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Abstract	
  
Human	
  hepatic	
  flavin-­‐containing	
  monooxygenase	
  3	
  is	
  a	
  phase	
  I	
  drug-­‐metabolizing	
  enzyme	
  
that	
  is	
  responsible	
  for	
  the	
  oxidation	
  of	
  a	
  variety	
  of	
  drugs	
  and	
  xenobiotics.	
  This	
  work	
  reports	
  
on	
  a	
  high-­‐throughput	
  rapid	
  colorimetric	
  assay	
  for	
  the	
  screening	
  of	
  substrates	
  or	
  inhibitors	
  of	
  
this	
  enzyme.	
  The	
  method	
  is	
  based	
  on	
  the	
  competition	
  of	
  two	
  substrates	
  for	
  access	
  to	
  the	
  
active	
  site	
  of	
  hFMO3	
  whereby	
  the	
  enzymatic	
  product	
  of	
  the	
  first	
  drug	
  converts	
  nitro-­‐5-­‐
thiobenzoate	
  (TNB,	
  yellow)	
  to	
  5,5’-­‐dithiobis(2-­‐nitrobenzoate)	
  (DTNB,	
  colourless).	
  Upon	
  
addition	
  of	
  a	
  competing	
  substrate,	
  the	
  amount	
  of	
  detected	
  DNTB	
  is	
  decreased.	
  The	
  assay	
  is	
  
validated	
  testing	
  three	
  known	
  substrates	
  of	
  hFMO3,	
  namely	
  benzydamine,	
  tozasertib	
  and	
  
tamoxifen.	
  The	
  latter	
  drugs	
  resulted	
  in	
  41%	
  -­‐	
  55%	
  inhibition.	
  In	
  addition,	
  two	
  other	
  drugs	
  
also	
  classified	
  as	
  doping	
  drugs,	
  selegiline	
  and	
  clomiphene,	
  were	
  selected	
  based	
  on	
  their	
  
chemical	
  structure	
  similarity	
  to	
  known	
  substrates	
  of	
  hFMO3.	
  These	
  drugs	
  showed	
  21%	
  and	
  
60%	
  inhibition	
  in	
  the	
  colorimetric	
  assay	
  and	
  therefore	
  were	
  proven	
  to	
  be	
  hFMO3	
  substrates.	
  
LC-­‐MS	
  was	
  used	
  to	
  confirm	
  their	
  N-­‐oxide	
  products.	
  Further	
  characterisation	
  of	
  these	
  newly	
  
identified	
  hFMO3	
  substrates	
  was	
  performed	
  determining	
  their	
  Km	
  and	
  kcat	
  values	
  that	
  
resulted	
  to	
  be	
  314	
  µM	
  and	
  1.4	
  min-­‐1	
  for	
  selegiline	
  and,	
  18	
  µM	
  and	
  0.1	
  min-­‐1	
  for	
  clomiphene.	
  
This	
  method	
  paves	
  the	
  way	
  for	
  a	
  rapid	
  automated	
  high	
  throughput	
  screening	
  of	
  nitrogen-­‐
containing	
  compounds	
  as	
  substrates/inhibitors	
  of	
  hFMO3.	
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1.   INTRODUCTION 

Human	
  flavin-­‐containing	
  monooxygenase	
  3	
  (hFMO3)	
  is	
  a	
  phase	
  I	
  drug-­‐metabolizing	
  enzyme	
  
predominantly	
  expressed	
  in	
  the	
  liver	
  where	
  its	
  substrates,	
  generally	
  nitrogen-­‐,	
  sulfur-­‐	
  and	
  
phosphorous-­‐containing	
  soft	
  nucleophiles	
  are	
  transformed	
  into	
  more	
  polar	
  and	
  excretable	
  
metabolites	
  [1-­‐3].	
  Unlike	
  cytochromes	
  P450	
  (the	
  most	
  important	
  phase	
  I	
  drug	
  metabolizing	
  
enzymes),	
  hFMO3	
  produces	
  few	
  toxic	
  metabolites	
  and	
  therefore	
  designing	
  drugs	
  that	
  are	
  
metabolized	
  by	
  hFMO3	
  rather	
  than	
  by	
  cytochromes	
  P450	
  may	
  lead	
  to	
  significant	
  clinical	
  
advantages	
  [4].	
  In	
  addition,	
  hFMO3	
  is	
  not	
  readily	
  induced	
  or	
  inhibited,	
  like	
  cytochromes	
  
P450,	
  consequently	
  minimizing	
  potential	
  adverse	
  drug-­‐drug	
  interactions	
  [4,	
  5].	
  However,	
  
designing	
  such	
  drugs	
  requires	
  a	
  rapid	
  selection	
  method	
  which	
  according	
  to	
  our	
  knowledge	
  
does	
  not	
  currently	
  exist	
  although	
  our	
  group	
  has	
  previously	
  described	
  an	
  electrochemically	
  
based	
  assay	
  for	
  hFMO3	
  [6].	
  	
  
In	
  order	
  to	
  develop	
  a	
  high-­‐throughput	
  colorimetric	
  detection	
  method	
  for	
  hFMO3	
  substrates	
  
or	
  inhibitors,	
  methimazole-­‐dependent	
  TNB	
  (nitro-­‐5-­‐thiobenzoate)	
  oxidation	
  assay	
  was	
  
chosen	
  as	
  the	
  starting	
  point.	
  Methimazole	
  is	
  a	
  known	
  substrate	
  of	
  hFMO3	
  that	
  is	
  S-­‐
oxygenated	
  by	
  the	
  enzyme	
  and	
  it	
  has	
  been	
  widely	
  employed	
  in	
  the	
  past	
  for	
  FMO	
  activity	
  
measurement	
  using	
  a	
  colorimetric	
  assay	
  developed	
  by	
  Dixit	
  and	
  Roche	
  [7].	
  The	
  main	
  
advantages	
  of	
  this	
  assay	
  are:	
  (a)	
  the	
  specificity	
  of	
  methimazole	
  S-­‐oxide	
  (product	
  of	
  hFMO3	
  
enzyme	
  activity)	
  for	
  TNB	
  and	
  (b)	
  its	
  colorimetric	
  nature	
  leading	
  to	
  possible	
  conversion	
  into	
  a	
  
high	
  throughput	
  screening	
  assay.	
  
Herein	
  we	
  describe	
  a	
  competitive	
  assay	
  based	
  on	
  the	
  concept	
  that	
  adding	
  a	
  second	
  N-­‐
containing	
  substrate	
  or	
  inhibitor	
  to	
  the	
  reaction	
  mixture,	
  the	
  molecule	
  would	
  compete	
  with	
  
methimazole	
  for	
  the	
  enzyme	
  activity.	
  As	
  a	
  result,	
  a	
  lower	
  amount	
  of	
  methimazole	
  is	
  
converted	
  into	
  methimazole	
  S-­‐oxide	
  and	
  this	
  can	
  be	
  measured	
  by	
  the	
  differences	
  in	
  
absorbance.	
  Since	
  the	
  Dixit	
  and	
  Roche	
  assay	
  is	
  based	
  on	
  the	
  re-­‐oxidation	
  of	
  TNB	
  to	
  DTNB	
  
the	
  formation	
  of	
  a	
  disulfide	
  conjugate	
  between	
  methimazole	
  S-­‐oxide	
  and	
  TNB	
  is	
  crucial	
  and	
  
therefore	
  only	
  N-­‐containing	
  substrates	
  that	
  are	
  converted	
  by	
  hFMO3	
  into	
  N-­‐oxide	
  products	
  
can	
  be	
  tested	
  as	
  competitive	
  substrates.	
  A	
  scheme	
  of	
  the	
  different	
  steps	
  of	
  the	
  colorimetric	
  
assay	
  are	
  shown	
  in	
  Figure	
  1.	
  	
  
Initially,	
  to	
  prove	
  that	
  the	
  assay	
  is	
  indeed	
  reliable	
  in	
  determining	
  whether	
  a	
  chemical	
  
compound	
  is	
  a	
  substrate	
  of	
  hFMO3,	
  three	
  known	
  substrates	
  namely	
  benzydamine	
  (anti-­‐
inflammatory	
  drug),	
  tamoxifen	
  (anti-­‐breast	
  cancer)	
  and	
  tozasertib	
  (kinase	
  inhibitor	
  used	
  in	
  
cancer	
  treatment)	
  were	
  selected.	
  All	
  these	
  drugs	
  have	
  been	
  shown	
  to	
  be	
  converted	
  to	
  their	
  
N-­‐oxide	
  product	
  by	
  the	
  action	
  of	
  purified	
  hFMO3	
  [8-­‐10].	
  
Subsequently,	
  the	
  colorimetric	
  assay	
  was	
  also	
  exploited	
  for	
  the	
  identification	
  of	
  putative	
  
new	
  substrates	
  of	
  hFMO3.	
  Two	
  doping	
  drugs,	
  clomiphene	
  and	
  selegiline,	
  were	
  tested	
  with	
  
the	
  colorimetric	
  assay	
  and	
  after	
  a	
  positive	
  result,	
  their	
  corresponding	
  N-­‐oxide	
  products	
  were	
  
identified	
  by	
  LC-­‐MS	
  and	
  finally	
  their	
  kinetic	
  parameters	
  including	
  Km	
  and	
  kcat	
  measured.	
  
	
  

2.   MATERIALS AND METHODS 

2.1.	
  Materials	
  
Methimazole	
  (N-­‐methyl-­‐2-­‐mercaptoimidazole),	
  benzydamine	
  (3-­‐(1-­‐benzyl-­‐1H-­‐indazol-­‐3-­‐
yloxy)-­‐N,N-­‐dimethylpropan-­‐1-­‐amine),	
  tamoxifen	
  ((Z)-­‐2-­‐[4-­‐(1,2-­‐diphenylbut-­‐1-­‐enyl)phenoxy]-­‐
N,N-­‐dimethylethanamine),	
  methanol,	
  ethanol,	
  NADPH,	
  DL-­‐dithiothreitol	
  (DTT)	
  and	
  5,5’-­‐
dithiobis(2-­‐nitrobenzoate)	
  (DTNB)	
  and	
  salts	
  were	
  purchased	
  from	
  Sigma–Aldrich	
  (Italy).	
  



Tozasertib	
  (N-­‐[4-­‐[4-­‐(4-­‐methylpiperazin-­‐1-­‐yl)-­‐6-­‐[(5-­‐methyl-­‐1H-­‐pyrazol-­‐3-­‐
yl)amino]pyrimidin2yl]sulfanylphenyl]cyclopropane	
  
carboxamide)	
  was	
  purchased	
  from	
  Aurogene	
  (Italy).	
  Clomiphene	
  (2-­‐[4-­‐(2-­‐chloro-­‐1,2-­‐
diphenylethenyl]phenoxy]-­‐N,N-­‐diethylethanamine),	
  selegiline	
  ((2R)-­‐N-­‐methyl-­‐1-­‐phenyl-­‐N-­‐
prop-­‐2-­‐ynylpropan-­‐2-­‐amine),	
  clomiphene	
  N-­‐oxide	
  and	
  selegiline	
  N-­‐oxide	
  were	
  purchased	
  
from	
  DBA	
  Italia	
  (Italy).	
  	
  
	
  

2.2. Protein Expression and Purification 

All	
  steps	
  were	
  of	
  expression	
  and	
  purification	
  were	
  performed	
  according	
  to	
  previously	
  
published	
  protocols	
  [8,9].	
  Wild	
  type	
  hFMO3	
  was	
  expressed	
  in	
  E.	
  coli	
  JM109	
  cells	
  and	
  grown	
  
24	
  h	
  post-­‐induction.	
  The	
  protein	
  was	
  purified	
  via	
  Ni	
  affinity	
  chromatography.	
  Spectra	
  of	
  the	
  
eluted	
  fractions	
  (with	
  40	
  mM	
  histidine)	
  were	
  recorded	
  using	
  a	
  diode	
  array	
  HP-­‐8453E	
  
spectrophotometer.	
  FAD	
  containing	
  fractions	
  with	
  the	
  characteristic	
  absorption	
  peaks	
  at	
  
375	
  and	
  442	
  nm	
  were	
  pooled	
  and	
  exchanged	
  to	
  storage	
  buffer	
  (100	
  mM	
  potassium	
  
phosphate	
  buffer	
  pH	
  7.4,	
  20%	
  glycerol	
  and	
  1	
  mM	
  EDTA)	
  by	
  30	
  kDa	
  cutoff	
  Amicon	
  
membranes	
  and	
  stored	
  at	
  -­‐20°C.	
  
	
  

2.3. Methimazole assay 

Methimazole-­‐dependent	
  TNB	
  oxidation	
  assay	
  was	
  previously	
  described	
  by	
  Dixit	
  and	
  Roche	
  
as	
  a	
  method	
  to	
  determine	
  catalytic	
  activities	
  of	
  flavin-­‐containing	
  monooxygenases	
  through	
  
spectrophotometrical	
  measurement	
  [7].	
  Each	
  reaction	
  was	
  performed	
  at	
  37°C	
  using	
  0.84	
  
µM	
  hFMO3	
  in	
  presence	
  of	
  1	
  mM	
  NADPH	
  and	
  1	
  mM	
  methimazole	
  in	
  30	
  mM	
  Tris-­‐HCl	
  pH	
  8.0.	
  	
  
DTNB	
  (60	
  µM)	
  which	
  is	
  colourless,	
  is	
  initially	
  reduced	
  by	
  30	
  µM	
  dithiothreitol	
  (DTT)	
  to	
  5-­‐
thionitrobenzoate	
  (TNB)	
  upon	
  incubation	
  for	
  5	
  minutes	
  at	
  37°C.	
  TNB	
  has	
  a	
  maximum	
  
absorbance	
  at	
  412	
  nm.	
  Methimazole	
  itself	
  cannot	
  not	
  react	
  with	
  TNB	
  but	
  when	
  it	
  is	
  
converted	
  by	
  hFMO3	
  to	
  its	
  oxidised	
  product	
  (methimazole	
  S-­‐oxide),	
  the	
  latter	
  forms	
  a	
  
disulfide	
  conjugate	
  with	
  TNB	
  which	
  is	
  re-­‐oxidised	
  to	
  DTNB.	
  	
  
	
  

2.4. Colorimetric competition assay  

Benzydamine	
  hydrochloride	
  was	
  dissolved	
  both	
  in	
  30	
  mM	
  Tris-­‐HCl	
  buffer	
  (pH	
  8.0)	
  and	
  
ethanol.	
  The	
  ability	
  of	
  benzydamine	
  to	
  compete	
  with	
  methimazole	
  for	
  hFMO3	
  activity	
  was	
  
evaluated	
  at	
  different	
  concentrations,	
  in	
  the	
  range	
  of	
  0	
  to	
  1	
  mM.	
  The	
  reactions	
  were	
  
performed	
  as	
  described	
  above	
  for	
  the	
  methimazole	
  assay,	
  but	
  with	
  the	
  addition	
  of	
  
benzydamine	
  in	
  the	
  reaction	
  mixture.	
  The	
  non-­‐enzymatic	
  reaction	
  was	
  performed	
  in	
  the	
  
absence	
  of	
  enzyme	
  and	
  in	
  presence	
  of	
  1	
  mM	
  benzydamine.	
  The	
  same	
  reactions	
  were	
  also	
  
performed	
  in	
  ethanol	
  (2.5%	
  final	
  concentration).	
  Ethanol	
  was	
  used	
  to	
  test	
  the	
  assay	
  
feasibility	
  also	
  in	
  the	
  presence	
  of	
  an	
  organic	
  solvent.	
  	
  The	
  percentage	
  of	
  inhibition	
  was	
  
calculated	
  by	
  subtracting	
  the	
  amount	
  of	
  oxidized	
  TNB	
  at	
  1	
  min	
  from	
  the	
  amount	
  oxidized	
  
after	
  31	
  minutes.	
  As	
  a	
  negative	
  control	
  a	
  drug	
  known	
  to	
  be	
  a	
  substrate	
  of	
  cytochrome	
  P450,	
  
ketamine	
  ((RS)-­‐2-­‐(2-­‐Chlorophenyl)-­‐2-­‐(methylamino)cyclohexanone),	
  was	
  also	
  tested	
  with	
  
the	
  colorimetric	
  assay.	
  As	
  expected	
  for	
  a	
  non-­‐substrate,	
  no	
  differences	
  in	
  absorbance	
  were	
  
observed.	
  
The	
  second	
  known	
  substrate,	
  tamoxifen,	
  was	
  dissolved	
  in	
  ethanol.	
  The	
  ability	
  of	
  tamoxifen	
  
to	
  compete	
  with	
  methimazole	
  for	
  hFMO3	
  activity	
  was	
  evaluated	
  at	
  different	
  concentrations,	
  



in	
  the	
  range	
  0	
  to	
  100	
  µM.	
  The	
  third	
  known	
  substrate,	
  tozasertib,	
  was	
  dissolved	
  in	
  methanol	
  
and	
  evaluated	
  in	
  the	
  concentration	
  range	
  0	
  to	
  200	
  µM.	
  The	
  reaction	
  in	
  absence	
  of	
  tozasertib	
  
was	
  performed	
  replacing	
  its	
  volume	
  with	
  methanol	
  (4%	
  final	
  concentration,	
  which	
  was	
  
equivalent	
  to	
  the	
  highest	
  concentration	
  of	
  methanol	
  used	
  in	
  the	
  reactions).	
  The	
  non-­‐
enzymatic	
  reaction	
  was	
  performed	
  in	
  the	
  absence	
  of	
  hFMO3	
  and	
  in	
  presence	
  of	
  200	
  µM	
  
tozasertib.	
  	
  
Selegiline	
  was	
  dissolved	
  in	
  30	
  mM	
  Tris-­‐HCl	
  buffer	
  (pH	
  8.0)	
  and	
  tested	
  in	
  the	
  concentration	
  
range	
  from	
  0	
  to	
  1	
  mM.	
  The	
  non-­‐enzymatic	
  reaction	
  was	
  performed	
  in	
  the	
  absence	
  of	
  the	
  
enzyme	
  but	
  in	
  presence	
  of	
  1	
  mM	
  selegiline.	
  The	
  last	
  drug	
  to	
  be	
  tested,	
  clomiphene	
  (0	
  to	
  50	
  
µM),	
  was	
  dissolved	
  in	
  methanol.	
  The	
  control	
  reaction	
  in	
  the	
  absence	
  of	
  this	
  drug	
  was	
  
performed	
  replacing	
  its	
  volume	
  with	
  methanol	
  (1%	
  final	
  concentration,	
  which	
  was	
  
equivalent	
  to	
  the	
  highest	
  concentration	
  of	
  methanol	
  used	
  in	
  the	
  reactions).	
  The	
  non-­‐
enzymatic	
  reaction	
  was	
  performed	
  in	
  absence	
  of	
  hFMO3	
  and	
  in	
  presence	
  of	
  50	
  µM	
  
clomiphene.	
  
	
  

2.5. LC-MS Analyses of selegiline, clomiphene and their corresponding metabolites 

HPLC	
  analysis	
  was	
  performed	
  on	
  a	
  C18	
  column	
  (Phenomenex	
  Luna,	
  150	
  ×	
  2.0	
  mm,	
  3	
  μm	
  
particle	
  size,	
  Phenomenex,	
  Torrance,	
  CA,	
  USA)	
  applying	
  a	
  gradient	
  of	
  mobile	
  phase	
  
composition	
  based	
  on	
  an	
  aqueous	
  0.05%	
  formic	
  acid	
  (solvent	
  A)	
  and	
  acetonitrile	
  (solvent	
  B).	
  
The	
  initial	
  A:B	
  ratio	
  of	
  5:95	
  was	
  linearly	
  brought	
  to	
  100:0	
  in	
  20	
  min.	
  The	
  injection	
  volume	
  
was	
  20	
  μL	
  and	
  the	
  flow	
  rate	
  0.2	
  mL	
  min-­‐1.	
  A	
  LTQ	
  Orbitrap	
  hybrid	
  mass	
  spectrometer	
  
(Thermo	
  Scientific,	
  Bremen,	
  Germany),	
  equipped	
  with	
  a	
  ESI	
  ion	
  source,	
  was	
  as	
  high	
  resolving	
  
power	
  MS	
  analyzer.	
  The	
  syringe	
  pump	
  effluent	
  was	
  delivered	
  to	
  the	
  ion	
  source	
  at	
  10	
  
µL/min,	
  using	
  nitrogen	
  as	
  both	
  sheath	
  and	
  auxiliary	
  gas.	
  The	
  source	
  voltage	
  was	
  set	
  to	
  4.5	
  
kV.	
  The	
  heated	
  capillary	
  temperature	
  was	
  maintained	
  at	
  260°C.	
  The	
  acquisition	
  method	
  
used	
  had	
  previously	
  been	
  optimized	
  in	
  the	
  tuning	
  sections	
  for	
  the	
  parent	
  compound	
  
(capillary,	
  magnetic	
  lenses	
  and	
  collimating	
  octapoles	
  voltages)	
  in	
  order	
  to	
  achieve	
  maximum	
  
sensitivity.	
  The	
  main	
  tuning	
  parameters	
  adopted	
  for	
  the	
  ESI	
  source	
  were	
  19	
  V	
  for	
  capillary	
  
voltage	
  and	
  50	
  V	
  for	
  tube	
  lens.	
  Full	
  scan	
  spectra	
  were	
  acquired	
  in	
  the	
  range	
  100-­‐500	
  m/z.	
  
MSn	
  spectra	
  were	
  acquired	
  in	
  the	
  range	
  between	
  ion	
  trap	
  cut-­‐off	
  and	
  precursor	
  ion	
  m/z	
  
values.	
  Mass	
  resolution	
  was	
  set	
  to	
  30000.	
  Mass	
  accuracy	
  of	
  recorded	
  ions	
  (vs.	
  calculated)	
  
was	
  ±	
  0.001	
  u	
  (without	
  internal	
  calibration).	
  Spectra	
  were	
  acquired	
  in	
  the	
  positive	
  HRMS	
  
and	
  MS/MS	
  mode,	
  with	
  a	
  precursor	
  ion	
  normalized	
  collision	
  energy	
  of	
  25%.	
  
	
  

2.6. Enzyme-substrate incubations and HPLC analysis 

For	
  the	
  N-­‐oxygenation	
  of	
  selegiline	
  a	
  typical	
  incubation	
  mixture	
  consisted	
  of	
  50	
  mM	
  
potassium	
  phosphate	
  buffer	
  (pH	
  7.4),	
  1	
  mM	
  NADPH,	
  different	
  concentrations	
  of	
  the	
  
substrate	
  and	
  0.64	
  µM	
  of	
  purified	
  enzyme	
  in	
  a	
  final	
  volume	
  of	
  0.10	
  ml.	
  Incubations	
  were	
  
carried	
  out	
  at	
  37°C	
  for	
  30	
  min:	
  the	
  linearity	
  of	
  product	
  formation	
  was	
  confirmed	
  with	
  
purified	
  hFMO3	
  preparations	
  for	
  60	
  min.	
  The	
  incubation	
  was	
  terminated	
  by	
  the	
  addition	
  of	
  
0.05	
  ml	
  of	
  ice-­‐cold	
  methanol.	
  The	
  aqueous	
  supernatant	
  was	
  centrifuged	
  at	
  14000	
  rpm	
  for	
  10	
  
min	
  and	
  was	
  subjected	
  to	
  HPLC	
  equipped	
  with	
  an	
  analytical	
  Zorbax	
  Eclipse	
  reverse	
  phase	
  
C18	
  column	
  (4.6	
  x	
  150	
  mm,	
  5	
  µm).	
  A	
  50	
  µl	
  sample	
  was	
  injected	
  and	
  the	
  separation	
  was	
  
performed	
  using	
  a	
  mobile	
  phase	
  of	
  80%	
  30	
  mM	
  potassium	
  phosphate	
  buffer	
  pH	
  7.2	
  and	
  20%	
  
of	
  acetonitrile	
  at	
  a	
  flow	
  rate	
  of	
  1.0	
  ml/min.	
  After	
  6	
  minutes	
  a	
  linear	
  gradient	
  was	
  applied	
  



increasing	
  the	
  acetonitrile	
  to	
  50%	
  after	
  10	
  minutes.	
  The	
  presence	
  of	
  selegiline	
  N-­‐oxide	
  was	
  
monitored	
  at	
  the	
  210	
  nm.	
  	
  
For	
  the	
  N-­‐oxygenation	
  of	
  clomiphene	
  the	
  same	
  conditions	
  described	
  above	
  for	
  selegiline	
  
were	
  followed.	
  Incubations	
  were	
  carried	
  out	
  at	
  37°C	
  for	
  30	
  min	
  and	
  the	
  linearity	
  of	
  product	
  
formation	
  was	
  confirmed	
  with	
  purified	
  hFMO3	
  preparations	
  for	
  60	
  min.	
  The	
  incubation	
  was	
  
terminated	
  by	
  the	
  addition	
  of	
  0.05	
  ml	
  of	
  ice-­‐cold	
  methanol.	
  Again	
  in	
  this	
  case,	
  the	
  aqueous	
  
supernatant	
  was	
  centrifuged	
  at	
  14000	
  rpm	
  for	
  10	
  min	
  and	
  subsequently	
  analysed	
  by	
  HPLC	
  
equipped	
  with	
  an	
  analytical	
  C18	
  column	
  (4.6	
  x	
  150	
  mm,	
  5	
  µm).	
  A	
  50	
  µl	
  sample	
  was	
  injected	
  
and	
  the	
  separation	
  was	
  performed	
  using	
  a	
  mobile	
  phase	
  of	
  78%	
  methanol	
  and	
  22%	
  of	
  1%	
  
triethylamine	
  at	
  a	
  flow	
  rate	
  of	
  1.0	
  ml/min.	
  Clomiphene	
  N-­‐oxide	
  elution	
  was	
  monitored	
  at	
  
254	
  nm.	
  
	
  
3.	
  RESULTS	
  and	
  DISCUSSION	
  
3.1.	
  Colorimetric	
  assay	
  applied	
  to	
  known	
  substrates	
  of	
  hFMO3	
  
As	
  a	
  proof	
  of	
  principle	
  that	
  the	
  colorimetric	
  assay	
  previously	
  described	
  by	
  Dixit	
  and	
  Roche	
  
[7]	
  can	
  also	
  work	
  as	
  a	
  competitive	
  assay	
  for	
  N-­‐containing	
  substrates	
  of	
  hFMO3,	
  several	
  
known	
  substrates	
  of	
  the	
  enzyme	
  were	
  tested.	
  According	
  to	
  the	
  scheme	
  in	
  Figure	
  1,	
  any	
  drug	
  
that	
  can	
  compete	
  with	
  methimazole	
  for	
  binding	
  to	
  the	
  active	
  site	
  of	
  hFMO3,	
  can	
  result	
  in	
  a	
  
decrease	
  in	
  methimazole	
  S-­‐oxide	
  formed	
  which	
  will	
  subsequently	
  effect	
  the	
  amount	
  of	
  TNB	
  
spectrophotometrically	
  detected	
  at	
  412	
  nm.	
  	
  Human	
  FMO3	
  can	
  act	
  on	
  heteroatom	
  
containing	
  substrates	
  including	
  sulfur	
  or	
  nitrogen	
  but	
  for	
  the	
  competitive	
  colorimetric	
  assay	
  
described	
  here,	
  only	
  N-­‐containing	
  substrates	
  can	
  be	
  used	
  since	
  they	
  do	
  not	
  interfere	
  with	
  
the	
  TNB	
  oxidation.	
  
The	
  first	
  substrate	
  of	
  hFMO3	
  to	
  be	
  investigated	
  was	
  benzydamine	
  [11-­‐13],	
  a	
  locally-­‐acting	
  
nonsteroidal	
  anti-­‐inflammatory	
  drug	
  with	
  anaesthetic	
  and	
  analgesic	
  properties	
  for	
  pain	
  
relief	
  and	
  treatment	
  of	
  inflammatory	
  conditions	
  of	
  the	
  mouth	
  and	
  throat.	
  The	
  kinetics	
  of	
  the	
  
competition	
  assay	
  was	
  followed	
  for	
  30	
  minutes	
  or	
  60	
  minutes	
  to	
  assess	
  whether	
  longer	
  
exposure	
  to	
  both	
  substrates	
  could	
  affect	
  methimazole	
  S-­‐oxidation.	
  The	
  experiments	
  were	
  
carried	
  out	
  with	
  increasing	
  concentrations	
  of	
  benzydamine	
  (0	
  to	
  1	
  mM).	
  The	
  absorbance	
  
values	
  measured	
  at	
  412	
  nm	
  after	
  30	
  and	
  60	
  minutes	
  were	
  used	
  to	
  evaluate	
  the	
  percentage	
  
of	
  inhibition	
  of	
  methimazole	
  S-­‐oxide	
  formation	
  due	
  to	
  the	
  presence	
  of	
  benzydamine.	
  The	
  
non-­‐enzymatic	
  reaction	
  was	
  used	
  as	
  the	
  100%	
  inhibition	
  reference	
  point	
  and	
  the	
  reaction	
  in	
  
the	
  absence	
  of	
  benzydamine	
  was	
  utilized	
  as	
  the	
  0%	
  inhibition	
  point.	
  In	
  the	
  presence	
  of	
  
increasing	
  concentrations	
  of	
  benzydamine,	
  the	
  S-­‐oxygenation	
  rates	
  decreased.	
  
Furthermore,	
  since	
  the	
  molar	
  extinction	
  coefficient	
  of	
  DTNB	
  is	
  known	
  (13,800	
  M-­‐1	
  cm-­‐1	
  at	
  
412	
  nm),	
  the	
  delta	
  absorbance	
  measured	
  for	
  each	
  sample	
  was	
  used	
  to	
  calculate	
  the	
  moles	
  
of	
  TNB	
  oxidised	
  to	
  DTNB,	
  which	
  were	
  equivalent	
  to	
  the	
  moles	
  of	
  methimazole	
  converted	
  to	
  
the	
  S-­‐oxide	
  product	
  by	
  the	
  hFMO3	
  enzyme.	
  As	
  expected,	
  the	
  moles	
  of	
  methimazole	
  which	
  
were	
  converted	
  to	
  S-­‐oxide	
  product	
  decreased	
  as	
  a	
  function	
  of	
  benzydamine	
  concentration.	
  
After	
  30	
  minutes	
  and	
  in	
  the	
  presence	
  of	
  1	
  mM	
  benzydamine,	
  methimazole	
  S-­‐oxide	
  
formation	
  was	
  decreased	
  to	
  47%	
  (versus	
  ∼45%	
  after	
  60	
  minutes)	
  (Figure	
  2).	
  Since	
  inhibition	
  
percentages	
  were	
  found	
  to	
  be	
  comparable	
  for	
  30	
  min	
  or	
  60	
  min	
  reactions,	
  subsequent	
  
experiments	
  were	
  carried	
  out	
  for	
  the	
  shorter	
  time	
  scale	
  of	
  30	
  min	
  without	
  further	
  
incubation.	
  	
  
Most	
  drugs	
  are	
  hydrophobic	
  and	
  therefore	
  not	
  easily	
  dissolved	
  in	
  aqueous	
  buffers,	
  so	
  the	
  
above	
  experiments	
  were	
  repeated	
  dissolving	
  benzydamine	
  in	
  ethanol,	
  to	
  evaluate	
  a	
  possible	
  
extension	
  of	
  the	
  competition	
  assay	
  to	
  more	
  hydrophobic	
  molecules.	
  In	
  this	
  case	
  a	
  49%	
  



decrease	
  in	
  methimazole	
  conversion	
  was	
  observed,	
  which	
  is	
  comparable	
  to	
  values	
  obtained	
  
with	
  benzydamine	
  dissolved	
  in	
  buffer,	
  i.e.	
  47%.	
  Therefore,	
  the	
  colorimetric	
  competition	
  
assay	
  can	
  be	
  extended	
  to	
  less	
  soluble	
  drugs.	
  
The	
  second	
  drug	
  to	
  be	
  tested	
  was	
  tamoxifen	
  which	
  inhibits	
  the	
  binding	
  of	
  estradiol	
  to	
  
estrogen	
  receptors	
  hence	
  used	
  in	
  the	
  treatment	
  of	
  hormone-­‐receptor	
  positive	
  breast	
  cancer	
  
and	
  it	
  is	
  metabolized	
  by	
  hFMO3	
  to	
  tamoxifen	
  N-­‐oxide	
  [14].	
  The	
  colorimetric	
  competition	
  
assay	
  was	
  carried	
  out	
  using	
  tamoxifen	
  dissolved	
  in	
  ethanol	
  and	
  investigating	
  its	
  effect	
  on	
  
methimazole	
  S-­‐oxygenation	
  at	
  concentrations	
  ranging	
  from	
  0	
  to	
  100	
  µM,	
  as	
  mentioned	
  in	
  
the	
  Methods	
  section.	
  Also	
  in	
  this	
  case	
  spectrophotometric	
  measurements	
  were	
  converted	
  
to	
  percentage	
  inhibition	
  of	
  methimazole	
  conversion,	
  with	
  a	
  calculated	
  maximum	
  inhibition	
  
of	
  ∼55%	
  (Figure	
  3A),	
  slightly	
  higher	
  than	
  those	
  obtained	
  with	
  benzydamine.	
  	
  
The	
  third	
  substrate	
  of	
  hFMO3	
  selected	
  to	
  test	
  the	
  feasibility	
  of	
  the	
  colorimetric	
  inhibition	
  
assay	
  was	
  tozasertib.	
  This	
  drug	
  is	
  an	
  inhibitor	
  of	
  Aurora	
  A,	
  Aurora	
  B,	
  and	
  Aurora	
  C	
  serine-­‐
threonine	
  kinases	
  that	
  regulate	
  mitotic	
  events	
  [15].	
  Aurora	
  A	
  was	
  found	
  to	
  be	
  
overexpressed	
  in	
  many	
  human	
  tumors	
  including	
  breast,	
  colorectal,	
  and	
  ovarian	
  cancers	
  with	
  
Aurora	
  B	
  also	
  overexpressed	
  in	
  various	
  types	
  of	
  cancer.	
  Recently	
  our	
  group	
  has	
  
demonstrated	
  the	
  conversion	
  of	
  tozasertib	
  to	
  its	
  N-­‐oxide	
  using	
  purified	
  recombinant	
  hFMO3	
  
enzyme	
  [10].	
  Different	
  concentrations	
  of	
  this	
  drug,	
  dissolved	
  in	
  methanol,	
  were	
  tested	
  in	
  
the	
  colorimetric	
  assay	
  and	
  the	
  inhibition	
  data	
  obtained	
  are	
  shown	
  in	
  Figure	
  3B.	
  In	
  this	
  case,	
  
the	
  highest	
  inhibition	
  of	
  methimazole	
  S-­‐oxygenation	
  was	
  around	
  41%,	
  the	
  lowest	
  when	
  
compared	
  to	
  the	
  previous	
  two	
  drugs.	
  
	
  
3.2.	
  Extension	
  of	
  the	
  colorimetric	
  assay	
  to	
  probable	
  substrates	
  of	
  hFMO3	
  
The	
  colorimetric	
  competition	
  assay	
  was	
  proven	
  to	
  be	
  reliable	
  when	
  testing	
  known	
  drug	
  
substrates	
  of	
  hFMO3,	
  as	
  demonstrated	
  above.	
  We	
  therefore	
  investigated	
  its	
  reliability	
  with	
  
other	
  probable	
  substrates.	
  One	
  such	
  example	
  is	
  selegiline,	
  a	
  selective	
  inhibitor	
  of	
  
monoamine	
  oxidase	
  B	
  (MAO-­‐B)	
  and	
  currently	
  used	
  in	
  the	
  treatment	
  of	
  Parkinson’s	
  Disease	
  
[16]	
  where	
  it	
  has	
  been	
  shown	
  to	
  provide	
  moderate	
  symptomatic	
  benefit	
  to	
  patients	
  at	
  the	
  
early	
  stages	
  of	
  the	
  latter	
  mentioned	
  disease.	
  Furthermore,	
  it	
  is	
  also	
  classified	
  as	
  a	
  doping	
  
drug	
  by	
  WADA	
  (World	
  Anti-­‐Doping	
  Agency)	
  since	
  it	
  acts	
  as	
  an	
  amphetamine-­‐type	
  stimulant.	
  
Selegiline	
  has	
  previously	
  been	
  reported	
  to	
  be	
  a	
  substrate	
  of	
  FMO	
  in	
  studies	
  carried	
  out	
  in	
  
rats	
  [17].	
  Tsutsuni	
  and	
  co-­‐workers	
  [17]	
  calculated	
  the	
  kinetic	
  parameters	
  of	
  selegiline	
  and	
  
reported	
  a	
  Km	
  of	
  177.5	
  ±	
  12.3	
  µM	
  with	
  a	
  Vmax	
  of	
  2.3	
  ±	
  0.4	
  nmol/min/mg	
  protein.	
  In	
  order	
  to	
  
determine	
  whether	
  selegiline	
  is	
  also	
  a	
  substrate	
  of	
  the	
  human	
  FMO3,	
  it	
  was	
  tested	
  with	
  the	
  
colorimetric	
  competition	
  assay.	
  The	
  results	
  demonstrated	
  how	
  selegiline	
  competes	
  with	
  
methimazole	
  for	
  hFMO3	
  activity,	
  but	
  the	
  maximum	
  inhibition	
  level	
  observed	
  was	
  only	
  21%	
  
(Figure	
  4A),	
  much	
  lower	
  than	
  the	
  other	
  drugs	
  tested.	
  In	
  order	
  to	
  identify	
  the	
  enzymatic	
  
product,	
  high	
  resolution	
  mass	
  spectrometry	
  was	
  used	
  (Figure	
  5).	
  	
  With	
  LC-­‐MS	
  analysis	
  it	
  was	
  
possible	
  to	
  confirm	
  that	
  the	
  product	
  of	
  the	
  enzymatic	
  reaction	
  was	
  indeed	
  selegiline	
  N-­‐
oxide.	
  Selegiline	
  precursor	
  ion	
  has	
  a	
  m/z	
  of	
  188.1436	
  (MS	
  not	
  shown)	
  whereas	
  the	
  peak	
  
observed	
  at	
  204.1386	
  m/z	
  corresponds	
  to	
  the	
  precursor	
  ion	
  of	
  selegiline	
  N-­‐oxide	
  (Figure	
  5,	
  
left).	
  The	
  interpretation	
  of	
  the	
  high	
  resolution	
  MS	
  spectrum	
  of	
  hFMO3	
  metabolite	
  is	
  
reported	
  in	
  Figure	
  5	
  (right).	
  The	
  fragmentation	
  of	
  selegiline	
  N-­‐oxide	
  (Fig.	
  5)	
  resulted	
  in	
  three	
  
peaks	
  at	
  199.0852	
  m/z,	
  91.0537	
  m/z	
  and	
  86.0595	
  m/z	
  corresponding	
  to	
  a	
  loss	
  of	
  85.0534	
  
m/z,	
  113.0849	
  m/z	
  and	
  118.0709	
  m/z,	
  respectively.	
  
In	
  order	
  to	
  better	
  understand	
  the	
  affinity	
  of	
  hFMO3	
  for	
  selegiline,	
  the	
  Michaelis-­‐Menten	
  
parameters	
  were	
  calculated	
  by	
  measuring	
  the	
  activity	
  of	
  hFMO3	
  with	
  selegiline	
  in	
  the	
  



absence	
  of	
  a	
  competing	
  substrate.	
  The	
  calculated	
  kinetic	
  parameters,	
  Km	
  value	
  of	
  314	
  µM	
  
with	
  a	
  kcat	
  of	
  1.4	
  min-­‐1	
  (Table	
  1),	
  are	
  consistent	
  with	
  a	
  lower	
  competitive	
  inhibition	
  of	
  
methimazole	
  turnover,	
  given	
  the	
  low	
  affinity	
  of	
  the	
  enzyme	
  for	
  selegiline	
  which	
  is	
  an	
  order	
  
of	
  magnitude	
  lower	
  than	
  the	
  other	
  drugs	
  tested	
  (Table	
  1).	
  	
  	
  	
  
The	
  last	
  drug,	
  clomiphene,	
  is	
  a	
  well-­‐known	
  drug	
  used	
  for	
  the	
  treatment	
  of	
  infertility	
  in	
  
woman	
  [18].	
  However,	
  it	
  is	
  also	
  classified	
  by	
  WADA	
  as	
  a	
  doping	
  drug	
  since	
  through	
  a	
  
complex	
  mechanism,	
  accelerates	
  testosterone	
  secretion	
  [19].	
  The	
  drug	
  contains	
  a	
  mixture	
  
of	
  two	
  active	
  isomers	
  that	
  are	
  known	
  as	
  enclomiphene	
  and	
  zuclomiphene.	
  Clomiphene	
  has	
  
not	
  been	
  previously	
  reported	
  as	
  a	
  substrate	
  of	
  hFMO3	
  but	
  was	
  selected	
  in	
  this	
  work	
  due	
  to	
  
its	
  chemical	
  structure	
  similarity	
  to	
  tamoxifen	
  (Figure	
  3)	
  and	
  therefore	
  its	
  ability	
  to	
  compete	
  
with	
  methimazole	
  binding	
  to	
  hFMO3,	
  was	
  tested	
  again	
  with	
  the	
  colorimetric	
  assay.	
  
Surprisingly,	
  the	
  drug	
  competed	
  very	
  efficiently	
  with	
  methimazole	
  for	
  the	
  hFMO3	
  active	
  site	
  
and	
  was	
  already	
  able	
  to	
  inhibit	
  methimezole	
  conversion	
  at	
  a	
  low	
  concentration	
  of	
  only	
  10	
  
µM.	
  Maximum	
  inhibition	
  was	
  observed	
  using	
  50	
  µM	
  clomiphene,	
  where	
  60%	
  inhibition	
  was	
  
reached	
  (Figure	
  4B),	
  higher	
  than	
  any	
  of	
  the	
  other	
  four	
  drugs.	
  	
  
As	
  mentioned	
  earlier,	
  to	
  date	
  there	
  are	
  no	
  reports	
  of	
  clomiphene	
  as	
  a	
  substrate	
  of	
  hFMO3	
  
and	
  therefore	
  the	
  enzymatic	
  product	
  formed	
  was	
  identified	
  and	
  confirmed	
  by	
  high	
  
resolution	
  mass	
  spectrometry	
  as	
  the	
  N-­‐oxide	
  (Figure	
  6).	
  The	
  fragmentation	
  of	
  clomiphene	
  
N-­‐oxide	
  precursor	
  ion	
  (422.1884	
  m/z)	
  resulted	
  in	
  five	
  peaks,	
  with	
  the	
  main	
  one	
  at	
  313.1228	
  
m/z	
  (C22H17O2).	
  The	
  interpretation	
  of	
  the	
  high	
  resolution	
  MS	
  spectrum	
  of	
  hFMO3	
  metabolite	
  
is	
  also	
  reported	
  in	
  Figure	
  6	
  (right).	
  
Subsequently,	
  kinetic	
  parameters	
  were	
  also	
  calculated	
  for	
  clomiphene	
  to	
  better	
  understand	
  
both	
  substrate	
  affinity	
  and	
  turnover	
  rates.	
  Results	
  obtained	
  show	
  a	
  Km	
  value	
  of	
  18	
  µM	
  and	
  a	
  
kcat	
  of	
  0.1	
  min-­‐1,	
  demonstrating	
  the	
  higher	
  affinity	
  of	
  hFMO3	
  for	
  clomiphene,	
  in	
  line	
  with	
  the	
  
greater	
  level	
  of	
  inhibition	
  observed	
  with	
  the	
  competitive	
  assay.	
  	
  
	
  

4.   CONCLUSIONS 

Human	
  FMO3	
  is	
  a	
  drug	
  metabolising	
  enzyme	
  but	
  within	
  the	
  last	
  few	
  years,	
  it	
  has	
  also	
  been	
  
implicated	
  as	
  a	
  key	
  enzyme	
  outside	
  the	
  field	
  of	
  drug	
  metabolism.	
  Recent	
  reports	
  have	
  
demonstrated	
  how	
  FMO3	
  is	
  involved	
  in	
  diabetes,	
  atherosclerosis	
  and	
  oxidative	
  stress	
  [20-­‐
23]	
  and	
  how	
  its	
  inhibition	
  can	
  have	
  a	
  preventative	
  effect	
  in	
  the	
  development	
  of	
  these	
  
disorders.	
  These	
  studies	
  have	
  highlighted	
  the	
  need	
  for	
  novel	
  rapid	
  methodologies	
  that	
  can	
  
not	
  only	
  identify	
  potential	
  new	
  substrates	
  of	
  hFMO3	
  but	
  also	
  inhibitors	
  of	
  this	
  enzyme.	
  The	
  
colorimetric	
  competitive	
  assay	
  reported	
  here,	
  can	
  be	
  one	
  such	
  method	
  allowing	
  for	
  the	
  
screening	
  of	
  potential	
  substrates/inhibitors	
  of	
  FMO	
  enzymes	
  through	
  spectrophotometric	
  
measurements.	
  	
  
The	
  results	
  obtained	
  clearly	
  demonstrate	
  that	
  all	
  the	
  five	
  substrates	
  tested	
  in	
  this	
  study	
  can	
  
compete	
  with	
  methimazole	
  for	
  binding	
  to	
  hFMO3.	
  The	
  already	
  known	
  substrates,	
  
benzydamine,	
  tamoxifen	
  and	
  tozasertib,	
  show	
  percentage	
  inhibition	
  values	
  between	
  40-­‐
55%.	
  In	
  the	
  case	
  of	
  selegiline,	
  this	
  inhibition	
  value	
  was	
  decreased	
  to	
  21%,	
  less	
  than	
  half	
  the	
  
value	
  measured	
  for	
  the	
  other	
  drugs	
  and	
  in	
  order	
  to	
  rationalize	
  this	
  lower	
  value	
  the	
  kinetic	
  
parameters	
  of	
  selegiline	
  metabolism,	
  not	
  previously	
  reported	
  for	
  the	
  human	
  enzyme,	
  were	
  
calculated.	
  The	
  fact	
  that	
  a	
  high	
  Km	
  value	
  of	
  314	
  µM	
  was	
  measured	
  is	
  in	
  line	
  with	
  the	
  low	
  
level	
  of	
  inhibition	
  observed.	
  The	
  exact	
  opposite	
  was	
  observed	
  with	
  clomiphene,	
  with	
  a	
  17	
  
folds	
  lower	
  Km	
  (18	
  µM)	
  which	
  was	
  shown	
  to	
  strongly	
  compete	
  with	
  methimazole	
  exhibiting	
  
the	
  highest	
  percentage	
  of	
  inhibition	
  amongst	
  the	
  drugs	
  tested	
  i.e.	
  60%.	
  	
  



Finally,	
  the	
  data	
  presented	
  demonstrate	
  how	
  this	
  colorimetric	
  assay,	
  which	
  is	
  both	
  rapid	
  and	
  
easy	
  to	
  perform,	
  can	
  lead	
  to	
  the	
  identification	
  of	
  new	
  substrates	
  or	
  inhibitors	
  of	
  hFMO3.	
  	
  
	
  
ACKNOWLEDGEMENTS	
  
This	
  research	
  did	
  not	
  receive	
  any	
  specific	
  grant	
  from	
  funding	
  agencies	
  in	
  the	
  public,	
  
commercial,	
  or	
  not-­‐for-­‐profit	
  sectors.	
  
	
  
CONFLICT	
  OF	
  INTEREST	
  
The	
  authors	
  declare	
  that	
  they	
  have	
  no	
  conflict	
  of	
  interest.	
  
	
   	
  



REFERENCES	
  
[1]	
  	
   Cashman	
  JR,	
  Zhang	
  J.	
  Human	
  flavin-­‐containing	
  monooxygenases.	
  Ann	
  Rev	
  Pharmacol	
  

Toxicol.	
  2006;46:65-­‐100.	
  
	
  
[2]	
  	
   Krueger	
  SK,	
  Williams	
  DE.	
  Mammalian	
  flavin-­‐containing	
  monooxygenases:	
  

structure/function,	
  genetic	
  polymorphisms	
  and	
  role	
  in	
  drug	
  metabolism.	
  Pharmacol.	
  
Ther.	
  2005;106:357-­‐387.	
  

	
  
[3]	
   Phillips	
  IR,	
  Shephard	
  EA.	
  Flavin-­‐containing	
  monooxygenases:	
  mutations,	
  disease	
  and	
  

drug	
  response.	
  Trends	
  Pharmacol.	
  Sci.	
  2008;29:294-­‐301.	
  
	
  
[4]	
   Cashman	
  JR.	
  Role	
  of	
  flavin-­‐containing	
  monooxygenase	
  in	
  drug	
  development.	
  Expert	
  

Opin	
  Drug	
  Metab	
  Toxicol.	
  2008;4:1507-­‐1521.	
  
	
  
[5]	
   Sadeghi	
  SJ,	
  Ferrero	
  S,	
  Di	
  Nardo	
  G,	
  Gilardi	
  G.	
  Drug-­‐drug	
  interactions	
  and	
  cooperative	
  

effects	
  detected	
  in	
  electrochemically	
  driven	
  human	
  cytochrome	
  P450	
  3A4.	
  
Bioelectrochem.	
  2012;86:87-­‐91.	
  

	
  
[6]	
   Castrignanò	
  S,	
  Gilardi	
  G,	
  Sadeghi	
  SJ.	
  Human	
  flavin-­‐containing	
  monooxygenase	
  3	
  on	
  

graphene	
  oxide	
  for	
  drug	
  metabolism	
  screening.	
  Anal	
  Chem.	
  2015;87:2974-­‐2980.	
  
	
  
[7]	
   Dixit	
  A,	
  Roche	
  TE.	
  Spectrophotometric	
  assay	
  of	
  the	
  flavin-­‐containing	
  monooxygenase	
  

and	
  changes	
  in	
  its	
  activity	
  in	
  female	
  mouse	
  liver	
  with	
  nutritional	
  and	
  diurnal	
  
conditions.	
  Arch	
  Biochem	
  Biophys.	
  1984;233:	
  50-­‐63.	
  

	
  
[8]	
  	
   Sadeghi	
  SJ,	
  Meirinhos	
  R,	
  Catucci	
  G,	
  Dodhia	
  VR,	
  Di	
  Nardo	
  G,	
  Gilardi	
  G.	
  Direct	
  

electrochemistry	
  of	
  drug	
  metabolizing	
  human	
  flavin-­‐containing	
  monooxygenase:	
  
Electrochemical	
  turnover	
  of	
  Benzydamine	
  and	
  Tamoxifen.	
  J	
  Am	
  Chem	
  Soc.	
  
2010;132:458-­‐459.	
  

	
  
[9]	
   Catucci	
  G,	
  Gilardi	
  G,	
  Jeuken	
  L,	
  Sadeghi	
  SJ.	
  In	
  vitro	
  drug	
  metabolism	
  by	
  C-­‐terminally	
  

truncated	
  human	
  flavin-­‐containing	
  monooxygenase	
  3.	
  Biochem	
  pharmacol.	
  
2012;83:551-­‐8.	
  

	
  
[10]	
   Catucci	
  G,	
  Occhipinti	
  A,	
  Maffei	
  M,	
  Gilardi	
  G,	
  Sadeghi	
  SJ.	
  Effect	
  of	
  Human	
  Flavin-­‐

Containing	
  Monooxygenase	
  3	
  Polymorphism	
  on	
  the	
  Metabolism	
  of	
  Aurora	
  Kinase	
  
Inhibitors.	
  Int	
  J	
  Mol	
  Sci.	
  2013;14:2707-­‐2716.	
  

	
  
[11]	
  	
   Lang	
  DH,	
  Rettie	
  AE.	
  In	
  vitro	
  evaluation	
  of	
  potential	
  in	
  vivo	
  probes	
  for	
  human	
  flavin-­‐

containing	
  monooxygenase	
  (FMO):	
  metabolism	
  of	
  benzydamine	
  and	
  caffeine	
  by	
  
FMO	
  and	
  P450	
  isoforms.	
  Br	
  J	
  Clin	
  Pharmacol.	
  2000;50:311-­‐314.	
  

	
  
[12]	
   Castrignanò	
  S,	
  Sadeghi	
  SJ,	
  Gilardi	
  G.	
  Electro-­‐catalysis	
  by	
  immobilized	
  human	
  flavin-­‐

containing	
  monooxygenase	
  isoform	
  3	
  (hFMO3).	
  Anal	
  Bioanal	
  Chem.	
  2010;398:1403-­‐
1409.	
  	
  

	
  
[13]	
  	
   Castrignanò	
  S,	
  Sadeghi	
  SJ,	
  Gilardi	
  G.	
  Entrapment	
  of	
  human	
  flavin-­‐containing	
  



monooxygenase	
  3	
  in	
  the	
  presence	
  of	
  gold	
  nanoparticles:	
  TEM,	
  FTIR	
  and	
  
electrocatalysis.	
  Biochim	
  Biophys	
  Acta-­‐	
  General	
  Subjects.	
  2012;1820:2072-­‐2078.	
  

	
  
[14]	
   Mani	
  C,	
  Hodgson	
  E,	
  Kupfer	
  D.	
  Metabolism	
  of	
  the	
  antimammary	
  cancer	
  antiestrogenic	
  

agent	
  tamoxifen.	
  II.	
  Flavin-­‐containing	
  monooxygenase-­‐mediated	
  N-­‐oxidation.	
  Drug	
  
Metab	
  Dispos.	
  1993;21:657-­‐661.	
  

	
  
[15]	
   Li	
  Y,	
  Zhang	
  ZF,	
  Chen	
  J,	
  Huang	
  D,	
  Ding	
  Y,	
  Tan	
  MH,	
  Qian	
  CN,	
  Resau	
  JH,	
  Kim	
  H,	
  Teh	
  BT.	
  

VX-­‐680/MK-­‐0457,	
  a	
  potent	
  and	
  selective	
  Aurora	
  kinase	
  inhibitor,	
  targets	
  both	
  tumor	
  
and	
  endothelial	
  cells	
  in	
  clear	
  cell	
  renal	
  cell	
  carcinoma.	
  Am	
  J	
  Transl	
  Res.	
  2000;3:296-­‐
308.	
  

	
  
[16]	
   Pålhagen	
  S,	
  Heinonen	
  E,	
  Hägglund	
  J,	
  Kaugesaar	
  T,	
  Mäki-­‐Ikola	
  O,	
  Palm	
  R.	
  Selegiline	
  

slows	
  the	
  progression	
  of	
  the	
  symptoms	
  of	
  Parkinson	
  disease.	
  Neurology	
  
2006;66:1200-­‐1206.	
  

	
  
[17]	
   Tsutsumi	
  H,	
  Katagi	
  M,	
  Nishikawa	
  M,	
  Tsuchihashi	
  H,	
  Kasuya	
  F,	
  Igarashi	
  K.	
  In	
  vitro	
  

confirmation	
  of	
  selegiline	
  N-­‐oxidation	
  by	
  flavin-­‐containing	
  monooxygenase	
  in	
  rat	
  
microsome	
  using	
  LC-­‐ESI	
  MS.	
  Biol	
  Pharm	
  Bull.	
  2004;27:1572-­‐1575.	
  

	
  
[18]	
   Dewailly	
  D,	
  Hieronimus	
  S,	
  Mirakian	
  P,	
  Hugues	
  JN.	
  Polycystic	
  ovary	
  syndrome	
  (PCOS).	
  

Ann	
  Endocrinol.	
  2010;71:8-­‐13.	
  
	
  
[19]	
   Handelsman	
  DJ.	
  Indirect	
  androgen	
  doping	
  by	
  oestrogen	
  blockade	
  in	
  sports.	
  Br	
  J	
  

Pharmacol.	
  2008;154:598-­‐605.	
  
	
  
[20]	
   Bushueva	
  O,	
  Solodilova	
  M,	
  Churnosov	
  M,	
  Ivanov	
  V,	
  Polonikov	
  A.	
  The	
  flavin-­‐

containing	
  monooxygenase	
  3	
  gene	
  and	
  essential	
  hypertension:	
  The	
  joint	
  effect	
  of	
  
polymorphism	
  E158K	
  and	
  cigarette	
  smoking	
  on	
  disease	
  susceptibility.	
  Int	
  J	
  
Hypertension.	
  2014;2014:712169-­‐74.	
  

	
  
[21]	
   Miao	
  J,	
  Ling	
  AV,	
  Manthena	
  PV,	
  Gearing	
  ME,	
  Graham	
  MJ,	
  Crooke	
  RM,	
  Croce	
  KJ,	
  

Esquejo	
  RM,	
  Clish	
  CB,	
  Vincent	
  D,	
  Biddinger	
  SB.	
  Flavin-­‐containing	
  monooxygenase	
  3	
  
as	
  a	
  potential	
  player	
  in	
  diabetes-­‐associated	
  atherosclerosis.	
  Nature	
  Commun.	
  
2015;6:6498-­‐6507.	
  

	
  
[22]	
   Siddens,	
  L.	
  K.;	
  Krueger,	
  S.	
  K.;	
  Henderson,	
  M.	
  C.;	
  et	
  al.	
  Mammalian	
  flavin-­‐containing	
  

monooxygenase	
  (FMO)	
  as	
  a	
  source	
  of	
  hydrogen	
  peroxide.	
  Biochemical	
  Pharmacology	
  
2014,	
  89	
  (1),	
  141-­‐147.	
  

	
  
[23]	
  	
   Shih	
  DM,	
  Wang	
  Z,	
  Lee	
  R,	
  Meng	
  Y,	
  Che	
  N,	
  Charugundla	
  S,	
  Qi	
  H,	
  Wu	
  J,	
  Pan	
  C,	
  Brown	
  

JM,	
  Vallim	
  T,	
  Bennett	
  BJ,	
  Graham	
  M,	
  Hazen	
  SL,	
  Lusis	
  AJ.	
  Flavin	
  containing	
  
monooxygenase	
  3	
  exerts	
  broad	
  effects	
  on	
  glucose	
  and	
  lipid	
  metabolism	
  and	
  
atherosclerosis.	
  J	
  Lipid	
  Res.	
  2015;56:22-­‐37.	
  

	
  
	
   	
  



TABLES	
  	
  
	
  
Table	
  1.	
  Competitive	
  inhibition	
  data	
  of	
  hFMO3	
  using	
  the	
  colorimetric	
  assay	
  including	
  its	
  
kinetic	
  parameters	
  with	
  five	
  selected	
  drugs.	
  	
  

	
   Selegiline	
   Tozasertib	
   Benzydamine	
   Tamoxifen	
   Clomiphene	
  
%Inhibition	
  	
   21	
   41	
   47	
   55	
   60	
  
Km	
  (µM)	
   314	
   23a	
   56b	
   5c	
   18	
  
kcat	
  (min-­‐1)	
   1.4	
   9.3a	
   9.0b	
   16.4c	
   0.1	
  
	
  
a	
  ref	
  [10]	
  
b	
  ref	
  [9]	
  
c	
  ref	
  [6]	
  
	
  
	
  
	
  
	
   	
  



Figure	
  legends	
  
	
  
Figure	
  1.	
  Scheme	
  depicting	
  the	
  reactions	
  involved	
  in	
  the	
  colorimetric	
  inhibition	
  assay.	
  
Human	
  FMO3	
  converts	
  methimazole	
  to	
  its	
  S-­‐oxide	
  which	
  in	
  turn	
  oxidizes	
  TNB	
  (yellow)	
  to	
  
generate	
  DTNB	
  (colorless).	
  If	
  a	
  second	
  drug	
  competes	
  with	
  methimazole	
  for	
  binding	
  to	
  
hFMO3,	
  TNB	
  oxidation	
  is	
  inhibited	
  and	
  therefore	
  the	
  reaction	
  is	
  not	
  bleached.	
  
	
  
Figure	
  2.	
  Competitive	
  inhibition	
  of	
  methimazole	
  turnover	
  by	
  benzydamine.	
  Histograms	
  
represent	
  the	
  average	
  of	
  3	
  replicate	
  reactions	
  of	
  inhibition	
  obtained	
  after	
  30	
  (blue)	
  or	
  60	
  
(red)	
  minutes	
  at	
  concentration	
  of	
  0.1,	
  0.5	
  and	
  1	
  mM	
  benzydamine.	
  
	
  
Figure	
  3.	
  The	
  colorimetric	
  inhibition	
  assay.	
  Histograms	
  represent	
  the	
  average	
  of	
  3	
  replicate	
  
reactions	
  of	
  inhibition	
  obtained	
  after	
  30	
  minutes	
  with	
  two	
  previously	
  known	
  substrates	
  of	
  
hFMO3;	
  Tamoxifen	
  (a)	
  and	
  Tozasertib	
  (b).	
  
	
  
Figure	
  4.	
  The	
  colorimetric	
  inhibition	
  assay	
  extended	
  to	
  the	
  screening	
  of	
  two	
  new	
  drugs	
  of	
  
hFMO3.	
  Histograms	
  represent	
  the	
  average	
  of	
  3	
  replicate	
  of	
  inhibition	
  reactions	
  obtained	
  
after	
  30	
  minutes	
  with	
  two	
  previously	
  unknown	
  substrates	
  of	
  hFMO3;	
  Selegiline	
  (a)	
  and	
  
Clomiphene	
  (b).	
  
	
  
Figure	
  5.	
  High	
  resolution	
  MS/MS	
  spectra	
  of	
  Selegiline-­‐N-­‐oxide	
  protonated	
  ions.	
  The	
  
corresponding	
  fragmentation	
  pattern	
  of	
  these	
  molecular	
  ions	
  is	
  reported	
  on	
  the	
  right.	
  	
  
	
  
Figure	
  6.	
  High	
  resolution	
  MS/MS	
  spectra	
  of	
  Clomiphene-­‐N-­‐oxide	
  protonated	
  ions.	
  The	
  
corresponding	
  fragmentation	
  pattern	
  of	
  these	
  molecular	
  ions	
  is	
  reported	
  on	
  the	
  right.	
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