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Synthetic	  Schemes	  

Scheme	  1.	  Syntheses	  of	  inhibitors	  1,	  3,	  5,	  7,	  8,	  10,	  and	  13.	  
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Scheme	  2.	  Syntheses	  of	  5-‐substituted	  amide	  analogs	  6,	  14,	  and	  23.	  

	  

	  

	  

	  

	  

Scheme	  3.	  Syntheses	  of	  azaindole	  analogs	  17	  and	  19.	  
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Scheme	  4.	  Syntheses	  of	  other	  indole-‐replaced	  analogs	  (20,	  21,	  and	  24)	  and	  the	  N-‐
methylated	  analog	  25.	  
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Computational	  Methods	  

General.	  All	  molecular	  modeling	  was	  performed	  on	  Linux	  workstations	  (Dell	  T7600).	  

Insight	   II	   (2005)	   (Biovia,	   San	   Diego,	   CA),	   Discovery	   Studio	   2016	   (Biovia),	   and	  

Maestro	  2016	  (Schrodinger,	  New	  York,	  NY)	  were	  used	  to	  build,	  energy	  refine,	  and	  

inspect	  models,	  and	  for	  docking	  studies.	  During	  different	  stages	  of	  the	  calculations,	  

various	  force	  fields	  were	  implemented,	  including	  (cff91,	  CHARMM,	  OPLS,	  MM2,	  and	  

Amber).	  Materials	  Studio	  (Biovia),	  was	  used	  for	  quantum	  mechanics	  calculations	  to	  

refine	   inhibitor	   structure	   geometries.	   For	   quantum	  mechanical	   optimizations	   and	  

scanning,	  the	  mixed	  hybrid	  functional	  PW91	  was	  employed	  during	  DFT	  calculations.	  

The	  program	  HINT	  (eduSoft	  LC,	  Richmond,	  VA)	  was	  used	  to	  evaluate	  the	  quality	  of	  

the	   models	   via	   the	   quantitation	   of	   intra-‐	   and	   intermolecular	   contacts	   (see	  

Supplementary	   Information	   section	   ‘Description	   of	   the	  HINT	  Hydropathic	   Scoring	  

Function’	   for	   program	   details).	   The	   HINT	   parameter	   settings	   used	   during	   the	  

studies:	  steric	  term	  =	  Lennard-‐Jones	  6–12	  (for	  cff91	  compatibility);	  lone	  pair	  vector	  

focusing	  =	  10;	  and	  distance	  dependence	  atom-‐atom	  interactions	  =	  exp	  (1/r).	  

	  

Initial	   protein	   refinement.	   The	   cryo-‐EM	   structure	  with	   inhibitor	  UPCDC	  30245	   (4)	  

bound	  to	  an	  allosteric	  site	  on	  p97	  was	  used	  for	  model	  coordinates	  (PDB	  entry	  5FTJ,	  

resolution	  =	  2.3	  Å).1	  Two	  protomers	   (residues	  Asn	  21	  –	  Gln	  763,	   chains	  A	  and	  B),	  

encompassing	   the	   allosteric	   binding	   site	   of	   one	   inhibitor	   and	   the	   binding	   sites	   of	  

four	  ADP	  molecules,	  were	  used	  for	  the	  docking	  studies.	  In	  the	  cryo-‐EM	  structure,	  the	  

tetramine	   side	   chain	   of	   the	   inhibitor	   was	   oriented	   into	   the	   solvent.	   Therefore,	  

torsional	  adjustments	  were	  made	  to	  orient	  this	  component	  of	  the	  inhibitor	  toward	  

complimentary	   residue	   contacts.	   Subsequently,	   a	   tethered	   minimization	   strategy	  

was	  used	  to	  energy	  refine	  the	  structure	  in	  preparation	  for	  further	  modeling	  studies.	  

During	   the	   simulation,	   the	   distance-‐dependent	   dielectric	   was	   set	   to	   1.0,	   and	   the	  

entire	  system	  was	  hydrated	  with	  an	  8.0	  Å	  thick	  shell	  of	  water	  molecules.	  Following,	  

hydrogen	   atoms	   only	   were	   optimized	   (100	   steps	   steepest	   descents	   followed	   by	  

conjugate	  gradients	  until	  the	  norm	  of	  the	  gradient	  was	  ˂0.01	  kcal/Å).	  Next,	  the	  side	  

chains	  were	  relaxed	  using	  the	  same	  protocol,	  but	  with	  only	  backbone	  atoms	  and	  the	  
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heavy	  atoms	  of	  the	  inhibitor	  phenyl-‐indole	  component	  and	  the	  four	  ADP	  molecules	  

fixed	  in	  coordinate	  space.	  Finally,	  with	  only	  the	  heavy	  atoms	  of	  the	  ADP	  molecules	  

fixed,	   a	   tethered	   minimization	   procedure	   was	   used	   to	   fully	   energy	   optimize	   the	  

complex	   (protein,	   inhibitor,	   ADP	   molecules,	   and	   waters).	   For	   this	   stage	   of	   the	  

optimization,	   2000	   kcal/mol	   per	   Å2	   of	   force	  was	   applied	   to	   the	   system,	   and	   then	  

reduced	  by	  100	  kcal/mol	  decrements	  by	  minimizing	  with	  iterations	  of	  100	  steps	  of	  

steepest	   descents	   followed	   by	   200	   steps	   of	   conjugate	   gradients	   until	   all	   external	  

force	  was	  removed	  and	  the	  norm	  of	  the	  gradient	  was	  <0.001	  kcal/Å.	  

	  

Optimization	  of	  the	  bis-Thr	  subsite.	  A	  simulated	  annealing	  protocol	  was	  used	  to	  bring	  

the	   side	   chain	   hydroxyl	   groups	   of	   loop	   residues	   Thr	   509	   and	   Thr	   613	   to	   within	  

hydrogen	   bonding	   distance	   near	   the	   indole	   5-‐F	   position	   of	   the	   inhibitor	   in	   the	  

energy	   refined	  model	   of	   the	   p97	   structure	   (indicated	   in	   the	   section	   above).	  Using	  

closest	   distances	   observed	   between	   the	   β-‐carbons	   of	   the	   Thr	   509	   and	   Thr	   613	  

residues	  of	  examined	  p97	  PDB	  entries	  as	  guide	  posts,	  a	  distance	  constraint	  of	  4.0	  ±	  

1.0	  Å	  was	  imposed	  on	  the	  β-‐carbons	  of	  these	  two	  residues.	  A	  force	  constant	  of	  100	  

kcal/per	  mol	  Å2	  was	  applied	  to	  the	  distance	  constraint,	  and	  the	  entire	  system	  was	  

heated	   to	   300	   K	   for	   1	   ps,	   followed	   by	   200	   iterations	   of	   conjugate	   gradients	  

minimization.	   This	   procedure	   iterated	   until	   the	   norm	   of	   the	   gradient	   was	   0.01	  

kcal/Å.	   In	   the	   final	   step,	   the	   force	   constant	   was	   removed,	   and	   the	   structure	   was	  

minimized	  using	  the	  procedure	  described	  in	  the	  section	  above.	  The	  final	  coordinates	  

of	  the	  energy-‐refined	  structure	  were	  within	  the	  experimentally	  determined	  cryo-‐EM	  

structure	  resolution;	  the	  final	  structure	  possessed	  an	  RMS	  deviation	  of	  1.87	  Å	  across	  

all	  backbone	  atoms	  compared	  to	  the	  starting	  coordinates	  of	  the	  cryo-‐EM	  structure.	  

The	  final	  distance	  between	  the	  β-‐carbons	  of	  Thr	  509	  and	  Thr	  613	  was	  4.43	  Å.	  In	  the	  

refined	  structure,	  the	  side	  chain	  hydroxyl	  groups	  of	  Thr	  509	  and	  Thr	  613	  engaged	  in	  

a	   hydrogen	   bond	   (2.2	   Å	   distance),	   and	   coordinated	   a	   water	   molecule,	   thereby	  

providing	   a	   polar	   subsite	   in	   the	   allosteric	   pocket.	   Rotation	   of	   the	   residues’	   χ1	  

torsions	   by	   150-‐180o	   resulted	   in	   the	   threonine	   side	   chain	   methyls	   inducing	   an	  

apolar	  (or	  hydrophobic)	  subsite	  in	  the	  allosteric	  pocket.	  
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Inhibitor	   docking.	   Inhibitors	   listed	   in	   Table	   1	   were	   manually	   docked	   in	   the	   p97	  

allosteric	  site	  using	  the	  Insight	  II	  graphical	  user	  interface,	  which	  allows	  for	  detailed	  

small	   molecule	   positional	   and	   multi-‐torsional	   manipulation	   via	   dial	   box	   control.	  

Initially,	  each	  inhibitor	  was	  placed	  in	  the	  allosteric	  site	  based	  on	  the	  coordinates	  of	  

the	   energy	   refined	   binding	   mode	   of	   UPCDC	   30245	   (4).	   	   With	   the	   van	   der	  Waals	  

bump	  set	   to	  0.25	  Å,	   translational,	   rotational,	   and	   torsional	  adjustments,	   as	  well	   as	  

small	  torsional	  adjustments	  to	  protein	  residue	  side	  chains	  (within	  acceptable	  limits	  

defined	   by	   rotamer	   libraries	   and	   empirical	   data)	   were	   used	   to	   eliminate	  

unacceptable	   atom-‐atom	   overlaps	   and	   model	   optimal	   non-‐bonded	   interactions	  

known	   to	   occur	   in	   high	   resolution	   X-‐ray	   structures.	   Inter-‐	   and	   intramolecular	  

analyses	   of	   the	   docked	   inhibitors	   were	   performed	   using	   the	   HINT	   program,	   and	  

iterative	   rounds	   of	   additional	   manual	   adjustments	   (translational,	   rotational,	   and	  

torsional),	   tethered	  minimizations,	   and	  HINT	   scoring	  were	   used	   to	   direct	   precise,	  

SAR-‐guided	   micro-‐environmental	   adjustments	   between	   protein	   side	   chain	   atoms	  

and	   their	   corresponding	   inhibitor	   contacts.	  This	  method	  provided	   comprehensive,	  

structure-‐based	  rationales	  for	  the	  in	  vitro	  binding	  data.	  In	  the	  final	  models,	  the	  total	  

HINT	   scores	   for	   inhibitor-‐protein	   complexes	   correlated	  well	  with	   their	   respective	  

empirical	  -‐Log	  IC50	  values	  (Table	  S2	  and	  Figure	  S5).	  	  Note,	  because	  the	  amphiphilic	  

5-‐F	   indole	   congener	   (UPCDC	  30245	   (4))	   can	  bind	   in	   the	  allosteric	   site	   in	  both	   the	  

polar	  and	  apolar	  bis-‐Thr	  conformations,	  its	  docking	  and	  scoring	  method	  is	  described	  

in	  detail	  in	  below	  in	  section:	  UPCDC30245	  (4)	  Modeling	  and	  Scoring	  Method.	  

	  

PDB	  analysis	   for	   bis-Thr	   pairs.	   The	   PDB	  was	   searched	  using	   customized	  programs	  

written	   in	   Python	   and	   the	   Schrodinger	   Maestro	   API.2	   Search	   1:	   All	   PDB	   entries	  

solved	  by	  X-‐ray	  crystallography	  with:	  1)	  resolution	  ≤2.5	  Å,	  2)	  ≥200	  residues	  in	  the	  

longest	  chain,	  and	  3)	  containing	  a	  ligand,	  were	  evaluated.	  The	  resulting	  collection	  of	  

19,881	  entries	  was	  searched	  using	  customized	  programs	  written	  in	  Python	  and	  the	  

Schrodinger	  Maestro	  API.	  The	  bis-‐Thr	  feature	  was	  defined	  as	  a	  pair	  of	  Thr	  residues	  

with	   β-‐carbons	   ≤5	   Å	   apart,	   with:	   1)	   both	   Thr	   residues	   in	   secondary	   structural	  
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features	  defined	  as	  loops,	  2)	  both	  Thr	  residues	  ≥	  5	  residues	  apart	  in	  the	  sequence,	  

and	  3)	  a	  ligand	  ≤12	  Å	  away	  from	  either	  of	  the	  Thr	  β-‐carbons.	  Phosphate	  containing	  

compounds	   (e.g.s.:	   ADP,	   ATP,	   NAD,	   FAD,	   etc.)	   were	   eliminated	   to	   bias	   the	   search	  

toward	  ligand	  binding	  sites.	  The	  search	  resulted	  in	  the	  identification	  of	  840	  distinct	  

PDB	  entries	  meeting	  the	  above	  criteria.	  	  All	  840	  entries	  were	  manually	  evaluated	  for	  

potential	   interactions	   between	   bis-‐Thr	   pairs	   and	   ligands.	   	   Search	   2:	   The	  method	  

was	  the	  same	  as	  indicated	  for	  Search	  1,	  but	  with	  the	  following	  modifications:	  1)	  both	  

Thr	  residues	  could	  occur	  in	  any	  secondary	  structure	  (i.e.,	  helices,	  sheets,	  and	  loops)	  

and	  2)	   the	   ligand	  was	  required	   to	  be	  ≤5	  Å	  away	   from	  either	  of	   the	  Thr	  β-‐carbons.	  

The	  search	  resulted	   in	  the	   identification	  of	  263	  distinct	  PDB	  entries	  meeting	  these	  

criteria.	  All	  263	  entries	  were	  manually	  evaluated	  for	  potential	  interactions	  between	  

bis-‐Thr	  pairs	   and	   ligands,	  with	   a	  main	   criterion	  being	   that	   at	   least	   one	  of	   the	  Thr	  

residues	  must	  interact	  directly	  with	  the	  ligand.	  	  Search	  3:	  All	  PDB	  entries	  generated	  

by	   NMR	   with	   pairs	   of	   Thr	   residues	   with	   β-‐carbons	   ≤	   5	   Å	   apart	   were	   evaluated.	  

Following,	   using	   a	   customized	   program	   written	   in	   R,	   a	   subset	   of	   8,687	   non-‐

redundant	   PDB	   entries	   (with	   each	   containing	   multiple	   conformer	   states),	   were	  

analyzed	  and	  grouped	  by	  Uniprot	   identifiers,3	   and	   resulted	   in	   the	   identification	  of	  

271	  entries,	  covering	  243	  distinct	  Uniprot	  identifiers,	  in	  which	  the	  χ	  torsions	  of	  both	  

threonine	   residues	   (i.e.,	   of	   the	   Thr	   pair)	   rotated	   by	   at	   least	   50o.	   These	   hits	   were	  

manually	  inspected	  for	  potential	  Thr-‐Thr	  turnstile	  interactions.	  Several	  examples	  of	  

bis-‐Thr	  pairs	  engaging	  in	  cooperative,	  gear-‐like	  interactions	  in	  less	  solvent	  exposed	  

protein	   sites,	   which	   would	   be	   more	   consistent	   with	   where	   a	   ligand	   might	   bind	  

include	  PDB	  entries:	  1YDU,	  1YYC,	  2FIN,	  2G2K,	  2LEN,	  and	  2RLI.	  
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Supplementary	  Figures	  

S1	  –	  S3:	  	  CPK	  volume	  calculations	  of	  5-‐substituted	  phenylindoles	  were	  calculated	  in	  
Spartan	  10	  (Wave	  Function,	  Inc.,	  Irvine,	  CA)	  with	  AM1	  parametrization.	  

Figure	  S1.	  
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Figure	  S2.	  
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Figure	  S3.	  
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Figure	   S4.	   Docking	   inhibitors	   in	   unmodified	   co-‐cryo-‐EM	   structure	   5FTJ1	   did	   not	  

provide	   structure-‐based	   rationales	   to	   explain	   the	   SAR.	   For	   example,	   all	   of	   the	  

inhibitors	  shown	  in	  the	  Figure	  are	  sterically	  accommodated	  by	  the	  binding	  site	  (red	  

dashed	  circle),	  with	  no	  residue	  contacts,	   favorable	  or	  unfavorable,	   that	  distinguish	  

relative	   inhibitory	   potencies.	   	   A	   hydrogen	   bond	   between	   the	   inhibitors	   and	   the	  

backbone	  carbonyl	  oxygen	  of	  Val	  493	  is	  represented	  by	  a	  yellow	  dash.	  
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Figure	   S5.	   Correlation	   between	   IC50	   measurements	   and	   total	   HINT	   scores	   for	  

inhibitors	  listed	  in	  Table	  S2.	  
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Figure	  S6.	   (Left	  panel)	  PKB	  inhibitors	  bound	  to	  either	  PKB	  or	  a	  PKA-‐PKB	  chimera	  

surrogate,	  which,	  via	  mutations,4	  is	  identical	  to	  PKB	  in	  the	  inhibitor	  binding	  site,	  and	  

in	  overall	  secondary	  structure.	  	  A	  full	  range	  of	  side	  chain	  torsions	  are	  observed	  over	  

several	   structures,	   including	   threonine	   pairs	   adopting	   the	   polar	   and	   apolar	  

orientations	  described	   in	  the	  manuscript,	  as	  well	  as	  orientations	   in	  which	  the	  side	  

chains’	  hydroxyl	  and	  methyl	  groups	  are	  oriented	  trans	  to	  one	  another,	  as	  depicted	  in	  

Figure	   5C	   of	   the	   manuscipt.	   Inhibitors	   are	   shown	   in	   gray	   stick.	   The	   PDB	   entries	  

shown	   include	   PKB-‐inhibitor	   co-‐crystals:	   2JD0,	   2JDR,	   3QKK,	   3QKL,	   3MV5,	   4EKK,	  

4EKL,	   and	   4GV1,	   and	   PKA-‐PKB	   chimera-‐inhibitor	   co-‐crystals:	   2JDT,	   2JDV,	   2UVX,	  

2UVY,	  2UW3,	  2UW4,	  2UW8,	  and	  4AXA.	  Note,	   for	  the	  PKA-‐PKB	  structures,	  PKB	  Thr	  

213	   (as	   shown	   in	   the	   Figure)	   is	   numbered	   Thr	   104	   in	   the	   amino	   acid	   sequence	  

provided	  in	  the	  PDB,	  and	  Thr	  292	  (as	  shown	  in	  the	  Figure)	  is	  numbered	  Thr	  183	  in	  

the	  amino	  acid	  sequence	  provided	  in	  the	  PDB.	  (Right	  panel),	  PDB	  entries	  2JDR	  (cyan	  

carbons)	  and	  2JDT	  (orange	  carbons)	  showing	  a	  view	  of	   the	  bis-‐Thr	  pair	  with	  both	  

threonine	   χ	   torsions	   rotated	   in	   opposite	   directions,	   indicating	   that	   neither	   Thr	   is	  

locked	  in	  a	  single	  χ	  rotomer	  in	  the	  PKB	  active	  site.	  
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Figure	  S7.	  To	  broaden	  the	  scope	  of	  the	  PDB	  analysis	  for	  bis-‐Thr	  pairs	  occurring	  in	  

ligand	  binding	  sites,	  the	  search	  criteria	  were	  relaxed	  to	  allow	  for	  the	  identification	  of	  

bis-‐Thr	  pairs	  (within	  7Å	  of	  a	   ligand)	  occurring	   in	  any	  secondary	  structural	   feature	  

(i.e.,	   helices,	   sheets,	   and	   loops).	   Additional	   X-‐ray	   co-‐crystal	   examples	   of	   ligands	  

interacting	  with	   at	   least	   one	   threonine	   of	   a	   bis-‐Thr	   pair	   included:	   (a)	   heat	   shock	  

protein	   90	   (HSP90)	   co-‐crystallized	   with	   inhibitors	   (example	   PDB	   entry	   4YKQ	  

shown).	  The	  HSP90	  threonines	  both	  occur	  in	  β	  sheets;	  (b)	  class	  A	  β-‐lactamase	  CTX-‐

M-‐9	   co-‐crystallized	   with	   inhibitors	   (example	   PDB	   entry	   4DE2	   shown).	   The	   β-‐

lactamase	  threonines	  occur	  on	  a	  β	  sheet	  and	  a	   loop;	  (c)	  class	  A	  β-‐lactamase	  BEL-‐1	  

co-‐crystallized	  with	   inhibitors	  (example	  PDB	  entry	  5EUA	  shown).	  The	  β-‐lactamase	  

threonines	   occur	   on	   a	   β	   sheet	   and	   a	   loop.;	   and	   (d)	   AMPA	   glutamate	   receptor	   2	  

(GluR2)	  co-‐crystallized	  with	  agonists	  (example	  PDB	  entry	  5FHM	  shown).	  The	  GluR2	  

threonines	  occur	  on	  a	  β	  sheet	  and	  an	  α	  helix.	  In	  these	  examples,	  the	  bis-‐Thr	  pairs	  did	  

not	   display	   the	   χ	   rotations	   observed	   in	   PKB	   inhibitor	   co-‐crystal	   structures,	   as	   the	  

interacting	  ligand	  moiety	  was	  consistently	  polar,	  and	  no	  SAR	  probing	  the	  potential	  

for	   the	   Thr	   pairs	   to	   reorient	   to	   accommodate	   a	   hydrophobic	  moiety	  was	   evident	  

from	  the	  analysis	  of	  additional	  PDB:ligand	  co-‐crystal	  structures	  of	   these	  examples,	  

or	  from	  examining	  SAR	  in	  the	  literature.	  
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Figure	   S8.	   UPCDC30245	   DFT	   determined	   F-‐H	   (water	   H)	   and	   F-‐O	   (water	   O)	   distances	   that	   comprise	   the	   hydrogen	   bond	  

distance	  constraints	  used	  to	  the	  hydropathically	  refine	  the	  inhibitor-‐protein	  model	  by	  simulated	  annealing.	  Critical	  distances	  

were	  computed	  from	  the	  relaxed	  scans	  and	  optimized	  geometries	  as	  stated	  in	  Supplementary	  Text	  under	  the	  section	  heading:	  

UPCDC	  30245	  (4)	  Modeling	  and	  Scoring	  Method	  (below).	  The	  left	  and	  center	  panels	  (underscored	  with	  hydrogen	  bonds	  (red	  

text))	  display	   changes	   in	  bond	  energy	  over	  distance	   for	   fluorine	  hydrogen	  bonding.	  Similarly,	   the	  multipolar	  bond	  distance	  

(right	  panel,	  underscored	  with	  blue	  text),	  was	  formed	  by	  applying	  constraints	  to	  enforce	  the	  F-‐C	  distance	  between	  the	  Thr	  613	  

carbonyl	  backbone	  C	  (3.5	  angstroms).	  
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Figure	  S9.	  Binding	  models	  of	  the	  amphiphilic	  5-‐F	  indole	  analog	  (UPCDC30245	  (4)).	  

Fluorine	  atoms	  are	  colored	  light	  blue.	  In	  the	  polar	  binding	  mode	  (left	  panel),	  the	  5-‐F	  

forms	  three	  enthalpic	  interactions,	  which	  include	  a	  water	  mediated	  hydrogen	  bond	  

(yellow	  dash)	  with	  Thr	  613,	  a	  direct	  hydrogen	  bond	  with	  Thr	  509,	  and	  a	  multipolar	  

bond	   (purple	   dash)	   using	   the	   distances	   obtained	   from	   DFT	   quantum	   mechanical	  

scanning.	  In	  the	  hydrophobic	  binding	  mode	  to	  the	  bis-‐Thr	  subsite	  (right	  panel),	  the	  

5-‐F	  analog	  forms	  the	  same	  multipolar	  bond,	  and	  engages	  in	  favorable	  hydrophobic	  

contacts	  (orange	  dash)	  with	  the	  bis-‐Thr	  methyl	  side	  chains.	  
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Table	  S1.	  Structures	  and	  Activities	  of	  p97	  Inhibitors.	  

	  

	  

Entry	   Compound	  ID	   Indole	  
Substitution	   Structure	  

ADPGlo	  
IC50	  [µM]	  

ADPGlo	  Std.	  
Dev.	  (n)	  

1	   UPCDC30283	  
(1)	   5-‐CN	  

	  
0.044	   0.045	  (15)	  

2	   UPCDC30287	  
(2)5	   5-‐NO2	  

	  
0.047	   0.040	  (9)	  

3	   UPCDC30346	  
(3)	   5-‐F	  (o-‐tolyl)	  

	  
0.050	   0.044	  (5)	  

4	   UPCDC30245	  
(4)	   5-‐F	  

	  
0.055	   0.087	  (55)	  

5	   UPCDC30361	  
(5)	   5-‐CN	  (o-‐tolyl)	  

	  
0.087	   0.047	  (5)	  

6	   UPCDC30310	  
(6)	   5-‐CONH2	  

	  
0.10	   0.032	  (4)	  

7	   UPCDC30256	  
(7)	   5-‐OH	  

	  
0.12	   0.073	  (4)	  

8	   UPCDC30341	  
(8)	   5-‐CO2Me	  

	  
0.13	   0.076	  (4)	  

9	   UPCDC30083	  
(9)	   5-‐H	  

	  
0.16	   0.10	  (17)	  

10	   UPCDC30317	  
(10)	   5-‐Cl	  

	  
0.19	   0.14	  (7)	  

11	   UPCDC30288	  
(11)	   5-‐N3	  

	  
0.23	   0.18	  (9)	  

12	   UPCDC30318	  
(12)	   5-‐CH3	  

	  
0.24	   0.11	  (7)	  
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13	   UPCDC30206	  
(13)	   benzo[α]carbazole	  

	  
0.39	   0.069	  (3)	  

14	   UPCDC30367	  
(14)	   5-‐CONHMe	  

	  
0.45	   0.12	  (5)	  

15	   UPCDC30238	  
(15)	   5-‐OCH3	  

	  
0.71	   0.22	  (4)	  

16	   UPCDC30257	  
(16)	   5-‐OCF3	  

	  
3.8	   0.8	  (4)	  

17	   UPCDC30345	  
(17)	   5-‐azaindole	  

	  
4.0	   1.7	  (5)	  

18	   UPCDC30297	  
(18)	   5-‐CF3	  

	  
4.67	   2.0	  (4)	  

19	   UPCDC30381	  
(19)	   5-‐F,	  7-‐azaindole	  

	  
4.74	   1.3	  (5)	  

20	   UPCDC30222	  
(20)	   naphthalene	  

	  
5.2	   1.1	  (4)	  

21	   UPCDC30221	  
(21)	   benzofuran	  

	  
20.1	   4.60	  (4)	  

22	   UPCDC30277	  
(22)	   5-‐SF5	  

	  
21.5	   0.40	  (4)	  

23	   UPCDC30368	  
(23)	   5-‐CONMe2	  

	  
31.4	   1.60	  (3)	  

24	   UPCDC30250	  
(24)	   benzimidazole	  

	  
38.5	   6.60	  (4)	  

25	   UPCDC30201	  
(25)	   N-‐Me	  indole	  

	  
>50	   -‐	  (1)	  
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Table	  S2.	  Quantitated	  HINT	  Scores	  for	  Inhibitors	  with	  IC50	  <	  5	  μM.	  

*	  Favorable	  interactions	  

**	  Unfavorable	  interactions	  

Compound	  ID
Indole	  
Substitution

ADPGlo	  
IC50	  [µM]

ADPGlo	  
Std.	  Dev.	  
[µM]

Total	  
HINT	  
Score

Hydrogen	  
Bond	  *

Acid/Base	  * Hydrophobic	  * Acid/Acid	  ** Base/Base	  **
Hydrophobic/

Polar	  **

UPCDC30283	  (1) 5-‐CN 0.044 0.045 2.42E+03 1.67E+03 7.33E+02 1.31E+03 -‐1.90E+02 -‐4.18E+02 -‐6.84E+02
UPCDC30287	  (2) 5-‐NO2 0.047 0.04 2.04E+03 1.22E+03 8.15E+02 1.41E+03 -‐1.14E+02 -‐3.41E+02 -‐9.55E+02
UPCDC30245	  (4) 5-‐F 0.055 0.087 1.97E+03 7.78E+02 8.08E+02 1.34E+03 -‐1.58E+02 -‐1.58E+02 -‐6.39E+02
UPCDC30310	  (6) 5-‐CONH2 0.1 0.032 1.83E+03 1.69E+03 1.19E+03 1.39E+03 -‐6.37E+02 -‐5.78E+02 -‐1.23E+03
UPCDC30256	  (7) 5-‐OH 0.12 0.073 1.63E+03 6.16E+02 8.29E+02 1.25E+03 -‐1.76E+02 -‐5.47E+01 -‐8.29E+02
UPCDC30341	  (8) 5-‐CO2Me 0.13 0.076 1.47E+03 8.18E+02 9.16E+02 2.05E+03 -‐3.69E+02 -‐2.34E+02 -‐1.71E+03
UPCDC30083	  (9) 5-‐H 0.16 0.1 1.45E+03 3.61E+02 7.36E+02 1.35E+03 -‐1.68E+02 -‐3.24E+01 -‐7.97E+02
UPCDC30317	  (10) 5-‐Cl 0.19 0.14 1.43E+03 1.31E+02 8.92E+02 1.42E+03 -‐1.86E+02 -‐2.26E+01 -‐8.07E+02
UPCDC30288	  (11) 5-‐N3 0.23 0.18 1.38E+03 1.72E+03 1.17E+03 2.14E+03 -‐1.60E+02 -‐2.33E+03 -‐1.15E+03
UPCDC30318	  (12) 5-‐CH3 0.24 0.11 1.22E+03 9.05E+01 8.56E+02 1.51E+03 -‐1.86E+02 -‐1.78E+01 -‐1.03E+03
UPCDC30367	  (14) 5-‐CONHMe 0.45 0.12 1.16E+03 8.97E+02 8.55E+02 1.93E+03 -‐1.89E+02 -‐2.59E+02 -‐2.08E+03
UPCDC30238	  (15) 5-‐OCH3 0.71 0.22 1.14E+03 3.73E+02 6.21E+02 1.45E+03 -‐1.23E+02 -‐5.41E+01 -‐1.13E+03
UPCDC30257	  (16) 5-‐OCF3 3.8 0.8 1.01E+03 5.47E+02 8.20E+02 1.38E+03 -‐1.63E+02 -‐8.52E+02 -‐7.24E+02
UPCDC30345	  (17) 5-‐azaindole 4 1.7 9.70E+02 3.47E+02 8.27E+02 1.34E+03 -‐2.76E+02 -‐3.13E+01 -‐1.24E+03
UPCDC30297	  (18) 5-‐CF3 4.67 2 9.39E+02 6.14E+02 4.53E+02 9.08E+02 -‐9.25E+01 -‐4.56E+02 -‐4.88E+02
UPCDC30381	  (19) 5-‐F,	  7-‐azaindole 4.74 1.3 8.91E+02 7.88E+02 7.74E+02 1.20E+03 -‐7.69E+02 -‐3.69E+01 -‐1.07E+03
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Description	  of	  the	  HINT	  Hydropathic	  Scoring	  Function	  

	  

The	   program	   HINT	   (for	   “Hydropathic	   INTeractions”)	   scores	   a	   summation	   of	   the	  

hydropathic	  interactions	  between	  all	  atom	  pairs	  in	  a	  molecule	  at	  a	  given	  molecular	  

geometry,5-‐7	   and	   was	   used	   to	   score	   the	   binding	   poses	   of	   the	   inhibitors	   from	   this	  

study	   (Table	   S2).	   Hydropathic	   profiles	   consist	   of	   a	   summation	   of	   the	   hydropathic	  

interactions	   between	   all	   atom	  pairs	   in	   a	  molecule	   at	   a	   given	  molecular	   geometry.	  

Hydropathic	   interactions	   are	   divided	   into	   6	  main	   classes.	   The	   “favorable”	   classes	  

consist	   of	   hydrogen	   bonds,	   acid/base,	   and	   hydrophobic	   interactions,	   while	  

acid/acid,	   base/base,	   and	   hydrophobic/polar	   interactions	   are	   the	   “unfavorable”	  

categories.	  Each	  atom	  potential	  type	  has	  a	  corresponding	  hydrophobic	  constant	   ia 	  

derived	  from	  the	  hydrophobic	  fragment	  constant	  approach	  of	  Hansch	  and	  Leo.6,8	  A	  

summation	   of	   all	   of	   these	   constants	   for	   a	   given	   molecule	   results	   in	   the	   total	  

molecular	   partition	   constant	   for	   that	   molecule.	   This	   methodology	   reduces	   the	  

empirical	   information	   from	   bulk	  molecular	   solvent	   partitioning	   to	   discrete	   atom-‐

atom	   interactions.	   Because	   of	   this	   approach,	   the	   hydrophobic	   constants	   derived	  

include	  a	   linear	   free	  estimate	  of	  entropy,	  which	   is	   ignored	   in	  molecular	  mechanics	  

models.	  Thus,	   a	  properly	   constructed	   set	  of	   comparisons	  using	   these	  hydrophobic	  

parameters	   as	   its	   basis	  will	   yield	   a	  much	   richer	   set	   of	   information	   than	  a	  method	  

based	  solely	  on	  parameters	  derived	  from	  mechanics.	  

	   The	   hydropathic	   interaction	   value	   for	   an	   atom	  pair	   ijb 	   is	   a	   function	   of	   the	  

hydrophobic	  constants	  for	  each	  atom,	  the	  distance	  between	  each	  of	  the	  atoms,	  and	  

the	  solvent	  accessible	  surface	  area	  (SASA)	  of	  the	  two	  atoms.	  

ijjjiiij Rasasb = 	  

The	  distance	   function	   in	   the	   form	   r
ij eR −= 	  has	  been	  reported	   to	  give	  a	  good	   fit	   to	  

the	  published	  Leo	  polar	  proximity	  factors.1,8,9	  The	  SASA	  for	  atoms, is ,	   is	  taken	  from	  

literature	   values10	   for	   proteins.	   The	   interaction	   values	   ijb 	   for	   each	   atom	   pair	   are	  

summed	  in	  one	  of	  the	  six	  aforementioned	  categories.	  Atoms	  pairs	  within	  an	  amino	  

acid	   residue,	   atoms	   which	   were	   bonded	   to	   each	   other,	   and	   atoms	   which	   were	  
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involved	  in	  1-‐3	  interactions	  were	  not	  included	  in	  the	  summation.	  	  A	  van	  der	  Waals	  

component	   is	   also	   computed	   for	   each	   atom	   pair	   using	   published	   Lennard-‐Jones	  

parameters.11,12	   This	   penalizes	   atom-‐atom	   interactions	   which	   are	   too	   close	   in	   a	  

manner	  which	  is	  independent	  from	  the	  hydropathic	  interaction.	  
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UPCDC	  30245	  (4)	  Modeling	  and	  Scoring	  Method	  

	  

Model	  of	  the	  5-F-indole	  congener	  (UPCDC30245).	  The	  amphiphilic	  5-‐F	  substituent	  of	  

UPCDC	  30245	  (4)	  can	  bind	   in	  both	   the	  polar	  and	  apolar	  conformations	  of	   the	  bis-‐

Thr	   subsite.	   The	   modeling	   objective	   for	   this	   inhibitor	   was,	   therefore,	   to	   form	  

geometrically	  optimal	  binding	  models	   in	  both	  conformations	  of	   the	  subsite,	  and	  to	  

create	   a	   new	   aromatic	   fluorine	   hydropathic	   constant	   for	   HINT	   quantitation	   –	   to	  

provide	  final	  models	  that	  rank	  ordered	  in	  the	  SAR	  series.	  

	   Complicating	   the	   modeling	   of	   this	   inhibitor:	   1)	   in	   the	   bis-‐Thr	   polar	  

conformation,	   in	   addition	   to	   a	   hydrogen	   bond	   with	   Thr	   509,	   the	   indole	   5-‐F	  

substituent	   can	   hydrogen	   bond	   with	   a	   coordinated	   water	   and	   engage	   in	   a	   multi-‐

polar	   bond	  with	   the	   backbone	   carbonyl	   carbon	   of	   Thr	   613	   and	   2)	   in	   the	   bis-‐Thr	  

apolar	   conformation,	   the	   indole	   5-‐F	   substituent	   can	   bind	   in	   the	   subsite	   within	  

acceptable	   distances	   to	   the	   bis-‐Thr	   side	   chain	   methyls	   (i.e.,	   3.4	   -‐	   3.6	   Å)	   and	   still	  

engage	   in	   a	   multipolar	   bond	   with	   the	   backbone	   carbonyl	   carbon	   of	   Thr	   613.	  

However,	   the	   HINT	   program	   did	   not	   provide	   a	   hydropathic	   constant	   for	   scoring	  

these	   interactions.	   Therefore,	   to	   provide:	   1)	   geometrically	   optimal	   binding	  modes	  

for	  the	  5-‐F	  analog	  in	  both	  conformations	  of	  the	  bis-‐Thr	  subsite	  and	  2)	  a	  new	  HINT	  

constant	   for	   the	   amphiphilic	   aromatic	   fluorine,	   definitive	   geometries	   for	   the	  

intermolecular	  interactions	  of	  this	  substituent	  were	  calculated.	  

	   To	  obtain	  the	  geometries,	  we	  utilized:	  1)	  DFT	  calculation	  models	  to	  place	  the	  

coordinates	  of	  the	  5-‐F-‐indole,	  2)	  observed	  aromatic	  fluorine	  co-‐crystal	  data	  for	  non-‐

bonded	   interactions,	   and	   3)	   findings	   consistent	   with	   F-‐NMR	   data	   from	   the	  

literature.13-‐17	  

	   Quantum	   mechanical	   DFT	   calculations	   were	   used	   to	   find	   the	   optimal	  

distances	  between	   the	  F-‐water	  hydrogen	  bond	  (F-‐H	  and	  F-‐O	  distances)	  and	   the	  F-‐

carbonyl	   carbon	   (multipolar	   bond)	   distance	   using	   formamide	   as	   a	   model	   for	   a	  

backbone	   carbonyl	   carbon.	   For	   the	   relaxed	   coordinate	   scan,	   calculations	   were	  

performed	   using	   the	   Jaguar2	   quantum	   chemistry	   application	   in	   the	   Maestro	  

software	   suite.18	   The	   distances	   of	   interest	   were	   held	   fixed	   while	   the	   rest	   of	   the	  
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molecular	  coordinates	  were	  optimized	  using	  Hartree-‐Fock	  theory	  with	  the	  6-‐31G**	  

basis	  set.	  Each	  point	  was	  optimized	   to	  an	  energy	  difference	  of	   .0005	  Ha.	  Fluorine-‐

hydrogen	  distances	  were	  held	  fixed	  at	  increments	  of	  0.1	  Å	  ranging	  from	  1.8	  to	  2.6	  Å,	  

while	  fluorine-‐oxygen	  and	  fluorine-‐carbon	  distances	  were	  held	  fixed	  at	  increments	  

of	  0.1	  Å	  ranging	   from	  3.0	   to	  5.0	  Å.	  The	  complexes	  were	   then	  optimized	   to	  a	   “fine”	  

level	  using	  DFT	  with	  the	  PW911	  functional.19,20	  The	  results	  are	  shown	  in	  Figure	  S8.	  

	   Figure	  S9	  displays	  binding	  modes	  of	  the	  5-‐F-‐indole	  derivative	  in	  both	  binding	  

modes.	   	  The	  geometries	  of	  the	  final	  binding	  models	  were	  verified	  by	  searching	  the	  

PDB	  for	  non-‐bonded	  binding	  interactions	  between	  protein	  side	  chains	  and	  aromatic	  

fluorine	   geometries	   (i.e.,	   aromatic	   fluorines	   in	   ligands).13,16	   It	  was	   found	   that	  both	  

binding	  modes	  were	   consistent	  with	  high	   resolution	  data.	  Moreover,	  probably	   the	  

most	   studied	  non-‐bonded	   interaction	  work	   involving	   fluorinated	   ligands	  has	  been	  

conducted	  by	  Vulpetti	   and	   colleagues.13-‐17	  Recently,	  Dalvit	   and	  Vulpetti21	   reported	  

specific	  data	  with	  respect	  to	  5-‐F-‐indole	  hydrogen	  bonding	  to	  water.	  It	  is	  clear	  from	  

their	  investigations	  that	  the	  fluorine	  atom,	  when	  substituted	  on	  an	  aromatic	  group,	  

presents	   a	   weak	   hydrogen	   bond	   acceptor	   that	   is	   nonetheless	   stable.	   They	   have	  

further	  suggested	  that	  fluorine	  interactions	  in	  otherwise	  nonpolar	  binding	  subsites	  

may	   in	   fact	   be	   favorable,	   and	   our	   results	   are	   in	   agreement	   with	   their	   “rule	   of	  

shielding.”15	  We	  find	  this	  consistent	  with	  our	  DFT	  scanning	  studies,	  and	  numerous	  

distances	   observed	   in	   the	   PDB.	   Given	   our	   geometries	   were	   consistent	   with	   the	  

literature	   and	   X-‐ray	   data,	   we	   estimated	   a	   new	   hydropathic	   HINT	   constant	   for	   an	  

amphiphilic	   aromatic	   fluorine	   (details	   to	   be	   published	   elsewhere).	   Application	   of	  

this	  constant	  in	  the	  calculation	  of	  the	  5-‐F	  indole	  inhibitor	  binding	  modes	  resulted	  in	  

a	  net	  increase	  of	  288	  favorable	  HINT	  interaction	  points.	  The	  total	  HINT	  score	  for	  the	  

binding	  of	  UPCDC	  30245	  (4)	  was	  consistent	  with	  the	  SAR	  (Table	  S2,	  Figure	  S5).	  
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