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Covalent	
  Inhibitors	
  

ü Covalent	
  ligand-­‐target	
  interac&ons	
  offer	
  significant	
  pharmacological	
  
advantages	
  

	
  
-­‐  Increased	
  biochemical	
  efficiency	
  
-­‐  Longer	
  dura&on	
  of	
  ac&on	
  
-­‐  Poten&al	
  for	
  improved	
  therapeu&c	
  index	
  
-­‐  Poten&al	
  to	
  avoid	
  some	
  drug	
  resistance	
  mechanisms	
  

ü However,	
  covalent	
  protein	
  modifica&on	
  has	
  also	
  been	
  implied	
  in	
  
immunotoxicity	
  and	
  idiosyncra&c	
  hypersensi&vity	
  reac&ons,	
  
par&cularly	
  if	
  the	
  covalent	
  inhibitor	
  is	
  highly	
  reac&ve	
  and/or	
  lacks	
  
specificity.	
  

	
  
It	
  is	
  therefore	
  of	
  extreme	
  importance	
  to	
  tune	
  the	
  reac&vity	
  of	
  the	
  

electrophilic	
  “warhead”	
  to	
  the	
  intended	
  enzyme	
  target,	
  	
  
in	
  order	
  to	
  avoid	
  off-­‐target	
  reac&vity.	
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Targeted	
  Covalent	
  Inhibitors	
  

Nat.	
  Rev.	
  Drug	
  Discovery	
  2011,	
  10,	
  307–317	
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Covalent	
  drugs	
  –	
  Time	
  line	
  

Predominant	
  examples:	
  aspirin,	
  β-­‐lactam	
  an&bio&cs,	
  proton	
  pump	
  inhibitors,	
  etc…	
  

Nat.	
  Rev.	
  Drug	
  Discovery	
  2011,	
  10,	
  307–317	
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Representa2ve	
  illustra2ons	
  of	
  new	
  covalent	
  drugs	
  

5	
  

-­‐>	
  Launched	
  

-­‐>	
  Launched	
  (IbruCnib)	
  

Expert	
  Opin.	
  Drug	
  Discov.	
  2012,	
  7,	
  561–581	
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In	
  this	
  study:	
  Objec2ves	
  

ü First,	
  to	
  study	
  the	
  selec&vity	
  and	
  reac&vity	
  of	
  an	
  extended	
  group	
  of	
  
electrophiles	
  toward	
  biological	
  targets;	
  	
  

-­‐  Six	
  reac2ve	
  groups	
  with	
  modulated	
  electrophilicity	
  were	
  combined	
  
with	
  11	
  nonreac&ve	
  alipha&c	
  and	
  aroma&c	
  moie&es,	
  resul&ng	
  in	
  a	
  
small	
  combinatorial	
  library	
  of	
  72	
  fragment-­‐like	
  compounds.	
  

ü Second,	
  to	
  iden&fy	
  electrophilic	
  fragments	
  that	
  covalently	
  modify	
  the	
  
target	
  enzymes	
  

-­‐  Compounds	
  were	
  screened	
  against	
  a	
  group	
  of	
  11	
  enzyme	
  targets	
  to	
  
assess	
  their	
  selec&vity	
  and	
  their	
  poten&al	
  for	
  promiscuous	
  binding	
  to	
  
proteins.	
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Electrophiles	
  for	
  Covalent	
  Protein	
  Modifica2on	
  

N
H

R

-­‐	
  Acrylamides	
  (2),	
  dimethylsulfonium	
  salts	
  (3),	
  and	
  chloroacetylamides	
  (4)	
  are	
  considered	
  
to	
  be	
  electrophiles	
  that	
  primarily	
  react	
  with	
  cysteine	
  residues.	
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Electrophiles	
  for	
  Covalent	
  Protein	
  Modifica2on	
  

N
H

R

-­‐  Bromodihydroisoxazoles	
  (5)	
  are	
  expected	
  to	
  target	
  cysteines,	
  serines,	
  lysines,	
  or	
  similar	
  
nucleophiles.	
  	
  

-­‐  Ni&riles	
  (6)	
  as	
  well	
  as	
  imidazole-­‐1-­‐carboxamides	
  (7)	
  are	
  considered	
  to	
  have	
  a	
  
preference	
  for	
  cataly&c	
  serine	
  residues.	
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Target	
  Enzymes	
  

9	
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Synthesis	
  of	
  the	
  Compounds	
  

Me
COOMe

f g h i j k

X a, X = H
b, X = Me
c, X = OMe
d, X = NO2
e, X = F

group R: Non-reactive moieties that were combined with the electrophiles

NO
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N
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N
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O2N
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Enzyme	
  Inhibi2on	
  Data	
  

²  Data	
  for	
  nonreac&ve	
  controls	
  (1a–k,	
  11,	
  and	
  12)	
  

-­‐  Show	
  liile	
  or	
  no	
  inhibi&on	
  of	
  any	
  
of	
  the	
  enzymes	
  and	
  did	
  not	
  react	
  
with	
  GSH	
  on	
  a	
  &me	
  scale	
  relevant	
  
to	
  the	
  assays.	
  	
  

*n.r.,	
  no	
  reac&on;	
  k	
  <	
  0.1	
  l.mol-­‐1.s-­‐1;	
  	
  
	
  	
  n.i.,	
  no	
  inhibi&on	
  (<15%);	
  	
  
	
  	
  color	
  code:	
  green,	
  15-­‐29%.	
  
-­‐	
  Concentra&on	
  of	
  test	
  compounds:	
  25	
  µM	
  for	
  
ecMetAP,	
  hsMetAP1,	
  THR,	
  and	
  MurA-­‐MurF;	
  	
  
50	
  µM	
  for	
  DEN	
  and	
  WNV.	
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Enzyme	
  Inhibi2on	
  Data	
  

²  Data	
  for	
  acrylanilides	
  and	
  -­‐amides	
  (2a–k)	
  

-­‐  The	
  acrylanilides	
  and	
  –amides	
  are	
  
inac&ve	
  in	
  all	
  enzyma&c	
  assays.	
  
They	
  were	
  not	
  reac&ve	
  toward	
  GSH	
  
on	
  a	
  &me	
  scale	
  relevant	
  for	
  the	
  
assays	
  (<5%	
  conversion	
  over	
  3	
  h),	
  
but	
  forma&on	
  of	
  GSH	
  adducts	
  was	
  
detected	
  by	
  LC-­‐MS	
  aoer	
  extended	
  
incuba&on	
  &mes.	
  	
  

-­‐  Also	
  the	
  unsubs&tuted	
  acrylamide	
  
showed	
  only	
  negligible	
  binding	
  to	
  
all	
  enzymes	
  and	
  GSH.	
  

	
  
(Earlier	
  report	
  already	
  indicated	
  that	
  
acrylamide	
  has	
  a	
  half-­‐life	
  of	
  ~3	
  h	
  at	
  
cellular	
  levels	
  of	
  glutathione	
  (~3	
  mM))	
  

*n.r.,	
  no	
  reac&on;	
  k	
  <	
  0.1	
  l.mol-­‐1.s-­‐1;	
  n.i.,	
  no	
  inhibi&on	
  
(<15%);	
  color	
  code:	
  green,	
  15-­‐29%.	
  
-­‐	
  Concentra&on	
  of	
  test	
  compounds:	
  25	
  µM	
  for	
  ecMetAP,	
  
hsMetAP1,	
  THR,	
  and	
  MurA-­‐MurF;	
  50	
  µM	
  for	
  DEN	
  and	
  WNV.	
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Enzyme	
  Inhibi2on	
  Data	
  

²  Data	
  for	
  dimethylsulfonium	
  salts	
  (3a–k)	
  

-­‐  Low	
  unspecific	
  reac&vity	
  
-­‐  3b–3d	
  decomposed	
  immediately	
  

upon	
  dilu&on	
  in	
  aqueous	
  media.	
  
-­‐  The	
  other	
  dimethylsulfonium	
  slats	
  

(3a,	
  3e–k)	
  are	
  stable	
  under	
  
aqueous	
  condi&ons	
  and	
  were	
  not	
  
reac&ve	
  toward	
  GSH.	
  

*n.r.,	
  no	
  reac&on;	
  k	
  <	
  0.1	
  l.mol-­‐1.s-­‐1;	
  n.i.,	
  no	
  inhibi&on	
  
(<15%);	
  color	
  code:	
  green,	
  15-­‐29%.	
  
-­‐	
  Concentra&on	
  of	
  test	
  compounds:	
  25	
  µM	
  for	
  ecMetAP,	
  
hsMetAP1,	
  THR,	
  and	
  MurA-­‐MurF;	
  50	
  µM	
  for	
  DEN	
  and	
  WNV.	
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Enzyme	
  Inhibi2on	
  Data	
  

²  Data	
  for	
  chloroacetylanilides	
  and	
  -­‐amides	
  (4a–i)	
  &	
  2-­‐bromodihydroisoxazoles	
  (5a–k)	
  

-­‐  4a–i	
  showed	
  most	
  pronounced	
  
reac&vity	
  toward	
  GSH	
  of	
  all	
  tested	
  
compounds,	
  but	
  no	
  inhibi&on	
  of	
  
any	
  enzyme.	
  The	
  group	
  is	
  therfore	
  
a	
  slightly	
  more	
  reac&ve	
  alterna&ve	
  
to	
  the	
  acrylamides	
  (2a-­‐k)	
  but	
  
retains	
  a	
  surprisingly	
  low	
  random	
  
reac&vity.	
  	
  

-­‐  5a–k	
  show	
  no	
  GSH	
  reac&vity	
  and	
  a	
  
half-­‐life	
  above	
  200	
  h.	
  They	
  showed	
  
limited	
  inhibitory	
  poten&al	
  in	
  the	
  
enzyma&c	
  assays	
  and	
  also	
  some	
  
promiscuous	
  binding,	
  especially	
  
against	
  MurE.	
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Enzyme	
  Inhibi2on	
  Data	
  (Table	
  4)	
  

²  Data	
  for	
  cyanoacetylanilides	
  and	
  -­‐amides	
  (6a–k)	
  &	
  Imidazole-­‐1-­‐carboxamides	
  (7a–k)	
  

-­‐  Not	
  reac&ve	
  toward	
  GSH,	
  and	
  
stable.	
  

-­‐  They	
  show	
  no	
  promiscuous	
  binding	
  
to	
  the	
  screened	
  enzymes.	
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Docking	
  Experiment	
  

Docked	
  structure	
  of	
  5k	
  in	
  the	
  ac&ve	
  site	
  of	
  MurE.	
  Lys119,	
  a	
  poten&al	
  binding	
  partner	
  for	
  the	
  ligand,	
  is	
  located	
  in	
  the	
  center	
  of	
  the	
  graphic.	
  The	
  
carbon	
  atoms	
  of	
  the	
  ligand	
  are	
  shown	
  in	
  yellow.	
  PDB	
  code	
  of	
  the	
  target	
  structure:	
  1E8C.(33)	
  This	
  figure	
  was	
  generated	
  using	
  Chimera.(34)�	
  

-­‐  The	
  bromodihydroisoxazoles	
  have	
  been	
  described	
  as	
  cysteine-­‐targe&ng	
  electrophiles,	
  
but	
  ecMurE	
  does	
  not	
  contain	
  a	
  solvent-­‐exposed	
  cysteine	
  residue.	
  	
  

-­‐  To	
  pinpoint	
  the	
  reac&ve	
  residue	
  of	
  ecMurE	
  that	
  interacts	
  with	
  this	
  warhead,	
  four	
  of	
  the	
  
most	
  ac&ve	
  compounds	
  (5d,	
  5g,	
  5i,	
  5k)	
  were	
  submiied	
  to	
  docking	
  experiments.	
  

N
H

MeO O O

O N
Br

5k
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ESI-­‐MS	
  Analysis	
  &	
  Cell	
  Toxicity	
  Data	
  

ü  Ac&ve	
  site	
  serines	
  (DEN,	
  WNV,	
  THR,	
  and	
  MurB)	
  are	
  largely	
  resistant	
  toward	
  
inhibi&on	
  by	
  all	
  electrophiles	
  studied	
  here.	
  	
  

ü  All	
  compounds	
  that	
  exhibit	
  inhibi&on	
  of	
  an	
  enzyme	
  were	
  also	
  tested	
  for	
  
covalent	
  adduct	
  forma&on	
  with	
  their	
  corresponding	
  targets,	
  but	
  no	
  adducts	
  
were	
  found.	
  	
  

ü  The	
  only	
  substance	
  showing	
  cell	
  toxicity	
  with	
  an	
  EC50	
  value	
  below	
  50	
  µM	
  is	
  
the	
  chloroacetylanilide	
  4a.	
  When	
  compared	
  to	
  4i,	
  with	
  equal	
  GSH	
  reac&vity	
  
and	
  no	
  cytotoxicity	
  below	
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Conclusion	
  

ü  Acryl-­‐	
  and	
  chloroacetylamides/anilides	
  as	
  well	
  as	
  2-­‐cyanoacetamides	
  and	
  
imidazole-­‐1-­‐carboxamides	
  exhibit	
  a	
  surprisingly	
  low	
  off-­‐target	
  reac&vity	
  and	
  
can	
  therefore	
  be	
  considered	
  as	
  suitable	
  warheads	
  in	
  targeted	
  covalent	
  
inhibitors.	
  

ü  An	
  unexpected	
  but	
  significant	
  consequence	
  of	
  the	
  present	
  study	
  is	
  the	
  
rela&vely	
  low	
  inhibitory	
  poten&al	
  of	
  the	
  reac&ve	
  compounds	
  against	
  the	
  
analyzed	
  enzymes.	
  	
  

ü  In	
  the	
  absence	
  of	
  specific,	
  noncovalent	
  interac&ons	
  between	
  ligand	
  and	
  
target,	
  the	
  covalent	
  binding	
  poten&al	
  of	
  electrophiles	
  with	
  intermediate	
  
reac&vity	
  is	
  low.	
  	
  

²  Target	
  enzyme	
  /	
  Toxicity	
  data	
  /	
  Assay	
  condi&on	
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