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2	
  Cyclin-­‐dependent	
  kinases	
  (CDKs)	
  

•  A	
  group	
  of	
  serine/threonine	
  kinases	
  that	
  can	
  modify	
  various	
  protein	
  substrates	
  
involved	
  in	
  cell	
  cycle	
  progression.	
  

•  As	
  their	
  name	
  suggests,	
  CDKs	
  require	
  the	
  presence	
  of	
  cyclins	
  to	
  become	
  ac9ve.	
  
•  All	
  eukaryotes	
  have	
  mul9ple	
  cyclins,	
  each	
  of	
  which	
  acts	
  during	
  a	
  specific	
  stage	
  of	
  the	
  

cell	
  cycle.	
  	
  
•  CDK4	
  and	
  CDK6	
  regulate	
  entry	
  into	
  cell	
  cycle	
  /	
  CDK1	
  and	
  CDK2	
  operate	
  primarily	
  in	
  M	
  

phase	
  and	
  S	
  phase	
  

Pharmacological	
  Res.	
  2016,	
  107,	
  249.	
  
Nature	
  Reviews	
  Drug	
  discovery,	
  2015,	
  14,	
  130.	
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3	
  

3	
  Cell	
  cycle	
  kinases	
  as	
  therapeu(c	
  targets	
  for	
  cancer	
  

-­‐	
  Cell	
  cycle	
  and	
  transcrip9on	
  regula9on	
  
CDK	
  inhibitors	
  under	
  clinical	
  evalua9on.	
  

Bioorg.	
  Med.	
  Chem.	
  LeB.	
  2015,	
  25,	
  3420.	
  

•  Loss	
  of	
  cell-­‐cycle	
  control	
  and	
  increase	
  resistance	
  to	
  apoptosis	
  are	
  major	
  hallmarks	
  of	
  cancer.	
  	
  
•  Cancer	
  cells	
  exhibit	
  dyregulated	
  cell	
  division	
  along	
  with	
  the	
  forma9on	
  of	
  abnormal	
  chromosome	
  

numbers.	
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4	
  
Bioorg.	
  Med.	
  Chem.	
  LeB.	
  2015,	
  25,	
  3420.	
  
clinicaltrials.gov	
  

4	
  CDK	
  inhibitors	
  under	
  clinical	
  evalua(on	
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A (HIT)
CDK2 IC50 = 100 nM
CDK1 IC50 = 100 nM
MCF7 IC50 = 4 µM

ZK-304709
CDK2 IC50 = 4 nM

CDK1 IC50 = 50 nM
VEGF-R2 IC50 = 34 nM

CA-II IC50 = 514 nM
MCF7 IC50 = 266 nM

B
CDK2 IC50 = 10 nM
CDK1 IC50 = 10 nM

VEGF-R2 IC50 = 59 nM
CA-II IC50 = 403 nM
MCF7 IC50 = 30 nM

N N

HN
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S
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D
CDK2 IC50 = 9 nM
CDK1 IC50 = 4 nM

VEGF-R2 IC50 = 122 nM
CA-II IC50 = ND

MCF7 IC50 = 48 nM

E
CDK2 IC50 = 2 nM
CDK1 IC50 = 3 nM

VEGF-R2 IC50 = 32 nM
CA-II IC50 > 10 µM
MCF7 IC50 = 44 nM

BAY-1000394
(Roniciclib)

CDK2 IC50 = 9 nM
CDK1 IC50 = 7 nM

VEGF-R2 IC50 = 163 nM
CA-II IC50 > 10 µM
MCF7 IC50 = 15 nM

N N

HN

Br H
N OH

SO2NH2

C
CDK2 IC50 = 13 nM
CDK1 IC50 = 14 nM

VEGF-R2 IC50 = 158 nM
CA-II IC50 = 529 nM
MCF7 IC50 = 182 nM

5	
  

5	
  Op(miza(on	
  of	
  a	
  HTS	
  hit	
  led	
  to	
  the	
  iden(fica(on	
  of	
  BAY	
  1000394	
  

ChemMedChem	
  2013,	
  8,	
  1067.	
  
Bioorg.	
  Med.	
  Chem.	
  LeB.	
  2015,	
  25,	
  3420.	
  

-­‐	
  Promising	
  preclinical	
  profile:	
  developed	
  as	
  a	
  
mulKtarget	
  CDK	
  and	
  VEGF-­‐R	
  inhibitor	
  
-­‐	
  Failed	
  in	
  phase	
  I	
  due	
  to	
  dose-­‐limited	
  

absorpKon	
  and	
  high	
  interpaKent	
  variability	
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In	
  this	
  study	
   6	
  

•  Inves9ga9on	
  of	
  the	
  binding	
  kine9cs	
  of	
  roniciclib	
  and	
  related	
  compounds,	
  as	
  well	
  as	
  
other	
  previously	
  iden9fied	
  potent	
  CDK	
  inhibitors.	
  

•  Roniciclib	
  displays	
  prolonged	
  residence	
  9mes	
  on	
  CDK2	
  and	
  CDK9.	
  
•  Varia9on	
  of	
  the	
  subs9tuent	
  at	
  the	
  5-­‐posi9on	
  of	
  the	
  pyrimidine	
  scaffold	
  results	
  in	
  

changes	
  of	
  up	
  to	
  3	
  orders	
  magnitude	
  of	
  the	
  drug-­‐target	
  residence	
  9me.	
  
•  X-­‐ray	
  cocrystal	
  structures	
  of	
  apo-­‐CDK2	
  with	
  6,	
  5,	
  and	
  roniciclib	
  were	
  solved.	
  

ACS	
  Chem.	
  Biol.	
  2016,	
  11,	
  1710-­‐1719	
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7	
  

Exposure	
  levels	
  in	
  mouse	
  serum	
  aWer	
  oral	
  administra(on	
  of	
  1	
  and	
  2	
   7	
  

N N

HN

Br H
N OH

S
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HN
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S
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1
CDK2 IC50 = 2 nM
CDK1 IC50 = 3 nM

VEGF-R2 IC50 = 32 nM
CA-II IC50 > 10 µM
MCF7 IC50 = 44 nM

2
CDK2 IC50 = 5 nM
CDK1 IC50 = 5 nM

VEGF-R2 IC50 = 71 nM
CA-II IC50 > 10 µM
MCF7 IC50 = 26 nM

Unbound	
  plasma	
  levels	
  at	
  therapeu9c	
  doses	
  vs	
  an9prolifera9ve	
  IC50u	
  of	
  1	
  and	
  2	
  in	
  mice.	
  	
  

•  5-­‐Br	
  deriva9ve	
  1	
  has	
  a	
  superior	
  exposure	
  profile	
  
(both	
  total	
  (AUC)	
  and	
  unbound	
  exposure	
  (AUCu))	
  
than	
  5-­‐CF3	
  analog	
  2	
  in	
  mouse	
  serum.	
  

•  The	
  pharmacological	
  efficacy	
  of	
  5-­‐CF3	
  deriva9ve	
  2	
  
over	
  5-­‐Br	
  analog	
  1	
  cannot	
  be	
  explained	
  by	
  an	
  
increased	
  exposure	
  in	
  this	
  species.	
  

•  In	
  HeLa-­‐MaTu	
  xenograd	
  models,	
  5-­‐CF3	
  analogs	
  show	
  superior	
  efficacy	
  in	
  tumor	
  
growth	
  inhibi9on	
  compared	
  to	
  their	
  corresponding	
  5-­‐Br	
  analogs	
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8	
  

Structure-­‐kine(c	
  rela(onship	
  study	
   8	
  

-­‐	
  Comparison	
  of	
  the	
  residence	
  9mes	
  (τ)	
  of	
  ZK	
  304709,	
  compounds	
  1–5,	
  and	
  roniciclib	
  
(BAY	
  1000394).	
  The	
  5-­‐CF3	
  deriva9ves	
  have	
  longer	
  residence	
  9mes	
  than	
  their	
  5-­‐Br	
  
analogues.	
  Residence	
  9mes	
  were	
  calculated	
  from	
  SPR	
  experiments	
  at	
  25	
  °C.	
  

-­‐	
  Binding	
  kine9cs	
  of	
  ZK	
  304709,	
  compounds	
  1–5,	
  and	
  roniciclib	
  (BAY	
  1000394)	
  on	
  cyclin-­‐
ac9vated	
  CDKs	
  in	
  surface	
  plasmon	
  resonance	
  (SPR)	
  spectroscopy	
  experiments	
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9	
  

Effect	
  of	
  5-­‐halogen	
  subs(tuents	
   9	
  

•  Upon	
  varia9on	
  of	
  5-­‐H	
  to	
  5-­‐Br	
  and	
  to	
  5-­‐CF3	
  subs9tu9on,	
  an	
  increase	
  in	
  the	
  residence	
  9me	
  of	
  
3	
  orders	
  of	
  magnitude	
  was	
  observed.	
  	
  

•  Stepwise	
  increase	
  in	
  the	
  residence	
  9me	
  within	
  the	
  halogen	
  series	
  of	
  F,	
  Cl,	
  Br	
  modifica9ons	
  
at	
  this	
  posi9on.	
  

N N

HN

R5
H
N OH

S
O O

NH2

6 R5 = H
7 R5 = F
8 R5 = Cl
9 R5 = Br
10 R5 = CF3

Display	
  of	
  van	
  der	
  Waals	
  (vdW)	
  volumes	
  of	
  the	
  subs9tuents	
  at	
  the	
  aminopyridine	
  5-­‐posi9on	
  with	
  corresponding	
  
topological	
  non-­‐polar	
  surface	
  areas	
  (TNSA)	
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10	
  

Structure	
  and	
  thermodynamic	
  characteriza(on	
   10	
  

•  X-­‐ray	
  co-­‐crystal	
  structures	
  of	
  apo-­‐CDK2	
  with	
  6	
  (5-­‐H),	
  5	
  (5-­‐Br),	
  and	
  roniciclib	
  (5-­‐CF3)	
  were	
  solved.	
  

-­‐	
  halogen-­‐water	
  bridge	
  interac9on	
  
-­‐	
  Interacts	
  with	
  water	
  molecules	
  
:	
  coordinated	
  by	
  the	
  phenyl	
  ring	
  of	
  the	
  
gatekeeper	
  F80	
  residues	
  and	
  side	
  chain	
  
of	
  the	
  cataly9c	
  lysine	
  residue	
  K33.	
  

-­‐	
  The	
  increased	
  residence	
  9me	
  of	
  5-­‐CF3	
  
analogs	
  cannot	
  be	
  amributed	
  to	
  an	
  
increased	
  halogen	
  bond	
  energy	
  
-­‐	
  Large	
  vdW	
  volume	
  of	
  the	
  CF3	
  group	
  
cause	
  a	
  repulsive	
  effect	
  on	
  the	
  W1	
  and	
  
W2	
  water	
  molecules,	
  resul9ng	
  in	
  a	
  distal	
  
reloca9on	
  of	
  these	
  toward	
  K33	
  -­‐>	
  flipping	
  
the	
  ε-­‐amino	
  group	
  of	
  K33	
  	
  
-­‐	
  	
  K33	
  maintains	
  its	
  salt	
  bridge	
  to	
  D145	
  
and	
  thereby	
  induces	
  a	
  flip	
  of	
  D145	
  that	
  in	
  
parallel	
  relocates	
  F146.	
  
-­‐	
  A	
  displacement	
  of	
  Y15	
  of	
  the	
  β1−β2	
  
loop	
  in	
  the	
  vicinity	
  of	
  the	
  αC	
  helix	
  and	
  
cyclin	
  interface.	
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11	
  

4-­‐posi(on	
  side	
  chain	
  deriva(ves:	
  different	
  binding	
  kine(cs	
  on	
  CDK2	
   11	
  

Binding	
  kine(cs	
  of	
  ZK	
  304709	
  and	
  compounds	
  9	
  and	
  11	
  
:	
  sec-­‐	
  and	
  tert-­‐alcohol	
  deriva9ves	
  9	
  and	
  11	
  exhibit	
  approximately	
  one	
  order	
  of	
  
magnitude	
  lower	
  associa9on	
  and	
  dissocia9on	
  rates	
  than	
  primary	
  alcohol	
  ZK	
  304709.	
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12	
  

Comparison	
  of	
  the	
  residence	
  (mes	
  (τ)	
  of	
  CDK	
  inhibitors	
   12	
  

N N

HN

N SO2Me

O

F
F

O

H2N

R547

*Residence	
  9mes	
  were	
  calculated	
  from	
  SPR	
  experiments	
  at	
  25	
  oC	
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13	
  

Comparison	
  of	
  the	
  X-­‐ray	
  cocrystal	
  structures:	
  R547	
  vs	
  Roniciclib	
   13	
  

N N

HN

N SO2Me
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F
F

O
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R547

R547-­‐CDK2	
  X-­‐ray	
  cocrystal	
  structure	
  (cyan,	
  PDB	
  ID:	
  2FVD)	
  superimposed	
  on	
  the	
  
roniciclib	
  (BAY	
  1000394)-­‐CDK2	
  cocrystal	
  structure	
  (gold,	
  present	
  work,	
  PDB	
  ID:	
  5IEV).	
  In	
  
both	
  structures,	
  the	
  DFG	
  mo9ve	
  adopts	
  a	
  similar	
  posi9on.	
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S
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BAY-1000394
(Roniciclib)
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14	
  

Cell-­‐based	
  phosphoryla(on	
  recovery	
  assay	
  in	
  HeLa-­‐MaTu	
  cells	
   14	
  

RB	
  phosphoryla(on	
  recovery	
  in	
  HeLa-­‐MaTu	
  cells	
  aWer	
  compound	
  wash-­‐out.	
  HeLa-­‐MaTu	
  cells	
  were	
  
treated	
  with	
  CDK	
  inhibitors	
  ZK	
  304709	
  and	
  roniciclib	
  (BAY	
  1000394)	
  at	
  at	
  least	
  10-­‐fold	
  HeLa-­‐MaTu	
  
an9prolifera9on	
  IC50	
  concentra9ons.	
  x	
  axis,	
  9me	
  ader	
  the	
  removal	
  of	
  the	
  inhibitor;	
  y	
  axis,	
  ra9o	
  of	
  
pRB	
  to	
  total	
  RB	
  levels	
  measured	
  via	
  ELISA.	
  Data	
  were	
  fimed	
  to	
  a	
  single	
  exponen9al	
  yielding	
  rRB	
  
recovery	
  9me	
  constants	
  of	
  t	
  =	
  14.9	
  min	
  for	
  ZK	
  304709	
  and	
  t	
  =	
  44.3	
  min	
  for	
  BAY	
  1000394.	
  

-­‐	
  At	
  the	
  first	
  data	
  point	
  ader	
  compound	
  washout,	
  re9noblastoma	
  protein	
  (RB)	
  phosphoryla9on	
  levels	
  
for	
  ZK	
  304709	
  and	
  roniciclib	
  were	
  28%	
  and	
  17%,	
  respec9vely.	
  
-­‐	
  Recovery	
  to	
  80%	
  pRB	
  within	
  the	
  first	
  15	
  min	
  for	
  ZK	
  304709	
  &	
  60-­‐120	
  min	
  for	
  roniciclib.	
  	
  
à	
  The	
  prolonged	
  pRB	
  recovery	
  half-­‐9me	
  of	
  roniciclib-­‐treated	
  cells	
  of	
  ∼45	
  min	
  is	
  consistent	
  with	
  the	
  in	
  
vitro	
  residence	
  9me	
  of	
  roniciclib	
  on	
  pCDK2/cyclin	
  A	
  (123	
  min,	
  arrow).	
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Summary	
   15	
  

•  Roniciclib	
  (BAY	
  1000394)	
  is	
  a	
  type	
  I	
  pan-­‐CDK	
  (cyclin-­‐dependent	
  kinase)	
  inhibitor	
  which	
  
has	
  revealed	
  potent	
  efficacy	
  in	
  xenograd	
  cancer	
  models.	
  

•  Introduc9on	
  of	
  the	
  apolar	
  CF3	
  group	
  to	
  the	
  aminopyrimidine	
  scaffold	
  induces	
  a	
  
rearrangement	
  of	
  the	
  hydra9on	
  network,	
  accompanied	
  by	
  a	
  conforma9onal	
  adap9on	
  
of	
  the	
  DFG	
  mo9f	
  based	
  on	
  the	
  X-­‐ray	
  cocrystal	
  structure.	
  	
  

•  The	
  link	
  between	
  DFG-­‐loop	
  adap9on	
  and	
  increased	
  residence	
  9me	
  is	
  further	
  
corroborated	
  by	
  the	
  fact	
  that	
  an	
  unrelated	
  CDK	
  inhibitor,	
  R547,	
  induces	
  a	
  similar	
  DFG-­‐
loop	
  adap9on	
  while	
  displaying	
  a	
  comparable	
  residence	
  9me	
  on	
  pCDK2/cyclin	
  A.	
  

•  The	
  in	
  vitro	
  measured	
  target	
  residence	
  9mes	
  of	
  roniciclib	
  are	
  reflected	
  in	
  a	
  cell-­‐based	
  
mechanis9c	
  assay	
  (the	
  sustained	
  inhibibi9on	
  of	
  RB	
  phosphoryla9on	
  in	
  HeLa-­‐MaTu	
  
cells).	
  	
  

ACS	
  Chem.	
  Biol.	
  2016,	
  11,	
  1710-­‐1719	
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