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Abstract

Sphingosine is phosphorylated via the action of the enzymes sphingosine kinase 1 (SK1)
and sphingosine kinase 2 (SK2) to produce the bioactive signalling molecule sphingosine
1-phosphate (S1P). S1P drives cancer getlliferation and migration whilst also
promoting cell survival. Many studies have demonstrated that SK is a promising target for
the treatment of cancer and the development of novel isedeletctive SK inhibitors to

treat human cancers is of major i&lr To date, inhibitors for this enzyme have either
been selective for SK1 or naelective for both isoforms. However, most SK inhibitors
have only weak potency. This project involves the design and synthesis of small molecule
inhibitors of SK as poterdl anticancer compounds.

In this drug discovery project, a series of potent and selective inhibitors of SK (SK1 or
SK2 or SK1/SK2) were developed based on the structure-6#BF known potent SK1
selective inhibitor. Analogues of P43 were preparedhat were potent selective
inhibitors of SK1 over SKand nM potent SK2 inhibitors with selectivity over SK1.
These compounds represent some of the first nM potent SK2 inhibitors with selectivity
over SK1. Indeed, the studies identifi@dtructural determant in the catalytic site of
SK1 and SK2 that confeselectivity, with the heel and toe regions of thecatled J

channel in either enzyme providiagneans taard selectivity.

Exemplars from the seriegere shown to have potent cellular activity babpin vitro
microsomal stability. Effective target engagement and selectivity for SK1 in prostate
cancer cell lines (LNCaP and LNG#®) and proliferatinghuman pulmonarartery
smooth muscle cells (h(PSMA®ere also established variety of biological asays
associated with SK inhibition were used to evaluate their ability to induce cancer cell
death which was shown to involve a casp&#&independent mechanism.
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Our SK1 and SK1/SK2 inhibitors, but not SK2 inhibitors, also reduced expression of
dihydroceramide desaturas€esl) in a dose dependent manner, causing growth arrest
and caspasmdependent cell death. This project highlighted the importaioce
combiring SK1 with Deslinhibition in terms of endowing compounds with cytotoxicity

against cancer cells.
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1.1 Sphingolipids metabolism

Sphingolipids are a class of lipids that are commonly found in cell membt&iése
sphingolipid metabolites ceramide (Cer), sphingosine (Sph), and sphindesine
phosphate (S1P) play a significant role in the regulation of several vital cellular
processes such as cell proliferation, survival, senescence, migration and differentiation

under both physiological and pathological conditidns.

Sphingolipid metabolism (Figure 11) involves several reactiongilising enzymes at
different sibcellular localizationsto form a multitude of lipids with signaling
functions.* Ceramide (Cer) is positioned at the center of sphingolipid biosynthesis and
catabolism and is therefore defined as a metabolicHiiiere are four main metabolic

pathways of Cer formatiof;

1) First, thede novgpathway (in the endoplasmic reticulum) leads to the formation of
3-ketodihydrosphingosine via the use of palmi@pA and serine, and in turn,
reduction of 3keto-dihydrosphingosine to produce dihydrosphingosine. This is then
acylated by dihydroceramide synthase to produce dihydroceramides of different chain
lengths.? There aresix different isoforms of ceramide synthases (CeBand each

one selectively binds to glachains of varying lengths (C1626) coupled to coenzyme

A that are required foN-acylation of the sphingosine baseThe final step is the
formation of Cer species via the introduction of a double bond by dihydroceramide
desaturase (desf)Cer is then translocated to the Golgi via vesicles or by Cer transfer
protein (CERT)’ where it can be metabolised to other sphingolipids such as
sphingomyelin, which is a major component of the plasma membrane, Sph and
ceramide1-phosphate?

2) The sphingomyelinase pathway (in the plasma membrane, Golgi and mitochondria)
involves conversion of sphingomyelin into Cer by the action of sphingomyelinase
(SMase). Sphingomyelinase activation happens in response to various stimulg such a
vitamin D.%* Cer can then be converted back into sphingomyelin via the action of
sphingomyelin synthases (SMS) and exchange of the phosphoryl choline head group

of phosphatylcholine can produce diacyglycerol.



3) The salvage pathway (in endosomes and lysosomes), includes the deacylation of
Cer via the action of ceramidases and results in the formation of sphingosine (Sph).
Phosphorylation of Sph at theQH position by spimgosine kinases (SK) results in
S1Pformation.® There are two types of sphingosine kinase, namely SK1 and SK2
which are described in detail gection 1.2 Cells also have S1P phosphatéS&PPs)

15 and Cer synthase (CerS) activities that are able to do8¢& back into Sph and

Sph to Cer respectively. Alternatively, S1P can be irreversibly metabolised by S1P
lyase(S1PL).to ethanolamine phosphate and hexadecehal.

4) The glycosphingolipids pathway involves transfer of complex glycosphingolipids

in the Golgi to the plasma membrane by vesicular transport followed by metabolism
to glucoylceramides that can also be converted to Cer by the action of by glucosyl
ceramidase (GCerasdigure 1.1). 1617
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Figure 1.1. Sphingolipid /Ceramide (Cer) metabolismpathways De novosynthesis of Cer
and production ofsphingofe-1-phosphate §1B. Key enzymes that are controlling the
Cer/S1P rheostasire shown in pink. Also, shown are the chemical structures of Cer,
sphingosingSph) and(S1P).

1.1.1 Physiological role ofsphingolipids: the sphingolipid rheostat

Physiologically,Cerand Sph both promote apoptosis or cell growth artést S1P,
on the other hand, stimulates cell proliferation, growand migration'®2%22Cerand
S1P are predeath and prsurvival messengers respectivellgigure 1.2); Cer

promotes apoptosis through a direct disruptive céffen mitochondria thereby



inhibiting cell division.?® S1P stimulates a number of differentstarvival pathways
(mainly the Akt and ERK pathway<he crucial consequence being the production of
proteins that inhibit apoptosiS1P has been implicated in several physiological and
cellular processeg* For example, S1P is involved in regulating cell survival, and
adhesion.?® In addition, SIP has a role in regulating vascular development,

atherosclerosis, inflammation and immunity, tumourgenesis and metaSt&sis.

The interconversion of Cer to Sph and S1P is termed the sphingolipid rhé&ostat.
The balance between signaling by ceramide and sphingosine and S1P is vital in
determining cell fate®>?8 In normal healthy cells, a balance is achieved between pro
survival and predeath messageshich are dependent on the status of the rhegétat.
Cellular stress, such as inflammation émadiation increases Cer productiéhwhile
cancer is one example where the balance shifts in fad&1P through the up

regulationof SK 3!

Sphingosine — Ceramide <«<—> ( Sphingomyelin
l SK1 \
S1P
l E Inhibits cell proliferation E

Enhances Cell

/ ¢ \ \ Angiogenesisé

E Proliferation Motility Adhesion

Enhances Apoptosis

Figure 1.2. Physiological role ofCeramide (Cer)and sphingosinel-phosphate (S1P)The
apoptotic role ofCerby inhibition of cell proliferatiorandthe antiapoptoticfunctionof S1P

via enhancing of cell pliferation, controlled by the sphingolipid rheostat

Although regulation of the sphingolipid rheostat involves severaénzymes (Figure
1.1), many studies provide evidence tI# hasa crucial role in regulating cell

survival.3? 38 |n addition recent studies highlight that dihydroceramide desaturase (Des1)



is another crucial enzyme involved in the regulation of cell survivalrasiiion of Des1
would reduce preapoptotic Cer but could increase dihydroceramid&sgroviding
evidence that modulation of both tle novoCer pathway and the sphingolipid rheostat

are able to affect cell grain
1.1.2 Sphingosine 1phosphate receptors and insid®ut signaling

S1P has welestablished roles in both normal physiology and pathophysiéfdsiP

can be used to signal inside the cell or it can be transported outside of the cell, where
it binds to S1P receptors with high affinit).S1P receptors (SHB) are a family of
plasma membrane -@rotein coupled receptors that have crucial roles in the
sphingolipid pathway.*! S1P can bind to S1PRs in both a paracend autocrine
manner i n a pr oaue signallinge ATRbinding Gassett i(ABE)
transportersand the spinster homologue 2 (Spns2) transpéfterare capable of
transporting $P out of the cell, where it then binds to any one of the five SIPRsi(S1P
S1R) (Figure 1.9. S1R, S1P and S1R are expressed in most tissuésS1R is
commonly found in immune cells and the lungs, whiles3d Bxpressed in the central
nervous system and skiff*® The S1P receptor subtypes are codpiea wide range

of distinct G protens (G, Gq and Gi2/19 that trigger different primary messenger
pathways They can activat@hospholipase C (PLC), phosphatidylinositekiBase
(PI3K), extracellular signalegulated kinase (ERK) and Rho pathwaysinhibit
adenylate cyclase (AC) and Rsignaling Figure 1.3).24
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Figure 1.3. The major roles of sphingosine dphosphate receptor{S1PRs) Summary of

signalling pathways activated upon S1P stimulation of its five GPCR subtypes.

S1R couples to Gand inhibit the AC pathway whilst activating RI3PLC and ERK
pathways. S1Puses both Ga n darrdstin to regulate the ERK pathway? 46 The
ERK and PLC pathways are responsible for cell proliferatidAwnhile the PI3K
pathway is responsible for migration by increasing Rac expre$siot cell survival
pathways. Indeed, PI3K signalling (increased via Aktregulates the expression of
antrapoptotic proteins including B& and Mct1, and dowrregulating preapoptotic
proteins such as BAD drBAX. 4"49S1R is widely expressed and hasajor role in
angiogenesis and vascular maturati¢thyascular tone?® and endothelial barrier

function.®?

Unlike S1R, S1P.couples primarily to @n3and stimulates the Rho pathway to inhibit
cell migration.2%3%*S1P can alsocouple with G to activatePLC® andwith Gi to



mediate cell proliferation via activation of ER®.S1P is predominantly expressed
in the vascular smooth musdaells® and plays a key role in the development and/or
mediation of neuronal excitability? It is also crucial for the appropriate performance

of the auditory and vestibular systems and its underexpression causes defafhess.

Similar to S1P, S1R can also couple to iGGq and G2is.3° S1IR couples most
efficiently to Gyto activate PLC and enhance cell angiogen&sia.contrast to S1P

S1R binds to Gand promotes cell migration via activation of Ra& It is highly
expressed in the heart, lungs, spleen, kidney, intestine, diaphragm and certaoh types
cartilage 5°

S1Ralso couples to and Gziszand stimulates PLC and ERK resulting in cytoskeletal
rearrangements after stimulation with S3P.ts expression is limited to the immune

compartments and leukocyt&€s®2

S1R mediates the inhibition of cell migration through coupling t@/@ resulting in
the subsequent stimulation of the Rhéhpaay. S1B also couples to &nd may also
induce cell migration via activation of the Rac pathwait.is highly expressd in the
central nervous nervous system and is the predominant receptor in oligodendrocytes,

the myelinating cells of the braiff%°
1.1.3 Sphingosine 1phosphate as an intracellular effector

Choiet al, provided the first evidence for the existence of intracellular targets of S1P,
reporting an S1Pfdependent regulation of intracellular calcium levélslore

recently, intracellular S1P produced by SK1 (in the cytosol) was found to activate
TRAF2, an E3ubiquitin ligase involved in the K63 polyubiquitination of receptor
interacting protein 1(RIP1% The TRAF2/SK1 complex acts aseaffold that allows

the binding and phosphoryl ation of | @ B
polyubiquitination and degradation and activates-a\B , a transcripti
regulating the expression of proteins involved in cell survival and the immune

response?%:67.68



Nuclear S1P formed by SK2 regulates epigen®cliated gene expression through
inhibition of histone deacetylace®.The enzymatic activity fohistone deacetylases
HDAC1 and HDAC?2 is inhibited by direct binding of S1P, which in turn promotes
transcription of tumour suppressors and pmtcogenes such as the senescence
marker p21 and the transcription factefios. ®° Prohibitin (PHB)2, a tumosuppressor
protein that regulates mitochondrial assembly and function that mediates
mitochondrial respiration via the assembly of the cytochronexidase, has been
reported to bind to Skproduced S1P?

1.2 Sphingosine kinase

Sph, obtained from Cer (synthesised eitthernovoor via the salvage pathwyp is
phosphorylated in an AFBependent reaction catalysed by the enzyme sphingosine
kinase (SK) on its primary hydroxyl group to generate S1P. Two isoforms of SK have
been identified: (SKE27172and SK2°9). In humans, three splice vants of SK1
(SK1a, SK1b and SK1c) and three splice variants of SK2 (SK2a, SK2b, SK2c) have
been reported that differ by théikterminal extensions® 3 "Almost all of the SK1
sequence aligns with regions of the larger SK2, with 47% and 43% amino acid
sequence identity for tHé- andC-terminal regions of SK1* as shown ifigure 1.4.

SK1 and SK2 genes are located on different chromosothesSK1 gene is on

chromosome 1717qg25.2) while the SK2 gene is on chromosome 19 (19q13.2).

(i) SKia mop B €2 ©3 [c4] [¢
SKib MopwaCaRaLFarves [GT €2 €3 [ C4] c8

MSAQVLGFLRSWTPLPLAAPRGPAAAGNDAGAPAATAPG- =
SKic  GEGEPHSRPCDARLGSTDKELKAGAAATGSAPTAPGTPWQREPRVEVMDP E G2 C3 | C4)

=)

47% 43%

(ii) SK2a o 0 o (o
SK2b  MNGHLEAEEQQDQRPDQELTGSWGHGPRSTLVRAKA T G A [

TiBS

Figure 1.4. Human sphingosine kinase $K) isoforms. C1i C5 are the highly conserved

regions that are evolutionarily conserved within sphingosine kin4ses.



1.2.1 General structure of human SK

SK has been classified as an evolutionary conserved lipid kinase family that has five
conserved domains €15 (Figure 1.4). The CtC3 domainsarethe putative catalytic
regions (nucleotide binding domain) of the enzymegpommonwith diacylglyceol

(DGK) and Cer kinased® The C4 domain ispecificto sphingosine kinases and
appears to be less conservediBKs.”® The C5 domain is also conserved in Cer
kinas€’ andDGKs'®. hSK1 consists of three majd-terminal variants that are 384,

398 and 470 amino acids in size, while the SK2 enzymes consist of two variants
comprising 618 and 654 amino aci®The ATRbinding site in SK1 was shown to
reside in the CZ3 domairs of the enzyme within the consensus segeesGDGx17

21K and only have weak sequence similarity to the well characterised and highly
conserved glycingich loop motifs of protein kinase® °#The Sph hbiding site in

the enzyme was reported to involve a conserved aspartic acid residue (Aspl78 in
hSK1b, Asp264 in hSKlandAsp177 inmouseSK1) in the C4 domairf,81:82

1.2.2 Distribution and localization

Interestingly, SK1 ath SK2 have almost identical tissue distribution, although SK1 is
mainly expressed in the brain, heart, thymus, spleen, kidney, antflwhgreas SK2

is more highly expressed in the kidneys and li¥&Fhe cytosolic localisation of SK1

is consistent with the lack of a hydrophobic dom&hSK2 is localised at the
endoplasmic reticulum (ER) and mitochondria and can also shuttle between the
cytoplasm and nucleu$® In rat kdney homogenates, SK activities have been found

at the plasma membrane, the endoplasmic reticulum and the c§tosol.
1.2.3 Translocation andregulation of SK1

The activation of ERKL/2 catalyses phosphorylation of Ser225 in hS#1The
consequent increase in enzyme activity is accompanied by its translocation from the
cytosol to the plasma membrane, wherésitethered by the direct eraction of
specific residues (Thr54 and Asn89) with phosphatidylserine ®3$)SK1 also
interacts with phosphatidic acid (PA) at the plasma membrane and in the Golgi; this

interaction maps to it€-terminus and is independent of catalitivity or of the

10



DGK-like domain of the enzymé® hSK1 is also activated by its interaction with

TRAF2 viaa PPEE37982md i f and accompani eThelt i mul al
terminus of hSK1 has a prolireh domain (the last 17 amino acids) which has been
proposed as an SH8nding sequencé®®Also, translocation 08K1to andfrom the
nucleusmight involve two nuclear export sequences (NESNESL1 lies between

amino acids 147155 while NESZies between amino acids 18569, °2 Theexport of

SK1 from endothelial cells, leading to the extracellular presence of SK1 that affects

the vascular S1P gradient, has also been repdfted.
1.2.4 Translocation and regulation of SK2

hSK2 is phosphorylated by ERK1/2 on either (or both) Ser351 and Thr578 in response
to arrange of growth factors and cytokin¥d.ocalizationof SK2 to the ER can occur

i n response to serum deprivation and t he
generation of m-apoptotic Cer via ERocalized S1P phosphatase and ceramide
synthase® % SK2 localization to the nucleus is regulated by nudeealization and
nuclear export sequences with export being enhanced by -rRdated
phosphorylation®® Cellular release of active SK2 can octaltowing cleavage at the
N-terminus by caspaskand this allows extracellular generation of S®RAIthough

there is only little information aboltSK?2 regulation by phospholipids, the presence

of hSK2 at the ER in response to serum starvation suggests that SK2 might also be
regulated by phospholipid¥’ It has been suggested that Merminus (residuesil

175) of hSK2 interacts with-@-galactosylceramide and phosphoinositides. Indeed,
the ability of SK2 to bind these lipids is reduced following deletion of this redfon.

The physiological consequences of these interactions have not been d&fined.

1.2.5 The SK /S1P pathway in inflammation and immunity.

The SK/S1P pathway is known to play a critical role in many inflammatory responses
in diseases such as multiple sclerosis. Furthermore, augmented activity of the SK/S1P
pathway is associated Wwithe trigger and perpetuation of ulcerative colitis (UC) and
inflammatory bowel disease (IBDY The effects of SK and S1P on epithelial cells,
haematopoeitic cells and endothelial cells contribute to their role in inflammatory

processes. In cells of the immune system, SK activation occurs aftefickiosg of

11



immunoglobulin surface receptors, a process necessary for downstream si§h&fing.
Moreover, in epithelial cells, key pion f | ammat ory medi allaor s,
and LPS cause SK1 activation, which in tarediate the activation of several proteins
such as cyclooxygenageand monocyte cineoattractant proteid (MCP-1). 2049

1.3 SK/S1P pathway in cancer

Overexpression ofSK1 and increased S1P leveis a factor in promoting
carcinogenesis, inhibiting apoptosis and increasing the ability of the celigrate to
produce the development of new blood vessels whre both principal supporting

factors of tumour growth and cancer metast@sigure 1.5). 2
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Immune Cell
Chemoattractant

Cancer Cell Survival

Figure 1.5. The role of S1P action in cancerS1P engages with its receptors (§3)Pto
facilitate a range of signaling pathways, affecting vital biological processes that are

fundamental to cancer pathogenesis

1.3.1 Cancer cell proliferation and survival

Stimulation of S1Pand S1Rreceptors enhance cell growth and proliferation through
activation of preapoptotic ERK, PI3K and NkB pathways, while Spromotes cell
apoptosis by activating the Rho pathway, which then stimulate$ Ghmabtein Ras
and inhibits Akt signaling’101:102
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Overexpression of SiRnd SK1 inoestrogen receptaregative (ER breat tumours

was found to be linked to shorter diseapecific survival times and decreased
recurrence time in patient€®In addition, overexpression of ShRind S1Rhas been
found to be associated with oestrogipendent tumourigenesis of human breast
cancer cells.!®® The mechanism underlies oestrogipendent tumourigenesis
involving the functional interaction between S1P and growth factor siggalli
pathways, as estradiol stimulates the release of S1P from breast cancer cells which then
promotes the release of growth factors such as epidermal growth factor $EGH.

high expression of Si1Rand S1B receptors were also linked to poor prognosis in
estrogen (BER)Uasive breast tancer patisnt’® Hsu and ceworkers

found that maintaining tuaur growth in lung adenocarcinoma cells induced bysS1P
receptor stimulations increased the expression of the EGF receptor (EGFR) via

activation of Rheassociated kinase (ROCKY>

S1R has been found to stimulate ERK1/ERK2 in MIDB-453 breast cancer cells
by its interaction with human EGFR 2 (HER2), which results in enhancement of
tumour growth 1% Furthermore, it has been shown that a positive correlation exists

between the survival of glioblastoma patients and high expression ot%1P
1.3.2 Effect of SK/S1P on migration, invasion and metastasis

Tumour metastasis includes both cell migration and invasion., &I and S1k
receptors have been shown to have significant roles in the regulation of cellanigrati
5456 The Rho family of GTPases, particularly RhoA and Rachieas identified as a
central controller of cell migratiorf:1°%:1%8109n various cell types, activation of the
S1R and/or S1Preceptor by S1P enhances cell migration through activation of Rac
via Gi, while activation of the S:Peceptor exerts an inhibitory effect on cell
migraion due to the suppression of Rac activation via16'%*! Cell migration
regulated by S1P receptors (21dhd S1B) includes Go-mediated stimulation of
phosphatidylinositol Xinase (PI3K) and Rac. For @axple, S1P promotes ML
thyroid carcinoma cell and MCF breast cancer cell migration via activation of 51P
and S1RPand downstreami@nd PI3KAkt activation.!°
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Long and ceworkers found that S1P binding to SIluces a migration of ER+MCF

7 via an SKidependent mechanisi? Many studies in human glioblastoma cells
support the concept of a proigratory effect of S1P-*3114In addition, S1P was found

to enhace the invasiveness of glioblastoma cells by activation of plasminogen
activator inhibitorl (PAI-1). 1*®> The activation of RhoA/Rh&inase is essential for

the antimigratory effect of S1Peceptor signalling. It was observed that S1P also had
inhibitory effects on ngration of glioblastoma cells which predominately expressed
S1P receptors!!® Therefore, the balance between S1P receptor subtypes seems to be
a crucial factor in the metastatic response to S1P; in partitheae, is speculation that

the balance between signals from the a8d Gz213Rho pathwayshas a direct

modulation effect on cell migration, either in a positive or negative #a3*:’
1.3.3 S1P in vasculogenesand angiogenesis

S1P promotes blood vessel formation through its interactiormagbular endothelial
growth factor VEGF) signaling.'*® VEGF stimulates SK1 activity in T24 bladder
cancer cells, which is essential for VE@igluced activation of Ras anditogen
activated protein kinas®MAPKs). 1*° The suggestion that S1P has an efficient role in
vascular physiology originates from the fact that platelets have a high content of S1P
120 and erythrocytes produce S1P as a normal constituent in plasma and“8exum.
recent study has shown that angiogenesis is enhanced by SHKAdotEd
proliferation and migration of endothelial cell$! S1R receptor expressiois
essential for the maturation of blood vessels during embryonic developfraadtfor

tumour angiogenesis to support tumour growth.
1.4 Inhibition of S1P receptor signalling forthe treatment of ancer

Inhibition of dysregulated S1P signalling in cancer can be targeted using three
approaches. The first strategy involved the use of an antibody to eradicate/reduce
circulating levels of S1P23124Secondly, antagonists have been used to prevent S1P
binding to S1P receptors to block downstream signaling. The final option involves
pharmacological inhibition of SK1 and/or SK2 within the cell using SK inhibitors to
reduce the supply of S1¥.The murine derived ar1P monoclonal antibody (mAB,

SphingomabE) w ansutratismg antfbady develop@d t© reduce the
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bioavailability of S1P at its receptors:124A humanised version of the a18ilP mAB
(SonepcizumabE) has since been demel oped

in cancer-?*

To date, a number of S1P receptor antagonists have been reported. One such inhibitor,
FTY720 (fingolimod(Gilenyd™), has been extensively studied. It is an analogue of
Sph that uporin vivo administration isphosphorylated by SK2 intocSFFTY720
phosphate, which binds to S1# sreceptors (but not StPand acts initially as an
agonist. However, it acts as a functional antagonist of Byt Bausing the receptor to

be targeted for proteasomal degradatiéh!?’ Notably, FTY720 also acts as an BK
inhibitor 128 by inducing its proteasomal degradati&ff.FTY720 reduces metastasis

in a breast cancer mouse model that is correlated with collapsed and decreased

filopodia formation inthe cancer cell§®

FTY720 is currently approved by the FDA for the treatment of multiple sclerosis. Its
immunosuppressant activity again involves phosphorylation by SK2 to from FFY720
phosphate, which #ninduces downregulation of S1Pby proteosomal degradation
resulting in T cekltrappingin lymph nodes®®! Other antagonists include JTE 013,
which has been described as anS8&&eptor antagonist with andé»f 17 nM. It can
inhibit S1Rinduced cell migration and invasioht?132 VPC23019is a selective
antagonist for SiPand S1R with ICso values of 25 and 300 nM, respectively?
VPC23019 can reverse Sprompted migration of ovarian cancer cells and thyroid

cancer cell4°

1.5Role of SK in cancer

SK1

The SKs have a significant role in many canc&isl is implicated in the main
mechanisms supporting cancer growth such the enhancement of cellular survival,
proliferation, prevention of apoptosis and the stimulation of angiogenEsis.
example,stomach, lung, kidney, and colon cancer have been found to have elevated
levels of SK.2° Furthermore, overexpression of SK1 has been shown to be associated

with poorer survival in breast cancer patief34In addition, SK1 plays a role in
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cancer cell migration in pancreatic carcinoma cétfisSK1 activation by EGF is also

required for EGFdirected breast cancer cell migratié#.

A recent study has found that endogenous SK1 controls motility, growth, and
tamoxifen resistance of MGF cells.}'213"Moreover, the enforced overexpression of
SK1 in NIH 3T3 fibroldasts causes the acquisition of a transformed phenotype and
tumour formation in nude mice, demonstrating the growth promoting potential of this
enzyme 2 Both SK1 and SK2 are involved in EG@Rediated ativation and migration

of MDA-MB-453 breast cancer celf$®

These findings suggest that SK1 and SK2 might be critical for the growth, metastasis
and chemgesistance of human breast casc&imilarly,several studies have shown
that SK1 has led to an increase in tumourigenic potential in a transgenic mouse model
of erythroleukaemia-®*® S1P was found to be prominent in the plasma and malignant
ascites ofovarian cancer patient&'14!Interestingly, oveexpression of SK1 also
reduced etoposidieduced apoptosis in HB0 acute myeloid leukaemia celté? In
addition, activation of SK1 by VEGF in T24 bladdemour cells increased DNA
synthesis!*® Furthermore, inhibition of SK1 led to the suppression of cell growth and
enhanced apoptosis in PC3 prostate eagells as a consequence of decreased S1P
levels and increased Cer leveéf8:144145These findings support the possibility that the
growth-promoting effect of S1P in cancer is primarily mediated by Sk&veralin

vitro andin vivo studies have confirmed that SK1 has major role in the acquisition of
resistanceta popt ot i c-irragiftibreaod ceematHerapeutic drugs in prostate

cancer cells!43 149
SK2

Unlike SK1, the role of SK2 in cancer is not well defined. Some studiesrhagaled

that SK2 is preapoptotic, whereas others have it to be-aptiptotic Indeed, the role

of SK2 in cancer might be linked to its localisation in the nucleus and its interaction
with histone deacetylase (HDAC the nucleus, S1P produced by SKhibits

HDAC, causing augmented histone acetylation and the consequent expression of the
cyclin dependent kinase inhibitor p21, an inhibitor of cell cycle progression and the

transcriptional regulator -Eos.®®
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SK2 can be exported from the nucleus itite cytoplasm by protein kinase®®and
plays a preapoptotic role. It is a putative BH&ly protein capable of stimulating
apoptotic signaling’®i.e. it has a @amino acid motif similar to that present in Bcl
homology domain 3 (BH3pnly proteins. Like other BH8nly proteins, there is a
physical interaction between SK2 and the -apioptotic member BetL. SK2 down
regulates antapoptoticBcl-2 and BekxL to promote apoptosig® SK2 can associate
with the ER and generate S1P to produce theapaoptotic ceramide’® while S1P
formed by SK2 affects mitochondrial membrane permeability and cytochrome C
release to induce apoptosi¥.Similar to SK1, SK2 has been found to have a protective
role against chemotherapeutic treatmefits.

In contrastmany other more recent studies have revealeangrapoptoic role for

SK2 as its knockdown promoted apoptosis and increased the sensitivity of cancer cells
to chemotherapy*>? Gao and Smith#®® have established that some cancer cell types
might depend on SKrather than SK1 for survival. For example, in kidney and breast
cancer cells, theiRNA-mediated knockdownf SK2 has a greater argancer effect

than theknockdownof SK1.

In addition, it has been shown that in glioblastoma cells, kdogkn of SK2

expression inhibited cell proliferation to a higher extent than daguilation of SK1.

154 While the clinicalimp | i cati on of SK2 in cancer pat.
not well establishedseveral novel roles for it have been revealed recently through the

use of the chemical tool compound ABC294640, a selective and competitive SK2
inhibitor with aKiof 10e Mreduced S1P level in intact celf$? In contrast to its role

in BH3 signalling, inhibition of SK2 with ABC294640 promoted apoptasisl

exhibited effective anfproliferative activity n different types of tumour cell lines,

indicating a crucial role for SK2 in cancer cell surviv8t.ABC294640 also induced
dosedependent apoptosis via the incr-ease o
associated herpesrus positive patientlerived primary effusion lymphoma cells’

It induced autophag death in A498 kidney carcinoma cells,-B@rosate cancer cells

and MDAMB-231 breast adenocarcinoma cellg>31%5158.159 gy dies have
demonstrated that ABC294640 has significant-prdliferative effects, including the

arest of cellcycle progression in prostate cancer céfiSA recent study has found
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that the anttumor effect of ABC294640 could be due to its ability to induce the
proteasomal degradation of both SK1 and dihydroceramide desatDesb).>°

1.5.1 The role of the Cer/Desl and the S1P/Skathway in the regulation of
cancer cell growth

As mentioned above, mai ntaining a Asphin
crucial factor in complling cell growth. For instance, exposure of cells to stress stimuli
results in the accumulation of Cer due to the stimulatiodeohovobiosynthesis or
sphingomyelin hydrolysis®® Cer has been reported to stimulate steedivated
protein kinases, such as p38 mitogativated kinase (p38VIAPK) and e¢Jun N-
terminal kinase (JNK) via the activation of protein kim&(PKC)1%2In addition, Cer
accumulation has been shown to induce the release -@fppyiotic proteins such as
cytochrome C and proaspases by the formation of channels at the mitochondrial
membranel?2163165 Eyrthermore, Cer promotes apoptosis by controlling the activity
of members of the B& protein family. Cer activates the papoptoticBax ¢ and
inhibits the anti-apoptotic Bcl-2, %7 which results in the subsequent activation of
caspases and onset of apopto&?.Similar to Cer, Sph also has papoptotic
properties. Indeed, Sph initiates apoptosis in several cell lines by the activation of BAX
via PKC and stimulation of caspa3.1%%1%n contrast to Cer and Sph, S1P and SK1
have the opposite effect on the Bctamily members; S1P has been reported to inhibit
caspase activation and apoptosig?Generally, S1P activates aafpoptotic proteins

(e.g. Bct2) while deactivating prapoptotic proteins (e.g. Bad, Bim and B&¥)*°

Dihydroceramide desaturase (Desl) is the last enzyme dethevosynthesis of Cer
andregulates the balance between dihydroceramides and Cers. Despite the fact that it
has not been studied as extensively as SK, both SK and Desl1 have become of major
interest as therapeutic targets.Recent studies have revealed that Des1 ablation can
trigger prasurvival, anabolic cellular responses and inhibition of cancer cell growth.
For example, inhibition of Desl and the consequent raotation of
dihydroceramides induced autophagy and delayed the cell cycle in gastric cancer cells
via modulation of cyclin D1 expressioti? Furthermore, siRNA knockdown of Des1

in SMSKCNR neuroblastoma cancer cells increased dihydroceramide levels and
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inhibited cell growth with promoted cell cycterest at GGi.1"3 This was linked to

a protein phosphataseiriduced dephosphorylation of retinoblastoma protein, which
regulates cell cycle transitioh’? In general, cancer cells utilise several strategies to
overwhelm Cer/Spimediated apoptosis, such as devagulation of Cer synthesis via

the de novoand sphingomyelin pathways and/or oeapression of enzymes that
convert Cer into nompoptotic sphingolipidsHigure 1.1). For example, Cer kinase,

and SK1 oveexpression in variaicancer cells was associated with stimulation of
cancer cell survival, proliferation and drug resistané&’* In contrast,
sphingomyelinase and serine palmitoyl transferase have been found to be down
regulated in human colon cancer cell lin€s.

1.5.2 Role of p53 and p21 in growth arrest

p21 andp53 are tumour suppressor genes that induce growth arrest. Transactivation
of p21 by p53 stimulates DNA damage, which in turn promotes cell cycle dffest.
p21 is predominantly a key effector of p53 and is an intilof cyclindependent
kinases CDK2 and CDK1 which inhibit DNA synthesi€.

Recently, a functional interaction has been identified between SK1 and the tumour
suppressor p5377 SK1 degradation has been shown to be induced by'p&Bereas,

SK2 stimulates the induction of the cell cycle inhibitor f2#°1SK1 degradation by

p53 in response to DNA damage could shift the sphingolipid balance toward ceramide
accumulation and result in ceraminhgluced growth inhibition and cell senescence.
177 Others have demonstrated that Desid SK1 are involved in regulating LNGaP

Al prostate cancer cell growth via p53/p@&pendent andndependent pathways. In

one study, siRNA knockdown of Desl increased p53 expressiulie a combied

Des1/SK1 siRNAbased interventioimcreased the expssion of p213°
1.6 Prostate cancer: an overview

Prostate cancer is the most common cancer in men worldwide and an estimated 46,700
in the UK were diagnosedh 2014.17® Over the last few years, advances irrlga
detection methods have brought about a decrease in the prostate cancer death rate,

although related mortality is still high. Worldwide, more than 307,000 men died from
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the disease in 20127° This nortality rate is because there is currently no available
curative treatment for locally advanced or metastatic cancers, which are invariably

fatal.

Androgen stimulation ishe initiatorof prostate cancer cell growth and survivé?.
Inhibition of the expression or dowegulation of androgen receptor (ARgulated
genes is a key therapeutic strategy for the treatment of locally advanced or metastatic
diseaseThis involves supmssingandrogen production via surgical and/or chemical
castration (androgen ablation therapy) and/or by blocking AR activation by
administration of AR antagonists (asaindrogen therapy$® Degpite initial efficacy,

the ultimate failure of these ARirected treatments in the large majority of patients is
due to the development of an androgreshependent (also termed hormemeéractory

or castratiorresistant) prostate cancer, which usually ogamithin 18 months from
starting treatment!® Currently, castratiomesistant prostate cancer (CRPC) is
incurable and is fatal with a median survival of approximately 18 months from its
onset. 182 The exact mechanisms responsible for the development of androgen

independence are still not fully understood.
1.7 Role of SK in prostatecancer

SK1 and S1P signaling exert multiple effects on prostate cancer cells that are
conducive to cancer progression. The role of SK1 in enhancing the proliferation and
survival of prostate cancer cells has been widely investigated. Inhibition of cell
proliferation and activation of apoptosis in prostate cancer cells has been linked to
SK1 expression through siRNA knodown that causes elevation in the Cer/S1P
ratio to activate apoptosis, whereas pharmacological inhibition of SK has been
unsuccessful activating apoptosis due to itgbility to increase the Cer/S1P ratio
and shift the balance toward C&2:145146.149.18% recent study found that chronic
treatment of LNCaP cells (a cellular model of andregensitive prostate cancer)
with the SK inhibitor SKi induced proteasomal degradation of SK1lcandequent
activation of apoptosis associated with accumulation of €&in addition, SK1
inhibition is connected with a major decrease of metastasis in prostate cancer animal

models. 145146183 More importantly SK1 downregulation has been shown to
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increase the sensitivity of prostate cancer cells toGaricer treatmentd#>146:183
Over-expression of SK1 significantly enhances prostate prostate cancer cell
proliferation by causing a substantial reduction in the Cer/S1P f&fitn vivo
studies have confirmed a function of SK1 in regulatihg survivalof prostate
cancer. For instance, large tumours with increased vascularisation in nude mice were
associated with a reduced Cer/S1forafter injection of prostate cancer cells over
expressing SK1 comparing to control cells that had only normal endogenous SK1.
145,146,183 Qyerexpression of SK promotes cancer progression by enhancing the
survival and growth of cancer cels.2-fold increase in SK1 expression has been
observed in human prostate specimens obtained from cancer patients compared to
control speanens and this increase in SK1 activity was associated with an increase

in tumour size and poor response to treatméht.

Recent studies have established that SK2 might also have a significantprstate
cancer. Tonellet al.,showed that SK1 and SK2 had different effects on intracellular
sphingolipid levels in LNCaP prostate cancer c&lisatment of LNCaP cells with

the inhibitor SKi induced Cedependent apoptosis and inhibited autophaggreds

a specific inhibitor of SK2,R)-FTY720-OMe, failed to promote apoptosis while
stimulating autophagy in these ceft& However the pharmacological inhibition of

SK2 via ABC294640 decreased prostate cancépoaiferation®® although a recent
study found that it induced growth arrest of LNGaPcells that was linked to
proteosomal degradation of both SK1 and Desl1 and subsequent accunailpgdn

and p53This study suggests that both the SK1 and Desl pathways are modulated to
affect thede novaCer and sphingolipid rheostat pathways to induce growth arrest of
cancer cells3® SK inhibitors may represent a novel class of compounds with the
potential to intervene in prostate cancer progression, but their poor potency to date has

precluded clinical application.
1.8 Crystal structure of SK1

In 2013, the crystal structure of human SKas first solved by Wangt al., hSK1
(residues®3 64, nine U hel i cehslix)wds trystallisedtinrtren d s
apo (unbound) form and in complexes with ATP, ADP, Sph and the SK inHiitpr
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2-(p-hydroxyanilino}4-(p-chlorophenyl)thiazole€® at 2.0 2.3 A resolution.®! The

crystal structure of SK1 in its apo form consists of -tfemains: theC-terminal

domain (CTD)theN-terminal domain (NTDand thecatalytic site (ATP binding site)

situated in the cleft between the two domains. The hydropholieHipding pocket

is found in theC-terminal domainKigure 1.6 A). 8! The N-terminal domain (NTD)

containing the ClIC3 domains (residues 850 and 837736 4) has siix b st
b5 and b17) anld6 Kgu@l.60B).%h e dore ef the NTD Ik four
stranded b she2,t sbl,stbhb3a,ndb o) dehhi,clb are a
ot her, while strandmparball7l ean darbr5a nflgaevre nd n
running in partTipraegal U eheltiocesds r@nal, b¥43, e
b sheet on onthernsie(UWj tB5t hare@&TH8EID on t h
(Figure 1.6 B) (residues 151356) contains the C4 and C5 domains and consists of 11

b stamddé U helices. The 11-lagerantiparallehds ar
sheet, with the 606backéd sheet containincg
comprising bl5, bl14, b8, b10, bH11l, and b:
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2. Three UUhe) imsmelk, d037owing helix U 9,
sheet whereas a | 0bnlg0,c ori d $<i58) ubeess th2 bedk o o p E

sheef!

NTD

CcTD

Figure 1.6. Cartoon representations of human SK1 structure(A) The ribbon coloured in

red for theC terminus (CTD) contains the lipid binding site and that in cyan faltieeminus

(NTD) contains the ATPinding site (Red arrow)Protein data Bank [PDB] code 4v2%)

(B) b strands and U helicés structure of NTD
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Structural similarity was found between SK1 and otherkdhses such as Cer kise

(CK) andDGKs, as well as NAD kinases and eveplosphofructokinases (PFKS$).

The overall fold of SK1 contains a twbmain archiecture similar to those of NAD
kinases®918” and DGKs831% (Figure 1.7). However, the CTD of SK1 shows
substantial structural differences from both NAD kinases and DGKs in particular. Most
notable of these is that SK1 possesses a distinct helicatjament folded on the front
sheet of thd sandwich and a coiled loop on the back sheet in the Eigie 1.7).
According to Labesset al, there is close sequence homology displayed between the
ATP binding domain of SK1°! and the crystal structure of PFK! Furthermore, a
study by Pitsoret al., found that tle aspartate in the ATP binding site chelates the
Mg®*br i dgi-maagq dghdsehatés of ATP in both PFK and SKI.

Figure 1.7. Structural Comparison of SK1 with DGK and NAD Kinase. (A)
Superimposition of human SphK1 (cyan) and DGK fr&@taphylococcus aureu®gkB)
(gray, Protein data Bank [PDB] code 2QVL).(B) Superposition of hugtah(cyan)and an
NAD kinase (pink) fromArchaeoglobus fgidus(magenta, PDB code 1ZOZ}.
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1.8.1 The sphingosine binding site of SK1

Unlike DGKs and NAD kinases, the protein interior of the CTD has claarsiit folds

and specific lipiebinding pockets, thus offering the substrate specificity for Sph.
Sph may access the lipainding pocket in th€TD through a tunnel between helices
U8 in the C4 domain, which might act as
entry. As the Sph enters the pocket, it forms a hydrogen bond with Asp264 of hSK1
(Figure 1.8 and this stabilizes its binding withthe pocket®! The binding of Sph to
hSK1 involves anchoring the hydrophilic head group to the protein surface and the
accommodation of the long hyaphobic alkyl chain in the interior of a hydrophobic
Jshaped tunnel, lined by the side chains of mostlypwlar residues such as Phe287
and 389, and Met392 from the protein. Thar@ino1,3-diol moiety of the Sph head
group is situated at the cleft beten the two domains, making hydrogsond
interactions with Aspl67of loop3-a3 through the ‘hydroxyl and withAsp264
(SKla)of hel i x U7 ahydfoxyl(higue 4.8.A* t he 3

j Ser 267 Thr 282

Phe287

Asp 264

Phe 389

Figure 1.8. Detailed lipid-protein interactions Sph and SK1.Key amino acid residues of
hSK1, within a distance of A from the Sph (cyan), are shown in stick representation with an
atomic color scheme of red, blue, and grey for oxygen, nitroged, carbon atoms,
respectively. Hydrogebond interactionand GH-~ i n t earealenbted dyngeeemd pink

dashed lines. The figure was drawn using DS Visualizer Protein Data Bank: %#v24).
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Although te crystal structure of SK2 has not yet been resolved, there is considerable
sequence homology between the two isoforms in the catalytic regions, arigl @nly
the 20 residues in the lipid binding site of SK& different (letailed in Chapter 2).8?

1.9 SK inhibitors

Extensive studies in many different labtories have identified a number of SK
inhibitors. Based on selectivity for the SK isoforms, they have been classified into
three categories: neselective SK inhibitors, selective SK1 inhibitors and selective
SK2 inhibitors.

1.9.1 Non-selective SK inhibitors

NH, CizHzz  H3C OH
HO 3 SN
HO CaHar HO  “—OH NHz g "OH
CgHq7
DHS DMS

(S)-FTY720-vinyl-Pn

\>—NH

S~
Amgen 82
CF3
SKi

Figure 1.9. Examples of nonselective SK inhibitors.
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1.9.1.1Sphingosine analogues (SK inhibitors)
D, L-threo-dihydrosphingosine

D, L-threo-dihydrosphingosine (DHS){gure 1.9 is one of the first developed SK
inhibitors. 71120 Structurally, it is the synthetithreo stereoisomer of the naturally
occurring Derythro-dihydrosphingosie. DHS competitively inhibits SK1 activity
with aKi of approximately & ¢ M ( ~2%). DS agt®ds a competitive inhibitor
of Sph, and as a substrate for SK2 and enters the sphingolipid metabolic patti#ay.

Dimethylsphingosine (DMS)

TheN, N-dimethyl derivative of Sph, dimethylsphingosine (DMBig(re 1.9, non
selectively inhibits the activity of both SK isoforms: competitively for SK1 and non
competitively for SK2, withKi val ues of 5 €M and 12 ¢M
respectively.>>1% DMS also acts as an activatof SK at low concentration$?

Although DMS has led to several other SK inhibitors, it has not been further developed
itself for therapeutic use because of afirget effects. For example, DHS and DMS

inhibit Cer kinase®® protein kinase C!° 3-phosphoinositidelependent kinasé®’

SRC kinased® and MAPK.1% DMS is also a stimulator of sphingosidependent

protein kinase 1 (SDK1¥®and epidermal growth factor receptor (EGER).

(SYFTY720-vinylphosphonate

(9-FTY720vinylphosphonate KTY720vinyl-Pn) is a structural analogue of
FTY720phosphate, and inhibits both SK1 and Skelgure 1.9. 28 The ©-

enantiomer is a noncompetitive inhibitor with Spith aKiwof 15¢ M and a mi x e
inhibitor with ATP with aKic=17¢ M a Kigd=48g M8 Upon administration to

mice, both enantiomers of FTY72nhyl-Pn induced transient peripheral lymphopenia

and showed doselependent inhibition of lysophospholipase 3. In addition to

inhibiting SK, FTY720vinyl-Pn antagonises all the five S1P receptors and was a full
antagonist at threS1R, S1P, and S1B) of the five S1P receptar&®
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1.9.1.2Small moleculegSK inhibitors)
SKi

One of the first notlipid, orally bioavailable small molecule inhibitors of SK was SKi;
2-(p-hydroxyanilino}4-(p-chloropheny) thiazole (Figure 1.9). 3%128.2015Kj inhibits

both SK isoformavith an IGoof35e M f or ZHBK M 4d odltisSaknixed

inhibitor of SK1with aKivalueo f 17 aKdvalueod 48 &M rFrRspect
and does not inhibit PKC, ERK or PI3R.In 2013, an Xray cocrystal structure of

SK1 with SKiwas published and showed the inhibitor bound in the Sph binding pocket
(Figure 1.10. 8 The chlorophenyl ring occupied the interior ligothding pocket and

a hydrogen bond anchored the phenol hydroxyl group to the side chain of Asp264 of
hel i% U7.

Leu 286
Phe259

Val 263

Leu 385

Phe374

Figure 1.10. Key interactions of SKi with SK1.SKi is shown in stick representation coloured

red, blue, yellow, green, and cyan for oxygen, nitrogen, sulfur, chlorine, and carbon atoms,
respectively. SK1 is denoted as in ffigure 1.8 The hydrogetbond interactiorand CH’
interactionbetween SKi and Asp 264 is denoted by a green dashed line. The figure was drawn
using DS Visualizer (Protein Data Bank: 4vZ%).
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Amgen 82

In 2013, a potent dual SK1/SK2 inhibitor known as Amgen 8R{iQ-2-
(hydroxymethyly1-(4-((4-(4-(trifluoromethyl)phenyl)thiazeR-yl)amino)phenethyl)
piperidin-4-ol] (Figure 1.9) was discovered which haddévalues of 0.1 uM and 0.02

UM for SK2 and SK1 respectively?? To date, Amgen 82 is the most potent non
selective SK inhibitor reported and was shown to reduce S1P levels in a panel of cancer
cell lines. However, when administered at therapeutic concentrahoxio, no

appreciable effect on cell viability was obser¢&d.

1.9.2 Selective SK1 inhibitors

Recently, major progress has been made towards potent and selective SK1 inhibitors

(Figure 1.11) with nanomolar potency for SK1 and low micromolar potency for SK2.

H OH
~
NN P :
| OH
HN-N
NH
\ OCH, 2
HsC~g HaC CgH17
SK1-I OCH;4 FTY720
OH
)
_N HO 0] /S//O
/>—©~—/ o
O-N NH .« N \©
I H
o)
Genzyme51 PF-543

Figurel.11. Examples of selective SK1 inhibitors.
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1.9.2.1Sphingosine analogue (SK1 inhibitors)
FTY720

In 1992, fingolimod (FTY720) was synthesised by chemical modification of an
immunosuppressive natural product, {8fnyriocin). 2°4FTY720[(2-amino2-[2-(4-
octylphenyl)ethyl]propand,3-diol)] is a $h analogue that competitively inhibits SK1
activity with aKi of 2 g(Rigure 1.11). 200202206 After the discovery of FTY720,
several other pharmaceutical companies initiated programmes aimed at the

identification of SK inhibitors with increased potency and specificity.
SK1-I

The sphingosine analogue SKXE)-N'-(1-(3,4-dimethoxyphenyl)ethylidene}-(4-
methoxyphenybl1H-pyrazole5-carbohydrazide was the first selective SK1
competitive inhibitor Ki= 1 0  &igJre 1(17). It blocked the growth of cultured
leukaemia cells and inhibited the growth of leukemémograph tumours®®’ In
addition, it is highly selective toward cancer cells with good bioavailability together
with low cytotoxicity and may offer possibilities in the treatment of $hddiated

diseases®’

1.9.2.2Small molecules (SK1 inhibitors)

Genzyme51

Genzymeb51 is a potent inhibitor of SKiith an 1Go value of 58 nM and no inhibition
of SK2 at a concentration of 1M (Figure 1.11). It exhibited good pharmacokinetic
pr oyl i ng -lifewofi7.6 hafter ordd admihistration in mice. However, its effect
on Sph and S1P levels in blood mas been reported ye8:209

PF-543

Currently, PF543 (Figure 1.11) is the most potent and selective SK1 inhibitor
available, with & value of 3.6 nM thais more than 10@old selective for SK1 over
the SK2 isofornt!° PF543 decreases the level of endogenous S1P with a proportional

increase in the level of Sph in head and neck 1483 carcinoma cells, which are
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characterised by high levels of SK1 expression and anualydigh rate of S1P
production. Unexpectedly, P#43 failed to have any effect on the proliferation and

survival of these cells.

The X-ray crystal structure of SK1 with P33 has been reportéd and will be
discussed in detail i@hapter 3. A preliminaryin vivostudy with PF543 showed that
it had a poor p Handmightigbtkthemeet forwivoptable $K1e

selective inhibitors.

1.9.3 Selective SK2 inhibitors

In the past few years, potential therapeutic roles for SK2 have begun to emerge through
the develoment of a number of SK2 inhibitorEigure 1.12. 44
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Figure 1.12. Examples of selective SK2 inhibitors.
1.9.3.1Sphingosine analogues (SK2 inhibitors)

(R)-FTY 720-OMe (ROMe)

Replacement of the hydroxyl group of FTY720 with a methoxy gtoypoduce R)-
FTY720-OMe (ROMe)led to a selective but low potenayhibitor of SK2(Ki of 16
e M)Figure 1.12.?°>ROMeblocks DNA synthesis, induces apoptosis and stimulates
focal adhesion assembly in HEK 293 cells. It also inhibits both growth and S1P
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induced actin rearrangement in MCFbreast cancer cells, which prevents the
formation of a migratory phenoty@ad could prevent metastasi§?!?

K145

Another sphingosine analogue is K145 [Zj2-aminoethyl)5-(3-(4-butoxyphenyl)
propylidene}hiazolidine2,4-diond (Figure 1.12, which had i of 6.4 €M fo
and did not inhibit SK1 and Cer kinagé? In contrast to Amgen 82, K145 had an
antiproliferative effect on U937 cells via the inhibition of ERK and Akt
phosphorylationlt caused a slight decrease in S1P levels similar to FTY720, the SK2
substrateln vivo studies with K145 reducadmor S1P levés which,was associated

with a decrease in tumor voluri®.
F-02

F-02 (Figure 1.12, a thiourea derivativef dihydrosphingosineis selective SK2
inhibitorwithan1Goo f 2 1. 8 N 4 . 2hurmakpulmdnamdriety smootht o f
muscle cells (h(PSMAQ)ith F-02 has no effect on SK1 expressiétt.

1.9.3.2Small molecules (SK2 inhibitors)
ABC294640

ABC294640 is an analogue of SfFigure 1.12 > but isa selective inhibitor of SK2,

with aKio f 1 ®°l&ishrally bioavailable with a half life of 4.5 h in mice and it

is one of the best characteriziedvivo inhibitors of SK2 in a numdr of disease®¥?
ABC294640 has antitumour a-mddintedi chgmo a n d
resistance in breast canc&?2'8It reduces po-survival signalling in hepatocellular
cancer by acting synergistically with other chemotherapedtitsand enhances

autophagy in tumour cells, causing rapopotic cell deatt>
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1.10Conclusion

There is compelling evidence that SK and S1P are involved in controlling tumour cell
proliferation andsurvival andepresent important targets for the development of novel
anticancer drugs. Generally, it has been foundtiegaEK/S1P pathway is involved in
several physiological process&8 and identifying the manner in which the SK/S1P
pathway participates in health and disease will expand itsoihatia potentiafl® The
discovery of several SK inhibitors with antitumor activity vivo provides further
support for the hypothesis that SK is an attractive taf@etrexpressio of SK has

been shown to be associated with poor prognosis in several cancers, such as prostatic
and breast cancers. Therefore, the development of novel SK inhibitors as a treatment

for human cancer has become a major interest.
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1.11Aim of the project

The am of this project is to design, synthesise and evaluate the effectiveness of SK

inhibitors for the treatment of prostate cancer.

The most potent SK1 inhibitor is FP#43, but it fails to have any effect on the
proliferation and survival of head and neck amouscell carcinomal483 cells?°

One possibility for its lack of anproliferative activity is that PF543 might bind to
Ooff drget (s)d that neutralise the effect
sphingolipid rheostat to promote accumulation of apoptotic Cer. In this regard, it is

curious that P43 fails to elevate apoptotic Cer levielis1483 cells?1°

This project was involved the synthesis analogues eb4&to establish if this
unexpected inactivity was unique to -BE3 specifically, and to establish whether
modifications to its structure could have differential selectivity for SK1 and SK2,
improve growth inhibition and induce cancer cell death. New analogues were assessed
for SK1/SK2 inhibitory activity and for efficacy in prostate cancer cell lines (LNCaP
and LNCaPAI) and proliferatinghuman pulmonaryArtery smooth muscle cells
(hPSMAQ. These cell lines were selected because they have been extensively used to

investigate theole of SK1 and SK2 in regulating cell growth and survig&i8+21°
1.11.1 Setting up adrug discovery project

The first aim of the project was to use molecular modelling to design scaffolds related
to PR543 to further explore its structueetivity relationship (SAR) with the ultimate

aim of improving selectivity towards one SK isoform ovke other. Compounds
prepared would be evaluatedvitro against the SK isoforms and in cells to explore

isoform selectivity with respect to phenotypic outputs in prostatic cancer cells.
Specifically, the objectives were:

1) To design and synthesise potsatective SK1 or SK2 inhibitors as novel anti

cancer agents.
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2) To develop a biochemical 98ell plate assay as the primary means of
assessment for SK1 and SK2 activity using an AB® kit (which could be
compared with the lower throughput radiometric assay)

3) To develop an SAR profile for the new compounds based on their SK1 and
SK2 activity.

4) To use celbased assays to evaluate their pharmacodynamic and functional
effects.

The assay cascade shown in Figure beléwgure 1.13 was used to evaluate

compounds
Medicinal Chemistry
Design Pocking) and Synthesi§Chemistry
In vitro (ADMET) ADP-GIoE kinaseAssay
Microsomalstability and CYP450 = Development an@®ptimisation
Physiochemical Properties - i I? \(;ltro - . 1
- ompounds tested against primary targe
(e,g Solubility) P (SK1 or ng) P ytarg
Kinase Selectivity . Phenotyplc Assays :
(Proliferation, Growth and Apoptosis)
In vivo Cell Based Assays
(1/2 T, Clearance, Bioavailability and (SK1, GMyc , p21, p53 and Des1
Toxicity) antibodies)

Figure 1.13. Workflow plan for assessment of synthesised compounds.
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1.11.2 The assay cascade

Using a predefined assay cascade to develop compounds is an essential component of
any drug discovery projechnitially, anin vitro ADP-Glo assay was developed and
optimised to screen all new compounds for specificity and potency against SK1 and
SK2, followed by celbased assays to determine functional effddentified active

hits against SK1/SK2 were assed in LNCaP, LNCa”Al and hPASMC for
pharmacodynamic and phenotypic effects on cell growth/proliferation and apoptosis.
This included an assessment of whether the compounds were able to induce the
proteasomal degradation of SK1 in cells, which enablesousstablish whether
pharmacodynamic target engagement can be correlated with phenotypic effects.
Additional biomarkers for phenotypic changes were assessed including PARP
cleavage, p53, p21 and Desl expression levels. Compounds witirgeh and
functioral activity were assessed fiorvitro ADMET properties, which included cell
permeability and absorption across intestinal epithelial cell (Caco2) and clearance by
phase | and phase Il metabolising systems. To establish whether compounds had the

potentialfor drugdrug interactions, assessment of CYP450 inhibition was performed.
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Chapter2Me di ci nal Chemi str

Synthesis,in vitro activity and structure activity relationship of analogues:

toward selective SK1 and SK2 inhibitors.
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2.1 Introductio n

SKs are potential targets for drug discovery that require an expanded chemical biology
tool kit to validate them as drug targets in cancer, which highlights the need for
developing more potent drselective isoform inhibitord he recent determination of

the crystal structure of SK& should aid the development of potent SK1 or SK2
selective inhibitors. In this chaptdrowa library of PF543 analgueswassynthesised
andprofiled for inhibitory SAR againstSK1 or SK2using an optimisedDP-G| o E

assayis described
2.2 Validation of ADP-G | o dSsay

As discussed in chapter 1, for any drug discovery project there is a need for a primary
biochemical assato screen compounds against a specific target. In the kinase field,
high-throughput screening (HTS) has become widely used by drug discovery groups
to identify new inhibitors and construct structural activity relationship (SAR) profiles

to direct compounaptimisation. However, no such assays were available for the
sphingosine kinass that we could use-louseWe therefore developed a kinase assay
usingthe ADPGl| o E reagents from Promega -#ad the
and FO2 for validation. The BP-G| o0 E a s s-mgioadti, rabustand can be
used in a highhroughput format over a wide range of ATP concentrations. The
approach relies on the measuring the amount of ADP formed after the transfer of the
o-phosphate group of ATP to a substrate (e.g. phosphorylation of sphingosine to
sphingosinel-phosphate)??° Kinase activity is therefore determined indirectly by

measuring the formation of ADP using a luminescence approdblregkey steps:

1) The kinasecatalysed phosphorylation of substrate is performed, which uses
SK, ATP andsphingosine (with or without inhibitors);

2) The remaining ATP that has not been consumed in the process is converted to
AMP by a pyrophosphatasthe ADP that was generated in step 1 is then
converted to ATP by an adenylate kinase.

3) The newly synthesised ATIB measured by luminescence using a luciferase

based reactiorF{gure 2.1). 220
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Step 1

YY+ ATP SK1 or SK2 YY + ADP

. . By . . >
Sphingosine % = Sphingosine-1-phosphate & || —
2|8 2| @
& |z 2 € steps
Step 2 ::?_ 2 ~|| 3 ep
Z || S| =
= |3 B =
Q (]
[7
(1]
AMP ATP

Luminescence

Figure 2.1. The key stepsn the ADP-Glo assay.The ADRGIlo assay a8 key steps: kinase
reaction; removal of remaining ATP; conversion of ADP to ATP; detection of luminescence

produced by the newly synthesised ATP

221 ADP-G| 0 E k assayotimization

Optimising assay conditions td@in a robust and reliable signal with a minimal
amount of enzyme is an important step in designing-thigbughput lipid kinase
assays®?®Preliminary investations were performed to determine the optimal kinase
reaction time, enzyme and substrate as well as ATP concentrations to obtain the desired
screening assay conditions and to evaluate the robustness of the assay. The catalytic
properties of the enzymsuch as the number of substrates and subunits of the enzyme
participating in each catalytic cycle are important factors in determining the simplicity
or complexity ofthe mathematical models usetkscribe the kinetics a$pecific
enzyme. For example, thenode of inhibition of an inhibitor with respect to substrate
needs to beharacterisefbr sphingosine kinase, because it is a-Bubstrate enzyme

with two binding sitesatalysing the formation of S1P by utilising sphingosane

ATP. During assay optinzation, it is herefore necessary to usa fixed high
concentration (usually several fold higher thanKi# of one substrate ith varying
concentratiosof the othersubstrate in order to convert the kinetics into an essentially
one substrate reaction ath obeys Michaelidlenten kinetics.Initially, the ATP
concentration employed was 250 uM (&x, where the literaturguotedKmvalue is

77 uM). 221, The rationale here was to ensure that the SK ATP binding site was
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saturated because our compounds had been designed to be competitive with the
sphingosie binding site D-erythro-sphingosine was initially used at the literature

quotedKmvalue (3uM) 28 as a substrate for the sphingosine binding site of the SKs.

2.2.1.1Determining the optimum kinase reaction time for the SK1 and SK2

assy.

For SK1, an ATP concentration of 250 uM, a substrate concentration of*38aid

an enzyme concentration of 0.2 pug/ml based on thdighed values of SK328were

used. For SK2, an ATP concentration of 250 pM, a substrate concentration of 10 uM
and an SK2 concentration of 5 pg/ml (optimised data not shown) were Tised
optimum kinase reaction time was observed within 90 mins (at 90 mins, there is no
evidence of sustained SK activityjigure 2.2: Figure 2.3) which was identified as

the optimum time for use in subsequent SK1 and SK2 assays.

400000+
300000+
-
E:I 200000

100000+

0-

Mintues

Figure 2.2. Effect of incubation time on detection of SK1 activity Sph, SK1 and ATP
concentrations were fixed at 3 uM, O@/ml and 250 uM, respectivel\samples were
incubated at different times interval before detection of A@med using ADFGlo. Data are
represented as arbitrary luminescence units (mea®EM, n=3) for a single, representative

experiment performed three times.
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Figure 2.3. Effect of incubation time on detection of SR activity. Sph, SK2 and ATP
concentrations were fixed at 10 uM, 5 pg/ml and 250 uM, respectively. Samples were
incubated at different times interval before detectbADP formed using AD#5lo. Data are
represented aarbitrary luminescence units (mean $EM, n=3) for a single, representative

experiment performed three times.

2.2.1.2Determining the optimum concentration of the sphingosine substrate for

the SK1 assay

Kinetic constants such #ise Kmvaluesfor both ATP and gbstrate can be calculated

using theMlichaelis Menten equation [v = Max[S]/( Km + [S])], where v is the enzyme

reaction rate, Max is the calculated maximal reaction rate at saturation concentration

of substrate, [S] is the substrate concentration,kan the substrate concentration

that produces a reaction rate that is half of the maximal reactioff4&tee kinetic

constants including Max and Km are altered causing a changesteady state in the

presence of inhibitorUsing an ATP concentration of 250 pM and an SK1
concentration of 0.2 pg/ml, we determined the spekiitor sphingosine in our assay.
D-erythro-sphingosine concentration was varied frod 0 0 € M and data c
and fitted to the MichaelidMenten equation (using Prism Graph Pad software) to
calculate the substrakén value Figure 24:Km=9e¢ M) . Thi s was three
than the literatur&kmv a | u e , t?®3which M )probably due to differences in the

assay conditions such as using differmuitistrate and buffer components
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Figure 2.4. Determination of the optimum concentration of the sphingosingK, of

Sph)inSKlassaySph concentration was varied between

concentrations were fi xed yaSampleswereDgubatad forand 2

90 mins before detection of ADP formed using ABR. Data are represented as arbitrary

luminescence unitémean + SEM, n=3)for a single, representative experiment performed

three times.

2.2.1.3Determining the optimum concentration of the sphingosine substrate for

the SK2 assay

Using an ATP concentration of 250 uM and an SK2 concentration of 5 pg/ml, we
determined the specifi€m for sphingosine in our assay. Theeythro-sphingosine
concentration was varied from-50 & M & coliected and fitted to the
Michaelig Menten equation (using Prism Graph Pad software) to calculate the
substrate Km valueF{gure 2.5: Km= 19 €M), which was close to the literatukén
value (10 pM) 28
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Figure 2.5. Determination of Ky, of Sph in the SK2 assaySph concentration was varied

bet ween O and 350 &M whilst SK2 and ATP conc
eM, respectively. Sampl es deedinef ADPfacmetd utsingped f or
ADP-Glo. Data are represented as arbitrary luminescence units (me&&EM, n=3)for a

single, representative experiment performed three times.
2.2.1.4Determination the robustness and stability of the ADFGI o E assay.

T h e Z Nis & neeasture of the robustness of the assay. It has been used in high
throughput screening to quantify the effectiveness of an assay after at least three
independent experiments to produce a statistically significant data set for evaluation

using the equan belowwh er e G i s the standayd devi at
Z’=1-( 3 ( 0 +we/(u+ve- [i-ve))

Average and SD values were obtained for negative and positive contrele &l

SD+ve represent the standard deviations of data obtained for the negative and positive
controls, respectively. Z" factor value rangesfid to 1, and the higher the Z" factor

number, the greater the separation between the positive and negative control. In drug
discovery, a single concentration is often performed during the primary screening run
and it is criticauli sthheadt ffrhoim sfion oci asne , boe wdhii
az>04%3
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To evaluate the Z" factor of the SK assays, the positive control included ATP, Sph and
the enzyme, whereas the negative control was performed in the presence of the
substrate and ATP but without the enzyme. The Z" Factors W@&and 0.7 for the

SK1 and SK2 assay plates, respectiveigyre 2.6: Figure 2.7), suggesting that both

SK1 and SK2 ADFGIo assays have excellent and good separation of data points

between the negative and the positive signals respectively and betholast.
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10000 - 0 %0 o 0o & o
Oz~ 0g ‘:' U oo o s
U T LI | LI ) LI ) | L | L | L LI | LI ) LI ) T | L LI | LI | LI ) LI ) | L | L
Replicate

Figure2.6. Determination of the Z" factor for SK1. Red represents the assay in the presence

of enzyme, blue represents the assay in the absence of enzyme.
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Figure 2.7. Determination of the Z" factor for SK2. Red represents the assay in the presence

of SK2, blue represents the assay in the absence of enzyme.
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2.2.2 Determination of SK inhibition using the ADP-G| o E as s ay

Having optimized conditions for the SK assay, we next validated & means to
determine inhibitory concentrations with putative inhibitors by assessiRgd®F
which is the most potent SK1 inhibitor availablor competitive inhibitors, an
inhibition constantki) can becalculated byusing the Chendrusoff equationfKi=
ICsd/1+ ([s]Km)], where[s] is fixed substrateoncentrationlCso is the concentration
of inhibitor which reduces SK1 activity by 50%, atids a measure of the affinity of
the inhibitor for the enzyme and assumes competitive inhibifiloese costants, also
known axic andKiu (competitive and uncompetitive inhibition constants respectively)
can be obtained graphicalf?#* Using our SK1 assagonditions, the 16 andK; values
determined foPF-543against SK1 were 100 nM a28 nM respectively. Schnutet
al., reported a differeri; of 3.6nM, 2°which is likely to bedue to a difference in the
ATP concentratiorandassay system that has been U$eglure 2.8).
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Figure 2.8. Determination of the 1Csg value for PF543 against SK1Sph, SK1 and ATP
concentrations were fixed at 3 puM, 0.2 pg/ml and 250 pM, respectively. Inhibitor
concentrations ranged from 0@ pM. Samples were incubatedt mins before detectio

of ADP formed using ADFGlo. Data are represented@ercentage of contr@éinean +/ SEM,
n=3)from three separate experiments.

We next validated the optimised SK2 assay as a means to determine inhibitory

concentrations with putiae inhibitors by assessirkg02, whichis a selective inhibitor
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of SK2 2% Using our SK2 assay conditions, thed@etermined for 2 against SK2
was109nM. Byunet al, reported adifferent 16 of 21.8 uM?2*>which is likely to be
due to a differere in the ATP concentratioand assay system that has been used
(Figure 2.9).
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Figure 2.9. Determination of the ICs value for F-02 against SK2 Sph, SK2 and ATP
concentrations were fixed at 10 uM, H/ml and 250 uM, respectivelyThe inhibitor
concentration rangefdom 0.001- 3 uM. Samples were incubated at 90 mins before derectio
of ADP formed using ADFGlo. Data are represented aspercentage of contrgmean +

SEM, n=3) for a singlerepresentative experiment performed three times

Having optimised the AD#5lo assay and validated it with kmo SK inhibitors, we
used it todetermine 1Go values for new inhibitors emerging from our synthetic

medicinal chemistry progransée Section 3).
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2.3Results and discussion: modelling, structuractivity relationships of

analogues andn vitro activity.

To help explain SARs, the crystal structure of SK1 (human) was used for the docking
studies & which was downloadkfrom the Protein Data Bank (PDB4v24). Since the
crystal structure of SK2 has not yet been resolved, a simple model of SK2 was
generated by mutatiting the three residues in the Sph binding site that are known to
differ between the two isoforms. Compoundere docked using GOLD (UPC)
Version 40 and visualized using Discovery Studio Visualizer (Accerlys) to predict the
binding within the active sites of SK1 and SK2.

2.3.1 What was known aboutPF-543binding with SK?

The X-ray crystal structure of SK1 complexedhPF-543revealed that it bound in a
Jshaped hydrophobic pockebrmally occupied by the Sph substréfiégure 2.1).

This pocket had a teléke groove at its end and a fundide opening that positions

the primary alcohol of th&ph substrate close tché ATP binding site to allow
phosphate transfer. The inhibitor was well resolved in the lower J pocket region but
less so around the pyrrolidine head group, which could be due to it occupying the
solventexposed region in the ATP binding domaimgking itless restrained~gure

2.10). 82 Several hydrophobic interactions were observed between Phe@7405,

and ALa360 and the tail phenyl ring BF543within the pocket (toe)Rigure 2.11).

The middle phenyl ring formed favourable edigef a cce Hydr ophobi c i nt
with Phe389, with its methyl group interacting with Phe259, Leu385, and Leu286
(heel). Notably, the hydroxyl in the siddain of Thr282 does not form a hydrogen

bond totheether oxygen of thBF-543because it is mfar away (>5 A). The phenyl

ring proximal to the pyrrolidine head group had-CH and iSht eracti ons
side chains of 1le260 and Met358-Honds were only observed between the side chain

of Asp460, the pyrrolidine nitrogen and the hydroxyl groupBf43 (Figure 2.11).

Analyses of these interactions were used to design more potent and selective inhibitors
of SK1 and SK2.
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Figure 2.10. Binding of PF-543to SK1. (A) PF-543 shown as a cyan stick binds in the J
shaped lipiebinding site, shown in pink, in the-@rminal domain of SK1, shown in red. The
N-terminal nucleotide binding domain of SK1 is shoim blue.(B) Surface of he Jshaped
lipid binding site of SK1 (pinkgenclosingPF-543 The figure was drawn using D8sualizer
(Protein Data Bank: 4v24).
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Figure 2.11. Key interactions of PF-543 with SK1. (A) and (B) showing 3D and 2D
representaticsiof key amino aitl residues of SKIResidues within a distance of5from the

PF-543 (cyan) are showasstick representation with an atomic colour scheme aof bkoh

and cyan for oxygen, nidrg e n , and carbon-"atChs S maedgpeat bwoe
hydrogen and Hbond interations are denoted by dark pidight pink, orange, cyan and green

dashed lines, respectively.
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2.3.2 Discrimination between SK1 and SK2 structures: keydrivers for PF-543
SK1 selectivity.

Although the crystal structures for SK2 have yet to solved, it is well known that this
isoform differs in only 3 of the 20 residues in the lipid substrate bindinghsitéarm

direct contact with P/543in SK1 2 The inner side of the hydrophobic pocket at the

toe of the degion has Phe374 in SK1 replaced by Cys533 in $KRife 2.12), which

suggests that the toe is likely to be siigaintly more spacious in SK2oreover,

Val304 and Leu517 in SK2 replace 1le260 and Met358 respectively in SK1, which
makesthe binding site region accommodating the methyl group and sulfygeioof

PF543 smaller in SK2compared with SK1(Figure 2.13). This suggests that
selectivity of SK1 folPF543is due to encroachment into the h@bé smaller region

around the central phenyig@gion of the pocket by these residues in SK2can be

sea in Figure 212 C & D, the Phe374 side chain is rotated away from the terminal
phenylof PRF543t o f or,m sat dcking interaction (favc
Cys533 side chain is pointing into the toe and thefGinsa CH” i nt dlowarc t i o n
affinity) with the terminaphenyl group
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Figure 2.12. Difference in size at the toe of the binding pockédietween SK1land SK2 The
toe of the hydrophobic-shaped pocket in SK(toloured in pink (A) is smaller than in SK2
(coloured in purple (B)and the docked binding posefi-543in the ovelaid SK1 and SK2
(C and D) indicatethatthetoe ofthe J-channels more spacious in SKZf{s533)than in SK1
(Phe374)

51



Val304 4

Cys533

Figure 2.13. Hydrophobic pocket of SK2 differsby 3 residuescompared toSK1. lle260,
Met358 and Phe347 (green and pink sticks) in SKinartated to/al304, Leu517 and Cys533
respectively in SK2 (orange, pink and grey sticksyed arrow indicates that the heel of the
J-channel is more compressed in SK2

2.3.3 Scaffold modifications towards the design of selective SK1 or SK2
inhibitors: key interactions that can be targeted

The initial approach towards the design of selective SK1 or i8Kibitors was to
exploit the difference in the binding pocket conveyed by these three residues. For
example, further enhancement in SK1 selectivity and potency could be achieved by
optimising the interactions with Phe374 at the toleereasncreasing tk size of the

inhibitor to pack againghe equivalen€ys533 could impart selectivity for SK2.
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Figure 2.14. Binding mode of PF-543 with SK1 showing the main areas for scafild
modifications. Pink circles represent potential regions of steric intrusion in SK2, the yellow
circle represents the location of the sulphur atom of Cys533 in SK2 and the green circle

represents the expanded capacity of SK2 compared to SK1.

As shown peviously inFigure 2.12, the position of Phe374 in SK1 suggested that the
addition of any groups to the terminal phenyl ring RF543 would preclude
accommodation of the compounds in thehdnnel of SK1However, the potentially
larger SK2 site, where G$33 is present, might accommodiwesemodified versions

of PF543 and therefore defirselectivity. Thesulfone group and methyl groups in the
heel area and just before the toe is a position wheredSEASK2 selectivity might

be improved (refer t&igure 2.13). To characterise the SAR of our SK inhibitd?$;
543binding was divided into three regions: the terminal phenyl ringad) sulfone
group as the tail, the phenyl ring)(and etheias the linker, and the phenyl ring (C)
and linked pyrrolidines the head=igure 2.14).

2.3.4 Designstrategies

A. Optimising the linker and the tail to improve potency against SK1

Library 1: Sulfonate instead of sulfone

The first objective was to introduce an additional hydrogen bond acceptor in the
sulfone by replacingt with a sulfonateThe models suggested that this additional
oxygen could enable a hydrogen bond to form withptbl@ar residues in the binding
pocketand increase affinity for SKBulfonates are not usually found in drugs because

of their tendency toydrolyse, buthis approach simplified the synthesis of compounds
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as chemical tools to allow exploration of different phenyl substituents (and an isosteric
aliphatic ring) to probe the space restrictions at the toe of the pocket.

Library 2: Sulfonamide instead of sulfone.

A small library of compounds was synthesised by replacing the sulfonate with a
sulfonamide to explore whether a hydrogen bond dthvadrtargets hydrogen acceptor

residues in the binding pockatuld convey any potency advantages.

Library 3: Confirming the importance of hydrophobicity in the tail group for SK

activity.

Modifications were made to remove the aliphatic or aromatic group from the tail of the
scaffold to investigate the importance of a terminal hydrophobic tail moiety for SK

inhibitory activity.

B. Optimising the linker and the tail to generate selective SK2 inhibitors

Libraries 4/5: Removal of the sulfone moiety oPF-543

A groupof compounds was synthesised based on the replacentieesolffonemoiety
with smaller, less polairiker groups (ether, sulphide, methylene) to explanether
selectivity toward the SK2 isoform could be improvéthe introduction ofpara-

substituent#n the terminal phenyl ring wde explore the impact of size on selectivity.

Library 6: Modification of the head to explore how polarity and chirality
influence potency and selectivity

Modificationsof the hydroxymethylpyrrolidine head included inversion of the chiral

centre and replacement of themaryhydroxyl group with other substituents.
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2.3.4.10ptimisation of the hydrophobic tail group towards potent and selective
SK1 inhibitors

Library 1: Sulfonate instead of sulfone

The use oasulfonate functionality was to increase the capacity for hydrogen bonding
with the target through the presenceaothird axygen atom as a hydrogen bond
acceptor to facilitate an interaction with amino aandthe region as shown Figure

2.15.

Figure 2.15. The sulfonate analogue bound to SK1. Theashed dark circles indicatethe
areawhere H-bonds betweenthe sulfonate and Hdonorsin residues His397and Met392

could form.

Unexpectedly, the results from the primary ABIR assay revealed thedmpoundl
with a sulfonate moietghowed a Gold decrease in SK1 inhibitor potency compared
with PF-543(Figure 2.16), with only aslight improvement in selectivity towards SK1

over SK2(Table 2.1) OH

7
O 0
O
)
IC50 (nM)* for SK1= 100

IC50 (nM)* for SK2=1130
PF-543

Figure 2.16. PF543 withSK1 and SK2inhibitory activity as determined by our primary

assay *ICsovalues ar@naverage of three readings.
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Table 2.1. SK1 and SK2 inhibitory activitysadetermined by the ADBIlo assay for

the first library.

/O H

Compounds R R™ | ICs0(nM)* | IC50(NM)* for
for SK1 SK2

SN A

I R I el

*|Csgvalues are the average of three readings.

*Compound synthesised by a-emrker.NI = No Inhibition.
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Docking ofcompoundl (Figure 2.17) in SK1clearly showed that adoptsa pose in

the ative site similar toPF-543 with the hydroxylmethylpyrrolidine head group
maintainingH-bonding with Asp264t the mouth othe lipid binding site. There are

al so stacking i nt eirnatcetriaocntsi camn dmaCHnt ai ned
ring and side chains of Phe3@ad Ala360, respectiwgl at the toe end of the site.
However, thesulfonategroup and the extra-Hondacceptor did not contribute any

new key interaction with any surrounding amino acids in the poé&kegtire 2.17).

The decreased potency against SK1 could be due to removal of the ability of the tail
phenyl group and central phenylringtomake-CH arnd i nt eracti ons wi
and Phe389 respectively, compared wWih-543 Moreover, the carbehydrogen
interactions that were evident with His397 and Thr282 RReb43 are no longer
available Figure 2.17). Enhanced selectivity for SK1 could be due to $i2being

able to accommodate the more hydrophilic sulfonate in the narrow heel of the J
channel region because of increased steric hindrance, as all other moieties are the same
asPF-543
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Thr282

Leu385 Thr282 Leu385

Asp264
Phe259

Phe278

Phe374

Figure 2.17. Docking binding posecompound 1into the active site of SK13D structure of
overlaid PF-543 (cyan colour) anccompoundl (grey colour) A); receptor interactionef
overlaid compoundl and PF-543B); recepror interactions oPF-543 (C); and recefor
interadions of compoundl (D), blue cricles indicate an area associated with the loss of
interactions betweecompoundl and SK1 compared t®F-543

58



To test the importance tifie methyl group in the central phenyl moiety, compo@nd
was synthesisedCompound2 had slightly improved SK1 inhibitory activity and
selectivity compared witltompoundl (Table 2.1) which suggests that the methyl
group makes a minimal contribution to binding andnisither essential for the SK
activity nor selectivity of our analoguesinfling appears to benore sensitive to
changes in the sulfone region.

From the docked pose obmpound2 (Figure 2.18), the absence of a methyl group
suggests reducenteractionswith the three surrounding amino ackise259 Leu385,
and Leu286 at the baséthe ring in the heel of the pocket. The slight improvement in
SK1 inhibitory activityfor compound2 over compoundl could be due togreater
flexibility of the molecule withirthe toe region of the J channel pocietirestoration
of-", -'CHa n darbonrhydrogen interactions with Phe389, Leu405, Thr282 and
His397 respectivelyThese interactions were observed in the docking pose-64BF

butwerenot seen witttcompoundl (Figure 2.18).

Overall both compounds showed fewer binding interactionis %K1 compared with
PF-543 which could explain the increasel{®sofrom100 nM forPF-543to 429 nM

for compound2 and 679 nM forcompoundl. The improvement in selectivity of
compound towards SK2 compared with~543andcompoundl could be explained

by the removal ok steric clash between the methyl moiety on the central phenyl ring
and the heel ahenarrower, more hydrophobdkchannebf SK2.
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N~

’ Leu40

X
His 397

Figure 2.18. Docked compound 2into active site of SK1.Docked binding pose of overlaid
compound? (grey colour) andPF-543(cyan colour) (A); docked binding pose @impound
2 (B), white cricle indicates an area associated wigldis of interactions betweeampound
2 and SK1
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Modifications to the tail phenyl ring

The sulfonate modifications F-543 showed promising results in terms of shifting
the selectivity for SKbverSK2. The next step was to explorgéra substituets in

the tail phenyl group could exploit potential size differences between the two isoforms
(SK2 was predicted to have a larger toe region) and if additional hydrophobic

interactions could improve activity.

Introducing apara-methyl group to a phenyl mety is a common approach in hit
optimisation strategies because it could occupy a hydrophobic pocket more tightly.
Equally, a halogen atom such as a lipophilic chloro substituent can also have
favourable interactions with the hydrophobic pockadbmpound3 with a methoxy

group was synthesised to study whether hydrophilic interactions could be beneficial.

All compounds were inactivel @ble 2.1), which suggests that there is a severe size
restriction at the end of the substratading pocket in both isofars, and thaPhe347
in SK1 and the more spacioQys533 in SKZannot accommodate even snpala

substituents.

Alkyl groups replacing the phenyl ring

To further investigate the size restrictions in the toe region of the binding site,
compounds were prepad with the tail phenyl ring replaced by aliphatic groups of

varying lengths and bulkine¢sable 2.7J).

Reducing the size of the substituent to the smallest hydrophobic group (methyl;
compound6) reduced activity against SK1 byf@d and 16fold compard with
compound2 and PF-543 respectively. Docking studies suggested that siimall

methyl substituent was unable to interact with the surrounding hydrophobic residues
Phe374, Leu3d347 and Al a360, apGHiinteesctionsy t hr

with the terminal aromatic moie{yvhich was seen witRF-543) (Figure 2.19).

Increasing lipophilicity by expanding the lengthtleéaliphatic substituentmpound
8) led to a restoration of potency against SK1 activity. Hhadtincrease in potency
comparedvith compounds could be due to enhancagidrophobic alkyinteractions
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betweerthe aliphatia-butyl group andhe aliphatic side chains of Leu405 and Ala360
andCH" i nteractions with Phe374 as discuss

Figure 2.19. Docked compound 6into the active site of SK1 A white cricle indicates an
area associated with the loss of interactions between the methyl greompbund6 and
SK1.

Interestingly, replacement of the phenyl ring by a bulky isdlyryup(compound?)
improved potency against SK1 compared with othdfonatesalthoughselectivity
towards SK2 was compromisedaple 2.1). The docked pose clearly showed that
there is a difference in both the orientation (compared R#543 compoumnl 1 and
compound?) and interaction with the binding pocK&igure 2.20).
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-

Figure 2.20. Docked compound 7into the active site of SK1Red cricles indicate new key
interactions introduced byompound? to SK1.
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The terminal isobutyl group appears to pull the molecule further down into the toe
region of the hydrophobic pocket, which causes the hydroxymethylpyrrolidine head of
the molecule to flip around and form one new hydrogen batidAspl67similar to
thatobservedetweenSph and SKXFigure 1.8 section 18.1) but notPF-543 The

other hydrogen bonaith Asp264 (that is seen witAF-543 and other analogues) is
present. The docked pos€iqure 2.20) suggests that the improved potency of
compound? against SK1 (IG = 190 nM), compared toompoundl andcompound

2, is likely due to the ability athe branched isobutyl group to increase the number of
interactions with residues inthetoe. CH i nt er acti ons with Phes3
and alkyl interagons with Leu405, AL360and Met293are evidentRigure 2.20).
Pulling the molecule further down into the pocket to enhance-gnuge interactions

may also be factor.

The reduced selectivity and improved potency against SK2 suggests that the bulky
isobuyl group can be more readily accommodated in the larger tepafket in SK2

which is further favoured by aliphatic interactions with the Cys533 residue in SK2
(Figure 2.21).
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Figure 2.21. Proposed docked pose ofcompound 7in SK2. Docked binding pose of
compound? (blue stick ) in the SK1 binding pockitat is shown ipink (A) and in the SK2
binding pockethat is shown irblue (B). The isobugl chainof compound? is in CPK and
indicates a tighfit in both pockets. The red circle in (C) indicates the alipatic interaction
between Cys533 of SK2 artde isobutyl side chain ofompound?. Orange, pink and grey
sticks are Val304, Leu517, Asp2684d Cys533 respectively.

65



To further assess the impactowulk groupat the toe of the pocket, the phenyl ring was
replaced by a cyclohexgroup €ompoundd), which produced the most potent and

selective inhibitor ofSK1 (1Gso= 63 nM). The narrowpocket in SK1 appeared to
accommodate more tightly the flexikdad bent cyclohexane ring compared with the

planar and flat phenyl ring 6fF-543and this possibly accounts for thetterpotency

against SKXFigures 222). Despite the loss of planarity in the tail phenyl group, the
cyclohexaneing still maintainsCH i nt eracti ons with Phe374
with Ala360 and Leu347 with notable new interactions (caffipadrogen bond) with

Leu345. An additional two new alkyl interactions between the pyrolidine ring and
residues Ala201 and Leu25Bigure 2.23), which were not seen witRF-543 and

other analogues, may also be factor.

The loss of planarity in the cyclohexane ring allows the tail of the molecule to occupy
the full space of the hydrophobic pocket. This would force the hydrophilic sulfonate
towards thenarrow channel of SK2. This region is more spacious in SK1 due to
presence of the smaller Met358 and 1le260 residilesebyresulting in increased
repulsion in the SK2 pockeFigure 2.22) and consequently to reduced poteifay

this isoform
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Figure 2.22. Compound 9binding to SK1 and SK2 Compoundd (grey stick) in the SK1
binding pocketshownin pink (two sides) and in the SK2 binding pockabwn inblue (two
sides).CPK-rendering of the cycleexyl group showsompound9 is accommodated closely

in the toe of SK1, whereas steric clash is obvious in the SK2 pocket (indiacted by red circles).
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PHE
A374
PHE LEU
A34
o A278 347
A167 ALA
4 A360
LEU
‘ A354 MET
, A358
- ’ HIS
A397
i [ J— —4
\‘ |
ALA \ A A2
A201 1
\ MET
\ A392
LE ASP LE
A253 A264 pA-260
PHE
A389

Figure 2.23. Key interactions of compound 9with th e active site of SK1The2D diagram

for the key interactions afompound (yellow) within the SK1 pocket was generated using

DS software. Dashed lines represent the different types of interactions colourerd as follows:
green, cyan ,light pink, dark pirdnd orange for Hbonds, carbotd-bonds, CH" ,-" and S

i" respectively.
Library 2 : Sulfonamideinstead of sulfonate

To study the effect of introducing a sulfonamide into the tail of the molecule,
compounds containing similar substituents to the sulfosat®s were synthesised
(Table 2.2. The sulfonamide functionality was introduced to explore whether a
hydrogen bond donor group could influence activity: thel i bulkier than oxygen
and could gain closer proximity with hydrogen bond acceptors insidedtket such

as His297and Met392 (Refer tbigure 2.15). Improving stability was another reason

for preparing these analogues.
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Table 2.2. SK1 and SK2 inhibitory activity as determined by the AGI® assay for
the second library.

SaqW

H
N

O
Nt
T &

Compounds ICs50(NM)* | ICs0(NM)*
for SK1 | for SK2

NI NI

R

10 \/\/\
11 \ < > NI NI
12 \_@OCHS NI NI
13 \__@_CI NI NI

=

14 NI NI

*|Csovalues are the average of three readiNgs: No Inhibition.

All compounds containinghe sulfonamide moiety were inactiv€aple 2.2. One
possible explanation for the inactivity is thatHNgroup of sulfonamides increases the
polarity and the steric bulk in an area of thiading site that contains various

hydrophobic residues, which iscmmpatiblewith both isoforms.

Sulfonamides have less conformational flexibility compared to sulfonates and sulfones
because of greater resonance stabibsain the sulphonamide moietyhese more
rigid conformations, if less compatible with the shapthefbinding site, would not be

able to adapt to its topology, and thus prevent binding.
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Library 3: Importance of hydrophobicity in the tail group for SK activity

To study if the terminal aromatic group that occupies the toe of-thgidn was
requiredat all, two compounds truncated in this region were prepamdfoundl5
andcompoundl6). The absence of any SK inhibitory activity compared to compound
PF543 and other analogues suggest that a terminal aromatic group that can interact

with hydrophobiaesidues in the toe e&ssential foactivity (Table 2.3.

Table 2.3. SK1 and SK2 inhibitory activity as determined by the AGIB assay for
thethird library

ey

*|Csovalues are the average of three reading

Compounds R ICs0(NM)* for SK1 ICs0(NM)* for SK2
15 NI NI
\/O\/O\
16** \/OH NI NI

. *Compound synthesised by a-@mrker.NI = No Inhibition
2.3.4.20ptimising the linker and the tail to generate selectiv&K2 inhibitors

Library 4: Removal of the sulfone moiety ofPF-543

SAR analysis of the first set of compounadicatel that repulsive interactions in the
heel region of the J channel bordered by the bulkier Val304.an817 residues in

SK2 could offer an approach towards introducing selectiVibyestablish whether size

and polarity were important, smaller and less polar functional groups were introduced
in place of the sulfone/sulfonate: an ethEr)(a sulfide (8) or a methylene moiety

(19) (Table 2.4. The ether and sulfideontaining compounds were slightly more

potent againsBK1 than the sulfonate analog(@mpound?2), but notably, all three
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were more active against SK2 than any other compounds previowestgagsAll were
essentially equipotent against both isoforms, confirming our hypothesis that smaller,

less polar groups in this region could improve activity against SK2.

Table 2.4. SK1 and SK2 inhibitory activity as determéhby the ADPGIlo assay for
the fourthlibrary

@“@@OXJ@

Compounds** | X | ICso(nM)* for SK1 | ICso(nNM)* for SK2

17 @) 297 408
18 S 244 147
19 CH: 758 654

*ICsovalues are the avage of three readings.

*Compound synthesised by a-egorker.

Docking of17 and18with SK1 suggested a similar binding modé 543 with the
pyrrolidine head group forming the same two hydrogen bonds with Asp2@dré

2.24: Figure 2.25). The SK2 inlbitor activity observed forcompoundl1l7 and
compoundl8is likely due to the removal of the steric and repulsion effects that arise
from the sulfone/sulfonatexygenof PF-543and its analogues in the narrower heel of
the dchannel Figure 2.24: Figure 2.25). Compoundl7 is moderately less potent
against SK2 possibly becauseygen is more electronegative, which leads to increased
repulsion with Val304 and Leu51Compoundl9showeda 2fold and 4fold decrease

in SK1 and SK2 potency respectively compangth compoundL8. In both cases, this

is likely due to steric effects resulting from the bulkier methylene group that forces the

terminal aromatic ring down into the toe of the pocket of SK1.
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Figure 2.24. Docked pose ofcompound 17 (A) and (B) show receptor interactions of

compoundl? (orange stick) with and without the superimpof#d543(cyan) in SK1 The
red circle in (C) indicates a steric clash in the SK2 bingincket (coloured in blue) caused
by the sulfone group d?F-543(in CPK); and (D) showsompoundl7 accommodatechore
tighly in SK2 through CPKedering of the terminal group.
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Figure 2.25. Docked pose ofcompound 18 (A) and B) show receptor interactions of

compoundl18 (pink stick) with and without the superimposB&-543 (cyan) in the SK1
binding site; red circle inQ) indicates a steric clash in the SK2 binding pocket (coloured in
blue) caused by theubone group ofPF-543 (in CPK); and D) shows compound.8

accommodated more tighly in SK2 through GRidering of the terminal group.

Library 5: Modifications to the tail phenyl ring of compound 18

As mentioned previously, the toe of thellannel is lilely to be more spacious in SK2

due to the presence of a smaller Cys533 residue at the end of the pocket. The second
approach to xploit the differences in size between the SK isofoimg$avour of
developing selective SK2 inhibition was to increase the eizthe terminal group
through the introduction gdara-substituents, or replacement of the phenyl ring itself
with a cyclohexyl groupTable 2.5. Modifications were performed on the sulfide
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analogue because this had the most potent activity againsfr&i2the previous

series.

Table 2.5. SK1 and SK2 inhibitory activity as determined by the AGIPB assay for
thefifth library.

ICs0(nM)* for SK1 | ICs0(nM)* for
SK2

R
20 A/©/CI NI 255 nM
21 A/©/F NI 206 nM

22 NI NI

23 IVO NI NI

*|Csovalues are the average of three readiNgiss No Inhibition.

Compounds

Inhibitory assag (Table 2.5) revealed that theparachloro and parafluoro
substituentscompounds20 and 21, abrogatedSK1 activity and represent the first
example of SK2 inhibitors with nanomolar potency and complete selectivity over SK1
The bulkier compounds22 and 23, with a paratrifluoromethyl substituent and
cyclohexyl ring respectively, were inactive against both isoforms, suggesting a crucial
role for group size in the toe of thepdcket in terms of potency and selectivity for
SK2.
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Similar to the docked posd ocompoundl8in SK2, thepara-fluorophenyl ring of
compound21 andpara-Cl of compound20 occupied the toe of thepbcket and the
head pyrrolidinium group retained thelidnds with Asp264Figure 2.26. Figure
2.28). In SK1 the toe of the-dhannel is kely to be smaller than SK2 due to the
presence of Phe347, and inactivity against the former isoform Ipathesubstutued
analogues and the bulky cyclohexyl derivative could be due to their inability to fit
inside this hydrophobic toe regidhRigure 2.27: Figure 2.29).

Compounds20, 21 and 22 have electrofdeficient aromatic rings in the tail group,
which could negatively impact hydrophobic interactions in this region of SK1 as
shown inFigures 2.27 and2.29. The back of the toe of SKR Jchannel has &% 3 3
which is likely tocreate dargerspace providing enoughoomfor compound<0and

21 to be accommodated within the pocKEtgure 2.27: Figure 2.29). The similar
potency otompoundl8against SK2 suggests that ffeea-F andpara-Cl substituents

do not impart any extra favorable interactions with the hydrophobic toe region in this

isoform.
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Figure 2.26. Docked pose ofcompounds 21 and 18. (A) shows compoun@l. (purple)
interactions with SK2; (B) shows compouf (grey) interactions with SK2range, pink
and grey sticks are Val304, Leu517, Asp26dl Cys533 respeudly.
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Figure 2.27. Docked poss of compounds 21 andl8. (A) and (B) showcompound21l (the
terminal para- fluoro phenyl ring in CPKandpara-F in light blue)accommodates tighly in
the toe of SKZcoloured in blue)while replusionis obvious inthe SK1 pocket(in pink and
indicated by red circlgs (C) and (D) shoveompoundl8 (the terminal phenyl group in CRK
accommodatetighly in the toe oboth SK1 and SK2 pocket
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Figure 2.28. Docked pose of compounds 20 and 18A) showingcompound20 (red stick)
interactions with SK2.K) showingcompoundl8 (grey stick) interactions with SK®range,
pink and greysticks areval304, Leu517, Asp264 and Cys533 restively.
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Figure 2.29. Docked pose of compounds 20and 22. (A) and(B) show compoun@0 (para-
Cl in green) binding in the SK1 pocket (pink) and in the SK2 pocket (in ;b{@@)and (D)
show compoun@2 (para-CFs in light blue) binding in SK (pink) and SK2 (blue). C and D
clearly show that the GRgroup protrudes out of the toe of theakcket, which is unlikely to
be accommodated and reflects the inactivity of this compound.
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2.3.4.3Modification of the head to explore how polarity and chirality influence

potency and selectivity

Library 6: Crystallographic analysis of ti&~543 SK1 complex and our modelling
studies have shown that the hydroxymethylpyrrolidine head group forms essential
hydrogen bonds with two Asp residues at the entrance of thegggime binding site
adjacent to the ATP site where phosphate transfer takes place. Structural modifications
to the pyrrolidine tail of the sulfide analogues were made to explore their impact on

potency and selectivity
Table 2.6. SK1 and SK2 inhibitory activity as determined by the AGI® assay for

thesixthlibrary.

Compounds R ICs0(NM)* for SK1 ICs50(NM)* for SK2
24 _/NHz NI NI
on
25 OH NI NI
B
26 ‘;—OH NI NI
5
27 HO NI NI
HNA\
28 CN/\ NI NI

ICsovalues are the average of three readiNgs: No Inhibition.
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Compound24 (Table 2.6) was synthesised to explore the impact of swsteric
replacement of the primary hydroxyl group with a primary amine. The rationale for
this replacement was to introduce an ionic group that was capable of forming salts to
improve water solubility and reduce lipophilicity. The primary amine was afasim

size to the hydroxyl and able to form a similar hydregend network. Potentially, it
could improve binding affinity by introducing ionic interactions with the Asp residues
in the site. Unexpectedlyljable 2.6 shows this modificatiotrompletelyabrogted
inhibitor activity against both isoforms: this is more likely due to the presence of
positively charged residues in the vicinity of the amine group, causing its inactivity

through mutual repulsion.

The absence of activity for th&{enantiomerZ5) is possibly due to an increase in the
distance between th®H of the hydroxmethylypyrrolidine moiety, which may not be
sufficiently close to interact with Asp264. The importance of distance and
directionality to an optimal hydrogen network in this regiaswonfirmed by 7 and

26, which also lack any inhibitory activity. The more flexible hydroxyethyl moiety of

27 appears to have a negative impact on hydrogen bonding with the aspartate residues,
leading to a loss of SK inhibitorgctivity in both isoformsDocking the piperidine
analogue Z6) in the active site of SK1 and the model of SKijGre 2.30) showed

that the key interactions between Asp264 and the head group were no longer present.
This again confirms thienportance of distance and directionafity optimal hydrogen
bonding, which is lost with the larger ring scaff¢kigure 2.30).

To further investigate whether the hydroxyl group and chirality are essential for
activity, compound28, which lacks any polar groupgas preparedt was inactive,

which highlights the importance of hydrogen bonding with Asp264 in this region,
which was confirmed by the docked pose that lacked the key hydrogen bonds with
Asp264 Figure 2.31).
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Figure 2.30. Docked pose otompound 26.Key interactions oEompound?6 (green stick)
with active sites of SK1 (A) and SK2 (BRed lines indicate a distance®bA (with actual
distances shown) observed between Asp264tlaamdhydroxyl group of the pyrrolidine head
group Pink andgrey sticks areVal304, Leu517, Asp264 and Cys533 respectively.
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Figure 2.31. Docked possof compound 28 Key interactions o€ompound8 (yellow stick)
with active sites of SK1 (A) arsK2 (B). Red circles indicate loss oftsbnds between Asp264
andthe head pyrrolidine moiety that lacaiydroxyl group.Pink and grey sticks areVal304,
Leu517, Asp264 and Cys533 respectively.
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2.4 Synthetic strategies

Compounds were synthesised by adapting the method used to pRp&43 as

described by Schunt al, in which the 3(bromomethyhl5-methylphenyl acetate was

treated with sodium benzene sulfonate, followed by hydrolysis of the resulting ester

(compound I) toafford the phenol (compound IlThis was then alkylated in

acetonitrile at 60°C to afford the aldehyde (compoundwhichwas then subjected

to reductive aminationto producePF-543 in good yield (95%) after column

chromatographyScheme 2.121°

PF-543

Scheme2.1. Method for preparing PF-543 Reagents and conditions: (a) Aliquat, 85 °C, 18

h in EtOAc (b) NaHCQ, rt, 36h. (c) MeCN, 60 °C, 2. (d) NaBHAg, DCE, 24h.
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2.4.1 Synthesis of sulfonates and sulfonamide analogues

The synthetic approadb the sulfonate and sulfonamide analogues involved #tege
steps $cheme2.2). The first step was teulfonylate a hydroxyl or amino group of
resorcinol or 3aminophenolvith an alkyl or aryl sulfonyl chloride under mild basic
condtions to produce the morsubstitutedphenols29-38. In the second stephe
remaining phenolic groups of compoun@®-38 were alkylated with the p-
bromomethylbenzaldehyde30) under basic conditions to afford the benzylic ether
benzaldehyded0-49. The fnal step involved the reductive amination of compounds
40-49 with (R)-pyrrolidin-2-yl methanol to give the corresponding tegtiamines3-

14in reasonableverallyields.

N
1|l -0
b*
(0]
Cll_R
\ﬁ Br Br
U "Uw
aora* b
29-38
X=OH or NH,

Refer to Table 2.7

o]

T
o
T

R ¢} X0
o c \©/ E\R
314
40 -49

Refer to Table 2.8

Refer to Table 2.9

Scheme2.2. Method for synthesis ofsulfonate and sulfonamideanalogues Reagents and
conditions (a)Sat. ageous NaHCGELO (a*) pyridine (1.57 eq) in Cil- (b) K:COs (2.75
eq), MeCN, 60 °C, 8. (b*) DIBAL -H, 25°C toluene, 1 (c) NaBHAG (1.5 eq), BCE, 24h.
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2.4.1.1Step I Regioselective sulfonylatiorof resorcinol and 3aminophenol(29-
38)

The first step in thesyntheticpathway involved the regioselectigelfonylation of
resorcinol or aminophenol to produce the msaosbstituted pheno®9-38 (Scheme
2.3). 2%

)
Cl\g/R 5 O\\S/R
HO X n H X_11_R I\\
° - ° s + 6.0 X\(IS)I,R
Base/Solvent 0 1
@)
X= NH,, or OH 29-38 Side products

Scheme2.3. Regioselective sulfonylation of resorcinol and-aminophenol.

Compound29-38were generated imoderateyields (Table 2.7 due to the production
of sideproducts that are formed through the dow#onylationof either both OH
/or NHz groups of the starting materi@¢heme 2.3
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Table 2.7. Mono substituted phenol$29-38) and their yields produced by
sulfonylationwith sulfonyl chloride.

HO x\S//O
\©/ O// "R

29-38
Compounds| X R Yield
(%)
29 O \_Q_ OCH, 34
30 O \/\/\ 36

31 o) \OC' 29

32 O 15
v H—

33 o) \_<:> 13

34 NH \_Q ocH, | 28

35 NH (\/\ 55

36 NH \O o |51
37 NH Q 29
\

38 NH /_<:> 88
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The challenging step in this reactiaras to separate the desired product from the
unreacted starting material and the saeduct, which had both functiongtoups
sulfonylaed The reproducible and robust method achieved was based on the
differences in th@pKa values of the various derivaéis produced during the reaction

as follows(Figure 2.32). The organic layer was separated and washed with saturated
agueous potassium carbonate solution (pH>12) to rerni@vestarting material with

two phenolic groupspKa =9.07 and 10.5§?° For aminophenol, thorganic layer was
washed with 0.01 M HCI to remove any compound with a free amino gp&iap @).

The organic layer was then washed witMINaOH to extract the product with the
remaining free phenolic group to leave thsulfonylatedsideproduct in tle organic
layer. Neutralisation of the water layer with OALHCI followed by extraction with
organic solvent isolated the pure desired prod(figure 2.32). As an example of
how monesulfonylationof the desired phenol product was confirmed, tHeNMR
spectrum of compoun@9 is shown in Figure 2.33. The singlet at 89 ppm
corresponds to the hydtoy | proton. T B epmantegrafihgetd 3Ha t
represents the methoxy group. The formation of the sulfonamide with a free hydroxyl
rather than a sulfonate with a free amino group was confirmed by the appearance of
two singlet peaks in thi NMR spectrum of compoun@4: the singletat 10.00ppm
corresponds to thehenolic protorand thesinglet at 9.4@pm corresponds to the NH
proton Figure 2.33). TheH NMR spectrum of the desired compoudil (Figure

2.34) has one singlet fathe hydroxyl protonwhereas théH NMR spectrum of the
bis-sulfonylaedsideproduct shows loss of th®H peak ail0.01ppm(Figure 2.34).

The appearance of opedisubstituted 41 proton signature in the aromatic region in
Figure 2.34 indicatethe introduction of one newromatic ring into the structure,
whereas tw@-disubstitutedsignaturesuggest thasulfonylaton has occurred twice

to generatéhe unwanted sidproduct(Figure 2.34).
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Figure 2.32. Workflow for th e isolation of compounds29-38 from unreacted starting
material and bis- sulfonylated side products
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Figure 2.33. 'H NMR (DMSO-dg) of compounds 29 and compound 34Circled peaks
colored blue and red caspond to OH and NHespectively. Circled peaks indicate key

differences in signals used to identify which were sulfonates or sulfonamides.
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Figure 2.34H NMR (DMSO-ds) of compound 31 and its side product. Circled peak

indicateskey difference in signals used to identify which were target compounds or side
products.
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The mechanism for tHest sulfonylationstep proceed via am3processn which the
phenolic group of resorcin@d depotonated by base to give the corresponding anion,
which acts as a nucleophile to displdke CI of alkyl or aryl sulfonyl chloridesto
form the desired compounds via an associative transition Staterfe2.4). Synthesis

of the sulfonamidesises pyridie and not bicarbonate as the cataltere pyridine
possibly displacethechloride to generate a reactive pyridinium intermediade has

a better leaving groufhe displaced pyridine following the nucleophilic attack by the

amine acts as the basedeprotonate the sulfonamide

HCO, © )
CI_I_R
\ \S/ 86 o R
HO oN ~— 4 y
\©/ R/ \O _ I}
—_— O
X=NH,0
(0]
CD\II/R O g
7 ® R ) 2R
| N 1l S __—\S//-—Cl HO N\é//o Base HO H 3/0
J oy =Y =
P ) q O
< | ~N
HO\©/NH2 Z

Scheme2.4. Suggested & mechanism of the monesulfonylation of resorcinol or 3-

aminophenol.

An Sy1 mechanism is also possible, in which the chloride anion dissociatesiom
sulfonyl group to form the electrophilic intermedigBcheme2.5), which is the rate
determining step and not the attack by the nucleophile.

HO OH

Scheme2.5. Sy1 mechanism forthe mono-sulfonylation of resordnol.
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The phenoxidanion is a strong nucleophile and is likely to attack rapidly before the
sulfonyl chloride dissociates, which favours th& $nechanism, particularly as the
reaction was carried out in diethyl ether, an aprotic, nonpolar solverridmabtes
2.

2.4.1.2Step 2: Formation of benzylic ether benzaldehydegg0-49)

The second stepinvolved the preparation of the alkylating reagemi
bromomethylbenzadehyd@9) (Step A; Scheme 2.5 which was used to alkylate
compounds?29-38 under basic condition®tgive the desired compound§-49 in
varyingyields (Step BScheme 2.yTable 2.8.

2.4.1.2.1Step 2 (A): Synthesis opi bromomethylbenzadehyde

The reagentpi bromomethylbenzadehyds commercially expensive, st was
prepared by the reduction @(bromomethyl) bezonitrile to the corresponding
aldehyde 89) using the selective reducing agent diisobutylaluminium hydride
(DIBAL -H) (Scheme 2.6).

DIBAL-H, 25 °C

—_—

Toluene, 1 h.

Br

Scheme 2.6. Synthesis of pi bromomethylbenzadehyde showing the mechanism for
reduction with DIBAL -H.
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The mechanism for this reaction proceedsaviacidbase catalysed reaction between
an unshared electron pair on the nitrileagen with the aluminium of the DIBAL

H. This is followed by the transfer of a hydride ion from the DIBAH to the carbon

of the nitrile, with subsequent hydrolysis of the aluminium complex to form the
aldehyde $cheme 2.k Reduction to the aldehyde wasioned by the presence of

a downfield singlet corresponding to the formyl H at 10.01 @pigure 2.35).

Br

B (d)
7.67

A(s) D (@) /Tdeh
10.01 7.91 /o479

L

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10.6 10.4 10.2 10.0 9.8 9.6 94 9.2 90 88 86 84 82 80 78 76 74 72 7.0 68 66 64 62 6.0 58 56 54 52 50 48 46 44 4.2

Figure 2.35. '"H NMR (DMSO-de) of compound 39. Circled peaks colouredyan
corresponds to CHand purple corresponds to CHO.
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2.4.1.2.2Step 2(B): Alkylation of compounds (4049)

In this step, monosulfonated phen2®&38 werealkylated with39to give the desired
bifunctional compound40-49in moderate to good yield3#ble 2.8. As an example

of structural elucidatiorthe *H NMR spectrum oft1 is shown belowFigure 2.36).
Successful alkylation was characterised by a downfielét shi5.46 ppm of the
benzylic singlet indicating that the protons were adjacent to the more electronegative
oxygen in the ether moietwhile the aromatic region containegb-alisubstituted and
m-disubstituted signature integrating to 8 protons showedwaphenyl rings were

in the structureThe downfield singlet at 10.3¥pmconfirmed that the aldehyde was

still present, and in this specific example, the coupling pattern in the aliphatic region

showedhat ann-butyl groupwas in the structure.

Nl 4o4r 7 T/ "
8 348 g 2 g
S - - = = N RN &
5 3

T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

Figure 2.36. *H NMR (Chloroform -d) spectrum of compound 41.Circled peaksoloured
cyancorresponds to CHand purple corresponds to CHO.
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Similar to the previousulfonylationstep alkylation is likely to proceed via arnn®
mechanism, in whiclphenolic group of intermediat@®-38 is deprotonated by base
to the nucleophilic phenoxidenionthat acts to displace bromide via the associated

transition state§cheme 2.Y.

@)
W X OH BN
S 0
o Br Ogg X o

K2CO3 (275 eq)
MeCN
29-38 60°C,3h

X=0, NH

Scheme2.7. Synthesis 0#40-49 and the associated mechanism for their formation.
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Table 2.8. Benzylic ether benzaldehyddd0-49) and their yields produced by

alkylation with compound39

Compounds X R Yield

(%)

45 NH \—@—OCHs 28

49 NH 34
()
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The yields for the sulfonamide derivative2&36%) were lower than the sulfonates
(70-95%) becausa second alkylation af5-49 with 39formed the bisalkylated side
products $cheme 2.8 This arose because the primary sulfonamide, like the phenol,
is a weak aciavith a pKa of around 132’ and can also be deprotonated by potassium
carbonate taeact with theboromomethylbenzadehydEigure 2.37 illustrates thetH

NMR spectraof the desired product4(7) and its bisalkylated sideproduct, the
formation of whichwas suggested biie¢ appearance of two singlets9.98 and 10.03

ppm indicating th@resencef two aldehyde groups in the structure. eaks at 4.98

and 5.12 ppm correspond to two benzylic proton singlets adjacent to atoms of different
electronegativity© andN), whilst an aromatic region corresponding to 12 protons that

contains tw@-disubstitutedsignatures also suggests double alkylatioB%y

HO 7R
,,S R cho3 (2.75 eq) 0
0 MeCN

60 °C, 3 h 45-49
(0] N /9
1P
2=

Side Products

Scheme2.8. Alkylation of the sulfonamideswith 39 can yield monoe and bis-alkylated

products.
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Figure 2.37. *H NMR (DMSO-ds) of compounds36 (upper)and 47 (middle) and its sde-
product (lower) formed by bis-alkylation. Circled peaks indicate key differences in signals
used to identify which were target compounds or side products
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2.4.1.3Step 3: Reductive amination(3-14)

Thefinal reaction in this synthetic pathway involvéte reductive amination of the
aldehydes40-49 with (R)-pyrrolidin-2-yl methanol in the presence of the reducing
agent sodium triacetoxyborohydride to generate the final library of an@ied that
were used for SAR profiling of the sulfonate and sudfoide analogues ¢?F-543
(Scheme 2.9 The yields of the amines are shownTeble 2.9

OH
/
O/ /OH <
o) X.g:0 C,\IH
\©/ 2R 0o X._,0
NaBHAc; (1.5 eq) \©/ o R
40-49 .

DCE, 24 h, rt
et =0, NH

X=0, NH 3-14

Scheme2.9. Synthesis of amine8-14.
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Table 2.9. Sulfonae and sulfonamidanalogues3-14) and their yields formed by

reductive amination with-phydroxymethyl)pyrrolidine.

T
o

3-14

X\S//O
R

~

7

Compounds| X R Yield (%)

101



The mechanism for reductive aminatienshown inScheme 2.10The first step
involves the formation of the carbinolamine intermediate ughothe nucleophilic
attack of the secondary amine on the aldehgiféme 2.1)) which is followed by
formation of the imine (Schiff base) via the loss of wad®The imine and aldehyde

are in equibrium, and anhydrous conditions are required to promote the reaction. In
the case of our compounds, a phenyl group adjacent to the iminium group helped
stabilise the intermediate by resonance. There are many reducing agents that could be
used in this redttive amination: the selection of sodium triacetoxyborohydride
(NaBH(OACc)), was because it shows selectivity toward the imine over the a@dehy
This is due to thestabilisation of the borehydrogen bond by the steric and the
electronwithdrawing effectsof the three acetoxy groups, which gives it milder
reducing propertieg?® Presumablya more powerful reducing reagent will reduce the
aldehyde through to the alcohol before the amine can feemntine which is then
reduced.

D.,,,\ Carbinolamine intermediate ®
OH H

N
H‘/ H Ho O
o ) HO_ H_ .
< (NS : @
H i N)\Q
S o

HO H.@.H

) H(;B—o HO._
' HO ):0 :
N E O:< N
f@/
0 "R

Schiff base

Scheme2.10. Mechanism for the reductive amination reaction.
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As anexample of how target compounds were identified lth&lMR spectrum o#t

in shown inFigure 2.38. Theloss of the characteristic aldehyde peak at ~10 ppm and
the appearance of the nequivalent benzylic protons neto the chiral pyrrolidine

ring as two asymmetrigeaks ¢ne doubleat 4.8 ppmand one multiplet 8.45ppm)

was taken as indicative of successful coupling between the reagents. The two non
equivalent methylene protons between the hydroxyl group amdl aentrealso
appear as two multiplets at 3.30 and $Bih, whilst he singlet at 4.42 ppm represents
the hydroxyl protonThe singlet at 5.00 ppm represents the deshiadtieztbenzylic
protons.The coupling in the aromatic region is consistent withsubstitution pattern

seen for the precursors in this series.

90 85 80 75 70 65 60 55 50 45 40 35
fL (ppm)

Figure 2.38. 'H NMR (DMSO-de) of compound4. Circled peaks indicate the key signals
used to identify the targebmpound.
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2.4.2 Synthesis of sulfide containing analogues of P$43

A library of analogues was synthesised using theagrh shown irscheme 2.11
This involved two alkylation steps followed by a reductive amination to produce the
desired compounds0-54 (Scheme 2.1}

HO SH
T e oyt b
—— —_—
R * Br

50-54

0
Refer to Table 2.10 k©\/

Refer to Table 2.11

O\O/S\/R

55-59

Refer to Table 2.12

Scheme 2.11. Synthesg of sulfidecontaining analogues of PF543. Reagents and
conditions: (a) Sat. ¥COs/ MeCN, N3 h(b) K:COs (2.75 eq), MeCN, 60 °C, N3 h.(c)
NaBHAG (1.5 eq), DCE, N 24h.

The commercially available-Biercaptophenol was treated with aryl or alkyl bices
to give the corresponding sulfideScheme 2.1p Alkylation occurred exclusively on
the more acidic thiol groufpKa= 6) rather than otlne phenol to yield predominantly
monoalkylated products0-54 (Table 2.10. Compounds were extracted asdlated
aspreviously describeth Section5.1.2.3to remove bothunreactedtarting material

and disubstituted products.
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HO SH HO s._R
\©/ RCH,Br, K,CO5 , MeCN \©/

N,, 60 °C, 2 h
50-54
Refer to Table 2.10

Scheme2.12. Synthesis ofcompounds50-54.

Table 2.10. Alkylated sulfides(50-54) and their yields produced by alkylation with
benzyl /cyclohexymethylbromide

50-54

Compounds R Yield (%)

50 95
O
e
52 \ Q - 96
53 F 53

)
F
54 \_<:> 65

As an example to show how thesuccessful Ssubstituted thiophenolsvere
characterised, th#H NMR spectrum 060 is shown inFigure 2.39. The appearance
of the characteristisingletof the hydroxyl proton at 9.58 ppm combination with
the benzylic proton singlett a higher field4 . pp#n)than we would expect with a
benzyl ether (e.g. 5.46 pm #1) demonstratg that the monoalkylateldenzylsulfide
had formed.
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Figure 2.39. 'H NMR (DMSO-dg) of compound50.

The phenols were then alkylated w&®using the conditions and procedure previously
described Table 2.1). As can be seen in thel NMR spectrum o5 (Figure 2.40),

the coupled prdua was confirmed by the presence of a downfield singlet
corresponding to the formyl protaat 9.98 ppm in combination with two benzylic
proton singlets at different fields corresponding to chemical shifts expected for an ether

and asulfide 6.18 and 4.2 ppm respectively).
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Table 2.11. Benzylthio)phenoxy)methyl)benzaldehy®® 59 and their yields
produced by alkylation witB9.

Compounds R Yield%
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Figure 2.40. 'H NMR (DMSO-ds) of 55. Circled peakscolouredcyancorrespond t&CH; of
the ether benzylic group, greearrespondso CH; of the benzyfroupandpurple corresponds
to CHO.

The corresponding benzaldehydes were then treated with different amines using the
reductive amination conditiordescribed previouslysée Sectiorb.1.2.7) to afford
compound0-28 (Table 2.12. To generatehe anisosteric primary amino analogue

of the (R)-pyrrolidin-2-ylmethanolseries compound24 was prepared via the Boc
protectedcompound60 followed by deprotemon with trifluoroacetic acid (TFA) in
dichloromethaneScheme 2.18
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R \’< .- R
: O o

—-H
. o

Scheme2.13. Synthesisand mechanism for the preparation of compound4.

The deprotection nahanism is initiated vigrotonationf the t-butyl carbamate by
TFA which results in the loss of tidoutyl cation to then forrd,2-dimethylethene and

the carbamic acid. This unstable intermediate decarboxylates to generate the free

amine 230
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Table 2.12. Sulfide containing analogu&-28 and their yields formed by reductive
amination with 2(hydroxymethy) pyrrolidine

Compounds R R* Yield%
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2.4.3 Synthesis of thetruncated 3-(methoxymethyl)phenoxy analogue of PF-
543

Resorcinol was treated with chloromethyl methyl ether under basic conditions in
acetone to afford a regselective alkylated phenol6l). Formation of61 was
confirmed bythe appearance of the hydroxyéak at 9.41 pm in the!H NMR
spectrumand two new singletat 3.36 ppm and 5.1dpm thatcorrespondo CHsand

CHz groups respectively aradicative of asuccessful monalkylation(Figure 2.41).

The phenol was then alkylated wB&B using previously described condits to form

62, followed by reductive amination to affortb in a good overall yield (43%)
(Scheme2.14).

O - fj
; ﬂ T\j"v

O Olo o,
\©/
15
Scheme 2.14. Synthesis of the (methoxy)phenoxy) methyl analogue.Reagents and
conditions: (a) chloromethyl methyl ether, caesium carbonate, acetgne,°S, 1.5 h(b)

K2COs (2.75 eq), MeCN, 60 °C, N3 h. (c) (R)-pyrrolidin-2-yl) methangl NaBHAG (1.5
eq), DCE, N, 24h.
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Figure 2.41. 'H NMR (DMSO-ds) of compound61.
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2.51n vitro assessment dbiophysicochemical andoharmacokinetic properties

Whilst improving potency against a specific target during the design phase of a new
compound, substantial efforts should also be focused on the optimizatids of
biophysicochemical properties (e.g. solubjlipermeability and metabolic stability)

and pharmacokineti®ADMET) properties(e.g. absorption, distribution, metabolism,
excretion and toxicity)?®! before progressing tin vivo pharmacokinét (PK)
profiling. In vitro ADMET property assessmentacluding permeability, metabolic
stability, and CYP450 inhibitiorproperties, were performed witRF-543 and
compoundd?, 18 and21to establish whether improvements had been made with the
new compunds. All assays were performed avaluated by Cyprotex Discovery Ltd
(Macclesfield, UK).

2.5.1 Absorption and permeability

In the early stage of compound development, aqueous solubility and permeability are
crucial parameters that need to be measured. Regardf potency in the primary
assay, compoundbathave good oral bioavailability are needed if they are to become
a preclinical candidate. Furthermore, optimised solubility, absorption and permeability

are essential to deliver compouratsoss cell memiane to show activity in cell$?

To predict then vivohuman intestinal absorption and estimate the permeabilRiF-of

543 across the intestinal epitiee the apparent permeability coefficientsgdPwere

measured using the Ca&ocell line model. Cac@ cells have characteristics that
resemble intestinal epithelial cells, such as the formation of a polarized monolayer, a
well-defined brush border ohé apical surface and intercellular junctionsséssing

transport in both directions (apical to bdsa t er a | ( Alatd3gl to apical b as o
(BT A) across the cell monol ayer enabl es &
whether a compound undergoes active efflux fylyeoprotein transporter®F-543

was found to have a high permeability like propranclaibje 2.13 suggesting good

intestinal absorptioms likely. The efflux ratio (ER) oPF-543was 1.72, indicating

little active efflux, which is normally apparent when the ER value is?5.
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Table 2.13. Apparent permeability of compou-543

Permeability PF-543 | Propranolol
Compartment Ato B 194 30.0
Mean Papp (x10° cm s?)

Compartment B to A 334 32.8

Mean Papp (x10% cm s?)

Efflux Ratio 1.72 1.09

ADMET properties for any new compound can be predicted to some extent based on
physiochemical propertie€** Indeed,physiochemical properties have been widely
used to predict permeability and absorptiosdamn calculating the predictexdd ogP,

anda total polar surface area (tPSA PS A O 2and€ oig B a® considered
acceptable progression critefar any new compountbr oral admininistration®*®

Our andogues are structurally similés PF-543and haveLogP and tPSA values that
suggest that they are meolipophilic. We wouldthereforeexpectcompoundsl?7, 18
and21to have googbermeability and absorptiofigure 2.41).
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Figure 2.42. cLogP andtPSA (Az) of PF-543and compoundsl?7, 18 and 21

2.5.2 Solubility

The solubility of a compound is a parameter that determines its absorption from the
gastrointestinal tract and its oral bioavailability. It iscaéssential to assess solubility

at an early stage in drug discovery because poor solubility can limit the quality of the
data generated in othiervitro assays. Compounds with solubilities less than 1 uM are
considered to be a highly insoluble, betwéeand 100 uM to be partially soluble and

> 100 uM to be highly soluble. As can be seen frbable 2.14 the solubility of
compoundsl7, 18 and21 are correlated with their predicted lipophilickglues:the

most lipophilic, compoun@1 with the para-fluorophenyl grouphas low solubility
compared tol8 Relative to compound48 and 21, compoundl17 has lower
lipophilicity and improved solubility (111 puM) due to the presence of oxygen in place

of sulfur.
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Table 2.14. Solubility and lipophilicity values fot7, 18 and21

Compounds| Solubility | cLogP | tPSA

(uM) (A2
21 10 596 |32.7
17 111 5.5 419
18 30 5.8 327

2.5.3 Hepatocyte stability of PF-543

In vitro hepatocyte stability assays were conducted teroiene then vitro intrinsic
clearance and haliffe. As can be seen froffiable 2.15 PF-543 was cleared more
rapidly with a halflife of 2.21 mins and a high intrinsic clearances@8 uL/min/10°
cells (where low and high Gk are defined as <3.3 and 7.8 pL/min/1G cells
respectively).?®® The fact thatPF 543is a lipophilic compound makes & good
substrate for liver metabolising enzymes via CYRd&talysed oxidations. Such high
clearance could be due to a combination of phase | and phasgalbolic processes,
as intact liver cells contain both sets of metabolising enzypte543possesses many
structural features that make it highly susceptible to phase | metabolism, indiding
dealkylation of the ether, deamination of the pyrrolidine etyoiand aromatic
hydroxylation, particularly of the electron rich head aromatic group. In addition, the
centraltoluyl group is a target for phase | aliphatic hydroxylatibiggre 2.43. The
most likely site for phase Il metabolism is the primary alcolwbich could undergo

conjugation with glucuronic acid.
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Table 2.15. Hepatocyte stability of compound 43

Hepatocyte Stability PF-543

Species=Mouse

t12 (Min) 2.21

CLint (UL/min/108 cells)| 628

o HO . -
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Figure 2.43. Possible sites of Phase | and Phase Il metabolismF#F-543 and its
possible metabolitesNote; the aldehyde group generated by deamination will be

further oxidised to a carboxylic acid by liver dehydrogenases.
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2.5.4 . Microsomal stability of compounds17, 18and 21

The liver constitutes the principal site of drug metabolism, and the main aim of the
microsomal stabilityn vitro study is to measure the predictable compound clearance
by phase | and phase 1/ Phase | metabolism involves numerous processealtea
compound structure, predominantly via oxidation utilizing the cytochrome P450
complex of enzymes. Phase Il reactions involve conjugations with endogenous polar

molecules, the most common being glucuronic acid via glucuronyl transfefses.

The advantage of using tI$® mouse liver fraction preparation farvitro screening

of microsomal stability is that it contains a wide variety of both phase | and phase II
enzymes.2®’” Microsomal stability studies can be performed to investigate phase |
oxidations using NADPH only as the enzymefaotor or to investigate combined
phase | and Il metabolism, using NADPH + uridinediphospheglucuronic acid
(UDPGA) cofactors in the preparation. The microsomal stability assay has several
advantages over the hepatocyte stability assay: it can be adustéegh throughput
screening format that enables large numbers of compounds to be screened

inexpensively.

The data fronTable 2.16suggests that all compounds underwent significant phase |
metabolism, with high clearance rates similaPEe543 This finding was related to a
short halflife and high intrinsic clearance seen for compounds in the presence of
NADPH compared to only a slightly longer héfe in the presence of NADPH and
UDPGA and for phase Il, which suggests phase | is thedettgminingstep Table

2.16.
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Table 2.16. Microsomal stability otompound$’F-543 17, 18 and21.

Compounds Microsomal Stability S9 Stability (ProteinType=S9,
(Species=Mouse) ProteinConc=1mg/ml, Species=Mou:
Cofactor=NADPH only Cofactor=NADPH + UDPGA)
Phase | Phase I

CLint(uL/min/mg | taz(min) | CLint(pUL/min/mg ta2(min)
protein) protein)

PF-543 441 3.14 ND ND

17 174 7.96 28.4 24.4

18 440 3.15 60.7 11.4

21 335 4.14 118 5.88

Control diazepam | 302 |4.59 Midazolam 25.5 27.1

From the similar phase | clearance rates in the above table, it appears compounds
undergo similar transformationdjecause different functionalitiedo not alter
metabolism rated-or example, compounds3 and 21 differ only in site A (Figure

244), which suggests that theara-fluoro substituent is not preventing aromatic
hydroxylation in thisring, otherwise the héllife would have been increased. Unlike

the other analogue®F-543 has a benzylic group, yet has a similar clearance rate,
which suggests that aliphatic hydroxylation is not responsible for the high clearance
seen across the series. Compoufi@s18 and 21 could each underg®- or S
debenzylation irsite A, butPF-543cannot, which impliethat dedtylation hereis not

the primary phase 1 metabolic route. The feature that is commeR-5¢3 17, 18
and21is the central benzylic ether moiety betwestties C andB, suggesting thad-
dealkylation at this junction is the most likely metabolic route. Alternatively,
deamination of the common pyrrolidine could be the primary rgtigrire 2.44.

Generally, highly lipophilic molecules can have low oral bioaality through a

combination of poor solubility and rapid metabolism because they are good substrates
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for CYP450. Potentially, the phase | metabolic rate of these compounds could be
reduced by modification of the benzylic ethersite B (e.g. replace O ith CHz i
compound3; Figure 2.44), but this would increase lipopicity and reduce solubility.

If deamination insite Cis the primary phase | metabolic route, then repiteard of

the methylene hydrogens with atgs) that cannot be abstracted by CYP#bibitiate
oxidaion could address this issuAn amide link would prevent deamination
(compound64; Figure 2.44), but this would alter the relative orientation of the
pyrrolidine ring with respect to the phenyl group and cedbinding with the target

SK. A difluoromethylene group (compoun@5; Figure 2.44) should retain the
molecular conformation, but would significantly lower the pKa of the pyrrolidine,
reducing its ability to form salts, which could have consequences for both its water
solublity and its binding with SK.Such suggested modifications illustrate the
difficulties of balancing pharmacodynamic and pharmacokinetic considerations when

developing preclinical drug molecules.
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Figure 2.44. Top: most likely phase | metabolites across the series based on similar phase

| clearance rates. Bottom: possible modifications that could be made to address the high

phase | clearance rates
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