKS5 locus in mice results in embryonic lethality (Oimsh et
al., 1996) where the embryos show abnormalities enddavelopment and structure of their
nervous system. Furthermore, p35:p39 double mutacé show similar phenotypes to
mice lacking CDKS5, further validating these proteims essential CDK5 partners (ko

al., 2001).

CDK6 was originally identified as PLSTIRE and latenamed CDK6. CDK®6, like CDK4

associates with the D-type cyclins (D1, D2 and D&gyerson and Harlow, 1994). CDK6-
cyclinD complexes are required for progression ufgito G1-phase of the cell cycle by
repressing the retinoblastoma (Rb) protein throuygftosphorylation (Meyerson and
Harlow, 1994). As with CDK2 and CDK4, it has bedwn that loss of CDK6 does not

greatly affect cell proliferation (Malumbretal., 2004).

CDKY7 was originally identified as p40-MO15 and latenamed CDK7 because it was
found to associate with cyclin H (Fisher and Maorgh994; Makelat al., 1994). CDK7-
cyclinH associates with an assembly factor MAT1sGemet al., 1995a) and has been
shown to be a component of the RNA polymeraseahdcription factor complex, TFIIH.
CDK7-cyclinH-MAT1 is the CAK in mammals which phdsgrylates and activates other
CDKs involved in the cell cycle (Lolli and Johnsd@005). Limited genetic analysis of
CDKY or Cyclin H has been carried out in mice; heare the disruption of MAT1 results

in an inability to enter S-phase of the cell cy@®ssiet al., 2001).
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CDK8 was identified and shown to be a putative &ndinding partner for cyclin C
(Tassanet al., 1995b). CDK8-cyclinC regulates transcriptionotigh phosphorylation of
the C-terminal domain of the large subunit of RNd&lymerase Il and is a component of
the RNA polymerase holoenzyme. CDK8-cyclinC compkexalso phosphorylate cyclin H
to inhibit CAK activity (Akoulitchevet al., 2000). It has recently been show tG&K83 is
essential in mice during the pre-implantation phatsembryonic development (Westerling

et al., 2007).

CDKO9, originally identified as PITALRE is a Cdc2lated protein kinase that was shown
to phosphorylate the Rb protein (Graeg al., 1994b) and renamed CDK9. CDK9
complexes with cyclins K and T to form P-TEFb tremstion factors. CDK9-cyclinT

complexes also regulate transcription in the sammenar as CDK8-cyclinC complexes

(Malumbres and Barbacid, 2005).

CDK10, originally identified as PISSLRE is a Cde2ated protein kinase and was
renamed CDK10 (Graret al., 1994a). No cyclin partner has been identified@DK10 so

far (Kasten and Giordano, 2001). CDK10 was showbetanvolved in regulating the G2-
M-phase of the cell cycle (Let al., 1995) and has also been shown to inhibit
transactivation of the Ets2 transcription factomegulator of CDK1 expression (Kasten

and Giordano, 2001).

CDK11, originally identified as PITSLRE (Xiang al., 1994), binds the L-type cyclins
(L1 and L2) and interacts with RNA polymerase lgypng a role in transcript production
and regulation of RNA processing (Loyeral., 2005). As withCDK8, CDK11 has been
shown to be required for pre-implantation in mieath loss of CDK11 resulting in

embryonic lethality (Let al., 2004).
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CDK12 was originally named CrkRS and is a Cdc2teelgorotein kinase. CrkRS was
shown to associate with the L-type cyclins (L1 420l and was renamed CDK12 (Chen

al., 2006). CDK12-cyclinL complexes regulate alten®splicing.

CDK13 was originally identified as CDC2L5 with shg sequence homology to CDK12.
CDC2L5 was shown to interact with the L-type cysliiLl and L2) and was renamed

CDK13 (Cheret al., 2007). CDK13 also regulates alternative splicing
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Main activatin Other
PSTAIRE . g | . . Cellular
. cyclin (other interacting :
motif : : function
cyclins) proteins
Al, A2, B1, B2
PSTAIRE (83, D1, D2, E) Cks Cell cycle (G2-M)
Al, A2, El1 E2
PSTAIRE (b1, D2, B1. B3) _ Cell cycle (G1-S)
PSTAIRE El,E2, Al, A2, C E2F/DP Cell cycle (GO-G1-S)
PISTVRE D1, D2, D3 MyoD Cell cycle (G1-S)
P35, p39 Senesence,
PSSALRE (D-, E- and G-type _ P L
) ostmitotic neurons
cyclins)
PLSTIRE D1, D2, D3 _ Cell cycle (G1-S)
NRTALRE H MATI Cdk-activatir)g .kinase.
Transcription
SMSACRE C (K?) _ Transcription
PITALRE T, T2,K _ Transcription
Transcription,
PISSLRE Unknown Ets2 Cell cycle (G2-M)
CK2, RNA pol IT, Transcription,
SMSACRE L1, L2 (D) 14-3-3, elF3 Cell cycle (M)
PITAIVRE L1,L2 _ Alternative RNA
splicing
PITAIVRE L1,L2 _ Alternative RNA
splicing

Table 1.1 — Currently identified mammalian CDKs andtheir known cyclin binding
partners. Included is the PSTAIRE motif involved in cyclinnkding, known interacting

proteins and a general description of the cellilaction of these protein kinases.
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1.5.4 The trypanosomatid cell cycle.

Studies on the yeast and mammalian cell cycles éstablished the key CDKs and cyclins
that are involved in cell cycle regulation. Thisnwas relevant to the study of the parasite
cell cycle as many of these cell cycle proteinshammologous to those in parasites such as
CDK1 in humans and CRKS3 ireishmania (Grantet al., 1998). Due to their pivotal role in
the cell cycle, these proteins offer an attracavea for drug discovery and development

against trypanosomatids.

The CDK family in trypanosomatids is relativelydarwith 11 inT. brucei andL. major
and 10 inT. cruz (Table 1.2, upper panel). Analysis of the genometh# three
trypanosomatids identified 10 putative cyclins, C¥Cl (Table 1.2, lower panel) (Naula
et al., 2005). CYC1 fromT. brucei, originally identified as a mitotic-like cyclin
(Affranchinoet al., 1993), was subsequently shown to lack the cheniatics of a mitotic-
like cyclin (Hammartoret al., 2000).L. major has an additional cyclin, CYCA, named so
because there is no homologue of this cycli.ifbrucei, whereT. brucel cyclins have

been named CYC2, CYC3 etc.

1.5.4.1 The Leishmania cell cycle.

Two Cdc2-related protein kinase gen@&RK1l and CRK3 have been cloned from.
mexicana (Mottramet al., 1993; Grangt al., 1998) and studied in deta@lRK1 encodes a
34 kDa protein kinase with 56% amino acid identayhuman Cdc2 (CDK1). CRK1 is
present in all life cycle stages; however, it hi@ge regulated histone H1 kinase activity
restricted to the insect stages of the parasitéh booliferative promastigotes and non-
dividing metacyclic promastigotes (Mottraghal., 1993). Gene disruptions show€gRK1

is essential in promastigotes (Mottraral., 1996) where attempts to create null mutants,
replacing the alleles with hygromycimyg) and phleomycin le), were unsuccessful.
Second round transfections wittble-targeting fragment produced two forms of mutants,

neither of which was null. First, the transfecteaginent formed an episome; second, the
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transfectants contained wild-ty@&RK1 alleles in addition tdwyg andble cassettes showing
plasticity in chromosome number (Mottraatnal., 1996). This is accepted as an indication
of retaining an essential gene as it is not posdiblobtain a null mutant (Barredt al.,
1999; Cruzet al., 1993; Mottramet al., 1993; Mottramet al., 1996).T. brucei CRK1
encodes a protein which shares 72% identity withnexicana CRK1 (Mottram and Smith,
1995) and was shown to compleménimexicana CRK1 function (Mottramet al., 1996).
Although, the precise function @f. mexicana CRK1 is yet to be determined, brucel
CRK1 function has been indicated by ribonucleiaaaiterference (RNAI) experiments

indicating a redundant function for these protémthe two parasites (Section 1.5.4.2).

CRK3 is predicted to encode a 35.6 kDa protein with Sd&mtity to human Cdc2 and
78% identity toT. brucel CRKS. It is a single copy gene whose product lratem kinase
activity towards histone H1 (Gradtal., 1998). Sequence analysis showedLtishmania
CRK3 contains the domains and residues charadte$ta serine/threonine protein
kinase. Furthermore, CRK3 contains residues andadwtonserved in other organisms;
Thr-14 and Tyr-15 which are required for ATP birgliand Thr-161 which is predicted to
be phosphorylated by a CDK activating kinase (Getwat., 1998). X-ray crystallography
showed the PSTAIRE box in CDKs is the region, wibaids the cyclin partner (Jeffrey
al., 1995). This is a highly conserved region and siia of 16 amino acids
EGVPSTAIREISLLKE. The equivalent domain found iheishmania CRK3 is
EGIPQTALREVSILQE and has six substitutions by congumn (Grangt al., 1998) and is
identical to that found iff. brucei CRK3 (Mottram and Smith, 1995). The presence isf th
domain in CRK3 suggests that specific cyclin bigdplays an important role in CRK

regulation (Granét al., 1998).
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Gene disruption was carried out to establish whiefiRK3 was essential for the cell cycle
progression of.. mexicana (Hassaret al., 2001). Attempts were carried out to replace both
CRK3 alleles withhyg andble resistance cassettes. Southern blot analysisaitedichat
mutants heterozygous f@RK3 had been successfully disruptedHyg andble constructs.
Double resistant clones were found to contaig andble resistance cassettes indicating
the two alleles had been successfully replaced. édew the wild typeCRK3 gene
remained and as seen with CRK1, ploidy changesobadrred to retain thERK3 gene
(Hassaret al., 2001). This confirmed that CRK3 is essentialdelt cycle progression in.

mexicana asa CRK3 null mutant could not be generated.

L. major CRK3 was shown to complement a temperature sens&iyaombe cdc2 null
mutant (Wanget al., 1998).L. major CRK3 shares 99% identity with mexicana CRK3
suggesting these two proteins are functional hogu@e of cdc2 and therefore mammalian
CDK1. Indeed as discussed in 1.8.1.1mexicana CRK3 inhibition causes a G2-M cell

cycle block further indicating its role as a fuoctal homologue of mammalian CDK1.

1.5.4.2 The T. brucei cell cycle.

There is a large family of putative CDKs and cyslinT. brucel (Table 1.2) but few have
been characterised in detail. Gene function8. ibrucei can be analysed by RNAI, which
has been carried out on CRK1, 2, 3, 4 and 6 (Tu\dadg, 2004; Tu and Wang, 2005).
Downregulation of CRK1 in both procyclic and blotrdam form trypanosomes resulted
in a reduced growth rate and an accumulation d§ ¢elthe G1-phase of the cell cycle.
This indicated a role in the G1-S transition intbfiirms ofT. brucel (Tu and Wang, 2004;
Tu and Wang, 2005). Simultaneous downregulatio®€RK1 and either CRK2, 4 and 6
enhanced the phenotype seen with CRK1 downregnolatomly, suggesting a

supplementary role for these three CRKs.
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Cdc2-related kinases predicted from the genome of Leishmania major and Trypanosoma brucei

L. major Name Size kDa 1 i e R T Cyclin binding T brucei orthologue CMGC family
LmjF21.1080 CRKI 344 TY T PCTAIRE Th10.70.7040 CDK
LmjF05.0550 CRK2 36.4 5 Y T SVSSIRE Th07.30D13.430 CDK
LmjF36.0550 CRK3 356 TY T PQTALRE Th10.70.2210 CDK
LmjF16.0990 CRK4 51.7 T ¥ S PGAAIRE ThO8.5H5.130 CDK
LmjF35.5010 CRKS5 44.2 T,F T. QVNRLRE Th09.211.0960 RCK-MOK
LmjF27.0560 CRK6 373 TY 14 PATTIRE Th11.47.0031 CDK
LmjF26.0040 CRK7 324 Q,F S PHPVARE Th07.43M14.340 CDK
LmjF11.0110 CRKR 44.4 T.F T HRCTFRE Th11.02.5010 CDK
LmyF27.1940 CRK9 101.8 A S T QREEARP Th927.2.4510 CDK
LmjF29.2150 CRK10 48.4 GG v REKGAFDA Th03.48K5.160 CDK
LmjF30.1780 CRKI1I 66.3 GY P SATVLRE Th06.5F5.880 CDK
LmjF09.0310 CRKI12 544 TY T PQTSLRE Th11.01.4130 CDK

Cyclins and protein kinase accessory proteins predicted from the genome of Leishmania major and Trypanosoma brucei

L. major Name Size kDa T. brucer orthologue Name Alternative name Products
LmjF25.1470 CYCA 34.2 none Mitotic-like cyclin
LmjF32.0820 CyC2 18.8 Th11.01.5660 CYC2 CycEl CYC2 cycelin
LmjF30.0080 CYC3 46.9 Tb06.3A7.1310 CYC3 CycBI Mitotic-like cyelin
LmjF05.0710 CYCc4 149 TbO7.21HI5.170 CYC4 CycE3 CYC2-like cyclin
LmjF33.0770 EYEs 93.6 Tb10.26.0510 CYC5 CycE4 CYC2-like cyclin
LmjF32.3320 CYCo 352 Tb11.01.8460 CYCo CycB2 Mitotic cyclin
LmjF30.3630 CYc7y 27.6 Tb06.30P15.430 CYcy CycE2 CYC2-like cyclin
LmjF26.0330 CYCS 50.6 Th07.27M11.950 CYC8 CycB3 Mitotic-like cyclin
LmjF32.0760 CYco 329 Tb11.01.5600 CYCo Cyelin C-like
LmjF24.1890 CYClo 68.7 TbO8.11715.340 Ccyclo CYC2-like cyelin
LmjF24.1880 CYCl1 101.6 ThO8.11J15.300 CYCl1 CYC2-like eyclin
Th07.10C21.430 MOBI1A MOBI1
LmjF06.0960 MOBI Tb07.10C21.440 MOBIB MOBI1
LmjF32.3790 CKS1 Tb11.01.8085 CKS1 CKSI

Table 1.2 — Cdc2-related kinases, cyclins and acsesy proteins predicted from theL.
major and T. brucel genomes.Taken from Biochimica et Biophysica Acta (Nawtaal.,

2005).
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Downregulation of CRK3 in both procyclic and blobdam form trypanosomes resulted
in a mitotic block and growth arrest. CRK3 was fdua associate with two cyclins; CYC2
and a mitotic cyclin homologue CYC6 (Van Hellemaogtidal., 2000; Hammartomt al.,
2003a; Li and Wang, 2003; Hammartenal., 2004), and downregulation of these two
cyclins correlated with CRK3 downregulation. CYC@ndhregulation by RNAI caused an
irreversible growth arrest in procyclic and blogdatn form trypanosomes (Hammartsin
al., 2004; Li and Wang, 2003) and CRK3:CYC2 was shdwrbe the protein kinase
complex required for progression through the GlHasp transition in both forms of
trypanosomes. CYC6 downregulation resulted in aotigitblock in both procyclic and
bloodstream form trypanosomes. Therefore, the CRK&6 protein kinase complex has
the properties of a G2-M phase kinase requiredtHertransition into mitosis showing

CRK3 is a functional homologue of mammalian CDK1.

1.5.4.3 The T. cruzi cell cycle.

As with L. mexicana, two CDKs, CRK1 and CRK3, have been studied.ioruzi (Gomez

et al., 1998; Gome=t al., 2001; Santoréet al., 2002; da Cunhat al., 2005). CRK1 was
active throughout G1 and S-phases of the cell cydlereas CRKS is a possible CDK1
homologue as its activity peaked at the G2-M bouwn@3antoriet al., 2002). Both CRKs
are cyclin-dependent kinases as they were ablenteract with mammalian cyclins.
However, interestingly, CRK1 was active as a redoantt protein, highlighting that cyclin
binding may not be as vital for its activity(Gomeizal., 1998). CRK3 and to a lesser
extent CRK1 was capable of phosphorylating histdthenvhere the activity peaked at the
G1-S and G2-M phase transitions. It is known thiatome H1 phosphorylation varies
during the life cycle ofT. cruz (da Cunheet al., 2005) but the relevance of histone H1

phosphorylation by CRK3 has not been identified.
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1.6 Protein kinases as drug targets.

A number of diseases are attributed to defectgatem kinase-controlled cell signalling
pathways. Protein kinases therefore representteacte area for therapeutics by way of
inhibitor design. There are 518 protein kinasesdad in the human genome (termed the
kinome), representing approximately 2% of all ge(danninget al., 2002) which are
grouped by class. Tyrosine kinases transfer a gtatspgroup from ATP onto a tyrosine
residue of a protein. Two classes of tyrosine lerna® present in the human genome, non-
receptor tyrosine kinases such as SRC and recéptmsine kinases such as vascular
endothelial growth factor receptor (VEGFR) and ehdbal growth factor receptor
(EGFR). An example of targeting a receptor tyrosknease is with the commercially
available drug Gefitinib (Ires&k (www.iressa.com) (Figure 1.5, lower left). Itassmall
molecule inhibitor that binds to the EGFR recefdoase domain and is registered for the
treatment of metastatic non-small cell lung car(®&8CLC) (Barkeret al., 2001). Other
protein kinases such as GSK-3 are inhibited inthggbatients as part of the signalling
pathway triggered by insulin when it binds to gseptor. However, in patients with adult
onset or Type 2 Diabetes, GSK-3 is not inhibitee do a defective insulin receptor.
Therefore, GSK-3 phosphorylates and inactivatesaglgn synthase, thereby inhibiting
glycogen synthesis, resulting in high blood gluclesels. As a result, GSK-3 is the focus
of inhibitor design for diabetes (Engler al., 2004) (www.cyclacel.com). CDKs, which
are serine/threonine protein kinases will be disedsin greater detail as potential drug

targets in section 1.6.1.

1.6.1 CDKs as potential drug targets.

The search for chemical inhibitors of CDKs wasiatéd due to their potential as anti-

tumour agents (Meijer, 1995). The involvement ofK&DOn a number of cellular events

and disorders has resulted in CDKs being the fofuesearch as potential drug targets in

a number of other disease areas (Figure 1.4).
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The effects of CDK inhibitors on the cell cycle aifeir potential value for the treatment
of cancer have been extensively studied (Sieleckl., 2000; Malumbres and Barbacid,
2001). Many CDKs are over expressed in cancer jtascknown that inhibition of CDKs
arrest cells in G1 (Soni et al., 2001) or G2-M (Dems et al., 2001) and also triggers
apoptosis (Edamatsa al., 2000). To date, CDK1, 2, 4 and 6 have been thst explored

targets; however, CDK7, 8 and 9 are also appe&dirggpts.

A number of neurodegenerative disorders such asheiizer's disease (AD) and
amyotrophic lateral sclerosis (ALS) are associatdéth abnormal regulation of CDKS5,
which is highly expressed in the nervous systerac{téret al., 2003). A characteristic of
AD is the aggregation of the microtubule protein, tahich is phosphorylated by a number
of kinases including CDKS5 (Tsai et al., 2004). Algads to the loss of motor neurones,
resulting in paralysis and death (Bajaj, 2000) &i9K5 has been implicated in ALS
pathogenesis (Nguyeet al., 2001). The increasing evidence that neurondl desth is
associated with increased CDK activity suggests @2K5 inhibition may influence the

outcome of some of these diseases (Knoclaheit, 2002; Fischeet al., 2003).

In recent years, pharmacological inhibitors of CDisre been reported to prevent viral
replicationin vitro (Schang, 2001). Viral replication is known to begiuently coordinated
with the cell cycle and a number of viruses req@Ks for their replication and in some
cases they express their own cyclins (Knockaserel., 2002; Fischeret al., 2003).
Therefore, targeting cellular kinases may be effecas a way of establishing anti-viral

therapeutics.

Glomerulonephritis is a disease of the renal systdrare inflammation of glomeruli and
small blood vessels occurs in the kidney. IgA nephthy, the leading cause of
glomerulonephritis worldwide, is characterised lpn@mal, but non-tumoral mesangial

cell proliferation (D'amico, 1987; Donadio and Gdan 2002). Glomerular diseases
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constitute potential targets for treatment with rpiecological inhibitors of CDKs, as

illustrated in HIV-associated nephropathy (Nelgbal., 2001).

CDKs may also be targeted when treating cardiovasaliseases. The proliferation of
smooth muscle cells is a common feature of athérasis and restenosis. Atherosclerosis
is an inflammatory response in the walls of arggermmmonly referred to as “hardening”
or “furring”, and is the leading cause of coronheart disease (Lusis, 2000). Restenosis is
a common consequence of balloon angioplasty, the méervention for symptomatic
atherosclerotic lesions (Dangas and Kuepper, 200#se proliferative cardiac disorders
are potential areas for therapeutic treatment veigtl cycle inhibitors (Sriram and

Patterson, 2001).

The involvement of CDKs in reproductive biology hasen evaluated for th& vitro
production of animal embryos. The use of CDK intuls to arrest nuclear oocyte
maturation (meiotic divisions), while allowing odeycytoplasmic maturatiom vitro
(final growth and developmental) is under invegtma (Fischeret al., 2003). After the
reversible inhibition of nuclear maturation by 8K inhibitors andn vitro fertilisation,

the embryos can be obtained with no loss of deveéypal ability (Ponderatet al., 2001).

CDK inhibition in inflammatory diseases such asurhatoid arthritis (RA) is being
investigated as a possible treatment. A charatten$ RA is the overgrowth of synovial
fibroblast cells, highlighting an increase in agfcle activity. Treatment of animal models
with collagen-induced arthritis with flavopiridorgved successful, where joint destruction

due to RA was suppressed (Sekine et al., 2008).

A promising area of investigating CDKs as drug ésgs in unicellular parasites. As this

is of particular relevance to this project, it wokk focused on and discussed in section 1.8.
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Cardiovascular diseases
Cancers ’ Atherosclgrosis Viral infections
* Restenosis
« Anti-tumor chemotherapy + Cardiac hypertrophy * HCMV
(proliferation, apoptosis, differentiation) * HSV
« Protection of normal cells T *HIV
AN yd « HPV
Nervous system
CDK .
. . . Tt — Protozoan diseases
« Alzheimer's disease inhibitors .
« Amyotrophic lateral sclerosis *Malaria
« Stroke / \ * Leishmaniosis
- Drug abuse * Trypanosomes
Glomerulonephritis Reproduction
* In vitro fertilization
* Cloning
TRENDS in Pharmacological Sciences

Figure 1.4 — Some of the potential applications o€DK inhibitors. As CDKs are

involved in cell proliferation, apoptosis, neurondunction, and transcription,
pharmacological inhibitors of CDKs are of seriougerest in tackling diseases and
disorders related to these cellular functions. Takem TRENDS in pharmaceutical

Sciences (Knockaes al., 2002).
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1.7 Protein kinase inhibitors.

Protein kinase inhibitors fall into four main graipsubstrate-specific inhibitors, ATP-

competitive inhibitors, activation inhibitors andeiversible inhibitors where the ideal

protein kinase inhibitor prevents activation ratltean competing with ATP or the

substrate. The first protein kinase inhibitors wdeveloped over 20 years ago (Cohen,
2002), and formation of derivatives of these conmmusu have found widespread

application, which has formed the basis for muctwbht is currently known about the

physiological roles of their targets (Knight andogat, 2005). There is a vast number of
protein kinase inhibitors currently in various stagof development which have been
extensively reviewed, a number of which have beatemied (Fischer and Gianella-

Borradori, 2005; Pevarello and Villa, 2005; Rosama Chang, 2000). This highlights the
interest and financial commitment in this area nfgddevelopment put in by academia,
biotechnology and pharmaceutical industries to igvprotein kinase inhibitors to treat a

number of diseases.

The discovery of staurosporine (Figure 1.7, rigla), antifungal agent produced by
bacteria of the genu&reptomyces, which was a nanomolar inhibitor of protein kindse

(PKC), resulted in the pharmaceutical industry rgkiinterest in this area of
pharmacological inhibitors (Cohen, 2002). As a itesunumber of kinase inhibitors have
been developed and approved for clinical use feargety of disorders. Most notably is
Imatinib (Gleevec®) (Figure 1.5, upper right), aosine kinase inhibitor used to treat
Chronic Myeloid Leukaemia (CML). It was the firgsnhportant drug which targeted a
protein kinase specifically, the Ableson tyrosinease (Abl) (Cohert al., 2002a; Cohen

et al., 2002b) (www.gleevec.com). However, it has beeows to be equipotent towards
two other tyrosine kinase receptors, platelet aerigrowth factor receptor (PDGFR) and
c-Kit (Knight and Shokat, 2005). A further exammlea small molecule protein kinase

inhibitor is HA1077 (Fasudil®) (Figure 1.5, lowerght), which is not used in the
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treatment of cancer. It was approved for the treatnof cerebral vasospasm after surgery
for subarachnoid haemorrhage, and associated aérebcthaemic symptoms. At
micromolar concentrations, it inhibits several pitkinases, such as the RHO-dependent
protein kinase ROCK (Cohen, 2002). These examplghlight that protein kinase
inhibitors which target single or multiple protdimases in the cell, can be fully developed

to become commercially available drugs to treardety of diseases.

1.7.1 CDK inhibitors.

The majority of the known pharmacological CDK inkiios are ATP-antagonistic
inhibitors of multiple CDK functions (Fischer, 2004 he first reported CDK inhibitor was
6-dimethylaminopurine (6-DMAP) (Figure 1.5, uppeft), discovered as a puromycin
analogue. It is a purine based compound which itdgdbCDK1 with an IG, value of
12QuM (Rosania and Chang, 2000). 2, 6, 9-trisubstitygednes are the CDK inhibitors
most structurally similar to ATP, whose binding yhantagonise (Fischer, 2003).
Screening a series of purine inhibitors, lead ®discovery of olomoucine and roscovitine
(Figure 1.6, left) which both inhibited CDK1 withC4y values of M and 460nM,
respectively (Rosania and Chang, 2000). Olomouisirsdso an inhibitor of CDK2:CycA,
CDK2:CycE and CDK5, whose discovery has lead tosymthesis of many purines to
identify more active and specific CDK inhibitorsn® of these, roscovitine, is a close
analogue of olomoucine and inhibits cyclin compteré CDKs 1, 2, 5, 7 and 9 with low
micromolar (M) to high nanomolar (nM) I§; values, but shows a lesser potency towards
CDKs 4 and 6 (Fischer, 2003). CYC-202 (Seliciclin)defined form of R-roscovitine,
developed at Cyclacel Ltd, Dundee, inhibits cydomplexes of CDKs 2, 7 and 9 with
similar potency; CDKs 1 and 4 are also targetedtbua lesser extent (Fischer, 2004).
CYC-202 induces apoptotic cancer cell death amdiigently undergoing Phase IIb clinical

trials for the treatment of NSCLC (www.cyclacehtp

34



The co-crystal structures of CDK2 with olomoucingd aoscovitine contributed to the
discovery of purvalanols (Figure 1.6, right), whiekhibit a similar selectivity profile and
are among the most potent CDK2 inhibitors repoftédcher, 2003). Purvalanols were
reported as some of the best CDK inhibitors attine of the century (Rosania and Chang,
2000). Purvalanol B inhibits CDKs 1 and 2 withsd@alues <10nM but it has no effect on
cell proliferation unlike purvalanol A, due to tleek of cellular uptake (Fischer, 2003). In
summary, it was seen that 2, 6, 9-trisubstitutednps were selective towards some
cellular CDKs, essentially inhibiting CDK1, CDK2,D&5, CDK7 and CDK9, but not
CDK4 and CDK6 (Meijer and Raymond, 2003). They lmihcellular proliferation leading

to cell cycle arrest in G1 and G2 and can indu@g#gsis in mitotic cells.

There are a number of other classes of CDK inhibithat have been the subject of
interest. These include indirubins (Hoessetlal., 1999) (Figure 1.8, left), specifically
indirubin-3-monoxime and indirubin-5-sulfonate whieare selective towards CDK1 and
CDK2 (Marko et al., 2001). These have been investigated further sigpwhat the
indirubin derivatives also target glycogen synthidsase 3 (GSK-3) (Polychronopouleis
al., 2004). Another class of inhibitors, paullonesg(ffe 1.8, right), were found to be
potent CDK inhibitors; kenpaullone is a selectimbibitor of CDKs 1, 2 and 5 with nM

activity with the most potent in the series namistegpaullone (Schultz et al., 1999).

However, perhaps the greatest success with CDKbitoins to date is alvocidib
(Flavopiridol®) (Figure 1.7, left), the first CDKnhibitor to reach clinical trials
(Senderowicz, 1999). Developed by the National €amwastitute (NCI), Flavopiridol is a
non-purine CDK inhibitor, most potent against CDK8Cso for CDK1 = 400nM (Rosania
and Chang, 2000)) , 4, 6 and 9 and can inhibit CRksd 7 as well as a number of other
protein kinases (Fischer, 2004; Fischer and Giardirradori, 2005). It can induce cell
cycle arrest at both the G1-S and G2-M boundaResgnia and Chang, 2000) and tumor

growth inhibition in a number of solid tumor celhés (Shapiro, 2004). It has undergone
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several phase Il and phase Il trials, but withibtihg up to the initial expectations of a
CDK inhibitor. It has, however, recently showed ity in patients suffering from

refractory chronic lymphocytic leukaemia (Byedal., 2007).
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6-dimethylaminopurine Imatinib (Gleevec®)
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Gefitinib (Iressa®) HA1077 Dihydrochloride (Fasudil®)

Figure 1.5 — The chemical structures of the first yclin-dependent protein kinase

inhibitor identified and commercially available protein kinase inhibitor drugs.
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Figure 1.6 — The chemical structures of a varietyfa2, 6, 9-trisubstituted purine

CDK inhibitors.
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Figure 1.7 — The chemical structures of Flavopiridi® and staurosporine protein

kinase inhibitors.
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Indirubins: Paulones:
3’-MonoximgR1 = NOH, R2 = H) KenpaulloneR = Br)
5’-Sulfonat¢R1 = O, R2 = SEH) AlsterpaullongR = NO,)

Figure 1.8 — The chemical structures of indubin and paullone protein kinase

inhibitors.
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1.8 The parasite kinome as a target for anti-parasi  te drug discovery.

Protein kinases are attractive drug targets dudheosuccess of drugs such as imatinib
(Gleevec®) and other kinase inhibitors, as previousscussed. However, before these
drugs were developed against cellular kinases, as wiewed in the pharmaceutical
industry that protein kinases were not viable te@Renslo and McKerrow, 2006). This
was largely due to the belief that it would provfficllt to produce selective kinase
inhibitors due to the vast number of kinases presenthe genome (the kinome).
Identifying kinase targets and screening compouhchries against kinases has now
become a promising area of drug discovery researca variety of scientific fields,
including parasitology. Furthermore, the discoveamyd use of anti-parasitic kinase
inhibitors may prove to be influential in estabirgl and dissecting signalling pathways

within parasitic organisms (Nauéhal., 2005).

The recent availability of th€. brucel, T. cruzi andL. major (TriTryp) genome sequences
has facilitated the search for novel drug target$ laas established the number of protein
kinases encoded by these parasites. The TriTrypmkés are closely related and encode
179, 156 and 167 distinct eukaryotic protein kisagePKs) inL. major (lvens et al.,
2005),T. brucel (Berrimanet al., 2005) andr. cruzi (El Sayedet al., 2005), respectively,
as well as 17, 20 and 19 atypical protein kinaseX¥§), respectively (El Sayed al.,
2005; Parsonet al., 2005). This is approximately 30% of the numbespnt in the human
host, double that of the malaria paragitiasmodium falciparum, and one third larger than
in S cerevisiae (EI Sayedet al., 2005; Parson®t al., 2005; Wardet al., 2004).
Trypanosomatid protein kinases represent approri;m@®bo of each genome suggesting a
key role for phosphorylation in parasite biologyheTknowledge from the genome projects
and that there is complex regulation of cell dmsin unicellular parasites provides a wide

variety of potential targets for novel anti-par@sggents.
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1.8.1 Trypanosomatid CDKs as drug targets

Trypanosomatid CDKs belong to the CMGC (CDKs, MAiRase, Glycogen synthase
kinase and CDK-like) group of kinases which is hygtepresented (e.g., 45 in major as
compared to 61 in humans) (Parsa@hsl., 2005). Despite 40-60% identity with human
CDKs, protozoan protein kinases diverge signifigaritom the closest mammalian
homologues (Doerigt al., 2002). This highlights a potential therapeutiondow where
structural differences between the parasite and @D&s may result in different affinities
for inhibitory compounds. Therefore, there is value investigating analogues of
compounds which are active against mammalian CDissthey may display different
efficacy and/or selectivity towards the parasite KCKDAn example of this was with
mammalian CDK and Erk-selective purvalanol compaymehich targeted casein kinase 1
in four different species of unicellular parasif&nockaertet al., 2000). This highlights
that parasite CDKs can be targeted by inhibitorsiclv is a potential avenue for drug

development against trypanosomatids.

1.8.1.1 Leishmania CDKs as drug targets.

As discussed, most work on parasite CDKs to datel®en carried out on CRK1 and
CRKa3, two cdc2-related protein kinases. As mentibnemexicana CRK1 is an essential
gene in promastigotes; however, its role in amateg has yet to be defined. For this
reason, it therefore remains to be determined vene@iiRK1 could be a useful drug target

(Mottramet al., 1993).

L. mexicana CRK3 was established as an essential gene and adtigioiges were carried
out using known CDK inhibitors to attempt to sigreintly reduce CRK3 protein kinase
activity. Flavopiridol was shown to be a potentiimtor of L. mexicana CRK3his protein
kinase activityin vitro and inhibited growth of promastigotes in a dosgetielent manner,

with higher concentrations resulting in cell deakhlower concentrations, Flavopiridol®
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arrestedL. mexicana at the G2-M-phase of the cell cycle (Hassaral., 2001). This

provided chemical validation of CRK3 as a targetr&ional drug design.

Following CRK3his inhibition by Flavopiridol®, a mber of chemical inhibitors were
screened against CRK3his for antileishmanial agti(Grantet al., 2004). The chemical
library screen identified additional inhibitors whi had antileishmanial activity, which
disrupted cell cycle progression and had an irsslkr catastrophic effect on cell structure
and morphology. These inhibitors caused growthstiaed inhibited macrophage infection
in vitro, which provided further evidence thatmexicana CRK3 was a valid drug target.
The inhibitors with antileishmanial activity wergogped into four chemical classes.
Group one were 2, 6, 9-trisubstituted purines,udiig the C-2-alkynylated purines, group
two were indirubins, group three were paullones gnoup four were derivatives of
staurosporine, a non-specific protein kinase inbrb{Grantet al., 2004). Of the four
groups, indirubins were found to be the most poterd were studied further with the
cellular effects of the drugs observed. It was st they exerted a number of effects
consistent with that of cell cycle disruption (Gratal., 2004). This confirmed that CRK3
could be targeted by chemical inhibition, providiegidence that drug development

against CRK3 is an attractive avenue to pursue.

1.9 Antitrypanosomatid drug discovery:

1.9.1 Target assessment for antiparasitic drug disc  overy

The Drug Discovery Unit at the University of Dundeas recently devised molecular-
target assessment criteria for assessing and tmilog parasitic drug targets, termed the
“traffic-light” system (Figure 1.9) (Frearsat al., 2007). Each of the six criteria has an
attributed scoring system in the colours of a itafight. This enables the scoring of
particular targets, highlighting any weaknesse$ wach, and allowing their prioritisation
in terms of which are the most suitable for entgrine drug discovery pipeline (Figure

1.10). When consideringeishmania CRK3:CYC6 in terms of the traffic light system for
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target assessment, it scores favourably. Targédatadn, druggability, assay feasibility,
resistance potential and structural informationakgreen, with only toxicity in the amber

section due to the presence of the human homolobG&K3, CDK1.

Criterion Red Amber Green

No or weak evidence that Either genetic or chemical Genetic and chemical

Target X ; evidence that target is evidence that target is
S the target is essential for . )
validation . essential for growth or essential for growth or
growth or survival : :
survival survival

Drug-like inhibitors are
known and druggable active
site (i.e. clinical precedent
within the target family)

No drug-like inhibitors are | Drug-like inhibitors are
Druggability = known and active site of | known or active site is
target is not druggable druggable potentially

Noinvitro assay developed

s " Invitro assay exists, Assay ready in plate format
Assay and/or significant problems . . )
L : development into plate formatand protein supply assured
feasibility with reagents (cost or ; . o ! Joo
supply) feasible but not achieved within appropriate timelines

Human homologue presen

. Human homologue present | No human homologue
and little or no structural or

- X . but some structural or present or human
Toxicity chemical evidence that . .
S chemical evidence that homologue known to be
selective inhibition is S . .
possible selective inhibition is possibli non-essential

Target has multiple gene

. ) o Target has isoforms within | Target has no known
copies or isoforms within

Resistance the same species and is the same species or might b isoforms within the same
potential subiect to epsca e from subject to escape from species and is not subject to
inhinition b inhibition escape from inhibition

Structure without ligand Ligand-bound structure of

Structural No structure of target or available and/or poor target (or ligand in closely

information closely related homologue resolutlorj G2 A) or relajced homo[ogue) .
opportunity to build a good | available at high resolution
homology model (<2.3A)

Figure 1.9 — Traffic-light definitions for target assessmentTaken from TRENDS in

Parasitology (Frearsaat al., 2007).

1.9.2 The drug discovery process and criteria.

The discovery of novel therapeutics for neglectesbakes is more difficult than other
areas for some aspects. This includes factors asicost of goods, compound/formulation
stability and the requirement to dose children pregjnant women. Despite these areas,
the progression from “hit to lead” to “drug candiela(Figure 1.10) for antiparasitic drug

discovery follows the same pattern as for othegsiru
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Target
selection

@ Screening; safety and efficacy evaluation

Animal models

Target- and cell- of infection;

Actual or \ based screens - ADME; toxicity
k, potential | ————— ( Validatedd Drug'd t
/’ inhibitors hits candidate

Iterative medicinal chemistry More l
o ' detailed
Other search Optimize efficacy and studies Preclinical

strategies pharmaceutical properties; and clinical
Structure-based inhibitor design development

Figure 1.10 — Schematic representation of the druglevelopment pathway. Drug
discovery initiates with molecular biology and biemistry to identify and validate
molecular drug targets. Compounds are assayedablisk activity against the target and
those that are active are defined as hits, (seeefig.11) which can be considered for
testing in animal models. Pharmacokinetic studiesparformed on the hits at this stage in
the pipeline. Compounds active in animal models@ntsidered “drug like” or “lead like”
are defined as leads, (see figure 1.11) which reqfuirther optimisation via iterative
chemistry. Compounds which can be considered fondmutesting are then considered
drug candidates (see figure 1.11). From here, gpoamd then undergoes preclinical and
clinical studies before becoming a commercially ilabde drug. Taken from Nature

Reviews Drug Discovery (Pindt al., 2005).
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Hit
At the start of a screening campaign, compoundishat
e Activeinvitro against whole protozoa with d¢of =1 g per ml (for protozoa), or
inhibiting mobility of helminthgn vitro to, for examplez75% at 10-g per ml.
« Selective (at least tenfold more active againsagite than against a mammalian cell lin
such as MRC-5).

Lead
At the start of a screening campaign, compoundishat
* Activeinvivo against parasites at a da#®0 mg per kg.
* Not overtly toxic in animals at efficacious dose.
* Activeinvitro against relevant parasite types (for example,-deggstant parasites).
¢ Chemically tractable (analogues can be obtained).

During the campaign, criteria are made more stribge candidate for lead optimization should
be:
« Active invitro with activity approaching that of standard drugs.

* Active in vivo against parasites in the relevant small animaleh@dr example, chronic ¢r

late-stage disease), when delivered by a relevame (preferably oral) in an acceptable
formulation at a reasonable dose (<< 100 mg per kg)
e Show good selectivity when tested against seveaahmalian cell lines.

Drug development candidate

Compound that has emerged from a lead optimizgtioness and looks likely to fulfill at least the

essential criteria in the desired product profiishould:

« Be activein vivo with activity comparable to or exceeding thattafslard drugs in the
most relevant animal models.

* Be effective against desired range of parasiteseffample, drug-resistant parasites an
different species).

» Pass early toxicity/mutagenicity criteria.

* Have an acceptable metabolic profitevitro andin vivo (preferably with no major
species differences).

e Have an acceptable pharmacokinetic profile.

« Be amenable to cost-effective scale-up.

e Preferably have a mode of action that is well usiend.

Clinical development candidate

Drug development candidate for which additionaiecia have been met in studies of detailed
pharmacology, pharmacokinetics/absorption, distidgim metabolism and excretion, mutagenig
and toxicity, formulation, scale-up for producti@ost of goods and so on.

Figure 1.11 — The criteria for antiparasitic hits, leads and drug candidatesTaken

from Nature Reviews Drug Discovery (Pigkal., 2005).
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1.9.3 The requirement for new antileishmanial thera  peutics.

There is an urgent need to develop new therapaggnts against eukaryotic parasites
such asLeishmania and Trypanosoma. Although many of the current drugs are dated,
chemotherapy remains the main method for diseas#rato However, these current

therapies are unsatisfactory for a variety of reassuch as acute toxicity, poor efficacy,
undesirable route of administration, cost of adstmation and the emergence of drug
resistance. There have, however, been recent aglvam@reas of research to identify and
develop possible antileishmanial therapeutic age®ise such area is that of cyclin

dependent kinases (CDKSs) in the Trypanosomatidogelle. As many protein kinases are
essential to the cell cycle and because of thentesisccesses of imatinib (Gleevec) and
other kinase inhibitors, this provides a promisangd attractive area of study for drug

discovery and development (Renslo and McKerrow6200

1.10 Project aims.

The aim of this study was to identify specifieishmania CRK3 inhibitors in order to
contribute to combating leishmaniasis. A varietyapproaches were used to identify and
develop novel families of CDK inhibitors against KR from Leishmania and possibly
African Trypanosomes because of CRK3 shared igerdtite project looked to shorten the
drug discovery process by working in collaboratwith Cyclacel Limited in Dundee and
adopting a piggy-back approach to drug discovexplating their expertise, technology
and compound libraries for the identification arebign of CDK inhibitors. Nowadays,
some companies see value in supporting tropiceladis drug discovery as a way to boost

their lead discovery efforts (Nwaka and Hudson,&00

The main goal of the drug discovery project wasidentify lead compounds against
parasite CRK3 that can be developed for clinicaldr These would be small molecules,

which significantly reduce and/or abolish the atyivof parasite CRK3in vivo. The
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running hypothesis was that unique aspects of CRE&hemistry can be exploited for the

design of specific small molecule inhibitors.

In order to achieve this objective, active recorahirh.. mexicana CRK3 was produced via
bacterial protein expression, for use in low anghhihroughput assay development and
screening. An assay system using IMXPfluorescent polarization technology was
developed, suitable for high throughput screenwmigich involved screening a chemical
compound library at Cyclacel consisting of approiely 25,000 compounds. Once lead
hits were identified and analysed, these weredesf)ainst.eishmania in vitro to establish
their biological activity with the view to carryingut in vivo studies and initiating

pharmacokinetic studies on the lead compounds.
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Chapter 2

Materials and methods

2.1 Buffers and reagents.
Adenosine triphosphate (ATP): Stock solution is 100mM in distilled water. Storatl

-20°C. Used at the concentration relevant for #srdbed assays.

Ammonium persulfate: 10% working solution prepared in distilled watetor@d at

-20°C.

Ampicillin:  Stock solution is 50mg flin distilled water. Used at 5§ mi. Stored at

-20°C.

Anion exchange column elution buffer:50mM Tris, 5mM EDTA pH 7.0 and 1M NacCl.

Assay development buffer (ADB):20mM MOPS, pH 7.0, 25mM-glycerophosphate,
5mM EGTA, 1mM NavO3, 1mM DTT and 15mM Mg&£IFreshly prepared.

Blocking solution 1: 5% (w/v) milk powder in PBS-Tween. Freshly prepared
Blocking solution 2: 3% (w/v) milk powder in PBS-Tween. Freshly prepared

Chloramphenicol: Stock solution is 34mg nilin ethanol. Used at 34 ml*. Stored at
-20°C.

Complete reaction buffer (CRB): 10mM Tris-HCI, pH 7.2, 10mM MgGJ 0.05% NaN3,
0.01 % Tween-20 and 1mM DTT. Made up fresh.

Coomassie blue R25045% ethanol, 45% distilled water, 10% glacial acetid, 0.25%

Coomassie blue R250.

Coomassie blue R250 destaimt5% ethanol, 45% distilled water, 10% glacial acatid.
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Dithiothreitol (DTT): Stock solution is 1M in distilled water. Used at NImStored at

-20°C.

DNA loading buffer (6x): 15% Ficoll, 0.25% bromophenol blue, 0.25% xylenarmt
FF. Stored at 4°C.

DNAse-1: Stock solution is 10mg il Used at 1@g mI*. Stored at -20°C.

Electroporation buffer (EPB): 21mM HEPES pH 7.5, 137mM NaCl, 5mM KCI, 0.7mM
Na2P0O4 and 5mM glucose. Stored at -20°C.

Enzyme dilution buffer (EDB): 20mM Tris-HCI pH, 0.5mg mit BSA, 2.5% glycerol and
0.006% Brij-35.

Ethidium bromide: Stock solution is 10mg il in distilled water. Stored at room

temperature. Used at 0.2mgml

Gel filtration buffer/enzyme storage buffer: 20mM HEPES pH 7.4, 50mM NaCl, 2mM
EGTA, 2mM DTT and 0.02% Brij-35.

Giemsa’s stain:100% Giemsa’s R66 solution. Prepared to a 10% wgrkbncentration

in distilled water.

Histone H1: Stock solution is 2mg rilin distilled water. Used at 0.4mg TlStored at
-20°C.

IMAP ™ progressive binding reagent:Proprietary buffer from Molecular Devices plus

tri-valent metal containing nanoparticles. Fregtigpared.

Isopropyl-g-D-Thiogalactopyranoside (IPTG): Stock solution is 1M in distilled water.
Used at relevant concentrations for the proteissmdeed. Stored at -20°C.

Kanamycin: Stock solution is 30mg rllin distilled water. Used at 8§ mI*. Stored at
-20°C.

Kinase assay buffer (KAB): 50mM MOPS pH 7.2, 20mM Mggl 10mM EGTA and
2mM DTT.
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Leishmania lysis buffer: 50mM MOPS pH 7.2, 100mM NacCl, 10% (v/v) glycerolda
1% (v/v) Triton X-100.

Luria-Bertani (LB) agar: LB-media plus 0.8% (w/v) agar. Autoclaved to steelland

stored at room temperature.

Luria-Bertani (LB) media: 1% (w/v) bacto tryptone, 0.5% (w/v) yeast extraot &.5%
(w/v) NaCl. Prepared in distilled water and autwelh for sterilisation. Stored at room

temperature.
Lysozyme: Stock solution is 100mg il Used at 100y mi™. Stored at -20°C.
Neomycin (G418):Stock solution is 10mg mil Used at 10g mI™*. Stored at -20°C.

Ni?* column loading/wash buffer: 50mM NaH,PQ,, 300mM NaCl pH 8.0 and 20-50mM

imidazole.

Ni?* column elution buffer: 50mM NaH,PQ,, 300mM NaCl pH 8.0 and 500mM

imidazole.

NuPage transfer buffer (20x): 500mM bicine, 500mM Bis-Tris, 20.5mM EDTA and
1mM chlorobutanol. Stored at 4°C.

PBS-Tween (PBST):PBS buffer plus 0.1% Tween-20.

PCR mix (10x): 450mM Tris-HCI, pH 8.8, 110mM ammonium sulphatemds MgCl,,
67mM B-mercaptoethanol, 44mM EDTA, pH 8.0, 1.13mg'rBISA, 10mM dATP, 10mM
dCTP, 10mM dGTP and 10mM dTTP. Stored at -20°C.

Phosphate buffered saline (PBS)10mM phosphate buffer, 2.7mM KCI, 137mM NacCl,

pH 7.4. Stored at room temperature.

Protease inhibitor cocktail (1x): 100ug ml* leupeptin, 500g mi* pefabloc, fig mi*
pepstatin, 1mM phenanthroline, 1mM EDTA and 1mM BGT

Puromycin: Stock solution is 10mg nilin distilled water. Stored at -20°C. Used a0

ml™.
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RF-1: 100mM RbCI, 50mM MnCI2, 30mM potassium acetate, ¥0@aCh and 15%
glycerol, pH 5.8.

RF-2: 10mM MOPS, 10mM RbCI, 75mM Cagand 15% glycerol, pH 6.8.

Roche EDTA-free, complete protease inhibitors:Proprietary mixture of protease

inhibitors inhibiting a broad range of serine agdteine proteases.

SDS:10% solution prepared in distilled water and staehom temperature.

SDS-PAGE running buffer (10x): 25mM Tris, 192mM glycine and 0.1% SDS.

SDS-PAGE sample buffer (4x):564mM Tris, 2.04mM EDTA, 0.88mM Serva Blue
G250, 0.7mM Phenol red, 40% glycerol and 8% LDS 8051

SYBR safe: 10,000 x stock solution in DMSO. Used at 0.2 x a&tdred at room

temperature.

TEMED: Stock solution stored at 4°C.

Tris: Working solutions prepared in distilled water and storeatn temperature.

Tris-Borate-EDTA (TBE) (10x): 0.9M Tris-HCI, 0.9M boric acid, 25mM EDTA. Stored

at room temperature.
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2.2 Molecular biology methods:
2.2.1 Bacterial strains.

The bacterial strains used throughout this praeetdescribed in table 2.1.

Bacterial strain Genotype Application ManLéfractur
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 Cloning of recombinant
XL1-Blue relA1 lac [F" proAB laclSZAM15 Tn10 g - Stratagene
R plasmids
(Tet™)]
F- ¢80dlacZM15 (lacZYA-argF)U169 deoR - .
DH5 Alpha recA1 endA1 hsdR17(r , m ) phoA Cloning cigsrgci:g?bmant Invitrogen
supE44 thi-1 gyrA96 relA1 A- P
B F ~ ompT hsdSg(r g'm ') gal dcm(DE3) . . - .
BL21 (DE3) pLys-S A(sri-recA)306::Tn 10 pLysS (CamF, Tet®) High level protein expression Invitrogen
Aara-leu7697 AlacX74 AphoA Pvull phoR
. . R araD139 ahpC galE galK rpsL Protein expression increasing
Origami (DE3) pLys-5 F ' [lac" lacld pro] (DE3) gor522::Tn 10 protein folding Novagen
trxB pLysS (CamR. KanR, Str?, Tet®)
R F ~ompT hsdSg(r g'm ') gal dem(DE3) Protein expression providing
Rosetta (DE3) pLys-5 pLysSRARE2® (CamR®) rare codon translation Novagen
Aara-leu7697 AlacX74 AphoA Pvull phoR Protein expression providin
Rosetta-Gami (DE3) pLys- araD139 ahpC galE galK rpsL(DE3) p P! g
. " q . rare codon translation and Novagen
S F ' [lac* lacl? pro] gor522::Tn 10 trxB increasing protein foldin
pLysS (CamR. Kan®, Strf, Tet®) SP s

Table 2.1 — Bacterial strains used for plasmid cldng and protein expression.

2.2.2 Bacterial culture.

LB-agar was melted and cooled before the additfarlevant antibiotics, and poured into
Petri dishes to set. Transformed bacterial cellevpdéated on LB-agar plates with a glass
spreader sterilised in ethanol, and incubated &€ 3Wernight. Using a sterile cocktail
stick, a single colony was used to inoculate 5-16mLB-medium with the appropriate
antibiotics. Bacterial cultures were grown at 37ACan incubator with agitation for the

appropriate time depending on the bacterial stvaing prepared.

2.2.3 Bacterial stabilate preparation (Glycerol sto  cks).
Transformed bacterial cells were plated on LB-agiates complete with the relevant

antibiotics and incubated at 37°C overnight. A Ergplony was used to inoculate 5-10ml
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of LB-media complete with the relevant antibioteosd the bacterial culture grown at 37°C
overnight. 0.5ml of the bacterial culture was adtte@®.5ml of 2% peptone/40% glycerol

and the cells store at -80°C.

2.2.4 Preparation of competent cells:

2.2.4.1 Rubidium chloride method.

A single colony was used to inoculate 5ml of LB-maecbmplete with relevant antibiotics
and the culture grown at 37°C overnight. The celtwas diluted 1:100 in 50ml of fresh
LB-media and grown until an optical density of u&s reached at a wavelength of 600nm
(O.Dsoonm- The culture was incubated on ice for 10 minated harvested at 2000 x g for
15 minutes at 4°C. The cell pellet was resuspemaedbml of pre-chilled RF-1 buffer,
mixed by slow vortexing and incubated on ice for rbthutes. The suspension was
harvested at 2000 x g for 15 minutes at 4°C anctéhleellet resuspended in 4ml of pre-
chilled RF-2 buffer. The suspension was incubatedce for 1 hour, aliquoted in 20D
volumes and snap-frozen in ethanol pre-chilled?8fC. Competent cells were stored at -

80°C.

2.2.4.2 Calcium chloride method.

A single colony was used to inoculate 5ml of LB-maecbmplete with relevant antibiotics
and the culture grown at 37°C overnight. The celtwas diluted 1:100 in 25ml of fresh
LB-media and grown until an optical density of uds reached at a wavelength of 595nm
(O.Dsgsnm- The culture was harvested at 2000 x g for 10utei at 4°C. The cell pellet
was resuspended in 12.5ml of pre-chilled, stef@mBl CaC} buffer by slow pipetting and
incubated on ice for 30 minutes. The suspensionhaagested at 2000 x g for 10 minutes
at 4°C and the cell pellet resuspended in 2.5nprefchilled, sterile 50mM Caghbuffer.
The suspension was aliquoted in gD@olumes and snap-frozen in dry ice. Glycerol was

added to a final concentration of 10% and competelts stored at -80°C.
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2.2.5 DNA vectors and plasmid constructs.

The DNA vectors used throughout this project arabplids constructed are described in

tables 2.2 and 2.3, respectively.

Vector Protein tag Description Manufacturer
PCR-Script No tag Gene cloning vector Stratagene
pGEM-T Easy No tag Gene cloning vector Promega
pET5a His-tag His-tagged protein expression Promega
construct
pET-15b N-terminal His-tag His-tagged protein expression Novagen
construct
pET-21a N-terminal His-tag His-tagged protein expression Novagen
construct
pET-28a C-terminal His-tag His-tagged protein expression Novagen
construct
DGEX GST-tag GST-tagged protein expression GE Healthcare
construct
. . . University of
pXG No tag Episomal protein expression construct Glasgow
DRIB No tag Ribosomal integration expression University of
construct Glasgow

Table 2.2 — DNA vectors used for gene cloning andqiein expression.

Gene of interest

Description

Plasmid Backbone Protein tag

pGL665 pET5a His-Tag L.mexicana CRK3T"7% L. mexicana CRK3 T-loop mutant
= GST-tagged CIV1
PGL716 PGEX GST-tag Yeast CIV1 (Yeast CDK activating kinase)
pGL751a pET28a C-terminal His-tag L. mexicana CRK3 His-tagged L. mexicana CRK3
pGL1169 PCR Script No tag L. major CYCé6 L. major CYC6 gene
pGL1218 pET15b N-terminal His-tag L. major CYCé6 His-tagged L. major CYC6
. Episomal expression of C-terminally
pGL1390 pXG No tag L. major CYCé6 HA-tagged CYC6
GL1391 XG No ta L. maior CYC6 Episomal expression of N-terminally
P P s - maj HA-tagged CYC6
. Ribosomal integration of C-terminally
pGL1483 pRIB No tag L. major CYC6 HA-tagged CYC6
pGL1484 PRIB No tag L. major CYC6 Ribosomal integration of N-terminally

HA-tagged CYCé6

Table 2.3 — Plasmid constructs generated and usearbughout the project.

53



2.2.6 Polymerase chain reaction (PCR).

Polymerase chain reactions were used to amplify Dfdgments for subsequent cloning
or colony PCR to analyse DNA ligations. Reactioresevcarried out in a final volume of
20ul comprising 2 of 10x PCR mix, 10pmol of each oligonucleotidenper (sense and
antisense), dl of template DNA, 0.hl of Tag/Deep Vent DNA polymerase (New England
BioLabs, NEB) and milli-Q KO added to 2@. For colony PCR, a single colony was
picked with a sterile cocktail stick and added cliseto the 2@l reaction mixture. This

supplied the template DNA for the reaction. Tydigakreactions were carried out as

follows:
DNA denaturing - 95°C for 5 minutes
: ™
DNA denaturing - 92°C for 30 seconds
Primer annealing - 55°C for 2 minutes > 25 cycles

Initial DNA extension - 72°C for 90 seconds/

Final DNA extension - 72°C for 10 minutes

DNA storage - 4°C overnight

2.2.7 Plasmid preparation and purification.

Molecular biology kits from Qiagen were used topamee and purify genomic DNA
(gDNA) (DNeasy) from Leishmania, DNA fragments and plasmids for subsequent
sequencing and cloning. Plasmids were sequenceg ds$ie Sequencing Service at the
University of Dundee, where 200-300ng of doublearstied plasmid was provided per
sequencing reaction required. QIAquick PCR puatian kits (QIAGEN) were used to
purify DNA fragments obtained from PCR. QlApreprspniniprep kits (QIAGEN) were
used to obtain high purity plasmid DNA (up tou8) with both kits used according to the

manufacturer’s protocol.
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2.2.8 Restriction enzyme digests.

Restriction enzymes (NEB) were used according éontanufacturer’'s recommendations
with the buffers supplied. Plasmid digestions weoemally carried out in a final volume

of 3Qul, digesting plasmid DNA with appropriate enzymesl duffers for 2-3 hours at

37°C. Digest volumes were scaled where appropdepending on the individual digest.
Digests were stopped by the addition of DNA loadmndfer to a 1 x final concentration

from a 6 x concentrated stock and analysed by DBlfelpctrophoresis.

2.2.9 DNA gel electrophoresis.

DNA agarose gels were prepared by adding 0.5 x bBffer to powdered agarose and
melted. Gels contained 0.8-1.2% agarose (w/v) a@aggito the size of the DNA fragment
to be separated. Ethidium bromide (0.2mg“mbr SYBR Safe (1 in 5000 dilution)
(Invitrogen) was added to the molten gel priortte gel setting. DNA samples were mixed
with 6 x DNA loading buffer to a final concentratioof 1 x loading buffer and
electrophoresed at 80-120 volts, until the dyetfnwas three quarters of the length of the
gel. Gels were viewed under ultra violet illumimeatiin a Bio-Rad gel documentation

system and photographed for analysis.

2.2.10 DNA purification from agarose gels.

DNA agarose gels were prepared as described ir8 2ahd the DNA fragments

electrophoresed. The gels were viewed under loensity ultraviolet light to minimise

mutagenesis of the DNA band of interest. The banititerest was excised from the gel
with a scalpel blade. The DNA band was processdl aiQIlAquick gel extraction kit

(QIAGEN) to purify the DNA fragment and was perfardh in accordance with the

manufacturer’s protocol.
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2.2.11 DNA ligations.

Ligation of DNA fragments into pET expression vestgNovagen) was carried out in a
final volume of 1@l comprising the DNA insert, plasmid vector, 20Ganof T4 DNA
ligase, 1x T4 DNA ligase buffer and milli-Q.8 added to 1. The ligation mixture was
incubated at room temperature for at least 1 hadrthen for 10 minutes at 65°C before

being stored on ice until required for bacteriahgformations.

2.2.12 Bacterial transformations.

Competent cells were transformed by heat shock.ON& ligation mixture was added to
50ul of competent cells (see section 2.1.4) and migedtly with a pipette tip. The
transformation was incubated on ice for 15 minutde transformation was heat shocked
by incubating at 42°C for 45 seconds and place#t badce for 2 minutes to incorporate
the plasmid of interest into the competent cellslLOvere then plated onto LB-agar plates
and incubated overnight at 37°C. Correct cloneewdentified by colony PCR (section

2.2.6).

2.3 Mouse methods:

2.3.1 Macrophage (m ®) extraction and purification.

Sufficient fresh RPMI 1640 media (PAA cat no. E¥28supplemented with 10% (v/v)
heat inactivated foetal calf serum (HIFCS) and 1%)( Gentamicin antibiotic was
prepared for the number of mice to be processeititute for Cancer Research (ICR) mice
were killed by inhalation of C©gas prior to their necks being broken by forcépxe
were sprayed with 70% EtOH and laid on their batk Vegs splayed. Mouse skin was cut
at the belly, between the top of the hips, by pgllthe skin taught with forceps and
removed by pulling off the skin from the abdomeheTinside of the mouse was sprayed
with 70% EtOH to sterilise. Using forceps, the meame at the sternum was pulled taught
and a 21G needle inserted with the bevel facingaugsy just underneath the membrane.

The cavity was filled with 10ml RPMI supplementedthw 10% HIFCS and 1%
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Gentamicin. The base of the tail and shoulders Wetd and the mouse shaken for 30
seconds to release the macrophages. A 26G neetheawi empty 10ml syringe was
inserted into the mouse’s side with the bevel fadimo the body. The skin was pulled
taught against the needle and the fluid removedtrdfdages were harvested at 1000 x g
for 10 minutes at AC and the supernatant retained. The cells werespesdled in fresh
RPMI supplemented with 10% HIFCS and the cell dgnsdunted as described in 2.3.2.
Macrophages were diluted to a cell density of 50x dells mi* in RPMI supplemented

with 10% HIFCS. 100l of macrophages were added to each well of a 16hab-tek]

cavity slide (50,000 well) and incubated at 3T, 5% CQ for subsequent experiments.

2.4 Leishmania major methods:

2.4.1 Leishmania cell lines.

The cell line used in this project was major wild type promastigotes (Friedlin strain:
WHO designation MHOM/JL/81/Friedlin). All transgencell lines developed, originated

from this parent cell line.

2.4.2 Tissue culture.

L. major promastigote cells were grown at 25°C in HOMEM med(Invitrogen cat no.
041-94699111) supplemented with 10% (v/v) HIFCS a¥d(v/v) penicillin/streptomycin
antibiotics. Cells were inoculated into fresh medliat approximately 1 x f£ocells mi*
and were passaged into fresh medium when cultesashed a late log or early stationary

phase (approximately 1-2 x 16ells mi%).

TransgenicL. major cell lines were maintained with Puromycin antiliofCalbiochem)
used at a concentration ofyfBmI* and Neomycin (G418) antibiotic (Calbiochem) used a

a concentration of 1@ ml™.
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L. major promastigote cells were diluted and fixed by agdsul of cells to 5@l of 2%
(v/v) formaldehyde in PBS. The cell mixture wasded onto a haemocytometer and

counted under microscopy to determine the cellitiens

Cells were harvested by centrifugation at 1000 forglO0 minutes 4C. The cell pellets
were resuspended gently in 10ml of ice-cold, PB8Isted through a O,idn filter, to wash
the cells and harvested as before. Cell pellete wsed immediately for all subsequent

experiments.

2.4.3 DNA transfections:

2.4.3.1 DNA precipitation and sterilization.

Purified DNA for each construct had sodium acefii@Ac) added to a final concentration

of 0.3M. Two volumes worth of 100% ethanol (EtOHgre added and the preparations
kept at -20°C for 30 minutes. Samples were cemjeifuat 12000 x g for 30 minutes and
the supernatant removed under sterile conditiom& pellet was washed twice in 70%
EtOH and the excess supernatant removed. The pedigtallowed to dry under sterile

conditions before resuspension inR6f sterile HO, ready for transfection.

2.4.3.2 Bio-Rad electroporator transfection.

Mid-log stagel. major cells at a density of 5 x i@ells mi* were harvested at 1000 x g
for 10 minutes. Cells were washed in half the oagjicell volume with electroporation
buffer (EPB) before being resuspended at 1 %cBlls mi* in ice-cold EPB and kept on
ice. 10 to 5Qig of DNA was added to a 2mm gap ice cold cuvettd WwOQul of cells and
mixed. Cells were electroporated once in a Bio-Rasehe Pulser Il with Capacitance
Extender Il at 0.45kV and capacitance gBOwith the resulting time constant of 4.8ms
(range from 4.6 to 5.1ms). The transfected cellsewalowed to recover on ice for 10
minutes before being transferred to 10ml of fresAMEEM medium with 20% (v/v)

HIFCS and incubated at 25°C overnight. The follgvitay, Neomycin (G418) antibiotic

58



was added to a final concentration ofugOml™ (v/v) to select for transfected clones and

cultures incubated at 25°C.

2.4.3.3 Amaxa nucleofector transfection.

Transfections were carried out using a human T-8ellaxa nucleofector kit (Amaxa
Biosystems) according to the manufacturer's prdtoa« 10 mid-log phase.. major
cells were harvested at 1000 x g for 10 minutesrasdspended in 1Q0of the Amaxa
nucleofector buffer. 145y of DNA was added and mixed. Cells were electrafgal using
the U-14 Amaxa programme used for high cell vitplhefore being transferred to 10ml of
fresh HOMEM medium with 10% (v/v) HIFCS. 10ml cuktg were split into two 5ml
cultures to select for independent transfectiomtssand incubated at 25°C overnight. The
following day, Puromycin antibiotic (Calbiochem) svadded to a final concentration of
100ug ml* to select for transfected clones. fD6f cells were plated out in 96-well plates

and incubated at 25°C until the control cell lime=se dead and the transfected cells grew

up.

2.4.4 Protein preparation.

Mid-log phasel. major parasites were grown to a cell density of 1 % ¢élls mI* in
200ml  of HOMEM medium supplemented with 10% HIFCSnda 1%
penicillin/streptomycin antibiotics (Sigma). Celgere harvested at 1000 x g for 10
minutes at 4°C. The cell pellets were resuspendatlygin 10ml of ice-cold PBS,
sterilised through a Ouin filter, to wash the cells and the cells harvesteefore. Cell
pellets were gently resuspended in 3ml of ice-cbltkr sterile Leishmania lysis buffer
supplemented with a protease inhibitor cocktaills3gere incubated on ice for 1 hour and
harvested in an ultra centrifuge at 100,000 x glfdrour at 7°C. The S100 supernatant
fraction was analysed by Coomassie R250 gel stifsee section 2.5.1) and Western

blotting for protein detection (see section 2.5.2).
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2.4.5 Leishmania stabilate preparation.

0.5ml of mid-log phas&. major promastigote cultures were added to 0.5ml prdezhil
HOMEM medium supplemented with 20% HIFCS and 10% $IM per cryovial.
Cryovials were placed in a cotton wool insulatedtamer, and stored at -8D overnight.
This was to allow gradual temperature reductionugng maximum survival of cells
during the freezing process. Cryovials were subsety transferred to liquid nitrogen for

long term storage.

2.4.6 Alamar blue absorption assays and drugging.

Compounds to be assayed were made up to doubldéintdescreening concentration
desired in HOMEM medium supplemented with 10% HIFGSve-fold or ten-fold serial
dilutions of the compounds were carried out intoNtEM medium supplemented with
10% HIFCS. 100ul of each drug concentration wededdo a 96 well plate in duplicate.
100pul of five-fold or ten-fold serial dilutions dfmM Pentamidine (Sigma) and 100%
DMSO solvent were included as positive and negatosgrols, in duplicate, respectively.
L. major promastigote cells were diluted to a cell densftg x 10 cells mI* in HOMEM
media supplemented with 10% HIFCS. 100l of 2 & délls mI* L. major cells were
added to all wells in 96 well plates. Plates wegaled with parafilm and incubated for 5
days at 2%C. After 5 days, 20ul of filter sterile reazurinigmon (12.5mg reazurin salt in
100ml PBS) (Sigma) was added to each of the waellisthe plate incubated for a further
24 hours at 28C. Absorption was read using an Envision plate ee@@erkin EImer) with
excitation at 540nm and emission at 590nm to assessbiological effect of the

compounds.

2.4.7 Macrophage infection assays and drugging.
Day 1. Peritoneal macrophages @nwere harvested by lavage as described in section

2.2.1 and incubated at X7, 5% CQ for 24 hoursDay 2: Macrophage cells were infected
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with L. major promastigotes: stationary phase promastigoteajor cells were counted as
described in section 2.3.2 and diluted to a densitg x 16 cells mi* in RPMI 1640
medium supplemented with 10% HIFCS. This allowedafalesired infection ratio of 8 to
1 (L. major to macrophages). 1QDof L. major promastigote cells were added to each of
the wells and the slides incubated for a furtheh@drs at 37C with 5% CQ. Day 3: To
determine if there was a suitably high infectiomeaf24 hours for the experiment to
proceed, one slide was processed by removing thdiumewith a pasteur pipette and
washed 2 x with fresh RPMI 1640 medium supplememigd 10% HIFCS. Cells were
fixed with 100% methanol and stained with 10% Giaimstain (BDH) for 10 minutes.
Infectivity after 24 hours was determined by lighicroscopy under oil immersion, and
where suitably high (where ~80% of macrophages wafected), the experiment
proceeded. The remaining slides had their mediumoved with a pasteur pipette and
were washed 2 x with fresh RPMI 1640 medium supplged with 10% HIFCS.
Compounds to be assayed were set up in five-fdidiain series in RPMI 1640 medium
supplemented with 10% HIFCS. 200ul of compound watded to the wells in serial
dilution and slides incubated for 72 hours at@ivith 5% CQ. Day 6: The slides had
their medium removed and were washed as previodsbcribed. Compounds were
prepared as described for the first drugging on 3laynd were added to the macrophage
cells to ensure the compound concentrations wepedtehe desired level for the duration
of the experiment. The slides were incubated flurther 48 hours at 3€ with 5% CQ.
Day 8: The experiment was stopped by removing the mediiam the slides and washing
as previously described. The cells were fixed vifl9% methanol and stained with 10%
Giemsa’s stain for 10 minutes. The percentage faicted macrophages and number of

amastigotes per macrophage were determined byrigibscopy under oil immersion.
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2.5 Biochemical methods:

2.5.1 General protein purification.

Escherichia coli BL21 (DE3) pLys-S strains were transformed witle tlelevant DNA
plasmid and plated onto an LB-agar plate suppleetentth the relevant antibiotics. A
single colony was used to inoculate 5ml of LB-medith the appropriate antibiotics and
grown with agitation overnight at 37°C. Bacterialtares were bulked up to an appropriate
volume and grown at 8T in LB-media supplemented with the appropriatebastics to

an optical density of 0.7 at a wavelength of 60Qi@rD so0nn). Cultures were shifted to
their induction temperature for 30 minutes and giroexpression was induced over night
using IsopropyB-D-Thiogalactopyranoside (IPTG) at the appropriedacentration and
induction temperature for the relevant protein.I€elere harvested at 4000 x g for 15
minutes and resuspended in ice-cold PBS, pH 7.glsoented with DNAse-I (14 ml™)
and Lysozyme (1Q@y mi*) and incubated for 60 minutes on ice. The celbtg was
sonicated 5 x 15 seconds (1sec. on/lsec. off) éakbopen the cells. The lysate was
harvested at 12000 x g for 20 minutes. The protewgse purified via BioCAD
chromatography using a metal chelaté'harged column. Fdr. major CYC6 only, Nf*
purification was followed by purification on a stigp anion exchange Poros HQ 10 micron
4.6mmD/100mmL column (Applied Biosystems). Proteimsre loaded onto the Wi
column and the flow through collected. The columaswwashed with Ni column
loading/wash buffer to remove non-specific protdisind to the column, and the wash
collected. Proteins were eluted using th&" Nblumn elution buffer with a gradient of 50-
500mM imidazole over 10 column volumes (1 columtuute = 1.75ml). The fractions
showing peaks of protein were pooled and passealghr a PD-10 desalting column
(Amersham) before being loaded onto the strong ramrchange column. The flow
through from the column was collected and poolgdtdhs were eluted using the anion
exchange column elution buffer and the fractionBected. Proteins were analysed as

described in section 2.5.
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2.5.2 Leishmania CRK3:CYCG6 protein complex purification.

E. coli BL21 (DE3) pLys-S cells were transformed with ptéd pGL1218 (CYC6his) and
plated on an LB-agar plate with the appropriatebaotics. A single colony was picked
and competent cells prepared as described in 2AQYA6 competent cells were re-
transformed with plasmid pGL75l1a (CRK3his) and gdatonto an LB-agar plate
supplemented with the relevant antibiotics. A stngblony of co-transformeH. coli BL21
(DE3) pLys-S cells were used to inoculate 5ml ofBdia with the relevant antibiotics
and grown with agitation at 37°C overnight. The fatterial culture was bulked up to a
volume of | litre and the culture grown at°87to 0.7 O.Dsponm. The 1 litre culture was
shifted to an induction temperature ofC%or 30 minutes and protein expression induced
with 1mM IPTG. Cultures were induced at’Cover night with agitation. After 16 hours
cells were harvested at 4000 x g for 15 minutesrasdspended in ice-cold PBS pH 7.4
supplemented with DNAse-1 (1§ mI™) (Invitrogen) and Lysozyme (106 mI*) (Sigma)
for 60 minutes on ice. The cell lysate was sonitdtex 30 sec (30sec. on/30sec. off). The
cell lysate was harvested at 12000 x g for 20 neswdnd the soluble extract filtered
through a 0.gm filter syringe. The proteins were purified viaoBIAD chromatography
using a metal chelate Nicharged column followed by a Hiload 16/60 Super@e@ gel
filtration column. The protein complex was loadettmthe Nf* column pre-equilibrated
with Ni?* column loading/wash buffer and the flow throughlemied. The column was
washed with the Nf column loading/wash buffer to remove non-spegifioteins bound
to the column and the wash collected. CRK3:CYC6 elased at 1ml mifl with Ni?*
column elution buffer with a linear gradient of 500mM imidazole over 10 column
volumes (1 column volume = 1.75ml). The fractiohewing peaks of protein were pooled
and loaded onto a Hiload 16/60 Superdex-200 geafiibn column pre-equilibrated with
gel filtration buffer/enzyme storage buffer. Thergex was eluted at 1ml mirwith gel
filtration buffer/enzyme storage buffer and thecfrans collected. The protein samples

were analysed as described in section 2.5. Théidracshowing CRK3his and CYC6his
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proteins were pooled together, had glycerol addetiOfo of the final volume along with

Roche EDTA-free, complete protease inhibitors, veiguoted and stored at -BD.

2.6 SDS- PAGE.

Protein samples were added to 4 x SDS-PAGE sanufiler [{Invitrogen) and 10 x sample
reducing agent (Invitrogen) to a final concentnatid 1 x for each. Samples were boiled at
100°C for 5 minutes to denature the proteins. Rra@amples were separated by SDS-
PAGE on 12% acrylamide mini-gels (per 15ml: 6ml 3@étylamide; 3.8ml 1.5M Tris, pH
8.8; 15Qul 10% sodium dodecyl sulphate; 180.0% ammonium persulfateubTEMED:
4.9ml HO), prepared using a gel casting cassette systawitrgen). Proteins were
electrophoresed in an XC@&lireLock Mini-Cell (Invitrogen) with 1 x SDS-PAGE running

buffer at 180 volts for approximately 1 hour uthié dye front reached the foot of the gel.

2.6.1 Coomassie gel staining.

SDS-PAGE acrylamide gels were incubated with agitain Coomassie blue R250 stain
for approximately 20 minutes and rinsed with m@liH,O. The Coomassie blue R250
stain was removed by incubating gels with agitationdestain solution, changing the
solution several times until the gel was free ofo@assie blue R250 and proteins of

interest were visible.

2.6.2 Western blotting.

Following SDS-PAGE, separated proteins were trarefieto Hybond-C nitrocellulose
membrane (Amersham) by electroblotting using a N®&VECell 1l blotting module
(Invitrogen). The transfer sandwich was assemblecbraing to the manufacturer’s
protocol and proteins transferred in 1 x NuPagestiex buffer (Invitrogen) supplemented
with 10% methanol (v/v) at 30 volts for 1 hour. Thérocellulose membrane was

transferred to a 50ml Falcon tube and incubategrotein rich Blocking solution 1
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overnight at 4°C, to block the remainder of the tbeme which was protein free and

prevent non-specific binding of antibodies to thenmbrane.

2.6.2.1 Antibody detection of proteins.

Nitrocellulose membranes were incubated with primantibodies in Blocking solution 2
for 1 hour at room temperature. Blots were washexi B) minutes with PBS-Tween
(PBST) and incubated with secondary antibodiesi-(aatise IgG or ant-rabbit IgG)
conjugated to horseradish peroxidise (HRP) (Prome@zcondary antibodies were
generally used at a 1 in 5000 dilution in Blockswgjution 2 and incubated for 1 hour at
room temperature. Blots were washed in PBST asr&efintibody binding and protein
detection was detected by Supersignal West Picanilnainescent substrate reagents
(Pierce) according to the manufacturer's protocBluorescence was detected by

autoradiography film (Kodak) and developed by a &odX-omat automated developer.

2.6.3 Protein quantification.
Purified proteins were quantified using a Micro BG*otein Assay kit (Pierce) and
Coomassie (Bradford) Protein Assay kit (Pierce)hbatcording to the manufacturer’s

protocols.

2.7 Protein kinase assays:

2.7.1 y-32P radiometric assays:

2.7.1.1 Gel-based assays.

Protein kinase assays were performed using CRKE &ahd Civl cell cycle proteins in a
final volume of 2@l. Assays were performed using the kinase assafetb(KAB)
supplemented with M ATP, 0.5.Ci of y-3P ATP and histone H1 as a substrate used at
0.25mg mt'. Assays were carried out for 30 minutes at 30%@rbestopping the reaction
by the addition of 7,0 of 4 x SDS-PAGE sample buffer. The samples weoelbated at
100°C for 5 minutes and electrophoressed on a 1RBFAGE gel as described in section
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2.5. Gels were processed as described in secttoh &nd dried before overnight exposure
to KODAK autoradiography film, and developed by aoddk X-omat automated
developer. Gels were also analysed by exposurdyplaoon Phosphor Imager to quantify

the band intensities.

2.7.1.2 Plate-based assays.

Leishmania CRK3:CYCG6 protein kinase assays were performe®6navell microtiter
plates in a final volume of 25 Each assay point contained approximately 7.5nhgoe
expressed_eishmania CRK3:CYC6 protein kinase complex diluted in enzydikition
buffer (EDB). Assays were performed using the asdayelopment buffer (ADB)
supplemented with 1M ATP, 0.5:Ci of y-**P ATP and histone H1 as a substrate used at
0.4mg mi'. Two and three-fold titrations were set up to tetee the concentration of
enzyme to be used per assay point and to deterthimeconcentrations of selected
inhibitors required for 50% inhibition dfeishmania CRK3:CYC6 protein kinase activity
(ICso values), respectively. For dgdeterminations, assay mixes contained DMSO to a
final concentration of 2%, plus or minus the intobi Mammalian protein kinase assays
were carried out according to the assay protocelgeldped at Cyclacel. Assays were
carried out for 30 minutes at 30°C before stoppimgreaction by the addition of an equal
volume (2qul) of 75mM phosphoric acid. Samples were spottetb an p81 cellulose
filterplate (Nunc) and a vacuum applied. Wells werashed 3 x 200 with 75mM
phosphoric acid and the bottom of the plate sed&@d. of Microscint 40 (Perkin Elmer)
was added per well before incorporation of radivdgtwas determined on a Topcount

microplate scintillation counter.

2.7.2 IMAP™ fluorescence polarization assays.
Protein kinase assays were performed in 384-weaittreated black plates (Nunc) in a
final volume of 2@l. Each assay point contained approximately 1.2&hgo-expressed

Leishmania CRK3:CYC6 protein kinase complex. Assays were @earéd using enzyme

66



complex, 100nM fluorescently labelled peptide stdist(5SFAM-GGGRSPGRRRRK-OH)
(Molecular Devices), 1QiM ATP and plus or minus an inhibitor. The enzymenptex,
peptide and ATP were made up in the IMKRomplete reaction buffer (CRB). Assays
were carried out for 1 hour 20 minutes at room teragre and the reaction stopped by the
addition of 5Qul of the IMAP™ progressive binding reagent. The assay was lgftdoceed
for a further 1 hour 20 minutes at room temperatune the fluorescence polarization read
in a Perkin Elmer Fusion microplate reader, witltigtion at 485nm and emission at

535nm.

2.8 HTS robotic technology.

HTS assays were carried out using robotic techryoldgCyclacel. Assay and compound
plates were placed by hand in a Cytomat Plate Hbtetaeus). The assay was then fully
automated as described. The plates were takentirer@ytomat by a Microlab ML-Swap
1400 robotic arm (Hamilton Robotics) and assembledhe deck of a Microlab ML-4200
MPH96 liquid handling robot (Hamilton Robotics). &lhssay components were added by
a 96-needled liquid dispenser as part of the liquaddling robot. Once the components
were added, the assay and compound plates wemaedtio the Cytomat by the Swap
arm. The process was repeated to the assay piasekitthe IMAPY progressive binding
reagent. Once the assay was complete, the Swaplaoed the assay plates in a Fusion
Alpha-FP plate reader (Packard Bioscience) and flherescence polarization was

determined.
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Chapter 3

Leishmania biology 1: The Leishmania CRK3:CYCG6 protein

kinase complex and radiometric assay development.

3.1 Chapter introduction and objectives.

Cyclin-dependent kinases (CDKs) are serine/threopiotein kinases that are ubiquitous
in eukaryotes. They play crucial roles in the ragoh of the cell cycle. A number of CDK
homologues have been identified lkeéishmania (Hammartonet al., 2003b; Mottram,
1994) one of which, CRK3, has been studied in defae CRK3 homologues from three
species ot.eishmania have been cloned and are almost identical (Gataadt, 1998; Wang

et al., 1998; Ali, 2002). There is a single amino adidrge out of 311, in a non-conserved
region in other CDKs, betwedn mexicana, L. major andL. donovani CRK3. This implies
that CRK3 plays an important and highly conservelg across the threkeeishmania

species and that CRK3 may therefore be exploitedriag discovery.

The literature supports CRK3 as the functional himgwe of mammalian CDK1 where
CRK3 has been shown to be an essential gere mexicana (Hassaret al., 2001). InL.
mexicana promastigotes, CRK3 histone H1 kinase activity kseat the G2/M phase
transition and CRK3 appears to play an essentialirocell cycle control (Hassaat al.,

2001).

CRK3 from Trypanosoma brucei, showing 78% homology tbheishmania CRK3, was
shown to interact with the mitotic cyclin TbCYC6 ghmartonet al., 2003a). This
complex is essential for entry into mitosis in bgthocyclic and bloodstream form
trypanosomes (Hammartaat al., 2003a). Using this rationale, we identified agpiwe

mitotic cyclin fromL. major and have shown this can activatenexicana CRK3in vitro.
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In an attempt to elucidate the functionLofmexicana CRK3, targeted gene knockout was
performed but was unsuccessful (Hasgtaad., 2001). In each case, the parasite underwent
changes in its ploidy to ensure it retained attlea® copy of theaCRK3 gene, which is
considered an indication of gene essentiality @aet al., 1999). These gene knockout
experiments suggest that CRK3 is essential (Haatsaln, 2001). In addition, the histone
H1 kinase activity of CRK3, purified from leishmahiysates was inhibiteth vitro by
Flavopiridol®, a known CDK inhibitor, with an g value of 100nM. Incubation df.
mexicana with Flavopiridol® caused cell cycle arrest andgsite death, consistent with
intracellular inhibition of a CDK (Hassa al., 2001). This demonstrated that a compound
that inhibited parasite enzyme activity vitro could prevent parasite replication, further
validating CRKS3 as a potential drug targetTlrbrucei, RNAi knockdown of the cyclin in
the CRK3:CYC6 protein kinase complex blocks mitosiausing an irreversible
catastrophic cell cycle defect (Hammariaral., 2003a). We predict that a similar effect

would be seen for thieeishmania CRK3:CYC6 protein kinase complex.

CDKs do not function as monomers; for kinase afstithey require to bind a regulatory
subunit protein, a cyclin partner, and to havedbrect phosphorylation status (Doeeig
al., 2002). A transgeniceishmania cell line expressing a hexa-histidine tagged CRI&3
developed (Grardt al., 1998). This expression and purification systdimaed the CRK3
to be expressed in its native state and bind itaralacyclin partner for full activation.
CRK3his was used to develop a 96-well microtit@glbased assay and a small chemical
library screened as a result (Knockagtral., 2002). The most potent inhibitors of CRK3
were investigated further. Twenty seven of the npméent CRK3 inhibitors were tested
againstLeishmania infected macrophages vitro. 60% of the compounds displayed
antileishmanial activity with 7% toxic towards theacrophages (Gramt al., 2004). The
screen showed proof of principle in the identificatof hits that could be developed into

lead compounds for drug design to treat the leishasas.
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The transgenic CRK3 developed could not be produtesifficient active quantities for
further assay development suitable for screeningetacompound libraries. Furthermore,
there were problems with the variability of protejoantity between purifications. When
purifying the transgenic CRK3 it is possible thia¢re could be a mix of CDKs that are
purified and not just CRK3, or that CRK3 is bounddifferent cyclins other that CYC6.
As a result, this chapter will focus on the gerierabf a recombinant. mexicana CRK3

in complex withL. major CYC6 expressed ift. coli. Initial activity was established
through gel-based protein kinase assays with tee ¥ further assay development. The
active protein kinase complex was used to develogmetricy->’P-ATP 96-well filter
plate assay, capable of low to medium throughpuwpmund screening. The radiometric
assay was used as a reference assay and as dobdbes future development of a high
throughput screening (HTS) assay. The HTS assayuses to screen a compound library
provided by Cyclacel under license from Lexicon fteceuticals Inc. (formerly
Coelacanth Corporation), which was carried out ywtl&el Limited in Dundee. This was
with the intention of identifying hits specific tb. mexicana CRK3 which could be

developed into lead compounds for drug designeat tthe leishmaniases.

3.1.1 Assay development, validation and performance

There are factors to take into consideration whHanmng to develop an assay suitable for
compound screening. These include quality contfdhe assay and assay performance.
Once the target enzyme has been chokeirshfnania CRK3:CYCG6 in this study), assay
development is carried out. Initially, a suitabldstrate must be identified and with this, a
signal window of activity can then be generatedidesing suitable quantities of protein
and substrate. This is carried out by determinimegi,, for the substrate and then selecting
a quantity sufficiently above the Kto provide sufficient substrate for the enzymelwhi
not saturating the assay. When developing a prddeisse assay, this is also carried out

for ATP. In order to establish the quantity of emey which will provide a signal
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sufficiently above a background signal (no enzyarg) is in the linear phase of the assay,
an enzyme titration is carried out. Determining timearity with a suitable quantity of
enzyme identifies when the assay has run to compleind highlights the time points
when the assay is in the linear phase and thersiatable for compound screening. For
example, a suitable signal:background window emgdogt Cyclacel, in the linear phase of
the assay, is 10:1. Once these parameters areniteéeran assay can be validated and its

performance monitored.

In order to validate an assay, the Z' score and dbefficient of variation are both
determined. The Z' score is a statistical paramethich measures the validity and
robustness of an assay using the controls and wtittiee intervention of compounds.
Similarly, the Z factor is used to evaluate thef@enance of an assay in the presence of
compounds. In order to calculate the Z’ score,dhrelependent assays are carried out,
each with a sample and control plate. The samlie ¢ set up with the kinase, substrate,
ATP and the solvent which the compounds are in (@MiSthis study), in each well of the
plate. The control plate is set up with the sammpmmnents minus the enzyme (control).
The standard deviation and mean signal for eaclplsaamd control plate are determined
and the Z' calculation carried out for each of theee determinations (Table 3.1). The
criteria used to evaluate a Z factor can be useth®Z’ score (Table 3.1). The ideal assay
would return a Z' score of 1, however; an assayhvetZ score >0.5 is considered
excellent and satisfactory for compound screenliimg Z’' score is an indication of assay
quality which is essential as it important to haeafidence in the assay so that the “hits”
identified can be considered real. The coefficiehtariation measures plate uniformity
highlighting a drift in signal within a plate. Inrder for an assay to be validated at
Cyclacel, a coefficient of variation must be <10&ovériability in signal within a plate of
<10%). This parameter can also be used to evaioteplate variability by comparing
values, another statistic to evaluate the perfoomari the assay.
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35D of sample + 38D of control
Imean of sample — mean of control|

Z-factor value Structure of assay Related to screening
1 SD = 0 (no variation), or the dynamic range —» o An ideal assay
1>Z=05 Separation band is large An excellent assay
05>Z>0 Separation band is small A double assay
0 No separation band, the sample signal variation and A "yes/no" type assay
control signal variation bands touch
<0 No separation band, the sample signal variation and Screening essentially impossible

control signal variation bands overlap

Table 3.1 —The characterisation of screening assay quality byhe value of the Z
factor. Included is the Z score calculatioraken from Journal of Biomolecular Screening

(Zhang et al., 1999).

It is vital to monitor the performance of an assayensure it is functioning as expected
and required. Quality control of an assay is cdroat with positive and negative controls
on each assay plate. When carrying out compoura®isirg, a no enzyme control with the
solvent in which the compounds are stored in, edu3his is used as a negative control,
and is the background signal for the assay. Assdipe control, the enzyme without any
inhibitor or in the case of a kinase assay, a pi@sphorylated substrate can be used,
generating the “maximum signal”. In addition, ingdilag an inhibitor with a known 1§
value against the enzyme of choice, (Staurospdon€RK3:CYCB6) also allows the assay
performance to be monitored on each plate. If tlgpsdity controls regularly return the
signal values expected then it can be said witHidence that the assay is performing as

expected.

Once an assay is validated and its performancsfaetiory, compound screening can be
carried out. It is important to validate the hdemtified from a screen in addition to having
a validated assay. Any hits identified from a htghoughput screen for example, can be
re-screened using another assay platform such ragi@ametric assay format to further

confirm their activity against the target enzyméeTstructure and purity of compounds
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taken into potency assays can be checked usingl ldwomatography-mass spectrometry
(LCMS). In addition, it is standard practice in grdevelopment to re-synthesise the
identified hits. These would be assayed againsttahget to confirm their activity and

validate them as genuine hits.

3.2 Cloning: To obtain the Leishmania CRK3 and CYC6 genes:

3.2.1 L. mexicana CRK3 cloning.

The CRK3 gene fromL. mexicana was previously cloned in the Mottram laboratory by
Karen Grant (Granét al., 1998). Thel. mexicana CRK3 gene amplified through a PCR
reaction was ligated into a pGEM-T cloning vectod a&equenced. Using oligonucleotide
225 (5" GAATTCCATATGTCTTCGTTTGGCCGTGTGA 3') and gionucleotide 894
(5 GGCGAGCAAGGTAGAGCAC 3, theCRK3 gene was amplified further in this
study to generat&ldel and Xhol restriction sites, respectively. This was subaeld into
pET-28a(+) previously digested withdel and Xhol. The pET-28a(+) construct added an
N-terminal tag comprising six histidines to aid ifioation by Ni-NTA affinity
chromatography and was named pGL751a (Figure pderumap). This plasmid was used

to express and affinity purify the CRK3his protgia the his-tag.

3.2.2 L. major CYC6 cloning.

The CYC6 gene fromL. major, LmjF32.3320, identified from GeneDB (www.genedig)o
was amplified by PCR. This was performed using Déept DNA polymerasel.. major
genomic DNA and oligonucleotides 1515 (5
GCATATGTTCGTGGAACGAGAGCGGCAGG 3') and 1516 (5 GCBAGTCACAG
CGCCGGCAGCTCGTTAGGC 3'). The PCR product was gelifmd and ligated into
PCR-Script cloning vector generating pGL1169. THeADsequence was confirmed by
sequencing. The PCR product from pGL1169 was soibed in the expression vector

pPET-15b(+) usingXhol and Ndel. This construct added an N-terminal tag compgssix
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histidines and was named pGL1218 (Figure 3.1, lowap). This plasmid was used to

express and affinity purify the CYC6his protein the his-tag.

f1 origin Xho1 (159)

CRK3 ORF

Nde 1(1099)

His Tag
T7 promoter
lacl
T7 Terminator
Xho1(6290)
CYC6 ORF ) ‘ AMP
Nde 1 (5376)
His-tag
T7 Promoter
lac operator
pGL1218
6617bp

Figure 3.1 — Vector NTI maps of thel.. mexicana CRK3 protein expression construct
pGL751a andL. major CYC6 protein expression construct pGL1218The CRK3 open
reading frame (ORF) sub-cloned infddel and Xhol digested pET-28a(+) with a
kanamycin resistance marker (KAN) and an N-terinirexa-his tag (Upper mapJhe
CYC6 open reading frame sub-cloned imtdel and Xhol digested pET-15b(+) with an

ampicillin (AMP) resistance marker and an N-terrhimexa-his tag (Lower map).
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3.3 Purification of cell cycle proteins:

3.3.1 L. mexicana CRK3his.

Escherichia coli BL21 (DE3) pLys-S cells were transformed with pGIL@a30 express the
CRK3his protein. Protein expression using an indactemperature of 19°C with 3081
IPTG was carried out overnigi. coli BL21 (DE3) pLys-S cells were lysed and CRK3his
purified via a Ni-NTA affinity column. Samples weleaded on a 12% acrylamide mini-
gel and separated by SDS-PAGE. CRK3his was detdnte@oomassie blue R250 gel
staining (Figure 3.2, upper panel). These samplke® wlso assessed using Western blot
analysis with an anti-tetra-his antibody and theK@Rs protein detected at ~38kDa
(Figure 3.2, lower panel). This was the expected sf CRK3his and was purified to give

a yield of 1mg litré.

3.3.2 L. major CYC6his.

E. coli BL21 (DE3) pLys-S cells were transformed with pGL820o express the CYC6his
protein. Protein expression using an induction emaure of 19°C with 1mM IPTG was
carried out overnightz. coli BL21 (DE3) pLys-S cells were lysed and CYC6his fiedi
via Ni-NTA affinity and strong anion exchange colsn Samples were loaded on a 12%
acrylamide mini-gel and separated by SDS-PAGE. Q¥E€@as detected by Coomassie
blue R250 gel staining (Figure 3.3). Western blmtlgsis with an anti-tetra-his antibody
was used to detect CYCG6his with initial expressamd purifications (data not shown).
However, due to the continuous successful puriboatof CYC6, it was deemed
unnecessary to perform Western blot analysis orh gagification from the anion
exchange column. CYC6his was obtained at the egfdesize of ~35kDa and was purified
to 0.5mg litré'. However, contaminant proteins were observedérpilrification, likely to
be additional bacterial proteins which bind the NNiA and strong anion exchange

columns, and peptides as a result of cleavage tigtha peptidases.
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3.3.3 L. mexicana CRK3™"®Fhis.

E. coli BL21 (DE3) pLys-S cells were transformed with pGbk&6 express a mutant of the
L. mexicana CRK3 protein, CRK3his (Nahla Ali, Ph.D thesis, 2002)Protein
expression using an induction temperature of 25%D &QuM IPTG was carried out
overnight.E. coli BL21 (DE3) pLys-S cells were lysed and CRK%is purified via a
Ni-NTA affinity column. Samples were loaded ontd 2% polyacrylamide mini-gel and
separated by SDS-PAGE. CRKZhis protein detection was via Coomassie blue R250
gel staining (Figure 3.4, upper panel) and via \&@sblotting with an anti-histidine (tetra-
his) antibody (Figure 3.4, lower panel). CRK3his was detected at 38kDa which is the
same size as the native CRK3his protein (Figurg @@ was purified to give a yield of

3.5mg litre™.

3.3.4 Saccharomyces cerevisiae GST-Civl.

E. coli BL21 (DE3) pLys-S cells were transformed with pGG7& pGEX vector obtained
from Jane Endicott, University of Oxford, to exmdke GST-Civl protein (Thuret et al.,
1996). GST-Civl was expressed and purified usitgbéshed conditions (Browast al.,
1999a).E. coli BL21 (DE3) pLys-S cells were lysed and GST-Civlifed via a GST
affinity column. Samples were loaded on a 12% acnylle mini-gel and separated by
SDS-PAGE. GST-Civl protein detection was via Comigablue R250 staining (Figure
3.5, upper panel) and Western blotting with an-&8iT antibody (Figure 3.5, lower
panel). The GST-Civl protein was detected at 75k&=,expected; however, other
contaminant bands were also present in the puiicaThis has been seen previously
when purifying GST-Civl with regard to the highewoletular weight protein bands.
(Brown et al., 1999a). The lower weight proteins are likelyb® a result of cleavage by
bacterial peptidases as protease inhibitors wereised in the purification of GST-Civ1l.

The protein purification was purified to give aldi@f 15mg litre".
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1 2 3 45 6 7 8 9

-83 kDa

-62 kDa
-45 kDa

CRK3his
-33 kDa

-25 kDa

-83 kDa

-62 kDa
-45 kDa

CRK3his
-33 kDa

-25 kDa

Figure 3.2 —L. mexicana CRK3 protein purification. Top panel: CRK3his protein

detection via Coomassie blue R250 gel stainingtddotpanel: CRK3his protein detection
via Western blotting with an anti-tetra-histidinatihody (Sigma). Lane 1, insoluble
protein fraction. Lane 2, soluble protein fractidilane 3; unbound protein fraction. Lanes
4-8; protein fractions eluted from the Ni-NTA afifin column. Lane 9, molecular weight

protein standards.
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-175 kDa

L

-83 kDa

-62 kDa
- -45 kDa

-33 kDa

-25 kDa
-19 kDa

CYCbhis

A

Figure 3.3 — L. major CYC6 protein expression. CYC6his protein detection via
Coomassie blue R250 gel staining. Lane 1, CYC6iastibn purified from a Ni-NTA
column and loaded onto the anion exchange coluranel2-9 protein fractions eluted

from the anion exchange column. Lane 10, moleautaght protein standards.
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-175 kDa
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-45 kDa
33 kDa CRK3T78Ehis

-25 kDa
-17 kDa

-175 kDa

-83 kDa
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-45 kDa
-33 kDa

-25 kDa
-17 kDa

CRK3T178Ehis

Figure 3.4 —L. mexicana CRK3"™'® protein purification . Top panel: CRK3?his
protein detection via Coomassie blue R250 gel istginBottom panel: CRK3%his
protein detection via Western blotting with an dstra-histidine antibody. Lane 1,
insoluble protein fraction. Lane 2, soluble protdiaction. Lane 3, unbound protein
fraction. Lanes 4-8, protein fractions eluted froime Ni-NTA affinity column. Lane 9,

molecular weight protein standards.
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Figure 3.5 —S. cerevisiae GST-Civl protein purification. Top panel: GST-Civ1l protein
detection via Coomassie blue R250 gel staining.tdBot panel: GST-Civl protein
detection via Western blotting with an anti-GST ilamdly. Lane 1, insoluble protein
fraction. Lane 2, unbound protein fraction. Lanes, $rotein fractions eluted from a GST

column. Lane 9, molecular weight protein standards.
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3.4 Protein kinase assays: gel-based assay:

3.4.1 Activation of the Leishmania CRK3:CYC6 protein kinase complex.

Monomeric CRK3 does not have protein kinase agtiaitd requires the binding of cyclin
protein to become active. Cyclin binding providesméins important for substrate
selection thereby creating a substrate binding @ockhel. major cyclin, CYC6, was
used to activatd. mexicana CRK3. Following purification and quantification ahe
CRK3his and CYC6his proteins, a radiometric kinasesay was carried out to assess
CRK3 activation by CYC6. A quantity of 1.2§ of CRK3his was used throughout the
assay with increasing quantities of CYC6his adaethé CRK3his. Histone H1 was used
as a CRK3 substrate to analyse CRK3 activity. Akgemund activity of CRK3his was
observed which may be a result of a contaminardann the purification of CRK3his
phosphorylating histone H1 (Figure 3.6, lane 1).idgeasing CYC6his quantities were
added to CRK3his, increased activity was observalilating CYC6 fromL. major as an

active functional cyclin (Figure 3.6).

3.5 Leishmania CRK3his:CYC6his protein stoichiometry optimisation

In order to establish the quantity of CRK3his itatien to CYC6his required for optimum
activity, analysis of varying CRK3his and CYC6hiatios was carried out. As the
molecular weights of CRK3his and CYC6his are almdsttical (38 kDa and 35 kDa,
respectively), a 1:1 weight ratio of the proteinsud equate to an approximate 1:1 molar
ratio of proteins. A kinase assay was carried touestablish whether the predicted
optimum ratio of 1:1Leishmania CRK3:CYC6 proteins would result in the most
CRK3:CYCG6 protein kinase activity. The assay wasied out with protein ratios ranging
from CRK3his2:1 CYC6his to CRK3hisl:2 CYC6his. The highest activity is seen in
lanes 4 and 5, where the ratio bBishmania CRK3his and CYCG6his proteins is
approximately 1:1 as predicted (Figure 3.7). A dafio of CRK3his and CYC6his was

used for all subsequent kinase assays.
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Figure 3.6 — Activation of the Leishmania CRK3:CYC6 protein kinase complex.

Activity of L. mexicana CRK3 was assessed by its ability to phosphorydatéstone H1
substrate. 1.3 of CRK3his was included in lanes 1-7. Increagjogntities of CYC6his
were added from lanes 2-7: Lane 2, 0j025Lane 3, 0.0bg. Lane 4, 0.07%y. Lane 5,
0.1ug. Lane 6, 0.12%g. Lane 7, 0.1jg. Lane 1 has 1.2 of CRK3his only while lane 8

has 0.3g of CYC6his only, as controls.
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Figure 3.7 — Optimisation of the ratio ofLeishmania CRK3 and CYCG6 proteins. The
optimum ratio ofLeishmania CRK3 and CYC6 proteins was assessed by the abilitiye
complex to phosphorylate a histone H1 substrairgdof CRK3his was included in lanes
1-7. Increasing quantities of CYCG6his were addethnes 2-7 corresponding to the ratios
above. Lane 2, 218). Lane 3, 3.3g. Lane 4, 44g. Lane 5, 5.8g Lane 6, 7.2g9. Lane 7,
8.8ug. This resulted in double the quantity of CRK3assCYC6his in lane 2, progressing
to a 1:1 ratio in lane 4, and to double the quamitCYC6his as CRK3his in lane 7. Lane

8 contains gg of CYC6his as a negative control.
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3.6 Leishmania CRK3:CYCG6 protein kinase stability analysis.

The Leishmania CRK3 and CYCG6 proteins were stored in the follayviouffer system
provided by Cyclacel: 20mM HEPES, pH 7.4, 50mM N&hM DTT, 1mM EGTA, 10%
glycerol and 0.02% Brij-35. The proteins were stioseparately and as a 1:1 complex at -
80°C with Roche complete protease inhibitors. Aakmassay was carried out to determine
whether the proteins remained active after fourksed storage and whether they retain
highest activity when stored separately or as actrhiplex (Figure 3.8). Assays with the
Leishmania CRK3:CYC6 proteins stored as a complex (Lane 1J proteins stored
separately and mixed together on the day of thayadsane 2, mix) were carried out.
CRK3his (Lane 3) and CYC6his (Lane 4) stored sapbravere included as controls. The
proteins are still similarly active after four weekhhen stored as a complex or when added
together in a 1:1 ratio on the day of the assaguifei 3.8). The controls show that there is
no auto activity of CRK3his or CYC6his and the pins are inactive when assayed after
being stored separately. The activity levels of toenplex and the mix of proteins is
comparable; however, the stored complex is possilbye active. The buffer system is

therefore successful in stabilizing and retainimg activity of the two proteins.

3.7 Leishmania mexicana CRK3™"®his:CYC6his activity assay.

L. major CYC6his was used to try to activate a previousiystaucted mutant ot.
mexicana CRK3, CRK3'"®F (Ali, 2002). The critical T-loop residue of CRK®&yreonine
178 (T178), was mutated to a glutamic acid (E17®) the protein expressed. Mutation of
this activation loop residue can mimic a phospraied protein (Nishiyamet al., 2000).
CRK3™%%his (Lane 1), CYC6his (lane 8) andishmania CRK3:CYC6 protein kinase
complex as a positive control (lane 9) were inctudeanes 2-7 have increasing quantities
of CYC6his added to 3% of CRK3his. However, there is no activity of CRKShis
(Figure 3.9). This shows that CYC6his cannot ate\@RK3*"®F and the mutation renders

the CRKS3 kinase dead, abolishing histone H1 kiraseity.
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3.8 S. cerevisiae GST-Civl

It was predicted tha& cerevisiae Civl may enhance the activity of thesishmania
CRK3:CYC6 protein kinase complex as was shownLlfomexicana CRK3:CYCA (F.
Gomes and J.C. Mottram, unpublished). An activégay with GST-Civl and histone H1
proteins was carried out to confirm that GST-Ciwdesl not phosphorylate histone H1
independently (Figure 3.10). Histone H1 (Lane 1 &$T-Civl (lane 8) were included as
controls. Increasing quantities of GST-Civl wer@ledl to histone H1 (Lanes 2-7). No
increase in phosphorylation of the histone H1 sabstvas observed by adding GST-Civl
(Figure 3.10). This shows that GST-Civl independ#n€RK3 does not phosphorylate
histone H1. However, there is background activithistone H1 seen in the assay. This is
possibly due to the presence of a contaminant &inasthe GST-Civl preparation or

histone H1 substrate.

To determine if GST-Civl would enhance the actiwfythe Leishmania CRK3:CYC6
protein kinase complex, a kinase assay was camwigd (Figure 3.11).Leishmania
CRK3:CYC6 protein kinase complex in a 1:1 ratio vilmduded as a control (Lane 1).
Lanes 2-7 had increasing quantities of GST-Civledd the complex. Phosphorylation
of CRK3his increases with increasing quantitie$&G&T-Civl (Figure 3.11, upper arrow).
However, no increase in activity of the CRK3:CYCéotgin kinase complex with
increasing quantities of GST-Civl was observed yfgg3.11, lower arrow). A further
experiment was carried out with GST-Civl being adtelL. mexicana CRK3his every
five minutes for 20 minutes (data not shown). s to maximise the phosphorylation of
the threonine 178 residue of CRK3his.major CYC6 was then added to complete the
complex. This again did not show any increase iivig of the complex, suggesting GST-
Civl does not have a role in activating theishmania CRK3:CYC6 protein kinase

complex, possibly because it is a yeast enzyme.
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Figure 3.8 — Stability of the Leishmania CRK3 and CYC6 proteins. Proteins were
stored at -80°C with Roche complete protease itdrbiin enzyme storage buffer. All
proteins used were stored for four weeks. They waseessed for the ability to
phosphorylate a histone H1 substrate. Laneud, @ Leishmania CRK3:CYC6 protein
kinase complex stored in a 1:1 ratio. Lane &y 8f CRK3his and 29 of CYC6his stored
separately and mixed for the assay. Lanep® @RK3his only. Lane 4,2 CYC6his

only.

86



CYC6 CRK3:CYC6

8 9

Figure 3.9 — Lack of activation of CRK3'"®F by L. major CYC6. The ability of
Leishmania major CYC6his to activate CRK3’®his was assessed by the ability of the
CRK3™"®hjs:CYC6his protein kinase complex to phosphorytathistone H1 substrate.
Lanes 1-7 include 3u of CRK3*"®fhis. Increasing quantities of CYC6his were added to
CRK3™"®hjs in lanes 2-7. Lane 2, Q§. Lane 3, 1.2g. Lane 4, 1.8g. Lane 5, 2.4g.
Lane 6, 3g. Lane 7, 3.pg Lane 8 includes 3u of CYC6his only as a negative control.
As a positive control, 3 g of active 1:1 eishmania CRK3:CYC6 protein kinase complex

was included in lane 9.
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Figure 3.10 —S. cerevisiae Civl:histone H1 activity assay.Activity of S. cerevisiae
GST-Civl was assessed by it ability to phosphoeykathistone H1 substrate. Lanes 1-7
include 0.2fg of histone H1 substrate. Increasing quantitie&8fT-Civl were added to
lanes 2-7. Lane 1, Qu8. Lane 2, 0.6g. Lane 3, 0.2g. Lane 5, 1.2g. Lane 6, 1.pbg. Lane

7, 1.81g9. Lane 1 contains 0.2§ of histone H1 only and lane 8 hagg3f GST-Civl only

as controls.

88



Figure 3.11 — Activation of theLeishmania CRK3:CYC6 protein kinase complex with
S. cerevisae Civl. The ability of S cerevisiae GST-Civl to activate théeishmania
CRK3:CYC6 protein kinase complex further was assddsy the phosphorylation of a
histone H1 substrate (Lower arrow). Lane 1 inclu@&K3 only as a control. Lanes 2-7
includes g of Leishmania CRK3:CYC6 protein kinase complex in a 1:1 ratimcreasing
quantities of GST-Civl were added to lanes 2-7.eLan0.3ig. Lane 3, 0.pg. Lane 4,
0.9ug. Lane 5, 1.2g. Lane 6, 1.pg. Lane 7, 1.8g. The upper band (upper arrow) is

CRK3his, which is being phosphorylated by GST-Gwlthreonine 178.
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3.9 Large scale Leishmania CRK3:CYC6 protein purification for radiometric

assay development:

3.9.1 Co-expression and co-purification of  Leishmania CRK3:CYC6.

E. coli BL21 (DE3) pLys-S cells were transformed with ptéd pGL1218 (CYC6his) and
competent cells produced. The CYC6his competeld e&re re-transformed with plasmid
pGL751a (CRK3his) and the protein complex expresskd protein complex was purified
via nickel chelate and gel filtration columns. B@ling purification, the samples were
loaded onto a 12% SDS-PAGE polyacrylamide gel. Déishmania CRK3:CYC6 proteins
were detected by Coomassie blue R250 gel stairfinguie 3.12). The CRK3his and
CYC6his proteins were detected at their expecteessof 38kDa and 35kDa, respectively
(Lane 1) in an approximate 1:1 ratio. Some minartaminant proteins were observed in
the purification, likely to be additional bacteriptoteins and proteins as a result of
cleavage by bacterial peptidases. As there wasiprkinase activity in the preparation, no
further purification of the protein kinase compheras carried out. Individually purified
CRK3his and CYC6his proteins are included in ladesd 3, respectively. The identities
of the proteins in lane 1 were confirmed by peptidess fingerprinting and the yield of the

complex determined at 4.5 mg litre
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Figure 3.12 — Expression and purification of theL. mexicana CRK3 and L. major
CYC6 cell cycle proteins. CRK3his and CYC6his were co-expressedEincoli and
purified via Ni-NTA and gel filtration columns. Lanl, CRK3his, 38kDa and CYC6his,
35kDa. CRK3his and CYC6his were individually exes inE. coli and purified via a
Ni-NTA column. Lane 2, CRK3his, 38kDa. Lane 3, CYX§ 35kDa. Lane 4, molecular

weight protein standards.
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3.10 Protein kinase assays: Radiometric protein kin ~ ase assays:

3.10.1 Leishmania CRK3:CYC6 protein kinase activity assay.

A plate based kinase assay was carried out to saghesactivity of theLeishmania
CRK3:CYC6 protein kinase complex. Such assays a@ptable to low to medium
throughput screening, unlike the previous in-gelags This was performed with the co-
purified Leishmania CRK3:CYC6 protein kinase complex with each assamwtpcarried
out in duplicate. A ten-point, two-fold enzyme diion of Leishmania CRK3:CYC6 was
carried out with a top quantity of 1500ng. Activitycreases in a linear fashion as
increasing quantities of CRK3:CYC6 protein kinasenplex is used in the assay until the
assay plateaus due to enzyme saturation. The greatdivity observed is with neat
complex with approximately 100,000 counts per nmenuand although the assay is
saturated at this point, it shows the proteinsaatéve and the assay is functional (Figure
3.13). This identified 7.5ng of protein complex gweaing a signal of approximately 15,000
counts per minute, in the linear phase of the assdl a signal to background ratio of
approximately 15:1. This was an acceptable stamioigt for further assay development

and 7.5ng of protein complex was used in all subsegradiometric assays.

3.11 Leishmania CRK3:CYC6 time course assay.

A time course assay was carried out to establishlittearity period for the radiometric
assay developed for thesishmania CRK3:CYC6 protein kinase complex. The assay was
carried out over 60 minutes at 30°C using 7.5ngagsny point and was stopped at 0, 5,
10, 20, 30, 45 and 60 minute time points. The as&y shown to be linear over the 60
min period examined (Figure 3.14). For subsequsesays, 30 minutes was chosen as the
time point to carry out the assays owing to itsdyemnal to background ratio and its
linearity. The assay was validated with a Z' scofr®.67 which is considered excellent in

terms of assay quality (Zhamtal., 1999; Iversemrt al., 2006).
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CRK3:CYC6 enzyme titration (19/5/06)
Fit
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Figure 3.13 — Plate based activity assay of thkeeishmania CRK3:CYCG6 protein
kinase complex.Activity of the Leishmania CRK3:CYC6 protein kinase complex was
assayed in plate based form by its ability to phosygate a histone H1 substrate. A two-
fold Leishmania CRK3:CYC6 enzyme titration was carried out. Thisritified that 7.5ng
of enzyme complex could be used per assay poiapl@cal analysis was carried out using

XLfit 4.0 software from IDBS (www.idbs.com).
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CRK3:CYCS6 Linearity Assay
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Figure 3.14 — Linearity of the Leishmania CRK3:CYC6 radiometric assay. The
linearity of the assay developed for theshmania CRK3:CYCG6 protein kinase complex
was determined over 60 minutes. 7.5nd.eshmania CRK3:CYC6, 0.4mg mt (3.6uM)
histone H1 substrate and 100 [y—32P]-Mg-ATP were incubated at 30°C. The assay was
stopped at various time points by the addition mhaphosphoric acid. The reaction was
spotted onto a P81 filter plate and following washwith orthophosphoric acid, was

counted for the incorporation of radioactivitgraphical analysis was carried out using

XLfit 4.0 software from IDBS (www.idbs.com).
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3.12 Leishmania CRK3:CYC6 ATP and histone H1 substrate K n
determinations.

Kinase assays were performed to establish thev&lues of ATP and the histone H1
substrate for théeishmania CRK3:CYC6 protein kinase complex. A two-fold tiicn of
ATP was set up resulting in concentrations of A&Rging from M to 1mM in the assay
to determine whether the complex follows Michadlisnten kinetics. The K value of
ATP was determined at gM + 26uM for CRK3:CYC6 (Figure 3.15, upper graph).
Similarly, a two-fold titration of the histone Hllsstrate was set up with concentrations

ranging from 0.4GM to 232uM in the assay. The Kfor the histone H1 substrate was

determined as 2uM + 0.48M (Figure 3.15, lower graph).

3.13 Staurosporine and olomoucine IC 5o determinations for the Leishmania
CRKS3:CYC6 protein kinase complex.

The 1G5, values for staurosporine and olomoucine were detexd for theLeishmania
CRK3:CYC6 protein kinase complex. Thesyvalue for staurosporine was determined at
37nM (Figure 3.16, upper graph) andudl for olomoucine (Figure 3.16, lower graph).
The I1G; value for olomoucine is consistent with theg,d®alue of 42M determined for

CRK3his purified fromL. mexicana parasites (Grardt al., 1998).
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CRK3:CYC6 ATP Km Determination
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CRK3:CYCS6 histone H1 Km Determination
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Figure 3.15 — ATP and substrate K, determinations for the Leishmania CRK3:CYC6
protein kinase complex.K,, values for ATP (Upper graph) and a histone H1 sates

(Lower graph) determined for theeishmania CRK3:CYC6 protein kinase complex.
Graphical analysis was carried out using XLfit 4dftware from IDBS (www.idbs.com)

with a K, determination model.
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Staurosporine IC50 Determination
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Figure 3.16 —Staurosporine and olomoucine G, determinations for the Leishmania
CRK3:CYC6 protein kinase complex.The IG, values for staurosporine (Upper graph)
and olomoucine (Lower graph) protein kinase inbitsitdetermined for theeishmania
CRK3:CYC6 protein kinase complex. Graphical analysas carried out using XLfit 4.0

software from IDBS (www.idbs.com).
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3.14 Preliminary compound screen against  Leishmania CRK3:CYC6.

A compound subset df93 compounds from a number of Cyclacel in-houseties was
screened against theeishmania CRK3:CYC6 protein kinase complex. Approximately
75% of the compounds were selected randomly fraiyclacel library (Table 4.1). The
remainder were selected for their known activiteggminst one or more of the CDKs,
Aurora kinases, Polo-like kinase 1 (PLK1) or GlyengSynthase Kinase 3 (GSK-3) and
included as positive controls. The compounds wereesied at a fixed concentration of
10uM with 39/193 (20%) exhibiting >50% inhibition afishmania CRK3:CYC6 protein
kinase activity. Thirty of these hits were known be potent inhibitors of human
CDK2:CyckE and were not pursued for secondary sangeagainst thelLeishmania
CRK3:CYC6 protein kinase complex. The remaining @mpounds were secondary
screened against thesishmania CRK3:CYC6 protein kinase complex to determine rthei
ICso values. This showed that 5/9 were false positmed did not inhibitLeishmania
CRK3:CYC6 protein kinase activity, returning sifCQvalues >5QM. This was possibly a
result of carrying over more potent compounds fradjacent wells on the pipette tips
when using the robotic technology, which has beeensat Cyclacel previously. The
remaining 4/9 inhibited_eishmania CRK3:CYC6 protein kinase activity with igvalues
ranging from 0.8@M to 13.4uM; however, two of these were screened and showseto
inhibitors of human CDK2:CycE with Kg values of 240nM and 1u®1. The remaining
214, Vx-680 (Vertex) and compound A (ChemDiv) weimactive against human
CDK2:CycE with 1Go values of >5QM and their structures shown (Figure 3.17). The
upper compound is Vx-680 from Vertex with ansJ®f 6.2uM for the Leishmania
CRK3:CYC6 protein kinase complex. The lower commbisnfrom ChemDiv with an 165

of 13.4uM for the Leishmania CRK3:CYC6 protein kinase complex.
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Figure 3.17 — Structures of the compound hits fronthe Leishmania CRK3:CYC6
preliminary compound screen. The upper compound is Vx-680 from Vertex and the

lower, compound A from ChemDiv.
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3.15 Chapter discussion

A recombinant.. major CYCG6 was cloned, sequenced and the protein showantivatel .
mexicana CRK3 in vitro to provide an active protein kinase complex. Tdomplex was
suitably active for radiometric assay developmentd a&ompound screening. CRK3
homologues from three speciesladshmania have been cloned and are almost identical
(Ali, 2002; Grantet al., 1998; Wanggt al., 1998). There is a single amino acid change out
of 311, in a non-conserved region in other CDKgwbenL. mexicana, L. major andL.
donovani CRK3. Therefore, theLeishmania CRK3:CYC6 protein kinase complex is

essentially a.. major protein kinase complex with one amino acid differe

CRKa3, a cdc2-related protein kinase frolm mexicana (Grantet al., 1998; Hassast al.,
2001) was expressed and purified using the pETesspn system (Figure 3.1, upper
map). This provided a large quantity of CRK3hisrtigllitre’) as CRK3his is a relatively
well expressed protein (Figure 3.2). CYC6his, apue mitotic cyclin fromL. major, was
also cloned, sequenced and expressed using thexxi@ssion system (Figure 3.1, lower
map). L. major CYC6 is a homologue of. brucei CYC6, which has been shown to
associate witil. brucei CRK3 in vivo (Hammartonet al., 2003a). Using this rationale, it
was predicted that. major CYC6 could associate with. mexicana CRK3. When
expressed . coli, it is notable that CYCG6his is not present inaagé a quantity (~0.5mg
litre™) (Figure 3.3) as CRK3his (Figure 3.2), despite &éxpression conditions being
optimised for CYC6his; an induction temperaturel 8?C with 1mM IPTG in comparison
with 19°C with 30QM IPTG for CRK3his. Using a higher concentration IBITG to
express CYCG6his does not result in the level otginoexpression seen with CRK3his.
This is perhaps due to increased levels of CYCBhisg toxic to theE. coli BL21 (DE3)
pLys-S cells and interfering with bacterial growirherefore, theE. coli BL21 (DE3)
pLys-S cells may control the expression levels §iCBhis by actively limiting it. The
DE3 IPTG inducible systems are under control of l[HB&JV5 promoter and it is known

that this system leads to high mRNA and proteindpotion. This can cause ribosome
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destruction andt. coli cell death (Baneyx, 1999), another possible exgtian accounting
for the low level of CYCG6 expression. Alternativegxpressing CYC6 in the absence of a

kinase partner may lead to degradation of the prote

L. major CYC6his and.. mexicana CRK3his were used in a gel-based kinase assay and
protein kinase activity was observed whén major CYC6his was added, thereby
validating it as a functional cyclin (Figure 3.8he optimal ratio ot.eishmania CRK3his
and CYC6his proteins was established in order tainla fully active CRK3his, where the
greatest activity observed is present around theratio of Leishmania CRK3:CYC6
proteins (Figure 3.7). This is predicted to be tpimum ratio for full activation of
CRK3his as there is one PSTAIRE binding motif ink&capable of binding cyclins via
the conserved cyclin box. As opposed to bacteri@ten expression as used for
Leishmania CRK3:CYCB6, at Cyclacel, protein expression viaubaegirus infected insect
cells is carried out to produce active CDK:Cyclomplexes. Co-infection with a CDK and
cyclin partner is a successful method of producantjve CDK:Cyclin protein kinase
complexes (Lawrieet al., 2001) producing large quantities of proteinhe process. This
expression method allows for the optimal ratio @KCto cyclin binding, predicted to be

one CDK molecule to one cyclin, providing activetein kinase complexes.

The S cerevisiae CDK activating kinase, Civl, has been shown tosphorylate and
activate CDKs and is essential for cell viability budding yeast (Thuret et al., 1996).
GST-Civl has been shown in the Mottram laboratorghosphorylate CRK3his on the T-
loop T178 residue and that this further activatesLt mexicana CRK3:CYCA complex
showing 3-5-fold higher activity (F.C. Gomes an@.JMottram, unpublished data). In
order to determine whetherlaishmania CRK3:CYC6 protein kinase complex showing
greater activity could be obtained through Civlivation, S cerevisiae GST-Civl was
purified (Figure 3.5). GST-Civl did not phosphotgldistone H1 itself (Figure 3.10) and
was added to théeishmania CRK3:CYC6 protein kinase complex and assayed tfor i
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ability to activate the complex further. The insieg intensity of the upper band (Figure
3.11, upper arrow) highlights GST-Civl phosphoigigt CRK3 on the T178 residue;
however, no increase in the activity of theishmania CRK3:CYC6 protein kinase
complex was seen (Figure 3.11, lower arrow). GSU1@ias therefore not used to activate
the Leishmania CRK3:CYC6 protein kinase complex further in suhssaqg assays. This
unexpected result highlights an interesting diffieee between the twd.eishmania
CRK3:CYC6 and CRK3:CYCA protein kinase complexas aaises the question as to
why GST-Civl activates the. mexicana CRK3:CYCA protein kinase complex 3-5 fold
but not theLeishmania CRK3:CYC6 protein kinase complex. Structural deieation of

these complexes may provide the answer.

A new expression and purification system for thestiline taggedLeishmania
CRK3:CYC6 protein kinase complex was employed ttaimbhigh quantities of active
soluble protein for further assay development. Tinethod previously used to purify
CRK3his and CYC6his separately and mix the protéogether in a 1:1 ratio proved
unacceptable for further assay development. Thentgyaof active soluble protein
obtained was insufficient to screen the numberooffgounds required and so fresh protein
would need to have been prepared on a weekly Hasithermore, there was a problem in
expressing and purifying soluble. major CYC6his from bacterial cells at Cyclacel.
Different cell lines includingde. coli BL21 (DE3) pLys-S, Rosetta (DE3) pLys-S, Origami
(DE3) pLys-S and Rosetta-Gami (DE3) pLys-S weredus an attempt to obtain large
guantities ofL. major CYC6 but were unsuccessful (data not shown). énetfent of no or
low level protein expression usirg coli, infecting insect cells with baculovirus was
considered as an alternative expression systemmékgioned, Cyclacel have experience
with this expression system which has become ortleeofnost widely used systems for the
production of recombinant proteins (Kogtal., 2005). Furthermore, an advantage that

baculovirus has over bacterial expression is thateps that undergo post-translational
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modifications such as phosphorylation (in thisanse, the conserved T-loop T178 residue

in CRK3) may be obtained in their natural functibioam (Fuchset al., 1995).

The new method, suggested by Professor Malcolm M&ikw at the Edinburgh
Structural Biochemistry Group was co-expression anepurification thelLeishmania
CRK3his and CYC6his proteins. Co-expressiok.igoli has a number of advantages over
reconstituting a complex from two separate prot@hsvy et al., 2002), as was performed
initially with CRK3 and CYC6 for in-gel kinase agsa These include enhanced solubility
and proper folding of each protein, producing anagiced yield of active protein complex.
Co-expression has been performed previousli.igoli with human GST-CDK2 an&.
cerevisiae GST-Civl to phosphorylate CDK2 on the T160 residlieis complex was
subsequently co-purified with human cyclin A3, t@yde a fully phosphorylated active
CDK2:CycA protein kinase complex (Brovehal., 1999b). However, the co-expression of
two plasmids in the same cell line has historichliyl two prerequisites: that the plasmids
have distinct resistance markers and distinct wsigif replication (Yang et al., 2001). It is
widely believed that plasmids with the same repliaging the same replication machinery
cannot coexist stably i&. coli and are thereby incompatible plasmids (Datta, L978is

Is because the plasmids will compete with eachradieing replication resulting in the
cells containing one or the other, but not bothspi@s after a few cell generations
(Sambrooket al., 1989). The generation of co-expression systemssbleen carried out to
alleviate this problem, where two plasmids havéris resistance markers and compatible
origins of replication (Fribouregt al., 2001) or one plasmid has two multiple cloningsi

allowing the expression of two genes (N@iwl., 2002).

However, Leishmania CRK3:CYC6 was expressed via incompatible plasnigkction

2.4.2 and figure 3.1) (CRK3 in pET28a and CYC6 HETh5b) which according to the
literature is likely to be unsuccessful. Althoudghedse pET vectors have two distinct
antibiotic resistance markers (pET28a, kanamycith @BT15b, ampicillin), they have a
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common origin of replication, pBR322, and therefordy one plasmid could remain as
previously discussed. Co-expression of CRK3:CYQSNfT. brucel previously proved
unsuccessful (E. Brown and J.C. Mottram, unpubd$hia relation to the co-expression of
Leishmania CRK3:CYCB6, it has previously been described that incompatible plasmids
(pPET21a and pET28a, Novagen) had been co-expraessedcoli due to the selection
pressure of the antibiotics for 14 hours (Yanglet2®01). Co-purification has also been
successfully carried out with His-tagged human ioy8l1 and HA-tagged human Cdc2
expressed in insect cells (Moaateal., 1999). These examples show that co-expressidn an
co-purification methods are successful in produ@ative protein kinase complexes. From
1 litre of bacterial culture, co-expression and pcoHication produced 4.5mg of
Leishmania CRK3:CYC6 protein kinase complex whose activityswaitable for further
radiometric assay development. This quantityethmania CRK3:CYC6 was sufficient
and active enough, expressing the complex in aratib and therefore baculovirus

expression was not required.

Leishmania CRK3:CYCG6 protein kinase activation was establisirea gel-based assay;
however, it was vital this activity could be tramstd to a plate based assay, as this is the
method used at Cyclacel for low to medium throughgmmpound screening. In order to
be useful for compound screening, assay criteri@yaflacel require an assay to have a
signal to background ratio of at least 10:1. An amt@nt aspect of assay development is to
optimize the assay conditions in order to obtaimigh signal to background ratio. This
would enable compounds that are genuine inhibitdrthe target to be identified with
confidence from a background signal within the algmindow. An initial activity assay
carried out identified 7.5ng of protein complex guoing counts of approximately 15,000
per minute compared to a background of approximdi@00 counts per minute, a signal to
background ratio of approximately 15ileishmania CRK3:CYCG6 protein kinase activity
was therefore suitably high to proceed with furthssay development (Figure 3.13). The

activity and signal to background ratio of the CRE8C6 assay was comparable with a
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number of other protein kinase assays develope@yalacel, which were used in the
counter screening of the HTS hits against mammal@dDKs (section 4.12). By
comparison, the plate-based assay was validateg @sbng ofLeishmania CRK3:CYC6

protein kinase complex per assay point, which gsificantly lower than that used in the
in-gel assays, where microgramsgg) of Leishmania CRK3:CYC6 proteins were being

used to visualise protein kinase activity.

In initial experiments to establish whether to wseombinant_eishmania CRK3:CYC6
protein kinase complex or CRK3his purified from mexicana parasites for assay
development; some biochemical analysis was caoigdn thel eishmania CRK3:CYC6
protein kinase complex. The ,Kvalues for ATP and a histone H1 substrate were
determined (Figure 3.15). Thekof ATP for the purified enzyme from the parasite is
35uM as determined by Karen Grant. The & ATP for theLeishmania CRK3:CYC6
complex was 64M = 26uM, within two-fold of the parasite enzyme (Figurd3, upper
graph), suggesting that the two CRK3 enzymes avehkmically similar. The K for the
histone H1 substrate was determined aul.4: 0.48M (Figure 3.15, lower graph);
however, this has not been determined for the ipdrégnzyme fronk.. mexicana parasites.

In the radiometric assay, 100 ATP and 3.¢IM of histone H1 substrate are used per

assay point. These quantities are sufficiently alibe K, values, generating an acceptable

signal window, without saturating the assay.

Further analysis of thieeishmania CRK3:CYC6 protein kinase complex was carried out t
determine the I values for staurosporine, a broad range kinasebitoh and
olomoucine, a potent inhibitor of mammalian cdcZhwa narrow range of selectivity
(Meijer, 1996). The Ig value for staurosporine was 37nM (Figure 3.16,engwaph) and
was potent towardd.eishmania CRK3:CYC6 protein kinase activity as expected.

However, the 1G value for staurosporine agairistmexicana parasite CRK3 is currently
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unknown and therefore could not be compared withrdtombinant complex. The 4€
value for olomoucine against CRK3 purified frammexicana parasites is 42V (Grantet

al., 1998) and was determined asubll against theLeishmania CRK3:CYC6 protein
kinase complex (Figure 3.16, lower graph). Theskliesm are almost identical, further
suggesting that the two enzymes are biochemicalyilas. Therefore it could be
hypothesised that active CRK3 purified frareishmania may be in complex with CYCS6,
and that CYC6 could be dn vivo partner of CRK3. On the other hand, parasite CRK3
may be in complex with another cyclin such as CY@AhApse complex may share similar
biochemical characteristics to those of recombinaathmania CRK3:CYCG6. Purifying
CRK3 fromLeishmania and analysing it via SDS-PAGE and Colloidal Bltirsing may
identify other proteins associated with CRK3. Thesald be analysed by peptide mass
fingerprinting to help identifyn vivo partners of CRK3, of which, CYC6 may be one. As
the biochemical analysis suggested both the reamanbiand parasite purified enzymes
were similar, it was decided to use the recombinaamshmania CRK3:CYC6 protein
kinase complex for future assay development, asifgignt active quantities could be

purified.

A preliminary screen of compounds from a numbemetiouse compound libraries was
carried out to assess the developed radiometrayassd as a basis for the future high
throughput screening of tHesishmania CRK3:CYC6 protein kinase complex. The screen
returned four compounds which were active towar8K8CYC6 and were screened to
determine their Iy values. IGy determinations showed two were potent inhibitors o
human CDK2:CycE and were not pursued, with the neimg two inactive towards human
CDK2:CycE. The structures of the two compounds vactagainst thelLeishmania
CRK3:CYC6 protein kinase complex and inactive agfaiuman CDK2:CycE are shown
in Figure 3.17. However, although Vx-680 is inaettowards human CDK2:CycE, it has

been shown to be potent towards all three Aurorsades. The apparent inhibition
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constants (Kpp) were 0.6, 18 and 4.6nM for Aurora-A, Aurora-B aAdirora-C,
respectively (Harringtoret al., 2004). Intellectual properties not withstanditiggse two
compounds could be possible starting pharmacopHorestructural chemistry to make
compounds more potent towards theshmania CRK3:CYC6 protein kinase complex.
However, a wider library screen of approximately02® compounds from the Cyclacel
library was undertaken using a high throughput esureg platform to identify more

suitable candidates (Chapter 4).
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Chapter 4

High throughput assay development and screening.

4.1 Chapter introduction and objectives.

The radiometric*?P assay developed for tHesishmania CRK3:CYC6 protein kinase
complex described in chapter 3 is suitable for kmvmedium throughput compound
screening; however, it is not a suitable platfoonHigh throughput screening. This is due
to the high quantities of radiation required fog tissays and the time restraints imposed by
the assay protocol, as it is carried out manudly.a result, the radiometriceishmania
CRK3:CYC6 assay was used as a reference assayviopeand validate a high
throughput assay platform suitable for screenirgg 26,000 compound Cyclacel library.
The high throughput screening approach utilisedd@gt’'s experience in library screening
by using the automated assay facilities capabf@adessing up to 10,000 assay points per

day.

Three high throughput screening platforms were icemed for the screen; ALPHA-
scree” luminescence from Perkin Elmer (www.perkinelmemgo Q™ fluorescence
quenching from Pierce Biotechnology (www.piercesmn) and IMAPM fluorescence
polarization from Molecular Devices (www.moleculavites.com). The ALPHA-
screen (Amplified Luminescent Proximity Homogenous Assay) platform is a
luminescence assay that uses a substrate boundldoas bead and a phospho-specific
antibody bound to an acceptor bead. Antibody bipdim the phosphorylated substrate
brings the acceptor bead into close proximity witle donor bead, resulting in light
emission (www.perkinelmer.com). The T® (Intensity Quenching) platform is a
fluorescence quenching assay that uses a progriet&-containing compound that reacts
with phosphate groups on a fluorescently labelleptide. Binding results in a change in

relative fluorescence units which correlates diyettd the number of peptides containing
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phosphate groups (www.piercenet.com). The INPAR mmobilizedM etal Affinity-based
fluorescencePolarization) technology is a fluorescence polaiwatassay that uses
technology based on the specific, high-affinityenaiction of trivalent metal containing
nanoparticles with phosphogroups. Fluorescentlgllatl peptides are phosphorylated in a
kinase reaction. Addition of the IMAP binding systestops the kinase reaction and
specifically binds the phosphorylated substratémsphorylation and subsequent binding
of the substrate to the beads can be detectedubyeficence polarization (Figure 4.1)

(www.moleculardevices.com).

The IMAP™ platform (Figure 4.1) was chosen to carry out ifigh throughput screen.
This was because the IMAP technology was the most up-to-date and becausettiee
assay formats had prior requirements unlike the ffassay. The ALPHA-scre&h
assay required an antibody and substrate pair aad@" assay required a specific
peptide substrate which was unavailable commeyczadtl required synthesizing at a large
cost. As the IMAP" platform did not have these prerequisites it wasdu®r the high

throughput screening afeishmania CRK3:CYCS6.

This chapter will focus on the IMAP assay that was developed, optimised and validated
for Leishmania CRK3:CYC6. With this, the high throughput screenioigLeshmania
CRK3:CYC6 was carried out in order to identify iniors of Leishmania CRK3:CYC6
protein kinase activity within the Cyclacel librarf§@ounter screening of the hits against
mammalian kinases was carried out to determineséhectivity of the inhibitors towards
Leishmania CRK3:CYC6. Follow up and related work on the ided hits will also be

discussed in the chapter.
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fluprescent
peptide substrate
(Tyr, Ser, or Thr)

@ high FP

MIII

phospho-peptide
hosphatase product

IMAP FP
binding
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www.moleculardevices.com

Figure 4.1 — IMAP™ fluorescence polarisation assay schematithe kinase reaction
(enzyme, fluorescent substrate, ATP and plus ousinhibitor) is set up in a volume of
20ul and incubated for 1 hour 20 minutes at room taaipee. The kinase adds a
phosphate (P§) group from the ATP onto the substratepb6f the binding reagent
(orange) is added to both stop the reaction and thie fluorescently labelled phospho-
peptide. This results in a reduction in rotatiospeed and an increase in fluorescence

polarization which is detected in a microplate eyad

110



4.2 Optimum substrate identification for Leishmania CRK3:CYC6.

In order to identify the optimal substrate for CRE3C6 for use in the IMAP" HTS
format, a substrate finder assay was carried dwg.plate had 61 potential serine/threonine
protein kinase substrates and the specific subdirater assay protocol is shown in Figure
4.2. The raw data (Fluorescence polarization, m@}¥ wasted in to a data analysis
programme provided by Molecular Devices, which gatesl a bar chart highlighting the
background signal and specific signal for each idepsubstrate and pre-phosphorylated
calibrator peptides (Figure 4.3). The backgroumhaii was subtracted leaving the specific
signal for each peptide substrate (Figure 4.4)th@f61 peptide substrates on the plate, 6
showed a specific signalAhP) of >100mP. The greateAmMP was with a generic
serine/threonine kinase substrate peptide sequBBBRSPGRRRRK (310mP), then a
histone H1 derived peptide GGGPATPKKAKKL (295mPhen a short histone H1
derived peptide (amino acids 9-18) PKTPKKAKKL (28Bm then DYRKtide
RRRFRPASPLRGPPK (190mP), then a CDK7 derived pepiHAKSFGSPNRAYKK
(180mP) and recombinant histone H1 protein (100(HRure 4.4). Analysis of the 6
peptide substrates highlighted that they all coratdia sequence pattern xS/TPxR/K, which
is in accordance with the optimal recognition mdof CDKs, X;(S/To)P:iiX+2(K/R+3)
(Stevenson-Lindertt al., 2003) (Figure 4.5). The generic peptide substnads chosen as

the optimum substrate and used in all subsequeAPIM assays.
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Figure 4.2 — IMAP™ substrate finder assay schematicThe fluorescently labelled
peptide substrates are reconstituted via the additi ATP in the complete reaction buffer
(CRB). CRB* enzyme is added and incubated for 1 hour 20 nmsnaiteoom temperature.
The IMAP™ binding solution is added, and the reaction incedbdor a further 1 hour 20

minutes at room temperature before the plate wairea microplate reader.
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0 Background (no enzyme) - Specific Signal (Delta mP)

400

A

Figure 4.3 — IMAP™ substrate finder assay analysis using Molecular Dées data

analysis software.Fluorescence polarization data was analysed usiagdata analysis
macro provided by Molecular Devices. The bar cehdws the corresponding background
and specific polarization signal (mP) generatedebgh of the 61 substrates and pre-

phosphorylated control peptides.
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Histone H1
derived

<«— Generic
sequence

<+—— Histone H1 derived (aa 9-18)

<«—— DYRKtide

Recombinant histone

Vv

CDKY derived —»

Figure 4.4 — IMAP™ substrate finder assay to identify the best subsites of
CRK3:CYC6 for the HTS assay. A substrate plate containing 61 potential
serine/threonine kinase substrates was assayedsasbidd in Figure 4.2. Six substrates
were identified showing a fluorescence polarizatbange >100mP. The generic sequence

peptide was the optimum substrate for CRK3:CYC6wshg the greatest change in

fluorescence polarizatiodAnP).
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Amino acid position:

-1 0 +1+2 +3

histone H1 derived: GGGPATPKKAKKL
Generic sequence: GGGRSPGRRRRK
Short histone H1 derived: PKTPKKAKKL
DYRKtide: RRRFRPASPLRGPPK
CDK?7 derived FLAKSFGSPNRAYKK

Sequence patterrx S/'T P x R/K

Optimal recognition motif for CDKsx; (S/To) Pi1 X+2 (K/R4+3)

Figure 4.5 — IMAP™ substrate finder sequence analysig.he five peptides identified as
substrates for CRK3:CYC6 were analysed by sequemdmgmment. The consensus
sequence pattern follows the optimal recognitiortiimdentified for mammalian CDKSs.

Highlighted in red are the serine/threonine amioml aesidues (in the 0 position) which

are phosphorylated by the CRK3:CYC6 protein kinasaplex.
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4.3 Leishmania CRK3:CYC6 two-fold enzyme titration.

In order to establish the quantity of CRK3:CYCéb®used in the IMAP' HTS assays, a
two-fold enzyme titration was carried out (Figuré)4 Carrying out the assay as described
in 2.6.2, the titration identified that 1.25ng ah#&se complex could be used per assay
point. When running the assay for 1 hour 20 minutibés produced a signal of
approximately 280mP with AmP of 180mP and was in the linear phase of theyaée
assay was validated under these conditions with sc@re of 0.71 which is considered
excellent in terms of assay quality (Zhaetgal., 1999; Iverseret al., 2006) where the

assay is reliable, robust and suitable for HTS Onget al., 2007).

4.4 Leishmania CRK3:CYC6 ATP K, determination.

A kinase assay was performed in order to estabhish<,, value of ATP in the HTS format
(Figure 4.7), to compare with the radiometric asdatermination (Figure 3.15, Upper
graph). A two-fold titration of ATP was set up réBwg in concentrations of ATP ranging
from 2uM to 1mM in the assay. TheKvalue of ATP was determined to be UBR +

13.4uM for CRK3:CYC6.
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CRK3: Cyc6 2-fold Enzyme Titration
Fit Plus Background
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Figure 4.6 — CRK3:CYC6 IMAP™ assay development and validation — enzyme
titration. Using the generic sequence peptide as the subsirat®-fold enzyme titration
was carried out. The kinase assay was carriedsodéscribed in 2.6.2. This identified that
1.25ng of CRK3:CYC6 could be used in the IMAP hitfitoughput screen format.

Graphical analysis was carried out using XLfit dddtware from IDBS (www.idbs.com).
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CRK3: Cyc6 ATP Km Determination
Fit Minus Background
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Figure 4.7 — ATP K determination for CRK3:CYC6 using the IMAP ™ HTS assay.
The K,, value for ATP was determined for the CRK3:CYC6 @te®. This was

determined at 15M £ 13uM. Graphical analysis was carried out using XLfld 4oftware

from IDBS (www.idbs.com) with a K determination model.
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4.5 Staurosporine and olomoucine IC 5o determinations for Leishmania
CRK3:CYC6.

The 1G5 values for staurosporine and olomoucine were oebted for the CRK3:CYC6
complex in the HTS format (Figure 4.8), to compavih those determined in the
radiometric assay (Figure 3.16). The,d®@alue for staurosporine was determined at 20nM

(Figure 4.8, upper graph) and 300 for olomoucine (Figure 4.8, lower graph).

4.6 Preliminary compound screen against  Leishmania CRK3:CYCS6.

The 193 compound preliminary screen in chapter 8 mgpeated using the HTS format to
determine if the newly developed assay would idgrttie same hits as found in the
radiometric assay. 34 hits were expected, as 5B&df were false positives in the
radiometric assay. As expected, these 34 hits akrelentified showing the developed

assay was functional and valid (data not shown).
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Staurosporine IC50 Determination
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Figure 4.8 — Biochemical characteristics of CRK3:C€6 using the IMAP™ HTS

assay. The IG,, values for staurosporine (upper graph) and olommeu¢lower graph)

protein kinase inhibitors against CRK3:CYC6 werdedmined. Graphical analysis was

carried out using XLfit 4.0 software from IDBS (wwdbs.com).
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4.7 Development of an IMAP ™ assay suitable for counter screening against

human CDK2:CycA:

4.7.1 Human CDK2:CycA two-fold enzyme titration.

In order to establish the quantity of CDK2:CycAbe used in the IMAP' HTS assays, a
two-fold enzyme titration was carried out (Figur®)4 The CDK2:CycA kinase complex
was produced in-house at Cyclacel via baculovimmen expression. Carrying out the
assay as described in figure 4.1, the titratiomtified that 33ng of CDK2:CycA could be
used per assay point. When running the assay fauf 20 minutes, this produced\enP
signal of approximately 200mP and was in the lingaaise of the assay. The assay was

fully validated under these conditions with a Zbsz of 0.67.

4.8 High throughput screening of the Cyclacel compo und library:

4.8.1 Leishmania CRK3:CYC6 and human CDK2:CycA IMAP ™ fluorescence
polarization HTS assays.

The Cyclacel compound library screened against CRXK86 and CDK2:CycA contained
approximately 25,000 compounds. This was comprefetivo subset libraries which are
described in Table 4.1. The Cyclacel library wasesoed againstLeishmania
CRK3:CYC6 and mammalian CDK2:CycA using IMRP fluorescence polarization
technology (Figure 4.1). The assays were carrigdaswlescribed in the methods section
using the high throughput screening robotic teabgplat Cyclacel. The compound library
was initially screened againkeishmania CRK3:CYC6 at a fixed concentration of i\

and the data analysed using IDBS Activity Basevgarie (www.idbs.com).
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CDK2/A 2-fold Enzyme Titration
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Figure 4.9 — Human CDK2:CycA IMAP™ assay development and validationUsing

the generic sequence peptide identified, a two-&sldyme titration was carried out. The
kinase assay was carried out as described in figdreThis identified that 33ng of human
CDK2:CycA can be used in the IMA® high throughput screen format. Graphical

analysis was carried out using XLfit 4.0 softwan@ni IDBS (www.idbs.com).
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Heterocycle Library 2 (HL-2) | Kinase Inhibitor Theme library

~16,000 compounds ~8,000 compounds

6 synthetic themes Heterocycle library 1 (HL-1)

Published Adenine, Pyrimidine,
10 heterocyclic themes Quinazoline and Quinoxaline CDK
inhibitors.

Natural product mimic library: kinase
inhibitor themes, sugar nucleoside
mimics, protease inhibitor themes,
steriod mimics, aminoglycoside mimics
and phosphatase inhibitor themes.

Desirable pharmaceutical properties
(Lipinski rules, ADME properties)

Table 4.1 — The Cyclacel compound library breakdownThe compound library is
composed of two sub-libraries, the heterocycle @ kinase inhibitor theme libraries. They
include known kinase inhibitors and natural produwimics as well as synthetic
compounds. The heterocycle 2 compounds were dekigite desirable pharmaceutical

properties.
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The screen identified 43 Cyclacel compounds thatdgpeced a=50% inhibition of
Leishmania CRK3:CYCG6 protein kinase activity (Table 4.2, gols 1-4). The Cyclacel
library was subsequently screened against human23D¥A to both filter out any of the
CRK3:CYC6 hits that target the human kinase, angdtentially provide more useful
structure activity relationship (SAR) data as tilbeary had not previously been screened
against human CDK2:CycA. None of the 43 CRKS3:CYCis hinhibited human
CDK2:CycA significantly (Table 4.2, column 5) anaketefore all were taken forward for
secondary screening against CRK3:CYC6 to deterrhag 1G5 values. The Igy value
determinations were carried out using the radiom&® assay resulting in values ranging

from 2.uM to >5QuM (Table 4.2, column 6).

In order to confirm the 43 hits did not significgntarget mammalian CDK2:CycA, g
values were determined for this kinase complex.48llcompounds returned §€values
>50uM (Table 4.2, column 7) confirming the primary smmedata for mammalian
CDK2:CycA (Table 4.2, column 5). Based on the rissiwhe compounds were divided into
three groups; the top 18 which were taken forwasd rhammalian kinase counter
screening (Table 4.2, Red); compounds not analysether (Table 4.2, Blue) and

compounds which were false positives and did ngetaCRK3:CYC6 (Table 4.2, Black).
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Molecular

Compound Weight Structure % inhibition of | % inhibition of CRK3:CYC6 CDK2:CycA
P 9 CRK3:CYC6 | CDK2:CycA ICso (UM) ICso (MM)
(g/mol)

~

Compound 1 541.69 . 69.9 13.2 2.6 >50
QIO
Compound 2 314.39 NJ\/N@ 59 3.7 2.67 >50
Qo
|

Compound 3 491.67 O OE 67.7 6 3.42 >50
Compound 4 345.48 O\ O TNQ 57.5 9.4 3.62 >50

e NN
Compound 5 396.49 \O O 70.6 5.3 4.35 >50

_4
> N’Q
e
Compound 6 465.59 72.3 5.3 4.38 >50
Compound 7 42252 QIO 70.6 11.9 5.07 >50
Compound 8 378.47 N (N)J\/O 65.7 9.1 5.79 >50
_9

Compound 9 394.51 fe)@) 60 14 5.98 >50
Compound 10 436.55 O 73.1 123 6.9 >50
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c g M\;’V'e.“':fr Stuct % inhibition of | % inhibition of | CRK3:CYC6 | CDK2:CycA
ompoun €9 ructure CRK3:CYC6 | cCDK2:CycA ICso (MM) ICso (MM)
(g/mol)
_‘<_Néj\
e
Compound 11 | 356.47 /@}/{ 574 14.1 7.14 >50
f N=—N °

~ L@

Compound 12 539.71 OIO 69.8 0.8 7.83 >50
-
Compound 13 408.54 ] O 55.2 7 8.12 >50
p
Q1O
Compound 14 380.49 b 52.7 15.7 8.76 >50
_d
/
/N,&

Compound 15 427.54 Q O 53.2 -4.9 8.94 >50

N—N °

_.(6(
@N:j\

Compound 16 550.69 @(LO,T\/O 67.9 1.4 10.12 >50

(©)

C
Compound 17 539.67 58.8 16.6 10.26 >50

oo _0
(@)
.

Compound 18 438.57 \O CN)/E 60.9 4.3 10.69 >50
Compound 19 42252 @@ 63.3 3.6 11.76 >50
Compound 20 418.49 U\\ 60.8 -12.1 12.78 >50
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Molecular

compound et Structure % inhibition of | % inhibition of | CRK3:CYC6 | CDK2:CycA
P 9 CRK3:CYC6 | CDK2:CycA ICso (UM) ICso (MM)
(g/mol)
—,
Compound 21 |  317.43 53.4 -20.8 15.4 >50
/\,,\ ON g
Compound 22 | 422.57 J\/OA@j 67.5 23 15.68 >50
O
|
@8
Compound 23 |  505.69 63.8 11.2 15.78 >50
QIO
|
\
Compound 24 |  503.68 58.1 2.8 16.18 >50
P QIO
Compound 25 | 48557 O\/E 53.1 43 16.96 >50
J\@’@—@—‘\
Compound 26 |  489.66 63.3 16 17.9 >50
Compound 27 |  502.61 60.7 3.9 18.1 >50
l@®
Compound 28 |  460.57 OO 48 2.1 21.16 >50
N ‘ _
Compound29 |  350.45 ©/ @ O 64 2 21.98 >50
Compound30 |  433.59 45 22.73 >50

D\)\ 54.3
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Molecular

Compound Weight Structure % inhibition of | % inhibition of CRK3:CYC6 CDK2:CycA
p 9 CRK3:CYC6 CDK2:CycA ICs50 (MM) 1Cs (M)
(g/mol)
o
Compound 31 438.57 )\/O/@ 47.6 4.9 23.03 >50
Q.0
L
Compound 32 431.61 ” 47 9.9 27.71 >50
Compound 33 350.49 48 1.9 29.07 >50
N
OO
Compound 34 | 39155 ~ NJ\©©>—€ 526 25 29.32 >50
O N
Compound 35 423.55 O 49.1 8.8 30.15 >50
Compound 36 428.53 XOIO 48 10.1 41.07 >50
Compound 37 302.42 O Q/NK 61.2 8.1 41.22 >50
Compound 38 423.55 56 14.7 >50 >50
Compound 39 473.54 C‘\/? 52 11 >50 >50
{ N\/O
Compound 40 360.45 A 50.2 23 >50 >50
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Molecular
Compound Weight Structure
(g/mol)

/
-,
Compound 41 | 343.47 QM@ 50 3.7 >50 >50
o

Compound 42 359.51 O\ O TQ 47.6 4.3 >50 >50
N

% inhibition of | % inhibition of CRK3:CYC6 CDK2:CycA
CRK3:CYC6 CDK2:CycA ICs (M) ICso (MM)

Compound 43 401.55 O 45.3 15.9 >50 >50

Table 4.2 — CRK3:CYC6 and CDK2:CycA primary and seondary screening
summary. The compound numbers and structures are showthdat3 hits identified from
the HTS and are ranked, top to bottom, in ordetheir 1G5y value towards CRK3:CYC6
(Column 6) . The primary screening data (% inhdmijiand secondary screening data¢IC
value) for the 43 hits identified from the HTS afeown for CRK3:CYC6 (Columns 4 and
6, respectively) and CDK2:CycA (columns 5 and Bpextively). Compounds in red are
those that were taken forward for screening agaihet mammalian kinase counter
screening panel (Table 4.6). Those in blue are camgbs that were not taken forward for
further analysis. Those in black were determinedbéofalse positives and not active

towards CRK3:CYCS6.

129



4.9 Structural analysis of the high throughput scre en hits.

The secondary datonfirmed there were 6 false positive hits from @iRK3:CYC6 high
throughput screen. This resulted in 37 Cyclacel maunds that targeted CRK3:CYCS6.
The 18 compounds that hads¢values ranging from 28/ to approximately 1AM were
chosen and taken forward for further mammalian deneounter screening. The chemical
structures of these 18 compounds were analysedvamdlistinct pharmacophores were
identified, azapurine and aminopyridazine-3-carimoxie (Figure 4.10). Of the 18

structures, 14 were azapurines and 4 were amirdg®irie-3-carboxamides.

4.10 Structure activity relationship of the azapuri nes towards Leishmania
CRK3:CYCS6.

In order to determine some further SAR data fordhapurine class of compounds, the
effect of modifications of the bulky groups on pasis 2 and 9 of the azapurine ring was
analysed. This focused on the methoxybenzene ringth® 9 position and the

cyclohexylmethyl group on the 2 position (Figuré}.
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Amaine core structure

R2

Aminopyridazine-3rsaxamide core structure

Figure 4.10 — Main compound core structures identiéd from the CRK3:CYC6 high
throughput screen. The azapurine (upper structure circled in red) hadariable R1
group, a methoxybenzene ring on the 9 position amgclohexylmethyl group on the 2
position. The aminopyridazine-3-carboxamide (lowtucture circled in red) had variable
R1 and R2 groups and had a cyclohexylmethyl gratgeized to the nitrogen atom on the

3 position.
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—0

Figure 4.11 — Azapurine core structures minus the ethoxybenzene ring (upper
structure) and the cyclohexylmethyl groups (lower tsucture). Homologues of the
azapurine structure with the modifications at thar@l 9 positions shown above were
chosen and screened. This was to highlight the itapoe of these particular groups in the

molecules inhibiting CRK3:CYC6 protein kinase aitjiv
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Initially, 4 hits from thelLeishmania CRK3:CYC6 screen were chosen, compound 3,
compound 6, compound 18 and compound 9 (TablesA#43and 4.5 in red). With regard
to the methoxybenzene ring group changes, one loguelof each hit was chosen which
had identical R1 and cyclohexylmethyl groups buhadified methoxybenzene group at
the 9 position of the azapurine ring (Figure 4uddper structure and Table 4.3, compounds
in black). Replacement of the methoxybenzene rinipex 9 position resulted in at least a

5-fold loss of activity againdteishmania CRK3:CYC6.

This approach was also used to determine if madibos to the cyclohexylmethyl group
contributed to any loss of activity. Two homologuwés®ach hit were chosen with identical
R1 groups and a methoxybenzene ring on the 9 positvith replacements in the 2
position (Figure 4.11, lower structure and table4 dnd 4.5, compounds in black).
Deletion of the cyclohexylmethyl group and its se@ment by a less bulky group also

resulted in at least a 5-fold loss of activity agithe target enzyme.

These compounds with modifications were inactiweatalsLeishmania CRK3:CYCS6, all
returning 1Go values >5QM (Tables 4.3, 4.4 and 4.5). This highlights theartance of
the methoxybenzene and cyclohexylmethyl grouphleit aippropriate positions within the

azapurine ring structure for inhibitingeishmania CRK3:CYC6 protein kinase activity.
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CRK3:CYC6
Compound Structures
P ICs (M)
\N_
Compound 44 50
b O
Compound 3 3.42
N [} \E}
Compound 45 550 N
SO/~ Qo
Compound 6 438 ' 3
Compound 46 50 N(\/k
P @% QO
Compound 18 10.69
Compound 47 >50 /H ))
o0, @0
Compound 9 5.98 W :

Table 4.3 — Analysis of the azapurine methoxybenzenring modifications at the 9

position. Four azapurine hits identified from the CRK3:CYC&$iwere chosen (red). A
homologue of each, with the same R1 and cycloheaiyigh groups but with a modified
group in place of the methoxybenzene ring was ah@siack). The 1G, values of the hits

and their homologues are shown highlighting thedrtgnce of the methoxybenzene ring

in inhibiting CRK3:CYC6 protein kinase activity.
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CRK3:CYC6
ICs, (M)

Compound 48 >50 O/::r O:\N_ O’j‘;(

Compound 49 >50 O (N))N \/&)OE <No:é>\

Compound Structures

Compound 3 3.42 _d —o 3
Compound 50 >50
Ny ~ Q N E}
N /V\ N /\'\ N /’\
Compound 51 >50 QO @ gO;\é O OE
Compound 6 4.38 0 0 —

Table 4.4 — Analysis of the azapurine cyclohexylmieyl group modifications at the 2
position (1). Two azapurine hits identified from the CRK3:CYCG6 SlWere chosen (red).
Two homologues of each, with the same R1 and mgbenzene ring groups but with a
modified group in place of the cyclohexylmethyl wathosen (black). The igvalues of
the hits and their homologues are shown highlightithe importance of the

cyclohexylmethyl group in inhibiting CRK3:CYC6 peoh kinase activity.
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CRK3:CYC6

Compound Structures
P ICs, (UMW)

Compound 52 >50

Sy
compound 53 | 50 | D CP)\@%O 6 O?)

Compound 18 10.69 °

-

Compound 54 >50 ))
Compound 55 >50 gé t
Compound 9 5.98 7 ‘

Table 4.5 — Analysis of the azapurine cyclohexylmieyl group modifications at the 2

position (2). Two additional azapurine hits identified from th&IC3:CYC6 HTS were
chosen (red.) Two homologues of each, with the s&heand methoxybenzene ring
groups but with a modified group in place of thelohexylmethyl were chosen (black).
The 1Go values of the hits and their homologues are shagain highlighting the

importance of the cyclohexylmethyl group in inhibg CRK3:CYCG6 protein kinase

activity.
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4.11 Mammalian kinase counter screening of the Leishmania CRK3:CYC6
hits.

The 18 compounds chosen were taken forward to rscagainst an expanded protein
kinase panel to determine their selectivity. Temmmelian protein kinases were selected
from Cyclacel’s in-house protein kinase panel ame shown in Table 4.6. The 18
compounds were screened against the 10 mammatiasds to determine theirs/alues
for each. The 9 most potent compounds are shovkedam order of their potency towards
CRK3:CYC6 (Table 4.7, right hand column in redm8arly, the remainder of the 18 hits
screened are shown, again ranked in order of thegncy against CRK3:CYC6 (Table
4.8, right hand column in red). The majority of th& compounds are inactive against all
10 kinases generating 4§values >50M with the following exceptions. Compound 3 has

an 1G value of 33.1@M against Plk1l while compound 13 and compound & H&so

values of 13.itM and 9.68M, respectively against Abl.

Of most interest with regard to the selectivity sfien is the CDK4:CycD1 data, where it
Is seen that all but four compounds show a degr@ghibition of CDK4:CycD1. The four
compounds that do not show inhibition of the enzyowmmpound 2, compound 4 (Table
4.7), compound 11 and compound 15 (Table 4.8) laeranopyridazine-3-carboxamides.
The remaining 14 compounds that do inhibit CDK4:BYycwith IG5 values <3QM, are
all azapurines. This highlights a useful structactivity relationship (SAR) data for the
two pharmacophores identified from theishmania CRK3:CYC6 HTS and will be

discussed in more detail later in this chapter.
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Kinase Class Group Family
ASVAd I Ser/Thr AGC AKT
CDKL:CycB B ANy CMGC CDK
o] CHATIN Ser/Thr CMGC CDK
o1 g7 Ser/Thr CMGC CDK
op| CHATAEN Ser/Thr CMGC CDK
GSK3 Ser/Thr CMGC GSK
Plk1 Ser/Thr Other PLK
A28 Ser/Thr Other AUR
Abl TK TK Abl

Fl+3 RTK TK PDGFR

Table 4.6 — Protein kinase counter screening panelhe table shows the 10 protein
kinases chosen to counter screen with the CRK3:CMTS6 hits. These were chosen to
include a number of kinases from the serine/thm®mlass and some from the tyrosine

kinase class.
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4.12. Alternative approaches to identify  Leishmania CRK3:CYCG6 inhibitors.

In addition to screening the Cyclacel library, aigive approaches were employed to
identify inhibitors of Leishmania CRK3:CYC6 protein kinase activity. This involved
molecular modelling and an silico screen as well as testing additional compoundfien

Leishmania CRK3:CYC6 protein kinase complex.

4.12.1 Screening of Naphthostyril derivatives again st Leishmania
CRK3:CYC6.

A L. mexicana CRK3 homology model based on mammalian CDK2 waeigged by Kirk
Malone at the Manchester Interdisciplinary BiocenfMIB). The molecular modelling
was carried out using Accelrys Discovery Studio  twafe

(www.accelrys.com/products/dstudio/An in silico screen was carried out against the

CRK3 homology model using the virtual compounddilyraccompanying the software.
Naphthostyril was the top hit identified, which gathe best docking score against CRK3
and whose binding mode compared favourably to tinelitg of known inhibitors of
CDK2. Subsequently, Naphthostyril (Figure 4.12, kefp structure) and 11 derivatives of
the naphthostyril structure were synthesised anetesed against CRK3:CYC6 to
determine their potency by 4gvalue determination. All 12 compounds tested, h@re

proved to be inactive against CRK3:CYC6, withd€alues >50M (data not shown).

4.12.2 Screening of Indirubin derivatives against Leishmania CRK3:CYC6.

The Indirubin compounds are known inhibitors of GDKHoesselet al., 1999;
Polychronopoulost al., 2004). Based on the structure in figure 4.1B (&ft), a number of
indirubin derivatives were obtained from Karen Granthe University of Lancaster and
Nick Westwood at the University of St. Andrews (g 4.13). Four of the compounds,
TW3, TW21, TW23 and TW27 have been screened agaarsigenic CRK3 to determine
their 1C5p valuesbut had not been tested against promastifet@mania or macrophages

(Table 4.9). Similarly, compounds whose activitydisscribed as ND (not determined)
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were not tested againdteishmania infected macrophages. The remainder of the
compounds were tested against promastigetshmania and amastigoteeishmania in a
macrophage infection at a single concentration OfiM by Karen Grant. A brief
description of the effect of each compound on thié @ycle of promastigotéeishmania
and the activity against amastigotes in an infectassay (clearing amastigotes from
macrophages and reducing the infection) is inclugedable 4.9, columns 6 and 7,

respectively.

The indirubin derivatives were screened apuMl0against CRK3:CYC6 and human
CDK2:CycA. 1G5y determinations for CRK3:CYC6 were performed andeded
compounds were taken forward for screening agaimsman CDK2:CycA and
CDK1:CycB. Of the 55 Indirubins screened againstKGfZYC6, 10 had Ig values
<1uM, only one of which, DT-IND-83 showed good seleityi over the two human CDKs
(Table 4.9). Of those others tested, a furtheretisteowed selectivity towards CRK3:CYC6
(Table 4.9, red asterisk) and two towards mammal®K2:CycA over CRK3:CYC6

(Table 4.9, blue asterisk).
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Figure 4.12 — The chemical structure of Naphthostyr and derivatives. The top left
structure (page 141), naphthostyril, identifiedotigh anin silico screen as a potential
compound to target CRK3:CYC6 was used as a scaffogbnerate 11 derivatives which

were screened agairistishmania CRK3:CYC6.
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DT-IND-83 DT-IND-112-3 DT-IND-135

DT-IND-136 DT-IND-119
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DT-IND-148-2 DT-IND-148-7

Figure 4.13 — The chemical structure of Indirubin ad derivatives. The top left
compound (page 143), Indirubin, a known inhibitorGSK3 and CDKs, was used as a

scaffold to generate several derivatives, which ewscreened against CRK3:CYC6.
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4.13 Chapter discussion

The optimum fluorescent peptide substrate lfeishmania CRK3:CYC6 was identified
from a plate containing 61 potential serine/threerkinase substrates identified from the
literature. Of the 61 peptide substrates on théepk showed a specific sign@ingP) of
>100mP (Figures 4.3 and 4.4). The greaistP values were for a generic peptide
sequence (GGGRSPGRRRRK), a histone H1 derived defGGPATPKKAKKL), a
short histone H1 derived peptide (amino acids 9-(BKTPKKAKKL), DYRKtide
(RRRFRPASPLRGPPK), a CDK7 derived peptide (FLAKSPGI®AYKK) and
recombinant histone H1 protein. Interestingly, theombinant histone H1 as used in the
radiometric assay is not the optimum substrate fashmania CRK3:CYC6 in the
IMAP™ assay, producing AmP approximately one third of the generic peptide i
100mP versus 300mP (Figure 4.4). This is becausgescence polarization works best
with peptides rather than proteins in an IMXFormat. Sequence alignment and analysis
showed that the five peptide substrates identdidaibited a consensus sequence pattern: x
S/T P x R/K (Figure 4.5). This consensus sequeaten follows the minimal recognition
motif identified for mammalian CDKs:X(S/To) P:1 X+2 (K/R+3) (Stevenson-Lindest al.,
2003). The generic peptide is a consensus phodahiory site derived from several
proteins (Srinivasan et al., 1995) and was chosaheoptimum substrate and used in all

IMAP ™ assays.

In order to establish the quantity of CRK3:CYCG6 aesk per assay point for the HTS, a
two-fold enzyme titration was carried out (Figuré)4 A 1:250 dilution of the complex

equating to 6ng of protein was the top concentnagéissayed and was diluted two-fold in a
10-point dilution curve. This highlighted that a1200 dilution equating to 1.25ng of
complex could be used per assay point. Using thentity produced a mP signal of
approximately 280mP and amP of 200mP using significantly lesseishmania

CRK3:CYC6 than the radiometric assay. The radiometssay required 7.5ng of protein
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complex per assay point (Figure 3.13), whereasnf 2#as used in the HTS assay (Figure
4.6), highlighting that the IMAP" HTS format miniaturises the assay by requiring six

times lesd.eishmania CRK3:CYCB6 protein kinase complex per assay point.

HTS assay development was carried out by determihia K;, for ATP using the IMAP"
assay format (Figure 4.7) and comparing it witht thaetermined using the radiometric
assay platform. A two-fold dilution series of ATRasvset up ranging from 1mM tq
ATP. The K, determined was 1% + 13uM approximately two-fold higher than
determined in the radiometric assay (Figure 3.ppeu graph). This is possibly an artefact
of the IMAP™ assay due to the tri-valent metal containing narniges in the stop
solution also binding to the phosphate groups oPAdal the higher ATP concentrations.
This would possibly have the effect of shifting theve to the right resulting in a slightly

higher Ky, for ATP than expected. It could also be due toamlity between assays.

Further assay development was carried out to deterthe 1G, values for staurosporine
and olomoucine against thesishmania CRK3:CYC6 protein kinase complex using the
IMAP™ format. The G value for staurosporine was 20nM (Figure 4.8, ugpaph) in
comparison with 37nM in the radiometric assay (FegB.16, upper graph). The values are
within two-fold of one another and are thereforecliose agreement. The §&determined
for olomoucine was >10n (Figure 4.8, lower graph), in comparison withubLLin the
radiometric assay (Figure 3.16, lower graph), agdémonstrating it is not a potent
inhibitor of CRK3:CYC6. The IMAPY assay with olomoucine was carried out using a
lower top concentration of inhibitor than in thedi@metric assay, which explains the
imprecise >1QM ICs result. These results suggest the IMARassay is performing
similarly to the radiometric platform, and is sbi& for continuing with compound

screening.
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The preliminary screen on 193 compounds was repeating the IMAPY format (data
not shown). This was to confirm the developed asgay functional and comparable with
the radiometric assay. The 193 compounds were rsetieat 1AM to establish if the hits
identified in the radiometric assay, were also tdexd in the HTS assay. The 34 hits from
the radiometric assay were identified in the HT®rfat showing the assay was functional.
Interestingly, the five false positives picked uapthe radiometric assay were not picked up

in the HTS format showing the IMAP assay is perhaps more stringent.

In order to identify inhibitors of eishmania CRK3:CYC6 a high throughput screen (HTS)
of the Cyclacel compound library (Table 4.1) wagsried out at Cyclacel using the
IMAP™ fluorescent polarization assay. The IMAPHTS assays were carried out as
described in sections 2.6.2 and 4.2.1. The prinsargen carried out at [il® yielded 43
hits that had approximately 50% or greater inhaoitof Leishmania CRK3:CYC6 protein
kinase activity (Table 4.2, column 4). The compouthehtification numbers (Table 4.2,
column 1), molecular weights (Table 4.2, columra@)l structures (Table 4.2, column 3)
for the hits are also included. Initial analysisttoé compound hit rate (43/25,000) showed
that 0.17% of the compounds in the Cyclacel libriatyibited Leishmania CRK3:CYC6
protein kinase activity. This hit rate is in accande with the two previous HTS carried out
at Cyclacel with this compound library. The mamm@alCDK7:CycH hit rate was 0.32%
and mammalian Polo Like Kinase 1 (Plkl) was 0.7#hs®&quent screening of the hits
against PIk1l showed a 40% rate of attrition, ingingathe real hit rate was approximately
0.4%. However, both these HTS were performed ugiagALPHA-screef” format rather

than IMAP™.

The IMAP™ format was also chosen as the platform for cagyout a human
CDK2:CycA counter screen. Molecular Devices hadvioresly validated an IMAP”
peptide substrate for CDK2:CycA which was the sflo@rescent peptide (generic peptide

sequence, GGGRSPGRRRRK) used f@rshmania CRK3:CYC6 in these studies. In
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preparation for the counter screen, assay developmas carried out to establish the
quantity of enzyme required for the assay. The CIOl2A enzyme used was expressed in
baculovirus and purified at Cyclacel. A 1:5 dilutiof the complex equating to (ug of
protein was diluted two-fold in a 10-point diluticarve (Figure 4.9). This highlighted that
a 1.60 dilution equating to 33ng of complex couddused per assay point, approximately
four times as much dsishmania CRK3:CYC6. Using this quantity produced a mP signa
of approximately 280mP with &amp of 200mP. The CDK2:CycA HTS assay was
developed and validated with this quantity of eneyeind was functional for carrying out

the counter screen.

The Cyclacel compound library was counter screaagainst human CDK2:CycA using
the IMAP™ assay at a single compound concentration @MLOThe counter screen was
carried out to filter against the 43 compounds hhat targeted thd.eishmania
CRK3:CYC6 protein kinase complex, thereby identifyiany that targeted a human
kinase. None of the 43 compound hits from Tabletdrgeted mammalian CDK2:CycA
(Table 4.2, column 5) and as a result, all 43 caimps were taken forward for secondary
screening against CRK3:CYC6 to determine their mote Their 1G, values were
determined using the previously develop&® radiometric assay fot.eishmania
CRK3:CYC6 and are shown in Table 4.2, column 6 Keanin order of potency towards
Leishmania CRK3:CYC6 protein kinase activity). The most pdtewompound was
compound 1 with an I§ value of 2.6M towards thelLeishmania CRK3:CYC6 protein
kinase complex. This is not greatly potent towatascomplex as it is a lowM inhibitor
and not a nM inhibitor as desired. However, coroesience with Cyclacel suggested that
identifying hits with 1G, values lower than M would be unlikely with this library, and
identifying those with low micromolar potency, adb, was indeed a successful screen.
These compounds can be used as a starting pointhEmistry to improve potencies

towardsLeishmania CRK3:CYC6. The library is only 25,000 compoundsosg and in
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order to get nM potency, it has been proposed yeedrio screen at least 24,000,000
distinct compounds (Wintner and Moallemi, 2000)tefhatively, it is possible to screen a
more focussed kinase selective library to attempichieve nM potency, a method adopted
by the Drug Discovery Initiative at the Universdf Dundee (Brenkt al., 2007) although
such potent compounds may also prove to be pars&imdibitors. The screen highlighted
6 compounds that were false positive hits and didargetleishmania CRK3:CYC6 with

a >50% IGo value (Table 4.2, compounds in black). Theref6ré3 giving a 14% rate of
attrition for the HTS assay, better than that dbecrfor the Plkl HTS assay above, where
the rate of attrition was 40%, suggesting that INMARmay be a more stringent assay
platform than ALPHA-screél. In order to confirm the 43 hits did not targetmmaalian
CDK2:CycA, secondary screening against the kinaseptex was carried out. All
returned 1Gy values of >5QM (Table 4.2, column 7) confirming the primary ssmedata
(Table 4.2, column 5) that human CDK2:CycA was adfarget for any of the 43 hits.
Taking into account the 6 false positive hits, éherere 37Leishmania CRK3:CYC6 hits

in total. Those with an 1§ value <1@M (18 in total) were taken forward for mammalian
kinase counter screening (Table 4.2, compoundsed), rthe remaining 19 were not

analysed further (Table 4.2, compounds in blue).

The structures of the 18 hits taken forward for nmatian kinase counter screening were
analysed in detail and this identified two main phacophores, azapurine (Figure 4.10,
upper structure) and aminopyridazine-3-carboxan(idigure 4.10, lower structure), with
the majority of the hits (14/18) being azapuririBse activity of the azapurine compounds
towardsLeishmania CRK3:CYCG6 is in accordance with the literature véhazapurines
have recently been identified as new inhibitoryélin-dependent kinases (Havlicek

al., 2005).
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As the majority of the hits were azapurine compaunitiese were studied further to
develop structure activity relationship (SAR) dafdis study focussed on examining
modifications of the methoxybenzene ring and theahexylmethyl group at the 9 and 2
positions, respectively of the azapurine struc{ligure 4.11). Initially four hits from the
Leishmania CRK3:CYC6 HTS were chosen, compound 3, compourmb®pound 18 and
compound 9 (Tables 4.3, 4.4 and 4.5 in red). Homa#s of each hit were chosen which
had the same R1 group and cyclohexylmethyl grouth@t2 position but a modified 9
position in order to study the importance of thethnogybenzene ring (Figure 4.11, upper
structure and Table 4.3). The homologues when setkagainsteishmania CRK3:CYC6

all returned IG values >5QM showing they had lost their activity towards ttwmmplex

and highlighting the importance of the existingugat the 9 position (Table 4.3).

In addition, a similar study was carried out logkiat modifying the 2 position whilst
keeping the R1 group and the methoxybenzene ritigea® position constant to study the
importance of the cyclohexylmethyl group (Figurg}4.lower structure and Tables 4.4 and
4.5). When screened against CRK3:CYC6 these homek@lso returned kg values
>50uM (Tables 4.4 and 4.5) demonstrating they hadtlwest activity towards the enzyme
complex and thus highlighting the importance of tyelohexylmethyl group at the 2

position.

These studies indicate the importance of the twardphobic groups in the interaction
with and inhibition of Leishmania CRK3:CYC6 by the azapurine compounds. This
highlights areas of the azapurine compounds wherestructure possibly can and cannot
be modified by iterative chemistry when developiagcompound hit into a lead.
Interestingly it seems the azapurines may tolesateumber of substitutions in the R1
position without losing their ability to inhibiteishmania CRK3:CYCG6. The groups in this

position are generally large and it would be irgéng to probe this position with some
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smaller group substitutions in order to develop enpotentLeishmania CRK3:CYC6

compounds.

In addition, many of the hits in Table 4.2 are gfhhmolecular weight and this may also
limit the number of modifications that can be madealevelop the hits into leads. When
considering Lipinski’'s rule of 5 for intestinal dywabsorption, one of the criteria (for an
orally administered compound) is that poor absorpts more likely when the molecular
weight of a compound exceeds 500. Additionally, poomds should ideally have no more
than 5 hydrogen bond donors, nor more than 10 lggirdoond acceptors and a logP value
under 5. However, analysis of drugs and their gateads suggests there is a clear
distinction. Drugs tend to have a higher molecwaight and logP values where the
development from hit-to-lead to drug is accompansd the addition of lipophillic
moieties and therefore increases in molecular weilferefore, it has been proposed that
screening compounds should be lead-like with mddecweights <350 and logP <3
(Teagueet al., 1999). Therefore, the hits from Table 4.2 withhmolecular weight would
have to be subject to subtle modifications in otdeimprove their potency whilst ideally
not exceeding a molecular weight of 500 and beiplg # meet the additional criteria

above.

The 18 most poteriteishmania CRK3:CYC6 HTS hits were taken forward and screened
against an expanded kinase panel. The kinases elmsen from Cyclacel’s in-house
kinase panel. The 10 kinases chosen (Table 4.6hadl previously developedP
radiometric assays in place suitable for compouwndening. The kinases were chosen
largely to represent the serine/threonine classfamily of cyclin-dependent kinases las
mexicana CRK3 is a serine/threonine cyclin-dependent kindseaddition, a tyrosine
kinase (Abl) and a receptor tyrosine kinase (Fli&re chosen to represent the other
classes of kinases in the Cyclacel database. Thmoit®ounds were secondary screened
against the 10 kinases to determine their poteryciChy determination (Tables 4.7 and

154



4.8). The IGo values of the 9 most potent hits against CRK3:CY&8&he kinases in the
mammalian kinase counter screen panel are showabte 4.7. The remainder of the 18
hits 1Gso values are shown in table 4.8. The majority of doenpounds did not show
activity towards any of the mammalian kinases wi@y, values >5QM, showing
selectivity towardsLeishmania CRK3:CYC6. However, this is with the exception of
mammalian CDK4:CycD1 where all of the azapurinag, tot the aminopyridazine-3-
carboxamides target the kinase witlyd@alues <3QAM. This highlights structure activity
relationship (SAR) data for the two pharmacophowasich has been studied in
collaboration with Malcolm Walkinshaw and Matt Naki at the University of
Edinburgh. The binding mode of kinase inhibitors lheen shown to be via a hydrogen
bond donor-acceptor-donor (D-A-D) motif that intgsawith the backbone residues of
CDK2, Leu83 and Glu81, which is common to moshot all, CDK2 inhibitors (Figure
4.14, upper structure). Interestingly, the azamugompounds have no obvious H-bond
donating atom and therefore binding to the ATP pockust be driven by hydrophobic
interactions and accepting H-bonding atoms fromptatein. The azapurine compounds
were modelled into the CRK3 ATP site by keeping ttyelrophobic interactions of the
cyclohexylmethyl moiety (an area of conservatioiwaen CDK2 and CRKS3) and placing
N’ andN® of the triazole moiety within the limits of H-boratcepting to the backbone of
Vall02 (Leu83 in CDK2). The result showed that heatom of the methoxybenzene
group is situated in a position whereby it is atdeH-bond with Tyr101. A third H-
bonding interaction is evident between an aromdtetom and the backbone carbonyl of
Vall02. Three H-bonding interactions are eviderttveen the protein and the azapurine
inhibitors, but the motif is changed to A-D-A whighnot possible in CDK2 as Tyrl01 is
replace by Phe82 and is therefore unable to daraté-bonding atom (Figure 4.14, lower
structure). In CDK4, the tyrosine residue is repthby histidine which would still be able
to facilitate the A-D-A binding maotif; thereforeheé model also explains why the azapurine

compounds exhibit a lesser selectivity for CRK3ra@®K4.
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Figure 4.14 — Binding motifs of CDK2 and CRKS3 withtheir respective inhibitors. The

binding motif of CDK2 and the inhibitor NU6102 isava hydrogen bonding D-A-D motif
with CDK2 backbone residues (upper structure). bireling motif of CRK3 and an
azapurine compound is via a hydrogen bonding A-DrAtif with CRK3 backbone

residues (lower structure). Provided by Matt Nowitkniversity of Edinburgh.
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In collaboration with Nick Turner and Kirk Maloné the University of Manchester a
number of additional compounds were generated aneesed against thieeishmania
CRK3:CYC6 protein kinase complex. Accelrys Discgv&tudio software was used to
carry out molecular modelling using a homology maafel.. mexicana CRK3 based on
human CDK2. The homology model was used as a lmasaniin silico screen using the
Accelrys compound database accompanying the saftvidaphthostyril (Figure 4.12, top
left structure) was the top hit, which gave thetloksking score and whose binding mode
made compared favourably to the binding of knownhiors of CDK2 (Liuet al., 2003).
Attempts were made to achieve selectivity by commgathe CRK3 model to the crystal
structure of human CDK2 and looking for differencisappeared that there was 'more
space' in the active site of CRK3 than CDK2. Basedhis, the Naphthostyril structure
and 11 derivatives (Figure 4.12) were synthesisetl @l 12 were screened against the
Leishmania CRK3:CYC6 protein kinase complex. However, nonetloed compounds
inhibited CRK3:CYC®6, all returning I§g values >5QM. This could be a result of
limitations in the model itself and/or within theaking programme or due to the limited
virtual library. Although unsuccessful, it is wonttoting that then silico screen was used
to generate ideas using the Accelrys software Wighcompound database supplied, and

that subsequent virtual libraries could be screémdie future.

In collaboration with Karen Grant at the UniversitfyLancaster and Nicholas Westwood
at the University of St. Andrews, 55 indirubin comopds were synthesised and screened
against thd_eishmania CRK3:CYC6 protein kinase complex. Indirubin (Figut.13, top
left structure) is the active ingredient in thediteonal Chinese medicine Dang Gui Long
Hui Wan (Tang and Eisenbrand, 1992) which has ls@wn to be effective in the
treatment of chronic myeloid leukaemia (Xiabal., 2002). In addition, indirubins may
have a potential application against neurodegemeratiseases such as Alzheimer’'s

disease as they are known cyclin-dependent kinadeG&K-3 inhibitors (Hoesset al.,
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1999; Polychronopoulosgt al., 2004). The 55 derivatives of Indirubin were gred
according to their activity against CRK3his frorartsgenic promastigote mexicana or

by their relationship to the other indirubins. ialty 8 compounds which were previously
screened against CRK3his from transgenic promastiganexicana by Karen Grant were
screened against thieeishmania CRK3:CYC6 protein kinase complex. This was to
establish whether there was a correlation i @lues between the native or recombinant
CRKa3 protein kinases. Kgvalues for 4 of the compounds (named TW in Talk®@ ghow
that there is a discrepancy between the two CRIK8pr kinases. This was also the case
for the other 4 TW compounds (data not shown). Timy be a result of two factors: the
first is, the assays using transgenic CRK3his weareied out at an ATP concentration of
4uM whereas the recombinanteishmania CRK3:CYC6 assays were carried out at
10QuM, the ATP concentration at which the assay wasdawd. Depending on the
enzyme’s K, for ATP, a higher ATP concentration can result inigher 1G value due to
there being more ATP for the compound to competa.Wihis is not the case, however,
for compounds TW21 and TW27 in table 7 where thayeha lower 16 when compared
to the transgenic CRK3his. The second factor theag account for the 1§5 discrepancies

is the cyclin partner of CRK3. Thae vivo partner of CRK3 has been shown to be CYCA
(F.C. Gomes and J.C. Mottram, unpublished). In taadithe homologue of CYCA ih.
donovani has been identified, LdACYCL1, (Banerjeeal., 2003) and shown to form a
complex withL. donovani CRK3 (Banerjeeet al., 2006). However, despite CYC6his
activating CRK3hidn vitro, it remains to be shown if it is a partner of CRK3vivo. A
variety of cyclin partners which activate CRKS vivo could account for difference in
transgenic CRK3 activity when compared to the CRK3ctivity as a result of CYC6his
binding. This in turn may affect the J¢€values of the indirubin compounds tested. For
example, it is known that the same compound caimbiin&€DK2 with vastly different
potencies depending on what cyclin partner (CycACgcE) the enzyme is bound to

(Cyclacel data, unpublished).
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The 55 compounds were secondary screened aghmstmania CRK3:CYC6 to
determine their Igy values. This resulted in 10 with JQvalues <M and 3 with 1Gg
values betweenpMM and 2uM. Eighteen compounds were analysed further by rsdany
screening against mammalian CDK1:CycB and mamma&liaK2:CycA to determine any
initial selectivity towardd.eishmania CRK3:CYC6 (Table 4.9). Of those tested, 4 showed
selectivity towardsLeishmania CRK3:CYC6 (Table 4.9, red asterisk) and 2 towards
mammalian CDK2:CycA (Table 4.9, blue asterisk). Blarf the compounds tested were
selective towards mammalian CDK1:CycB over the oth® enzymes. One of the most
potent compounds agairiséishmania CRK3:CYC6 (IG, 130nM) was DT-IND-83 which
showed significant selectivity over CDKs 1 and 2l ahso activity towards promastigote
and amastigotéeishmania (Table 4.9, columns 6 and 7, respectively). Adrutgns are
known GSK-3 inhibitors, DT-IND-83 was screened aghimammalian GSK-3 and
returned an 16y value of 15nM (data not shown) highlighting thaisimore potent against
this enzyme oveleishmania CRK3:CYC6. Despite the known activity of indirubin
against mammalian GSK-3, it would be interestingesiablish their activity against
parasite GSK-3 whose presence has been identdiedrasult of Tri-tryp kinome analysis

(Parsonst al., 2005).

Although the indirubin compounds may not be exelelsi selective towardieishmania

CRK3:CYCS6, they are, however, potent and may beamue to explore in developing
leads against théeshmania CRK3:CYC6 protein kinase complex. This is directly
opposite to what was observed with the azapurigeaamnopyridazin-3-carboxamide hits
from the HTS where selectivity towardsishmania CRK3:CYC6 is achieved, but the
potency is not. Therefore, the hits require arattee medicinal chemistry input in order

to turn them into potent leads suitable for develgp into drug candidates.
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Chapter 5

Leishmania biology 2: The Leishmania CRK3:CYCG6 protein

kinase complex and in vitro compound analysis.

5.1 Chapter introduction and objectives.

The IMAP™ HTS assay developed in chapter 4 was used to catrg HTS against the
Leishmania CRK3:CYC6 protein kinase complex. The two pharnpcwes identified,
azapurine and aminopyridazine-3-carboxamide, shownibition of and selectivity
towards Leishmania CRK3:CYC6 protein kinase activity. Although thetshishowed
activity towards the complexn vitro, it is vital to test whether they show biological
activity towardsLeishmania and ultimately against the parasmevivo. Thein vitro model
may not be mirroreth vivo. The focus of this chapter will be to report ostiteg the HTS
hits againstLeishmania promastigotes and in macrophage infection asdayaddition,
work towards attempting to elucidate whether CY€@nin vivo partner of CRK3 will be

discussed.

When targeting CRKS in the promastigote life cyslage ofLeishmania, the compounds
are required to cross the cell membrane and nudeanbrane to inhibit the enzyme.
Therefore, the compounds need to be sufficientlyugdlike” in order to cross the
membranes required to get to the target enzymesitiation is further complicated when
targeting CRK3 in the amastigote life cycle stagd @shmania. The compounds must
first cross the macrophage cell membrane, follovsgdthe parasitophorous vacuolar
membrane, the amastigote cell membrane itself Bachticlear membrane (Figure 5.1).
When considering Lipinski’s rule of 5 to evaluale t‘'drug like” criteria of a compound,
compounds must possess certain characteristicslar to be likely candidates for orally
active drugs in humans. Compounds being suffigrdigbphillic is vital so they can cross

cellular membranes to get to their target (Lipiretial., 2001).

160



There are significant differences between promasticand amastigotéeishmania in
biochemistry and sensitivity to standard and expental drugs (Crofét al., 2006a). One
example is with the first line drug Sodium stibaginate (Pentostam, SSG), a pentavalent
antimonial used to treat the visceral form of leisimiases. This was shown to have
activity towardsLeishmania amastigotes but not towards promastigotesshmania (Neal
and Croft, 1984). Therefore, it is possible to ¢trlpe amastigote life cycle stage despite a

number of membranes being required to be crossedcoynpound.

5.2 Analysis of the biological activity of the Cycl acel library high throughput
screen hits against cultured L. major parasites:

5.2.1 Against cultured L. major promastigote parasites.

The 10 compounds showing the greatest activity tdgdaeishmania CRK3:CYC6 protein
kinase activity (Table 4.2, column 6) were testgdiast promastigoté. major cellsin
vitro. This was to analyse the biological activity oé ttompounds that were shown to be
active against thd_eishmania CRK3:CYC6 protein kinase complex (carried out in
collaboration with Elaine Brown). A six-fold dilath series of each compound, with a top
screening concentration of @, with DMSO included as a control was set up and a
Alamar blue absorption assay carried out as destrib section 2.3.6. This highlighted
one compound, compound 7, which had activity towgybmastigotd.. major with an
ICs5o value of 8.54M. The remainder of the 10 compounds returnegh i@lues >10M
suggesting they are essentially inactive towardasnaistigoteL.. major (Table 5.1). One
compound, compound 5, reported an increase irgoaith (228.9%) at a concentration of
10uM, more than double that of the corresponding DM8&@htrol, suggesting this
compound may stimulate cell growth. Therefore,sitpossible that compound 5 may
induce host factors which can stimulate cell growatid proliferation. However, due to

limited compound material, analysis of five of taempounds (compound 1, compound
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2, compound 3, compound 4 and compound 6) was npeefb only once and therefore
needs to be repeated to obtain more definitive datdheir biological activity against

Leishmania. The remaining five compounds plus another onmfilee HTS which were re-

synthesised by Kirk Malone, University of Manchestgigure 5.3) were tested against
Leishmania in vitro to obtain more accurate data on their biologiaglvday which is

discussed in section 5.4.1.

5.2.2 Against amastigote L. major in a macrophage infection.

The 10 compounds showing the greatest activity tdgdaeishmania CRK3:CYCG6 protein
kinase activity were also tested against promatgtigo major infected macrophages
vitro. This was to analyse the biological activity oftbompounds againdt. major
amastigotes. A five-fold dilution series of eachmgmund, with a top screening
concentration of 50M was set up and a macrophage infection assayedaout as
described in section 2.3.7. DMSO and Pentamidin@ wecluded as negative and positive
controls, respectively. Infectivity of approximate85% was observed with macrophages
treated with DMSO only, an infection rate which heeen observed previously in these
assays. The I value for Pentamidine was 7.7uM, the concentratitiich cleared..
major amastigotes from 50% of the macrophage populailitwe. assay highlighted one
compound, compound 3, which returned agylgalue of 38.4M. The remainder of the
compounds returned égvalues >5(0M (Table 5.2). This suggests that the compounds are
essentially inactive towards. major amastigotes. Due to limited compound material,
analysis of five of these compounds (compound fnpmund 2, compound 3, compound 4
and compound 6) was performed only once and thereémuires repeating to obtain more
definitive data on their biological activity againkeishmania. The remaining five
compounds plus another one from the HTS which wergynthesised (Figure 5.3) were
tested against.eishmania amastigotesn vitro to obtain more accurate data on their

biological activity which is discussed in sectiod.2.
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Figure 5.1 — Life cycle stages ofeishmania highlighting cellular membranes. The
promastigote life cycle stage dEishmania (Upper schematic) and amastigote life cycle
stage within a macrophage cell (Lower schematie)sétwvown. Compounds are required to
cross the cell membrane and the nuclear membratagget CRK3 (Upper schematic). In
the amastigote life cycle stage, the macrophadenea&inbrane, parasitophorous vacuolar
membrane, amastigote cell membrane and the nudleabrane must be crossed to target

CRK3 (Lower schemaitic).

163



‘papn|aul osfe sI punodwod yoes 1o} anjea 29| Buipuodsaupasalisered ay) 1surebe pauiwexa suoeuaduod

ayl 1e spunodwod S1H 0T dol ayl Jo} umas| |0U0D OSING Bulipuodsaliod ayl 01 uonejas ul Jofew J@106BNSRWOI

adA1 pim Japamolb abejuadlad syl “lofew ‘7 ajobnseunbsisurebe Bunsal punodwod S1H [99BPAD — T'G 9|gel

wrlot< WrloT< wrot< WrizGg wrlot< Wrlot< wrot< wrot< wrlot< wrot< %59
G'66 1’86 §'00T 9'86 66 G'86 ¥'20T ¢0T ¥'10T 96 6000°0
€201 6'C0T L'S0T ¢'60T 1'S0T T°00T L'G0T ¢'16 6'€0T T'L0T 900°0
et ¥'S0T L90T 7107 Tv0T ¥'GET 8'€lT 6'80T 9v0T S'90T 8€0°0
¥'S6 L'86 €107 7’101 66 LT VLT 6°GST 0CT €aTT 12AY
€96 6’18 16 Tl 9'6v1T 89T vl 6T 69T 6¢T 99'T
14" Gg9T1 L'S0T ey L'19T 6'8¢¢ ¢'e6 ¥'68 eeT 9'€6 (1))

1) 6 8 L 9 S 14 3 4 T ()

punodwo) punodwo) punodwo) punodwo) punodwo) punodwo) punodwo) punodwo) punodwo) punodwo) [pappe bBniq]

164



"UMOYS os[e sI punodwod yoea 10} anfeAds Buipuodsaliod ayl

‘paulwexa suolesuaduod aspuaodwod S1H 0T dol a8yl 4o} umoys sI sajobnsewre Jokew aghy pim yum paljosjul sabeydoioew

Jo abriuadlad syl sabeydosoew pajoajul Jokew ‘7 oj0bnseuwnbiisurebe Bunsal punodwod S1H [92PAD — 2'G 9|gel
Wrlog< Wros< Wros< Wrlos< Wrlos< Wrlog< Wros< Wrly'ge wrlog Wrlog< o]
T'€6 88 116 8'98 8'88 9'88 1'S6 9'¢6 L'v6 6'T6 80°0
T'v6 8'06 G'¢6 ¥'€6 9'06 g'a8 86 9'06 L8 ¢'S6 70
¥'€6 6'T6 T°€6 1'26 ¢'68 ¢'i8 1°96 ¢'s8 8'06 €6 ¢
8'G8 9'88 ¢'56 L'68 8'18 €'€es L'€8 ¢'96 ¥'.8 S6 0T
6 178L 1¢8 6'¢6 ¥'09 ¢'s8 ¢'65 €6’y ¢'15 8'68 09
0T 6 8 L 9 S 14 g 4 T L)
punodwod | punodwo) | punodwo) | punodwo) | punodwod | punodwo) | punodwo) | punodwod | punodwo) [ punodwo) [pappe Bniq]

165



5.3 Analysis of the re-synthesised high throughput screen hits and
azapurine derivatives against the Leishmania CRK3:CYC6 protein kinase
complex.

It is standard practice in drug development to yrettsesise active HTS hits to fully
evaluate their activity and potential as drug cdat#s. It is unwise to fully trust hits that
are identified from master plates from a compoulbigty, and they should only be treated
as an indication of compounds or pharmacophordsstitild be investigated further. As a
result six of the azapurine HTS hits were re-sysifezl due to the ease of the chemical
synthesis involved. In addition, iterative chemystwvas performed on the azapurine
pharmacophore identified from thHesishmania CRK3:CYC6 HTS. The re-synthesised
azapurine HTS hits and azapurine derivatives wgrghesised by Kirk Malone at the
Manchester Interdisciplinary Biocentre (MIB), Unrsgy of Manchester, and their activity
towardsLeishmania CRK3:CYC6 established by égdetermination. The structures of the
16 derivatives (Figure 5.2) and the six re-synges$iHTS hits (Figure 5.3) which were
assayed are shown. The 16 derivatives and sixniasised HTS hit had their §§values
determined at Cyclacel, Dundee in collaborationhwsraeme Thomson using the
radiometric assay platform. This highlighted ninempounds KM59 2 (15/M),
KM63_3 (39.1M), KM114 C (4.20M) (re-synthesised compound 7), KM114 D
(30.3uM), KM117A (>50uM) (re-synthesised compound 8), KM117B (pB0) (re-
synthesised compound 9), KM117C (3M (re-synthesised compound 14), KM117D
(4.4uM) (re-synthesised compound 10) and KM117E (MR (re-synthesised compound
5) which were active or were predicted to be actweardsLeishmania CRK3:CYC6.
Initial screening of compound 7 at Cyclacel retaraa |G, value of 5.3M (Table 4.2)
which is almost identical to that of KM114 C. Hoveeycompound 8 returned 544
versus 50M for KM117_A, compound 9 returned M versus >50M for KM117_B,

compound 14 returned &B! versus 37.AM for KM117_C, and compound 5 returned
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4.4uM versus 24.gM for KM117_E. These values, surprisingly, are notaccordance
with the 1G values determined for their corresponding re-sgsiged compounds (KM
compounds mentioned above). Only one other compazordpound 10 returned had an
ICs0 value of 6.9M which was in close agreement with thegd@alue determined for its
re-synthesised partner, KM117D (gM). To clarify matters, the HTS hits from Cyclacel
and the re-synthesised hits should be screenedgidile; however, this was not possible
due to limited HTS compound material available. Thmainder of the 16 derivatives
screened were inactive, returningsd@alues of >50M. As discussed, the re-synthesised

HTS hits were tested againstishmania in vitro (section 5.4).
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Figure 5.2 — Azapurine derivatives tested againsthe Leishmania CRK3:CYC6
protein kinase complex.The azapurine structure (Figure 4.10, upper stragtidentified
from the CRK3:CYC6 HTS, was used as a scaffolddoegate 16 derivatives. ThesiC

values were determined for the 16 derivatives sm@@gainsteishmania CRK3:CYCS6.
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Figure 5.3 — Re-synthesised azapurine HTS hits test against the Leishmania

CRK3:CYC6 protein kinase complex andLeishmania in vitro. Six of the azapurine hits
identified from the CRK3:CYC6 HTS were re-synthegsis Compound 7 was re-
synthesised as KM114 C, Compound 8 re-synthesiseldMil17 A, Compound 9 re-

synthesised as KM117_B, Compound 14 re-synthesisedM117_C, Compound 10 re-

KM117_D (4.4uM)

KM117_E (24.2uM)

synthesised as KM117_D and Compound 5 re-syntlteas&M117_E.
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5.4 Analysis of the biological activity of the azap  urines against cultured L.
major parasites:

5.4.1 Against cultured L. major promastigote parasites.

Nine compounds were assayed against promastigat®jor to analyse their biological
activity. From the previous experiment against pastigotel.. major (section 5.2.1), a top
screening concentration of A was not high enough to observe any biologicaé@ff
against the parasites (Table 5.1). Therefore, hehitpp screening concentration ofud0
was chosen for subsequent assays. The first aggaighted seven of the nine compounds
with activity towardsL. major promastigotes with the most active being compound
KM114_ C with an IGy value of 3M, with KM59 2 and KM117_B both inactive (Table
5.3). As a positive control, Pentamidine was ineldidreturning an 165 value of 2.2M,
which is in accordance with that seen in previasags. In order to confirm the activity of
the compounds, the assay was repeated. Howewvandén to determine more accuratedC
values, the assay was carried out with an extensimge of concentrations for each
compound (Table 5.4) Included in this assay waspmmd KM114 E, despite being
inactive towardd_eishmania CRK3:CYCG6. This was due to the collaboration withren
Grant, University of Lancaster, showing that KM1E4was active towards promastigote
L. maor, causing a growth arrest at M (K.M. Grant, unpublished). This assay
confirmed the activity of the compounds with theception of compound KM117_A
whose 1Gy was >4@M (Table 5.4) in comparison withu® (Table 5.3). The Ig value
for Pentamidine in this assay was @W. The assay was repeated a final time with four
compounds and to repeat the assay for compound KMA 1o confirm the Ig values
from the previous determinations (Table 5.5). Tuefirmed the 1G, values determined in
the previous assays with thesyGor Pentamidine 2iM. The average I§ value for each
compound was calculated and is shown in the sumnadnig (Table 5.8, column 3). In
summary, it was observed that against promastigotenajor compounds KM59 2,

KM117_ A, and KM117_ B were inactive (>50uM) and caupds KM63 3, KM114 C,
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KM114_D and KM114 E KM117_C, KM117_D and KM117_E reeactive (Table 5.8,
column 3). These seven active compounds were td&pmard for testing against

amastigotd.. major in a macrophage infection, to determine theirdgatal activity.
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5.4.2 Against amastigote L. major in a macrophage infection.

The seven compounds showing activity towards préigae L. major were tested against
L. major infected macrophagem vitro with the experiment repeated to verify the
percentage infections and s{Cvalues determined. This was to analyse the bicédgi
activity of the compounds in dn major infection. Five concentrations of each compound
were analysed, with a top screening concentratiobOpM and a macrophage infection
assay carried out as described in section 2.3.7SOMnd Pentamidine were included as
negative and positive controls, respectively. Ihfety of approximately 80% was
observed with macrophages treated with DMSO onlginalar level of infection as seen
previously (section 5.2.2). The d¢value for Pentamidine waquBl, comparable to that
observed previously (section 5.2.2), where thg \@lue was 7.7uM. At 5M, compound
KM63_3 was toxic to the macrophages and therefoeegpercentage of infection could not
be determined. At the lower concentrations, thegaage of infection was determined
and the IGp value reported was between 5ubb(Table 5.6 and 5.7). The software used to
determine the I values was GraFit 5 which requires at least fivia geints in order to
generate an l§ value. However, as only four data points were rdeteed for KM63_3,
the 1G, value was loosely valued between 5tUf based on the percentage of infection
for each concentration. This was also the casedorpounds KM114 C and KM117_E,
where the 1G, value was determined between 5:/6(Table 5.6 and 5.7). The igvalue
for KM114 D was determined between 15:80(Table 5.6 and 5.7). The igvalue for
KM114 _E was 5.4M and 6.1M (Table 5.6 and 5.7, respectively). However, tlgl
values for KM117_C and KM117_D could not be deteri due to the compounds being
toxic at the higher concentrations (Table 5.6 ar®).5They do, however, appear to be
inactive at the other concentrations examined ugh#opoint of becoming toxic to the
macrophages. In summary, five of the seven compouvete active in the macrophage

infection assay; KM63_3, KM114 C, KM114 D, KM114 g@ad KM117_E. (Table 5.8,
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column 4). Although the precise ¢ values could not be determined for most of these

compounds, they are active towards amastigobegjor in a macrophage infection.
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T Average Average
Compound Structure CRK3:CYC6 ICso Zr‘oma:sfigofe Amasj'igofe
. major ICso L. major ICso
OH
,,NfN
N
KM59_2 NN ? 15.9uM >50uM NA
MeO
HN/\LNj
,,NfN =
Nl
KM63_3 N N 39.1uM 7.4uM = 2.2uM 5-15uM
Ay
N
KM114_c Ng”fN )
(Compound 7) N N/)E 4.2uM 19.4pM = 8.4uM 5-15uM
MeO
[e]
CJ
//NfN 28.7uM =
N TUM £ _
KM114_D N N//E 30.3uM 17.5uM 15-30puM
MeO
—
HN/\/NJ
//N =N
KM114_E N\NINE/E >50uUM 8.3UM £ 2.1uM 6.1uM = 0.9uM
MeO
HN
KM117_A N”Nf”
(compoun?:l 8) ; NT 2 >50uM >40puM NA
MeO
HNT T
//N =N
KM117_B Nl 2
(compoun; 9) ;Z " >50HM >50HM NA
MeO
HN/K
N- =
KM117_C N IE”
(compound 14) ; N/E 37.9uM 2.6UM £ 0.6UM >50uUM
MeO
CJ
N
KM117_D TN
(compound 10) r N/E 4.4uM 27.4uM £ 5uM >50UM
MeO
HO: a3
HN
KM117_E .{Nf”
(compound 5) ,. N/)E 24.2uM 7.9UM = 0.35uM 5-15uM
MeO

Table 5.8 — Summary table of azapurine inhibition.Compounds displaying NA (not
analysed) did not have their dCvalues determined against major amastigotes due to
being inactive against. major promastigotes. The alues represent the standard

deviation for each of the average determinations.
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5.5. Leishmania CRK3:CYC6 in vivo protein kinase complex.

The Leishmania CRK3:CYC6 protein kinase complex used in thesdistuis ann vitro
complex. Therefore work was carried out in ordedéermine ifLeishmania CRK3 and
CYC6 are true binding partners that interacvivo to form a functionaln vivo protein
kinase complex. This was carried out by adding ICd4erminal HA-tags t€YC6 and co-
iImmunoprecipitating the protein via the HA-tagsattempt to identify CRK3 as a binding

partner.

Both N and C-terminally tagged HBYCG6 constructs were made in case a tag at either the
N or C terminus would interfere with tl&YC6 gene, and hence its expression and CYC6

activity.

5.5.1 L. major HA-tagged CYC6 episomal constructs:

Episomal expression of HA-tagged CYC6 was choserthase constructs would not
require chromosomal integration into theishmania genome and could express the
protein in the cytoplasm. This expression systeeldgi stable protein production at high

levels.

5.5.1.1 N-terminal HA-tagged L. major CYC6.

The CYC6 gene with an N-terminal HA-tag was amplified by RRCAmplification was
carried out using Deep Vent DNA polymerase, pGL1{69major CYC6 in PCR-script)
as template DNA and oligonucleotides 1901 (5 CA&II&GCAGCTCGTTACC

TAGG 3’) and 1902 (5 GCCCGGGATACCCCTACGACGTCCCGGACTATGCC

TTCGTGGAACGAGAGC 3) (to generate the N-terminal H&g (Underlined in bold)).
The PCR product was purified and ligated into pG2,1®pXG episomal expression vector

usingXmal andBamH1. This plasmid was named pGL1391 (Figure 5.4euppap).
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5.5.1.2 C-terminal HA-tagged L. major CYC6.

The CYC6 gene with a C-terminal HA-tag was amplified by PCRnplification was
carried out using Deep Vent DNA polymerase, pGL1{69major CYC6 in PCR-script)
as template DNA and oligonucleotides 1899 (5 CGABGATGTTCGTGGAACGAG

3) and 1900 (5 TCAGGATCCGGCATAGTCCGGGACGTCGTAGGGGTA

CAGCGCCGGCAGCTCGTTAGGCA 3) (to generate the C-terah HA-tag (underlined
in bold)). The PCR product was purified and ligait®d pGL102 usingKmal andBamH1.

This plasmid was named pGL1390 (Figure 5.4, lowap)n
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5'DST
_ Xma1(1365)
HA Tag

313K
/’ pGL1391

CYC6 ORF
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-~ Bam HI (2310)
amp >
neo_ />
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Xma 1 (1366)
313K ; CYC6 ORF
pGL1390 ‘ —
7736 bp I
HA Tag
Bam HI (2309)

Figure 5.4 — Vector NTI maps of theL. major N and C-terminal HA-tagged CYC6
episomal expression constructs pGL1391 and pGL1390he N and C-terminal HA-
taggedCYC6 open reading frames, wikmal andBamH1 restriction sites, were obtained
via PCR amplification. These were sub-cloned intinailarly digested pXG vector with a
neomycin (G418) resistance marker (NEO) and prakarypromoter (5’DST).The N-
terminal HA-taggedCYC6 construct, pGL1391 is shown in the upper pandd, the C-

terminal HA-taggedCYCG6 construct, pGL1390, shown in the lower panel.
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5.5.2 L. major HA-tagged CYC6 ribosomal integration constructs:

Due to episomal expression of HA-tagg€dC6 proving unsuccessful, an alternative
method was employed. N and C-terminally HA-tag@C6 open reading frames were
sub-cloned into the pRIB ribosomal integration weciThis was to integrate HA-tagged
CYC6 into the ribosomal locus df. major which is likely to provide constitutive and

therefore high protein production (Mi3ligz al., 2000).

5.5.2.1 N-terminal HA-tagged L. major CYC6.
The CYC6 gene with an N-terminal HA-tag was amplified by RRCAmplification was
carried out using Deep Vent DNA polymerase, pGL1{69major CYC6 in PCR-script)

as template DNA and oligonucleotides 2156 (5" CCKBATG TACCCCTACGACG

TCCCGGACTATGCC ATGTTCGTGGAACGAGAGC 3') (to generate the N-terminal

HA-tag (underlined in bold)) and 2157 (5° CGCGGCCIEACAGCGCCGGCAG 3))
The PCR product was purified and ligated into pGL68 pRIB ribosomal integration

vector usingXxhol andNot1. This plasmid was named pGL1484 (Figure 5.5, uppap).

5.5.2.2 C-terminal HA-tagged L. major CYC6.

The CYC6 gene with a C-terminal HA-tag was amplified by PCGRnplification was
carried out using Deep Vent DNA polymerase, pGL1{69major CYC6 in PCR-script)
as template DNA and oligonucleotides 2154 (5° CCREGBATGTTCG

TGGAACGAGAG 3’) and 2155 (5" CCGCGGCCGCTCAGCATAGTCCGGGACG

TCGTAGGGGTA GGGGTACAGCGCCGGCAGCTCGTTAG 3') (to generate the C-

terminal HA-tag (underlined in bold)). The PCR pwotl was purified and ligated into

pGL631 usinghol andNotl1. This plasmid was named pGL1483 (Figure 5.5, iawap).
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« \ Bam HI (3473)
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L. major CYC6
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37
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Figure 5.5 — Vector NTI maps of theL. major N and C-terminal HA-tagged CYC6
ribosomal integration constructs pGL1484 and pGL148. The N and C-terminal HA-
taggedCYC6 open reading frames, wikkhol andNot1 restriction sites, were obtained via
PCR amplification. These were sub-cloned into ailany digested pRIB vector with a
puromycin resistance marker (PAC) between the & 2inribosomal flanking sequences
(3" and 5’ 18S).The N-terminal HA-tagge®YC6 construct, pGL1484 is shown in the

upper map, and the C-terminal HA-tagd@dC6 construct, pGL1483, shown in the lower
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5.6 Purification and detection of L. major HA-tagged CYC6.

5.6.1 CRK3:CYC6 co-immunoprecipitation and pull dow  n assay.

Analysis was carried out to determine if CRK3 andd® form anin vivo complex inL.
major. The episomal HA-tagged CYC6 constructs pGL1390 4891 were transfected
into wild typeL. major as described in section 2.3.3.2. However, theoepas HA-tagged
CYC6 transfectants failed to proliferate in thegenece of the selecting drug (G418). As
previously discussed, ribosomal integration of HygedCYC6 was then carried out. The
HA-taggedCYC6 ribosomal integration constructs pGL1483 and 1d@fe successfully
transfected into wild typk. major as described in section 2.3.3.3. Protein prepardtom

L. major was carried out as described in section 2.3.4/destern blot analysis of the HA-
tagged CYC6 S100 fractions carried out. Wild typemajor was included as a negative
control. Included as a positive control, waskaroli whole cell lysate containing a 41 kDa
recombinant protein expressing 11 different epittams (Abcam), one of which was an
HA-tag (amino acid sequence, YPYDVPDYA). No HA-taggCYC6 was detected in
lanes 2 and 3 with the positive control detectethatexpected size of 41kDa (Figure 5.6).
The S100 fractions were not used for further amalgé the CRK3 and CYC#6n vivo

complex.
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1 2 3 4 5 kDa

-175
- 83

- 62
-475

-325

-25

-16.5

Figure 5.6 — Western blot analysis of N and C-termial HA-tagged CYC6 purified
form L. major. The S100 fractions from 200ml of 1 x “I@id-log phase promastigote
major cells expressing N and C-terminal HA-tagged CY@8enanalysed by Western blot.
Lane 1 is the wild typ&. major control. Lane 2 is the C-terminal HA-tagged CYCéne
3 is the N-terminal HA-tagged CYCG6. Lane 4 is thecoli positive control and lane 5 the

molecular weight protein standards.
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5.7 Chapter discussion.

In order to determine the biological activity oethompound hits identified from the HTS,
analysis against promastigote major in vitro was carried out. The 10 compounds
showing the greatest activity towartigishmania CRK3:CYC6 protein kinase activity
(Table 4.2, column 6) were tested. Activity of tH€S compounds towards promastigote
L. major was determined by an Alamar blue absorption asaayed out as described in
section 2.3.6. In the assay, cells that are viamd¢abolise the reazurin salt, which turns
pink in colour. If the cells are dead, the reazsait is not metabolised and remains blue in
colour. This highlighted one compound, compoundwhich had activity towards
promastigoteL. major cells with an 1G, value of 8.@M. Conversely, compound 5
appeared to stimulate cell growth, an effect wiels been seen previously with drugs
tested againdteishmania (Kaur et al., 1988b).Leishmania were genetically engineered to
lack the folate-methotrexate transporter and wesstant to methotrexate (a potent
dihydrofolate reductase inhibitor). Upon the aduhtof methotrexate, stimulated growth of
wild type Leishmania and those lacking the transporter was observededia deficient of
folate. This suggested the antifolate analogs veerging as a pteridine source for the
parasite and stimulated growth (Kaatral., 1988a). The remainder of the 10 compounds
returned 1Gp values >1QM suggesting these are inactive towards promastigomajor
(Table 5.1) which could be due to a variety of oe®s As the HTS hits were active
towardsLeishmania CRK3:CYC6 protein kinase activity in the micromolange (Table
4.2, column 6), it would be reasonable to assuraetlie compounds would be less active
towards the parasites at thes@alues determined for CRK3:CYCG6. Therefore a highe
concentration of compound would be required to rd@tee 1G, values for the 10 HTS
compounds towards promastigdte major and observe a significant reduction in cell
survival. Furthermore, inLeishmania CRK3:CYC6 protein kinase activity assays,
compounds were assayed directly with theishmania CRK3:CYC6 protein kinase

complex. When tested against promastidatengjor, the compounds must first cross the
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parasite cell membrane and nuclear membrane in todehibit CRK3 activity, which the

compounds may not have been able to do.

As CRKS is the homologue of mammalian CDK1, we peadict thatLeishmania CRK3
would also be located in the same cellular locati®@DK1, was shown to be a nuclear and
centrosomal protein required for mitosis in mamm@s$abowol et al., 1989). These
subcellular locations of CDK1:CycB are vital to ftsiction. The complex must locate to
the nucleus in order to phosphorylate a varietyudlear substrates which are necessary
for the onset of mitosis (Porter and Donoghue, 2008e location of CDKL1 is in part,
dependent on the isotype of its cyclin B partnehose intracellular localization also
varies. CDK1:CycB1 colocalize with cytoplasmic natrbules during interphase (Porter
and Donoghue, 2003; Migonet al., 2006), and translocates to the nucleus to teitia
mitosis. CDK1:CycB2 colocalize with the golgi apgtus and CDK1:CycB3 is constantly
located in the nucleus (Porter and Donoghue, 2003)CRK3 would be predicted to be in
both the nucleus and cytoplasm, the compounds woeled to cross at least one
membrane in order to target CRK3. Although the mjoof the compounds in the
Cyclacel library were designed with desirable phareutical properties (Table 4.1), it
may be the case that the top 10 HTS compounds faurttis screen require further
optimisation. Therefore, these compounds wouldylikequire iterative chemistry in order
to make them sufficiently “drug like” to cross tlell membrane and inhibit CRKS3.
Furthermore, the compounds may have gone off whagtg stored in the master plates.
These reasons may explain why little or no inhilmtiof CRK3 was observed in

promastigoted.. major and why the cells were still viable.

The 10 compounds showing the greatest activity tdgdaeishmania CRK3:CYC6 protein
kinase activity were also tested against promatgtigo major infected macrophages
vitro. As mentioned, there are significant differencesMeen promastigote and amastigote

Leishmania in biochemistry and sensitivity to standard angezimental drugs(Croftt al.,
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2006a). This is highlighted with the first line drisodium stibogluconate (Pentostam,
SSG), used to treat the visceral form of leishm&sjawith activity towards amastigote
Leishmania but not towards promastigoiesishmania (Neal and Croft, 1984). Within
macrophages, Pentostam is metabolised and conviediedthe pentavalent form into a
lethal trivalent form which kills amastigotesishmania. It has recently been reported that
Pentostam modifies the expression of eight gendwst cell lines, up-regulating six and
down-regulating two (El Fadikt al., 2008). These genes may therefore be implicated i
the mode of action of Pentostam. However, the peepiode of action of Pentostam and
whether it is macrophage or parasite factors witatalyse the conversion to a lethal
trivalent form remains unknown. Therefore, it isspible the HTS compounds may have
activity towards amastigote. major despite the majority not showing activity towattbe
promastigote form. Using this knowledge as scientdtionale, the biological activities of
the compounds in heishmania infection were carried out as described in secld?7.
This highlighted one compound, compound 3, whidlrreed an IG, value of 38.4M
(Table 5.2). Interestingly, this compound did nbbw activity towards promastigote
major, as seen with Pentostam. The remainder of the congs returned 1§ values
>50uM, including compound 7, which had ansyvalue of 8.54M towards promastigote
L. major. This suggests that these compounds are not dotverds amastigote. major
infected macrophages. This could be for reasonsiqusly discussed for the HTS
compounds tested against promastidatengjor. The compounds must cross the parasite
cell membrane and nuclear membrane in order tetaCdgRK3; however, in amastigote
infected macrophages, four membranes must be choske compounds must first cross
the macrophage cell membrane, followed by the pa@®rous vacuolar membrane
surrounding the amastigotes, the amastigote cethin@ne itself and finally the nuclear
membrane. If, as mentioned previously, the compsuard insufficiently “drug like”, it is
unlikely they will be able to cross four membraimesrder to target CRK3. However, it is

interesting that compound 3 shows activity towaassastigoteL. major but not the
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promastigote form. Despite the apparent lack akigtof the majority of the compounds
against promastigote and amastigbéshmania, it was vital that these compounds were

re-synthesised and re-tested to confirm their ok activity, or lack thereof.

Due to time constraints and the complexity of cleinsynthesis involved, only six of the
HTS hits were re-synthesised. Others identifiednfiie HTS screen will be synthesised
and their biological activity evaluated in the figu These six compounds from the
CRK3:CYC6 HTS were screened agaibaitshmania CRK3:CYCG6, promastigote. major
and amastigoté. major in a macrophage infection; KM114 C, KM117_A, KM1F,
KM117_C, KM117_D and KM117_E (Figure 5.3). Only twé the re-synthesised HTS
hits, KM114 C and KM117_D returned 3¢ values which were consistent with those of
the original HTS hits. Furthermore, two of the hikdM117 A and KM117_B, proved
inactive towards CRK3:CYC6. This suggests therediserepancies between the original
HTS hits and the re-synthesised compounds. It cbelthat the original hits were not the
compounds that they were thought to be or thattineay be contaminating compounds
mixed in, as a result of compound carry over frdra HTS liquid handler causing a
synergistic effect againseishmania CRK3:CYCG6. The identification of these compounds
as inactive validates the re-synthesis proces#$yigiging that compounds taken directly
from a master plate in a compound library shouldrbated with caution when identified

as hits.

Although the first set of assays with compoundsOlshowed the majority of the
compounds were essentially inactive towards progast and amastigote. major in a

macrophage infection, activity was observed withnamber of the re-synthesised
compounds, which is promising for future drug depehent. However, this begs the
question of what differences there are betweerotiggnal HTS hits identified and the re-

synthesised compounds when they should be identitals possible that partial
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degradation of the compounds once made up in DM#\@st and upon long-term storage

may have occurred, accounting for the discreparahesrved.

The purine and aminopyridazine pharmacophores ifceht from the Leishmania
CRK3:CYC6 HTS have previously been identified asldgical inhibitors. For example
roscovitine, a purine based CDK inhibitor is in Bédl clinical trials for treatment of
cancer (Havliceket al., 2005). Furthermore, 2,6,9, trisubstituted pwjnsuch as
olomoucine, have been shown to inhibit CDKs (Vesetlgl., 1994) and it is known the
2,6,9, trisubstituted purines also inhibit CRK3tpio kinase activity (Grardt al., 2004).

It has also recently been reported that azapumneatives are shown to be inhibitors of
CDKs (Havliceket al., 2005). Interestingly, to date, aminopyridazirtes/e not been
reported to be inhibitors of CDKs. They have, hogre\been shown to be inhibitors of
acetylcholinesterase (Contreraisal., 1999) and neuronal damage (Cretftal., 2004),
which may be important in the treatment of Alzhaiimedisease. Therefore, the
aminopyridazine compounds may prove to be novedsim the treatment of leishmaniasis

by acting as CDK inhibitors, which further testwdl confirm.

In order to obtain compounds which showed an irsgana potency towardseishmania
CRK3:CYC6 protein kinase activity, iterative chetryswas performed on the azapurine
pharmacophore identified from tHesishmania CRK3:CYC6 HTS (Figure 4.10, upper
structure). 16 derivatives of the azapurine stmactwere synthesised and the structures are
shown (Figure 5.2). Three of the compounds, KM-5KK63 3 and KM114 D showed
activity towards thd_eishmania CRK3:CYC6 protein kinase complex, and as mentipned
the remainder were inactive, returningsf&alues of >50M. This is possibly due to
certain chemical modifications on the R1, R2 and gR8ups, which might render the
compounds inactive towardsishmania CRK3:CYC6. Modifications to the R2 and R3
groups of the azapurine structure as determineskation 4.11 abolish activity towards

Leishmania CRK3:CYC6 protein kinase activity. This may accbtor the derivatives that
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have had R2 and R3 modifications showing no agtitrthermore, the selectivity of the
azapurines towardiseishmania CRK3:CYC6 protein kinase activity, vary becauselod
various groups in the R1 position (compare azapuompounds, Table 4.2). For
example, compound 1 has ansd@alue towardd.eishmania CRK3:CYC6 of 2.6M and
compound 26, 17 /M. These compounds differ only in the R1 group hgitting that
CRK3:CYC6 selectivity is partially determined byetbhemical group on the R1 position.
Therefore, certain modifications to the R1 groupynamain render these derivatives

inactive toward4 e shmania CRK3:CYCS6.

Compound KM114_E is interesting as although itne¢d an IGp value of >5QM against
CRK3:CYC6 it proved active towards promastigbtemajor. As a result, the four active
compounds (KM59 2, KM63 3, KM11l4 D and KM114 E) wetested against
promastigoteL. major, with the view to testing later against the anggdé form of the
parasite. Compound KM59 2 was inactive against pstigotel.. major possible due to
the compound not crossing the membranes requir¢éarget CRK3. The remaining three
compounds, however, were active including compodidl14 E. This suggests that
although it is inactive towards CRK3:CYCS6, it ikdly active against another target in the
cell, possibly another protein kinase. Although #mapurine compounds were counter-
screened against a small panel of mammalian kinaseswing selectivity towards
CRK3:CYCS6, they were not counter screened agaitistrd.eishmania protein kinases.
Therefore, it is conceivable that the HTS hits amg derivatives will be active against
other Leishmania cellular protein kinases. The three compounds vactagainst
promastigote L. major (KM63 3, KM114 D and KM114 E) were tested against
amastigotel.. major in a macrophage infection. All three compoundsewactive with
KM114 E the most active returning an average Malue of 6.1M, again suggesting that

it is active against a target other than CRK3:CYC6.
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As with some of the re-synthesised azapurine HTS Bhowing activity towards
promastigote and amastigote major, activity is also observed with the azapurine
derivatives. This shows that the azapurine conegctire is amenable to subtle chemical
modifications resulting in some cases in an in@dabiological activity towards
Leishmania (compare the re-synthesised compound KM114 C \iftb azapurine
derivatives KM114 E and KM117_E). This is encounggi highlighting that iterative
chemistry performed on the azapurine pharmacopierguccessful. Therefore, future
derivatives may result in even more potent compewakdich can be further developed to

treat leishmaniasis.

N and C-terminal HA-tagge@€YC6 constructs were made using Bnmajor episomal
expression vector, pXG (Figure 5.4). This was edrout in order to over exprelssmajor
CYC6 and affinity purify CYC6 to identify bindinggptnersin vivo (predicted to be
CRK3). These HA-tagged constructs were transfeiatedwild type promastigote. major
and selected with G418 antibiotic. However no cslisvived after the addition of the
antibiotic. This is possibly due to the over expres of CYC6 when in complex with
CRK3 causing an early cell cycle shift into mitoass CRK3 is a G2-M kinase. Therefore
the cells may not have fully replicated their geeobefore the onset of mitosis and
cytokinesis, causing an irreversible cell cycleedéfresulting in cell death. An alternative
explanation may be that the cells lost the episante G418 antibiotic resistance and die

upon the addition of G418, or that over expressio@YC6 is toxic to the cells.

Due to the unsuccessful attempts to over expregs83¥ith an episomal vector, N and C
terminal HA-taggedCYC6 constructs were made using a ribosomal integraector,
pRIB (Figure 5.5). These HA-tagged constructs wéransfected into wild type
promastigotd.. major and selected with puromycin antibiotic. The cslisvived upon the

addition of the antibiotic and were used to det#&tCYC6 by Western blot analysis with
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an anti-HA antibody with the view to affinity puyihg CYC6 via the HA-tags for further

analysis.

The attempted purification of N and C terminal Hfgged CYC6 fromL. major
promastigote cells was carried out as describedettion 2.3.4. Detection of the HA-
tagged CYCG6 proteins was attempted by Westerndnlalysis using an anti-HA antibody.
However no N or C terminal HA-tagged CYC6 was detgc The positive control was
detected at the expected size of 41kDa (Figure 8% suggests that the protein is either
expressed at very low levels, below the detecteability of the Supersignal West Pico
Chemiluminescent substrate reagents, or not exgitetsall. However, as the cells survive
upon the addition of puromycin, this suggests thmycin resistance marker in the pRIB
vector has been retained by the cells. Therefore possible that the gene has been
rearranged by the cells and is no longer expredaedo over expression of CYC6 being

detrimental to the progression of the cell cycle.
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Chapter 6

Final discussion and conclusions

CDKs which govern the cell cycle are a class ofyeres that are potential targets for anti-
parasite chemotherapy. Proteins, including enzyspesific to the parasite and absent or
distinct from the host, which are essential inplaéhogenic life cycle stage, are considered
potential therapeutic drug targets. Gene knockecitrtiques to validate drug targets have
proved successful tools; however, gene essentidligs not make it an automatic drug
target. Knocking out a gene removes the gene ptantuspletely butn vivo the protein is
present and it is this that needs to be down réguildVlany compounds do not provide
100% inhibition of their target and so the enzymsable to still catalyse its reaction albeit
at low levels in the cell (Barredt al., 1999). Despite genetic manipulation validating a
gene as essential and therefore a potential drggttachemical validation is also required

to show a gene product can be targeted in the cell.

Protein kinases can be targeted with inhibitors areddruggable in the cell, with several
compounds such as Gleevec® going to market to fpeatiferative disorders. Other
compounds such as Flavopiridol®, a CDK inhibitoayé progressed into clinical trials.
However, no therapeutics, to date, have been deselagainst CDKs which have become
commercially available anti-parasite drugs. Noneehsuccessfully progressed through the
drug discovery pipeline (Figure 1.10) fulfilling dhcriteria required to become a

drug/clinical development candidate to treat péiadiseases (Figure 1.11).

The aim of this work was to identify inhibitors tfe Leishmania CDK, CRKS3, which
could ultimately pass through the drug developnpgoeline to become drug candidates to
treat parasitic diseases. Initially, activeishmania CRK3:CYCG6 protein kinase complex
was purified and an expression system suitabléafge scale production of the complex

developed. A HTS assay was developed with this ma&tend the assay validated. Using
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the HTS assay a chemical compound library was seckeidentifying inhibitors of
Leishmania CRK3:CYC6 protein kinase activity, which were sujpsently screened
against Leishmania in vitro, to evaluate their biological activity. In ordeo Dbtain
compounds with higher potency towatdsshmania CRK3:CYC6 protein kinase activity,
derivatives of the HTS hits were synthesised idabaration with Nicholas Turner and
Kirk Malone at the Manchester Interdisciplinary 8amtre (MIB). Active compounds were
screened to determine their biological activityiaghlLeishmania in vitro. This was with
the view to screening the HTS hits and any actervdtives againgteishmania in vivo,
and initiating pharmacokinetic studies on the actoompounds. However due to time

constraints, then vivo and pharmacokinetic studies were not carried out.

Sufficient quantities of activeeishmania CRK3:CYC6 were obtained, which was active
without phosphorylation on the conserved T178 wesid This is unusual as
phosphorylation on the conserved T-loop residua @erequisite for an active protein
kinase complex in many CDKs (Ducommetral., 1991; Solomomt al., 1992). There are
exceptions, however, as it has been reported tigaadtivation of some CDK complexes
such as CDK5-p35 and CDK7-cyclinH do not requiresghorylation (Nigg, 1996; it
al., 1995) at the analogous site in the T-loop. Tashmania CRK3:CYC6 protein kinase
complex could therefore be a further example of, thvhere there is kinase activity without
phosphorylation. Howeverl_eishmania CRK3:CYC6 is a recombinant protein kinase
complex and may not possess exactly the sametgcvd biochemical characteristics of
active CRK3 inLeishmania. Therefore, is thd.eishmania CRK3:CYC6 protein kinase
complex biochemically similar to active CRKB8 vivo and as a result, a valid screening
target? Some biochemical characterisation showadltle K, values for ATP were within
two-fold and the IG values for olomoucine were almost identical betweée
recombinant and parasite-purified enzymes. Theeefthnis suggests the CRK3:CYC6
protein kinase complex and CRK3 lieishmania are biochemically similar and it can be

said with a degree of confidence thatshmania CRK3:CYCG6 is a valid screening target.
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The azapurine and aminopyridazine hits identifieainf the HTS inhibited_eishmania
CRK3:CYC6 protein kinase activity. However, litthe no biological activity was observed
against eithek.. major procyclic promastigotes or amastigotes with thengounds taken
from the original master plates. This begs the tpeof whether these pharmacophores
are of sufficient quality to be developed into lgahd drug candidates (Figures 1.10 and
1.11). However, it is standard practice in drugedepment to re-synthesise active HTS
hits to fully evaluate their activity and potentas drug candidates. This was carried out
and some of the re-synthesised HTS hits, baseldeoazapurine pharmacophore, did show
biological activity suggesting there are discrepasbdetween the two sets of compounds,
thereby justifying the re-synthesis procedure. €heray also have been complications
when performing the assays with the original HT®,haccounting for their lack of
activity; however, the precise reason accountingtlie differences in activity observed
between the HTS hits and the re-synthesised hmsires unknown. Despite this, there is
undoubtedly activity observed with some of the yetsesised hits towards. major
promastigotes and amastigotes, which is encourafinghe progression of azapurine
based compounds through the drug discovery pipelihe re-synthesised HTS hits are
currently at the “validated hits” stage in the ddeyelopment pipeline (Figure 1.10) where
iterative chemistry is being performed to improkeit potency. In terms of fulfilling drug
candidate criteria (Figure 1.11), the re-synthekId&S hits are showing the characteristics
of a hit that can be developed into a lead comppaghin something the iterative

chemistry is attempting to achieve.

It is important to consider these HTS hits withpexst to other current antileishmanials in
similar stages of drug development. There are abeurof synthetic compounds and those
derived from natural products which are curren#ynly evaluated for their antileishmanial
properties. One such example is the Azaterpherginidiines. These were evaluated
against axenic amastigoteishmania where a number of the compounds tested reported

ICso values of <iM against axenic amastigotes (ldual., 2008). This is an example of
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compounds in a similar stage of drug developmemtwsily a high potency towards
Leishmania amastigotes, although they were not tested agammsastigotes in a
macrophage infection. Another example of a classcainpounds is the 2-(3-Aryl-
oxopropen-1-yl)-%ert-butyl-paullones. It is known that paullones arekCinhibitors and
have been shown to act on CRK3 as previously désclisThese paullones reduce the
proliferation of axenic amastigotes and show afgtivagainst amastigotes at a
concentration of 5uM in a macrophage infection ¢Remld et al., 2008). These are an
example of a new chemotype that are active agheistmania, possibly the situation that
could be seen with aminopyridazine-3-carboxamide asnovel antileishmanial
pharmacophore. Synthetic phospholipids also shotenpaantileishmanial activity, with
many exhibiting 1G, values <iM against Leishmania amastigotes, similar to the
Azaterphenyl diamidines. These were shown to bezmagtive than that of the currently
registered drug used to treat leishmaniasis, Miieie, which is also a phospholipid
analogue (Seifert et al., 2007). These are potemndmech we wish to achieve with the HTS
hits in order to progress through the drug discpveipeline. Further examples of
compounds currently being tested agaibatshmania are Amlodipine and Lacidipine,
which are 1,4-Dihydropyridine derivatives. Theseraveshown to inhibitLeishmania
infectionin vitro and in BALB/c mice when administered orally (Palitd Ali, 2008). One
of the next steps for the CRK3 HTS hits once thepoy is increased is to test them on

mice infected with_eishmania.

Another question to ask is “was the Cyclacel ligran appropriate and successful library
to screen in terms of the hits identified?” Corasgence with Cyclacel suggested that this
type of HTS with the Cyclacel library was succebksfgcomparison with HTS they have

carried out in the past. CDK inhibitors typicallgrid via a donor-acceptor-donor hydrogen
bonding motif (D-A-D) as determined from CDK2 dakascribed in chapter 4. Therefore,
as a result of the HTS, identifying azapurine laitgl elucidating the hydrogen bonding

acceptor-donor-acceptor motif (A-D-A) of the azaper pharmacophore with
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CRK3:CYC6, may contribute to the future design @kCinhibitors which are selective
over other cellular kinases. Identifying two classé compounds which were significantly
selective towardseishmania CRK3:CYC6 protein kinase activity is a promisirtgréing
point for further chemistry to increase the poterayd biological effect of the hits.
Therefore, the project was successful in term&@MHTS but it remains to be seen whether
it will be successful in terms of being able to wer the hits into lead compounds in the

future.

Because of limited compound, analysis of the biclalgactivity of five of the ten most
potent HTS hits orL. major parasites was only carried out once, thereby neimai
preliminary data and inconclusive. It will be vital remake these five HTS hits and re-
screen them against the parasitesitro to determine whether they do or do not have
biological activity towardd.eishmania as seen with some of the other re-synthesised HTS
hits. In addition, it will be interesting to contia the synthesis of azapurines derivatives to
identify compounds which may have increased potéoesardsLeishmania CRK3:CYC6
protein kinase activity and biological activity tamdsLeishmania. This will contribute to

evaluating the azapurine pharmacophore as a paitémtifuture drug development.

The chemical synthesis for reproducing the aminidpgine-3-carboxamide compounds
and further derivatives proved difficult and asesult, time restraints prohibited their
synthesis. Therefore, it would be interesting talgse the biological activity of this class
of compound towardd.eishmania, particularly because they proved more selective
towardsLeishmania CRK3:CYC6 protein kinase activity and did not inhimammalian
CDK4:CycD1 protein kinase activity in comparison tiee azapurine compounds. It
therefore remains to be seen how successful theasnpdcophore could be in terms of

biological activity and further drug developmenaamgptLeishmania.
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An in vivo partner ofL. mexicana CRK3 has been shown to hemexicana CYCA (F.C.
Gomes and J.C. Mottram, unpublished). Furthermtire, homologue of CYCA irL.
donovani has been identified, LdACYC1, (Banerjeeal., 2003) and shown to form a
complex withL. donovani CRK3 (Banerjeegt al., 2006), which as mentioned has 99%
identity toL. mexicana CRK3. These complexes are implicated in the Gih&se of the
cell cycle. However, CRK3 has been shown to haeeptioperties of G2-M-phase protein
kinase inLeishmania and continuing work with HA-tagged CYC6 could detae if
CYC6 can bind and activate CRKB vivo in Leishmania. This may show that
CRK3:CYC6 is the G2-M-phase protein kinase involuedhis stage of cell cycle control
as seen ifl. brucel. Additional work with HA-tagged CYC6 constructs wduinclude
immunofluorescence assays to determine the celldation of HA-CYCG6. As discussed,
CRK3 may reside in both the nucleus and cytoplasmradicted from localization studies
on CDK1. Therefore, CYCG6 could be predicted torbthese same subcellular locations as
CRK3. Furthermore, raising antibodies against rdgoant CYC6 could confirm the
cellular location of the native protein. Additioraalysis of CYC6 could be to attempt to
generate CYC6 null mutants in order to determinetiwr CYCG6 is an essential gene.
Hammartonet al., showed that CYC6 formed a complex with CRK3 #mat CYC6 was
an essential cyclin ifT. brucei (Hammartonet al., 2003a). RNAi of CYC6 caused a
mitotic block and a growth arrest in both bloodstre form and procyclic form
trypanosomes, confirming CYC6 was required for sigoWe have showh. mexicana
CRK3 forms a complex with. major CYC6. Therefore, it could be predicted that CYC6
would be essential iheishmania, due to a conserved function withbrucei CYC6 at the

G2-M-phase of the cell cycle.

Although the majority of HTS hits did not show giggant biological activity towards..
major either against promastigote or amastigote lifelecystages, some of the re-
synthesised hits did exhibit biological activityurthermore, a number of the azapurine

derivatives synthesised also had biological agtitotvards both forms of the parasite. This
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shows that the methodology of assay developmensarakning was successful, in terms
of the azapurine pharmacophore. It remains to ben s@dow successful the
aminopyridazine-3-carboxamide pharmacophore cowd Dhe Cyclacel library was
therefore a suitable compound library to screertenms of the hits identified for this
project. As a result, the azapurine and aminopyiga3-carboxamide pharmacophores
may be useful starting points for further compowsydthesis againdteishmania, which
further biological testing will confirm. In additoit is possible that further compound
screening of additional libraries using the metHogy and protocols developed, may
provide compounds with increased potent biologamlvity which can be developed as

antileishmanials to treat leishmaniasis.

202



References

Affranchino,J.L., Gonzalez,S.A., and Pays,E. (198)lation of a mitotic-like cyclin
homologue from the protozodmypanosoma brucel. Genel32, 75-82.

Akoulitchev,S., Chuikov,S., and Reinberg,D. (2000IIH is negatively regulated by

cdk8-containing mediator complexes. Natd@Z, 106.

Ali, N. O. M. An investigation of CRK protein kinas ofLeishmania and the assessment
of their potential as drug targets. 2002. Uniigrsf Khartoum, Sudan.
Ref Type: Thesis/Dissertation

Bajaj,N.P. (2000). Cyclin-dependent kinase-5 (CDKBY amyotrophic lateral sclerosis.

Amyotrophic lateral sclerosis and other motor nautisorder$, 319-327.

Banerjee,S., Banerjee,R., Das,R., Duttagupta,8.Saha,P. (2003). Isolation,
characterization and expression of a cyclin filcgishmania donovani. FEMS Microbiol.
Lett. 226, 285-289.

Banerjee,S., Sen,A., Das,P., and Saha,P. (206&hmania donovani cyclin 1 (LdCyc1)
forms a complex with cell cycle kinase subunit CRKBCRKS3) and is possibly involved
in S-phase-related activities. FEMS Microbiol. Lef6, 75-82.

Baneyx,F. (1999). Recombinant protein expressidesaherichia coli. Curr. Opin.
Biotechnol.10, 411-421.

Barker,A.J., Gibson,K.H., Grundy,W., Godfrey,A.Barlow,J.J., Healy,M.P.,
Woodburn,J.R., Ashton,S.E., Curry,B.J., Scarlettlenthorn,L., and Richards,L. (2001).
Studies leading to the identification of ZD183%¢sa(TM)): an orally active, selective
epidermal growth factor receptor tyrosine kinagehior targeted to the treatment of
cancer. Bioorg. Med. Chem. Leifl, 1911-1914.

Barrett,M.P., Burchmore,R.J.S., Stich,A., Lazzad,JFrasch,A.C., Cazzulo,J.J., and
Krishna,S. (2003). The trypanosomiases. LaB62t 1469-1480.

Barrett,M.P., Mottram,J.C., and Coombs,G.H. (198&cent advances in identifying and

validating drug targets in trypanosomes and leishasa Trends Microbiol7, 82-88.

203



Basco,R.D., Segal,M.D., and Reed,S.I. (1995). Negiaegulation of Gand G by S-
phase cyclins ofaccharomyces cerevisiae. Mol. Cell. Biol. 15, 5030-5042.

Bates,P.A. (2007). Transmissionlaishmania metacyclic promastigotes by phlebotomine
sand flies. Int. J Parasitd7, 1097-1106.

Berriman,M., Ghedin,E., Hertz-Fowler,C., Blandin,&enauld,H., Bartholomeu,D.C.,
Lennard,N.J., Caler,E., Hamlin,N.E., Haas,B., BofuneHannick,L., Aslett,M.A.,
Shallom,J., Marcello,L., Hou,L., Wickstead,B., Alark,U.C., Arrowsmith,C., Atkin,R.J.,
Barron,A.J., Bringaud,F., Brooks,K., Carrington,)@herevach,l., Chillingworth,T.J.,
Churcher,C., Clark,L.N., Corton,C.H., Cronin,A.,\ies,R.M., Doggett,J., Djikeng,A.,
Feldblyum,T., Field,M.C., Fraser,A., Goodhead,lande,Z., Harper,D., Harris,B.R.,
Hauser,H., Hostetler,J., Ivens,A., Jagels,K., Joh/i., Johnson,J., Jones,K.,
Kerhornou,A.X., Koo,H., Larke,N., Landfear,S., Liaw|C., Leech,V., Line,A., Lord,A.,
MacLeod,A., Mooney,P.J., Moule,S., Martin,D.M.A.pkfan,G.W., Mungall K.,
Norbertczak,H., Ormond,D., Pai,G., Peacock,C.SerBen,J., Quail,M.A.,
Rabbinowitsch,E., Rajandream,M.A., Reitter,C., Baig,S.L., Sanders,M., Schobel,S.,
Sharp,S., Simmonds,M., Simpson,A.J., Tallon,L.,nenC.M., Tait,A., Tivey,A.R., Van
Aken,S., Walker,D., Wanless,D., Wang,S., White\Bhite,O., Whitehead,S.,
Woodward,J., Wortman,J., Adams,M.D., Embley, T.MuJI&., Ullu,E., Barry,J.D.,
Fairlamb,A.H., Opperdoes,F., Barrell,B.G., Doneldda., Hall,N., Fraser,C.M.,
Melville,S.E., and El Sayed,N.M. (2005). The genashthe African trypanosome
Trypanosoma brucei. Science309, 416-422.

Berthet,C., Aleem,E., Coppola,V., Tessarollo,Ld &aldis,P. (2003). Cdk2 knockout
mice are viable. Curr. Biol3, 1775-1785.

Booher,R.N., Alfa,C.E., Hyams,J.S., and Beach,[§1/989). The fission yeast cdc2 cdc13
sucl protein-kinase - regulation of catalytic atgiand nuclear-localization. CéB, 485-
497.

Borgne,A. and Meijer,L. (1996). Sequential dephasplation of p34%on Thr-14 and
Tyr-15 at the prophase/metaphase transition. J. 8ltem.271, 27847-27854.

Brenk,R., Schipani,A., James,D., Krasowski,A., @itl., Frearson,J.A., and Wyatt,P.G.
(2007). Lessons learnt from assembling screenbrgries for drug discovery for neglected
diseases. ChemMedChe&n435-444.

204



Brown,N.R., Noble,M.E., Lawrie,A.M., Morris,M.C.,uhnah,P., Divita,G., Johnson,L.N.,
and Endicott,J.A. (1999a). Effects of phosphorglatof threonine 160 on cyclin-
dependent kinase 2 structure and activity. J. Bibkem.274, 8746-8756.

Brown,N.R., Noble,M.E.M., Endicott,J.A., and JohngoN. (1999b). The structural basis
for specificity of substrate and recruitment pepsidor cyclin-dependent kinases. Nat. Cell
Biol. 1, 438-443.

Byrd,J.C., Lin,T.S., Dalton,J.T., Wu,D., Phelps,M.Rischer,B., Moran,M., Blum,K.A.,
Rovin,B., Brooker-McEldowney,M., Broering,S., Schhal., Johnson,A.J., Lucas,D.M.,
Heerema,N.A., Lozanski,G., Young,D.C., Suarez,IRlevas,A.D., and Grever,M.R.
(2007). Flavopiridol administered using a pharmagwally derived schedule is associated
with marked clinical efficacy in refractory, geragily high-risk chronic lymphocytic
leukemia. BloodL09, 399-404.

Carnero,A. and Hannon,G.J. (1998). The INK4 farofl DK inhibitors. In Cyclin-
dependent kinase (CDK) inhibitors, P.K.Vogt andRekd, eds. (Berlin: Springer), pp. 43-
51.

Chen,H.H., Wang,Y.C., and Fann,M.J. (2006). Idergifon and characterisation of the
CDK12/cyclin L1 complex involved in alternative gphg regulation. Mol. Cell. Biol26,
2736-2745.

Chen,H.H., Wong,Y.H., Geneviére,A.M., and Fann,N2007). CDK13/CDC2L5
interacts with L-type cyclins and regulates altékgasplicing. Biochem. Biophys. Res.
Commun.354, 735-740.

Cohen,M.H., Moses,M.L., and Pazdur,R. (2002a). @&e€&M for the treatment of chronic
myelogenous leukemia: U.S. food and drug admirtistraegulatory mechanisms,

accelerated approval, and orphan drug status. Ogist¥, 390-392.

Cohen,M.H., Williams,G., Johnson,J.R., Duan,J., l6&wb,J., Rahman,A., Benson,K.,
Leighton,J., Kim,S.K., Wood,R., Rothmann,M., Chenfhin,M., Staten,A.M., and
Pazdur,R. (2002b). Approval summary for Imatinibsgiate capsules in the treatment of

chronic myelogenous leukemia. Clin. Cancer Be835-942.

Cohen,P. (2002). Protein kinases-the major druggtarof the twenty-first century? Nat.
Rev. Drug Discovl, 309-315.

205



Contreras,J.M., Rival,Y.M., Chayer,S., Bourguigdah, and Wermuth,C.G. (1999).
Aminopyridazines as acetylcholinesterase inhibitdisled. Chem42, 730-741.

Craft,J.M., Watterson,D.M., Frautschy,S.A., and \&iik,L.J. (2004). Aminopyridazines
inhibit beta-amyloid-induced glial activation aneunonal damage in vivo. Neurobiol.
Aging 1283-1292.

Croft,S.L., Barrett,M.P., and Urbina,J.A. (2005he&notherapy of trypanosomiasis and
leishmaniasis. Trends Parasital, 508-512.

Croft,S.L. and Coombs,G.H. (2003). Leishmaniasisrant chemotherapy and recent

advances in the search for novel drugs. TrendssRaird9, 502-508.

Croft,S.L., Seifert,K., and Yardley,V. (2006a). @nt scenario of drug development for
leishmaniasis. Indian J. Med. Res. 399-410.

Croft,S.L., Sundar,S., and Fairlamb,A.H. (2006udpresistance in leishmaniasis. Clin.
Microbiol. Rev.19, 111-126.

Cruz,A K., Titus,R., and Beverley,S.M. (1993). Ri&t/ in chromosome number and
testing of essential geneslirishmania by targeting. Proc. Natl. Acad. Sci. US8, 1599-
1603.

Cruz,J.C. and Tsai,L.H. (2004). A Jekyll and Hyd®ake: roles for cdk5 in brain
development and disease. Curr. Opin. Neurohi|390-394.

D'amico,G. (1987). The commonest glomerulonephintifie world: IgA Nephropathy.
QJIM64, 709-727.

da Cunha,J.P.C., Nakayasu,E.S., Elias,M.C., Pini2i@a Tellez-Inon,M.T., Rojas,F.,
Manuel,M.o., Almeida,l.C., and Schenkman,S. (200B6)panosoma cruz histone H1 is
phosphorylated in a typical cyclin dependent kingiseaccordingly to the cell cycle. Mol.
Biochem. Parasitoll40, 75-86.

Damiens,E., Baratte,B., Marie,D., Eisenbrand,Gd, deijer,L. (2001). Anti-mitotic
properties of indirubin-3'-monoxime, a CDK/GSK-3ibitor: induction of endoreplication
following prophase arrest. Oncogez® 3786-3797.

Dangas,G. and Kuepper,F. (2002). Restenosis: repeawing of a coronary artery:
prevention and treatment. Circulatit®b, 2586-2587.

206



Datta,N. (1979). Plasmid classification: Incompdigbgrouping. In Plasmids of Medical.
Environmental and Commercial Importance, K.N.Timamsl A.Puhler, eds. (Amsterdam:

Elsevier), p. 3.

Desai,D., Wessling,H.C., Fisher,R.P., and MorgaD,[{1995). Effects of phosphorylation
by CAK on cyclin binding by CDC2 and CDK2. Mol. CeBiol. 15, 345-350.

Doerig,C., Meijer,L., and Mottram,J.C. (2002). R¥atkinases as drug targets in parasitic
protozoa. Trends ParasitdB, 366-371.

Donadio,J.V. and Grande,J.P. (2002). IgA Nephropath Engl. J. Med347, 738-748.

Draetta,G., Brizuela,L., Potashkin,J., and BeacflB87). Identification of p34 and p13,
human homologs of the cell-cycle regulators ofidiss/east encoded by cdc2+ and sucl+.
Cell 50, 319-325.

Ducommun,B., Brambilla,P., Felix,M.A., Franza,B.Rarsenti,E., and Draetta,G. (1991).
Cdc2 phosphorylation is required for its interastwith cyclin. EMBO J10, 3311-3319.

Edamatsu,H., Gau,C.L., Nemoto,T., Guo,L., and Tanan(2000). Cdk inhibitors,
roscovitine and olomoucine, synergize with farntayisferase inhibitor (FTI) to induce

efficient apoptosis of human cancer cell lines. ayanel9, 3059-3068.

El Fadili,K., Imbeault,M., Messier,N., Roy,G., Gbat,B., Bergeron,M., Tremblay,M.J.,
Legare,D., and Ouellette,M. (2008). Modulation ehg expression in human macrophages
treated with the antieishmania pentavalent antimonial drug sodium stibogluconate.
Antimicrob. Agents Chemotheb2, 526-533.

El Sayed,N.M., Myler,P.J., Bartholomeu,D.C., Nilsdd., Aggarwal,G., Tran,A.N.,
Ghedin,E., Worthey,E.A., Delcher,A.L., Blandin,@&/gstenberger,S.J., Caler,E.,
Cerqueira,G.C., Branche,C., Haas,B., Anupama,/MeAE., Aslund,L., Attipoe,P.,
Bontempi,E., Bringaud,F., Burton,P., Cadag,E., CaeliD.A., Carrington,M.,
Crabtree,J., Darban,H., da Silveira,J.F., de JongdRvards,K., Englund,P.T., Fazelina,G.,
Feldblyum,T., Ferella,M., Frasch,A.C., Gull,K., k¢D., Hou,L., Huang,Y., Kindlund,E.,
Klingbeil,M., Kluge,S., Koo,H., Lacerda,D., Levin,M, Lorenzi,H., Louie,T.,
Machado,C.R., McCulloch,R., McKenna,A., Mizuno,¥ottram,J.C., Nelson,S.,
Ochaya,S., Osoegawa,K., Pai,G., Parsons,M., PeMorettersson,U., Pop,M.,
Ramirez,J.L., Rinta,J., Robertson,L., Salzberg,Sanchez,D.O., Seyler,A., Sharma,R.,
Shetty,J., Simpson,A.J., Sisk,E., Tammi,M.T., TiareR., Teixeira,S., Van Aken,S.,
Vogt,C., Ward,P.N., Wickstead,B., Wortman,J., Wlite Fraser,C.M., Stuart,K.D., and

207



Andersson,B. (2005). The genome sequendeygfanosoma cruz, etiologic agent of
chagas disease. Scier8®, 409-415.

Elledge,S.J. and Spottswood,M.R. (1991). A new hup® protein kinase, cdk2,
identified by complementation of a CDC28 mutatinisaccharomyces cerevisiae, is a
homolog ofXenopus Eg1l. EMBO J10, 2653-2659.

Engler, T.A., Henry,J.R., Malhotra,S., Cunninghammirness,K., Brozinick,J.,
Burkholder,T.P., Clay,M.P., Clayton,J., Diefenbagie Hawkins,E., Iversen,P.W., Li,Y.,
Lindstrom,T.D., Marquart,A.L., McLean,J., Mendel,Misener,E., Briere,D.,
O'Toole,J.C., Porter,W.J., Queener,S., Reel,J.Wer3,R.A., Brier,R.A., Eessalu,T.E.,
Wagner,J.R., Campbell,R.M., and Vaughn,R. (200dbs8tuted 3-Imidazo[1,2-a]pyridin-
3-yl- 4-(1,2,3,4-tetrahydro-[1,4]diazepino- [6, hilindol-7-yl)pyrrole-2,5-diones as
highly selective and potent inhibitors of Glycoggynthase Kinase-3. J. Med. Chef,
3934-3937.

Epstein,C.B. and Cross,F.R. (1992). CLB5 - a nbveyclin from budding yeast with a
role in S-phase. Genes & Dé.1695-1706.

Espinoza,F.H., Ogas,J., Herskowitz,l., and Morgan,[1994). Cell cycle control by a
complex of the cyclin HCS26 (PCL1) and the kinab¥B5. Scienc@66, 1388-1391.

Evans,T., Rosenthal,E.T., Youngbloom,J., Disterlddd Hunt,T. (1983). Cyclin: A
protein specified by maternal mRNA in sea urchigsetiat is destroyed at each cleavage
division. Cell33, 389-396.

Fairlamb,A.H. (2003). Chemotherapy of human Afritgqpanosomiasis: current and

future prospects. Trends Parasii®, 488-494.

Fesquet,D., Labbé,J.-C., Derancourt,J., Capony,&#&as,S., Girard,F., Lorca,T.,
Shuttleworth,J., Dorée,M., and Cavadore,J.-C. (1983eMO15 gene encodes the
catalytic subunit of a protein kinase that actigatdc2 and other cyclin-dependent kinases
(CDKSs) through phosphorylation of Thrl161 and itsnobogues. EMBO J12, 3111-3121.

Fischer,P.M. (2003). Functions and Pharmacologntabitors of Cyclin-Dependent
Kinases (CDKSs). Cell transmissioh$, 3-9.

Fischer,P.M. (2004). The use of CDK inhibitors imcology: a pharmaceutical perspective.
Cell Cycle3, 742-746.

208



Fischer,P.M., Endicott,J., and Meijer,L. (2003) cldy-dependent kinase inhibitors. In
Progress in cell cycle research, L.Meijer, A.Jeeboand M.Roberge, eds. (Roscoff,
France: Editions "Life in Progress"), pp. 235-248.

Fischer,P.M. and Gianella-Borradori,A. (2005). Reqeogress in the discovery and
development of cyclin-dependent kinase inhibit&sgoert Opin. Investig. Drugs4, 457-
477.

Fisher,D.L. and Nurse,P. (1996). A single fissieast mitotic cyclin B p34““kinase
promotes both S-phase and mitosis in the absen@e ofclins. EMBO J15, 850-860.

Fisher,R.P. and Morgan,D.O. (1994). A novel cyalésociates with MO15/CDK7 to form
the CDK-Activating Kinase. Cell8, 713-724.

Fitch,l., Dahman,C., Surana,U., Amon,A., GoetscIBlyers,B., and Futcher,B. (1992).
Characterisation of four B-type cyclin genes of iielding yeass. cerevisiae. Mol Biol.
Cell 3, 805-818.

Frearson,J.A., Wyatt,P.G., Gilbert,l.H., and FamgA.H. (2007). Target assessment for
antiparasitic drug discovery. Trends Parasitd).589-595.

Fribourg,S., Romier,C., Werten,S., Gangloff,Y.GtdPszman,A., and Moras,D. (2001).
Dissecting the interaction network of multiprotemmplexes by pairwise coexpression of
subunits inE. coli. J. Mol. Biol.306, 363-373.

Fuchs,B., Hecker,D., and Scheidtmann.K.H (1995@sBhorylation studies on rat p53
using the baculovirus expression system. Maniputadif the phosphorylation state with
okadaic acid and influence on DNA binding. EuBibchem.228, 625-639.

Glotzer,M., Murray,A.W., and Kirschner,M. (1991)y@in is degraded by the ubiquitin
pathway. Natur@&49, 132-138.

Gomez,E.B., Santori,M.l., Laria,S., Engel,J.C., 8le,J., Eisen,H., Szankasi,P., and
Tellez-Inon,M.T. (2001). Characterization of fhgypanosoma cruzi Cdc2p-related protein
kinase 1 and identification of three novel assamiptyclins. Mol. Biochem. Parasitol.
113, 97-108.

Gomez,M.L., Kornblihtt,A.R., and Tellez-1ion,M.TL498). Cloning of a cdc2-related
protein kinase fronTrypanosoma cruz that interacts with mammalian cyclins. Mol.
Biochem. Parasitob1, 337-351.

209



Gossage,S.M., Rogers,M.E., and Bates,P.A. (200@). Separate growth phases during
the development dfeishmania in sand flies: implications for understanding lifee cycle.
Int. J Parasitol33, 1027-1034.

Grana,X., Claudio,P.P., De Luca,A., Sang,N., amat@ino,A. (1994a). PISSLRE, a novel
CDC2-related protein kinase. Oncogén097-2103.

Grana,X., De Luca,A., Sang,N., Fu,Y., Claudio,PR®senblatt,J., Morgan,D.O., and
Giordano,A. (1994b). PITALRE, a nuclear CDC2-redbpeotein kinase that
phosphorylates the retinoblastoma proteixitro. Proc. Natl. Acad. Sci. U. S. @1, 3834-
3838.

Grant,K.M., Dunion,M.H., Yardley,V., Skaltsounis;A., Marko,D., Eisenbrand,G.,
Croft,S.L., Meijer,L., and Mottram,J.C. (2004). ibitors of Leishmania mexicana CRK3
cyclin-dependent kinase: chemical library scremh antileishmanial activity. Antimicrob.
Agents Chemd48, 3033-3042.

Grant,K.M., Hassan,P., Anderson,J.S., and Mottr&n(1998). Therk3 gene of
Leishmania mexicana encodes a stage-regulated cdc2-related historiendse that
associates with p£$*. J. Biol. Chem273, 10153-101509.

Hammarton,T.C., Clark,J., Douglas,F., Boshart,Md Klottram,J.C. (2003a). Stage-
specific differences in cell cycle control Tinypanosoma brucei revealed by RNA
interference of a mitotic cyclin. J. Biol. CheRY8, 22877-22886.

Hammarton,T.C., Engstler,M., and Mottram,J.C. (90T4e Trypanosoma brucei cyclin,
CYC2, is required for cell cycle progression throwgl phase and maintenance of
procyclic form cell morphology. J. Biol. Chei2/9, 24757-24764.

Hammarton,T.C., Ford,J.R., and Mottram,J.C. (2000)anosoma brucei CYC1 does

not have characteristics of a mitotic cyclin. MBlochem. Parasitoll11, 229-233.

Hammarton, T.C., Mottram,J.C., and Doerig,C. (2003hg cell cycle of parasitic
protozoa: potential for chemotherapeutic explatatiProg. Cell Cycle ReS, 91-101.

Hanks,S.K. (1987). Homology probing: identificatiohcDNA clones encoding members
of the protein-serine kinase family. Proc. NatladlcSci. U. S. A84, 388-392.

Harrington,E.A., Bebbington,D., Moore,J., RasmudRdf., Ajose-Adeogun,A.O.,
Nakayama,T., Graham,J.A., Demur,C., Hercend,T.;HBucend,A., Su,M., Golec,J.M.C.,

210



and Miller,K.M. (2004). VX-680, a potent and seleetsmall-molecule inhibitor of the
Aurora kinases, suppresses tumor growth in vivd. Mad. 10, 262-267.

Hartwell,L.H. (1974) Saccharomyces cerevisiae cell cycle. Bacteriological reviewas,
164-198.

Hartwell,L.H. (1991). Twenty-five years of cell dgagenetics. Genetid®9, 975-980.

Hartwell,L.H., Culotti,J., Pringle,J.R., and Reid]B(1974). Genetic control of the cell
dividion cycle in yeast. Sciend83, 46-51.

Hassan,P., Fergusson,D., Grant,K.M., and Mottr&n(2001). The CRK3 protein kinase
is essential for cell cycle progressionL@fshmania mexicana. Mol. Biochem. Parasitol.
113, 189-198.

Havlicek,L., Fuksova,K., Krystof,V., Orsag,M., Vegek,B., and Strnad,M. (2005). 8-
Azapurines as new inhibitors of cyclin-dependentkes. Bioorg. Med. Cherti3, 5399-
5407.

Hayles,J., Fisher,D., Woollard,A., and Nurse,P9@9Temporal order of S phase and
mitosis in fission yeast is determined by the stdtidne p3ﬁd°2-mitotic B cyclin complex.
Cell 78, 813-822.

Hellmich,M.R., Pant,H.C., Wada,E., and Battey,{18992). Neuronal cdc2-like kinase - a
cdc2-related protein kinase with predominantly oeaf expression. Proc. Natl. Acad. Sci.
USA 89, 10867-10871.

Hereford,L.M. and Hartwell,L.H. (1974). Sequenti@he function in the initiation of
Saccharomyces cerevisiae DNA synthesis. J. Mol. BioB4, 445-461.

Herwaldt,B.L. (1999). Leishmaniasis. LanG&4, 1191-1199.

Hindley,J. and Phear,G.A. (1984). Sequence of ¢lledovision gene cdc2 from
Schizosaccharomyces pombe; patterns of splicing and homology to protein kem<sene
31, 129-134.

Hoessel,R., Leclerc,S., Endicott,J.A., Nobel,M.E.Mawrie,A., Tunnah,P., Leost,M.,
Damiens,E., Marie,D., Marko,D., Niederberger,Eng,&v.C., Eisenbrand,G., and
Meijer,L. (1999). Indirubin, the active constituerita Chinese antileukaemia medicine,
inhibits cyclin-dependent kinases. Nat. Cell. Bigl60-67.

211



Hu,L., Arafa,R.K., Ismail,M.A., Wenzler,T., Brun,RMunde,M., Wilson,W.D.,
Nzimiro,S., Samyesudhas,S., Werbovetz,K.A., andkBoR.W. (2008). Azaterphenyl
diamidines as antileishmanial agents. Bioorg. M&uem. Lett18, 247-251.

Ivens,A.C., Peacock,C.S., Worthey,E.A., MurphyAggarwal,G., Berriman,M., Sisk,E.,
Rajandream,M.A., Adlem,E., Aert,R., Anupama,A., Ammdou,Z., Attipoe,P., Bason,N.,
Bauser,C., Beck,A., Beverley,S.M., Bianchettin Borzym,K., Bothe,G., Bruschi,C.V.,
Collins,M., Cadag,E., Ciarloni,L., Clayton,C., Csoh,R.M.R., Cronin,A., Cruz,A.K.,
Davies,R.M., De Gaudenzi,J., Dobson,D.E., Dues#dtif, Fazelina,G., Fosker,N.,
Frasch,A.C., Fraser,A., Fuchs,M., Gabel,C., Goblegffeau,A., Harris,D., Hertz-
Fowler,C., Hilbert,H., Horn,D., Huang,Y., Klages,Bnights,A., Kube,M., Larke,N.,
Litvin,L., Lord,A., Louie,T., Marra,M., Masuy,D., Etthews,K., Michaeli,S.,
Mottram,J.C., Muller-Auer,S., Munden,H., Nelson/Sorbertczak,H., Oliver,K.,
O'Neil,S., Pentony,M., Pohl, T.M., Price,C., Pured., Quail,M.A., Rabbinowitsch,E.,
Reinhardt,R., Rieger,M., Rinta,J., Robben,J., RsberL., Ruiz,J.C., Rutter,S.,
Saunders,D., Schafer,M., Schein,J., Schwartz,[3€xger,K., Seyler,A., Sharp,S.,
Shin,H., Sivam,D., Squares,R., Squares,S., Tosatgpgt,C., Volckaert,G., Wambutt,R.,
Warren,T., Wedler,H., Woodward,J., Zhou,S., ZimmammW., Smith,D.F.,
Blackwell,J.M., Stuart,K.D., Barrell,B., and Myler,). (2005). The genome of the
kinetoplastid parasitd,eishmania major. Science309, 436-442.

Iversen,P.W., Eastwood,B.J., Sittampalam,G.S.,GmdK.L. (2006). A comparison of
assay performance measures in screening assayat \sigdow, Z' factor, and assay
variability ratio. J Biomol. Screeidl, 247-252.

Jeffrey,P.D., Russo,A.A., Polyak,K., Gibbs,E., Hiinnd., Massagué,J., and Pavletich,N.P.
(1995). Mechanism of CDK activation revealed by sh@cture of a cyclinA-CDK2
complex. Naturg76, 313-320.

Johnson,D.G. and Walker,C.L. (1999). Cyclins arltloyele checkpoints. Annu. Rev.
Pharmacol. Toxicol39, 295-312.

Kasten,M. and Giordano,A. (2001). Cdk10, a Cdcatesl kinase, associates with the Ets2
transcription factor and modulates its transadtivaactivity. Oncogeng0, 1832-1838.

Kaur,K., Coons,T., Emmett,K., and Ullman,B. (1988dgthotrexate-resistahieishmania
donovani genetically deficient in the folate-methotrexatnsporter. J. Biol. Cher263,
7020-7028.

212



Kaur,K., Coons,T., Emmett,K., and Ullman,B. (1988gthotrexate-resistahtishmania
donovani genetically deficient in the folate-methotrexatnsporter. J. Biol. Cher263,
7020-7028.

Kesavapany,S., Li,B.S., Amin,N., Zheng,Y.L., Grentand Pant,H.C. (2004). Neuronal
cyclin-dependent kinase 5:role in nervous systemstfan and its specific inhibition by the
cdk5 inhibitory peptide. Biochim. Biophys. Aci&97, 143-153.

Kesavapany,S., Li,B.S., and Pant,H.C. (2003). @ydépendent kinase 5 in neurofilament
function and regulation. Neurosigndl®, 252-264.

Knight,Z.A. and Shokat,K.M. (2005). Features oksélve kinase inhibitors. Chem. Biol.
12, 621-637.

Knockaert,M., Gray,N., Damiens,E., Chang,Y.-T.,lBgeP., Grant,K.M., Fergusson,D.,
Mottram,J.C., Soete,M., Le Roch,K., Doerig,C., SthR.G., and Meijer,L. (2000).
Intracellular targets of cyclin-dependent kinadahitors: identification by affinity

chromatography using immobilised inhibitors. Ché&iol. 7, 411-422.

Knockaert,M., Greengard,P., and Meijer,L. (2002jaPnacological inhibitors of cyclin-
dependent kinases. Trends Pharmacol.23¢ci417-425.

Ko,J., Humbert,S., Bronson,R.T., Takahashi,S., KulkA.B., Li,E., and Tsai,L.H.
(2001). p35 and p39 are essential for cyclin-depenhkinase 5 function during
neurodevelopment. J Neuroszl, 6758-6771.

Kobayashi,H., Stewart,E., Poon,R., Adamczewski,&Bnnon,J., and Hunt, T. (1992).
Identification of the domains in cyclin-a requiread binding to, and activation of,
p34(cdc2) and p32(cdk2) protein kinase subunitd. Biol. Cell 3, 1279-1294.

Kost,T.A., Condreay,J.P., and Jarvis,D.L. (2005ciBovirus as versatile vectors for

protein expression in insect and mammalian celd. Riotechnol23, 567-575.

Kuhne,C. and Linder,P. (1993). A new pair of B-tyjyelins fromSaccharomyces
cerevisiae that function early in the cell cycle. EMBQL4, 3437-3447.

Laine,H., Doetzlhofer,A., Mantela,J., Ylikoski,lgiho,M., Roussel,M.F., Seqil,N., and
Pirvila,U. (2007). p19(Ink4d) and p21(Cipl) colladte to maintain the postmitotic state
of auditory hair cells, their codeletion leadingadblA damage and p53-mediated
apoptosis. J Neurosd7, 1434-1444.

213



Lawrie,A.M., Tito,P., Hernandez,H., Brown,N.R., Radon,C.V., Endicott,J.A.,
Noble,M.E.M., and Johnson,L.N. (200Xenopus phospho-CDK7/Cyclin H expressed in
baculoviral-infected insect cells. Protein Expré&grif. 23, 252-260.

Lee,J. and Greenleaf,A.L. (1991). CTD kinase langieunit is encoded by CTK1, a gene
required for normal growth &accharomyces cerevisiae. Gene Expressioh, 149-167.

Lee,M.G. and Nurse,P. (1987). Complementation tsetbne a human homolog of the

fission yeast cell cycle control gene cdc2. NaB##g 31-35.

Lees,E.M. and Harlow,E. (1993). Sequences withéencttnserved cyclin box of human
cyclin A are sufficient for binding to and activati of cdc2 kinase. Mol. Cell. Biol3,
1194-1201.

Lenburg,M.E. and Oshea,E.K. (1996). Signaling phasp starvation. Trends Biochem.
Sci.21, 383-387.

Li,S., MacLachlan,T.K., De Luca,A., Claudio,P.Pgr@orelli,G., and Giordano,A. (1995).
The cdc2-related kinase, PISSLRE, is essentiatdbrgrowth and acts in phase of the
cell cycle. Cancer ReS§5, 3992-3995.

Li,T., Inoue,A., Lahti,J.M., and Kidd,V.J. (200#ailure to proliferate and mitotic arrest
of CDK11p110/p58-null mutant mice at the blastostage of embryonic cell
development. Mol. Cell. Biok4, 3188-3197.

Li,Z. and Wang,C.C. (2003). A PHO80-like cyclin aad-type cyclin control the cell
cycle of the procyclic form ofrypanosoma brucei. J. Biol. Chem?278, 20652-20658.

Liao,S.-M., Zhang,J., Jeffery,D.A., Koleske,A.Jhompson,C.M., Chao,D.M., Viljoen,M.,
Van Vuuren,H.J.J., and Young,R.A. (1995). A kinagehn pair in the RNA polymerase
Il holoenzyme. Natur874, 193-196.

Lipinski,C.A., Lombardo,F., Dominy,B.W., and Feerey. (2001). Experimental and
computational approaches to estimate solubility @@rtheability in drug discovery and

development settings. Adv. Drug. Delivery R46, 3-26.

Liu,J.J., Dermatakis,A., Lukacs,C., KonzelmannCFhen,Y., Kammlott,U., Depinto,W.,
Yang,H., Yin,X., Chen,Y., Schutt,A., Simcox,M.EndaLuk,K.C. (2003). 3,5,6-
Trisubstituted naphthostyrils as CDK2 inhibitorso&g. Med. Chem. Lettl3, 2465-
2468.

214



Lolli,G. and Johnson,L.N. (2005). CAK - cyclin-deqent kinase activating kinase: a key
kinase in cell cycle control and a target for dfu@ell Cycled, 572-577.

Loog,M. and Morgan,D.O. (2005). Cyclin specificitythe phosphorylation of cyclin-
dependent kinases. Natut@4, 104-108.

Loyer,P., Trembley,J.H., Katona,R., Kidd,V.J., dadhti,J.M. (2005). Role of CDK/cyclin
complexes in transcription and RNA splicing. C8lignalling17, 1033-1051.

Lusis,A.J. (2000). Atherosclerosis. Natdfy, 233-241.

Makela, T.P., Tassan,J.-P., Nigg,E.A., Frutigekiighes,G.J., and Weinberg,R.A. (1994).
A cyclin associated with the CDK-activating kindd®15. Nature371, 254-257.

Malumbres,M. and Barbacid,M. (2001). To cycle ot toocycle: a critical decision in
cancer. Nat. Rev. Cancér222-231.

Malumbres,M. and Barbacid,M. (2005). Mammalian oydependent kinases. Trends
Biochem. Sci30, 630-641.

Malumbres,M., Sotillo,R., Santamaria,D., GalarC&tezo,A., Ortega,S., Dubus,P., and
Barbacid,M. (2004). Mammalian cells cycle withdue D-type cyclin-dependent kinases
Cdk4 and Cdk6. Cell18, 493-504.

Manning,G., Whyte,D.B., Martinez,R., Hunter, T., éwldarsanam,S. (2002). The protein
kinase complement of the human genome. Sci288e1912-1934.

Marko,D., Schatzle,S., Friedel,A., Genzlinger,Aankl,H., Meijer,L., and Eisenbrand,G.
(2001). Inhibition of cyclin-dependent kinase 1 (€D by indirubin derivatives in human
tumour cells. Br. J. Cancéd, 283-289.

Martin-Castellanos,C., Blanco,M.A., de Prada,Jand Moreno,S. (2000). The pucl
cyclin regulates the G1-phase of the fission yealtcycle in response to cell size. Mol.
Biol. Cell 11, 543-554.

Martin-Castellanos,C., Labib,K., and Moreno,S. @R®8-type cyclins regulate G
progression in fission yeast in opposition to tB8'ff" cdk inhibitor. EMBO J15, 839-
849.

215



Matsushime,H., Quelle,D.E., Shurtleff,S.A., ShibiWa Sherr,C.J., and Kato,J.-Y. (1994).
D-type cyclin-dependent kinase activity in mammalkalls. Mol. Cell. Biol.14, 2066-
2076.

Measday,V., Moore,L., Ogas,J., Tyers,M., and Andr&uv(1994). The PCL2 (ORFD)-
PHOS85 cyclin-dependent kinase complex: A cell cyelgulator in yeast. Scien26é6,
1391-1395.

Meijer,L. (1995). Chemical inhibitors of cyclin-depdent kinases. In Progress in Cell
Cycle Research, L.Meijer, S.Guidet, and H.Y.L.Tuads. (New York: Plenum Press), pp.
351-363.

Meijer,L. (1996). Chemical inhibitors of cyclin-depdent kinases. Trends Cell Bi6).
393-397.

Meijer,L. and Raymond,E. (2003). Roscovitine artfieofpurines as kinase inhihitors.
From starfish oocytes to clinical trials. Accouisem. Res36, 417-425.

Meyerson,M., Enders,G.H., Wu,C.L., Su,L.K., Gorkaelson,C., Harlow,E., and
Tsai,L.H. (1992). A family of human cdc2-relatedt@in-kinases. EMBO 11, 2909-
2917.

Meyerson,M. and Harlow,E. (1994). Identification®f kinase activity for cdk6, a novel
cyclin D partner. Mol. Cell. Biol14, 2077-2086.

Migone,F., Delnnocentes,P., Smith,B.F., and Bir@,R2006). Alterations in CDK1
expression and nuclear/nucleolar localization feitg induction in a spontaneous canine

mammary cancer model. J. Cell. Bioch&8,.504-518.

MiRlitz,A., Mottram,J.C., Overath,P., and Aebischie(2000). Targeted integration into a
rRNA locus results in uniform and high level exies of transgenes ineishmania
amastigotes. Mol. Biochem. Parasitt)7, 251-261.

Mondesert,O., McGowan,C.H., and Russell,P. (1988)2, a B-type cyclin, promotes the
onset of S irschizosaccharomyces pombe. Mol. Cell. Biol. 16, 1527-1533.

Moore,J.D., Yang,J., Truant,R., and Kornbluth,89@). Nuclear import of Cdk/cyclin
complexes: Identification of distinct mechanismsifoport of Cdk2/cyclin E and
Cdc2/cyclin B1. J. Cell Bioll44, 213-224.

216



Moreno,S., Hayles,J., and Nurse,P. (1989). Regulaif p34cdc2 protein kinase during
mitosis. Cell58, 361-372.

Morgan,D.O. (1995). Principles of CDK regulatiorathre374, 131-134.

Morgan,D.O. (1997). Cyclin-dependent kinases: Eegjiclocks, and microprocessors.
Annu. Rev. Cell Dev. Bioll3, 261-291.

Mottram,J.C. (1994). cdc2-related protein kinaseseell cycle control in
trypanosomatids. Parasitol. TodHy, 253-257.

Mottram,J.C., Kinnaird,J., Shiels,B.R., Tait,A.daBarry,J.D. (1993). A novel CDC2-
related protein kinase froireishmania mexicana, LmmCRK1, is post-translationally
regulated during the life-cycle. J. Biol. Che268, 21044-21051.

Mottram,J.C., McCready,B.P., Brown,K.P., and Giamil. (1996). Gene disruptions
indicate an essential function for the LmmCRK1 cdelated kinase dfeishmania
mexicana. Mol. Microbiol. 22, 573-582.

Mottram,J.C. and Smith,G. (1995). A family of tryjgsome cdc2-related protein kinases.
Genel62, 147-152.

Nasmyth,K. (1993). Control of the yeast cell cylojethe CDC28 protein kinase. Curr.
Opin. Cell Biol.5, 166-179.

Naula,C., Parsons,M., and Mottram,J.C. (2005).dndtinases as drug targets in
trypanosomes andeishmania. Biochim. Biophys. Actd 754, 151-159.

Neal,R.A. and Croft,S.L. (1984). An in-vitro systdon determining the activity of
compounds against the intracellular amastigote foirbrei shmania donovani. J
Antimicrob. Chemotherl4, 463-475.

Nelson,P.J., Gelman,I.H., and Klotman,P.E. (208Lppression of HIV-1 expression by
inhibitors of cyclin-dependent kinases promotefedéntiation of infected podocytes. J.
Am. Chem. Soc. Nephrol2, 2827-2831.

Nguyen,M.D., Lariviere,R.C., and Julien,J.P. (20@gregulation of Cdk5 in a mouse
model of ALS: toxicity alleviated by perikaryal nedilament inclusions. Neurot, 135-
147.

217



Nigg,E.A. (1996). Cyclin-dependent protein kinas@tthe cross-roads of transcription,
DNA repair and cell cycle control? Curr. Opin. Ggibl. 8, 312-317.

Nigg,E.A. (2001). Mitotic kinases as regulatorscell division and its checkpoints. Nat.
Rev. Mol. Cell Biol.2, 21-32.

Ninomiya-Tsuji,J., Nomoto,S., Yasuda,H., Reed,a@rd Matsumoto,K. (1991). Cloning
of a human cDNA encoding a cdc2-related kinasedmyptementation of a budding yeast
CDC28 mutation. Proc. Natl. Acad. Sci. U88, 9006-9010.

Nishiyama,A., Tachibana,K., Igarashi,Y., YasudaFanahashi,N., Tanaka,K.,
Ohsumi,K., and Kishimoto,T. (2000). A nonproteddyfinction of the proteasome is
required for the dissociation of Cdc2 and cycliatBhe end of M phase. Genes D4,
2344-2357.

Novy,R., Yaeger,K., Held,D., and Mierendorf,R. (2D0Coexpression of multiple target

proteins inE. coli. inNovationsl5, 2-6.

Nurse,P. (1990). Universal control mechanism ramgaonset of M-phase. Natugd4,
503-508.

Nurse,P. and Bissett,Y. (1981). Gene required donraitment to the cell cycle and in G2

for control of mitosis in fission yeast. Natl2@2, 558-560.

Nwaka,S. and Hudson,A. (2006). Innovative leadaliscy strategies for tropical diseases.
Nat. Rev. Drug Discovery, 941-955.

Obara-Ishihara,T. and Okayama,H. (1994). A B-tyydic negatively regulates
conjugation via interacting with cell cycle 'stay&nes in fission yeast. EMBO1B, 1863-
1872.

Ohshima,T., Ward,J.M., Huh,C.G., Longenecker,Gerdena, Pant,H.C., Brady,R.O.,
Martin,L.J., and Kulkarni,A.B. (1996). Targetedmligtion of the cyclin-dependent kinase
5 gene results in abnormal corticogenesis, neumatblogy and perinatal death. Proc.
Natl. Acad. Sci. USA3, 11173-11178.

Palit,P. and Ali,N. (2008). Oral therapy with Amipthe and Lacidipine, 1,4-
dihydropyridine derivatives showing activity agdiegperimental visceral leishmaniasis.
Antimicrob. Agents Chenb2, 374-377.

218



Paris,J., Leguellec,R., Couturier,A., Leguellec®milli,F., Camonis,J., MacNeill,S.A.,
and Philippe,M. (1991). Cloning by differential sening of aXenopus cDNA coding for a
protein highly homologous to cdc2. Proc. Natl. Ac&di. USA88, 1039-1043.

Parsons,M., Worthey,E.A., Ward,P.N., and Mottra@,J2005). Comparative analysis of
the kinomes of three pathogenic trypanosomatidshmania major, Trypanosoma brucel
andTrypanosoma cruzi. BMC. Genomic$, 127.

Pevarello,P. and Villa,M. (2005). Cyclin-dependkintase inhibitors: a survey of the
recent patent literature. Expert Opin. Ther. Rat675-703.

Piggott,J.R., Rai,R., and Carter,B.L.A. (1982).ifubctional gene product involved in
two phases of the yeast cell cycle. Na298, 391-393.

Pines,J. and Hunter,T. (1990). p34cdc2: The S akihike? New Biol2, 389-401.

Pink,R., Hudson,A., Mouries,M., and Bendig,M. (2R0Bpportunities and challenges in
antiparasitic drug discovery. Nat. Rev. Drug. Dismy 4, 727-740.

Polychronopoulos,P., Magiatis,P., Skaltsounis,AMyrianthopoulos,V., Mikros,E.,
Tarricone,A., Musacchio,A., Roe,S.M., Pearl,L., §ebl., Greengard,P., and Meijer,L.
(2004). Structural basis for the synthesis of iiins as potent and selective inhibitors of

glycogen synthase kinase-3 and cyclin-dependeaskms J. Med. Chem7, 935-946.

Ponderato,N., Lagutina,l., Crotti,G., Turini,P.,llG&., and Lazzari,G. (2001). Bovine
oocytes treated prior io vitro maturation with a combination of butyrolactonenta
roscovitine at low doses maintain a normal develepal capacity. Mol. Reprod. De&0,
579-585.

Porter,L.A. and Donoghue,D.J. (2003). Cyclin B1 &@ieK1: nuclear localization and
upstream regulators. In Progress in Cell Cycle Re$e L.Meijer, A.Jezequel, and
M.Roberge, eds., pp. 335-347.

Prelich,G. and Winston,F. (1993). Mutations thaimess the deletion of an upstream
activating sequence in yeast: Involvement of aginokinase and histone H3 in repressing
transcriptionin vivo. Geneticsl35, 665-676.

Qi,Z., Huang,Q.-Q., Lee,K.-Y., Lew,J., and Wang,J1995). Reconstitution of neuronal
Cdc2-like kinase from bacteria- expressed Cdk5amndctive fragment of the brain-
specific activator. Kinase activation in the aliseof Cdk5 phosphorylation. J. Biol.
Chem.270, 10847-10854.

219



Reed,S.l., Hadwiger,J.A., and Lorincz,A.T. (198%potein kinase activity associated with
the product of the yeast cell division cycle gede28. Proc. Natl. Acad. Sci. USZ,
4055-4059.

Reichwald,C., Shimony,O., Dunkel,U., Sacerdoti-&igi., Jaffe,C.L., and Kunick,C.
(2008). 2-(3-Aryl-3-oxopropen-1-yl)-9-tert-butyl-pbones: a new antileishmanial
chemotype. J. Med. Cheifil, 659-665.

Reithinger,R., Dujardin,J.C., Louzir,H., Pirmez,Blexander,B., and Brooker,S. (2007).

Cutaneous leishmaniasis. LanZeb81-596.

Ren,S. and Rollins,B.J. (2004). CyclinC/Cdk3 proesdRb-dependent GO exit. C&ll7,
239-251.

Renslo,A.R. and McKerrow,J.H. (2006). Drug discgvand development for neglected
parasitic diseases. Nat. Chem. Biyl701-710.

Riabowol,K., Draetta,G., Brizuela,L., Vandre,D.dd®each,D. (1989). The cdc2 kinase is
a nuclear-protein that is essential for mitosismemmmalian-cells. Ced7, 393-401.

Richardson,H.E., Lew,D.J., Henze,M., Sugimoto,iKd &eed,S.I. (1992). Cyclin-B
homologs inSaccharomyces cerevisiae function in S phase and in,G5enes & DeVve,
2021-2034.

Richardson,H.E., Wittenberg,C., Cross,R., and R&&d;1989). An essential G1 function
for cyclin-like proteins in yeast. Céb, 1127-1133.

Rogers,M.E., Chance,M.L., and Bates,P.A. (2002 e of promastigote secretory gel
in the origin and transmission of the infectiveggtafLeishmania mexicana by the sandfly

Lutzomyia longipalpis. Parasitologyl24, 495-507.

Rosania,G.R. and Chang,Y.T. (2000). Targeting hpqodéiferative disorders with cyclin
dependent kinase inhibitors. Expert Opin. Ther. Egt215-230.

Rossi,D.J., Londesborough,A., Korsisaari,N., PitAakLehtonen,E., Henkemeyer,M., and
Makela, T.P. (2001). Inability to enter S phase defictive RNA polymerase 1l CTD
phosphorylation in mice lackingatl. EMBO J20, 2844-2856.

Sambrook,J., Fritsch,E.F., and Maniatis,T. (198®)lecular cloning: A laboratory
manual., C.Nolan, ed. (Cold Spring Harbor, NY.: C8pring Laboratory Press).

220



Santamaria,D., Barriere,C., Cerqueira,A., HuniTardy,C., Newton,K., Caceres,J.F.,
Dubus,P., Malumbres,M., and Barbacid,M. (2007). Cidksufficient to drive the
mammalian cell cycle. Natur8, 811-816.

Santori,M.l., Laria,S., Gomez,E.B., Espinosa,l.la8f,N., and Tellez-Inon,M.T. (2002).
Evidence for CRK3 participation in the cell divisioycle ofTrypanosoma cruzi. Mol.
Biochem. Parasitoll21, 225-232.

Schang,L.M. (2001). Cellular proteins (cyclin degent kinases) as potential targets for
antiviral drugs. Antiviral Chem. Chemothég, 157-178.

Schultz,C., Link,A., Leost,M., Zaharevitz,D.W., GigR., Sausville,E.A., Meijer,L., and
Kunick,C. (1999). Paullones, a series of cyclina®gent kinase inhibitors: synthesis,
evaluation of CDK1/Cyclin B inhibition, anah vitro antitumor activity. J. Med. Chem2,
2909-29109.

Schwob,E. and Nasmyth,K. (1998)LB5 andCLB6, a new pair of B cyclins involved in
DNA replication inSaccharomyces cerevisiae. Genes & Dev7, 1160-1175.

Seifert,K., Lemke,A., Croft,S.L., and Kayser,O. @Z). Antileishmanial structure-activity
relationships of synthetic phospholipidis vitro andin vivo activities of selected
derivatives. Antimicrob. Agents Chemsil, 4525-4528.

Sekine,C., Sugihara,T., Miyake,S., Hirai,H., YoshM., Miyasaka,N., and Kohsaka,H.
(2008). Successful treatment of animal models efinhatoid arthritis with small-molecule
cyclin-dependent kinase inhibitors. J Immut80, 1954-1961.

Senderowicz,A.M. (1999). Flavopiridol: the firstatyn-dependent kinase inhibitor in
human clinical trials. Invest. New Dru@g, 313-320.

Shapiro,G.1. (2004). Preclinical and clinical deghent of the cyclin-dependent kinase
inhibitor Flavopiridol. Clin. Cancer Re%0, 4270S-44275.

Sielecki,T.M., Boylan,J.F., Benfield,P.A., and Tai,G.L. (2000). Cyclin-dependent
kinase inhibitors: Useful targets in cell cycleution. J. Med. Chend3, 1-18.

Simanis,V. and Nurse,P. (1986). The cell-cycle mmrgene cdc2+ of fission yeast
encodes a protein-kinase potentially regulatedhmsphorylation. Cel5, 261-268.

Solomon,M.J., Glotzer,M., Lee,T.H., Philippe,M.dakirschner,M. (1990). Cyclin
activation of p34cdc2. Cefi3, 1013-1024.

221



Solomon,M.J., Lee,T., and Kirschner,M.W. (1992)ldRaf phosphorylation on p34cdc2
activation: identification of an activating kinadéol. Cell. Biol. 3, 13-27.

Soni,R., O'Reilly,T., Furet,P., Muller,L., Steph@n,Zumstein-Mecker,S., Fretz,H.,
Fabbro,D., and Chaudhuri,B. (2001). Selectiveivo andin vitro effects of a small

molecule inhibitor of cyclin-dependent kinase 4Natl. Cancer Ins21, 446.

Srinivasan,J., Koszelak,M., Mendelow,M., Kwon,Y .-@&d Lawrence,D.S. (1995). The
design of peptide-based substrates for the cddRiprkinase. Biochem. 309, 927-931.

Sriram,V. and Patterson,C. (2001). Cell cycle iscudoproliferative diseases: potential

interventions and routes of delivery. Circulatif8, 2414-2419.

Stern,B. and Nurse,P. (1996). A quantitative mdakethe cdc2 control of S phase and
mitosis in fission yeast. Trends Genk, 345-350.

Sterner,D.E., Lee,J.M., Hardin,S.E., and Greemehf,(1995). The yeast carboxyl-
terminal repeat domain kinase CTDK-I is a diverggrin-cyclin-dependent kinase
complex. Mol. Cell. Biol15, 5716-5724.

Stevenson-Lindert,L.M., Fowler,P., and Lew,J. (Q0@ibstrate specificity of CDK2-
cyclin A - What is optimal? J. Biol. Cher@78, 50956-50960.

Surana,U., Robitsch,H., Price,C., Schuster, T. hHitcFutcher,A.B., and Nasmyth,K.
(1991). The role of CDC28 and cyclins during misasi the budding yeaSaccharomyces
cerevisiae. Cell 65, 145-161.

Tassan,J.P., Jaquenoud,M., Fry,A.M., Frutiger,8gh#¢s,G.J., and Nigg,E.A. (1995h).
vitro assembly of a functional human CDK7-cyclin H coexptequires MAT1, a novel 36
kDa RING finger protein. EMBO 14, 5608-5617.

Tassan,J.P., Jaquenoud,M., Léopold,P., Schultze®d Nigg,E.A. (1995b). Identification
of human cyclin-dependent kinase 8, a putativegmmdtinase partner for cyclin C. Proc.
Natl. Acad. Sci. USA2, 8871-8875.

Teague,S.J., Davis,A.M., Leeson,P.D., and OprgadR9). The Design of Leadlike
Combinatorial Libraries. Angew. Chem. Int. Ed Ergf, 3743-3748.

Thuret,J.Y., Valay,J.G., Faye,G., and Mann,C. (39@6/1 (CAKin vivo), a novel Cdk-
activating kinase. Ce86, 565-576.

222



Tsai,L.H., Harlow,E., and Meyerson,M. (1991). I¢ma of the human cdk2 gene that
encodes the cyclin A- and adenovirus E1A-associgBakinase. Naturgs3, 174-177.

Tsai,L.H., Lees,E., Faha,B., Harlow,E., and Riabigktq1993). The cdk2 kinase is
required for the G1-to-S transition in mammaliallscé®©ncogend, 1593-1602.

Tsai,L.H., Lee,M.S., and Cruz,J. (2004). Cdk5,exdpeutic target for Alzheimer's
disease? Biochim. Biophys. Act&97, 137-142.

Tsutsui,T., Hesabi,B., Moons,D.S., Pandolfi,P.Rnsel,K.S., Koff,A., and Kiyokawa,H.
(1999). Targeted disruption of CDK4 delays cellleyentry with enhanced p27Kipl
activity. Mol. Cell. Biol.19, 7011-7019.

Tu,X. and Wang,C.C. (2004). The involvement of taa2-related kinases (CRKS) in
Trypanosoma brucei cell-cycle regulation and the distinctive stageesfic phenotypes
caused by CRKS3 depletion. J. Biol. Chetv9, 20519-20528.

Tu,X. and Wang,C.C. (2005). Pairwise knockdownedu2-related kinases (CRKS) in
Trypanosoma brucel identified the CRKs for G1/S and G2/M transiti@ml demonstrated
distinctive cytokinetic regulations between two elepmental stages of the organism.
Eukaryotic Cell4, 755-764.

Valay,J.G., Simon,M., and Faye,G. (1993). The Kipa&ein kinase is associated with a
cyclin in Saccharomyces cerevisiae. J. Mol. Biol.234, 307-310.

Van Hellemond,J.J., Neuville,P., Schwartz,R.J.,tMaws,K.R., and Mottram,J.C. (2000).
Isolation of Trypanosoma brucei CYC2 andCYC3 cyclin genes by rescue of a yeast G
cyclin mutant. Functional characterisation of CYQ2Biol. Chem275, 8315-8323.

Vesely,J., Havlicek,L., Strnad,M., Blow,J.J., DdadDeana,A., Pinna,L., Letham,D.S.,
Kato,J., Detivaud,L., Leclerc,S., and Meijer,L. 949. Inhibition of cyclin-dependent
kinases by purine analogues. Eur. J. Biochzi, 771-786.

Wang,Y.X., Dimitrov,K., Garrity,L.K., Sazer,S., aB#verley,S.M. (1998). Stage-specific
activity of theLeishmania major CRK3 kinase and functional rescue of a
Schizosaccharomyces pombe cdc2 mutant. Mol. Biochem. Parasit@6, 139-150.

Ward,P., Equinet,L., Packer,J., and Doerig,C. (20Rbtein kinases of the human malaria
parasitePlasmodium falciparum: the kinome of a divergent eukaryote. BMC. Genahjc
79.

223



Westerling, T., Kuuluvainen,E., and Makela, T.P. (20@dk8 is essential for
preimplantation mouse development. Mol. Cell. B#¥,. 6177-6182.

Wintner,E.A. and Moallemi,C.C. (2000). Quantizedfdce Complementarity Diversity
(QSCD): A model based on small molecule-target dempntarity. J. Med. Chem3,
1993-2006.

Xiang,J., Lahti,J.M., Grenet,J., Easton,J., anddikrd]. (1994). Molecular cloning and
expression of alternatively spliced PITSLRE protdimase isoforms. J. Biol. Cher269,
15786-15794.

Yang,W., Zhang,L., Lu,Z., Tao,W., and Zhai,Z. (2DOA new method for protein
coexpression iescherichia coli using two incompatible plasmids. Protein Expréssif.
22, 472-478.

Ye,X., Zhu,C., and Harper,J.W. (2001). A prematigrgaination mutation in thislus
musculus cyclin-dependent kinase 3 gene. Proc. Natl. AGad.U. S. A98, 1682-1686.

Yuhong,D., Moulick,K., Rodina,A., Aguirre,J., Felss, Dingledine,R., Haian,F., and
Chiosis,G. (2007). High throughput screening flgosmnce polarization assay for tumor-
specific Hsp90. J Biomol. Screet®?, 915-924.

Zhang,J.H., Chung,T.D.Y., and Oldenburg,K.R. (1929%imple statistical parameter for
use in evaluation and validation of high throughgereening assays. J Biomol. Scregn.
67-73.

Zijlstra,E.E., Musa,A.M., Khalil,E.A.G., El-Hass&M)., and El-Hassan,A.M. (2003).

Post-kala-azar dermal leishmaniasis. Lancet Inf2ist.3, 87-98.

224



