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Abstract	
  
	
  

Discovery,	
  characterization,	
  and	
  lead	
  optimization	
  of	
  7-­‐‑azaindole	
  non-­‐‑nucleoside	
  
HIV-­‐‑1	
  reverse	
  transcriptase	
  inhibitors	
  

By	
  Richard	
  A.	
  Stanton	
  
	
  

Current	
  antiretroviral	
  therapy	
  can	
  effectively	
  manage	
  HIV	
  infections,	
  but	
  
often	
  carries	
  unwanted	
  side	
  effects	
  and	
  can	
  select	
  for	
  resistant	
  viral	
  strains.	
  Most	
  
pressingly,	
  it	
  cannot	
  cure	
  infected	
  patients.	
  In	
  an	
  effort	
  to	
  identify	
  new	
  drug	
  
candidates,	
  a	
  library	
  of	
  585	
  compounds	
  built	
  off	
  a	
  novel	
  7-­‐‑azaindole	
  core	
  was	
  
screened	
  for	
  anti-­‐‑HIV	
  activity.	
  Ten	
  hits	
  emerged	
  with	
  submicromolar	
  potency	
  and	
  
little	
  toxicity.	
  	
  Two	
  of	
  these	
  selected	
  mutations	
  on	
  the	
  viral	
  polymerase	
  reverse	
  
transcriptase	
  (RT),	
  in	
  the	
  binding	
  pocket	
  of	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  
inhibitors	
  (NNRTI).	
  NNRTI	
  are	
  a	
  class	
  of	
  allosteric	
  inhibitors	
  of	
  RT,	
  five	
  of	
  which	
  
have	
  been	
  FDA	
  approved	
  for	
  clinical	
  use.	
  Cell-­‐‑free	
  assays	
  verified	
  that	
  three	
  of	
  the	
  
hit	
  compounds	
  directly	
  inhibited	
  the	
  polymerase	
  activity	
  of	
  RT	
  in	
  a	
  manner	
  
consistent	
  with	
  that	
  of	
  other	
  NNRTI.	
  The	
  most	
  promising	
  compound	
  inhibited	
  RT	
  
with	
  submicromolar	
  potency	
  (IC50	
  =	
  0.73	
  μM).	
  However,	
  that	
  is	
  still	
  several	
  log	
  fold	
  
less	
  than	
  existing	
  NNRTI,	
  necessitating	
  further	
  optimization	
  of	
  this	
  compound.	
  

	
  
Unfortunately,	
  optimization	
  of	
  NNRTI	
  using	
  rational	
  design	
  approaches	
  

remains	
  difficult	
  in	
  spite	
  of	
  the	
  availability	
  of	
  >	
  150	
  solved	
  NNRTI-­‐‑bound	
  RT	
  crystal	
  
structures.	
  Because	
  of	
  the	
  diversity	
  of	
  NNRTI,	
  docking	
  results	
  vary	
  largely	
  between	
  
receptor	
  structures.	
  To	
  address	
  this	
  problem,	
  more	
  than	
  40	
  chemical	
  descriptors	
  
were	
  evaluated	
  for	
  their	
  ability	
  to	
  pre-­‐‑select	
  a	
  best	
  receptor	
  for	
  NNRTI	
  cross-­‐‑
docking.	
  The	
  receptor	
  selection	
  was	
  based	
  on	
  similarity	
  scores	
  between	
  the	
  bound-­‐‑	
  
and	
  target-­‐‑ligands	
  generated	
  by	
  each	
  descriptor.	
  The	
  top	
  descriptors	
  were	
  able	
  to	
  
double	
  the	
  probability	
  of	
  cross-­‐‑docking	
  accuracy	
  over	
  random	
  receptor	
  selection.	
  
Additionally,	
  recall	
  of	
  known	
  NNRTI	
  from	
  a	
  large	
  library	
  of	
  similar	
  decoys	
  was	
  
increased	
  using	
  the	
  same	
  approach.	
  

	
  
Applying	
  that	
  method,	
  the	
  lead	
  7-­‐‑azaindole	
  and	
  related	
  analogs	
  were	
  docked	
  

and	
  the	
  resultant	
  structures	
  were	
  used	
  as	
  a	
  basis	
  for	
  free	
  energy	
  perturbation	
  (FEP)	
  
calculations.	
  FEP	
  was	
  used	
  to	
  explore	
  potential	
  modifications	
  of	
  the	
  lead	
  compound	
  
that	
  could	
  increase	
  potency.	
  Of	
  the	
  dozens	
  analyzed,	
  three	
  compounds	
  were	
  chosen	
  
for	
  synthesis	
  and	
  testing,	
  one	
  of	
  which	
  displayed	
  a	
  two-­‐‑fold	
  increase	
  in	
  potency	
  
against	
  RT	
  (IC50	
  =	
  0.36	
  μM).	
  These	
  results	
  suggest	
  that	
  further	
  optimization	
  of	
  the	
  7-­‐‑
azaindole	
  NNRTI	
  may	
  produce	
  more	
  effective	
  anti-­‐‑HIV	
  agents.	
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Glossary	
  

AIDS:	
  acquired	
  immune	
  deficiency	
  syndrome	
  
	
  
Autodock	
  Vina:	
  a	
  docking	
  algorithm	
  form	
  the	
  Scripps	
  Research	
  Institute	
  
	
  
CC50:	
  50%	
  cytoxic	
  concentration	
  
	
  
CD4:	
  cluster	
  of	
  differentiation	
  4,	
  a	
  glycoprotein	
  found	
  on	
  the	
  surface	
  of	
  certain	
  
subsets	
  of	
  immune	
  cells	
  such	
  as	
  T-­‐‑helper	
  cells	
  and	
  macrophages	
  that	
  can	
  act	
  as	
  a	
  co-­‐‑
receptor	
  with	
  antigen-­‐‑presenting	
  cells,	
  and	
  also	
  acts	
  as	
  a	
  co-­‐‑receptor	
  for	
  HIV	
  virion	
  
entry	
  
	
  
CEM:	
  cell	
  line	
  derived	
  from	
  human	
  T-­‐‑lymphoblasts	
  
	
  
cluster:	
  in	
  the	
  context	
  of	
  cheminformatics,	
  a	
  compound	
  set	
  based	
  on	
  similarity	
  to	
  a	
  
given	
  molecule	
  (the	
  cluster	
  center)	
  using	
  a	
  specific	
  descriptor	
  
	
  
ΔΔG:	
  difference	
  in	
  free	
  energies	
  of	
  two	
  different	
  compounds	
  
	
  
descriptor:	
  measurable	
  attribute	
  of	
  a	
  chemical	
  compound’s	
  molecular	
  structure	
  that	
  
can	
  be	
  compared	
  to	
  another	
  compound	
  to	
  determine	
  a	
  Tanimoto	
  similarity	
  
	
  
DLV:	
  delaviridine,	
  a	
  first	
  generation	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitor	
  
	
  
docking:	
  the	
  computational	
  technique	
  of	
  	
  aligning	
  a	
  small	
  molecule	
  into	
  a	
  binding	
  
pocket	
  of	
  a	
  protein	
  (receptor)	
  in	
  order	
  to	
  predict	
  their	
  physiologically	
  relevant	
  
orientation	
  to	
  one	
  another	
  
	
  
EC50:	
  50%	
  effective	
  concentration	
  for	
  reduction	
  in	
  viral	
  replication	
  
	
  
EFV:	
  efavirenz,	
  a	
  first	
  generation	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitor	
  
	
  
ETV:	
  etravirine,	
  a	
  second	
  generation	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitor	
  
	
  
FEP:	
  free	
  energy	
  perturbation,	
  a	
  technique	
  to	
  compare	
  the	
  relative	
  free	
  energy	
  
between	
  two	
  closely	
  related	
  compounds	
  
	
  
Gag:	
  group	
  specific	
  antigen,	
  the	
  polyprotein	
  that	
  makes	
  up	
  the	
  proteins	
  of	
  the	
  HIV	
  
virion	
  interior	
  (including	
  matrix	
  protein,	
  capsid,	
  nucleocapsid,	
  and	
  others)	
  
	
  
HAART:	
  highly	
  active	
  antiretroviral	
  therapy,	
  or	
  the	
  use	
  of	
  a	
  combination	
  of	
  anit-­‐‑HIV	
  
drugs	
  to	
  treat	
  the	
  virus	
  
	
  
HIV-­‐‑1:	
  human	
  immunodeficiency	
  virus-­‐‑1	
  



	
  
IC50:	
  50%	
  inhibitory	
  concentration	
  for	
  reduction	
  of	
  enzyme	
  activity	
  
	
  
MACCS:	
  Molecular	
  Access	
  System	
  structural	
  keys,	
  a	
  publicly	
  available	
  2D	
  descriptor	
  
	
  
MD:	
  molecular	
  dynamics,	
  a	
  computational	
  simulation	
  of	
  the	
  movement	
  of	
  atoms	
  
	
  
MOI:	
  multiplicity	
  of	
  infection,	
  ratio	
  of	
  virus	
  added	
  to	
  cells	
  in	
  a	
  culture	
  
	
  
MTT:	
  3-­‐‑(4,5-­‐‑dimethylthiazol-­‐‑2-­‐‑yl)-­‐‑2,5-­‐‑diphenyltetrazolium	
  bromide,	
  a	
  dye	
  used	
  in	
  
an	
  assay	
  to	
  assess	
  cell	
  viability	
  
	
  
NAMD:	
  Nanpscale	
  Atomic	
  Molecular	
  Dynamics,	
  a	
  molecular	
  dynamics	
  program	
  from	
  
the	
  University	
  of	
  Illinois	
  at	
  Urbana-­‐‑Champaign	
  
	
  
NNRTI:	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitors,	
  a	
  class	
  of	
  allosteric	
  
inhibitors	
  of	
  HIV-­‐‑1	
  reverse	
  transcriptase	
  
	
  
NNRTI-­‐‑BP:	
  non-­‐‑nucleoside	
  revere	
  transcriptase	
  binding	
  pocket,	
  the	
  allosteric	
  
pocket	
  on	
  the	
  HIV-­‐‑1	
  reverse	
  transcriptase	
  enzyme	
  that	
  binds	
  inhibitors	
  
	
  
NRTI:	
  nucleoside/tide	
  reverse	
  transcriptase	
  inhibitors,	
  a	
  class	
  of	
  inhibitors	
  of	
  HIV	
  
reverse	
  transcriptase	
  that	
  act	
  as	
  obligate	
  chain	
  terminators	
  of	
  viral	
  DNA	
  
	
  
NVP:	
  nevirapine,	
  a	
  first	
  generation	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitor	
  
	
  
PBM:	
  peripheral	
  blood	
  mononuclear	
  cells,	
  extracted	
  from	
  whole	
  blood	
  and	
  including	
  
lympohcytes	
  and	
  monocytes	
  
	
  
PDB:	
  Protein	
  Data	
  Bank,	
  a	
  public	
  repository	
  for	
  experimentally	
  solved	
  protein	
  
strucutres	
  
	
  
pharmacophore:	
  an	
  atom	
  or	
  group	
  of	
  atoms	
  on	
  a	
  molecule	
  that	
  posess	
  a	
  specific	
  
chemical	
  property	
  that	
  can	
  affect	
  binding	
  or	
  activity	
  
	
  
PI:	
  protease	
  inhibitors,	
  a	
  class	
  of	
  active	
  site	
  inhibitors	
  of	
  HIV	
  protease	
  
	
  
Pol:	
  the	
  polyprotein	
  of	
  the	
  HIV	
  viral	
  enzymes	
  (protease,	
  reverse	
  transcriptase,	
  and	
  
integrase)	
  
	
  
receptor:	
  in	
  the	
  context	
  of	
  docking,	
  the	
  protein	
  structure	
  into	
  which	
  the	
  new	
  ligand	
  
is	
  placed	
  
	
  
RMSD:	
  root	
  mean	
  squared	
  distance,	
  determined	
  by	
  the	
  average	
  displacement	
  of	
  
atoms	
  in	
  one	
  compound	
  compared	
  to	
  another	
  
	
  



ROC	
  curve:	
  Receiver	
  Operator	
  Characteristic	
  curve,	
  a	
  plot	
  of	
  the	
  percent	
  of	
  a	
  sample	
  
inspected	
  to	
  the	
  amount	
  of	
  the	
  desired	
  sample	
  identified	
  to	
  compare	
  multiple	
  means	
  
of	
  differntiation	
  
	
  
RPV:	
  rilpivirine,	
  a	
  second	
  generation	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitor	
  
	
  
RT:	
  reverse	
  transcriptase,	
  the	
  HIV	
  viral	
  enzyme	
  that	
  acts	
  as	
  a	
  polymerase	
  to	
  convert	
  
single	
  stranded	
  viral	
  RNA	
  into	
  double	
  stranded,	
  proviral	
  DNA	
  through	
  reverse	
  
transcription	
  
	
  
RTC:	
  reverse	
  transcriptase	
  complex,	
  the	
  multi-­‐‑component	
  complex	
  where	
  rever	
  
transcription	
  occurs,	
  derived	
  from	
  the	
  post-­‐‑fusion	
  virion	
  found	
  in	
  the	
  cytoplasm	
  	
  
	
  
7-­‐‑azaindole:	
  bicyclic	
  fused	
  5-­‐‑member	
  pyrrole	
  and	
  6	
  member	
  pyridine	
  ring	
  
compound	
  similar	
  to	
  an	
  indole	
  with	
  an	
  N	
  substitution	
  at	
  C-­‐‑7	
  
	
  
Tanimoto	
  similarity:	
  measure	
  of	
  similarity	
  between	
  two	
  chemical	
  compounds	
  on	
  a	
  
normalized	
  scale	
  from	
  0	
  (no	
  similarity)	
  to	
  1	
  (complete	
  similarity,	
  such	
  as	
  from	
  the	
  
same	
  molecule)	
  
	
  
VERO:	
  cell	
  line	
  derived	
  from	
  African	
  green	
  monkey	
  kidney	
  epithelial	
  cells	
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1.1	
  Treatment	
  of	
  HIV	
  Infections	
  

	
   Since	
  the	
  first	
  recognized	
  cases	
  emerged	
  in	
  1981	
  (1),	
  acquired	
  immune	
  

deficiency	
  syndrome	
  (AIDS)	
  has	
  caused	
  more	
  than	
  34	
  million	
  deaths,	
  and	
  there	
  are	
  

presently	
  more	
  than	
  37	
  million	
  infected	
  individuals	
  with	
  the	
  human	
  

immunodeficiency	
  virus-­‐‑1	
  (HIV-­‐‑1)	
  worldwide	
  (2).	
  HIV-­‐‑1	
  is	
  a	
  lentivirus	
  that	
  targets	
  

CD4+	
  T-­‐‑cells,	
  leading	
  to	
  their	
  rapid	
  decline,	
  which	
  results	
  in	
  a	
  loss	
  of	
  immune	
  

function	
  as	
  the	
  infection	
  progresses	
  to	
  AIDS	
  (3).	
  While	
  there	
  is	
  no	
  known	
  curative	
  

treatment,	
  there	
  are	
  29	
  FDA	
  approved	
  antiretroviral	
  drugs.	
  Combinations	
  of	
  these	
  

drugs	
  are	
  used	
  simultaneously	
  as	
  highly	
  active	
  antiretroviral	
  therapy,	
  or	
  HAART,	
  

which	
  can	
  suppress	
  viral	
  load	
  to	
  levels	
  below	
  detectable	
  limits	
  (4).	
  However,	
  

prolonged	
  use	
  of	
  existing	
  drugs	
  is	
  often	
  associated	
  with	
  unpleasant	
  side	
  effects	
  (5)	
  

and	
  can	
  select	
  for	
  resistant	
  mutations	
  (4),	
  underscoring	
  the	
  ongoing	
  need	
  for	
  new	
  

therapeutic	
  agents.	
  

Shortly	
  after	
  HIV-­‐‑1	
  was	
  first	
  isolated	
  from	
  the	
  lymph	
  nodes	
  of	
  an	
  infected	
  

patient	
  (6),	
  work	
  began	
  to	
  discover	
  compounds	
  that	
  could	
  safely	
  and	
  effectively	
  

inhibit	
  viral	
  replication.	
  Several	
  classes	
  of	
  drugs	
  targeting	
  different	
  steps	
  of	
  the	
  viral	
  

replication	
  cycle	
  have	
  since	
  been	
  discovered	
  and	
  put	
  into	
  clinical	
  use	
  (Fig.	
  1.1).	
  	
  

	
   	
  



	
   3	
  

	
  
	
  
Figure	
  1.1.	
  HIV	
  replication	
  cycle	
  (a)	
  and	
  FDA	
  approved	
  inhibitors	
  (b).	
  
	
   	
  

Step Process Enzymes FDA2Approved2Drugs

1 Entry
Viral:,gp120,and,gp413,
Host:,CD4,,CXCR4,,
and,CCR5

Entry&Inhibitor:,maraviroc

Fusion&Inhibitor:,enfuvirtide

2 Reverse
Transcription

Viral:,reverse,
transcriptase

Nucleoside&Reverse&Transcriptase&Inhibitors:
zidovudine,,didanosine,,stavudine,,lamivudine,,
saquinavir,,abacavir,,tenofovir,,emtricitabine

Nonnucleoside Reverse&Transcriptase&&Inhibitors:
nevirapine,,delavirdine,,efavrienz,,etravirine,,rilpivirine

3 Integration Viral:,integrase Integrase Strand&Transfer&Inhibitors:,raltegravir,,
dolutegravir

4 Transcription Viral:,tat3
Host:,RNA,Pol,II

5 Translation Viral:,rev3,
Host:,ribosome

6 Assembly Viral: Gag,polyprotein

7 Budding Viral:,p6Gag3,
Host:,ESCRT,complex

8 Maturation Viral:,protease
Protease Inhibitors:,ritonavir,,indinavir,,nelfinavir,,
lopinavir,,atazanavir, fosamprenavir,,tipranavir,,
darunavir

1

2 3 4 5 6 7

8

ssRNA
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RT IN
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Nucleus

ssRNATat

CD4+ T*cell
a

b



	
   4	
  

The	
  first	
  stage	
  of	
  the	
  viral	
  replication	
  process	
  can	
  be	
  inhibited	
  by	
  CCR5	
  (7)	
  

and	
  fusion	
  inhibitors	
  (8),	
  which	
  prevent	
  virion	
  entry	
  into	
  the	
  host	
  cell.	
  The	
  next	
  step	
  

of	
  viral	
  replication	
  is	
  mediated	
  by	
  the	
  enzyme	
  reverse	
  transcriptase	
  (RT),	
  and	
  is	
  

inhibited	
  by	
  two	
  classes	
  of	
  FDA	
  approved	
  compounds,	
  nucleoside/tide	
  reverse	
  

transcriptase	
  inhibitors	
  (NRTI)	
  (9)	
  and	
  nonnucleoside	
  reverse	
  transcriptase	
  

inhibitors	
  (NNRTI)	
  (10).	
  Integrase	
  strand	
  transfer	
  inhibitors	
  act	
  at	
  the	
  next	
  step,	
  

preventing	
  integration	
  of	
  the	
  viral	
  cDNA	
  into	
  the	
  host	
  genome	
  (11).	
  Protease	
  

inhibitors	
  (PI)	
  act	
  at	
  the	
  final	
  stages,	
  and	
  can	
  halt	
  maturation	
  into	
  infective	
  virions	
  

both	
  within	
  and	
  outside	
  the	
  cell	
  (12).	
  

NRTIs	
  were	
  the	
  first	
  widely	
  used	
  monotherapy	
  agents	
  to	
  treats	
  AIDS,	
  and	
  

they	
  conferred	
  improvements	
  in	
  CD4	
  counts	
  and	
  other	
  measures	
  of	
  disease	
  

progression	
  (13).	
  However,	
  the	
  rapid	
  emergence	
  of	
  resistant	
  strains	
  led	
  to	
  virologic	
  

rebound,	
  making	
  prolonged	
  use	
  of	
  the	
  same	
  drug	
  ineffective	
  (14).	
  The	
  ensuing	
  

development	
  of	
  PIs	
  and	
  NNRTIs	
  allowed	
  compounds	
  with	
  different	
  viral	
  targets	
  to	
  

be	
  used	
  simultaneously	
  to	
  treat	
  HIV	
  infections,	
  which	
  increased	
  the	
  barrier	
  of	
  

resistance	
  as	
  several	
  mutations	
  across	
  the	
  genome	
  would	
  be	
  required	
  to	
  decrease	
  

multiple	
  the	
  potencies	
  of	
  multiple	
  drugs	
  (15).	
  The	
  advent	
  of	
  HAART	
  has	
  led	
  to	
  a	
  

drastic	
  extension	
  in	
  the	
  life	
  expectancy	
  of	
  HIV-­‐‑infected	
  individuals,	
  which	
  was	
  

recently	
  estimated	
  to	
  be	
  75	
  years	
  (16).	
  First	
  line	
  treatment	
  for	
  new	
  HIV	
  infections	
  

now	
  always	
  includes	
  multiple	
  drug	
  classes	
  to	
  decrease	
  resistance	
  selection,	
  as	
  WHO	
  

recommends	
  two	
  NRTI	
  (TDF	
  +	
  3TC	
  or	
  FTC)	
  and	
  one	
  NNRTI	
  (EFV)	
  (17),	
  while	
  the	
  

NIH	
  suggests	
  the	
  same	
  NRTI	
  backbone	
  but	
  with	
  either	
  an	
  integrase	
  inhibitor	
  

(daltegravir)	
  or	
  a	
  PI	
  (darunavir)	
  (18).	
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While	
  HAART	
  increases	
  the	
  genetic	
  barrier	
  to	
  resistance,	
  it	
  does	
  not	
  provide	
  

an	
  impenetrable	
  defense	
  against	
  mutations.	
  In	
  fact,	
  drug	
  resistance	
  mutants	
  to	
  every	
  

class	
  of	
  antiretrovirals	
  have	
  been	
  documented	
  in	
  patients	
  (4),	
  and	
  in	
  clinical	
  trials	
  

up	
  to	
  9.1%	
  of	
  patients	
  receiving	
  first	
  line	
  HAART	
  regimens	
  see	
  resistant	
  strains	
  

emerge	
  after	
  96	
  weeks	
  of	
  treatment	
  (19).	
  The	
  problem	
  of	
  resistance	
  is	
  further	
  

complicated	
  by	
  the	
  fact	
  that	
  such	
  strains	
  may	
  also	
  directly	
  transmitted	
  (20).	
  

Another	
  drawback	
  of	
  HAART	
  is	
  the	
  side	
  effects	
  associated	
  with	
  taking	
  

multiple	
  drugs	
  simultaneously.	
  Prolonged	
  use	
  of	
  HAART	
  is	
  often	
  associated	
  with	
  

nephrotoxicity,	
  bone	
  mineral	
  density	
  loss,	
  neurological	
  problems,	
  cardiovascular	
  

disease,	
  and	
  hepatotoxicity	
  (21).	
  Additionally,	
  HAART-­‐‑related	
  polypharmacy	
  can	
  

also	
  increase	
  drug-­‐‑drug	
  interactions	
  with	
  commonly	
  prescribed	
  medications	
  such	
  as	
  

statins,	
  antibiotics,	
  and	
  antipsychotics	
  (18).	
  These	
  side	
  effects	
  can	
  lead	
  to	
  treatment	
  

disruptions,	
  which	
  can	
  contribute	
  to	
  virologic	
  rebound	
  (22).	
  

Most	
  pressingly,	
  current	
  antiretroviral	
  regimens	
  cannot	
  completely	
  eliminate	
  

the	
  virus	
  from	
  the	
  body.	
  Recent	
  research	
  suggests	
  that	
  the	
  persistence	
  of	
  HIV	
  is	
  due	
  

in	
  large	
  part	
  to	
  viral	
  reservoirs,	
  specific	
  tissues	
  where	
  viral	
  replication	
  continues	
  

despite	
  drug	
  treatment	
  (23).	
  These	
  reservoirs	
  can	
  persist	
  due	
  to	
  poor	
  drug	
  

penetration	
  to	
  the	
  lymph	
  nodes	
  (24)	
  or	
  across	
  the	
  blood	
  brain	
  barrier	
  (25),	
  direct	
  

cell-­‐‑to-­‐‑cell	
  transfer	
  of	
  virions	
  (26),	
  or	
  changes	
  in	
  viral	
  replication	
  dynamics	
  

occurring	
  in	
  certain	
  cells,	
  such	
  as	
  macrophages	
  (27).	
  

Because	
  of	
  these	
  shortcomings,	
  the	
  need	
  for	
  new	
  compounds	
  to	
  treat	
  HIV-­‐‑1	
  

infections	
  remains	
  steadfast.	
  This	
  work	
  focuses	
  on	
  the	
  discovery,	
  characterization,	
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and	
  optimization	
  of	
  a	
  new	
  chemical	
  class	
  of	
  NNRTI,	
  which	
  may	
  eventually	
  help	
  

address	
  some	
  of	
  the	
  ongoing	
  needs	
  related	
  to	
  current	
  HAART.	
  

1.2	
  Reverse	
  Transcriptase	
  

	
   The	
  target	
  of	
  NNRTI,	
  reverse	
  transcriptase	
  (RT),	
  is	
  a	
  multifunctional	
  viral	
  

enzyme	
  responsible	
  for	
  converting	
  the	
  single	
  stranded	
  RNA	
  genome	
  of	
  HIV	
  into	
  a	
  

double	
  stranded	
  proviral	
  DNA	
  (Step	
  2	
  from	
  Fig.	
  1.1).	
  After	
  fusion,	
  entry,	
  and	
  

uncoating	
  of	
  the	
  virion,	
  reverse	
  transcription	
  occurs	
  in	
  the	
  cytoplasm	
  and	
  within	
  the	
  

reverse	
  transcriptase	
  complex	
  (RTC),	
  which	
  includes	
  several	
  viral	
  and	
  host	
  proteins	
  

in	
  addition	
  to	
  RT	
  (28-­‐‑30).	
  Reverse	
  transcription	
  occurs	
  discontinuously	
  over	
  

multiple	
  steps	
  (Fig.	
  1.2),	
  and	
  involves	
  the	
  RNA-­‐‑primed	
  DNA	
  polymerase,	
  

ribonuclease	
  (RNase)	
  H1,	
  and	
  DNA-­‐‑primed	
  DNA	
  polymerase	
  functions	
  of	
  RT,	
  in	
  

addition	
  to	
  several	
  strand-­‐‑transfers	
  (31).	
  RT	
  lacks	
  spell	
  checking	
  and	
  has	
  a	
  very	
  high	
  

error	
  rate	
  (>1/1700	
  incorporated	
  bases)	
  (32),	
  which,	
  along	
  with	
  the	
  high	
  replicative	
  

output	
  of	
  the	
  virus	
  (~1-­‐‑10	
  billion	
  viroins	
  produced/day)	
  (33),	
  contributes	
  to	
  the	
  

rapid	
  emergence	
  of	
  drug	
  resistant	
  mutations	
  in	
  HIV.	
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Figure	
  1.2.	
  HIV	
  reverse	
  transcription	
  occurs	
  as	
  a	
  series	
  of	
  discreet	
  steps.	
  The	
  initial	
  
single	
  stranded	
  RNA	
  viral	
  genome	
  is	
  primed	
  with	
  Lys3	
  tRNA,	
  bound	
  at	
  the	
  primer	
  
binding	
  site	
  (pbs)	
  (a).	
  Negative	
  sense	
  DNA	
  strand	
  polymerization	
  begins	
  at	
  pbs,	
  with	
  
concurrent	
  Rnase	
  H	
  degradation	
  of	
  RNA	
  (b).	
  Minus	
  strand	
  transfer	
  aligns	
  nascent	
  
DNA	
  with	
  R	
  sequence	
  of	
  3’	
  end	
  of	
  RNA	
  (c).	
  Minus	
  strand	
  DNA	
  polymerization	
  
continues	
  along	
  with	
  Rnase	
  H	
  degradation	
  of	
  RNA	
  (d).	
  Plus	
  strand	
  synthesis	
  begins	
  
and	
  Rnase	
  H	
  degrades	
  tRNA,	
  save	
  rA	
  from	
  the	
  30	
  end	
  (e).	
  Plus	
  strand	
  transfer	
  aligns	
  
nascent	
  DNA	
  strands	
  at	
  pbs	
  (f).	
  Extension	
  of	
  the	
  plus	
  and	
  minus	
  strand	
  results	
  in	
  full	
  
viral	
  cDNA	
  (g).	
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   RT	
  is	
  117	
  kDa	
  heterodimer	
  consisting	
  of	
  an	
  enzymatic	
  p66	
  subunit	
  and	
  an	
  

inactive	
  p55	
  subunit,	
  which	
  serves	
  as	
  a	
  structural	
  scaffold.	
  It	
  is	
  initially	
  translated	
  as	
  

part	
  of	
  the	
  Gag-­‐‑Pol	
  precursor	
  polyprotein,	
  and	
  then	
  processed	
  by	
  the	
  viral	
  protease	
  

during	
  maturation	
  into	
  its	
  functional	
  subunits	
  (34).	
  The	
  enzyme	
  has	
  separate	
  

polymerase-­‐‑	
  and	
  RNase	
  H-­‐‑active	
  sites	
  at	
  opposite	
  ends	
  of	
  its	
  structure,	
  and	
  like	
  

other	
  viral	
  polymerases	
  is	
  shaped	
  like	
  a	
  right	
  hand	
  holding	
  the	
  nucleopolymer	
  with	
  

a	
  thumb,	
  fingers,	
  and	
  palm	
  subdomain	
  of	
  p66	
  (Fig.	
  1.3)	
  (35).	
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Figure	
  1.3.	
  Right	
  hand	
  model	
  of	
  HIV-­‐‑1	
  reverse	
  transcriptase.	
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1.3	
  RT-­‐‑Targeting	
  Compounds	
  

After	
  HIV-­‐‑1	
  was	
  identified	
  as	
  a	
  retrovirus	
  (36),	
  compounds	
  known	
  to	
  inhibit	
  

reverse	
  transcription	
  were	
  logically	
  assessed	
  as	
  potential	
  anti-­‐‑HIV	
  drugs.	
  

Accordingly,	
  the	
  first	
  FDA-­‐‑approved	
  antiretroviral	
  was	
  the	
  NRTI	
  AZT	
  (12).	
  Since	
  

that	
  time	
  twelve	
  other	
  compounds	
  compounds	
  targeting	
  RT	
  have	
  been	
  approved	
  for	
  

clinical	
  use,	
  with	
  many	
  more	
  from	
  in	
  various	
  stages	
  of	
  development	
  (37).	
  There	
  are	
  

two	
  classes	
  of	
  anti-­‐‑RT	
  compounds	
  used	
  clinically:	
  Nucleoside/tide	
  reverse	
  

transcriptase	
  inhibitors	
  (NRTI)	
  and	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitors	
  

(NNRTI).	
  Two	
  other	
  experimental	
  classes	
  of	
  inhibitors	
  have	
  been	
  identified	
  

(nucleotide	
  competing	
  reverse	
  transcriptase	
  inhibitors	
  (38)	
  and	
  RNase	
  H	
  inhibitors	
  

(39))	
  but	
  have	
  not	
  been	
  used	
  clinically.	
  

	
   NRTI	
  are	
  the	
  most	
  widely	
  used	
  antiretroviral	
  agents	
  in	
  HIV	
  infected	
  persons	
  

and	
  make	
  up	
  the	
  backbone	
  of	
  HAART.	
  Administered	
  as	
  prodrugs,	
  NRTIs	
  undergo	
  

intracellular	
  phosphorylation	
  and	
  then	
  compete	
  with	
  natural	
  nucleotides	
  for	
  

incorporation	
  into	
  the	
  nascent	
  DNA	
  strand,	
  where	
  they	
  act	
  as	
  obligate	
  chain	
  

terminators	
  since	
  they	
  lack	
  a	
  3’-­‐‑OH	
  group	
  (9).	
  There	
  are	
  currently	
  eight	
  FDA	
  

approved	
  NRTI,	
  and	
  they	
  generally	
  have	
  favorable	
  pharmacokinetic	
  profiles	
  

resulting	
  in	
  high	
  plasma	
  concentrations	
  (40).	
  Like	
  all	
  available	
  anti-­‐‑HIV	
  compounds,	
  

their	
  long	
  term	
  use	
  can	
  lead	
  to	
  harmful	
  side	
  effects	
  and	
  resistant	
  mutations	
  (41).	
  

The	
  other	
  class	
  of	
  RT-­‐‑targeting	
  compounds	
  used	
  clinically,	
  non-­‐‑nucleoside	
  

reverse	
  transcriptase	
  inhibitors	
  (NNRTI)	
  are	
  the	
  main	
  topic	
  of	
  this	
  work.	
  They	
  are	
  a	
  

chemically	
  diverse	
  class	
  of	
  allosteric	
  inhibitors	
  of	
  RT,	
  five	
  which	
  are	
  currently	
  FDA	
  

approved	
  (42).	
  	
  The	
  first-­‐‑generation	
  NNRTI	
  (nevirapine	
  (NVP),	
  efavirenz	
  (EFV),	
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delaviridine	
  (DLV),	
  Fig.	
  1.4)	
  select	
  RT	
  mutants	
  such	
  as	
  K103N	
  in	
  patients,	
  which	
  

confers	
  resistance	
  to	
  all	
  three	
  compounds	
  (43).	
  Subsequent	
  efforts	
  to	
  identify	
  

compounds	
  active	
  against	
  mutants	
  selected	
  by	
  those	
  compounds	
  led	
  to	
  the	
  

development	
  of	
  the	
  two	
  second-­‐‑generation	
  compounds	
  (etravirine	
  (ETV),	
  and	
  

rilpivirine	
  (RPV),	
  Fig.	
  1.4)	
  (44),	
  which	
  have	
  different	
  resistance	
  profiles	
  (45).	
  The	
  

following	
  sections	
  address	
  the	
  specifics	
  of	
  binding,	
  mechanism	
  of	
  action,	
  mutants,	
  

and	
  side	
  effects	
  of	
  this	
  class	
  of	
  drugs.	
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Figure	
  1.4.	
  FDA	
  approved	
  non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitors.	
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1.4	
  NNRTI	
  Binding	
  

	
   The	
  NNRTI-­‐‑binding	
  pocket	
  (NNRTI-­‐‑BP)	
  is	
  found	
  in	
  the	
  palm	
  region	
  of	
  the	
  

p66	
  subunit	
  of	
  RT,	
  ~	
  10	
  Å	
  away	
  from	
  the	
  polymerase	
  active	
  site	
  and	
  60	
  Å	
  away	
  from	
  

the	
  RNase	
  H1	
  active	
  site	
  (Fig.	
  1.3).	
  It	
  is	
  formed	
  between	
  two,	
  three-­‐‑strand	
  

antiparallel	
  β	
  sheets,	
  one	
  made	
  of	
  the	
  β6-­‐‑β10-­‐‑β11	
  strands	
  and	
  the	
  other	
  by	
  the	
  β12-­‐‑

β13-­‐‑β14	
  strands.	
  The	
  NNRTI-­‐‑BP	
  does	
  not	
  exist	
  in	
  crystal	
  structures	
  solved	
  without	
  

inhibitors	
  (46),	
  suggesting	
  that	
  binding	
  is	
  fully	
  induced	
  fit.	
  The	
  binding	
  pocket	
  is	
  

formed	
  by	
  the	
  flipping	
  of	
  the	
  side	
  chains	
  of	
  residues	
  Y181	
  and	
  Y188	
  (46),	
  and	
  both	
  

of	
  those	
  as	
  well	
  as	
  V106	
  and	
  W229	
  are	
  involved	
  in	
  the	
  largely	
  hydrophobic	
  binding	
  

of	
  NNRTI	
  (47),	
  though	
  specific	
  residue	
  interaction	
  patterns	
  vary	
  between	
  

compounds	
  (Fig.	
  1.5).	
  Hydrogen	
  bonding	
  can	
  with	
  the	
  backbones	
  of	
  residues	
  K101	
  

(EFV	
  (48),	
  ETV,	
  and	
  RPV	
  (49))	
  or	
  K103	
  (DLV	
  (50))	
  can	
  also	
  occur,	
  though	
  again	
  

these	
  interactions	
  are	
  not	
  generalizable.	
  	
  So	
  while	
  they	
  all	
  occupy	
  the	
  same	
  pocket,	
  

the	
  specific	
  binding	
  patterns	
  between	
  the	
  protein	
  and	
  the	
  small	
  molecules	
  vary	
  from	
  

compound	
  to	
  compound,	
  making	
  rational	
  design	
  and	
  optimization	
  of	
  new	
  NNRTI	
  

challenging.	
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Figure	
  1.5.	
  Non-­‐‑nucleoside	
  reverse	
  transcriptase	
  binding	
  pocket	
  without	
  drug	
  (a)or	
  
bound	
  to	
  FDA-­‐‑approved	
  nevirapine	
  (b),	
  efavirenz	
  (c),	
  delavirdine	
  (d),	
  etravirine	
  (e),	
  
and	
  rilpivirine	
  (f).	
  Hydrogen	
  bonds	
  are	
  shown	
  as	
  green	
  dashed	
  lines.	
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1.5	
  NNRTI	
  Mechanisms	
  of	
  Action	
  

	
   While	
  it	
  is	
  recognized	
  that	
  all	
  NNRTI	
  bind	
  to	
  the	
  same	
  pocket,	
  there	
  may	
  be	
  

multiple	
  mechanisms	
  by	
  which	
  they	
  inhibit	
  the	
  enzyme,	
  depending	
  on	
  both	
  the	
  

compound	
  and	
  the	
  stage	
  of	
  the	
  viral	
  replication	
  cycle	
  binding	
  occurs	
  (42).	
  

Broadly	
  speaking,	
  the	
  chief	
  mechanism	
  of	
  NNRTI	
  is	
  inhibition	
  of	
  DNA	
  

polymerization	
  by	
  RT.	
  This	
  inhibition	
  can	
  be	
  non-­‐‑competitive	
  and/or	
  uncompetitive	
  

depending	
  on	
  the	
  drug	
  (43)	
  and	
  can	
  affect	
  various	
  points	
  in	
  catalytic	
  cycle	
  of	
  the	
  

enzyme	
  (Scheme	
  1.1).	
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Scheme	
  1.1.	
  HIV	
  RT	
  catalytic	
  cycle	
  with	
  and	
  without	
  NNRTI	
  (I).	
  Studies	
  by	
  Spence	
  et	
  
al.	
  (45)	
  and	
  Rittinger	
  et	
  al.	
  (54)	
  suggest	
  that	
  the	
  chemistry	
  step	
  (4’)	
  is	
  rate	
  limiting	
  
when	
  RT	
  is	
  drug	
  bound,	
  while	
  more	
  recent	
  work	
  from	
  Bec	
  et	
  al.	
  (56)	
  and	
  Schauer	
  et	
  
al.	
  (57)	
  suggest	
  that	
  the	
  nucleotide	
  binding	
  step	
  (2’)	
  is	
  rate	
  limiting.	
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Three	
  hypotheses	
  for	
  the	
  allosteric	
  mechanism	
  of	
  inhibition	
  have	
  been	
  

suggested	
  by	
  structural	
  studies:	
  (1)	
  The	
  NNRTI-­‐‑BP	
  may	
  act	
  as	
  a	
  hinge	
  region	
  

between	
  the	
  thumb	
  and	
  palm	
  domains	
  of	
  the	
  enzyme,	
  and	
  drug	
  binding	
  could	
  slow	
  

down	
  or	
  halt	
  the	
  mobility	
  of	
  the	
  thumb,	
  preventing	
  translocation	
  and	
  elongation	
  of	
  

DNA.	
  This	
  emerged	
  from	
  examination	
  of	
  the	
  first	
  structure	
  of	
  RT	
  in	
  complex	
  with	
  

NVP	
  determined	
  by	
  X-­‐‑ray	
  crystallography	
  (Fig.	
  1.6)	
  (35);	
  (2)	
  A	
  rearrangement	
  of	
  

the	
  conserved	
  catalytic	
  triad	
  of	
  the	
  polymerase	
  active	
  site	
  (residues	
  110,	
  185,	
  and	
  

186,	
  Fig.	
  1.7)	
  occurs	
  upon	
  drug	
  binding,	
  resulting	
  in	
  a	
  rigid,	
  catalytically	
  inactive	
  

conformation.	
  This	
  was	
  proposed	
  after	
  comparing	
  several	
  structures	
  of	
  NNRTI-­‐‑RT	
  

complexes	
  to	
  that	
  of	
  the	
  recently	
  solved	
  apoenzyme	
  (51);	
  (3)	
  The	
  conformational	
  

changes	
  induced	
  by	
  NNRTI	
  binding	
  lead	
  to	
  a	
  repositioning	
  of	
  the	
  DNA	
  away	
  from	
  the	
  

active	
  site	
  of	
  RT,	
  preventing	
  successful	
  catalysis.	
  This	
  conclusion	
  was	
  reached	
  after	
  

the	
  structure	
  of	
  RT	
  bound	
  to	
  DNA	
  was	
  solved	
  and	
  compared	
  back	
  to	
  the	
  NNRTI-­‐‑RT	
  

complexes	
  (Fig.	
  1.8)	
  (52).	
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Figure	
  1.6.	
  Restriction	
  of	
  thumb	
  region	
  mobility	
  of	
  NNRTI	
  bound	
  RT.	
  The	
  thumb	
  
region	
  (green)	
  of	
  NVP-­‐‑bound	
  RT	
  is	
  superimposed	
  on	
  the	
  crystal	
  structure	
  of	
  the	
  pre-­‐‑
catlytic	
  tertiary	
  complex	
  (RT	
  +	
  DNA	
  +	
  dNTP).	
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Figure	
  1.7.	
  Rearrangement	
  of	
  catalytic	
  triad	
  upon	
  NNRTI	
  binding.	
  NVP-­‐‑bound	
  RT	
  
(green)	
  aligned	
  to	
  crystal	
  structure	
  of	
  apoenzyme	
  shows	
  rearrangement	
  of	
  side	
  
chains	
  of	
  the	
  residues	
  of	
  D110,	
  D185,	
  and	
  D186,	
  the	
  catalytic	
  triad	
  (inset).	
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Figure	
  1.8.	
  Movement	
  of	
  primer	
  away	
  from	
  active	
  site	
  upon	
  NNRTI	
  binding.	
  NVP-­‐‑
bound	
  RT-­‐‑DNA	
  complex	
  has	
  the	
  3’	
  end	
  of	
  the	
  primer	
  moved	
  >	
  5	
  Å	
  away	
  from	
  the	
  
enzyme	
  active	
  site	
  (inset).	
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Additional	
  structural	
  research	
  has	
  suggested	
  that	
  these	
  hypotheses	
  may	
  not	
  

be	
  mutually	
  exclusive.	
  The	
  first	
  two	
  hypotheses,	
  which	
  both	
  suggest	
  that	
  the	
  drugs	
  

decrease	
  enzyme	
  dynamicity,	
  were	
  supported	
  by	
  hydrogen-­‐‑deuterium	
  exchange	
  

experiments	
  with	
  RT	
  that	
  showed	
  that	
  EFV-­‐‑bound	
  enzymes	
  exhibit	
  less	
  mobility	
  in	
  

solution	
  than	
  the	
  apoenzyme	
  (53;	
  54).	
  Later,	
  the	
  crystal	
  structure	
  of	
  NVP	
  bound	
  to	
  

an	
  RT-­‐‑DNA	
  complex	
  suggested	
  that	
  both	
  the	
  second	
  and	
  third	
  hypothesis	
  could	
  co-­‐‑

exist,	
  as	
  the	
  active	
  site	
  featured	
  a	
  rearranged	
  YMDD	
  motif	
  and	
  the	
  3’-­‐‑end	
  of	
  the	
  

primer	
  strand	
  of	
  DNA	
  was	
  pulled	
  away	
  from	
  the	
  active	
  site	
  (Figure	
  1.8),	
  preventing	
  

incoming	
  nucleotides	
  from	
  binding	
  to	
  the	
  crystallized	
  structure	
  (55).	
  	
  

Studies	
  of	
  pre-­‐‑steady	
  state	
  RT	
  kinetics	
  have	
  also	
  suggested	
  several	
  possible	
  

mechanisms	
  of	
  NNRTI	
  action.	
  Early	
  experiments	
  suggested	
  that	
  NVP	
  inhibits	
  only	
  

the	
  chemical	
  step	
  of	
  RT-­‐‑catalyzed	
  DNA	
  polymerization	
  (Scheme	
  1.1),	
  with	
  little	
  

effect	
  on	
  the	
  binding	
  affinities	
  for	
  DNA	
  or	
  incoming	
  nucleotides	
  (46;	
  56).	
  Later	
  work	
  

not	
  only	
  showed	
  inhibition	
  of	
  the	
  chemical	
  step,	
  but	
  also	
  suggested	
  that	
  NNRTI-­‐‑RT-­‐‑

DNA	
  complexes	
  (with	
  NVP,	
  EFV,	
  or	
  DLV	
  as	
  the	
  NNRTI)	
  actually	
  have	
  increased	
  

affinity	
  for	
  incoming	
  nucleotides	
  (57).	
  	
  

In	
  contrast	
  to	
  those	
  results,	
  isothermal	
  titration	
  calorimetry	
  (58)	
  and	
  

fluourescent	
  (59)	
  studies	
  have	
  instead	
  suggested	
  that	
  NVP	
  and	
  EFV	
  inhibit	
  the	
  

binding	
  of	
  incoming	
  nucleotides.	
  

Even	
  simple	
  measurements	
  of	
  inhibition	
  of	
  RT	
  polymerase	
  activity	
  by	
  NNRTI	
  

can	
  vary	
  with	
  experimental	
  conditions.	
  Changing	
  the	
  DNA	
  sequence	
  of	
  the	
  

primer/template	
  in	
  cell-­‐‑free	
  RT	
  inhibition	
  assays	
  have	
  been	
  shown	
  to	
  alter	
  the	
  

measured	
  potencies	
  of	
  NVP,	
  DLV,	
  and	
  EFV	
  ~10	
  –	
  400	
  fold,	
  depending	
  on	
  the	
  drug	
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(42).	
  	
  And	
  when	
  using	
  an	
  RNA/DNA	
  hybrid	
  instead,	
  the	
  potency	
  of	
  NVP	
  decreased	
  

by	
  11-­‐‑fold	
  while	
  increasing	
  2-­‐‑fold	
  for	
  EFV	
  (60).	
  

Other	
  studies	
  have	
  shown	
  that	
  NNRTI	
  can	
  affect	
  aspects	
  of	
  RT	
  activity	
  aside	
  

from	
  just	
  polymerization	
  as	
  well.	
  NVP,	
  EFV,	
  and	
  ETV	
  can	
  all	
  inhibit	
  RNase	
  H	
  activity	
  

with	
  nanomolar	
  potencies	
  (60)	
  and	
  can	
  also	
  affect	
  strand	
  transfer	
  dynamics	
  (61).	
  

Some	
  NNRTI	
  have	
  even	
  been	
  shown	
  to	
  act	
  at	
  different	
  stages	
  in	
  the	
  viral	
  replication	
  

cycle	
  beyond	
  just	
  reverse	
  transcription,	
  as	
  EFV	
  and	
  ETV	
  were	
  both	
  able	
  to	
  enhance	
  

processing	
  of	
  Gag-­‐‑Pol,	
  which	
  led	
  to	
  a	
  decrease	
  in	
  the	
  release	
  of	
  virions	
  (62).	
  And	
  an	
  

experimental	
  compound,	
  IQP-­‐‑0410,	
  was	
  found	
  to	
  act	
  as	
  an	
  NNRTI	
  while	
  also	
  

inhibiting	
  viral	
  entry	
  by	
  targeting	
  the	
  interactions	
  between	
  HIV	
  envelope	
  protein	
  

and	
  the	
  host	
  cell	
  CD4/chemokine	
  receptors	
  (63).	
  	
  

	
   Structural,	
  kinetics,	
  and	
  biochemical	
  inhibition	
  studies	
  have	
  suggested	
  

multiple,	
  sometimes	
  contradictory	
  mechanisms	
  of	
  NNRTI	
  action.	
  While	
  this	
  makes	
  

NNRTI	
  difficult	
  to	
  characterize	
  and	
  complicates	
  the	
  rationale	
  design	
  of	
  new	
  

compounds,	
  using	
  multiple	
  mechanisms	
  of	
  inhibition	
  enhances	
  their	
  value	
  as	
  drugs.	
  	
  

1.6	
  NNRTI	
  Resistance	
  

	
   Given	
  the	
  various	
  binding	
  patterns	
  and	
  mechanisms	
  by	
  which	
  individual	
  

NNRTI	
  work,	
  it	
  is	
  unsurprising	
  that	
  there	
  are	
  multiple,	
  compound-­‐‑specific,	
  resistant	
  

RT	
  mutants	
  that	
  can	
  emerge	
  during	
  treatment.	
  At	
  least	
  19	
  mutants	
  are	
  considered	
  

clinically	
  significant	
  and	
  can	
  confer	
  resistance	
  to	
  NNRTI	
  in	
  vivo,	
  and	
  more	
  than	
  35	
  

others	
  have	
  been	
  identified	
  that	
  can	
  act	
  as	
  accessory	
  mutations	
  to	
  enhance	
  

resistance	
  in	
  patients	
  or	
  can	
  be	
  selected	
  in	
  vitro	
  (Table	
  1.1)	
  (64).	
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*Clinically	
  significant	
  mutants	
  listed	
  in	
  red.	
  
**	
  P236L	
  confers	
  resistance	
  to	
  DLV,	
  which	
  is	
  no	
  longer	
  in	
  clinical	
  use.	
  
	
   	
  

Wild%Type%

Residue

Drugs

NVP EFV ETR RPV

V90 I I I I

A98 G G

L100 V IV IV IV

K101 EPHQ EPHQ EPH EP

K103 NSHTR NSHR

V106 AMI AMI I I

V108 I I

I132 ML ML

E138 KAQGR KAQGR

V179 DEL DEL DEFT DFTL

Y181 CIV CIV CIV CIV

Y188 LCH LCH L

G190 ASEQCTV ASEQCTV EQ EQ

H221 Y

P225 H H

F227 L L C C

M230 LC LC LC LC

L234 I I

P236**

K238 TN TN N

Y318 F

N348 I I

Table&1.1.&HIVK1%RT%NNRTIKresistant%mutants
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While	
  all	
  of	
  the	
  prominent	
  mutants	
  occur	
  in	
  and	
  around	
  the	
  NNRTI-­‐‑BP,	
  they	
  

can	
  act	
  through	
  different	
  mechanisms.	
  These	
  can	
  be	
  broadly	
  categorized	
  into	
  three	
  

distinct,	
  but	
  not	
  mutually	
  exclusive	
  groups:	
  (1)	
  Direct	
  binding	
  mutants,	
  such	
  as	
  

Y181C,	
  change	
  residue	
  side	
  chains	
  that	
  interact	
  with	
  bound	
  NNRTI	
  (65);	
  (2)	
  Indirect	
  

binding	
  mutants,	
  like	
  V108I,	
  which	
  occur	
  on	
  residues	
  that	
  do	
  not	
  have	
  direct	
  

interactions	
  with	
  bound	
  NNRTI	
  but	
  instead	
  perturb	
  the	
  orientation	
  of	
  side	
  chains	
  

that	
  do	
  (66);	
  (3)	
  Functional	
  mutations,	
  such	
  as	
  K103N,	
  which	
  involve	
  side	
  chains	
  

that	
  do	
  not	
  affect	
  NNRTI	
  binding	
  but	
  instead	
  mechanistically	
  disrupt	
  inhibition	
  (59).	
  

The	
  first	
  class	
  of	
  NNRTI-­‐‑resistant	
  mutants,	
  those	
  that	
  directly	
  affect	
  binding,	
  

include	
  some	
  of	
  the	
  first	
  recognized	
  in	
  patients,	
  such	
  as	
  Y181C	
  (67),	
  which	
  rapidly	
  

emerged	
  after	
  monotherapy	
  treatment	
  with	
  NVP	
  (68).	
  The	
  side	
  chain	
  of	
  Y181	
  is	
  

involved	
  with	
  π-­‐‑π	
  stacking	
  with	
  the	
  methyl-­‐‑pyridine	
  ring	
  of	
  NVP	
  (Fig.	
  1.9),	
  an	
  

interaction	
  that	
  is	
  lost	
  when	
  the	
  residue	
  is	
  mutated	
  to	
  cysteine.	
  This	
  results	
  in	
  an	
  of	
  

~500	
  fold	
  decrease	
  in	
  binding	
  affinity	
  (69)	
  and	
  a	
  concomitant	
  ~100-­‐‑fold	
  loss	
  of	
  

potency	
  by	
  NVP	
  (68).	
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Figure	
  1.9.	
  Crystal	
  structure	
  of	
  RT	
  mutant	
  Y181C	
  shows	
  loss	
  of	
  important	
  π-­‐‑π	
  
interaction	
  of	
  tyrosine	
  side	
  chain	
  with	
  bound	
  NVP.	
  
	
   	
  

C181Y181

4.4'Å

Wild% type%NNRTI.BP Y181C%NNRTI.BP
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   The	
  second	
  class	
  of	
  NNRTI-­‐‑associated	
  mutants	
  indirectly	
  affect	
  binding,	
  and	
  

is	
  exemplified	
  by	
  V108I.	
  The	
  side	
  chain	
  of	
  V108	
  is	
  located	
  >	
  7	
  Å	
  away	
  from	
  bound	
  

NVP	
  (Fig.	
  1.10),	
  well	
  beyond	
  van	
  der	
  Waals	
  interaction	
  distance.	
  The	
  V108I	
  mutant,	
  

however,	
  still	
  causes	
  a	
  10-­‐‑fold	
  reduction	
  in	
  NVP	
  potency	
  (70).	
  This	
  is	
  believed	
  to	
  be	
  

due	
  to	
  the	
  resultant	
  changes	
  in	
  the	
  conformation	
  of	
  the	
  Y181	
  and	
  Y188	
  side	
  chains	
  

(66),	
  which	
  alters	
  NVP	
  binding.	
  In	
  addition	
  to	
  NVP,	
  this	
  mutant	
  also	
  occurs	
  in	
  

patients	
  treated	
  with	
  EFV	
  (41).	
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Figure	
  1.10.	
  Crystal	
  structure	
  of	
  RT	
  mutant	
  V108I	
  shows	
  repositioning	
  of	
  Y181	
  and	
  
Y188	
  side	
  chains	
  that	
  are	
  important	
  for	
  NVP	
  binding.	
  108	
  residue	
  is	
  >	
  7	
  Å	
  away	
  from	
  
NVP	
  and	
  does	
  not	
  directly	
  interact	
  with	
  bound	
  drug.	
  
	
  

Wild% type%and%V108I%NNRTI4BP

90°

7.3'Å

Y181

Y188

V108I

Y181

Y188

V108I
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   The	
  third	
  general	
  class	
  of	
  resistant	
  mutants	
  are	
  resistant	
  to	
  NNRTI	
  but	
  do	
  not	
  

drastically	
  affect	
  binding	
  affinity.	
  This	
  class	
  includes	
  the	
  most	
  common	
  NNRTI-­‐‑

associated	
  mutant,	
  K103N	
  (45).	
  The	
  potency	
  of	
  EFV	
  to	
  K103N	
  decreases	
  by	
  >	
  1000-­‐‑

fold	
  versus	
  wild	
  type,	
  yet	
  the	
  binding	
  affinity	
  is	
  only	
  1.2-­‐‑fold	
  less	
  (59).	
  The	
  

mechanism(s)	
  by	
  which	
  K103N	
  and	
  other	
  mutants	
  of	
  this	
  class	
  cause	
  resistance	
  is	
  

still	
  a	
  matter	
  of	
  intense	
  research	
  (70).	
  The	
  K103N	
  mutant	
  was	
  initially	
  believed	
  to	
  

increase	
  stabilization	
  of	
  the	
  apoenzyme	
  via	
  a	
  hydrogen	
  bond	
  formed	
  between	
  N103	
  

and	
  Y188,	
  which	
  would	
  prevent	
  the	
  flip	
  of	
  the	
  latter	
  residue	
  necessary	
  to	
  open	
  the	
  

NNRTI-­‐‑BP	
  (Fig.	
  1.11)	
  (71).	
  	
  This	
  initial	
  hypothesis	
  was	
  also	
  supported	
  by	
  studies	
  of	
  

enzyme	
  kinetics	
  that	
  showed	
  decreased	
  kon	
  rates	
  for	
  both	
  NVP	
  and	
  EFV	
  in	
  the	
  

mutant	
  (59).	
  More	
  recent	
  studies	
  have	
  pointed	
  to	
  an	
  alternate	
  mechanism,	
  

suggesting	
  that	
  upon	
  NVP	
  or	
  EFV	
  binding	
  K101	
  forms	
  a	
  salt-­‐‑bridge	
  with	
  E138	
  that	
  

stabilizes	
  an	
  open	
  form	
  of	
  the	
  enzyme,	
  causing	
  it	
  to	
  slide	
  along	
  the	
  primer-­‐‑template	
  

and	
  preventing	
  successful	
  catalysis	
  (59).	
  This	
  theoretical	
  mechanism	
  would	
  be	
  

disrupted	
  in	
  the	
  K103N	
  mutant,	
  which	
  pulls	
  the	
  K101	
  side	
  chain	
  away	
  from	
  E138	
  

(48).	
  The	
  same	
  K101-­‐‑E138	
  salt	
  bridge	
  would	
  also	
  be	
  disrupted	
  by	
  an	
  E138K	
  

mutation,	
  which	
  also	
  causes	
  only	
  small	
  changes	
  in	
  drug	
  binding	
  affinity	
  and	
  emerges	
  

in	
  patients	
  treated	
  with	
  the	
  second-­‐‑generation	
  drugs	
  ETR	
  and	
  RPV,	
  (45;	
  72).	
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Figure	
  1.11.	
  K103N	
  RT	
  mutant	
  does	
  not	
  directly	
  affect	
  binding	
  of	
  EFV,	
  but	
  does	
  
disrupt	
  hydrogen	
  bond	
  (shown	
  as	
  green	
  dashes)	
  between	
  E138	
  and	
  K101,	
  which	
  is	
  
believed	
  to	
  be	
  important	
  for	
  inhibition.	
  
	
  

Wild% type%NNRTI.BP

K103N%NNRTI.BP

Y181

K103

K101

K101

Y181

E138

E138

N103
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   In	
  general,	
  NNRTI-­‐‑associated	
  mutants	
  are	
  especially	
  problematic	
  because	
  

they	
  have	
  only	
  a	
  small	
  impact	
  on	
  viral	
  fitness	
  (73)	
  and	
  single	
  mutations	
  can	
  confer	
  

resistance	
  to	
  multiple	
  drugs	
  from	
  the	
  class	
  (74).	
  While	
  these	
  mutants	
  do	
  show	
  

slightly	
  reduced	
  replicative	
  capacity	
  versus	
  the	
  wild	
  type	
  virus	
  in	
  the	
  absence	
  of	
  

drugs,	
  they	
  can	
  be	
  >10	
  times	
  more	
  fit	
  when	
  tested	
  with	
  clinically	
  relevant	
  

concentrations	
  of	
  NNRTI	
  (73).	
  Given	
  that	
  the	
  commonly	
  mutated	
  Y181	
  residue	
  

within	
  the	
  NNRTI-­‐‑BP	
  exists	
  as	
  a	
  cysteine	
  or	
  isoleucine	
  in	
  the	
  wild	
  type	
  forms	
  of	
  

other	
  primate	
  lentiviruses,	
  it	
  follows	
  that	
  mutations	
  to	
  such	
  residues	
  only	
  has	
  a	
  

minimum	
  effect	
  on	
  viral	
  fitness	
  (75).	
  	
  

	
   While	
  the	
  low	
  genetic	
  barrier	
  of	
  resistance	
  to	
  the	
  drugs	
  is	
  certainly	
  

problematic,	
  the	
  NNRTI-­‐‑specific	
  patterns	
  of	
  resistance	
  do	
  offer	
  the	
  potential	
  to	
  treat	
  

individual	
  mutants	
  with	
  tailored	
  drug	
  regimens.	
  The	
  impetus	
  behind	
  the	
  

development	
  of	
  the	
  diarylpyrimidine	
  compounds	
  (including	
  ETR	
  and	
  RPV)	
  was	
  to	
  

combat	
  the	
  K103N	
  and	
  Y181C	
  mutants,	
  which	
  conferred	
  resistance	
  to	
  both	
  NVP	
  and	
  

EFV	
  (10).	
  Both	
  ETR	
  and	
  RPV	
  compounds	
  are	
  active	
  against	
  the	
  individual	
  and	
  dual	
  

K103N/Y181C	
  mutants,	
  yet	
  themselves	
  select	
  for	
  E138K	
  in	
  patients	
  (45).	
  However,	
  

E138K	
  and	
  Y181C	
  are	
  antagonistic,	
  as	
  a	
  virus	
  with	
  both	
  mutations	
  becomes	
  unfit	
  

(76).	
  Furthermore,	
  NVP	
  and	
  EFV	
  maintain	
  potency	
  against	
  E138K	
  (77),	
  suggesting	
  

that	
  an	
  NNRTI-­‐‑combination	
  therapy	
  could	
  potentially	
  subdue	
  drug	
  resistance.	
  

1.7	
  Side	
  Effects	
  of	
  NNRTI	
   	
  

	
   While	
  the	
  emergence	
  of	
  resistant	
  mutants	
  is	
  a	
  drawback	
  to	
  use	
  of	
  NNRTI,	
  

side	
  effects	
  can	
  also	
  limit	
  their	
  effectiveness	
  and	
  lead	
  to	
  poor	
  adherence,	
  which	
  can	
  

lead	
  to	
  viral	
  rebound	
  (21).	
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Central	
  nervous	
  system	
  (CNS)	
  toxicity	
  is	
  the	
  most	
  common	
  side	
  effect	
  of	
  

NNRTI.	
  But	
  that	
  is	
  largely	
  because	
  EFV	
  is	
  the	
  most	
  commonly	
  used	
  NNRTI,	
  and	
  more	
  

than	
  50%	
  of	
  patients	
  on	
  the	
  drug	
  report	
  CNS-­‐‑related	
  symptoms	
  such	
  as	
  headaches,	
  

amnesia,	
  abnormal	
  dreams,	
  hallucinations,	
  and	
  even	
  suicide	
  ideation;	
  leading	
  to	
  6-­‐‑

8%	
  to	
  discontinue	
  use	
  (78).	
  EFV	
  can	
  also	
  cause	
  neural	
  tube	
  defects	
  and	
  other	
  

problems	
  in	
  fetal	
  development	
  (79)	
  and	
  is	
  therefore	
  not	
  recommended	
  for	
  use	
  by	
  

women	
  of	
  child	
  bearing	
  age	
  (17;	
  18).	
  Additionally,	
  the	
  FDA	
  trial	
  of	
  the	
  experimental	
  

NNRTI	
  IDX-­‐‑899	
  were	
  halted	
  at	
  Phase	
  IIb	
  after	
  four	
  patients	
  experienced	
  seizures	
  

(80).	
  NVP	
  has	
  been	
  associated	
  with	
  nightmares	
  and	
  vivid	
  dreams,	
  but	
  at	
  much	
  lower	
  

rates	
  than	
  EFV	
  (81),	
  and	
  it	
  is	
  in	
  fact	
  recommended	
  for	
  inhibition	
  vertical-­‐‑

transmission	
  (17;	
  18).	
  

Other	
  side	
  effects	
  that	
  can	
  occur	
  with	
  NNRTI	
  are	
  generally	
  milder.	
  Skin	
  

rashes	
  and	
  short-­‐‑term	
  hepatoxicity	
  have	
  been	
  reported	
  in	
  5%	
  of	
  patients	
  receiving	
  

NVP	
  (82).	
  The	
  second	
  generation	
  NNRTI,	
  ETV	
  and	
  RPV,	
  have	
  also	
  been	
  associated	
  

with	
  milder	
  side	
  effects	
  such	
  as	
  skin	
  rashes	
  and	
  gastrointestinal	
  problems	
  (83),	
  but	
  

these	
  compounds	
  have	
  lower	
  rates	
  of	
  toxicity-­‐‑related	
  discontinuation	
  versus	
  EFV	
  in	
  

two	
  clinical	
  trials	
  (84).	
  	
  

Drug-­‐‑drug	
  interactions	
  are	
  also	
  a	
  concern	
  for	
  patients	
  receiving	
  NNRTI.	
  All	
  

NNRTI	
  used	
  clinically	
  are	
  substrates	
  of	
  cytochrome	
  P450	
  enzymes,	
  primarily	
  2B6	
  

and	
  3A4,	
  and	
  can	
  act	
  as	
  both	
  inhibitors	
  and	
  inducers	
  of	
  the	
  enzymes	
  (18).	
  These	
  can	
  

lead	
  to	
  changes	
  in	
  the	
  bioavailable	
  concentrations	
  of	
  both	
  the	
  NNRTI	
  themselves	
  as	
  

well	
  as	
  common	
  drugs	
  such	
  as	
  antacids,	
  antidepressants,	
  statins,	
  birth	
  control	
  and	
  

other	
  antivirals	
  (18).	
  Given	
  the	
  high	
  rates	
  of	
  complications	
  and	
  co-­‐‑infections	
  such	
  as	
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HCV	
  that	
  can	
  occur	
  with	
  HIV,	
  these	
  drug-­‐‑drug	
  interactions	
  can	
  limit	
  the	
  use	
  of	
  

NNRTI	
  (84).	
  

1.8	
  NNRTI	
  and	
  Viral	
  Reservoirs	
  

	
   Recently	
  published	
  work	
  suggests	
  that	
  the	
  lymph	
  nodes	
  are	
  an	
  important	
  

viral	
  reservoir	
  that	
  contributes	
  to	
  the	
  persistence	
  of	
  HIV	
  (23).	
  While	
  data	
  on	
  other	
  

NNRTI	
  is	
  limited,	
  it	
  has	
  been	
  shown	
  that	
  the	
  concentration	
  of	
  EFV	
  in	
  lymphoid	
  tissue	
  

of	
  HIV	
  infected	
  patients	
  is	
  >	
  99%	
  lower	
  than	
  in	
  the	
  blood,	
  allowing	
  ongoing	
  viral	
  

replication	
  to	
  occur	
  (23;	
  24).	
  Like	
  EFV,	
  the	
  second	
  generation	
  NNRTI	
  ETR	
  and	
  RPV	
  

also	
  have	
  >	
  99%	
  protein	
  binding	
  (83),	
  which	
  suggests	
  that	
  these	
  compounds	
  may	
  

also	
  have	
  trouble	
  penetrating	
  lymph	
  nodes	
  at	
  effective	
  concentrations.	
  NVP	
  does	
  

have	
  decreased	
  protein	
  binding	
  (~60%)	
  (85),	
  yet	
  since	
  it	
  is	
  not	
  known	
  to	
  eliminate	
  

HIV	
  from	
  the	
  body	
  it	
  is	
  most	
  likely	
  not	
  found	
  in	
  effective	
  concentrations	
  in	
  lymph	
  

nodes.	
  

1.9	
  Opportunities	
  for	
  NNRTI	
  Development	
  

	
   The	
  value	
  of	
  NNRTI	
  was	
  clearly	
  demonstrated	
  over	
  20	
  years	
  ago	
  when	
  

patients	
  treated	
  with	
  a	
  combination	
  of	
  NVP	
  and	
  two	
  NRTI	
  experienced	
  a	
  sustained	
  

suppression	
  of	
  HIV	
  in	
  one	
  of	
  the	
  earliest	
  clinical	
  trials	
  of	
  HAART	
  (86).	
  Since	
  that	
  

time	
  four	
  additional	
  NNRTI	
  have	
  been	
  FDA	
  approved,	
  but	
  concerns	
  over	
  resistant	
  

mutants	
  and	
  side	
  effects	
  when	
  compared	
  to	
  protease	
  or	
  integrase	
  inhibitors	
  led	
  the	
  

NIH	
  to	
  move	
  HAART	
  regimens	
  containing	
  NNRTI	
  from	
  the	
  Recommended	
  to	
  the	
  

Alternative	
  category	
  of	
  first-­‐‑line	
  HIV	
  treatment	
  (18).	
  	
  

Unlike	
  other	
  classes	
  of	
  anti-­‐‑HIV	
  compounds,	
  NNRTI	
  are	
  not	
  analogs	
  of	
  

natural	
  enzyme	
  substrates	
  or	
  peptides,	
  which	
  suggests	
  that	
  they	
  could	
  potentially	
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have	
  superior	
  specificity	
  with	
  limited	
  side-­‐‑effects	
  versus	
  the	
  other	
  drugs.	
  Thus	
  there	
  

is	
  a	
  need	
  for	
  new	
  NNRTI,	
  but	
  in	
  order	
  to	
  reach	
  the	
  clinic	
  any	
  new	
  compound	
  would	
  

have	
  to	
  offer	
  improvements	
  with	
  regards	
  to	
  activity	
  against	
  resistant	
  mutants,	
  

toxicity,	
  and	
  penetration	
  into	
  viral	
  reservoirs.	
  The	
  balance	
  of	
  this	
  paper	
  details	
  the	
  

first	
  steps	
  taken	
  towards	
  achieving	
  those	
  ends,	
  focusing	
  on	
  the	
  discovery,	
  

characterization,	
  and	
  initial	
  optimization	
  of	
  a	
  novel	
  NNRTI	
  chemotype	
  built	
  off	
  of	
  a	
  

7-­‐‑azaindole	
  scaffold.	
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CHAPTER	
  2:	
  
	
  

Discovery	
  and	
  Characterization	
  of	
  7-­‐‑azaindole	
  Non-­‐‑Nucleoside	
  HIV-­‐‑1	
  Reverse	
  
Transcriptase	
  Inhibitors	
  

	
  
Portions	
  of	
  the	
  research	
  presented	
  in	
  this	
  chapter	
  are	
  included	
  in	
  a	
  manuscript	
  

submitted	
  for	
  publication	
  in	
  Bioorganic	
  &	
  Medicinal	
  Chemistry	
  Letters.	
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2.1	
  Abstract	
  

A	
  library	
  of	
  585	
  compounds	
  built	
  off	
  a	
  7-­‐‑azaindole	
  core	
  was	
  screened	
  for	
  

anti-­‐‑HIV-­‐‑1	
  activity,	
  and	
  ten	
  hits	
  emerged	
  with	
  submicromolar	
  potency	
  and	
  

therapeutic	
  index	
  >100.	
  	
  Of	
  these,	
  three	
  were	
  identified	
  as	
  nonnucleoside	
  reverese	
  

transcriptase	
  (RT)	
  inhibitors	
  and	
  were	
  assayed	
  against	
  relevant	
  resistant	
  mutants.	
  

Lead	
  compound	
  8	
  inhibited	
  RT	
  with	
  submicromolar	
  potency	
  (IC50	
  =	
  0.73	
  μM)	
  and	
  

also	
  maintained	
  activity	
  against	
  the	
  clinically	
  important	
  RT	
  mutants	
  K103N	
  and	
  

Y181C	
  (IC50	
  =	
  9.2,	
  3.5	
  μM)	
  in	
  cell-­‐‑free	
  assays.	
  These	
  results	
  highlight	
  the	
  discovery	
  of	
  

a	
  unique	
  scaffold	
  with	
  the	
  potential	
  to	
  move	
  forward	
  as	
  next-­‐‑generation	
  anti-­‐‑HIV-­‐‑1	
  

agents.	
  

	
  
2.2	
  Introduction	
  
	
  

Since	
  the	
  first	
  recognized	
  cases	
  emerged	
  in	
  1981,	
  AIDS	
  has	
  caused	
  more	
  than	
  

34	
  million	
  deaths	
  and	
  there	
  are	
  currently	
  more	
  than	
  37	
  million	
  individuals	
  infected	
  

with	
  HIV-­‐‑1	
  worldwide	
  (2).	
  There	
  are	
  29	
  FDA	
  approved	
  antiretroviral	
  drugs,	
  and	
  

when	
  used	
  in	
  multi-­‐‑drug	
  cocktails	
  (called	
  highly	
  active	
  antiretroviral	
  therapy,	
  or	
  

HAART)	
  viral	
  load	
  can	
  be	
  suppressed	
  to	
  below	
  detectable	
  limits	
  (4).	
  However,	
  there	
  

is	
  no	
  known	
  curative	
  treatment	
  and	
  prolonged	
  use	
  of	
  existing	
  compounds	
  is	
  often	
  

associated	
  with	
  unpleasant	
  side	
  effects(5)	
  and	
  can	
  select	
  for	
  resistant	
  mutations	
  

(41),	
  underscoring	
  the	
  need	
  for	
  new	
  drugs.	
  

As	
  part	
  of	
  the	
  ongoing	
  effort	
  to	
  identify	
  novel	
  antiretroviral	
  compounds,	
  a	
  

library	
  of	
  small	
  molecules	
  built	
  off	
  a	
  7-­‐‑azaindole	
  (pyrrolo[2,3-­‐‑b]pyridine)	
  core	
  (Fig.	
  

2.1)	
  was	
  screened	
  for	
  anti-­‐‑HIV-­‐‑1	
  activity.	
  This	
  versatile	
  scaffold	
  is	
  a	
  biostere	
  of	
  

natural	
  purines	
  (87)	
  and	
  the	
  motif	
  is	
  found	
  in	
  drugs	
  used	
  to	
  treat	
  the	
  influenza	
  virus	
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(88),	
  autoimmune	
  disorders	
  (89),	
  and	
  cancer	
  (90).	
  The	
  library	
  tested	
  here	
  included	
  

585	
  compounds	
  with	
  a	
  variety	
  of	
  substitutions	
  off	
  of	
  six	
  positions	
  on	
  the	
  core	
  (Fig.	
  

2.1)	
  and	
  molecular	
  masses	
  ranging	
  from	
  133	
  –	
  530	
  Da.	
  This	
  work	
  describes	
  the	
  

screening,	
  characterization,	
  and	
  mutant	
  profiles	
  of	
  these	
  compounds.	
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Figure	
  2.1.	
  7-­‐‑azaindole	
  core	
  has	
  six	
  available	
  positions	
  for	
  substitutions.	
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2.3	
  Results	
  and	
  Discussion	
  

The	
  compounds	
  were	
  screened	
  for	
  antiviral	
  activity	
  in	
  physiologically	
  

relevant	
  primary	
  human	
  peripheral	
  blood	
  mononuclear	
  (PBM)	
  cells	
  infected	
  with	
  

HIV-­‐‑1LAI	
  as	
  previously	
  described	
  (91).	
  These	
  experiments	
  revealed	
  a	
  broad	
  range	
  of	
  

activity,	
  including	
  twenty	
  compounds	
  exhibiting	
  submicromolar	
  potency,	
  per	
  their	
  

50%	
  effective	
  concentration	
  for	
  viral	
  reduction	
  (EC50,	
  Fig.	
  2.2a).	
  

The	
  compounds	
  were	
  simultaneously	
  screened	
  for	
  toxicity	
  against	
  the	
  PBM	
  

cells	
  as	
  well	
  as	
  against	
  CEM	
  (human	
  T-­‐‑lymphoblastoid	
  derived	
  cell	
  line)	
  and	
  VERO	
  

cells	
  (derived	
  from	
  African	
  green	
  monkey	
  kidney	
  epithelium)	
  using	
  an	
  MTT	
  

proliferation	
  assay	
  (92).	
  The	
  7-­‐‑azaindoles	
  were	
  largely	
  nontoxic,	
  as	
  73%	
  of	
  the	
  

compounds	
  tested	
  were	
  not	
  cytoxic	
  (as	
  defined	
  by	
  the	
  50%	
  cytoxic	
  concentration	
  

(CC50))	
  at	
  the	
  highest	
  concentration	
  tested	
  (100	
  μM)	
  against	
  PBM	
  cells	
  (Fig.	
  2.2b).	
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Figure	
  2.2.	
  Antiviral	
  potency	
  (a)	
  and	
  toxicity	
  (b)	
  of	
  all	
  7-­‐‑azaindoles	
  tested	
  and	
  
therapeutic	
  index	
  of	
  compounds	
  with	
  potency	
  <10	
  μM	
  (c).	
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Ten	
  of	
  the	
  compounds	
  (Figure	
  2.3)	
  with	
  submicromolar	
  antiviral	
  potency	
  

showed	
  no	
  toxicity	
  against	
  PBM	
  cells	
  at	
  the	
  maximum	
  concentration	
  tested,	
  giving	
  a	
  

therapeutic	
  index	
  (ratio	
  of	
  toxicity	
  to	
  potency)	
  >	
  100	
  (Fig.	
  2.2c).	
  Five	
  of	
  those	
  also	
  

had	
  no	
  detectable	
  toxicity	
  to	
  all	
  three	
  of	
  the	
  cell	
  lines	
  tested	
  (Table	
  2.1).	
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Figure	
  2.3.	
  Ten	
  most	
  potent	
  7-­‐‑azaindoles	
  arranged	
  by	
  molecular	
  mass.	
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*Average	
  of	
  at	
  least	
  three	
  independent	
  experiments	
  in	
  HIV-­‐‑infected	
  PBM	
  cells.	
  
**Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  FRET-­‐‑assay.	
  
	
   	
  

Table&2.1.&Activity'and'toxicity'of'potent'71azaindoles'(all'values'in'μM,'± SD)

Compound Antiviral&
Potency&(EC50)*

RT&Inhibition&
(IC50)**

Cell&Cytoxicity&(CC50)

PBM CEM VERO

1 0.76'±0.48 >100 >100 >100 >100

2 0.49'±0.33 14'± 3.7 >100 >100 8.1

3 0.47'±0.30 >100 >100 >100 >100

4 0.69'±0.11 >100 >100 >100 >100

5 0.49'±0.33 >100 >100 >100 8.1

6 0.91'±0.52 12'± 5.2 >100 3.7 >100

7 0.93'±0.10 15'± 1.2 >100 24 11

8 0.35'±0.26 0.73'±0.32 >100 >100 >100

9 0.19'±0.05 6.3'± 0.79 >100 >100 >100

10 0.83'±0.39 0.58'±0.17 >100 48 6.8

NVP 0.04'±0.03 0.16'±0.01 >100 >100 >100

EFV 0.001'±0.0004 0.01'±0.005 >100 >100 >100
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In	
  order	
  to	
  determine	
  their	
  antiviral	
  target,	
  a	
  mutation	
  selection	
  assay	
  was	
  

conducted	
  using	
  the	
  two	
  most	
  potent	
  compounds,	
  8	
  and	
  9.	
  Since	
  most	
  anti-­‐‑HIV-­‐‑1	
  

hits	
  from	
  chemical	
  screens	
  target	
  the	
  viral	
  polymerase,	
  reverse	
  transcriptase	
  (RT)	
  

(10),	
  the	
  first	
  300	
  residues	
  of	
  that	
  enzyme	
  were	
  sequenced	
  from	
  the	
  supernatant	
  of	
  

PBM	
  cells	
  infected	
  with	
  HIV-­‐‑1LAI	
  and	
  treated	
  with	
  each	
  compound,	
  as	
  previously	
  

described	
  (92).	
  Both	
  drugs	
  selected	
  for	
  mutations	
  on	
  RT,	
  as	
  the	
  V108I	
  mutant	
  

emerged	
  after	
  69	
  weeks	
  of	
  treatment	
  with	
  8	
  and	
  E138K	
  arose	
  after	
  39	
  weeks	
  of	
  

treatment	
  with	
  9	
  (Fig.	
  2.4).	
  These	
  mutations	
  are	
  known	
  to	
  confer	
  resistance	
  to	
  non-­‐‑

nucleoside	
  reverse	
  transcriptase	
  inhibitors	
  (NNRTI),	
  a	
  class	
  of	
  allosteric	
  inhibitors	
  

of	
  RT	
  that	
  are	
  an	
  important	
  component	
  of	
  HAART	
  (41).	
  The	
  mutations	
  occurred	
  in	
  

the	
  NNRTI-­‐‑binding	
  pocket,	
  which	
  is	
  found	
  ~10	
  Å	
  away	
  from	
  the	
  enzyme	
  active	
  site	
  

(35).	
  The	
  V108I	
  mutant	
  is	
  associated	
  with	
  resistance	
  to	
  first	
  generation	
  NNRTI	
  

(nevirapine	
  (NVP)	
  and	
  efavirenz	
  (EFV)),	
  while	
  the	
  E138K	
  mutant	
  emerges	
  with	
  

second	
  generation	
  of	
  drugs	
  (etravirine	
  and	
  rilpivirine)	
  (45),	
  suggesting	
  that	
  the	
  

structural	
  differences	
  between	
  8	
  and	
  9	
  may	
  result	
  in	
  different	
  binding	
  

characteristics.	
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Figure	
  2.4.	
  Selection	
  of	
  NNRTI	
  resistant	
  mutations	
  by	
  potent	
  7-­‐‑azaindoles	
  8	
  (a)	
  and	
  
9	
  (b).	
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Since	
  the	
  resistance	
  selection	
  assay	
  suggested	
  that	
  the	
  7-­‐‑azaindoles	
  are	
  

acting	
  as	
  NNRTI,	
  the	
  ten	
  compounds	
  with	
  a	
  therapeutic	
  index	
  >100	
  were	
  tested	
  for	
  

their	
  ability	
  to	
  directly	
  inhibit	
  RT,	
  using	
  a	
  cell-­‐‑free	
  DNA-­‐‑dependent	
  DNA	
  

polymerization	
  FRET	
  assay	
  (93-­‐‑95)	
  (details	
  in	
  Supplementary	
  Materials).	
  Only	
  

compounds	
  8	
  and	
  10	
  were	
  found	
  to	
  inhibit	
  the	
  polymerase	
  activity	
  of	
  RT	
  with	
  

submicromolar	
  potency,	
  with	
  50%	
  inhibition	
  concentration	
  (IC50)	
  values	
  of	
  0.73	
  and	
  

0.58	
  μM,	
  while	
  9	
  had	
  single-­‐‑digit	
  micromolar	
  inhibition	
  (Fig.	
  2.5	
  and	
  Table	
  2.1).	
  

Those	
  were	
  similar	
  to	
  their	
  EC50	
  values	
  from	
  the	
  cell-­‐‑based	
  assay,	
  suggesting	
  direct	
  

RT	
  inhibition	
  as	
  their	
  primary	
  mechanism	
  of	
  action.	
  Compounds	
  2,	
  6,	
  and	
  7	
  

modestly	
  inhibited	
  RT	
  with	
  IC50’s	
  	
  >	
  10	
  μM.	
  Interestingly,	
  compounds	
  1,	
  3,	
  4,	
  and	
  5	
  

showed	
  no	
  inhibition	
  of	
  the	
  enzyme,	
  suggesting	
  the	
  possibility	
  of	
  a	
  different	
  

mechanisms	
  of	
  action	
  for	
  their	
  antiviral	
  activity.	
  Given	
  that	
  compounds	
  featuring	
  the	
  

7-­‐‑azaindole	
  motif	
  have	
  been	
  used	
  against	
  a	
  wide	
  variety	
  of	
  viral	
  and	
  endogenous	
  

targets	
  (88;	
  89;	
  96;	
  97),	
  it	
  is	
  not	
  unreasonable	
  that	
  these	
  could	
  have	
  different	
  

mechanisms	
  of	
  HIV-­‐‑1	
  inhibition	
  aside	
  from	
  acting	
  as	
  NNRTI.	
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Figure	
  2.5.	
  For	
  the	
  FRET-­‐‑based	
  assay	
  normalized	
  changes	
  in	
  fluorescence	
  (a)	
  were	
  
converted	
  to	
  RT	
  activity	
  in	
  order	
  to	
  determine	
  dose-­‐‑response	
  values	
  (IC50)	
  for	
  7-­‐‑
azaindoles	
  (b).	
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Because	
  NNRTI	
  inhibit	
  RT	
  via	
  binding	
  to	
  the	
  enzyme	
  at	
  an	
  allosteric	
  site,	
  they	
  

do	
  not	
  compete	
  with	
  the	
  enzyme’s	
  natural	
  substrates,	
  free	
  nucleotides	
  (46).	
  To	
  

determine	
  if	
  that	
  is	
  also	
  the	
  case	
  for	
  the	
  active	
  7-­‐‑azaindoles,	
  the	
  potency	
  of	
  8	
  was	
  

measured	
  with	
  varying	
  concentrations	
  of	
  nucleotides	
  using	
  a	
  gel-­‐‑based	
  RT	
  primer-­‐‑

extension	
  assay	
  (98)	
  (details	
  in	
  Materials	
  and	
  Methods),	
  as	
  the	
  FRET	
  assay	
  is	
  

sensitive	
  to	
  high	
  nucleotide	
  concentrations	
  and	
  therefore	
  unsuitable	
  in	
  this	
  case.	
  

Increasing	
  nucleotide	
  concentration	
  did	
  not	
  decrease	
  the	
  IC50	
  of	
  the	
  compound	
  (Fig.	
  

2.6	
  and	
  Table	
  2.2),	
  indicating	
  that	
  8	
  is	
  not	
  competing	
  with	
  the	
  substrates	
  of	
  RT,	
  

consistent	
  with	
  the	
  established	
  NNRTI	
  mechanism.	
  The	
  potency	
  of	
  8	
  was	
  actually	
  

enhanced	
  with	
  increasing	
  concentration	
  of	
  natural	
  nucleotides,	
  a	
  phenomenon	
  

previously	
  observed	
  with	
  other	
  NNRTI	
  (99;	
  100).	
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Figure	
  2.6.	
  RT	
  inhibition	
  by	
  8	
  does	
  not	
  compete	
  with	
  nucleotides.	
  RT	
  activity	
  was	
  
determined	
  by	
  gel-­‐‑based	
  primer-­‐‑extension	
  assay	
  under	
  varying	
  nucleotide	
  
concentrations	
  (a),	
  which	
  was	
  then	
  used	
  to	
  determine	
  dose-­‐‑response	
  values	
  (IC50)	
  8	
  
(b).	
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*Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  gel-­‐‑based	
  assay.	
  
	
   	
  

Table&2.2.&RT#inhibition#of#8#with#varying#nucleotide#concentrations#
(all#values#in#μM,#± SD)

Nucleotide&
Concetration RT&Inhibition&(IC50)*

25 0.73#±0.32

10 0.96#±1.3

1 8.9#± 1.4

0.5 10#± 1.2
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An	
  important	
  consideration	
  for	
  developing	
  new	
  NNRTI	
  is	
  potency	
  against	
  

clinically	
  relevant	
  RT	
  mutations	
  (101).	
  The	
  three	
  most	
  active	
  compounds	
  against	
  

wild	
  type	
  RT	
  were	
  tested	
  against	
  two	
  clinically	
  important	
  NNRTI-­‐‑resistant	
  mutants,	
  

K103N	
  and	
  Y181C,	
  as	
  well	
  as	
  the	
  two	
  mutants	
  selected	
  by	
  compounds	
  8	
  and	
  9,	
  

V108I	
  and	
  E38K.	
  Enzymes	
  were	
  expressed	
  and	
  purified	
  as	
  previously	
  described	
  

(102)	
  and	
  drug	
  activity	
  was	
  measured	
  with	
  the	
  FRET	
  assay.	
  All	
  of	
  the	
  compounds	
  

experienced	
  some	
  potency	
  loss	
  against	
  the	
  mutants,	
  although	
  they	
  all	
  maintained	
  

measurable	
  activity	
  against	
  the	
  K103N	
  mutant	
  (Table	
  2.3).	
  Compounds	
  8	
  and	
  9	
  also	
  

demonstrated	
  some	
  activity	
  against	
  the	
  Y181C	
  and	
  E138K	
  mutants.	
  However,	
  none	
  

of	
  the	
  compounds	
  inhibited	
  the	
  V108I	
  mutant	
  selected	
  by	
  8,	
  indicating	
  that	
  there	
  

may	
  be	
  conserved	
  binding	
  features	
  among	
  all	
  three	
  molecules	
  that	
  are	
  disrupted	
  by	
  

this	
  mutation.	
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*Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  FRET-­‐‑assay.	
  **Fold	
  change	
  in	
  potency	
  vs.	
  wild	
  type	
  enzyme.	
  
	
   	
  

Table&2.3.&Activity'of'7+azaindole'NNRTI'against'RT'mutants'(all'values'in'μM,'± SD)

Compound
K103N V108I E138K Y181C

RT'
Inhibition*

Fold'
Change**

RT'
Inhibition

Fold'
Change

RT'
Inhibition

Fold'
Change

RT'
Inhibition

Fold'
Change

8 9.2'± 5.2 12.6 >100 N.D. 69'± 8.2 94 3.6'± 2.7 4.9

9 15'± 1.5 2.4 >100 N.D. 59'± 1.1 9.4 78'± 1.6 12

10 28'± 1.2 49 >100 N.D. >100 N.D. >100 N.D.
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To	
  help	
  establish	
  a	
  structure	
  activity	
  relationship	
  consistent	
  with	
  the	
  

experimental	
  results,	
  the	
  three	
  compounds	
  active	
  against	
  RT	
  were	
  docked	
  using	
  an	
  

approach	
  described	
  in	
  more	
  detail	
  in	
  Chapter	
  3	
  (103;	
  104).	
  The	
  compounds	
  all	
  

docked	
  with	
  a	
  conserved	
  orientation	
  of	
  the	
  7-­‐‑azaindole	
  core,	
  which	
  was	
  validated	
  by	
  

the	
  positions	
  of	
  the	
  substitutions	
  on	
  8	
  and	
  9	
  relative	
  to	
  their	
  selected	
  mutations	
  

(Fig.	
  2.7).	
  The	
  mutations	
  occur	
  at	
  opposite	
  ends	
  of	
  the	
  NNRTI-­‐‑binding	
  pocket,	
  and	
  

the	
  dimethylcycloketone	
  motif	
  of	
  8	
  is	
  positioned	
  proximal	
  to	
  residue	
  V108	
  while	
  the	
  

nitro	
  group	
  on	
  9	
  is	
  adjacent	
  to	
  E138.	
  The	
  V108I	
  mutant	
  is	
  known	
  to	
  shift	
  the	
  

position	
  of	
  residue	
  Y188	
  (66),	
  which	
  may	
  directly	
  affect	
  binding	
  of	
  the	
  7-­‐‑azaindole	
  

core,	
  as	
  that	
  RT	
  mutant	
  was	
  resistant	
  to	
  inhibition	
  at	
  the	
  highest	
  tested	
  

concentration	
  of	
  all	
  three	
  compounds.	
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Figure	
  2.7.	
  Docking	
  of	
  7-­‐‑azaindoles	
  8	
  (a)	
  and	
  9	
  (b)	
  into	
  PDB	
  ID:	
  2B6A	
  and	
  10	
  (c)	
  
into	
  PDB	
  ID:	
  3IS9.	
  Residues	
  mutated	
  after	
  treatment	
  with	
  8	
  (V108I)	
  and	
  9	
  (E138K)	
  
are	
  highlighted	
  in	
  their	
  respective	
  images.	
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The	
  binding	
  poses	
  also	
  suggest	
  that	
  larger	
  substitutions	
  off	
  of	
  the	
  pyridine	
  

ring	
  increase	
  interactions	
  deeper	
  within	
  the	
  pocket	
  towards	
  residue	
  W229.	
  This	
  

could	
  help	
  explain	
  the	
  decrease	
  in	
  RT	
  inhibition	
  by	
  9	
  versus	
  8	
  and	
  10.	
  Other	
  

compounds	
  lacking	
  these	
  substitutions	
  also	
  exhibited	
  decreased	
  potency	
  against	
  the	
  

enzyme.	
  Additionally,	
  it	
  appears	
  that	
  the	
  lower	
  phenyl	
  ring	
  (off	
  of	
  position	
  R4	
  in	
  Fig.	
  

1)	
  on	
  8,	
  9,	
  and	
  10	
  may	
  be	
  involved	
  with	
  π-­‐‑stacking	
  with	
  residue	
  Y181.	
  This	
  motif	
  is	
  

notably	
  absent	
  from	
  the	
  compounds	
  with	
  no	
  observed	
  RT	
  polymerase	
  inhibition.	
  

2.4	
  Conclusions	
  

A	
  unique	
  class	
  of	
  NNRTI	
  has	
  been	
  discovered,	
  as	
  7-­‐‑azaindoles	
  demonstrated	
  

potent	
  and	
  specific	
  anti-­‐‑HIV	
  activity	
  with	
  low	
  toxicity,	
  selected	
  for	
  NNRTI-­‐‑associated	
  

mutations,	
  and	
  directly	
  inhibited	
  the	
  polymerase	
  activity	
  of	
  RT	
  while	
  not	
  competing	
  

with	
  nucleotides	
  for	
  the	
  enzyme	
  active	
  site.	
  The	
  lead	
  compounds	
  maintained	
  activity	
  

against	
  clinically	
  relevant	
  mutants.	
  Additionally,	
  the	
  observation	
  that	
  some	
  of	
  the	
  7-­‐‑

azaindoles	
  inhibited	
  HIV-­‐‑1	
  with	
  submicromolar	
  potency	
  and	
  low	
  toxicity	
  while	
  not	
  

directly	
  affecting	
  RT	
  polymerase	
  activity	
  suggest	
  that	
  they	
  may	
  have	
  alternative	
  

mechanisms	
  of	
  action.	
  Based	
  on	
  this	
  observation,	
  compounds	
  could	
  potentially	
  be	
  

built	
  off	
  of	
  the	
  7-­‐‑azaindole	
  scaffold	
  with	
  multiple	
  anti-­‐‑HIV	
  mechanisms	
  of	
  action,	
  

which	
  could	
  help	
  address	
  the	
  problem	
  of	
  NNRTI-­‐‑associated	
  mutations.	
  Efforts	
  

towards	
  identifying	
  the	
  alternative	
  targets	
  of	
  antiviral	
  effect	
  and	
  further	
  

optimization	
  of	
  the	
  NNRTI	
  activity	
  of	
  the	
  7-­‐‑azaindoles	
  are	
  ongoing.	
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2.5	
  Materials	
  and	
  Methods	
  

Viral	
  Replication	
  Inhibition	
  in	
  PBM	
  Cells	
  

	
   Primary	
  human	
  peripheral	
  blood	
  mononuclear	
  (PBM)	
  cells	
  were	
  cultured	
  as	
  

previously	
  described	
  (105).	
  Briefly,	
  PBM	
  cells	
  were	
  isolated	
  from	
  buffy	
  coats	
  from	
  

healthy	
  seronegative	
  donors	
  and	
  and	
  stimulated	
  with	
  phytohemagglutinin	
  in	
  RPMI	
  

medium.	
  The	
  cells	
  were	
  infected	
  with	
  HIV-­‐‑1	
  at	
  an	
  MOI	
  of	
  0.1	
  and	
  serial	
  dilutions	
  of	
  

the	
  drugs	
  were	
  added	
  to	
  triplicate	
  cultures.	
  The	
  cultures	
  were	
  maintained	
  for	
  6	
  days	
  

after	
  infection,	
  at	
  which	
  point	
  the	
  supernatants	
  were	
  sampled	
  for	
  reverse	
  

transcriptase	
  (RT)	
  activity	
  using	
  the	
  RT	
  assay	
  previously	
  described	
  (106).	
  EC50	
  

values	
  were	
  derived	
  from	
  the	
  resultant	
  dose-­‐‑response	
  curves.	
  

Cytoxicity	
  Assays	
  

	
   Cytoxicity	
  was	
  measured	
  in	
  PBM,	
  CEM	
  (human	
  T-­‐‑lymphoblastoid	
  derived),	
  

and	
  VERO	
  (African	
  green	
  monkey	
  kidney	
  epithelium)	
  cells	
  using	
  an	
  MTT-­‐‑dye	
  

reduction	
  assay	
  as	
  previously	
  described	
  (92).	
  Dose-­‐‑response	
  curves	
  for	
  each	
  drug	
  

were	
  determined	
  in	
  triplicate	
  using	
  a	
  serial	
  dilution,	
  from	
  which	
  the	
  CC50	
  values	
  

were	
  derived.	
  

RT	
  Expression	
  and	
  Purification	
  

	
   RT	
  was	
  cloned	
  from	
  the	
  HXB2	
  HIV-­‐‑1	
  strain	
  in	
  a	
  Novagen	
  pET28a	
  expression	
  

plasmid	
  (MilliporeSigma,	
  Darmstadt,	
  DE)	
  with	
  an	
  N-­‐‑terminal	
  hexahistidine-­‐‑tagged	
  

p66	
  subunit.	
  Mutations	
  within	
  the	
  NNRTI-­‐‑binding	
  pocket	
  were	
  introduced	
  using	
  a	
  

QuikChange	
  Site-­‐‑Directed	
  Mutagensis	
  Kit	
  (Agilent	
  Technologies,	
  Santa	
  Clara,	
  CA).	
  

The	
  enzymes	
  were	
  expressed	
  in	
  E.	
  coli	
  BL21	
  cells	
  and	
  purified	
  with	
  Ni2+-­‐‑NTA	
  

chromatography	
  followed	
  by	
  SP	
  anion	
  exchange,	
  as	
  previously	
  described(102;	
  107).	
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FRET-­‐‑Based	
  HIV	
  Reverse	
  Transcriptase	
  DNA	
  Polymerase	
  Assay	
  	
  

The	
  RT	
  inhibition	
  assay	
  was	
  adapted	
  from	
  a	
  protocol	
  described	
  by	
  Cauchon	
  

et	
  al.	
  (93).	
  A	
  17-­‐‑mer	
  DNA	
  primer	
  was	
  annealed	
  to	
  2.5-­‐‑fold	
  excess	
  42-­‐‑mer,	
  Alexa	
  

Fluor	
  488	
  5’-­‐‑end	
  labeled	
  DNA	
  template	
  (both	
  from	
  Integrated	
  DNA	
  Technologies,	
  

Coraville,	
  IA).	
  Reaction	
  mixes	
  included	
  80	
  nM	
  of	
  primer/template,	
  500	
  nM	
  of	
  

nucleotides	
  (including	
  the	
  Alexa	
  Fluor	
  555-­‐‑aha-­‐‑dUTP	
  quencher	
  from	
  Life	
  

Technologies,	
  Grand	
  Island,	
  NY),	
  10	
  nM	
  RT,	
  with	
  varying	
  concentrations	
  of	
  drugs	
  

dissolved	
  in	
  DMSO,	
  all	
  in	
  a	
  buffer	
  of	
  50	
  mM	
  Tris,	
  80	
  mM	
  KCl,	
  1	
  mM	
  dithiothreitol,	
  12	
  

mM	
  MgCl2.	
  10	
  μL	
  of	
  the	
  enzyme	
  and	
  primer/template	
  mix	
  was	
  incubated	
  for	
  10	
  

minutes	
  with	
  the	
  drugs,	
  and	
  the	
  reaction	
  was	
  initiated	
  by	
  the	
  addition	
  of	
  10	
  μL	
  of	
  

the	
  nucleotide	
  mix,	
  for	
  a	
  final	
  volume	
  of	
  20	
  μL.	
  The	
  reaction	
  was	
  run	
  on	
  96	
  well	
  

plates	
  for	
  30	
  minutes	
  at	
  37°	
  C	
  in	
  a	
  Roche	
  Lightcycler	
  480,	
  which	
  monitored	
  

fluorescence	
  once/minute	
  with	
  excitation/detection	
  wavelengths	
  of	
  483/533	
  nM.	
  

Steady	
  state	
  rates	
  of	
  reaction	
  were	
  estimated	
  from	
  fluorescent	
  resonance	
  energy	
  

transfer	
  (FRET)-­‐‑associated	
  decreases	
  in	
  the	
  fluorescent	
  signal	
  over	
  time	
  under	
  

concentrations	
  of	
  drug	
  from	
  1	
  nM	
  up	
  to	
  100	
  μM,	
  with	
  a	
  DMSO	
  only	
  and	
  a	
  no-­‐‑MgCl2	
  

reaction	
  included	
  as	
  controls.	
  Each	
  experiment	
  was	
  done	
  in	
  triplicate	
  with	
  four	
  

technical	
  replicates	
  for	
  each	
  drug	
  concentration.	
  The	
  raw	
  fluorescence	
  data	
  was	
  

normalized	
  and	
  IC50	
  values	
  were	
  determined	
  using	
  the	
  drift	
  (94)	
  package	
  in	
  R	
  (95).	
  	
  

Gel-­‐‑Based	
  Primer	
  Extension	
  Assay	
  	
  

The	
  primer	
  extension	
  assay	
  was	
  modified	
  slightly	
  from	
  a	
  previous	
  

description	
  (98).	
  A	
  5’-­‐‑end	
  32P-­‐‑labeled	
  24-­‐‑mer	
  primer	
  was	
  annealed	
  to	
  2.5-­‐‑fold	
  

excess	
  of	
  a	
  48-­‐‑mer	
  template	
  (both	
  from	
  Integrated	
  DNA	
  Technologies).	
  The	
  reaction	
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mixture	
  included	
  varying	
  concentrations	
  of	
  nucleotides	
  along	
  with	
  20	
  nM	
  

primer/template,	
  1.5	
  nM	
  RT	
  in	
  a	
  buffer	
  of	
  50	
  mM	
  Tris	
  and	
  50	
  mM	
  NaCl	
  with	
  10	
  mM	
  

MgCl2.	
  The	
  enzyme	
  was	
  incubated	
  with	
  primer/template	
  and	
  various	
  concentrations	
  

of	
  drugs	
  dissolved	
  in	
  DMSO	
  for	
  5	
  minutes	
  and	
  the	
  reaction	
  was	
  initiated	
  with	
  the	
  

addition	
  of	
  nucleotides	
  for	
  a	
  final	
  volume	
  for	
  40	
  μL.	
  The	
  reactions	
  were	
  run	
  for	
  

various	
  times	
  (15	
  minutes	
  for	
  500	
  nM	
  nucleotides,	
  10	
  minutes	
  for	
  1	
  μM,	
  5	
  minutes	
  

for	
  10	
  μM,	
  and	
  2	
  minutes	
  for	
  25	
  μM)	
  so	
  as	
  to	
  reach	
  50%	
  extension.	
  Reactions	
  were	
  

quenched	
  with	
  0.3	
  M	
  (final)	
  EDTA.	
  Samples	
  were	
  loaded	
  onto	
  a	
  14%	
  

polyacrymalide/8	
  M	
  urea	
  gel	
  and	
  visualized	
  using	
  PharosFX	
  (Bio-­‐‑Rad).	
  The	
  

products	
  were	
  normalized	
  and	
  IC50	
  values	
  were	
  determined	
  as	
  before.	
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CHAPTER	
  3:	
  
	
  

Ligand	
  Similarity	
  Guided	
  Receptor	
  Selection	
  Enhances	
  Docking	
  Accuracy	
  and	
  
Recall	
  for	
  Non-­‐‑Nucleoside	
  HIV-­‐‑1	
  Reverse	
  Transcriptase	
  Inhibitors	
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  in	
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3.1	
  Abstract	
  

	
   Non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitors	
  (NNRTI)	
  are	
  allosteric	
  

inhibitors	
  of	
  human	
  immunodeficiency	
  virus	
  type	
  1	
  (HIV-­‐‑1)	
  reverse	
  transcriptase	
  

(RT),	
  the	
  viral	
  polymerase.	
  Despite	
  the	
  availability	
  of	
  >	
  150	
  NNRTI-­‐‑bound	
  RT	
  crystal	
  

structures,	
  rational	
  design	
  of	
  new	
  NNRTI	
  remains	
  challenging	
  because	
  of	
  the	
  

variability	
  of	
  their	
  induced	
  fit,	
  hydrophobic	
  binding	
  patterns.	
  Docking	
  NNRTI	
  yields	
  

inconsistent	
  results	
  that	
  vary	
  markedly	
  depending	
  on	
  the	
  receptor	
  structure	
  used,	
  

as	
  only	
  27%	
  of	
  the	
  >20k	
  cross-­‐‑docking	
  calculations	
  performed	
  using	
  known	
  NNRTI	
  

were	
  accurate.	
  In	
  order	
  to	
  determine	
  if	
  a	
  hospitable	
  receptor	
  for	
  docking	
  could	
  be	
  

selected	
  a	
  priori,	
  more	
  than	
  40	
  chemical	
  descriptors	
  were	
  evaluated	
  for	
  their	
  ability	
  

to	
  pre-­‐‑select	
  a	
  best	
  receptor	
  for	
  NNRTI	
  cross-­‐‑docking.	
  The	
  receptor	
  selection	
  was	
  

based	
  on	
  similarity	
  scores	
  between	
  the	
  bound-­‐‑	
  and	
  target-­‐‑ligands	
  generated	
  by	
  each	
  

descriptor.	
  The	
  top	
  descriptors	
  were	
  able	
  to	
  double	
  the	
  probability	
  of	
  cross-­‐‑docking	
  

accuracy	
  over	
  random	
  receptor	
  selection.	
  Additionally,	
  recall	
  of	
  known	
  NNRTI	
  from	
  

a	
  large	
  library	
  of	
  similar	
  decoys	
  was	
  increased	
  using	
  the	
  same	
  approach.	
  The	
  results	
  

demonstrate	
  the	
  utility	
  of	
  pre-­‐‑selecting	
  receptors	
  when	
  docking	
  into	
  difficult	
  

targets.	
  

3.2	
  Introduction	
  

Docking	
  novel	
  small	
  molecules	
  into	
  protein	
  targets	
  is	
  an	
  important	
  step	
  

towards	
  identifying	
  leads	
  and	
  providing	
  a	
  rationale	
  for	
  optimization	
  of	
  new	
  

compounds	
  (108).	
  Unfortunately,	
  current	
  docking	
  approaches	
  have	
  limitations	
  

predicting	
  the	
  correct	
  binding	
  poses	
  and	
  affinities	
  for	
  certain	
  targets	
  (109;	
  110).	
  

This	
  becomes	
  especially	
  apparent	
  when	
  dealing	
  with	
  induced	
  fit	
  effects,	
  whereby	
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ligand	
  binding	
  leads	
  to	
  large	
  changes	
  in	
  the	
  conformation	
  of	
  the	
  receptor	
  pocket	
  

(111;	
  112).	
  	
  	
  

Induced	
  fit	
  binding	
  effects	
  often	
  occur	
  with	
  allosteric	
  inhibitors,	
  which	
  bind	
  

to	
  pockets	
  distal	
  from	
  the	
  active	
  site	
  (113).	
  Allosteric	
  binding	
  sites	
  often	
  undergo	
  

more	
  marked	
  structural	
  rearrangements	
  upon	
  binding	
  than	
  those	
  of	
  active	
  site	
  

inhibitors	
  (114),	
  making	
  accurate	
  docking	
  much	
  more	
  difficult.	
  	
  

There	
  are	
  many	
  known	
  allosteric	
  targets	
  (115),	
  and	
  among	
  those	
  HIV-­‐‑1	
  

reverse	
  transcriptase	
  (RT)	
  is	
  of	
  particular	
  clinical	
  interest.	
  RT	
  plays	
  an	
  essential	
  role	
  

in	
  HIV	
  replication,	
  converting	
  the	
  viral	
  genome	
  from	
  RNA	
  into	
  DNA	
  prior	
  to	
  

insertion	
  into	
  the	
  host	
  nucleus.	
  Non-­‐‑nucleoside	
  reverse	
  transcriptase	
  inhibitors	
  

(NNRTI)	
  are	
  a	
  class	
  of	
  widely-­‐‑used	
  allosteric	
  inhibitors	
  of	
  the	
  enzyme,	
  five	
  of	
  which	
  

(nevirapine	
  (NVP),	
  delavirdine	
  (DLV),	
  efavirenz	
  (EFZ),	
  rilpivirine	
  (RPV),	
  and	
  

etravirine	
  (ETV))	
  are	
  FDA	
  approved.	
  NNRTI	
  bind	
  via	
  an	
  induced	
  fit	
  mechanism	
  to	
  a	
  

pocket	
  that	
  does	
  not	
  exist	
  in	
  the	
  absence	
  of	
  inhibitors,	
  about	
  10	
  Å	
  away	
  from	
  the	
  

active	
  site.	
  This	
  binding	
  causes	
  a	
  conformational	
  shift	
  to	
  a	
  non-­‐‑productive	
  form	
  of	
  

the	
  enzyme,	
  thereby	
  inhibiting	
  activity	
  (42).	
  	
  

In	
  spite	
  of	
  the	
  vast	
  amount	
  of	
  available	
  data	
  (>25k	
  compounds	
  have	
  been	
  

tested	
  as	
  NNRTI	
  in	
  the	
  NIAID	
  ChemDB	
  (116)	
  and	
  more	
  than	
  >150	
  crystal	
  structures	
  

of	
  RT-­‐‑NNRTI	
  complexes	
  are	
  in	
  the	
  RCSB	
  Protein	
  Data	
  Bank	
  (PDB))	
  (117),	
  virtual	
  

screening	
  and	
  lead	
  optimization	
  of	
  new	
  NNRTI	
  remains	
  challenging.	
  Known	
  NNRTI	
  

are	
  structurally	
  diverse,	
  and	
  as	
  with	
  other	
  allosteric	
  inhibitors,	
  their	
  induced	
  fit	
  

binding	
  mechanism	
  yields	
  large	
  variations	
  in	
  protein-­‐‑ligand	
  interaction	
  patterns	
  

(70;	
  118),	
  making	
  ligand-­‐‑based	
  drug	
  design	
  approaches	
  problematic.	
  And	
  since	
  the	
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binding	
  is	
  largely	
  hydrophobic	
  and	
  relatively	
  non-­‐‑specific	
  (47),	
  scoring	
  of	
  docked	
  

poses	
  is	
  difficult	
  (119)	
  and	
  cross-­‐‑docking	
  NNRTI	
  gives	
  results	
  that	
  vary	
  widely	
  in	
  

accuracy	
  from	
  receptor	
  to	
  receptor	
  (120).	
  Studies	
  of	
  other	
  induced	
  fit	
  systems	
  have	
  

shown	
  that	
  docking	
  into	
  the	
  crystal	
  structures	
  of	
  receptors	
  bound	
  to	
  similar	
  ligands	
  

increases	
  accuracy,	
  but	
  these	
  focused	
  on	
  only	
  active-­‐‑site	
  inhibitors	
  (121-­‐‑123).	
  

Building	
  on	
  these	
  observations	
  and	
  taking	
  advantage	
  of	
  the	
  structural	
  

information	
  available	
  for	
  NNRTI,	
  a	
  combination	
  of	
  ligand-­‐‑	
  and	
  structure-­‐‑based	
  

approaches	
  were	
  used	
  to	
  predict	
  receptors	
  for	
  accurate	
  cross-­‐‑docking	
  and	
  improve	
  

the	
  selection	
  of	
  active	
  compounds	
  through	
  virtual	
  screening.	
  Forty-­‐‑four	
  chemical	
  

descriptors	
  were	
  assessed	
  to	
  test	
  predictions	
  for	
  cross-­‐‑docking	
  87	
  known	
  NNRTI	
  

based	
  solely	
  on	
  the	
  similarity	
  between	
  the	
  native-­‐‑	
  and	
  target-­‐‑ligand.	
  Then,	
  the	
  best	
  

performing	
  descriptor	
  was	
  used	
  as	
  a	
  guide	
  to	
  select	
  receptors	
  for	
  docking	
  a	
  mixed	
  

set	
  of	
  known	
  NNRTI	
  and	
  inactive	
  decoys	
  to	
  determine	
  if	
  the	
  approach	
  could	
  enhance	
  

recall	
  of	
  active	
  compounds	
  in	
  a	
  virtual	
  screen.	
  

3.3	
  Results	
  and	
  Discussion	
  

Analysis	
  of	
  NNRTI-­‐‑Bound	
  RT	
  Structures	
  	
  

Eighty-­‐‑seven	
  of	
  the	
  >150	
  NNRTI-­‐‑bound	
  RT	
  crystal	
  structures	
  (Figure	
  3.1)	
  

available	
  in	
  the	
  RCSB	
  Protein	
  Data	
  Bank	
  (124)	
  were	
  selected	
  for	
  the	
  initial	
  study,	
  as	
  

these	
  included	
  the	
  wild	
  type	
  enzyme	
  bound	
  to	
  a	
  single	
  NNRTI.	
  	
  

There	
  is	
  not	
  very	
  much	
  variability	
  in	
  the	
  20	
  NNRTI	
  binding	
  site	
  residues	
  of	
  

the	
  different	
  structures	
  as	
  measured	
  by	
  the	
  root	
  mean	
  square	
  deviation	
  (RMSD)	
  

between	
  all	
  atoms	
  (both	
  side-­‐‑chain	
  and	
  backbone)	
  of	
  these	
  residues,	
  as	
  the	
  average	
  

value	
  is	
  only	
  1.11	
  Å	
  (Table	
  3.1).	
  However,	
  changes	
  in	
  the	
  positions	
  of	
  only	
  a	
  few	
  of	
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those	
  20	
  residues	
  can	
  lead	
  to	
  vastly	
  different	
  interaction	
  patterns	
  for	
  bound	
  NNRTI	
  

(125;	
  126).	
  For	
  example,	
  the	
  crystal	
  structures	
  of	
  NVP-­‐‑	
  and	
  DLV-­‐‑bound	
  RT	
  shown	
  in	
  

Figure	
  3.1b	
  and	
  3.1c	
  have	
  a	
  low	
  binding	
  site	
  RMSD	
  (only	
  1.81	
  Å),	
  yet	
  their	
  binding	
  

pocket	
  volumes	
  differ	
  by	
  >	
  20%,	
  and	
  their	
  protein-­‐‑ligand	
  interaction	
  patterns	
  are	
  

quite	
  distinct.	
  These	
  differences	
  arise	
  largely	
  due	
  to	
  the	
  movement	
  of	
  the	
  side	
  chains	
  

of	
  only	
  two	
  key	
  residues,	
  K102	
  and	
  Y318,	
  which	
  allow	
  the	
  larger	
  DLV	
  molecule	
  to	
  

interact	
  with	
  an	
  additional	
  region	
  of	
  the	
  pocket.	
  Thus	
  the	
  low	
  average	
  variability	
  of	
  

the	
  binding	
  pockets	
  of	
  the	
  NNRTI	
  structures	
  (as	
  measured	
  by	
  the	
  RMSD	
  of	
  their	
  

respective	
  atoms)	
  does	
  not	
  necessarily	
  reflect	
  similar	
  pocket	
  conformations	
  and	
  

interaction	
  patterns.	
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Figure	
  3.1.	
  NNRTI	
  binding	
  pocket	
  variability.	
  Reverse	
  transcriptase	
  from	
  solved	
  
ternary	
  structure	
  of	
  PDB	
  ID:	
  1RTD	
  (a).	
  The	
  binding	
  pockets	
  of	
  clinical	
  NNRTI	
  NVP	
  
(PDB	
  ID:	
  3HVT)	
  and	
  DLV	
  (PDB	
  ID:	
  1KLM)	
  are	
  inset	
  (b,	
  c).	
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Backbone)RMSD)(Å) Binding)Pocket)RMSD)(Å)

Average 2.66 1.11

Maximum 4.85 2.79

Minimum 0.23 0.19

Std.;Dev. 0.83 0.33

Table)3.1.)Comparison;of;NNRTIFbound;RT;structures;
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Overall,	
  the	
  NNRTI	
  from	
  the	
  set	
  are	
  quite	
  chemically	
  distinct,	
  with	
  an	
  average	
  

Tanimoto	
  similarity	
  of	
  only	
  0.41	
  as	
  measured	
  by	
  MACCS	
  structural	
  keys	
  (Table	
  3.2).	
  

However,	
  40	
  of	
  the	
  87	
  structures	
  have	
  at	
  least	
  one	
  closely	
  related	
  analog	
  within	
  the	
  

set,	
  while	
  nine	
  of	
  the	
  structures	
  actually	
  feature	
  overlapping	
  NNRTI	
  (three	
  

structures	
  are	
  bound	
  to	
  RPV,	
  and	
  two	
  each	
  are	
  bound	
  to	
  NVP,	
  EFV,	
  and	
  ETV).	
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Comparison*Set MACCS*Similarity
Cluster(Centers 0.328

Different(Cluster 0.389

Same(Cluster 0.521

Overall(Avg. 0.41

Avg. Max((NonBSelf) 0.81

Avg.(Max((NonBCluster) 0.65

Table*3.2.*Comparison(of(NNRTI(from(Solved(Structures(
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In	
  order	
  to	
  explore	
  methods	
  of	
  selecting	
  a	
  best	
  receptor	
  for	
  cross-­‐‑docking,	
  

receptors	
  that	
  shared	
  the	
  same	
  ligand	
  or	
  closely	
  related	
  analogs	
  were	
  excluded	
  from	
  

the	
  analysis,	
  so	
  as	
  to	
  better	
  replicate	
  the	
  scenario	
  of	
  working	
  with	
  novel	
  compounds.	
  

To	
  accomplish	
  this	
  the	
  NNRTI	
  were	
  clustered	
  into	
  ten	
  bins	
  (with	
  cluster	
  centers	
  

shown	
  in	
  Figure	
  3.2,	
  compounds	
  11-­‐‑20),	
  which	
  varied	
  in	
  size	
  from	
  only	
  two	
  

members	
  (cluster	
  18)	
  up	
  to	
  twenty	
  (cluster	
  15),	
  and	
  only	
  cross-­‐‑docking	
  results	
  

from	
  receptors	
  selected	
  from	
  outside	
  each	
  cluster	
  were	
  considered.	
  For	
  example,	
  

the	
  best	
  receptor	
  for	
  cross-­‐‑docking	
  a	
  compound	
  from	
  cluster	
  11	
  was	
  selected	
  from	
  

clusters	
  12-­‐‑20,	
  and	
  so	
  on.	
  This	
  ensured	
  that	
  the	
  receptor	
  selection	
  was	
  not	
  skewed	
  

by	
  cross-­‐‑docking	
  into	
  the	
  receptor	
  of	
  the	
  same	
  ligand	
  or	
  one	
  from	
  the	
  same	
  chemical	
  

series.	
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Figure	
  3.2.	
  Cluster	
  center	
  compounds	
  for	
  the	
  ten	
  clusters	
  made	
  from	
  the	
  MACCS	
  
similarity	
  scores	
  of	
  87	
  NNRTI	
  used	
  in	
  the	
  study,	
  with	
  their	
  PDB	
  ID	
  of	
  their	
  respective	
  
structures	
  in	
  parentheses.	
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Cross	
  Docking	
  Results	
  	
  

The	
  workflow	
  shown	
  in	
  Scheme	
  3.1	
  was	
  used	
  to	
  create	
  a	
  database	
  of	
  ligand	
  

structure	
  similarity	
  and	
  cross-­‐‑docking	
  results.	
  The	
  87	
  NNRTI	
  were	
  docked	
  into	
  the	
  

87	
  RT	
  structures	
  using	
  Autodock	
  Vina	
  (103)	
  and	
  then	
  the	
  accuracy	
  of	
  the	
  resultant	
  

docked	
  poses	
  was	
  determined	
  using	
  the	
  RMSD	
  of	
  the	
  heavy	
  atoms	
  of	
  the	
  docked	
  and	
  

solved	
  binding	
  conformations.	
  Since	
  Autodock	
  Vina	
  uses	
  a	
  random	
  ligand	
  

conformation	
  to	
  initiate	
  docking,	
  we	
  ran	
  each	
  calculation	
  in	
  triplicate,	
  resulting	
  in	
  a	
  

database	
  of	
  22,707	
  RMSD	
  measurements	
  (87	
  ligands	
  x	
  87	
  receptors	
  x	
  3	
  trials).	
  Only	
  

the	
  top-­‐‑scoring	
  poses	
  from	
  each	
  ligand-­‐‑receptor	
  set	
  for	
  this	
  study	
  were	
  considered.	
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Scheme	
  3.1.	
  Workflow	
  to	
  create	
  merged	
  database	
  of	
  cross-­‐‑docking	
  accuracy	
  and	
  
native/target	
  ligand	
  similarity	
  scores	
  for	
  44	
  chemical	
  descriptors	
  applied	
  to	
  87	
  
NNRTI.	
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A	
  docking	
  pose	
  was	
  designated	
  as	
  accurate	
  if	
  its	
  RMSD	
  was	
  <	
  2	
  Å	
  from	
  that	
  of	
  

the	
  solved	
  binding	
  pose	
  of	
  the	
  ligand.	
  The	
  self-­‐‑docking	
  accuracy	
  of	
  the	
  87	
  NNRTI	
  

into	
  their	
  own	
  binding	
  pockets	
  was	
  85%	
  (74	
  of	
  the	
  87,	
  Figure	
  3.3),	
  indicating	
  that	
  

Autodock	
  Vina	
  can	
  accurately	
  reproduce	
  and	
  rank	
  binding	
  poses	
  of	
  NNRTI	
  given	
  the	
  

correct	
  receptor	
  conformation.	
  However,	
  cross-­‐‑docking	
  was	
  much	
  less	
  accurate.	
  

Docking	
  into	
  the	
  receptors	
  of	
  compounds	
  from	
  the	
  same	
  cluster	
  was	
  only	
  36%	
  

accurate,	
  while	
  cross-­‐‑docking	
  into	
  non-­‐‑cluster	
  receptors	
  was	
  even	
  less	
  effective	
  at	
  

27%,	
  and	
  varied	
  widely	
  from	
  receptor	
  to	
  receptor	
  (Table	
  3.3).	
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Figure	
  3.3.	
  Overall	
  cross	
  docking	
  results	
  of	
  87	
  NNRTI.	
  Each	
  bar	
  represents	
  the	
  
fraction	
  of	
  low-­‐‑scoring	
  docked	
  poses	
  with	
  an	
  RMSD	
  <	
  2	
  Å	
  away	
  from	
  the	
  solved	
  
binding	
  pose.	
  The	
  average	
  results	
  from	
  three	
  docking	
  runs	
  per	
  ligand-­‐‑receptor	
  pair	
  
is	
  shown.	
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Table&3.3.&Cross%docking,accuracy,per,PDB,

PDB$ID

Non)Cluster$Cross$Docking$
Accuracy$

Receptor Ligand
1BQM 0.101 0.610
1C0T 0.417 0.550
1C0U 0.358 0.442
1C1B 0.613 0.342
1C1C 0.396 0.409
1DTQ 0.299 0.074
1DTT 0.367 0.063
1EET 0.278 0.551
1EP4 0.401 0.190
1FK9 0.184 0.877
1HNI 0.177 0.576
1HNV 0.140 0.285
1IKW 0.241 0.890
1JLQ 0.328 0.132
1KLM 0.271 0.046
1REV 0.259 0.364
1RT1 0.458 0.480
1RT2 0.471 0.258
1RT4 0.414 0.288
1RT5 0.348 0.313
1RT6 0.303 0.096
1RT7 0.217 0.030
1RTH 0.210 0.272
1RTI 0.289 0.213
1S6P 0.108 0.059
1S6Q 0.113 0.279
1S9E 0.191 0.172
1S9G 0.387 0.039
1SUQ 0.069 0.201
1TKT 0.354 0.652
1TKX 0.293 0.359
1TKZ 0.258 0.571
1TL1 0.343 0.525
1TL3 0.364 0.727
1TV6 0.000 0.000
1TVR 0.254 0.101

PDB$ID

Non)Cluster$Cross$Docking$
Accuracy$

Receptor Ligand
1VRT 0.284 0.481
1VRU 0.172 0.515
2B5J 0.222 0.040
2B6A 0.325 0.143
2BAN 0.175 0.163
2BE2 0.404 0.377
2I5J 0.000 0.000
2JLE 0.176 0.250
2OPP 0.254 0.785
2RF2 0.238 0.446
2RKI 0.198 0.203
2VG5 0.238 0.075
2VG6 0.308 0.046
2VG7 0.196 0.125
2WON 0.321 0.197
2YKN 0.251 0.322
2YNG 0.364 0.268
2YNH 0.369 0.202
2YNI 0.354 0.237
2ZD1 0.230 0.446
3C6T 0.317 0.133
3C6U 0.376 0.165
3DI6 0.348 0.434
3DLE 0.414 0.318
3DLG 0.318 0.313
3DRP 0.353 0.230
3DYA 0.329 0.236
3E01 0.392 0.147
3FFI 0.364 0.232
3HVT 0.136 0.457
3I0R 0.329 0.192
3I0S 0.263 0.167
3IRX 0.257 0.000
3IS9 0.201 0.000
3LAK 0.309 0.221
3LAL 0.267 0.133
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PDB$ID

Non)Cluster$Cross$Docking$
Accuracy$

Receptor Ligand
3LAM 0.413 0.213

3LAN 0.409 0.236

3M8P 0.029 0.588

3M8Q 0.154 0.192

3MEC 0.049 0.377

3MEE 0.240 0.324

3NBP 0.044 0.162

3QO9 0.044 0.036

3T19 0.397 0.139

4G1Q 0.240 0.328

4H4M 0.311 0.076

4H4O 0.262 0.062

4I2P 0.172 0.417

4I7F 0.292 0.078

4IG0 0.232 0.092

Table&3.3.&Cross>dockingEaccuracyEperEPDBE(cont.)E
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Cross	
  Docking	
  with	
  a	
  Flexible	
  Receptor	
  

Common	
  techniques	
  to	
  improve	
  cross-­‐‑docking	
  accuracy	
  include	
  

incorporating	
  side-­‐‑chain	
  (such	
  as	
  with	
  rotamer	
  exploration)	
  (127)	
  or	
  full	
  residue	
  

flexibility	
  (via	
  molecular	
  dynamics	
  (MD))	
  (128).	
  We	
  assessed	
  the	
  utility	
  of	
  those	
  

methods	
  using	
  a	
  single	
  RT-­‐‑NNRTI	
  structure	
  (1KLM,	
  bound	
  to	
  DLV)	
  (50)	
  as	
  a	
  

representative	
  receptor,	
  as	
  it	
  had	
  the	
  same	
  non-­‐‑cluster	
  cross-­‐‑docking	
  accuracy	
  

(27%,	
  Table	
  3.3)	
  as	
  the	
  overall	
  average	
  for	
  every	
  receptor	
  used.	
  Incorporating	
  

flexible	
  side	
  chains	
  while	
  docking	
  actually	
  lead	
  to	
  a	
  decrease	
  in	
  the	
  number	
  of	
  

accurate	
  poses	
  (Figure	
  3.4).	
  Performing	
  a	
  post-­‐‑docking	
  minimization	
  (using	
  a	
  

conjugate	
  gradient	
  method	
  in	
  NAMD	
  for	
  10	
  ps)	
  or	
  minimization	
  plus	
  a	
  short	
  MD	
  run	
  

(1	
  ns)	
  on	
  the	
  docked	
  structures	
  both	
  led	
  to	
  slightly	
  more	
  accurate	
  poses,	
  but	
  this	
  

improvement	
  was	
  not	
  statistically	
  significant.	
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Figure	
  3.4.	
  Cross-­‐‑docking	
  into	
  the	
  pocket	
  of	
  DLV-­‐‑bound	
  RT	
  (PDB	
  ID:	
  1KLM)	
  with	
  
several	
  additional	
  steps	
  to	
  compensate	
  for	
  the	
  induced	
  fit	
  effect.	
  The	
  overall	
  
fractions	
  of	
  accurate	
  self,	
  and	
  non-­‐‑cluster	
  results	
  are	
  shown	
  as	
  lines	
  for	
  comparison.	
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Assessment	
  of	
  Chemical	
  Descriptors	
  for	
  Receptor	
  Selection	
  

While	
  the	
  overall	
  cross-­‐‑docking	
  accuracy	
  for	
  the	
  entire	
  set	
  of	
  NNRTI	
  using	
  

non-­‐‑cluster	
  receptors	
  is	
  low,	
  for	
  95%	
  of	
  the	
  ligands	
  (83	
  of	
  the	
  87)	
  there	
  is	
  at	
  least	
  

one	
  non-­‐‑cluster	
  receptor	
  for	
  which	
  the	
  docked	
  pose	
  is	
  accurate.	
  This	
  suggests	
  that	
  

there	
  may	
  be	
  overlapping	
  binding	
  pocket	
  conformations	
  induced	
  by	
  chemically	
  

dissimilar	
  NNRTI.	
  Assuming	
  that	
  these	
  pocket	
  conformations	
  are	
  driven	
  by	
  similar	
  

protein-­‐‑ligand	
  interaction	
  patterns,	
  it	
  stands	
  to	
  reason	
  that	
  there	
  may	
  be	
  functional	
  

groups	
  with	
  similar	
  properties	
  and	
  orientations	
  on	
  otherwise	
  dissimilar	
  NNRTI	
  

(since	
  they	
  are	
  from	
  different	
  clusters).	
  	
  

To	
  determine	
  if	
  the	
  chemical	
  similarities	
  inducing	
  similar	
  binding	
  patterns	
  

could	
  be	
  identified	
  a	
  priori,	
  44	
  descriptors	
  were	
  assessed	
  for	
  their	
  ability	
  to	
  predict	
  

receptors	
  for	
  accurate	
  cross-­‐‑docking	
  of	
  NNRTI	
  based	
  on	
  the	
  chemical	
  similarity	
  

scores	
  between	
  the	
  compound	
  to	
  be	
  docked	
  and	
  the	
  NNRTI	
  originally	
  bound	
  to	
  the	
  

receptor	
  structure.	
  

The	
  similarity	
  amongst	
  the	
  NNRTI	
  was	
  determined	
  for	
  each	
  descriptor	
  

(Scheme	
  3.1).	
  Then	
  for	
  each	
  NNRTI	
  the	
  most	
  similar	
  non-­‐‑cluster	
  compound	
  was	
  

selected	
  and	
  the	
  accuracy	
  of	
  docking	
  into	
  the	
  receptor	
  of	
  that	
  compound	
  was	
  

assessed.	
  For	
  example,	
  using	
  the	
  number	
  of	
  heavy	
  atoms	
  as	
  the	
  descriptor,	
  the	
  most	
  

similar	
  non-­‐‑cluster	
  compound	
  to	
  11	
  is	
  14,	
  as	
  they	
  both	
  have	
  20	
  heavy	
  atoms	
  and	
  

belong	
  to	
  different	
  clusters.	
  11	
  docks	
  into	
  the	
  receptor	
  of	
  14	
  with	
  an	
  RMSD	
  of	
  0.41	
  Å	
  

as	
  compared	
  to	
  the	
  solved	
  pose,	
  so	
  that	
  is	
  counted	
  as	
  an	
  accurate	
  pose,	
  since	
  RMSD	
  <	
  

2	
  Å.	
  This	
  process	
  was	
  repeated	
  for	
  all	
  87	
  NNRTI	
  for	
  each	
  descriptor,	
  and	
  the	
  fraction	
  

of	
  accurate	
  poses	
  for	
  each	
  descriptor	
  was	
  determined	
  and	
  compared	
  back	
  to	
  the	
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overall	
  average	
  of	
  27%.	
  Statistical	
  significance	
  was	
  determined	
  using	
  a	
  one-­‐‑tailed	
  

Student’s	
  t-­‐‑test	
  with	
  a	
  threshold	
  of	
  only	
  0.005	
  to	
  decrease	
  the	
  likelihood	
  of	
  false	
  

positives	
  since	
  more	
  than	
  40	
  descriptors	
  were	
  being	
  tested.	
  

Three	
  1D	
  descriptors	
  (e.g.,	
  number	
  of	
  heavy	
  atoms),	
  twenty	
  2D	
  fingerprint-­‐‑

based	
  descriptors	
  (e.g.,	
  ECFC_6	
  from	
  Pipeline	
  Pilot	
  (129))	
  eight	
  3D	
  shape-­‐‑based	
  

descriptors	
  (e.g.,	
  surface	
  area),	
  and	
  twelve	
  3D	
  pharmacophore-­‐‑based	
  descriptors	
  

(e.g.,	
  piDAPH4	
  from	
  MOE	
  (130))	
  were	
  assessed.	
  In	
  order	
  to	
  facilitate	
  3D	
  

comparisons	
  a	
  set	
  of	
  low	
  energy	
  conformations	
  for	
  each	
  of	
  the	
  compounds	
  was	
  

created	
  using	
  Low	
  Mode	
  MD.	
  Then	
  those	
  were	
  compared	
  to	
  the	
  solved	
  

conformations	
  of	
  the	
  NNRTI	
  using	
  each	
  descriptor,	
  and	
  only	
  the	
  highest	
  similarity	
  

score	
  from	
  each	
  conformation	
  set	
  was	
  kept.	
  

Overall,	
  nine	
  of	
  the	
  descriptors	
  tested	
  were	
  able	
  to	
  select	
  receptors	
  for	
  

accurate	
  cross-­‐‑docking	
  at	
  a	
  statistically	
  improved	
  rate	
  over	
  the	
  non-­‐‑cluster	
  average.	
  

Of	
  these,	
  seven	
  were	
  2D	
  fingerprint-­‐‑	
  and	
  two	
  were	
  3D	
  pharmacophore-­‐‑based	
  

descriptors	
  (Table	
  3.4).	
  	
  Three	
  of	
  the	
  successful	
  2D	
  fingerprint-­‐‑based	
  (ECFC_2,	
  

ECFC_4,	
  and	
  ECFC_6)	
  were	
  able	
  to	
  select	
  accurately	
  docked	
  receptors	
  for	
  ≥50%	
  of	
  

the	
  NNRTI.	
  The	
  publicly	
  available	
  FP2	
  descriptor	
  from	
  Open	
  Babel	
  (131)	
  also	
  

performed	
  well,	
  as	
  the	
  receptor	
  selected	
  using	
  that	
  descriptor	
  was	
  accurate	
  for	
  46%	
  

of	
  the	
  NNRTI	
  tested.	
  The	
  3D	
  pharmacophore-­‐‑based	
  descriptors	
  that	
  could	
  

accurately	
  predict	
  receptors	
  for	
  cross-­‐‑docking	
  at	
  a	
  rate	
  significantly	
  above	
  the	
  

average	
  were	
  a	
  4-­‐‑point	
  pharmacophore	
  (piDAPH4)	
  and	
  2-­‐‑point	
  atom	
  type	
  

descriptor	
  (TAD).	
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Descriptor Type Source Fraction1Accurate

ECFC_6 2D Pipeline.Pilot 0.53*

ECFC_2 2D Pipeline.Pilot 0.53*

ECFC_4 2D Pipeline.Pilot 0.50*

ECFP_4 2D Pipeline.Pilot 0.48*

FP2 2D Obabel 0.46*

ECFP_6 2D Pipeline.Pilot 0.46*

ECFP_2 2D Pipeline.Pilot 0.46*

piDAPH4 3D MOE 0.46*

TAD 3D MOE 0.46*

FCFP_6 2D Pipeline.Pilot 0.44

FCFC_4 2D Pipeline.Pilot 0.44

FCFP_2 2D Pipeline.Pilot 0.43

FCFP_4 2D Pipeline.Pilot 0.43

TGT 2D MOE 0.43

gpiDAPH3 2D MOE 0.42

FCFC_6 2D Pipeline.Pilot 0.42

piDAPH3 3D MOE 0.41

FCFC_2 2D Pipeline.Pilot 0.41

TGD 2D MOE 0.39

TAT 3D MOE 0.39

Surface.Area Shape MOE 0.38

Volume Shape N/A 0.36

MACCS 2D Obabel 0.36

Spectrophore.M Shape.

Deviations.
Shape Obabel 0.35

ESshape3D 3D MOE 0.34

Spectrophore.M

Overall
3D Obabel 0.33

VDW.Area Shape N/A 0.32

Esshape3D_HYD 3D MOE 0.31

VDW.Volume Shape MOE 0.31

BIT_MACCS 2D MOE 0.31

FP3 2D Obabel 0.31

Diameter Shape MOE 0.29

Table&3.4.&CrossMdocking.accuracy*.into.receptors.selected.by.similarity.descriptors

*.p <.0.005
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Descriptor Type Source Fraction1Accurate

Spectrophore ) Partial.
Charges

Shape Obabel 0.29

logP 1D N/A 0.28

#.Heavy.Atoms 1D N/A 0.28

Spectrophore.)
Lipophilicity

Shape Obabel 0.28

Spectrophore.)
Electrophilicity

Shape Obabel 0.27

Density Shape N/A 0.26

FP4 2D Obabel 0.26

Globularity Shape N/A 0.25

MolecularWeight 1D N/A 0.23

Hydrophobic.Surface.
Area

Shape MOE 0.23

ACPC 3D Zhang.Initi. 0.16

Table&3.4.&Cross)docking.accuracy.into.receptors.selected.by.similarity.descriptors.(cont.)
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The	
  top	
  descriptors	
  were	
  those	
  that	
  used	
  abstractions	
  of	
  atoms	
  and	
  

functional	
  groups	
  to	
  create	
  fingerprints	
  or	
  pharmacophore	
  patterns	
  in	
  2D	
  and	
  3D,	
  

and	
  were	
  superior	
  to	
  the	
  simpler	
  1D	
  and	
  shape-­‐‑only	
  3D	
  descriptors	
  at	
  selecting	
  

appropriate	
  receptors	
  for	
  docking	
  (Table	
  3.4	
  and	
  Figure	
  3.5).	
  Descriptors	
  that	
  

more	
  heavily	
  weighted	
  electronic	
  features	
  (such	
  as	
  ACPC	
  (132)	
  or	
  Spectrophore-­‐‑

Partial	
  Charges	
  (131))	
  did	
  not	
  perform	
  well	
  in	
  this	
  context,	
  since	
  those	
  

characteristics	
  are	
  less	
  important	
  for	
  the	
  hydrophobic	
  binding	
  of	
  NNRTI.	
  Ultimately,	
  

performance	
  of	
  any	
  descriptors	
  at	
  receptor	
  selection	
  will	
  largely	
  depend	
  on	
  the	
  

specific	
  molecular	
  interactions	
  that	
  drive	
  binding	
  and	
  inhibition,	
  and	
  how	
  well	
  the	
  

descriptors	
  can	
  recognize	
  those	
  attributes.	
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Figure	
  3.5.	
  The	
  performance	
  of	
  the	
  top	
  descriptors	
  varies	
  for	
  predicting	
  the	
  best	
  
receptor	
  for	
  cross-­‐‑docking	
  NNRTI.	
  Both	
  the	
  top	
  2D	
  and	
  3D	
  descriptors	
  were	
  able	
  to	
  
select	
  receptors	
  for	
  accurate	
  cross-­‐‑docking	
  at	
  significantly	
  improved	
  rates	
  over	
  the	
  
non-­‐‑cluster	
  average	
  (*,	
  p	
  <	
  0.005).	
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And	
  while	
  more	
  2D	
  than	
  3D	
  descriptors	
  were	
  successful	
  at	
  receptor	
  

selection,	
  this	
  appears	
  to	
  be	
  a	
  product	
  of	
  the	
  descriptor	
  characteristics	
  themselves	
  

(i.e.,	
  how	
  they	
  classify	
  and	
  weight	
  individual	
  atoms	
  or	
  groups)	
  rather	
  than	
  the	
  

limitations	
  of	
  generating	
  ab	
  initio	
  3D	
  conformations	
  relevant	
  to	
  binding.	
  In	
  fact,	
  the	
  

3D	
  conformations	
  generated	
  for	
  the	
  NNRTI	
  were	
  largely	
  consistent	
  with	
  their	
  

binding	
  poses,	
  as	
  92%	
  had	
  an	
  RMSD	
  <	
  2	
  Å	
  from	
  the	
  bound	
  conformation.	
  

Furthermore,	
  a	
  comparison	
  of	
  three	
  MOE	
  descriptors	
  applied	
  as	
  both	
  2D	
  and	
  3D	
  

showed	
  no	
  consistent	
  enhancement	
  for	
  one	
  approach	
  over	
  the	
  other	
  (Figure	
  3.6).	
  

Together,	
  these	
  observations	
  suggest	
  that	
  for	
  NNRTI	
  the	
  method	
  of	
  abstraction	
  by	
  

descriptors	
  is	
  more	
  important	
  than	
  the	
  3D	
  overlap	
  of	
  specific	
  atoms	
  or	
  groups.	
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Figure	
  3.6.	
  A	
  comparison	
  of	
  receptor	
  selection	
  by	
  descriptors	
  available	
  in	
  both	
  2D	
  
and	
  3D	
  formats	
  from	
  MOE.	
  The	
  Atom	
  Type	
  Distance	
  (2D:	
  TGD/3D:	
  TAD),	
  Atom	
  Type	
  
Triangle	
  (TGT/TAT),	
  and	
  Pharmacophore	
  Triangle	
  (gpiDAPH3/piDAPH3)	
  
descriptors	
  were	
  used.	
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The	
  impact	
  receptor	
  selection	
  can	
  play	
  on	
  docking	
  accuracy	
  is	
  illustrated	
  in	
  

Figure	
  3.7.	
  Compound	
  17	
  self-­‐‑docks	
  accurately,	
  with	
  an	
  RMSD	
  <	
  1	
  Å	
  (data	
  not	
  

shown).	
  Yet	
  when	
  docking	
  into	
  the	
  representative	
  receptor	
  described	
  previously	
  

(1KLM),	
  the	
  orientation	
  of	
  17	
  relative	
  to	
  its	
  solved	
  binding	
  pose	
  was	
  flipped,	
  and	
  

this	
  position	
  cannot	
  be	
  corrected	
  with	
  minimization	
  and	
  molecular	
  dynamics	
  

(Figure	
  3.7a).	
  However,	
  docking	
  into	
  the	
  receptor	
  selected	
  by	
  the	
  top	
  performing	
  

descriptor	
  (ECFC_6,	
  Figure	
  3.7b)	
  yielded	
  a	
  ligand	
  orientation	
  very	
  similar	
  to	
  that	
  of	
  

the	
  solved	
  pose	
  (RMSD	
  =	
  0.68	
  Å).	
  This	
  docked	
  pose	
  included	
  two	
  hydrogen	
  bonds	
  

with	
  the	
  backbone	
  carbonyl	
  and	
  amine	
  groups	
  of	
  K101	
  with	
  the	
  same	
  orientation	
  

(within	
  0.2	
  Å	
  and	
  11°	
  between	
  donor-­‐‑acceptor	
  pairs)	
  as	
  those	
  found	
  in	
  the	
  actual	
  

solved,	
  bound	
  state	
  of	
  the	
  NNRTI.	
  In	
  this	
  case	
  ligand-­‐‑similarity	
  mediated	
  receptor	
  

selection	
  revealed	
  relevant	
  protein-­‐‑ligand	
  interaction	
  motifs	
  that	
  were	
  missed	
  when	
  

docking	
  into	
  other	
  receptors,	
  and	
  knowing	
  these	
  interaction	
  patterns	
  can	
  provide	
  a	
  

basis	
  for	
  structure	
  activity	
  relationship	
  studies	
  and	
  rational	
  compound	
  optimization.	
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Figure	
  3.7.	
  Docking	
  of	
  17	
  into	
  a	
  representative	
  RT-­‐‑NNRTI	
  structure	
  (a)	
  and	
  into	
  a	
  
receptor	
  selected	
  based	
  off	
  of	
  ligand	
  similarity	
  (b).	
  Solved	
  pose	
  is	
  shown	
  in	
  
transparent	
  grey	
  for	
  comparison,	
  with	
  hydrogen	
  bonds	
  are	
  shown	
  as	
  green	
  dashes.	
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Assessment	
  of	
  Receptor	
  Selection	
  for	
  Active	
  Recall	
  

NNRTI	
  with	
  solved	
  binding	
  conformations	
  are	
  useful	
  for	
  assessing	
  cross-­‐‑

docking	
  accuracy,	
  as	
  the	
  new	
  docked	
  pose	
  can	
  be	
  readily	
  compared	
  back	
  to	
  that	
  of	
  

the	
  solved	
  one.	
  However,	
  when	
  considering	
  novel	
  molecules	
  without	
  known	
  binding	
  

poses	
  (such	
  as	
  when	
  running	
  a	
  virtual	
  screen	
  to	
  identify	
  leads),	
  the	
  docking	
  score	
  is	
  

often	
  used	
  as	
  a	
  predictor	
  of	
  potency.	
  The	
  scoring	
  function	
  in	
  Autodock	
  Vina	
  

performs	
  reasonably	
  well	
  when	
  cross	
  docking	
  known	
  NNRTI,	
  as	
  it	
  enhanced	
  

prediction	
  of	
  accurate	
  poses	
  from	
  the	
  cross	
  docking	
  of	
  the	
  87	
  NNRTI	
  into	
  both	
  a	
  

single	
  receptor	
  (which	
  it	
  selected	
  at	
  a	
  statistically	
  significant	
  rate	
  of	
  48%),	
  and	
  for	
  

all	
  of	
  the	
  non-­‐‑self	
  receptors	
  from	
  the	
  set	
  (Figure	
  3.8).	
  However,	
  when	
  dealing	
  with	
  

large	
  chemical	
  libraries	
  it	
  is	
  very	
  cumbersome	
  to	
  dock	
  all	
  potential	
  ligands	
  into	
  87	
  

different	
  receptors	
  in	
  order	
  to	
  find	
  the	
  very	
  best	
  scoring	
  ligand-­‐‑receptor	
  pairs.	
  Thus	
  

we	
  sought	
  to	
  determine	
  if	
  the	
  best	
  descriptor	
  at	
  predicting	
  receptors	
  for	
  NNRTI	
  

cross-­‐‑docking	
  accuracy	
  could	
  also	
  enhance	
  recall	
  of	
  known	
  NNRTI	
  from	
  a	
  set	
  of	
  

inactive	
  decoys.	
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Figure	
  3.8.	
  ROC	
  curves	
  showing	
  recall	
  of	
  accurate	
  poses	
  of	
  87	
  solved	
  NNRTI	
  from	
  
cross-­‐‑docking	
  into	
  all	
  87	
  available	
  receptors	
  using	
  the	
  docking	
  score	
  from	
  AutoDock	
  
Vina.	
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A	
  set	
  of	
  1,653	
  NNRTI	
  decoys	
  were	
  selected	
  from	
  the	
  DUDE-­‐‑E	
  database	
  (133)	
  

and	
  combined	
  with	
  the	
  set	
  of	
  known	
  NNRTI	
  to	
  form	
  a	
  virtual	
  library	
  of	
  1740	
  test	
  

compounds.	
  The	
  library	
  was	
  constructed	
  such	
  that	
  the	
  87	
  known	
  actives	
  would	
  

constitute	
  5%	
  of	
  the	
  total	
  number	
  of	
  compounds.	
  Receiver	
  operating	
  characteristic	
  

(ROC)	
  curves	
  were	
  then	
  used	
  to	
  assess	
  various	
  methods	
  of	
  recalling	
  the	
  known	
  

NNRTI	
  from	
  the	
  virtual	
  library.	
  

A	
  set	
  of	
  similarity	
  scores	
  between	
  a	
  single	
  target	
  NNRTI	
  (DLV)	
  and	
  all	
  1,740	
  

of	
  the	
  molecules	
  from	
  the	
  virtual	
  library	
  was	
  created,	
  using	
  the	
  top	
  performing	
  

descriptor	
  (ECFC_6)	
  from	
  the	
  previous	
  exercise.	
  Then	
  these	
  were	
  rank-­‐‑ordered	
  to	
  

determine	
  if	
  the	
  similarity	
  scores	
  to	
  DLV	
  correlated	
  with	
  the	
  87	
  active	
  NNRTI.	
  These	
  

results	
  were	
  also	
  compared	
  to	
  the	
  rank-­‐‑ordered	
  docking	
  scores	
  created	
  from	
  

docking	
  the	
  compounds	
  into	
  a	
  single,	
  representative	
  receptor	
  (1KLM,	
  the	
  receptor	
  

of	
  DLV).	
  	
  

Multiple	
  targets	
  for	
  similarity	
  scoring	
  and	
  docking	
  were	
  also	
  used.	
  Applying	
  a	
  

similar	
  approach	
  as	
  outlined	
  in	
  Scheme	
  3.1,	
  the	
  ECFC_6	
  descriptor	
  was	
  

implemented	
  to	
  create	
  a	
  database	
  of	
  similarity	
  scores	
  between	
  all	
  1,740	
  compounds	
  

of	
  the	
  virtual	
  library	
  and	
  each	
  of	
  the	
  87	
  known	
  NNRTI.	
  For	
  each	
  inactive	
  compound	
  

in	
  the	
  virtual	
  library	
  only	
  the	
  top	
  similarity	
  score	
  from	
  the	
  87	
  created	
  for	
  each	
  

NNRTI	
  were	
  used.	
  But	
  for	
  the	
  active	
  NNRTI	
  in	
  the	
  virtual	
  library	
  only	
  the	
  top	
  non-­‐‑

cluster	
  similarity	
  score	
  was	
  considered,	
  as	
  was	
  done	
  previously	
  (i.e.,	
  for	
  a	
  compound	
  

in	
  cluster	
  11	
  only	
  the	
  top	
  similarity	
  score	
  between	
  it	
  and	
  compounds	
  from	
  clusters	
  

12-­‐‑20	
  was	
  used).	
  These	
  values	
  were	
  then	
  rank-­‐‑ordered	
  to	
  determine	
  if	
  higher	
  

similarity	
  scores	
  correlated	
  with	
  active	
  NNRTI.	
  Each	
  of	
  the	
  library	
  compounds	
  was	
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also	
  docked	
  into	
  the	
  receptor	
  of	
  the	
  NNRTI	
  with	
  the	
  highest	
  similarity,	
  and	
  this	
  data	
  

was	
  used	
  to	
  create	
  an	
  additional	
  rank-­‐‑ordered	
  list	
  of	
  the	
  subsequent	
  docking	
  scores.	
  

The	
  results	
  (Figure	
  3.9	
  and	
  Table	
  3.5)	
  show	
  the	
  advantage	
  of	
  using	
  multiple	
  

NNRTI	
  for	
  similarity-­‐‑based	
  receptor	
  selection	
  for	
  cross-­‐‑docking.	
  This	
  approach	
  

captured	
  a	
  statistically	
  significant	
  71%	
  of	
  the	
  active	
  NNRTI	
  at	
  a	
  1%	
  sample	
  rate,	
  

which	
  was	
  more	
  than	
  twice	
  the	
  enrichment	
  of	
  the	
  next	
  best	
  method.	
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Figure	
  3.9.	
  ROC	
  curves	
  showing	
  recall	
  of	
  87	
  known	
  NNRTI	
  from	
  virtual	
  library	
  of	
  
1740	
  NNRTI-­‐‑like	
  compounds.	
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Selection)Method
Fraction)of)Ideal)at)

1%)Sample
Normalized)AUC

Similarity)to)DLV 0.18 0.58

Docking)into)DLV)Receptor 0.06 0.72

Similarity)to)Multiple)NNRTI 0.29 0.69

Docking)into)SimilarityCSelected)Receptor 0.71* 0.80

Table&3.5.&ROC)curve)data)from)recall)of)active)NNRTI)from)decoy)set)

*)p <)0.005
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3.4	
  Conclusions	
  	
  

The	
  results	
  suggest	
  that	
  a	
  sequential	
  application	
  of	
  ligand-­‐‑	
  and	
  structure-­‐‑

based	
  approaches	
  by	
  selecting	
  a	
  best	
  receptor	
  for	
  docking	
  via	
  ligand-­‐‑similarity	
  

scores	
  can	
  increase	
  both	
  the	
  probability	
  of	
  selecting	
  active	
  NNRTI	
  from	
  a	
  virtual	
  

screen	
  and	
  predicting	
  the	
  correct	
  binding	
  pose	
  thereof.	
  Additionally,	
  using	
  multiple	
  

targets	
  and	
  receptors	
  of	
  NNRTI	
  for	
  similarity	
  scoring	
  and	
  docking	
  improved	
  virtual	
  

screening	
  results,	
  consistent	
  with	
  the	
  variability	
  in	
  composition	
  and	
  binding	
  of	
  

NNRTI.	
  These	
  results	
  can	
  be	
  applied	
  directly	
  to	
  guide	
  hit	
  discovery	
  and	
  lead	
  

optimization	
  efforts	
  of	
  new	
  NNRTI	
  via	
  receptor	
  selection	
  for	
  docking,	
  and	
  the	
  

workflow	
  outlined	
  can	
  also	
  be	
  used	
  to	
  assess,	
  benchmark,	
  and	
  customize	
  new	
  

descriptors	
  for	
  receptor	
  selection	
  in	
  other	
  drug	
  systems	
  targeting	
  viruses	
  other	
  than	
  

HIV.	
  

3.5	
  Methods	
  

Analysis	
  of	
  NNRTI-­‐‑Bound	
  RT	
  structures	
  	
  

One	
  hundred	
  and	
  eighty-­‐‑nine	
  RT	
  structures	
  were	
  downloaded	
  from	
  the	
  RCSB	
  

PDB	
  (117),	
  and	
  from	
  these	
  a	
  subset	
  of	
  87	
  were	
  selected	
  for	
  analysis,	
  as	
  they	
  

included	
  the	
  wild	
  type	
  apoenzyme	
  bound	
  to	
  a	
  single	
  NNRTI	
  and	
  had	
  no	
  missing	
  

residues	
  within	
  the	
  NNRTI	
  binding	
  site.	
  The	
  p66	
  subunit	
  of	
  each	
  of	
  these	
  structures	
  

was	
  aligned	
  to	
  the	
  p66	
  subunit	
  of	
  the	
  wild	
  type	
  ternary	
  (enzyme,	
  DNA	
  duplex,	
  and	
  

incoming	
  nucleotide)	
  1RTD	
  (134)	
  structure	
  using	
  the	
  MatchMaker	
  function	
  in	
  UCSF	
  

Chimera	
  (135).	
  This	
  aligned	
  coordinate	
  system	
  was	
  used	
  for	
  visual	
  inspection	
  and	
  

comparison.	
  The	
  RMSD	
  values	
  of	
  the	
  protein	
  backbone	
  of	
  the	
  p66	
  subunit	
  were	
  

determined	
  along	
  with	
  that	
  of	
  all	
  the	
  atoms	
  of	
  the	
  binding	
  site	
  residues	
  (these	
  were	
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residues	
  95,	
  100-­‐‑103,	
  106,	
  179-­‐‑181,	
  188-­‐‑191,	
  227,	
  229,	
  234-­‐‑237,	
  and	
  318	
  from	
  the	
  

p66	
  subunit	
  and	
  138	
  from	
  the	
  p51	
  subunit)	
  for	
  all	
  of	
  the	
  structures	
  against	
  one	
  

another	
  using	
  the	
  Match	
  function	
  in	
  UCSF	
  Chimera,	
  performing	
  a	
  realignment	
  of	
  all	
  

the	
  other	
  structures	
  against	
  each	
  template	
  before	
  measurement.	
  Binding	
  pocket	
  

volumes	
  were	
  measured	
  with	
  Accelrys’	
  Discovery	
  Studio	
  Site	
  Finder	
  function	
  (136).	
  

NNRTI	
  Cross	
  Docking	
  Database	
  	
  

The	
  87	
  RT	
  receptors	
  and	
  NNRTI	
  were	
  prepared	
  for	
  docking	
  using	
  AutoDock	
  

Tools	
  1.5.4	
  (137)	
  and	
  each	
  ligand	
  was	
  then	
  docked	
  into	
  each	
  receptor	
  using	
  

AutoDock	
  Vina	
  1.1.2	
  (103)	
  with	
  a	
  search	
  space	
  cube	
  of	
  25	
  Å3	
  around	
  the	
  center	
  of	
  

mass	
  of	
  the	
  native	
  NNRTI	
  bound	
  to	
  each	
  receptor.	
  Water	
  molecules	
  present	
  in	
  and	
  

around	
  the	
  binding	
  pocket	
  were	
  removed,	
  as	
  they	
  were	
  not	
  conserved	
  and	
  found	
  in	
  

only	
  33	
  of	
  the	
  structures.	
  Autodock	
  Vina	
  uses	
  random	
  conformations	
  as	
  starting	
  

positions	
  for	
  docking,	
  so	
  runs	
  were	
  performed	
  in	
  triplicate	
  to	
  reduce	
  effects	
  of	
  any	
  

random	
  artifacts.	
  Docking	
  poses	
  were	
  analyzed	
  using	
  ViewDock	
  in	
  UCSF	
  Chimera	
  

and	
  measured	
  against	
  the	
  solved	
  structure	
  after	
  realignment	
  based	
  on	
  the	
  binding	
  

site	
  residues.	
  All	
  of	
  the	
  NNRTI	
  were	
  also	
  docked	
  using	
  flexible	
  side	
  chains	
  for	
  the	
  

binding	
  site	
  residues	
  into	
  the	
  DLV	
  binding	
  pocket	
  (PDB	
  ID:	
  1KLM).	
  In	
  all	
  docking	
  

exercises	
  only	
  the	
  top-­‐‑scoring	
  pose	
  was	
  kept.	
  

Minimization	
  and	
  MD	
  	
  

The	
  top-­‐‑scoring	
  pose	
  of	
  all	
  87	
  NNRTI	
  docked	
  into	
  1KLM	
  were	
  prepared	
  for	
  

minimization	
  and	
  molecular	
  dynamics	
  simulations	
  using	
  VMD	
  1.9.1.	
  (138)	
  Residues	
  

within	
  20	
  Å	
  of	
  the	
  binding	
  pocket	
  center	
  were	
  extracted	
  and	
  a	
  solvent	
  box	
  of	
  TIP3P	
  

water	
  model	
  with	
  a	
  5	
  Å	
  pad	
  was	
  added	
  to	
  each	
  enzyme-­‐‑drug	
  complex.	
  NAMD	
  2.9	
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(139)	
  was	
  used	
  to	
  minimize	
  the	
  structures	
  for	
  10	
  ps	
  followed	
  by	
  1	
  ns	
  of	
  molecular	
  

dynamics,	
  using	
  timesteps	
  of	
  1	
  fs.	
  The	
  simulation	
  used	
  an	
  NPT	
  ensemble	
  at	
  310	
  K	
  

and	
  a	
  Langevin	
  piston	
  with	
  a	
  target	
  pressure	
  of	
  1	
  bar.	
  The	
  van	
  der	
  Waals	
  cut-­‐‑off	
  

distance	
  was	
  set	
  to	
  11	
  Å	
  and	
  the	
  particle	
  mesh	
  Ewald	
  method	
  was	
  used	
  for	
  

electrostatics.	
  The	
  resultant	
  NNRTI	
  binding	
  poses	
  were	
  measured	
  as	
  before	
  to	
  

determine	
  the	
  RMSD	
  from	
  the	
  solved	
  pose.	
  

Similarity	
  Clusters	
  	
  

The	
  87	
  compounds	
  were	
  split	
  into	
  10	
  clusters	
  based	
  on	
  maximum	
  

dissimilarity	
  between	
  clusters	
  using	
  MACCS	
  descriptors	
  in	
  Pipeline	
  Pilot	
  (129).	
  

When	
  comparing	
  compounds	
  for	
  receptor	
  selection	
  only	
  NNRTI	
  outside	
  of	
  the	
  

cluster	
  of	
  the	
  query	
  molecule	
  were	
  considered,	
  so	
  as	
  to	
  eliminate	
  selection	
  of	
  

receptors	
  from	
  closely	
  related	
  analogs.	
  

Chemical	
  Descriptor	
  Similarity	
  Scores	
  	
  

The	
  ligands	
  from	
  the	
  87	
  aligned	
  PDB	
  structures	
  were	
  extracted	
  to	
  create	
  a	
  

molecular	
  database	
  of	
  their	
  solved	
  conformations.	
  In	
  order	
  to	
  make	
  comparisons	
  of	
  

compounds	
  based	
  on	
  their	
  non-­‐‑bound	
  low	
  energy	
  conformations,	
  the	
  ligands	
  were	
  

first	
  converted	
  to	
  2D	
  structures	
  to	
  remove	
  any	
  bias	
  from	
  their	
  existing	
  

conformations,	
  and	
  then	
  LowModeMD	
  (140)	
  from	
  MOE	
  (130)	
  was	
  implemented	
  to	
  

create	
  sets	
  of	
  low	
  energy	
  conformations.	
  We	
  used	
  an	
  MMFF94x	
  potential	
  with	
  a	
  

dielectric	
  constant	
  of	
  1	
  and	
  a	
  non-­‐‑bonded	
  interaction	
  cutoff	
  of	
  8	
  Å,	
  a	
  rejection	
  limit	
  

of	
  100,	
  RMS	
  gradient	
  of	
  0.1,	
  iteration	
  limit	
  of	
  1000,	
  and	
  an	
  MM	
  energy	
  minimization	
  

iteration	
  limit	
  of	
  200.	
  Only	
  the	
  10	
  lowest	
  energy	
  conformations	
  with	
  an	
  RMSD	
  



	
   96	
  

similarity	
  lower	
  limit	
  of	
  1	
  Å	
  were	
  kept	
  in	
  order	
  to	
  ensure	
  a	
  broad	
  sampling	
  of	
  

possible	
  conformations	
  for	
  similarity	
  searching.	
  	
  

MOE	
  was	
  used	
  to	
  calculate	
  values	
  of	
  the	
  1D	
  (number	
  of	
  heavy	
  atoms,	
  

molecular	
  weight,	
  logP)	
  and	
  shape-­‐‑based	
  descriptors	
  (diameter,	
  volume,	
  density,	
  

globularity,	
  van	
  der	
  Waals	
  area,	
  van	
  der	
  Waals	
  surface	
  area,	
  can	
  der	
  Waals	
  volume,	
  

and	
  hydrophobic	
  surface	
  area)	
  for	
  all	
  NNRTI.	
  These	
  values	
  were	
  then	
  used	
  to	
  create	
  

normalized	
  similarity	
  ratios	
  for	
  each	
  pair	
  of	
  the	
  compounds.	
  

The	
  2D	
  descriptor	
  comparisons	
  were	
  made	
  using	
  three	
  programs:	
  OpenBabel	
  

(131)	
  (for	
  FP2,	
  FP3,	
  and	
  FP4),	
  MOE	
  (for	
  BIT_MACCS,	
  gpiDAPH3,	
  TGD,	
  and	
  TGT),	
  and	
  

Pipeline	
  Pilot	
  (for	
  MACCS,	
  ECFC_2,	
  ECFC_4,	
  ECFC_6,	
  ECFP_2-­‐‑_6,	
  FCFP_2-­‐‑_6,	
  and	
  

FCFC_2-­‐‑_6).	
  The	
  3D	
  descriptor	
  comparisons	
  used	
  the	
  conformations	
  previously	
  

generated	
  and	
  were	
  also	
  done	
  using	
  three	
  different	
  programs:	
  OpenBabel	
  (for	
  

Spectrophpres),	
  ACPC	
  (132),	
  and	
  MOE	
  (for	
  piDAPH3,	
  piDAPH4,	
  ESshape3D,	
  

ESshape3D_HYD,	
  TAD,	
  and	
  TAT).	
  Tanimoto	
  similarity	
  coefficients	
  were	
  created	
  for	
  

each	
  compound	
  pair	
  using	
  each	
  descriptor.	
  

Selection	
  of	
  Receptors	
  Based	
  on	
  Ligand	
  Similarity	
  	
  

For	
  each	
  NNRTI,	
  the	
  most	
  similar	
  compound	
  (excluding	
  those	
  from	
  their	
  own	
  

cluster)	
  was	
  selected	
  based	
  on	
  the	
  maximum	
  similarity	
  score	
  for	
  a	
  given	
  descriptor.	
  

The	
  results	
  of	
  docking	
  each	
  NNRTI	
  into	
  the	
  binding	
  pocket	
  of	
  the	
  receptor	
  of	
  the	
  

most	
  similar	
  compound	
  were	
  then	
  tabulated	
  for	
  each	
  descriptor,	
  and	
  the	
  fraction	
  of	
  

accurate	
  (RMSD	
  <	
  2	
  Å	
  from	
  the	
  solved	
  binding	
  pose)	
  poses	
  for	
  each	
  NNRTI-­‐‑receptor	
  

set	
  was	
  subsequently	
  calculated.	
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Receptor	
  Selection	
  and	
  Docking	
  of	
  Decoys	
  	
  

A	
  random	
  subset	
  of	
  1,653	
  NNRTI	
  decoys	
  were	
  selected	
  from	
  the	
  DUDE-­‐‑E	
  

database	
  (133)	
  and	
  combined	
  them	
  with	
  the	
  87	
  known	
  NNRTI	
  for	
  a	
  set	
  of	
  1740	
  

compounds	
  for	
  virtual	
  screening.	
  The	
  top	
  performing	
  descriptor	
  (ECFC6)	
  was	
  used	
  

to	
  select	
  the	
  receptors	
  of	
  the	
  most	
  similar	
  NNRTI	
  for	
  docking	
  as	
  described	
  

previously.	
  Once	
  docked,	
  receiver	
  operating	
  characteristic	
  (ROC)	
  curves	
  were	
  made	
  

in	
  Microsoft	
  Excel	
  to	
  compare	
  recall	
  enhancement	
  of	
  the	
  of	
  the	
  87	
  known	
  NNRTI	
  

from	
  the	
  entire	
  set	
  of	
  1740	
  compounds.	
  ROC	
  curves	
  were	
  made	
  comparing	
  the	
  use	
  

of	
  just	
  the	
  descriptor	
  itself	
  (with	
  a	
  single	
  or	
  multiple	
  NNRTI-­‐‑similarity	
  targets),	
  the	
  

scores	
  from	
  docking	
  into	
  the	
  receptors	
  selected	
  by	
  the	
  descriptor,	
  or	
  into	
  a	
  single	
  

receptor.	
  

Statistical	
  Analysis	
  	
  

A	
  one-­‐‑tailed,	
  homoscedastic	
  Student’s	
  t-­‐‑test	
  was	
  applied	
  with	
  a	
  significance	
  

threshold	
  of	
  0.005	
  using	
  Microsoft	
  Excel	
  to	
  the	
  receptor	
  selection	
  results	
  from	
  each	
  

descriptor.	
  The	
  cross-­‐‑docking	
  results	
  for	
  each	
  receptor	
  in	
  the	
  entire	
  set	
  were	
  used	
  to	
  

determine	
  the	
  standard	
  deviation	
  of	
  the	
  population.	
  For	
  the	
  virtual	
  screening	
  

exercise	
  the	
  same	
  statistical	
  test	
  was	
  used,	
  but	
  the	
  standard	
  deviation	
  of	
  the	
  

population	
  was	
  calculated	
  from	
  ROC	
  curves	
  made	
  from	
  docking	
  into	
  three	
  different	
  

receptors.	
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CHAPTER	
  4:	
  
	
  

Free	
  Energy	
  Perturbation	
  Guided	
  Lead	
  Optimization	
  of	
  7-­‐‑azaindole	
  Non-­‐‑
Nucleoside	
  HIV-­‐‑1	
  Reverse	
  Transcriptase	
  Inhibitors	
  

	
  
Portions	
  of	
  the	
  research	
  presented	
  in	
  this	
  chapter	
  are	
  included	
  in	
  a	
  manuscript	
  

submitted	
  for	
  publication	
  in	
  Bioorganic	
  &	
  Medicinal	
  Chemistry	
  Letters.	
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4.1	
  Abstract	
  

Previous	
  work	
  identified	
  a	
  lead	
  non-­‐‑nucleoside	
  HIV-­‐‑1	
  reverse	
  transcriptase	
  

(RT)	
  inhibitor	
  (NNRTI)	
  from	
  a	
  library	
  of	
  585	
  molecules	
  built	
  off	
  of	
  a	
  common	
  7-­‐‑

azaindole	
  core.	
  While	
  the	
  lead	
  compound	
  inhibited	
  RT	
  with	
  submicromolar	
  potency	
  

(IC50	
  =	
  0.73	
  μM),	
  it	
  is	
  still	
  several	
  log	
  fold	
  less	
  active	
  than	
  current	
  NNRTI.	
  In	
  an	
  effort	
  

to	
  improve	
  potency,	
  free	
  energy	
  perturbation	
  calculations	
  were	
  used	
  to	
  

computationally	
  assess	
  potential	
  modifications	
  prior	
  to	
  synthesis.	
  This	
  led	
  to	
  the	
  

development	
  of	
  a	
  new	
  analog	
  with	
  two-­‐‑fold	
  increase	
  in	
  potency	
  against	
  RT	
  (IC50	
  =	
  

0.36	
  μM),	
  validating	
  this	
  approach	
  for	
  future	
  optimization	
  efforts.	
  

4.2	
  Introduction	
  

Screening	
  of	
  a	
  library	
  of	
  585	
  compounds	
  built	
  off	
  of	
  a	
  7-­‐‑azaindole	
  core	
  

against	
  HIV-­‐‑1	
  revealed	
  several	
  promising	
  hits,	
  the	
  most	
  potent	
  of	
  which	
  act	
  as	
  non-­‐‑

nucleoside	
  reverse	
  transcriptase	
  inhibitors	
  (NNRTI),	
  as	
  discussed	
  in	
  Chapter	
  2.	
  

These	
  7-­‐‑azaindoles	
  demonstrated	
  potent	
  antiviral	
  activity	
  and	
  also	
  inhibited	
  DNA	
  

polymerization	
  by	
  HIV	
  reverse	
  transcriptase	
  (RT)	
  while	
  maintaining	
  low	
  toxicity	
  

against	
  several	
  cell	
  lines	
  tested,	
  and	
  even	
  maintained	
  some	
  activity	
  against	
  clinically	
  

relevant	
  RT	
  mutants.	
  	
  

While	
  most	
  promising	
  compounds	
  in	
  the	
  library	
  inhibited	
  RT	
  with	
  

submicromolar	
  IC50	
  values,	
  they	
  are	
  still	
  more	
  than	
  fifty-­‐‑fold	
  less	
  potent	
  than	
  the	
  

FDA-­‐‑approved	
  NNRTI	
  EFV	
  (Table	
  2.1),	
  which	
  is	
  itself	
  ~	
  three-­‐‑fold	
  less	
  active	
  than	
  

the	
  second	
  generation	
  compound	
  RPV	
  (141).	
  Newer	
  experimental	
  NNRTI	
  have	
  even	
  

demonstrated	
  potency	
  beyond	
  that	
  of	
  RPV,	
  as	
  well	
  (142).	
  So	
  while	
  an	
  NNRTI	
  built	
  

off	
  of	
  a	
  novel	
  scaffold	
  is	
  a	
  promising	
  development	
  that	
  may	
  offer	
  advantages	
  over	
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existing	
  drugs,	
  the	
  potency	
  of	
  the	
  7-­‐‑azaindoles	
  must	
  be	
  improved	
  before	
  such	
  

compounds	
  can	
  be	
  considered	
  as	
  clinical	
  candidates.	
  	
  

Optimization	
  of	
  the	
  lead	
  7-­‐‑azaindole	
  compounds	
  is	
  a	
  complicated	
  endeavor,	
  

given	
  the	
  versatility	
  of	
  the	
  core	
  and	
  the	
  wide	
  range	
  of	
  modifications	
  it	
  can	
  

accommodate.	
  There	
  are	
  a	
  variety	
  of	
  computational	
  means	
  to	
  estimate	
  the	
  binding	
  

potency	
  of	
  ligands,	
  but	
  their	
  accuracy	
  varies	
  depending	
  on	
  the	
  target	
  (143).	
  The	
  

following	
  work	
  outlines	
  the	
  validation	
  of	
  one	
  such	
  method,	
  free	
  energy	
  perturbation	
  

(FEP),	
  as	
  a	
  tool	
  to	
  optimize	
  the	
  7-­‐‑azaindoles	
  as	
  NNRTI.	
  

4.3	
  Results	
  and	
  Discussion	
  

Lead	
  optimization	
  of	
  the	
  7-­‐‑azaindole	
  NNRTI	
  focused	
  on	
  compound	
  8,	
  as	
  it	
  

demonstrated	
  submicromolar	
  potency	
  against	
  HIV	
  replication	
  in	
  cell	
  culture	
  and	
  RT	
  

directly	
  in	
  cell-­‐‑free	
  assays	
  and	
  was	
  nontoxic	
  against	
  all	
  three	
  cell	
  lines	
  tested	
  (Table	
  

2.1).	
  Further,	
  there	
  are	
  already	
  several	
  closely	
  related	
  analogs	
  within	
  the	
  library	
  

that	
  could	
  be	
  used	
  to	
  explore	
  the	
  structure	
  activity	
  relationship	
  of	
  the	
  compound	
  

and	
  validate	
  computational	
  methods	
  of	
  predicting	
  potency	
  (Fig.	
  4.1).	
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Figure	
  4.1.	
  Structures	
  of	
  8	
  and	
  related	
  analogs	
  from	
  7-­‐‑azaindole	
  library.	
  
	
   	
  

8

N N

O
N

21

N N

O
N

F
22

N N

O
N

N N

O
N

N+O O-

23 24

N N

O
N

N H
N

O
N

25



	
   102	
  

Docking	
  and	
  Scoring	
  

The	
  analogs	
  of	
  8	
  were	
  all	
  docked	
  into	
  the	
  NNRTI	
  binding	
  pocket	
  of	
  receptors	
  

selected	
  from	
  the	
  PDB	
  based	
  on	
  their	
  ECFC_6	
  similarity	
  scores	
  (detailed	
  in	
  Chapter	
  

3).	
  	
  

The	
  scoring	
  function	
  from	
  the	
  program	
  used	
  for	
  docking	
  (Autodock	
  Vina)	
  

estimates	
  the	
  change	
  in	
  Gibbs	
  free	
  energy	
  of	
  binding	
  (ΔG)	
  for	
  a	
  drug	
  to	
  its	
  target	
  

(103).	
  The	
  dissociation	
  constant	
  Kd	
  is	
  related	
  to	
  ΔG	
  by	
  Equation	
  1,	
  where	
  R	
  is	
  the	
  

ideal	
  gas	
  constant	
  and	
  T	
  represents	
  the	
  temperature:	
  

∆𝐺 = 	
  −𝑅𝑇(ln𝐾,)	
   Equation	
  4.1	
  

The	
  ratio	
  of	
  the	
  dissociation	
  constants	
  for	
  two	
  compounds	
  (referred	
  to	
  as	
  	
  1	
  

and	
  2)	
  can	
  be	
  determined	
  by	
  the	
  difference	
  between	
  their	
  respective	
  ΔG	
  values	
  

(ΔΔG)	
  via	
  the	
  Boltzmann	
  distribution	
  law:	
  

∆∆𝐺 = 	
  −𝑅𝑇(ln ./0
./1
)	
   Equation	
  4.2	
  

A	
  negative	
  ΔΔG	
  value	
  means	
  that	
  compound	
  2	
  has	
  a	
  smaller	
  Kd	
  and	
  therefore	
  

has	
  a	
  higher	
  binding	
  affinity	
  for	
  the	
  target	
  than	
  compound	
  1,	
  which	
  should	
  lead	
  to	
  an	
  

increase	
  in	
  potency	
  assuming	
  both	
  compounds	
  equivalently	
  act	
  as	
  inhibitors	
  upon	
  

binding.	
  	
  

Since	
  the	
  Autodock	
  Vina	
  scoring	
  function	
  was	
  able	
  to	
  differentiate	
  between	
  

known	
  NNRTI	
  and	
  inactive	
  decoy	
  combines	
  on	
  a	
  large	
  scale	
  (Chapter	
  3,	
  Fig.	
  3.9),	
  it	
  

was	
  assessed	
  to	
  determine	
  if	
  it	
  could	
  also	
  predict	
  the	
  potency	
  of	
  potential	
  7-­‐‑

azaindoles	
  prior	
  to	
  their	
  synthesis,	
  using	
  the	
  analogs	
  of	
  8	
  as	
  a	
  test	
  set.	
  Unfortunately	
  

the	
  ΔΔG	
  values	
  did	
  not	
  agree	
  with	
  the	
  experimental	
  data	
  for	
  all	
  of	
  these	
  compounds.	
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Compounds	
  24	
  and	
  25	
  were	
  both	
  predicted	
  to	
  have	
  increased	
  potency	
  based	
  on	
  

their	
  ΔΔG	
  	
  scores,	
  contrary	
  to	
  the	
  experimental	
  results	
  (Table	
  4.1).	
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*Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  FRET-­‐‑assay.	
  
	
   	
  

Table&4.1.&Docking(predicted(and(experimental(activity(of(analogs(of(8 (± SD)

Compound
Predicted Experimental&Results*

ΔΔG#
(kcal/mol)

Fold&
Change

RT IC50
(μM)

Fold&
Change

21 1.1(± 0.06 6.3 2.9 3.9

22 2.1(± 0.06 30 >100 >100

23 0.10(±0.10 1.2 1.4 1.9

24 B1.0(± 0.10 0.20 12.2 16.6

25 B2.4(± 0.06 0.02 53.0 72.5
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It	
  has	
  been	
  recognized	
  that	
  the	
  accuracy	
  of	
  docking	
  algorithms	
  and	
  their	
  

scoring	
  functions	
  can	
  vary	
  from	
  target	
  to	
  target,	
  and	
  therefore	
  Autodock	
  Vina	
  may	
  

not	
  be	
  best	
  suited	
  for	
  this	
  particular	
  case	
  (110).	
  Since	
  the	
  scoring	
  function	
  used	
  here	
  

considers	
  only	
  rigid	
  NNRTI	
  binding	
  pockets,	
  it	
  may	
  overlook	
  subtle	
  side	
  chain	
  

rearrangements	
  that	
  occur	
  to	
  accommodate	
  different	
  ligands	
  as	
  well	
  as	
  any	
  

contributions	
  from	
  the	
  solvent	
  (144).	
  To	
  address	
  these	
  shortcomings	
  a	
  more	
  

sophisticated	
  approach	
  to	
  estimating	
  binding	
  energy	
  changes	
  was	
  assessed.	
  

Validation	
  of	
  Free	
  Energy	
  Perturbation	
  

Free	
  energy	
  perturbation	
  (FEP)	
  is	
  a	
  computational	
  method	
  of	
  estimating	
  the	
  

difference	
  in	
  binding	
  energy	
  between	
  two	
  structurally	
  similar	
  small	
  molecules.	
  FEP	
  

has	
  been	
  used	
  extensively	
  on	
  other	
  NNRTI	
  (145;	
  146)	
  and	
  has	
  demonstrated	
  utility	
  

in	
  predicting	
  potency	
  changes	
  related	
  to	
  modifications	
  of	
  a	
  lead	
  compound	
  (147).	
  	
  

In	
  FEP	
  one	
  molecule	
  is	
  converted	
  to	
  another	
  “alchemically”	
  via	
  a	
  series	
  of	
  

discreet	
  non-­‐‑physical	
  pseudo-­‐‑atom	
  intermediates,	
  described	
  as	
  functions	
  a	
  

morphing	
  parameter	
  λ	
  which	
  increases	
  from	
  0	
  (representing	
  the	
  original	
  molecule)	
  

to	
  1	
  (the	
  final	
  molecule).	
  For	
  instance,	
  converting	
  the	
  para-­‐‑hydrogen	
  atom	
  in	
  8	
  to	
  

the	
  fluorine	
  in	
  21	
  over	
  a	
  series	
  of	
  ten	
  λ-­‐‑steps	
  would	
  involved	
  changing	
  both	
  the	
  

atom	
  and	
  bond	
  characteristics,	
  such	
  as	
  increasing	
  the	
  atomic	
  mass	
  of	
  the	
  atom	
  from	
  

1	
  to	
  19	
  Da	
  (or	
  1.8	
  Da	
  per	
  λ-­‐‑step),	
  increasing	
  the	
  van	
  der	
  Waals	
  radius	
  from	
  120	
  to	
  

150	
  pM	
  (3	
  pM	
  per	
  λ-­‐‑step),	
  increasing	
  the	
  bond	
  length	
  from	
  1.08	
  to	
  1.36	
  Å	
  (0.028	
  Å	
  

per	
  λ-­‐‑step),	
  decreasing	
  the	
  partial	
  charge	
  from	
  0.115	
  to	
  -­‐‑0.204	
  e	
  (	
  -­‐‑.0319	
  e	
  per	
  λ-­‐‑

step),	
  and	
  so	
  on.	
  For	
  each	
  	
  level	
  of	
  λ	
  a	
  molecular	
  dynamics	
  (MD)	
  simulation	
  is	
  run	
  to	
  

provide	
  an	
  ensemble	
  of	
  structures	
  from	
  which	
  an	
  estimate	
  of	
  the	
  change	
  in	
  energy	
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from	
  the	
  previous	
  level	
  is	
  derived.	
  Integrating	
  these	
  changes	
  over	
  all	
  levels	
  of	
  	
  λ	
  

gives	
  the	
  total	
  alchemical	
  free	
  energy	
  change	
  (ΔGAlch)	
  for	
  the	
  full	
  conversion	
  of	
  the	
  

original	
  to	
  the	
  new	
  molecule.	
  	
  

FEP	
  is	
  a	
  more	
  computationally	
  rigorous	
  process	
  than	
  the	
  Autodock	
  Vina	
  

scoring	
  function,	
  but	
  it	
  is	
  better	
  suited	
  for	
  comparing	
  changes	
  in	
  binding	
  affinity	
  for	
  

closely	
  related	
  molecules	
  since	
  it	
  can	
  consider	
  conformational	
  changes	
  within	
  the	
  

binding	
  pocket	
  as	
  well	
  as	
  contributions	
  of	
  the	
  solvent	
  on	
  the	
  free	
  energy	
  of	
  binding.	
  

To	
  that	
  end,	
  FEP	
  calculations	
  were	
  run	
  for	
  compounds	
  in	
  solution	
  and	
  in	
  the	
  NNRTI	
  

binding	
  pocket.	
  These	
  calculations	
  yield	
  two	
  ΔGAlch	
  values,	
  as	
  shown	
  in	
  the	
  

thermodynamic	
  cycle	
  for	
  converting	
  8	
  to	
  21	
  (Scheme	
  1	
  and	
  Fig.	
  4.2).	
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Scheme	
  4.1.	
  Thermodynamic	
  cycle	
  of	
  alchemical	
  FEP	
  conversion	
  of	
  compound	
  8	
  to	
  
21.	
  
	
   	
  

8Solution 21Solution
∆"#$%&'

8RT-Complex 21RT-Complex
∆"()*+,-

∆"()*+./)01$/%

∆"#$%&23
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Figure	
  4.2.	
  Thermodynamic	
  cycle	
  of	
  structures	
  for	
  FEP	
  conversion	
  of	
  compound	
  8	
  
to	
  21.	
  
	
   	
  

8 in#Solution 21 in#Solution

8 in#NNRTI-BP 21 in#NNRTI-BP

∆"#$%&'

∆"()*+,-

∆"()*+./)01$/%

∆"#$%&23
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As	
  discussed	
  above,	
  it	
  is	
  challenging	
  to	
  accurately	
  predict	
  the	
  absolute	
  free	
  

energy	
  of	
  binding	
  (i.e.,	
  the	
  ΔGBind	
  values	
  from	
  Scheme	
  4.1)	
  for	
  a	
  ligand	
  to	
  a	
  protein.	
  

This	
  is	
  due	
  to	
  a	
  variety	
  of	
  factors,	
  including	
  the	
  difficulty	
  of	
  estimating	
  the	
  pathway	
  

of	
  the	
  conformational	
  changes	
  that	
  are	
  induced	
  by	
  the	
  ligand	
  upon	
  binding,	
  which	
  

occurs	
  on	
  a	
  large	
  scale	
  with	
  NNRTI.	
  Estimating	
  the	
  ΔGAlch	
  values	
  for	
  two	
  closely	
  

related	
  compounds	
  is	
  simplified	
  using	
  the	
  assumption	
  that	
  these	
  conformational	
  

trajectories	
  of	
  ligand	
  binding	
  for	
  the	
  two	
  compounds	
  was	
  equivalent,	
  and	
  thus	
  one	
  

only	
  has	
  to	
  estimate	
  the	
  energies	
  related	
  the	
  bound	
  state.	
  And	
  since	
  the	
  

thermodynamic	
  cycle	
  represented	
  in	
  Scheme	
  4.1	
  is	
  a	
  closed	
  loop,	
  the	
  ΔΔG	
  value	
  for	
  

the	
  differences	
  in	
  binding	
  energies	
  between	
  the	
  two	
  NNRTI	
  can	
  be	
  determined	
  using	
  

only	
  the	
  values	
  of	
  ΔGAlch:	
  

∆∆𝐺 = 	
  ∆𝐺234,56 − ∆𝐺234,7 = ∆𝐺89:;<= − ∆𝐺89:;>?94	
   Equation	
  4.3	
  

The	
  change	
  in	
  energy	
  for	
  the	
  ten	
  λ	
  steps	
  for	
  the	
  conversion	
  of	
  8	
  to	
  21	
  is	
  

plotted	
  in	
  Figure	
  4.3,	
  and	
  resulted	
  in	
  an	
  overall	
  ΔΔG	
  of	
  0.49	
  kcal/mol,	
  which	
  

translates	
  to	
  a	
  2.2	
  fold	
  decrease	
  in	
  affinity	
  for	
  the	
  NNRTI	
  binding	
  pocket,	
  per	
  

Equation	
  4.2.	
  The	
  experimental	
  potency	
  against	
  RT	
  by	
  21	
  was	
  3.9	
  times	
  greater	
  

than	
  that	
  of	
  8,	
  in	
  qualitative	
  agreement	
  with	
  the	
  FEP	
  prediction.	
  The	
  FEP	
  predictions	
  

for	
  the	
  other	
  analogs	
  of	
  8	
  also	
  agreed	
  qualitatively	
  with	
  the	
  experimental	
  results,	
  as	
  

the	
  larger	
  fold-­‐‑change	
  decreases	
  in	
  IC50	
  values	
  for	
  22,	
  24,	
  and	
  25	
  versus	
  the	
  smaller	
  

changes	
  for	
  21	
  and	
  23	
  were	
  reflected	
  by	
  both	
  the	
  direction	
  and	
  scale	
  of	
  the	
  ΔΔG	
  

value	
  changes	
  (Table	
  4.2).	
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Figure	
  4.3.	
  Plot	
  of	
  free	
  energy	
  change	
  (ΔG)	
  calculated	
  via	
  FEP	
  for	
  conversion	
  of	
  8	
  to	
  
21	
  using	
  10-­‐‑λ	
  steps.	
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*Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  FRET-­‐‑assay.	
  
	
   	
  

Table&4.2.&FEP$predicted$and$experimental$activity$of$analogs$of$8 (± SD)

Compound
Predicted Experimental&Results*

ΔΔG#
(kcal/mol)

Fold&
Change

RT IC50
(μM)

Fold&
Change

21 0.49$±0.50 2.2 2.9 3.9

22 28$± 0.67 >100 >100 >100

23 0.65$±0.55 2.9 1.4 1.9

24 6.2$± 1.3 >100 12.2 16.6

25 9.9$± 0.71 >100 53.0 72.5
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Optimization	
  of	
  Lead	
  Compound	
  

The	
  experimental	
  results	
  discussed	
  in	
  Chapter	
  2	
  suggested	
  that	
  the	
  lower	
  

phenyl	
  ring	
  of	
  8	
  is	
  important	
  for	
  NNRTI	
  activity.	
  This	
  ring	
  is	
  also	
  synthetically	
  

accessible,	
  so	
  a	
  series	
  of	
  potential	
  fluoro-­‐‑,	
  chloro-­‐‑,	
  bromo-­‐‑,	
  and	
  methyl-­‐‑substitutions	
  

to	
  that	
  position	
  on	
  8	
  were	
  evaluated	
  with	
  FEP	
  to	
  identify	
  analogs	
  with	
  increased	
  

potency	
  against	
  RT.	
  

Six	
  of	
  the	
  analogs	
  were	
  predicted	
  to	
  have	
  improved	
  potency	
  (Table	
  4.3).	
  

Three	
  of	
  those	
  were	
  selected	
  for	
  synthesis	
  (compounds	
  28,	
  31,	
  and	
  43)	
  as	
  they	
  

represented	
  different	
  substitution	
  types	
  (fluoro-­‐‑,	
  chloro-­‐‑,	
  and	
  methyl-­‐‑,	
  respectively).	
  

Additionally,	
  the	
  increase	
  in	
  binding	
  affinity	
  predicted	
  for	
  compounds	
  28	
  and	
  31	
  

was	
  due	
  to	
  the	
  change	
  in	
  free	
  energy	
  within	
  the	
  binding	
  site	
  (a	
  more	
  negative	
  ∆𝐺89:;<= 	
  

term	
  from	
  Equation	
  4.3),	
  while	
  for	
  43	
  	
  the	
  change	
  was	
  driven	
  by	
  an	
  increase	
  in	
  the	
  

change	
  of	
  free	
  energy	
  in	
  solution	
  (a	
  more	
  positive	
  ∆𝐺89:;>?9@A3?4	
  term	
  from	
  Equation	
  

4.3),	
  so	
  several	
  mechanisms	
  of	
  predicted	
  potency	
  changes	
  could	
  be	
  assessed	
  with	
  

the	
  molecules.	
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*Predicted	
  fold	
  change	
  in	
  potency	
  from	
  8.	
  
	
   	
  

Table&4.3.&FEP$predicted$activity$of$analogs$of$8 (± SD)

Compound A ∆"#$%&'(

(kcal/mol)
∆"#$%&)*$+,-*.

(kcal/mol)
∆∆"

(kcal/mol)
Fold&

Change*

26 2:fluorophenyl :0.06$± 0.48 2.5$± 0.43 :2.5$± 0.45 0.016

27 3:fluorophenyl :8.1$± 0.54 :9.0$± 0.42 0.91$±0.48 4.4

28 2,6:difluorophenyl :3.6$± 0.67 :1.3$± 0.66 :2.3$± 0.67 0.026

29 3,5:difluorophenyl :54$± 0.52 :56$± 0.52 2.6$± 0.52 72

30 2:chlorophenyl 1.1$± 0.56 0.14$±0.75 1.0$± 0.66 5.0

31 3:chlorophenyl :9.0$± 0.48 :7.0$± 0.55 :2.0$± 0.45 0.036

32 4:chlorophenyl :5.0$± 0.43 :6.4$± 0.47 1.4$± 0.45 10

33 2,6:chlorophenyl 7.7$± 0.74 3.8$± 0.73 4.0$± 0.74 620

34 3,5:dichlorophenyl :9.2$± 0.62 :16$± 0.60 7.2$± 0.61 11,000

35 2:bromophenyl 4.2$± 0.59 5.0$± 0.75 :.80$± 0.67 0.27

36 3:bromophenyl 0.49$±0.59 :4.3$± 0.56 4.8$± 0.58 2400

37 4:bromophenyl :2.1$± 0.53 :5.3$± 0.56 3.2$± 0.54 180

38 2,6:dibromophenyl 7.4$± 0.77 :1.9$± 0.78 9.22$±0.78 3,100,000

39 3,5:dibromophenyl :2.5$± 0.65 :3.8$± 0.54 1.30$±0.60 8.1

40 2:methylphenyl 1.6$± 0.68 1.8$± 0.61 :0.17$± 0.65 0.76

41 3:methylphenyl :6.5$± 0.69 :9.2$± 0.49 2.8$± 0.59 91

42 4:methylphenyl :3.4$± 0.57 :7.2$± 0.45 3.8$± 0.51 470

43 2,6:dimethylphenyl :0.9$± 0.83 2.2$± 0.69 :3.1$± 0.76 0.006

44 3,5:dimethylphenyl :18$± 0.68 :20$± 0.54 2.4$± 0.61 49

N N

O
NA



	
   114	
  

The	
  synthesis	
  of	
  these	
  three	
  compounds	
  was	
  carried	
  out	
  according	
  to	
  

Scheme	
  4.2.	
  One-­‐‑pot,	
  three-­‐‑component	
  condensation	
  of	
  dimedone	
  45	
  with	
  different	
  

substituted	
  benzaldehydes	
  46a-­‐‑c	
  and	
  5-­‐‑amino-­‐‑1-­‐‑benzyl-­‐‑1H-­‐‑pyrrole-­‐‑3-­‐‑carbonitrile	
  

47	
  in	
  refluxing	
  methanol	
  was	
  followed	
  by	
  2,3-­‐‑dichloro-­‐‑5,6-­‐‑dicyanobenzoquinone	
  

(DDQ)	
  oxidation,	
  providing	
  target	
  compounds	
  in	
  fair	
  to	
  good	
  yields	
  (148).	
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Scheme	
  4.2.	
  Reagents	
  and	
  conditions	
  for	
  synthesis	
  of	
  analogs	
  of	
  8:	
  (a)	
  Ar,	
  M.S.	
  (3	
  Å),	
  
MeOH	
  reflux	
  4-­‐‑6	
  h,	
  42-­‐‑48%;	
  (b)	
  DDQ,	
  DCM,	
  rt,	
  1-­‐‑2	
  h,	
  50-­‐‑85%.	
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45 46a R1 =$CH3,$R2 =$H
46bR1 =$F,$R2 =$H
46c R1 =$H,$R2 =$Cl

47 48a R1 =$CH3,$R2 =$H
48bR1 =$F,$R2 =$H
48c R1 =$H,$R2 =$Cl

28 R1 =$F,$R2 =$H
31 R1 =$H,$R2 =$Cl
43 R1 =$CH3,$R2 =$H
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After	
  synthesis,	
  the	
  compounds	
  were	
  tested	
  for	
  RT	
  inhibition,	
  antiviral	
  

potency,	
  and	
  cytoxicity	
  as	
  described	
  in	
  Chapter	
  2	
  (data	
  in	
  Table	
  4.4).	
  Compound	
  28	
  

demonstrated	
  improved	
  potency	
  against	
  RT,	
  ~two-­‐‑fold	
  greater	
  than	
  8	
  (IC50	
  =	
  0.36	
  

μM),	
  though	
  it	
  did	
  have	
  slightly	
  decreased	
  antiviral	
  potency.	
  Compound	
  31	
  

exhibited	
  decreased	
  RT	
  inhibition	
  but	
  was	
  still	
  active	
  against	
  HIV	
  replication	
  (EC50	
  =	
  

1.0	
  μM).	
  Compound	
  43	
  showed	
  little	
  RT	
  inhibition	
  and	
  had	
  no	
  detectable	
  anitiviral	
  

effect.	
  Unfortunately,	
  all	
  three	
  new	
  compounds	
  had	
  detectable	
  toxicity,	
  unlike	
  the	
  

nontoxic	
  lead	
  compound,	
  8.	
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*Average	
  of	
  three	
  independent	
  experiments	
  measuring	
  inhibition	
  of	
  RT	
  polymerase	
  
activity	
  in	
  FRET-­‐‑assay.	
  	
  
**Average	
  of	
  at	
  least	
  three	
  independent	
  experiments	
  in	
  HIV-­‐‑infected	
  PBM	
  cells.	
  
	
   	
  

Table&4.4.&Activity'and'toxicity'of'synthesized'analogs'of'8&(all'values'in'μM,'± SD)

Compound R1 R2 RT&Inhibition&
(IC50)*

Antiviral&
Potency&
(EC50)**

Cell&Cytoxicity&(CC50)

PBM CEM VERO

8 H H 0.73'±0.32 0.35'±0.26 >100 >100 >100

28 F H 0.36'±0.01 0.46'±0.23 >100 >100 57.6

31 H Cl 5.8'± 0.95 1.0'± 0.05 61.4 33.6 >100

43 CH3 H 26'± 12 >100 >100 >100 11.3

N N

O
N

R1 R1

R2
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The	
  increased	
  potency	
  of	
  28	
  does	
  not	
  appear	
  to	
  be	
  due	
  to	
  any	
  direct	
  

interactions	
  with	
  the	
  fluoro-­‐‑substitutions,	
  but	
  may	
  instead	
  be	
  due	
  to	
  stabilization	
  of	
  

a	
  conformation	
  that	
  allows	
  increased	
  π-­‐‑π	
  stacking	
  interactions	
  with	
  side	
  chain	
  of	
  

Y181,	
  as	
  both	
  the	
  angle	
  and	
  distance	
  between	
  the	
  two	
  rings	
  decreased	
  after	
  the	
  MD	
  

simulations	
  versus	
  8	
  (Fig.	
  4.4).	
  Unfortunately,	
  this	
  interaction	
  may	
  be	
  vital	
  for	
  the	
  

anti-­‐‑RT	
  activity	
  of	
  the	
  compound,	
  as	
  28	
  showed	
  no	
  activity	
  against	
  the	
  Y181C	
  RT	
  

mutant.	
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Figure	
  4.4.	
  Compound	
  8	
  after	
  short	
  MD	
  simulation	
  (a),	
  28	
  shows	
  increased	
  π-­‐‑π	
  
stacking	
  interactions	
  with	
  side	
  chain	
  of	
  residue	
  Y181	
  in	
  NNRTI-­‐‑BP	
  after	
  FEP	
  
simulation.	
  
	
   	
  

a

Y181

Y181

b
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While	
  the	
  FEP-­‐‑directed	
  lead	
  optimization	
  of	
  8	
  failed	
  to	
  produce	
  a	
  more	
  viable	
  

drug	
  candidate,	
  the	
  results	
  do	
  provide	
  insights	
  into	
  the	
  utility	
  and	
  limitations	
  of	
  the	
  

approach	
  for	
  further	
  lead	
  optimization.	
  The	
  increased	
  anti-­‐‑RT	
  potency	
  of	
  28	
  

suggests	
  that	
  compounds	
  with	
  lower	
  ΔΔG	
  driven	
  by	
  lower	
  ∆𝐺89:;<= 	
  should	
  be	
  

considered	
  before	
  compounds	
  such	
  as	
  43,	
  which	
  had	
  lower	
  ΔΔG	
  values	
  as	
  a	
  result	
  of	
  

a	
  higher	
  	
  ∆𝐺89:;>?9@A3?4	
  value.	
  

The	
  lack	
  of	
  increased	
  antiviral	
  potency	
  of	
  28	
  in	
  the	
  cell-­‐‑based	
  assay,	
  contra	
  

its	
  increased	
  anti-­‐‑RT	
  potency	
  versus	
  8,	
  suggests	
  that	
  factors	
  such	
  as	
  protein	
  binding,	
  

rates	
  of	
  cell	
  entry	
  or	
  exit,	
  or	
  metabolism	
  may	
  have	
  effected	
  the	
  intracellular	
  

concentration	
  of	
  the	
  compound.	
  Such	
  external	
  factors	
  are	
  not	
  considered	
  by	
  FEP,	
  

which	
  only	
  focuses	
  on	
  drug	
  binding.	
  	
  

Additionally,	
  the	
  lack	
  of	
  activity	
  of	
  43	
  may	
  have	
  been	
  due	
  to	
  the	
  observed	
  

poor	
  solubility	
  of	
  the	
  compound.	
  In	
  retrospect	
  this	
  is	
  in	
  line	
  with	
  the	
  increase	
  in	
  the	
  

∆𝐺89:;>?9@A3?4	
  value	
  predicted	
  from	
  the	
  FEP	
  conversion	
  of	
  8	
  to	
  43,	
  which	
  would	
  imply	
  

that	
  more	
  energy	
  is	
  required	
  to	
  solubilize	
  the	
  latter.	
  While	
  a	
  more	
  positive	
  

∆𝐺89:;>?9@A3?4	
  term	
  does	
  lead	
  to	
  a	
  more	
  negative	
  ΔΔG	
  (per	
  Equation	
  3)	
  value	
  and	
  

therefore	
  suggest	
  increased	
  binding	
  affinity,	
  the	
  FEP	
  calculations	
  are	
  built	
  on	
  the	
  

assumption	
  that	
  the	
  compound	
  has	
  already	
  entered	
  the	
  binding	
  pocket,	
  which	
  may	
  

not	
  occur	
  when	
  it	
  has	
  poor	
  solubility.	
  

Another	
  shortcoming	
  of	
  the	
  FEP	
  approach	
  used	
  is	
  that	
  it	
  relies	
  on	
  MD	
  

simulations	
  to	
  estimate	
  ligand-­‐‑protein	
  interaction	
  energies.	
  The	
  docked	
  pose	
  of	
  8	
  

suggests	
  that	
  binding	
  is	
  largely	
  driven	
  by	
  hydrophobic	
  interactions	
  such	
  as	
  London	
  

Dispersion	
  Forces	
  (LDF),	
  which	
  are	
  very	
  difficult	
  to	
  accurately	
  estimate	
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computationally	
  (149).	
  LDF	
  occur	
  because	
  of	
  temporary	
  dipole-­‐‑dipole	
  interactions	
  

induced	
  by	
  the	
  motion	
  of	
  electrons,	
  while	
  the	
  MD	
  simulations	
  used	
  in	
  the	
  FEP	
  

calculations	
  do	
  not	
  include	
  electronic	
  motion,	
  and	
  instead	
  account	
  only	
  for	
  the	
  

motions	
  of	
  whole	
  atoms	
  with	
  fixed	
  diameters	
  and	
  partial	
  charges.	
  The	
  absence	
  of	
  

electrons	
  in	
  MD	
  simulations	
  means	
  that	
  the	
  energetic	
  contributions	
  of	
  LDF	
  to	
  

binding	
  are	
  not	
  explicitly	
  enumerated	
  and	
  are	
  instead	
  generalized	
  as	
  a	
  function	
  of	
  

distance.	
  Including	
  electronic	
  motion	
  to	
  determine	
  the	
  LDF	
  would	
  require	
  much	
  

more	
  complex	
  quantum	
  mechanics	
  simulations,	
  which	
  would	
  in	
  turn	
  require	
  much	
  

more	
  resources	
  and	
  time	
  for	
  calculations,	
  effectively	
  negating	
  the	
  advantages	
  gained	
  

through	
  the	
  rapid	
  evaluation	
  of	
  potential	
  modifications	
  via	
  FEP.	
  

More	
  generally	
  to	
  NNRTI,	
  the	
  relationship	
  between	
  binding	
  affinity	
  and	
  

inhibitor	
  potency	
  is	
  not	
  always	
  directly	
  correlated.	
  So	
  even	
  if	
  FEP	
  could	
  predict	
  

changes	
  in	
  binding	
  affinity	
  with	
  exact	
  accuracy,	
  this	
  may	
  not	
  lead	
  to	
  more	
  potent	
  

NNRTI.	
  As	
  was	
  discussed	
  in	
  Chapter	
  1,	
  the	
  binding	
  affinity	
  of	
  the	
  first	
  generation	
  

NNRTI	
  efavirenz	
  (EFV)	
  is	
  the	
  same	
  for	
  wild	
  type	
  RT	
  as	
  it	
  is	
  for	
  the	
  K103N	
  mutant,	
  

yet	
  the	
  potency	
  of	
  the	
  drug	
  drops	
  >100-­‐‑fold	
  (59).	
  	
  

4.4	
  Conclusions	
  

In	
  spite	
  of	
  the	
  limitations	
  of	
  FEP,	
  it	
  was	
  able	
  to	
  predict	
  that	
  the	
  di-­‐‑fluoro	
  

modification	
  of	
  compound	
  28	
  would	
  make	
  it	
  more	
  potent	
  against	
  RT	
  than	
  8.	
  And	
  

while	
  28	
  is	
  still	
  more	
  than	
  several-­‐‑fold	
  less	
  active	
  than	
  existing	
  NNRTI,	
  the	
  results	
  

do	
  provide	
  a	
  guide	
  for	
  interpreting	
  the	
  FEP	
  calculations	
  of	
  other	
  modifications	
  off	
  of	
  

the	
  7-­‐‑azaindole	
  core,	
  which	
  could	
  lead	
  to	
  more	
  drastic	
  increases	
  in	
  potency.	
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4.5	
  Methods	
  

Free	
  Energy	
  Perturbation	
  (FEP)	
  

Compound	
  8	
  was	
  docked	
  into	
  the	
  NNRTI	
  binding	
  pocket	
  of	
  PDB	
  ID:	
  2B6A	
  

using	
  AutoDock	
  Vina	
  1.1.2	
  (103).	
  This	
  docked	
  structure	
  was	
  then	
  prepared	
  for	
  

minimization	
  and	
  molecular	
  dynamics	
  simulations	
  using	
  VMD	
  1.9.1.(138)	
  Residues	
  

within	
  20	
  Å	
  of	
  the	
  binding	
  pocket	
  center	
  were	
  extracted	
  and	
  the	
  terminal	
  residues	
  

were	
  neutralized.	
  A	
  solvent	
  box	
  of	
  TIP4P	
  water	
  with	
  a	
  5	
  Å	
  pad	
  was	
  added	
  to	
  the	
  

enzyme-­‐‑drug	
  complex.	
  The	
  CHARMM	
  force	
  field(150)	
  was	
  used	
  to	
  parameterize	
  the	
  

protein	
  while	
  topology	
  files	
  for	
  the	
  drugs	
  were	
  created	
  using	
  ParamChem.(151)	
  

NAMD	
  2.9	
  (139)	
  was	
  used	
  for	
  the	
  simulations,	
  and	
  after	
  an	
  initial	
  conjugate	
  gradient	
  

minimization	
  of	
  10	
  ps	
  the	
  FEP	
  protocol	
  was	
  implemented	
  for	
  both	
  forward	
  and	
  

reverse	
  perturbations.	
  Ten	
  λ-­‐‑windows	
  were	
  used	
  for	
  the	
  perturbations,	
  each	
  

running	
  for	
  1	
  ns	
  of	
  MD	
  simulation.	
  The	
  simulation	
  used	
  an	
  NPT	
  ensemble	
  at	
  310	
  K	
  

and	
  a	
  Langevin	
  piston	
  with	
  a	
  target	
  pressure	
  of	
  1	
  bar.	
  The	
  van	
  der	
  Waals	
  cut-­‐‑off	
  

distance	
  was	
  set	
  to	
  11	
  Å	
  and	
  the	
  particle	
  mesh	
  Ewald	
  method	
  was	
  used	
  for	
  

electrostatics.	
  The	
  perturbation	
  simulations	
  were	
  run	
  in	
  both	
  the	
  enzyme	
  and	
  in	
  

water	
  alone,	
  and	
  the	
  total	
  free	
  energy	
  change	
  of	
  binding	
  (ΔΔG)	
  was	
  estimated	
  by	
  

subtracting	
  the	
  energy	
  change	
  occurring	
  in	
  water	
  from	
  that	
  occurring	
  in	
  the	
  enzyme,	
  

and	
  fold	
  changes	
  in	
  affinity	
  were	
  predicted	
  using	
  a	
  Boltzmann	
  distribution	
  (144).	
  

Errors	
  were	
  estimated	
  using	
  the	
  simple	
  overlap	
  sampling	
  method	
  from	
  the	
  

ParseFEP	
  toolikit	
  (152).	
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CHAPTER	
  5:	
  
	
  

Concluding	
  Remarks	
  	
  
	
  

Contributions	
  to	
  this	
  chapter:	
  	
  
	
  

Richard	
  A.	
  Stanton	
  cloned	
  and	
  purified	
  the	
  enzymes,	
  performed	
  all	
  cell-­‐‑free	
  RT	
  
inhibition	
  assays	
  and	
  docking	
  calculations,	
  and	
  wrote	
  and	
  edited	
  the	
  chapter.	
  

	
  
Franck	
  Amblard	
  suggested	
  several	
  new	
  molecules	
  for	
  in	
  silico	
  assessment,	
  including	
  

compound	
  49	
  which	
  is	
  discussed	
  in	
  the	
  chapter.	
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5.1	
  Introduction	
  

The	
  discovery	
  and	
  characterization	
  of	
  7-­‐‑azaindoles	
  as	
  HIV	
  non-­‐‑nucleoside	
  

reverse	
  transcriptase	
  inhibitors	
  (NNRTI)	
  is	
  an	
  important	
  first	
  step	
  towards	
  

addressing	
  some	
  of	
  the	
  shortcomings	
  of	
  current	
  antiretroviral	
  treatments,	
  as	
  the	
  

unique	
  scaffold	
  could	
  confer	
  advantages	
  over	
  existing	
  dugs.	
  However,	
  the	
  

compounds	
  would	
  need	
  to	
  have	
  increased	
  potency	
  against	
  wild	
  type	
  and	
  mutant	
  

viral	
  strains	
  to	
  be	
  seriously	
  considered	
  as	
  clinical	
  candidates,	
  while	
  remaining	
  safe	
  

and	
  tolerable.	
  Ideally	
  they	
  would	
  also	
  be	
  able	
  to	
  penetrate	
  viral	
  reservoirs	
  as	
  well.	
  

The	
  following	
  section	
  outlines	
  the	
  future	
  work	
  that	
  needed	
  to	
  help	
  achieve	
  those	
  

goals.	
  

5.2	
  Increasing	
  Potency	
  

While	
  the	
  most	
  promising	
  7-­‐‑azaindoles	
  had	
  submicromolar	
  antiviral	
  potency	
  

and	
  no	
  detectable	
  toxicity	
  against	
  multiple	
  cell	
  lines,	
  their	
  therapeutic	
  indices	
  are	
  

still	
  several	
  log	
  fold	
  less	
  than	
  existing	
  NNRTI.	
  After	
  identifying	
  8	
  as	
  the	
  strongest	
  

lead	
  candidate,	
  optimization	
  efforts	
  to	
  improve	
  potency	
  began,	
  focusing	
  on	
  the	
  

lower	
  phenyl	
  ring	
  off	
  of	
  position	
  R4	
  of	
  the	
  7-­‐‑azaindole	
  scaffold	
  (Fig.	
  2.1).	
  

Modifications	
  of	
  this	
  ring	
  were	
  chosen	
  because	
  of	
  its	
  synthetic	
  accessibility,	
  making	
  

it	
  ideal	
  for	
  a	
  proof	
  of	
  principle	
  study	
  of	
  the	
  utility	
  of	
  free	
  energy	
  perturbation	
  (FEP)	
  

approaches	
  to	
  produce	
  more	
  potent	
  compounds.	
  FEP	
  calculations	
  suggested	
  several	
  

substitutions	
  to	
  improve	
  binding	
  affinity,	
  which	
  led	
  to	
  the	
  synthesis	
  of	
  three	
  new	
  

compounds.	
  One	
  of	
  them	
  (28)	
  did	
  have	
  increased	
  potency	
  against	
  RT	
  activity	
  in	
  a	
  

cell-­‐‑free	
  assay,	
  but	
  showed	
  no	
  improvements	
  in	
  the	
  cell-­‐‑based	
  antiviral	
  screen.	
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An	
  obvious	
  step	
  to	
  help	
  drive	
  further	
  optimization	
  of	
  8	
  would	
  be	
  to	
  

determine	
  its	
  bound	
  conformation	
  to	
  RT	
  through	
  x-­‐‑ray	
  crystallography.	
  While	
  8	
  was	
  

docked	
  following	
  the	
  protocol	
  detailed	
  in	
  Chapter	
  3,	
  verifying	
  the	
  binding	
  pose	
  

experimentally	
  would	
  show	
  true	
  ligand-­‐‑protein	
  interaction	
  patterns,	
  reveal	
  logical	
  

positions	
  for	
  modification,	
  and	
  would	
  even	
  help	
  increase	
  FEP	
  accuracy	
  by	
  providing	
  

a	
  relevant	
  starting	
  conformation.	
  

Given	
  the	
  dynamic	
  nature	
  of	
  NNRTI	
  binding,	
  though,	
  solving	
  the	
  crystal	
  

structure	
  would	
  not	
  necessarily	
  provide	
  an	
  unambiguous	
  explanation	
  of	
  the	
  

structure-­‐‑activity	
  relationship	
  of	
  the	
  7-­‐‑azaindoles.	
  Comparing	
  two	
  solved	
  structures	
  

of	
  nevirapine	
  (NVP)	
  bound	
  to	
  RT	
  reveals	
  differences	
  within	
  both	
  the	
  binding	
  pocket	
  

and	
  the	
  structure	
  at	
  large,	
  making	
  it	
  difficult	
  to	
  draw	
  firm	
  conclusions	
  as	
  to	
  specific	
  

interactions	
  and	
  the	
  allosteric	
  mechanism	
  of	
  inhibition	
  (Figure	
  5.1).	
  The	
  

rearrangement	
  of	
  the	
  K103	
  and	
  Y318	
  side	
  chains	
  in	
  the	
  two	
  structures	
  underscore	
  

the	
  variability	
  of	
  the	
  pocket	
  and	
  suggest	
  that	
  a	
  single	
  solved	
  structure	
  of	
  an	
  NNRTI	
  

bound	
  to	
  RT	
  does	
  not	
  always	
  provide	
  the	
  full	
  picture	
  of	
  binding	
  and	
  inhibition.	
  

Nonetheless,	
  having	
  direct	
  evidence	
  of	
  a	
  binding	
  orientation	
  of	
  8	
  within	
  the	
  pocket	
  

would	
  be	
  very	
  useful	
  for	
  further	
  optimization.	
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Figure	
  5.1.	
  Superposition	
  of	
  two	
  wild	
  type	
  RT-­‐‑NVP	
  bound	
  structures	
  (PDB	
  ID:	
  1VRT	
  
(purple)	
  and	
  3HVT	
  (green))	
  shows	
  both	
  large	
  scale	
  (movement	
  of	
  thumb	
  region)	
  
and	
  binding	
  pocket	
  (inset,	
  movement	
  of	
  Y318	
  and	
  K103-­‐‑E138K	
  hydrogen	
  bond	
  
displacement)	
  conformational	
  differences.	
  

9.0°

6.0&Å

10.5&Å

K103

Y318

E138K
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Modifications	
  at	
  other	
  positions	
  of	
  8	
  also	
  should	
  also	
  be	
  explored.	
  Several	
  

dozen	
  have	
  already	
  been	
  assessed	
  through	
  FEP	
  and	
  of	
  those,	
  compound	
  49,	
  which	
  

includes	
  a	
  sulfonamide	
  linker,	
  was	
  predicted	
  to	
  have	
  a	
  ΔΔG	
  =	
  -­‐‑32.3	
  kcal/mol.	
  That	
  

would	
  correlate	
  with	
  an	
  increased	
  binding	
  affinity	
  of	
  >	
  106	
  fold	
  greater	
  than	
  8.	
  An	
  

assessment	
  of	
  the	
  docked	
  pose	
  of	
  49	
  suggests	
  that	
  this	
  increased	
  affinity	
  is	
  driven	
  

by	
  more	
  favorable	
  π-­‐‑π	
  stacking	
  with	
  the	
  Y181	
  side	
  chain.	
  However,	
  the	
  compound	
  

could	
  potentially	
  retain	
  potency	
  against	
  the	
  common	
  Y181C	
  RT	
  mutant	
  via	
  

hydrogen	
  bonds	
  formed	
  between	
  that	
  side	
  and	
  the	
  sulfonamide	
  linker	
  (Figure	
  5.2).	
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Figure	
  5.2.	
  Compound	
  8	
  (a)	
  and	
  49	
  (b)	
  docked	
  into	
  wild	
  type	
  RT-­‐‑NNRTI	
  binding	
  
pocket.	
  49	
  shows	
  improvements	
  in	
  the	
  strength	
  of	
  the	
  π-­‐‑π	
  bond	
  after	
  MD	
  
simulation.	
  49	
  shows	
  multiple	
  hydrogen	
  bonds	
  to	
  side	
  chain	
  of	
  common	
  Y181C	
  
mutant.	
  

4.2$Å,$
6.6°

b

5.1$Å,$
32.5°

a

Y181

Y181

c

C181
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5.3	
  Activity	
  Against	
  Resistant	
  Mutants	
  

A	
  compound	
  more	
  potent	
  against	
  wild	
  type	
  RT	
  and	
  just	
  Y181C,	
  though,	
  

would	
  not	
  be	
  of	
  too	
  much	
  use	
  clinically	
  if	
  it	
  was	
  inactive	
  against	
  other	
  resistant	
  viral	
  

strains	
  mutants.	
  The	
  second	
  generation	
  of	
  NNRTI	
  used	
  clinically	
  (etravirine	
  (ETV)	
  

and	
  rilpivirine	
  (RPV))	
  were	
  designed	
  to	
  maintain	
  activity	
  against	
  the	
  prominent	
  

Y181C	
  and	
  K103N	
  mutants	
  selected	
  by	
  NPV	
  and	
  EFV.	
  Unfortunately,	
  they	
  can	
  select	
  

for	
  different	
  mutants,	
  such	
  as	
  E138K	
  (as	
  discussed	
  in	
  section	
  in	
  Chapter1,	
  1.6	
  

NNRTI	
  Resistance).	
  	
  

Any	
  new	
  NNRTI	
  would	
  ideally	
  remain	
  active	
  against	
  all	
  of	
  the	
  clinically	
  

relevant	
  mutants	
  while	
  not	
  selecting	
  for	
  any	
  others,	
  either.	
  However,	
  given	
  that	
  

more	
  than	
  50	
  individual	
  NNRTI-­‐‑resistance	
  mutations	
  have	
  been	
  identified,	
  and	
  they	
  

can	
  occur	
  both	
  alone	
  or	
  in	
  combinations,	
  there	
  are	
  potentially	
  hundreds	
  of	
  possible	
  

mutants.	
  It	
  is	
  unlikely	
  that	
  a	
  single	
  drug	
  would	
  remain	
  equipotent	
  against	
  all	
  of	
  

these,	
  but	
  there	
  are	
  strategies	
  that	
  could	
  limit	
  the	
  effects	
  of	
  mutants,	
  such	
  as	
  

targeting	
  interactions	
  with	
  the	
  protein	
  backbone	
  and	
  immutable	
  side	
  chain	
  residues,	
  

like	
  W229.	
  

The	
  docked	
  pose	
  of	
  8	
  includes	
  hydrophobic	
  interactions	
  with	
  W229,	
  but	
  

lacks	
  any	
  hydrogen	
  bonds	
  with	
  the	
  peptide	
  backbone.	
  The	
  basic	
  structure	
  of	
  the	
  7-­‐‑

azaindole	
  core	
  could	
  potentially	
  bind	
  so	
  as	
  to	
  form	
  two	
  hydrogen	
  bonds	
  with	
  the	
  

backbone	
  of	
  residue	
  101	
  as	
  occurs	
  with	
  EFV	
  (Figure	
  5.3).	
  Such	
  a	
  pose	
  cannot	
  occur	
  

with	
  compound	
  8	
  or	
  related	
  analogs	
  because	
  the	
  benzyl	
  group	
  at	
  position	
  R1	
  off	
  of	
  

the	
  pyrrole	
  nitrogen	
  blocks	
  the	
  potential	
  hydrogen	
  bond	
  donor.	
  There	
  are	
  

compounds	
  in	
  the	
  initial	
  library	
  that	
  lacked	
  substitutions	
  at	
  that	
  position,	
  but	
  none	
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showed	
  potency	
  <	
  10	
  	
  µM	
  in	
  the	
  antiviral	
  screen	
  (data	
  not	
  shown).	
  This	
  suggests	
  

that	
  such	
  a	
  binding	
  orientation	
  may	
  not	
  be	
  an	
  effective	
  means	
  of	
  inhibition	
  by	
  the	
  7-­‐‑

azaindole	
  moiety,	
  though	
  the	
  lack	
  of	
  potency	
  from	
  those	
  compounds	
  could	
  be	
  due	
  to	
  

other	
  substitutions	
  preventing	
  proper	
  alignment	
  of	
  the	
  compounds	
  for	
  hydrogen	
  

bond	
  formation.	
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Figure	
  5.3.	
  7-­‐‑azaindole	
  core	
  without	
  substitution	
  at	
  the	
  R1	
  position	
  would	
  
potentially	
  allow	
  two	
  hydrogen	
  bonds	
  to	
  be	
  formed	
  with	
  protein	
  backbone	
  of	
  
residue	
  K103.	
  Green	
  arrow	
  points	
  to	
  potential	
  hydrophobic	
  substitutions	
  could	
  be	
  
formed	
  with	
  W229.	
  	
  
	
   	
  

W229

K103
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Another	
  strategy	
  for	
  maintaining	
  potency	
  against	
  mutants	
  is	
  to	
  build	
  in	
  

molecular	
  flexibility	
  to	
  the	
  inhibitor,	
  allowing	
  it	
  to	
  adjust	
  to	
  changes	
  that	
  occur	
  with	
  

mutations	
  within	
  the	
  binding	
  pocket.	
  This	
  could	
  be	
  a	
  feasible	
  approach	
  for	
  analogs	
  

of	
  8,	
  and	
  the	
  prospective	
  compound	
  49	
  discussed	
  above	
  does	
  have	
  an	
  extended	
  

linker	
  on	
  the	
  lower	
  phenyl	
  ring,	
  which	
  could	
  allow	
  for	
  increased	
  movement	
  to	
  

accommodate	
  binding	
  to	
  mutant	
  enzymes.	
  

Unfortunately,	
  though,	
  the	
  FEP	
  approach	
  described	
  in	
  Chapter	
  4	
  may	
  not	
  be	
  

very	
  useful	
  for	
  predicting	
  activity	
  against	
  mutants.	
  Calculations	
  were	
  run	
  for	
  

compounds	
  8,	
  9,	
  and	
  10	
  to	
  predict	
  changes	
  in	
  potency	
  against	
  the	
  four	
  RT	
  mutants	
  

used	
  for	
  experimental	
  testing	
  (K103N,	
  V108I,	
  E138K,	
  and	
  Y181C,	
  as	
  discussed	
  in	
  

Chapter	
  2).	
  While	
  the	
  results	
  were	
  able	
  to	
  reproduce	
  the	
  rank	
  ordering	
  of	
  the	
  

compound	
  potency	
  changes	
  for	
  K103N	
  and	
  Y181C	
  mutants,	
  they	
  did	
  not	
  for	
  the	
  

V108I	
  and	
  E138K	
  mutants	
  (Table	
  5.1).	
  Given	
  that	
  NNRTI-­‐‑related	
  mutants	
  can	
  

confer	
  resistance	
  through	
  several	
  mechanisms	
  beyond	
  just	
  decreasing	
  drug	
  binding	
  

affinity,	
  it	
  is	
  expected	
  that	
  a	
  method	
  that	
  estimates	
  only	
  binding	
  affinity	
  would	
  not	
  

be	
  sufficient	
  for	
  predicting	
  activity	
  against	
  said	
  mutants.	
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*Fold	
  change	
  in	
  potency	
  of	
  inhibition	
  vs.	
  wild	
  type	
  enzyme.	
  
	
   	
  

Table&5.1&FEP$scores$and$fold$change$in$potency$of$76azaindole$NNRTI$against$RT$mutants

Compound
K103N V108I E138K Y181C

∆∆"
(kcal/mol)

Fold$
Change*

∆∆"
(kcal/mol)

Fold$
Change

∆∆"
(kcal/mol)

Fold$
Change

∆∆"
(kcal/mol)

Fold$
Change

8 5.6$± 0.76 13 61.3$± 0.27 >140 10$± 0.92 94 4.0$± 0.57 4.9

9 3.5$± 0.73 2.4 2.3$± 0.29 >16 11$± 1.0 9.4 7.4$± 0.64 12

10 8.4$± 0.67 49 60.05$± 0.29 >170 24$± 0.94 >170 7.9$± 0.55 >170
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Regardless	
  of	
  the	
  strategy	
  used	
  to	
  come	
  up	
  with	
  new	
  compounds,	
  they	
  

should	
  be	
  screened	
  using	
  simultaneous	
  cell-­‐‑based	
  assays	
  against	
  wild	
  type	
  HIV	
  as	
  

well	
  as	
  strains	
  with	
  with	
  K103N-­‐‑,	
  Y181C-­‐‑,	
  and	
  E138K-­‐‑RT	
  mutants,	
  since	
  those	
  

represent	
  the	
  major	
  mutations	
  selected	
  by	
  the	
  current	
  clinical	
  NNRTI.	
  Using	
  cell-­‐‑

based	
  assays	
  as	
  the	
  initial	
  screen	
  means	
  that	
  all	
  possible	
  mechanisms	
  of	
  inhibition	
  

by	
  NNRTI	
  will	
  be	
  included	
  in	
  the	
  measure	
  of	
  potency	
  (Chapter	
  1,	
  1.5	
  NNRTI	
  

Mechanisms	
  of	
  Action	
  of	
  NNRTI),	
  which	
  will	
  also	
  be	
  affected	
  by	
  cell	
  entry,	
  exit,	
  and	
  

metabolic	
  profiles.	
  This	
  could	
  mean	
  that	
  a	
  strong	
  enzyme	
  inhibitor	
  would	
  be	
  

overlooked	
  because	
  of	
  poor	
  metabolic	
  properties,	
  but	
  such	
  a	
  compound	
  would	
  need	
  

to	
  be	
  modified	
  anyways,	
  and	
  the	
  cell-­‐‑based	
  screens	
  are	
  more	
  physiologically	
  

relevant	
  than	
  cell-­‐‑free	
  anti-­‐‑RT	
  assays.	
  

5.4	
  Safety	
  and	
  Tolerability	
  

	
   	
  Unlike	
  other	
  classes	
  of	
  antiretrovirals	
  like	
  nucleoside	
  RT	
  inhibitors	
  and	
  

protease	
  inhibitors,	
  NNRTI	
  are	
  not	
  direct	
  analogs	
  of	
  any	
  endogenous	
  enzyme	
  

ligands	
  and	
  therefore	
  should	
  be	
  expected	
  to	
  have	
  less	
  side	
  effects.	
  There	
  are	
  toxicity	
  

issues	
  associated	
  with	
  all	
  clinically	
  used	
  NNRTI,	
  ranging	
  from	
  serious	
  neurological	
  

issues	
  with	
  EFV	
  to	
  mild	
  rashes	
  with	
  NVP	
  and	
  RPV	
  (Chapter	
  1,	
  1.8	
  Side	
  Effects	
  of	
  

NNRTI).	
  The	
  7-­‐‑azaindoles	
  were	
  screened	
  for	
  cytoxicity	
  against	
  three	
  cell	
  lines,	
  and	
  

more	
  than	
  half	
  of	
  the	
  compounds	
  displayed	
  CC50s	
  >	
  100	
  µM.	
  There	
  does	
  not	
  appear	
  

to	
  be	
  any	
  intrinsic	
  toxicity	
  associated	
  with	
  the	
  7-­‐‑azaindole	
  motif,	
  either,	
  as	
  several	
  

compounds	
  containing	
  the	
  moiety	
  are	
  used	
  clinically.	
  This	
  suggests	
  that	
  NNRTI	
  built	
  

off	
  of	
  the	
  scaffold	
  should	
  be	
  well	
  tolerated,	
  although	
  any	
  promising	
  candidates	
  that	
  

displayed	
  desired	
  potency	
  against	
  wild	
  type	
  and	
  mutant	
  strains	
  would	
  need	
  to	
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studied	
  further	
  to	
  determine	
  ADME	
  properties	
  in	
  animal	
  models	
  as	
  part	
  of	
  the	
  

preclinical	
  evaluation.	
  

5.5	
  Penetration	
  of	
  Viral	
  Reservoirs	
  

	
   While	
  current	
  antiretroviral	
  therapy	
  can	
  suppress	
  viral	
  load	
  below	
  

detectable	
  levels,	
  it	
  cannot	
  eradicate	
  HIV	
  from	
  the	
  body.	
  While	
  the	
  exact	
  causes	
  

remain	
  enigmatic,	
  the	
  persistence	
  of	
  HIV	
  is	
  believed	
  to	
  be	
  due	
  in	
  part	
  to	
  viral	
  

reservoirs	
  that	
  have	
  lower	
  drug	
  concentrations	
  than	
  the	
  plasma	
  and	
  are	
  therefore	
  

permissive	
  to	
  ongoing	
  viral	
  replication.	
  Tissues	
  such	
  as	
  the	
  lymph	
  nodes	
  can	
  contain	
  

>	
  99%	
  lower	
  drug	
  concentrations,	
  and	
  thus	
  have	
  been	
  identified	
  as	
  a	
  possible	
  viral	
  

reservoir	
  (Chapter	
  1,	
  1.9	
  NNRTI	
  and	
  Viral	
  Reservoirs).	
  An	
  NNRTI	
  that	
  could	
  both	
  

penetrate	
  and	
  persist	
  within	
  lymph	
  nodes	
  would	
  have	
  immediate	
  advantages	
  over	
  

existing	
  compounds.	
  And	
  while	
  the	
  specific	
  properties	
  needed	
  for	
  such	
  a	
  compound	
  

remain	
  unknown	
  (153),	
  the	
  7-­‐‑azaindole	
  core	
  is	
  significantly	
  different	
  from	
  other	
  

existing	
  NNRTI	
  and	
  therefore	
  may	
  offer	
  advantages	
  related	
  to	
  distribution.	
  If	
  a	
  

sufficiently	
  potent	
  compound	
  with	
  activity	
  against	
  relevant	
  mutants	
  and	
  low	
  toxicity	
  

was	
  discovered,	
  its	
  ability	
  to	
  reach	
  and	
  remain	
  in	
  lymph	
  nodes	
  could	
  be	
  assessed	
  

with	
  animal	
  models.	
  

5.6	
  Concluding	
  Statements	
  

	
   Drug	
  discovery	
  and	
  development	
  is	
  a	
  challenging	
  endeavor	
  due	
  to	
  the	
  

multiple,	
  interconnected	
  variables	
  that	
  must	
  each	
  be	
  optimized	
  before	
  a	
  compound	
  

can	
  even	
  be	
  considered	
  as	
  a	
  clinical	
  candidate.	
  A	
  new	
  NNRTI	
  should	
  be	
  an	
  

improvement	
  over	
  existing	
  compounds	
  with	
  regards	
  to	
  potency	
  against	
  wild	
  type	
  

and	
  mutant	
  strains	
  of	
  HIV,	
  safety	
  and	
  tolerability,	
  and	
  activity	
  in	
  viral	
  reservoirs.	
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While	
  they	
  do	
  not	
  yet	
  appear	
  to	
  possess	
  such	
  advantages,	
  the	
  compounds	
  built	
  off	
  of	
  

the	
  7-­‐‑azaindole	
  scaffold	
  can	
  potently	
  inhibit	
  HIV	
  replication	
  without	
  apparent	
  

toxicity	
  in	
  cell-­‐‑based	
  antiviral	
  screens,	
  and	
  FEP-­‐‑directed	
  optimization	
  coupled	
  with	
  

the	
  ease	
  of	
  synthesis	
  suggests	
  that	
  more	
  promising	
  compounds	
  can	
  be	
  efficiently	
  

designed	
  and	
  tested.	
  

	
   In	
  order	
  to	
  achieve	
  those	
  ends	
  a	
  variety	
  of	
  experiments	
  and	
  screening	
  

systems	
  can	
  be	
  set	
  up.	
  The	
  structure	
  of	
  8	
  bound	
  to	
  RT	
  should	
  be	
  determined	
  via	
  x-­‐‑

ray	
  crystallography	
  to	
  help	
  establish	
  a	
  clear	
  map	
  of	
  protein-­‐‑ligand	
  interactions,	
  

which	
  can	
  help	
  in	
  designing	
  and	
  evaluating	
  new	
  compounds	
  via	
  FEP.	
  A	
  cell-­‐‑based	
  

screen	
  including	
  multiple	
  NNRTI-­‐‑resistant	
  viral	
  strains	
  should	
  be	
  run	
  in	
  parallel	
  

with	
  cytoxicity	
  assays	
  to	
  rapidly	
  identify	
  new	
  compounds	
  with	
  improved	
  potency	
  

and	
  safety.	
  Further	
  research	
  into	
  small-­‐‑molecule	
  distribution	
  in	
  lymph	
  nodes	
  needs	
  

can	
  be	
  done	
  to	
  identify	
  properties	
  and	
  motifs	
  that	
  can	
  reach	
  and	
  persist	
  within	
  

tissues	
  that	
  act	
  as	
  viral	
  reservoirs,	
  and	
  compounds	
  possessing	
  those	
  properties	
  or	
  

groups	
  can	
  be	
  selected	
  or	
  added	
  into	
  existing	
  hits.	
  

Ultimately,	
  more	
  analogs	
  of	
  8	
  will	
  need	
  to	
  be	
  designed,	
  synthesized,	
  and	
  

tested.	
  Even	
  for	
  such	
  a	
  well	
  characterized	
  class	
  of	
  drugs	
  as	
  NNRTI,	
  there	
  are	
  clear	
  

limits	
  to	
  what	
  can	
  be	
  accurately	
  predicted	
  in	
  silico.	
  Recent	
  lead	
  optimization	
  efforts	
  

for	
  novel	
  NNRTI	
  have	
  required	
  the	
  synthesis	
  hundreds	
  (for	
  IDX-­‐‑899	
  (154)	
  and	
  

doravirine	
  (155))	
  or	
  even	
  thousands	
  of	
  analogs	
  (for	
  lersivirine)	
  (156)	
  built	
  off	
  of	
  

single	
  hit	
  molecules	
  to	
  iteratively	
  select	
  the	
  most	
  desirable	
  properties	
  for	
  a	
  clinical	
  

candidate.	
  Even	
  then,	
  two	
  of	
  those	
  compounds	
  ultimately	
  failed	
  in	
  human	
  trials	
  

(doravirine	
  is	
  still	
  in	
  Phase	
  II	
  testing).	
  While	
  such	
  a	
  low	
  rate	
  of	
  success	
  is	
  daunting;	
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smart,	
  focused,	
  and	
  thorough	
  work	
  to	
  optimize	
  compounds	
  built	
  off	
  of	
  the	
  7-­‐‑

azaindole	
  core	
  could	
  result	
  in	
  a	
  more	
  effective	
  NNRTI.	
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