
  

 

 

 

 

 

 

Design, synthesis and biological evaluation of 

sphingosine kinase inhibitors for the treatment of 

prostate cancer 

 

 

By 

 

 

Salha M Tawati 

 

A thesis submitted to the Strathclyde Institute of Pharmacy and Biomedical Sciences 

In conformity with the requirements for the degree of Doctor of Philosophy 

 

 

University of Strathclyde 

Glasgow, UK, 2018 



  i 

Declaration 

 

 

This thesis is the result of the authorôs original research. It has been composed by the 

author and has not been previously submitted for examination, which has led to the award 

of a degree. 

 

The copyright of this thesis belongs to the author under the terms of the United Kingdom 

copyright Acts as qualified by University of Strathclyde Regulation 3.49. Due 

acknowledgement must always be made of the use of any material contained in, or derived 

from, this thesis. 

 

Signed:  

Date:  

  



  ii  

Acknowledgements 

First, I would like to express my deepest sense of gratitude to my supervisors, Prof. Nigel 

Pyne, Prof. Simon Mackay, and Prof. Susan Pyne for their inspiration, support, 

encouragement, and excellent advice throughout this project and for their detailed and 

constructive comments and invaluable guidance toward the writing of my thesis. 

I would like to thank all the members (current and past) of the Mackay's and Pyne's 

research groups who have skillfully assisted me during my studies in different ways: Dr 

Jessica Baiget (co-worker), Paula Lopez Rivas (co-worker), Dr. Giacomo Berretta, Dr 

Chris Lawson, Dr Dave Breen, Dr Nahoum Anthony, Dr Neil MacRitchie, Dr Stephanie 

Boomkamp and Dr Stuart Cochrane.  

My thanks must also go to Mrs Louise Young and Ms Gráinne Abbott for their help with 

my ADP-Glo assays. 

Many thanks to my postgraduate colleagues in Mackay's and Pyne's labs for their support 

and useful time experiences and information we have shared. I offer my regards and 

blessings to all my friends in Glasgow, the writing-up rooms and in SIPBS who supported 

me in many respects during my study. 

My thanks go to my special friend Ms. Aisha Alsfouk for her motivating company during 

my PhD journey. You are a true friend and my time in SIPBS would not have been the 

same without you. 

I would like to thank the Libyan embassy and Institute of Higher education in Libya for 

offering me a scholarship to pursue my studies at the University of Strathclyde. 

 My infinite appreciation and thanks goes to mum and to all my sisters and brothers, 

especially my sister Dr Mabrouka and my brother Dr Ali : thanks a lot for your motivation, 

love and caring. 



  iii  

I am eternally grateful for my husband (Elbibani) for his endless love, kindness, caring, 

patient and extensive support in completing my PhD, for always believing in me and 

making me feel that everything is achievable.  

Finally, my greatest thanks go to my beloved sons (Almontiser and Aboubaker); you are 

a precious gift. I am so grateful for having you and I am very regretful for giving you so 

little time throughout my PhD. 

  



  iv 

Dedication  

This thesis is dedicated in loving memory of my father and my brother (Almontiser), who 

encourage my curiosity toward science, Iôm so sorry that even I have not got the chance to 

say thanks for you. I know that you would love to see me getting my PhD degree. 

 

 

 

 

  



  v 

Table of Contents 

 . General Introduction ................................................................................... 1 

1.1 Sphingolipid metabolism .......................................................................................... 2 

 Physiological role of sphingolipids: the sphingolipid rheostat .......................... 4 

 Sphingosine 1-phosphate receptors and inside-out signaling ............................ 6 

 Sphingosine 1-phosphate as an intracellular effector ........................................ 8 

1.2 Sphingosine kinase ................................................................................................... 9 

 General structure of human SK ....................................................................... 10 

 Distribution and localization ............................................................................ 10 

 Translocation and regulation of SK1 ............................................................... 10 

 Translocation and regulation of SK2 ............................................................... 11 

 The SK /S1P pathway in inflammation and immunity. ................................... 11 

1.3 SK/S1P pathway in cancer ..................................................................................... 12 

 Cancer cell proliferation and survival .............................................................. 12 

 Effect of SK/S1P on migration, invasion and metastasis ................................ 13 

 S1P in vasculogenesis and angiogenesis ......................................................... 14 

1.4 Inhibition of S1P receptor signalling for the treatment of cancer .......................... 14 

1.5 Role of SK in cancer............................................................................................... 15 

 The role of the Cer/Des1 and the S1P/SK pathway in the regulation of cancer 

cell growth ................................................................................................................ 18 

 Role of p53 and p21 in growth arrest .............................................................. 19 

1.6 Prostate cancer: an overview .................................................................................. 19 

1.7 Role of SK in prostate cancer ................................................................................. 20 

1.8 Crystal structure of SK1 ......................................................................................... 21 

 The sphingosine binding site of SK1 ............................................................... 25 

1.9 SK inhibitors ........................................................................................................... 26 

 Non-selective SK inhibitors ............................................................................. 26 

1.9.1.1 Sphingosine analogues (SK inhibitors) ..................................................... 27 

1.9.1.2 Non-lipid based (SK inhibitors) ................................................................ 28 



  vi 

 Selective SK1 inhibitors .................................................................................. 29 

1.9.2.1 Sphingosine analogue (SK1 inhibitors) .................................................... 30 

1.9.2.2 Small molecules (SK1 inhibitors) ............................................................. 30 

 Selective SK2 inhibitors .................................................................................. 31 

1.9.3.1 Sphingosine analogues (SK2 inhibitors) ................................................... 31 

1.9.3.2 Small molecules (SK2 inhibitors) ............................................................. 32 

1.10 Conclusion ............................................................................................................ 33 

1.11 Aim of the project ................................................................................................. 34 

 Setting up a drug discovery project ............................................................... 34 

 The assay cascade .......................................................................................... 36 

 Medicinal Chemistry ................................................................................... 37 

2.1 Introduction ............................................................................................................ 38 

2.2 Validation of ADP-GloÊ assay ............................................................................. 38 

 ADP-GloÊ kinase assay optimization ............................................................ 39 

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

 ............................................................................................................................... 40 

2.2.1.2 Determining the optimum concentration of the sphingosine substrate for the 

SK1 assay .............................................................................................................. 41 

2.2.1.3 Determining the optimum concentration of the sphingosine substrate for the 

SK2 assay .............................................................................................................. 42 

2.2.1.4 Determination the robustness and stability of the ADP-GloÊ assay. ...... 43 

 Determination of SK inhibition using the ADP-GloÊ assay .......................... 45 

2.3 Results and discussion: modelling, structure-activity relationships of analogues and 

in vitro activity. ............................................................................................................ 47 

 What was known about PF-543 binding with SK? .......................................... 47 

 Discrimination between SK1 and SK2 structures: key drivers for PF-543 SK1 

selectivity. ................................................................................................................. 50 

 Scaffold modifications towards the design of selective SK1 or SK2 inhibitors: 

key interactions that can be targeted ......................................................................... 52 

 Design strategies .............................................................................................. 53 



  vii  

2.3.4.1 Optimisation of the hydrophobic tail group towards potent and selective 

SK1 inhibitors ....................................................................................................... 55 

2.3.4.2 Optimising the linker and tail to generate selective SK2 inhibitors ......... 70 

2.3.4.3 Modification of the head to explore how polarity and chirality influence 

potency and selectivity .......................................................................................... 80 

2.4 Synthetic strategies ................................................................................................. 84 

 Synthesis of sulfonates and sulfonamide analogues ........................................ 85 

2.4.1.1 Step 1: Regioselective alkylation of resorcinol and aminophenol (29-

38)éééééééééééééééééééééééééééééé.86 

2.4.1.2 Step 2: Formation of benzylic ether benzaldehydes (40-49) .................... 93 

2.4.1.3 Step 3: Reductive amination (3-14) ........................................................ 100 

 Synthesis of sulfide containing analogues of PF-543 .................................... 104 

 Synthesis of the truncated 3-(methoxymethyl) .phenoxy analogue of PF-

543..........................................................................................................................111 

2.5 In vitro assessment of biophysicochemical and pharmacokinetic properties ....... 113 

 Absorption and permeability ......................................................................... 113 

 Solubility ........................................................................................................ 115 

 Hepatocyte stability of PF-543 ...................................................................... 116 

 . Microsomal stability of compounds 17, 18 and ̀ ........................................ 118 

 . Cytochrome P450 inhibition ........................................................................ 122 

2.6 Conclusions .......................................................................................................... 124 

 . Biology ....................................................................................................... 125 

3.1 Introduction .......................................................................................................... 126 

3.2 Results .................................................................................................................. 127 

 PF-543 induces the proteasomal degradation of SK1 and this can be reversed 

by MG132. .............................................................................................................. 127 

 Effect of new SK inhibitors on SK1 expression ............................................ 131 

 Effect of new SK inhibitors on the proteasomal degradation of SK1 in LNCaP 

and LNCaP-AI cells. ............................................................................................... 134 

 Effect of PF-543 on LNCaP-AI and LNCaP Cell Survival ............................ 140 



 viii  

 Effects of new SK inhibitors in LNCaP and LNCaP-AI cell survival........... 145 

 Effect of novel SK inhibitors on cell viability of LNCaP and LNCaP-AI cell 

line .......................................................................................................................... 149 

3.2.6.1 Effect of the new SK inhibitors on LNCaP and LNCaP-AI cells viability 

after 24 h ............................................................................................................. 149 

3.2.6.2 Human cell line cell viability screening .................................................. 153 

 Effect of new SK inhibitors on DNA synthesis in LNCaP and LNCaP-AI 

cellséééééééééééééééééééééééééééééé.154 

 Effect of SK inhibitors on Caspase-3/7 activity in LNCaP and LNCaP-AI cells

 ................................................................................................................................ 156 

 Effect of novel SK inhibitors on autophagy in LNCaP and LNCaP-AI cells 158 

 Effect of SK inhibitors on p53 and p21 expression in LNCaP and LNCaP-AI 

cells ......................................................................................................................... 159 

 Effect of our new SK inhibitors on Des1 expression in LNCaP AI cells .... 160 

 Effect of novel SK inhibitors at 10 mM on c-Myc expression levels. ......... 161 

3.3 Discussion ............................................................................................................ 162 

 Proteasomal degradation of SK1 ................................................................... 162 

 Elucidation of mechanisms underlying the concentration dependent (100 nM or 

10 µM) effect of novel SK1, SK1/2 inhibitors on the survival LNCaP and LNCaP-AI

 ................................................................................................................................ 163 

 Effect of the new SK inhibitors on growth arrest of LNCaP and LNCaP-AI cells

 ................................................................................................................................ 163 

 Exclusion of caspase-3/7-dependent apoptosis and autophagy pathways ..... 166 

 Caspase-independent PARP cleavage is mediated by dihydroceramide 

accumulation in a dose-dependent manner ............................................................. 168 

3.4 Conclusion ............................................................................................................ 169 

 . General Discussion ................................................................................... 170 

4.1 General conclusion and future directions ............................................................. 176 

 Future directions for chemistry ...................................................................... 177 

 . Materials and Methods ............................................................................ 179 



  ix 

5.1 Chemistry ............................................................................................................. 180 

 General experimental details ......................................................................... 180 

 Chemical synthesis of target compounds....................................................... 181 

5.1.2.1 General procedure A (Monosulfonylation  of resorcinol) 225.................. 181 

5.1.2.2 General procedure B (selective sulfonylation  of 3-aminophenol) 270 .... 184 

 Molecular modelling using the docking program GOLD 4.0 ........................ 227 

 ADMET compound profiling (assays performed by Cyprotex Ltd) ............. 228 

5.1.4.1 Solubility ................................................................................................. 228 

5.1.4.2 Hepatocyte stability ................................................................................. 228 

5.1.4.3 Microsomal stability ............................................................................... 228 

5.1.4.4 Cytochrome P450 inhibition ................................................................... 228 

5.2 Biological evaluation of compounds .................................................................... 229 

 General reagents ............................................................................................ 229 

 Antibodies ...................................................................................................... 229 

 Radioisotopes ................................................................................................ 230 

 Cell Culture .................................................................................................... 230 

5.2.4.1 Maintenance of LNCaP and LNCaP-AI cells ......................................... 230 

5.2.4.2 Maintenance of hPASMC ..................................................................... 231 

5.2.4.3 Treatment protocol .................................................................................. 231 

 Preparation of cell ly sates of the LNCaP and LNCaP-AI cell lines for Western 

blotting analysis of protein expression ................................................................... 231 

5.2.5.1 Determination of protein concentration .................................................. 233 

 SDS-PAGE Western blotting ......................................................................... 233 

5.2.6.1 Preparation of polyacrylamide gels ......................................................... 233 

5.2.6.2 Polyacrylamide gel electrophoresis......................................................... 234 

5.2.6.3 Transfer to nitrocellulosemembranes ...................................................... 235 

5.2.6.4 Immunological detection of protein ........................................................ 235 

5.2.6.5 Stripping and re-probing of nitrocellulose membranes ........................... 236 

5.2.6.6 Quantification .......................................................................................... 236 

5.3 Cell based assays .................................................................................................. 237 



  x 

 [3H] Thymidine uptake proliferation assay ................................................... 237 

 MTT Assay .................................................................................................... 237 

 One-step cellular caspase-3/7 assay ............................................................... 238 

 Statistical analysis .......................................................................................... 239 

5.4 ADP-GloÊ kinase assay ...................................................................................... 240 

 Chemicals and assay components .................................................................. 240 

 Buffer preparation .......................................................................................... 240 

 Enzyme preparation ....................................................................................... 240 

 Sphingosine substrate preparation ................................................................. 241 

 Substrate preparation for SK1 ....................................................................... 241 

 Substrate preparation for SK2 ....................................................................... 241 

 ATP preparation ............................................................................................. 241 

5.4.7.1 Inhibitor preparation ............................................................................... 242 

5.4.7.2 Compound preparation ............................................................................ 242 

 ADP-GloÊ kinase assay method (IC50) ........................................................ 242 

5.4.8.1 Z´ Factor method ..................................................................................... 243 

 Results analysis .............................................................................................. 243 

 . References ................................................................................................. 244 

  



  xi 

 

List of Figures 

Figure 1.1. Sphingolipid /Cer metabolism pathways. ........................................................ 4 

Figure 1.2. Physiological role of Cer and S1P. .................................................................. 5 

Figure 1.3. The major roles of sphingosine 1-phosphate (S1P) receptors. ........................ 7 

Figure 1.4. Domain organization of the SK isoforms ........................................................ 9 

Figure 1.5. The role of S1P action in cancer. ................................................................... 12 

Figure 1.6. Cartoon representations of human SK1 structure. ......................................... 23 

Figure 1.7. Structural Comparison of SK1 with DGK and NAD Kinase. ....................... 24 

Figure 1.8. Detailed lipid-protein interactions Sph and SK1. .......................................... 25 

Figure 1.9. Examples of non-selective SK inhibitors. ..................................................... 26 

Figure 1.10. Key interactions of SKi with SK1. .............................................................. 28 

Figure1.11. Examples of selective SK1 inhibitors. .......................................................... 29 

Figure 1.12. Examples of selective SK2 inhibitors. ......................................................... 31 

Figure 1.13. Workflow plan for assessment of synthesised compounds. ........................ 35 

Figure 2.1. The key steps in the ADP-Glo assay. ............................................................ 39 

Figure 2.2. Effect of incubation time on detection of SK1 activity. ................................ 40 

Figure 2.3. Effect of incubation time on detection of SK1 activity. ................................ 41 

Figure 2.4. Determination of Km of Sph in SK1 assay.. ................................................... 42 

Figure 2.5. Determination of Km of Sph in the SK2 assay. .............................................. 43 

Figure 2.6. Determination of the Z´ factor for SK1. ........................................................ 44 

Figure 2.7. Determination of the Z´ factor for SK2. ........................................................ 44 

Figure 2.8. Determination of the IC50 value for PF-543 against SK1. ............................. 45 

Figure 2.9. Determination of the IC50 value for F-02 against SK2.  ................................ 46 

Figure 2.10. Binding of PF-543 to SK1. .......................................................................... 48 

Figure 2.11. Key interactions of PF-543 with SK1. ......................................................... 49 

Figure 2.12. Difference in size at the toe of the binding pocket between SK1 and SK2. 51 

Figure 2.13. Hydrophobic pocket of SK2 differs by 3 residues compared to SK1. ........ 52 

Figure 2.14. Binding mode of PF-543 with SK1 showing the main areas for scaffold 

modifications. ................................................................................................................... 53 



  xii  

Figure 2.15. The sulfonate analogue bound to SK1. ........................................................ 55 

Figure 2.16. PF543 with SK1 and SK2 inhibitory activity as determined by our primary 

assay. ................................................................................................................................ 55 

Figure 2.17. Docking binding pose compound 1 into the active site of SK1. 3D ............ 58 

Figure 2.18. Docked compound 2 into active site of SK1. .............................................. 60 

Figure 2.19. Docked compound 6 into the active site of SK1. ........................................ 62 

Figure 2.20. Docked compound 7 into the active site of SK1. ........................................ 63 

Figure 2.21. Proposed docked pose of compound 7 in SK2.. .......................................... 65 

Figure 2.22. Compound 9 binding to SK1 and SK2. ....................................................... 67 

Figure 2.23. Key interactions of compound 9 with the active site of SK1. ..................... 68 

Figure 2.24. Docked pose of compound 17. .................................................................... 72 

Figure 2.25. Docked pose of compound 18. .................................................................... 73 

Figure 2.26. Docked pose of compounds 21 and 18. ....................................................... 76 

Figure 2.27. Docked poses of compounds 21 and 18.. .................................................... 77 

Figure 2.28. Docked poses of compounds 20 and 18. ..................................................... 78 

Figure 2.29. Docked poses of compounds 20 and 22. ..................................................... 79 

Figure 2.30. Docked pose of compound 26. .................................................................... 82 

Figure 2.31. Docked poses of compound 28. ................................................................... 83 

Figure 2.32. Workflow for the isolation of compounds 29-38 from unreacted starting 

material and bis-acylated side products. .......................................................................... 89 

Figure 2.33. 1H NMR (DMSO-d6) of compounds 29 and compound 34. ........................ 90 

Figure 2.34.1H NMR (DMSO-d6) of compound 31 and its side product. ........................ 91 

Figure 2.35. 1H NMR (DMSO-d6) of compound 39. ....................................................... 94 

Figure 2.36. 1H NMR (DMSO-d6) spectrum of compound 41.. ...................................... 95 

Figure 2.37.1H NMR (DMSO-d6) of compounds 36 (upper) and 47 (middle) and its side-

product (lower) formed by bis-alkylation. ....................................................................... 99 

Figure 2.38. 1H NMR (DMSO-d6) of compound 4. ....................................................... 103 

Figure 2.39. 1H NMR (DMSO-d6) of compound 50. ..................................................... 106 

Figure 2.40.1H NMR (DMSO-d6) of 55. ........................................................................ 108 

Figure 2.41.1H NMR (DMSO-d6) of compound 61. ...................................................... 112 



 xiii  

Figure 2.42. cLogP and tPSA (Å2) for of PF-543 and compounds 17, 18 and 21. ........ 115 

Figure 2.43. Possible sites of Phase I and Phase II metabolism of PF-543 and its possible 

metabolites.  ................................................................................................................... 117 

Figure 2.44. Top: most likely phase I metabolites across the series based on similar phase 

I clearance rates. ............................................................................................................. 121 

Figure 3.1. Effect of PF-543 on SK1a protein expression in hPASMC (A), LNCaP-AI  (B) 

and LNCaP (C) cells. ..................................................................................................... 128 

Figure 3.2. Lack of a role for the lysosomal pathway in the PF-543 induced down-regulation 

of SK1a expression in hPASMC (A) and LNCaP-AI (B) cells. ....................................... 129 

Figure 3.3. Effect of PF-543 on c-Myc protein expression in LNCaP-AI  cells. ............ 130 

Figure 3.4. Effect of compounds (PF-543, 1, 2, 7, 6, 17, 18, 8,  9, 20 or 21) on SK1a 

protein expression in hPASMC cells. ............................................................................ 133 

Figure 3.5. Effect of compounds (1, 2, 7, 6, 8, and 9) on SK1a protein expression in 

LNCaP cells. .................................................................................................................. 134 

Figure 3.6. Effect of proteasomal degradative pathway inhibition on SK inhibitor- induced 

down-regulation of SK1a expression by compounds 1, 7, 8 and 9 in LNCaP-AI cells. 135 

Figure 3.7. Effect of proteasomal degradative pathway inhibition on SK inhibitor-induced 

down-regulation of SK1a expression by PF-543 and compounds 8 and 9 in hPASMC cells.

 ........................................................................................................................................ 136 

Figure 3.8. Effect of lysosomal degradative pathway inhibition on SK inhibitor-induced 

down-regulation of SK1 expression by compounds 8 and 9 in hPSMAC cells............. 137 

Figure 3.9. Effect of lysosomal degradative pathway inhibition on SK1 inhibitor-induced 

down-regulation of SK1 expression by PF-543 and compounds 1, 7 and 6 in LNCaP-AI 

Cells. .............................................................................................................................. 138 

Figure 3.10. Effect of SK inhibitors on c-Myc protein expression in LNCaP-AI cells. 139 

Figure 3.11. Effect of SKi (10 µM) or PF-543 (100 nM) on the morphology of LNCaP 

cells after 24 h. ............................................................................................................... 140 

Figure 3.12 Effect of staurosporine on viability of LNCaP (A) and LNCaP AI (B) 

cellséééééééééééééééééééééééééééééééé.141 



 xiv 

Figure 3.13. Effect of PF-543 on DNA synthesis in LNCaP (A) and LNCaP AI (B) 

cellséééééééééééééééééééééééééééééééé.142 

Figure 3.14. Effect of PF-543 and SKi on PARP cleavage in LNCaP cells. ................. 143 

Figure 3.15. Validation of the caspase 3/7 assay in LNCaP (A) and LNCaP AI (B) 

celléééééééééééééééééééééééééééééééé..144 

Figure 3.16. Lack of effect of PF-543 on caspase3/7 activity in LNCaP (A) and LNCaP 

AI (B) cells.. ................................................................................................................... 145 

Figure 3.17. Effect of compounds (17 and 7) on the morphology of LNCaP AI cells at 100 

nM (A) and 10 µM (B) after 24 h. ................................................................................. 147 

Figure 3.18. Effect of new SK inhibitors on PARP cleavage in LNCaP AI (A) cells. .. 148 

Figure 3.19. Effect of SK inhibitors (100 nM) on viability of LNCaP (A) and LNCaP AI 

(B) cells after 24 h. ......................................................................................................... 150 

Figure 3.20. Effect SK inhibitors (10 µM) on viability of LNCaP (A) and LNCaP AI (B) 

cells after 24 h. ............................................................................................................... 151 

Figure 3.21. Cell viability IC50 for compounds 9 (A) and 18 (B) in LNCaP and LNCaP-

AI cells after 24h. ........................................................................................................... 152 

Figure 3.22. Effect of SK inhibitors on viability of PNT2A cells. ................................ 153 

Figure 3.23. Effect of SK inhibitors on DNA synthesis of LNCaP (A) and LNCaP AI (B) 

cells after 24 h.. .............................................................................................................. 154 

Figure 3.24. Effect of SK inhibitors on DNA synthesis of LNCaP (A) and LNCaP AI (B) 

cells after 24 h. ............................................................................................................... 155 

Figure 3.25.Effect of SK inhibitors on caspase-3/7 activity in LNCaP (A) and LNCaP AI 

(B) cells. ......................................................................................................................... 156 

Figure 3.26. Effect of SK inhibitors on caspase-3/7 activity in LNCaP (A) and LNCaP AI 

(B) cells. ......................................................................................................................... 157 

Figure 3.27. Effect of SK inhibitors on cell viability in the presence and absence of 

autophagy inhibitor, Bafilomycin A1 of LNCaP cells. .................................................. 159 

Figure 3.28. Effect of SK inhibitors on p53 expression in LNCaP-AI cells. ................. 160 

Figure 3.29. Effect of SK inhibitors on p21 expression in LNCaP-AI cells. ................. 160 



  xv 

Figure 3.30. Effect of SK inhibitors on Des1 expression in androgen-independent LNCaP-

AI cells. .......................................................................................................................... 161 

Figure 3.31. Effectof SK inhibitors on c-Myc expression in LNCaP-AI cells. ............. 161 

Figure 4.1 . Suggested analogues of compound 9. ......................................................... 177 

Figure 4.2. Suggested analogues of compound 21. ........................................................ 178 

Figure 4.3. Proposed analogues of compound 21 to address lipophilicity issues. ......... 178 

Figure 5.1. MTT reaction that occurs in the mitochondria of the living cells leading to 

a change in the colour of the MTT from yellow to purple (Formazan). .................. 238 

  



 xvi 

 

List of Tables 

Table 2.1. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

first library. ....................................................................................................................... 56 

Table 2.2. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

second library. .................................................................................................................. 69 

Table 2.3. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

third library ...................................................................................................................... 70 

Table 2.4. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

fourth library .................................................................................................................... 71 

Table 2.5. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

fifth library. ...................................................................................................................... 74 

Table 2.6. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for the 

sixth library. ..................................................................................................................... 80 

Table 2.7. Mono substituted phenols (29-38) and their yields produced by sulfonylation 

with sulfonyl chloride. ..................................................................................................... 87 

Table 2.8. Benzylic ether benzaldehydes (40-49) and their yields produced by alkylation 

with compound 39 ............................................................................................................ 97 

Table 2.9. Sulfonate and sulfonamide analogues (3-14) and their yields formed by 

reductive amination with 2-(hydroxymethyl)pyrrolidine. ............................................. 101 

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

/cyclohexyl methyl bromide. .......................................................................................... 105 

Table 2.11. Benzylthio)phenoxy)methyl)benzaldehyde 55-59 and their yields produced 

by alkylation with 39. ..................................................................................................... 107 

Table 2.12. Sulfide containing analogues 20-28 and their yields formed by reductive 

amination with 2-(hydroxymethyl) pyrrolidine ............................................................. 110 

Table 2.13. Apparent permeability of compound PF-543.............................................. 114 

Table 2.14. Solubility and lipophilicity values for 17, 18 and 21 .................................. 116 

Table 2.15. Hepatocyte stability of compound PF-543 ................................................. 117 

Table 2.16. Microsomal stability of compounds PF-543, 17, 18 and 21. ...................... 119 



 xvii  

Table 2.17. Cytochrome P450 inhibition of compounds 17 and 21. ............................. 123 

Table 4.1 Full profile of hit compounds 9, 18 and 21 vs PF-543. ................................. 175 

Table 5.1. Prestained molecular weight marker used in Western blotting. Table showing 

molecular weight of seven pre-stained proteins ............................................................. 234 

Table 5.2. Primary antibodies used in immunoblotting and optimal conditions. .......... 236 



 xviii  

List of Schemes 

Scheme 2.1. Method for preparing PF-543. ..................................................................... 84 

Scheme 2.2. Method for synthesis of sulfonate and sulfonamide analogues. .................. 85 

Scheme 2.3. Regioselective sulfonylation of resorcinol and 3-aminophenol. ................. 86 

Scheme 2.4. Suggested SN2 mechanism of the mono-sulfonylation of resorcinol or 3-

aminophenol. .................................................................................................................... 92 

Scheme 2.5. SN1 mechanism for the mono-sulfonylation of resorcinol. ......................... 92 

Scheme 2.6. Synthesis of pïbromomethylbenzadehyde showing the mechanism for 

reduction with DIBAL-H. ................................................................................................ 93 

Scheme 2.7. Synthesis of 40-49 and the associated mechanism for their formation. ...... 96 

Scheme 2.8. Alkylation of the sulfonamides with 39 can yield mono- and bis-alkylated 

products. ........................................................................................................................... 98 

Scheme 2.9. Synthesis of amines 3-14. .......................................................................... 100 

Scheme 2.10. Mechanism for the reductive amination reaction. ................................... 102 

Scheme 2.11. Synthesis of sulfide-containing analogues of PF-543. ............................ 104 

Scheme 2.12. Synthesis of compounds 50-54. ............................................................... 105 

Scheme 2.13. Synthesis and mechanism for the preparation of compound 24. ............. 109 

Scheme 2.14. Synthesis of the (methoxy)phenoxy) methyl analogue. .......................... 111 

 

  



 xix 

Abbreviations 

Å Angstrom(s) 

ABC294640 3-(4-Chlorophenyl)-adamantane-1-carboxyliacid(pyridin-4-

ylmethyl)amide 

Ala Alanine 

AMP Adenosine monophosphate 

Asp Aspartic acid 

ATP Adenosine triphosphate 

BSA Bovine serum albumin 

°C Degree (s) Celsius 

cAMP Cyclic adenosine monophosphate; 

CDCl3 Deuterated chloroform, 

Cer Ceramide 

CerS Ceramide synthase 

CERT Cer transfer protein  

CH2Cl2 Dichloromthane 

13C NMR Carbon NMR 

C-terminus Carboxylic acid-terminus, 

Cys Cysteine 

D Doublet 

Da Kilo Dalton(s), 

DAG Diacylglycerol 

DCE Dichloroethane, 

Des1 Dihydrocermide desaturase 

dd Doublet of doublet, 

DIBAL -H Diisobutylaluminiumhydride, 

DMSO-d6 Deuterated dimethyl sulfoxide, 

DMSO Dimethyl sulphoxide; 



  xx 

DNA Deoxyribonucleic acid 

EFCS European foetal calf serum; 

EGF Epidermal growth factor; 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

Et3N Triethylamine 

Et2O Diethyl ether 

Eq Equivalent(s) 

eV Electron volt(s), 

FTY720 2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol 

g Gramme(s) 

GCerase Glucosyl ceramidase 

Glu Glutamic acid, 

GOLD Genetic optimization for ligand docking 

h  Hour(s) 

H-bond Hydrogen bond 

HDAC Histone deacetylase 

HER2 Human epidermal growth factor receptor-2 

1H NMR Proton NMR 

hPASMC human pulmonary aortic smooth muscle cells 

HRMS-ESI High resolution mass spectrometry-electrospray ionization 

H2SO4 Sulphuric acid 

HTS High throughput study 

Hz Hertz 

IC50 Half maximal inhibitory concentration 

Ile Isoleucine 

IP3 Inositol trisphosphate 

J Coupling constant 

JNK C-Jun N-terminal kinase 

Kg Kilogram 



 xxi 

K2CO3 Potassium carbonate 

K ic Competitive inhibition constant 

K iu Uncompetitive inhibition constant; 

Km Michaelis constant 

LC-MS Liquid chromatography-mass spectrometry 

Leu Leucine 

LPP Lipid phosphate phosphatase 

MAPK Mitogen-activated protein kinase 

MeCN Acetonitrile 

MEK MAPK/ERK kinase 

Met Methionine 

MG132 Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal 

mg Milligramme(s), 

MgSO4 Magnesium sulphate, 

MHz Mega hertz 

ɛg Microgram 

ɛM Micromolar 

ɛL Microlitre(s) 

mins Minutes 

mL Millilitre(s)  

mM millimole(s) 

M Molar 

m Multiplets 

MS Mass spectrometry 

NaBH(OAc)3 Sodium triacetoxyborohydride 

nM Nanomolar 

NA Not Active 

NMR Nuclear Magnetic Resonance 

NAC N-acetyl L-cysteine 

PARP Poly ADP ribose polymerase 



 xxii  

PBS Phosphate buffered saline 

PDGF Platelet derived growth factor 

PI3K Phosphatidylinositol 3-kinase 

pKa Acid dissociation constant 

PA phosphatidic acid  

PLC Phospholipase C 

Pgp P-glycoprotein 

PMA Phorbol 12-myristate 13-acetate 

PMSF Phenylmethylsulphonyl fluoride 

PP2A Protein phosphatase 2A 

ppm Parts per million 

PS phosphatidylserine  

q Quartet 

RIP1 Receptor interacting protein 1  

rt Room temperature 

s Singlet 

SAR Structure activity relationship 

SDS Sodium dodecyl sulphate 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

Ser Serine 

SiO2 Silicon dioxide 

siRNA Small interfering RNA 

SK Sphingosine kinase 

SKi 2-(p-Hydroxyanilino)-4-(p-chlorophenyl)thiazole 

SMase Sphingomyelinase 

SMS Sphingomyelin synthases 

Sph Sphingosine 

S1P Sphingosine 1-phosphate 

S1PP S1P phosphatase 

S1PR S1P receptor 



 xxiii  

t Triplet 

TFA Trifluoroacetic acid 

Thr Tyrosin 

TRAF2 Tumor necrosis factor receptor-associated factor 2 

Val Valine 

VEGF Vascular endothelial growth factor. 

 

  



 xxiv 

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 cell proliferation 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 isoform-selective SK inhibitors to 

treat human cancers is of major interest. To date, inhibitors for this enzyme have either 

been selective for SK1 or non-selective 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 potential anti-cancer 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 of PF-543, a known potent SK1 

selective inhibitor. Analogues of PF-543 were prepared that were potent selective 

inhibitors of SK1 over SK2 and 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 identified a structural determinant in the catalytic site of 

SK1 and SK2 that confers selectivity, with the heel and toe regions of the so-called J-

channel in either enzyme providing a means toward selectivity. 

Exemplars from the series were shown to have potent cellular activity but poor in vitro 

microsomal stability. Effective target engagement and selectivity for SK1 in prostate 

cancer cell lines (LNCaP and LNCaP-AI) and proliferating human pulmonary artery 

smooth muscle cells (hPSMAC) were also established. A variety of biological assays 

associated with SK inhibition were used to evaluate their ability to induce cancer cell 

death, which was shown to involve a caspase-3/7-independent mechanism.  
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Our SK1 and SK1/SK2 inhibitors, but not SK2 inhibitors, also reduced expression of 

dihydroceramide desaturase 1 (Des1) in a dose dependent manner, causing growth arrest 

and caspase-independent cell death. This project highlighted the importance for 

combining SK1 with Des1 inhibition in terms of endowing compounds with cytotoxicity 

against cancer cells. 

 

https://www.ncbi.nlm.nih.gov/pubmed/25283058
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1.1 Sphingolipids metabolism 

Sphingolipids are a class of lipids that are commonly found in cell membranes. 1,2 The 

sphingolipid metabolites ceramide (Cer), sphingosine (Sph), and sphingosine-1-

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 conditions. 3 

Sphingolipid metabolism (Figure 1.1) involves several reactions utilising enzymes at 

different subcellular localizations to form a multitude of l ipids with signaling 

functions. 4 Ceramide (Cer) is positioned at the center of sphingolipid biosynthesis and 

catabolism and is therefore defined as a metabolic hub. 3 There are four main metabolic 

pathways of Cer formation; 4 

1) First, the de novo pathway (in the endoplasmic reticulum) leads to the formation of 

3-ketodihydrosphingosine via the use of palmitoyl-CoA and serine, and in turn, 

reduction of 3-keto-dihydrosphingosine to produce dihydrosphingosine. This is then 

acylated by dihydroceramide synthase to produce dihydroceramides of different chain 

lengths. 4 There are six different isoforms of ceramide synthases (CerS1-6) and each 

one selectively binds to acyl chains of varying lengths (C16-C26) coupled to coenzyme 

A that are required for N-acylation of the sphingosine base. 5 The final step is the 

formation of Cer species via the introduction of a double bond by dihydroceramide 

desaturase (des1). 6 Cer is then translocated to the Golgi via vesicles or by Cer transfer 

protein (CERT) 7 where it can be metabolised to other sphingolipids such as 

sphingomyelin, which is a major component of the plasma membrane, Sph and 

ceramide-1-phosphate. 8 

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 stimuli, such as 

vitamin D. 9ï14 Cer can then be converted back into sphingomyelin via the action of 

sphingomyelin synthases (SMS) and exchange of the phosphoryl choline head group 

of phosphatidylcholine can produce diacyglycerol.  
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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 the 1-OH position by sphingosine kinases (SK) results in 

S1P formation. 3 There are two types of sphingosine kinase, namely SK1 and SK2 

which are described in detail in section 1.2. Cells also have S1P phosphatase (S1PPs) 

15 and Cer synthase (CerS) activities that are able to convert S1P back into Sph and 

Sph to Cer respectively. Alternatively, S1P can be irreversibly metabolised by S1P 

lyase (S1PL). to ethanolamine phosphate and hexadecenal.4,15  

4) The glycosphingolipids pathway involves transfer of complex glycosphingolipids 

in the Golgi to the plasma membrane by vesicular transport followed by metabolism 

to glucosylceramides that can also be converted to Cer by the action of by glucosyl 

ceramidase (GCerase) (Figure 1.1). 16,17  
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Figure 1.1. Sphingolipid /Ceramide (Cer) metabolism pathways. De novo synthesis of Cer 

and production of sphingosine-1-phosphate (S1P). Key enzymes that are controlling the 

Cer/S1P rheostat are shown in pink. Also, shown are the chemical structures of Cer, 

sphingosine (Sph) and (S1P). 

 Physiological role of sphingolipids: the sphingolipid rheostat 

Physiologically, Cer and Sph both promote apoptosis or cell growth arrest. 18ï21 S1P, 

on the other hand, stimulates cell proliferation, growth, and migration. 18,20,22 Cer and 

S1P are pro-death and pro-survival messengers respectively (Figure 1.2); Cer 

promotes apoptosis through a direct disruptive effect on mitochondria thereby 
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inhibiting cell division. 23 S1P stimulates a number of different pro-survival pathways 

(mainly the Akt and ERK pathways), the crucial consequence being the production of 

proteins that inhibit apoptosis. S1P has been implicated in several physiological and 

cellular processes. 24 For example, S1P is involved in regulating cell survival, and 

adhesion. 25 In addition, S1P has a role in regulating vascular development, 

atherosclerosis, inflammation and immunity, tumourgenesis and metastasis. 25,26 

The interconversion of Cer to Sph and S1P is termed the sphingolipid rheostat. 22,27 

The balance between signaling by ceramide and sphingosine and S1P is vital in 

determining cell fate. 3,28 In normal healthy cells, a balance is achieved between pro-

survival and pro-death messages, which are dependent on the status of the rheostat. 29 

Cellular stress, such as inflammation and irradiation increases Cer production, 30 while 

cancer is one example where the balance shifts in favour of S1P through the up-

regulation of SK.31  

 

Figure 1.2. Physiological role of Ceramide (Cer) and sphingosine-1-phosphate (S1P). The 

apoptotic role of Cer by inhibition of cell proliferation and the anti-apoptotic function of S1P 

via enhancing of cell proliferation, controlled by the sphingolipid rheostat. 

Although regulation of the sphingolipid rheostat involves several enzymes (Figure 

1.1), many studies provide evidence that SK has a crucial role in regulating cell 

survival. 32ï38 In addition, recent studies highlight that dihydroceramide desaturase (Des1) 
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is another crucial enzyme involved in the regulation of cell survival as inhibition of Des1 

would reduce pro-apoptotic Cer but could increase dihydroceramides; 39 providing 

evidence that modulation of both the de novo Cer pathway and the sphingolipid rheostat 

are able to affect cell growth. 

 Sphingosine 1-phosphate receptors and inside-out signaling 

S1P has well-established roles in both normal physiology and pathophysiology.28 S1P 

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 affinity. 40 S1P receptors (S1PRs) are a family of 

plasma membrane G-protein coupled receptors that have crucial roles in the 

sphingolipid pathway. 41 S1P can bind to S1PRs in both a paracrine and autocrine 

manner in a process termed óinside-out` signalling. ATP-binding cassette (ABC) 

transporters1 and the spinster homologue 2 (Spns2) transporter 42,43 are capable of 

transporting S1P out of the cell, where it then binds to any one of the five SIPRs (S1P1ï

S1P5) (Figure 1.3). S1P1, S1P2 and S1P3 are expressed in most tissues. 2 S1P4 is 

commonly found in immune cells and the lungs, while S1P5 is expressed in the central 

nervous system and skin. 2,40 The S1P receptor subtypes are coupled to a wide range 

of distinct G proteins (Gi, Gq and G12/13) that trigger different primary messenger 

pathways. They can activate phospholipase C (PLC), phosphatidylinositol 3-kinase 

(PI3K), extracellular signal-regulated kinase (ERK) and Rho pathways or inhibit 

adenylate cyclase (AC) and Rac signaling (Figure 1.3).2,44 
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Figure 1.3. The major roles of sphingosine 1-phosphate receptors (S1PRs). Summary of 

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

S1P1 couples to Gi and inhibit the AC pathway whilst activating PI3K, PLC and ERK 

pathways. S1P1 uses both Gi and ɓ-arrestin to regulate the ERK pathway. 2,44ï46 The 

ERK and PLC pathways are responsible for cell proliferation, 3,22 while the PI3K 

pathway is responsible for migration by increasing Rac expression 2 and cell survival 

pathways. Indeed, PI3K signalling (increased via Akt) up-regulates the expression of 

anti-apoptotic proteins including Bcl-2 and Mcl-1, and down-regulating pro-apoptotic 

proteins such as BAD and BAX. 47ï49 S1P1 is widely expressed and has a major role in 

angiogenesis and vascular maturation, 50 vascular tone, 51 and endothelial barrier 

function. 52 

Unlike S1P1, S1P2 couples primarily to G12/13 and stimulates the Rho pathway to inhibit 

cell migration. 2,53,54 S1P2 can also couple with Gq to activate PLC55  and with Gi to 

 



 

  8 

mediate cell proliferation via activation of ERK. 56 S1P2 is predominantly expressed 

in the vascular smooth muscle cells 55 and plays a key role in the development and/or 

mediation of neuronal excitability. 57 It is also crucial for the appropriate performance 

of the auditory and vestibular systems and its underexpression causes deafness. 58,59 

Similar to S1P2, S1P3 can also couple to Gi, Gq and G12/13. 
30

 S1P3 couples most 

efficiently to Gq to activate PLC and enhance cell angiogenesis. 30 In contrast to S1P2, 

S1P3 binds to Gi and promotes cell migration via activation of Rac. 2,53 It is highly 

expressed in the heart, lungs, spleen, kidney, intestine, diaphragm and certain types of 

cartilage. 60 

S1P4 also couples to Gi and G12/13 and stimulates PLC and ERK resulting in cytoskeletal 

rearrangements after stimulation with S1P. 2,53 Its expression is limited to the immune 

compartments and leukocytes. 61,62 

S1P5 mediates the inhibition of cell migration through coupling to G12/13, resulting in 

the subsequent stimulation of the Rho pathway. S1P5 also couples to Gi and may also 

induce cell migration via activation of the Rac pathway. 63 It is highly expressed in the 

central nervous nervous system and is the predominant receptor in oligodendrocytes, 

the myelinating cells of the brain. 64,65 

 Sphingosine 1-phosphate as an intracellular effector 

Choi et al., provided the first evidence for the existence of intracellular targets of S1P, 

reporting an S1PR-independent regulation of intracellular calcium levels.66 More 

recently, intracellular S1P produced by SK1 (in the cytosol) was found to activate 

TRAF2, an E3-ubiquitin ligase involved in the K63 polyubiquitination of receptor 

interacting protein 1(RIP1). 26 The TRAF2/SK1 complex acts as a scaffold that allows 

the binding and phosphorylation of IəB kinase, which leads to its subsequent 

polyubiquitination and degradation and activates NF-əB, a transcription factor 

regulating the expression of proteins involved in cell survival and the immune 

response. 26,67,68 
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Nuclear S1P formed by SK2 regulates epigenetic-mediated gene expression through 

inhibition of histone deacetylaces. 26 The enzymatic activity of histone deacetylases 

HDAC1 and HDAC2 is inhibited by direct binding of S1P, which in turn promotes 

transcription of tumour suppressors and proto-oncogenes such as the senescence 

marker p21 and the transcription factor c-fos. 69 Prohibitin (PHB)2, a tumor suppressor 

protein that regulates mitochondrial assembly and function that mediates 

mitochondrial respiration via the assembly of the cytochrome-c oxidase, has been 

reported to bind to SK2-produced S1P. 70 

1.2 Sphingosine kinase 

Sph, obtained from Cer (synthesised either de novo or via the salvage pathway), is 

phosphorylated in an ATP-dependent reaction catalysed by the enzyme sphingosine 

kinase (SK) on its primary hydroxyl group to generate S1P. Two isoforms of SK have 

been identified: (SK1 32,71,72 and SK2 50). In humans, three splice variants of SK1 

(SK1a, SK1b and SK1c) and three splice variants of SK2 (SK2a, SK2b, SK2c) have 

been reported that differ by their N-terminal extensions. 50,73,74Almost all of the SK1 

sequence aligns with regions of the larger SK2, with 47% and 43% amino acid 

sequence identity for the N- and C-terminal regions of SK1 74  as shown in figure 1.4. 

SK1 and SK2 genes are located on different chromosomes: the SK1 gene is on 

chromosome 17 (17q25.2), while the SK2 gene is on chromosome 19 (19q13.2).  

 

Figure 1.4. Human sphingosine kinase (SK) isoforms. C1 ï C5 are the highly conserved 

regions that are evolutionarily conserved within sphingosine kinases. 74   
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 General structure of human SK 

SK has been classified as an evolutionary conserved lipid kinase family that has five 

conserved domains C1-C5 (Figure 1.4). The C1-C3 domains are the putative catalytic 

regions (nucleotide binding domain) of the enzymes, in common with diacylglycerol 

(DGK) and Cer kinases. 75 The C4 domain is specific to sphingosine kinases and 

appears to be less conserved in DGKs.76 The C5 domain is also conserved in Cer 

kinase77 and DGKs76. hSK1 consists of three major N-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 acids. 78 The ATP-binding site in SK1 was shown to 

reside in the C2-C3 domains of the enzyme within the consensus sequence SGDGx17-

21K and only have weak sequence similarity to the well characterised and highly 

conserved glycine-rich loop motifs of protein kinases. 75,79,80 The Sph binding site in 

the enzyme was reported to involve a conserved aspartic acid residue (Asp178 in 

hSK1b, Asp264 in hSK1a and Asp177 in mouse SK1) in the C4 domain.76,81,82 

 Distribution and localization 

Interestingly, SK1 and SK2 have almost identical tissue distribution, although SK1 is 

mainly expressed in the brain, heart, thymus, spleen, kidney, and lung 83 whereas SK2 

is more highly expressed in the kidneys and liver. 50 The cytosolic localisation of SK1 

is consistent with the lack of a hydrophobic domain. 84 SK2 is localised at the 

endoplasmic reticulum (ER) and mitochondria and can also shuttle between the 

cytoplasm and nucleus. 4,85 In rat kidney homogenates, SK activities have been found 

at the plasma membrane, the endoplasmic reticulum and the cytosol. 86 

 Translocation and regulation of SK1 

The activation of ERK-1/2 catalyses phosphorylation of Ser225 in hSK1. 36 The 

consequent increase in enzyme activity is accompanied by its translocation from the 

cytosol to the plasma membrane, where it is tethered by the direct interaction of 

specific residues (Thr54 and Asn89) with phosphatidylserine (PS). 87 hSK1 also 

interacts with phosphatidic acid (PA) at the plasma membrane and in the Golgi; this 

interaction maps to its C-terminus and is independent of catalytic activity or of the 
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DGK-like domain of the enzyme. 88 hSK1 is also activated by its interaction with 

TRAF2 via a PPEE379-382 motif and accompanied stimulation by TNFŬ. 89 The C-

terminus of hSK1 has a proline-rich domain (the last 17 amino acids) which has been 

proposed as an SH3-binding sequence. 90,91 Also, translocation of SK1 to and from the 

nucleus might involve two nuclear export sequences (NES).92 NES1 lies between 

amino acids 147-155 while NES2 lies between amino acids 161-169. 92 The export of 

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

the vascular S1P gradient, has also been reported. 93 

  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 cytokines. 94 Localizationof SK2 to the ER can occur 

in response to serum deprivation and the S1P ósalvageô pathway that leads to the 

generation of pro-apoptotic Cer via ER-localized S1P phosphatase and ceramide 

synthase. 38,95 SK2 localization to the nucleus is regulated by nuclear localization and 

nuclear export sequences with export being enhanced by PKD-mediated 

phosphorylation. 85 Cellular release of active SK2 can occur following cleavage at the 

N-terminus by caspase-1 and this allows extracellular generation of S1P. 96 Although 

there is only little information about hSK2 regulation by phospholipids, the presence 

of hSK2 at the ER in response to serum starvation suggests that SK2 might also be 

regulated by phospholipids. 97 It has been suggested that the N-terminus (residues 1ï

175) of hSK2 interacts with 3-O-galactosylceramide and phosphoinositides. Indeed, 

the ability of SK2 to bind these lipids is reduced following deletion of this region. 98 

The physiological consequences of these interactions have not been defined. 98 

 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 with the trigger and perpetuation of ulcerative colitis (UC) and 

inflammatory bowel disease (IBD). 99 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 after cross-linking of 
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immunoglobulin surface receptors, a process necessary for downstream signaling. 66,100 

Moreover, in epithelial cells, key pro-inflammatory mediators, such as TNFŬ, IL-11a 

and LPS cause SK1 activation, which in turn mediate the activation of several proteins 

such as cyclooxygenase-2 and monocyte chemoattractant protein-1 (MCP-1). 20,49 

1.3 SK/S1P pathway in cancer 

Overexpression of SK1 and increased S1P levels is a factor in promoting 

carcinogenesis, inhibiting apoptosis and increasing the ability of the cells to migrate to 

produce the development of new blood vessels which are both principal supporting 

factors of tumour growth and cancer metastasis (Figure 1.5). 26 

 

Figure 1.5. The role of S1P action in cancer. S1P engages with its receptors (S1P1ï5) to 

facilitate a range of signaling pathways, affecting vital biological processes that are 

fundamental to cancer pathogenesis. 

 Cancer cell prolif eration and survival 

Stimulation of S1P1 and S1P3 receptors enhance cell growth and proliferation through 

activation of pro-apoptotic ERK, PI3K and NF-kB pathways, while S1P2 promotes cell 

apoptosis by activating the Rho pathway, which then stimulates small G protein Ras 

and inhibits Akt signaling. 9,101,102 
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Overexpression of S1P4 and SK1 in oestrogen receptor-negative (ER-) breast tumours 

was found to be linked to shorter disease-specific survival times and decreased 

recurrence time in patients. 103 In addition, over-expression of S1P1 and S1P3 has been 

found to be associated with oestrogen-dependent tumourigenesis of human breast 

cancer cells. 103 The mechanism underlies oestrogen-dependent tumourigenesis 

involving the functional interaction between S1P and growth factor signalling 

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 (EGF). 34 The 

high expression of S1P1 and S1P3 receptors were also linked to poor prognosis in 

estrogen receptor Ŭ (ERŬ) positive breast cancer patients. 104 Hsu and co-workers 

found that maintaining tumour growth in lung adenocarcinoma cells induced by S1P3 

receptor stimulations increased the expression of the EGF receptor (EGFR) via 

activation of Rho-associated kinase (ROCK). 105 

S1P4 has been found to stimulate ERK1/ERK2 in MDA-MB-453 breast cancer cells 

by its interaction with human EGFR 2 (HER2), which results in enhancement of 

tumour growth. 106 Furthermore, it has been shown that a positive correlation exists 

between the survival of glioblastoma patients and high expression of S1P1. 
107 

 Effect of SK/S1P on migration, invasion and metastasis 

Tumour metastasis includes both cell migration and invasion. S1P1, S1P2 and S1P3 

receptors have been shown to have significant roles in the regulation of cell migration. 

54,56 The Rho family of GTPases, particularly RhoA and Rac has been identified as a 

central controller of cell migration. 9,101,108,109 In various cell types, activation of the 

S1P1 and/or S1P3 receptor by S1P enhances cell migration through activation of Rac 

via Gi, while activation of the S1P2 receptor exerts an inhibitory effect on cell 

migration due to the suppression of Rac activation via G12/13. 
110,111 Cell migration 

regulated by S1P receptors (S1P1 and S1P3) includes Gi/o-mediated stimulation of 

phosphatidylinositol 3-kinase (PI3K) and Rac. For example, S1P promotes ML-1 

thyroid carcinoma cell and MCF-7 breast cancer cell migration via activation of S1P1 

and S1P3 and downstream Gi and PI3K-Akt activation. 110 
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Long and co-workers found that S1P binding to S1P3 induces a migration of ER+MCF-

7 via an SK1-dependent mechanism. 112 Many studies in human glioblastoma cells 

support the concept of a pro-migratory effect of S1P. 113,114 In addition, S1P was found 

to enhance the invasiveness of glioblastoma cells by activation of plasminogen 

activator inhibitor-1 (PAI-1). 115 The activation of RhoA/Rho-kinase is essential for 

the anti-migratory effect of S1P2 receptor signalling. It was observed that S1P also had 

inhibitory effects on migration of glioblastoma cells which predominately expressed 

S1P2 receptors. 116 Therefore, the balance between S1P receptor subtypes seems to be 

a crucial factor in the metastatic response to S1P; in particular, there is speculation that 

the balance between signals from the Gi and G12/13-Rho pathways has a direct 

modulation effect on cell migration, either in a positive or negative way. 110,117 

 S1P in vasculogenesis and angiogenesis 

S1P promotes blood vessel formation through its interaction with vascular endothelial 

growth factor (VEGF) signaling. 118 VEGF stimulates SK1 activity in T24 bladder 

cancer cells, which is essential for VEGF-induced activation of Ras and mitogen-

activated protein kinase (MAPKs). 119 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 serum. 40 A 

recent study has shown that angiogenesis is enhanced by SK1/S1P-induced 

proliferation and migration of endothelial cells. 121 S1P1 receptor expression is 

essential for the maturation of blood vessels during embryonic development 50 and for 

tumour angiogenesis to support tumour growth. 122 

1.4 Inhibition  of S1P receptor signalling for the treatment of cancer 

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 S1P. 123,124 Secondly, 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 S1P. 22 The murine derived anti-S1P monoclonal antibody (mAB, 

SphingomabÊ) was the first S1P-neutralising antibody developed to reduce the 
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bioavailability of S1P at its receptors.123,124 A humanised version of the anti-S1P mAB 

(SonepcizumabÊ) has since been developed and is currently in Phase I clinical trials 

in cancer.124 

To date, a number of S1P receptor antagonists have been reported. One such inhibitor, 

FTY720 (fingolimod (GilenyaTM), has been extensively studied. It is an analogue of 

Sph that upon in vivo administration is phosphorylated by SK2 into (S)-FTY720 

phosphate, which binds to S1P1,3,4,5 receptors (but not S1P2) and acts initially as an 

agonist. However, it acts as a functional antagonist of S1P1 by causing the receptor to 

be targeted for proteasomal degradation. 125ï127 Notably, FTY720 also acts as an SK1 

inhibitor 128 by inducing its proteasomal degradation. 129 FTY720 reduces metastasis 

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

filopodia formation in the cancer cells.130  

FTY720 is currently approved by the FDA for the treatment of multiple sclerosis. Its 

immunosuppressant activity again involves phosphorylation by SK2 to from FTY720-

phosphate, which then induces down-regulation of S1P1 by proteosomal degradation 

resulting in T cell-trapping in lymph nodes. 131 Other antagonists include JTE 013, 

which has been described as an S1P2 receptor antagonist with an IC50 of 17 nM. It can 

inhibit S1P-induced cell migration and invasion. 112,132 VPC23019 is a selective 

antagonist for S1P1 and S1P3 with IC50 values of 25 and 300 nM, respectively. 133 

VPC23019 can reverse S1P-prompted migration of ovarian cancer cells and thyroid 

cancer cells.40  

1.5 Role of SK in cancer 

SK1 

The SKs have a significant role in many cancers. SK1 is implicated in the main 

mechanisms supporting cancer growth such the enhancement of cellular survival, 

proliferation, prevention of apoptosis and the stimulation of angiogenesis. For 

example, stomach, lung, kidney, and colon cancer have been found to have elevated 

levels of SK. 35 Furthermore, overexpression of SK1 has been shown to be associated 

with poorer survival in breast cancer patients. 106,134 In addition, SK1 plays a role in 
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cancer cell migration in pancreatic carcinoma cells. 135 SK1 activation by EGF is also 

required for EGF-directed breast cancer cell migration. 136 

A recent study has found that endogenous SK1 controls motility, growth, and 

tamoxifen resistance of MCF-7 cells. 112,137 Moreover, the enforced overexpression of 

SK1 in NIH 3T3 fibroblasts causes the acquisition of a transformed phenotype and 

tumour formation in nude mice, demonstrating the growth promoting potential of this 

enzyme. 33 Both SK1 and SK2 are involved in EGF-mediated activation and migration 

of MDA-MB-453 breast cancer cells. 138 

These findings suggest that SK1 and SK2 might be critical for the growth, metastasis 

and chemo-resistance of human breast cancers. Similarly, several studies have shown 

that SK1 has led to an increase in tumourigenic potential in a transgenic mouse model 

of erythroleukaemia. 139 S1P was found to be prominent in the plasma and malignant 

ascites of ovarian cancer patients. 140,141 Interestingly, over-expression of SK1 also 

reduced etoposide-induced apoptosis in HL-60 acute myeloid leukaemia cells. 142 In 

addition, activation of SK1 by VEGF in T24 bladder-tumour cells increased DNA 

synthesis. 143 Furthermore, inhibition of SK1 led to the suppression of cell growth and 

enhanced apoptosis in PC3 prostate cancer cells as a consequence of decreased S1P 

levels and increased Cer levels. 129,144,145 These findings support the possibility that the 

growth-promoting effect of S1P in cancer is primarily mediated by SK1. Several in 

vitro and in vivo studies have confirmed that SK1 has major role in the acquisition of 

resistance to apoptotic effects of ɔ-irradiation and chemotherapeutic drugs in prostate 

cancer cells. 145ï149 

SK2 

Unlike SK1, the role of SK2 in cancer is not well defined. Some studies have revealed 

that SK2 is pro-apoptotic, whereas others have it to be anti-apoptotic. Indeed, the role 

of SK2 in cancer might be linked to its localisation in the nucleus and its interaction 

with histone deacetylase (HDAC). In the nucleus, S1P produced by SK2 inhibits 

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, c-Fos. 69 
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SK2 can be exported from the nucleus into the cytoplasm by protein kinase D 85 and 

plays a pro-apoptotic role. It is a putative BH3-only protein capable of stimulating 

apoptotic signaling; 73 i.e. it has a 9-amino acid motif similar to that present in Bcl2-

homology domain 3 (BH3)-only proteins. Like other BH3-only proteins, there is a 

physical interaction between SK2 and the anti-apoptotic member Bcl-xL. SK2 down 

regulates anti-apoptotic Bcl-2 and Bcl-xL to promote apoptosis. 78 SK2 can associate 

with the ER and generate S1P to produce the pro-apoptotic ceramide, 38 while S1P 

formed by SK2 affects mitochondrial membrane permeability and cytochrome C 

release to induce apoptosis. 150 Similar to SK1, SK2 has been found to have a protective 

role against chemotherapeutic treatments. 151 

In contrast, many other more recent studies have revealed an anti-apoptotic role for 

SK2 as its knockdown promoted apoptosis and increased the sensitivity of cancer cells 

to chemotherapy. 152 Gao and Smith 153 have established that some cancer cell types 

might depend on SK2 rather than SK1 for survival. For example, in kidney and breast 

cancer cells, the siRNA-mediated knockdown of SK2 has a greater anti-cancer effect 

than the knockdown of SK1.  

In addition, it has been shown that in glioblastoma cells, knock-down of SK2 

expression inhibited cell proliferation to a higher extent than down-regulation of SK1. 

154 While the clinical implication of SK2 in cancer patientsô survival and prognosis is 

not well established, several novel roles for it have been revealed recently through the 

use of the chemical tool compound ABC294640, a selective and competitive SK2 

inhibitor with a Ki of 10 ɛM reduced S1P level in intact cells. 155 In contrast to its role 

in BH3 signalling, inhibition of SK2 with ABC294640 promoted apoptosis and 

exhibited effective anti-proliferative activity in different types of tumour cell lines, 

indicating a crucial role for SK2 in cancer cell survival. 156 ABC294640 also induced 

dose-dependent apoptosis via the increase of caspase cleavage in Kaposiôs sarcoma-

associated herpes virus positive patient-derived primary effusion lymphoma cells. 157 

It induced autophagic death in A498 kidney carcinoma cells, PC-3 prostate cancer cells 

and MDA-MB-231 breast adenocarcinoma cells. 153,155,158,159 Studies have 

demonstrated that ABC294640 has significant anti-proliferative effects, including the 

arrest of cell-cycle progression in prostate cancer cells. 160 A recent study has found 
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that the anti-tumor effect of ABC294640 could be due to its ability to induce the 

proteasomal degradation of both SK1 and dihydroceramide desaturase (Des1). 39 

 The role of the Cer/Des1 and the S1P/SK pathway in the regulation of 

cancer cell growth 

As mentioned above, maintaining a ñsphingolipid rheostatò of Cer, Sph and S1P is a 

crucial factor in controlling cell growth. For instance, exposure of cells to stress stimuli 

results in the accumulation of Cer due to the stimulation of de novo biosynthesis or 

sphingomyelin hydrolysis. 161 Cer has been reported to stimulate stress-activated 

protein kinases, such as p38 mitogen-activated kinase (p38 -MAPK) and c-Jun N-

terminal kinase (JNK) via the activation of protein kinase C (PKC). 162 In addition, Cer 

accumulation has been shown to induce the release of pro-apoptotic proteins such as 

cytochrome C and pro-caspases by the formation of channels at the mitochondrial 

membrane. 102,163ï165 Furthermore, Cer promotes apoptosis by controlling the activity 

of members of the Bcl-2 protein family. Cer activates the pro-apoptotic Bax 166 and 

inhibits the anti-apoptotic Bcl-2, 167 which results in the subsequent activation of 

caspases and onset of apoptosis. 168 Similar to Cer, Sph also has pro-apoptotic 

properties. Indeed, Sph initiates apoptosis in several cell lines by the activation of BAX 

via PKC and stimulation of caspase-3/9. 169,170 In contrast to Cer and Sph, S1P and SK1 

have the opposite effect on the Bcl-2 family members; S1P has been reported to inhibit 

caspase activation and apoptosis. 13,22 Generally, S1P activates anti-apoptotic proteins 

(e.g. Bcl-2) while deactivating pro-apoptotic proteins (e.g. Bad, Bim and Bax). 47ï49 

Dihydroceramide desaturase (Des1) is the last enzyme in the de novo synthesis of Cer 

and regulates the balance between dihydroceramides and Cers. Despite the fact that it 

has not been studied as extensively as SK, both SK and Des1 have become of major 

interest as therapeutic targets. 171 Recent studies have revealed that Des1 ablation can 

trigger pro-survival, anabolic cellular responses and inhibition of cancer cell growth. 

For example, inhibition of Des1 and the consequent accumulation of 

dihydroceramides induced autophagy and delayed the cell cycle in gastric cancer cells 

via modulation of cyclin D1 expression. 172 Furthermore, siRNA knockdown of Des1 

in SMS-KCNR neuroblastoma cancer cells increased dihydroceramide levels and 
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inhibited cell growth with promoted cell cycle arrest at G0/G1. 
173 This was linked to 

a protein phosphatase 1-induced dephosphorylation of retinoblastoma protein, which 

regulates cell cycle transition. 173 In general, cancer cells utilise several strategies to 

overwhelm Cer/Sph-mediated apoptosis, such as down-regulation of Cer synthesis via 

the de novo and sphingomyelin pathways and/or over-expression of enzymes that 

convert Cer into non-apoptotic sphingolipids (Figure 1.1). For example, Cer kinase, 

and SK1 over-expression in various cancer cells was associated with stimulation of 

cancer cell survival, proliferation and drug resistance. 134,174 In contrast, 

sphingomyelinase and serine palmitoyl transferase have been found to be down-

regulated in human colon cancer cell lines. 175 

 Role of p53 and p21 in growth arrest 

p21 and p53 are tumour suppressor genes that induce growth arrest. Transactivation 

of p21 by p53 stimulates DNA damage, which in turn promotes cell cycle arrest. 176 

p21 is predominantly a key effector of p53 and is an inhibitor of cyclin-dependent 

kinases CDK2 and CDK1 which inhibit DNA synthesis. 176 

Recently, a functional interaction has been identified between SK1 and the tumour 

suppressor p53. 177 SK1 degradation has been shown to be induced by p53, 37 whereas, 

SK2 stimulates the induction of the cell cycle inhibitor p21. 69,151 SK1 degradation by 

p53 in response to DNA damage could shift the sphingolipid balance toward ceramide 

accumulation and result in ceramide-induced growth inhibition and cell senescence. 

177 Others have demonstrated that Des1 and SK1 are involved in regulating LNCaP-

AI prostate cancer cell growth via p53/p21-dependent and -independent pathways. In 

one study, siRNA knockdown of Des1 increased p53 expression, while a combined 

Des1/SK1 siRNA-based intervention increased the expression of p21. 39 

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 diagnosed in 2014. 178 Over the last few years, advances in early 

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 2012. 179 This mortality rate is because there is currently no available 

curative treatment for locally advanced or metastatic cancers, which are invariably 

fatal. 

Androgen stimulation is the initiator of prostate cancer cell growth and survival. 180 

Inhibition of the expression or down-regulation of androgen receptor (AR)-regulated 

genes is a key therapeutic strategy for the treatment of locally advanced or metastatic 

disease. This involves suppressing androgen production via surgical and/or chemical 

castration (androgen ablation therapy) and/or by blocking AR activation by 

administration of AR antagonists (anti-androgen therapy). 181 Despite initial efficacy, 

the ultimate failure of these AR-directed treatments in the large majority of patients is 

due to the development of an androgen-independent (also termed hormone-refractory 

or castration-resistant) prostate cancer, which usually occurs within 18 months from 

starting treatment. 182 Currently, castration-resistant 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 prostate cancer 

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 knock-down that causes elevation in the Cer/S1P 

ratio to activate apoptosis, whereas pharmacological inhibition of SK has been 

unsuccessful at activating apoptosis due to its inability to increase the Cer/S1P ratio 

and shift the balance toward Cer. 129,145,146,149,183 A recent study found that chronic 

treatment of LNCaP cells (a cellular model of androgen-sensitive prostate cancer) 

with the SK inhibitor SKi induced proteasomal degradation of SK1 and consequent 

activation of apoptosis associated with accumulation of Cer. 129 In addition, SK1 

inhibition is connected with a major decrease of metastasis in prostate cancer animal 

models. 145,146,183 More importantly, SK1 down-regulation has been shown to 
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increase the sensitivity of prostate cancer cells to anti-cancer treatments. 145,146,183 

Over-expression of SK1 significantly enhances prostate prostate cancer cell 

proliferation by causing a substantial reduction in the Cer/S1P ratio. 183 In vivo 

studies have confirmed a function of SK1 in regulating the survival of prostate 

cancer. For instance, large tumours with increased vascularisation in nude mice were 

associated with a reduced Cer/S1P ratio after injection of prostate cancer cells over-

expressing SK1 comparing to control cells that had only normal endogenous SK1. 

145,146,183 Over-expression of SK promotes cancer progression by enhancing the 

survival and growth of cancer cells. A 2-fold increase in SK1 expression has been 

observed in human prostate specimens obtained from cancer patients compared to 

control specimens and this increase in SK1 activity was associated with an increase 

in tumour size and poor response to treatment. 174 

Recent studies have established that SK2 might also have a significant role in prostate 

cancer. Tonelli et al., showed that SK1 and SK2 had different effects on intracellular 

sphingolipid levels in LNCaP prostate cancer cells Treatment of LNCaP cells with 

the inhibitor SKi induced Cer-dependent apoptosis and inhibited autophagy, whereas 

a specific inhibitor of SK2, (R)-FTY720-OMe, failed to promote apoptosis while 

stimulating autophagy in these cells. 184 However, the pharmacological inhibition of 

SK2 via ABC294640 decreased prostate cancer cell proliferation,155 although a recent 

study found that it induced growth arrest of LNCaP-AI cells that was linked to 

proteosomal degradation of both SK1 and Des1 and subsequent accumulation of p21 

and p53. This study suggests that both the SK1 and Des1 pathways are modulated to 

affect the de novo Cer and sphingolipid rheostat pathways to induce growth arrest of 

cancer cells. 39 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 SK1 was first solved by Wang et al., hSK1 

(residues 9ï364, nine Ŭ helices, 17 ɓ strands and a 310-helix) was crystallised in the 

apo (unbound) form and in complexes with ATP, ADP, Sph and the SK inhibitor SKi; 
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2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole 35 at 2.0ï2.3 Å resolution. 81 The 

crystal structure of SK1 in its apo form consists of two-domains: the C-terminal 

domain (CTD), the N-terminal domain (NTD) and the catalytic site (ATP binding site) 

situated in the cleft between the two domains. The hydrophobic lipid-binding pocket 

is found in the C-terminal domain (Figure 1.6 A). 81 The N-terminal domain (NTD) 

containing the C1ïC3 domains (residues 9ï150 and 357ï364) has six ɓ strands (ɓ1ï

ɓ5 and ɓ17) and six Ŭ helices (Ŭ1-Ŭ6) (Figure 1.6 B). 81 The core of the NTD is four-

stranded ɓ sheets (strand order, ɓ2, ɓ1, ɓ3, ɓ4) which are arranged parallel to each 

other, while strands ɓ17 and ɓ5 have an anti-parallel arrangement, with strand ɓ17 

running in part parallel to strand ɓ4. Three Ŭ helices (Ŭ2, Ŭ3, and Ŭ4) edge the central 

ɓ sheet on one side, with three others (Ŭ1, Ŭ5, and Ŭ6) on the opposite side. 81 The CTD 

(Figure 1.6 B) (residues 151ï356) contains the C4 and C5 domains and consists of 11 

ɓ strands and 4 Ŭ helices. The 11 ɓ strands are arranged into a two-layer anti-parallel 

sheet, with the óóbackôô sheet containing ɓ7, ɓ6, ɓ16, ɓ13, and ɓ9 and the óófrontôôsheet 

comprising ɓ15, ɓ14, ɓ8, ɓ10, ɓ11, and ɓ1 
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2. Three Ŭ helices, Ŭ 7ï Ŭ 9, and a 310 helix following helix Ŭ 9, pack onto the front 

sheet whereas a long coiled loop (loop ɓ9ïɓ10, residues 214ï256) covers the back 

sheet.81 

 

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

red for the C terminus (CTD) contains the lipid binding site and that in cyan for the N terminus 

(NTD) contains the ATP-binding site (Red arrow). Protein data Bank [PDB] code 4v24) 81. 

(B) ɓ strands and Ŭ helices structure of NTD and CTD of SK1. 81 
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Structural similarity was found between SK1 and other lipid-kinases such as Cer kinase 

(CK) and DGKs, as well as NAD kinases and even 6-phosphofructokinases (PFKs). 75 

The overall fold of SK1 contains a two-domain architecture similar to those of NAD 

kinases 185ï187 and DGKs 188ï190 (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 helical arrangement folded on the front 

sheet of the b sandwich and a coiled loop on the back sheet in the CTD (Figure 1.7). 

According to Labesse et al., there is close sequence homology displayed between the 

ATP binding domain of SK1191 and the crystal structure of PFK. 191 Furthermore, a 

study by Pitson et al., found that the aspartate in the ATP binding site chelates the 

Mg2+ bridging the ɓ- and ɔ-phosphates of ATP in both PFK and SK1. 75 

 

Figure 1.7. Structur al Comparison of SK1 with DGK and NAD Kinase. (A) 

Superimposition of human SphK1 (cyan) and DGK from Staphylococcus aureus (DgkB) 

(gray, Protein data Bank [PDB] code 2QVL).(B) Superposition of human SK1(cyan) and an 

NAD kinase (pink) from Archaeoglobus fulgidus (magenta, PDB code 1ZOZ). 81 
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 The sphingosine binding site of SK1 

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

and specific lipid-binding pockets, thus offering the substrate specificity for Sph. 81 

Sph may access the lipid-binding pocket in the CTD through a tunnel between helices 

Ŭ7-Ŭ8 in the C4 domain, which might act as a gate that could open and close for lipid 

entry. As the Sph enters the pocket, it forms a hydrogen bond with Asp264 of hSK1 

(Figure 1.8) and this stabilizes its binding within the pocket. 81 The binding of Sph to 

hSK1 involves anchoring the hydrophilic head group to the protein surface and the 

accommodation of the long hydrophobic alkyl chain in the interior of a hydrophobic 

J-shaped tunnel, lined by the side chains of mostly non-polar residues such as Phe287 

and 389, and Met392 from the protein. The 2-amino-1,3-diol moiety of the Sph head 

group is situated at the cleft between the two domains, making hydrogen-bond 

interactions with Asp167of loop b3-a3 through the 1-hydroxyl and with Asp264 

(SK1a) of helix Ŭ7and through the 3-hydroxyl (Figure 1.8). 81 

 

Figure 1.8. Detailed lipid-protein interactions Sph and SK1. Key amino acid residues of 

hSK1, within a distance of 5 Å from the Sph (cyan), are shown in stick representation with an 

atomic color scheme of red, blue, and grey for oxygen, nitrogen, and carbon atoms, 

respectively. Hydrogen-bond interactions and CH-ˊ interactions are denoted by green and pink 

dashed lines. The figure was drawn using DS Visualizer Protein Data Bank: 4v24). 82 
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Although the crystal structure of SK2 has not yet been resolved, there is considerable 

sequence homology between the two isoforms in the catalytic regions, and only 3 of 

the 20 residues in the lipid binding site of SK1 are different (detailed in Chapter 2).82  

1.9 SK inhibitors  

Extensive studies in many different laboratories have identified a number of SK 

inhibitors. Based on selectivity for the SK isoforms, they have been classified into 

three categories: non-selective SK inhibitors, selective SK1 inhibitors and selective 

SK2 inhibitors. 

 Non-selective SK inhibitors 

 

  Figure 1.9. Examples of non-selective SK inhibitors. 
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1.9.1.1 Sphingosine analogues (SK inhibitors) 

D, L-threo-dihydrosphingosine  

D, L-threo-dihydrosphingosine (DHS) (Figure 1.9) is one of the first developed SK 

inhibitors. 71,120 Structurally, it is the synthetic threo stereoisomer of the naturally 

occurring D-erythro-dihydrosphingosine. DHS competitively inhibits SK1 activity 

with a Ki of approximately 3-6 ɛM (~0.2 mol%). DHS acts as a competitive inhibitor 

of Sph, and as a substrate for SK2 and enters the sphingolipid metabolic pathway.50,192 

Dimethylsphingosine (DMS) 

The N, N-dimethyl derivative of Sph, dimethylsphingosine (DMS) (Figure 1.9), non- 

selectively inhibits the activity of both SK isoforms: competitively for SK1 and non-

competitively for SK2, with Ki values of 5 ɛM and 12 ɛM for SK1 and SK2 

respectively. 50,193 DMS also acts as an activator of SK at low concentrations.194 

Although DMS has led to several other SK inhibitors, it has not been further developed 

itself for therapeutic use because of off- target effects. For example, DHS and DMS 

inhibit Cer kinase, 195 protein kinase C, 196 3-phosphoinositide-dependent kinase, 197 

SRC kinases 196 and MAPK. 193 DMS is also a stimulator of sphingosine-dependent 

protein kinase 1 (SDK1)198 and epidermal growth factor receptor (EGFR).199 

(S)-FTY720-vinylphosphonate 

(S)-FTY720-vinylphosphonate (FTY720-vinyl-Pn) is a structural analogue of 

FTY720-phosphate, and inhibits both SK1 and SK2 (Figure 1.9). 128 The (S)-

enantiomer is a noncompetitive inhibitor with Sph with a Kiu of 15 ɛM and a mixed 

inhibitor with ATP with a Kic = 17 ɛM and a Kiu = 48 ɛM. 128 Upon administration to 

mice, both enantiomers of FTY720-vinyl-Pn induced transient peripheral lymphopenia 

and showed dose-dependent inhibition of lysophospholipase D. 200 In addition to 

inhibiting SK, FTY720-vinyl-Pn antagonises all the five S1P receptors and was a full 

antagonist at three (S1P1, S1P2, and S1P3) of the five S1P receptors.200 
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1.9.1.2 Small molecules (SK inhibitors)  

SKi 

One of the first non-lipid, orally bioavailable small molecule inhibitors of SK was SKi; 

2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole (Figure 1.9). 35,128,201 SKi inhibits 

both SK isoforms with an IC50 of 35 ɛM for SK1 and 25 ɛM for SK2. It is a mixed 

inhibitor of SK1 with a Ki value of 17 ɛM and a Kiu value of 48 ɛM respectively 128 

and does not inhibit PKC, ERK or PI3K. 35 In 2013, an X-ray co-crystal structure of 

SK1 with SKi was published and showed the inhibitor bound in the Sph binding pocket 

(Figure 1.10). 81 The chlorophenyl ring occupied the interior lipid-binding pocket and 

a hydrogen bond anchored the phenol hydroxyl group to the side chain of Asp264 of 

helix Ŭ7. 81 

 

 

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 the Figure 1.8. The hydrogen-bond interaction and CH-ˊ 

interaction between SKi and Asp 264 is denoted by a green dashed line. The figure was drawn 

using DS Visualizer (Protein Data Bank: 4v24). 82 
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Amgen 82 

In 2013, a potent dual SK1/SK2 inhibitor known as Amgen 82 [(2R,4S)-2-

(hydroxymethyl)-1-(4-((4-(4-(trifluoromethyl)phenyl)thiazol-2-yl)amino)phenethyl) 

piperidin-4-ol] (Figure 1.9) was discovered which had IC50 values of 0.1 µM and 0.02 

µM for SK2 and SK1 respectively. 202 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 concentrations in vivo, no 

appreciable effect on cell viability was observed.203 

  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. 

 

 

Figure1.11. Examples of selective SK1 inhibitors. 
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1.9.2.1 Sphingosine analogue (SK1 inhibitors) 

FTY720 

In 1992, fingolimod (FTY720) was synthesised by chemical modification of an 

immunosuppressive natural product, ISP-I (myriocin). 204 FTY720 [(2-amino-2-[2-(4-

octylphenyl)ethyl]propane-1,3-diol)] is a Sph analogue that competitively inhibits SK1 

activity with a Ki of 2 ɛM (Figure 1.11). 200,204ï206 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 SK1-I (E)-N'-(1-(3,4-dimethoxyphenyl)ethylidene)-3-(4-

methoxyphenyl)-1H-pyrazole-5-carbohydrazide was the first selective SK1 

competitive inhibitor (Ki=10 ɛM) (Figure 1.11). It blocked the growth of cultured 

leukaemia cells and inhibited the growth of leukemia xenograph tumours. 207 In 

addition, it is highly selective toward cancer cells with good bioavailability together 

with low cytotoxicity and may offer possibilities in the treatment of SK1-mediated 

diseases. 207 

1.9.2.2 Small molecules (SK1 inhibitors) 

Genzyme51 

Genzyme51 is a potent inhibitor of SK1, with an IC50 value of 58 nM and no inhibition 

of SK2 at a concentration of 10 µM (Figure 1.11). It exhibited good pharmacokinetic 

proýling, with a half-life of 7.6 h after oral administration in mice. However, its effect 

on Sph and S1P levels in blood has not been reported yet. 208,209 

PF-543  

Currently, PF-543 (Figure 1.11) is the most potent and selective SK1 inhibitor 

available, with a Ki value of 3.6 nM that is more than 100-fold selective for SK1 over 

the SK2 isoform.210 PF-543 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 an unusually high rate of S1P 

production. Unexpectedly, PF-543 failed to have any effect on the proliferation and 

survival of these cells.  

The X-ray crystal structure of SK1 with PF-543 has been reported 82 and will be 

discussed in detail in Chapter 3. A preliminary in vivo study with PF-543 showed that 

it had a poor pharmacokinetic proýle 211 and highlights the need for in vivo stable SK1 

selective inhibitors.  

 Selective SK2 inhibitors 

In the past few years, potential therapeutic roles for SK2 have begun to emerge through 

the development of a number of SK2 inhibitors (Figure 1.12). 44 

 

 

               Figure 1.12. Examples of selective SK2 inhibitors. 

1.9.3.1 Sphingosine analogues (SK2 inhibitors) 

(R)-FTY720-OMe (ROMe) 

Replacement of the hydroxyl group of FTY720 with a methoxy group to produce (R)-

FTY720-OMe (ROMe) led to a selective but low potency inhibitor of SK2 (Ki of 16 

ɛM) (Figure 1.12). 205 ROMe blocks 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 MCF-7 breast cancer cells, which prevents the 

formation of a migratory phenotype and could prevent metastasis. 128,212 

K145 

Another sphingosine analogue is K145 [(Z)-3-(2-aminoethyl)-5-(3-(4-butoxyphenyl) 

propylidene) thiazolidine-2,4-dione] (Figure 1.12), which had a Ki of 6.4 ɛM for SK2 

and did not inhibit SK1 and Cer kinase. 213 In contrast to Amgen 82, K145 had an 

antiproliferative effect on U937 cells via the inhibition of ERK and Akt 

phosphorylation. It caused a slight decrease in S1P levels similar to FTY720, the SK2 

substrate. In vivo studies with K145 reduced tumor S1P levels which, was associated 

with a decrease in tumor volume.214  

F-02 

F-02 (Figure 1.12), a thiourea derivative of dihydrosphingosine, is selective SK2 

inhibitor with an IC50 of 21.8 Ñ 4.2 ɛM. Treatment of human pulmonary Artery smooth 

muscle cells (hPSMAC) with F-02 has no effect on SK1 expression. 215 

1.9.3.2 Small molecules (SK2 inhibitors) 

ABC294640 

ABC294640 is an analogue of SKi (Figure 1.12) 155 but is a selective inhibitor of SK2, 

with a Ki of 10 ɛM. 155 It is orally bioavailable with a half life of 4.5 h in mice and it 

is one of the best characterized in vivo inhibitors of SK2 in a number of diseases.153 

ABC294640 has antitumour activity and also inhibits NFəB-mediated chemo-

resistance in breast cancer. 159,216 It reduces pro-survival signalling in hepatocellular 

cancer by acting synergistically with other chemotherapeutics 217 and enhances 

autophagy in tumour cells, causing non-apopotic cell death. 155 
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1.10 Conclusion 

There is compelling evidence that SK and S1P are involved in controlling tumour cell 

proliferation and survival and represent important targets for the development of novel 

anticancer drugs. Generally, it has been found that the SK/S1P pathway is involved in 

several physiological processes 218 and identifying the manner in which the SK/S1P 

pathway participates in health and disease will expand its therapeutic potential.218 The 

discovery of several SK inhibitors with antitumor activity in vivo provides further 

support for the hypothesis that SK is an attractive target. Overexpression 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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1.11 Aim of the project 

The aim 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 PF-543, but it fails to have any effect on the 

proliferation and survival of head and neck squamous-cell carcinoma 1483 cells. 210 

One possibility for its lack of anti-proliferative activity is that PF-543 might bind to 

óoff-target(s)ô that neutralise the effect of inhibiting SK1 activity by disturbing the 

sphingolipid rheostat to promote accumulation of apoptotic Cer. In this regard, it is 

curious that PF-543 fails to elevate apoptotic Cer levels in 1483 cells. 210  

This project was involved the synthesis analogues of PF-543 to establish if this 

unexpected inactivity was unique to PF-543 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 LNCaP-AI) and proliferating human pulmonary Artery smooth muscle cells 

(hPSMAC). These cell lines were selected because they have been extensively used to 

investigate the role of SK1 and SK2 in regulating cell growth and survival.129,184,219 

 Setting up a drug discovery project 

The first aim of the project was to use molecular modelling to design scaffolds related 

to PF-543 to further explore its structure-activity relationship (SAR) with the ultimate 

aim of improving selectivity towards one SK isoform over the other. Compounds 

prepared would be evaluated in vitro 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 potent selective SK1 or SK2 inhibitors as novel anti-

cancer agents. 



 

  35 

2) To develop a biochemical 96-well plate assay as the primary means of 

assessment for SK1 and SK2 activity using an ADP-Glo 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 cell-based assays to evaluate their pharmacodynamic and functional 

effects.  

The assay cascade shown in Figure below (Figure 1.13) was used to evaluate 

compounds: 

 

    Figure 1.13. Workflow plan for assessment of synthesised compounds. 

 

 

 

Medicinal Chemistry

Design (Docking)  and Synthesis (Chemistry) 

In vitro (ADMET)

Microsomalstability and CYP450 

Physiochemical Properties 

(e,g, Solubility) 

KinaseSelectivity 

In vivo

(1/2 T, Clearance, Bioavailability and 
Toxicity) 

In vitro

Compounds tested against primary target 
(SK1 or SK2)

ADP-GloÊ kinaseAssay 

Development and Optimisation

Cell Based Assays 

(SK1, C-Myc , p21, p53 and Des1 
antibodies)

Phenotypic Assays

(Proliferation, Growth and Apoptosis)



 

  36 

 The assay cascade 

Using a pre-defined assay cascade to develop compounds is an essential component of 

any drug discovery project. Initially, an in vitro ADP-Glo assay was developed and 

optimised to screen all new compounds for specificity and potency against SK1 and 

SK2, followed by cell-based assays to determine functional effects. Identified active 

hits against SK1/SK2 were assessed in LNCaP, LNCaP-AI 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 enables us to establish whether 

pharmacodynamic target engagement can be correlated with phenotypic effects. 

Additional biomarkers for phenotypic changes were assessed including PARP 

cleavage, p53, p21 and Des1 expression levels. Compounds with on-target and 

functional activity were assessed for in vitro ADMET properties, which included cell 

permeability and absorption across intestinal epithelial cell (Caco2) and clearance by 

phase I and phase II metabolising systems. To establish whether compounds had the 

potential for drug-drug interactions, assessment of CYP450 inhibition was performed.  
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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 and selective isoform inhibitors. The recent determination of 

the crystal structure of SK1 81 should aid the development of potent SK1 or SK2 

selective inhibitors. In this chapter, how a library of PF-543 analogues was synthesised 

and profiled for inhibitory SAR against SK1 or SK2 using an optimised ADP-GloÊ 

assay is described. 

2.2 Validation of ADP-GloÊ assay  

As discussed in chapter 1, for any drug discovery project there is a need for a primary 

biochemical assay to 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 compound optimisation. However, no such assays were available for the 

sphingosine kinases that we could use in-house. We therefore developed a kinase assay 

using the ADP-GloÊ reagents from Promega and the SK1 and SK2 inhibitors PF-543 

and F-02 for validation. The ADP-GloÊ assay is non-radioactive, robust and can be 

used in a high-throughput format over a wide range of ATP concentrations. The 

approach relies on the measuring the amount of ADP formed after the transfer of the 

ɔ-phosphate group of ATP to a substrate (e.g. phosphorylation of sphingosine to 

sphingosine-1-phosphate). 220 Kinase activity is therefore determined indirectly by 

measuring the formation of ADP using a luminescence approach in three key steps: 

1) The kinase-catalysed phosphorylation of substrate is performed, which uses 

SK, ATP and sphingosine (with or without inhibitors); 

2) The remaining ATP that has not been consumed in the process is converted to 

AMP by a pyrophosphatase; the ADP that was generated in step 1 is then 

converted to ATP by an adenylate kinase. 

3) The newly synthesised ATP is measured by luminescence using a luciferase 

based reaction (Figure 2.1). 220. 
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Figure 2.1. The key steps in the ADP-Glo assay. The ADP-Glo assay as 3 key steps: kinase 

reaction; removal of remaining ATP; conversion of ADP to ATP; detection of luminescence 

produced by the newly synthesised ATP. 

 ADP-GloÊ kinase assay optimization 

Optimising assay conditions to obtain a robust and reliable signal with a minimal 

amount of enzyme is an important step in designing high-throughput lipid kinase 

assays. 220.Preliminary investigations 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 enzyme, such as the number of substrates and subunits of the enzyme 

participating in each catalytic cycle are important factors in determining the simplicity 

or complexity of the mathematical models used describe the kinetics of specific 

enzymes. For example, the mode of inhibition of an inhibitor with respect to substrate 

needs to be characterised for sphingosine kinase, because it is a two-substrate enzyme 

with two binding sites catalysing the formation of S1P by utilising sphingosine and 

ATP. During assay optimization, it is therefore necessary to use a fixed high 

concentration (usually several fold higher than the Km) of one substrate with varying 

concentrations of the other substrate in order to convert the kinetics into an essentially 

one substrate reaction that obeys Michaelis-Menten kinetics. Initially, the ATP 

concentration employed was 250 µM (3 x Km, where the literature-quoted Km value is 

77 µM). 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 

sphingosine binding site. D-erythro-sphingosine was initially used at the literature-

quoted Km value (3 µM) 128 as a substrate for the sphingosine binding site of the SKs.  

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

assay. 

For SK1, an ATP concentration of 250 µM, a substrate concentration of 3 µM 128 and 

an enzyme concentration of 0.2 µg/ml based on the published values of SK1 128 were 

used. For SK2, an ATP concentration of 250 µM, a substrate concentration of 10 µM 

and an SK2 concentration of 5 µg/ml (optimised data not shown) were used. The 

optimum kinase reaction time was observed within 90 mins (at 90 mins, there is no 

evidence of sustained SK activity) (Figure 2.2: Figure 2.3) which was identified as 

the optimum time for use in subsequent SK1 and SK2 assays.  
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Figure 2.2. Effect of incubation time on detection of SK1 activity. Sph, SK1 and ATP 

concentrations were fixed at 3 µM, 0.2 µg/ml and 250 µM, respectively. Samples were 

incubated at different times interval before detection of ADP formed using ADP-Glo. Data are 

represented as arbitrary luminescence units (mean +/- SEM, n=3) for a single, representative 

experiment performed three times.  

 



 

  41 

0 30 60 75 90 10
5

12
0

0

100000

200000

300000

Mintues
R

L
U

 

Figure 2.3. Effect of incubation time on detection of SK2 activity. Sph, SK2 and ATP 

concentrations were fixed at 10 µM, 5 µg/ml and 250 µM, respectively. Samples were 

incubated at different times interval before detection of ADP formed using ADP-Glo. Data are 

represented as arbitrary luminescence units (mean +/- SEM, n=3) for a single, representative 

experiment performed three times. 

2.2.1.2 Determining the optimum concentration of the sphingosine substrate for 

the SK1 assay 

Kinetic constants such as the Km values for both ATP and substrate can be calculated 

using the MichaelisïMenten equation [v = Vmax [S]/( Km + [S])], where v is the enzyme 

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

of substrate, [S] is the substrate concentration, and Km is the substrate concentration 

that produces a reaction rate that is half of the maximal reaction rate.128 The kinetic 

constants including Vmax and Km are altered causing a change in steady state in the 

presence of inhibitor. Using an ATP concentration of 250 µM and an SK1 

concentration of 0.2 µg/ml, we determined the specific Km for sphingosine in our assay. 

D-erythro-sphingosine concentration was varied from 0-400 ɛM and data collected 

and fitted to the MichaelisïMenten equation (using Prism Graph Pad software) to 

calculate the substrate Km value (Figure 2.4: Km = 9 ɛM). This was three times more 

than the literature Km value (3 ɛM), 128 which is probably due to differences in the 

assay conditions such as using different substrate and buffer components. 
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Figure 2.4. Determination of the optimum concentration of the sphingosine (Km of 

Sph) in SK1 assay. Sph concentration was varied between 0 and 400 ɛM whilst SK1 and ATP 

concentrations were fixed at 0.2 Õg/ml and 250 ɛM, respectively. Samples were incubated for 

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

luminescence units (mean +/- SEM, n=3) for a single, representative experiment performed 

three times. 

 

2.2.1.3 Determining the optimum concentration of the sphingosine substrate for 

the SK2 assay 

Using an ATP concentration of 250 µM and an SK2 concentration of 5 µg/ml, we 

determined the specific Km for sphingosine in our assay. The D-erythro-sphingosine 

concentration was varied from 0-350 ɛM and data collected and fitted to the 

MichaelisïMenten equation (using Prism Graph Pad software) to calculate the 

substrate Km value (Figure 2.5: Km= 19 ɛM), which was close to the literature Km 

value (10 µM). 128 
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Figure 2.5. Determination of Km of Sph in the SK2 assay. Sph concentration was varied 

between 0 and 350 ɛM whilst SK2 and ATP concentrations were fixed at 10 Õg/ml and 250 

ɛM, respectively. Samples were incubated for 90 mins before detection of ADP formed using 

ADP-Glo. Data are represented as arbitrary luminescence units (mean +/- SEM, n=3) for a 

single, representative experiment performed three times. 

2.2.1.4 Determination the robustness and stability of the ADP-GloÊ assay. 

The Zǋ factor is a measure 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 equation below, where ů is the standard deviation and Õ is the mean; 222  

 Z´= 1- (3(ů+ve + ů-ve)/(µ+ve - µ-ve))  

Average and SD values were obtained for negative and positive controls. SD-ve and 

SD+ve represent the standard deviations of data obtained for the negative and positive 

controls, respectively. Z´ factor value ranges from 0 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 critical that ñhitsò can be distinguished from ñnoise,ò which usually requires 

a Z´> 0.4. 223  
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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 were 0.9 and 0.7 for the 

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

SK1 and SK2 ADP-Glo assays have excellent and good separation of data points 

between the negative and the positive signals respectively and both were robust. 

 

 

 

 

 

 

 

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.  

 

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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 Determination of SK inhibition using the ADP-GloÊ assay 

Having optimized conditions for the SK assay, we next validated it as a means to 

determine inhibitory concentrations with putative inhibitors by assessing PF-543, 

which is the most potent SK1 inhibitor available. For competitive inhibitors, an 

inhibition constant (Ki) can be calculated by using the Cheng-Prusoff equation: [Ki= 

IC50/1+ ([s]/Km)], where [s] is fixed substrate concentration, IC50 is the concentration 

of inhibitor which reduces SK1 activity by 50%, and Ki is a measure of the affinity of 

the inhibitor for the enzyme and assumes competitive inhibition. These constants, also 

known as Kic and Kiu (competitive and uncompetitive inhibition constants respectively) 

can be obtained graphically. 224 Using our SK1 assay conditions, the IC50 and Ki values 

determined for PF-543 against SK1 were 100 nM and 28 nM respectively. Schnute et 

al., reported a different Ki of 3.6 nM, 210 which is likely to be due to a difference in the 

ATP concentration and assay system that has been used (Figure 2.8).  

 

Figure 2.8. Determination of the IC50 value for PF-543 against SK1. Sph, SK1 and ATP 

concentrations were fixed at 3 µM, 0.2 µg/ml and 250 µM, respectively. Inhibitor 

concentrations ranged from 0.001- 3 µM. Samples were incubated at 90 mins before detection 

of ADP formed using ADP-Glo. Data are represented as percentage of control (mean +/- SEM, 

n=3) from three separate experiments. 

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

concentrations with putative inhibitors by assessing F-02, which is a selective inhibitor 
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of SK2. 215 Using our SK2 assay conditions, the IC50 determined for F-02 against SK2 

was 109 nM. Byun et al., reported adifferent IC50 of 21.8 µM 215 which is likely to be 

due to a difference in the ATP concentration and assay system that has been used 

(Figure 2.9).  

 

Figure 2.9. Determination of the IC50 value for F-02 against SK2. Sph, SK2 and ATP 

concentrations were fixed at 10 µM, 5 µg/ml and 250 µM, respectively. The inhibitor 

concentration ranged from 0.001 - 3 µM. Samples were incubated at 90 mins before detection 

of ADP formed using ADP-Glo. Data are represented as as percentage of control (mean +/- 

SEM, n=3) for a single, representative experiment performed three times. 

Having optimised the ADP-Glo assay and validated it with known SK inhibitors, we 

used it to determine IC50 values for new inhibitors emerging from our synthetic 

medicinal chemistry program (see Section 2.3). 
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2.3 Results and discussion: modelling, structure-activity relationships of 

analogues and in vitro activity. 

To help explain SARs, the crystal structure of SK1 (human) was used for the docking 

studies, 81 which was downloaded from 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. Compounds were docked using GOLD (UPC) 

Version 4.0 and visualized using Discovery Studio Visualizer (Accerlys) to predict the 

binding within the active sites of SK1 and SK2. 

 What was known about PF-543 binding with SK? 

The X-ray crystal structure of SK1 complexed with PF-543 revealed that it bound in a 

J-shaped hydrophobic pocket normally occupied by the Sph substrate (Figure 2.1). 

This pocket had a toe-like groove at its end and a funnel-like opening that positions 

the primary alcohol of the Sph substrate close to the 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 

solvent-exposed region in the ATP binding domain, making it less restrained (Figure 

2.10). 82 Several hydrophobic interactions were observed between Phe374, Leu405, 

and ALa360 and the tail phenyl ring of PF-543 within the pocket (toe) (Figure 2.11). 

The middle phenyl ring formed favourable edge-on-face ˊ-ˊ hydrophobic interactions 

with Phe389, with its methyl group interacting with Phe259, Leu385, and Leu286 

(heel). Notably, the hydroxyl in the side-chain of Thr282 does not form a hydrogen 

bond to the ether oxygen of the PF-543 because it is too far away (> 5 Å). The phenyl 

ring proximal to the pyrrolidine head group had CH-ˊ and S-ˊ interactions with the 

side chains of Ile260 and Met358. H- bonds were only observed between the side chain 

of Asp460, the pyrrolidine nitrogen and the hydroxyl group of PF-543 (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-543 to SK1. (A) PF-543 shown as a cyan stick binds in the J-

shaped lipid-binding site, shown in pink, in the C-terminal domain of SK1, shown in red. The 

N-terminal nucleotide binding domain of SK1 is shown in blue. (B) Surface of the J-shaped 

lipid binding site of SK1 (pink) enclosing PF-543. The figure was drawn using DS Visualizer 

(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 

representations of key amino acid residues of SK1. Residues within a distance of 5 Å from the 

PF-543 (cyan) are shown as stick representation with an atomic colour scheme of red, blue, 

and cyan for oxygen, nitrogen, and carbon atoms, respectively. ˊ-ˊ, CH-ˊ, S-ˊ, and carbon-

hydrogen and H -bond interactions are denoted by dark pink, light pink, orange, cyan and green 

dashed lines, respectively. 
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 Discrimination between SK1 and SK2 structures: key drivers 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 binding site that form 

direct contact with PF-543 in SK1. 82 The inner side of the hydrophobic pocket at the 

toe of the J-region has Phe374 in SK1 replaced by Cys533 in SK2 (Figure 2.12), which 

suggests that the toe is likely to be significantly more spacious in SK2. Moreover, 

Val304 and Leu517 in SK2 replace Ile260 and Met358 respectively in SK1, which 

makes the binding site region accommodating the methyl group and sulfone oxygen of 

PF-543 smaller in SK2 compared with SK1 (Figure 2.13). This suggests that 

selectivity of SK1 for PF-543 is due to encroachment into the heel (the smaller region 

around the central phenyl) region of the pocket by these residues in SK2. As can be 

seen in Figure 2.12: C & D , the Phe374 side chain is rotated away from the terminal 

phenyl of PF-543 to form a ˊ-ˊ, stacking interaction (favourable), whereas in SK2, the 

Cys533 side chain is pointing into the toe and the CH2 forms a CH-ˊ interaction (lower 

affinity) with the terminal phenyl group. 
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Figure 2.12. Difference in size at the toe of the binding pocket between SK1 and SK2. The 

toe of the hydrophobic J-shaped pocket in SK1 (coloured in pink (A)) is smaller than in SK2 

(coloured in purple (B)) and the docked binding pose of PF-543 in the overlaid SK1 and SK2 

(C and D) indicates that the toe of the J-channel is more spacious in SK2 (Cys533) than in SK1 

(Phe374).  
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Figure 2.13. Hydrophobic pocket of SK2 differs by 3 residues compared to SK1. Ile260, 

Met358 and Phe347 (green and pink sticks) in SK1 are mutated to Val304, Leu517 and Cys533 

respectively in SK2 (orange, pink and grey sticks). A red arrow indicates that the heel of the 

J-channel is more compressed in SK2. 

 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 SK2 inhibitors 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 toe, whereas increasing the size of the 

inhibitor to pack against the equivalent Cys533 could impart selectivity for SK2. 
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Figure 2.14. Binding mode of PF-543 with SK1 showing the main areas for scaffold 

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 previously in Figure 2.12, the position of Phe374 in SK1 suggested that the 

addition of any groups to the terminal phenyl ring of PF-543 would preclude 

accommodation of the compounds in the J-channel of SK1. However, the potentially 

larger SK2 site, where Cys533 is present, might accommodate these modified versions 

of PF-543 and therefore define selectivity. The sulfone group and methyl groups in the 

heel area and just before the toe is a position where SK1-over-SK2 selectivity might 

be improved (refer to Figure 2.13). To characterise the SAR of our SK inhibitors, PF-

543 binding was divided into three regions: the terminal phenyl ring (A) and sulfone 

group as the tail, the phenyl ring (B) and ether as the linker, and the phenyl ring (C) 

and linked pyrrolidine as the head (Figure 2.14).  

 Design strategies 

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 replacing it with a sulfonate. The models suggested that this additional 

oxygen could enable a hydrogen bond to form with the polar residues in the binding 

pocket and increase affinity for SK1. Sulfonates are not usually found in drugs because 

of their tendency to hydrolyse, but this 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 donor that targets hydrogen acceptor 

residues in the binding pocket could 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 of PF-543 

A group of compounds was synthesised based on the replacement of the sulfone moiety 

with smaller, less polar linker groups (ether, sulphide, methylene) to explore whether 

selectivity toward the SK2 isoform could be improved. The introduction of para-

substituents in the terminal phenyl ring was to explore the impact of size on selectivity. 

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

influence potency and selectivity  

Modifications of the hydroxymethylpyrrolidine head included inversion of the chiral 

centre and replacement of the primary hydroxyl group with other substituents. 
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2.3.4.1 Optimisation of the hydrophobic tail group towards potent and selective 

SK1 inhibitors 

Library 1: Sulfonate instead of sulfone 

The use of a sulfonate functionality was to increase the capacity for hydrogen bonding 

with the target through the presence of a third oxygen atom as a hydrogen bond 

acceptor to facilitate an interaction with amino acids in the region as shown in Figure 

2.15. 

 

Figure 2.15. The sulfonate analogue bound to SK1.  The dashed dark circles indicate the 

area where H-bonds between the sulfonate and H-donors in residues His397and Met392 

could form. 

Unexpectedly, the results from the primary ADP-Glo assay revealed that compound 1 

with a sulfonate moiety showed a 6-fold decrease in SK1 inhibitor potency compared 

with PF-543 (Figure 2.16), with only a slight improvement in selectivity towards SK1 

over SK2 (Table 2.1).  

 

 

 

 

 

Figure 2.16. PF543 with SK1 and SK2 inhibitory activity as determined by our primary 

assay. *IC 50 values are an average of three readings. 
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Table 2.1. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for 

the first library. 

 

 

 

 

 

*IC50 values are the average of three readings. 

**Compound synthesised by a co-worker. NI = No Inhibition. 
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   1**  

 
CH3 

697 >10000 

         2**  

 

H 429 >1000 

3 

 

H NI NI 

4 

 

H NI NI 

5 

 

H NI NI 

6 
 

H 1000 >10000 

    7**  

 

H 190 316 
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H 251 >3000 

9 

 

H 63 NI 
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Docking of compound 1 (Figure 2.17) in SK1 clearly showed that it adopts a pose in 

the active site similar to PF-543, with the hydroxylmethylpyrrolidine head group 

maintaining H-bonding with Asp264 at the mouth of the lipid binding site. There are 

also ˊ- ́  stacking interactions and CH-ˊ interaction maintained between the tail phenyl 

ring and side chains of Phe374 and Ala360, respectively, at the toe end of the site. 

However, the sulfonate group and the extra H-bond acceptor did not contribute any 

new key interaction with any surrounding amino acids in the pocket (Figure 2.17). 

The decreased potency against SK1 could be due to removal of the ability of the tail 

phenyl group and central phenyl ring to make CH-ˊ and ˊ-ˊ interactions with Leu405 

and Phe389 respectively, compared with PF-543. Moreover, the carbon-hydrogen 

interactions that were evident with His397 and Thr282 and PF-543 are no longer 

available (Figure 2.17). Enhanced selectivity for SK1 could be due to SK2 not being 

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 

as PF-543. 
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Figure 2.17. Docking binding pose compound 1 into the active site of SK1. 3D structure of 

overlaid PF-543 (cyan colour) and compound 1 (grey colour) (A); receptor interactions of 

overlaid compound 1 and PF-543(B); recepror interactions of PF-543 (C); and receptor 

interactions of compound 1 (D), blue cricles indicate an area associated with the loss of 

interactions between compound 1 and SK1 compared to PF-543. 
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To test the importance of the methyl group in the central phenyl moiety, compound 2 

was synthesised. Compound 2 had slightly improved SK1 inhibitory activity and 

selectivity compared with compound 1 (Table 2.1) which suggests that the methyl 

group makes a minimal contribution to binding and is neither essential for the SK 

activity nor selectivity of our analogues. Binding appears to be more sensitive to 

changes in the sulfone region. 

From the docked pose of compound 2 (Figure 2.18), the absence of a methyl group 

suggests reduced interactions with the three surrounding amino acids Phe259 Leu385, 

and Leu286 at the base of the ring in the heel of the pocket. The slight improvement in 

SK1 inhibitory activity for compound 2 over compound 1 could be due to greater 

flexibility of the molecule within the toe region of the J channel pocket and restoration 

of ˊ-ˊ, CH-ˊ and the carbon-hydrogen interactions with Phe389, Leu405, Thr282 and 

His397 respectively. These interactions were observed in the docking pose of PF-543, 

but were not seen with compound 1 (Figure 2.18). 

Overall, both compounds showed fewer binding interactions with SK1 compared with 

PF-543, which could explain the increase in IC50 from100 nM for PF-543 to 429 nM 

for compound 2 and 679 nM for compound 1. The improvement in selectivity of 

compound 2 towards SK2 compared with PF-543 and compound 1 could be explained 

by the removal of a steric clash between the methyl moiety on the central phenyl ring 

and the heel of the narrower, more hydrophobic J-channelof SK2. 
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Figure 2.18. Docked compound 2 into active site of SK1. Docked binding pose of overlaid 

compound 2 (grey colour) and PF-543 (cyan colour) (A); docked binding pose of compound 

2 (B), white cricle indicates an area associated with the loss of interactions between compound 

2 and SK1. 
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Modifications to the tail phenyl ring  

The sulfonate modifications to PF-543 showed promising results in terms of shifting 

the selectivity for SK1 over SK2. The next step was to explore if para substituents 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 a para-methyl group to a phenyl moiety 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 pocket. Compound 3 with a methoxy 

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

All compounds were inactive (Table 2.1), which suggests that there is a severe size 

restriction at the end of the substrate-binding pocket in both isoforms, and that Phe347 

in SK1 and the more spacious Cys533 in SK2 cannot accommodate even small para-

substituents.  

Alkyl groups replacing the phenyl ring 

To further investigate the size restrictions in the toe region of the binding site, 

compounds were prepared with the tail phenyl ring replaced by aliphatic groups of 

varying lengths and bulkiness (Table 2.1).  

Reducing the size of the substituent to the smallest hydrophobic group (methyl; 

compound 6) reduced activity against SK1 by 2-fold and 10-fold compared with 

compound 2 and PF-543, respectively. Docking studies suggested that the small 

methyl substituent was unable to interact with the surrounding hydrophobic residues 

Phe374, Leu347 and Ala360, primarily through a loss of ˊ-ˊ and ˊ-CH interactions 

with the terminal aromatic moiety (which was seen with PF-543) (Figure 2.19). 

Increasing lipophilicity by expanding the length of the aliphatic substituent (compound 

8) led to a restoration of potency against SK1 activity. The 4-fold increase in potency 

compared with compound 6 could be due to enhanced hydrophobic alkyl interactions 
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between the aliphatic n-butyl group and the aliphatic side chains of Leu405 and Ala360 

and CH-ˊ interactions with Phe374 as discussed above.  

 

Figure 2.19. Docked compound 6 into the active site of SK1. A white cricle indicates an 

area associated with the loss of interactions between the methyl group of compound 6 and 

SK1. 

Interestingly, replacement of the phenyl ring by a bulky isobutyl group (compound 7) 

improved potency against SK1 compared with other sulfonates, although selectivity 

towards SK2 was compromised (Table 2.1). The docked pose clearly showed that 

there is a difference in both the orientation (compared with PF-543, compound 1 and 

compound 2) and interaction with the binding pocket (Figure 2.20). 
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Figure 2.20. Docked compound 7 into the active site of SK1. Red cricles indicate new key 

interactions introduced by compound 7 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 bond with Asp167 similar to 

that observed between Sph and SK1 (Figure 1.8: section 1.8.1) but not PF-543. The 

other hydrogen bond with Asp264 (that is seen with PF-543 and other analogues) is 

present. The docked pose (Figure 2.20) suggests that the improved potency of 

compound 7 against SK1 (IC50 = 190 nM), compared to compound 1 and compound 

2, is likely due to the ability of the branched isobutyl group to increase the number of 

interactions with residues in the toe. CH-ˊ interactions with Phe374, His397, His398 

and alkyl interactions with Leu405, AL360, and Met293 are evident (Figure 2.20). 

Pulling the molecule further down into the pocket to enhance short-range interactions 

may also be factor. 

The reduced selectivity and improved potency against SK2 suggests that the bulky 

isobutyl group can be more readily accommodated in the larger toe of J-pocket 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 of compound 7 in SK2. Docked binding pose of 

compound 7 (blue stick ) in the SK1 binding pocket that is shown in pink (A) and in the SK2 

binding pocket that is shown in blue (B). The isobutyl chain of compound 7 is in CPK and 

indicates a tight fit in both pockets. The red circle in (C) indicates the alipatic interaction 

between Cys533 of SK2 and the isobutyl side chain of compound 7. Orange, pink and grey 

sticks are Val304, Leu517, Asp264 and Cys533 respectively. 

 

C

A B
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To further assess the impact of bulk group at the toe of the pocket, the phenyl ring was 

replaced by a cyclohexyl group (compound 9), which produced the most potent and 

selective inhibitor of SK1 (IC50 = 63 nM). The narrow pocket in SK1 appeared to 

accommodate more tightly the flexible and bent cyclohexane ring compared with the 

planar and flat phenyl ring of PF-543 and this possibly accounts for the better potency 

against SK1 (Figures 2.22). Despite the loss of planarity in the tail phenyl group, the 

cyclohexane ring still maintains CH-ˊ interactions with Phe374 and alkyl interactions 

with Ala360 and Leu347 with notable new interactions (carbon-hydrogen bond) with 

Leu345. An additional two new alkyl interactions between the pyrolidine ring and 

residues Ala201 and Leu253 (Figure 2.23), which were not seen with PF-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 the narrow channel of SK2. This region is more spacious in SK1 due to 

presence of the smaller Met358 and Ile260 residues, thereby resulting in increased 

repulsion in the SK2 pocket (Figure 2.22) and consequently to reduced potency for 

this isoform. 
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Figure 2.22. Compound 9 binding to SK1 and SK2. Compound 9 (grey stick) in the SK1 

binding pocket shown in pink (two sides) and in the SK2 binding pocket shown in blue (two 

sides). CPK-rendering of the cyclohexyl group shows compound 9 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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Figure 2.23. Key interactions of compound 9 with th e active site of SK1. The 2D diagram 

for the key interactions of compound 9 (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 pink and orange for H-bonds, carbon-H-bonds, CH-ˊ, ˊ-  ́and S 

ḯ  respectively. 

Library 2 : Sulfonamide instead of sulfonate 

To study the effect of introducing a sulfonamide into the tail of the molecule, 

compounds containing similar substituents to the sulfonate series were synthesised 

(Table 2.2). The sulfonamide functionality was introduced to explore whether a 

hydrogen bond donor group could influence activity: the N-H is bulkier than oxygen 

and could gain closer proximity with hydrogen bond acceptors inside the pocket such 

as His297 and Met392 (Refer to Figure 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 ADP-Glo assay for 

the second library. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* IC50 values are the average of three readings. NI = No Inhibition. 

All compounds containing the sulfonamide moiety were inactive (Table 2.2). One 

possible explanation for the inactivity is that N-H group of sulfonamides increases the 

polarity and the steric bulk in an area of the binding site that contains various 

hydrophobic residues, which is incompatible with both isoforms. 

Sulfonamides have less conformational flexibility compared to sulfonates and sulfones 

because of greater resonance stabilisation in the sulphonamide moiety. These more 

rigid conformations, if less compatible with the shape of the binding site, would not be 

able to adapt to its topology, and thus prevent binding. 

 

 

 

Compounds R IC50(nM)*  

for SK1 

IC50(nM)*   

for SK2 

10 
 

NI NI  

11 

 

NI NI  

12 

 

NI NI  

13 

 

NI NI  

14 

  

NI NI  
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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 the J-region was 

required at all, two compounds truncated in this region were prepared (compound 15 

and compound 16). The absence of any SK inhibitory activity compared to compound 

PF-543 and other analogues suggest that a terminal aromatic group that can interact 

with hydrophobic residues in the toe is essential for activity (Table 2.3).  

Table 2.3. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for 

the third library 

 

 

 

 

*IC50 values are the average of three reading. 

.  **Compound synthesised by a co-worker. NI = No Inhibition. 

2.3.4.2 Optimising the linker and the tail  to generate selective SK2 inhibitors 

Library 4: Removal of the sulfone moiety of PF-543 

SAR analysis of the first set of compounds indicated that repulsive interactions in the 

heel region of the J channel bordered by the bulkier Val304 and Leu517 residues in 

SK2 could offer an approach towards introducing selectivity. To establish whether size 

and polarity were important, smaller and less polar functional groups were introduced 

in place of the sulfone/sulfonate: an ether (17), a sulfide (18) or a methylene moiety 

(19) (Table 2.4). The ether and sulfide-containing compounds were slightly more 

potent against SK1 than the sulfonate analogue (compound 2), but notably, all three 

Compounds R IC50 (nM)*  for SK1  IC50 (nM)* for SK2  

15  NI NI 

  16**  
 

NI NI 
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were more active against SK2 than any other compounds previously assessed. All 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 determined by the ADP-Glo assay for 

the fourth library 

. 

 

 

 

 

 

 

 

*IC50 values are the average of three readings. 

**Compound synthesised by a co-worker.  

Docking of 17 and 18 with SK1 suggested a similar binding mode to PF-543, with the 

pyrrolidine head group forming the same two hydrogen bonds with Asp264 (Figure 

2.24: Figure 2.25). The SK2 inhibitor activity observed for compound 17 and 

compound 18 is likely due to the removal of the steric and repulsion effects that arise 

from the sulfone/sulfonate oxygen of PF-543 and its analogues in the narrower heel of 

the J-channel (Figure 2.24: Figure 2.25). Compound 17 is moderately less potent 

against SK2 possibly because oxygen is more electronegative, which leads to increased 

repulsion with Val304 and Leu517. Compound 19 showed a 2-fold and 4-fold decrease 

in SK1 and SK2 potency respectively compared with compound 18. 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. 

Compounds **  X IC50(nM)*  for SK1 IC50(nM)*  for SK2 

17 O 297 408 

18 S 244 147 

19 CH2 758 654 
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Figure 2.24. Docked pose of compound 17. (A) and (B) show receptor interactions of 

compound 17 (orange stick) with and without the superimposed PF-543 (cyan) in SK1. The 

red circle in (C) indicates a steric clash in the SK2 binding pocket (coloured in blue) caused 

by the sulfone group of PF-543 (in CPK); and (D) shows compound 17 accommodated more 

tighly in SK2 through CPK-redering of the terminal group. 
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Figure 2.25. Docked pose of compound 18. (A) and (B) show receptor interactions of 

compound 18 (pink stick) with and without the superimposed PF-543 (cyan) in the SK1 

binding site; red circle in (C) indicates a steric clash in the SK2 binding pocket (coloured in 

blue) caused by the sulfone group of PF-543 (in CPK); and (D) shows compound 18 

accommodated more tighly in SK2 through CPK-redering of the terminal group. 

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

As mentioned previously, the toe of the J-channel is likely 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 exploit the differences in size between the SK isoforms in favour of 

developing selective SK2 inhibition was to increase the size of the terminal group 

through the introduction of para-substituents, or replacement of the phenyl ring itself 

with a cyclohexyl group (Table 2.5). Modifications were performed on the sulfide 
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analogue because this had the most potent activity against SK2 from the previous 

series. 

Table 2.5. SK1 and SK2 inhibitory activity as determined by the ADP-Glo assay for 

the fifth  library. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*IC50 values are the average of three readings. NI = No Inhibition. 

Inhibitory assays (Table 2.5) revealed that the para-chloro and para-fluoro 

substituents, compounds 20 and 21, abrogated SK1 activity and represent the first 

example of SK2 inhibitors with nanomolar potency and complete selectivity over SK1. 

The bulkier compounds 22 and 23, with a para-trifluoromethyl substituent and 

cyclohexyl ring respectively, were inactive against both isoforms, suggesting a crucial 

role for group size in the toe of the J-pocket in terms of potency and selectivity for 

SK2. 

 

Compounds R IC50(nM)*  for SK1 IC50(nM)*  for 

SK2 

20 

  

NI 255 nM  

21 

 

NI 206 nM  

22 

 

NI NI 

23 

 

NI NI 
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Similar to the docked pose of ccompound 18 in SK2, the para-fluorophenyl ring of 

compound 21 and para-Cl of compound 20 occupied the toe of the J-pocket and the 

head pyrrolidinium group retained the H-bonds with Asp264 (Figure 2.26: Figure 

2.28). In SK1 the toe of the J-channel is likely to be smaller than SK2 due to the 

presence of Phe347, and inactivity against the former isoform by the para-substutued 

analogues and the bulky cyclohexyl derivative could be due to their inability to fit 

inside this hydrophobic toe region (Figure 2.27: Figure 2.29).  

Compounds 20, 21 and 22 have electron-deficient aromatic rings in the tail group, 

which could negatively impact hydrophobic interactions in this region of SK1 as 

shown in Figures 2.27 and 2.29. The back of the toe of SK2ôs J-channel has Cys533 

which is likely to create a larger space, providing enough room for compounds 20 and 

21 to be accommodated within the pocket (Figure 2.27: Figure 2.29). The similar 

potency of compound 18 against SK2 suggests that the para-F and para-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 of compounds 21 and 18. (A) shows compound 21. (purple) 

interactions with SK2; (B) shows compound 18 (grey) interactions with SK2. Orange, pink 

and grey sticks are Val304, Leu517, Asp264 and Cys533 respectively. 
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Figure 2.27. Docked poses of compounds 21 and 18. (A) and (B) show compound 21 (the 

terminal para- fluoro phenyl ring in CPK and para-F in light blue) accommodates tighly in 

the toe of SK2 (coloured in blue), while replusion is obvious in the SK1 pocket (in pink and 

indicated by red circles); (C) and (D) show compound 18 (the terminal phenyl group in CPK) 

accommodates tighly in the toe of both SK1 and SK2 pockets. 
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Figure 2.28. Docked poses of compounds 20 and 18 (A) showing compound 20 (red stick) 

interactions with SK2. (B) showing compound 18 (grey stick) interactions with SK2. Orange, 

pink and grey sticks are Val304, Leu517, Asp264 and Cys533 respectively. 
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Figure 2.29. Docked poses of compounds 20 and 22. (A) and (B) show compound 20 (para-

Cl in green) binding in the SK1 pocket (pink) and in the SK2 pocket (in blue); (C) and (D) 

show compound 22 (para-CF3 in light blue) binding in SK1 (pink) and SK2 (blue). C and D 

clearly show that the CF3 group protrudes out of the toe of the J-pocket, which is unlikely to 

be accommodated and reflects the inactivity of this compound. 
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2.3.4.3 Modification of the head to explore how polarity and chirality influence 

potency and selectivity 

Library 6: Crystallographic analysis of the PF-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 the sphingosine 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 ADP-Glo assay for 

the sixth library. 

 

 

                  IC50 values are the average of three readings. NI = No Inhibition. 
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NI NI 
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28   NI NI 
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Compound 24 (Table 2.6) was synthesised to explore the impact of an isosteric 

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 of similar 

size to the hydroxyl and able to form a similar hydrogen-bond network. Potentially, it 

could improve binding affinity by introducing ionic interactions with the Asp residues 

in the site. Unexpectedly, Table 2.6 shows this modification completely abrogated 

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 the (S)-enantiomer (25) is possibly due to an increase in the 

distance between the -OH 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 region was confirmed by 27 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 inhibitory activity in both isoforms. Docking the piperidine 

analogue (26) in the active site of SK1 and the model of SK2 (Figure 2.30) showed 

that the key interactions between Asp264 and the head group were no longer present. 

This again confirms the importance of distance and directionality for optimal hydrogen 

bonding, which is lost with the larger ring scaffold (Figure 2.30). 

To further investigate whether the hydroxyl group and chirality are essential for 

activity, compound 28, which lacks any polar groups was prepared. It 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 of compound 26. Key interactions of compound 26 (green stick) 

with active sites of SK1 (A) and SK2 (B). Red lines indicate a distance of > 5Å (with actual 

distances shown) observed between Asp264 and the hydroxyl group of the pyrrolidine head 

group. Pink and grey sticks areVal304, Leu517, Asp264 and Cys533 respectively. 

 

 

Cys533

Met385

Val304

Phe374

Ile260

Asp460

Asp460
A

B

Leu517



 

  83 

 

Figure 2.31. Docked poses of compound 28. Key interactions of compound 28 (yellow stick) 

with active sites of SK1 (A) and SK2 (B). Red circles indicate loss of H-bonds between Asp264 

and the head pyrrolidine moiety that lacks a hydroxyl group. Pink and grey sticks areVal304, 

Leu517, Asp264 and Cys533 respectively. 

 

 

Cys533

Leu517

Val304

Phe374

Ile260

Asp460

Asp460
A

B



 

  84 

2.4 Synthetic strategies 

Compounds were synthesised by adapting the method used to prepare PF-543 as 

described by Schunte et al, in which the 3-(bromomethyl)-5-methylphenyl acetate was 

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

(compound I) to afford the phenol (compound II). This was then alkylated in 

acetonitrile at 60ºC to afford the aldehyde (compound III), which was then subjected 

to reductive amination to produce PF-543 in good yield (95%) after column 

chromatography (Scheme 2.1).210 

 

Scheme 2.1. Method for preparing PF-543. Reagents and conditions: (a) Aliquat, 85 °C, 18 

h in EtOAc (b) NaHCO3, rt, 36 h. (c) MeCN, 60 °C, 2 h. (d) NaBHAc3, DCE, 24 h. 
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 Synthesis of sulfonates and sulfonamide analogues 

The synthetic approach to the sulfonate and sulfonamide analogues involved three key 

steps (Scheme 2.2). The first step was to sulfonylate a hydroxyl or amino group of 

resorcinol or 3-aminophenol with an alkyl or aryl sulfonyl chloride under mild basic 

conditions to produce the mono-substituted phenols 29-38. In the second step, the 

remaining phenolic groups of compounds 29-38 were alkylated with the p-

bromomethyl benzaldehyde (39) under basic conditions to afford the benzylic ether 

benzaldehydes 40-49. The final step involved the reductive amination of compounds 

40-49 with (R)-pyrrolidin-2-yl methanol to give the corresponding tertiary amines 3-

14 in reasonable overall yields. 

 

Scheme 2.2. Method for synthesis of sulfonate and sulfonamide analogues. Reagents and 

conditions: (a) Sat. aqueous NaHCO3/Et2O (a*) pyridine (1.57 eq) in CH2Cl2 (b) K2CO3 (2.75 

eq), MeCN, 60 °C, 3 h. (b*) DIBAL -H, 25 °C toluene, 1 h (c) NaBHAc3 (1.5 eq), DCE, 24 h. 
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2.4.1.1 Step 1: Regioselective sulfonylation of resorcinol and 3-aminophenol (29-

38) 

The first step in the synthetic pathway involved the regioselective sulfonylation of 

resorcinol or aminophenol to produce the mono-susbstituted phenols 29-38 (Scheme 

2.3). 225 

 

Scheme 2.3. Regioselective sulfonylation of resorcinol and 3-aminophenol. 

Compounds 29-38 were generated in moderate yields (Table 2.7) due to the production 

of side-products that are formed through the double sulfonylation of either both OH 

/or NH2 groups of the starting material (Scheme 2.3). 
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Table 2.7. Mono substituted phenols (29-38) and their yields produced by 

sulfonylation with sulfonyl chloride. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds X R Yield 

(%)  

29 O 

 

34 

30 O 
 

36 

31 O 

 

29 

32 O 

 

15 

33 O 

 

13 

34 NH 

 

56 

35 NH 
 

55 

36 NH 

 

51 

37 NH 

 

29 

38 NH 
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The challenging step in this reaction was to separate the desired product from the 

unreacted starting material and the side-product, which had both functional groups 

sulfonylated. The reproducible and robust method achieved was based on the 

differences in the pKa values of the various derivatives produced during the reaction 

as follows (Figure 2.32). The organic layer was separated and washed with saturated 

aqueous potassium carbonate solution (pH>12) to remove the starting material with 

two phenolic groups (pKa =9.07 and 10.5). 226 For aminophenol, the organic layer was 

washed with 0.01 M HCl to remove any compound with a free amino group (pKa~ 4). 

The organic layer was then washed with 1 M NaOH to extract the product with the 

remaining free phenolic group to leave the disulfonylated side-product in the organic 

layer. Neutralisation of the water layer with 0.1 M HCl followed by extraction with 

organic solvent isolated the pure desired products (Figure 2.32). As an example of 

how mono-sulfonylation of the desired phenol product was confirmed, the 1H NMR 

spectrum of compound 29 is shown in Figure 2.33. The singlet at 9.89 ppm 

corresponds to the hydroxyl proton. The singlet at ŭ 3.86 ppm integrating to 3H 

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 the 1H NMR spectrum of compound 34: the singlet at 10.00 ppm 

corresponds to the phenolic proton and the singlet at 9.40 ppm corresponds to the NH 

proton (Figure 2.33). The 1H NMR spectrum of the desired compound 31 (Figure 

2.34) has one singlet for the hydroxyl proton, whereas the 1H NMR spectrum of the 

bis-sulfonylated side-product shows loss of the -OH peak at 10.01 ppm (Figure 2.34). 

The appearance of one p-disubstituted 4 H proton signature in the aromatic region in 

Figure 2.34 indicate the introduction of one new aromatic ring into the structure, 

whereas two p-disubstituted signatures suggest that sulfonylation has occurred twice 

to generate the unwanted side-product (Figure 2.34). 
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Figure 2.32. Workflow for th e isolation of compounds 29-38 from unreacted starting 

material and bis- sulfonylated side products. 
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Figure 2.33. 1H NMR (DMSO-d6) of compounds 29 and compound 34. Circled peaks 

colored blue and red correspond to OH and NH2 respectively. Circled peaks indicate key 

differences in signals used to identify which were sulfonates or sulfonamides. 
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Figure 2.34.1H NMR (DMSO-d6) of compound 31 and its side product. Circled peak 

indicates key difference in signals used to identify which were target compounds or side 

products. 
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The mechanism for the first sulfonylation step proceed via an SN2 process in which the 

phenolic group of resorcinol is deprotonated by base to give the corresponding anion, 

which acts as a nucleophile to displace the Cl- of alkyl or aryl sulfonyl chlorides to 

form the desired compounds via an associative transition state (Scheme 2.4). Synthesis 

of the sulfonamides uses pyridine and not bicarbonate as the catalyst, where pyridine 

possibly displaces the chloride to generate a reactive pyridinium intermediate that has 

a better leaving group. The displaced pyridine following the nucleophilic attack by the 

amine acts as the base to deprotonate the sulfonamide. 

 

Scheme 2.4. Suggested SN2 mechanism of the mono-sulfonylation of resorcinol or 3-

aminophenol. 

An SN1 mechanism is also possible, in which the chloride anion dissociates from the 

sulfonyl group to form the electrophilic intermediate (Scheme 2.5), which is the rate 

determining step and not the attack by the nucleophile.  

 

                     Scheme 2.5. SN1 mechanism for the mono-sulfonylation of resorcinol. 



 

  93 

The phenoxide anion is a strong nucleophile and is likely to attack rapidly before the 

sulfonyl chloride dissociates, which favours the SN2 mechanism, particularly as the 

reaction was carried out in diethyl ether, an aprotic, nonpolar solvent that promotes 

SN2.  

2.4.1.2 Step 2: Formation of benzylic ether benzaldehydes (40-49) 

The second step involved the preparation of the alkylating reagent pï

bromomethylbenzadehyde (39) (Step A; Scheme 2.6) which was used to alkylate 

compounds 29-38 under basic conditions to give the desired compounds 40-49 in 

varying yields (Step B; Scheme 2.7) Table 2.8. 

2.4.1.2.1 Step 2 (A): Synthesis of pïbromomethylbenzadehyde 

The reagent pïbromomethylbenzadehyde is commercially expensive, so it was 

prepared by the reduction of p-(bromomethyl) benzonitrile to the corresponding 

aldehyde (39) using the selective reducing agent diisobutylaluminium hydride 

(DIBAL -H) (Scheme 2.6). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.6. Synthesis of pïbromomethylbenzadehyde showing the mechanism for 

reduction with DIBAL -H. 
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The mechanism for this reaction proceeds via an acid-base catalysed reaction between 

an unshared electron pair on the nitrile nitrogen with the aluminium of the DIBALð

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

of the nitrile, with subsequent hydrolysis of the aluminium complex to form the 

aldehyde (Scheme 2.6). Reduction to the aldehyde was confirmed by the presence of 

a downfield singlet corresponding to the formyl H at 10.01 ppm (Figure 2.35). 

 

Figure 2.35. 1H NMR (DMSO-d6) of compound 39. Circled peaks coloured cyan 

corresponds to CH2 and purple corresponds to CHO. 
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2.4.1.2.2 Step 2 (B): Alkylation of compounds (40-49) 

In this step, monosulfonated phenols 29-38 were alkylated with 39 to give the desired 

bifunctional compounds 40-49 in moderate to good yields (Table 2.8). As an example 

of structural elucidation, the 1H NMR spectrum of 41 is shown below (Figure 2.36). 

Successful alkylation was characterised by a downfield shift at 5.46 ppm of the 

benzylic singlet indicating that the protons were adjacent to the more electronegative 

oxygen in the ether moiety, while the aromatic region contained a p-disubstituted and 

m-disubstituted signature integrating to 8 protons showed that two phenyl rings were 

in the structure. The downfield singlet at 10.34 ppm confirmed that the aldehyde was 

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

showed that an n-butyl group was in the structure.  

 

Figure 2.36. 1H NMR (Chloroform -d) spectrum of compound 41. Circled peaks coloured 

cyan corresponds to CH2 and purple corresponds to CHO. 
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Similar to the previous sulfonylation step, alkylation is likely to proceed via an SN2 

mechanism, in which phenolic group of intermediates 29-38 is deprotonated by base 

to the nucleophilic phenoxide anion that acts to displace bromide via the associated 

transition state (Scheme 2.7).  

 

         Scheme 2.7. Synthesis of 40-49 and the associated mechanism for their formation. 
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Table 2.8. Benzylic ether benzaldehydes (40-49) and their yields produced by 

alkylation with compound 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds X R Yield 

(%) 

40 O 

 

85 

41 O 
 

70 

42 O 

 

88 

43 O 

 

78 

44 O 

 

95 

45 NH 

 

28 

46 NH 
 

36 

47 NH 

 

35 

48 NH 

 

26 

49 NH 

 

34 
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The yields for the sulfonamide derivatives (26-36%) were lower than the sulfonates 

(70-95%) because a second alkylation of 45-49 with 39 formed the bis-alkylated side-

products (Scheme 2.8). This arose because the primary sulfonamide, like the phenol, 

is a weak acid with a pKa of around 10, 227 and can also be deprotonated by potassium 

carbonate to react with the bromomethylbenzadehyde. Figure 2.37 illustrates the 1H 

NMR spectra of the desired product (47) and its bis-alkylated side-product, the 

formation of which was suggested by the appearance of two singlets at 9.98 and 10.03 

ppm indicating the presence of two aldehyde groups in the structure. The peaks at 4.98 

and 5.12 ppm correspond to two benzylic proton singlets adjacent to atoms of different 

electronegativity (O and N), whilst an aromatic region corresponding to 12 protons that 

contains two p-disubstituted signatures also suggests double alkylation by 39. 

 

 

 

 

 

 

 

 

 

 

Scheme 2.8. Alkylation of the sulfonamides with 39 can yield mono- and bis-alkylated 

products. 
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Figure 2.37. 1H NMR (DMSO-d6) of compounds 36 (upper) and 47 (middle) and its side-

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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2.4.1.3 Step 3: Reductive amination (3-14) 

The final reaction in this synthetic pathway involved the reductive amination of the 

aldehydes 40-49 with (R)-pyrrolidin-2-yl methanol in the presence of the reducing 

agent sodium triacetoxyborohydride to generate the final library of amines (3-14) that 

were used for SAR profiling of the sulfonate and sulfonamide analogues of PF-543 

(Scheme 2.9). The yields of the amines are shown in Table 2.9. 

Scheme 2.9. Synthesis of amines 3-14. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 101 

Table 2.9. Sulfonate and sulfonamide analogues (3-14) and their yields formed by 

reductive amination with 2-(hydroxymethyl)pyrrolidine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds X R Yield (%)  

3 O 

 

35 

4 O 

 

37 

5 O 

 

45 

8 O 
 

54 

9 O 

 

74 

10 NH 
 

65 

11 NH 

 

51 

12 NH 

 

57 

13 NH 

 

55 

14 NH 

 

60 
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The mechanism for reductive amination is shown in Scheme 2.10. The first step 

involves the formation of the carbinolamine intermediate through the nucleophilic 

attack of the secondary amine on the aldehyde (Scheme 2.10), which is followed by 

formation of the imine (Schiff base) via the loss of water. 228 The imine and aldehyde 

are in equilibrium, 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 reductive amination: the selection of sodium triacetoxyborohydride 

(NaBH(OAc)3), was because it shows selectivity toward the imine over the aldehyde. 

This is due to the stabilisation of the boron-hydrogen bond by the steric and the 

electron-withdrawing effects of the three acetoxy groups, which gives it milder 

reducing properties. 229 Presumably, a more powerful reducing reagent will reduce the 

aldehyde through to the alcohol before the amine can form the imine which is then 

reduced. 

 

  Scheme 2.10. Mechanism for the reductive amination reaction. 
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As an example of how target compounds were identified, the 1H NMR spectrum of 4 

in shown in Figure 2.38. The loss of the characteristic aldehyde peak at ~10 ppm and 

the appearance of the non-equivalent benzylic protons next to the chiral pyrrolidine 

ring as two asymmetric peaks (one doublet at 4.03 ppm and one multiplet at 3.45 ppm) 

was taken as indicative of successful coupling between the reagents. The two non-

equivalent methylene protons between the hydroxyl group and chiral centre also 

appear as two multiplets at 3.30 and 3.37 ppm, whilst the singlet at 4.42 ppm represents 

the hydroxyl proton. The singlet at 5.00 ppm represents the deshielded ether benzylic 

protons. The coupling in the aromatic region is consistent with the substitution pattern 

seen for the precursors in this series.  

 

Figure 2.38. 1H NMR (DMSO-d6) of compound 4. Circled peaks indicate the key signals 

used to identify the target compound. 
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 Synthesis of sulfide containing analogues of PF-543 

A library of analogues was synthesised using the approach shown in Scheme 2.11. 

This involved two alkylation steps followed by a reductive amination to produce the 

desired compounds 50-54 (Scheme 2.11). 

 

Scheme 2.11. Synthesis of sulfide-containing analogues of PF-543. Reagents and 

conditions: (a) Sat. K2CO3/ MeCN, N2,3 h(b) K2CO3 (2.75 eq), MeCN, 60 °C, N2, 3 h.(c) 

NaBHAc3 (1.5 eq), DCE, N2, 24 h. 

The commercially available 3-mercaptophenol was treated with aryl or alkyl bromides 

to give the corresponding sulfides (Scheme 2.12). Alkylation occurred exclusively on 

the more acidic thiol group (pKa= 6) rather than on the phenol to yield predominantly 

monoalkylated products 50-54 (Table 2.10). Compounds were extracted and isolated 

as previously described in Section 5.1.2.3 to remove both unreacted starting material 

and disubstituted products. 

 



 

 105 

 

 

 

 

 

 

Scheme 2.12. Synthesis of compounds 50-54. 

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

benzyl /cyclohexyl methyl bromide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As an example to show how the successful S-substituted thiophenols were 

characterised, the 1H NMR spectrum of 50 is shown in Figure 2.39. The appearance 

of the characteristic singlet of the hydroxyl proton at 9.58 ppm in combination with 

the benzylic proton singlet at a higher field (4.24 ppm) than we would expect with a 

benzyl ether (e.g. 5.46 pm in 41) demonstrated that the monoalkylated benzyl sulfide 

had formed.  

Compounds R Yield (%)  

50 

 

95 

51 

 

44 

52 

 

96 

53 

 

53 

54 

 

65 



 

 106 

Figure 2.39. 1H NMR (DMSO-d6) of compound 50.  

The phenols were then alkylated with 39 using the conditions and procedure previously 

described (Table 2.11). As can be seen in the 1H NMR spectrum of 55 (Figure 2.40), 

the coupled product was confirmed by the presence of a downfield singlet 

corresponding to the formyl proton at 9.98 ppm in combination with two benzylic 

proton singlets at different fields corresponding to chemical shifts expected for an ether 

and a sulfide (5.18 and 4.22 ppm respectively). 

 

 

 

 

 

OH

CH2
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Table 2.11. Benzylthio)phenoxy)methyl)benzaldehyde 55-59 and their yields 

produced by alkylation with 39. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds R Yield% 

55 

 

75 

56 

 

86 

57 

 

89 

58 

 

99 

59 

 

37 
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Figure 2.40. 1H NMR (DMSO-d6) of 55. Circled peaks coloured cyan correspond to CH2 of 

the ether benzylic group, green corresponds to CH2 of the benzyl group and purple corresponds 

to CHO. 

The corresponding benzaldehydes were then treated with different amines using the 

reductive amination conditions described previously (see Section 5.1.2.7) to afford 

compounds 20-28 (Table 2.12). To generate the anisosteric primary amino analogue 

of the (R)-pyrrolidin-2-ylmethanol series, compound 24 was prepared via the Boc-

protected compound 60 followed by deprotection with trifluoroacetic acid (TFA) in 

dichloromethane (Scheme 2.13).  
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Scheme 2.13. Synthesis and mechanism for the preparation of compound 24. 

The deprotection mechanism is initiated via protonation f the t-butyl carbamate by 

TFA which results in the loss of the t-butyl cation to then form 2,2-dimethylethene and 

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

amine. 230 

 

 

 

 

 

 

 

 

 



 

 110 

Table 2.12. Sulfide containing analogues 20-28 and their yields formed by reductive 

amination with 2-(hydroxymethyl) pyrrolidine 

 

Compounds R R* Yield% 

20 

 

 

99 

21 

 

 

36 

22 

 
 

52 

23 

 

 

61 

24 

 

 

36  

25 

 

 

36 

26 

 

 

24 

27 

  

53 

  28 

 

 

99 
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 Synthesis of the truncated 3-(methoxymethyl)phenoxy analogue of PF-

543. 

Resorcinol was treated with chloromethyl methyl ether under basic conditions in 

acetone to afford a regio-selective alkylated phenol (61). Formation of 61 was 

confirmed by the appearance of the hydroxyl peak at 9.41 ppm in the 1H NMR 

spectrum and two new singlets at 3.36 ppm and 5.11 ppm that correspond to CH3 and 

CH2 groups respectively are indicative of a successful mono-alkylation (Figure 2.41). 

The phenol was then alkylated with 39 using previously described conditions to form 

62, followed by reductive amination to afford 15 in a good overall yield (43%) 

(Scheme 2.14). 

 

Scheme 2.14. Synthesis of the (methoxy)phenoxy) methyl analogue. Reagents and 

conditions: (a) chloromethyl methyl ether, caesium carbonate, acetone, N2, 0 ºC, 1.5 h (b) 

K2CO3 (2.75 eq), MeCN, 60 °C, N2, 3 h. (c) ((R)-pyrrolidin-2-yl) methanol, NaBHAc3 (1.5 

eq), DCE, N2, 24 h. 
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Figure 2.41. 1H NMR (DMSO-d6) of compound 61. 
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2.5 In vitro assessment of biophysicochemical and pharmacokinetic properties 

Whilst improving potency against a specific target during the design phase of a new 

compound, substantial efforts should also be focused on the optimization of its 

biophysicochemical properties (e.g. solubility, permeability and metabolic stability) 

and pharmacokinetic (ADMET) properties (e.g. absorption, distribution, metabolism, 

excretion and toxicity) 231 before progressing to in vivo pharmacokinetic (PK) 

profiling.  In vitro ADMET property assessments, including permeability, metabolic 

stability, and CYP450 inhibition properties, were performed with PF-543 and 

compounds 17, 18 and 21 to establish whether improvements had been made with the 

new compounds. All assays were performed and evaluated by Cyprotex Discovery Ltd 

(Macclesfield, UK). 

 Absorption and permeability 

In the early stage of compound development, aqueous solubility and permeability are 

crucial parameters that need to be measured. Regardless of potency in the primary 

assay, compounds that have good oral bioavailability are needed if they are to become 

a preclinical candidate. Furthermore, optimised solubility, absorption and permeability 

are essential to deliver compounds across cell membrane to show activity in cells. 232  

To predict the in vivo human intestinal absorption and estimate the permeability of PF-

543 across the intestinal epithelia, the apparent permeability coefficients (Papp) were 

measured using the Caco-2 cell line model. Caco-2 cells have characteristics that 

resemble intestinal epithelial cells, such as the formation of a polarized monolayer, a 

well-defined brush border on the apical surface and intercellular junctions. Assessing 

transport in both directions (apical to baso-lateral (AīB) and baso-lateral to apical 

(BīA) across the cell monolayer enables an efflux ratio to be determined that indicates 

whether a compound undergoes active efflux by P-glycoprotein transporters. PF-543 

was found to have a high permeability like propranolol (Table 2.13) suggesting good 

intestinal absorption is likely. The efflux ratio (ER) of PF-543 was 1.72, indicating 

little active efflux, which is normally apparent when the ER value is < 5. 233 
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                       Table 2.13. Apparent permeability of compound PF-543. 

 

 

 

 

 

 

 

 

ADMET properties for any new compound can be predicted to some extent based on 

physiochemical properties. 234 Indeed, physiochemical properties have been widely 

used to predict permeability and absorption based on calculating the predicted cLogP, 

and a total polar surface area (tPSA). tPSAÒ 120 ¡2 and cLogP Ò 5 are considered 

acceptable progression criteria for any new compound for oral admininistration. 235 

Our analogues are structurally similar to PF-543 and have cLogP and tPSA values that 

suggest that they are more lipophilic. We would therefore expect compounds 17, 18 

and 21 to have good permeability and absorption (Figure 2.41). 

 

 

 

 

 

 

Permeability PF-543 Propranolol 

 

Compartment A to B 

Mean Papp (x10-6 cm s-1) 

19.4 30.0 

 

Compartment B to A 

Mean Papp (x10-6 cm s-1) 

33.4 

 

32.8 

 

Efflux Ratio  1.72 

 

1.09 
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Figure 2.42. cLogP and tPSA (Å2) of PF-543 and compounds 17, 18 and 21.  

 

  Solubility  

The solubility of a compound is a parameter that determines its absorption from the 

gastrointestinal tract and its oral bioavailability. It is also essential to assess solubility 

at an early stage in drug discovery because poor solubility can limit the quality of the 

data generated in other in vitro assays. Compounds with solubilities less than 1 µM are 

considered to be a highly insoluble, between 1 and 100 µM to be partially soluble and 

> 100 µM to be highly soluble. As can be seen from Table 2.14, the solubility of 

compounds 17, 18 and 21 are correlated with their predicted lipophilicity values: the 

most lipophilic, compound 21 with the para-fluorophenyl group, has low solubility 

compared to 18. Relative to compounds 18 and 21, compound 17 has lower 

lipophilicity and improved solubility (111 µM) due to the presence of oxygen in place 

of sulfur. 
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 Table 2.14. Solubility and lipophilicity values for 17, 18 and 21 

 

 

 

 

 

 

 

 

 Hepatocyte stability of PF-543 

In vitro hepatocyte stability assays were conducted to determine the in vitro intrinsic 

clearance and half-life. As can be seen from Table 2.15, PF-543 was cleared more 

rapidly with a half-life of 2.21 mins and a high intrinsic clearance of 628 µL/min/106 

cells (where low and high CLint are defined as <3.3 and > 17.8 µL/min/106 cells 

respectively). 236 The fact that PF 543 is a lipophilic compound makes it a good 

substrate for liver metabolising enzymes via CYP450-catalysed oxidations. Such high 

clearance could be due to a combination of phase I and phase II metabolic processes, 

as intact liver cells contain both sets of metabolising enzymes. PF-543 possesses many 

structural features that make it highly susceptible to phase I metabolism, including O-

dealkylation of the ether, deamination of the pyrrolidine moiety and aromatic 

hydroxylation, particularly of the electron rich head aromatic group. In addition, the 

central toluyl group is a target for phase I aliphatic hydroxylation (Figure 2.43). The 

most likely site for phase II metabolism is the primary alcohol, which could undergo 

conjugation with glucuronic acid. 

 

 

 

Compounds Solubility  

  (µM) 

cLogP tPSA 

 (Å2) 

21 10  5.96 32.7 

17 111 5.5 41.9 

18 30 5.8 32.7 
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Table 2.15. Hepatocyte stability of compound PF-543  

 

 

 

 

 

 

 

 

 

 

Figure 2.43. Possible sites of Phase I and Phase II metabolism of PF-543 and its 

possible metabolites. Note; the aldehyde group generated by deamination will be 

further oxidised to a carboxylic acid by liver dehydrogenases. 

 

 

 

Hepatocyte Stability  

Species=Mouse 

PF-543 

t1/2 (min) 2.21 

 

CL int (µL/min/106 cells) 

 

628 
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 . Microsomal stability of compounds 17, 18 and 21 

The liver constitutes the principal site of drug metabolism, and the main aim of the 

microsomal stability in vitro study is to measure the predictable compound clearance 

by phase I and phase II. 237 Phase I metabolism involves numerous processes that alter 

compound structure, predominantly via oxidation utilizing the cytochrome P450 

complex of enzymes. Phase II reactions involve conjugations with endogenous polar 

molecules, the most common being glucuronic acid via glucuronyl transferases. 237  

The advantage of using the S9 mouse liver fraction preparation for in vitro screening 

of microsomal stability is that it contains a wide variety of both phase I and phase II 

enzymes. 237 Microsomal stability studies can be performed to investigate phase I 

oxidations using NADPH only as the enzyme co-factor or to investigate combined 

phase I and II metabolism, using NADPH + uridine 5'-diphospho-glucuronic acid 

(UDPGA) cofactors in the preparation. The microsomal stability assay has several 

advantages over the hepatocyte stability assay: it can be adjusted to a high throughput 

screening format that enables large numbers of compounds to be screened 

inexpensively. 

The data from Table 2.16 suggests that all compounds underwent significant phase I 

metabolism, with high clearance rates similar to PF-543. This finding was related to a 

short half-life and high intrinsic clearance seen for compounds in the presence of 

NADPH compared to only a slightly longer half-life in the presence of NADPH and 

UDPGA and for phase II, which suggests phase I is the rate-determining step (Table 

2.16).  
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Table 2.16. Microsomal stability of compounds PF-543, 17, 18 and 21.  

 

From the similar phase I clearance rates in the above table, it appears compounds 

undergo similar transformations, because different functionalities do not alter 

metabolism rates. For example, compounds 18 and 21 differ only in site A (Figure 

2.44), which suggests that the para-fluoro substituent is not preventing aromatic 

hydroxylation in this ring, otherwise the half-life would have been increased. Unlike 

the other analogues, PF-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. Compounds 17, 18 and 21 could each undergo O- or S-

debenzylation in site A, but PF-543 cannot, which implies that dealkylation here is not 

the primary phase 1 metabolic route. The feature that is common to PF-543, 17, 18 

and 21 is the central benzylic ether moiety between sites C and B, suggesting that O-

dealkylation at this junction is the most likely metabolic route. Alternatively, 

deamination of the common pyrrolidine could be the primary route (Figure 2.44).  

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

combination of poor solubility and rapid metabolism because they are good substrates 

 

Compounds Microsomal Stability 

(Species=Mouse) 

Cofactor=NADPH only 

Phase I 

S9 Stability (ProteinType=S9, 

ProteinConc=1mg/ml, Species=Mouse, 

Cofactor=NADPH + UDPGA) 

Phase II 

CL int(µL/min/mg 

protein) 

t1/2(min) CL int(µL/min/mg 

protein) 

t1/2(min) 

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 
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for CYP450. Potentially, the phase I metabolic rate of these compounds could be 

reduced by modification of the benzylic ether in site B (e.g. replace O with CH2 ï 

compound 63; Figure 2.44), but this would increase lipophilicity and reduce solubility. 

If deamination in site C is the primary phase I metabolic route, then replacement of 

the methylene hydrogens with atom (s) that cannot be abstracted by CYP450 to initiate 

oxidation could address this issue. An amide link would prevent deamination 

(compound 64; Figure 2.44), but this would alter the relative orientation of the 

pyrrolidine ring with respect to the phenyl group and reduce binding with the target 

SK. A difluoromethylene group (compound 65; 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 

solubility 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 I metabolites across the series based on similar phase 

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

phase I clearance rates  

 

 

 

 












































































































































































































































