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Water	
  Energe/cs	
  and	
  Drug	
  Discovery	
  
•  Water	
  is,	
  of	
  course,	
  everywhere	
  

–  Protein	
  binding	
  sites	
  are	
  largely	
  filled	
  with	
  water	
  

–  Water	
  is	
  a	
  direct	
  compe>tor	
  when	
  it	
  comes	
  to	
  binding	
  

•  And	
  yet,	
  un>l	
  fairly	
  recently,	
  there	
  were	
  few	
  accessible	
  tools	
  to	
  help	
  us	
  
understand	
  the	
  thermodynamic	
  proper>es	
  of	
  the	
  water	
  molecules	
  that	
  were	
  
playing	
  such	
  a	
  cri>cal	
  role	
  

•  This	
  situa>on	
  has	
  changed	
  in	
  recent	
  years,	
  a	
  number	
  of	
  tools	
  have	
  become	
  
available	
  that	
  allow	
  us	
  to	
  model	
  the	
  networks	
  of	
  water	
  within	
  protein	
  cavi>es	
  
with	
  a	
  fair	
  degree	
  of	
  accuracy	
  
–  Here,	
  we	
  shall	
  look	
  at	
  some	
  of	
  the	
  results	
  coming	
  from	
  Schrodinger’s	
  offering	
  in	
  this	
  
area,	
  WaterMap	
  



WaterMap:	
  A	
  Tool	
  for	
  Probing	
  Solvent	
  Thermodynamics	
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How	
  Does	
  WaterMap	
  Work?	
  
•  WaterMap	
  uses	
  molecular-­‐dynamics	
  (MD)	
  to	
  model	
  the	
  behaviour	
  
of	
  solva>on	
  
–  ~2ns	
  simula>on	
  with	
  explicit	
  solvent	
  and	
  restrained	
  protein	
  

•  Hydra>on	
  sites	
  are	
  located	
  by	
  clustering	
  the	
  water	
  loca>ons	
  from	
  
the	
  simula>on	
  
–  These	
  show	
  how	
  and	
  where	
  water	
  is	
  localised	
  within	
  the	
  pocket	
  

•  The	
  loca>ons	
  show	
  good	
  agreement	
  with	
  solvent	
  molecules	
  found	
  from	
  
crystallography	
  

•  Each	
  hydra>on	
  site	
  can	
  be	
  characterised	
  thermodynamically	
  using	
  
inhomogeneous	
  solva>on	
  theory*	
  
–  Enthalpy	
  is	
  taken	
  directly	
  from	
  the	
  non-­‐bonded	
  interac>ons	
  
–  Entropy	
  is	
  taken	
  from	
  a	
  local	
  expansion	
  of	
  spa>al	
  and	
  orienta>onal	
  
correla>on	
  func>ons	
  

*Lazaridis,	
  T.	
  J.	
  Phys.	
  Chem.	
  B.	
  1998,	
  102,	
  3531-­‐3541.	
  



A	
  Survey	
  of	
  Water	
  Molecules	
  Around	
  Proteins	
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INTRODUCTION

Water plays an essential role in the function of biological systems.
Water molecules permeate the cell, comprising the majority of the
cell both by volume and number of molecules. Water molecules are
involved in catalysis,1–3 protein folding,4–7 and the primary driving
force in the hydrophobic effect,8–10 which is a key factor in the
association of biomolecules.11–13

Explicit water molecular dynamics (MD) simulations have been
used for decades to investigate the properties of biomolecular sys-
tems in the presence of waters.14–16 Such studies have resulted in
significant insights into the role of explicit waters in the biomolecu-
lar binding process17,18 and the limitations of implicit solvent
models.16,19,20 However, much of the previous progress has been
the result of computationally demanding simulations and/or analysis
of the simulation trajectories by expert users. Furthermore, while a
qualitative understanding of the role of water molecules in the bind-
ing process is important, the ability to quantitatively predict the
role of water (e.g., the thermodynamic contribution to protein sta-
bility or ligand binding) has not been demonstrated on a broad
range of pharmaceutically relevant targets. For these and other rea-
sons, the application of explicit solvent MD simulations in the phar-
maceutical industry has been limited.
Recent methodological advances have allowed for the efficient cal-

culation of thermodynamic properties of water molecules around
protein-binding sites.12,21,22 One method, called WaterMap, is
based on a statistical thermodynamic analysis of water molecules
from an explicit solvent MD simulation. The waters from the simu-
lation are first spatially clustered to form ‘‘hydration sites,’’ which
are then analyzed using inhomogeneous solvation theory23,24 to
determine the entropic and enthalpic properties of water within
each hydration site. The method has been successfully applied
to understand binding profiles for a number of diverse systems,
including peptides binding to PDZ domains,25 kinase selectivity,26
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ABSTRACT

Water plays an essential role in determining the
structure and function of all biological systems.
Recent methodological advances allow for an
accurate and efficient estimation of the thermo-
dynamic properties of water molecules at the sur-
face of proteins. In this work, we characterize
these thermodynamic properties and relate them
to various structural and functional characteris-
tics of the protein. We find that high-energy
hydration sites often exist near protein motifs
typically characterized as hydrophilic, such as
backbone amide groups. We also find that waters
around alpha helices and beta sheets tend to be
less stable than waters around loops. Further-
more, we find no significant correlation between
the hydration site-free energy and the solvent ac-
cessible surface area of the site. In addition, we
find that the distribution of high-energy hydra-
tion sites on the protein surface can be used to
identify the location of binding sites and that
binding sites of druggable targets tend to have a
greater density of thermodynamically unstable
hydration sites. Using this information, we char-
acterize the FKBP12 protein and show good
agreement between fragment screening hit rates
from NMR spectroscopy and hydration site ener-
getics. Finally, we show that water molecules
observed in crystal structures are less stable on
average than bulk water as a consequence of the
high degree of spatial localization, thereby result-
ing in a significant loss in entropy. These find-
ings should help to better understand the charac-
teristics of waters at the surface of proteins and
are expected to lead to insights that can guide
structure-based drug design efforts.

Proteins 2012; 80:871–883.
VVC 2011 Wiley Periodicals, Inc.

Key words: WaterMap; entropy; enthalpy; drugg-
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Proteins,	
  2012,	
  80	
  (3),	
  871–883	
  
	
  
A	
  survey	
  of	
  27	
  different	
  protein	
  across	
  a	
  range	
  of	
  families	
  
Thermodynamic	
  informa>on	
  (ΔG,	
  ΔH,	
  -­‐TΔS)	
  characterised	
  for	
  
~32,000	
  hydra>on-­‐sites	
  



Enthalpy	
  Distribu/on	
  
•  Careful	
  analysis	
  of	
  the	
  ΔH-­‐values	
  
reveals	
  a	
  tri-­‐modal	
  distribu>on	
  
–  The	
  modes	
  are	
  centred	
  on:	
  

•  -­‐4.0kcal/mol	
  for	
  interac>ons	
  with	
  
acidic-­‐groups	
  

•  -­‐2.0kcal/mol	
  for	
  interac>ons	
  with	
  
basic-­‐groups	
  

•  0.0kcal/mol	
  for	
  interac>ons	
  with	
  
uncharged-­‐groups	
  



Entropy	
  Distribu/on	
  
•  The	
  –TΔS	
  value	
  are	
  all	
  >0.0kcal/mol	
  

–  This	
  comes	
  from	
  our	
  defini>on	
  of	
  
entropy	
  	
  
•  Any	
  interac>ons	
  between	
  the	
  hydra>on-­‐
site	
  and	
  the	
  protein	
  will	
  yield	
  some	
  
protein-­‐water	
  correla>on	
  entropy	
  

•  The	
  –TΔS	
  values	
  fall	
  off	
  
asympto>cally	
  towards	
  6kcal/mol	
  
–  This	
  maximum	
  value	
  is	
  reasonable	
  

•  The	
  entropy	
  loss	
  of	
  transferring	
  a	
  water-­‐
molecule	
  from	
  the	
  gas-­‐phase	
  to	
  an	
  ice-­‐
crystal	
  at	
  298K	
  is	
  es>mated	
  to	
  be	
  
6.3kcal/mol	
  



Free-­‐Energy	
  Distribu/on	
  
•  The	
  ΔG-­‐values	
  are,	
  of	
  course,	
  a	
  
superposi>on	
  of	
  the	
  ΔH	
  and	
  	
  
–TΔS-­‐values	
  

•  Here	
  we	
  can	
  see	
  that	
  few	
  
hydra>on-­‐sites	
  have	
  ΔG>8kcal/
mol	
  
– Waters	
  that	
  are	
  destabilised	
  
beyond	
  8kcal/mol	
  have	
  a	
  strong	
  
tendency	
  to	
  evacuate	
  the	
  binding	
  
site	
  



The	
  Effect	
  of	
  Solvent	
  Accessibility	
  
•  The	
  maximum	
  SASA	
  for	
  a	
  1Å-­‐radius	
  

hydra>on-­‐site	
  in	
  1.4Å-­‐radius	
  water	
  is	
  
~72Å2	
  

–  Such	
  hydra>on	
  sites	
  are	
  ‘fully’	
  solvent-­‐
exposed	
  and	
  should	
  have	
  ΔG=0.0kcal/mol	
  

•  As	
  the	
  hydra>on-­‐site	
  gets	
  more	
  buried	
  we	
  
see	
  a	
  divergence	
  in	
  the	
  energy	
  
–  Some	
  become	
  more	
  stable,	
  some	
  less	
  

•  The	
  majority	
  of	
  profoundly	
  unstable	
  
water-­‐molecules	
  (ΔG>2.0kcal/mol)	
  have	
  a	
  
SASA<20Å2	
  

–  i.e.	
  they	
  are	
  buried	
  
•  However,	
  a	
  significant	
  propor>on	
  of	
  

water-­‐molecules	
  with	
  SASA<20Å2	
  are	
  
quite	
  stable	
  
–  Being	
  buried	
  in	
  a	
  protein	
  does	
  not	
  

necessarily	
  imply	
  that	
  a	
  water-­‐molecule	
  is	
  
unstable	
  



Crystallographic	
  Water	
  Molecules	
  

Crystallographic	
  water	
  molecules	
  have	
  a	
  more	
  
unfavourable	
  entropy	
  than	
  typical	
  waters.	
  This	
  is	
  

obviously	
  a	
  func>on	
  of	
  their	
  localisa>on	
  

The	
  localisa>on	
  either	
  comes	
  from	
  electrosta>c	
  
stabilisa>on,	
  or	
  from	
  hydrophobic	
  enclosure.	
  	
  

	
  



Druggability	
  Assessment	
  
•  The	
  stability/instability	
  of	
  water	
  

molecules	
  occupying	
  a	
  site	
  dictate	
  
the	
  ease	
  of	
  finding	
  a	
  drug	
  like	
  ligand	
  

•  Two	
  indices,	
  the	
  ‘HotSpot’	
  and	
  
‘CoolSpot’	
  give	
  an	
  overall	
  indica>on	
  
of	
  the	
  occupying	
  water’s	
  proper>es	
  
–  HotSpot	
  –	
  Characterises	
  the	
  level	
  of	
  
hydrophobicity	
  within	
  the	
  site	
  
•  It’s	
  generally	
  easier	
  to	
  bind	
  a	
  
hydrophobic	
  drug	
  like	
  compound	
  to	
  such	
  
a	
  site	
  

–  CoolSpot	
  –	
  Characterises	
  the	
  
hydrophilicity	
  within	
  the	
  site	
  
•  Excessively	
  numbers	
  of	
  stable	
  water	
  
molecules	
  make	
  binding	
  a	
  hydrophobic	
  
ligand	
  very	
  difficult	
  



Druggability	
  –	
  Gleevec/Abl	
  
•  Abl	
  is	
  obviously	
  a	
  highly	
  
druggable	
  target	
  

•  The	
  WaterMap	
  shows	
  a	
  
complete	
  chain	
  of	
  highly	
  
unstable	
  hydra>on-­‐sites	
  
–  These	
  actually	
  provide	
  a	
  useful	
  
indica>on	
  of	
  the	
  shape	
  of	
  an	
  ‘ideal’	
  
molecule	
  

–  This	
  is	
  reinforced	
  by	
  looking	
  at	
  the	
  
con>nuous	
  WaterMap,	
  which	
  
shows	
  an	
  almost	
  unbroken	
  red-­‐
region	
  throughout	
  the	
  binding-­‐site	
  



Druggability	
  –	
  PTP-­‐1b	
  
•  PTP-­‐1b	
  provides	
  an	
  excellent	
  example	
  

of	
  an	
  undruggable	
  binding-­‐site	
  

•  The	
  core	
  of	
  the	
  binding-­‐site	
  contains	
  a	
  
large	
  cloud	
  of	
  stable	
  water-­‐molecules	
  
–  Hydrophobic	
  atoms	
  in	
  this	
  region	
  are	
  

actually	
  detrimental	
  to	
  binding	
  
–  Only	
  powerfully	
  ionic	
  atoms	
  are	
  capable	
  of	
  

replacing	
  some	
  of	
  these	
  water-­‐molecules	
  
•  This	
  naturally	
  limits	
  the	
  drug	
  likeness	
  of	
  any	
  

ligand	
  
–  There	
  are	
  a	
  scajering	
  of	
  hydrophobic-­‐

regions	
  away	
  from	
  the	
  main	
  binding-­‐site	
  
•  But	
  reaching	
  these	
  requires	
  large,	
  inefficient,	
  

ligands	
  

	
  	
  
	
  



Water	
  Contribu/ons	
  to	
  Ligand	
  Binding	
  

ChemMedChem,	
  2011,	
  6	
  (6),	
  1049–1066	
  
	
  
Demonstrates	
  how	
  explicit	
  water	
  thermodynamics	
  can	
  be	
  included	
  
in	
  (semi-­‐)quan>ta>ve	
  ligand	
  scoring	
  

DOI: 10.1002/cmdc.201000533

Contribution of Explicit Solvent Effects to the Binding
Affinity of Small-Molecule Inhibitors in Blood Coagulation
Factor Serine Proteases
Robert Abel,[a] Noeris K. Salam,[a] John Shelley,[a] Ramy Farid,[a] Richard A. Friesner,[b] and
Woody Sherman*[a]

Introduction

Trypsin-like serine proteases (fac-
tors VIIa, IXa, Xa, XIa, and throm-
bin (IIa)) are well characterized in
the regulation of hemostasis and
thromboembolic diseases such
as deep vein thrombosis, myo-
cardial infarction, and pulmonary
embolism.[1] Serine proteases in
the blood coagulation cascade
have been the target of many
pharmaceutical campaigns, and
potent compounds were found
in early work.[2] However, poor
pharmacokinetic (PK) profiles of
the early inhibitors presented a
significant clinical challenge for
anticoagulant drug design and
development, primarily due to a
positive charge on the ligands in
the S1 pocket that was thought to be required for potency.[3]

However, after many years of work, researchers were able to
find compounds that bind with a neutral group in the S1
pocket while retaining a high level of potency.[4]

Early inhibitors of thrombin typically contained basic moiet-
ies in the S1 pocket, such as guanidine or benzamidine, which
mimic the P1 arginine side chain of the natural substrate fibri-
nopeptide A (Figure 1).[2a,3,5] This allowed greater potency and
specificity toward the hydrophobically buried Asp189 in the S1
pocket of trypsin-like serine proteases over other serine pro-
tease families. Following a similar design, first-generation in-
hibitors of factors VIIa, Xa, and XIa also shared a basic S1

moiety to interact with Asp189. Although a number of these
inhibitors with basic S1 variants have shown promise in early

The prevention of blood coagulation is important in treating
thromboembolic disorders, and several serine proteases in-
volved in the coagulation cascade have been classified as phar-
maceutically relevant. Whereas structure-based drug design
has contributed to the development of some serine protease
inhibitors, traditional computational methods have not been
able to fully describe structure–activity relationships (SAR).
Here, we study the SAR for a number of serine proteases by
using a method that calculates the thermodynamic properties
(enthalpy and entropy) of the water that solvates the active

site. We show that the displacement of water from specific
subpockets (such as S1–4 and the ester binding pocket) of the
active site by the ligand can govern potency, especially for
cases in which small chemical changes (i.e. , a methyl group or
halogen) result in a substantial increase in potency. Further-
more, we describe how relative binding free energies can be
estimated by combining the water displacement energy with
complementary terms from an implicit solvent molecular me-
chanics description binding.

Figure 1. A timeline that chronicles the progression of thrombin and factor Xa (FXa) inhibitor designs from the
early basic P1 arginine-based peptidomimetics to the latter neutral low-molecular-weight drug-like inhibitors with
oral bioavailability.

[a] Dr. R. Abel,+ Dr. N. K. Salam,+ Dr. J. Shelley, Dr. R. Farid, Dr. W. Sherman
Schrçdinger, 120 West 45th Street, 17th Floor, New York, NY 10036 (USA)
Fax: (+1)212-295-5801
E-mail : Woody.Sherman@schrodinger.com

[b] Prof. R. A. Friesner
Department of Chemistry and Center for Biomolecular Simulation
Columbia University, New York, NY 10027 (USA)

[+] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.201000533.

ChemMedChem 2011, 6, 1049 – 1066 ! 2011 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1049



Modelling	
  Protein-­‐Ligand	
  Affini/es	
  
•  We	
  can	
  decompose	
  protein-­‐ligand	
  binding	
  into	
  a	
  three	
  stage	
  
process:	
  

	
  
	
  
	
   	
   	
   	
  P(aq)	
  	
  +	
  	
  L(aq)	
  →	
  	
  Pb(aq)	
  	
  	
  +	
  	
  	
  Lb(aq)	
  	
  →	
  	
  PbLb(aq)	
  

Lowest	
  energy	
  solu>on-­‐
phase	
  conformers	
  

Conformers	
  found	
  in	
  the	
  
final	
  complex	
  –	
  protein	
  
and	
  ligand	
  s>ll	
  separate	
  

The	
  final	
  complex	
  



Modelling	
  Protein-­‐Ligand	
  Affini/es	
  
•  Based	
  on	
  this	
  decomposi>on	
  we	
  can	
  write	
  down	
  the	
  binding	
  
free	
  energy	
  as:	
  

ΔGbind =

Δ UP P,Pb
+Δ UL L,Lb

+ UP−L
int

PbLb
+…

Δ WP
chg

P,Pb
+Δ WL

chg

L,Lb
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Δ WP
cav

P,Pb
+Δ WL

cav

L,Lb
+Δ WPL

cav

Pb+Lb ,PbLb
+…

−TΔSconfig

Protein	
  Strain	
  

Ligand	
  Strain	
  

Complementarity	
  

Protein	
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(WaterMap)	
  



Thrombin…	
  
•  Individual	
  water	
  molecules	
  are	
  
known	
  to	
  play	
  a	
  significant	
  role	
  in	
  
binding	
  to	
  thrombin	
  

•  Classical	
  modelling	
  approaches,	
  
such	
  as	
  MMGBSA,	
  do	
  a	
  
reasonable	
  job	
  of	
  gelng	
  the	
  
protein-­‐ligand	
  interac>ons	
  
modelled	
  correctly	
  
–  But	
  miss	
  out	
  crucial	
  details,	
  such	
  as	
  
the	
  highly	
  unstable	
  water	
  molecule	
  
highlighted	
  

Water	
  #1e	
  
ΔH=4.05kcal/mol	
  
-­‐TΔS=2.46kcal/mol	
  
ΔG=6.51kcal/mol	
  



The	
  Effect	
  of	
  Including	
  Water	
  Molecules	
  

The	
  plain	
  MM-­‐GBSA	
  calcula>on	
  does	
  a	
  passable	
  job	
  at	
  
modelling	
  the	
  complete	
  set	
  of	
  congeneric	
  thrombin	
  inhibitors.	
  	
  

However,	
  the	
  inclusion	
  of	
  explicit	
  water	
  energe>cs,	
  in	
  this	
  case	
  
calculated	
  by	
  WaterMap,	
  improve	
  the	
  accuracy	
  considerably.	
  

*R2(MW)=0.4	
  



Water	
  Contribu/ons	
  to	
  Selec/vity	
  

ChemMedChem,	
  2010,	
  5,	
  618-­‐627	
  
	
  
Examines	
  how	
  subtle	
  differences	
  in	
  binding	
  site	
  solva>on	
  can	
  explain	
  significant	
  
features	
  of	
  selec>vity	
  SAR	
  



Src/GSK3β	
  Selec/vity	
  
•  This	
  data	
  is	
  taken	
  from	
  patents	
  and	
  

publica>ons	
  by	
  Vertex	
  

•  Their	
  data	
  shows	
  that	
  adding	
  a	
  
cyclopropyl-­‐group	
  to	
  the	
  R1	
  posi>on	
  
selec>vely	
  gains	
  ac>vity	
  on	
  Src	
  

•  No	
  immediate	
  structural	
  hypothesis	
  
can	
  be	
  put	
  forward	
  for	
  this	
  selec>ve	
  
8-­‐20x	
  gain	
  in	
  potency	
  on	
  Src	
  vs.	
  GSK3β

Kinase	
  Inhibi/on	
  (µM)	
  

R1	
   R2	
   Ki(GSK3β)	
   Ki(Src)	
  

0.171	
   0.8	
  

<0.1	
   <0.1	
  

1.168	
   2.180	
  

>1.0	
   0.1-­‐1.0	
  Davies,	
  R.,	
  et	
  al.,	
  Pyrazole	
  compounds	
  useful	
  as	
  protein	
  kinase	
  inhibitors.	
  2003,	
  
Vertex	
  Pharmaceu>cals	
  Incorporated	
  (Cambridge,	
  MA,	
  US):	
  United	
  States.	
  
Bebbington,	
  D.,	
  et	
  al.,	
  The	
  discovery	
  of	
  the	
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Src/GSK3β	
  Selec/vity	
  

High	
  energy	
  water	
  molecules	
  present	
  in	
  Src	
  and	
  not	
  GSK3β	
  (blue)	
  

High	
  energy	
  water	
  present	
  in	
  GSK3β	
  (red)	
  
is	
  displaced	
  by	
  both	
  methyl	
  and	
  
cyclopropyl	
  variants	
  



PI3-­‐Kinase	
  Isoform	
  Selec/vity	
  
•  This	
  data	
  was	
  supplied	
  by	
  Sanofi	
  who	
  were	
  

working	
  on	
  the	
  ligand	
  series	
  shown	
  

•  A	
  methyl-­‐group	
  was	
  added	
  for	
  reasons	
  
other	
  than	
  ac>vity/selec>vity	
  
–  Unexpectedly	
  and	
  fortuitously	
  addi>on	
  of	
  

the	
  methyl-­‐group	
  in	
  one	
  posi>on	
  yielded	
  
selec>vity	
  for	
  PI3β

–  This	
  SAR	
  trend	
  was	
  repeated	
  over	
  a	
  number	
  
of	
  variants	
  with	
  the	
  same	
  result	
  
•  R1	
  =	
  H:	
  PI3β	
  selec>ve,	
  overall	
  weaker	
  binding	
  
•  R2	
  =	
  H:	
  Equipotent	
  PI3β/δ,	
  overall	
  stronger	
  

binding	
  

•  Crystal	
  structures	
  of	
  the	
  ligands	
  bound	
  
showed	
  no	
  differences	
  in	
  protein-­‐ligand	
  
contacts	
  

R1	
   R2	
  
Selec/vity	
  	
  
(PI3β/PI3δ)	
  

Me	
   H	
   1x	
  

H	
   Me	
   20x	
  



PI3Kβ	
  WaterMap	
  –	
  R1=R2=H	
  	
  
•  Based	
  on	
  the	
  Sanofi	
  crystal	
  structures	
  we	
  can	
  

calculate	
  the	
  proper>es	
  of	
  the	
  solvent	
  within	
  the	
  
pocket	
  in	
  the	
  presence	
  of	
  the	
  ligand	
  

•  One	
  obviously	
  ‘unhappy’	
  water	
  molecule	
  is	
  found	
  in	
  
both	
  PI3Kβ	
  and	
  PI3Kδ	
  	
  
–  This	
  water	
  molecule	
  is	
  trapped	
  between	
  the	
  ligand	
  and	
  

the	
  hydrophobic	
  ‘base’	
  of	
  the	
  kinase	
  binding	
  site	
  

•  Subs>tuents	
  from	
  R1	
  are	
  perfectly	
  posi>oned	
  to	
  
displace	
  this	
  water	
  molecule	
  from	
  both	
  isoforms	
  
–  This	
  accounts	
  for	
  the	
  higher	
  potency	
  of	
  the	
  R1	
  subs>tuted	
  

compounds	
  

•  Subs>tuents	
  from	
  R2	
  tend	
  to	
  trap	
  and	
  isolate	
  this	
  
water	
  molecule	
  further	
  
–  A	
  closer	
  analysis	
  reveals	
  that	
  this	
  trapping	
  is	
  more	
  

unfavourable	
  in	
  PI3Kδ	
  than	
  PI3Kβ
–  This	
  accounts	
  for	
  the	
  greater	
  loss	
  of	
  potency	
  in	
  PI3Kδ

+6.0	
  

R1	
   R2	
  



A	
  Structural	
  Explana/on?	
  

Water-­‐Density	
  PI3Kβ R1=H	
  R2=Me	
  
	
  

Analysis	
  of	
  the	
  water	
  density	
  around	
  PI3Kβ	
  shows	
  a	
  well-­‐
structured	
  network	
  of	
  water	
  molecules	
  emana>ng	
  from	
  

852Glu	
  and	
  856Asp.	
  These	
  stabilise	
  the	
  trapped	
  water.	
  

Water-­‐Density	
  PI3Kδ R1=H	
  R2=Me	
  
	
  

A	
  somewhat	
  similar	
  situa>on	
  appears	
  in	
  PI3δ.	
  However	
  the	
  
nature	
  of	
  the	
  residues	
  involved	
  are	
  different	
  (836Asn	
  and	
  

832Asp).	
  This	
  gives	
  much	
  less	
  support	
  to	
  the	
  trapped	
  water	
  
molecule	
  causing	
  the	
  greater	
  loss	
  in	
  potency.	
  

60%	
  

70%	
  

80%	
  

%Occ	
  



The	
  Future?	
  

J.	
  Am.	
  Chem.	
  Soc,	
  2015,	
  137,	
  2695-­‐2703	
  
	
  
Introduces	
  a	
  robust,	
  general	
  purpose,	
  FEP	
  protocol	
  for	
  rou>ne	
  
rela>ve	
  binding	
  predic>ons	
  



Free-­‐Energy	
  Perturba/on	
  
•  All	
  of	
  the	
  previous	
  examples	
  looked	
  

at	
  isolated	
  parts	
  of	
  the	
  complete	
  
protein-­‐ligand	
  binding	
  event	
  
–  Poten>al	
  protein	
  desolva>on	
  for	
  
druggability	
  

–  Augmented	
  MM-­‐GBSA	
  for	
  
(semi-­‐)quan>ta>ve	
  ligand	
  binding	
  
es>ma>ons	
  

–  Residual	
  solvent	
  stability,	
  par>cularly	
  
in	
  the	
  case	
  of	
  PI3Kβ/δ

•  Such	
  a	
  breakdown	
  is	
  useful,	
  but	
  it	
  is	
  
also	
  ar>ficial	
  
–  Approaches	
  like	
  FEP	
  allow	
  us	
  to	
  
consider	
  the	
  complete	
  binding	
  event	
  in	
  
a	
  holis>c	
  manner	
  



Free-­‐Energy	
  Perturba/on	
  
•  The	
  theory	
  of	
  FEP	
  has	
  been	
  around	
  for	
  a	
  

long	
  >me	
  
–  But	
  only	
  recently	
  do	
  we	
  have	
  all	
  of	
  the	
  pieces	
  

needed	
  to	
  give	
  it	
  a	
  chance	
  of	
  func>oning	
  in	
  
an	
  industrial	
  selng.	
  These	
  include:	
  
•  Accurate	
  force-­‐fields	
  –	
  capable	
  of	
  describing	
  

both	
  the	
  ligand	
  and	
  the	
  protein	
  
•  Sufficient	
  compute	
  power	
  –	
  GPUs	
  provide	
  a	
  

20-­‐100x	
  speed	
  improvement	
  over	
  standard	
  CPUs	
  
•  Adequate	
  sampling	
  –	
  Enhanced	
  sampling	
  

algorithms,	
  such	
  as	
  replica-­‐exchange,	
  allow	
  us	
  to	
  
explore	
  all	
  of	
  the	
  relevant	
  space	
  

•  Robust,	
  automated	
  setup	
  and	
  analysis	
  –	
  To	
  
ensure	
  consistency	
  and	
  convergence	
  

•  Thus	
  far,	
  the	
  results	
  appear	
  promising	
  
–  Retrospec>ve	
  studies	
  show	
  excellent	
  

agreement	
  with	
  experiment	
  (RMSE≅1.2kcal/
mol)	
  

–  Early	
  prospec>ve	
  studies	
  show	
  similar	
  levels	
  
of	
  accuracy	
  



Summary	
  
•  Explicit	
  waters	
  are	
  essen>al	
  in	
  molecular	
  recogni>on	
  
•  Thermodynamic	
  characterisa>on	
  of	
  water	
  within	
  a	
  protein	
  
cavity	
  can	
  be	
  used	
  to	
  assess	
  druggability,	
  affinity,	
  and	
  
selec>vity	
  
– The	
  effect	
  of	
  the	
  ligand	
  on	
  residual	
  solvent	
  is	
  just	
  as	
  important	
  as	
  the	
  
water	
  molecules	
  it	
  displaces	
  

•  Full	
  simula>on	
  approaches,	
  such	
  as	
  FEP,	
  show	
  real	
  promise	
  in	
  
providing	
  robust	
  fully	
  quan>ta>ve	
  es>mates	
  of	
  (rela>ve)	
  ligand	
  
potency	
  



Acknowledgements	
  

	
  Schrödinger	
  	
  
	
  	
  

– Thijs	
  Beuming	
  	
  
– Goran	
  Krilov	
  
	
  
	
  
– Robert	
  Abel	
  
– Byungchan	
  Kim	
  
–  Jen	
  Knight	
  
– Goran	
  Krilov	
  
– Teng	
  Lin	
  
– Levi	
  Pierce	
  
– Lingle	
  Wang	
  
– Yujie	
  Wu	
  

	
  Sanofi	
  (PI3K)	
  
– Thomas	
  Bertrand	
  
– Frank	
  Halley	
  
– Andreas	
  Karlsson	
  
– Magali	
  Mathieu	
  
– Herve	
  Minoux	
  
– Laurent	
  Schio	
  

	
  Columbia	
  University	
  
– Rich	
  Friesner	
  	
  

WaterMap	
  

FEP	
  

WaterMap	
  
PI3K	
  

FEP	
  



Assessment	
  of	
  Water	
  Energe/cs	
  and	
  
Applica/ons	
  to	
  Drug	
  Discovery	
  

Daniel	
  D.	
  Robinson	
  
daniel.robinson@schrodinger.com	
  

	
  


