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Abstract 
Inhibitors	  of	  the	  phosphatidylinositol	  3-‐kinase	  (PI3K)	  pathway	  are	  at	  the	  forefront	  of	  the	  

search	  for	  novel	  cancer	  treatments,	  as	  aberrations	  in	  the	  pathway	  are	  found	  in	  up	  to	  50%	  of	  

human	  cancers.	  Class	  I	  PI3K	  consists	  of	  four	  isoforms,	  PI3Kα,	  PI3Kβ,	  PI3Kγ	  and	  PI3Kδ,	  which	  

phosphorylate	  phosphatidylinositol	  4,5-‐bisphosphate	  to	  form	  the	  second	  messenger,	  

phosphatidylinositol	  3,4,5-‐trisphosphate.	  This	  second	  messenger	  signals	  downstream	  to	  

regulate	  cell	  metabolism,	  growth	  and	  proliferation.	  Oncogenic	  mutations	  in	  PI3Kα	  occur	  in	  

approximately	  30%	  of	  colorectal	  cancers	  and	  25-‐40%	  of	  breast	  cancers.	  The	  work	  in	  this	  thesis	  

has	  sought	  to	  add	  to	  the	  understanding	  of	  isoform	  selectivity	  in	  PI3K	  inhibitors,	  which	  will	  

hopefully	  contribute	  to	  the	  successful	  treatment	  of	  human	  cancers.	  This	  has	  been	  conducted	  in	  

two	  parts:	  (i)	  the	  structural	  investigation	  of	  wild-‐type	  PI3Kα,	  examining	  the	  differences	  in	  

regulation	  compared	  with	  the	  oncogenic	  mutant,	  p110αHis1047Arg,	  and	  the	  characterisation	  of	  

the	  lipid-‐binding	  site;	  (ii)	  the	  design,	  synthesis	  and	  testing	  of	  novel	  PI3K	  inhibitors	  designed	  to	  

explore	  the	  determinants	  of	  isoform	  selectivity.	  	  

Two	  wild-‐type	  X-‐ray	  crystal	  structures	  of	  PI3Kα,	  one	  in	  complex	  with	  the	  lipid	  substrate	  di-‐

C4-‐phosphatidylinositol	  4,5-‐bisphosphate,	  have	  been	  determined.	  The	  apo	  structure	  was	  refined	  

to	  2.96	  Å	  (R/Rfree	  0.19/0.27),	  and	  the	  lipid	  structure	  refined	  to	  3.37	  Å	  (R/Rfree	  0.24/0.34).	  

Comparison	  of	  these	  structures	  with	  that	  of	  the	  oncogenic	  mutant,	  p110αHis1047Arg	  (PDB	  ID:	  

3HHM)	  has	  revealed	  important	  differences	  in	  the	  nSH2	  domain	  regulation.	  Increased	  buried	  

surface	  area	  and	  unique	  salt-‐bridges	  in	  the	  wild-‐type	  structure	  are	  suggestive	  of	  tighter	  

regulation.	  Two	  lipid-‐binding	  sites	  have	  been	  identified	  in	  p110α,	  and	  the	  presence	  of	  multiple	  

binding	  sites	  confirmed	  by	  fluorescence	  quenching	  experiments.	  	  
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Chapters	  3	  and	  4	  have	  described	  the	  synthesis	  and	  testing	  of	  38	  analogues	  of	  the	  pan	  PI3K	  

inhibitor,	  ZSTK474.	  In	  Chapter	  3,	  an	  efficient,	  regioselective	  synthetic	  method	  was	  developed	  for	  

the	  synthesis	  of	  5-‐	  and	  6-‐substituted	  benzimidazole	  derivatives	  of	  ZSTK474.	  Methoxy	  

substitutions	  at	  these	  positions	  resulted	  in	  a	  decrease	  in	  potency	  at	  PI3Kα.	  A	  more	  dramatic	  

impact	  on	  PI3Kγ	  potency	  was	  observed,	  suggesting	  alternative	  substitutions	  at	  this	  position	  may	  

be	  a	  suitable	  method	  to	  dial	  out	  PI3Kγ	  inhibition.	  Two	  hydroxyphenyl	  substituents	  were	  

investigated	  as	  alternatives	  to	  the	  2-‐difluoromethylbenzimidazole	  substituent	  of	  ZSTK474.	  The	  

3-‐hydroxyphenyl	  substituted	  compounds	  (37-‐42)	  had	  a	  greater	  preference	  for	  the	  PI3Kα	  

isoform	  than	  the	  equivalent	  2-‐difluoromethylbenzimidazole	  compounds	  (25a-‐f),	  despite	  a	  

decrease	  in	  potency.	  The	  3-‐hydroxyphenyl	  substituted	  compounds	  also	  showed	  significantly	  

greater	  selectivity	  against	  PI3Kγ,	  suggesting	  it	  may	  be	  a	  better	  affinity	  pocket	  binding	  moiety	  for	  

the	  development	  of	  PI3Kα	  selective	  inhibitors.	  More	  work	  is	  required	  to	  optimise	  the	  other	  

binding	  moiety,	  replacing	  a	  morpholine	  group	  of	  ZSTK474,	  to	  improve	  potency	  and	  PI3Kα	  

selectivity.	  	  

In	  Chapter	  4,	  a	  series	  of	  inhibitors	  targeting	  a	  specific	  non-‐conserved	  residue	  in	  PI3Kα,	  

p110αGln859,	  was	  designed,	  synthesised	  and	  tested.	  Compounds	  showed	  a	  general	  trend	  of	  

improved	  selectivity	  towards	  PI3Kδ,	  due	  to	  the	  presence	  of	  a	  similar	  residue	  at	  the	  analogous	  

position,	  p110δAsn836.	  Compound	  46	  was	  the	  most	  PI3Kδ	  selective	  compound,	  showing	  a	  

selectivity	  of	  6-‐35-‐fold.	  Compound	  50	  displayed	  the	  greatest	  selectivity	  for	  PI3Kδ	  against	  PI3Kβ	  

of	  21-‐fold.	  Site-‐directed	  mutagenesis	  assay	  results	  of	  compound	  50	  are	  consistent	  with	  

interactions	  at	  the	  residue	  p110αGln859.	  	  

The	  work	  in	  thesis	  has	  investigated	  the	  design	  of	  novel	  PI3Kα	  inhibitors.	  The	  identification	  

of	  key	  differences	  in	  interaction	  and	  regulation	  between	  wild-‐type	  PI3Kα	  and	  the	  oncogenic	  

mutant,	  p110αHis1047Arg	  has	  the	  potential	  to	  inform	  the	  design	  of	  novel,	  oncogenic	  mutant	  
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specific	  inhibitors.	  The	  characterisation	  of	  the	  PI3Kα	  lipid-‐binding	  site	  can	  aid	  in	  the	  structure-‐

based	  drug	  design	  of	  lipid-‐competitive	  inhibitors,	  potentially	  providing	  increased	  selectivity	  

over	  related	  protein	  kinases.	  We	  have	  demonstrated	  the	  applicability	  of	  targeting	  specific	  non-‐

conserved	  residues	  in	  the	  PI3K	  binding	  site	  for	  the	  rational	  design	  of	  isoform	  selective	  

inhibitors,	  and	  the	  importance	  of	  the	  affinity	  pocket	  binding	  portion	  of	  the	  inhibitor	  for	  dialling	  

out	  PI3Kγ	  inhibition.	  	  
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Chapter 1: Introduction 

	  

1.1 PI3K	  –	  an	  important	  target	  for	  the	  treatment	  of	  cancer	  

In	  recent	  years	  there	  has	  been	  a	  dramatic	  increase	  in	  the	  understanding	  of	  the	  molecular	  

mechanisms	  that	  drive	  the	  pathogenesis	  of	  human	  cancers.	  This	  has	  fuelled	  the	  pursuit	  and	  

discovery	  of	  new	  therapies,	  with	  most	  of	  the	  effort	  focused	  on	  the	  development	  of	  novel	  

chemotherapy	  candidates	  targeting	  cancer-‐specific	  processes.1	  The	  phosphatidylinositol	  3-‐

kinase	  (PI3K)	  pathway	  is	  at	  the	  forefront	  of	  this	  approach.	  Aberrations	  in	  PI3K	  signalling	  occur	  

in	  up	  to	  50%	  of	  human	  cancers,	  making	  the	  pathway	  an	  exciting	  target	  for	  the	  treatment	  of	  

cancer.2	  The	  PI3K	  signalling	  pathway	  plays	  a	  vital	  role	  in	  cell	  metabolism,	  growth	  and	  

proliferation.	  Under	  normal	  circumstances,	  signalling	  responses	  are	  tightly	  regulated.	  If	  this	  

control	  is	  lost,	  constitutive	  activation	  of	  the	  pathway	  can	  result	  in	  tumorigenesis,	  tumour	  growth	  

and	  metastasis.3–6	  



Chapter	  1	  

	   2	  

In	  this	  thesis,	  attention	  is	  drawn	  to	  PI3K	  as	  a	  target	  in	  anti-‐cancer	  drug	  discovery,	  focusing	  

particularly	  on	  the	  PI3Kα	  isoform	  and	  the	  features	  that	  distinguish	  the	  wild-‐type	  from	  the	  

oncogenic	  mutant	  forms	  and	  the	  three	  other	  PI3K	  family	  members.	  Gaining	  an	  understanding	  of	  

the	  differences	  between	  these	  enzymes	  has	  the	  potential	  to	  lead	  to	  the	  development	  of	  new	  

drugs	  for	  the	  treatment	  of	  cancer.	  	  

1.2 PI3K	  signalling	  

PI3Ks	  are	  a	  family	  of	  lipid	  kinases	  that	  phosphorylate	  the	  3’-‐hydroxyl	  position	  of	  

phosphoinositides	  to	  form	  intracellular	  signalling	  molecules,	  which	  modulate	  the	  activity	  of	  

various	  downstream	  effectors.	  PI3Ks	  have	  been	  divided	  into	  three	  classes	  based	  on	  their	  

sequence	  homology	  and	  substrate	  specificity.	  Class	  I	  PI3K,	  of	  which	  there	  are	  four	  isoforms,	  

preferentially	  phosphorylates	  phosphatidylinositol	  4,5-‐bisphosphate	  (PIP2)	  in	  vivo	  to	  form	  the	  

second	  messenger,	  phosphatidylinositol	  3,4,5-‐trisphosphate	  (PIP3).	  Class	  I	  PI3K	  can	  also	  

phosphorylate	  phosphatidylinositol	  (PI)	  and	  phosphatidylinositol	  4-‐phosphate	  (PIP)	  in	  vitro.	  

The	  substrate	  for	  Class	  II	  PI3K	  is	  PIP,	  while	  Class	  III	  PI3K	  phosphorylates	  PI.7–9	  	  

Class	  I	  PI3Ks	  are	  the	  most	  researched	  of	  the	  three	  classes	  and	  are	  the	  focus	  of	  this	  thesis.	  

Each	  of	  the	  four	  isoforms,	  designated	  PI3Kα,	  PI3Kβ,	  PI3Kγ	  and	  PI3Kδ,	  consist	  of	  a	  110	  kDa	  

catalytic	  subunit,	  known	  as	  p110,	  and	  a	  regulatory	  subunit.	  They	  can	  be	  further	  categorised	  into	  

two	  subclasses,	  Class	  IA	  and	  IB,	  based	  on	  the	  identity	  of	  the	  regulatory	  binding	  partner.	  Class	  IA	  

(PI3Kα,	  PI3Kβ	  and	  PI3Kδ)	  form	  obligate	  heterodimers	  with	  any	  member	  of	  the	  family	  of	  

regulatory	  subunits	  collectively	  known	  as	  p85.10	  These	  regulatory	  subunits	  act	  both	  to	  stabilise	  

and	  inhibit	  p110.11	  Keeping	  p110	  in	  a	  basally	  repressed	  state	  is	  important	  for	  the	  tight	  

regulation	  of	  signalling	  by	  the	  cell,	  and	  loss	  of	  this	  regulation	  can	  result	  in	  tumorigenesis.	  A	  

number	  of	  different	  regulatory	  subunits	  have	  been	  identified,	  p85α,	  p85β	  and	  p55γ.12–14	  

Different	  splice	  variants	  of	  p85α	  also	  exist,	  giving	  rise	  to	  the	  proteins	  p55α	  and	  p50α.15,16	  Class	  
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IB	  consists	  of	  a	  single	  member,	  PI3Kγ,	  which	  binds	  either	  a	  p84	  (also	  known	  as	  p87)	  or	  p101	  

regulatory	  subunit.17–20	  

Receptor	  binding	  activates	  PI3K	  in	  a	  twofold	  manner,	  firstly	  via	  the	  release	  of	  regulatory	  

subunit	  mediated	  inhibition,	  and	  secondly	  via	  the	  recruitment	  of	  the	  complex	  to	  the	  membrane,	  

increasing	  substrate	  accessibility.	  Class	  I	  PI3Ks	  can	  be	  activated	  via	  four	  distinct	  mechanisms.	  

Firstly,	  upon	  activation	  and	  auto-‐phosphorylation	  of	  receptor	  tyrosine	  kinases	  (RTKs),	  the	  Src	  

homology	  2	  (SH2)	  domains	  of	  p85	  can	  bind	  directly	  to	  the	  phosphorylated	  tyrosine	  residues,	  

relieving	  p85	  mediated	  inhibition.21,22	  Secondly,	  the	  adaptor	  protein	  GRB2	  can	  also	  bind	  to	  

phosphorylated	  tyrosine	  motifs	  on	  RTKs.	  GRB2	  binds	  GAB,	  which	  then	  interacts	  with	  p85	  and	  

activates	  p110.23	  These	  two	  mechanisms	  serve	  exclusively	  to	  activate	  Class	  IA	  PI3Ks.	  The	  

activation	  of	  the	  GTPase,	  Ras,	  either	  through	  RTK	  or	  G	  protein	  coupled	  receptor	  (GPCR)	  related	  

pathways,	  can	  also	  activate	  PI3K	  activity.	  Ras	  binds	  to	  the	  p110	  subunit	  and	  activates	  p110	  

activity	  independently	  of	  the	  regulatory	  subunit.23,24	  Finally,	  the	  catalytic	  subunit	  of	  PI3Kβ	  and	  

the	  regulatory	  subunits	  of	  PI3Kγ	  are	  activated	  upon	  binding	  Gβγ	  proteins	  downstream	  of	  

GPCRs.17–19,25,26	  	  

The	  PIP3	  generated	  upon	  activation	  can	  recruit	  and	  activate	  plekstrin	  homology	  (PH)	  domain	  

containing	  proteins	  such	  as	  3-‐phosphoinositide-‐dependent	  protein	  kinase	  1	  (PDK1)	  and	  Akt	  

(also	  known	  as	  Protein	  Kinase	  B)(Figure	  1.1).	  Activated	  PDK1	  then	  phosphorylates	  Akt	  at	  

Thr308.	  For	  full	  activation,	  Akt	  also	  requires	  phosphorylation	  by	  mammalian	  target	  of	  

rapamycin	  complex	  2	  (mTORC2)	  or	  DNA-‐dependent	  protein	  kinase	  (DNA-‐PK)	  at	  Ser473.28	  The	  

downstream	  effects	  of	  Akt	  activation	  are	  mediated	  by	  its	  kinase	  activity,	  with	  more	  than	  50	  

substrates	  identified.29	  The	  regulation	  and	  activation	  of	  these	  substrates	  is	  complex,	  with	  many	  

having	  multiple	  functions	  and	  multiple	  activators.	  	  Only	  a	  subset	  is	  summarised	  here	  from	  a	  

number	  of	  recent	  reviews.28–30	  Phosphorylation	  of	  glycogen	  synthase	  kinase	  3	  (GSK3)	  by	  Akt	  

inhibits	  its	  activity,	  increasing	  the	  stability	  of	  cyclin	  D1	  and	  stimulating	  cell	  cycle	  progression.	  
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Reduced	  GSK3	  activity	  also	  results	  in	  increased	  glycogen	  synthase	  activity	  and	  glycogen	  

synthesis.	  Cell	  survival	  signals	  include	  the	  inhibition	  of	  the	  ubiquitin	  E3	  ligase	  MDM2,	  the	  

proapoptotic	  factor	  BAD	  and	  Caspase-‐9.	  Promotion	  of	  growth	  and	  metabolism	  is	  mediated	  via	  

inhibition	  of	  the	  Forkhead	  box	  (FOXO)	  family	  of	  transcription	  factors.	  Activation	  of	  tuberous	  

sclerosis	  proteins	  1	  and	  2	  (TSC1	  and	  2)	  relieves	  their	  inhibition	  of	  the	  GTPase	  Rheb	  and	  

activates	  mTORC1,	  which	  promotes	  protein	  synthesis.28–30	  In	  particular,	  mTORC1	  increases	  

GLUT1	  expression,	  and	  thus	  cellular	  glucose	  uptake.29	  The	  clinical	  effect	  of	  PI3K	  inhibition	  on	  

blood	  glucose	  levels	  will	  therefore	  have	  to	  be	  closely	  monitored.	  

	  

Figure	  1.1:	  PI3K	  signalling	  pathway	  showing	  the	  cellular	  responses.	  Diagram	  taken	  from	  Vadas	  et	  al.	  Sci.	  Signaling	  

2011,	  4,	  re227	  

PI3K	  signalling	  is	  directly	  antagonised	  through	  3’-‐hydroxyl	  dephosphorylation	  of	  PIP3	  by	  

phosphatase	  and	  tensin	  homologue	  (PTEN).31,32	  With	  its	  pivotal	  role	  in	  attenuating	  PI3K	  

signalling,	  the	  elucidation	  of	  PTEN	  as	  a	  tumour	  suppressor	  gene	  is	  not	  surprising.	  Deactivating	  

mutations	  in	  PTEN	  are	  common	  both	  in	  sporadic	  cancers	  and	  hereditary	  cancer	  predisposition	  

syndromes.33	  Alternatively	  to	  dephosphorylation	  by	  PTEN,	  PIP3	  can	  be	  processed	  by	  the	  5-‐

phosphatases,	  SH2	  domain	  containing	  inositol	  5-‐phosphatase	  1	  and	  2	  (SHIP1	  and	  2),	  generating	  



Chapter	  1	  

	   5	  

the	  phospholipid	  messenger,	  phosphatidylinositol	  3-‐4-‐bisphosphate	  (PI(3,4)P2).33	  PI(3,4)P2	  can	  

also	  be	  involved	  in	  the	  activation	  of	  Akt,	  thus	  serving	  to	  propagate	  PIP3	  signalling.34	  However,	  

other	  downstream	  effectors	  have	  different	  functions	  that	  can	  result	  in	  termination	  of	  the	  signal.	  

5-‐Phosphatases,	  therefore,	  can	  have	  cell	  specific	  effects	  that	  either	  propagate	  or	  terminate	  PIP3	  

signalling.	  In	  line	  with	  this,	  SHIP1	  has	  been	  shown	  to	  have	  tumour	  suppressor	  properties,	  while	  

SHIP2	  appears	  to	  play	  an	  oncogenic	  role.33	  

1.3 Involvement	  of	  PI3K	  in	  cancer	  

The	  PI3K	  pathway	  has	  long	  been	  known	  to	  be	  involved	  in	  cancer.	  With	  the	  availability	  of	  

high	  throughput	  sequencing	  technology,	  it	  became	  possible	  to	  determine	  if	  oncogenic	  somatic	  

mutations	  were	  present	  in	  any	  of	  the	  PI3K	  genes.	  In	  2004,	  Samuels	  et	  al.	  sequenced	  the	  PI3K	  

genes	  in	  35	  colorectal	  cancer	  biopsy	  samples.35	  PIK3CA,	  the	  gene	  encoding	  the	  p110α	  catalytic	  

subunit,	  was	  the	  only	  PI3K	  gene	  of	  any	  class	  found	  to	  contain	  oncogenic	  mutations.	  A	  more	  

detailed	  study	  of	  a	  total	  of	  234	  colorectal	  cancer	  samples	  revealed	  mutations	  in	  74	  tumours,	  an	  

occurrence	  of	  32%.35	  In	  the	  same	  study,	  oncogenic	  mutations	  in	  PIK3CA	  were	  also	  identified	  in	  

glioblastoma,	  gastric,	  lung	  and	  breast	  cancers,	  but	  absent	  in	  a	  small	  sample	  of	  pancreatic	  cancers	  

and	  medulloblastomas.35	  This	  initial	  study	  fuelled	  efforts	  to	  further	  characterise	  the	  role	  of	  

oncogenic	  mutations	  in	  PIK3CA	  in	  various	  cancers.	  It	  is	  now	  generally	  accepted	  that	  these	  

mutations	  occur	  in	  25-‐40%	  of	  all	  breast	  cancers.36	  A	  high	  frequency	  of	  PIK3CA	  mutations	  has	  

also	  been	  found	  in	  endometrial	  cancers.37–39	  Follow	  up	  studies	  have	  confirmed	  the	  initial	  

identification	  of	  mutations	  in	  glioblastoma	  in	  a	  larger	  number	  of	  samples,	  suggesting	  a	  

frequency	  of	  about	  5%.40–43	  A	  similar	  frequency	  of	  mutations	  has	  been	  found	  in	  follow	  up	  studies	  

of	  gastric	  cancer	  and	  lung	  cancer.36	  

Somatic,	  missense	  mutations	  have	  been	  identified	  throughout	  the	  sequence	  of	  p110α.	  

Interestingly,	  however,	  about	  80%	  of	  PIK3CA	  mutations	  are	  concentrated	  at	  3	  ‘hotspots’,	  
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Glu542Lys,	  Glu545Lys	  and	  His1047Arg.35,36	  These	  mutations	  and	  the	  mechanisms	  by	  which	  they	  

cause	  constitutive	  activation,	  will	  be	  discussed	  in	  more	  detail	  in	  Chapter	  2.	  	  

Although	  not	  as	  well	  established	  as	  PI3Kα,	  a	  role	  for	  the	  other	  isoforms	  in	  cancer	  is	  

emerging.	  Cancers	  deficient	  in	  the	  phosphatase	  PTEN	  have	  been	  linked	  with	  increased	  PI3Kβ	  

expression	  and	  activity.	  Studies	  in	  PTEN-‐deficient	  cell	  lines,	  as	  well	  as	  conditional	  knock-‐out	  

mice	  have	  shown	  that	  PI3Kβ	  inactivation	  blocks	  prostate	  cancer	  development.44–46	  	  

PI3Kδ,	  which	  is	  highly	  enriched	  in	  haematopoietic	  cells,	  has	  consistently	  high	  levels	  of	  

expression	  in	  acute	  myeloid	  leukaemia	  (AML).47–49	  It	  was	  found	  that	  a	  PI3Kδ	  selective	  inhibitor	  

reduced	  AML	  cell	  proliferation	  without	  affecting	  normal	  haematopoietic	  progenitor	  cells.47	  This	  

discovery	  is	  particularly	  promising	  for	  the	  treatment	  of	  AML.	  PI3Kδ	  has	  also	  been	  proposed	  as	  a	  

target	  in	  B-‐cell	  malignancies	  and	  multiple	  myeloma.50,51	  It	  plays	  an	  important	  role	  in	  the	  immune	  

system,	  and,	  along	  with	  PI3Kγ	  has	  been	  proposed	  as	  a	  novel	  target	  for	  the	  treatment	  of	  immune	  

and	  inflammatory	  conditions.52	  

The	  most	  recent	  reports	  have	  identified	  a	  role	  for	  PI3Kγ	  expression	  and	  activity	  in	  the	  

proliferation	  of	  cells	  derived	  from	  hepatocellular	  carcinomas,	  pancreatic	  ductal	  adenocarcinoma	  

and	  medullablastoma.53–55	  Xie	  et	  al.	  have	  demonstrated	  PI3Kγ	  expression	  in	  metastatic	  breast	  

cancer	  cells,	  but	  not	  in	  non-‐metastatic	  or	  normal	  breast	  tissue,	  suggesting	  a	  role	  for	  PI3Kγ	  

inhibition	  in	  preventing	  metastasis.56	  Brazzati	  et	  al.	  have	  also	  revealed	  a	  role	  for	  PI3Kγ	  in	  the	  

proliferation	  of	  certain	  breast	  cancer	  cell	  lines.57	  	  

It	  is	  clear	  from	  these	  data	  that	  the	  PI3K	  pathway	  plays	  a	  prominent	  role	  in	  the	  development	  

of	  cancer.	  As	  PIP3	  is	  a	  major	  regulator	  of	  cell	  growth	  and	  proliferation,	  tumour	  cells	  will	  acquire	  

genetic	  and	  molecular	  changes	  in	  a	  variety	  of	  ways	  to	  increase	  levels	  of	  this	  vital	  signalling	  

molecule.	  	  
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1.4 PI3K	  inhibitors	  

The	  gradual	  elucidation	  of	  the	  role	  of	  PI3K	  in	  cancer	  has	  been	  aided	  by	  a	  concomitant	  

development	  of	  both	  class	  and	  isoform	  specific	  inhibitors.	  These	  inhibitors	  have	  been	  used	  as	  

pharmacological	  tools,	  providing	  a	  deepening	  understanding	  of	  both	  general	  and	  isoform	  

specific	  PI3K	  signalling.	  Numerous	  candidates	  are	  now	  also	  entering	  the	  clinic	  at	  a	  rapid	  rate,	  

predominantly	  for	  the	  treatment	  of	  cancer,	  but	  also	  for	  inflammatory	  and	  immune	  conditions.	  	  

Wortmannin	  1a	  (Figure	  1.2),	  isolated	  in	  1957	  from	  Penicillium	  wortmanni,	  was	  the	  first	  PI3K	  

inhibitor	  to	  be	  identified.58	  It	  potently	  and	  irreversibly	  inhibits	  each	  of	  the	  PI3K	  isoforms	  with	  an	  

IC50	  in	  the	  low	  nanomolar	  range.58	  However,	  it	  cross-‐reacts	  with	  a	  number	  of	  other	  kinases,	  

including	  mTOR	  and	  DNA-‐PK,	  limiting	  its	  use	  as	  a	  research	  tool.59,60	  Wortmannin’s	  therapeutic	  

utility	  is	  restricted	  by	  poor	  solubility	  and	  high	  toxicity.61	  A	  semi-‐synthetic	  derivative,	  PX-‐866	  1b,	  

has	  been	  developed	  with	  improved	  solubility	  and	  reduced	  toxicity.	  Having	  displayed	  promising	  

results	  in	  a	  Phase	  I	  dose-‐escalation	  study,	  it	  is	  currently	  entering	  Phase	  I/II	  trials	  for	  the	  

treatment	  of	  solid	  tumours.62,63	  	  

The	  first	  synthetic	  PI3K	  inhibitor,	  LY294002	  2	  (Figure	  1.2),	  was	  described	  in	  1994,	  

elaborated	  from	  the	  naturally	  occurring	  flavonoid,	  quercetin.64	  It	  inhibits	  all	  Class	  I	  PI3K	  

isoforms	  with	  an	  IC50	  in	  the	  low	  micromolar	  range.	  While	  initially	  LY294002	  was	  thought	  to	  be	  

selective	  for	  Class	  I	  PI3K,	  more	  recent	  studies	  have	  shown	  LY294002	  also	  inhibits	  a	  host	  of	  other	  

proteins	  including	  casein	  kinase	  2	  (CK2),	  Class	  II	  and	  III	  PI3Ks,	  mTOR	  and	  DNA-‐PK.59,60,64–68	  This	  

discovery	  limits	  the	  utility	  of	  LY294002	  as	  a	  research	  tool	  and	  hinders	  therapeutic	  application.	  

By	  conjugating	  LY294002	  to	  a	  short	  peptide	  sequence	  (Arg-‐Gly-‐Asp-‐Ser)	  designed	  to	  target	  

specific	  integrins	  expressed	  on	  the	  surface	  of	  cancer	  cells,	  SF1126	  has	  been	  developed	  with	  

increased	  solubility	  and	  better	  pharmacokinetic	  properties.69	  SF1126	  has	  shown	  good	  tumour	  

distribution,	  anti-‐angiogenic	  effect	  and	  antitumour	  efficacy.	  It	  is	  currently	  undergoing	  Phase	  I	  

trials	  for	  cancer	  treatment.69	  	  
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Since	  the	  early	  generations	  of	  PI3K	  inhibitors,	  significant	  effort	  has	  been	  invested	  into	  

improving	  the	  potency,	  selectivity	  profile	  and	  pharmacokinetic	  properties	  of	  PI3K	  inhibitors.	  A	  

wide	  range	  of	  chemical	  scaffolds	  has	  been	  developed	  for	  PI3K	  inhibition,	  and	  at	  the	  time	  of	  

writing	  there	  are	  32	  PI3K	  inhibitors	  in	  clinical	  trials.	  Most	  of	  these	  are	  pan-‐PI3K	  or	  PI3K/mTOR	  

dual	  inhibitors,	  but	  a	  number	  of	  isoform	  selective	  inhibitors	  are	  now	  also	  starting	  to	  enter	  

clinical	  trials.	  These	  have	  been	  extensively	  reviewed,	  so	  only	  a	  subset	  will	  be	  discussed	  here.61,70–

72	  As	  derivatives	  of	  the	  inhibitor	  ZSTK474	  will	  be	  the	  main	  focus	  of	  this	  thesis,	  the	  subset	  of	  pan-‐

PI3K	  inhibitors	  selected	  for	  discussion	  are	  those	  containing	  similar	  binding	  motifs,	  namely	  a	  

dimorpholino	  moiety.	  

ZSTK474	  3	  (Figure	  1.2)	  was	  first	  reported	  as	  a	  PI3K	  inhibitor	  in	  2006	  by	  Yaguchi	  et	  al.73	  It	  

was	  discovered	  in	  a	  functional	  screening	  campaign	  investigating	  s-‐triazine	  compounds	  for	  anti-‐

proliferative	  activity.74	  Subsequent	  tests	  identified	  it	  as	  a	  potent,	  selective	  inhibitor	  for	  Class	  I	  

PI3K,	  with	  reported	  IC50	  values	  of	  16,	  44,	  49	  and	  4.6	  nM	  against	  PI3Kα,	  β,	  γ	  and	  δ,	  respectively,	  

and	  no	  significant	  inhibition	  of	  mTOR	  or	  a	  panel	  of	  139	  protein	  kinases.73,75	  Having	  shown	  

promising	  antitumour	  activity	  in	  vivo,	  ZSTK474	  is	  currently	  in	  Phase	  I	  clinical	  trials	  for	  patients	  

with	  advanced	  solid	  malignancies.76–78	  

The	  dimorpholino	  moiety	  attached	  to	  a	  central	  six-‐membered	  heterocycle	  found	  in	  ZSTK474	  

is	  a	  common	  PI3K	  binding	  motif,	  and	  is	  also	  found	  in	  two	  other	  PI3K	  inhibitors	  in	  clinical	  trials.	  

BKM120	  4	  (Figure	  1.2),	  a	  dimorpholinopyrimidine,	  is	  the	  focus	  of	  58	  clinical	  trials	  ranging	  from	  

Phase	  I	  to	  Phase	  III.79,80	  It	  is	  the	  first	  pan-‐PI3K	  inhibitor	  to	  progress	  to	  Phase	  III	  trials.	  Published	  

results	  from	  a	  Phase	  I	  dose-‐escalation	  study	  report	  that	  treatment	  was	  well	  tolerated.81	  The	  

main	  toxicities	  identified	  were	  rash,	  hyperglycaemia	  and	  mood	  alterations,	  which	  are	  most	  likely	  

associated	  with	  on-‐target	  effects.	  One	  patient	  demonstrated	  a	  partial	  response,	  and	  seven	  

patients	  showed	  stable	  disease	  for	  more	  than	  8	  months.	  Five	  of	  the	  patients	  with	  stable	  disease	  

had	  either	  PTEN	  loss	  or	  a	  mutation	  in	  PIK3CA.81,82	  	  
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Figure	  1.2:	  Structures	  of	  PI3K	  inhibitors.	  
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PKI-‐587	  5	  (Figure	  1.2),	  is	  another	  dimorpholino-‐triazine	  and	  inhibits	  both	  PI3K	  and	  

mTOR.83,84	  It	  inhibits	  PI3Kα	  with	  an	  IC50	  of	  0.4	  nM	  and	  mTOR	  at	  1.6	  nM.83	  In	  vitro	  cell-‐growth	  

inhibition	  of	  50	  human	  cancer	  cell	  lines,	  with	  good	  in	  vivo	  efficacy	  in	  xenograft	  models	  and	  good	  

pharmacokinetic	  profile	  recommended	  PKI-‐587	  for	  entering	  Phase	  I	  clinical	  trials.84	  	  

Despite	  the	  similarities	  in	  the	  ATP-‐binding	  site	  between	  the	  four	  isoforms,	  significant	  

progress	  has	  been	  made	  in	  the	  development	  of	  isoform	  selective	  inhibitors.	  PI3Kα	  selective	  

inhibitors	  have	  aided	  in	  the	  elucidation	  of	  the	  role	  of	  PI3Kα	  in	  glucose	  regulation	  and	  insulin	  

signalling.85	  NVP-‐BYL719	  6	  (Figure	  1.2)	  is	  the	  first	  PI3Kα	  selective	  inhibitor	  to	  enter	  clinical	  

trials.	  It	  inhibits	  PI3Kα	  with	  an	  IC50	  of	  5	  nM	  and	  has	  50-‐240-‐fold	  selectivity	  against	  the	  other	  

Class	  I	  isoforms.86	  Preliminary	  Phase	  I	  results	  have	  been	  promising,	  with	  one	  confirmed	  partial	  

response	  and	  tumour	  shrinkage	  in	  8	  out	  of	  17	  patients.87	  Side-‐effects	  are	  mostly	  in-‐line	  with	  

expected	  on-‐target	  effects,	  such	  as	  hyperglycaemia.87	  INK1117	  has	  greater	  than	  100-‐fold	  

selectivity	  for	  PI3Kα	  and	  has	  just	  entered	  dose-‐escalating	  Phase	  I	  trials.88,89	  A	  dual	  PI3Kα/mTOR	  

inhibitor,	  PWT33597,	  has	  also	  recently	  entered	  clinical	  trials,	  and	  is	  the	  first	  inhibitor	  

possessing	  this	  selectivity	  profile.70	  	  

Three	  PI3Kδ	  selective	  inhibitors	  are	  currently	  in	  clinical	  evaluation	  for	  the	  treatment	  of	  

haematological	  malignancies,	  CAL-‐101	  (GS-‐1101)	  7	  (Figure	  1.2),	  AMG	  319	  and	  GS-‐9820.	  CAL-‐

101	  is	  the	  most	  advanced	  of	  these,	  and	  has	  shown	  promising	  patient	  responses	  in	  Phase	  I	  

trials.51,90	  GSK2269557	  is	  in	  trials	  for	  the	  treatment	  of	  inflammatory	  airway	  diseases	  and	  CAL-‐

263	  for	  allergic	  rhinitis.	  IPI-‐145	  8	  (Figure	  1.2)	  is	  a	  dual-‐selective	  PI3Kγ	  and	  δ	  inhibitor	  currently	  

in	  trials	  for	  the	  treatment	  of	  haematological	  malignancies,	  rheumatoid	  arthritis	  and	  asthma.	  	  

PI3Kβ	  selective	  inhibitors	  have	  proven	  useful	  in	  elucidating	  isoform	  specific	  functions.	  The	  

first	  to	  be	  discovered	  was	  TGX-‐221	  9	  (Figure	  1.2).91	  This	  aided	  in	  the	  discovery	  of	  the	  role	  of	  

PI3Kβ	  in	  platelet	  aggregation,	  and	  proposed	  PI3Kβ	  as	  a	  novel	  target	  for	  the	  treatment	  of	  
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thrombosis.91	  The	  first	  clinical	  studies	  of	  AZD6482	  (KIN-‐193)	  10	  (Figure	  1.2),	  a	  PI3Kβ	  selective	  

inhibitor	  developed	  from	  TGX-‐221,	  have	  recently	  been	  reported.	  This	  study	  is	  the	  first	  

demonstration	  of	  an	  anti-‐platelet	  effect	  in	  humans.92	  It	  has	  also	  shown	  anti-‐proliferative	  effects	  

in	  PTEN-‐deficient	  cancer	  cell	  lines.93	  GSK2636771	  11	  (Figure	  1.2)	  and	  SAR260301	  have	  both	  

recently	  entered	  Phase	  I	  clinical	  trials	  for	  treatment	  of	  patients	  with	  solid	  tumours	  showing	  

PTEN	  loss.94,95	  

There	  are	  no	  PI3Kγ	  selective	  inhibitors	  currently	  in	  the	  clinic.	  Serono	  have	  developed	  	  

AS-‐604850	  12	  (Figure	  1.2),	  which	  has	  greater	  than	  100-‐fold	  selectivity	  against	  PI3Kβ	  and	  PI3Kδ,	  

and	  18-‐fold	  selectivity	  against	  PI3Kα.96	  More	  recently,	  CZC24832	  13a	  (Figure	  1.2)	  has	  been	  

reported	  as	  the	  first	  PI3Kγ	  selective	  inhibitor	  with	  efficacy	  in	  models	  of	  inflammation.97	  Further	  

development	  of	  this	  compound	  has	  led	  to	  CZC24758	  13b,	  which	  is	  a	  potent,	  orally	  bioavailable	  

and	  selective	  PI3Kγ	  inhibitor.98	  

1.5 Structural	  insights	  into	  isoform	  selectivity	  

A	  detailed	  understanding	  of	  ligand	  binding	  has	  made	  a	  significant	  contribution	  to	  the	  design	  

of	  potent,	  selective	  inhibitors	  as	  pharmacological	  tools	  and	  therapeutic	  agents.	  The	  involvement	  

of	  X-‐ray	  crystallography	  has	  been	  indispensable	  for	  the	  structure-‐based	  drug	  design	  and	  

optimisation	  of	  many	  PI3K	  inhibitors.	  	  

The	  Class	  IB	  PI3K,	  p110γ	  was	  the	  first	  member	  of	  the	  family	  to	  be	  crystallised	  (Figure	  

1.3A).99,100	  Unlike	  members	  of	  Class	  IA,	  which	  require	  the	  regulatory	  subunit	  for	  stabilisation,	  

p110γ	  can	  be	  stably	  expressed	  as	  a	  monomer.	  All	  four	  p110	  subunits	  contain	  an	  adaptor-‐binding	  

domain	  (ABD),	  Ras	  binding	  domain	  (RBD),	  C2	  domain,	  helical	  domain	  and	  kinase	  domain.	  For	  

crystallisation,	  p110γ	  was	  expressed	  with	  an	  N-‐terminal	  truncation	  removing	  the	  ABD.	  The	  

p110γ	  crystal	  structures	  revealed	  each	  of	  the	  domains	  had	  folds	  similar	  to	  homologous	  domains	  

in	  known	  protein	  structures.	  The	  RBD	  in	  p110γ	  (residues	  220-‐311)	  contains	  a	  five-‐stranded	  β-‐
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sheet	  flanked	  by	  two	  α-‐helices,	  a	  similar	  fold	  to	  the	  RBD	  of	  two	  other	  well-‐known	  Ras	  effectors,	  

Raf	  and	  RalGDS.99,101,102	  The	  crystal	  structure	  indicates	  the	  RBD	  is	  situated	  in	  close	  proximity	  to	  

the	  kinase	  domain,	  suggesting	  that	  Ras	  may	  activate	  p110γ	  via	  an	  allosteric	  mechanism.	  

Conformational	  changes	  in	  the	  RBD	  upon	  Ras	  binding	  could	  be	  communicated	  to	  the	  kinase	  

domain	  resulting	  in	  activation.99	  The	  fold	  of	  the	  C2	  domain	  of	  p110γ	  (residues	  357-‐522)	  is	  

analogous	  to	  that	  of	  PLCδ1,	  containing	  an	  eight-‐stranded	  antiparallel	  β-‐sandwich.99,103	  The	  C2	  

domain	  is	  postulated	  to	  be	  involved	  in	  membrane	  binding.99	  The	  helical	  domain	  (residues	  545-‐

725)	  consists	  of	  five	  pairs	  of	  antiparallel	  α-‐helices.	  The	  precise	  function	  of	  this	  domain	  is	  

unknown.	  The	  fold	  of	  the	  kinase	  or	  catalytic	  domain	  (residues	  726-‐1092)	  has	  a	  high	  level	  of	  

similarity	  to	  that	  observed	  in	  protein	  kinases.99,100	  It	  is	  a	  two-‐lobed	  structure,	  with	  ATP-‐binding	  

at	  the	  hinge	  region	  between	  these	  two-‐lobes.	  	  

These	  initial	  structures	  revealed	  a	  number	  of	  important	  features	  of	  the	  ATP-‐binding	  site,	  

which	  is	  of	  particular	  interest	  to	  the	  development	  of	  inhibitors	  (Figure	  1.4).	  In	  a	  similar	  fashion	  

to	  that	  observed	  in	  protein	  kinases,	  N1	  and	  N6	  of	  the	  adenine	  ring	  system	  form	  complementary	  

hydrogen	  bonding	  interactions	  with	  the	  amide	  backbone	  of	  Ile881	  at	  the	  hinge	  region	  between	  

the	  N-‐	  and	  C-‐lobes	  of	  the	  kinase	  domain.	  The	  presence	  of	  this	  ‘hinge’	  interaction	  is	  preserved	  in	  

all	  inhibitor-‐bound	  structures	  determined	  to	  date.	  The	  adenine	  ring	  moiety	  is	  sandwiched	  

between	  hydrophobic	  residues	  (Ile831,	  Ile879,	  Phe961	  and	  Ile963)	  at	  the	  base	  and	  roof	  of	  the	  

binding	  site.	  The	  ribose	  ring	  projects	  towards	  the	  solvent	  exposed	  region,	  but	  doesn’t	  make	  any	  

specific	  interactions	  with	  the	  protein.	  The	  phosphate	  tail	  of	  ATP	  interacts	  with	  a	  loop	  designated	  

the	  P-‐loop	  (p110γ	  residues	  803-‐811),	  analogous	  to	  that	  in	  protein	  kinases.	  The	  α-‐phosphate	  

interacts	  with	  Lys833,	  the	  β-‐phosphate	  with	  Ser806	  and	  the	  γ-‐phosphate	  with	  Asn951.	  Since	  the	  

first	  structures	  of	  PI3Kγ,	  there	  have	  been	  more	  than	  70	  inhibitor-‐bound	  structures	  deposited	  in	  

the	  Protein	  Data	  Bank	  (PDB).	  Its	  relative	  ease	  of	  expression	  and	  crystallisation	  has	  made	  it	  the	  

mainstay	  of	  PI3K	  structural	  studies	  of	  inhibitor	  binding.	  
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Figure	  1.3:	  Ribbon	  representation	  of	  PI3K	  isoform	  crystal	  structures	  highlighting	  the	  domain	  structures	  (ABD	  –	  cyan,	  

RBD	  –	  yellow,	  C2	  –	  green,	  helical	  –	  pink,	  kinase	  –	  purple,	  nSH2	  –	  orange,	  iSH2	  –	  blue,	  cSH2	  –	  pale	  green).	  A)	  p110γ	  

structure	  co-‐crystallised	  with	  ATP	  (PDB	  ID:	  1E8X)100;	  B)	  His1047Arg	  p110α/niSH2	  p85α	  crystal	  structure	  co-‐

crystallised	  with	  wortmannin	  (PDB	  ID:	  3HHM)104;	  C)	  domain	  structures	  of	  p110	  and	  p85;	  D)	  p110δ	  co-‐crystallised	  

with	  ZSTK474	  (PDB	  ID:	  2WXL)105;	  E)	  p110β/icSH2	  p85β	  co-‐crystallised	  with	  GDC-‐0941	  (PDB	  ID:	  2Y3A).106	  
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Figure	  1.4:	  Ribbon	  representation	  of	  the	  p110γ	  ATP-‐binding	  site	  (PDB	  ID:	  1E8X)	  revealing	  key	  features	  of	  ATP	  

binding.	  Key	  binding	  residues	  are	  shown	  in	  stick	  representation.	  ATP	  is	  shown	  in	  purple.	  Water	  molecules	  are	  shown	  

as	  red	  spheres,	  lutetium	  ions	  are	  shown	  as	  green	  spheres.	  Hydrogen	  bonds	  have	  been	  represented	  as	  black	  dashed	  

lines.	  

It	  took	  another	  seven	  years	  before	  the	  crystal	  structure	  of	  a	  Class	  IA	  PI3K	  was	  published.	  

One	  of	  the	  major	  complicating	  factors	  in	  the	  crystallisation	  of	  the	  Class	  IA	  PI3K	  isoforms	  is	  the	  

requirement	  to	  co-‐express	  with	  p85	  for	  stability.	  Full-‐length	  p85	  has	  an	  SH3	  domain,	  Bcl-‐2	  

homology	  (BH)	  domain	  and	  two	  SH2	  domains,	  connected	  by	  the	  inter-‐SH2	  (iSH2)	  domain.	  The	  

minimum	  construct	  of	  p85α	  required	  for	  stable	  expression	  of	  p110α	  is	  the	  N-‐terminal	  SH2	  

(nSH2)	  and	  the	  iSH2	  domains.107	  In	  2007,	  Huang	  et	  al.	  published	  the	  wild-‐type	  structure	  of	  

p110α	  in	  complex	  with	  this	  truncated	  construct	  of	  p85α.108	  Despite	  only	  35%	  sequence	  identity,	  

the	  overall	  fold	  of	  p110α	  displays	  a	  high	  degree	  of	  similarity	  to	  p110γ.108	  The	  iSH2	  domain	  is	  an	  

extended	  coiled-‐coil	  which	  interacts	  with	  p110α	  via	  the	  ABD	  and	  C2	  domains.	  The	  electron	  

density	  for	  the	  nSH2	  domain	  of	  p85α	  was	  disordered,	  and	  the	  structure	  not	  able	  to	  be	  traced.	  	  

This	  PI3Kα	  structure	  provided	  some	  important	  insights	  into	  mechanisms	  of	  activation	  of	  

some	  of	  the	  oncogenic	  mutants,	  which	  will	  be	  discussed	  in	  more	  detail	  in	  Chapter	  2.	  However,	  its	  
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use	  for	  structure-‐based	  drug	  design	  was	  limited,	  as	  the	  soaking	  of	  substrate	  or	  inhibitors	  was	  

precluded	  by	  the	  binding	  of	  the	  RBD	  of	  a	  symmetry-‐related	  molecule	  in	  the	  ATP-‐binding	  site.108	  

In	  2009,	  the	  structure	  of	  the	  kinase	  domain	  oncogenic	  mutant,	  p110αHis1047Arg,	  was	  

determined	  (Figure	  1.3B).104	  Unlike	  the	  wild-‐type	  structure,	  the	  structure	  of	  the	  nSH2	  domain	  

was	  ordered	  and	  able	  to	  be	  determined.	  Both	  wortmannin-‐bound	  and	  holo-‐enzyme	  structures	  

were	  reported.	  The	  binding	  mode	  of	  wortmannin	  shows	  no	  significant	  differences	  from	  that	  

reported	  with	  p110γ.100	  There	  have	  only	  been	  two	  further	  PI3Kα	  wild-‐type	  structures	  published,	  

one	  with	  the	  reversible	  dual-‐selective	  PI3Kβ	  and	  δ	  inhibitor,	  PIK-‐108,	  and	  the	  other	  with	  a	  novel	  

covalent	  PI3Kα	  inhibitor.109,110	  	  

Crystal	  structures	  of	  p110δ	  followed	  in	  early	  2010	  (Figure	  1.3D).105	  A	  tobacco	  etch	  virus	  

(TEV)	  protease	  cleavage	  site	  was	  introduced	  between	  the	  ABD	  and	  the	  RBD.	  A	  complex	  

containing	  p110δ	  and	  iSH2	  of	  p85α	  was	  expressed,	  and	  then	  the	  ABD	  cleaved	  with	  TEV	  

protease,	  leaving	  just	  the	  N-‐terminally	  truncated	  p110δ.	  A	  total	  of	  14	  structures	  were	  

determined,	  including	  the	  holo-‐enzyme	  and	  the	  enzyme	  in	  complex	  with	  a	  range	  of	  pan-‐PI3K	  

and	  PI3Kδ	  selective	  inhibitors.105	  	  

The	  final	  isoform	  to	  be	  crystallised	  was	  PI3Kβ	  (Figure	  1.3E).106	  Unlike	  p110α,	  it	  was	  found	  

that	  the	  C-‐terminal	  SH2	  domain	  (cSH2)	  of	  p85	  was	  more	  important	  than	  the	  nSH2	  for	  

stabilisation	  and	  inhibition	  of	  p110β.	  For	  crystallisation,	  therefore,	  p110β	  was	  expressed	  in	  

complex	  with	  the	  iSH2	  and	  cSH2	  domains	  of	  p85β.	  No	  structure	  of	  the	  holo-‐enzyme	  was	  

reported,	  only	  that	  in	  complex	  with	  the	  pan-‐PI3K	  inhibitor,	  GDC-‐0941	  14	  (Figure	  1.5).106	  	  

As	  a	  prelude	  to	  the	  rational	  design	  of	  isoform	  selective	  PI3Kα	  inhibitors	  it	  is	  important	  to	  

understand	  the	  determinants	  of	  isoform	  selectivity	  in	  a	  highly	  conserved	  ATP-‐binding	  site.	  

Structural	  information	  gained	  from	  X-‐ray	  crystallography	  can	  work	  in	  tandem	  with	  kinetic,	  

mutagenesis	  and	  computational	  modelling	  data	  to	  provide	  insights	  into	  the	  structural	  basis	  of	  
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isoform	  selectivity.	  Two	  regions	  of	  non-‐conserved	  residues	  have	  been	  identified	  around	  the	  

perimeter	  of	  the	  ATP-‐binding	  site,	  designated	  Regions	  1	  and	  2	  (Figure	  1.6).111,112	  There	  have	  

been	  several	  reports	  from	  our	  lab	  regarding	  the	  role	  of	  these	  residues	  in	  shaping	  selectivity	  of	  

isoform	  selective	  inhibitors.	  The	  PI3Kα	  selectivity	  of	  A-‐66	  15	  (Figure	  1.5)	  was	  shown	  by	  site-‐

directed	  mutagenesis	  and	  molecular	  modelling	  to	  make	  a	  specific	  interaction	  with	  non-‐

conserved	  p110αGln859	  in	  Region	  1.113,114	  This	  compound	  is	  closely	  related	  to	  the	  clinical	  

candidate	  NVP-‐BYL719	  6	  from	  Novartis.86	  A	  novel	  PI3Kβ	  selective	  ZSTK474	  derivative	  JP9-‐114	  

16	  (Figure	  1.5)	  developed	  in	  our	  lab	  was	  shown	  by	  mutagenesis	  and	  modelling	  to	  rely	  on	  a	  key	  

interaction	  at	  the	  corresponding	  residue	  p110βAsp862.115	  	  

	  

Figure	  1.5:	  Structures	  of	  PI3K	  inhibitors.	  

N

NS

N

O

N

N

NH
N

S
O

O

N

SHN

ON

H2N

O

N

S

N

N

N

N

NN

O

N
N

FF

O
NH2

N

N

Br
N
N S

O

O

NO2

14 15

16 17

GDC-0941 A-66

JP9-114 PIK75



Chapter	  1	  

	   17	  

	  

Figure	  1.6:	  Regions	  of	  Selectivity.	  A)	  p110γ	  structure	  shown	  in	  surface	  representation.	  Bound	  ATP	  is	  shown	  in	  yellow	  

(PDB	  ID:	  1E8X).	  Region	  1	  is	  highlighted	  in	  red	  in	  the	  diagram,	  with	  the	  residues	  for	  each	  isoform	  shown	  in	  table	  B.	  

Region	  2	  is	  highlighted	  in	  green	  with	  the	  residues	  for	  each	  isoform	  shown	  in	  table	  C.	  	  

Residues	  from	  Region	  2,	  which	  comprise	  the	  P-‐loop,	  can	  also	  influence	  isoform	  

selectivity.112,113	  This	  can	  be	  through	  isoform	  specific	  interactions,	  as	  in	  the	  case	  of	  the	  PI3Kα	  

selective	  inhibitor,	  PIK-‐75	  17	  (Figure	  1.5),	  which	  interacts	  with	  p110αSer773.112	  Alternatively,	  

the	  formation	  of	  an	  induced	  specificity	  pocket	  through	  the	  movement	  of	  the	  conserved	  

p110αMet772	  (and	  the	  analogous	  residues	  in	  the	  other	  isoforms)	  has	  been	  demonstrated	  to	  

convey	  PI3Kβ	  and	  δ	  selectivity	  (Figure	  1.7).85,105	  Formation	  of	  the	  specificity	  pocket	  has	  been	  

demonstrated	  crystallographically	  in	  PI3Kα,	  γ	  and	  δ,	  but	  it	  appears	  to	  be	  more	  easily	  formed	  in	  

PI3Kβ	  and	  δ.85,105,109	  Recent	  mutagenesis	  studies	  have	  implicated	  another	  residue	  located	  on	  the	  

P-‐loop,	  p110βTyr778,	  in	  affecting	  the	  loop’s	  conformational	  flexibility.116	  The	  residue	  in	  this	  

position	  is	  aliphatic	  in	  PI3Kα	  and	  γ	  (isoleucine	  and	  valine,	  respectively),	  but	  aromatic	  in	  PI3Kβ	  

and	  δ	  (tyrosine	  and	  phenylalanine,	  respectively).	  Reciprocal	  mutations	  (p110αIle771Tyr	  and	  

p110βTyr778Ile)	  at	  this	  position	  between	  PI3Kα	  and	  β	  revealed	  an	  important	  role	  for	  this	  

residue	  in	  the	  PI3Kβ-‐selectivity	  of	  four	  PI3Kβ	  selective	  inhibitors	  (note	  that	  the	  candidate	  

performed	  the	  modelling	  associated	  with	  the	  published	  mutagenesis	  studies	  that	  do	  not	  form	  

part	  of	  this	  thesis).116	  	  
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Berndt	  et	  al.	  reported	  that	  the	  formation	  of	  the	  specificity	  pocket	  in	  p110δ	  is	  accompanied	  

by	  a	  local	  change	  in	  the	  P-‐loop,	  whereas	  in	  p110γ,	  it	  requires	  a	  conformational	  change	  involving	  

a	  much	  larger	  movement	  of	  the	  N-‐	  and	  C-‐lobes	  of	  the	  kinase	  domain	  with	  respect	  to	  each	  

other.105	  This	  is	  thought	  to	  be	  caused	  by	  the	  presence	  of	  a	  longer	  loop	  sitting	  above	  the	  P-‐loop	  in	  

p110γ	  (residues	  752-‐760)	  compared	  with	  p110δ,	  possibly	  serving	  to	  rigidify	  the	  P-‐loop	  in	  p110γ	  

(Figure	  1.7).105	  These	  two	  mechanisms	  may	  influence	  the	  flexibility	  of	  the	  P-‐loop	  in	  different	  

isoforms.116	  	  

	  

Figure	  1.7:	  Specificity	  pocket.	  p110γ	  structures	  (teal)	  with	  the	  specificity	  pocket	  ‘closed’	  (PDB	  ID:	  1E8X)	  and	  ‘open’	  

(PDB	  ID:	  2CHW)	  overlayed	  with	  p110δ	  structures	  (purple)	  with	  the	  specificity	  pocket	  ‘closed’	  (PDB	  ID:	  2WXL)	  and	  

‘open’	  (PDB	  ID:	  2WXF).	  PIK39	  from	  2WXF	  is	  shown	  in	  the	  binding	  site.	  The	  long	  p110γ	  loop	  (residues	  752-‐760)	  is	  

highlighted,	  with	  the	  equivalent	  p110δ	  loop	  much	  shorter.	  The	  equivalent	  residues	  to	  p110β	  Tyr778,	  which	  has	  been	  

shown	  to	  influence	  specificity	  pocket	  formation,	  are	  also	  shown	  (p110γ	  Val803,	  p110δ	  Phe751).	  

Significant	  progress	  has	  been	  made	  in	  understanding	  the	  basis	  for	  inhibitor	  isoform	  

selectivity	  in	  the	  examples	  discussed	  above.	  There	  remains,	  however,	  a	  number	  of	  inhibitors	  for	  

which	  the	  selectivity	  cannot	  be	  explained.	  This	  is	  especially	  clear	  in	  the	  example	  of	  PI3Kγ	  

selective	  inhibitors	  that	  only	  interact	  with	  conserved	  residues	  within	  the	  binding	  site.96	  While	  
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rational	  design	  of	  isoform	  selective	  inhibitors	  is	  currently	  possible	  under	  some	  circumstances,	  a	  

deeper	  understanding	  of	  the	  mechanisms	  of	  PI3K	  isoform	  selectivity	  is	  still	  required.	  

1.6 Isoform	  selective	  inhibitors	  in	  the	  clinic	  

While	  a	  structural	  understanding	  of	  the	  determinants	  of	  isoform	  selectivity	  is	  important	  for	  

the	  design	  of	  isoform	  selective	  inhibitors,	  the	  ideal	  selectivity	  profile	  for	  therapeutic	  action	  

against	  cancer	  is	  still	  unknown.	  In	  principle,	  the	  ideal	  PI3K	  inhibitors	  would	  be	  specific	  for	  

oncogenic	  mutant	  PI3Kα	  and	  spare	  wild-‐type	  PI3K	  so	  that	  only	  cancer	  cells	  would	  be	  targeted.	  

To	  date,	  inhibitors	  of	  this	  type	  remain	  elusive,	  although	  some	  preliminary	  selectivity	  has	  been	  

observed.117,118	  Structural	  studies	  allow	  us	  to	  start	  to	  understand	  how	  these	  oncogenic	  

mutations	  affect	  the	  kinetics	  and	  regulation	  of	  these	  enzymes,	  and	  may	  further	  the	  quest	  for	  

oncogene-‐specific	  PI3K	  inhibitors.	  In	  the	  meantime,	  as	  has	  been	  described	  in	  this	  chapter,	  there	  

are	  currently	  a	  selection	  of	  both	  pan	  and	  isoform	  selective	  PI3K	  inhibitors	  under	  clinical	  

evaluation.	  As	  this	  new	  generation	  of	  inhibitors	  progresses	  through	  the	  clinic,	  the	  influence	  of	  

isoform	  selectivity	  on	  therapeutic	  efficacy	  and	  patient	  tolerance	  should	  become	  apparent.	  

Theoretically,	  pan-‐PI3K	  inhibition	  should	  reduce	  the	  occurrence	  of	  acquired	  resistance	  through	  

up-‐regulation	  of	  the	  other	  PI3K	  isoforms.	  However,	  the	  inhibition	  of	  all	  isoforms	  of	  such	  an	  

integral	  signalling	  enzyme	  risks	  a	  more	  severe	  side-‐effect	  profile.	  There	  is	  also	  the	  possibility	  of	  

acquired	  resistance	  through	  the	  upregulation	  of	  alternative	  growth	  pathways.	  Clinical	  trials	  

combining	  PI3K	  inhibition	  with	  MEK/Erk	  pathway	  inhibitors	  are	  currently	  underway	  and	  these	  

sorts	  of	  combination	  therapies	  may	  reduce	  resistance	  and	  prove	  more	  effective	  than	  single	  agent	  

therapies.	  Clinical	  results	  available	  to	  date,	  however,	  indicate	  that	  the	  pan-‐PI3K	  inhibitors	  are	  

well	  tolerated.	  Further	  clinical	  results	  will	  reveal	  whether	  this	  approach	  and	  the	  tolerated	  doses	  

indeed	  provide	  efficacious	  therapy.	  The	  alternative	  clinical	  strategy	  is	  the	  use	  of	  isoform	  

selective	  inhibitors.	  Theoretically,	  these	  inhibitors	  should	  result	  in	  significantly	  reduced	  side	  

effects	  and	  potentially	  reduced	  resistance.	  In	  the	  case	  of	  PI3Kα	  selective	  inhibitors,	  the	  specific	  
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targeting	  of	  PI3Kα	  should	  allow	  for	  higher	  doses,	  which	  could	  induce	  complete	  apoptosis	  before	  

there	  is	  a	  chance	  for	  resistance	  to	  develop.	  Certainly,	  early	  trials	  of	  the	  PI3Kα	  selective	  inhibitor	  

NVP-‐BYL719	  have	  shown	  promising	  results.87	  As	  the	  clinical	  trials	  of	  this	  and	  other	  PI3Kα	  

selective	  inhibitors	  progress,	  the	  efficacy	  of	  this	  approach	  as	  compared	  with	  pan-‐PI3K	  inhibition	  

will	  become	  apparent.	  There	  is	  also	  a	  likelihood	  of	  combining	  PI3K	  inhibition	  with	  inhibition	  of	  

other	  pathways	  for	  maximum	  efficacy.	  	  

There	  remains	  a	  need	  for	  a	  thorough	  understanding	  of	  the	  determinants	  of	  inhibitor	  

selectivity	  to	  design	  isoform	  selective	  inhibitors	  of	  novel	  chemical	  classes,	  and	  ultimately	  

inhibitors	  specific	  for	  oncogenic	  mutants.	  This	  thesis	  has	  therefore	  sought	  to	  contribute	  to	  this	  

search	  by	  investigating	  structural	  differences	  between	  wild-‐type	  PI3Kα	  and	  the	  oncogenic	  

mutant	  p110αHis1047Arg,	  and	  developing	  novel	  inhibitors	  probing	  the	  influence	  of	  various	  

binding	  regions	  on	  selectivity.	  	  	   	  
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1.7 Thesis	  aims	  

The	  overall	  aim	  of	  this	  work	  is	  to	  investigate	  the	  design	  and	  synthesis	  of	  PI3Kα	  isoform	  

selective	  inhibitors.	  This	  will	  be	  done	  in	  two	  sections:	  	  

1. To	  examine	  the	  structure	  and	  regulation	  of	  PI3Kα .	  Structure-‐based	  insights	  into	  

the	  regulation	  of	  PI3Kα	  activity,	  alongside	  how	  this	  regulation	  is	  altered	  with	  

oncogenic	  mutations,	  have	  been	  explored.	  The	  understanding	  gained	  can	  further	  the	  

search	  for	  PI3Kα	  specific	  inhibitors,	  and	  potentially	  lead	  to	  the	  design	  of	  PI3Kα	  

oncogenic	  mutant	  specific	  inhibitors.	  	  

2. To	  investigate	  structural	  changes	  that	  can	  influence	  inhibitor	  selectivity.	  	  Using	  

the	  pan-‐PI3K	  inhibitor	  ZSTK474	  as	  a	  starting	  point,	  structure-‐based	  design	  principles	  

were	  applied	  to	  identify	  opportunities	  for	  building	  isoform	  selectivity	  in	  novel	  

compounds.	  This	  work	  has	  demanded	  the	  establishment	  of	  new	  synthetic	  routes	  to	  

target	  compounds	  and	  the	  evaluation	  of	  inhibitory	  activity	  of	  synthesised	  molecules.	  	  

Taken	  together	  the	  work	  that	  follows	  seeks	  to	  generate	  new	  understanding	  of	  the	  ways	  in	  which	  

PI3K	  can	  be	  inhibited	  in	  cancer	  patients,	  and	  hopefully	  contribute	  to	  the	  successful	  treatment	  of	  

human	  cancers.	   	  
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Chapter 2: Structural insights into the 

regulation and lipid binding of PI3Kα  

	  

2.1 Introduction	  

Rational	  drug	  discovery	  is	  underpinned	  by	  a	  comprehensive	  knowledge	  of	  the	  structural	  

biology	  of	  the	  target	  protein.	  In	  the	  development	  of	  enzyme	  inhibitors,	  X-‐ray	  crystallography	  can	  

work	  in	  conjunction	  with	  biochemical	  studies	  to	  provide	  a	  detailed	  structural	  understanding	  of	  

enzymatic	  regulation	  and	  catalysis,	  leading	  to	  new	  avenues	  for	  inhibitor	  design.	  In	  the	  particular	  

case	  of	  PI3K	  and	  its	  role	  in	  cancer,	  X-‐ray	  crystallography	  can	  reveal	  specific	  mechanisms	  by	  

which	  common	  oncogenic	  mutations	  are	  constitutively	  activated.	  This	  may	  uncover	  details	  to	  

lead	  to	  the	  future	  design	  of	  oncogenic	  mutant-‐specific	  inhibitors.	  Inhibitors	  of	  this	  type	  would	  

greatly	  reduce	  the	  associated	  side-‐effects	  experienced	  with	  general	  inhibition	  of	  PI3K.	  	  
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2.1.1 Aims	  

In	  this	  chapter,	  work	  performed	  principally	  at	  Johns	  Hopkins	  University	  under	  the	  

supervision	  of	  Dr.	  Sandra	  Gabelli	  is	  described.	  The	  aim	  of	  this	  work	  was	  to	  use	  X-‐ray	  

crystallography	  to	  investigate	  the	  structure	  and	  regulation	  of	  wild-‐type	  PI3Kα	  and	  had	  four	  

facets:	  (i)	  the	  determination	  of	  new	  wild-‐type	  PI3Kα	  crystal	  structures	  at	  improved	  resolution	  to	  

allow	  comparison	  of	  wild-‐type	  PI3Kα	  with	  that	  of	  the	  His1047Arg	  oncogenic	  mutant;	  (ii)	  the	  

characterisation	  of	  the	  lipid-‐binding	  site	  of	  PI3Kα;	  (iii)	  the	  development	  of	  new	  techniques	  to	  

enable	  crystallisation	  of	  full	  length	  PI3Kα	  and	  (iv)	  the	  attempted	  co-‐crystallisation	  of	  PI3Kα	  with	  

inhibitors	  prepared	  as	  described	  in	  Chapter	  3.	  The	  first	  two	  of	  these	  endeavours	  were	  successful	  

and	  are	  the	  focus	  of	  data	  presented	  as	  a	  prepared	  manuscript.	  Two	  new	  X-‐ray	  crystal	  structures	  

of	  p110α	  in	  complex	  with	  nSH2	  and	  iSH2	  of	  p85α	  were	  solved.	  One	  structure	  presents	  the	  first	  

look	  at	  the	  nSH2	  domain	  in	  complex	  with	  wild-‐type	  p110α,	  allowing	  a	  detailed	  comparison	  of	  

the	  structures	  of	  wild-‐type	  and	  oncogenic	  mutant	  enzymes.	  The	  second	  structure	  is	  in	  complex	  

with	  the	  substrate,	  diC4-‐PIP2,	  the	  first	  PI3K	  isoform	  structure	  to	  be	  determined	  with	  a	  lipid	  

substrate	  bound.	  	  

2.2 Structural	  insights	  into	  the	  regulation	  and	  lipid	  binding	  of	  PI3Kα 	  

As	  discussed	  in	  Chapter	  1,	  the	  first	  X-‐ray	  crystal	  structure	  of	  wild-‐type	  p110α	  in	  complex	  

with	  iSH2	  was	  published	  in	  2007	  (PDB	  ID:	  2RD0),	  followed	  by	  the	  structure	  of	  the	  His1047Arg	  

oncogenic	  mutant	  in	  2009	  (PDB	  ID:	  3HHM).1,2	  The	  successful	  crystallisation	  of	  the	  Class	  IA	  PI3K	  

isoforms	  was	  a	  major	  challenge	  and	  demanded	  the	  development	  of	  a	  crystallisable	  fragment	  of	  

p85α	  containing	  the	  nSH2	  and	  iSH2	  domains	  co-‐expressed	  with	  p110α,	  hereafter	  referred	  to	  as	  

p110α/niSH2.1,3	  

The	  SH2	  domains	  of	  p85	  are	  important	  to	  the	  regulation	  of	  catalysis.	  They	  inhibit	  p110	  

activity	  until	  activation	  by	  binding	  of	  phosphorylated	  tyrosine	  motifs	  on	  receptor	  tyrosine	  
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kinases.4,5	  The	  nSH2	  domain	  appears	  most	  important	  for	  the	  regulation	  of	  p110α,	  whereas	  for	  

p110β	  and	  p110δ,	  the	  cSH2	  appears	  to	  play	  a	  more	  important	  role.3,6,7	  Of	  all	  the	  available	  

p110α/niSH2	  structures,	  only	  the	  oncogenic	  mutant	  structure	  had	  clear,	  traceable	  electron	  

density	  for	  the	  nSH2	  domain,	  preventing	  a	  direct	  comparison	  which	  might	  identify	  important	  

differences	  between	  wild-‐type	  and	  oncogenic	  forms.1,2,8	  

Another	  key	  structural	  feature	  of	  PI3Kα	  that	  is	  yet	  to	  be	  fully	  investigated	  is	  the	  lipid-‐

binding	  site.	  Although	  the	  location	  of	  the	  ATP-‐binding	  site	  was	  established	  with	  the	  co-‐crystal	  

structure	  of	  p110γ	  and	  ATP,	  a	  crystal	  structure	  containing	  the	  lipid	  substrate	  is	  yet	  to	  be	  

determined.9	  Modelling	  studies	  of	  lipid-‐binding	  to	  p110γ	  place	  the	  phospholipid	  headgroup	  

between	  the	  P-‐loop	  (p110α	  residues	  772-‐778)	  and	  the	  activation	  loop	  (p110α	  residues	  935-‐

958),	  with	  the	  3’-‐hydroxyl	  group	  positioned	  near	  the	  γ-‐phosphate	  of	  ATP.9	  Sequence	  alignment	  

and	  biochemical	  mutagenesis	  data	  have	  also	  postulated	  a	  role	  for	  the	  activation	  loop	  in	  lipid	  

substrate	  specificity	  and	  binding.10	  Computational	  studies	  suggest	  a	  role	  for	  the	  P-‐loop	  residue	  

p110αLys776	  in	  facilitating	  lipid	  substrate	  binding.10,11	  	  

The	  p110α/niSH2	  construct	  was	  expressed	  using	  the	  baculovirus	  expression	  system	  in	  SF9	  

insect	  cells	  by	  Dr.	  Oleg	  Schmidt-‐Kittler	  as	  previously	  described.1,2	  After	  purification,	  the	  protein	  

was	  concentrated	  to	  10-‐15	  mg/mL.	  Needle	  crystals	  were	  obtained	  in	  1.4	  M	  sodium	  formate	  and	  

100	  mM	  HEPES	  at	  pH	  7.0	  that	  could	  be	  used	  in	  repeated	  rounds	  of	  macroseeding	  until	  

diffraction	  quality	  crystals	  were	  obtained.	  Diffraction	  data	  were	  collected	  using	  1	  oscillation	  

frames	  for	  180°	  at	  beamlines	  X6A	  and	  X25	  of	  NSLS	  at	  Brookhaven	  National	  Laboratory.	  Data	  

processing	  (integration,	  indexing	  and	  scaling)	  was	  performed	  with	  HKL2000.12	  The	  X-‐ray	  

diffraction	  images	  must	  be	  indexed,	  integrated	  and	  scaled.	  Indexing	  identifies	  the	  individual	  

reflections	  in	  each	  image	  and	  allows	  determination	  of	  the	  unit	  cell	  dimensions	  and	  symmetry	  of	  

the	  crystal.	  The	  space	  group,	  which	  describes	  the	  symmetry	  of	  the	  protein	  crystal,	  was	  

determined	  to	  be	  P212121.13	  The	  unit	  cell	  is	  a	  box	  containing	  the	  smallest	  group	  of	  atoms	  that	  has	  
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the	  overall	  symmetry	  of	  the	  crystal,	  and	  from	  which	  the	  entire	  crystal	  can	  be	  built.	  The	  

dimensions	  of	  the	  unit	  cell	  were	  determined	  to	  be	  114.7	  x	  116.2	  x	  149.1	  Å	  for	  the	  free	  enzyme	  

structure.	  Once	  this	  information	  is	  obtained,	  the	  intensities	  of	  each	  reflection	  in	  each	  image	  are	  

determined	  in	  the	  integration	  process.	  The	  integrated	  data	  for	  each	  image	  is	  then	  scaled	  and	  

combined	  into	  one	  set	  of	  structure	  factors.	  The	  structure	  factor	  (F)	  is	  a	  mathematical	  

representation	  of	  the	  diffracted	  X-‐ray	  path	  to	  produce	  each	  reflection.	  It	  is	  a	  Fourier	  sum	  that	  

incorporates	  the	  contribution	  of	  the	  electrons	  of	  each	  atom	  within	  the	  protein	  to	  the	  overall	  

diffraction	  pattern.	  In	  order	  to	  convert	  the	  structure	  factor	  equation	  into	  an	  electron	  density	  

map,	  three	  pieces	  of	  information	  are	  required	  –	  the	  amplitude,	  frequencies	  and	  phases	  of	  the	  

reflections.	  The	  intensity	  and	  position	  of	  each	  of	  the	  reflections	  give	  the	  amplitude	  and	  

frequency.	  However,	  the	  phases	  cannot	  be	  measured.	  	  

The	  structure	  of	  the	  free	  enzyme	  was	  determined	  by	  Fourier	  synthesis	  using	  the	  coordinates	  

of	  the	  previously	  determined	  wild-‐type	  p110α/niSH2	  (PDB	  ID:	  2RD0)	  as	  a	  model.1	  This	  allows	  

an	  initial	  estimation	  of	  the	  phases,	  which	  can	  subsequently	  be	  refined.	  An	  initial	  round	  of	  rigid	  

body	  refinement	  using	  REFMAC	  5.0,	  allows	  calculation	  of	  an	  electron	  density	  map	  from	  the	  

structure	  factors	  and	  estimated	  phases.14	  The	  program	  Coot	  was	  used	  to	  visualise	  the	  electron	  

density	  map	  and	  allows	  manual	  manipulation	  of	  the	  model	  to	  fit	  the	  map.15	  Iterative	  rounds	  of	  

refinement	  were	  conducted	  with	  REFMAC	  5.0.14	  Each	  round	  of	  refinement	  uses	  the	  improved	  

model	  to	  re-‐estimate	  the	  phases	  and	  compute	  an	  improved	  electron	  density	  map.	  	  

Initial	  refinement	  revealed	  that,	  distinct	  from	  the	  model	  protein	  (PDB	  ID:	  2RD0),	  the	  nSH2	  

domain	  of	  p85α	  was	  present	  and	  ordered	  in	  the	  structure.	  To	  fit	  the	  additional	  electron	  density	  

in	  this	  region,	  the	  nSH2	  domain	  of	  His1047Arg	  p110α/niSH2	  structure	  (PDB	  ID:	  3HHM)	  and	  the	  

isolated	  p85α	  nSH2	  crystal	  structure	  (PDB	  ID:	  2IUG)	  were	  used	  as	  a	  guide.2,16	  The	  free	  wild-‐type	  

structure	  was	  refined	  to	  2.96	  Å	  (R/Rfree	  0.19/0.27).	  The	  residual	  index,	  or	  R-‐factor,	  

(R	  =	  ∑	  |	  |Fobs|	  -‐	  |Fcalc|	  |	  /	  ∑	  |Fobs|)	  is	  a	  measure	  of	  how	  well	  the	  observed	  reflection	  intensities	  
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correspond	  to	  the	  calculated	  intensities	  from	  the	  current	  model.	  The	  lower	  the	  value,	  the	  better	  

the	  model	  reflects	  the	  collected	  data.	  The	  free	  R-‐factor,	  Rfree,	  is	  a	  method	  of	  cross-‐validation,	  

which	  measures	  how	  well	  the	  current	  model	  predicts	  a	  small	  set	  of	  measured	  intensities	  

(generally	  5-‐10%)	  that	  were	  excluded	  from	  the	  refinement	  process.	  Ideally,	  the	  value	  of	  Rfree	  will	  

be	  close	  to	  the	  R-‐factor.	  	  

In	  the	  case	  of	  the	  lipid	  bound	  structure,	  the	  crystals	  were	  soaked	  with	  a	  1	  mM	  solution	  of	  the	  

truncated	  soluble	  substrate,	  di-‐C4-‐phosphatidylinositol-‐4,5-‐bisphosphate	  (diC4-‐PIP2)	  for	  1	  hour	  

before	  cryoprotection	  and	  data	  collection.	  In	  this	  case,	  the	  refined	  coordinates	  of	  the	  free	  wild-‐

type	  structure	  determined	  above	  were	  used	  as	  an	  initial	  model	  for	  the	  determination	  of	  the	  

structure.	  By	  comparison,	  two	  additional	  patches	  of	  electron	  density	  were	  revealed	  after	  initial	  

rounds	  of	  refinement,	  attributed	  to	  the	  lipid	  substrate,	  which	  was	  successfully	  modelled	  into	  the	  

density	  map.	  The	  overall	  structure	  was	  refined	  to	  3.37	  Å	  (R/Rfree	  0.24/0.34).	  This	  latter	  result	  

also	  prompted	  an	  investigation	  of	  lipid	  binding	  to	  PI3Kα	  by	  fluorescence	  quenching	  

experiments.	  Performed	  by	  David	  Bolduc	  and	  Dr.	  Gabelli,	  this	  data	  supported	  some	  of	  the	  

structural	  features	  suggested	  by	  the	  crystallographic	  data.	  The	  full	  details	  and	  conclusions	  of	  

this	  study	  of	  PI3Kα	  structure	  follows.	  	  

2.3 Prepared	  manuscript	  
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2.3.1 Abstract	  

The	  phosphatidylinositol	  3-‐kinase	  (PI3K)/Akt	  pathway	  is	  a	  key	  regulator	  of	  cell	  growth,	  

proliferation	  and	  cell	  cycle	  progression.	  The	  PI3Kα	  isoform	  is	  frequently	  mutated	  in	  breast,	  

colon	  and	  endometrial	  cancers.	  We	  report	  two	  crystal	  structures	  of	  wild-‐type	  p110α/niSH2,	  the	  

free	  enzyme	  structure	  and	  that	  in	  complex	  with	  the	  lipid	  substrate,	  diC4-‐PIP2,	  refined	  to	  2.96	  Å	  

and	  3.37	  Å,	  respectively.	  The	  free	  enzyme	  structure	  reveals	  the	  first	  X-‐ray	  structure	  of	  the	  nSH2	  

domain	  in	  complex	  with	  wild-‐type	  p110α,	  allowing	  identification	  of	  key	  differences	  in	  the	  

binding	  of	  the	  nSH2	  domain	  between	  wild-‐type	  and	  the	  oncogenic	  mutant,	  p110αHis1047Arg.	  

Increased	  buried	  surface	  area	  and	  two	  unique	  salt-‐bridges	  in	  the	  wild-‐type	  structure	  are	  

suggestive	  of	  tighter	  regulatory	  control	  in	  the	  wild-‐type	  PI3Kα	  compared	  with	  the	  oncogenic	  

mutant.	  In	  addition	  to	  previously	  identified	  differences	  in	  membrane	  binding,	  this	  provides	  new	  

insight	  into	  the	  increased	  basal	  lipid	  kinase	  activity	  of	  the	  oncogenic	  mutant.	  The	  first	  PI3K	  

isoform	  lipid-‐bound	  structure	  reveals	  two	  lipid-‐binding	  sites	  in	  PI3Kα,	  confirmed	  by	  

fluorescence	  quenching	  experiments.	  	  

2.3.2 Manuscript	  

The	  phosphatidylinositol	  3-‐kinase	  (PI3K)/Akt	  pathway	  is	  a	  key	  regulator	  of	  cell	  growth,	  

proliferation	  and	  cell	  cycle	  progression.17–20	  Aberrations	  in	  pathway	  signaling	  are	  estimated	  to	  

occur	  in	  up	  to	  50%	  of	  human	  cancers,	  presenting	  this	  pathway	  as	  an	  exciting	  target	  for	  the	  

treatment	  of	  cancer.17	  Upon	  activation	  by	  receptor	  tyrosine	  kinases,	  PI3K	  phosphorylates	  

phosphatidylinositol	  4,5-‐bisphosphate	  (PIP2)	  to	  form	  the	  second	  messenger	  

phosphatidylinositol	  3,4,5-‐trisphosphate	  (PIP3).	  PIP3	  signals	  through	  pleckstrin	  homology	  

domain-‐containing	  enzymes	  such	  as	  Akt/Protein	  Kinase	  B	  to	  activate	  signaling	  cascades	  

resulting	  in	  increased	  cell	  growth,	  metabolism	  and	  proliferation.17–20	  One	  key	  modulator	  of	  this	  

pathway,	  the	  PI3Kα	  isoform,	  is	  mutated	  in	  a	  high	  percentage	  of	  breast,	  colon	  and	  endometrial	  

cancers.21–25	  About	  80%	  of	  these	  mutations	  are	  concentrated	  in	  three	  hotspots	  occurring	  in	  the	  
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helical	  and	  kinase	  domains	  of	  the	  protein.26	  The	  most	  common	  is	  the	  kinase	  domain	  oncogenic	  

mutation,	  p110αHis1047Arg.	  Key	  features	  of	  this	  mutant	  include	  increased	  basal	  lipid	  kinase	  

activity	  in	  vitro	  and	  sensitivity	  to	  activation	  by	  receptor	  tyrosine	  kinases.	  It	  has	  been	  postulated	  

to	  function	  via	  increased	  membrane	  binding,	  which	  in	  turn	  increases	  substrate	  

accessibility.2,8,27,28	  	  

PI3Kα	  is	  a	  heterodimeric	  enzyme	  consisting	  of	  a	  110	  kDa	  catalytic	  subunit	  (p110α)	  and	  one	  

of	  five	  regulatory	  subunits	  (most	  frequently,	  the	  85	  kDa	  protein,	  p85α).29	  Structures	  of	  wild-‐type	  

PI3Kα,	  as	  both	  the	  free	  enzyme	  and	  in	  complex	  with	  inhibitors	  have	  previously	  been	  

reported.1,8,30	  The	  p110α	  subunit	  composes	  an	  N-‐terminal	  adaptor-‐binding	  domain	  (ABD),	  

responsible	  for	  binding	  to	  p85,	  Ras-‐binding	  domain	  (RBD),	  C2	  domain,	  helical	  domain	  and	  

kinase	  domain.1	  The	  full-‐length	  p85α	  subunit	  contains	  an	  SH3	  domain,	  RhoGAP	  domain	  and	  two	  

phosphotyrosine	  residue	  binding	  SH2	  domains,	  connected	  by	  a	  coiled-‐coil	  region	  termed	  the	  

inter-‐SH2	  domain	  (iSH2).	  The	  most	  common	  heterodimer	  construct	  used	  for	  crystallography	  is	  

full	  length	  p110α	  with	  a	  truncated	  p85α	  consisting	  of	  the	  N-‐terminal	  SH2	  domain	  (nSH2)	  and	  

the	  iSH2	  domain	  (residues	  322-‐600),	  hereafter	  referred	  to	  as	  p110α/niSH2.1,8	  The	  published	  

structures	  reveal	  the	  overall	  structure	  of	  p110α	  in	  complex	  with	  the	  iSH2	  domain	  of	  p85α.	  

However,	  there	  remain	  key	  structural	  features	  that	  require	  investigation.	  For	  example,	  none	  of	  

the	  published	  wild-‐type	  structures	  have	  had	  traceable	  electron	  density	  for	  the	  nSH2	  domain,	  

presumably	  due	  to	  its	  inherent	  flexibility.1,8	  The	  structure	  of	  the	  nSH2	  domain	  alone,	  and	  in	  

complex	  with	  the	  His1047Arg	  mutant	  p110α,	  is	  known.2,16	  However,	  there	  may	  be	  unique	  

features	  of	  the	  nSH2	  domain	  interactions	  with	  wild-‐type	  p110α	  that	  are	  yet	  to	  be	  explored.	  The	  

activation	  loop	  (p110α	  residues	  935-‐958)	  has	  only	  been	  shown	  in	  one	  structure,	  where	  the	  

conformation	  has	  been	  modified	  to	  accommodate	  the	  binding	  of	  the	  inhibitor	  PIK-‐108	  in	  a	  non-‐

catalytic	  site	  (PDB	  ID:	  4A55).8	  	  



Chapter	  2	  

	   44	  

The	  Protein	  Data	  Bank	  (PDB)	  contains	  over	  80	  crystal	  structures	  of	  the	  four	  Class	  I	  PI3K	  

isoforms,	  however,	  the	  lipid-‐binding	  site	  is	  yet	  to	  be	  explicitly	  identified.	  A	  survey	  of	  available	  

PIP2	  containing	  structures	  in	  the	  PDB	  reveals	  binding	  is	  predominantly	  mediated	  by	  positively	  

charged	  lysine	  and	  arginine	  residues.31–36	  Modeling	  studies	  of	  p110γ	  have	  placed	  the	  

phospholipid	  headgroup	  between	  the	  positively	  charged	  residues	  of	  the	  P-‐loop	  (p110α	  residues	  

772-‐778)	  and	  the	  activation	  loop	  (p110α	  residues	  935-‐958),	  with	  the	  3’-‐hydroxyl	  group	  

positioned	  near	  the	  γ-‐phosphate	  of	  ATP.11	  In	  line	  with	  this,	  biochemical	  data	  points	  to	  an	  

important	  role	  for	  the	  positively	  charged	  residues	  of	  the	  activation	  loop	  in	  determining	  

substrate	  specificity	  and	  lipid	  kinase	  activity.10	  Replacement	  of	  the	  activation	  loop	  in	  PI3Kα	  with	  

that	  of	  Class	  II	  or	  III	  PI3K,	  which	  do	  not	  phosphorylate	  PIP2,	  renders	  PI3Kα	  inactive	  towards	  

PIP2.	  Despite	  the	  lack	  of	  lipid	  kinase	  activity,	  however,	  lipid	  binding	  appeared	  to	  be	  unaffected,	  

as	  pre-‐incubation	  of	  these	  hybrids	  with	  PIP2	  prevented	  binding	  of	  the	  covalent	  inhibitor,	  

wortmannin.10	  Further	  computational	  studies	  have	  also	  postulated	  a	  role	  for	  Lys776	  on	  the	  P-‐

loop	  in	  substrate	  specificity,	  as	  Class	  II	  and	  III	  PI3Ks	  do	  not	  have	  analogous	  positively	  charged	  

residues	  in	  this	  region.10	  

Herein	  we	  report	  two	  structures	  of	  p110α/niSH2.	  The	  first	  has	  interpretable	  electron	  

density	  for	  the	  nSH2	  domain,	  refined	  to	  2.96	  Å	  (R/Rfree	  0.19/0.27,	  Table	  2.1).	  The	  second	  is	  a	  

structure	  in	  complex	  with	  the	  truncated	  soluble	  substrate,	  di-‐C4-‐phosphatidylinositol	  4,5-‐

bisphosphate	  (diC4-‐PIP2),	  refined	  to	  3.37	  Å	  (R/Rfree	  0.24/0.34,	  Table	  2.1).	  The	  structures	  show	  

no	  significant	  differences	  when	  aligned	  with	  previously	  published	  wild-‐type	  structures	  (Table	  

2.2).1,8	  	  
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Table	  2.1:	  Data	  collection	  and	  refinement	  statistics	  

	   p110α/niSH2	   p110α/niSH2	  with	  diC4-‐PIP2	  

Data	  collection	   	   	  

Space	  group	   p212121	   p212121	  

Cell	  dimensions   	   	  

	  	  	  	  a,	  b,	  c	  (Å)	   114.7,	  116.2,	  149.1	   114.3,	  116.1,	  148.7	  

Resolution	  (Å)	   50.00-‐2.96(3.01-‐2.96)	  	   50.00-‐3.36(3.42-‐3.36)	  

Rsym	  	   0.068	  (0.69)	   0.103	  (0.71)	  

I	  /	  σI	   36.9	  (3.2)	   35.7	  (4.4)	  

Completeness	  (%)	   99.6	  (100)	   99.9	  (100)	  

Redundancy	   7.2	  (7.1)	   9.0	  (9.2)	  

Unique	  reflections	   41,914	   28,636	  

Total	  reflections	   300,309	   256,465	  

X-‐ray	  Source	   1.1000	  Å	   1.1000	  Å	  

wavelength	   	   	  

Refinement	   	   	  

Resolution	  (Å)	   37.79-‐2.96	   37.45-‐3.37	  

No.	  reflections	   39,719	   27,082	  

Rwork	  /	  Rfree	   0.191/0.271	   0.238/0.341	  

No.	  atoms	   	   	  

	  	  	  	  Protein	   10,830	   10,584	  

	  	  	  	  Ligand	   -‐	   83	  

	  	  	  	  Water	   18	   5	  

B-‐factors	   	   	  

	  	  	  	  Protein	   53.82	   65.81	  

	  	  	  	  Ligand	   -‐	   90.00	  

	  	  	  	  Water	   21.22	   78.00	  

R.m.s.	  deviations	   	   	  

	  	  	  	  Bond	  lengths	  (Å)	   0.011	   0.013	  

	  	  	  	  Bond	  angles	  (°)	   1.689	   1.794	  
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Table	  2.2:	  RMSD	  of	  apo	  p110α/niSH2	  compared	  with	  available	  p110α/niSH2	  crystal	  structures,	  aligned	  by	  p110α	  Cα	  

atoms	  

PI3Kα 	  structure	   RMSD	  (Å)	  

p110α/niSH2	  p85α	  (PDB	  ID:	  2RD0)	   1.46	  

p110α/niSH2	  p85α	  (PDB	  ID:	  4A55)	   1.57	  

H1047R	  p110α/niSH2	  p85α	  (PDB	  ID:	  3HHM)	   1.94	  

	  

Structural	  alignment	  with	  the	  oncogenic	  mutant	  p110α-‐His1047Arg	  structure	  (PDB	  ID:	  

3HHM)	  reveals	  some	  interesting	  differences.	  Some	  differences	  observed	  are	  consistent	  with	  

those	  reported	  in	  Mandelker	  et	  al.	  and	  will	  not	  be	  further	  discussed	  here.2	  The	  major	  differences	  

observed	  are	  in	  the	  nSH2	  and	  iSH2	  domains	  of	  p85α	  and	  their	  interactions	  with	  p110.	  The	  new	  

variations	  observed	  provide	  some	  key	  insights	  into	  distinctions	  in	  the	  regulation	  of	  the	  two	  

enzymes	  (Figure	  2.1A).2	  	  

The	  first	  significant	  difference	  is	  found	  in	  the	  iSH2	  helices,	  which	  play	  an	  important	  role	  in	  

modulating	  binding	  with	  the	  cell	  membrane	  (Figure	  2.1B,	  S1).	  The	  N-‐terminal	  helix	  of	  the	  iSH2	  

domain	  (p85α	  residues	  443-‐475)	  bends	  towards	  the	  proposed	  membrane	  to	  a	  lesser	  degree	  in	  

the	  wild-‐type	  structure.	  There	  is	  a	  shift	  in	  the	  position	  of	  Cα	  atoms	  of	  up	  to	  5.5	  Å	  (measured	  at	  

p85α	  450).	  The	  change	  is	  less	  pronounced	  in	  the	  second	  helix,	  with	  an	  average	  movement	  of	  

2.5	  Å	  (measured	  at	  p85α	  residues	  565-‐579,	  maximum	  distance	  is	  3.9	  Å	  at	  p85α	  577,	  Figure	  

2.1B).	  This	  conformational	  change	  in	  the	  iSH2	  domain	  may	  reflect	  the	  increased	  membrane	  

binding	  of	  the	  oncogenic	  mutant.2,8	  Mandelker	  et	  al.2	  identified	  a	  key	  C-‐terminal	  loop	  which	  was	  

ordered	  in	  the	  mutant	  structure,	  and	  proposed	  this	  as	  a	  key	  structural	  change	  responsible	  for	  

increased	  membrane	  binding.	  In	  addition	  to	  this,	  we	  have	  identified	  a	  shift	  in	  the	  iSH2	  helices	  

that	  position	  the	  mutant	  to	  maximize	  interactions	  with	  the	  cell	  membrane.8	  
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Figure	  2.1:	  Structural	  alignment	  of	  the	  wild-‐type	  crystal	  structure	  with	  the	  His1047Arg	  oncogenic	  mutant	  (PDB	  ID:	  

3HHM),	  aligned	  via	  p110.	  Wild	  type	  is	  shown	  in	  dark	  blue	  (p110)	  and	  teal	  (p85);	  mutant	  structure	  is	  shown	  in	  light	  

blue	  (p110)	  and	  cyan	  (p85).	  a)	  the	  whole	  protein;	  b)	  the	  iSH2	  domain.	  The	  largest	  movement	  is	  highlighted	  with	  a	  

yellow	  dotted	  line,	  measured	  between	  the	  Cα	  atoms	  of	  p85α	  450	  of	  each	  structure;	  c)	  The	  terminal	  residues	  of	  iSH2	  

(p85α	  residues	  587-‐598)	  form	  a	  short	  helix	  in	  close	  proximity	  to	  the	  activation	  loop	  d)	  the	  connection	  between	  the	  

iSH2	  domain	  and	  nSH2.	  

A	  clearly	  defined	  third	  helix	  is	  present	  (p85α	  residues	  587-‐598)	  at	  the	  C-‐terminal	  end	  of	  the	  

iSH2	  domain,	  sitting	  adjacent	  to	  the	  activation	  loop	  (Figure	  2.1C).	  This	  helix	  may	  aid	  in	  the	  

regulation	  of	  kinase	  activity	  by	  keeping	  the	  activation	  loop	  in	  an	  inactive	  conformation.	  

Deletions	  (Δ583-‐602)	  or	  truncations	  (p85-‐572STOP)	  of	  this	  section	  of	  the	  iSH2	  domain	  are	  

oncogenic.37	  The	  oncogenic	  iSH2	  deletions	  and	  truncations	  could	  activate	  the	  enzyme	  via	  loss	  of	  

these	  inhibitory	  contacts	  with	  the	  activation	  loop.	  Previous	  studies	  have	  shown	  that	  these	  iSH2	  
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mutations	  act	  via	  a	  similar	  mechanism	  to	  site-‐directed	  mutants	  where	  the	  iSH2-‐C2	  interface	  has	  

been	  disrupted.37	  As	  the	  activation	  loop	  is	  positioned	  near	  this	  iSH2-‐C2	  interface,	  disruptions	  in	  

this	  interface	  may	  also	  affect	  the	  conformation	  of	  the	  activation	  loop.	  This	  structure	  provides	  

insight	  into	  a	  potential	  mechanism	  of	  activation	  for	  these	  iSH2	  oncogenic	  mutations.	  

Unlike	  most	  of	  the	  previous	  p110α	  structures,	  there	  is	  density	  for	  the	  activation	  loop	  (p110α	  

residues	  935-‐958,	  Figure	  2.3A).	  The	  activation	  loop	  is	  nestled	  near	  the	  iSH2	  and	  nSH2	  domains	  

of	  p85.	  The	  conformation	  of	  the	  loop	  is	  different	  from	  that	  observed	  in	  the	  structure	  reported	  by	  

Hon	  et	  al	  (PDB	  ID:	  4A55).8	  In	  that	  structure,	  the	  conformation	  of	  the	  loop	  is	  influenced	  by	  the	  

binding	  of	  a	  PIK-‐108	  molecule	  in	  a	  non-‐catalytic	  binding	  site.8	  The	  activation	  loop	  is	  positioned	  

to	  allow	  communication	  between	  p85	  and	  the	  kinase	  domain	  of	  p110.	  The	  interactions	  with	  

nSH2	  and	  iSH2	  may	  alter	  the	  conformation	  of	  the	  activation	  loop,	  leading	  to	  increased	  or	  

decreased	  kinase	  activity.	  

The	  structure	  of	  the	  connection	  between	  the	  nSH2	  and	  iSH2	  domains	  (p85α	  residues	  426-‐

443,	  Figure	  2.1D)	  has	  not	  previously	  been	  shown.	  It	  is	  revealed	  in	  this	  crystal	  structure	  as	  a	  long,	  

unstructured	  region.	  The	  nSH2	  domain,	  vital	  for	  the	  regulation	  of	  kinase	  activity,	  is	  believed	  to	  

disengage	  from	  p110α	  upon	  binding	  of	  phosphorylated	  tyrosine	  motifs	  on	  activated	  receptor	  

tyrosine	  kinases.	  This	  long	  unstructured	  connection	  supports	  this	  hypothesis	  that	  the	  domain	  is	  

flexible	  and	  able	  to	  disengage	  from	  p110α.	  	  

Furthermore,	  significant	  differences	  are	  observed	  in	  the	  interaction	  of	  the	  nSH2	  domain	  with	  

p110.	  In	  the	  oncogenic	  mutant	  crystal	  structure,	  the	  nSH2	  domain	  was	  shown	  to	  interact	  with	  

the	  C2,	  helical	  and	  kinase	  domains	  of	  p110α,	  communicating	  regulatory	  state	  via	  conformational	  

changes	  in	  these	  adjacent	  domains.2,38	  The	  structure	  of	  the	  nSH2	  domain	  in	  the	  wild-‐type	  and	  

His1047Arg	  mutant	  structures	  have	  a	  similar	  overall	  secondary	  structure.2	  The	  position	  of	  the	  

domain	  with	  respect	  to	  p110,	  however,	  is	  altered	  (Figure	  2.2A).	  In	  the	  wild-‐type	  structure,	  the	  
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nSH2	  domain	  is	  rotated	  relative	  to	  that	  in	  the	  His1047Arg	  mutant.	  The	  nSH2	  rotates	  14°	  towards	  

the	  kinase	  and	  C2	  domains	  (around	  an	  axis	  that	  passes	  through	  (113.8,	  154.2,	  80.8)).	  This	  

results	  in	  an	  increased	  buried	  surface	  area	  between	  the	  nSH2	  domain	  and	  p110α	  in	  the	  wild-‐

type	  protein,	  1083	  Å2,	  compared	  with	  820	  Å2	  for	  the	  gain	  of	  function	  His1047Arg	  mutant	  

(calculated	  with	  PISA,	  considering	  only	  the	  residues	  present	  in	  both	  structures).39,40	  This	  

suggests	  the	  regulatory	  control	  of	  the	  nSH2	  domain	  in	  the	  oncogenic	  mutant	  may	  be	  only	  

partially	  maintained	  with	  respect	  to	  the	  wild-‐type.	  Each	  of	  the	  interacting	  p110	  domains	  shows	  

differences	  in	  the	  interactions	  with	  the	  nSH2	  domain	  between	  the	  two	  structures,	  with	  the	  wild-‐

type	  structure	  showing	  extra	  interactions	  agreeing	  with	  a	  tighter	  contact	  and	  inhibition	  of	  

activity.	  In	  the	  helical	  domain,	  an	  extra	  charge-‐assisted	  hydrogen	  bond	  is	  present	  between	  

p110α	  Lys573	  and	  p85α	  Asn417	  in	  the	  wild-‐type	  structure	  (Figure	  2.2B).	  In	  the	  His1047Arg	  

mutant,	  p85α	  Asn417	  instead	  interacts	  with	  the	  backbone	  of	  p110α	  Gly512.	  A	  greater	  difference	  

is	  observed	  at	  the	  interface	  between	  the	  C2	  domain	  and	  nSH2,	  where	  a	  number	  of	  unique	  

hydrogen	  bonds	  are	  made	  in	  each	  structure	  (Figure	  2.2C).	  The	  wild-‐type	  nSH2	  domain	  makes	  

three	  unique	  hydrogen	  bonds	  with	  the	  C2	  domain,	  while	  the	  oncogenic	  mutant	  has	  five	  unique	  

hydrogen	  bonds	  between	  these	  domains,	  reflecting	  the	  shift	  in	  nSH2	  conformation.	  Perhaps	  

most	  strikingly,	  there	  are	  two	  salt	  bridges	  between	  the	  kinase	  domain	  (Arg1023	  and	  Asp1029)	  

and	  nSH2	  (Glu341	  and	  Arg340,	  respectively)	  that	  are	  uniquely	  observed	  in	  the	  wild-‐type	  (Figure	  

2.2D).	  This	  salt-‐bridge	  may	  contribute	  to	  the	  inhibition	  of	  p110	  and	  therefore	  the	  reduced	  kinase	  

activity	  observed	  in	  the	  wild-‐type	  p110α.	  Taken	  together,	  these	  results	  suggest	  that	  in	  addition	  

to	  altered	  membrane	  binding,	  the	  His1047Arg	  oncogenic	  mutant	  is	  only	  under	  partial	  nSH2	  

inhibitory	  control.	  This	  is	  in	  agreement	  with	  biochemical	  data	  that	  show	  increased	  basal	  lipid	  

kinase	  activity	  in	  the	  oncogenic	  mutant.	  	  
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Figure	  2.2:	  Structural	  overlay	  of	  nSH2	  domain	  and	  differences	  in	  p110	  interactions.	  Wild	  type	  is	  shown	  in	  dark	  blue	  

(p110)	  and	  teal	  (p85);	  mutant	  structure	  (PDB	  ID:	  3HHM)	  is	  shown	  in	  light	  blue	  (p110)	  and	  cyan	  (p85).	  a)	  the	  nSH2	  

domain;	  b)	  differences	  in	  interactions	  between	  the	  helical	  and	  nSH2	  domains;	  c)	  differences	  in	  interactions	  between	  

the	  C2	  and	  nSH2	  domains;	  d)	  two	  key	  salt-‐bridges	  between	  the	  kinase	  domain	  and	  nSH2	  are	  present	  in	  the	  wild-‐type	  

but	  absent	  in	  the	  oncogenic	  mutant	  structure.	  

The	  complex	  structure	  of	  PI3Kα	  bound	  to	  PIP2	  was	  determined	  to	  3.3	  Å.	  There	  are	  two	  

bound	  molecules	  of	  PIP2	  present	  in	  the	  structure	  (Figure	  2.3B).	  The	  first	  sits	  adjacent	  to	  the	  ATP	  

binding	  site,	  and	  we	  will	  refer	  to	  it	  as	  catalytic	  PIP2.	  The	  catalytic	  PIP2	  binds	  in	  a	  groove	  

delimited	  by	  two	  loops	  (p110α	  residues	  721-‐731	  and	  772-‐778)	  of	  the	  kinase	  domain,	  the	  iSH2	  

helix	  (p85α	  residues	  457-‐465)	  and	  the	  activation	  loop	  (p110α	  residues	  935-‐958)	  (Figure	  2.3C).	  

This	  is	  in	  line	  with	  biochemical	  data	  implicating	  the	  activation	  loop	  and	  Lys776	  in	  lipid	  

binding.10	  The	  ester	  linkage	  on	  one	  of	  the	  tails	  forms	  a	  hydrogen	  bond	  to	  Lys941	  of	  the	  
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activation	  loop.	  Both	  of	  the	  truncated	  hydrophobic	  tails	  are	  positioned	  such	  that	  it	  would	  allow	  

for	  the	  membrane	  binding	  of	  full-‐length	  PIP2.	  The	  3’-‐hydroxyl	  group	  is	  positioned	  within	  4	  Å	  of	  

the	  ATP	  γ-‐phosphate	  when	  the	  structure	  is	  aligned	  with	  the	  p110γ/ATP	  co-‐crystal	  structure	  

(PDB	  ID:	  1E8X,	  Figure	  ZB).9	  This	  would	  allow	  for	  phosphate	  transfer	  ATP	  to	  PIP2,	  using	  the	  

catalytic	  Lys802	  and	  the	  conserved	  Asp933	  as	  the	  base.41,42	  	  

The	  second	  PIP2	  molecule	  binds	  in	  a	  groove	  between	  the	  ABD,	  kinase	  and	  iSH2	  domains	  

(Figure	  2.3D).	  One	  of	  the	  4-‐phosphate	  oxygens	  is	  within	  hydrogen	  bonding	  distance	  of	  the	  

backbone	  of	  Gly12.	  Glu722	  forms	  a	  hydrogen	  bond	  with	  2’-‐hydroxyl.	  As	  for	  the	  first	  PIP2	  

molecule,	  the	  truncated	  C4-‐hydrophobic	  tails	  are	  positioned	  for	  membrane	  binding.	  A	  

comparison	  of	  the	  free	  and	  bound	  structures	  of	  PI3Kα	  reveals	  that	  the	  binding	  of	  PIP2	  at	  this	  

position	  is	  accompanied	  by	  very	  little	  conformational	  rearrangement	  of	  the	  protein	  structure.	  	  

To	  determine	  if	  PI3Kα	  could	  bind	  to	  multiple	  PIP2	  molecules	  within	  the	  lipid	  bilayer	  of	  a	  

phospholipid	  membrane,	  we	  tested	  its	  ability	  to	  bind	  and	  cluster	  BODIPY-‐FL-‐PIP2	  embedded	  

within	  vesicles.	  Gambhir	  et	  al.	  report	  that	  at	  a	  concentration	  of	  0.1%	  PIP2	  in	  vesicles,	  the	  

distance	  between	  PIP2	  molecules	  is	  ~300	  Å.43	  Self-‐quenching	  of	  the	  BODIPY	  fluorescence	  occurs	  

when	  PIP2	  molecules	  are	  brought	  within	  50-‐60	  Å.44	  Therefore	  if	  PI3K	  binds	  to	  and	  clusters	  two	  

or	  more	  molecules	  of	  BODIPY-‐FL-‐PIP2,	  fluorescence	  quenching	  should	  be	  observed.	  A	  similar	  

approach	  has	  been	  used	  to	  demonstrate	  clustering	  of	  BODIPY-‐FL-‐PIP2	  by	  MARCKS,	  NAP-‐22	  and	  

myelin	  basic	  protein	  (MBP)	  and	  clustering	  of	  BODIPY-‐TMR-‐PIP2	  by	  dynamin.43,45–47	  

	  



Chapter	  2	  

	   52	  

	  

Figure	  2.3:	  a)	  The	  electron	  density	  for	  the	  activation	  loop.	  The	  new	  structure	  is	  shown	  in	  dark	  blue.	  The	  activation	  

loop	  from	  4A55	  is	  shown	  in	  red,	  highlighting	  the	  shifted	  conformation	  of	  the	  activation	  loop	  due	  to	  the	  binding	  of	  a	  

PIK-‐108	  molecule;	  b)	  Two	  PIP2	  molecules	  bound	  to	  p110α/niSH2;	  ATP	  molecule	  from	  p110γ	  (PDB	  ID:	  1E8X)	  is	  

overlayed	  to	  show	  the	  proximity	  of	  the	  catalytic	  PIP2;	  c)	  the	  catalytic	  PIP2	  binds	  in	  a	  groove	  between	  the	  P-‐loop,	  

activation	  loop	  and	  iSH2	  domain;	  d)	  a	  second	  molecule	  of	  PIP2	  bound	  at	  the	  interface	  between	  the	  ABD	  and	  kinase	  

domains.	  

We	  measured	  PIP2	  fluorescence	  quenching	  using	  unilamellar	  vesicles	  with	  a	  diameter	  of	  

100	  nm	  generated	  by	  extrusion	  of	  lipids	  through	  a	  polycarbonate	  membrane.	  Vesicles	  were	  

made	  using	  a	  membrane	  composition	  optimal	  for	  PI3K	  binding	  (PC/PE/PS/BODIPY-‐FL-‐

PIP2/cholesterol	  with	  a	  molar	  ratio	  of	  54.9/25/5/0.1/15).	  The	  addition	  of	  wild-‐type	  full	  length	  

PI3K	  (p110α/p85α)	  to	  vesicles	  with	  BODIPY-‐FL-‐PIP2	  resulted	  in	  the	  quenching	  of	  the	  
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fluorescent	  signal	  in	  a	  dose	  dependent	  manner	  suggesting	  PI3Kα	  can	  bind	  to	  and	  cluster	  two	  or	  

more	  molecules	  of	  PIP2	  (Figure	  2.4A).	  Titration	  of	  vesicles	  with	  p110α/niSH2,	  which	  has	  

deletions	  of	  the	  RhoGap,	  SH3	  and	  cSH2	  domains	  of	  p85α,	  also	  demonstrated	  fluorescence	  

quenching	  to	  the	  same	  level	  as	  p110α/p85α	  (Figure	  2.4B).	  Additionally,	  p85α	  alone	  could	  cause	  

a	  very	  small	  amount	  of	  quenching	  of	  the	  signal	  compared	  to	  p110α/niSH2	  (Figure	  2.4C).	  Taken	  

together,	  this	  suggests	  that	  there	  are	  binding	  sites	  for	  PIP2	  on	  p110α	  or	  at	  the	  interface	  of	  the	  

p110α	  and	  p85α	  subunits,	  but	  not	  just	  at	  p85α.	  

	  

Figure	  2.4:	  Fluorescence	  quenching	  experiments.	  A)	  p85α	  shows	  negligible	  quenching	  of	  BODIPY-‐FL-‐PIP2	  

fluorescence;	  B)	  and	  C)	  wild-‐type	  full	  length	  p110α/p85α	  and	  p110α/niSH2	  show	  similar	  levels	  of	  fluorescence	  

quenching.	  	  

We	  also	  examined	  any	  effects	  that	  two	  mutations	  at	  the	  membrane	  binding	  surface	  of	  PI3K	  

may	  have	  on	  its	  ability	  to	  sequester	  PIP2.	  Glu545Lys-‐p110α/niSH2	  demonstrated	  similar	  

quenching	  characteristics	  to	  wild-‐type	  p110α/niSH2,	  suggesting	  that	  this	  mutation	  does	  not	  

affect	  membrane	  or	  PIP2	  binding,	  as	  previously	  shown.8,27	  His1047Arg-‐p110α/niSH2,	  however,	  

demonstrated	  greatly	  increased	  potency	  compared	  to	  wild-‐type	  p110α/niSH2	  (Figure	  2.5).	  
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Given	  that	  this	  mutant	  is	  about	  10-‐fold	  more	  potent	  compared	  to	  wild-‐type	  it	  seems	  likely	  the	  

effect	  is	  due	  to	  increased	  membrane	  binding	  affinity.	  However,	  we	  cannot	  rule	  out	  that	  this	  

mutation	  results	  in	  the	  creation	  of	  an	  additional	  binding	  site	  for	  a	  molecule	  of	  PIP2.	  	  

	  

Figure	  2.5:	  Oncogenic	  mutant	  fluorescence	  quenching	  experiments.	  A)	  The	  kinase	  domain	  mutant	  His1047Arg-‐

p110α/niSH2	  shows	  10-‐fold	  greater	  levels	  of	  fluorescence	  quenching	  compared	  to	  wild-‐type;	  B)	  the	  quenching	  

observed	  for	  the	  helical	  domain	  mutant,	  Glu545Lys	  p110α/niSH2	  shows	  similar	  levels	  of	  quenching	  to	  wild-‐type.	  

In	  conclusion,	  we	  have	  presented	  the	  first	  X-‐ray	  crystal	  structure	  of	  the	  nSH2	  domain	  in	  

complex	  with	  wild-‐type	  p110α,	  which	  reveals	  key	  differences	  in	  the	  interaction	  between	  the	  

nSH2	  and	  wild-‐type	  PI3Kα	  compared	  with	  the	  His1047Arg	  oncogenic	  mutant,	  suggesting	  a	  

tighter	  regulatory	  control	  in	  the	  wild-‐type	  protein.	  We	  have	  also	  presented	  the	  first	  X-‐ray	  crystal	  

structure	  of	  PI3Kα	  in	  complex	  with	  a	  lipid	  substrate,	  identifying	  multiple	  lipid	  binding	  sites	  and	  

confirming	  biochemical	  data	  that	  implicate	  a	  role	  for	  the	  activation	  loop	  and	  P-‐loop	  residues	  in	  

lipid-‐binding.	  	  
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2.3.3 Supplementary	  figures	  

	  

Figure	  S1:	  Distance	  plots	  of	  the	  distance	  between	  Cα	  atoms	  of	  wild-‐type	  apo	  p110α/niSH2	  and	  p110α-‐

His1047Arg/niSH2	  (PDB	  ID:	  3HHM)	  aligned	  by	  Cα	  atoms	  of	  p110α.	  Approximate	  positions	  of	  domains	  are	  shown.	  A)	  

p110α;	  B)	  p85α	  
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2.4 Post-‐Script:	  Ongoing	  work	  and	  conclusions	  

In	  the	  preceding	  manuscript,	  two	  new	  p110α/niSH2	  structures	  were	  described.	  These	  

yielded	  vital	  insights	  into	  the	  regulation	  of	  PI3Kα,	  and	  particularly	  suggest	  an	  additional	  

structural	  basis	  for	  the	  increased	  activity	  of	  the	  oncogenic	  mutant,	  His1047Arg.	  Two	  lipid-‐

binding	  sites	  have	  also	  been	  described,	  a	  first	  for	  any	  of	  the	  PI3K	  isoforms.	  

A	  streamlined	  approach	  to	  inhibitor-‐bound	  crystal	  structures	  of	  each	  of	  the	  isoforms	  would	  

greatly	  aid	  the	  rational	  design	  of	  isoform	  selective	  inhibitors.	  Currently,	  as	  discussed	  in	  Chapter	  

1,	  PI3Kγ	  is	  the	  mainstay	  of	  PI3K	  crystallography	  and	  structural	  studies	  of	  inhibitor	  binding.	  

PI3Kα	  has	  proven	  significantly	  more	  difficult	  to	  crystallise.	  The	  p110α/niSH2	  construct	  

generally	  yields	  crystals	  of	  low	  resolution	  and	  with	  the	  ATP-‐binding	  site	  occluded	  by	  a	  

symmetry-‐related	  molecule.1	  Co-‐crystallisation	  with	  inhibitors	  is	  theoretically	  possible,	  as	  the	  

presence	  of	  the	  inhibitor	  can	  exert	  a	  positive	  influence	  on	  crystal	  formation.	  An	  example	  of	  this	  

is	  the	  structure	  published	  by	  Hon	  et	  al.8	  Co-‐crystallisation	  with	  the	  PI3Kβ	  and	  δ	  dual-‐selective	  

inhibitor,	  PIK-‐108,	  yielded	  diffracting	  crystals,	  albeit	  of	  fairly	  low	  resolution	  (3.5	  Å).	  There	  has	  

been	  one	  further	  PI3Kα	  structure	  published	  with	  a	  covalent	  inhibitor,	  but	  details	  of	  

crystallisation	  are	  missing	  from	  the	  report.30	  We	  sought	  to	  co-‐crystallise	  two	  inhibitors	  

(compounds	  39b	  and	  42b,	  which	  will	  be	  introduced	  in	  Chapter	  3)	  with	  PI3Kα.	  Trials	  were	  

performed	  in	  parallel	  with	  apo-‐crystallisation	  experiments,	  but	  no	  crystals	  were	  observed.	  	  	  

Using	  molecularly	  imprinted	  polymers	  (MIPs)	  as	  a	  novel	  aid	  in	  protein	  crystallisation	  was	  

proposed	  in	  2011.48	  This	  involved	  forming	  the	  polymer,	  polyacrylamide,	  in	  the	  presence	  of	  

protein.	  This	  leaves	  a	  polymer	  imprinted	  with	  the	  shape	  of	  the	  protein	  in	  question.	  The	  polymer	  

was	  then	  passed	  through	  a	  sieve	  to	  create	  smaller	  particles	  suitable	  for	  addition	  to	  

crystallisation	  drops	  to	  act	  like	  a	  nucleant.	  Saridakis	  et	  al.	  describe	  that	  the	  incorporation	  of	  
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MIPs	  yielded	  crystals	  at	  metastable	  conditions	  for	  seven	  proteins.	  In	  screening	  experiments,	  a	  

hit	  rate	  of	  8-‐10%	  was	  observed	  in	  the	  presence	  of	  MIPs.48	  	  

	  

Figure	  2.6:	  The	  process	  for	  making	  molecularly	  imprinted	  polymers.	  The	  template	  protein	  (represented	  by	  the	  

yellow	  sphere)	  is	  mixed	  with	  acrylamide	  and	  bisacrylamide	  and	  polymerisation	  initiated	  by	  addition	  of	  N,N,N’,N’-‐

tetramethylethylenediamine	  and	  ammonium	  persulfate.	  The	  template	  protein	  can	  then	  be	  removed	  by	  washing	  with	  

acetic	  acid	  and	  water,	  leaving	  the	  polymer	  imprinted	  with	  the	  shape	  of	  the	  protein.	  Image	  used	  with	  kind	  permission	  

from	  Springer	  Science	  and	  Business	  Media.46	  

This	  promising	  report	  led	  us	  to	  investigate	  the	  use	  of	  MIPs	  in	  the	  crystallisation	  of	  PI3Kα.	  

MIPs	  were	  prepared	  using	  methods	  adapted	  from	  those	  described	  in	  the	  published	  paper.48	  The	  

MIPs	  were	  made	  in	  the	  presence	  of	  wild-‐type	  p110α/niSH2,	  and	  the	  protein	  removed	  by	  

washing	  with	  acetic	  acid	  and	  water.	  The	  polymer	  was	  then	  crushed	  through	  a	  sieve	  and	  the	  

polymer	  added	  to	  drops	  of	  protein	  and	  set	  up	  in	  hanging	  drop	  crystallisation	  trays	  using	  the	  

published	  crystallisation	  conditions	  for	  p110α/niSH2	  (Figure	  2.7).	  No	  crystals	  were	  observed.	  

However,	  some	  micro-‐crystals	  appeared	  to	  form	  like	  hairs	  on	  the	  polymer,	  suggesting	  that	  

further	  optimisation	  of	  conditions	  may	  yield	  crystals	  of	  suitable	  size	  either	  for	  seeding	  or	  X-‐ray	  

diffraction	  directly.	  Optimisation	  of	  these	  conditions	  is	  ongoing.	  Additionally,	  MIPs	  were	  made	  in	  

the	  presence	  of	  wild-‐type	  full	  length	  p110α/p85α	  and	  crystallisation	  trials	  set	  up	  in	  an	  attempt	  

to	  identify	  appropriate	  conditions.	  Unfortunately,	  no	  crystals	  were	  observed.	  
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Figure	  2.7:	  Crystallisation	  drop	  set	  with	  MIPs	  and	  p110α/niSH2.	  

The	  work	  in	  this	  chapter	  has	  highlighted	  some	  key	  differences	  in	  the	  regulation	  of	  wild-‐type	  

PI3Kα	  when	  compared	  with	  that	  of	  the	  oncogenic	  mutant,	  His1047Arg.	  These	  differences	  could	  

potentially	  be	  exploited	  in	  the	  design	  of	  novel	  non	  ATP-‐competitive	  oncogenic	  mutant	  specific	  

inhibitors.	  Alternatively,	  the	  identification	  of	  two	  lipid-‐binding	  sites	  in	  PI3Kα	  could	  inform	  the	  

design	  of	  lipid-‐competitive	  inhibitors,	  providing	  a	  novel	  mechanism	  for	  achieving	  selectivity	  

over	  related	  protein	  kinases.	  	  
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Chapter 3: Structural modification of 

ZSTK474 to probe isoform selective 

interactions with PI3K 

	  

3.1 Introduction	  

While	  Chapter	  2	  identified	  differences	  in	  regulation	  between	  wild-‐type	  PI3Kα	  and	  the	  kinase	  

domain	  oncogenic	  mutant,	  p110αHis1047Arg	  and	  characterised	  the	  lipid-‐binding	  site	  of	  PI3Kα,	  

this	  structural	  understanding	  ultimately	  illustrates	  how	  challenging	  the	  development	  of	  

oncogenic	  mutant	  specific	  PI3K	  inhibitors	  will	  be.	  Indeed	  the	  development	  of	  PI3Kα	  selective	  

inhibitors	  has	  been	  challenging	  enough,	  such	  that	  very	  few	  have	  been	  identified	  in	  over	  a	  decade	  

of	  effort.	  The	  following	  two	  chapters	  describe	  attempts	  to	  exploit	  our	  developing	  understanding	  

of	  the	  structural	  determinants	  that	  dictate	  PI3K	  inhibitor	  selectivity	  to	  develop	  novel	  isoform	  

selective	  inhibitors	  of	  PI3K	  generally	  and	  more	  particularly,	  PI3Kα.	  	  

In	  order	  to	  probe	  isoform	  specific	  interactions,	  we	  first	  required	  a	  suitable	  starting	  point	  for	  

inhibitor	  synthesis.	  Numerous	  methods	  for	  “hit”	  identification	  exist,	  most	  often	  via	  high-‐
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throughput	  screening	  campaigns,	  ranging	  from	  in	  vitro	  to	  in	  silico	  methods,	  and	  from	  screening	  

for	  “lead-‐like”	  compounds	  to	  fragment	  leads.	  Once	  a	  hit	  is	  identified,	  various	  parameters	  are	  

optimised	  to	  develop	  a	  suitable	  inhibitor.1–3	  As	  a	  starting	  point	  for	  PI3K	  isoform	  selective	  

inhibitors,	  lead	  molecules	  can	  be	  selected	  that	  are	  either	  potent	  but	  non	  selective,	  or	  selective,	  

but	  not	  potent.	  An	  example	  of	  the	  former	  is	  a	  recent	  report	  from	  Novartis.4	  A	  non	  selective	  hit,	  

18a,	  from	  a	  high-‐throughput	  screening	  campaign	  was	  developed	  into	  three	  distinct	  isoform	  

selective	  inhibitors	  targeting	  either	  PI3Kα,	  PI3Kδ	  or	  PI3Kγ	  (Figure	  3.1).4	  As	  an	  example	  of	  the	  

latter,	  Certal	  et	  al.	  have	  published	  their	  efforts	  in	  optimising	  potency	  and	  drug-‐like	  properties	  of	  

a	  hit	  identified	  through	  high-‐throughput	  screening	  that	  displayed	  PI3Kβ	  selectivity.5,6	  We	  

decided	  to	  start	  from	  a	  non	  selective,	  potent	  PI3K	  inhibitor	  and	  investigate	  substitutions	  that	  

might	  influence	  isoform	  selectivity.	  As	  a	  starting	  point	  molecule,	  we	  were	  looking	  for	  something	  

with	  strong	  potency	  and	  that	  is	  amenable	  to	  synthetic	  modification	  at	  key	  positions	  that	  provide	  

access	  to	  the	  non-‐conserved	  regions	  of	  the	  binding	  site	  discussed	  in	  Chapter	  1.7–9	  

	  

Figure	  3.1:	  The	  development	  of	  isoform	  selective	  PI3K	  inhibitors	  from	  a	  non	  selective,	  potent	  hit	  molecule	  18a.4	  
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We	  selected	  the	  potent,	  pan-‐PI3K	  inhibitor	  ZSTK474	  3	  as	  the	  starting	  point	  for	  our	  analogue	  

synthesis.	  The	  reported	  synthesis	  of	  ZSTK474	  is	  simple,	  high-‐yielding	  and	  readily	  adapted.10	  It	  

proceeds	  via	  sequential	  substitution	  of	  cyanuric	  chloride	  19	  (Scheme	  3.1).	  After	  each	  

substitution,	  the	  remaining	  chloride	  groups	  become	  less	  reactive	  to	  substitution,	  allowing	  the	  

variation	  of	  temperature	  to	  effectively	  control	  the	  selectivity	  of	  the	  reaction.	  Each	  step	  proceeds	  

with	  high	  yield.	  The	  synthesis	  allows	  scope	  for	  derivatisation	  at	  any	  point	  by	  modification	  of	  the	  

amine	  chosen	  for	  substitution.	  In	  addition	  to	  nucleophilic	  substitutions,	  other	  reactions	  of	  aryl	  

halides	  can	  be	  used	  to	  introduce	  substituents,	  like	  Suzuki	  couplings	  for	  aromatic	  substitution.11	  	  

	  

Scheme	  3.1:	  Synthesis	  of	  ZSTK474	  3.	  Conditions:	  (a)	  morpholine,	  triethylamine,	  acetone,	  0-‐22°C;12	  (b)	  2-‐

difluoromethylbenzimidazole,	  NaH	  or	  K2CO3,	  DMF	  or	  DMSO,	  120°C.10	  

The	  crystal	  structure	  of	  ZSTK474	  bound	  to	  p110δ	  was	  published	  in	  2010	  (Figure	  3.2).13	  In	  

this	  structure,	  one	  of	  the	  morpholinyl	  oxygen	  atoms	  makes	  an	  interaction	  with	  the	  hinge	  region	  

of	  the	  ATP	  binding	  site,	  forming	  a	  hydrogen	  bond	  with	  the	  amide	  backbone	  of	  Val828.	  As	  

discussed	  in	  Chapter	  1,	  the	  hinge	  interaction	  is	  considered	  essential	  for	  inhibitor	  binding.	  The	  

second	  morpholinyl	  substituent	  projects	  towards	  non-‐conserved	  Region	  1,	  a	  region	  of	  

considerable	  heterogeneity	  between	  the	  different	  isoforms,	  presenting	  significant	  potential	  for	  

derivatisation	  to	  engender	  isoform	  selectivity	  in	  analogues.7,9	  The	  	  

2-‐difluoromethylbenzimidazole	  substituent	  binds	  in	  what	  has	  been	  described	  the	  affinity	  pocket,	  

with	  the	  N3	  atom	  forming	  a	  hydrogen	  bond	  with	  Lys779	  of	  p110δ.14,15	  The	  fused	  phenyl	  ring	  

projects	  deep	  into	  the	  affinity	  pocket,	  with	  potential	  for	  substitution	  and	  interactions	  with	  

Tyr813,	  Leu791	  and	  Asp787.	  	  
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Figure	  3.2:	  The	  binding	  mode	  of	  ZSTK474.	  The	  p110δ	  crystal	  structure	  with	  ZSTK474	  bound	  (PDB	  ID:	  2WXL).	  Region	  

1	  non-‐conserved	  amino	  acids	  are	  shown	  in	  dark	  red.	  The	  affinity	  pocket	  amino	  acids	  are	  highlighted	  in	  green.	  	  

Although	  the	  residues	  within	  the	  affinity	  pocket	  are	  largely	  conserved,	  interactions	  within	  

this	  pocket	  have	  been	  shown	  to	  influence	  selectivity.	  An	  example	  of	  this	  is	  highlighted	  in	  a	  series	  

of	  PI3Kδ	  selective	  inhibitors	  developed	  by	  Genentech	  (Table	  3.1).16	  When	  an	  indole	  group	  is	  

binding	  in	  the	  affinity	  pocket	  (21a),	  p110δ	  selectivity	  is	  observed;	  but	  when	  replaced	  with	  an	  

indazole	  moiety	  (21b),	  much	  of	  this	  selectivity	  is	  lost.	  The	  only	  difference	  is	  the	  presence	  of	  an	  

extra,	  hydrogen	  bond-‐accepting	  nitrogen	  atom	  in	  the	  indazole.	  This	  allows	  a	  hydrogen	  bond	  to	  

be	  formed	  between	  N2	  of	  the	  indazole	  and	  Tyr813.	  In	  the	  indole	  inhibitors,	  this	  nitrogen	  is	  

replaced	  by	  a	  C-‐H,	  which	  is	  unable	  to	  interact	  with	  Tyr813.	  It	  is	  postulated	  that	  this	  change	  

results	  in	  a	  rearrangement	  of	  hydrogen	  bonding	  networks,	  which	  is	  most	  tolerated	  in	  p110δ.16	  

This	  example	  demonstrates	  the	  potential	  for	  benzimidazole	  substitutions	  or	  aromatic	  

replacements	  to	  influence	  isoform	  selectivity.	  	  
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Table	  3.1:	  Genentech’s	  PI3K	  inhibitors.16	  	  	  

	  

Compound	   X	   PI3Kδ 	  IC50	  

(nM)	  

Fold	  selectivity	  

(α/δ)	  

Fold	  selectivity	  

(β/δ)	  

Fold	  selectivity	  

(γ/δ)	  

21a	   C	   2.8	   370	   210	   610	  

21b	   N	   6.3	   22	   78	   260	  

	  

It	  can	  be	  seen,	  therefore,	  that	  the	  binding	  mode	  of	  ZSTK474	  reveals	  substantial	  scope	  for	  

modification	  towards	  an	  isoform	  selective	  inhibitor.	  The	  high-‐yielding	  synthesis	  also	  provides	  

opportunity	  for	  derivatisation.	  We	  thus	  considered	  it	  a	  suitable	  starting	  point	  to	  investigate	  

isoform	  selective	  interactions.	  

3.1.1 Aims	  

The	  aim	  for	  this	  part	  of	  the	  work	  was	  to	  investigate	  alterations	  in	  the	  aromatic	  portion	  of	  

ZSTK474,	  to	  probe	  their	  effect	  on	  potency	  and	  selectivity.	  This	  work	  will	  be	  presented	  in	  three	  

sections.	  The	  first	  section	  investigates	  the	  effect	  of	  5-‐	  and	  6-‐methoxybenzimidazole	  substitutions	  

on	  isoform	  selectivity	  and	  necessitated	  the	  development	  of	  a	  regioselective	  synthetic	  route	  to	  

access	  these	  molecules.	  It	  is	  included	  as	  the	  published	  article.	  The	  second	  section	  describes	  the	  

evaluation	  of	  previously	  synthesised	  ZSTK474	  analogues,	  and	  discusses	  the	  effect	  of	  various	  

substitutions	  on	  both	  potency	  and	  selectivity.	  The	  third	  section	  builds	  on	  these	  ZSTK474	  
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derivatives	  to	  develop	  a	  new	  series	  of	  analogues.	  The	  synthesis	  and	  activity	  profiles	  of	  this	  series	  

are	  then	  discussed.	  

3.2 Regioselective	  synthesis	  of	  5-‐	  and	  6-‐methoxybenzimidazole	  ZSTK474	  derivatives	  

Although	  ZSTK474	  was	  first	  described	  in	  2006,	  very	  little	  structure-‐activity	  data	  

surrounding	  the	  structure	  has	  been	  published	  outside	  of	  the	  patent	  literature.10,17	  Recent	  papers	  

by	  Rewcastle	  et	  al.	  have	  reported	  significant	  gains	  in	  potency	  through	  inclusion	  of	  a	  4-‐methoxy	  

substituent	  to	  the	  2-‐difluoromethylbenzimidazole	  group	  of	  ZSTK474,	  considered	  to	  be	  due	  to	  

interactions	  with	  Lys779.10,18	  We	  reasoned	  that	  5-‐	  or	  6-‐substitutions	  might	  be	  able	  to	  make	  

isoform	  selective	  interactions	  with	  the	  binding	  site	  as	  seen	  with	  the	  Genentech	  inhibitors	  

described	  above.16	  We	  postulated,	  therefore,	  that	  these	  substitutions	  might	  result	  in	  

improvements	  in	  potency	  and	  selectivity.	  In	  examining	  the	  target	  molecules,	  we	  found	  that	  the	  

routine	  synthetic	  method	  for	  preparing	  ZSTK474	  lacked	  regioselectivity	  when	  applied	  to	  5-‐	  or	  6-‐

substituted	  benzimidazoles,	  giving	  rise	  to	  an	  inseparable	  mixture	  of	  both	  5-‐	  and	  6-‐substituted	  

regioisomers.	  Furthermore,	  for	  this	  reason	  we	  found	  that	  in	  a	  range	  of	  medicinal	  chemistry	  

studies,	  5-‐	  and	  6-‐benzimidazole	  substituted	  compounds	  have	  often	  been	  avoided,	  or	  accessed	  as	  

mixtures	  and	  purified.19	  The	  description	  of	  the	  development	  of	  a	  convenient	  regioselective	  

synthetic	  method	  for	  accessing	  these	  molecules	  and	  the	  biochemical	  assessment	  of	  them	  is	  

included	  as	  the	  published	  paper.	  	   	  
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a b s t r a c t

Phosphoinositide 3-kinases (PI3K) hold significant therapeutic potential as novel targets for the treat-
ment of cancer. ZSTK474 (4a) is a potent, pan-PI3K inhibitor currently under clinical evaluation for the
treatment of cancer. Structural studies have shown that derivatisation at the 5- or 6-position of the benz-
imidazole ring may influence potency and isoform selectivity. However, synthesis of these derivatives by
the traditional route results in a mixture of the two regioisomers. We have developed a straightforward
regioselective synthesis that gave convenient access to 5- and 6-methoxysubstituted benzimidazole
derivatives of ZSTK474. While 5-methoxy substitution abolished activity at all isoforms, the 6-methoxy
substitution is consistently 10-fold more potent. This synthesis will allow convenient access to further 6-
position derivatives, thus allowing the full scope of the structure-activity relationships of ZSTK474 to be
probed.

! 2012 Elsevier Ltd. All rights reserved.

The phosphoinositide 3-kinase (PI3K) pathway is an important
cellular signalling pathway that functions to elevate levels of cell
growth and proliferation. It is one of the most frequently activated
pathways in cancer.1,2 There are four highly homologous isoforms,
designated PI3Ka, PI3Kb, PI3Kc and PI3Kd, each having a distinct
array of physiological functions. Activating mutations in PI3Ka
have been found in about a quarter of breast and endometrial can-
cers, identifying PI3K as an important target for novel cancer
therapeutics.3

Among a range of current clinical candidate drugs, ZSTK474 (4a)
is a potent, pan-PI3K inhibitor that selectively inhibits PI3K over
many other related kinases.4 It is currently in Phase I trials for
the treatment of advanced solid malignancies.5 Like the majority
of candidates it has comparable potency at the four Class I iso-
forms, which may lead to off-target effects that compromise ther-
apeutic utility. Certainly, there is a need for more isoform-selective
compounds to help delineate the roles played in cancer by individ-
ual isoforms.

The crystal structure of ZSTK474 bound to PI3Kd was released in
2010.6 Analysis of the binding mode of ZSTK474 to the p110d ATP
binding site showed that the difluoromethylbenzimidazole ring
projects into what has been described as an affinity pocket. It also
appeared likely that substitution of the benzimidazole ring might
lead to altered potency and selectivity. Indeed, a recent paper de-
tailed a limited number of 4-substituted and 4,6-disubstituted ana-
logues that were effective in improving both solubility and

potency.7 For example, 4-methoxy substitution alone results in a
3-fold increase in potency and a shift towards PI3Ka-selectivity
as compared to ZSTK474.

In a similar fashion, we were interested in investigating the
influence of 5- and 6-methoxy substituents on potency and selec-
tivity of ZSTK474 and analogues. The 2-difluoromethyl, 2-methyl
and 2-isopropyl derivatives 4a–c could be prepared readily
through sequential substitution of cyanuric chloride as detailed
in Scheme 1.7 However, this synthetic scheme was unsuitable for
the synthesis of 5- or 6-methoxy substituted benzimidazole deriv-
atives, as use of the 5-methoxybenzimidazoles as reagents resulted
in inseparable mixtures of the 5- and 6-methoxy regioisomers due
to tautomerism at the ring nitrogens.

This limitation has impeded others working on substituted
benzimidazoles relative to other variations such that relatively
few examples have been published. In certain cases it may be pos-
sible to separate the mixture of such 5- and 6-substituted regioi-
somers via chromatography as was shown in the case of triazine
based MAP kinase inhibitors and in other examples in the patent
literature.8–10 In our case, chromatographic separation couldn’t
be achieved readily, so a regioselective synthetic approach was
necessary.

A recent review has identified a number of approaches to regio-
selective syntheses of N1-substituted benzimidazoles.11 Palladium
or copper catalysed reactions can be used in either intra- or inter-
molecular amination and cyclisation reactions using amidines or
carbodiimides.12–16 More recently, Ma and Buchwald have re-
ported the development of a metal-catalysed cascade aryl amina-
tion and condensation process.17–19 These reactions proceed via
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o-aminoanilides as intermediates, before a condensation reaction
produces the desired benzimidazole product. Metal catalysts can
also be used to amidate o-halonitroarenes, followed by a reductive

cyclisation process.20,21 Alternatively, an appropriate o-nitroaniline
can be used, with the free amine group functionalised, followed by
a reduction and cyclisation to form the benzimidazole.22 To our
knowledge, there are no reports in the literature of these methods
being applied to benzimidazole-substituted triazines.

We have developed a synthetic approach starting with appro-
priate 4- and 5-methoxy-2-nitroanilines for the synthesis of corre-
sponding methoxy-substituted analogues of ZSTK474 derivatives.
This efficient and general synthesis can be achieved under rela-
tively mild conditions, provides regiospecific access to substituted
benzimidazole–triazines and allows for further diversification
through the 2-position of the benzimidazole (Scheme 2). It has al-
lowed us to elucidate the specific influence of these substituents on
PI3K affinity and isoform selectivity.

The precursor 2-chloro-4,6-dimorpholino-1,3,5-triazine 57 was
subjected to Buchwald–Hartwig amination conditions with 4-
methoxy-2-nitroaniline or 5-methoxy-2-nitroaniline to yield the
corresponding substituted triazines 6a and 6b in 85% and 77%
yields, respectively. The nitro group was reduced with SnCl2 under
mild, non-acidic conditions.23 Due to differences in solubility of the
two precursors, the use of ethanol was preferable for the 4-meth-
oxy-2-nitroaniline derivative, giving a yield of 91% of 7a while
ethyl acetate gave enhanced reaction time and yield of 83% for
the 5-methoxy-2-nitroaniline derivative 7b. SnCl2 reduction under
acidic conditions was trialled initially, but it was found that the
morpholine group was labile.

Quite specific conditions were required to form the desired
benzimidazole products, 9a–f. In the first instance, where the
phenylenediamine derivative 7a was refluxed with difluoroacetic
acid and a catalytic amount of polyphosphoric acid, a 60:40 mix-
ture of the 6- and 5-methoxy derivatives 9a and 9b resulted, a con-
sequence of acid-catalysed isomerisation of the diamine species.
Alternatively, refluxing 7a or 7b under non-acidic conditions with

Scheme 1. Reagents and conditions: (a) morpholine, triethylamine, acetone,
!20 !C; (b) 2-substituted benzimidazole, K2CO3, DMF, room temp; (c) morpholine,
K2CO3, DMF, MW 140 !C; (d) morpholine, triethylamine, acetone, 0 !C to room
temp; (e) 2-substituted benzimidazole, Pd(OAc)2, Xantphos, Cs2CO3, 1,4-dioxane,
MW 150 !C, 40 min.

Scheme 2. Reagents and conditions: (a) morpholine, triethylamine, acetone, 0 !C to room temp; (b) 4- or 5-methoxy-2-nitroaniline, Pd(OAc)2, Xantphos, Cs2CO3, 1,4-dioxane,
MW 150 !C; (c) SnCl2"2H2O, ethanol or ethyl acetate, N2, 70 !C; (d) acid chloride, DIPEA, DCM, room temp; (e) acetic acid, xylenes, 130 !C.

M. S. Miller et al. / Bioorg. Med. Chem. Lett. 23 (2013) 802–805 803
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acetaldehyde in DMF in the presence of sodium metabisulfite did
give the desired regioselective 2-methyl products 9c and d.24 How-
ever, a 2-desmethyl side-product was also present which made
purification very difficult, resulting in low yields. It was thought
to arise from thermal degradation or polymerisation of acetalde-
hyde during the reaction. Stirring 7a and acetaldehyde at room
temperature in the presence of sodium sulphate as a dehydrating
agent gave no reaction after 48 h.25

Finally, success was obtained using a two-step approach. Mono-
acylation of 7a and 7b with difluoroacetylchloride was high yield-
ing and gave the regioisomerically pure acetamides 8a and 8b,
respectively. Cyclisation was completed by refluxing overnight in
a mixture of acetic acid and xylenes to give 9a and 9b. The corre-
sponding 2-methyl (9c, d) and 2-isopropyl derivatives (9e, f) were
also obtained using acetyl chloride and isobutyryl chloride, respec-
tively, illustrating the applicability of this method to the introduc-
tion of various substituents in the 2-position.

With the six methoxy-substituted derivatives 9a–f and their
unsubstituted counterparts 4a–c in hand, they were then tested
for activity against each of the four Class I PI3K isoforms. The re-
sults are summarized in Table 1.

The inclusion of a methoxy substituent at the 6- or 5-position of
ZSTK474 results in analogues manyfold less potent than ZSTK474
(4a) itself. The 6-methoxy substituted analogue 9b was at least
30-fold less potent against the PI3K isoforms and in fact activity
was abolished against PI3Kc. Substitution at the 5-position was
even less favoured with compound 9a unable to achieve 50% inhi-
bition below 1 lM at any of the isoforms. This emphasizes the dif-
ference compared to the 4-methoxy substituted analogue reported
by Rewcastle et al. which showed improved potency.7 It is also
consistent with their results, which revealed that the 4,5-dime-
thoxy derivative was significantly less active than both the 4-
methoxy and the 4,6-dimethoxy derivatives.7

Interestingly, the 2-position benzimidazole substituent influ-
enced the magnitude of potency lost when 5- or 6-methoxy sub-
stituents were introduced. Both the 2-methyl and 2-isopropyl
substituted analogues of ZSTK474 are themselves somewhat less
active than ZSTK474, but in these cases the drop in potency upon
addition of a 6-methoxy substituent as in 9d and 9f was more mar-
ginal at around 2- to 3-fold, except for PI3Kc which again failed to
be inhibited.

Molecular docking was used to study the binding of 5- and 6-
methoxy derivatives compared to the crystallographically deter-
mined pose of ZSTK474 in PI3Kd (PDB code 2WXL).6 In ZSTK474,
one morpholinyl oxygen atom forms a hydrogen bond with the
backbone amide of V828 in the hinge region of PI3K; the benzimid-
azole substituent extends into the affinity pocket and the second
morpholine group faces the solvent exposed region. Docking sug-
gests that the 6-methoxy substitution should not be as disfavoured
as the biochemical data suggests, as compound 9b is able to adopt

the expected pose (Fig. 1b). Compound 9a, however, fails to as-
sume the expected pose, instead the 5-methoxybenzimidazole
group is facing the solvent exposed region, the second morpholine
is in the affinity pocket and the triazine is rotated through the
plane (Fig. 1a). The relative potency of the 6- and 5-methoxy sub-
stituents appears to be accounted for, however, as 6-methoxybenz-
imidazole derivatives can form a hydrogen bond with Y813 that
the 5-methoxy derivatives cannot. The lost activity at PI3Kc im-
plies that this isoform is in some way more sensitive to
substitution.

Table 1
Inhibition of PI3K isoforms

Compound R OCH3 position IC50 (lM)

PI3Ka PI3Kb PI3Kc PI3Kd

4a CHF2 — 0.006 0.006 0.038 0.003
9a CHF2 5 >5 >10 >10 >1
9b CHF2 6 0.375 0.214 >10 0.110
4b CH3 — 0.290 0.523 1.86 0.187
9c CH3 5 9.2 >10 >10 2.77
9d CH3 6 0.823 1.79 >10 0.458
4c CH(CH3)2 — 0.431 0.419 2.53 0.128
9e CH(CH3)2 5 >10 >10 >10 1.12
9f CH(CH3)2 6 1.05 0.726 >10 0.423

IC50 values are the average of three independent experiments.

Figure 1. Compounds docked in the ATP-binding site of p110d (2WXL PDB). (a)
Comparison of the docked pose of 9a (cyan) with the crystal structure binding mode
of ZSTK474 (4a) (green); (b) comparison of the docked pose of 9b (magenta) and
ZSTK474 (4a) (green).

804 M. S. Miller et al. / Bioorg. Med. Chem. Lett. 23 (2013) 802–805
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In conclusion, we have reported an efficient method for prepar-
ing 4,40-(6-(5-methoxy-2-difluoromethyl-1H-benzo[d]imidazol-1-
yl)-1,3,5-triazine-2,4-diyl)dimorpholine 9a, its 6-methoxy regio-
isomer 9b, and its 2-methyl 9c,d and 2-isopropyl variants 9e,f. As-
say results indicate that 6-substituted benzimidazole rings were
consistently more potent as PI3K inhibitors than the analogous
5-substituted benzimidazoles. These results illustrate both the
synthetic accessibility of regioisomerically pure 6-substituted
benzimidazole-1,3,5-triazines, and their utility as PI3K inhibitors.
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3.2.1 Post-‐script:	  Rationalising	  selectivity	  

The	  preceding	  paper	  has	  described	  the	  synthesis	  of	  5-‐	  and	  6-‐methoxybenzimidazole	  

substituted	  ZSTK474	  derivatives.	  Despite	  the	  loss	  of	  potency	  compared	  with	  the	  parent	  

molecule,	  significant	  selectivity	  against	  PI3Kγ	  was	  achieved.	  This	  suggests	  that	  PI3Kγ	  is	  more	  

sensitive	  to	  substitutions	  within	  the	  affinity	  pocket	  than	  the	  other	  isoforms.	  	  

The	  rationale	  for	  this	  selectivity	  is	  not	  immediately	  apparent.	  As	  discussed	  in	  the	  

introduction	  to	  this	  chapter,	  the	  binding	  residues	  in	  the	  affinity	  pocket	  are	  conserved	  between	  

the	  four	  isoforms.	  Given	  that	  the	  docking	  results	  suggest	  the	  6-‐methoxy	  substitution	  targets	  

Tyr813,	  one	  potential	  explanation	  would	  be	  a	  similar	  rearrangement	  of	  hydrogen	  bonding	  

networks	  as	  that	  proposed	  in	  the	  report	  of	  indole	  and	  indazole-‐based	  inhibitors	  by	  Genentech.16	  

However,	  if	  this	  was	  the	  case,	  a	  similar	  difference	  in	  PI3Kδ	  selectivity	  would	  be	  expected	  

between	  the	  unsubstituted	  and	  methoxy-‐substituted	  analogues	  and	  this	  is	  not	  apparent.	  

Although	  this	  mechanism	  may	  influence	  potency	  and	  selectivity,	  it	  is	  not	  likely	  to	  be	  the	  sole	  

explanation.	  	  

Another	  potential	  explanation	  for	  the	  dramatic	  loss	  of	  p110γ	  potency	  may	  be	  the	  inability	  of	  

this	  isoform	  to	  accommodate	  the	  extra	  bulk	  binding	  in	  the	  affinity	  pocket.	  The	  residues	  further	  

removed	  from	  the	  affinity	  pocket	  are	  less	  conserved.	  Differences	  in	  the	  surrounding	  areas	  may	  

affect	  the	  flexibility	  of	  the	  pocket,	  and	  thus	  its	  ability	  to	  accommodate	  substitutions	  like	  the	  

methoxy	  group.	  For	  example,	  there	  is	  a	  tyrosine	  residue	  in	  p110γ	  (Tyr787),	  which	  is	  a	  leucine	  in	  

each	  of	  the	  other	  isoforms	  (Figure	  3.3).	  The	  extra	  bulk	  of	  the	  tyrosine	  residue	  in	  p110γ	  may	  

influence	  the	  flexibility	  of	  the	  affinity	  pocket,	  and	  therefore	  sensitise	  the	  PI3Kγ	  isoform	  to	  

substitutions	  in	  this	  area.	  	  
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Figure	  3.3:	  Structural	  alignment	  of	  p110α	  (structure	  from	  Chapter	  2,	  orange),	  p110β	  (PDB	  ID:	  2Y3A,	  blue),	  p110γ	  

(PDB	  ID:	  1E8X,	  teal)	  and	  p110δ	  (PDB	  ID:	  2WXL,	  purple).	  ZSTK474	  from	  p110δ	  structure	  is	  shown	  in	  yellow.	  p110γ	  

Y787	  is	  shown,	  with	  the	  leucine	  residue	  at	  the	  corresponding	  position	  in	  the	  other	  isoforms.	  	  

The	  paper	  reports	  the	  docking	  results	  into	  PI3Kδ,	  which	  at	  first	  glance	  provide	  little	  

explanation	  for	  the	  loss	  of	  potency	  in	  the	  6-‐methoxy	  substituted	  analogue.	  A	  more	  detailed	  

comparison	  of	  the	  crystal	  structure	  binding	  mode	  of	  ZSTK474	  with	  the	  docked	  pose	  of	  the	  6-‐

methoxy	  substituted	  analogue	  reveals	  a	  shift	  in	  the	  placement	  of	  the	  benzimidazole	  moiety	  to	  

accommodate	  the	  methoxy	  group.	  In	  the	  crystal	  structure,	  the	  distance	  from	  the	  benzimidazole	  

N3	  to	  Lys779	  is	  3.1	  Å,	  whereas	  in	  the	  docking	  pose	  of	  the	  6-‐methoxy	  analogue,	  this	  distance	  is	  

increased	  to	  3.3	  Å.	  This	  hydrogen	  bond	  is	  one	  of	  only	  two	  hydrogen	  bonds	  that	  ZSTK474	  makes	  

with	  the	  enzyme,	  and	  therefore	  must	  be	  important	  for	  its	  potency.	  	  While	  this	  change	  in	  distance	  

may	  not	  fully	  explain	  the	  loss	  in	  potency,	  it	  provides	  at	  least	  some	  rationale.	  	  

The	  synthetic	  method	  described	  in	  the	  paper	  now	  allows	  for	  the	  investigation	  of	  a	  wider	  

range	  of	  5-‐	  or	  6-‐substitutions	  at	  the	  benzimidazole	  ring.	  This	  could	  include	  halogen	  

substitutions,	  electron-‐withdrawing	  groups	  and	  hydrogen	  bond	  donors,	  to	  supplement	  the	  

structure-‐activity	  relationship	  (SAR)	  data	  from	  the	  methoxy	  analogues.	  It	  is	  likely	  that	  smaller	  
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substitutions	  will	  be	  more	  effective	  than	  larger	  ones	  at	  maintaining	  or	  improving	  the	  potency	  of	  

ZSTK474.	  	  	  

3.3 Evaluation	  of	  a	  series	  of	  ZSTK474	  analogues	  

The	  methoxy	  substitutions	  described	  in	  Section	  3.2	  yielded	  some	  interesting	  insights	  into	  

the	  effect	  of	  affinity	  pocket	  substitutions	  on	  selectivity	  against	  PI3Kγ	  in	  particular.	  However,	  

given	  that	  these	  substitutions	  were	  limited	  to	  abolishing	  PI3Kγ	  inhibition,	  we	  decided	  to	  pursue	  

replacements	  for	  the	  benzimidazole	  moiety	  that	  might	  display	  increased	  selectivity	  over	  the	  

other	  isoforms	  via	  interactions	  within	  the	  affinity	  pocket.	  This	  also	  allows	  us	  to	  further	  

investigate	  the	  effect	  of	  affinity	  pocket	  interactions	  on	  PI3K	  inhibitor	  selectivity.	  	  

A	  search	  of	  the	  literature	  surrounding	  PI3K	  inhibitors	  reveals	  a	  wealth	  of	  information	  on	  

different	  affinity	  pocket	  binding	  motifs,	  which	  are	  generally	  aromatic	  in	  nature.20–22	  Selectivity	  

data	  on	  these	  motifs	  are	  more	  difficult	  to	  find,	  as	  the	  majority	  of	  papers	  report	  only	  PI3Kα	  

potency.	  There	  are	  isolated	  reports,	  however,	  that	  do	  highlight	  the	  ability	  of	  affinity	  pocket	  

binding	  moieties	  to	  affect	  isoform	  selectivity	  in	  a	  variety	  of	  ways.	  In	  addition	  to	  the	  PI3Kδ	  

selective	  indole	  inhibitors	  discussed	  in	  Section	  3.1,	  three	  further	  literature	  examples	  will	  be	  

discussed	  here.	  	  

The	  first	  example	  from	  Sutherlin	  et	  al.	  reports	  selectivity	  data	  for	  nine	  different	  aromatic	  

substitutions	  of	  the	  thienopyrimidine	  core	  of	  GDC0941	  (14).23	  In	  this	  series	  of	  substitutions,	  the	  

selectivity	  between	  PI3Kα	  and	  δ	  is	  not	  substantially	  affected.	  Instead,	  the	  substitutions	  have	  a	  

greater	  effect	  on	  the	  selectivity	  for	  PI3Kα	  against	  PI3Kβ	  and	  γ.	  Variations	  in	  selectivity	  for	  PI3Kα	  

are	  observed	  from	  1	  to	  20-‐fold,	  simply	  from	  changes	  in	  the	  affinity	  pocket	  binding	  group	  (Table	  

3.2).23	  	  
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Table	  3.2:	  A	  summary	  of	  the	  inhibitors	  from	  Sutherlin	  et	  al.23	  highlighting	  the	  differences	  in	  selectivity	  observed	  

between	  different	  affinity	  pocket	  binding	  moieties.	  

	  

Compound	   R1	   PI3Kα 	  IC50	  

(nM)	  

Fold	  selectivity	  

(β/α)	  

Fold	  selectivity	  

(γ/α)	  

14	  

	  

3.0	   11	   22	  

14a	  

	  

1.6	   7	   13	  

14b	  

	  

21	   0.7	   0.9	  

14c	  

	  

2.0	   19	   4	  

	  

A	  second	  example	  uses	  different	  affinity	  binding	  substitutions	  on	  a	  5-‐morpholino-‐

thienopyranone	  core	  to	  tune	  selectivity	  either	  towards	  PI3Kα	  with	  a	  benzodioxine	  substituent	  

(22a),	  or	  PI3Kδ	  with	  a	  para-‐ethylbenzoate	  substituent	  (22b)	  (Figure	  3.4).24	  	  
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Figure	  3.4:	  PI3Kα	  and	  δ	  selective	  inhibitors	  from	  Morales	  et	  al.	  that	  differ	  only	  in	  the	  affinity	  pocket	  binding	  

portion.24	  

The	  third	  example	  uses	  a	  PI3Kδ	  selective	  inhibitor	  as	  a	  starting	  point,	  and	  attaches	  an	  

affinity	  pocket	  binding	  moiety	  to	  reintroduce	  PI3Kγ	  inhibition	  and	  thus	  develop	  a	  dual	  PI3Kγ	  and	  

δ	  inhibitor	  (Table	  3.3).14	  

Table	  3.3:	  The	  introduction	  of	  an	  affinity	  pocket	  binding	  substituent	  increases	  potency	  for	  PI3Kδ,	  and	  decreases	  

selectivity	  against	  PI3Kγ.14	  

	  

Compound	   R1	   PI3Kδ 	  IC50	  

(nM)	  

Fold	  selectivity	  

(δ/γ)	  

23a	   H	   237	   42	  

23b	   3-‐fluoro-‐4-‐hydroxyphenyl	   9	   2	  
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These	  papers	  highlight	  the	  potential	  of	  different	  affinity	  pocket	  binders	  to	  influence	  isoform	  

selectivity.	  The	  effect	  of	  a	  particular	  motif	  on	  selectivity	  can	  be	  combinatorial,	  depending	  also	  on	  

the	  core	  and	  other	  binding	  motifs	  present.	  In	  light	  of	  this	  information,	  a	  large	  series	  of	  ZSTK474	  

analogues	  investigating	  aromatic	  replacements	  for	  the	  benzimidazole	  group	  has	  previously	  been	  

synthesised	  by	  Jo-‐Anne	  Pinson	  in	  our	  laboratories.12	  The	  design	  of	  this	  series	  was	  based	  on	  

common	  affinity	  binding	  pocket	  motifs	  found	  in	  literature.	  The	  compounds	  were	  assayed	  against	  

each	  of	  the	  four	  isoforms	  to	  identify	  substituents	  that	  displayed	  either	  good	  potency	  or	  

selectivity.	  Two	  benzimidazole	  replacements,	  the	  3-‐hydroxyphenyl	  and	  3-‐hydroxymethylphenyl,	  

proved	  of	  particular	  interest	  (Compounds	  24a	  and	  24b,	  Figure	  3.5).	  Substitutions	  at	  this	  

position	  will	  hereafter	  be	  referred	  to	  as	  left-‐hand-‐side	  (LHS)	  substituents.	  	  

	  

Figure	  3.5:	  Promising	  ZSTK474	  analogues	  (Compounds	  25b-‐25f	  previously	  described	  by	  Jo-‐Anne	  Pinson).12	  

As	  discussed	  in	  Section	  3.1,	  the	  second	  morpholine	  ring	  points	  towards	  an	  area	  of	  significant	  

isoform	  heterogeneity.	  We	  reasoned,	  therefore,	  that	  the	  introduction	  of	  different	  functionalities	  

at	  this	  position	  (hereafter	  referred	  to	  as	  right-‐hand-‐side	  (RHS)	  substituents)	  could	  further	  
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increase	  potency	  or	  selectivity.	  A	  number	  of	  substituted	  piperidine	  and	  piperazine	  derivatives	  

were	  prepared	  and	  five	  of	  these	  were	  selected	  for	  follow	  up:	  3-‐(S)-‐piperidinylcarboxyl	  (25b),	  4-‐

piperidinylcarboxyl	  (25c),	  4-‐piperidinylcarboxamide	  (25d),	  4-‐(ethylsulfonyl)piperazinyl	  (25e)	  

and	  4-‐(2-‐furoyl)piperazinyl	  (25f)	  (Figure	  3.5).12	  Two	  of	  these	  derivatives,	  25d	  and	  25f,	  along	  

with	  ZSTK474,	  were	  resynthesised	  to	  give	  sufficient	  material	  to	  test.	  The	  3-‐(R)-‐

piperidinylcarboxyl	  derivative,	  compound	  25a,	  was	  also	  synthesised	  as	  a	  point	  of	  comparison	  

with	  25b,	  to	  investigate	  whether	  the	  configuration	  of	  the	  carboxyl	  group	  could	  influence	  

selectivity.	  The	  evaluation	  of	  these	  eight	  inhibitors	  will	  be	  described	  in	  this	  section.	  	  

3.3.1 Synthesis	  of	  ZSTK474	  derivatives	  

As	  described	  in	  Section	  3.1,	  synthesis	  of	  1,3,5-‐triazine	  derivatives	  proceeds	  by	  successive	  

substitution	  reactions	  of	  cyanuric	  chloride	  (Scheme	  3.2).25	  	  

	  

Scheme	  3.2:	  Synthesis	  of	  ZSTK474	  analogues.	  (a)	  morpholine,	  triethylamine,	  acetone,	  -‐20°C;	  (b)	  K2CO3,	  DMF,	  25°C;	  

(c)	  amine,	  K2CO3,	  DMF,	  50°C;	  (d)	  difluoroacetic	  acid,	  4	  M	  HCl,	  reflux.	  

The	  key	  intermediate	  27	  was	  prepared	  according	  to	  literature	  reports	  (Scheme	  3.2).10,12	  The	  

initial	  substitution	  of	  morpholine	  was	  performed	  by	  dropwise	  addition	  of	  a	  solution	  of	  

morpholine	  and	  triethylamine	  in	  acetone	  to	  a	  solution	  of	  cyanuric	  chloride	  in	  acetone	  at	  -‐20°C.12	  
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Using	  this	  method,	  26	  was	  obtained	  in	  96%	  yield.	  2-‐difluoromethylbenzimidazole	  28	  was	  then	  

prepared	  by	  refluxing	  1,2-‐phenylenediamine	  and	  difluoroacetic	  acid	  in	  4	  M	  hydrochloric	  acid	  for	  

3	  hours.10	  The	  product	  was	  precipitated	  upon	  neutralisation	  of	  the	  solution,	  and	  recovered	  in	  

90%	  yield.	  Finally,	  2-‐difluoromethylbenzimidazole	  28	  was	  combined	  with	  26	  in	  the	  presence	  of	  

potassium	  carbonate	  in	  DMF	  at	  room	  temperature	  to	  give	  92%	  yield	  of	  27.	  All	  1H-‐NMR	  spectra	  

corresponded	  with	  previous	  reports.10,12,26–28	  	  

This	  key	  intermediate	  27	  was	  then	  treated	  with	  the	  various	  secondary	  amines	  at	  50°C	  in	  

DMF	  overnight.	  The	  products	  were	  obtained	  by	  addition	  of	  water	  to	  induce	  precipitation,	  

followed	  by	  filtration	  and	  drying.	  For	  the	  nipecotic	  acid	  derivative	  25a,	  adjustment	  of	  the	  pH	  

with	  1	  M	  hydrochloric	  acid	  to	  pH	  4-‐5	  was	  required	  to	  precipitate	  the	  product.	  All	  

characterisation	  data	  was	  consistent	  with	  those	  previously	  described.10,12,29	  Analysis	  by	  HPLC	  

and	  NMR	  confirmed	  greater	  than	  95%	  purity	  in	  the	  precipitated	  products	  without	  need	  for	  

further	  purification.	  

The	  NMR	  spectra	  of	  compounds	  25a	  and	  25b	  showed	  some	  unusual	  features.	  While	  the	  

chromatographic	  analysis	  (TLC,	  analytical	  HPLC)	  suggested	  a	  homogenous	  material	  of	  the	  

expected	  mass	  (LCMS	  and	  High	  Resolution	  ESI-‐TOF-‐MS),	  the	  NMR	  data	  appeared	  to	  indicate	  the	  

presence	  of	  two	  distinct	  but	  related	  species.	  1H-‐NMR	  (in	  d6-‐DMSO)	  revealed	  two	  sets	  of	  

resonances	  in	  approximately	  a	  1:1	  ratio.	  In	  25a,	  the	  characteristic	  CHF2	  triplet	  (J	  =	  53	  Hz)	  is	  

present	  as	  two	  triplets	  at	  7.75	  and	  7.72	  ppm.	  The	  corresponding	  carbon	  is	  present	  as	  two	  

triplets	  in	  the	  13C-‐NMR	  spectrum	  at	  108.6	  and	  108.5	  ppm	  (J	  =	  237	  Hz),	  as	  determined	  by	  a	  

1H-‐13C	  Heteronuclear	  Single	  Quantum	  Coherence	  (HSQC)	  experiment.	  A	  second	  proton	  signal	  in	  

the	  aromatic	  region	  appears	  as	  doublets	  at	  8.39	  (J	  =	  7.7	  Hz)	  and	  8.32	  ppm	  (J	  =	  8.2	  Hz)	  rather	  

than	  the	  expected	  doublet	  resonance,	  and	  corresponds	  to	  carbon	  signals	  at	  115.9	  and	  115.7	  

ppm.	  Evidence	  of	  two	  distinct	  species	  is	  also	  present	  in	  the	  piperidinyl	  1H	  and	  13C-‐NMR	  signals.	  

Two	  multiplets	  are	  evident	  around	  2.53	  and	  2.45	  ppm,	  despite	  being	  partially	  obscured	  by	  the	  
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residual	  proteo-‐dimethylsulfoxide	  peak.	  This	  proton	  signal	  corresponds	  to	  the	  piperidinyl	  

methine	  proton	  (H3),	  which	  would	  be	  expected	  to	  appear	  as	  a	  multiplet	  around	  2.50	  ppm.	  The	  

corresponding	  carbon	  (C3)	  signals	  are	  at	  40.6	  and	  40.5	  ppm.	  The	  axial	  proton	  on	  C2	  occurs	  as	  

doublet	  of	  doublets	  at	  4.63	  (J	  =	  12.5,	  2.5	  Hz)	  and	  4.46	  (J	  =	  12.8,	  2.6	  Hz)	  ppm.	  The	  C2	  carbon	  

signals	  occur	  at	  45.4	  and	  45.0	  ppm.	  The	  axial	  proton	  on	  C6	  occurs	  as	  multiplets	  at	  4.42-‐4.34	  and	  

4.30-‐4.21	  ppm,	  corresponding	  to	  the	  signals	  in	  the	  13C-‐NMR	  spectrum	  at	  43.6	  and	  43.5	  ppm.	  The	  

remaining	  piperidinyl	  proton	  signals	  are	  broad	  multiplets	  and	  are	  not	  clearly	  defined	  into	  two	  

sets	  of	  signals.	  The	  characteristic	  morpholinyl	  proton	  signals	  at	  3.83-‐3.75	  and	  3.72-‐3.65	  ppm	  are	  

multiplet	  signals,	  as	  expected,	  corresponding	  to	  the	  carbon	  signals	  at	  65.9	  and	  43.6	  ppm.	  Taken	  

together,	  the	  1H	  and	  13C-‐NMR	  suggest	  the	  presence	  of	  two	  closely	  related	  species.	  The	  spectra	  of	  

25b	  showed	  a	  similar	  phenomenon.	  This	  data	  would	  be	  consistent	  with	  two	  species	  in	  a	  1:1	  

ratio	  possibly	  due	  to	  rotamers	  or	  different	  ionisation	  states.	  Compounds	  with	  the	  same	  nipecotic	  

acid	  substituents	  described	  in	  Section	  3.4.5	  (compounds	  37a-‐b	  and	  38a-‐b)	  showed	  a	  single	  set	  

of	  resonances,	  suggesting	  perhaps	  a	  conformational	  origin.	  	  

3.3.2 Evaluation	  against	  Class	  I	  PI3K	  

To	  evaluate	  their	  inhibitory	  potency,	  each	  of	  the	  eight	  compounds	  was	  then	  tested	  against	  

the	  four	  Class	  I	  PI3K	  isoforms.	  The	  enzymes	  were	  produced	  in	  house	  by	  Zhaohua	  Zheng	  with	  

recombinant	  expression	  using	  the	  baculovirus	  expression	  system	  in	  SF21	  insect	  cells.8,9,30	  We	  

used	  the	  general	  kinase	  assay,	  Kinase-‐Glo®,	  available	  from	  Promega.	  In	  the	  Kinase-‐Glo®	  assay,	  

the	  enzyme	  luciferase	  uses	  residual	  ATP	  to	  oxidise	  beetle	  luciferin,	  releasing	  energy	  as	  light.	  The	  

intensity	  of	  this	  light	  signal	  is	  measurable	  and	  directly	  proportional	  to	  the	  concentration	  of	  ATP	  

left	  in	  the	  reaction.	  As	  such,	  the	  assay	  measures	  ATP	  consumption	  by	  PI3K.	  Assays	  were	  

performed	  by	  incubating	  PI3K	  enzyme	  with	  10	  µM	  ATP	  and	  180	  µM	  phosphatidylinositol	  in	  the	  

presence	  of	  DMSO	  control	  or	  increasing	  concentrations	  of	  inhibitor	  for	  60	  minutes	  at	  room	  

temperature.	  The	  reaction	  was	  quenched	  by	  addition	  of	  the	  Kinase-‐Glo®	  reagent,	  containing	  
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luciferase	  and	  luciferin.	  The	  luminescent	  signal	  was	  then	  measured	  on	  a	  BMG	  FluoStar	  plate	  

reader,	  allowing	  a	  dose-‐response	  curve	  to	  be	  plotted	  and	  the	  IC50	  values	  determined.	  Each	  

inhibitor	  was	  tested	  in	  duplicate,	  and	  the	  results	  presented	  are	  the	  mean	  of	  at	  least	  three	  

independent	  experiments.	  Standard	  errors	  are	  all	  within	  20%	  of	  the	  mean	  (standard	  errors	  

listed	  in	  Appendix	  1).	  The	  assay	  results	  are	  presented	  in	  Table	  3.4.	  

Table	  3.4:	  Evaluation	  of	  ZSTK474	  analogues.	  IC50	  values	  are	  the	  mean	  of	  at	  least	  3	  independent	  experiments.	  

Standard	  errors	  are	  all	  within	  20%	  of	  the	  mean.	  

	  

	   IC50	  (nM)	  

Compound	   R1	   X	   R2	   R3	   PI3Kα 	   PI3Kβ 	   PI3Kγ 	   PI3Kδ 	  

ZSTK474	  3	   A	   O	   H	   H	   35	   39	   166	   17	  

24a	   B	   O	   H	   H	   41	   56	   625	   45	  

24b	   C	   O	   H	   H	   59	   124	   1293	   106	  

25a	   A	   C	   H	   COOH	  (R)	   183	   428	   247	   163	  

25b	   A	   C	   H	   COOH	  (S)	   40	   215	   231	   42	  

25c	   A	   C	   COOH	   H	   76	   217	   64	   38	  

25d	   A	   C	   CONH2	   H	   65	   165	   304	   35	  

25e	   A	   N	   SO2CH2CH3	   H	   100	   697	   465	   69	  

25f	   A	   N	  

	  

H	   112	   134	   626	   33	  
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The	  level	  of	  isoform	  selectivity	  desirable	  in	  either	  a	  potential	  clinical	  candidate	  or	  chemical	  

tool	  would	  be	  greater	  than	  100-‐fold,	  which	  would	  allow	  inhibition	  of	  the	  desired	  isoform,	  

without	  significantly	  affecting	  the	  others.	  

As	  a	  control,	  the	  assay	  results	  for	  ZSTK474	  were	  compared	  to	  published	  data.10,31	  In	  line	  with	  

published	  reports,	  ZSTK474	  was	  most	  potent	  at	  the	  PI3Kδ	  isoform,	  with	  an	  IC50	  of	  17	  nM.	  It	  is	  

approximately	  2-‐fold	  less	  potent	  at	  the	  PI3Kα	  and	  β	  isoforms,	  with	  IC50	  values	  of	  35	  and	  39	  nM,	  

respectively.	  ZSTK474	  is	  least	  potent	  at	  the	  PI3Kγ	  isoform,	  with	  an	  IC50	  value	  of	  166	  nM.	  	  

The	  two	  hydroxy	  substituted	  phenyl	  replacements	  for	  the	  benzimidazole	  group	  significantly	  

altered	  the	  selectivity	  profile	  compared	  to	  ZSTK474.	  While	  ZSTK474	  was	  most	  potent	  at	  the	  

PI3Kδ	  isoform,	  both	  compounds	  24a	  and	  24b	  are	  most	  potent	  at	  the	  PI3Kα	  isoform.	  The	  	  

3-‐hydroxyphenyl	  LHS	  substituent	  in	  compound	  24b	  gives	  an	  inhibitor	  with	  PI3Kα	  selectivity	  

ranging	  from	  2-‐22-‐fold.	  Potency	  at	  PI3Kα	  is	  reduced	  slightly	  compared	  with	  ZSTK474,	  with	  an	  

IC50	  of	  59	  nM.	  The	  potency	  loss	  at	  each	  of	  the	  other	  isoforms	  is	  greater,	  with	  a	  3-‐fold	  loss	  at	  

PI3Kβ,	  6-‐fold	  at	  PI3Kδ,	  and	  almost	  8-‐fold	  at	  PI3Kγ	  (IC50	  values	  of	  124,	  106	  and	  1293	  nM,	  

respectively).	  When	  the	  hydroxy	  group	  is	  extended	  out	  by	  the	  introduction	  of	  a	  methylene	  linker	  

in	  compound	  24a,	  selectivity	  between	  the	  Class	  IA	  isoforms	  is	  lost,	  and	  the	  selectivity	  against	  

PI3Kγ	  is	  reduced	  from	  22	  to	  15-‐fold.	  The	  potency	  at	  PI3Kα	  is	  similar	  to	  that	  of	  ZSTK474,	  with	  an	  

IC50	  of	  41	  nM.	  Similar	  potency	  was	  observed	  at	  the	  PI3Kβ	  and	  δ	  isoforms,	  a	  2-‐fold	  improvement	  

compared	  with	  compound	  24b	  (IC50	  values	  of	  56	  and	  45	  nM,	  respectively).	  Potency	  at	  PI3Kγ	  also	  

improves	  about	  2-‐fold	  (IC50	  of	  625	  nM),	  giving	  compound	  24a	  15-‐fold	  selectivity	  against	  PI3Kγ.	  	  

Although	  these	  two	  compounds	  show	  only	  modest	  selectivity	  towards	  the	  PI3Kα	  isoform,	  it	  

is	  possible	  that	  if	  coupled	  with	  appropriate	  changes	  in	  the	  rest	  of	  the	  molecule,	  these	  two	  affinity	  

pocket	  binding	  moieties	  may	  lead	  to	  the	  development	  of	  a	  PI3Kα	  selective	  inhibitor.	  As	  with	  the	  
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methoxy	  substitutions	  discussed	  in	  Section	  3.2,	  PI3Kγ	  is	  again	  the	  most	  affected	  by	  these	  affinity	  

pocket	  binding	  changes.	  	  

When	  we	  evaluated	  the	  RHS	  modified	  compounds	  25a-‐f,	  these	  analogues	  showed	  fairly	  

modest	  changes	  in	  potency	  compared	  with	  ZSTK474,	  but	  some	  interesting	  differences	  in	  

selectivity.	  Compounds	  were	  generally	  most	  potent	  at	  PI3Kδ,	  closely	  followed	  by	  PI3Kα.	  

Selectivity	  against	  PI3Kβ	  was	  most	  affected	  by	  these	  modifications.	  	  

Compound	  25a,	  with	  a	  3-‐(R)-‐piperidinylcarboxyl	  RHS	  substituent,	  was	  essentially	  a	  pan-‐

PI3K	  inhibitor	  with	  no	  greater	  than	  2-‐fold	  selectivity	  between	  the	  isoforms.	  It	  showed	  a	  5-‐fold	  

loss	  of	  potency	  at	  PI3Kα	  compared	  with	  ZSTK474,	  with	  an	  IC50	  of	  183	  nM.	  An	  even	  greater	  10-‐

fold	  potency	  loss	  was	  observed	  at	  PI3Kβ	  and	  δ,	  giving	  IC50	  values	  of	  428	  and	  163	  nM,	  

respectively.	  The	  change	  in	  potency	  at	  PI3Kγ	  was	  more	  modest,	  giving	  an	  IC50	  of	  247	  nM.	  	  

When	  the	  chirality	  of	  the	  carboxyl	  substituent	  at	  the	  3-‐position	  of	  the	  piperidinyl	  ring	  is	  

changed	  from	  R	  to	  S	  in	  compound	  25b,	  an	  overall	  increase	  in	  potency	  is	  observed,	  giving	  an	  

inhibitor	  with	  dual	  selectivity	  for	  PI3Kα	  and	  δ.	  At	  PI3Kα,	  25b	  is	  approximately	  equipotent	  to	  

ZSTK474	  with	  an	  IC50	  of	  40	  nM.	  The	  potency	  is	  similar	  at	  PI3Kδ,	  with	  an	  IC50	  value	  of	  42	  nM.	  

Potency	  at	  PI3Kβ	  and	  γ	  is	  about	  5-‐fold	  lower	  with	  IC50	  values	  of	  215	  and	  231	  nM,	  respectively.	  A	  

comparison	  between	  the	  R	  and	  S	  carboxyl	  configuration	  reveals	  the	  S-‐configuration	  is	  favoured	  

over	  the	  R	  at	  each	  of	  the	  Class	  I	  isoforms	  except	  PI3Kγ,	  for	  which	  the	  stereoisomers	  show	  similar	  

IC50	  values.	  	  

When	  the	  carboxyl	  group	  is	  moved	  from	  the	  3-‐position	  to	  the	  4-‐position	  of	  the	  piperidinyl	  

ring	  in	  compound	  25c,	  an	  almost	  4-‐fold	  increase	  in	  potency	  at	  PI3Kγ	  is	  observed	  (IC50	  of	  64	  nM),	  

while	  maintaining	  potency	  at	  PI3Kα,	  β	  and	  δ,	  with	  IC50	  values	  of	  76,	  217	  and	  38	  nM,	  respectively.	  

This	  results	  in	  an	  inhibitor	  with	  3-‐5-‐fold	  selectivity	  against	  PI3Kβ.	  When	  the	  	  

4-‐piperidinylcarboxyl	  is	  replaced	  with	  a	  4-‐carboxamide	  in	  compound	  25d,	  PI3Kγ	  is	  again	  most	  
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affected,	  with	  a	  decrease	  in	  potency	  by	  about	  five-‐fold	  compared	  with	  25c	  (IC50	  of	  304	  nM).	  The	  

carboxyl	  to	  carboxamide	  substitution	  has	  little	  effect	  on	  potency	  at	  PI3Kα,	  β	  and	  δ,	  with	  IC50	  

values	  of	  65,	  165	  and	  35	  nM,	  respectively.	  	  

When	  an	  1-‐(ethylsulfonyl)piperazinyl	  substituent	  was	  introduced	  in	  compound	  25e,	  

selectivity	  over	  the	  PI3Kβ	  and	  PI3Kγ	  isoforms	  was	  observed.	  Compound	  25e	  was	  most	  potent	  at	  

PI3Kδ	  (IC50	  of	  69	  nM).	  Potency	  at	  PI3Kα	  was	  similar	  with	  an	  IC50	  of	  100	  nM,	  a	  decrease	  

compared	  with	  ZSTK474	  of	  almost	  3-‐fold.	  It	  showed	  a	  5-‐10-‐fold	  selectivity	  against	  PI3Kβ	  and	  γ	  

(IC50	  values	  of	  697	  and	  465	  nM,	  respectively).	  Compound	  25f	  bearing	  a	  1-‐(2-‐furoyl)piperazinyl	  

substituent,	  was	  the	  most	  potent	  and	  PI3Kδ	  selective	  compound	  tested	  with	  an	  IC50	  of	  33	  nM,	  

showing	  3-‐fold	  selectivity	  over	  PI3Kα	  and	  PI3Kβ,	  and	  almost	  20-‐fold	  selectivity	  against	  PI3Kγ.	  	  

This	  series	  of	  RHS	  substitutions	  has	  displayed	  interesting	  selectivity,	  particularly	  against	  the	  

PI3Kβ	  and	  γ	  isoforms.	  PI3Kβ	  was	  most	  affected	  by	  the	  introduction	  of	  a	  	  

1-‐(ethylsulfonyl)piperazinyl	  substituent	  (25e),	  showing	  an	  18-‐fold	  reduction	  in	  potency	  

compared	  with	  ZSTK474.	  PI3Kγ	  showed	  almost	  a	  3-‐fold	  increase	  in	  potency	  compared	  with	  

ZSTK474	  when	  a	  4-‐piperidinylcarboxyl	  substituent	  was	  introduced	  (25c),	  and	  a	  4-‐fold	  decrease	  

in	  potency	  when	  this	  was	  switched	  for	  a	  1-‐(2-‐furoyl)piperazinyl	  group	  (25f).	  These	  inhibitors	  

were	  generally	  most	  potent	  at	  PI3Kα	  and	  δ.	  	  

3.4 Further	  derivatisation	  of	  ZSTK474	  analogues	  

Given	  the	  interesting	  selectivity	  profiles	  of	  the	  RHS	  derivatives	  25a-‐f,	  and	  particularly	  their	  

selectivity	  against	  PI3Kβ,	  we	  hypothesised	  that	  the	  combination	  of	  these	  six	  RHS	  substituents	  

with	  the	  phenolic	  and	  hydroxymethylphenyl	  LHS	  substituents	  might	  result	  in	  further	  increases	  

in	  PI3Kα	  selectivity.	  	  
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3.4.1 Synthesis	  

The	  synthesis	  of	  these	  twelve	  new	  derivatives	  37a-‐42b	  began	  in	  a	  similar	  manner	  to	  the	  

previous	  series	  of	  ZSTK474	  analogues	  with	  a	  substitution	  of	  the	  morpholinyltriazine	  26.	  This	  

was	  then	  followed	  by	  a	  Suzuki	  coupling	  reaction	  to	  install	  the	  aromatic	  moiety	  (Scheme	  3.3).	  	  

	  

Scheme	  3.3:	  Synthesis	  of	  ZSTK474	  analogues.	  (a)	  amine,	  K2CO3,	  25°C;	  (b)	  boronic	  acid,	  Pd(OAc)2,	  TBAB,	  PCy3,	  Cs2CO3,	  

DMF,	  150°C,	  MW,	  30	  minutes.	  Specific	  compounds	  and	  substituents	  are	  detailed	  in	  Table	  3.6.	  

A	  series	  of	  key	  intermediates	  were	  synthesised	  by	  the	  amination	  of	  26	  at	  room	  temperature	  

in	  DMF	  over	  4	  hours	  in	  the	  presence	  of	  potassium	  carbonate	  which	  afforded	  the	  

diaminomonochloro-‐1,3,5-‐triazines	  (29-‐34)	  in	  yields	  from	  76-‐96%.	  For	  compounds	  32	  and	  33,	  

water	  was	  added	  to	  precipitate	  the	  desired	  pure	  product	  with	  no	  further	  purification	  required.	  

For	  carboxylic	  acid	  containing	  intermediates	  29-‐31,	  this	  was	  varied	  by	  addition	  of	  hydrochloric	  

acid	  to	  precipitate	  the	  desired	  product.	  The	  1-‐(2-‐furoyl)piperazinyl	  derivative	  34	  did	  not	  

precipitate,	  so	  the	  mixture	  was	  extracted	  with	  ethyl	  acetate,	  dried	  over	  sodium	  sulfate	  and	  

evaporated	  under	  reduced	  pressure	  to	  give	  the	  pure	  desired	  product.	  	  

The	  correct	  parent	  ion	  for	  each	  of	  the	  intermediates	  was	  found	  by	  LCMS	  (Table	  3.5).	  The	  1H-‐

NMR	  spectra	  corresponded	  well	  to	  the	  expected	  products.	  The	  morpholinyl	  protons	  all	  appear	  

as	  two	  multiplets	  around	  3.80-‐3.60	  ppm	  (for	  example	  in	  compound	  29:	  3.82-‐3.76	  and	  3.74-‐3.68	  

ppm).	  The	  1H-‐NMR	  spectra	  for	  the	  piperidinyl	  compounds	  29-‐32	  are	  similar	  with	  the	  piperidinyl	  

proton	  signals	  generally	  appearing	  as	  broadened	  multiplets	  between	  4.50-‐1.50	  ppm.	  The	  

spectrum	  for	  32	  has	  two	  broad	  singlets	  at	  5.44	  and	  5.29	  ppm	  from	  the	  two	  amide	  protons.	  The	  
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1H-‐NMR	  signals	  for	  the	  piperazinyl	  protons	  overlap	  with	  the	  morpholinyl	  protons	  in	  33	  and	  34.	  

Compound	  33	  shows	  characteristic	  ethyl	  quartet	  and	  triplet	  signals	  at	  2.97	  (J	  =	  7.4	  Hz)	  and	  

1.38	  ppm	  (J	  =	  7.4	  Hz),	  respectively.	  The	  spectrum	  for	  34	  includes	  three	  aromatic	  proton	  

resonances	  at	  7.50,	  7.07	  and	  6.51	  ppm,	  corresponding	  to	  the	  furanyl	  protons.	  	  

Table	  3.5:	  Yields	  of	  key	  intermediates	  29-‐34	  

Compound	   Amine	   Yield	   LCMS	  

(m/z)	  [MH]+	  

29	   (R)-‐nipecotic	  acid	   76%	   328.1	  

30	   (S)-‐nipecotic	  acid	   99%	   328.1	  

31	   Isonipecotic	  acid	   78%	   328.2	  

32	   Isonipecotamide	   95%	   327.2	  

33	   1-‐(ethylsulfonyl)piperazine	   78%	   377.1	  

34	   1-‐(2-‐furoyl)piperazine	   96%	   379.2	  

	  

The	  final	  step	  was	  a	  Suzuki	  coupling	  reaction	  to	  install	  the	  aryl	  substituent	  (Scheme	  3.3).	  

Reactions	  were	  first	  performed	  using	  palladium	  (II)	  acetate,	  tetra-‐n-‐butylammonium	  bromide	  

(TBAB)	  and	  tricyclohexylphosphine	  (PCy3)	  for	  the	  catalyst,	  and	  caesium	  chloride	  as	  the	  base,	  in	  

DMF	  under	  microwave	  heating	  at	  150°C	  for	  30	  minutes.	  This	  method	  had	  been	  developed	  

previously	  in	  our	  group	  with	  yields	  ranging	  from	  24-‐88%.12	  	  

However,	  for	  this	  series	  of	  compounds,	  low	  yields	  were	  obtained	  under	  these	  conditions.	  

This	  was	  due	  to	  significant	  formation	  (approximately	  50%)	  of	  a	  side	  product	  that	  was	  difficult	  to	  

resolve	  from	  the	  desired	  product	  by	  column	  chromatography.	  As	  a	  result,	  purification	  for	  

derivatives	  38b,	  39a-‐b,	  40b	  and	  42a-‐b	  was	  achieved	  via	  reverse-‐phase	  semi-‐preparative	  HPLC.	  

Analysis	  by	  LCMS	  revealed	  that	  the	  side	  product	  had	  a	  mass-‐to-‐charge	  ratio	  consistent	  with	  a	  
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mass	  increase	  of	  9	  units	  compared	  with	  the	  relevant	  triazine	  intermediate	  (30-‐32	  or	  34).	  It	  was	  

suspected	  that	  dimethylamine,	  a	  degradation	  product	  of	  DMF,	  was	  reacting	  at	  the	  6-‐position	  of	  

the	  triazine	  to	  form	  the	  dimethylamine	  substituted	  product.	  This	  reaction	  was	  competing	  with	  

the	  Suzuki	  reaction.	  It	  was	  found	  that	  increasing	  the	  equivalents	  of	  boronic	  acid	  resulted	  in	  

increased	  yields	  (compounds	  38a	  and	  40a),	  in	  agreement	  with	  the	  hypothesised	  side-‐reaction.	  

To	  confirm	  the	  identity	  of	  the	  side	  product,	  6-‐chloro-‐2,4-‐dimorpholino-‐1,3,5-‐triazine	  20	  was	  

reacted	  under	  the	  same	  Suzuki	  reaction	  conditions	  in	  DMF	  without	  the	  boronic	  acid	  (Scheme	  

3.4).	  The	  isolated	  product	  35	  had	  a	  mass-‐to-‐charge	  ratio	  of	  295,	  consistent	  with	  the	  

dimethylamine	  substitution	  product	  ([MH]+).	  The	  1H-‐NMR	  revealed	  two	  multiplet	  resonances	  

(3.77-‐3.74	  and	  3.72-‐3.68	  ppm)	  indicative	  of	  the	  sixteen	  morpholinyl	  protons.	  A	  singlet	  at	  

3.09	  ppm	  is	  consistent	  with	  the	  dimethylamine	  protons.	  The	  13C-‐NMR	  spectrum	  is	  also	  

consistent	  with	  the	  product.	  Two	  resonances	  at	  67.1	  and	  43.9	  ppm	  are	  consistent	  with	  the	  

morpholinyl	  carbons,	  and	  a	  signal	  at	  36.2	  ppm	  is	  consistent	  with	  the	  methyl	  carbons.	  To	  avoid	  

formation	  of	  the	  side	  product,	  DMF	  was	  replaced	  by	  1,4-‐dioxane,	  which	  resulted	  in	  greatly	  

increased	  yields	  and	  simpler	  purification	  by	  column	  chromatography.32	  	  

	  

Scheme	  3.4:	  Proposed	  side	  product.	  (a)	  Pd(OAc)2,	  TBAB,	  PCy3,	  Cs2CO3,	  DMF,	  150°C,	  MW,	  30	  minutes	  

The	  use	  of	  3-‐hydroxyphenylboronic	  acid	  posed	  another	  challenge.	  In	  the	  synthesis	  of	  

compound	  41b	  in	  1,4-‐dioxane,	  a	  different,	  also	  significant	  side-‐product	  was	  identified.	  This	  was	  

isolated	  by	  column	  chromatography	  and	  is	  thought	  to	  be	  the	  aromatic	  ether,	  36	  (Scheme	  3.5).	  

The	  parent	  ion	  in	  the	  LCMS	  is	  435,	  identical	  to	  that	  of	  the	  desired	  compound	  41b.	  The	  1H-‐NMR	  
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has	  two	  multiplet	  signals	  in	  the	  aromatic	  region	  at	  7.38-‐7.33	  and	  7.22-‐7.14	  ppm	  in	  a	  ratio	  of	  2:3,	  

respectively.	  These	  signals	  are	  consistent	  with	  the	  proposed	  structure	  of	  36.	  The	  signals	  for	  the	  

morpholinyl,	  piperazinyl	  and	  ethylsulfonamide	  protons	  are	  similar	  to	  those	  observed	  in	  the	  

spectrum	  of	  the	  desired	  product,	  compound	  41b.	  This	  ether	  was	  difficult	  to	  separate	  from	  the	  

desired	  product	  and	  generally	  resulted	  in	  lower	  yields	  for	  these	  derivatives,	  even	  after	  the	  

solvent	  was	  switched	  to	  1,4-‐dioxane	  (37b	  and	  41b).	  For	  future	  analogues,	  protection	  of	  the	  

hydroxyl	  group	  should	  result	  in	  increased	  yields	  and	  improved	  purification.	  	  

	  

Scheme	  3.5:	  Proposed	  side	  product	  formed	  in	  the	  reaction	  of	  33	  with	  3-‐hydroxyphenylboronic	  acid.	  	  

A	  total	  of	  twelve	  derivatives	  were	  synthesised	  by	  this	  method	  (Table	  3.6).	  Characterisation	  

was	  initially	  achieved	  by	  LCMS,	  with	  the	  correct	  parent	  ion	  identified	  for	  each	  of	  the	  compounds.	  

HRMS	  provided	  further	  evidence	  of	  the	  desired	  product.	  	  

1H-‐NMR	  and	  13C-‐NMR	  spectra	  were	  all	  consistent	  with	  the	  structures.	  As	  a	  representative	  

example,	  the	  1H-‐NMR	  spectrum	  of	  compound	  38a	  reveals	  four	  aromatic	  proton	  resonances	  at	  

8.39,	  8.29,	  7.53-‐7.46	  and	  7.41	  ppm	  from	  the	  four	  phenyl	  protons.	  The	  methylene	  protons	  next	  to	  

the	  hydroxyl	  group	  appear	  as	  a	  singlet	  at	  4.67	  ppm.	  The	  morpholinyl	  protons	  appear	  as	  a	  broad	  

singlet	  and	  multiplet	  at	  3.91	  and	  3.79-‐3.68	  ppm,	  respectively.	  The	  two	  axial	  piperidinyl	  protons	  

on	  C2	  and	  C6	  appear	  as	  a	  multiplet	  at	  5.20-‐4.87	  ppm.	  The	  two	  equatorial	  protons	  (H2eq	  and	  

H6eq)	  appear	  at	  3.01-‐2.91	  and	  2.85	  ppm.	  	  The	  methine	  proton	  appears	  as	  a	  multiplet	  at	  2.35-‐2.26	  

ppm.	  The	  remaining	  piperidinyl	  protons	  on	  C3	  and	  C5	  appear	  as	  four	  resonances	  at	  2.14,	  1.80	  
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and	  1.75-‐1.64	  and	  1.59-‐1.43	  ppm.	  The	  13C-‐NMR	  spectrum	  contains	  the	  correct	  number	  of	  signals	  

in	  line	  with	  the	  expected	  structure.	  	  

The	  aromatic	  region	  in	  the	  1H-‐NMR	  spectra	  of	  the	  other	  eleven	  compounds	  is	  very	  similar	  to	  

that	  of	  compound	  38a	  with	  four	  aromatic	  proton	  resonances	  from	  the	  meta-‐substituted	  phenyl	  

ring.	  The	  spectra	  for	  compounds	  42a	  and	  42b	  include	  signals	  for	  the	  three	  furanyl	  protons	  (42a:	  

7.54-‐7.51,	  7.11	  and	  6.53	  ppm;	  42b:	  7.72,	  7.10	  and	  6.61	  ppm).	  The	  morpholinyl	  proton	  signals	  in	  

each	  of	  the	  compounds	  appear	  in	  a	  similar	  fashion	  to	  that	  of	  compound	  38a.	  The	  piperidinyl	  

proton	  signals	  for	  compounds	  37a-‐b	  and	  38b	  are	  similar	  to	  those	  observed	  in	  38a.	  In	  37a	  and	  

37b,	  the	  signal	  for	  two	  of	  the	  piperidinyl	  protons	  was	  obscured	  by	  residual	  proteo-‐solvent	  

peaks.	  Notably,	  there	  was	  only	  one	  set	  of	  signals	  for	  these	  derivatives,	  unlike	  the	  	  

2-‐difluoromethylbenzimidazole	  substituted	  derivatives	  25a	  and	  25b.	  For	  the	  four	  4-‐substituted	  

piperidinyl	  compounds,	  39a-‐b	  and	  40a-‐b,	  the	  piperidinyl	  proton	  signals	  are	  similar.	  As	  an	  

example,	  the	  axial	  protons	  on	  C2	  and	  C6	  for	  compound	  39b	  appear	  as	  a	  doublet	  at	  4.67	  ppm	  

(J	  =	  13.4	  Hz),	  while	  the	  two	  equatorial	  protons	  appear	  as	  a	  triplet	  3.24	  ppm	  (J	  =	  11.6	  Hz).	  The	  

methine	  proton	  appears	  as	  a	  multiplet	  at	  2.72-‐2.63	  ppm.	  The	  remaining	  four	  protons	  appear	  as	  

two	  multiplets,	  each	  representing	  two	  protons,	  2.09-‐1.98	  and	  1.77-‐1.64	  ppm.	  In	  compound	  40a,	  

the	  amide	  protons	  appear	  as	  singlets	  at	  7.31	  and	  6.80	  ppm.	  The	  spectrum	  for	  40b	  was	  run	  in	  

deuterated	  methanol,	  and	  so	  signals	  for	  the	  exchangeable	  amide	  protons	  are	  not	  evident.	  A	  

quartet	  (J	  =	  7.4	  Hz)	  at	  2.98	  ppm	  and	  a	  triplet	  (J	  =	  7.4	  Hz)	  at	  1.39	  ppm,	  characteristic	  of	  the	  ethyl	  

protons,	  were	  observed	  in	  the	  1-‐(ethylsulfonyl)piperazinyl	  substituted	  compounds,	  41a	  and	  

41b.	  	  
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Table	  3.6:	  Yields	  and	  characterisation	  of	  ZSTK474	  analogues.	  Unless	  otherwise	  indicated,	  Suzuki	  conditions	  were	  1.3	  

equivalents	  boronic	  acid,	  Pd(OAc)2,	  TBAB,	  PCy3,	  Cs2CO3	  in	  DMF.	  *Compounds	  were	  synthesised	  with	  1,4-‐dioxane	  as	  

solvent;	  **2.6	  equivalents	  boronic	  acid	  was	  used.	  
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Compound	   R1	   X	   R2	   R3	   Yield	   LCMS	  
(m/z)	  [MH]+	  

HRMS	  	  
(m/z)	  [MH]+	  

37a	   A	   C	   H	   COOH	  (R)	   72%*	   400.1	   Calc’d	  400.1979	  
Found	  400.1975	  

37b	   B	   C	   H	   COOH	  (R)	   16%*	   386.1	   Calc’d	  386.1823	  
Found	  386.1832	  

38a	   A	   C	   H	   COOH	  (S)	   70%**	   400.2	   Calc’d	  400.1979	  
Found	  400.1984	  

38b	   B	   C	   H	   COOH	  (S)	   21%	   386.2	   Calc’d	  386.1823	  
Found	  386.1834	  

39a	   A	   C	   COOH	   H	   9%	   400.1	   Calc’d	  400.1979	  
Found	  400.1983	  

39b	   B	   C	   COOH	   H	   15%	   386.1	   Calc’d	  386.1823	  
Found	  386.1806	  

40a	   A	   C	   CONH2	   H	   33%**	   399.3	   Calc’d	  399.2139	  
Found	  399.2129	  

40b	   B	   C	   CONH2	   H	   12%	   385.1	   Calc’d	  385.1983	  
Found	  385.1979	  

41a	   A	   N	   SO2CH2CH3	   H	   74%*	   449.1	   Calc’d	  449.1966	  
Found	  449.1977	  

41b	   B	   N	   SO2CH2CH3	   H	   16%*	   435.1	   Calc’d	  435.1809	  
Found	  435.1830	  

42a	   A	   N	  

	  

H	   47%	   451.2	   Calc’d	  451.2088	  
Found	  451.2086	  

42b	   B	   N	  

	  

H	   5%	   437.1	   Calc’d	  437.1932	  
Found	  437.1942	  
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13C-‐NMR	  spectra	  also	  showed	  appropriate	  resonances	  for	  each	  of	  the	  compounds.	  The	  low	  

yields	  for	  compounds	  38b,	  40b,	  41b	  and	  42b	  meant	  that	  not	  all	  quaternary	  carbon	  signals	  were	  

observed,	  despite	  increasing	  the	  number	  of	  scans.	  However,	  remaining	  signals	  were	  all	  

consistent	  with	  the	  expected	  products,	  and	  coupled	  with	  1H-‐NMR	  and	  HRMS	  data,	  firmly	  support	  

the	  identity	  of	  the	  synthesised	  products.	  	  

3.4.2 Evaluation	  of	  ZSTK474	  derivatives	  

Each	  of	  the	  synthesised	  analogues	  was	  tested	  against	  the	  four	  Class	  I	  PI3K	  isoforms	  using	  the	  

Kinase-‐Glo®	  assay	  described	  in	  Section	  3.3.2.	  The	  results	  are	  shown	  in	  Table	  3.7.	  A	  range	  of	  

potencies	  and	  selectivity	  profiles	  were	  observed.	  Overall,	  the	  substitution	  of	  the	  	  

2-‐difluoromethylbenzimidazole	  for	  a	  hydroxy-‐substituted	  phenyl	  group	  resulted	  in	  a	  decrease	  in	  

potency	  at	  PI3Kα.	  The	  potency	  loss	  was	  generally	  greater	  at	  the	  other	  isoforms,	  and	  so	  these	  

changes	  resulted	  in	  increased	  PI3Kα	  selectivity	  for	  these	  compounds	  compared	  with	  ZSTK474.	  	  

When	  the	  3-‐(R)-‐piperidinylcarboxyl	  substituent	  was	  combined	  with	  a	  	  

3-‐hydroxymethylphenyl	  substituent	  in	  compound	  37a,	  3-‐6-‐fold	  selectivity	  for	  PI3Kα	  and	  δ	  was	  

observed.	  Unfortunately,	  this	  was	  coupled	  with	  more	  than	  10-‐fold	  drop	  in	  potency	  at	  PI3Kα	  

compared	  (IC50	  of	  411	  nM)	  with	  ZSTK474.	  Potency	  at	  PI3Kδ	  was	  similar	  with	  an	  IC50	  of	  433	  nM.	  

When	  the	  same	  RHS	  substituent	  was	  combined	  with	  a	  3-‐hydroxyphenyl	  LHS	  substituent	  in	  

compound	  37b,	  there	  was	  an	  increase	  of	  selectivity	  for	  PI3Kα,	  showing	  2-‐9-‐fold	  selectivity	  

against	  the	  other	  isoforms.	  This	  was	  accompanied	  with	  a	  further	  decrease	  in	  potency	  at	  PI3Kα,	  

with	  an	  IC50	  of	  567	  nM.	  This	  is	  a	  greater	  than	  16-‐fold	  loss	  of	  potency	  compared	  with	  ZSTK474.	  

Potency	  at	  PI3Kβ	  and	  γ	  dropped	  a	  further	  2-‐fold	  compared	  with	  37a,	  giving	  IC50	  values	  of	  2810	  

and	  4950	  nM,	  respectively.	  	  
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Table	  3.7:	  Evaluation	  of	  ZSTK474	  analogues.	  All	  IC50	  values	  are	  the	  mean	  of	  at	  least	  three	  independent	  experiments.	  	  

	  

	   IC50	  (nM)	  

Compound	   R1	   X	   R2	   R3	   PI3Kα 	   PI3Kβ 	   PI3Kγ 	   PI3Kδ 	  

37a	   A	   C	   H	   COOH	  (R)	   411	   1180	   2460	   433	  

37b	   B	   C	   H	   COOH	  (R)	   567	   2810	   4950	   1290	  

38a	   A	   C	   H	   COOH	  (S)	   811	   3050	   >100,000	   1820	  

38b	   B	   C	   H	   COOH	  (S)	   477	   1660	   >50,000	   800	  

39a	   A	   C	   COOH	   H	   350	   2020	   >10,000	   786	  

39b	   B	   C	   COOH	   H	   614	   6400	   35,000	   2410	  

40a	   A	   C	   CONH2	   H	   249	   939	   >50,000	   563	  

40b	   B	   C	   CONH2	   H	   292	   1220	   >10,000	   454	  

41a	   A	   N	   SO2CH2CH3	   H	   128	   552	   1880	   201	  

41b	   B	   N	   SO2CH2CH3	   H	   252	   1950	   >10,000	   566	  

42a	   A	   N	  

	  

H	   51	   70	   4920	   32	  

42b	   B	   N	  

	  

H	   74	   71	   2880	   80	  

	  

Compound	  38a,	  which	  combined	  the	  3-‐(S)-‐piperidinylcarboxyl	  group	  with	  a	  	  

3-‐hydroxymethylphenyl	  substituent,	  was	  most	  potent	  at	  the	  PI3Kα	  isoform,	  and	  showed	  greater	  

than	  100-‐fold	  selectivity	  against	  PI3Kγ.	  Unfortunately,	  a	  23-‐fold	  loss	  of	  potency	  at	  PI3Kα	  (IC50	  of	  
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811	  nM)	  compared	  with	  ZSTK474	  was	  observed.	  This	  was	  coupled	  with	  even	  greater	  losses	  of	  

potency	  at	  the	  other	  isoforms,	  with	  IC50	  values	  of	  3050	  and	  1820	  nM	  for	  PI3Kβ	  and	  PI3Kδ,	  

respectively,	  and	  greater	  than	  100,000	  nM	  for	  PI3Kγ.	  This	  same	  RHS	  substituent	  could	  be	  

combined	  with	  a	  3-‐hydroxyphenyl	  in	  compound	  38b	  to	  give	  a	  similar	  selectivity	  profile	  with	  an	  

overall	  2-‐fold	  increase	  in	  potency	  at	  Class	  IA	  isoforms	  (PI3Kα	  IC50	  of	  477	  nM).	  No	  significant	  

inhibition	  of	  PI3Kγ	  was	  observed	  at	  limits	  of	  solubility.	  

When	  the	  carboxyl	  group	  was	  moved	  around	  the	  piperidinyl	  ring	  to	  the	  4-‐position	  and	  

combined	  with	  a	  3-‐hydroxymethylphenyl	  substituent	  as	  in	  compound	  39a,	  PI3Kα	  selectivity	  of	  2	  

to	  at	  least	  30-‐fold	  was	  observed.	  A	  10-‐fold	  loss	  in	  PI3Kα	  potency	  compared	  with	  ZSTK474	  was	  

observed,	  giving	  an	  IC50	  value	  of	  350	  nM.	  Potency	  at	  PI3Kδ	  was	  2-‐fold	  lower,	  with	  an	  IC50	  of	  

786	  nM.	  Compound	  39a	  shows	  about	  6-‐fold	  selectivity	  for	  PI3Kα	  over	  PI3Kβ,	  with	  an	  IC50	  of	  

2020	  nM.	  No	  PI3Kγ	  inhibition	  was	  seen	  at	  concentrations	  up	  to	  10,000	  nM.	  The	  change	  to	  a	  	  

3-‐hydroxyphenyl	  LHS	  substituent	  in	  compound	  39b	  displayed	  increased	  PI3Kα	  selectivity,	  but	  

with	  an	  accompanying	  decrease	  in	  potency.	  PI3Kα	  potency	  was	  decreased	  by	  about	  2-‐fold,	  

giving	  an	  IC50	  of	  614	  nM.	  About	  3-‐fold	  reduction	  in	  potency	  was	  observed	  against	  PI3Kβ	  and	  

PI3Kδ,	  giving	  IC50	  values	  of	  6400	  and	  2410	  nM,	  respectively.	  PI3Kγ	  had	  an	  IC50	  of	  35,000	  nM.	  

This	  results	  in	  PI3Kα	  selectivity	  of	  4-‐fold	  over	  PI3Kδ,	  10-‐fold	  over	  PI3Kβ	  and	  57-‐fold	  over	  PI3Kγ.	  

Compound	  39b	  showed	  the	  best	  selectivity	  for	  PI3Kα	  over	  both	  PI3Kβ	  and	  δ	  compared	  with	  

other	  inhibitors	  in	  this	  series,	  whilst	  also	  maintaining	  good	  selectivity	  over	  PI3Kγ.	  	  

When	  the	  4-‐carboxyl	  was	  changed	  to	  a	  carboxamide,	  the	  compounds	  showed	  an	  increase	  in	  

potency	  at	  each	  of	  the	  Class	  IA	  isoforms,	  with	  a	  loss	  of	  selectivity	  for	  PI3Kα.	  PI3Kγ	  inhibition	  

could	  not	  be	  measured	  in	  either	  of	  the	  compounds.	  Compound	  40a,	  which	  combined	  the	  	  

4-‐piperidinylcarboxamide	  RHS	  substituent	  with	  a	  3-‐hydroxymethylphenyl	  LHS	  substituent,	  

showed	  a	  7-‐fold	  decrease	  in	  potency	  compared	  with	  ZSTK474,	  with	  an	  IC50	  of	  249	  nM.	  It	  was	  



Chapter	  3	  

	   97	  

almost	  4-‐fold	  less	  potent	  at	  PI3Kβ,	  with	  an	  IC50	  value	  of	  939	  nM,	  and	  about	  2-‐fold	  less	  potent	  at	  

PI3Kδ,	  with	  an	  IC50	  value	  of	  563	  nM.	  When	  the	  same	  RHS	  substituent	  was	  combined	  with	  the	  	  

3-‐hydroxyphenyl	  LHS	  substituent	  in	  compound	  40b,	  similar	  potency	  was	  observed	  at	  each	  of	  

the	  four	  isoforms.	  	  

The	  piperazinyl	  RHS	  substituents	  were	  generally	  more	  potent	  at	  PI3Kα	  than	  the	  piperidinyl	  

ones.	  The	  compound	  41a,	  which	  combined	  a	  1-‐(ethylsulfonamide)piperazinyl	  substituent	  with	  a	  

3-‐hydroxymethylphenyl	  substituent,	  had	  4-‐15-‐fold	  selectivity	  for	  PI3Kα	  and	  δ.	  It	  was	  most	  

potent	  at	  PI3Kα	  with	  an	  IC50	  value	  of	  128	  nM,	  which	  is	  only	  a	  3.5-‐fold	  loss	  of	  potency	  compared	  

with	  ZSTK474.	  Potency	  at	  PI3Kδ	  was	  slightly	  less,	  with	  an	  IC50	  of	  201	  nM.	  Four-‐fold	  selectivity	  

over	  PI3Kβ	  was	  observed,	  with	  an	  IC50	  of	  552	  nM.	  Compound	  41a	  was	  least	  potent	  at	  PI3Kγ,	  with	  

an	  IC50	  of	  1880	  nM.	  This	  gives	  almost	  15-‐fold	  selectivity	  for	  PI3Kα	  over	  PI3Kγ.	  When	  the	  3-‐

hydroxyphenyl	  LHS	  substituent	  was	  introduced	  in	  compound	  41b,	  a	  general	  increase	  in	  

selectivity	  but	  decrease	  in	  potency	  was	  observed.	  The	  potency	  loss	  was	  least	  at	  PI3Kα,	  showing	  

a	  2-‐fold	  loss	  and	  IC50	  value	  of	  252	  nM.	  PI3Kβ	  and	  PI3Kδ	  showed	  approximately	  3-‐fold	  loss	  of	  

potency,	  giving	  IC50	  values	  of	  1950	  and	  566	  nM,	  respectively.	  The	  IC50	  value	  PI3Kγ	  was	  greater	  

than	  10,000	  nM	  and	  unable	  to	  be	  determined.	  This	  gave	  a	  PI3Kα	  inhibitor	  with	  approximately	  	  

8-‐fold	  selectivity	  of	  PI3Kβ,	  at	  least	  40-‐fold	  over	  PI3Kγ	  and	  2-‐fold	  selectivity	  over	  PI3Kδ.	  	  

The	  most	  potent	  PI3Kα	  inhibitor	  of	  this	  series	  was	  compound	  42a,	  which	  combined	  a	  	  

1-‐(2-‐furoyl)piperazine	  substitution	  with	  a	  3-‐hydroxymethylphenyl.	  It	  had	  100-‐fold	  selectivity	  

against	  PI3Kγ	  (IC50	  of	  4920	  nM).	  The	  PI3Kα	  IC50	  was	  51	  nM,	  similar	  in	  potency	  to	  ZSTK474.	  The	  

IC50	  values	  at	  PI3Kβ	  and	  δ	  were	  also	  similar,	  70	  and	  32	  nM,	  respectively.	  When	  the	  LHS	  

substituent	  was	  changed	  to	  a	  3-‐hydroxyphenyl	  in	  compound	  42b,	  the	  PI3Kα	  IC50	  was	  about	  	  

2-‐fold	  less	  than	  ZSTK474,	  at	  74	  nM.	  Similar	  potencies	  were	  seen	  at	  PI3Kβ	  and	  δ,	  with	  IC50	  values	  

of	  71	  and	  80	  nM,	  respectively.	  Compound	  42b	  showed	  about	  40-‐fold	  selectivity	  against	  PI3Kγ.	  	  
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The	  most	  significant	  feature	  of	  this	  series	  of	  compounds	  is	  the	  gain	  in	  selectivity	  against	  

PI3Kγ.	  In	  the	  original	  benzimidazole	  substituted	  series	  of	  compounds	  25a-‐f,	  the	  selectivity	  for	  

PI3Kα	  over	  γ	  ranged	  from	  0.8-‐6-‐fold.	  The	  two	  phenyl	  substituted	  compounds,	  24a	  and	  24b	  

showed	  a	  modest	  increase	  in	  selectivity	  for	  PI3Kα	  over	  PI3Kγ	  of	  15-‐20-‐fold.	  However,	  when	  

these	  RHS	  and	  LHS	  substitutions	  were	  combined	  in	  compounds	  37-‐42,	  PI3Kα	  selectivity	  over	  

PI3Kγ	  ranged	  from	  6	  to	  more	  than	  200-‐fold.	  Because	  many	  of	  the	  PI3Kγ	  IC50	  values	  were	  too	  high	  

to	  be	  measured,	  it	  is	  not	  possible	  to	  find	  a	  clear	  trend	  for	  which	  of	  the	  two	  LHS	  substituents	  is	  

most	  disfavoured	  at	  PI3Kγ.	  For	  the	  two	  3-‐(R)-‐piperidinylcarboxyl	  compounds,	  37a	  and	  37b,	  

only	  2-‐fold	  difference	  in	  potency	  is	  seen	  at	  PI3Kγ,	  with	  the	  3-‐hydroxymethylphenyl	  compound	  

showing	  superior	  potency.	  There	  is	  a	  significant	  difference,	  however,	  in	  the	  potency	  of	  the	  two	  

ethylsulfonamide	  derivatives	  at	  PI3Kγ.	  The	  IC50	  for	  the	  3-‐hydroxymethylphenyl	  compound,	  41a	  

is	  1880	  nM,	  while	  the	  IC50	  for	  the	  3-‐hydroxyphenyl	  compound,	  41b,	  could	  not	  be	  measured	  at	  

concentrations	  up	  to	  10,000	  nM.	  	  

A	  comparison	  of	  the	  3-‐hydroxyphenyl	  with	  the	  3-‐hydroxymethylphenyl	  sub-‐series	  of	  

compounds	  reveals	  that	  the	  3-‐hydroxyphenyl	  compounds	  have	  a	  generally	  higher	  selectivity	  for	  

PI3Kα	  over	  both	  PI3Kβ	  and	  δ.	  This	  trend	  is	  in	  line	  with	  the	  data	  from	  the	  parent	  compounds.	  

Compound	  24b,	  the	  3-‐hydroxyphenyl	  substituted	  compound,	  has	  a	  2-‐fold	  selectivity	  for	  PI3Kα	  

over	  both	  PI3Kβ	  and	  δ;	  whereas	  compound	  24a,	  which	  contains	  the	  3-‐hydroxymethylphenyl,	  is	  

essentially	  equipotent	  at	  the	  three	  isoforms.	  	  

The	  loss	  of	  inhibitory	  potency	  in	  this	  series	  was	  disappointing.	  At	  first	  glance,	  this	  could	  be	  

interpreted	  as	  signifying	  the	  two	  substituted	  phenyl	  rings	  are	  not	  ideal	  LHS	  substituents.	  

However,	  this	  disappointment	  is	  tempered	  when	  looking	  at	  the	  two	  1-‐(2-‐furoyl)piperazine	  

substituted	  compounds,	  42a	  and	  42b.	  The	  similar	  potency	  in	  these	  compounds	  to	  the	  parent	  

piperazinyl	  compound,	  25f,	  suggests	  that	  the	  potency	  loss	  in	  this	  series	  is	  not	  a	  direct	  effect	  of	  

the	  LHS	  phenyl	  substituents.	  The	  different	  affinity	  pocket	  binding	  moiety	  presumably	  alters	  the	  



Chapter	  3	  

	   99	  

binding	  conformation	  of	  the	  inhibitor	  within	  the	  ATP-‐binding	  site,	  causing	  some	  of	  the	  RHS	  

substitutions	  to	  either	  pick	  up	  unfavourable	  interactions	  or	  lose	  favourable	  ones	  in	  the	  phenyl-‐

substituted	  series	  of	  compounds.	  	  

Overall,	  these	  data	  suggest	  that	  the	  3-‐hydroxyphenyl	  substituent	  is	  a	  reasonable	  choice	  for	  

an	  affinity	  pocket	  binding	  moiety	  in	  the	  design	  of	  a	  PI3Kα	  selective	  inhibitor.	  However,	  this	  

substituent	  is	  likely	  to	  be	  a	  metabolic	  liability	  in	  vivo.	  Further	  improvements	  to	  potency	  and	  

selectivity	  would	  require	  tuning	  of	  the	  RHS	  substituent	  to	  pick	  up	  appropriate	  PI3Kα	  selective	  

interactions	  with	  the	  non-‐conserved	  Region	  1	  amino	  acids.	  	  

When	  coupled	  with	  the	  2-‐difluoromethylbenzimidazole,	  the	  S-‐configuration	  of	  the	  	  

3-‐piperidinylcarboxyl	  was	  favoured	  with	  higher	  potency	  at	  each	  of	  the	  four	  isoforms.	  

Interestingly,	  the	  stereochemistry	  made	  little	  difference	  at	  the	  PI3Kγ	  isoform	  in	  the	  

benzimidazole	  compounds,	  25a	  and	  25b.	  In	  the	  phenyl	  series,	  the	  biggest	  difference	  is	  seen	  at	  

the	  PI3Kγ	  isoform.	  The	  R-‐configuration	  in	  compounds	  37a	  and	  37b	  gave	  IC50	  values	  of	  2460	  and	  

4950	  nM,	  whereas	  the	  IC50	  values	  could	  not	  be	  measured	  in	  the	  two	  S-‐configuration	  compounds,	  

38a	  and	  38b	  at	  concentrations	  up	  to	  50,000	  nM.	  An	  explanation	  for	  this	  is	  not	  immediately	  

apparent.	  Insights	  from	  computational	  work	  and	  potential	  explanations	  for	  this	  observation	  will	  

be	  discussed	  in	  the	  next	  section.	  	  

Both	  the	  ethylsulfonamide	  and	  4-‐piperidinylcarboxyl	  moieties	  have	  good	  selectivity	  for	  

PI3Kα	  over	  PI3Kβ.	  Compound	  41b	  shows	  almost	  8-‐fold	  selectivity	  for	  PI3Kα	  over	  PI3Kβ,	  with	  

PI3Kα	  potency	  of	  252	  nM.	  This	  is	  concordant	  with	  the	  7-‐fold	  selectivity	  for	  PI3Kα	  over	  PI3Kβ	  

observed	  in	  the	  parent	  compound	  25e.	  In	  this	  case,	  therefore,	  there	  has	  not	  been	  a	  significant	  

increase	  in	  selectivity	  over	  PI3Kβ	  through	  the	  introduction	  of	  the	  3-‐hydroxyphenyl	  RHS	  

substituent.	  Compound	  39b	  has	  almost	  10-‐fold	  selectivity	  for	  PI3Kα	  over	  PI3Kβ,	  which	  is	  an	  

improvement	  over	  that	  in	  the	  4-‐piperidinylcarboxyl	  parent	  compound,	  25c,	  which	  only	  
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displayed	  3-‐fold	  selectivity.	  The	  3-‐hydroxyphenyl	  RHS	  substituent	  seems	  to	  have	  the	  capacity	  to	  

influence	  selectivity	  between	  PI3Kα	  and	  β,	  however	  this	  is	  obviously	  greatly	  dependent	  on	  the	  

nature	  of	  the	  LHS	  substituent.	  	  

PI3Kα	  and	  δ	  have	  proven	  the	  most	  difficult	  isoforms	  to	  differentiate	  between	  in	  these	  series	  

of	  compounds.	  In	  the	  initial	  series	  of	  benzimidazole-‐substituted	  analogues	  25a-‐f,	  compounds	  

were	  generally	  1-‐2-‐fold	  more	  potent	  at	  PI3Kδ	  than	  PI3Kα.	  This	  trend	  has	  been	  changed	  in	  the	  

phenyl-‐substituted	  series,	  with	  compounds	  generally	  showing	  2-‐4-‐fold	  higher	  potency	  at	  PI3Kα	  

compared	  with	  PI3Kδ.	  Progress	  has	  been	  made	  that	  has	  increased	  the	  PI3Kα	  selectivity	  of	  these	  

compounds,	  although	  a	  lot	  of	  work	  needs	  to	  be	  done	  in	  order	  to	  increase	  this	  selectivity	  further.	  

Overall,	  these	  results	  show	  the	  complexities	  involved	  in	  achieving	  isoform	  selectivity.	  The	  

LHS	  and	  RHS	  substituents	  work	  together	  to	  position	  the	  inhibitor	  within	  the	  binding	  site	  and	  

influence	  the	  interactions	  it	  makes	  with	  each	  isoform.	  The	  changes	  made	  in	  this	  series	  have	  

increased	  the	  overall	  PI3Kα	  selectivity	  of	  the	  inhibitors,	  however,	  this	  has	  been	  at	  the	  cost	  of	  

potency.	  Significant	  selectivity	  for	  PI3Kα	  over	  PI3Kγ	  has	  been	  achieved	  with	  quite	  simple	  

changes.	  Greater	  selectivity	  for	  PI3Kα	  over	  PI3Kβ	  has	  also	  been	  achieved,	  with	  compound	  39b	  

showing	  almost	  10-‐fold	  selectivity.	  Unfortunately,	  selectivity	  over	  PI3Kδ	  was	  more	  difficult	  to	  

obtain,	  so	  more	  work	  needs	  to	  be	  done	  on	  the	  differences	  between	  these	  isoforms	  to	  

differentiate	  them	  structurally.	  	  

3.4.3 Docking	  investigation	  into	  compounds	  37b,	  38b	  and	  41a-‐b	  

In	  order	  to	  investigate	  at	  a	  structural	  level	  the	  differences	  in	  potency	  and	  selectivity	  

observed	  in	  these	  inhibitors,	  each	  of	  the	  inhibitors	  was	  docked	  into	  the	  p110γ	  (PDB	  ID:	  3DBS)	  

crystal	  structures	  using	  Glide	  from	  within	  the	  Maestro	  software	  suite	  by	  Schrödinger.33–35	  The	  

software	  samples	  a	  large	  number	  of	  inhibitor	  conformations	  within	  a	  static	  protein	  structure,	  

evaluating	  each	  docked	  pose	  against	  a	  scoring	  function,	  which	  incorporates	  the	  effects	  of	  
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hydrophobic	  interactions,	  hydrogen	  bonds	  and	  charge-‐charge	  interactions.	  The	  docked	  poses	  of	  

the	  inhibitors	  are	  then	  ranked,	  and	  the	  best	  ones	  selected	  based	  on	  the	  scoring	  function.34,35	  

Docking	  has	  certainly	  played	  an	  important	  role	  in	  high	  throughput	  screening	  campaigns	  and	  the	  

discovery	  of	  novel	  inhibitor	  scaffolds.36,37	  However,	  it	  has	  a	  few	  limitations.	  The	  first	  limitation	  is	  

the	  use	  of	  static	  protein	  structures,	  which	  maximises	  computational	  efficiency.	  Proteins	  are	  

inherently	  flexible,	  and	  will	  make	  structural	  adjustments	  to	  accommodate	  inhibitor	  binding.	  

Docking	  with	  static	  protein	  structures	  is	  unable	  to	  account	  for	  this	  flexibility.	  Although	  flexible	  

protein	  docking	  algorithms	  do	  exist,	  these	  take	  significantly	  more	  computational	  time.	  38,39	  

Secondly,	  while	  reasonable	  binding	  modes	  can	  often	  be	  found	  using	  docking,	  the	  scoring	  

functions	  struggle	  to	  accurately	  predict	  the	  ranked	  potency	  of	  the	  docked	  analogues.40,41	  This	  

was	  also	  true	  of	  this	  study	  (see	  Appendix	  2-‐3).	  The	  results	  discussed	  in	  this	  section,	  therefore,	  

are	  based	  upon	  the	  predicted	  binding	  mode	  of	  the	  inhibitors	  rather	  than	  the	  ranking	  based	  on	  

scoring	  function.	  We	  have	  used	  docking	  to	  attempt	  to	  provide	  structural	  explanations	  for	  

specific	  questions	  raised	  by	  the	  assay	  results.	  	  

The	  first	  question	  we	  sought	  to	  address	  with	  docking	  was	  the	  difference	  in	  potency	  at	  the	  

PI3Kγ	  isoform	  observed	  between	  the	  two	  3-‐piperidinylcarboxyl	  substituted	  stereoisomers,	  

compounds	  37b	  and	  38b.	  As	  discussed	  in	  the	  above	  section,	  the	  compound	  with	  the	  R-‐

stereochemistry,	  37b,	  has	  an	  IC50	  value	  of	  4950	  nM	  at	  PI3Kγ,	  while	  the	  compound	  with	  the	  S-‐

stereochemistry,	  38b	  has	  no	  measurable	  inhibition	  of	  PI3Kγ	  at	  concentrations	  up	  to	  50,000	  nM.	  	  

When	  docked	  into	  the	  p110γ	  structure,	  compound	  37b	  binds	  with	  the	  morpholine	  oxygen	  

making	  the	  expected	  hydrogen	  bond	  interaction	  with	  the	  backbone	  amide	  of	  Val882	  (Figure	  

3.6).	  The	  3-‐hydroxyphenyl	  ring	  binds	  in	  the	  affinity	  pocket,	  with	  the	  hydroxyl	  group	  making	  

hydrogen	  bond	  interactions	  with	  Tyr867	  and	  Asp841.	  This	  is	  the	  same	  binding	  mode	  predicted	  

for	  compound	  24b	  (data	  not	  shown).	  The	  carboxyl	  group	  is	  in	  the	  axial	  position	  and	  is	  able	  to	  

make	  an	  ionic	  interaction	  with	  Lys807	  and	  a	  hydrogen	  bond	  interaction	  with	  Asn951.	  The	  
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carboxyl	  group	  is	  positioned	  3.6	  and	  3.9	  Å	  away	  from	  the	  carboxyl	  groups	  of	  Asp950	  and	  

Asp964,	  respectively.	  If	  compound	  37b	  indeed	  binds	  in	  this	  mode,	  these	  close	  aspartate	  residues	  

may	  result	  in	  some	  repulsive	  charge-‐charge	  interactions	  and	  contribute	  to	  the	  low	  potency,	  

despite	  many	  favourable	  interactions.	  	  

Compound	  38b	  binds	  in	  a	  very	  similar	  pose,	  with	  the	  morpholine	  and	  3-‐hydroxyphenyl	  rings	  

making	  the	  same	  interactions	  with	  the	  protein.	  The	  position	  of	  the	  carboxyl	  group	  is	  different,	  

now	  being	  positioned	  equatorially	  on	  the	  piperidine	  ring.	  It	  is	  still	  able	  to	  make	  an	  ionic	  

interaction	  with	  Lys807.	  Due	  to	  the	  conformation	  of	  the	  carboxyl	  group,	  the	  hydrogen	  bond	  with	  

Asn951	  is	  now	  absent.	  The	  distances	  to	  the	  carboxyl	  groups	  on	  Asp950	  and	  Asp964	  are	  now	  4.2	  

and	  4.9	  Å,	  lessening	  any	  charge-‐charge	  repulsion	  effects.	  The	  absence	  of	  the	  hydrogen	  bond	  to	  

Asn951	  certainly	  accounts	  for	  a	  lower	  potency	  of	  compound	  38b,	  but	  it	  fails	  to	  account	  for	  the	  

complete	  lack	  of	  inhibition	  observed,	  given	  the	  compound	  is	  still	  predicted	  to	  make	  the	  ionic	  

interaction	  with	  Lys807.	  The	  major	  difference	  between	  the	  two	  predicted	  binding	  modes	  is	  the	  

axial	  or	  equatorial	  conformation	  of	  the	  carboxyl	  group	  on	  the	  piperidine	  ring.	  Predicting	  the	  

stability	  of	  different	  conformations	  of	  these	  substituted	  piperidines	  is	  complex.	  Nipecotic	  acid	  

prefers	  the	  carboxyl	  group	  in	  an	  axial	  position,	  as	  it	  is	  then	  able	  to	  make	  intra-‐molecular	  charge-‐

charge	  zwitterionic	  interactions	  between	  the	  carboxyl	  and	  the	  piperidine	  nitrogen.42	  However,	  

in	  the	  triazine	  conjugated	  piperazine,	  protonation	  of	  the	  nitrogen	  is	  unlikely,	  and	  therefore	  the	  

zwitterionic	  stabilisation	  doubtful.	  Neither	  of	  these	  docked	  poses	  position	  the	  carboxyl	  such	  that	  

it	  can	  form	  these	  intramolecular	  interactions.	  It	  is	  possible	  that	  there	  is	  an	  energy	  barrier	  

involved	  in	  the	  conversion	  between	  these	  two	  conformations,	  and	  the	  axial	  conformation	  of	  the	  

S-‐stereoisomer	  may	  not	  be	  able	  to	  bind	  thus	  forcing	  the	  equatorial	  conformation.	  This	  provides	  

some	  limited	  rationale	  for	  understanding	  the	  dramatic	  differences	  in	  potency	  observed	  at	  PI3Kγ	  

between	  the	  two	  stereoisomers.	  These	  binding	  modes	  would	  ultimately	  require	  confirmation	  
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with	  X-‐ray	  crystal	  structures	  of	  the	  ligands	  bound	  to	  p110γ,	  however,	  they	  provide	  some	  insight	  

into	  how	  the	  conformation	  of	  binding	  groups	  can	  influence	  potency.	  

	  

Figure	  3.6:	  Compound	  37b	  (light	  purple)	  and	  compound	  38b	  (dark	  purple)	  docked	  into	  p110γ	  (PDB	  ID:	  3DBS).	  

Hydrogen	  bonds	  are	  shown	  in	  black	  dashed	  lines.	  Specific	  distances	  discussed	  in	  the	  text	  are	  highlighted	  in	  red	  for	  

compound	  37b	  and	  orange	  for	  compound	  38b.	  	  

The	  second	  question	  we	  attempted	  to	  answer	  with	  docking	  was	  the	  difference	  in	  PI3Kγ	  

potency	  between	  compounds	  41a	  and	  41b.	  Compound	  41a	  has	  1-‐(ethylsulfonamide)piperidinyl	  

substituent	  at	  the	  RHS,	  with	  a	  3-‐hydroxyphenyl	  substituent	  at	  the	  LHS,	  and	  inhibits	  PI3Kγ	  with	  

an	  IC50	  of	  1880	  nM.	  Compound	  41b	  has	  the	  same	  ethylsulfonamide	  RHS	  substituent,	  but	  is	  

instead	  coupled	  to	  a	  3-‐hydroxymethylphenyl	  substituent	  at	  the	  LHS	  and	  fails	  to	  inhibit	  PI3Kγ	  at	  

concentrations	  up	  to	  10,000	  nM.	  We	  wished	  to	  investigate	  whether	  docking	  was	  able	  to	  provide	  

insight	  into	  why	  the	  simple	  introduction	  of	  a	  methylene	  linker	  could	  so	  dramatically	  alter	  the	  

potency	  at	  PI3Kγ.	  	  

Docking	  compound	  41a	  in	  p110γ	  predicts	  the	  morpholinyl	  oxygen	  will	  form	  a	  hydrogen	  

bond	  at	  the	  hinge	  region	  with	  the	  backbone	  of	  Val882	  (Figure	  3.7).	  The	  substituted	  phenyl	  ring	  
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binds	  in	  the	  affinity	  pocket,	  with	  the	  hydroxyl	  group	  predicted	  to	  form	  a	  hydrogen	  bond	  with	  

Asp836.	  The	  sulfonyl	  group	  is	  positioned	  3.1	  Å	  from	  the	  carboxyl	  of	  Asp950,	  possibly	  resulting	  

in	  a	  small	  degree	  of	  repulsion	  between	  the	  two	  electronegative	  atoms.	  	  

The	  core	  of	  compound	  41b	  binds	  in	  the	  same	  manner.	  The	  meta-‐hydroxy	  group	  is	  oriented	  

within	  the	  affinity	  pocket	  to	  form	  hydrogen	  bonds	  with	  Tyr867	  and	  Asp841,	  much	  in	  the	  same	  

manner	  as	  compounds	  37b	  and	  38b.	  The	  sulfonyl	  group	  is	  positioned	  differently	  with	  the	  ethyl	  

group	  oriented	  towards	  Ala805	  on	  the	  P-‐loop,	  but	  the	  two	  oxygen	  atoms	  are	  not	  within	  

interacting	  distance	  of	  any	  residues.	  It	  is	  not	  at	  all	  clear	  from	  these	  binding	  modes	  why	  

compound	  41b	  would	  be	  so	  much	  less	  potent	  than	  compound	  41a	  at	  inhibiting	  PI3Kγ.	  

Unfortunately,	  in	  this	  case,	  docking	  has	  failed	  to	  provide	  reasonable	  structural	  explanations	  for	  

how	  small	  changes	  in	  the	  inhibitor	  structure	  can	  result	  in	  such	  large	  differences	  in	  potency	  at	  

PI3Kγ.	  	  

	  

Figure	  3.7:	  Compounds	  41a	  (light	  purple)	  and	  41b	  (dark	  purple)	  docked	  into	  p110γ	  (PDB	  ID:	  3DBS).	  Hydrogen	  

bonds	  are	  represented	  as	  black	  dashed	  lines.	  Distances	  discussed	  in	  the	  text	  are	  highlighted	  in	  red.	  	  
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3.5 Conclusions	  

This	  chapter	  has	  described	  the	  synthesis	  and	  biochemical	  evaluation	  of	  28	  analogues	  of	  

ZSTK474	  against	  the	  Class	  I	  PI3K	  isoforms	  to	  identify	  features	  that	  might	  influence	  isoform	  

selectivity.	  More	  specifically	  compounds	  were	  assessed	  to	  probe	  the	  effect	  of	  interactions	  within	  

the	  conserved	  affinity	  pocket.	  Substitutions	  at	  the	  benzimidazole	  group	  were	  made,	  or	  the	  group	  

replaced	  by	  a	  substituted	  phenyl	  ring	  alone	  or	  in	  combination	  with	  replacements	  for	  one	  of	  the	  

morpholinyl	  groups.	  The	  resultant	  effect	  on	  potency	  and	  selectivity	  for	  PI3K	  can	  be	  added	  to	  the	  

SAR	  and	  selectivity	  studies	  of	  this	  type	  reported	  elsewhere.	  

In	  the	  first	  phase	  of	  the	  work,	  an	  efficient,	  regioselective	  synthetic	  method	  was	  developed	  

which	  allows	  access	  to	  5-‐	  and	  6-‐substituted	  benzimidazole	  derivatives	  of	  ZSTK474,	  substitutions	  

that	  had	  been	  neglected	  in	  other	  studies.	  These	  results	  add	  to	  the	  SAR	  of	  previously	  reported	  4-‐	  

and	  4,6-‐	  benzimidazole	  substitutions.10	  Although	  the	  methoxy	  substitutions	  used	  resulted	  in	  an	  

overall	  decrease	  in	  potency	  at	  PI3Kα,	  this	  synthetic	  method	  would	  now	  allow	  ready	  access	  to	  

alternative	  5-‐	  or	  6-‐substitutions,	  like	  halogens	  or	  hydrogen	  bond	  donors,	  which	  may	  be	  able	  to	  

pick	  up	  selective	  interactions	  in	  the	  affinity	  pocket.	  In	  particular,	  it	  was	  noted	  that	  the	  methoxy	  

substitution	  had	  a	  dramatically	  negative	  impact	  on	  potency	  at	  the	  PI3Kγ	  isoform.	  As	  such,	  

substitutions	  at	  the	  6-‐position	  may	  be	  a	  suitable	  method	  to	  dial	  out	  PI3Kγ	  inhibition.	  	  

In	  the	  second	  phase	  of	  this	  work,	  alternatives	  to	  the	  benzimidazole	  substituent	  were	  

investigated.	  The	  3-‐hydroxyphenyl	  substituent	  was	  identified	  as	  a	  better	  affinity	  pocket	  binding	  

moiety	  for	  the	  development	  of	  PI3Kα	  selective	  inhibitors	  than	  the	  	  

2-‐difluoromethylbenzimidazole.	  Overall,	  the	  compounds	  with	  this	  substituent	  (37-‐42)	  showed	  a	  

greater	  preference	  for	  the	  PI3Kα	  isoform	  than	  those	  with	  the	  2-‐difluoromethylbenzimidazole	  

substituent	  (25a-‐f).	  Changes	  were	  particularly	  dramatic	  in	  the	  inhibitory	  potency	  at	  PI3Kγ,	  

where	  many	  of	  the	  phenyl-‐substituted	  compounds	  had	  little	  to	  no	  inhibition	  at	  concentrations	  
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up	  to	  10,000	  nM.	  It	  appears	  that	  these	  selectivity	  effects	  are	  influenced	  by	  both	  LHS	  and	  RHS	  

substituents.	  Our	  data	  emphasises	  the	  multi-‐faceted	  problem	  of	  designing	  an	  isoform	  selective	  

inhibitor.	  Each	  aspect	  or	  binding	  moiety	  of	  the	  inhibitor	  must	  be	  optimised	  concurrently	  both	  

with	  respect	  to	  potency	  and	  selectivity.	  	  

By	  combining	  a	  hydroxyphenyl	  substituent	  with	  a	  4-‐piperidinylcarboxyl	  substituent,	  we	  

were	  able	  to	  synthesise	  a	  novel	  inhibitor	  (39b)	  with	  4-‐57-‐fold	  selectivity	  for	  the	  PI3Kα	  isoform.	  

Unfortunately,	  this	  selectivity	  was	  achieved	  at	  the	  expense	  of	  potency,	  with	  the	  inhibitor,	  

compound	  39b	  showing	  an	  IC50	  of	  only	  614	  nM	  at	  PI3Kα.	  A	  potent	  inhibitor,	  compound	  42a	  

with	  similar	  potency	  to	  ZSTK474	  at	  the	  three	  Class	  IA	  isoforms,	  but	  more	  than	  70-‐fold	  selectivity	  

against	  PI3Kγ	  was	  also	  identified.	  

Taken	  together,	  the	  results	  from	  this	  chapter	  particularly	  highlight	  the	  sensitivity	  of	  PI3Kγ	  to	  

substitutions	  in	  the	  affinity	  pocket-‐binding	  region	  of	  the	  inhibitors.	  One	  possible	  structural	  

explanation	  for	  this	  is	  the	  presence	  of	  a	  tyrosine	  residue	  (p110γTyr787)	  situated	  behind	  the	  

affinity	  pocket,	  where	  each	  of	  the	  other	  isoforms	  has	  a	  leucine	  residue.	  This	  significant	  

difference	  in	  bulk	  surrounding	  the	  affinity	  pocket	  may	  affect	  its	  flexibility	  and	  ability	  to	  

accommodate	  various	  substitutions.	  Just	  as	  the	  specificity	  pocket	  discussed	  in	  Chapter	  1	  confers	  

selectivity	  for	  PI3Kβ	  and	  δ,	  so	  the	  affinity	  pocket	  appears	  to	  be	  an	  important	  consideration	  for	  

the	  design	  of	  inhibitors	  with	  selectivity	  for	  or	  against	  PI3Kγ.13,15,43	  	  	  
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Chapter 4: Dipeptide analogues of 

ZSTK474 targeting non-conserved 

region 1 residues 

	  

4.1 Introduction	  

Chapter	  3	  described	  the	  synthesis	  and	  evaluation	  of	  ZSTK474	  analogues,	  with	  a	  focus	  on	  

replacement	  of	  the	  difluoromethylbenzimidazole	  moiety.	  Some	  of	  these	  analogues	  were	  found	  to	  

show	  improved	  selectivity	  for	  PI3Kα,	  but	  this	  was	  accompanied	  by	  a	  significant	  loss	  in	  potency,	  

highlighting	  both	  the	  sensitivity	  of	  the	  affinity	  pocket	  to	  such	  changes	  and	  the	  multi-‐faceted	  

complexities	  of	  inhibitor	  selectivity.	  Having	  explored	  the	  effect	  of	  interactions	  within	  the	  

conserved	  affinity	  pocket,	  we	  wished	  now	  to	  investigate	  an	  alternative	  design	  approach,	  namely,	  

targeting	  the	  non-‐conserved	  residues	  in	  Region	  1	  and	  specifically	  p110αGln859.	  	  

Specific	  interactions	  with	  the	  non-‐conserved	  residue	  p110αGln859,	  which	  is	  an	  aspartate,	  

lysine	  and	  asparagine	  residue	  in	  PI3Kβ,	  γ	  and	  δ,	  respectively,	  have	  been	  shown	  to	  be	  important	  

for	  the	  PI3Kα	  selectivity	  of	  a	  family	  of	  related	  aminothiazole	  compounds.	  Computational	  models,	  
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confirmed	  by	  site-‐directed	  mutagenesis,	  have	  implicated	  a	  specific	  interaction	  between	  the	  

carboxamide	  group	  and	  p110αGln859	  in	  the	  PI3Kα	  selectivity	  of	  the	  Novartis	  inhibitor,	  A-‐66	  15	  

(Figure	  4.1,	  Figure	  4.2a).1,2	  As	  discussed	  in	  Chapter	  3,	  Bruce	  et	  al.	  from	  Novartis	  published	  a	  

report	  of	  the	  optimisation	  of	  a	  non	  selective	  aminothiazole	  lead	  compound	  into	  PI3Kα,	  γ	  and	  δ	  

selective	  inhibitors.3	  Their	  parallel	  synthesis	  campaign	  identified	  a	  terminal	  carboxamide	  group	  

as	  being	  essential	  for	  PI3Kα	  selectivity,	  presumably	  due	  to	  similar	  interactions	  with	  Gln859	  as	  

for	  A-‐66.3	  More	  recently,	  a	  report	  detailed	  the	  medicinal	  chemistry	  development	  of	  the	  closely	  

related	  PI3Kα	  selective	  inhibitor	  currently	  in	  Phase	  I/II	  clinical	  trials,	  NVP-‐BYL719	  6	  (Figure	  

4.1).4	  An	  unreleased	  crystal	  structure	  of	  PI3Kα	  in	  complex	  with	  NVP-‐BYL719	  has	  confirmed	  its	  

interaction	  with	  Gln859.4	  

The	  analogous	  residue	  in	  PI3Kβ,	  Asp862,	  has	  been	  implicated	  in	  the	  PI3Kβ	  selectivity	  of	  a	  

novel	  series	  of	  aminoacyl-‐triazine	  derivatives	  based	  on	  ZSTK474	  described	  by	  our	  group.5	  In	  this	  

inhibitor	  series,	  one	  of	  the	  morpholine	  groups	  of	  ZSTK474	  was	  replaced	  by	  a	  piperazine	  ring	  and	  

coupled	  to	  various	  amino	  acids,	  leaving	  a	  terminal	  amino	  group	  (Figure	  4.1).	  Interestingly,	  when	  

a	  glycine	  residue	  was	  coupled	  to	  the	  piperazine	  ring	  (16a),	  the	  inhibitor	  displayed	  dual	  

selectivity	  for	  PI3Kβ	  and	  δ.	  When	  this	  was	  substituted	  for	  a	  L-‐phenylalanine	  residue,	  the	  

selectivity	  shifted	  towards	  PI3Kβ.	  Theoretical	  molecular	  docking	  studies	  of	  compound	  16	  

suggested	  the	  amino	  group	  was	  forming	  charged	  interactions	  with	  p110βAsp862	  (Figure	  4.2b).	  

Site-‐directed	  mutagenesis	  data	  corroborated	  this	  prediction.5	  These	  charged	  interactions	  cannot	  

be	  formed	  in	  the	  other	  isoforms.	  	  
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Figure	  4.1:	  Inhibitor	  structures	  

	  

Figure	  4.2:	  A)	  Homology	  model	  of	  p110α	  and	  docked	  binding	  pose	  of	  A-‐66	  15	  highlighting	  the	  interaction	  with	  

Gln8591	  B)	  JP9-‐114	  16	  docked	  into	  the	  crystal	  structure	  of	  p110β	  (PDB	  ID:	  2Y3A).5	  	  

	  

	  

N

SHN

ON

H2N

O

N

S

N

N

N

N

NN

O

N
N

FF

O
NH2

15

16

A-66

JP9-114

N

S
N

CF3
HN

ON

H2N

O

6
NVP-BYL719

N

N

N

N

NN

O

N
N

FF

O
NH2

16a
JP8-140



Chapter	  4	  

	   114	  

4.1.1 Aims	  

The	  reports	  above	  have	  provided	  rationalisation	  of	  both	  PI3Kα	  and	  β	  inhibitor	  selectivity	  

based	  on	  key	  interactions	  with	  non-‐conserved	  Region	  1	  residues.	  Building	  on	  these	  results,	  we	  

sought	  to	  explore	  a	  rational	  and	  perhaps	  general	  design	  approach	  to	  generate	  isoform	  selectivity	  

based	  on	  targeting	  this	  non-‐conserved	  region.	  In	  particular,	  in	  a	  similar	  manner	  to	  the	  

aminothiazole	  inhibitors,	  we	  considered	  that	  a	  terminal	  carboxamide	  group	  appended	  to	  the	  

ZSTK474	  core	  structure	  might	  have	  the	  ability	  to	  interact	  selectively	  with	  Gln859	  of	  PI3Kα	  or	  

the	  equivalent	  non-‐conserved	  residue	  in	  PI3Kδ,	  Asn836.	  This	  chapter	  describes	  the	  synthesis	  

and	  evaluation	  of	  these	  derivatives.	  	  

4.2 Synthesis	  of	  dipeptide	  derivatives	  

In	  a	  similar	  manner	  to	  the	  aminoacyl-‐triazine	  derivatives,	  we	  chose	  to	  keep	  the	  morpholine	  

and	  2-‐difluoromethylbenzimidazole	  substituents	  of	  ZSTK474	  constant	  in	  this	  series	  of	  PI3K	  

inhibitors.5	  We	  replaced	  the	  remaining	  morpholine	  group	  with	  various	  dipeptide	  amides.	  We	  

envisaged	  that	  the	  terminal	  carboxamide	  would	  be	  able	  to	  interact	  with	  p110αGln859	  in	  a	  

similar	  manner	  to	  the	  aminothiazoles.1–4	  The	  starting	  point	  for	  the	  conjugation	  of	  amino	  acid	  

amides	  were	  the	  three	  piperidinylcarboxylic	  acid	  analogues	  described	  in	  Chapter	  3,	  25a,	  25b	  

and	  25f	  (Figure	  4.3).	  In	  the	  series	  of	  aminoacyl-‐triazine	  PI3Kβ	  inhibitors	  described	  above,	  the	  

most	  discernible	  effect	  in	  both	  potency	  and	  selectivity	  was	  seen	  with	  glycinylpiperazine	  and	  	  

L-‐phenylalaninylpiperazine	  substituents.	  Analogously,	  we	  attached	  a	  glycine	  and	  L-‐

phenylalanine	  amides	  to	  these	  three	  carboxylate	  linkers	  to	  assess	  the	  effect	  of	  each	  on	  potency	  

and	  selectivity.	  We	  later	  selected	  the	  4-‐piperidinylcarboxylic	  acid	  linker	  to	  investigate	  the	  effect	  

of	  other	  amino	  acid	  substitutions	  on	  selectivity	  and	  potency.	  	  
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Figure	  4.3:	  Structures	  of	  the	  three	  piperidinylcarboxyl	  derivatives	  used	  to	  conjugate	  to	  amino	  acid	  amides.	  	  

The	  synthesis	  of	  these	  compounds	  was	  achieved	  by	  the	  reaction	  of	  the	  key	  carboxylic	  acid	  

intermediates	  described	  in	  Chapter	  3,	  25a,	  25b	  or	  25f	  with	  amino	  carboxamides	  under	  peptide	  

coupling	  conditions	  with	  HBTU	  and	  DIPEA	  in	  DMF	  (Scheme	  4.1).	  Upon	  addition	  of	  water	  to	  the	  

reaction	  mixture,	  the	  product	  precipitated	  in	  high	  purity	  as	  determined	  by	  LCMS,	  HPLC	  and	  

NMR.	  A	  total	  of	  10	  derivatives	  were	  synthesised	  using	  this	  approach	  (Table	  4.1).	  

	  

	  

Scheme	  4.1:	  Solution-‐phase	  synthesis	  of	  ZSTK474	  dipeptide	  analogues.	  a.	  HBTU,	  DIPEA,	  DMF	  
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Table	  4.1:	  Yields	  of	  ZSTK474	  dipeptide	  derivatives	  

	  

Compound	   Linker	  Position	  

(chirality)	  

R	  	  

(chirality)	  

Yield	   HRMS	  

(m/z)	  [MH]+	  

43	   4	   H	   67%	   Calc’d	  516.2278	  

Found	  516.2279	  

44	   4	   CH2Ph	  (S)	   63%	   Calc’d	  606.2747	  

Found	  606.2754	  

45	   3	  (S)	   H	   63%	   Calc’d	  516.2278	  

Found	  516.2291	  

46	   3	  (S)	   CH2Ph	  (S)	   68%	   Calc’d	  606.2747	  

Found	  606.2743	  

47	   3	  (R)	   H	   27%	   Calc’d	  516.2278	  

Found	  516.2282	  

48	   3	  (R)	   CH2Ph	  (S)	   88%	   Calc’d	  606.2747	  

Found	  606.2745	  

49	   4	   CH3	  (S)	   28%	   Calc’d	  530.2434	  

Found	  530.2438	  

50	   4	   CH3	  (R)	   35%	   Calc’d	  530.2434	  

Found	  530.2437	  

51	   4	   CH2OH	  (S)	   63%	   Calc’d	  546.2383	  

Found	  546.2393	  

52	   4	   CH(CH3)2	  (S)	   44%	   Calc’d	  558.2747	  

Found	  558.2747	  
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The	  use	  of	  a	  solid-‐phase	  approach	  amenable	  to	  parallel	  synthesis	  was	  also	  examined	  using	  

the	  L-‐phenylalanine	  derivative,	  compound	  46,	  as	  an	  example.	  The	  dipeptide	  units	  were	  

constructed	  on	  Rink	  Amide	  resin	  using	  standard	  Fmoc	  solid-‐phase	  peptide	  synthesis	  protocols.	  

The	  dipeptide-‐resin	  was	  then	  treated	  with	  an	  excess	  of	  the	  key	  monochloro	  intermediate	  27	  

with	  potassium	  carbonate	  in	  DMF	  at	  elevated	  temperatures	  under	  microwave	  heating	  (Scheme	  

4.2).	  Trifluoroacetic	  acid	  (TFA)	  cleavage	  from	  the	  resin	  yielded	  the	  target	  compound,	  which	  

could	  be	  isolated	  by	  semi-‐preparative	  HPLC	  purification.	  Initial	  purification	  was	  conducted	  using	  

aqueous	  acidic	  HPLC	  buffers.	  Unfortunately,	  it	  was	  subsequently	  found	  that	  the	  

difluoromethylbenzimidazole	  moiety	  was	  sensitive	  to	  acid-‐catalysed	  hydrolysis.	  Compound	  46	  

was	  thus	  purified	  using	  TFA-‐free	  buffers.	  However,	  this	  limited	  the	  efficiency	  of	  purification	  

causing	  low	  yields	  and	  thus	  limiting	  the	  utility	  of	  this	  route.	  	  

	  

Scheme	  4.2:	  Solid-‐phase	  synthesis	  of	  ZSTK474	  dipeptide	  analogues.	  a.	  Fmoc-‐(L)-‐phenylalanine,	  HCTU,	  DIPEA,	  DMF;	  

b.	  20%	  piperidine	  in	  DMF;	  c.	  K2CO3,	  DMF,	  MW,	  140°C,	  30	  minutes;	  d.	  95%	  aq.	  trifluoroacetic	  acid.	  

As	  shown	  in	  Table	  4.1,	  characterisation	  by	  HRMS	  revealed	  the	  correct	  parent	  ion	  for	  each	  of	  

the	  ten	  compounds.	  1H-‐NMR	  and	  13C-‐NMR	  spectra	  were	  also	  consistent	  with	  the	  structures	  of	  

each	  of	  the	  compounds.	  	  

As	  an	  example,	  the	  1H-‐NMR	  spectrum	  of	  the	  L-‐alaninamide	  derivative,	  compound	  49,	  

revealed	  four	  aromatic	  resonances	  at	  8.34,	  7.93,	  7.51	  and	  7.44	  ppm	  corresponding	  to	  the	  four	  

protons	  of	  the	  benzimidazole	  group.	  A	  1H-‐13C	  HSQC	  experiment	  reveals	  these	  four	  signals	  

correspond	  to	  the	  carbon	  signals	  at	  115.7,	  120.7,	  125.8	  and	  124.3	  ppm,	  respectively.	  The	  
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characteristic	  triplet	  signal	  (J	  =	  53	  Hz)	  of	  the	  difluoromethine	  proton	  was	  found	  at	  7.73	  ppm.	  The	  

corresponding	  carbon	  appeared	  as	  a	  triplet	  signal	  at	  108.6	  ppm	  (J	  =	  237	  Hz)	  in	  the	  13C-‐NMR.	  The	  

secondary	  amide	  proton	  appeared	  as	  a	  doublet	  signal	  at	  7.93	  ppm	  (J	  =	  7.7	  Hz),	  split	  by	  the	  

adjacent	  methine	  proton	  of	  the	  alanine	  residue.	  The	  primary	  amide	  protons	  appeared	  as	  two	  

broad	  singlet	  resonances	  at	  7.27	  and	  6.94	  ppm.	  The	  morpholinyl	  protons	  appear	  as	  two	  

multiplets	  at	  characteristic	  chemical	  shifts	  of	  3.86-‐3.76	  and	  3.74-‐3.64	  ppm,	  corresponding	  to	  the	  

carbons	  at	  43.6	  and	  65.9	  ppm,	  respectively.	  The	  α-‐methine	  proton	  appears	  as	  a	  multiplet	  at	  

4.25-‐4.15	  ppm,	  corresponding	  to	  the	  carbon	  at	  47.9	  ppm.	  The	  methyl	  group	  is	  coupled	  to	  this	  

methine	  proton	  and	  appears	  as	  a	  doublet	  at	  1.19	  ppm	  (J	  =	  7.1	  Hz),	  with	  the	  carbon	  appearing	  at	  

18.5	  ppm.	  The	  piperidinyl	  methylene	  protons	  appear	  as	  four	  signals	  at	  4.64,	  3.05,	  1.81	  and	  

1.54	  ppm,	  corresponding	  to	  carbons	  at	  43.0,	  42.8	  and	  28.1	  (2C)	  ppm.	  The	  piperidinyl	  methine	  

proton	  appears	  as	  a	  multiplet	  at	  2.57	  ppm,	  and	  the	  carbon	  at	  41.4	  ppm.	  	  

The	  1H	  and	  13C-‐NMR	  spectra	  of	  the	  other	  analogues	  are	  comparable	  with	  the	  expected	  

changes	  associated	  with	  the	  modified	  dipeptide	  amides.	  The	  glycine	  analogue	  compound	  43	  has	  

a	  doublet	  in	  the	  1H-‐NMR	  spectrum	  at	  3.62	  ppm	  (J	  =	  5.8	  Hz)	  corresponding	  to	  the	  α-‐methylene	  

protons.	  In	  compounds	  45	  and	  47	  the	  α-‐protons	  protons	  appear	  at	  3.67	  and	  3.69	  ppm,	  

respectively,	  overlapping	  with	  the	  multiplet	  signal	  from	  the	  morpholinyl	  protons.	  The	  

phenylalanine	  analogues,	  compounds	  44,	  46	  and	  48	  have	  additional	  aromatic	  resonances	  

corresponding	  to	  the	  phenyl	  protons.	  The	  L-‐serine	  analogue,	  compound	  51,	  has	  a	  triplet	  at	  

4.84	  ppm	  (J	  =	  5.6	  Hz)	  from	  the	  hydroxyl	  proton.	  The	  methylene	  protons	  occur	  as	  a	  triplet	  at	  

3.56	  ppm	  (J	  =	  6.0	  Hz),	  while	  the	  α-‐methine	  proton	  is	  a	  doublet	  of	  triplets	  at	  4.21	  ppm	  (J	  =	  8.0,	  

5.4	  Hz).	  The	  L-‐valine	  analogue,	  compound	  52,	  has	  a	  doublet	  of	  doublet	  signal	  (J	  =	  9.0,	  6.6	  Hz)	  at	  

4.12	  ppm	  corresponding	  to	  the	  α-‐methine	  proton.	  The	  β-‐methine	  proton	  signal	  appears	  as	  a	  

multiplet	  at	  1.96	  ppm.	  The	  two	  methyl	  group	  protons	  appear	  at	  0.84	  ppm	  as	  a	  triplet	  (J	  =	  6.3	  Hz).	  

The	  methyl	  protons	  would	  be	  expected	  to	  appear	  as	  doublet,	  split	  by	  the	  β-‐methine	  proton.	  In	  
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this	  case,	  the	  protons	  from	  each	  methyl	  group	  are	  presumably	  non-‐equivalent	  and	  are	  each	  

represented	  by	  a	  doublet.	  These	  two	  doublets	  have	  overlapped	  to	  appear	  as	  a	  triplet	  in	  the	  

spectrum.	  	  

4.3 Evaluation	  of	  ZSTK474	  dipeptide	  analogues	  

The	  compounds	  were	  assayed	  as	  inhibitors	  of	  each	  of	  the	  Class	  I	  PI3Ks	  with	  comparison	  to	  

ZSTK474	  to	  determine	  the	  influence	  of	  each	  modification,	  using	  the	  Kinase-‐Glo®	  assay	  

described	  in	  Chapter	  3.	  Overall,	  the	  influence	  of	  the	  substitutions	  on	  potency	  and	  selectivity	  

were	  apparent	  and	  the	  compounds	  showed	  a	  range	  of	  potencies	  at	  each	  of	  the	  four	  PI3K	  

isoforms	  (Table	  4.2).	  A	  general	  trend	  was	  observed	  indicating	  selectivity	  for	  PI3Kδ,	  or	  dual	  

PI3Kα	  and	  δ	  selectivity.	  This	  is	  in	  accordance	  with	  our	  hypothesis	  of	  using	  the	  terminal	  

carboxamide	  to	  target	  the	  non-‐conserved	  residues	  p110αGln859	  and	  p110δAsn836.	  	  

Firstly,	  we	  compared	  the	  three	  piperidinyl	  linkers	  coupled	  to	  a	  glycine	  amide.	  Compound	  43,	  

with	  a	  4-‐piperidinyl	  linker,	  showed	  dual	  selectivity	  for	  PI3Kα	  and	  δ	  of	  about	  5-‐7-‐fold	  over	  the	  

other	  two	  isoforms.	  It	  had	  IC50	  values	  at	  PI3Kα	  and	  δ	  of	  98	  and	  67	  nM,	  respectively,	  which	  is	  a	  3-‐

4-‐fold	  decrease	  compared	  with	  ZSTK474.	  A	  similar	  decrease	  in	  potency	  was	  observed	  at	  PI3Kγ,	  

with	  an	  IC50	  of	  496	  nM.	  There	  was	  a	  greater	  decrease	  at	  PI3Kβ	  of	  8-‐fold,	  with	  an	  IC50	  of	  329	  nM.	  	  

Compound	  45,	  with	  a	  3-‐(S)	  substituted	  piperidinyl	  linker,	  was	  the	  most	  potent	  of	  the	  glycine	  

derivatives	  and	  mirrored	  very	  closely	  ZSTK474	  itself.	  Compound	  45	  had	  an	  IC50	  at	  PI3Kα	  of	  

32	  nM.	  It	  had	  a	  slightly	  improved	  potency	  at	  PI3Kβ	  of	  24	  nM.	  The	  potency	  at	  PI3Kγ	  and	  δ	  were	  

similar	  to	  ZSTK474	  with	  IC50	  values	  of	  194	  nM	  and	  25	  nM,	  respectively.	  	  
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Table	  4.2:	  Evaluation	  of	  ZSTK474	  dipeptide	  analogues.	  IC50	  values	  are	  the	  mean	  of	  at	  least	  three	  independent	  

experiments,	  each	  conducted	  in	  duplicate.	  Standard	  errors	  are	  all	  within	  20%	  of	  the	  mean	  (see	  Appendix	  1).	  

	  

	   	   	   IC50	  (nM)	  

Compound	   Linker	  Position	  

(chirality)	  

R	  

(chirality)	  

PI3Kα 	   PI3Kβ 	   PI3Kγ 	   PI3Kδ 	  

ZSTK474	   	   	   35	   39	   166	   17	  

43	   4	   H	   98	   329	   496	   67	  

44	   4	   CH2Ph	  (S)	   190	   513	   708	   44	  

45	   3	  (S)	   H	   32	   24	   194	   25	  

46	   3	  (S)	   CH2Ph	  (S)	   358	   342	   1983	   57	  

47	   3	  (R)	   H	   83	   166	   445	   38	  

48	   3	  (R)	   CH2Ph	  (S)	   908	   1722	   1378	   263	  

49	   4	   CH3	  (S)	   123	   207	   434	   40	  

50	   4	   CH3	  (R)	   114	   601	   536	   29	  

51	   4	   CH2OH	  (S)	   67	   162	   521	   29	  

52	   4	   CH(CH3)2	  (S)	   191	   602	   440	   144	  

	  

Its	  stereoisomer,	  compound	  47,	  with	  a	  3-‐(R)	  substituted	  piperidinyl	  linker,	  showed	  dual	  

selectivity	  for	  PI3Kα	  and	  δ	  of	  4-‐12-‐fold.	  It	  had	  an	  IC50	  at	  PI3Kα	  of	  83	  nM,	  a	  2-‐fold	  decrease	  

compared	  with	  ZSTK474.	  A	  2-‐fold	  decrease	  in	  potency	  was	  also	  seen	  at	  PI3Kδ,	  with	  an	  IC50	  of	  
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38	  nM.	  The	  decrease	  in	  potency	  was	  3-‐4-‐fold	  at	  PI3Kβ	  and	  γ,	  with	  IC50	  values	  of	  166	  and	  445	  nM,	  

respectively.	  	  

From	  these	  results	  we	  can	  see	  that	  compound	  45	  was	  the	  most	  potent	  of	  the	  three	  linker	  

compounds,	  being	  equipotent	  with	  ZSTK474,	  which	  highlights	  the	  ability	  of	  the	  binding	  site	  to	  

accommodate	  large	  substitutions	  at	  this	  site.	  As	  expected,	  differences	  in	  potency	  and	  selectivity	  

are	  observed,	  presumably	  because	  the	  different	  linkers	  alter	  the	  binding	  conformation	  of	  the	  

carboxamide.	  As	  with	  ZSTK474,	  each	  of	  the	  compounds	  is	  most	  potent	  at	  PI3Kδ,	  with	  the	  

exception	  of	  45,	  which	  is	  equipotent	  at	  PI3Kβ	  and	  δ.	  Little	  difference	  is	  seen	  in	  the	  selectivity	  

between	  PI3Kα	  and	  δ	  in	  the	  three	  derivatives	  and	  ZSTK474,	  however	  some	  difference	  is	  seen	  in	  

the	  selectivity	  for	  PI3Kδ	  over	  PI3Kβ	  and	  γ.	  The	  3-‐(S)-‐piperidinyl	  linker	  compound	  45	  has	  no	  

selectivity	  between	  PI3Kβ	  and	  δ.	  The	  4-‐piperidinyl	  and	  3-‐(R)-‐piperidinyl	  compounds,	  43	  and	  47,	  

however	  have	  4-‐5-‐fold	  selectivity	  against	  PI3Kβ.	  In	  the	  case	  of	  selectivity	  against	  PI3Kγ,	  the	  	  

4-‐piperidinyl	  and	  3-‐(S)-‐piperidinyl	  linker	  compounds	  43	  and	  45	  have	  selectivity	  of	  7-‐8-‐fold,	  

while	  in	  the	  3-‐(R)-‐piperidinyl	  linker	  this	  selectivity	  is	  increased	  to	  12-‐fold.	  	  

The	  next	  series	  of	  compounds	  we	  investigated	  was	  the	  L-‐phenylalanine	  substituted	  

compounds.	  These	  compounds	  showed	  increased	  PI3Kδ	  selectivity	  compared	  with	  the	  glycine	  

analogues	  with	  a	  more	  marked	  drop	  in	  potency.	  The	  compound	  with	  the	  4-‐piperidinyl	  linker,	  

compound	  44,	  was	  selective	  for	  PI3Kδ	  by	  4-‐16-‐fold.	  In	  addition,	  it	  showed	  an	  increased	  PI3Kδ	  

potency	  compared	  with	  the	  glycine	  analogue,	  43,	  of	  44	  nM.	  This	  was	  accompanied	  by	  decreases	  

in	  potency	  at	  each	  of	  the	  other	  isoforms,	  with	  IC50	  values	  of	  190,	  513	  and	  708	  nM	  at	  PI3Kα,	  β	  and	  

γ,	  respectively.	  	  

The	  compound	  with	  the	  3-‐(S)	  substituted	  piperidinyl	  linker,	  46,	  had	  6-‐35-‐fold	  selectivity	  for	  

PI3Kδ,	  the	  most	  PI3Kδ	  selective	  inhibitor	  in	  this	  series.	  It	  showed	  a	  2-‐fold	  decrease	  in	  potency	  at	  

PI3Kδ	  compared	  with	  the	  corresponding	  glycine	  analogue,	  45,	  with	  an	  IC50	  of	  57	  nM.	  PI3Kδ	  
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selectivity	  was	  achieved	  via	  a	  greater	  drop	  in	  potency	  at	  each	  of	  the	  other	  isoforms,	  with	  IC50	  

values	  of	  358,	  342	  and	  1983	  nM	  at	  PI3Kα,	  β	  and	  γ,	  respectively.	  	  

When	  an	  L-‐phenylalanine	  amide	  was	  linked	  to	  a	  3-‐(R)	  substituted	  piperidinyl	  linker	  in	  48,	  

the	  potency	  was	  significantly	  reduced	  across	  all	  four	  isoforms.	  It	  was	  most	  potent	  at	  PI3Kδ,	  with	  

an	  IC50	  of	  263	  nM,	  a	  loss	  of	  7-‐fold	  compared	  with	  the	  glycine	  analogue,	  47.	  Potency	  losses	  were	  

also	  observed	  at	  the	  other	  isoforms,	  with	  IC50	  values	  of	  908,	  1722	  and	  1378	  nM	  at	  PI3Kα,	  β	  and	  

γ,	  respectively.	  This	  was	  greater	  than	  10-‐fold	  loss	  in	  potency	  at	  PI3Kα	  and	  β	  compared	  with	  the	  

glycine	  analogue,	  but	  only	  3-‐fold	  at	  PI3Kγ.	  	  

The	  switch	  from	  the	  glycine	  to	  the	  L-‐phenylalanine	  amide	  increased	  the	  PI3Kδ	  selectivity	  of	  

these	  three	  analogues.	  Compound	  46	  has	  the	  best	  PI3Kδ	  selectivity	  of	  all	  the	  compounds	  of	  6-‐

35-‐fold,	  with	  a	  reasonable	  potency	  of	  57	  nM.	  The	  least	  selective	  and	  the	  least	  potent	  compound	  

was	  the	  3-‐(R)-‐piperidinyl	  linker	  compound,	  48,	  with	  only	  3-‐7-‐fold	  selectivity	  and	  an	  IC50	  of	  

263	  nM.	  The	  compound	  44	  was	  most	  potent	  at	  PI3Kδ	  (IC50	  of	  44	  nM),	  with	  a	  slightly	  lower	  

selectivity	  over	  PI3Kα	  of	  4-‐fold.	  However,	  the	  selectivity	  over	  PI3Kβ	  was	  greater	  than	  for	  

compound	  46,	  increasing	  from	  6	  to	  12-‐fold.	  	  

It	  was	  a	  combination	  of	  retained	  potency	  and	  emerging	  selectivity	  between	  PI3Kβ	  and	  δ	  that	  

led	  us	  to	  investigate	  further	  amino	  acid	  substitutions	  with	  the	  4-‐piperidinyl	  substituted	  linker.	  

Four	  amino	  acids	  were	  selected	  namely,	  L-‐alanine,	  D-‐alanine,	  L-‐serine	  and	  L-‐valine	  amides.	  

These	  side-‐chains	  allowed	  us	  to	  investigate	  the	  effect	  of	  stereochemistry,	  polarity	  and	  steric	  

bulk.	  In	  the	  PI3Kβ	  selective	  aminoacyl-‐triazine	  derivatives	  related	  to	  16	  discussed	  earlier,	  the	  

introduction	  of	  L	  and	  D	  amino	  acids	  shifted	  the	  selectivity	  between	  PI3Kβ	  and	  δ,	  presumably	  by	  

targeting	  the	  terminal	  amino	  group	  towards	  different	  non-‐conserved	  residues.5	  We	  also	  wanted	  

to	  see	  the	  effect	  of	  side-‐chain	  chirality	  on	  selectivity	  in	  this	  series	  of	  analogues.	  	  
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The	  change	  from	  glycine	  to	  the	  alanine	  stereoisomers	  had	  only	  a	  marginal	  influence,	  with	  

potency	  changing	  less	  than	  2-‐fold	  across	  the	  board.	  The	  D-‐alanine	  derivative,	  50,	  was	  4-‐11-‐fold	  

selective	  for	  PI3Kδ,	  but	  only	  the	  PI3Kβ	  potency	  seemed	  notably	  influenced	  by	  the	  chirality,	  with	  

a	  decrease	  by	  3-‐fold	  for	  the	  D-‐alanine	  derivative	  compared	  to	  its	  enantiomer.	  At	  each	  of	  the	  

other	  isoforms,	  the	  potencies	  are	  similar.	  Such	  an	  increase	  in	  the	  PI3Kδ	  selectivity	  (PI3Kβ	  from	  

5-‐fold	  to	  21-‐fold,	  PI3Kγ	  from	  11	  to	  19-‐fold)	  with	  a	  simple	  change	  in	  the	  chirality	  of	  the	  methyl	  

group	  may	  appear	  modest,	  but	  could	  prove	  significant	  upon	  further	  optimisation.	  	  

The	  substitution	  with	  a	  hydroxymethyl	  side	  chain	  in	  compound	  51	  resulted	  in	  an	  overall	  

restoration	  of	  potency	  across	  the	  four	  isoforms.	  Compound	  51	  had	  an	  IC50	  of	  29	  nM	  at	  PI3Kδ.	  

The	  selectivity	  over	  PI3Kα	  was	  decreased	  to	  2-‐fold,	  with	  a	  PI3Kα	  IC50	  of	  67	  nM.	  IC50	  values	  at	  

PI3Kβ	  and	  γ	  were	  162	  and	  521	  nM,	  respectively.	  	  

When	  the	  L-‐valine	  derivative	  52	  was	  evaluated,	  a	  decrease	  in	  potency	  at	  the	  PI3Kδ	  isoform	  

was	  observed,	  with	  an	  IC50	  value	  of	  144	  nM.	  Potency	  at	  the	  PI3Kα	  and	  β	  isoforms	  were	  similar	  to	  

the	  L-‐phenylalanine	  derivative,	  191	  and	  602	  nM,	  respectively.	  PI3Kγ	  potency	  was	  increased	  

slightly	  at	  440	  nM.	  Neither	  of	  these	  two	  analogues	  showed	  an	  increase	  in	  PI3Kδ	  selectivity,	  

however	  they	  do	  reveal	  that	  the	  hydroxyl	  side-‐chain	  of	  51	  is	  preferred	  to	  the	  isopropyl	  group	  of	  

the	  L-‐valine	  derivative,	  52.	  	  

4.4 Site-‐directed	  mutagenesis	  	  

The	  D-‐alanine	  analogue	  50	  was	  particularly	  interesting	  due	  to	  its	  specifically	  diminished	  

potency	  at	  PI3Kβ	  (17-‐fold	  drop	  compared	  to	  ZSTK474),	  while	  potency	  at	  PI3Kα	  and	  PI3Kδ	  was	  

less	  influenced.	  We	  wished	  to	  investigate	  further	  to	  determine	  whether	  this	  selectivity	  may	  be	  a	  

result	  of	  disfavoured	  interaction	  with	  p110βAsp862	  or	  favoured	  hydrogen	  bonds	  to	  

p110αGln859	  and/or	  p110δAsn836.	  	  
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Workers	  in	  our	  labs	  have	  previously	  produced	  a	  range	  of	  site	  directed	  mutants	  of	  PI3Kα	  and	  

PI3Kβ.	  The	  mutants	  at	  this	  position	  in	  PI3Kα	  and	  PI3Kβ,	  p110αGln859Asp	  and	  p110βAsp862Gln	  

were	  selected	  to	  study	  the	  influence	  of	  mutation	  on	  the	  potency	  of	  compound	  50	  and	  the	  results	  

compared	  to	  the	  wild-‐type.	  When	  the	  aspartate	  residue	  in	  PI3Kβ	  was	  mutated	  to	  a	  glutamine	  

(p110βAsp862Gln),	  there	  was	  a	  5-‐fold	  improvement	  in	  potency	  compared	  with	  the	  wild-‐type,	  

essentially	  restoring	  the	  potency	  seen	  in	  PI3Kα.	  However,	  no	  difference	  in	  inhibition	  was	  

observed	  when	  Gln859	  in	  PI3Kα	  was	  mutated	  to	  an	  aspartate	  (Table	  4.3).	  	  

These	  results	  suggest	  that	  compound	  50	  is	  indeed	  able	  to	  interact	  with	  residues	  in	  this	  

position.	  However,	  there	  appears	  to	  be	  a	  degree	  of	  flexibility	  or	  redundancy	  in	  the	  binding.	  

There	  is	  a	  similar	  non-‐conserved	  residue	  at	  a	  nearby	  position,	  p110αHis855	  and	  the	  analogous	  

PI3Kβ	  residue,	  p110βGlu858,	  that	  these	  inhibitors	  could	  also	  potentially	  interact	  with.	  When	  the	  

glutamate	  is	  mutated	  to	  a	  histidine	  in	  PI3Kβ,	  a	  2-‐fold	  improvement	  in	  potency	  is	  observed.	  

However,	  when	  the	  histidine	  in	  PI3Kα	  is	  mutated	  to	  a	  glutamate	  no	  decrease	  in	  potency	  is	  

observed.	  It	  could	  be	  that	  the	  carboxamide	  is	  able	  to	  interact	  with	  either	  the	  histidine	  or	  

glutamine	  such	  that	  when	  the	  residues	  are	  mutated	  in	  PI3Kα	  no	  decrease	  in	  potency	  is	  seen	  due	  

to	  redundancy	  in	  binding.	  However,	  when	  either	  of	  these	  residues	  is	  introduced	  in	  PI3Kβ,	  an	  

accompanying	  increase	  in	  potency	  is	  observed.	  	  

Table	  4.3:	  Evaluation	  of	  Compound	  50	  against	  wild-‐type	  PI3Kα	  and	  β	  and	  site-‐directed	  isoform	  mutants.	  IC50	  values	  

are	  the	  average	  of	  three	  independent	  experiments.	  Standard	  errors	  (s.e.)	  are	  reported	  within	  the	  table.	  	  

PI3Kα 	  Mutant	   IC50	  ±	  S.E.	  (nM)	   PI3Kβ 	  Mutant	   IC50	  ±	  S.E.	  (nM)	  

PI3Kα	  wild-‐type	   114	  ±	  5	   PI3Kβ	  wild-‐type	   601	  ±	  14	  

p110αGln859Asp	   100	  ±	  8	   p110βAsp862Gln	   123	  ±	  15	  

p110αHis855Glu	   73	  ±	  9	   p110βGlu858His	   263	  ±	  62	  
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4.5 Conclusions	  

This	  chapter	  has	  presented	  the	  synthesis	  and	  evaluation	  of	  10	  dipeptide	  ZSTK474	  analogues	  

designed	  to	  investigate	  PI3Kα	  selectivity	  by	  targeting	  interactions	  with	  the	  specific	  non-‐

conserved	  residues,	  αGln859	  and	  δAsn836.	  In	  line	  with	  this	  intention,	  a	  general	  trend	  was	  

observed	  that	  the	  compounds	  tended	  to	  show	  improved	  PI3Kδ	  selectivity	  compared	  to	  ZSTK474	  

itself.	  Compound	  46	  was	  the	  most	  PI3Kδ	  selective	  compound,	  showing	  selectivity	  of	  6-‐35-‐fold.	  

Compound	  50	  showed	  the	  greatest	  selectivity	  against	  PI3Kβ	  of	  21-‐fold.	  Site-‐directed	  

mutagenesis	  assay	  results	  are	  consistent	  with	  the	  hypothesis	  that	  the	  interactions	  dictating	  

selectivity	  are	  at	  the	  residue	  p110αGln859,	  or	  the	  corresponding	  residues	  in	  other	  isoforms.	  The	  

moderate	  effect	  on	  potency	  upon	  reciprocal	  mutagenesis	  may	  be	  a	  result	  of	  redundant	  

alternative	  binding	  conformers	  available	  to	  the	  compounds.	  	  

More	  generally,	  we	  have	  investigated	  the	  ability	  to	  rationally	  design	  isoform	  selective	  

inhibitors	  based	  on	  the	  targeting	  of	  specific	  non-‐conserved	  interactions.	  In	  the	  introduction	  to	  

this	  chapter,	  literature	  examples	  where	  inhibitor	  selectivity	  had	  been	  rationalised	  through	  

specific	  non-‐conserved	  interactions	  identified	  via	  site-‐directed	  mutagenesis,	  computational	  

modelling	  and	  crystallography	  were	  discussed.	  However,	  fewer	  literature	  examples	  exist	  where	  

these	  interactions	  have	  been	  targeted	  as	  a	  design	  strategy	  towards	  isoform	  selective	  inhibitors.	  

One	  example	  is	  the	  series	  of	  Genentech	  papers	  targeting	  the	  “tryptophan	  shelf”	  as	  a	  mechanism	  

to	  obtain	  PI3Kδ	  selectivity	  without	  inducing	  specificity	  pocket	  formation.6–8	  The	  so-‐called	  

“tryptophan	  shelf”	  is	  formed	  by	  a	  specific	  non-‐conserved	  residue	  in	  Region	  2,	  p110δThr750.	  The	  

threonine	  sits	  parallel	  to	  the	  conserved	  tryptophan,	  and	  its	  relatively	  short	  side-‐chain	  allows	  

inhibitors	  to	  form	  hydrophobic	  interactions	  with	  the	  tryptophan.	  In	  the	  other	  isoforms,	  this	  

residue	  is	  either	  an	  arginine	  (PI3Kα)	  or	  lysine	  (PI3Kβ	  and	  γ),	  which	  preclude	  these	  interactions.	  

In	  their	  series	  of	  PI3Kδ	  selective	  inhibitors,	  Genentech	  has	  successfully	  designed	  PI3Kδ	  selective	  

inhibitors	  by	  targeting	  interactions	  with	  the	  “tryptophan	  shelf”.6–8	  Our	  results	  have	  also	  
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demonstrated	  the	  applicability	  of	  this	  approach,	  where	  we	  have	  increased	  the	  PI3Kδ	  selectivity	  

of	  the	  pan-‐PI3K	  inhibitor	  ZSTK474	  from	  a	  minimum	  selectivity	  of	  2	  to	  6-‐fold,	  and	  a	  maximum	  

selectivity	  of	  10-‐fold	  to	  35-‐fold.	  Our	  results	  can	  therefore	  be	  added	  to	  these	  reports	  in	  conveying	  

the	  general	  applicability	  of	  this	  approach	  in	  the	  design	  of	  isoform	  selective	  inhibitors.	  	  

Inhibitor	  flexibility	  and	  the	  resulting	  redundancy	  in	  binding	  are	  important	  considerations	  

when	  designing	  inhibitors	  using	  this	  approach.	  The	  particular	  substituents	  chosen	  in	  this	  case	  

appear	  too	  flexible	  to	  form	  selective	  interactions,	  with	  site-‐directed	  mutagenesis	  results	  

suggesting	  a	  degree	  of	  redundancy	  in	  the	  binding	  mode.	  The	  impact	  of	  binding	  conformation	  on	  

selectivity	  is	  highlighted	  when	  the	  binding	  modes	  of	  two	  Genentech	  thienopyrimidine	  inhibitors	  

are	  compared	  (Figure	  4.4).7	  In	  the	  non	  selective	  inhibitor	  GDC-‐0941	  (14),	  the	  	  

4-‐methanesulfonylpiperazine	  group	  projects	  towards	  the	  P-‐loop,	  contacting	  p110γLys802	  and	  

Ala805.	  When	  this	  group	  is	  changed	  to	  a	  4-‐isopropanolylpiperidine	  14d,	  these	  interactions	  can	  

no	  longer	  be	  formed	  and	  so	  a	  binding	  conformation	  interacting	  with	  the	  tryptophan	  shelf	  is	  

preferred,	  thus	  increasing	  PI3Kδ	  selectivity.	  Incorporation	  of	  sterically	  demanding	  amines	  at	  this	  

position	  increased	  PI3Kδ	  selectivity	  by	  constraining	  the	  inhibitor	  binding	  conformation.7	  

Another	  example	  of	  the	  importance	  of	  conformation	  on	  binding	  is	  in	  the	  aminoacyl-‐triazine	  

series	  discussed	  in	  Section	  4.1.	  The	  glycinyl	  compound	  JP8-‐140	  16a	  displayed	  dual	  PI3Kβ	  and	  δ	  

selectivity,	  while	  the	  use	  of	  L-‐amino	  acids	  shifted	  selectivity	  towards	  PI3Kβ	  (as	  in	  JP9-‐114	  16),	  

and	  the	  D-‐amino	  acids	  shifted	  selectivity	  towards	  PI3Kδ.5	  The	  glycinyl	  compound	  presumably	  

has	  a	  degree	  of	  redundancy	  in	  binding	  interactions	  which	  can	  be	  shifted	  upon	  the	  introduction	  

of	  chiral	  amino	  acids	  to	  constrain	  the	  binding	  mode.	  The	  series	  of	  inhibitors	  described	  in	  this	  

chapter	  require	  a	  similar	  constraint	  in	  order	  to	  achieve	  greater	  isoform	  selectivity.	  Given	  the	  

good	  selectivity	  of	  the	  L-‐phenylalaninyl	  compounds	  (44,	  46	  and	  48)	  and	  the	  D-‐alaninyl	  (50),	  a	  

combination	  of	  bulky	  D-‐amino	  acids	  may	  provide	  this	  further	  constraint	  on	  binding	  mode	  and	  

result	  in	  increased	  selectivity.	  	  
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Figure	  4.4:	  a)	  X-‐ray	  crystal	  structures	  of	  GDC-‐0941	  14	  (yellow)	  bound	  to	  p110γ	  (PDB	  ID:	  3DBS,	  teal)	  and	  compound	  

14d	  (orange)	  bound	  to	  p110γ	  (PDB	  ID:	  4GB9,	  purple);	  b)	  inhibitor	  structures.	  	  

Our	  results	  have	  demonstrated	  the	  potential	  of	  targeting	  specific	  non-‐conserved	  residues	  as	  

a	  design	  strategy	  for	  isoform	  selective	  inhibitors,	  along	  with	  the	  power	  of	  site-‐directed	  

mutagenesis	  for	  increasing	  understanding	  of	  the	  determinants	  of	  isoform	  selectivity.	  As	  our	  

understanding	  of	  the	  mechanisms	  of	  isoform	  selectivity	  increases,	  this	  will	  greatly	  aid	  in	  the	  

rational	  design	  of	  novel,	  isoform	  selective	  PI3K	  inhibitors.	  
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Chapter 5: Conclusions and future 

directions 

	  

An	  increasing	  number	  of	  PI3K	  inhibitors	  are	  entering	  the	  clinic	  for	  the	  treatment	  of	  cancer.	  It	  

is	  still	  not	  well	  established	  as	  to	  whether	  pan-‐PI3K	  or	  isoform	  selective	  inhibitors	  will	  be	  more	  

effective	  in	  treating	  cancer,	  and	  which	  will	  have	  a	  better	  tolerated	  side-‐effect	  profile.	  Although	  

isoform	  selective	  inhibitors	  exist	  for	  each	  of	  the	  four	  Class	  I	  isoforms,	  their	  basis	  for	  achieving	  

selectivity	  is	  not	  always	  well	  understood.	  There	  remains	  a	  need	  to	  understand	  the	  structural	  

basis	  for	  inhibitor	  selectivity	  to	  inform	  future	  isoform	  selective	  inhibitor	  design.	  Ideally,	  efforts	  

should	  be	  moving	  towards	  the	  development	  of	  oncogenic	  mutant-‐specific	  inhibitors,	  which	  

would	  greatly	  minimise	  the	  prospects	  of	  clinical	  side-‐effects	  associated	  with	  wild-‐type	  PI3K	  

inhibitors.	  In	  line	  with	  this	  need,	  this	  thesis	  has	  sought	  to	  explore	  the	  structural	  differences	  that	  

set	  wild-‐type	  PI3Kα	  apart	  from	  the	  other	  isoforms,	  and	  from	  the	  His1047Arg	  oncogenic	  mutant.	  

Identification	  of	  these	  key	  differences	  has	  the	  potential	  to	  inform	  future	  design	  of	  PI3Kα	  

selective	  and	  His1047Arg	  oncogenic	  mutant	  selective	  inhibitors.	  	  



Chapter	  5	  

	   130	  

Chapter	  2	  presented	  two	  newly	  determined	  X-‐ray	  crystal	  structures	  of	  p110α/niSH2	  which	  

yielded	  some	  important	  insights	  for	  future	  drug	  design.	  A	  comparison	  of	  the	  new	  wild-‐type	  

structure	  with	  that	  of	  the	  oncogenic	  mutant	  His1047Arg	  (PDB	  ID:	  3HHM)	  has	  revealed	  key	  

differences	  in	  the	  interaction	  of	  nSH2	  with	  the	  kinase	  domain	  implying	  a	  loss	  of	  nSH2	  regulation	  

in	  the	  oncogenic	  mutant.1	  Dbouk	  and	  Backer	  have	  recently	  proposed	  some	  novel	  non-‐ATP	  

competitive	  approaches	  for	  modulating	  PI3Kβ	  activity,	  by	  targeting	  the	  binding	  interface	  

between	  the	  cSH2	  and	  kinase	  domains.2	  The	  key	  interaction	  differences	  between	  the	  nSH2	  

domain	  and	  the	  kinase	  domain	  of	  the	  wild-‐type	  and	  His1047Arg	  oncogenic	  mutant	  that	  we	  have	  

identified	  could	  potentially	  be	  targeted	  with	  small	  molecules	  to	  selectively	  modulate	  oncogenic	  

PI3K	  activity.	  Our	  crystal	  structures	  have	  also	  enabled	  the	  identification	  of	  two	  lipid-‐binding	  

sites	  for	  PI3Kα.	  Characterisation	  of	  the	  lipid-‐binding	  site	  of	  PI3Kα	  could	  provide	  an	  alternative	  

to	  ATP-‐competitive	  inhibitors.	  Lipid-‐competitive	  inhibitors	  would	  yield	  improved	  selectivity	  

over	  protein	  kinases.	  Ongoing	  work	  in	  this	  area	  is	  looking	  at	  streamlining	  the	  crystallisation	  of	  

PI3Kα,	  and	  particularly	  co-‐crystallisation	  with	  inhibitors.	  We	  are	  currently	  investigating	  a	  novel	  

method	  to	  induce	  crystallisation	  using	  molecularly	  imprinted	  polymers.3	  Most	  of	  the	  inhibitor	  

binding	  information	  is	  from	  PI3Kγ	  crystal	  structures,	  and	  there	  are	  only	  two	  inhibitor	  bound	  

wild-‐type	  PI3Kα	  crystal	  structures	  available	  in	  the	  PDB	  at	  the	  time	  of	  writing.4,5	  Rational	  isoform	  

selective	  inhibitor	  design	  ultimately	  requires	  a	  detailed	  structural	  understanding	  of	  the	  

determinants	  of	  selectivity,	  and	  we	  hope	  that	  this	  novel	  method	  for	  crystallisation	  can	  

contribute	  to	  this	  understanding.	  	  

In	  the	  following	  two	  chapters,	  we	  have	  investigated	  novel	  modifications	  to	  the	  pan-‐PI3K	  

inhibitor	  ZSTK474	  to	  investigate	  their	  effect	  on	  isoform	  selectivity.	  Chapter	  3	  has	  investigated	  

alterations	  to	  the	  aromatic	  portion	  of	  ZSTK474	  to	  probe	  isoform	  selective	  interactions	  within	  

the	  affinity	  pocket	  of	  the	  PI3K	  ATP-‐binding	  site.	  Benzimidazole	  substitutions	  and	  replacements	  

have	  revealed	  the	  PI3Kγ	  isoform	  as	  most	  sensitive	  to	  changes	  in	  the	  affinity	  pocket	  binding	  
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moiety	  of	  the	  inhibitor.	  We	  have	  postulated	  that	  a	  key	  non-‐conserved	  residue,	  p110γTyr787,	  

may	  contribute	  to	  reduced	  flexibility	  of	  the	  affinity	  pocket	  in	  PI3Kγ.	  These	  findings	  advance	  the	  

understanding	  of	  isoform	  selectivity,	  and	  suggest	  that	  for	  inhibitors	  either	  targeting	  or	  selecting	  

against	  PI3Kγ,	  careful	  attention	  should	  be	  paid	  to	  the	  affinity	  pocket	  binding	  portion	  of	  the	  

inhibitor.	  	  

We	  have	  described	  the	  development	  of	  a	  novel	  synthetic	  approach	  to	  regioselectively	  

synthesise	  5	  or	  6-‐substituted	  benzimidazole	  ZSTK474	  derivatives.	  Unfortunately,	  the	  methoxy	  

substitutions	  resulted	  in	  a	  loss	  in	  potency,	  however	  significant	  selectivity	  over	  PI3Kγ	  was	  

achieved.	  Future	  work	  could	  investigate	  alternative	  5	  or	  6	  substitutions	  of	  the	  benzimidazole	  

group,	  including	  halogens	  and	  hydrogen	  bond	  donor	  and	  acceptor	  groups.	  The	  variations	  

attempted	  have	  not	  been	  exhaustive,	  and	  with	  this	  convenient	  synthetic	  route	  an	  opportunity	  to	  

develop	  new	  analogues	  has	  been	  opened.	  

Chapter	  3	  also	  demonstrated	  the	  complexities	  involved	  in	  the	  rational	  design	  of	  isoform	  

selective	  inhibitors.	  The	  combination	  of	  favoured	  LHS	  and	  RHS	  substituents	  to	  form	  novel	  

ZSTK474	  analogues	  resulted	  in	  dramatic	  losses	  in	  potency	  in	  most	  cases.	  We	  were	  able	  to	  

demonstrate,	  however,	  an	  increase	  in	  the	  PI3Kα	  selectivity	  compared	  with	  the	  pan-‐PI3K	  

inhibitor	  ZSTK474.	  Compound	  39b	  showed	  4-‐57-‐fold	  selectivity	  against	  the	  other	  three	  

isoforms.	  We	  also	  sought	  to	  utilise	  computational	  methods,	  particularly	  molecular	  docking,	  to	  

investigate	  how	  subtle	  differences	  in	  inhibitor	  structure	  could	  markedly	  influence	  inhibitor	  

potency.	  Although	  providing	  some	  possible	  clues,	  unfortunately,	  it	  was	  unable	  to	  provide	  

definitive	  answers.	  Computational	  methods	  remain	  limited	  in	  their	  ability	  to	  predict	  nuances	  in	  

inhibitor	  binding	  modes	  and	  protein	  flexibility.	  A	  streamlined	  approach	  to	  obtain	  X-‐ray	  crystal	  

structures	  of	  each	  individual	  isoform	  would	  provide	  a	  much	  more	  detailed	  description	  of	  

inhibitor	  binding	  to	  inform	  future	  analogue	  synthesis.	  	  
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Chapter	  4	  investigated	  the	  rational	  design	  of	  isoform	  selective	  inhibitors	  by	  targeting	  a	  

specific	  non-‐conserved	  residue	  in	  the	  ATP-‐binding	  site.	  Based	  on	  two	  isoform	  selective	  

inhibitors	  reported	  in	  the	  literature,	  A-‐66	  15	  (PI3Kα)	  and	  JP9-‐114	  16	  (PI3Kβ),	  we	  targeted	  the	  

residue	  p110αGln859	  using	  a	  carboxamide	  group.6–8	  The	  inhibitors	  demonstrated	  good	  potency	  

and	  selectivity	  tending	  towards	  PI3Kδ.	  The	  most	  selective	  compound	  was	  46,	  which	  

demonstrated	  6-‐35-‐fold	  selectivity	  for	  PI3Kδ.	  When	  compound	  50	  was	  tested	  against	  PI3Kα	  and	  

PI3Kβ	  site-‐directed	  isoform	  mutants,	  we	  were	  able	  to	  demonstrate	  that	  this	  compound	  was	  

indeed	  interacting	  with	  p110αGln859,	  albeit	  in	  a	  redundant	  fashion.	  We	  have	  thus	  

demonstrated	  that	  the	  rational	  design	  of	  isoform	  selectivity	  is	  achievable.	  We	  identified	  

flexibility	  or	  rigidity	  of	  the	  inhibitor	  as	  an	  important	  consideration	  in	  rational	  isoform	  selective	  

inhibitor	  design.	  The	  flexibility	  of	  our	  inhibitors	  limits	  the	  degree	  of	  isoform	  selectivity	  due	  to	  

redundant	  interactions	  with	  binding-‐site	  residues.	  The	  constraint	  of	  inhibitor	  binding	  

conformation	  through	  the	  use	  of	  chirality	  and	  bulky	  amino	  acid	  groups	  could	  improve	  the	  

selectivity	  of	  these	  inhibitors.	  	  

The	  overall	  aims	  of	  this	  thesis	  were	  twofold,	  firstly	  to	  examine	  the	  structure	  and	  regulation	  

of	  PI3Kα	  and	  to	  investigate	  structural	  changes	  that	  can	  influence	  isoform	  selectivity.	  This	  work	  

has	  highlighted	  key	  differences	  in	  the	  regulation	  of	  wild-‐type	  PI3Kα	  and	  the	  oncogenic	  mutant	  

His1047Arg.	  We	  have	  demonstrated	  the	  power	  of	  structural	  changes	  in	  the	  inhibitor	  portion	  

targeting	  the	  conserved	  affinity	  pocket	  to	  dramatically	  affect	  isoform	  selectivity,	  particularly	  at	  

the	  PI3Kγ	  isoform.	  Selectivity	  achieved	  for	  PI3Kα	  against	  the	  PI3Kγ	  is	  greater	  than	  the	  desired	  

100-‐fold	  in	  three	  of	  the	  compounds	  tested,	  38a,	  38b	  and	  40a,	  however,	  selectivity	  against	  PI3Kβ	  

and	  PI3Kδ,	  still	  require	  further	  optimisation.	  Furthermore,	  we	  have	  demonstrated	  the	  

applicability	  of	  targeting	  specific	  non-‐conserved	  residues	  in	  the	  PI3K	  binding	  site	  for	  the	  rational	  

design	  of	  isoform	  selective	  inhibitors.	  A	  combination	  of	  these	  two	  approaches,	  utilising	  the	  
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information	  gained	  in	  both	  Chapter	  3	  and	  4	  may	  provide	  novel	  routes	  to	  the	  design	  of	  PI3Kα	  

selective	  inhibitors.	  	  

The	  future	  demands	  an	  integrated	  approach	  to	  drug	  discovery	  combining	  structural,	  

computational,	  biochemical	  and	  medicinal	  chemistry	  perspectives.	  Structural	  information	  of	  the	  

protein	  as	  a	  whole,	  works	  in	  conjunction	  with	  kinetic	  and	  biochemical	  data	  to	  help	  us	  

understand	  the	  mechanisms	  of	  regulation	  at	  a	  molecular	  level.	  As	  highlighted	  in	  Dbouk	  and	  

Backer,	  this	  yields	  insight	  into	  alternative	  approaches	  to	  the	  modulation	  of	  protein	  activity.2	  

While	  we	  await	  clinical	  data	  from	  the	  pan	  and	  isoform	  selective	  PI3K	  inhibitors	  currently	  

progressing	  through	  the	  clinic,	  perhaps	  the	  medicinal	  chemistry	  efforts	  should	  be	  focused	  on	  

novel	  approaches,	  which	  may	  provide	  better	  therapeutic	  options.	  The	  challenge	  is	  primarily	  in	  

the	  discovery	  of	  oncogenic	  mutant	  specific	  inhibitors.	  Because	  the	  ATP-‐binding	  site	  of	  the	  kinase	  

domain	  mutant,	  His1047Arg,	  does	  not	  appear	  significantly	  different	  from	  that	  of	  the	  wild-‐type	  

PI3Kα,	  structural	  information	  about	  differences	  in	  regulation	  provides	  medicinal	  chemists	  with	  

alternative	  options	  for	  ways	  to	  target	  this	  oncogenic	  mutant.1	  This	  integrated	  approach	  informs	  

the	  design	  of	  future	  clinical	  candidates,	  and	  will	  in	  turn	  be	  informed	  by	  emerging	  clinical	  data	  as	  

to	  what	  is	  necessary	  for	  the	  effective	  treatment	  of	  cancer.	  	  
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Chapter 6: Experimental 

	  

6.1 Chapter	  2	  experimental	  

6.1.1 PI3K	  protein	  expression	  

SF9	  cells	  were	  grown	  in	  suspension	  culture	  in	  SF-‐900	  III	  Serum	  Free	  Media	  (Invitrogen)	  

supplemented	  with	  0.5%	  penicillin-‐streptomycin	  at	  27°C.	  At	  a	  density	  of	  4	  x	  106	  cells	  per	  

millilitre,	  cells	  were	  infected	  with	  wild-‐type	  p110α	  (or	  His1047Arg-‐p110α,	  Glu545Lys-‐p110α)	  

and	  p85α	  niSH2	  (or	  full	  length	  p85α)	  viruses	  at	  a	  multiplicity	  of	  infection	  ratio	  of	  3:2.	  Media	  was	  

supplemented	  with	  a	  PI3K	  inhibitor	  as	  described	  in	  Mandelker	  et	  al.1	  Cells	  were	  harvested	  72	  

hours	  after	  infection	  and	  the	  cell	  pellet	  collected	  through	  centrifugation	  at	  900	  x	  g.	  Protein	  

purification	  was	  performed	  as	  previously	  described.1,2	  	  
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6.1.2 p85α 	  protein	  expression	  and	  purification	  

Full	  length	  p85α	  was	  expressed	  heterogeneously	  in	  Escherichia	  coli	  as	  described	  previously.	  

Shortly,	  cells	  transformed	  with	  the	  pGEX	  4T	  plasmid	  containing	  an	  N-‐terminal	  glutathione	  S-‐

transferase	  (GST)	  fusion-‐p85α	  were	  grown	  at	  37°C	  in	  LB	  medium.	  Expression	  was	  induced	  with	  

1	  mM	  isopropyl	  β-‐D-‐1-‐thiogalactopyranoside	  (IPTG).	  Following	  four	  hours	  of	  induction	  at	  37°C,	  

cells	  were	  pelleted	  and	  stored	  at	  -‐80°C.	  Cell	  pellets	  were	  resuspended	  in	  PBS,	  2mM	  DTT,	  Roche	  

complete	  EDTA-‐free	  protease	  inhibitor	  cocktail	  (Roche	  Diagnostics,	  Mannheim,	  Germany),	  

pH	  7.4	  and	  lysed	  using	  a	  microfluidiser	  (Microfluidics,	  Newton,	  MA).	  Clarified	  lysate	  was	  

incubated	  with	  glutathione	  sepharose	  HP	  resin	  (GE	  Healthcare)	  in	  binding	  buffer	  (PBS,	  2mM	  

DTT,	  pH	  7.4)	  at	  4°C	  for	  2	  hours	  with	  gentle	  agitation.	  The	  GST-‐tagged	  p85α	  was	  eluted	  with	  10	  

volumes	  of	  elution	  buffer	  (50	  mM	  Tris,	  150	  mM	  NaCl,	  1	  mM	  EDTA	  and	  10	  mM	  reduced	  

glutathione,	  pH	  8.0).	  After	  thrombin	  cleavage,	  the	  p85α	  was	  purified	  by	  anion	  exchange	  

Resource-‐Q	  anion	  exchange	  column	  (GE	  Healthcare).	  p85α	  was	  eluted	  using	  a	  linear	  gradient	  of	  

0-‐100%	  anion	  exchange	  buffer	  B	  (50	  mM	  Tris,	  500	  mM	  NaCl,	  pH	  8.0)	  over	  60	  column	  volumes.	  

p85α	  of	  ≥	  95%	  homogeneity,	  as	  determined	  by	  SDS-‐PAGE	  were	  pooled.	  p85α	  was	  concentrated	  

to	  15	  mg/mL.	  

6.1.3 Crystallisation	  

Crystallisation	  was	  performed	  as	  previously	  described	  and	  improved	  with	  successive	  rounds	  

of	  macroseeding.2	  Crystals	  were	  soaked	  for	  one	  hour	  with	  1	  mM	  diC4-‐phosphatidylinositol-‐4,5-‐

bisphosphate	  (Echelon	  Biosciences).	  	  

6.1.4 Data	  collection	  

X-‐ray	  diffraction	  data	  were	  collected	  at	  beamlines	  X6A	  and	  X25	  of	  NSLS	  at	  Brookhaven	  

National	  Laboratory.	  The	  crystals	  diffracted	  to	  a	  resolution	  of	  2.96	  Å	  in	  the	  absence	  of	  diC4-‐PIP2	  

and	  3.37	  Å	  in	  the	  presence	  of	  diC4-‐PIP2.	  Data	  were	  processed	  with	  HKL2000.	  
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6.1.5 Structure	  determination	  

The	  free	  structure	  was	  determined	  by	  using	  the	  coordinates	  of	  the	  previously	  determined	  

WT	  p110α/niSH2	  (PDB	  ID:	  2RD0)2	  as	  a	  model.	  After	  rigid	  body	  and	  positional	  refinement,	  the	  

program	  Coot3	  was	  used	  for	  model	  building.	  Initial	  refinement	  revealed	  that	  the	  nSH2	  domain	  of	  

p85α	  was	  present	  and	  ordered	  in	  the	  structure.	  Therefore,	  the	  nSH2	  domain	  of	  H1047R	  

p110α/niSH2	  structure	  (PDB	  ID:	  3HHM)1	  and	  the	  p85α	  nSH2	  crystal	  structure	  (PDB	  ID:	  2IUG)4	  

were	  used	  as	  a	  guide	  to	  fit	  the	  additional	  electron	  density	  in	  this	  region.	  Iterative	  rounds	  of	  

refinement	  using	  REFMAC	  5.05	  yielded	  a	  final	  Rcryst	  of	  0.19	  and	  an	  Rfree	  of	  0.27	  to	  2.95	  Å	  in	  the	  

absence	  of	  diC4-‐PIP2	  .	  The	  refined	  coordinates	  of	  the	  free	  wild	  type	  structure	  were	  used	  as	  an	  

initial	  model	  for	  the	  determination	  of	  the	  structure	  in	  the	  presence	  of	  diC4-‐PIP2;	  refinement	  

yielded	  an	  Rcryst	  of	  0.24	  and	  an	  Rfree	  of	  0.34.	  	  

6.1.6 Preparation	  of	  BODIPY-‐FL-‐PIP2	  vesicles	  

Unilamellar	  vesicals	  containing	  PC/PE/PS/BODIPY-‐FL-‐PIP2/cholesterol	  with	  a	  molar	  ratio	  of	  

54.9/25/5/0.1/15	  were	  generated	  as	  follows:	  lipids	  were	  dried	  under	  a	  stream	  of	  nitrogen	  in	  a	  

glass	  test	  tube	  then	  held	  under	  vacuum	  for	  24	  hours	  to	  completely	  remove	  organic	  solvents.	  

Lipids	  were	  then	  heated	  in	  the	  presence	  of	  assay	  buffer	  (50	  mM	  Tris	  pH	  7.6,	  150	  mM	  NaCl,	  

1mM	  EDTA,	  2mM	  DTT)	  at	  50°C	  for	  10	  minutes.	  Lipids	  were	  resuspended	  by	  vortexing,	  then	  

extruded	  through	  a	  polycarbonate	  filter	  with	  100	  nm	  pore	  size	  to	  yield	  unilamellar	  vesicles	  with	  

diameter	  of	  100	  nm.	  BODIPY-‐FL-‐PIP2	  was	  purchased	  from	  Echelon	  Biosciences.	  All	  other	  lipids	  

were	  purchased	  from	  Avanti	  Polar	  Lipids.	  	  

6.1.7 Fluorescence	  quenching	  experiments	  

BODIPY-‐FL-‐PIP2	  containing	  vesicles	  were	  diluted	  to	  a	  final	  concentration	  of	  50	  µM	  lipid	  

(50	  nM	  BODIPY-‐FL-‐PIP2)	  in	  assay	  buffer	  (50	  mM	  Tris	  pH	  7.6,	  150	  mM	  NaCl,	  1	  mM	  EDTA,	  

2	  mM	  DTT)	  for	  all	  assays.	  Ovalbumin	  (0.5	  mg/mL)	  was	  added	  to	  the	  assay	  solution	  to	  minimise	  
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vesicle	  binding	  to	  glass	  surfaces	  during	  mixing	  and	  binding	  measurements.	  Fluorescence	  

measurements	  were	  taken	  on	  a	  FluoroLog	  fluorometer	  from	  HORIBA	  Scientific.	  BODIPY-‐FL-‐PIP2	  

was	  excited	  at	  490	  nm	  and	  emission	  readings	  were	  recorded	  from	  500	  to	  600	  nm.	  The	  spectral	  

bandwidths	  for	  excitation	  and	  emission	  were	  2	  and	  5	  nm,	  respectively.	  All	  binding	  experiments	  

were	  conduced	  at	  25°C	  in	  a	  quartz	  cuvette.	  Quenching	  signals	  were	  normalised	  to	  the	  

fluorescence	  signal	  from	  the	  vesicle	  solution	  alone	  and	  adjusted	  for	  dilution	  due	  to	  the	  addition	  

of	  the	  corresponding	  protein.	  	  

6.2 Synthetic	  chemistry	  

6.2.1 General	  experimental	  

All	  materials	  were	  obtained	  from	  Sigma-‐Aldrich,	  Boron-‐Molecular,	  Alfa	  Aesar,	  SynChem,	  

Matrix	  Scientific	  and	  Chem	  Impex	  and	  used	  without	  further	  purification.	  	  

Thin	  Layer	  Chromatography	  (TLC)	  was	  performed	  using	  Merck	  Silica	  Gel	  60	  F254	  pre-‐

coated	  plates	  (0.25	  mm)	  and	  visualised	  by	  ultraviolet	  light.	  Flash	  column	  chromatography	  was	  

performed	  with	  Silicycle	  silica	  gel,	  40-‐63	  µm	  according	  to	  the	  published	  method.6	  Crude	  

products	  were	  generally	  pre-‐adsorbed	  onto	  silica	  prior	  to	  column	  chromatography.	  	  

1H	  and	  13C	  Nuclear	  Magnetic	  Resonance	  (NMR)	  spectra	  were	  recorded	  at	  400.13	  MHz	  and	  

100.62	  MHz,	  respectively,	  using	  a	  Bruker	  Avance	  III	  Nanobay	  400	  MHz	  NMR	  spectrometer	  

coupled	  to	  a	  BACS	  60	  automatic	  sample	  changer.	  Chemical	  shifts	  (δ)	  for	  all	  1H	  and	  13C	  spectra	  are	  

reported	  in	  parts	  per	  million	  (ppm)	  using	  deuterated	  solvent	  as	  reference:	  d1-‐chloroform	  (1H	  

7.26,	  13C	  77.16	  ppm),	  d4-‐methanol	  (1H	  3.31,	  13C	  49.00	  ppm),	  d6-‐dimethylsulfoxide	  (1H	  2.50,	  13C	  

39.52	  ppm).	  Coupling	  constants	  (J)	  are	  given	  in	  hertz	  (Hz).	  The	  1H	  and	  13C-‐NMR	  are	  reported	  as	  

follows:	  chemical	  shift	  (δ),	  multiplicity,	  coupling	  constant	  (J)	  in	  Hertz	  (Hz)	  (quoted	  to	  one	  

decimal	  place),	  peak	  integration	  (or	  number	  of	  carbons)	  and	  assignment.	  For	  13C-‐NMR	  

multiplicity	  is	  only	  specified	  where	  it	  is	  greater	  than	  one.	  The	  following	  abbreviations	  have	  been	  
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used:	  s	  –	  singlet;	  d	  –	  doublet;	  t	  –	  triplet;	  q	  –	  quartet;	  br	  s	  –	  broad	  singlet;	  dd	  –	  doublet	  of	  

doublets;	  ddd	  –	  doublet	  of	  doublet	  of	  doublets;	  m	  –	  multiplet.	  	  

Liquid	  chromatography-‐Mass	  spectrometry	  (LCMS)	  was	  performed	  on	  an	  Agilent	  1220	  HPLC	  

coupled	  to	  an	  Agilent	  6120	  Single	  Quad	  Mass	  Spectrometer,	  fitted	  with	  a	  6120	  quadrupole	  

detector	  and	  a	  Phenomenex®	  Luna	  5	  µm	  C8(2)	  100	  Å	  (50	  x	  4.6	  mm,	  internal	  diameter)	  5	  µm	  

column.	  Samples	  were	  run	  in	  a	  gradient	  of	  5-‐100%	  Buffer	  B	  (80%	  acetonitrile,	  19.9%	  water,	  

0.1%	  formic	  acid)	  in	  Buffer	  A	  (0.1%	  aqueous	  formic	  acid)	  at	  0.5	  mL/minute	  over	  4	  minutes,	  

maintained	  as	  100%	  Buffer	  B	  for	  a	  further	  3	  minutes,	  and	  then	  gradient	  of	  100-‐0%	  Buffer	  B	  over	  

3	  minutes.	  System	  control	  and	  analysis	  was	  facilitated	  with	  Agilent	  Chemstation	  software	  

(version	  B.04.01)	  coupled	  with	  Easy	  Access	  software.	  Alternatively,	  an	  Agilent	  1260	  UHPLC	  

coupled	  to	  an	  Agilent	  6120	  Single	  Quad	  Mass	  Spectrometer,	  fitted	  with	  a	  quadrupole	  detector	  

and	  a	  Poroshell	  120	  EC-‐C18	  column	  was	  used.	  Samples	  were	  run	  in	  a	  gradient	  of	  5-‐100%	  Buffer	  

B	  at	  0.5	  mL/minute	  over	  2.5	  minutes,	  maintained	  at	  100%	  Buffer	  B	  until	  3.8	  minutes	  and	  then	  

gradient	  of	  100-‐0%	  Buffer	  B	  to	  a	  total	  of	  5	  minutes.	  System	  control	  and	  analysis	  was	  facilitated	  

with	  Agilent	  Chemstation	  software	  (version	  B.04.03)	  coupled	  with	  Masshunter	  Easy	  Access	  

software.	  	  

High	  resolution	  mass	  spectrometry	  (HRMS)	  were	  determined	  as	  solutions	  in	  methanol	  using	  

a	  Waters	  LCT	  Time	  of	  Flight	  Mass	  Spectrometer	  coupled	  to	  a	  2795	  Alliance	  Separations	  module.	  

Data	  were	  acquired	  and	  mass	  corrected	  via	  a	  dual-‐spray	  Leucine	  Enkephaline	  reference	  sample.	  

Mass	  spectra	  were	  created	  by	  averaging	  the	  scans	  across	  each	  peak	  and	  background	  subtracted	  

of	  the	  Total	  Ion	  Chromatogram	  (TIC).	  	  Acquisition	  and	  analysis	  were	  performed	  with	  MassLynx	  

v4.1	  software.	  Mass	  spectrometer	  conditions:	  electrospray	  ionisation	  (ESI)	  mode;	  550	  L/hour	  

desolvation	  gas	  flow;	  250°C	  desolvation	  temperature;	  110°C	  source	  temperature;	  2400	  V	  

capillary	  voltage;	  60	  V	  sample	  cone	  voltage;	  100-‐1500	  m/z	  scan	  range;	  1	  second	  scan	  time;	  

internal	  reference	  ions	  –	  m/z	  556.2771.	  Alternatively,	  analyses	  were	  done	  on	  an	  Agilent	  6224	  
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Time	  of	  Flight	  LCMS	  Mass	  Spectrometer	  coupled	  to	  an	  Agilent	  1290	  Infinity	  (Agilent,	  Palo	  Alto,	  

CA).	  Chromatographic	  separation	  was	  performed	  using	  an	  Agilent	  Zorbax	  SB-‐C18	  Rapid	  

Resolution	  HT	  2.1	  x	  50	  mm,	  1.8	  µm	  column	  (Agilent	  Technologices,	  Palo	  Alto,	  CA)	  using	  an	  

acetonitrile	  gradient	  (5-‐100%)	  over	  3.5	  minutes	  at	  0.5	  mL/minute.	  All	  data	  were	  acquired	  and	  

reference	  mass	  corrected	  via	  a	  dual-‐spray	  ESI	  source.	  Each	  scan	  or	  data	  point	  on	  the	  TIC	  is	  an	  

average	  of	  13,700	  transients,	  producing	  a	  spectrum	  every	  second.	  Mass	  spectra	  were	  created	  by	  

averaging	  the	  scans	  across	  each	  peak	  and	  background	  subtracted	  against	  the	  first	  10	  seconds	  of	  

the	  TIC.	  Acquisition	  was	  performed	  using	  the	  Agilent	  Mass	  Hunter	  Data	  Acquisition	  software	  

version	  B.05.00	  Build	  5.0.5042.2	  and	  analysis	  was	  performed	  using	  Mass	  Hunter	  Qualitative	  

Analysis	  version	  B.05.00	  Build	  5.0.519.13.	  Mass	  spectrometer	  conditions:	  electrospray	  

ionisation	  (ESI)	  mode;	  11	  L/hour	  drying	  gas	  flow;	  45	  psi	  nebuliser;	  325°C	  drying	  gas	  

temperature;	  4000	  V	  capillary	  voltage;	  160	  V	  fragmentor;	  65	  V	  skimmer;	  OCT	  RFV	  750V;	  100-‐

1500	  m/z	  scan	  range;	  internal	  reference	  ions	  –	  m/z	  121.050873	  and	  922.009798.	  

Analytical	  reverse	  phase	  high	  performance	  liquid	  chromatography	  (RP-‐HPLC)	  was	  

conducted	  on	  a	  Waters	  Millenium	  2690	  system	  fitted	  with	  a	  Phenomenex®	  Luna	  C8,	  100	  Å,	  (50	  

x	  4.6	  mm,	  internal	  diameter)	  5	  µm	  column.	  Samples	  were	  run	  in	  a	  gradient	  of	  0-‐80%	  Buffer	  B	  

(80%	  acetonitrile,	  19.9%	  water,	  0.1%	  trifluoroacetic	  acid)	  in	  Buffer	  A	  (0.1%	  aqueous	  

trifluoroacetic	  acid)	  at	  a	  flow	  rate	  of	  1	  mL/minute,	  with	  ultraviolet	  detection	  at	  254	  nm.	  	  

Semi-‐preparative	  RP-‐HPLC	  were	  acquired	  on	  a	  Waters	  HPLC	  system	  (Model	  600	  controller	  

and	  Waters	  486	  Tuneable	  Absorbance	  Detector)	  with	  a	  Phenomenex®	  Luna	  C8	  100	  Å,	  (50	  x	  

21.2	  mm,	  internal	  diameter)	  10	  µm	  column	  with	  ultraviolet	  detection	  at	  254	  nm.	  Samples	  were	  

run	  using	  a	  gradient	  elution	  of	  0-‐80%	  Buffer	  B	  (80%	  acetonitrile,	  19.9%	  water,	  0.1%	  

trifluoroacetic	  acid)	  in	  Buffer	  A	  (0.1%	  aqueous	  trifluoroacetic	  acid)	  over	  20	  minutes	  with	  a	  flow	  

rate	  of	  10	  mL/minute.	  Where	  specified,	  the	  following	  acid-‐free	  buffers	  were	  used:	  Buffer	  A	  

(100%	  water)	  and	  Buffer	  B	  (80%	  acetonitrile,	  20%	  water).	  	  
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Microwave	  reactions	  were	  performed	  in	  a	  CEM	  Discover/Explorer	  automated	  microwave	  

synthesiser.	  All	  tested	  compounds	  had	  greater	  95%	  purity	  as	  determined	  by	  analytical	  HPLC.	  	  

6.2.2 Regioselective	  synthesis	  of	  5-‐	  and	  6-‐methoxybenzimidazole-‐1,3,5-‐triazines	  as	  

inhibitors	  of	  phosphoinositide	  3-‐kinase	  (published	  paper)7	  

NOTE:	  Experimental	  data	  taken	  from	  Supplementary	  Information	  and	  reformatted.	  Compounds	  

not	  discussed	  in	  the	  text	  of	  the	  thesis	  have	  been	  numbered	  as	  per	  the	  publication,	  prefixed	  with	  a	  ‘P’.	  	  

	  

4,4'-‐(6-‐chloro-‐1,3,5-‐triazine-‐2,4-‐diyl)dimorpholine	  (20).	  To	  a	  stirred	  solution	  of	  cyanuric	  

chloride	  (6.7	  g,	  36	  mmol)	  in	  acetone	  (60	  mL)	  was	  added	  dropwise	  a	  solution	  of	  morpholine	  

(5.7	  g,	  66	  mmol)	  and	  triethylamine	  (6.6	  g,	  66	  mmol)	  in	  acetone	  (60	  mL)	  at	  0°C,	  and	  then	  warmed	  

to	  room	  temperature	  and	  stirred	  for	  1	  hour.	  The	  mixture	  was	  quenched	  with	  water,	  filtered,	  

washed	  with	  water	  and	  dried	  to	  give	  20	  as	  a	  white	  powder	  (6.3	  g,	  67%).	  1H-‐NMR	  (400	  MHz,	  

CD3OD)	  δ	  3.79	  (br	  s,	  8H,	  NCH2),	  3.73-‐3.68	  (m,	  8H,	  OCH2);	  LCMS	  (m/z)	  286.1	  [MH]+.	  

	  

2-‐isopropyl-‐1H-‐benzo[d]imidazole	  (P10).	  1,2-‐phenylenediamine	  (0.52	  g,	  4.8	  mmol)	  and	  

isobutyric	  acid	  (0.85	  g,	  9.6	  mmol)	  were	  refluxed	  in	  4	  M	  aqueous	  HCl	  (2	  mL)	  for	  3	  hours.	  The	  

solution	  was	  treated	  with	  charcoal,	  filtered,	  washed	  with	  water	  and	  neutralised	  with	  23%	  

aqueous	  NH3.	  The	  precipitate	  was	  collected,	  washed	  with	  water	  and	  dried	  to	  give	  P10	  as	  a	  light	  
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brown	  powder	  (0.29	  g,	  37%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.61-‐7.59	  (m,	  2H,	  ArH),	  7.25-‐7.24	  (m,	  

2H,	  ArH),	  3.34-‐3.27	  (m,	  1H,	  CH),	  1.47	  (d,	  J	  =	  7.0	  Hz,	  6H,	  CH3);	  LCMS	  (m/z)	  161.2	  [MH]+.	  

6.2.2.1 General	  procedure	  for	  Buchwald-‐Hartwig	  Reactions	  

To	  a	  degassed	  suspension	  of	  20	  (0.50	  g,	  1.8	  mmol),	  Cs2CO3	  (0.80	  g,	  2.5	  mmol)	  and	  4-‐	  or	  5-‐

methoxy-‐2-‐nitroaniline	  (0.35	  g,	  2.1	  mmol)	  in	  1,4-‐dioxane	  (15	  mL)	  was	  added	  Pd(OAc)2	  (0.004	  g,	  

0.018	  mmol,	  1	  mol%),	  Xantphos	  (0.010	  g,	  0.018	  mmol,	  1	  mol%)	  and	  water	  (1.5	  mL).	  This	  was	  

exposed	  to	  microwave	  irradiation	  in	  a	  sealed	  tube	  at	  150°C	  for	  45	  minutes,	  partitioned	  between	  

water	  and	  dichloromethane,	  extracted	  a	  further	  two	  times	  into	  dichloromethane,	  dried	  over	  

Na2SO4	  and	  concentrated	  in	  vacuo	  to	  give	  the	  crude	  product.	  The	  crude	  product	  was	  then	  

purified	  via	  column	  chromatography	  using	  chloroform/ethyl	  acetate	  (6:1)	  as	  eluent.	  

	  

4,4'-‐(6-‐(2-‐isopropyl-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐diyl)dimorpholine	  

(P4c).	  20	  (0.10	  g,	  0.35	  mmol)	  and	  P10	  (0.067	  g,	  0.42	  mmol)	  gave	  P4c	  as	  a	  light	  brown	  powder	  

(0.023	  g,	  16%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.12-‐8.02	  (m,	  1H,	  ArH),	  7.79-‐7.69	  (m,	  1H,	  ArH),	  

7.32-‐7.22	  (m,	  2H,	  ArH),	  4.18-‐4.04	  (m,	  1H,	  CH),	  3.92-‐3.85	  (m,	  8H,	  NCH2),	  3.79-‐3.75	  (m,	  8H,	  OCH2),	  

1.46	  (d,	  J	  =	  8.6	  Hz,	  6H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.5	  (C),	  163.2	  (C),	  161.3	  (C),	  142.8	  

(C),	  134.1	  (C),	  123.3	  (CH),	  123.2	  (CH),	  119.5	  (CH),	  114.6	  (CH),	  66.9	  (CH2),	  44.1	  (CH2),	  28.8	  (CH),	  

22.1	  (CH3);	  HRMS	  (ESI+)	  calcd	  for	  [C21H27N7O2	  +	  H]+	  410.2299,	  found	  410.2311.	  	  
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N-‐(4-‐methoxy-‐2-‐nitrophenyl)-‐4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐amine	  (P6a).	  20	  (0.50	  g,	  

1.7	  mmol)	  and	  4-‐methoxy-‐2-‐nitroaniline	  (0.35	  g,	  2.1	  mmol)	  gave	  P6a	  as	  an	  orange	  powder	  

(0.62	  g,	  85%).	  1H-‐NMR	  (CDCl3)	  δ	  9.54	  (s,	  1H,	  NH),	  8.62	  (d,	  J	  =	  9.1	  Hz,	  1H,	  ArH),	  7.64	  (d,	  J	  =	  2.8	  Hz,	  

1H,	  ArH),	  7.20	  (dd,	  J	  =	  9.4,	  3.0	  Hz,	  1H,	  ArH),	  3.85	  (s,	  3H,	  OCH3),	  3.80-‐3.76	  (m,	  8H,	  NCH2),	  3.75-‐

3.71	  (m,	  8H,	  OCH2);	  LCMS	  (m/z)	  418.1	  [MH]+.	  	  

	  

N-‐(5-‐methoxy-‐2-‐nitrophenyl)-‐4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐amine	  (P6b).	  20	  (0.40	  g)	  

and	  5-‐methoxy-‐2-‐nitroaniline	  (0.28	  g)	  gave	  P6b	  as	  a	  yellow	  powder	  (0.45	  g,	  77%).	  1H-‐NMR	  

(CDCl3)	  δ	  10.35	  (s,	  1H,	  NH),	  8.47	  (s,	  1H,	  ArH),	  8.21	  (d,	  J	  =	  9.4	  Hz,	  1H,	  ArH),	  6.55	  (dd,	  J	  =	  9.4,	  

2.6	  Hz,	  1H,	  ArH),	  3.88	  (s,	  3H,	  OCH3),	  3.84-‐3.78	  (m,	  8H,	  NCH2),	  3.76-‐3.72	  (m,	  8H,	  OCH2);	  LCMS	  

(m/z)	  418.1	  [MH]+.	  

6.2.2.2 General	  procedure	  for	  reduction	  

Nitroaniline	  and	  SnCl2.2H2O	  was	  heated	  in	  ethanol	  or	  ethyl	  acetate	  to	  70	  °C	  under	  nitrogen	  for	  2	  

hours.	  The	  mixture	  was	  partitioned	  between	  water	  and	  ethyl	  acetate	  or	  dichloromethane,	  
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extracted	  a	  further	  two	  times,	  dried	  over	  Na2SO4	  and	  concentrated	  in	  vacuo	  to	  give	  the	  crude	  

product.	  Product	  was	  used	  without	  further	  purification.	  

	  

N1-‐(4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)-‐4-‐methoxybenzene-‐1,2-‐diamine	  (P7a).	  P6a	  (0.60	  

g,	  1.4	  mmol)	  and	  SnCl2.2H2O	  (1.6	  g,	  7.2	  mmol)	  in	  ethanol	  (5	  mL)	  gave	  P7a	  as	  a	  light	  brown	  

powder	  (0.51	  g,	  91%).	  1H-‐NMR	  (CDCl3)	  δ	  7.11	  (d,	  J	  =	  9.2	  Hz,	  1H,	  ArH),	  6.35-‐6.28	  (m,	  2H,	  ArH),	  

6.16	  (br	  s,	  1H,	  NH),	  3.94	  (br	  s,	  2H,	  NH2),	  3.77	  (s,	  3H,	  OCH3),	  3.75-‐3.64	  (m,	  16H,	  CH2);	  LCMS	  (m/z)	  

388.1	  [MH]+.	  

	  

N1-‐(4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)-‐5-‐methoxybenzene-‐1,2-‐diamine	  (P7b).	  P6b	  

(0.16	  g,	  0.38	  mmol)	  and	  SnCl2.2H2O	  (0.42	  g,	  1.9	  mmol)	  in	  ethyl	  acetate	  (2	  mL)	  gave	  P7b	  as	  a	  light	  

brown	  powder	  (0.13,	  89%).	  1H-‐NMR	  (CDCl3)	  δ	  7.28	  (d,	  J	  =	  2.8	  Hz,	  1H,	  ArH),	  6.74	  (d,	  J	  =	  8.6	  Hz,	  1H,	  

ArH),	  6.66	  (br	  s,	  1H,	  NH),	  6.57	  (dd,	  J	  =	  8.6,	  2.9	  Hz,	  1H,	  ArH),	  3.86	  (br	  s,	  2H,	  NH2),	  3.78-‐3.74	  (m,	  

8H,	  NCH2),	  3.74	  (s,	  3H,	  OCH3),	  3.72-‐3.68	  (m,	  8H,	  OCH2);	  LCMS	  (m/z)	  388.3	  [MH]+.	  
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6.2.2.3 General	  procedure	  for	  acylation	  

Amine	  (0.13	  mmol)	  and	  DIPEA	  (0.026	  g,	  0.20	  mmol)	  were	  dissolved	  in	  dichloromethane	  (2	  mL)	  

and	  acid	  chloride	  (0.14	  mmol)	  added.	  The	  mixture	  was	  stirred	  at	  room	  temperature	  for	  30	  

minutes,	  then	  washed	  with	  1	  M	  HCl,	  dried	  over	  Na2SO4	  and	  concentrated	  in	  vacuo	  to	  give	  the	  

crude	  product.	  The	  crude	  product	  was	  then	  purified	  via	  column	  chromatography	  using	  1%	  

triethylamine	  in	  ethyl	  acetate	  as	  eluent.	  	  

	  

N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐5-‐methoxyphenyl)-‐2,2-‐

difluoroacetamide	  (P8a).	  P7a	  (0.10	  g,	  0.26	  mmol),	  2,2-‐difluoroacetyl	  chloride	  (0.040	  g,	  

0.34	  mmol)	  and	  DIPEA	  (0.044	  g,	  0.34	  mmol)	  gave	  P8a	  as	  a	  light	  brown	  powder	  (0.059	  g,	  49%).	  

1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  10.41	  (br	  s,	  1H,	  NH),	  7.51	  (d,	  J	  =	  2.8	  Hz,	  1H,	  ArH),	  7.05	  (d,	  J	  =	  8.7	  Hz,	  

1H,	  ArH),	  6.75	  (dd,	  J	  =	  8.8,	  2.9	  Hz,	  1H,	  ArH),	  6.44	  (s,	  1H,	  NH),	  5.95	  (t,	  J	  =	  54.4	  Hz,	  1H,	  CHF2),	  3.83	  

(s,	  3H,	  OCH3),	  3.78-‐3.65	  (m,	  16H,	  CH2);	  LCMS	  (m/z)	  466.3	  [MH]+.	  
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N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐4-‐methoxyphenyl)-‐2,2-‐

difluoroacetamide	  (P8b).	  P7b	  (0.10	  g,	  0.26	  mmol),	  2,2-‐difluoroacetyl	  chloride	  (0.040	  g,	  

0.34	  mmol)	  and	  DIPEA	  (0.044	  g,	  0.34	  mmol)	  gave	  P8b	  as	  a	  light	  brown	  powder	  (0.074	  g,	  62%).	  

1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  10.27	  (s,	  1H,	  NH),	  7.73	  (d,	  J	  =	  8.9	  Hz,	  1H,	  ArH),	  6.83	  (dd,	  J	  =	  8.9,	  

2.8	  Hz,	  1H,	  ArH),	  6.72	  (dd,	  J	  =	  1.7	  Hz,	  1H,	  ArH),	  6.56	  (br	  s,	  1H,	  NH),	  5.94	  (t,	  J	  =	  54.4	  Hz,	  1H,	  CHF2),	  

3.79	  (s,	  3H,	  OCH3),	  3.77-‐3.66	  (m,	  16H,	  CH2);	  LCMS	  (m/z)	  466.2	  [MH]+.	  

	  

N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐5-‐methoxyphenyl)acetamide	  (P8c).	  

P7a	  (0.050	  g,	  0.13	  mmol),	  acetyl	  chloride	  (0.011	  g,	  0.14	  mmol)	  and	  DIPEA	  (0.026	  g,	  0.20	  mmol)	  

gave	  P8c	  as	  a	  light	  brown	  powder	  (0.047	  g,	  85%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  7.42	  (d,	  

J	  =	  8.9	  Hz,	  1H,	  ArH),	  7.12	  (d,	  J	  =	  2.7	  Hz,	  1H,	  ArH),	  6.79	  (dd,	  J	  =	  8.9,	  2.9	  Hz,	  1H,	  ArH),	  3.79	  (s,	  3H,	  

OCH3),	  3.71	  (br	  s,	  8H,	  NCH2),	  3.69-‐3.65	  (m,	  8H,	  OCH2),	  2.13	  (s,	  3H,	  CH3);	  LCMS	  (m/z)	  430.2	  [MH]+.	  
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N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐4-‐methoxyphenyl)acetamide	  (P8d).	  

P7b	  (0.050	  g,	  0.13	  mmol),	  acetyl	  chloride	  (0.011	  g,	  0.14	  mmol)	  and	  DIPEA	  (0.026	  g,	  0.20	  mmol)	  

gave	  P8d	  as	  a	  light	  brown	  powder	  (0.052	  g,	  94%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ 8.21	  (br	  s,	  1H,	  

NH),	  7.62	  (d,	  J	  =	  8.9	  Hz,	  1H,	  ArH),	  7.32	  (s,	  1H,	  ArH),	  6.75	  (dd,	  J	  =	  8.9,	  2.9	  Hz,	  1H,	  ArH),	  3-‐89-‐3.71	  

(m,	  19H,	  CH2,	  OCH3),	  2.24	  (s,	  3H,	  CH3);	  LCMS	  (m/z)	  430.3	  [MH]+.	  	  

	  

N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐5-‐methoxyphenyl)isobutyramide	  

(P8e).	  P7a	  (0.010	  g,	  0.26	  mmol),	  isobutyryl	  chloride	  (0.031	  g,	  0.29	  mmol)	  and	  DIPEA	  (0.044	  g,	  

0.34	  mmol)	  gave	  P8e	  as	  a	  light	  brown	  powder	  (0.082	  g,	  72%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.60	  

(br	  s,	  1H,	  NH),	  7.64	  (br	  s,	  1H,	  NH),	  7.06	  (d,	  J	  =	  7.8	  Hz,	  1H,	  ArH),	  6.65	  (dd,	  J	  =	  8.7,	  2.9	  Hz,	  1H,	  ArH),	  

6.33	  (br	  s,	  1H,	  ArH),	  3.82	  (s,	  3H,	  OCH3),	  3.77-‐3.65	  (m,	  16H,	  CH2),	  2.41	  (br	  s,	  1H,	  CH),	  1.18	  (d,	  

J	  =	  6.9	  Hz,	  6H,	  CH3);	  LCMS	  (m/z)	  458.3	  [MH]+.	  
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N-‐(2-‐((4,6-‐dimorpholino-‐1,3,5-‐triazin-‐2-‐yl)amino)-‐4-‐methoxyphenyl)isobutyramide	  

(P8f).	  P7b	  (0.010	  g,	  0.26	  mmol),	  isobutyryl	  chloride	  (0.031	  g,	  0.29	  mmol)	  and	  DIPEA	  (0.044	  g,	  

0.34	  mmol)	  gave	  P8f	  as	  a	  light	  brown	  powder	  (0.084	  g,	  74%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.28	  

(br	  s,	  1H,	  NH),	  7.57	  (d,	  J	  =	  9.0	  Hz,	  1H,	  ArH),	  6.94	  (s,	  1H,	  NH),	  6.76	  (dd,	  J	  =	  8.9,	  2.8	  Hz,	  1H,	  ArH),	  

6.67	  (s,	  1H,	  ArH),	  3.83-‐3.65	  (m,	  19H,	  CH2,	  OCH3),	  2.49-‐2.38	  (m,	  1H,	  CH),	  1.20	  (d,	  J	  =	  6.9	  Hz,	  6H,	  

CH3);	  LCMS	  (m/z)	  458.3	  [MH]+.	  

6.2.2.4 General	  procedure	  for	  cyclisation	  

Acylated	  product	  (0.11	  mmol)	  was	  refluxed	  in	  xylenes	  (1	  mL)	  and	  acetic	  acid	  (0.3	  mL)	  overnight.	  

The	  crude	  product	  was	  concentrated	  in	  vacuo	  and	  purified	  by	  column	  chromatography	  using	  1%	  

triethylamine	  in	  ethyl	  acetate	  as	  eluent.	  	  

	  

4,4'-‐(6-‐(2-‐(difluoromethyl)-‐5-‐methoxy-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9a).	  P8a	  (0.032	  g,	  0.069	  mmol)	  gave	  P9a	  as	  a	  light	  brown	  powder	  

(0.017	  g,	  55%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.21	  (d,	  J	  =	  9.1	  Hz,	  1H,	  ArH),	  7.55	  (t,	  J	  =	  53.6	  Hz,	  1H,	  
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CHF2),	  7.33	  (d,	  J	  =	  2.5	  Hz,	  1H,	  ArH),	  7.06	  (dd,	  J	  =	  9.1,	  2.5	  Hz,	  1H,	  ArH),	  3.90-‐3.35	  (m,	  11H,	  NCH2,	  

OCH3),	  3.79	  (br	  s,	  8H,	  OCH2);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.1	  (C),	  162.0	  (C),	  157.4	  (C),	  146.3	  

(C),	  143.0	  (C),	  128.0	  (C),	  116.5	  (CH),	  115.9	  (CH),	  108.5	  (CH),	  103.0	  (CH),	  66.8	  (CH2),	  55.8	  (CH3),	  

44.2	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C20H25N7O3	  +	  H]+	  448.1903,	  found	  448.1918.	  

	  

4,4'-‐(6-‐(2-‐(difluoromethyl)-‐6-‐methoxy-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9b).	  P8b	  (0.048	  g,	  0.15	  mmol)	  gave	  P9b	  as	  a	  light	  brown	  powder	  

(0.016	  g,	  35%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.90	  (d,	  J	  =	  2.5	  Hz,	  1H,	  ArH),	  7.75	  (d,	  J	  =	  8.9	  Hz,	  1H,	  

ArH),	  7.52	  (t,	  J	  =	  53.7	  Hz,	  1H,	  CHF2),	  7.01	  (dd,	  J	  =	  8.9,	  2.5	  Hz,	  1H,	  ArH),	  3.92-‐3.85	  (m,	  11H,	  NCH2,	  

OCH3),	  3.81-‐3.76	  (m,	  8H,	  OCH2);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.1	  (C),	  162.2	  (C),	  158.5	  (C),	  

145.0	  (C),	  136.5	  (C),	  134.5	  (C),	  121.8	  (CH),	  113.8	  (CH),	  108.6	  (CH),	  99.7	  (CH),	  66.8	  (CH2),	  55.7	  

(CH3),	  44.2	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C20H25N7O3	  +	  H]+	  448.1903,	  found	  448.1918.	  

	  

4,4'-‐(6-‐(5-‐methoxy-‐2-‐methyl-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9c).	  P8c	  (0.047	  g,	  0.11	  mmol)	  gave	  P9c	  as	  a	  light	  brown	  powder	  (0.027	  g,	  
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60%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.08	  (d,	  J	  =	  8.9	  Hz,	  1H,	  ArH),	  7.18	  (d,	  J	  =	  2.5	  Hz,	  1H,	  ArH),	  6.90	  

(dd,	  J	  =	  8.9,	  2.5	  Hz,	  1H,	  ArH),	  3.88-‐3.86	  (m,	  11H,	  NCH2,	  OCH3),	  3.79-‐3.77	  (m,	  8H,	  OCH2),	  2.93	  (s,	  

3H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.4	  (C),	  163.0	  (C),	  156.8	  (C),	  153.4	  (C),	  143.4	  (C),	  128.3	  

(C),	  115.6	  (CH),	  112.4	  (CH),	  101.9	  (CH),	  66.8	  (CH2),	  55.9	  (CH3),	  44.1	  (CH2),	  19.7	  (CH3);	  HRMS	  

(ESI+)	  calcd	  for	  [C20H25N7O3	  +	  H]+	  412.2092,	  found	  412.2108.	  

	  

4,4'-‐(6-‐(6-‐methoxy-‐2-‐methyl-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9d).	  P8d	  (0.052	  g,	  0.12	  mmol)	  gave	  P9d	  as	  a	  light	  brown	  powder	  

(0.029	  g,	  58%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ 7.80	  (d,	  J	  =	  2.5	  Hz,	  1H,	  ArH),	  7.58	  (d,	  J	  =	  8.7	  Hz,	  1H,	  

ArH),	  6.93	  (dd,	  J	  =	  8.7,	  2.5	  Hz,	  1H,	  ArH),	  3.89	  (br	  s,	  8H,	  NCH2),	  3.84	  (s,	  3H,	  OCH3),	  3.80-‐3.75	  (m,	  

8H,	  OCH2),	  2.94	  (s,	  3H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.3	  (C),	  163.1	  (C),	  156.7	  (C),	  151.9	  

(C),	  137.0	  (C),	  134.6	  (C),	  119.3	  (CH),	  111.8	  (CH),	  99.9	  (CH),	  66.8	  (CH2),	  55.7	  (CH3),	  44.0	  (CH2),	  

19.5	  (CH3);	  HRMS	  (ESI+)	  calcd	  for	  [C20H25N7O3	  +	  H]+	  412.2092,	  found	  412.2111.	  
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4,4'-‐(6-‐(2-‐isopropyl-‐5-‐methoxy-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9e).	  P8e	  (0.080	  g,	  0.17	  mmol)	  gave	  P9e	  as	  a	  light	  brown	  powder	  

(0.050	  g,	  65%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.97	  (d,	  J	  =	  8.9	  Hz,	  1H,	  ArH),	  7.27-‐7.26	  (m,	  1H,	  ArH),	  

6.88	  (dd,	  J	  =	  8.9,	  2.5	  Hz,	  1H,	  ArH),	  4.17-‐4.04	  (m,	  1H,	  CH),	  3.90-‐3.83	  (m,	  11H,	  NCH2,	  OCH3),	  3.82-‐

3.73	  (m,	  8H,	  OCH2),	  1.45	  (d,	  J	  =	  6.8	  Hz,	  6H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.5	  (C),	  163.1	  

(C),	  161.8	  (C),	  156.8	  (C),	  128.3	  (C),	  115.3	  (CH),	  112.7	  (CH),	  102.0	  (CH),	  66.8	  (CH2),	  55.9	  (CH3),	  

44.1	  (CH2),	  29.0	  (CH),	  22.1	  (CH3);	  HRMS	  (ESI+)	  calcd	  for	  [C22H29N7O3	  +	  H]+	  440.2405,	  found	  

440.2419.	  	  

	  

4,4'-‐(6-‐(2-‐isopropyl-‐6-‐methoxy-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (P9f).	  P8f	  (0.084	  g,	  0.17	  mmol)	  gave	  P9f	  as	  a	  light	  brown	  powder	  (0.061	  g,	  

75%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.68	  (d,	  J	  =	  2.5	  Hz,	  1H,	  ArH),	  7.61	  (d,	  J	  =	  8.7	  Hz,	  1H,	  ArH),	  6.89	  

(dd,	  J	  =	  8.7,	  2.5	  Hz,	  1H,	  ArH),	  4.14-‐4.02	  (m,	  1H,	  CH),	  3.92-‐3.84	  (m,	  8H,	  NCH2),	  3.81	  (s,	  3H,	  OCH3),	  

3.79-‐3.73	  (m,	  8H,	  OCH2),	  1.43	  (d,	  J	  =	  6.8	  Hz,	  6H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  165.5	  (C),	  
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163.2	  (C),	  160.4	  (C),	  156.7	  (C),	  137.0	  (C),	  134.7	  (C),	  119.6	  (CH),	  111.8	  (CH),	  99.3	  (CH),	  66.8	  

(CH2),	  55.8	  (CH3),	  44.05	  (CH2),	  28.8	  (CH),	  22.1	  (CH3);	  HRMS	  (ESI+)	  calcd	  for	  [C22H29N7O3	  +	  H]+	  

440.2405,	  found	  440.2384.	  	  

6.2.3 Chapter	  3	  experimental	  

	  

4-‐(4,6-‐dichloro-‐1,3,5-‐triazin-‐2-‐yl)morpholine	  (26).	  	  To	  a	  stirred	  solution	  of	  cyanuric	  chloride	  

(5.0	  g,	  27	  mmol)	  in	  dry	  acetone	  (50	  mL)	  was	  added	  dropwise	  a	  solution	  of	  morpholine	  (1.7	  g,	  

19	  mmol)	  and	  triethylamine	  (1.9	  g,	  19	  mmol)	  in	  dry	  acetone	  (50	  mL)	  at	  –20°C.	  The	  resulting	  

mixture	  was	  quenched	  with	  water,	  filtered,	  washed	  with	  water	  and	  cold	  methanol	  and	  dried	  to	  

give	  26	  as	  a	  white	  powder	  (4.3	  g,	  96%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  3.90-‐3.88	  (m,	  4H,	  NCH2),	  

3.77-‐3.74	  (m,	  4H,	  OCH2);	  LCMS	  (m/z)	  235.1	  [MH]+.	  

	  

2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazole	  (28).	  1,2-‐phenylenediamine	  (5.4	  g,	  50	  mmol)	  and	  

difluoroacetic	  acid	  (9.6	  g,	  100	  mmol)	  were	  refluxed	  in	  4	  M	  aqueous	  HCl	  (20	  mL)	  for	  3	  hours.	  The	  

solution	  was	  treated	  with	  charcoal,	  filtered	  through	  Celite,	  washed	  with	  water	  and	  neutralised	  

with	  23%	  aqueous	  NH3.	  The	  precipitate	  was	  collected,	  washed	  with	  water	  and	  dried	  to	  give	  28	  

as	  an	  orange	  powder	  (7.6	  g,	  90%).	  1H-‐NMR	  (400	  MHz,	  CD3OD) δ	  7.71	  (dd,	  J	  =	  6.1,	  3.2	  Hz,	  2H,	  

ArH),	  7.38	  (dd,	  J	  =	  6.1,	  3.1	  Hz,	  2H,	  ArH),	  6.94	  (t,	  J	  =	  53.8	  Hz,	  1H,	  CHF2);	  LCMS	  (m/z)	  169.1	  [MH]+.	  
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4-‐(4-‐chloro-‐6-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazin-‐2-‐

yl)morpholine	  (27).	  26	  (6.0	  g,	  26	  mmol),	  28	  (4.3	  g,	  26	  mmol)	  and	  K2CO3	  (3.6	  g,	  26	  mmol)	  were	  

suspended	  in	  dimethylformamide	  and	  stirred	  at	  room	  temperature	  overnight	  to	  give	  27	  as	  a	  

white	  powder	  (8.6	  g,	  92%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.45-‐8.40	  (m,	  1H,	  ArH),	  7.93-‐7.88	  (m,	  

1H,	  ArH),	  7.57	  (t,	  J	  =	  53.5	  Hz,	  1H,	  CHF2),	  7.52-‐7.41	  (m,	  2H,	  ArH),	  4.01-‐3.94	  (m,	  4H,	  NCH2),	  3.86-‐

3.79	  (m,	  4H,	  OCH2);	  LCMS	  (m/z)	  367.1	  [MH]+. 

6.2.3.1 Preparation	  of	  6-‐substituted	  4-‐(2-‐(difluoromethyl)-‐benzimidazole)-‐2-‐morpholino-‐

1,3,5-‐triazines	  

27	  (0.20	  g,	  0.55	  mmol),	  the	  appropriate	  amine	  (1.1	  mmol)	  and	  K2CO3	  (0.15	  g,	  1.1	  mmol)	  were	  

stirred	  at	  50°C	  under	  nitrogen	  overnight.	  Water	  was	  added	  to	  quench	  the	  reaction	  and	  

precipitate	  neutral	  products.	  1	  M	  aqueous	  HCl	  was	  added	  to	  adjust	  the	  pH	  to	  5	  to	  precipitate	  

compounds	  25a-‐c.	  Compounds	  required	  no	  further	  purification.	  

	  

4,4'-‐(6-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐1,3,5-‐triazine-‐2,4-‐

diyl)dimorpholine	  (3).	  27	  (0.10	  g,	  0.25	  mmol),	  morpholine	  (0.075	  g,	  0.50	  mmol)	  and	  K2CO3	  
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(0.047	  g,	  0.50	  mmol)	  gave	  3	  as	  a	  white	  powder	  (0.086	  g,	  76%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.35-‐

8.32	  (m,	  1H,	  ArH),	  7.89	  (dd,	  J	  =	  7.2,	  1.4	  Hz,	  1H,	  ArH),	  7.63	  (t,	  J	  =	  53.6	  Hz,	  1H,	  CHF2),	  7.47-‐7.37	  (m,	  

2H,	  ArH),	  3.88	  (br	  s,	  8H,	  NCH2),	  3.79	  (br	  s,	  8H,	  OCH2);	  LCMS	  (m/z)	  418.2	  [MH]+.	  	  

	  

(R)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐

yl)piperidine-‐3-‐carboxylic	  acid	  (25a).	  27	  (0.20	  g,	  0.55	  mmol),	  (R)-‐nipecotic	  acid	  (0.14	  g,	  

1.1	  mmol)	  and	  K2CO3	  (0.15	  g,	  1.1	  mmol)	  gave	  25a	  as	  a	  white	  powder	  (0.21	  g,	  79%).	  The	  spectra	  

were	  consistent	  with	  conformational	  isomers	  giving	  rise	  to	  two	  sets	  of	  signals	  in	  1:1	  ratio.	  

1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.39	  (d,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  8.32	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.84	  (d,	  

J	  =	  7.5	  Hz,	  2H,	  ArH),	  7.75	  (t,	  J	  =	  52.7	  Hz,	  1H,	  CHF2),	  7.72	  (t,	  J	  =	  52.9	  Hz,	  1H,	  CHF2),	  7.52-‐7.39	  (m,	  

4H,	  ArH),	  4.64	  (dd,	  J	  =	  12.5,	  2.5	  Hz,	  1H,	  CH2),	  4.46	  (dd,	  J	  =	  12.8,	  2.6	  Hz,	  1H,	  CH2),	  4.42-‐4.34	  (m,	  1H,	  

CH2),	  4.30-‐4.21	  (m,	  1H,	  CH2),	  3.83-‐3.75	  (m,	  8H,	  NCH2	  (morpholine)),	  3.72-‐3.65	  (m,	  8H,	  OCH2),	  

3.52-‐3.43	  (m,	  2H,	  CH2),	  3.33-‐3.13	  (m,	  2H,	  CH2),	  2.58-‐2.40	  (m,	  2H,	  CH),	  2.07-‐1.93	  (m,	  2H,	  CH2),	  

1.82-‐1.63	  (m,	  4H,	  CH2),	  1.54-‐1.42	  (m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)SO)	  δ	  174.5	  (C),	  174.3	  

(C),	  164.5	  (C),	  164.1	  (C),	  161.3	  (C),	  145.9	  (t,	  J	  =	  26.4	  Hz,	  C),	  141.4	  (C),	  132.9	  (C),	  125.8	  (CH),	  

125.7	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.9	  (CH),	  115.7	  (CH),	  108.5	  (t,	  J	  =	  237.3	  Hz,	  CH),	  65.9	  

(CH2),	  45.4	  (CH2),	  45.0	  (CH2),	  43.6	  (CH2),	  43.5	  (CH2),	  40.6	  (CH),	  40.5	  (CH),	  27.0	  (CH2),	  26.7	  (CH2),	  

23.9	  (CH2),	  23.6	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C21H23F2N7O3	  +	  H]+	  460.1903,	  found	  460.1897.	  	  
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(S)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐

yl)piperidine-‐3-‐carboxylic	  acid	  (25b)8.	  27	  (0.20	  g,	  0.55	  mmol),	  (S)-‐nipecotic	  acid	  (0.14	  g,	  

1.1	  mmol)	  and	  K2CO3	  (0.15	  g,	  1.1	  mmol)	  gave	  25b	  as	  a	  white	  powder	  (0.18	  g,	  71%).	  The	  spectra	  

were	  consistent	  with	  conformational	  isomers	  giving	  rise	  to	  two	  sets	  of	  signals	  in	  1:1	  ratio.	  	  

1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.40	  (d,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  8.33	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.85	  (d,	  

J	  =	  7.4	  Hz,	  2H,	  ArH),	  7.76	  (t,	  J	  =	  52.2	  Hz,	  1H,	  CHF2),	  7.73	  (t,	  J	  =	  53.4	  Hz,	  1H,	  CHF2),	  7.54-‐7.40	  (m,	  

4H,	  ArH),	  4.65	  (dd,	  J	  =	  13.0,	  2.6	  Hz,	  1H,	  CH2),	  4.47	  (dd,	  J	  =	  13.0,	  2.9	  Hz,	  1H,	  CH2),	  4.44-‐4.36	  (m,	  1H,	  

CH2),	  4.31-‐4.23	  (m,	  1H,	  CH2),	  3.86-‐3.76	  (m,	  8H,	  NCH2	  (morpholine)),	  3.74-‐3.64	  (m,	  8H,	  OCH2),	  

3.53-‐3.44	  (m,	  1H,	  CH2),	  3.30-‐3.13	  (m,	  2H,	  CH2),	  2.59-‐2.42	  (m,	  2H,	  CH),	  2.07-‐1.94	  (m,	  2H,	  CH2),	  

1.85-‐1.62	  (m,	  2H,	  CH2),	  1.57	  (m,	  2H,	  CH2);	  LCMS	  (m/z)	  460.3	  [MH]+.	  

	  

1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐

yl)piperidine-‐4-‐carboxylic	  acid	  (25c)8.	  27	  (0.20	  g,	  0.55	  mmol)	  and	  isonipecotic	  acid	  (0.14	  g,	  

1.1	  mmol)	  and	  K2CO3	  (0.15	  g,	  1.1	  mmol)	  gave	  25c	  as	  a	  white	  powder	  (0.17	  g,	  67%).	  1H-‐NMR	  

(400	  MHz,	  CDCl3)	  δ	  8.35-‐8.31	  (m,	  1H,	  ArH),	  7.92-‐7.88	  (m,	  1H,	  ArH),	  7.58	  (t,	  J	  =	  53.6	  Hz,	  1H,	  CHF2),	  

7.46-‐7.37	  (m,	  2H,	  ArH),	  4.61	  (d,	  J	  =	  11.9	  Hz,	  2H,	  CH2),	  3.91-‐3.85	  (m,	  4H,	  NCH2	  (morpholine)),	  
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3.82-‐3.77	  (m,	  4H,	  OCH2),	  3.29-‐3.13	  (m,	  2H,	  CH2),	  2.74-‐2.65	  (m,	  1H,	  CH),	  2.15-‐2.01	  (m,	  2H,	  CH2),	  

1.85-‐1.73	  (m,	  2H,	  CH2);	  LCMS	  (m/z)	  460.3	  [MH]+.	  	  	  

	  

1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐

yl)piperidine-‐4-‐carboxamide	  (25d)8.	  27	  (0.10	  g,	  0.	  27	  mmol),	  isonipecotamide	  (0.070	  g,	  

0.55	  mmol)	  and	  K2CO3	  (0.075	  g,	  0.55	  mmol)	  gave	  25d	  as	  a	  white	  powder	  (0.11	  g,	  86%).	  1H-‐NMR	  

(400	  MHz,	  CDCl3)	  δ	  8.36-‐8.31	  (m,	  1H,	  ArH),	  7.91-‐7.87	  (m,	  1H,	  ArH),	  7.58	  (t,	  J	  =	  51.4	  Hz,	  1H,	  CHF2),	  

7.44-‐7.37	  (m,	  2H,	  ArH),	  5.57	  (s,	  1H,	  NH2),	  5.51	  (s,	  1H,	  NH2),	  4.76	  (br	  s,	  2H,	  CH2),	  3.94-‐3.84	  (m,	  4H,	  

NCH2	  (morpholine)),	  3.83-‐3.73	  (m,	  4H,	  OCH2),	  3.16-‐2.98	  (m,	  2H,	  CH2),	  2.55-‐2.46	  (m,	  1H,	  CH),	  

2.00	  (br	  s,	  2H,	  CH2),	  1.87-‐1.71	  (m,	  2H,	  CH2);	  LCMS	  (m/z)	  459.3	  [MH]+.	  	  

	  

(4-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐

yl)piperazin-‐1-‐yl)(furan-‐2-‐yl)methanone	  (25f)8.	  27	  (0.10	  g,	  0.27	  mmol),	  	  

1-‐(2-‐furoyl)piperazine	  (0.10	  g,	  0.55	  mmol)	  and	  K2CO3	  (0.075	  g,	  0.55	  mmol)	  gave	  25f	  as	  a	  white	  

powder	  (0.11	  g,	  79%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.34	  (d,	  J	  =	  7.6	  Hz,	  1H,	  ArH),	  7.90	  (d,	  

J	  =	  7.4	  Hz,	  1H,	  ArH),	  7.56	  (t,	  J	  =	  53.6	  Hz,	  1H,	  CHF2),	  7.53	  (s,	  1H,	  ArH),	  7.48-‐7.37	  (m,	  2H,	  ArH),	  7.10	  
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(d,	  J	  =	  3.0	  Hz,	  1H,	  ArH),	  6.53	  (dd,	  J	  =	  3.4,	  1.8	  Hz,	  1H,	  ArH),	  4.02-‐3.87	  (m,	  12H,	  NCH2),	  3.83-‐3.75	  

(m,	  4H,	  OCH2);	  LCMS	  (m/z)	  511.3	  [MH]+.	  	  

6.2.3.2 Preparation	  of	  4-‐substituted	  6-‐chloro-‐2-‐morpholino-‐1,3,5-‐triazines	  

A	  mixture	  of	  26	  (0.24	  g,	  1	  mmol),	  the	  appropriate	  amine	  (1	  mmol)	  and	  K2CO3	  (0.14	  g,	  1	  mmol)	  

were	  suspended	  in	  dimethylformamide	  and	  stirred	  at	  room	  temperature	  for	  4	  hours	  under	  

nitrogen.	  The	  reaction	  was	  quenched	  with	  water	  (for	  32-‐34)	  or	  1	  M	  HCl	  (for	  29-‐31)	  and	  the	  

resultant	  precipitate	  filtered	  and	  dried	  in	  vacuo	  to	  yield	  the	  desired	  product.	  

	  

(R)-‐1-‐(4-‐chloro-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxylic	  acid	  (29).	  26	  

(0.25	  g,	  1.1	  mmol)	  and	  (R)-‐nipecotic	  acid	  (0.14	  g,	  1.1	  mmol)	  gave	  29	  as	  a	  white	  powder	  (0.26	  g,	  

76%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  4.71	  (br	  s,	  1H,	  CH2),	  4.48	  (d,	  J	  =	  12.6	  Hz,	  1H,	  CH2),	  3.82-‐3.76	  

(m,	  4H,	  NCH2	  (morpholine)),	  3.74-‐3.68	  (m,	  4H,	  OCH2),	  3.23-‐3.17	  (m,	  1H,	  CH2),	  3.02	  (t,	  J	  =	  12.7	  Hz,	  

1H,	  CH2),	  2.59-‐2.51	  (m,	  1H,	  CH),	  2.18-‐2.14	  (m,	  1H,	  CH2),	  1.84-‐1.74	  (m,	  2H,	  CH2),	  1.58-‐1.48	  (m,	  1H,	  

CH2);	  LCMS	  (m/z)	  328.1	  [MH]+.	  	  

	  

(S)-‐1-‐(4-‐chloro-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxylic	  acid	  (30).	  26	  

(0.50	  g,	  2.2	  mmol)	  and	  (S)-‐nipecotic	  acid	  (0.28	  g,	  2.2	  mmol)	  gave	  30	  as	  a	  white	  powder	  (0.65	  g,	  
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99%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  4.71	  (br	  s,	  1H,	  CH2),	  4.49-‐4.46	  (m,	  1H,	  CH2),	  3.79	  (br	  s,	  4H,	  

NCH2	  (morpholine)),	  3.72-‐3.70	  (m,	  4H,	  OCH2),	  3.24-‐3.18	  (m,	  1H,	  CH2),	  3.02	  (t,	  J	  =	  11.5	  Hz,	  1H,	  

CH2),	  2.58-‐2.53	  (m,	  1H,	  CH),	  2.18-‐2.14	  (m,	  1H,	  CH2),	  1.83-‐1.74	  (m,	  2H,	  CH2),	  1.58-‐1.49	  (m,	  1H,	  

CH2);	  LCMS	  (m/z)	  328.1	  [MH]+.	  

	  

1-‐(4-‐chloro-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxylic	  acid	  (31).	  26	  (0.50	  g,	  

2.1	  mmol)	  and	  isonipecotic	  acid	  (0.28	  g,	  2.1	  mmol)	  gave	  31	  as	  a	  white	  powder	  (0.51	  g,	  78%).	  

1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  4.57	  (br	  s,	  2H,	  CH2),	  3.79	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.74-‐3.69	  

(m,	  4H,	  OCH2),	  3.11	  (t,	  J	  =	  11.3	  Hz,	  2H,	  CH2),	  2.70-‐2.62	  (m,	  1H,	  CH),	  2.04-‐2.01	  (m,	  2H,	  CH2),	  1.79-‐

1.69	  (m,	  2H,	  CH2);	  LCMS	  (m/z)	  328.2	  [MH]+.	  

 

1-‐(4-‐chloro-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (32).	  26	  (0.25	  g,	  

1.1	  mmol)	  and	  isonipecotamide	  (0.14	  g,	  1.1	  mmol)	  gave	  32	  as	  a	  white	  powder	  (0.31	  g,	  95%).	  	  

1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  5.44	  (s,	  1H,	  NH2),	  5.29	  (s,	  1H,	  NH2),	  4.71	  (br	  s,	  2H,	  CH2),	  3.79	  (br	  s,	  

4H,	  NCH2	  (morpholine)),	  3.72-‐3.70	  (m,	  4H,	  OCH2),	  2.98-‐2.92	  (m,	  2H,	  CH2),	  2.46-‐2.39	  (m,	  1H,	  CH),	  

1.96-‐1.92	  (m,	  2H,	  CH2),	  1.73-‐1.65	  (m,	  2H,	  CH2);	  LCMS	  (m/z)	  327.2	  [MH]+.	  
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4-‐(4-‐chloro-‐6-‐(4-‐(ethylsulfonyl)piperazin-‐1-‐yl)-‐1,3,5-‐triazin-‐2-‐yl)morpholine	  (33).	  26	  

(0.25	  g,	  1.1	  mmol)	  and	  1-‐(ethylsulfonyl)piperazine	  (0.19	  g,	  1.1	  mmol)	  gave	  33	  as	  a	  white	  

powder	  (0.31	  g,	  78%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ 3.90-‐3.68	  (m,	  12H,	  NCH2),	  3.33	  (m,	  4H,	  

OCH2),	  2.97	  (q,	  J	  =	  7.4	  Hz,	  2H,	  CH2CH3),	  1.38	  (t,	  J	  =	  7.4	  Hz,	  3H,	  CH2CH3);	  LCMS	  (m/z)	  377.1	  [MH]+. 

 

(4-‐(4-‐chloro-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperazin-‐1-‐yl)(furan-‐2-‐yl)methanone	  (34).	  

26	  (0.25	  g,	  1.1	  mmol)	  and	  1-‐(2-‐furoyl)piperazine	  (0.20	  g,	  1.1	  mmol)	  with	  extraction	  with	  ethyl	  

acetate	  after	  addition	  of	  water,	  dried	  over	  Na2SO4	  and	  concentrated	  in	  vacuo	  to	  give	  34	  as	  a	  light	  

brown	  foam	  (0.36	  g,	  96%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.50	  (dd,	  J	  =	  1.8,	  0.8	  Hz,	  1H,	  ArH),	  7.07	  

(dd,	  J	  =	  3.5,	  0.8	  Hz,	  1H,	  ArH),	  6.51	  (dd,	  J	  =	  3.5,	  1.8	  Hz,	  1H,	  ArH),	  3.93-‐3.77	  (m,	  14H,	  NCH2),	  3.74-‐

3.69	  (m,	  4H,	  OCH2);	  LCMS	  (m/z)	  379.2	  [MH]+.	  

6.2.3.3 Preparation	  of	  Suzuki	  coupled	  products	  

To	  a	  degassed	  suspension	  of	  6-‐chloro-‐1,3,5-‐triazine	  (0.31	  mmol),	  Cs2CO3	  (0.20	  g,	  0.61	  mmol)	  and	  

boronic	  acid	  (0.40	  mmol)	  in	  dimethylformamide	  or	  1,4-‐dioxane	  was	  added	  Pd(OAc)2	  (0.0007	  g,	  

0.003	  mmol,	  1	  mol%),	  PCy3	  (0.001	  g,	  0.003	  mmol,	  1	  mol%),	  TBAB	  (0.001	  g,	  0.003	  mmol,	  
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1	  mol%)	  and	  water	  (0.5	  mL).	  This	  was	  exposed	  to	  microwave	  irradiation	  at	  150°C	  for	  30	  

minutes,	  partitioned	  between	  water	  and	  ethyl	  acetate,	  extracted	  a	  further	  two	  times	  into	  ethyl	  

acetate,	  dried	  over	  Na2SO4	  and	  concentrated	  in	  vacuo	  to	  give	  the	  crude	  product.	  The	  crude	  

product	  was	  then	  purified	  via	  column	  chromatography	  and	  semi-‐preparative	  reverse-‐phase	  

HPLC	  where	  necessary.	  	  

	  

(R)-‐1-‐(4-‐(3-‐(hydroxymethyl)phenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐

carboxylic	  acid	  (37a).	  29	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  

(0.060	  g,	  0.40	  mmol)	  gave	  37a	  as	  a	  white	  powder	  (0.091	  g,	  72%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  

8.38	  (s,	  1H,	  ArH),	  8.28	  (d,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  7.51-‐7.47	  (m,	  1H,	  ArH),	  7.41	  (t,	  J	  =	  7.6	  Hz,	  1H,	  

ArH),	  4.67	  (s,	  2H,	  CH2OH),	  3.90	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.74	  -‐3.71	  (m,	  4H,	  OCH2),	  3.21-‐

3.13	  (m,	  1H,	  CH2),	  3.07-‐3.01	  (m,	  1H,	  CH2),	  2.50-‐2.41	  (m,	  1H,	  CH),	  2.15-‐2.11	  (m,	  1H,	  CH2),	  1.84-‐

1.79	  (m,	  1H,	  CH2),	  1.77-‐1.70	  (m,	  1H,	  CH2),	  1.59-‐1.52	  (m,	  1H,	  CH2),	  extra	  resonances	  equating	  to	  

2H	  are	  expected,	  these	  appear	  to	  be	  obscured	  by	  the	  water	  signal;	  13C-‐NMR	  (101	  MHz,	  (CD3)SO)	  

δ	  174.7	  (C),	  169.5	  (C),	  164.7	  (C),	  164.5	  (C),	  142.6	  (C),	  136.7	  (C),	  129.7	  (CH),	  128.0	  (CH),	  126.5	  

(CH),	  126.0	  (CH),	  66.0	  (CH2),	  62.9	  (CH2),	  44.6	  (CH2),	  43.3	  (CH2),	  40.7	  (CH),	  27.2	  (CH2),	  24.0	  (CH2);	  

LCMS	  (m/z)	  400.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C20H25N5O4	  +	  H]+	  400.1979,	  found	  400.1975.	  
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(R)-‐1-‐(4-‐(3-‐hydroxyphenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxylic	  acid	  

(37b).	  29	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.055	  g,	  0.40	  mmol)	  gave	  37b	  

as	  a	  white	  powder	  (0.019	  g,	  16%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  7.85-‐7.81	  (m,	  2H,	  ArH),	  7.24	  (t,	  

J	  =	  7.9	  Hz,	  1H,	  ArH),	  6.91	  (ddd,	  J	  =	  8.0,	  2.6,	  1.0	  Hz,	  1H,	  ArH),	  3.89	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  

3.74	  (m,	  4H,	  OCH2),	  3.24-‐3.17	  (m,	  1H,	  CH2),	  3.07	  (br	  s,	  1H,	  CH2),	  2.51-‐2.45	  (m,	  1H,	  CH),	  2.16-‐2.11	  

(m,	  1H,	  CH2),	  1.84-‐1.70	  (m,	  2H,	  CH2),	  1.58-‐1.51	  (m,	  1H,	  CH2),	  extra	  resonances	  equating	  to	  2H	  are	  

expected,	  these	  appear	  to	  be	  obscured	  by	  the	  water	  signal;	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ	  178.8	  

(C),	  170.2	  (C),	  165.3	  (C),	  165.1	  (C),	  164.5	  (C),	  129.5	  (CH),	  120.9	  (CH),	  118.6	  (CH),	  115.2	  (CH),	  

67.0	  (CH2),	  45.2	  (CH2),	  44.0	  (CH2),	  43.8	  (CH2),	  41.2	  (CH),	  27.6	  (CH2),	  24.3	  (CH2);	  LCMS	  (m/z)	  

386.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C19H22N5O4	  +	  H]+	  386.1823,	  found	  386.1832.	  

	  

(S)-‐1-‐(4-‐(3-‐(hydroxymethyl)phenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐

carboxylic	  acid	  (38a).	  30	  (0.050	  g,	  0.15	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  

(0.060	  g,	  0.39	  mmol)	  gave	  38a	  as	  a	  white	  powder	  (0.042	  g,	  70%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  

8.39	  (s,	  1H,	  ArH),	  8.29	  (d,	  J	  =	  7.5	  Hz,	  1H,	  ArH),	  7.53-‐7.46	  (m,	  1H,	  ArH),	  7.41	  (dd,	  J	  =	  7.6,	  7.6	  Hz,	  

1H,	  ArH),	  5.20-‐4.87	  (m,	  2H,	  CH2),	  4.67	  (s,	  2H,	  CH2OH),	  3.91	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.79-‐

3.68	  (m,	  4H,	  OCH2),	  3.01-‐2.91	  (m,	  1H,	  CH2),	  2.85	  (t,	  J	  =	  11.4	  Hz,	  1H,	  CH2),	  2.35-‐2.26	  (m,	  1H,	  CH),	  
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2.14	  (d,	  J	  =	  12.4	  Hz,	  1H,	  CH2),	  1.80	  (d,	  J	  =	  12.9	  Hz,	  1H,	  CH2),	  1.75-‐1.64	  (m,	  1H,	  CH2),	  1.59-‐1.43	  (m,	  

1H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ 182.5	  (C),	  171.6	  (C),	  166.7	  (C),	  166.2	  (C),	  142.6	  (C),	  

139.0	  (C),	  130.9	  (CH),	  129.1	  (CH),	  128.4	  (CH),	  128.0	  (CH),	  67.9	  (CH2),	  65.2	  (CH2),	  47.8	  (CH2),	  46.8	  

(CH),	  44.9	  (CH2),	  30.3	  (CH2),	  26.4	  (CH2);	  LCMS	  (m/z)	  400.2	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  

[C20H24N5O4	  +	  H]+	  400.1979,	  found	  400.1984.	  

	  

(S)-‐1-‐(4-‐(3-‐hydroxyphenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxylic	  acid	  

(38b).	  30	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.055	  g,	  0.40	  mmol)	  gave	  38b	  

as	  a	  white	  powder	  (0.039	  g,	  21%	  [as	  doubly	  protonated	  TFA	  salt]).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  

7.75-‐7.71	  (m,	  1H,	  ArH),	  7.71-‐7.69	  (m,	  1H,	  ArH),	  7.30	  (t,	  J	  =	  7.9	  Hz,	  1H,	  ArH),	  6,99	  (ddd,	  J	  =	  8.1,	  2.5,	  

0.9	  Hz,	  1H,	  ArH),	  4.69	  (dd,	  J	  =	  13.4,	  3.8	  Hz,	  1H,	  CH2),	  4.46	  (br	  s,	  1H,	  CH2),	  3.97-‐3.88	  (m,	  4H,	  NCH2	  

(morpholine)),	  3.81-‐3.72	  (m,	  4H,	  OCH2),	  3.56-‐3.37	  (m,	  2H,	  CH2),	  2.58	  (br	  s,	  1H,	  CH),	  2.18-‐2.08	  (m,	  

1H,	  CH2),	  1.88-‐1.75	  (m,	  2H,	  CH2),	  1.67-‐1.52	  (m,	  1H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ	  176.9	  (C),	  

175.4	  (C),	  164.6	  (C),	  164.2	  (C),	  158.7	  (C),	  158.6	  (C),	  130.6	  (CH),	  120.9	  (CH),	  120.6	  (CH),	  116.3	  

(CH),	  67.9	  (CH2),	  46.9	  (CH2),	  45.4	  (CH2),	  42.3	  (CH),	  28.5	  (CH2),	  28.4	  (CH2),	  25.2	  (CH2);	  LCMS	  

(m/z)	  386.2	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C19H22N5O4	  +	  H]+	  386.1823,	  found	  386.1834.	  
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1-‐(4-‐(3-‐(hydroxymethyl)phenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxylic	  

acid	  (39a).	  31	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  (0.060	  g,	  

0.40	  mmol)	  gave	  39a	  as	  a	  white	  powder	  (0.011	  g,	  9%).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  8.38	  (s,	  1H,	  

ArH),	  8.28	  (dt,	  J	  =	  7.7,	  1.5	  Hz,	  1H,	  ArH),	  7.49	  (dt,	  J	  =	  7.9,	  1.5	  Hz,	  1H,	  ArH),	  7.42	  (t,	  J	  =	  7.6	  Hz,	  1H,	  

ArH),	  4.86-‐4.73	  (m,	  2H,	  CH2),	  4.68	  (s,	  2H,	  CH2OH),	  3.91	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.79-‐3.69	  

(m,	  4H,	  OCH2),	  3.18-‐3.06	  (m,	  2H,	  CH2),	  2.64-‐2.55	  (m,	  1H,	  CH),	  2.05-‐1.95	  (m,	  2H,	  CH2),	  1.70-‐1.59	  

(m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ	  178.5	  (C),	  171.7	  (C),	  166.7	  (C),	  166.3	  (C),	  142.7	  (C),	  

138.9	  (C),	  131.0	  (CH),	  129.1	  (CH),	  128.4	  (CH),	  127.9	  (CH),	  67.9	  (CH2),	  65.2	  (CH2),	  44.9	  (CH2),	  43.7	  

(CH2),	  42.4	  (CH),	  29.3	  (CH2);	  LCMS	  (m/z)	  400.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C20H24N5O4	  +	  H]+	  

400.1979,	  found	  400.1983.	  

	  

1-‐(4-‐(3-‐hydroxyphenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxylic	  acid	  

(39b).	  31	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.055	  g,	  0.40	  mmol)	  gave	  39b	  

as	  a	  white	  powder	  (0.021	  g,	  15%	  [as	  doubly	  protonated	  TFA	  salt]).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  

7.71-‐7.68	  (m,	  1H,	  ArH),	  7.68-‐7.66	  (m,	  1H,	  ArH),	  7.32	  (t,	  J	  =	  7.9	  Hz,	  1H,	  ArH),	  7.02	  (ddd,	  J	  =	  8.1,	  2.6,	  

0.9	  Hz,	  1H,	  ArH),	  4.67	  (d,	  J	  =	  13.4	  Hz,	  2H,	  CH2),	  3.97-‐3.87	  (m,	  4H,	  NCH2	  (morpholine)),	  3.79-‐3.71	  

(m,	  4H,	  OCH2),	  3.24	  (t,	  J	  =	  11.6	  Hz,	  2H,	  CH2),	  2.72-‐2.63	  (m,	  1H,	  CH),	  2.09-‐1.98	  (m,	  2H,	  CH2),	  1.77-‐
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1.64	  (m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ	  178.1	  (C),	  168.8	  (C),	  163.4	  (C),	  162.8	  (C),	  158.8	  

(C),	  137.1	  (C),	  130.6	  (CH),	  120.9	  (CH),	  120.6	  (CH),	  116.4	  (CH),	  67.6	  (CH2),	  45.6	  (CH2),	  44.5	  (CH2),	  

41.9	  (CH),	  29.1	  (CH2);	  LCMS	  (m/z)	  386.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C19H22N5O4	  +	  H]+	  

386.1823,	  found	  386.1834.	  

	  

1-‐(4-‐(3-‐(hydroxymethyl)phenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐

carboxamide	  (40a).	  32	  (0.050	  g,	  0.15	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  

(0.060	  g,	  0.39	  mmol)	  gave	  40a	  as	  a	  white	  powder	  (0.035	  g,	  58%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  

δ	  8.29	  (s,	  1H,	  ArH),	  8.21	  (d,	  J	  =	  7.6	  Hz,	  1H,	  ArH),	  7.49-‐7.45	  (m,	  1H,	  ArH),	  7.42	  (t,	  J	  =	  7.5	  Hz,	  1H,	  

ArH),	  7.31	  (s,	  1H,	  NH2),	  6.80	  (s,	  1H,	  NH2),	  5.28	  (t,	  J	  =	  5.8	  Hz,	  1H,	  OH),	  4.95-‐4.63	  (m,	  2H,	  CH2),	  4.56	  

(d,	  J	  =	  5.8	  Hz,	  2H,	  CH2OH),	  3.81	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.70-‐3.61	  (m,	  4H,	  OCH2),	  2.94	  (br	  

s,	  2H,	  CH2),	  2.44-‐2.34	  (m,	  1H,	  CH),	  1.85-‐1.75	  (m,	  2H,	  CH2),	  1.53-‐1.41	  (m,	  2H,	  CH2);	  13C-‐NMR	  

(101	  MHz,	  (CD3)2SO)	  δ	  176.2	  (C),	  169.5	  (C),	  164.8	  (C),	  164.4	  (C),	  142.6	  (C),	  136.8	  (C),	  129.7	  (CH),	  

128.0	  (CH),	  126.6	  (CH),	  126.1	  (CH),	  66.1	  (CH2),	  62.3	  (CH2),	  43.3	  (CH2),	  42.5	  (CH2),	  41.9	  (CH),	  28.3	  

(CH2);	  LCMS	  (m/z)	  399.3	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C20H25N6O3	  +	  H]+	  399.2139,	  found	  

399.2129.	  
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1-‐(4-‐(3-‐hydroxyphenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  

(40b).	  32	  (0.10	  g,	  0.31	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.060	  g,	  0.40	  mmol)	  gave	  40b	  

as	  a	  white	  powder	  (0.019	  g,	  12%	  [as	  doubly	  protonated	  TFA	  salt]).	  1H-‐NMR	  (400	  MHz,	  CD3OD)	  δ	  

7.75-‐7.72	  (m,	  1H,	  ArH),	  7.72-‐7.70	  (m,	  1H,	  ArH),	  7.30	  (t,	  J	  =	  7.9	  Hz,	  1H,	  ArH),	  6.99	  (ddd,	  J	  =	  8.1,	  2.6,	  

1.0	  Hz,	  1H,	  ArH),	  4.92-‐4.79	  (m,	  2H,	  CH2)	  3.94-‐3.88	  (m,	  4H,	  NCH2	  (morpholine)),	  3.78-‐3.72	  (m,	  4H,	  

OCH2),	  3.06	  (t,	  J	  =	  12.4	  Hz,	  2H,	  CH2),	  2.63-‐2.53	  (m,	  1H,	  CH),	  1.92	  (dd,	  J	  =	  13.0,	  2.5	  Hz,	  2H,	  CH2),	  

1.76-‐1.63	  (m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ	  180.1	  (C),	  158.9	  (C),	  130.6	  (CH),	  120.9	  

(CH),	  120.7	  (CH),	  116.4	  (CH),	  67.6	  (CH2),	  45.7	  (CH2),	  44.8	  (CH2),	  43.4	  (CH),	  29.6	  (CH2);	  LCMS	  

(m/z)	  385.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C19H23N6O3	  +	  H]+	  385.1983,	  found	  385.1979.	  

	  

(3-‐(4-‐(4-‐(ethylsulfonyl)piperazin-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)phenyl)methanol	  

(41a).	  33	  (0.097	  g,	  0.27	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  (0.052	  g,	  0.35	  mmol)	  

gave	  41a	  as	  a	  white	  powder	  (0.089	  g,	  74%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.36	  (s,	  1H,	  ArH),	  8.31	  

(d,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  7.53-‐7.48	  (m,	  1H,	  ArH),	  7.44	  (t,	  J	  =	  7.6	  Hz,	  1H,	  ArH),	  4.78	  (s,	  2H,	  CH2),	  

4.11-‐3.85	  (m,	  8H,	  CH2	  (morpholine)),	  3.79-‐3.74	  (m,	  4H,	  CH2),	  3.40-‐3.34	  (m,	  4H,	  CH2),	  2.98	  (q,	  

J	  =	  7.4	  Hz,	  2H,	  CH2CH3),	  1.39	  (t,	  J	  =	  7.4	  Hz,	  3H,	  CH2CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  170.4	  (C),	  
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165.2	  (C),	  165.1	  (C),	  141.0	  (C),	  137.5	  (C),	  130.3	  (CH),	  128.6	  (CH),	  128.0	  (CH),	  127.1	  (CH),	  67.0	  

(CH2),	  65.5	  (CH2),	  45.9	  (CH2),	  44.1	  (CH2),	  43.9	  (CH2),	  43.4	  (CH2),	  7.9	  (CH3);	  LCMS	  (m/z)	  449.1	  

[MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C20H28N6O4S	  +	  H]+	  449.1966,	  found	  449.1977.	  

	  

3-‐(4-‐(4-‐(ethylsulfonyl)piperazin-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)phenol	  (41b).	  33	  

(0.10	  g,	  0.27	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.052	  g,	  0.038	  mmol)	  gave	  41b	  as	  a	  

white	  powder	  (0.018	  g,	  16%).	  1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  7.97-‐7.93	  (m,	  1H,	  ArH),	  7.86-‐7.83	  (m,	  

1H,	  ArH),	  7.32	  (t,	  J	  =	  7.9	  Hz,	  1H,	  ArH),	  6.98	  (ddd,	  J	  =	  8.0,	  2.7,	  0.9	  Hz,	  1H,	  ArH),	  5.02	  (br	  s,	  1H,	  OH),	  

4.08-‐3.83	  (m,	  8H,	  CH2	  (morpholine)),	  3.79-‐3.74	  (m,	  4H,	  CH2),	  3.40-‐3.32	  (m,	  4H,	  CH2),	  2.98	  (q,	  

J	  =	  7.4	  Hz,	  2H,	  CH2CH3),	  1.39	  (t,	  J	  =	  7.4	  Hz,	  3H,	  CH2CH3);	  13C-‐NMR	  (101	  MHz,	  CDCl3)	  δ	  129.6	  (CH),	  

121.1	  (CH),	  118.8	  (CH),	  115.2	  (CH),	  67.0	  (CH2),	  45.9	  (CH2),	  44.1	  (CH2),	  7.9	  (CH3)	  (insufficient	  

sample	  was	  obtained	  to	  see	  quaternary	  carbon	  signals);	  LCMS	  (m/z)	  435.1	  [MH]+;	  HRMS	  (ESI+)	  

calcd	  for	  [C19H26N6O4S	  +	  H]+	  435.1809,	  found	  435.1830.	  

	  

Furan-‐2-‐yl(4-‐(4-‐(3-‐(hydroxymethyl)phenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperazin-‐

1-‐yl)methanone	  (42a).	  34	  (0.050	  g,	  0.13	  mmol)	  and	  3-‐(hydroxymethyl)phenylboronic	  acid	  

(0.026	  g,	  0.17	  mmol)	  gave	  42a	  as	  a	  white	  powder	  (0.037	  g,	  47%	  [as	  triply	  protonated	  TFA	  salt]).	  
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1H-‐NMR	  (400	  MHz,	  CDCl3)	  δ	  8.30	  (s,	  1H,	  ArH),	  8.15	  (d,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  7.54-‐7.51	  (m,	  2H,	  

ArH),	  7.45	  (t,	  J	  =	  7.7	  Hz,	  1H,	  ArH),	  7.11	  (dd,	  J	  =	  3.5,	  0.8	  Hz,	  1H,	  ArH),	  6.53	  (dd,	  J	  =	  3.5,	  1.8	  Hz,	  1H,	  

ArH),	  6.46	  (br	  s,	  3H,	  NH),	  4.78	  (s,	  2H,	  CH2OH),	  4.14-‐3.86	  (m,	  12H,	  CH2),	  3.83-‐3.76	  (m,	  4H,	  CH2);	  

13C-‐NMR	  (101	  MHz,	  CD3OD)	  δ 169.7	  (C),	  164.3	  (C),	  159.5	  (C),	  147.8	  (C),	  144.2	  (CH),	  141.2	  (C),	  

136.6	  (C),	  130.6	  (CH),	  128.7	  (CH),	  128.0	  (CH),	  127.1	  (CH),	  117.4	  (CH),	  111.7	  (CH),	  66.7	  (CH2),	  

64.7	  (CH2);	  LCMS	  (m/z)	  451.2	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C23H25N6O4	  +	  H]+	  451.2088,	  found	  

451.2086.	  

	  

furan-‐2-‐yl(4-‐(4-‐(3-‐hydroxyphenyl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperazin-‐1-‐

yl)methanone	  (42b).	  34	  (0.10	  g,	  0.26	  mmol)	  and	  3-‐hydroxyphenylboronic	  acid	  (0.047	  g,	  

0.34	  mmol)	  gave	  42b	  as	  a	  white	  powder	  (0.011	  g,	  5%	  [as	  triply	  protonated	  TFA	  salt]);	  1H-‐NMR	  

(400	  MHz,	  CD3OD)	  δ	  7.83-‐7.80	  (m,	  1H,	  ArH),	  7.79-‐7.77	  (m,	  1H,	  ArH),	  7.72	  (dd,	  J	  =	  1.8,	  0.8	  Hz),	  

7.28	  (t,	  J	  =	  7.9	  Hz,	  1H,	  ArH),	  7.10	  (dd,	  J	  =	  3.5,	  0.8	  Hz,	  1H,	  ArH),	  6.96	  (ddd,	  J	  =	  8.1,	  2.6,	  1.0	  Hz,	  1H,	  

ArH),	  6.61	  (dd,	  J	  =	  3.5,	  1.8	  Hz,	  1H,	  ArH),	  4.06-‐3.87	  (m,	  12H,	  CH2),	  3.77-‐3.73	  (m,	  4H,	  CH2);	  13C-‐NMR	  

(101	  MHz,	  CD3OD)	  δ 159.5	  (C),	  156.7	  (C),	  147.7	  (C),	  144.2	  (CH),	  129.6	  (CH),	  120.7	  (CH),	  119.9	  

(CH),	  117.5	  (CH),	  115.6	  (CH),	  111.7	  (CH),	  66.8	  (CH2),	  44.4	  (CH2),	  44.0	  (CH2)	  (an	  additional	  four	  

quaternary	  C	  resonances	  are	  expected,	  insufficient	  material	  was	  obtained	  to	  see	  these	  signals);	  

LCMS	  (m/z)	  437.1	  [MH]+;	  HRMS	  (ESI+)	  calcd	  for	  [C22H24N6O4	  +	  H]+	  437.1932,	  found	  437.1942.	  	  
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6.2.4 Chapter	  4	  experimental	  

6.2.4.1 General	  Method	  for	  Peptide	  Coupling	  

To	  a	  stirring	  solution	  of	  25a,	  25b	  or	  25f	  	  (0.10	  g,	  0.23	  mmol),	  amino	  carboxamide	  hydrochloride	  

salt	  (0.24	  mmol)	  and	  HBTU	  (0.091	  g,	  0.24	  mmol)	  in	  dimethylformamide	  (5	  mL)	  was	  added	  

DIPEA	  (0.056	  g,	  0.44	  mmol)	  and	  stirred	  under	  nitrogen	  until	  reaction	  was	  completed	  as	  

monitored	  by	  LCMS.	  Water	  was	  added	  and	  precipitate	  was	  collected	  and	  washed	  with	  water	  and	  

methanol.	  

	  

N-‐(2-‐amino-‐2-‐oxoethyl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐

morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (43).	  25b	  (0.10	  g,	  0.23	  mmol)	  and	  

glycinamide.HCl	  (0.026	  g,	  0.24	  mmol)	  gave	  43	  as	  a	  white	  powder	  (0.075	  g,	  67%).	  1H-‐NMR	  

(400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  8.02	  (t,	  J	  =	  5.7	  Hz,	  1H,	  NH),	  7.88-‐7.83	  (m,	  1H,	  

ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.54-‐7.48	  (m,	  1H,	  ArH),	  7.46-‐7.40	  (m,	  1H,	  ArH),	  7.26	  (br	  s,	  

1H,	  NH),	  7.00	  (br	  s,	  1H,	  NH),	  4.71-‐4.56	  (m,	  2H,	  CH2),	  3.83-‐3.77	  (m,	  4H,	  NCH2	  (morpholine)),	  3.73-‐

3.66	  (m,	  4H,	  OCH2),	  3.62	  (d,	  J	  =	  5.8	  Hz,	  2H,	  NHCH2),	  3.15-‐2.98	  (m,	  2H,	  CH2),	  2.63-‐2.53	  (m,	  1H,	  CH),	  

1.90-‐1.80	  (m,	  2H,	  CH2),	  1.63-‐1.48	  (m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ 174.1	  (C),	  171.0	  

(C),	  164.6	  (C),	  164.0	  (C),	  161.4	  (C),	  145.9	  (C),	  141.3	  (C),	  132.9	  (C),	  125.9	  (CH),	  124.3	  (CH),	  120.7	  

(CH),	  115.7	  (CH),	  108.6	  (t,	  J	  =	  237.0	  Hz,	  CHF2),	  65.9	  (CH2),	  43.7	  (CH2),	  43.0	  (CH2),	  42.8	  (CH2),	  41.7	  

(CH2),	  41.5	  (CH),	  28.2	  (CH2),	  28.0	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C23H27F2N9O3	  +	  H]+	  516.2278,	  

found	  516.2279.	  
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(S)-‐N-‐(1-‐amino-‐1-‐oxo-‐3-‐phenylpropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐

benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (44).	  

25b	  (0.10	  g,	  0.23	  mmol)	  and	  L-‐phenylalanine	  amide.HCl	  (0.048	  g,	  0.24	  mmol)	  gave	  44	  as	  a	  white	  

powder	  (0.083	  g,	  63%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.32	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.99	  (d,	  

J	  =	  8.7	  Hz,	  1H,	  ArH),	  7.85	  (d,	  J	  =	  7.8	  Hz,	  1H,	  ArH),	  7.65	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.51	  (t,	  J	  =	  7.7	  Hz,	  

1H,	  ArH),	  7.46-‐7.40	  (m,	  2H,	  ArH,	  NH),	  7.28-‐7.21	  (m,	  4H,	  ArH),	  7.17	  (s,	  1H,	  NH),	  7.05	  (s,	  1H,	  NH),	  

4.63-‐4.39	  (m,	  3H,	  CH2),	  3.83-‐3.76	  (m,	  4H,	  NCH2	  (morpholine)),	  3.69	  (br	  s,	  4H,	  OCH2),	  3.10-‐2.95	  

(m,	  3H,	  CH2),	  2.80-‐2.71	  (m,	  1H,	  CH2),	  2.55-‐2.45	  (m,	  1H,	  CH),	  1.74	  (t,	  J	  =	  13.8	  Hz,	  1H,	  CH2),	  1.65-‐

1.56	  (m,	  1H,	  CH2),	  1.54-‐1.42	  (m,	  1H,	  CH2),	  1.38-‐1.26	  (m,	  1H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  

δ 173.5	  (C),	  173.3	  (C),	  164.5	  (C),	  164.0	  (C),	  161.3	  (C),	  145.9	  (C),	  141.3	  (C),	  138.2	  (C),	  132.9	  (C),	  

129.2	  (CH),	  127.9	  (CH),	  126.2	  (CH),	  125.8	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.7	  (CH),	  108.6	  (t,	  

J	  =	  237.0	  Hz,	  CHF2),	  65.9	  (CH2),	  53.4	  (CH),	  43.6	  (CH2),	  42.9	  (CH2),	  42.6	  (CH2),	  41.4	  (CH),	  37.7	  

(CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C30H34F2N9O3	  +	  H]+	  606.2747,	  found	  606.2754.	  
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(S)-‐N-‐(2-‐amino-‐2-‐oxoethyl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐

morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxamide	  (45).	  25a	  (0.10	  g,	  0.23	  mmol)	  and	  

glycinamide.HCl	  (0.026	  g,	  0.25	  mmol)	  gave	  45	  as	  a	  white	  powder	  (0.071	  g,	  63%).	  1H-‐NMR	  

(400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (dd,	  J	  =	  7.9,	  4.7	  Hz,	  1H,	  ArH),	  8.10	  (t,	  J	  =	  5.4	  Hz,	  1H,	  NH),	  7.84	  (d,	  

J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.55-‐7.47	  (m,	  1H,	  ArH),	  7.42	  (td,	  J	  =	  7.6,	  2.6	  Hz,	  

1H,	  ArH),	  7.28	  (d,	  J	  =	  15.9	  Hz,	  1H,	  NH),	  7.03	  (br	  s,	  1H,	  NH),	  4.70-‐4.48	  (m,	  2H,	  CH2),	  3.86-‐3.75	  (m,	  

4H,	  NCH2	  (morpholine)),	  3.73-‐3.62	  (m,	  6H,	  OCH2,	  NHCH2),	  3.27-‐3.01	  (m,	  2H,	  CH2),	  2.48-‐2.39	  (m,	  

1H,	  CH),	  2.02-‐1.90	  (m,	  1H,	  CH2),	  1.88-‐1.75	  (m,	  1H,	  CH2),	  1.74-‐1.69	  (m,	  1H,	  CH2),	  1.52-‐1.38	  (m,	  1H,	  

CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ 172.9	  (C),	  170.8	  (C),	  164.5	  (C),	  164.1	  (C),	  161.3	  (C),	  145.9	  

(t,	  J	  =	  27.3	  Hz,	  C),	  141.3	  (C),	  132.9	  (C),	  125.9	  (CH),	  124.3	  (CH),	  120.6	  (CH),	  115.8	  (CH),	  108.54	  (t,	  

J	  =	  236.8	  Hz,	  CHF2),	  65.8	  (CH2),	  45.6	  (CH2),	  43.6	  (CH2),	  43.4	  (CH2),	  41.9	  (CH),	  41.6	  (CH2),	  27.8	  

(CH2),	  24.0	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C23H27F2N9O3	  +	  H]+	  516.2278,	  found	  516.2291.	  

	  

(S)-‐N-‐((S)-‐1-‐amino-‐1-‐oxo-‐3-‐phenylpropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐

benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxamide	  (46).	  

25b	  (0.057	  g,	  0.12	  mmol)	  and	  L-‐phenylalanine.HCl	  (0.048	  g,	  0.14	  mmol)	  gave	  46	  as	  a	  white	  
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powder	  (0.051	  g,	  68%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.32	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  8.07	  (t,	  

J	  =	  9.2	  Hz,	  1H,	  NH)	  7.87-‐7.81	  (m,	  1H,	  ArH),	  7.71	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.56-‐7.39	  (m,	  3H,	  ArH),	  

7.29-‐7.15	  (m,	  5H,	  ArH,	  NH),	  7.11	  (s,	  1H,	  NH),	  4.60-‐4.46	  (m,	  3H),	  3.86-‐3.65	  (m,	  8H,	  CH2	  

(morpholine)),	  3.07-‐2.91	  (m,	  3H),	  2.79-‐2.70	  (m,	  1H),	  2.46-‐2.32	  (m,	  1H),	  1.76-‐1.60	  (m,	  2H),	  1.51-‐

1.30	  (m,	  2H);13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ 173.2	  (C),	  172.5	  (C),	  164.5	  (C),	  164.1	  (C),	  161.3	  (C),	  

145.9	  (C),	  141.3	  (C),	  138.1	  (C),	  132.9	  (C),	  129.2	  (CH),	  129.0	  (CH),	  127.9	  (CH),	  126.2	  (CH),	  126.0	  

(CH),	  125.9	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.8	  (CH),	  108.6	  (t,	  J	  =	  240.9	  Hz,	  CHF2),	  65.9	  (CH2),	  

53.4	  (CH),	  45.5	  (CH2),	  43.6	  (CH2),	  43.4	  (CH2),	  41.7	  (CH),	  37.8	  (CH2),	  28.2	  (CH2),	  24.0	  (CH2);	  HRMS	  

(ESI+)	  calcd	  for	  [C30H34F2N9O3	  +	  H]+	  606.2747,	  found	  606.2743.	  

	  

(R)-‐N-‐(2-‐amino-‐2-‐oxoethyl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐6-‐

morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxamide	  (47).	  25f	  (0.087	  g,	  0.19	  mmol)	  

and	  glycinamide.HCl	  (0.023	  g,	  0.21	  mmol)	  gave	  47	  as	  a	  yellow	  powder	  (0.026	  g,	  27%).	  1H-‐NMR	  

(400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (dd,	  J	  =	  8.1,	  3.3	  Hz,	  1H,	  ArH),	  8.10	  (t,	  J	  =	  5.4	  Hz,	  1H,	  NH),	  7.88-‐7.82	  

(m,	  1H,	  ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.55-‐7.48	  (m,	  1H,	  ArH),	  7.45-‐7.39	  (m,	  1H,	  ArH),	  7.28	  

(d,	  J	  =	  15.5	  Hz,	  1H,	  NH2),	  7.03	  (s,	  1H,	  NH2),	  4.69-‐4.51	  (m,	  2H,	  CH2),	  3.86-‐3.75	  (m,	  4H,	  CH2,	  NCH2	  

(morpholine)),	  3.75-‐3.62	  (m,	  6H,	  OCH2,	  NHCH2),	  3-‐26-‐3.01	  (m,	  2H,	  CH2),	  2.52-‐2.40	  (m,	  1H,	  CH),	  

2.01-‐1.90	  (m,	  1H,	  CH2),	  1.87-‐1.75	  (m,	  1H,	  CH2),	  1.74-‐1.62	  (m,	  1H,	  CH2),	  1.52-‐1.38	  (m,	  1H,	  CH2);	  

13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ	  173.0	  (C),	  170.9	  (C),	  164.5	  (C),	  164.1	  (C),	  161.3	  (C),	  145.9	  (t,	  

J	  =	  27.0	  Hz,	  C),	  141.3	  (C),	  132.9	  (C),	  125.9	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.8	  (CH),	  108.6	  (t,	  
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J	  =	  238.4	  Hz,	  CHF2),	  65.9	  (CH2),	  45.7	  (CH2),	  43.6	  (CH2),	  43.5	  (CH2),	  42.0	  (CH),	  41.7	  (CH2),	  27.8	  

(CH2),	  24.1	  (CH2);	  HRMS	  (ESI+)	  calcd	  for	  [C23H27F2N9O3	  +	  H]+	  516.2278,	  found	  516.2282.	  

	  

(R)-‐N-‐((S)-‐1-‐amino-‐1-‐oxo-‐3-‐phenylpropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐

benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐3-‐carboxamide	  (48).	  

25f	  (0.10	  g,	  0.22	  mmol)	  and	  L-‐phenylalanine	  amide.HCl	  (0.048	  g,	  0.24	  mmol)	  gave	  48	  as	  a	  white	  

powder	  (0.116	  g,	  88%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.34-‐8.29	  (m,	  1H,	  ArH),	  8.08	  (t,	  

J	  =	  9.4	  Hz,	  1H,	  NH),	  7.87-‐7.83	  (m,	  1H,	  ArH),	  7.71	  (t,	  J	  =	  52.7	  Hz,	  1H,	  CHF2),	  7.54-‐7.48	  (m,	  1H,	  ArH),	  

7.46-‐7.40	  (m,	  2H,	  ArH),	  7.25-‐7.21	  (m,	  3H,	  ArH),	  7.20-‐7.15	  (m,	  1H,	  NH),	  7.13-‐7.02	  (m,	  2H,	  NH),	  

4.58-‐4.36	  (m,	  3H),	  3.86-‐3.75	  (m,	  4H,	  CH2,	  NCH2	  (morpholine)),	  3.75-‐3.65	  (m,	  4H,	  OCH2),	  3.09-‐

2.93	  (m,	  3H),	  2.80-‐2.72	  (m,	  1H),	  2.47-‐2.31	  (m,	  1H,	  CH),	  1.90-‐1.83	  (m,	  1H,	  CH2),	  1.78-‐1.69	  (m,	  1H,	  

CH2),	  1.69-‐1.58	  (m,	  1H,	  CH2),	  1.47-‐1.34	  (m,	  1H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ	  173.2	  (C),	  

172.9	  (C),	  172.2	  (C),	  164.5	  (C),	  164.0	  (C),	  161.3	  (C),	  141.3	  (C),	  138.1	  (C),	  132.9	  (C),	  129.0	  (CH),	  

127.9	  (CH),	  126.1	  (CH),	  125.9	  (CH),	  124.33	  (CH),	  120.7	  (CH),	  115.7	  (CH),	  108.6	  (CH),	  65.9	  (CH2),	  

53.6	  (CH),	  45.6	  (CH2),	  45.4	  (CH2),	  43.6	  (CH2),	  43.4	  (CH2),	  41.9	  (CH),	  27.6	  (CH2),	  24.0	  (CH2);	  HRMS	  

(ESI+)	  calcd	  for	  [C23H27F2N9O3	  +	  H]+	  606.2747,	  found	  606.2745.	  
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(S)-‐N-‐(1-‐amino-‐1-‐oxopropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐

6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (49).	  25b	  (0.10	  g,	  0.23	  mmol)	  

and	  L-‐alaninamide.HCl	  (0.032	  g,	  0.24	  mmol)	  gave	  49	  as	  a	  white	  powder	  (0.035,	  28%).	  1H-‐NMR	  

(400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.93	  (d,	  J	  =	  7.7	  Hz,	  1H,	  NH),	  7.88-‐7.83	  (m,	  1H,	  

ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.53-‐7.48	  (m,	  1H,	  ArH),	  7.45-‐7.40	  (m,	  1H,	  ArH),	  7.27	  (s,	  1H,	  

NH2),	  6.94	  (s,	  1H,	  NH2),	  4.72-‐4.57	  (m,	  2H,	  CH2),	  4.20	  (p,	  J	  =	  7.1	  Hz,	  1H,	  CHCH3),	  3.86-‐3.76	  (m,	  4H,	  

NCH2	  (morpholine)),	  3.69	  (br	  s,	  4H,	  OCH2),	  3.14-‐2.96	  (m,	  2H,	  CH2),	  2.63-‐2.53	  (m,	  1H,	  CH),	  1.90-‐

1.76	  (m,	  2H,	  CH2),	  1.62-‐1.46	  (m,	  2H,	  CH2),	  1.19	  (d,	  J	  =	  7.1	  Hz,	  3H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  

(CD3)2SO)	  δ 174.4	  (C),	  173.5	  (C),	  164.5	  (C),	  164.0	  (C),	  161.4	  (C),	  145.9	  (C),	  141.3	  (C),	  132.9	  (C),	  

125.8	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.7	  (CH),	  108.6	  (t,	  J	  =	  237.0	  Hz,	  CHF2),	  65.9	  (CH2),	  47.8	  

(CH),	  43.6	  (CH2),	  43.0	  (CH2),	  42.8	  (CH2),	  41.4	  (CH),	  28.1	  (CH2),	  18.3	  (CH3);	  HRMS	  (ESI+)	  calcd	  for	  

[C24H29F2N9O3	  +	  H]+	  530.2434,	  found	  530.2438.	  

	  

(R)-‐N-‐(1-‐amino-‐1-‐oxopropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐benzo[d]imidazol-‐1-‐yl)-‐

6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (50).	  25b	  (0.10	  g,	  0.23	  mmol)	  

and	  D-‐alaninamide.HCl	  (0.032	  g,	  0.24	  mmol)	  gave	  50	  as	  a	  white	  powder	  (0.040,	  35%).	  1H-‐NMR	  
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(400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.93	  (d,	  J	  =	  7.7	  Hz,	  1H,	  NH),	  7.88-‐7.83	  (m,	  1H,	  

ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.54-‐7.47	  (m,	  1H,	  ArH),	  7.46-‐7.40	  (m,	  1H,	  ArH),	  7.28	  (s,	  1H,	  

NH2),	  6.94	  (s,	  1H,	  NH2),	  4.73-‐4.56	  (m,	  2H,	  CH2),	  4.20	  (p,	  J	  =	  7.2	  Hz,	  1H,	  CHCH3),	  3.86-‐3.76	  (m,	  4H,	  

NCH2	  (morpholine)),	  3.69	  (br	  s,	  4H,	  OCH2),	  3.12-‐2.96	  (m,	  2H,	  CH2),	  2.62-‐2.53	  (m,	  1H,	  CH),	  1.88-‐

1.76	  (m,	  2H,	  CH2),	  1.61-‐1.48	  (m,	  2H,	  CH2),	  1.19	  (d,	  J	  =	  7.1	  Hz,	  3H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  

(CD3)2SO)	  δ 174.4	  (C),	  173.5	  (C),	  164.5	  (C),	  164.0	  (C),	  161.4	  (C),	  145.9	  (t,	  J	  =	  26.6	  Hz,	  C),	  141.3	  

(C),	  132.9	  (C),	  125.8	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.7	  (CH),	  108.6	  (t,	  J	  =	  237.0	  Hz,	  CHF2),	  65.9	  

(CH2),	  47.8	  (CH),	  43.6	  (CH2),	  43.0	  (CH2),	  42.8	  (CH2),	  41.4	  (CH),	  28.1	  (CH2),	  18.3	  (CH3);	  HRMS	  

(ESI+)	  calcd	  for	  [C24H29F2N9O3	  +	  H]+	  530.2434,	  found	  530.2437.	  

	  

(S)-‐N-‐(1-‐amino-‐3-‐hydroxy-‐1-‐oxopropan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐

benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (51).	  

25b	  (0.10	  g,	  0.23	  mmol)	  and	  L-‐serine	  amide.HCl	  (0.034	  g,	  0.24	  mmol)	  gave	  51	  as	  a	  white	  powder	  

(0.077	  g,	  63%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.85	  (d,	  J	  =	  7.9	  Hz,	  

1H,	  NH),	  7.77	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.73	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.53-‐7.48	  (m,	  1H,	  ArH),	  7.45-‐

7.40	  (m,	  1H,	  ArH),	  7.26	  (br	  s,	  1H,	  NH2),	  7.05	  (s,	  1H,	  NH2),	  4.84	  (t,	  J	  =	  5.6	  Hz,	  1H,	  OH),	  4.72-‐4.57	  

(m,	  2H,	  CH2),	  4.21	  (dt,	  J	  =	  8.0,	  5.4	  Hz,	  1H,	  CHCH2OH),	  3.86-‐3.76	  (m,	  4H,	  NCH2	  (morpholine)),	  3.75-‐

3.65	  (m,	  4H,	  OCH2),	  3.56	  (t,	  J	  =	  6.0	  Hz,	  2H,	  CH2OH),	  3.14-‐2.97	  (m,	  2H,	  CH2),	  2.68-‐2.58	  (m,	  1H,	  CH),	  

1.92-‐1.78	  (m,	  2H,	  CH2),	  1.61-‐1.47	  (m,	  2H,	  CH2);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ 174.9	  (C),	  172.2	  

(C),	  164.5	  (C),	  164.0	  (C),	  161.4	  (C),	  145.9	  (t,	  J	  =	  26.6	  Hz,	  C),	  141.3	  (C),	  132.9	  (C),	  125.8	  (CH),	  

124.3	  (CH),	  120.7	  (CH),	  115.7	  (CH),	  108.6	  (t,	  J	  =	  237.2	  Hz,	  CHF2),	  65.9	  (CH2),	  61.8	  (CH2),	  54.9	  
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(CH),	  43.6	  (CH2),	  43.0	  (d,	  J	  =	  20.5	  Hz,	  CH2),	  41.5	  (CH),	  28.2	  (t,	  J	  =	  22.0	  Hz,	  CH2);	  HRMS	  (ESI+)	  

calcd	  for	  [C24H30F2N9O4	  +	  H]+	  546.2383,	  found	  546.2393.	  

	  

(S)-‐N-‐(1-‐amino-‐3-‐methyl-‐1-‐oxobutan-‐2-‐yl)-‐1-‐(4-‐(2-‐(difluoromethyl)-‐1H-‐

benzo[d]imidazol-‐1-‐yl)-‐6-‐morpholino-‐1,3,5-‐triazin-‐2-‐yl)piperidine-‐4-‐carboxamide	  (52).	  

25b	  (0.10	  g,	  0.23	  mmol)	  and	  L-‐valine	  amide.HCl	  (0.037	  g,	  0.24	  mmol)	  gave	  52	  as	  a	  white	  powder	  

(0.054	  g,	  44%).	  1H-‐NMR	  (400	  MHz,	  (CD3)2SO)	  δ	  8.34	  (d,	  J	  =	  8.2	  Hz,	  1H,	  ArH),	  7.85	  (d,	  J	  =	  7.9	  Hz,	  

1H,	  ArH),	  7.78	  (d,	  J	  =	  9.1	  Hz,	  1H,	  NH),	  7.67	  (t,	  J	  =	  52.8	  Hz,	  1H,	  CHF2),	  7.53-‐7.48	  (m,	  1H,	  ArH),	  7.45-‐

7.40	  (m,	  1H,	  ArH),	  7.36	  (s,	  1H,	  NH2),	  6.99	  (s,	  1H,	  NH2),	  4.73-‐4.59	  (m,	  2H,	  CH2),	  4.12	  (dd,	  J	  =	  9.0,	  

6.6	  Hz,	  1H,	  CHCH(CH3)2),	  3.80	  (br	  s,	  4H,	  NCH2	  (morpholine)),	  3.69	  (br	  s,	  4H,	  OCH2),	  3.12-‐2.95	  (m,	  

2H,	  CH2),	  2.73-‐2.62	  (m,	  1H,	  CH2),	  2.01-‐1.91	  (m,	  1H,	  CH(CH3)2),	  1.88-‐1.74	  (m,	  2H,	  CH2),	  1.60-‐1.47	  

(m,	  2H,	  CH2),	  0.84	  (t,	  J	  =	  6.3	  Hz,	  6H,	  CH3);	  13C-‐NMR	  (101	  MHz,	  (CD3)2SO)	  δ 173.9	  (C),	  173.1	  (C),	  

164.5	  (C),	  164.0	  (C),	  161.4	  (C),	  141.3	  (C),	  132.9	  (C),	  125.9	  (CH),	  124.3	  (CH),	  120.7	  (CH),	  115.7	  

(CH),	  108.6	  (t,	  J	  =	  237.0	  Hz,	  CHF2),	  65.9	  (CH2),	  57.1	  (CH),	  43.7	  (CH2),	  43.0	  (CH2),	  41.4	  (CH),	  30.4	  

(CH),	  19.4	  (CH),	  18.0	  (CH);	  HRMS	  (ESI+)	  calcd	  for	  [C26H34F2N9O3	  +	  H]+	  558.2747,	  found	  

558.2747.	  

6.3 Enzyme	  assays	  

Inhibitors	  were	  dissolved	  in	  dimethylsulfoxide	  at	  10	  mM	  concentration.	  PI3K	  enzyme	  

activity	  was	  determined	  using	  a	  luminescent	  assay	  measuring	  ATP	  consumption.	  PI3K	  enzyme	  

activity	  was	  determined	  in	  50	  µL	  of	  20	  mM	  HEPES	  (pH	  7.5)	  and	  0.5	  mM	  MgCl2	  with	  200	  µM	  
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phosphatidylinositol	  and	  10	  µM	  ATP.	  After	  a	  60	  minute	  incubation	  at	  room	  temperature	  (22°C),	  

the	  reaction	  was	  stopped	  by	  the	  addition	  of	  50	  µL	  of	  Kinase-‐Glo®	  (Promega)	  followed	  by	  a	  

further	  30	  minute	  incubation.	  Luminescence	  was	  then	  read	  using	  a	  Fluostar	  plate	  reader	  (BMG	  

Labtech).	  Inhibitors	  were	  diluted	  in	  20%	  (v/v)	  DMSO	  at	  decreasing	  concentrations	  in	  order	  to	  

generate	  a	  concentration	  versus	  inhibition	  of	  enzyme	  activity	  curve	  which	  was	  then	  analysed	  

using	  GraphPad	  Prism	  version	  5.00	  for	  Windows	  to	  calculate	  the	  IC50.	  	  

6.4 Docking	  

Molecular	  modelling	  studies	  were	  performed	  using	  the	  Schrödinger	  software	  suite.	  The	  

protein	  structure	  was	  prepared	  using	  the	  Protein	  Preparation	  Wizard	  in	  Maestro,	  which	  

included	  adding	  hydrogens	  and	  removing	  all	  water	  molecules.	  Ligands	  were	  prepared	  using	  

LigPrep	  within	  Maestro.	  Docking	  studies	  were	  performed	  on	  p110γ	  (PDB	  ID:	  3DBS)	  and	  p110δ	  

(PDB	  ID:	  2WXL)	  using	  Glide	  v5.8023	  (Schrödinger)	  extra-‐precision	  (XP)	  mode	  using	  default	  

settings.9	  The	  ATP	  binding	  site	  was	  identified	  by	  the	  centroid	  of	  the	  co-‐crystallised	  ligand	  as	  a	  

defined	  box	  of	  20	  x	  20	  x	  20	  Å.	  	   	  
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Appendix 1: Assay results 
Table	  A1:	  Summary	  of	  the	  assay	  results.	  Each	  compound	  was	  tested	  against	  recombinant	  PI3Kα,	  β,	  γ	  and	  δ	  using	  the	  

Kinase-‐Glo®	  assay.	  The	  IC50	  values	  quoted	  are	  the	  mean	  of	  at	  least	  three	  independent	  experiments	  with	  the	  standard	  

errors	  quoted.	  	  

	   IC50	  ±	  S.E.	  (nM)	  

Compound	   PI3Kα 	   PI3Kβ 	   PI3Kγ 	   PI3Kδ 	  

3	   35	  ±	  6	   39	  ±	  4	   166	  ±	  25	   17	  ±	  2	  

P9a	   >5000	   >10000	   >10000	   >1000	  

P9b	   375	  ±	  116	   214	  ±	  40	   >10000	   110	  ±	  31	  

P4b	   290	  ±	  50	   523	  ±	  10	   1860	  ±	  330	   187	  ±	  26	  

P9c	   9200	  ±	  1500	   >10000	   >10000	   2770	  ±	  55	  

P9d	   823	  ±	  86	   1790	  ±	  230	   >10000	   458	  ±	  11	  

P4c	   431	  ±	  14	   419	  ±	  41	   2530	  ±	  140	   128	  ±	  19	  

P9e	   >10000	   >10000	   >10000	   >1000	  

P9f	   1050	  ±	  280	   726	  ±	  150	   >10000	   423	  ±	  55	  

24a	   41	  ±	  3	   56	  ±	  4	   625	  ±	  32	   45	  ±	  11	  

24b	   59	  ±	  5	   124	  ±	  28	   1293	  ±	  175	   106	  ±	  12	  

25a	   40	  ±	  5	   215	  ±	  28	   231	  ±	  28	   42	  ±	  3	  

25b	   75.6	  ±	  0.3	  	   217	  ±	  23	   64	  ±	  8	   38	  ±	  7	  

25c	   65	  ±	  4	   165	  ±	  37	   304	  ±	  6	   35	  ±	  3	  

25d	   100	  ±	  13	   428	  ±	  67	   247	  ±	  48	   163	  ±	  33	  

25e	   112	  ±	  10	   134	  ±	  31	   626	  ±	  125	   33	  ±	  2	  

25f	   183	  ±	  39	   428	  ±	  67	   247	  ±	  48	   163	  ±	  33	  

37a	   411	  ±	  100	   1180	  ±	  96	   2460	  ±	  510	   433	  ±	  86	  

37b	   567	  ±	  110	   2810	  ±	  601	   4950	  ±	  1410	   1290	  ±	  297	  

38a	   811	  ±	  23	   3050	  ±	  619	   >100000	   1820	  ±	  343	  

38b	   477	  ±	  47	   166	  ±	  280	   >50000	   800	  ±	  39	  
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39a	   350	  ±	  73	   2020	  ±	  505	   >10000	   786	  ±	  142	  

39b	   614	  ±	  14	   640	  ±	  875	   35000	  ±	  3300	   2410	  ±	  66	  

40a	   249	  ±	  30	   939	  ±	  180	   >50000	   563	  ±	  33	  

40b	   292	  ±	  72	   1220	  ±	  46	   >10000	   454	  ±	  14	  

41a	   128	  ±	  15	   552	  ±	  41	   1880	  ±	  190	   201	  ±	  22	  

41b	   252	  ±	  49	   1950	  ±	  381	   >10000	   566	  ±	  63	  

42a	   51	  ±	  11	   70	  ±	  13	   4920	  ±	  330	   32	  ±	  1	  

42b	   74	  ±	  17	   71	  ±	  4	   2880	  ±	  360	   80	  ±	  23	  

43	   98	  ±	  19	   329	  ±	  24	   496	  ±	  69	   67	  ±	  8	  

44	   190	  ±	  14	   513	  ±	  29	   708	  ±	  129	   44	  ±	  1	  

45	   32	  ±	  4	   24	  ±	  3	   194	  ±	  29	   25	  ±	  2	  

46	   358	  ±	  28	   342	  ±	  59	   1983	  ±	  399	   57	  ±	  5	  

47	   83	  ±	  4	   166	  ±	  34	   445	  ±	  104	   38	  ±	  7	  

48	   908	  ±	  89	   1722	  ±	  202	   1378	  ±	  63	   263	  ±	  41	  

49	   123	  ±	  13	   207	  ±	  31	   434	  ±	  41	   40	  ±	  5	  

50	   114	  ±	  5	   601	  ±	  14	   536	  ±	  69	   29	  ±	  2	  

51	   67	  ±	  6	   162	  ±	  20	   521	  ±	  34	   29	  ±	  7	  

52	   191	  ±	  43	   602	  ±	  15	   440	  ±	  2	   144	  ±	  13	  
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Appendix 2: Docking results for p110γ 
Table	  A2:	  Compounds	  were	  docked	  into	  the	  p110γ	  crystal	  structure	  (PDB	  ID:	  3DBS)	  using	  Glide.	  The	  Gscore	  is	  

tabulated	  alongside	  the	  log10(IC50)	  for	  comparison.	  The	  compound	  ranks	  according	  to	  both	  the	  Gscore	  and	  IC50	  are	  

provided,	  where	  1	  represents	  the	  ‘best’	  compound.	  	  

Compound	   Gscore	   Log10(IC50)	   Rank	  (Gscore)	   Rank	  (IC50)	  

3	   -‐6.79	   -‐6.78	   13	   2	  

24a	   -‐6.74	   -‐6.20	   14	   7	  

24b	   -‐6.89	   -‐5.89	   9	   9	  

25a	   -‐7.31	   -‐6.64	   5	   3	  

25b	   -‐6.87	   -‐7.19	   10	   1	  

25c	   -‐7.69	   -‐6.52	   3	   5	  

25d	   -‐6.27	   -‐6.33	   19	   6	  

25e	   -‐6.45	   -‐6.20	   16	   8	  

25f	   -‐7.26	   -‐6.61	   6	   4	  

37a	   -‐5.38	   -‐5.61	   21	   11	  

37b	   -‐7.14	   -‐5.31	   8	   14	  

38a	   -‐9.87	   >	  -‐4.00	   1	   >15	  

38b	   -‐8.74	   >	  -‐4.30	   2	   >15	  

39a	   -‐7.24	   >	  -‐5.00	   7	   >15	  

39b	   -‐6.83	   -‐4.46	   12	   >15	  

40a	   -‐7.58	   >	  -‐4.30	   4	   >15	  

40b	   -‐6.78	   >	  -‐5.00	   11	   >15	  

41a	   -‐6.28	   -‐5.73	   18	   10	  

41b	   -‐6.08	   >	  -‐5.00	   20	   >15	  

42a	   -‐6.67	   -‐5.31	   15	   13	  

42b	   -‐6.41	   -‐5.54	   17	   12	  
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Appendix 3: Docking results for p110δ 
Table	  A3:	  Compounds	  were	  docked	  into	  the	  p110δ	  crystal	  structure	  (PDB	  ID:	  2WXL)	  using	  Glide.	  The	  Gscore	  is	  

tabulated	  alongside	  the	  log10(IC50)	  for	  comparison.	  The	  compound	  ranks	  according	  to	  both	  the	  Gscore	  and	  IC50	  are	  

provided,	  where	  1	  represents	  the	  ‘best’	  compound.	  

Compound	   Gscore	   Log10(IC50)	   Rank	  (docking)	   Rank	  (IC50)	  

3	   -‐9.81	   -‐7.77	   9	   1	  

24a	   -‐8.75	   -‐7.35	   20	   7	  

24b	   -‐9.63	   -‐6.97	   14	   10	  

25a	   -‐9.47	   -‐7.38	   17	   6	  

25b	   -‐9.78	   -‐7.42	   11	   5	  

25c	   -‐9.83	   -‐7.46	   8	   4	  

25d	   -‐9.86	   -‐7.16	   5	   8	  

25e	   -‐9.83	   -‐7.43	   7	   3	  

25f	   -‐9.75	   -‐6.79	   12	   11	  

37a	   -‐9.78	   -‐6.36	   10	   13	  

37b	   -‐9.63	   -‐5.89	   15	   19	  

38a	   -‐9.50	   -‐5.74	   16	   20	  

38b	   -‐7.77	   -‐6.10	   21	   18	  

39a	   -‐9.84	   -‐6.10	   6	   17	  

39b	   -‐10.47	   -‐5.62	   1	   21	  

40a	   -‐9.93	   -‐6.25	   3	   15	  

40b	   -‐10.20	   -‐6.34	   2	   14	  

41a	   -‐9.93	   -‐6.70	   4	   12	  

41b	   -‐9.17	   -‐6.25	   19	   16	  

42a	   -‐9.70	   -‐7.49	   13	   2	  

42b	   -‐9.37	   -‐7.10	   18	   9	  
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Inhibitors That Target Nonconserved Asp862 of PI3Kβ
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ABSTRACT: A series of aminoacyl-triazine derivatives based upon the pan-PI3K inhibitor
ZSTK474 were identified as potent and isoform-selective inhibitors of PI3Kβ. The compounds
showed selectivity based upon stereochemistry with L-amino acyl derivatives preferring PI3Kβ,
while their D-congeners favored PI3Kδ. The mechanistic basis of this inhibition was studied using
site-directed mutants. One Asp residue, D862, was identified as a critical participant in binding to
the PI3Kβ-selective inhibitors, distinguishing this class from other reported PI3Kβ-selective
inhibitors. The compounds show strong inhibition of cellular Akt phosphorylation and growth of
PTEN-deficient MD-MBA-468 cells.
KEYWORDS: PI3 kinase, p110β, ZSTK474, cancer

The phosphatidylinositol 3-kinases (PI3K) are a family of
lipid kinases that regulate intracellular signaling for

numerous cellular events such as cell migration, growth, and
survival.1 Because of their important roles in signal trans-
duction, dysregulation in the PI3K pathway could lead to
various diseases including cancer.2 Two of the key genetic
alterations identified for this pathway in cancer are mutation in
the PIK3CA gene, which encodes p110α (PI3Kα catalytic
subunit),3 and the loss of the tumor suppressor, phosphatase
and tensin homologue (PTEN).4 Recently, there has been
accumulating evidence showing that PI3Kβ plays a key role in
tumorigenesis driven by PTEN loss.5 It was found that down-
regulation of the PIK3CB gene, which encodes p110β (PI3Kβ
catalytic subunit), inhibited PI3K signaling as well as growth
both in vitro and in vivo. In an animal prostate cancer model,
the ablation of p110β blocked tumorigenesis and decreased Akt
phosphorylation, but the same results were not observed by
p110α ablation.6

The majority of inhibitors currently in clinical trials are class I
pan-PI3K inhibitors.7 Because each of the PI3K isoforms has
their own although overlapping physiological roles, isoform-
selective PI3K inhibitors may hold some therapeutic advantages
with respect to reducing off-target effects. In recent years,
isoform-selective inhibitors have emerged, and compounds
such as BYL719, a PI3Kα selective inhibitor, and CAL-101,8,9 a
PI3Kδ-specific inhibitor, are now in phase I/II clinical trials.
While these and other isoform-selective inhibitors have been
reported, there is still relatively scant understanding of the
mechanisms underpinning selectivity. From the structure of the
adenosine triphosphate (ATP)-bound state of the enzyme
(PDB: 1E8X), it is apparent that much of the inner core of the
binding site is highly conserved across the class 1 isoforms.10

However, two nonconserved regions of the binding site have
also been identified as capable of executing selective
interactions with inhibitors (Figure 1). Region 1 from PI3Kβ

855 to 862 encompasses a loop that sits under the ribose
pocket and influences the binding of PI3Kα selective inhibitor
A-66 (a BYL719 analogue).11 Region 2 from PI3Kβ 772−788
corresponds to the protein kinase “P-loop”.11 This region has
been shown to dictate selective inhibitor binding in a number
of waysfirst, a conserved methionine residue can shift to
expose a cryptic binding pocket, as in the so-called “propeller-
shaped” mode of binding of PI3Kδ-selective compounds like
PIK-39 (a CAL-101 analogue).12 Other PI3Kδ-selective
inhibitors have been shown to access a “tryptophan shelf”
adjacent to a nonconserved threonine. Also, the PI3Kα-
selective inhibitors PIK75 and J-32 have been shown to be
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Figure 1. Nonconserved regions 1 and 2 of the PI3Kγ binding site
(shown in space-filling representations). PDB code: 1E8X.
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sensitive to mutation at nonconserved residues of region 2.11

There are clearly other mechanisms by which inhibitors exhibit
isoform selectivity. This is especially apparent in PI3Kγ-
selective inhibitors that show interaction only with conserved
residues of the binding site and induce little conformational
change from the ATP-bound state.13

Until recently, the pharmacological evaluation of PI3Kβ
inhibition has rested upon a series of compounds described by
Thrombogenix/Kinacia.14,15 These included TGX221 and
KN309 (Figure 2). Astra-Zeneca has subsequently progressed

the optically pure R-enantiomer of KN309 into human trials as
AZD6482 (aka KIN193).16 The molecular basis for the
observed selectivity has not yet been established, although
Knight et al. proposed that TGX280 (PIK108) could be

accommodated in region 2, via the “propeller-shaped” mode
described above. We had previously ruled out an interaction
with the region 1 residues as the basis for selectivity.17

Recently, new PI3Kβ-selective compounds reminiscent of
TGX221 have been reported. GSK2636771 has progressed to
phase I/IIa clinical trials to treat advanced solid tumors with
PTEN deficiency. Other analogous series have been
described,18−23 and cocrystals of compounds with PI3Kγ
(PDB: 4FJY, 4FJZ, and 4G11) and PI3Kδ (4AJW) support
the analogy between these and the “propeller-shaped”
compounds. The only reported X-ray structure of PI3Kβ in
complex with the pan-PI3K inhibitor GDC9041 (PDB: 2Y3A)
displays a conventional “flat” binding pose.24

Our hypothesis was that isoform-selective inhibition of
PI3Kβ should be achievable by targeting the nonconserved
residues of region 1. In particular, the acidic Asp862 residue at
PI3Kβ is exchanged for Gln, Lys, and Asn in PI3Kα, -γ, and -δ,
respectively. Adaptation of the pan-PI3K inhibitor ZSTK474
(Figure 2),25 which projects one morpholinyl ring toward this
region, was considered the logical template compound.12 We
have identified compounds that selectively inhibit PI3Kβ and
moreover have demonstrated the role of D862 by showing that
mutagenesis of that residue prevents inhibition by these
compounds.
The synthesis of the substituted triazines was performed

largely as previously reported (see the Supporting Informa-
tion).26−28 Condensation of protected amino acid derivatives to
piperazinyl analogues of ZSTK474 yielded the N-protected
derivatives, which could be deprotected to give the free
aminoacyl compounds 17 and 19−28. Alternatively condensa-
tion with N-acetylglycine or N,N-dimethylglycine gave the
products 18 and 29, respectively.
The PI3K assay data are summarized in Table 1 and identify

that the substituent has a significant influence upon isoform
selectivity, consistent with our hypothesis. Compound 17

Figure 2. Structures of PI3K inhibitors.

Table 1. Structure and Inhibition of PI3K Isoforms by ZSTK474 Analogues

PI3K isoform IC50 (nM)a

compd AA residue α β γ δ β/δ selectivity ratio

ZSTK474 6 6 38 3 0.5
17 Gly 1500 35 9900 110 3.0
18 Ac-Gly 42 54 380 26 0.48
19 L-Ala 3500 31 3600 490 15.7
20 D-Ala 3700 1000 2000 70 0.070
21 L-Phe 4700 63 >100 μM 2200 34.8
22 D-Phe >10 μM >10 μM >10 μM 3600 <0.36
23 L-Ile 6300 67 >10 μM 1000 15.6
24 L-Tyr 3300 220 >10 μM 1200 5.4
25 L-Pro 2200 26 >10 μM 390 15.1
26 L-Lys 2300 50 >10 μM 670 13.4
27 β-Ala 720 98 3900 58 0.6
28 N-Me-L-Ala 1500 260 8000 290 1.1
29 N,N-diMeGly 1600 2400 >10 μM 330 0.14

aIC50 values are means of at least two duplicate experiments (Kinase-Glo). Standard errors were all within 25% of the mean. Assays were performed
using 10 μM ATP.

ACS Medicinal Chemistry Letters Letter
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showed potent dual inhibition of PI3Kβ and PI3Kδ with very
poor inhibition of the PI3Kα and PI3Kγ isoforms. Incorpo-
ration of an N-acetylglycine residue 18 resulted in pan-PI3K
potency, suggesting the importance of the amino function to
the observed selectivity.
Compounds 19−29 were all PI3Kβ and/or PI3Kδ preferring

ligands. Strikingly, the introduction of an L-alanine substituent
resulted in a compound 19 with 15-fold selectivity for PI3Kβ
over PI3Kδ, while the opposite stereoisomer with a D-alanine
substituent 21 showed 15-fold selectivity for PI3Kδ over
PI3Kβ. Pursuing the potential for L-amino acids providing for
PI3Kβ selectivity in general held true. Most selective was L-Phe
(21), which showed 35-fold selectivity for PI3Kβ over PI3Kδ
with the L-Ile (23), L-Tyr (24), L-Pro (25), and L-Lys (26)
derivatives showing 6−16-fold selectivity. Homologation to β-
Ala (27) and further substitution on the amino group as in 28
and 29 dropped the preference for PI3Kβ significantly.
To test the premise that the observed PI3Kβ selectivity was

due to the interaction between the primary amino group of
inhibitors and the nonconserved residues of the binding site,
compounds were tested against a variety of mutant forms of
PI3Kβ where the nonconserved residues were exchanged for
their equivalent residues in PI3Kα.
The PI3Kβ-selective compounds were very sensitive to

mutation at region 1 residue D862Q (see Supplementary
Figure 1 in the Supporting Information). The IC50 values were
determined for 19, 21, and 23 against the WT and mutant
D862Q form as well as the WT and reciprocal mutant in PI3Kα
(Table 2). Note that the mutations do not hinder the catalytic

properties of the mutant enzymes (Supplementary Table 1 in
the Supporting Information). Each of the compounds shows a
greater than 10-fold change in IC50 against the mutant form of
PI3Kβ. The IC50 of 21 drops 82-fold as compared to the wild-
type isoform upon introduction of the D862Q mutation. The
reciprocal mutation in PI3Kα D859Q does not restore
inhibitory potency of 21 at PI3Kα, although some enhance-
ment in potency is observed for compounds 19 and 23. These
data clearly distinguish the mechanism of selectivity of these
compounds from that of TGX221 and TGX286, which are
unaffected by the mutation D862Q in PI3Kβ.17

The data from these studies suggest a clear and dramatic
influence of aminoacyl substitution upon PI3K binding as
compared to ZSTK474. It should be noted that in all cases, the
inhibitory potency is poorer against every isoform, but the loss
of affinity is more modest at PI3Kβ. The presence of the acidic
group D862 in PI3Kβ is effectively rescuing binding. The
conformational restriction engendered by the L-α-substituent

restricts the interaction to D862 alone and blocks possible
interaction with E858, which is also an acidic residue in PI3Kδ
(D831). This may also explain the potency of 17 and 20 at
PI3Kδ.
Docking simulations support this model. In the wild-type

enzyme, 21 adopted the anticipated pose closely overlaying the
reported pose of ZSTK474 in PI3Kδ12 and making a specific
interaction of the free amine with D862 (Figure 3). In the

D862Q mutant form, not only is this specific interaction lost,
but the compound can no longer adopt this pose, suggesting
that the aspartyl residue acts to compensate for other
unfavorable interactions associated with the inclusion of a
phenylalanine substituent.
Finally, we assessed whether these compounds exhibited cell-

based activity that might make them worthy of further
pharmacological study and comparison to other recently
reported PI3Kβ inhibitors.19 The PTEN-deficient cell line
MDA-MB-468 was used to measure inhibition of Akt
phosphorylation and inhibition of cell growth. Dose-dependent
inhibition of both activities was observed with each of the
inhibitors tested. Compound 21 showed strong cellular
inhibition of Akt phosphorylation relative to the direct enzyme
assay with IC50 values <10 nM (Supplementary Figure 2 in the
Supporting Information). Compound 21 showed comparable
potency to ZSTK474 in cell growth despite both lower potency
at PI3Kβ and poor potency at the other isoforms (Table 3).

While improved cell permeability relative to ZSTK474 may
provide one explanation for this efficacy, other factors may be
contributing such as cellular metabolism or activity at other
PI3K pathway enzymes. In a screen (KinomeScan) of 21 versus
another 96 kinases, only the class II PI3K PI3KC2β showed
binding affinity comparable to that seen for PI3Kβ. The results

Table 2. Inhibition of PI3K Isoforms and in Vitro Mutants
by ZSTK474 Analogues

PI3K isoform IC50 (nM)a

compd
PI3Kα
WT

PI3Kα
Q859D

PI3Kβ
WT

PI3Kβ
D862Q

fold change
αWT→
αQ859D

fold change
βWT→
βD862Q

19 8200 2300 62 890 ↓3.5 ↑14
21 12000 8100 74 6000 ↓1.4 ↑82
23 9200 2800 140 1400 ↓3.3 ↑10

aIC50 values are means of at least two duplicate experiments (Kinase-
Glo). Assays were performed using 100 μM ATP. A full table including
standard errors is provided as Supplementary Table 2 in the
Supporting Information.

Figure 3. Docking solution for compound 21 into a model of PI3Kβ
derived from crystal structure PDB: 2Y3A.

Table 3. Inhibition of Cell Growth in Breast Cancer Cell
Line by ZSTK474 Analogues

MDA-MB-468 growth EC50 (μM)

ZSTK474 3.2 ± 1.4
17 15 ± 5.3
19 13 ± 1.2
21 4.6 ± 1.1
23 11 ± 1.1
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generally mirror that seen for ZSTK474 itself29 (Supplementary
Table 3 in the Supporting Information).
In summary, on the basis of the observed X-ray structure of

ZSTK474 in PI3Kδ, a series of L-aminoacylpiperazine-
substituted analogues have been prepared that exhibit excellent
potency and selectivity for PI3Kβ isoforms. The configuration
of the amino acids is pivotal to the selectivity, underpinning a
well-defined interaction with the nonconserved binding site
residue D862. The inhibitors show an alternate mechanistic
basis for selectivity in comparison to other recently reported
selective inhibitors. The compounds show inhibition of PI3Kβ-
dependent function in PTEN-deficient cancer cells and
effectively inhibit growth of the cell line. The compounds
provide a basis for the further study of PI3Kβ function in a
number of disease contexts.
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ABSTRACT: The p110β isoform of PI3 kinase (PI3Kβ) has
been implicated in pathological disorders such as thrombosis
and cancer and a number of PI3Kβ-selective inhibitors have
recently progressed into clinical studies. Although crystallog-
raphy studies identify a binding site conformation favored by
the inhibitors, no specific interaction explains the observed
selectivity. Using site-directed mutagenesis we have identified a
specific tyrosine residue of the binding site Y778 that dictates
the ability of the PI3Kβ isoform to bind these inhibitors. When
mutated to isoleucine, PI3Kβ has reduced ability to present a
specific cryptic binding site into which a range of reported
PI3Kβ inhibitors can bind, and conversely when tyrosine is introduced into the same position in PI3Kα, the same inhibitors gain
potency. The results provide a cogent explanation for the selectivity profiles displayed by these PI3K inhibitors and maybe others
as well.

The phosphatidylinositol 3-kinases (PI3K) are a family of
lipid kinases that regulate intracellular signaling for

numerous cellular events such as cell migration, growth, and
survival.1 PI3Kβ was first identified as a potential therapeutic
target in thrombosis, and more recently, there has been
accumulating evidence showing that PI3Kβ plays a key role in
certain cancers accompanied by the loss of the tumor
suppressor PTEN.2,3 Because each of the PI3K isoforms has
their own, although overlapping, physiological roles, isoform-
selective PI3K inhibitors may hold some therapeutic advantages
with respect to reducing off-target effects. While the majority of
PI3K inhibitors currently in clinical trials are Class I pan-PI3K
inhibitors,4 some PI3Kβ isoform-selective inhibitors have
emerged. These include TGX221, TGX286, and AZD6482
(aka KIN193).5−7 Recently, a number of new PI3Kβ-selective
compounds have been reported. GSK2636771 has progressed
to phase I/IIa clinical trial to treat advanced solid tumors with
PTEN deficiency, and other analogous series have been
described by GSK.8−10 Other compounds have also been
described by Sanofi and Amgen.11−13

While these and other isoform selective inhibitors have been
reported, the mechanistic details underpinning selectivity are
poorly understood. Since the first X-ray structures of PI3K were
reported, it has been apparent that much of the inner core of
the binding site is highly conserved across the class 1
isoforms.14 Two nonconserved regions of the binding site
have been identified as capable of executing selective
interactions with inhibitors (Supplementary Figure S1). One
region encompasses a loop, which sits under the ribose pocket
that is relatively large in the PI3 kinases (from PI3Kβ 855 to
862).15 A second region encompasses PI3Kβ 772−788 and
corresponds to the protein kinase P-loop that is a key

contributor to substrate binding.16,17 Here, a cryptic binding
pocket has been identified, whereby a conserved methionine
residue (M779 of PI3Kβ) can shift to facilitate binding by the
so-called “propeller-shaped” inhibitors. This has been observed
for PI3Kδ-selective compounds like PIK-39 and IC87114.6,18 A
methionine shifted conformer of PI3Kβ appears also to be
accessed by PI3Kβ selective inhibitors although there is no
direct evidence for this. PI3Kβ-selective inhibitors have been
cocrystallized in this conformation with PI3Kα, δ (Figure 1b,c)
and γ, but the only reported X-ray structure of PI3Kβ displays a
conventional flat conformer (Figure 1a).18,19

While the conformer has been identified and can be
associated with binding of PI3Kβ and PI3Kδ inhibitors, the
finer details that dictate the propensity to form this pocket
remain unclear. It has been speculated that the multiple
differences in the P-loop sequence (Supplementary Figure S1)
contribute to isoform-specific conformational behavior.16

Reciprocal mutation has been a useful technique to unravel
the various mechanisms that underpin PI3K inhibitor
selectivity. In this approach, nonconserved residues of the
binding site are swapped between the isoforms of interest to
determine what influence if any that residue has on inhibitor
binding.15 Recently we showed that the binding of PI3Kα
selective inhibitors such as A-66, PIK75, and J-32 have been
shown to be sensitive to mutation at nonconserved residues.17

Our earlier work with TGX221 and TGX286 showed them to
be insensitive to mutations in the region PI3Kβ 855 to 862.15
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Here, we report on the dramatic influence of a single tyrosine
residue Y778 and equally its counterpart in PI3Kα I771 in
determining the potency of four chemically distinct PI3Kβ-
selective inhibitors at each isoform. On the basis of crystallo-
graphic evidence, these residues play no direct part in the
binding of the inhibitor, nor do they appear to change
conformation (Figure 1). Critically though, the side chains
appear to influence the conformers available to the loop formed
by the adjacent residues of PI3Kβ 779−788. In doing so, they
dictate the ability of the PI3Kβ isoform to adopt the
methionine shifted conformation and thus the selectivity of
these four inhibitors for PI3Kβ over PI3Kα.
Our approach exemplified in earlier work has been to screen

PI3K inhibitors of interest against a range of point mutant
forms of the target enzyme. In this case, we screened four
PI3Kβ inhibitors TGX221, TGX286, GSK2636771, and
SAN711 (compound 7 of Certal et al.11) against mutant
forms of PI3Kβ where the nonconserved residues of the
binding site were present as their equivalent form in PI3Kα. We
screened the four compounds at or near their IC50 value against
WT PI3Kβ (Figure 2). The results clearly show that, in each
case, Y778I−PI3K was poorly inhibited by the compounds.
Only modest effects were seen against PI3Kβ mutated at the
other nonconserved residues.
On the basis of the screening data shown above, the IC50

values of the compounds were determined for both the Y778I−
PI3Kβ mutant and the reciprocal mutant I771Y in PI3Kα
(Table 1 and Supplementary Table 1). Each of the compounds

shows a shift in IC50 associated with the Y778I−PI3Kβ and the
reciprocal mutant I771Y−PI3Kα as compared to the
corresponding wild-type isoform. Most dramatically, the IC50
for GSK2636771 versus PI3Kβ changes by 150-fold upon
mutation. The reciprocal mutation in PI3Kα changes it from
inactive to an IC50 of 1.6 μM, at least a 60-fold change. TGX-
221 and SAN7 show lesser but still striking changes in activity.
Essentially, each compound prefers to inhibit a form of each
enzyme where the tyrosine residue rather than an isoleucine
residue is present. Note that the mutations have no substantial
effect on the catalytic properties of the enzyme (Supplementary
Table 2).
The results described above clearly identify the tyrosine

residue Y778 as a pivotal regulator of PI3Kβ-isoform selectivity
with respect to PI3Kα, and this may extend to the relative
selectivity versus the PI3Kγ and PI3Kδ isoforms where the
residue at this position also differs. Inspection of the collected
crystallographic data for PI3K inhibitors provides a mechanistic
rationale to explain the data. First, sequence alignment shows a
pivotal distinction between the four class I PI3K isoforms. At
PI3Kα, β, γ, and δ, the residue at this position is isoleucine,
tyrosine, valine, or phenylalanine, respectively (Supplementary
Figure 1). This provides a clear distinction between the two
isoforms bearing an aromatic residue (PI3Kβ and PI3Kδ) and
those containing an aliphatic residue (PI3Kα and PI3Kγ).
Noting that TGX221, TGX286, GSK2636771, and SAN7 all
show less selectivity for PI3Kδ and the propeller-style inhibitors
all prefer PI3Kβ and/or PI3Kδ, this implies that the aromatic

Figure 1. Structures of PI3K isoforms highlighting the active site nonconserved residues corresponding to Y778 of PI3Kβ and the conformation of
the adjacent conserved methionine: (a) GDC0941 in PI3Kβ (2Y3A); (b) PIK108 in PI3Kα (4A55); (c) compound VWN in PI3Kδ (4AJW); (d)
model of (R)-TGX221 in PI3Kδ. Note that the side chain projects away from the active site and is not predicted to participate directly in binding.
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residues in some way facilitate formation of the methionine-
open conformer of PI3K. In addition to the striking loss of
affinity resulting from the replacement of the tyrosine by
isoleucine in PI3Kβ, the increase in potency when tyrosine
replaces I771 in PI3Kα is also important as it shows that the
tyrosine residue enables formation of an otherwise poorly
accessed conformer.

So how does the residue at this position actually influence
ligand binding? Two features stand out when the available
crystallographic data relating to PI3K is assessed. First, in
superposition of all the PI3K structures, the residue at this
position is effectively fixed, irrespective of isoform or ligand
binding mode, and the backbone and Cα−Cβ across all these
structures basically superimpose (Figure 1). Second, this
residue does not participate directly in ligand binding in any
cocrystal; the side chain points away from the catalytic site.
Taken together, this suggests that the residue at this position
acts as a pivot point for the residues around it, directing the
conformational outcomes of the solvent exposed P-loop
residues to ultimately favor or disfavor the two identified
conformers of the adjacent methionine. How the nature of the
amino acid actually drives those conformational choices is still a
challenging question to answer, particularly as the crystal
structures for PI3Kβ and PI3Kα have only been solved to
moderate resolution.
Another feature to be drawn from the data is the relative

change in selectivity with each of the inhibitors. While the
selectivity of GSK2636771 changes over 9000-fold upon
reciprocal mutation, SAN7 and TGX221 show a more modest
change. The likely explanation is that SAN7 and probably
TGX221 can be accommodated in different binding modes,
probably in the flat pose adopted by compounds such as
GDC0941, while GSK2636771 cannot be.
We believe these results have multiple levels of significance

for the study of PI3K inhibition. In the first instance, it provides
a straightforward model for understanding inhibitor binding
that can be tested experimentally, which is always of great use
in ligand design. The reciprocal mutant system can also be used
to identify mechanistic differences underpinning selectivity in
other compound classes or other isoforms. We have recently
described a novel class of PI3Kβ selective inhibitors that
achieve selectivity through a distinct mechanism.20 These
compounds are unaffected by the Y778I mutation, but another
residue, D862, selects for PI3Kβ via a direct interaction with an
amino-acyl functional group on the inhibitor.
Second, identifying single-point changes that render the

enzyme opaque to pharmacological inhibitors without an effect
on catalytic activity provides for the development of exquisite
systems for studying the cell based functions of PI3Kβ. As
Y778I−PI3Kβ is insensitive to GSK2636771, it might be
included in isogene replacement studies to characterize the
specific effects of that isoform, particularly in models of cancer.
The mutation has only a small influence on the catalytic activity
of the enzymes (see Supplementary Table 2). It also presages a
simple pathway by which a cancer cell might generate resistance
to GSK2636771 or other propeller-shaped inhibitors.

Figure 2. Effect of PI3Kβ isoform mutations on compound inhibition
profiles at selected concentrations: (A) TGX221, 100 nM; (B)
TGX286, 120 nM; (C) GSK2636771, 50 nM; (D) SAN7, 200 nM.
Purified p110β WT and mutant enzymes were prepared as described
in the Supplementary Methods section. Reciprocal mutants have the
WT amino acid replaced by the equivalent amino acid in p110α. The
PI3K activity assay was carried out as described in the Supplementary
Methods section. Error bars represent standard deviation from two
independent experiments.

Table 1. Inhibition of PI3K Isoforms and in Vitro Mutants

PI3K isoform IC50 (nM)a

compound
PI3Kα
WT

PI3Kα
I771Y

fold change αWT → α
I771Y

PI3Kβ
WT

PI3Kβ
Y778I

fold change βWT → β
Y778I reciprocal changeb Y ↔ I

TGX221 4040 280 ↓14.5 65 1000 ↑16 230
TGX286 >100000 1100 ↓>90 130 2600 ↑20 >1800
GSK2636771 >100000 1600 ↓>60 61 9400 ↑150 >9200
SAN7 9600 2200 ↓4.4 240 2300 ↑9.6 42

aIC50 values are means of at least three duplicate experiments (see Supplementary Table 1 for standard deviations of mean data). Assays were
performed using 10 μM ATP as described in the Methods section. bReciprocal change refers to the change in selectivity of inhibitor due to reciprocal
mutation.
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Finally, these results show the subtlety that underpins
conformational plasticity in the binding site. In the design of
anticancer drugs, the concept of selectively inhibiting one of the
oncogenic mutants of PI3Kα is an attractive but seemingly
intractable task. We have shown in our results here that that
allosteric effects can result in binding site differences between
wild-type and mutant forms of PI3K. The corollary is that there
might be active site conformers that are available to oncogenic
PI3Kα that are not available to the wild-type enzyme. The
challenge will be to find the inhibitors that can exploit those
forms.

■ METHODS
Generation of PI3K, p110 Mutant Baculovirus. The methods

used to generate the PI3K p110 mutants have been described
previously.17 Briefly, the mutant DNA was produced using a pair of
oligos incorporating the appropriate mutation and PCR using Pfu
DNA polymerase (Promega) with the appropriate wild-type p110
pFastBac (Life Technologies) plasmid as the DNA template. The
DNA sequence was then confirmed as containing the correct mutation
with the remaining DNA sequence found to be identical to the WT
sequence. Mutant pFastBac plasmids were then transformed into
DH10Bac E.coli (Life Technologies) with bacmid DNA purified and
confirmed as recombinant using PCR.
Recombinant bacmid DNA was then transfected, using lipofectin

(Life Technologies), into Sf21 insect cells with the medium containing
recombinant virus collected after 3−5 days incubation at 27 °C. High
titer virus stock was then produced by amplification through two
cycles of infection. Production of p110 protein was confirmed by
Western blotting of cell extracts separated by SDS-PAGE using a
p110α or β specific antibody.
Protein Expression and Purification. SF21 cells (2 × 106 cells/

mL, 200 mL total volume) were cotransfected with p110 and p85
recombinant baculovirus and incubated shaking at 140 rpm for 48 h at
27 °C. Following this, cells were collected by centrifugation and stored
at −80 °C until ready for extraction. The p110/p85 PI3K protein
complex was extracted from the cells and purified using Ni-agarose
chromatography as previously described.16 Fractions containing the
PI3K protein were pooled and dialyzed against 50 mM Tris HCl, pH
7.5, 300 mM NaCl, at 4 °C. PI3K protein was then stored in 20% (v/
v) glycerol and 2 mM dithiothreitol at −80 °C. Each mutant was
characterized by measuring the kinetic parameters (Km ATP, and Km
PI phosphatidyl inositol) of the PI3K enzyme reaction, and in each
case, it was shown that there was no difference between the WT
enzyme and the mutants.
Inhibitors. TGX221 (7-methyl-2-morpholino-9-(1-(phenylamino)-

ethyl)-4H-pyrido[1,2-a]pyrimidin-4-one) was a generous gift of Prof.
Shaun Jackson, Australian Centre for Blood Diseases, Victoria,
Australia. TGX286 (6-methyl-8-(1-(phenylamino)ethyl)-2-(pyridin-4-
yl)-4H-chromen-4-one) was synthesized according to Knight et al.6

GSK2636771 (2-methyl-1-(3-methyl-4-(trifluoromethyl)benzyl)-6-
morpholino-1H-benzo[d]imidazole-4-carboxylic acid) was obtained
from Active Biochem (New Jersey, U.S.A.). SAN7 (2-(benzo[d]-
oxazol-2-ylmethyl)-6-morpholinopyrimidin-4(3H)-one) was synthe-
sized according to the method described in Certal et al.11

Inhibition Assays. The PI3K inhibitors were dissolved at 10 mM
in dimethyl sulphoxide (DMSO) and stored at −20 °C until use. PI3K
enzyme activity was determined using a luminescence assay measuring
ATP consumption. PI3K enzyme activity was determined in 50 μL of
20 mM Hepes, pH 7.5, 5 mM MgCl2 with PI and ATP at the indicated
concentrations.17 After a 60 min incubation at RT, the reaction was
stopped by the addition of 50 μL of Kinase-Glo (Promega) followed
by a further 15 min incubation. Luminescence was then read using a
Fluostar plate reader (BMG Labtech). Inhibitors were diluted in 20%
(v/v) DMSO at the indicated concentrations in order to generate a
concentration versus inhibition of enzyme activity curve, which was
then analyzed using GraphPad Prism (version 6.00 for Windows) in
order to calculate the IC50.
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