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Metabolism	  and	  Transport:	  key	  biological	  
proper&es	  of	  medicines	   	  	  
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An	  example	  of	  the	  journey	  of	  a	  func&onal	  molecule	  –	  orally,	  or	  from	  
skin	  –	  we	  must	  op&mise	  the	  pharmacokine&cs,	  safety	  and	  efficacy	  –	  
metabolism	  and	  transport	  are	  key	  factors	  to	  take	  into	  account	  

Predic&ng	  or	  modelling	  metabolism	  and	  transport	  
would	  give	  significant	  gains	  in	  drug	  discovery	  



Metabolism	  and	  Transport	  
•  Metabolism	  has	  many	  key	  roles	  including	  

–  Anabolism	  (making	  molecules)	  
–  Catabolism	  (breaking	  molecules	  down)	  
–  Detoxifica&on	  of	  toxic	  molecules	  
–  Elimina&on	  of	  molecules	  from	  the	  system	  
–  Changing	  bioac&vity	  –	  e.g.	  to	  invoke	  signalling	  

•  Transport	  
–  Special	  transport	  Proteins	  recognise	  specific	  molecules	  
–  Transporters	  are	  expressed	  only	  in	  specific	  cells	  
–  Transport	  mediated	  processes	  dominate	  the	  movement	  of	  
molecules,	  including	  xenobio&cs	  

–  Gatekeepers	  of	  homeostasis	  



Metabolism	   Human	  saphenous	  vein	  

Everything	  else	  

metabolism	  

• Understanding	  pharmacokine&cs/toxicity	  of	  compounds	  (func&onal	  
ac&ves,	  drugs	  etc.)	  is	  very	  important.	  	  

• ADMET	  –	  	  PK	  -‐	  about	  10%	  of	  failures	  of	  poten&al	  drugs	  (geYng	  lower)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  Toxicity	  –	  about	  40%	  of	  failures	  (geYng	  higher	  as	  risk/benefit	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  needs	  to	  be	  almost	  infinity!	  (zero/one).	  

• Many	  xenobio&cs	  and	  toxins	  are	  highly	  lipophilic	  
• Typically	  are	  non-‐polar	  to	  cross	  biological	  membranes	  
• However,	  must	  be	  polar	  to	  be	  excreted	  (kidneys)	  
• Metabolic	  steps	  o]en	  reduce	  lipophilicity	  of	  molecules	  

• Metabolism	  can:	  
• Alter	  ac&vity	  e.g.	  antagonist	  to	  agonist	  
• Deac&vate/ac&vate	  molecules	  
• Convert	  pro-‐drugs/substrates	  into	  ac&ve	  forms	  
• Produce	  toxic	  compounds/induce	  DDI’s	  (drug/drug	  interac&ons)	  
• Create	  environmental	  toxins	  –	  e.g.	  Endocrine	  disruptors	  



Predic&on	  of	  Metabolism	  

• Therefore,	  there	  is	  a	  longstanding	  interest	  in	  predic&ng	  the	  metabolic	  fate	  of	  
molecules	  using	  both	  simula&on	  and	  informa&cs	  approaches	  
• We	  have	  developed	  :	  

• database	  of	  enzyme	  mechanisms	  (Macie)	  available	  at	  EBI	  
• 	  so]ware	  for	  predic&on	  of	  products	  of	  metabolism	  (MetaPrint2D),	  FAME,	  
• and	  recently	  mechanism-‐based	  methods	  for	  predic&on	  of	  sites	  of	  metabolism	  in	  
Cytochrome-‐P450	  enzymes.	  

	  

Computa&onal	  Predic&on	  of	  Metabolism:	  Sites,	  Products,	  
SAR,	  P450	  Enzyme	  Dynamics,	  and	  Mechanisms.	  
Kirchmair	  et	  al.	  J.	  Chem.	  Inf.	  Model.,	  2012,	  52	  (3),	  pp	  617–
648	  DOI:	  10.1021/ci200542m	  

An&-‐cancer	  Drug	  Development:	  Computa&onal	  Strategies	  
to	  Iden&fy	  and	  Target	  Proteins	  Involved	  in	  Cancer	  
Metabolism.	  Mak,	  L.	  Et	  al.	  Current	  Pharmaceu&cal	  Design,	  
Vol19(4),	  2013	  ,	  532-‐577.	  



Databases	  of	  Metabolism	  
•  Databases	  of	  metabolism	  are	  diverse	  –	  from	  maps	  of	  metabolic	  pathways	  

to	  likely	  metabolic	  products	  to	  metabonomics	  of	  body	  fluids.	  There	  is	  
much	  to	  learn	  (and	  derive	  models)	  from	  curated	  databases	  of	  metabolic	  
processes.	  

•  Some	  examples:	  	  
The	  NMR	  metabolomics	  database	  of	  Linkoping,	  Sweden	  (MDL).	  An	  on-‐line	  database	  and	  publically	  accessible	  depository	  dedicated	  to	  
the	  omics	  of	  small	  biomolecules.	  It	  is	  intended	  to	  facilitate	  access	  to	  NMR	  parameters	  of	  small	  metabolites	  in	  liquid	  phase	  (aqueous	  
solu&ons	  only).	  
Biological	  MagneFc	  Resonance	  Bank	  (BMRB).	  This	  Metabolomics	  database	  is	  available	  to	  the	  NMR	  community.	  	  
The	  Human	  Metabolome	  Database	  (HMDB).	  An	  electronic	  database	  containing	  detailed	  informa&on	  about	  small	  molecule	  metabolites	  
found	  in	  the	  human	  body.	  	  
PharmGKB,	  Encyclopaedic	  database	  focussed	  on	  drug	  metabolites	  
The	  Madison	  Metabolomics	  ConsorFum	  Database	  (MMCD).	  This	  database,	  maintained	  by	  the	  Na&onal	  Magne&c	  Resonance	  Facility	  at	  
Madison,	  is	  a	  resource	  for	  metabolomics	  research	  based	  on	  NMR	  spectroscopy	  and	  mass	  spectrometry.	  	  
The	  Brüschweiler	  Laboratory	  COLMAR	  Metabolomics	  Web	  Portal	  .	  Complex	  Mixture	  Analysis	  by	  NMR	  (COLMAR)	  	  
KEGG	  pathway	  database	  (KEGG).	  A	  collec&on	  of	  manually	  drawn	  pathway	  maps	  represen&ng	  our	  knowledge	  on	  the	  molecular	  
interac&on	  and	  reac&on	  networks	  .	  Most	  widely	  used.	  
BioCyc.	  A	  collec&on	  of	  371	  Pathway/Genome	  Databases	  	  
MetaCyc.	  Metabolic	  pathways	  and	  enzymes	  from	  more	  than	  900	  organisms	  	  
GOSTAR.	  Metabolites	  of	  drugs	  from	  50,000	  publica&ons	  
GeneMedRx	  hmp://www.genemedrx.com/drug-‐metabolism.php	  Drug/Drug	  interac&ons	  
Metabolite	  hmp://accelrys.com/products/databases/bioac&vity/metabolite.html	  	  substrates	  and	  products	  .	  100,000	  transforma&ons	  
-‐-‐-‐-‐-‐etc-‐-‐-‐-‐-‐	  
MACIE	  hmp://www.ebi.ac.uk/thornton-‐srv/databases/MACiE/	  	  
	  



Where	  does	  the	  data	  come	  from?	  

•  Subcellular	  systems	  
–  Organelles	  
–  	  Homogenate	  frac&ons	  -‐	  	  S9	  (post-‐mitochondrial	  supernatant	  frac&on)	  consists	  

of	  microsomes	  and	  cytosol.	  
–  	  Blood	  serum	  and	  plasma	  

•  Cellular	  and	  &ssue	  systems	  
–  	  Primary	  cell	  cultures	  -‐	  hepatocytes	  
–  Tumor	  cell	  lines	  –	  Caco-‐2	  cells	  
–  Tissue	  slices	  
–  Isolated	  perfused	  organs	  

•  In-‐vivo	  systems	  
–  Mul&cellular	  organisms	  
–  Batches	  of	  experimental	  animals	  
–  Groups	  of	  individuals	  
–  Collec&ves	  of	  pa&ents	  
–  Popula&ons	  



Data	  on	  metabolic	  stability	  and	  sites	  of	  
metabolism	  

•  Incuba&ons	  with	  individual	  CYP	  P450s	  
–  DD	  interac&ons,	  mechanism-‐based	  inhibi&on	  

•  Hepa&c	  Microsomal	  incuba&ons	  
–  Oxida&ve	  metabolism	  

•  Hepa&c	  microsomal	  incuba&ons	  +	  UDPGA	  (Uridine	  
5'-‐diphospho-‐glucuronosyltransferase	  )	  
–  Conjuga&on	  reac&ons	  (Phase-‐II)	  

•  Reac&ve	  metabolite	  trapping	  
•  Trapped	  using	  glutathione	  or	  cysteine	  

•  Animal	  models	  	  
•  Mouse/rat	  may	  be	  humanised.	  Metabolism/transport	  and	  
everything	  else!	  	  



Characterisa&on	  and	  
detec&on	  

•  Radio	  labelled	  species	  may	  be	  used	  with	  scin&lla&on	  
coun&ng	  –	  sensi&ve,	  specific,	  need	  to	  be	  synthesised	  

•  LC-‐MS	  is	  commonly	  used	  for	  metabolite	  iden&fica&on/
quan&fica&on	  with	  standards	  

•  LC-‐NMR/NMR-‐MS	  used	  for	  structure	  determina&on	  

•  Note	  –	  this	  is	  o]en	  difficult	  and	  &me	  consuming,	  not	  
all	  metabolites	  may	  be	  detected	  (and	  characterised)	  or	  
reported	  in	  papers.	  Experimental	  methods	  differ,	  so	  
detec&on	  can	  vary.	  



MACIE	  :	  Mechanism,	  Annota&on	  and	  Classifica&on	  in	  Enzymes	  	  
Mechanism,	  Annota&on	  and	  
Classifica&on	  in	  Enzymes	  is	  a	  
collabora&ve	  project	  between	  the	  
Thornton	  Group	  at	  the	  European	  
Bioinforma&cs	  Ins&tute	  and	  the	  
Mitchell	  Group	  at	  the	  University	  of	  
St	  Andrews	  (previously	  Unilever	  
Centre	  for	  Molecular	  Informa&cs	  
part	  of	  the	  University	  of	  
Cambridge).	  	  
	  
Gemma	  Holiday	  and	  John	  Mitchell	  

MACiE:	  exploring	  the	  
diversity	  of	  biochemical	  
reac&ons.	  G.	  L.	  Holliday	  et	  
al.,	  Nucleic	  Acids	  Research,	  
40,	  D783-‐D789,	  2012.	  	  



Query	  for	  entry	  M0210	  	  	  	  3.5.2.6	  	  	  	  beta-‐lactamase	  (Class	  D)	  



Query	  for	  entry	  M0210	  	  	  	  3.5.2.6	  	  	  	  beta-‐lactamase	  (Class	  D)	  



•  Phase	  I	  metabolism	  –	  e.g.	  
–  Oxida&ve	  Reac&ons:	  

•  Aroma&c	  hydroxyla&ons,	  alkene	  epoxida&ons,	  C	  adjacent	  to	  sp2	  centres,	  
alipha&c	  or	  alicyclic	  C	  oxida&ons,	  	  C-‐N	  oxida&ons,	  O-‐dealkyla&on,	  C-‐S	  
oxida&ons,	  et	  al	  (dehalogena&on,	  aroma&za&on,	  oxida&on	  of	  arenol)	  

–  Reduc&ve	  Reac&ons:	  
•  Carbonyl	  reduc&ons,	  nitro	  reduc&on,	  azo	  reduc&on,	  ter&ary	  amine	  oxide,	  

dehalogena&on	  

–  Hydroly&c	  Reac&ons:	  
•  acid	  or	  base	  hydrolysis	  of	  esters	  and	  amines	  giving	  carboxylic	  acids,	  alcohols	  &	  

amines	  

•  Phase	  II	  metabolism	  –	  e.g.	  
–  Glucoronida&on,	  sulpha&on,	  glycine	  conjuga&on	  and	  others.	  

Silverman,	  R.B.	  (1992)	  The	  Organic	  Chemistry	  of	  
Drug	  Design	  and	  Drug	  Ac&on.	  Academic	  Press	  Inc.,	  

San	  Diego	  USA.	  

Metabolism	  is	  o]en	  classified	  as	  :	  
Phase-‐1	  (typically	  oxida&on)	  and	  	  
Phase-‐2	  (conjuga&on)	  reac&ons	  

PredicFng	  metabolism	  



Ligand-‐based	  
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Predic&on	  of	  metabolism	  typically	  falls	  
into	  solving	  two	  problems	  

•  Iden&fy	  the	  site	  of	  metabolism	  
(SOM)	  

•  Iden&fy	  the	  products	  
•  O]en	  seen	  as	  two	  separate	  

problems.	  
•  Determining	  flux	  in	  complex	  

metabolic	  pathways	  is	  a	  separate	  
problem	  

•  We	  can	  take	  a	  	  
–  data-‐driven	  approach	  (read	  across,	  

frequency	  analysis,	  rule-‐based)	  
–  SAR	  based	  
–  Phenomenological	  (simula&on)	  

•  Metaprint2D	  –	  a	  data	  driven	  
approach	  



We	  wished	  to	  predict	  the	  sites	  and	  products	  of	  metabolism.	  
Ini&al	  approach	  based	  on	  molecular	  similarity	  of	  atom	  Environments	  (circular	  
fingerprints)	  

Level 

0 1 2 3 

C.ar C.ar 
C.ar 
O.3 

C.2 
C.2 
C.ar 
C.ar 

C.3 
C.ar 
O.2 
O.co

2 
O.co

2 

SYBYL	  (Tripos	  Forcefield)	  atom	  types	  

Quite	  popular	  for	  many	  uses:	  
NMR	  -‐	  W.	  Bremser,	  HOSE—A	  novel	  substructure	  code,	  Anal.	  Chim.	  Acta	  103,	  
355–365	  (1978).	  
pKa	  -‐	  Xing,	  Li;	  Glen,	  Robert	  C.	  Novel	  methods	  for	  the	  predic&on	  of	  logP,	  pKa,	  and	  logD.	  J.	  Chem.	  Inf.	  Model.	  2002,	  42(4),	  796-‐805.	  	  

Virtual	  screening	  -‐	  David	  Rogers	  and	  Mathew	  Hahn.	  Extended-‐Connec&vity	  Fingerprints.	  J.	  Chem.	  Inf.	  Model.,	  2010,	  50	  (5),	  pp	  
742–754.	  	  Andreas	  Bender,	  Hamse	  Y.	  Mussa,	  and	  Robert	  C.	  Glen,	  Stephan	  Reiling.	  Similarity	  Searching	  of	  Chemical	  Databases	  Using	  
Atom	  Environment	  Descriptors	  (MOLPRINT	  2D):	  Evalua&on	  of	  Performance.	  	  J.	  Chem.	  Inf.	  Comput.	  Sci.,	  2004,	  44	  (5),	  pp	  1708–1718	  
Off	  target	  effects	  	  -‐	  Josef Scheiber et al. J. Gaining Insight into Off-Target Mediated Effects of Drug Candidates with a 
Comprehensive Systems Chemical Biology Analysis. Chem. Inf. Model. 2009, 49, 308–317 
Metabolism –  Scott Boyer, Catrin Hasselgren Arnby, Lars Carlsson, James Smith, Viktor Stein and Robert C. Glen. Reaction Site 
Mapping of Xenobiotic Biotransformations. J. Chem. Inf. Model. 2007, 47(2), 583-590. 
Lars Carlsson , Ola Spjuth , Samuel Adams , Robert C Glen  and Scott Boyer. Use of Historic Metabolic Biotransformation Data as a 
Means of Anticipating Metabolic Sites Using MetaPrint2D and Bioclipse. BMC Bioinformatics 2010, 11:362.  
	  
	  
	  
	  

1 21 1



Metabolic	  Site/Product	  predictor	  (MetaPrint2D)	  

2	  
Query	  compound	  

For	  each	  query	  atom,	  find	  all	  
similar	  environments	  in	  
database	  

Calculate	  reac&on	  
occurrence	  ra&os	  

Total	  number	  of	  similar	  reac&on	  centres	  

Total	  number	  similar	  atoms	  in	  rest	  of	  database	  

Calculate	  rela&ve	  ra&os	  for	  each	  atom	  in	  
query	  compound,	  and	  display	  predic&ons	  
Using	  a	  naive	  Bayes	  probabilis&c	  model	  

Symyx	  Metabolite	  
database	  (~100,000	  
transforma&ons)	  

Substrate	  +	  Products	  

Calculate	  environment	  for	  
each	  substrate	  atom	  

Iden&fy	  reac&on	  centres	  

1	  

Calculate	  environment	  for	  
each	  atom	  

3	  
How	  o]en	  is	  environment	  
found	  at	  a	  reac&on	  centre?	  

4	  

5	  



hVp://www-‐metaprint2d.ch.cam.ac.uk/metaprint2d/	  	  

Metabolic	  Site/Product	  predictor	  (MetaPrint2D)	  

This	  approach	  allows	  predic&on	  of	  sites	  and	  probable	  products,	  including	  Phase	  II,	  in	  
human,	  rat	  and	  dog.	  (not	  just	  cytochrome	  p450	  metabolism)	  



Interes&ngly,	  
zolmitriptan	  (which	  has	  
excellent	  bioavailability)	  
is	  a	  par&al	  agonist,	  while	  
the	  main	  metabolite	  is	  a	  
full	  agonist.	  So,	  as	  the	  
drug	  concentra&on	  
lowers	  in	  blood,	  the	  
remaining	  compound	  
becomes	  more	  potent	  –	  
probably	  a	  longer	  las&ng	  
effect	  

Simple	  example	  of	  zolmitriptan,	  a	  migraine	  drug.	  

De-‐methyla&on	  



More	  complex	  example	  



Paracetamol	  toxicity	  
(Tylenol)	  
Overdose	  results	  in	  
species	  NAPQI	  and	  
liver	  damage	  

Metaprin2D	  results	  

Elimina&on	  
of	  water	  



Evalua&on	  of	  metabolism	  predic&on	  using	  Metaprint2D	  

Top_1	  (Top_2)	  metabolites	  

Advantages:	  speed,	  comprehensive,	  
coverage	  of	  metabolism,	  	  predicts	  products	  
	  
Disadvantages:	  relies	  totally	  on	  available	  
data,	  restricted	  chemotypes,	  relies	  of	  
repor&ng	  habits	  in	  journals.	  (more	  reported	  
–	  more	  likely?)	  

DS1	  –	  diverse	  set	  
DS2-‐	  Drugs	  



A	  SAR	  approach	  to	  Predic&ng	  sites	  of	  metabolism	  

• Many	  methods	  have	  been	  developed	  to	  predict	  sites	  of	  
metabolism.	  	  
• Most	  focus	  on	  the	  main	  metabolism	  enzymes,	  the	  Cytochrome	  
p450’s	  
• These	  are	  ubiquitous,	  but	  in	  high	  concentra&on	  in	  the	  Liver,	  
hence	  the	  focus	  on	  first	  pass	  metabolism	  of	  drugs	  as	  they	  are	  
shumled	  from	  the	  gut	  to	  the	  liver	  via	  the	  portal	  vein.	  

• They	  belong	  to	  a	  family	  of	  Iron	  containing	  enzymes,	  and	  are	  
supreme	  oxidisers.	  
• However,	  they	  can	  also	  par&cipate	  in	  other	  reac&ons	  e.g.	  in	  ring	  
forming	  reac&ons	  to	  make	  steroids.	  

• The	  cytochrome	  P450s	  (CYPs)	  are	  a	  family	  of	  heme-‐containing	  
enzymes	  involved	  in	  the	  phase-‐I	  metabolism	  of	  over	  90%	  of	  
drugs	  on	  the	  market	  .	  The	  CYP	  family	  of	  enzymes	  consists	  of	  57	  
isoforms	  with	  the	  majority	  of	  biotransforma&ons	  in	  mammals	  
facilitated	  by	  the	  CYP	  3A4	  isoform,	  followed	  by	  2D6	  and	  2C9.	  



2D	  topological	  fingerprints	  calculated	  to	  a	  bond	  
depth	  of	  4-‐6	  contain	  sufficient	  informa&on	  to	  
allow	  the	  iden&fica&on	  of	  SoMs	  using	  classifiers	  
based	  on	  rela&vely	  small	  data	  sets	  
(1A2	  -‐137	  ,	  2C9-‐129,	  2D6-‐157,	  3A4-‐293,	  All-‐716)	  

Cytochrome	  P450	  site	  of	  metabolism	  predic&on	  
from	  2D	  topological	  fingerprints	  using	  GPU	  
accelerated	  probabilis&c	  classifiers	  

Database	  of	  Cytochrome	  p450	  
substrates	  and	  products	  

Machine	  Learning.	  Parzen-‐Rosenblam	  
Window	  (PRW),	  Naive	  
Bayesian(NB)	  and	  a	  novel	  approach	  called	  
RASCAL	  (Random	  Amribute	  Sub-‐sampling	  
Classifica&on	  ALgorithm).	  
	  
Predic&on	  of	  metabolic	  sites	  in	  Cyps’s.	  

Tyzack	  et	  al.	  Journal	  of	  
Cheminforma6cs	  2014,	  6:29	  
hmp://www.jcheminf.com/
content/6/1/29	  

Descriptors	  



SAR	  and	  metabolism	  	  –	  using	  a	  large	  database,	  descriptors	  and	  machine	  Learning	  

FAME	  uses	  	  a	  curated	  subset	  of	  	  the	  
Metabolite	  database	  of	  100,000	  
metabolic	  transforma&ons	  
	  
A	  global	  model	  of	  metabolism	  has	  been	  
generated	  as	  well	  as	  specific	  models	  for	  
human,	  rat,	  and	  dog	  metabolism.	  In	  
addi&on,	  dedicated	  models	  are	  also	  
available	  to	  predict	  SoMs	  of	  phase	  I	  and	  
II	  metabolism.	  
	  
Only	  seven	  descriptors	  were	  found	  to	  be	  
important	  (encoding	  the	  atom	  type	  and	  
electronic	  configura&on	  of	  each	  atom:	  
total	  par&al	  charges,	  sigma	  par&al	  
charges,	  pi	  electronega&vity,	  sigma	  
electronega&vity,	  and	  polarizability)	  and	  
one	  molecular	  descriptor	  encoding	  the	  
topological	  size	  of	  a	  molecule.	  
	  



FAME	  is	  able	  to	  iden&fy	  at	  least	  one	  known	  SoM	  among	  the	  top-‐1,	  top-‐2,	  and	  
top-‐3	  highest	  ranked	  atom	  posi&ons	  in	  up	  to	  71%,	  81%,	  and	  87%	  of	  all	  cases	  
tested,	  respec&vely.	  

Random	  Forest	  models	  



Top-‐3	  predic&on	  rates	  for	  the	  global	  
metabolism	  model	  on	  test	  set	  1,	  itemized	  with	  
respect	  to	  the	  reac&on	  type.	  No	  correla&on	  
between	  propensity	  of	  a	  reac&on	  type	  (the	  
number	  of	  reac&ons:	  red	  bars)	  and	  predic&on	  
rates	  (blue	  bars)	  is	  observed.	  

How	  common	  are	  reported	  metabolic	  
transforma&ons	  and	  how	  does	  the	  model	  
perform?	  

FAME	  is	  freely	  available	  from	  the	  authors	  to	  
academia	  and	  nonprofit	  organiza&ons.	  

FAst	  MEtabolizer	  (FAME):	  A	  Rapid	  and	  
Accurate	  Predictor	  of	  Sites	  of	  Metabolism	  in	  
Mul&ple	  Species	  by	  Endogenous	  Enzymes.	  
Kirchmair	  et	  al.,	  J.	  Chem.	  Inf.	  Model.,	  2013,	  
53	  (11),	  pp	  2896–2907.	  
DOI:	  10.1021/ci400503s	  



CYPs: Background	  

•  CYP450	  enzymes	  facilitate	  oxida&on	  and	  bio-‐transforma&ons	  
•  Is	  a	  family	  of	  57	  similar	  haeme	  containing	  enzymes	  
•  Most	  important	  are	  CYP3A4,	  CYP2D6,	  CYP2C8/9,	  CYP1A2	  
•  Contain	  an	  iron-‐porphyrin	  reac&on	  centre	  
•  Metabolise	  90%	  of	  drugs	  currently	  on	  the	  market	  

Predic&on	  of	  sites	  of	  CYP450	  Metabolism	  using	  Reac&vity	  
and	  Tethered	  Docking	  –	  a	  modelling	  approach	  



Cytochrome p450 Reactivity: Catalytic 
Cycle 	  

Compound1	  (Fe4+)	  is	  the	  
most	  reac&ve	  state.	  
Reac&on	  	  generally	  
involves	  hydrogen	  
abstrac&on	  or	  single	  
electron	  transfer	  (SET)	  
pathways	  



CYPs:	  Mechanism	  
	  
Single	  electron	  transfer	  	  
(SET)	  pathways	  

Hydrogen	  AbstracFon	  

Alipha&c	  hydroxyla&on	  

Aroma&c	  C-‐oxida&on	  

Alkene	  epoxida&on	  

S-‐oxida&on	  	  
N-‐oxida&on	  
P-‐oxida&on	  

S-‐dealkyla&ons	  
N-‐dealkyla&ons	  
O-‐dealkyla&ons	  

R-‐H	   R-‐OH	  

R1-‐NH-‐R2	  
R1-‐NH2	  

HO-‐R2	  
+	  

Ar-‐H	   Ar-‐OH	  

C=C	   C	   C	  
O	  

S	  
R1	  

R2	  
S	  

R1	  

R2	  
=O	  

Which	  site	  on	  the	  
Molecule	  is	  preferen&ally	  
Metabolised	  ?	  (SoM)	  



SoM	  (Site	  of	  Metabolism)	  Predic&on	  

•  Need	  to	  consider	  reac&vity	  and	  accessibility	  

1.	  Accessibility	  –	  tethered	  docking	  with	  GOLD	  (a	  docking	  
program)	  

2.	  Reac&vity	  –	  NWChem	  ground	  state	  molecular	  orbital	  
analysis	  from	  DFT	  (Density	  Func&onal	  Theory)	  

	  
•  Three	  isoforms	  considered:	  	  

•  3A4	  –	  293	  ligands	  	  
•  2D6	  –	  157	  ligands	  
•  2C9	  –	  129	  ligands	  

•  Run	  Molecular	  Dynamics	  to	  op&mise	  protein	  structures	  and	  
select	  suitable	  frame(s)	  for	  docking.	  300ns	  produc&on	  MD	  
simula&on	  using	  AMBER	  (enzyme,	  solvent)	  



Molecular	  Dynamics,	  showing	  fluctua&ons	  in	  structure	  

Some	  residues	  show	  
large	  fluctua&ons	  in	  
posi&on	  –	  
We	  should	  take	  
account	  of	  these	  



Flexible	  side-‐chains	  apparent	  from	  MD	  simula&ons.	  E.g.	  
Arginine212	  in	  Cyp-‐3A4	  –	  this	  flexibility	  (and	  other	  flexible	  
residues)	  could	  allow	  mul&ple	  docking	  modes	  



We	  have	  added	  a	  correc&on	  –	  to	  take	  into	  account	  the	  mobility	  
of	  some	  charged	  residues	  –	  using	  posi&on	  and	  mobility	  from	  
the	  MD	  results.	  This	  correc&on	  is	  added	  to	  the	  docking	  score	  

•  Many	  ligands	  charged	  
•  Charged	  residues	  around	  CYP	  cavity	  
•  Use	  spherical	  constraints	  in	  GOLD	  to	  model	  

electrosta&cs	  
•  Calculate	  radius	  to	  model	  1/𝑟↑2  	  Coulombic	  

amrac&on	  



Calcula&ng	  Accessibility	  of	  the	  ligand	  into	  
the	  ac&ve	  site:	  Tethered	  Docking	  

•  Tether	  each	  poten&al	  SoM	  to	  CpdI	  and	  use	  GOLD	  
docking	  score	  to	  rank	  

•  Replace	  each	  H	  in	  turn	  with	  an	  O	  and	  use	  as	  
dummy	  link	  atom	  to	  reac&ve	  O	  in	  heme	  

I.	   II.	  
III.	  



Scoring	  
func&on	  
PLP	  
and	  
tethered	  
docking	  at	  
1.5A	  
Is	  best	  

Accessibility:	  docking	  results.	  We	  rank	  predic&ons	  as	  
finding	  the	  ‘top-‐2’	  or	  ‘top-‐3’	  metabolism	  sites	  from	  
experiment	  



Adding	  reac&vity:	  Using	  
Molecular	  Orbital	  Analysis	  

•  Hydrogen	  bond	  order	  is	  a	  good	  indicator	  of	  hydrogen	  abstrac&on	  

•  Relevant	  to	  alipha&c	  hydroxyla&on,	  and	  subsequent	  dealkyla&on	  

•  Also	  need	  a	  reac&vity	  measure	  for	  electron	  abstrac&on	  which	  
allows	  direct	  comparison	  to	  the	  hydrogen	  abstrac&on	  measure	  

•  Reac&vity	  measure	  derived	  from	  ground	  state	  molecular	  orbital	  
analysis	  

•  Geometry	  op&misa&on	  with	  NWChem	  using	  DFT,	  B3LYP,	  6-‐31g**	  



Reac&vity:	  Bond	  Order	  	  derived	  from	  the	  Density	  
Matrix	  to	  give	  an	  energy	  weighted	  reac&vity	  index	  
•  Density	  Matrix	  defined	  as:	  

	  

	  

Vector   79  Occ=2.000000D+00  E=-2.131391D-01 
              MO Center= -5.8D-01,  8.9D-01, -3.4D-03, r^2= 9.0D+00 
   Bfn.  Coefficient  Atom+Function         Bfn.  Coefficient  Atom+Function   
  ----- ------------  ---------------      ----- ------------  ------------- 
   108     -0.236743   8 C  px              202     -0.223507  14 C  px         
   142      0.222353  10 C  px              206     -0.187117  14 C  px         
   112     -0.184346   8 C  px              157      0.157935  11 C  px         
   146      0.157431  10 C  px              109      0.145952   8 C  py         
   143     -0.140489  10 C  py              172     -0.140463  12 C  px         



Reac&vity:	  Energy	  Weighted	  
Density	  Matrix	  
•  Star&ng	  with	  the	  density	  matrix	  and	  overlap	  matrix,	  the	  approach	  adopted	  

here	  is	  to	  weight	  contribu&ons	  to	  the	  density	  matrix	  by	  the	  molecular	  orbital	  
energy	  to	  create	  an	  energy	  weighted	  density	  matrix	  and	  then	  calcula&ng	  a	  
weighted	  bond	  order.	  

•  It	  has	  been	  shown	  that	  the	  total	  bond	  order	  of	  a	  hydrogen	  atom	  is	  a	  good	  
indicator	  of	  SoM	  since	  it	  is	  indica&ve	  of	  bond	  strength	  and	  thus	  the	  ease	  of	  
hydrogen	  abstrac&on.	  However,	  in	  order	  to	  extend	  this	  approach	  to	  be	  able	  
to	  predict	  single	  electron	  transfers	  (SET)	  it	  is	  insufficient	  to	  only	  use	  
informa&on	  from	  the	  density	  and	  overlap	  matrices.	  

•  Because	  of	  differences	  in	  valency	  of	  atoms	  and	  mul&ple	  bond	  types,	  we	  
correct	  for	  this.	  This	  is	  achieved	  by	  calcula&ng	  a	  reac&vity	  score	  per	  unit	  
bond	  order.	  The	  reac&vity	  scores	  are	  added	  un&l	  the	  equivalent	  of	  one	  
electron	  is	  reached.	  

•  In	  this	  way	  reac&vity	  scores	  for	  hydrogen	  and	  electron	  abstrac&ons	  can	  be	  
obtained	  from	  the	  same	  data	  source	  enabling	  the	  two	  compe&ng	  pathways	  
for	  CYP	  metabolism	  to	  be	  compared.	  

	  



Reac&vity:	  Results	  

Manuscript	  in	  prepara&on	  



Overall: Results	  

Advantages:	  Is	  clearly	  not	  
limited	  by	  availability	  of	  
metabolism	  data	  as	  this	  
model	  is	  based	  on	  a	  
simula&on	  	  

Predic&on	  of	  Cytochrome	  P450	  Xenobio&c	  
Metabolism:	  Tethered	  Docking	  and	  Reac&vity	  
Derived	  from	  Ligand	  Molecular	  Orbital	  Analysis	  
Jonathan	  D.	  Tyzack,	  Mark	  J.	  Williamson,	  
Rubben	  Torella,	  and	  Robert	  C.	  Glen	  
J.	  Chem.	  Inf.	  Model.,	  2013,	  53	  (6),	  pp	  1294–
1305.	  
DOI:	  10.1021/ci400058s	  



Transporters:	  	  moving	  molecules	  to	  the	  
right	  place	  a	  the	  right	  &me	  

Transporters	  are	  responsible	  for	  the	  movement	  of	  most	  
small,	  water-‐soluble,	  organic	  molecules	  and	  some	  
inorganic	  ions	  across	  cell	  membranes.	  Each	  transporter	  
is	  thought	  to	  be	  highly	  selec&ve,	  o]en	  transferring	  just	  
one	  type	  of	  molecule	  –	  but	  recent	  evidence	  points	  to	  
more	  promiscuous	  behaviour.	  
	  
Transporters	  can	  
• be	  passive,	  moving	  a	  molecule	  along	  an	  
electrochemical	  gradient	  e.g.	  glucose	  transporter	  
• Pumps	  ac&vely	  transport	  a	  solute	  against	  an	  
electrochemical	  gradient	  –	  may	  be	  ATP-‐driven,	  Light	  
driven	  or	  coupled	  (in	  and	  out)	  e.g.	  Na+	  	  out	  and	  K+	  in	  
• Coupled	  pumps	  –	  symporters	  move	  	  substrates	  in	  one	  
direc&on,	  an&porters	  move	  them	  in	  opposite	  direc&ons.	  
E.g.	  NCKX	  (sodium,	  calcium,	  potassium	  an&porter)	  

• We	  have	  constructed	  a	  database	  of	  Transporters	  	  

	  

Many	  drugs	  act	  at	  transporters	  
e.g.	  SERT	  is	  responsible	  for	  the	  
reuptake	  of	  extracellular	  
serotonin	  (5-‐HT).	  E.g	  Prozac	  (41	  
cpds.	  at	  least	  act	  at	  SERT)	  



Metrabase	  is	  an	  integrated	  cheminforma&cs	  and	  
bioinforma&cs	  resource	  containing	  curated	  data	  
related	  to	  human	  transport	  and	  metabolism	  of	  
chemical	  compounds.	  Its	  primary	  content	  includes	  
over	  3000	  small	  molecule	  substrates	  and	  modulators	  
of	  transport	  proteins	  and,	  currently	  to	  a	  smaller	  
extent,	  cytochrome	  P450	  enzymes.	  



MetraBase	  

Metrabase	  v1.0	  	  
20	  transporters	  and	  13	  CYPs:	  3438	  compounds,	  
11649	  interac&on	  records,	  1211	  literature	  
references	  	  
	  
13	  CYPs:	  212	  compounds,	  506	  interac&on	  
records,	  36	  literature	  references	  	  

The	  plan	  is	  to	  make	  
this	  database	  available	  
this	  year	  as	  open	  source	  



Example	  search	  for	  substrates	  of	  the	  OATP1B1	  transporter	  



PCA	  based	  on	  2D	  
descriptors	  of	  the	  
transporter	  substrates	  
dataset,	  circles	  show	  the	  
80%	  approximate	  
coverage	  in	  each	  
transporter.	  Although	  
SLC15A1	  (pep&de	  
transporter)	  and	  Pgp	  
substrates	  differ	  
substan&ally	  by	  property	  
(red	  vs.	  light	  blue)	  the	  
majority	  of	  efflux	  and	  
uptake	  transporters	  
overlap	  significantly.	  
Not	  as	  specific	  as	  
thought!	  
	  

Cluster	  analysis	  

“Transporter	  Space”	  



Apelin	  increases	  glucose	  
absorp&on	  
Through	  up-‐regula&on	  of	  
GLUT2	  

Orally	  administered	  
apelin	  Increases	  
antesFnal	  transepithelial	  
glucose	  transport	  from	  
lumen	  to	  bloodstream	  in	  
mice.	  The	  antagonist	  
MM54	  blocks	  this.	  



Modifica&on	  of	  ac&vity	  by	  metabolism	  

Obach, R. S., Pharmacologically active drug metabolites: impact on drug discovery and 
pharmacotherapy. Pharmacological reviews 2013, 65 (2), 578-640. 

Drug	  metabolism	  redox	  reac&ons	  such	  as	  heteroatom	  dealkyla&ons,	  hydroxyla&ons,	  
heteroatom	  oxygena&ons,	  reduc&ons,	  and	  dehydrogena&ons	  can	  yield	  ac&ve	  
metabolites,	  and	  in	  rare	  cases	  even	  conjuga&on	  reac&ons	  can	  yield	  an	  ac&ve	  
metabolite.	  



Metabolism	  and	  pro-‐drugs	  –more	  common	  than	  you	  might	  think	  

Tamoxifen	  –	  
	  limle	  ac&vity	  

Afimoxifene	  –	  
Ac&ve	  
metabolite	  



The	  changing	  bioac&vi&es	  of	  metabolites	  

Morphine	  is	  enzyma&cally	  ac&vated	  to	  form	  sugar	  
deriva&ves	  (morphine-‐glucuronides)	  that	  are	  (much)	  
more	  ac&ve	  than	  the	  parent	  compound.	  

Terfenidine	  (pro-‐drug)	  
(Toxic	  if	  not	  metabolised,	  hERG)	  

Fexofenadine	  (ac&ve)	  –	  has	  to	  be	  
Metabolised	  by	  the	  CYP3A4	  isoform.	  If	  this	  is	  
Missing,	  then	  very	  toxic	  (arrhythmia	  followed	  
by	  cardiac	  arrest)	  



Example	  Promazine	  –	  predicted	  metabolites	  and	  ac&vi&es	  



Predicted	  targets	  and	  Biological	  effects,	  which	  we	  may	  possibly	  relate	  
to	  phenotypic	  changes	  (polypharmacology	  of	  parent	  AND	  metabolites)	  

From	  in	  silico	  target	  predic&on	  to	  mul&-‐target	  drug	  
design:	  Current	  databases,	  methods	  and	  applica&ons.	  
Koutsoukas	  A.,	  Journal	  of	  Proteomics,	  2011,	  	  74(12),	  
2554–2574	  

In	  Silico	  Target	  Predic&ons:	  Defining	  a	  Benchmarking	  Data	  Set	  
and	  Comparison	  of	  Performance	  of	  the	  Mul&class	  Naïve	  Bayes	  
and	  Parzen-‐Rosenblam	  Window.	  Koutsoukas	  et	  al.,	  J.	  Chem.	  Inf.	  
Model.,	  2013,	  53	  (8),	  pp	  1957–1966.	  DOI:	  10.1021/ci300435j	  



Polypharmacology	  and	  metabolism.	  
Predicted	  and	  measured	  ac&vi&es	  of	  

promazine	  and	  metabolites	  

Promazine	  an	  an&psycho&c	  
agent	  (for	  schizophrenia)	  is	  
an	  antagonist	  of	  dopamine	  
receptors	  (DRD	  1,2,3,4),	  
muscarinic	  receptors	  (CHRM	  
1-‐5)	  and	  histamine	  receptor	  
1	  (HRH1).	  	  
Predic&ons	  obtained	  for	  the	  
parent	  (le]).	  	  
Promazine	  is	  metabolized	  
into	  the	  terminal	  metabolite	  	  
phenothiazine	  core	  
(thiodiphenylamine)	  by	  N-‐
dealkyla6on.	  
	  
	  The	  terminal	  metabolite	  
was	  predicted	  to	  be	  ac&ve	  
against	  Amine	  Oxidase,	  
Cycloxygenase	  1	  and	  2	  
(PTGS1	  and	  PTGS2)	  and	  the	  
Sodium-‐dependent	  
noradrenaline	  transporter.	  



Blocking	  metabolism	  to	  promote	  efficacy	  

•  Clavulanic	  acid	  is	  co-‐administered	  with	  amoxicillin	  
to	  block	  β-‐lactamase.	  Clavulanic	  acid	  is	  a	  suicide	  
inhibitor,	  covalently	  bonding	  to	  a	  serine	  residue	  in	  
the	  ac&ve	  site	  of	  the	  β-‐Lactamase	  

•  CYP17	  is	  the	  crucial	  enzyme	  catalysing	  the	  
conversion	  of	  pregnenolone	  and	  progesterone	  to	  
dehydroepiandrosterone	  (DHEA)	  and	  
androstenedione	  (which	  promote	  tumour	  growth)	  
in	  gonadal	  and	  adrenal	  glands.	  Thus,	  blockade	  of	  
androgen	  produc&on	  in	  testes	  and	  adrenals	  by	  
CYP17	  (and	  in	  this	  case	  also	  CYP11B1)	  inhibi&on	  is	  
being	  inves&gated	  for	  the	  treatment	  of	  prostate	  
cancer.	  	  

•  Nature	  Reviews	  Urology	  	  11,	  32–42	  (2014)	  doi:10.1038/nrurol.
2013.274	  	  

Abiraterone	  –	  a	  
Cyp17-‐A1inhibitor	  



metabolism	  is	  very	  important	  for	  	  
excre&on	  of	  waste	  products	  

Drugs	  are	  eliminated	  from	  the	  body	  
either	  unchanged	  as	  the	  parent	  drug	  
or	  as	  metabolites.	  
Organs	  that	  excrete	  drugs	  eliminate	  
polar	  compounds	  (water	  soluble)	  
more	  readily	  than	  components	  with	  
high	  lipid	  (fat)	  solubility.	  An	  
excep&on	  is	  the	  lungs.	  
Lipid	  soluble	  drugs	  are	  not	  readily	  
eliminated	  un&l	  they	  are	  
metabolized	  to	  more	  polar	  
compounds.	  
	  
Possible	  sources	  of	  excre&on	  
include:	  
	  	  	  	  Breath,	  	  Urine,	  Saliva	  
	  	  	  	  Perspira&on,	  Faeces	  
	  	  	  	  Milk,	  Bile	  
	  	  	  	  Hair,	  	  Skin	  
	   A	  “good”	  drug	  re&res	  gracefully	  when	  it	  has	  completed	  it’s	  task	  
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