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ABSTRACT	
  

Monoamine	
  oxidase	
  (MAO),	
  which	
  exists	
  in	
  two	
  isozymic	
  forms,	
  MAO	
  A	
  and	
  MAO	
  B,	
  is	
  an	
  important	
  

flavoenzyme	
  responsible	
  for	
  the	
  metabolism	
  of	
  amine	
  neurotransmitters	
  such	
  as	
  dopamine,	
  serotonin	
  

and	
   norepinephrine.	
   Despite	
   extensive	
   research	
   effort,	
   neither	
   the	
   catalytic	
   nor	
   the	
   inhibition	
  

mechanisms	
  of	
  MAO	
  have	
  been	
  completely	
  understood.	
  There	
  has	
  also	
  been	
  dispute	
  with	
  regard	
  to	
  

the	
  protonation	
  state	
  of	
  the	
  substrate	
  upon	
  entering	
  the	
  active	
  site,	
  as	
  well	
  as	
  the	
  identity	
  of	
  residues	
  

that	
   are	
   important	
   for	
   the	
   initial	
   deprotonation	
   of	
   irreversible	
   acetylenic	
   inhibitors,	
   in	
   accordance	
  

with	
  the	
  recently	
  proposed	
  mechanism.	
  Therefore,	
   in	
  order	
  to	
   investigate	
   features	
  essential	
   for	
   the	
  

modes	
   of	
   action	
   of	
  MAO,	
  we	
   have	
   calculated	
   pKa	
   values	
   of	
   three	
   relevant	
   tyrosine	
   residues	
   in	
   the	
  

MAO	
   B	
   active	
   site,	
   with	
   and	
  without	
   dopamine	
   bound	
   as	
   the	
   substrate	
   (as	
   well	
   as	
   the	
   pKa	
   of	
   the	
  

dopamine	
   itself	
   in	
   the	
   active	
   site).	
   The	
   calculated	
   pKa	
   values	
   for	
   Tyr188,	
   Tyr398	
   and	
   Tyr435	
   in	
   the	
  

complex	
   are	
   found	
   to	
   be	
   shifted	
   upwards	
   to	
   13.0,	
   13.7	
   and	
   14.7,	
   respectively,	
   relative	
   to	
   10.1	
   in	
  

aqueous	
  solution,	
  ruling	
  out	
  the	
  likelihood	
  that	
  they	
  are	
  viable	
  proton	
  acceptors.	
  The	
  altered	
  tyrosine	
  

pKa	
   values	
   could	
   be	
   rationalized	
   as	
   an	
   interplay	
   of	
   two	
   opposing	
   effects:	
   insertion	
   of	
   positively	
  

charged	
  bulky	
  dopamine	
  that	
  lowers	
  tyrosine	
  pKa	
  values,	
  and	
  subsequent	
  removal	
  of	
  water	
  molecules	
  

from	
  the	
  active	
  site	
  that	
  elevates	
  tyrosine	
  pKa	
  values,	
  in	
  which	
  the	
  latter	
  prevails.	
  Additionally,	
  the	
  pKa	
  

value	
  of	
  the	
  bound	
  dopamine	
  (8.8)	
  is	
  practically	
  unchanged	
  compared	
  to	
  the	
  corresponding	
  value	
  in	
  

aqueous	
  solution	
  (8.9),	
  as	
  would	
  be	
  expected	
  from	
  a	
  charged	
  amine	
  placed	
   in	
  a	
  hydrophobic	
  active	
  

site	
   consisting	
   of	
   aromatic	
   moieties.	
   We	
   also	
   observed	
   potentially	
   favorable	
   cation–π	
   interactions	
  

between	
   –NH3
+	
   group	
   on	
   dopamine	
   and	
   aromatic	
  moieties,	
   which	
   provide	
   stabilizing	
   effect	
   to	
   the	
  

charged	
   fragment.	
   Thus,	
   we	
   offer	
   here	
   theoretical	
   evidence	
   that	
   the	
   amine	
   is	
   most	
   likely	
   to	
   be	
  

present	
  in	
  the	
  active	
  site	
  in	
  its	
  protonated	
  form,	
  which	
  is	
  similar	
  to	
  the	
  conclusion	
  from	
  experimental	
  

studies	
  of	
  MAO	
  A	
  (Jones	
  et	
  al.	
  J.	
  Neural	
  Trans.	
  2007,	
  114,	
  707–712).	
  However,	
  the	
  free	
  energy	
  cost	
  of	
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transferring	
  the	
  proton	
  from	
  the	
  substrate	
  to	
  the	
  bulk	
  solvent	
  is	
  only	
  1.9	
  kcal	
  mol–1,	
  leaving	
  open	
  the	
  

possibility	
  that	
  the	
  amine	
  enters	
  the	
  chemical	
  step	
  in	
  its	
  neutral	
  form.	
  In	
  conjunction	
  with	
  additional	
  

experimental	
   and	
   computational	
   work,	
   the	
   data	
   presented	
   here	
   should	
   lead	
   towards	
   a	
   deeper	
  

understanding	
  of	
  mechanisms	
  of	
  the	
  catalytic	
  activity	
  and	
  irreversible	
  inhibition	
  of	
  MAO	
  B,	
  which	
  can	
  

allow	
  for	
  the	
  design	
  of	
  novel	
  and	
  improved	
  MAO	
  B	
  inhibitors.	
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INTRODUCTION	
  

Flavoenzymes	
  are	
  enzymes	
   that	
  operate	
  with	
  either	
   flavin	
  mononucleotide	
   (FMN)	
  or	
   flavin	
  adenine	
  

dinucleotide	
   (FAD)	
   cofactors.	
   Prominent	
   members	
   of	
   this	
   family	
   include	
   the	
   monoamine	
   oxidases	
  

(MAOs),	
  which	
  metabolize	
  biogenic	
  amines	
  towards	
  the	
  corresponding	
  imines.	
  They	
  are	
  located	
  in	
  the	
  

outer	
   mitochondrial	
   membranes	
   of	
   the	
   brain,	
   liver,	
   intestinal,	
   placental	
   cells	
   and	
   platelets.1–3	
  In	
  

MAOs,	
   the	
  FAD	
  coenzyme	
   is	
  covalently	
  bound	
  to	
  a	
  cysteine	
  through	
  an	
  8α-­‐thioether	
   linkage.4–6	
  The	
  

enzyme	
  exists	
   in	
   two	
   isozymic	
   forms,	
  MAO	
  A	
  and	
  MAO	
  B,7–9	
  which	
  differ	
   in	
   substrate	
  and	
   inhibitor	
  

specificities,	
   as	
   well	
   as	
   in	
   their	
   tissue	
   distribution.1–3	
   MAOs	
   have	
   the	
   role	
   of	
   regulating	
   the	
  

concentrations	
   of	
   neurotransmitters	
   in	
   living	
   cells,	
   and	
   are	
   a	
   very	
   promiscuous	
   family	
   of	
   enzymes,	
  

since	
  they	
  act	
  on	
  a	
  number	
  of	
  diverse	
  primary,	
  secondary	
  and	
  tertiary	
  alkyl	
  and	
  arylamines,	
  although	
  

their	
  preference	
  is	
  for	
  primary	
  amines.	
  MAO	
  A	
  is	
  the	
  more	
  abundant	
  isoform	
  in	
  humans,	
  and	
  is	
  mainly	
  

responsible	
   for	
   the	
   oxidation	
   of	
   noradrenaline	
   and	
   serotonin.	
   The	
   imbalance	
   in	
  

noradrenaline/serotonin	
   levels	
   is	
   known	
   to	
   cause	
   depression-­‐like	
   symptoms	
   and	
   other	
   mood	
  

disorders.2	
   Hence,	
   the	
   selective	
   inhibition	
   of	
   this	
   isoform	
   results	
   in	
   elevated	
   noradrenaline	
   and	
  

serotonin	
  concentrations,	
  thus	
  gradually	
  improving	
  the	
  symptoms	
  of	
  depression.	
  In	
  contrast,	
  MAO	
  B	
  

is	
  responsible	
  for	
  the	
  metabolism	
  of	
  histamine’s	
  metabolite	
  N–methylhistamine	
  and	
  dopamine.1	
  The	
  

latter	
   is	
  an	
   important	
  neurotransmitter	
   involved	
   in	
   the	
  control	
  of	
  voluntary	
  movement.	
   It	
  has	
  been	
  

established	
   that	
   insufficient	
   dopaminergic	
   stimulation	
   of	
   the	
   basal	
   ganglia	
   is	
   characteristic	
   for	
  

Parkinson’s	
   disease.4	
   Hence,	
   inhibition	
   of	
  MAO	
  B	
   is	
   one	
   of	
   the	
   strategies	
   for	
   the	
   treatment	
   of	
   the	
  

latter	
  illness.10	
  Most	
  MAO	
  B	
  inhibitors	
  that	
  are	
  in	
  clinical	
  use	
  nowadays	
  are	
  irreversible.10,11	
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Scheme	
   1.	
   Atom	
   numbering	
   of	
   the	
   flavin	
   moiety,	
   without	
   which	
   MAO	
   enzymes	
   are	
   catalytically	
  

inactive.	
  “R”	
  denotes	
  the	
  ribityl	
  adenosine	
  diphosphate	
  group,	
  which	
  is	
  not	
  shown	
  here	
  for	
  clarity.	
  	
  

	
  

	
  

In	
   our	
   previous	
   work,	
   we	
   studied	
   the	
   mechanism	
   of	
   the	
   irreversible	
   inhibition	
   of	
   MAO	
   B	
   by	
   the	
  

acetylenic	
   inhibitors	
   rasagiline	
   and	
   selegiline.12	
  In	
   terms	
   of	
   the	
   calculated	
   barrier	
   heights	
   and	
   the	
  

overall	
   exergonicity	
   of	
   the	
   reaction,	
   our	
   study	
   elucidated	
   that	
   the	
   polar	
   anionic	
  mechanism	
   is	
   the	
  

most	
  probable,	
  where	
  the	
  rate	
  limiting	
  step	
  involves	
  nucleophilic	
  attack	
  of	
  the	
  deprotonated	
  inhibitor	
  

onto	
   the	
   flavin.	
   The	
   chemical	
   reaction	
   takes	
   place	
   on	
   the	
   N5	
   atom	
   of	
   the	
   flavin	
   (Scheme	
   1),	
   in	
  

accordance	
  with	
  the	
  available	
  X-­‐ray	
  structures.	
  9,13,14	
  It	
  followed	
  that	
  the	
  latter	
  reaction	
  is	
  preceded	
  by	
  

a	
  facile	
  enzymatic	
  proton	
  abstraction	
  from	
  the	
  inhibitor’s	
  terminal	
  acetylene	
  site.	
  However,	
  it	
  has	
  not	
  

been	
   possible	
   to	
   experimentally	
   determine	
   the	
   identity	
   of	
   the	
   relevant	
   proton	
   acceptor,	
  which	
  we	
  

also	
  did	
  not	
  determine	
  in	
  our	
  computational	
  study	
  as	
  it	
  was	
  performed	
  on	
  a	
  model	
  system	
  involving	
  

the	
   flavin	
   and	
   inhibitors.	
   Therefore,	
   as	
   a	
   preliminary	
   step	
   towards	
   a	
   deeper	
   understanding	
   of	
   the	
  

chemical	
   and	
   the	
   inhibition	
   mechanisms,	
   insight	
   into	
   the	
   pKa	
   values	
   of	
   potentially	
   catalytically	
  

relevant	
  residues	
  would	
  be	
  beneficial.	
  

	
  

Three	
  different	
  potential	
  catalytic	
  mechanisms	
  have	
  been	
  proposed	
  to	
  date:	
  (1)	
  a	
  hydride	
  mechanism,	
  

(2)	
  a	
  radical	
  mechanism	
  and	
  (3)	
  a	
  polar	
  nucleophilic	
  mechanism.	
  In	
  other	
  words,	
  it	
  is	
  assumed	
  that	
  the	
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catalytic	
   rate-­‐limiting	
   step	
   involves	
   either	
   the	
   heterolytic	
  H–	
   abstraction	
   in	
   (1),	
   or	
   the	
   homolytic	
  H•	
  

extraction	
   in	
   (2),	
  or	
  deprotonation	
  of	
  H+	
   in	
   (3),	
   all	
   from	
   the	
  α–carbon	
  atom	
  of	
   the	
   substrate	
   in	
   the	
  

vicinity	
   of	
   the	
   amino	
   group.	
   A	
   common	
   feature	
   of	
   all	
   three	
   mechanisms	
   is	
   that	
   the	
   mentioned	
  

activating	
  stage	
  is	
  performed	
  by	
  N5	
  atom	
  on	
  the	
  flavin	
  and	
  that	
  dopamine	
  enters	
  the	
  reaction	
  in	
  the	
  

neutral	
   form.	
  Erdem	
  et	
  al.15	
  assumed	
  that	
  the	
  hydride	
  mechanism	
  is	
  unlikely	
  to	
  take	
  place,	
  because	
  

hydride	
  transfer	
  is	
  kinetically	
  unfavorable.16	
  Using	
  kinetic	
  and	
  structural	
  analysis,	
  and	
  employing	
  Taft	
  

correlation	
  to	
  a	
  series	
  of	
  benzylamine	
  analogs,	
  Miller	
  and	
  Edmondson17	
  provided	
  strong	
  experimental	
  

evidence	
  that	
  proton	
  transfer	
   is	
  an	
   integral	
  part	
  of	
   the	
  rate	
   limiting	
  step,	
  contrary	
  to	
  hydride	
  anion	
  

abstraction.	
  This	
  has	
  led	
  Edmondson	
  and	
  co-­‐workers	
  to	
  propose	
  the	
  polar	
  nucleophilic	
  mechanism	
  for	
  

MAO	
  enzymes,	
  17–24	
  although	
  the	
  latter	
  has	
  been	
  disputed	
  in	
  the	
  literature,	
  mostly	
  by	
  Silverman,25–29	
  

Ramsay,30–34	
  Scrutton35	
  and	
   their	
   co-­‐workers,	
   in	
   favor	
   of	
   the	
   radical	
   mechanism.	
   Finally,	
   in	
   a	
   very	
  

recent	
  study	
  Erdem	
  and	
  Büyükmenekşe36	
  investigated	
  a	
  biradical	
  mechanism	
  for	
  MAO	
  catalysis,	
  but	
  in	
  

the	
  same	
  paper	
  the	
  authors	
  declared	
  it	
  as	
  improbable	
  concluding	
  that	
  their	
  results	
  “present	
  negative	
  

evidence	
  for	
  the	
  modelled	
  biradical	
  mechanism”.	
  Nevertheless,	
   it	
  still	
   remains	
  a	
   fact	
  that,	
  despite	
  a	
  

huge	
  amount	
  of	
  research	
  devoted	
  to	
  MAOs	
  in	
  the	
  last	
  couple	
  of	
  decades,	
  there	
  is	
  still	
  no	
  consensus	
  in	
  

the	
   literature	
   about	
   the	
   exact	
   mechanisms	
   of	
   the	
   catalytic	
   activity	
   of	
   MAO	
   and	
   its	
   irreversible	
  

inhibition.	
  	
  

	
  

Several	
   important	
   structural	
   features	
   of	
  MAO	
  B	
   have	
   been	
   thoroughly	
   emphasized	
  when	
   assessing	
  

mechanisms	
   of	
   the	
   catalysis/inhibition,	
   but	
   one	
   is	
   particularly	
   relevant	
   for	
   the	
   present	
   work:	
   the	
  

hydrophobic	
   nature	
   of	
   the	
  MAO	
   active	
   site	
   composed	
   of	
   aromatic	
  moieties,	
   that	
   include	
   tyrosines	
  

(called	
  the	
  aromatic	
  cage)	
  and	
  the	
  FAD	
  co-­‐factor.37,38	
  It	
  should	
  be	
  stressed	
  that	
  hydrophobicity	
  of	
  an	
  

active	
  site	
  is	
  not	
  a	
  black	
  and	
  white	
  concept,	
  it	
  is	
  difficult	
  to	
  define	
  it,	
  but	
  on	
  the	
  other	
  hand	
  one	
  can	
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relatively	
  safely	
  assume	
  that	
  it	
  depends	
  on	
  the	
  nature	
  of	
  the	
  moieties	
  comprising	
  the	
  active	
  site.	
  The	
  

active	
  site	
  hydrophobicity	
  was	
  proposed	
  to	
  determine	
  the	
  protonation	
  state	
  of	
  the	
  substrate	
  in	
  MAO	
  

active	
  site,	
  since	
  MAO	
  substrates	
  are	
  protonated	
   in	
  the	
  cytoplasm,	
  and	
  are	
  present	
  as	
  monocations	
  

under	
  physiological	
  conditions.	
  Edmondson	
  and	
  coworkers	
  argued39	
  that	
  because	
  the	
  free	
  energy	
  cost	
  

associated	
  with	
  the	
  transfer	
  of	
  a	
  charged	
  moiety	
  into	
  the	
  hydrophobic	
  active	
  site	
  is	
  expected	
  to	
  be	
  too	
  

high,	
  the	
  substrate	
  must	
  enter	
  the	
  enzyme	
  in	
  its	
  neutral	
  form.	
  However,	
  experimental	
  pH	
  profiles	
  for	
  

kynuramine	
  oxidation	
  by	
  MAO	
  A	
  and	
  phenylethylamine	
  degradation	
  by	
  MAO	
  B	
  would	
  suggest	
  that	
  the	
  

amine	
   is	
   most	
   likely	
   present	
   in	
   the	
   active	
   site	
   in	
   its	
   protonated	
   form, 40 	
  though	
   contradicting	
  

arguments	
   have	
   been	
   presented	
   by	
   Scrutton	
   and	
   co-­‐workers,41	
  who,	
   based	
   on	
   their	
   pH	
   dependent	
  

measurements	
  of	
   kinetic	
   isotope	
  effects	
   in	
  MAO	
  A,	
   suggested	
   that	
   the	
  active	
   site	
   is	
  believed	
   to	
  be	
  

organized	
  for	
  the	
  activation	
  of	
  the	
  neutral	
  rather	
  than	
  charged	
  form	
  of	
  the	
  substrate.	
  However,	
  both	
  

groups	
  agree	
  that	
  the	
  neutral	
  form	
  must	
  enter	
  the	
  chemical	
  step.	
  The	
  aromatic	
  cage	
  surrounding	
  the	
  

flavin	
   co-­‐factor	
   also	
   plays	
   an	
   important	
   role	
   in	
  MAO	
   enzymes.	
   X-­‐ray	
   analysis	
   revealed	
   two	
   tyrosyl	
  

residues	
  (Tyr398	
  and	
  Tyr435	
  in	
  human	
  MAO	
  B),	
  constituting	
  the	
  aromatic	
  cage,	
  which	
  both	
  lie	
  almost	
  

perpendicular	
   to	
   flavin,7,39	
   suggesting	
   a	
   functional	
   role	
   in	
   catalysis.	
   It	
   was	
   proposed	
   that	
   they	
   are	
  

responsible	
   for	
   the	
   orientation	
   of	
   a	
   substrate	
   towards	
   the	
   flavin,	
   37,38	
   but	
   could	
   also	
   have	
   direct	
  

involvement	
  in	
  the	
  proton	
  transfer	
  reactions.	
  	
  	
  	
  

	
  

Therefore,	
   for	
   all	
   reasons	
   stated,	
   it	
   is	
   critical	
   to	
   know	
   the	
   pKa	
   values	
   of	
   relevant	
   residues	
   and	
   the	
  

substrate	
  within	
   the	
  MAO	
  active	
   site	
   in	
   order	
   to	
   progress	
   in	
   understanding	
   catalytic	
   and	
   inhibition	
  

mechanisms.	
  However,	
  these	
  values	
  are	
  difficult	
  to	
  determine	
  experimentally,42	
  and,	
  similarly,	
  while	
  

experimental	
  pH	
  profiles	
  can	
  provide	
  tremendous	
  insight,	
  it	
  can	
  be	
  hard	
  to	
  conclusively	
  determine	
  the	
  

identity	
  of	
  residues	
  whose	
  protonation	
  state	
  is	
  being	
  affected.	
  Although	
  there	
  are	
  many	
  experimental	
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methods	
   that	
   enable	
   determination	
   of	
   the	
   overall	
   titration	
   curve	
   of	
   a	
   protein,	
   only	
   a	
   few	
  

spectroscopic	
  techniques	
  posses	
  sufficient	
  resolution	
  to	
  allow	
  for	
  the	
  determination	
  of	
  pKa	
  values	
  of	
  

individual	
   residues	
   in	
  a	
  protein.43	
  For	
  MAO	
  enzymes,	
   a	
   lot	
  of	
   research	
  efforts	
  has	
  been	
  devoted	
  by	
  

Scrutton,41	
   Edmondson,44	
  Ramsay45	
  and	
   their	
   co-­‐workers	
   to	
  experimentally	
  measure	
  pKa	
   values,	
  but	
  

only	
  data	
  for	
  several	
  residues	
  that	
  are	
  close	
  to	
  the	
  surface	
  of	
  MAOs,	
  and	
  which	
  are	
  believed	
  to	
  form	
  

the	
  so-­‐called	
  “entrance”	
  and	
  “substrate”	
  cavities7,39,46–48	
  were	
  obtained.	
  In	
  addition,	
  pKa	
  calculations	
  

continue	
   to	
   provide	
   a	
   significant	
   challenge	
   to	
   computations.49–52	
  In	
   the	
   present	
   work,	
   we	
   have	
  

investigated	
  pKa	
   values	
  of	
   three	
   tyrosine	
   residues	
   (Tyr188,	
  Tyr	
  398	
  and	
  Tyr	
  435)	
  and	
   the	
  dopamine	
  

molecule	
  within	
  MAO	
  B	
  active	
  site.	
  Both	
  the	
  free	
  enzyme	
  and	
  the	
  enzyme	
  complexed	
  with	
  dopamine	
  

were	
  considered.	
  We	
  hope	
   that	
   the	
  obtained	
  acidity/basicity	
  parameters	
  will	
  offer	
  new	
   insight	
   into	
  

features	
   of	
  MAO	
   enzymes	
   and	
   help	
   elucidating	
   exact	
  mechanisms	
   of	
   their	
   activity	
   and	
   irreversible	
  

inhibition.	
  

	
  

	
  

COMPUTATIONAL	
  METHODS	
  

The	
   starting	
   point	
   for	
  our	
   calculations	
  was	
   the	
  high-­‐resolution	
   (1.6	
  Å)	
  X-­‐ray	
   structure	
  of	
  MAO	
  B	
   in	
  

complex	
  with	
  2-­‐(2-­‐benzofuranyl)-­‐2-­‐imidazoline),
13
	
  which	
  was	
  obtained	
   from	
  the	
  Protein	
  Data	
  Bank

53
	
  

(accession	
   code	
   2XFN).	
  All	
   ligands	
   present	
   in	
   the	
   crystal	
   structure	
  were	
   removed	
   and	
  we	
  manually	
  

placed	
   physiologically	
   relevant	
   dopamine	
   monocation	
   (Figure	
   1)	
   in	
   the	
   active	
   site,	
   as	
   it	
   is	
   a	
  

characteristic	
  substrate	
  metabolized	
  by	
  MAO	
  B.	
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Figure	
  1.	
  	
  Chemical	
  structure	
  of	
  the	
  dopamine	
  molecule	
  in	
  its	
  physiological	
  monocationic	
  form.	
  

	
  

pKa	
   calculations	
   were	
   performed	
   using	
   the	
   semi-­‐macroscopic	
   protein	
   dipole	
   /	
   Langevin	
   dipole	
  

approach	
  of	
  Warshel	
  and	
  coworkers,	
  in	
  its	
  linear	
  response	
  approximation	
  version	
  (PDLD/S-­‐LRA),49,54–56	
  

To	
  parameterize	
  the	
  charge	
  distribution	
  of	
  oxidized	
  FAD	
  and	
  dopamine,	
  electrostatic	
  potential	
  derived	
  

atomic	
   charges	
   were	
   obtained	
   on	
   the	
   optimized	
   structures	
   at	
   the	
   (PCM)/B3LYP/6–31G(d)	
   level	
   of	
  

theory	
  in	
  conjunction	
  with	
  the	
  UFF	
  radii	
  as	
  implemented	
  in	
  Gaussian09	
  program.57	
  The	
  essence	
  of	
  the	
  

PDLD/LRA	
  pKa	
  calculation	
   is	
  to	
  convert	
  the	
  problem	
  of	
  evaluating	
  a	
  pKa	
   in	
  a	
  protein	
  to	
  evaluation	
  of	
  

the	
  change	
  in	
  “solvation”	
  energy	
  associated	
  with	
  moving	
  the	
  charge	
  from	
  water	
  to	
  the	
  protein.	
  One	
  

must	
   consider	
   the	
   thermodynamic	
   cycle	
   described	
   by	
   the	
   following	
   equation:	
  ∆𝐺! 𝐴𝐻! → 𝐴!
!
+

𝐻!
!
= ∆𝐺

!
𝐴𝐻! → 𝐴!

!
+ 𝐻!

!
+ ∆𝐺

!!"

!→!
𝐴
!
− ∆𝐺

!"#

!→!
𝐴𝐻 	
  where	
   p	
   and	
   w	
   denote	
   protein	
   and	
  

water,	
   respectively.	
   This	
   equation	
   can	
   be	
   rewritten	
   for	
   each	
   ionizable	
   residue	
   i,	
   as:  𝑝𝐾
!,!

!
= 𝑝𝐾

!,!
!
−

!!

!.!!"
∆∆𝐺

!"#

!→!
𝐴𝐻! → 𝐴!

!
	
  where	
  the	
  ∆∆G	
  term	
  consist	
  of	
  the	
  last	
  two	
  terms	
  of	
  the	
  previous	
  equation,	
  

qi	
  is	
  the	
  charge	
  of	
  the	
  ionized	
  form	
  of	
  the	
  given	
  residue,	
  for	
  acids	
  𝑞! = −1(𝑞 𝐴𝐻 = 0, 𝑞 𝐴! = −1)	
  

and	
  for	
  base	
  𝑞! = +1(𝑞 𝐴𝐻 = +1, 𝑞 𝐴! = 0).	
  The	
  pKa	
  calculations	
  are	
  reduced	
  to	
  two	
  free	
  energy	
  

calculations	
  in	
  addition	
  to	
  the	
  experimental	
  value	
  in	
  aqueous	
  solution.	
  The	
  first	
  simulation	
  is	
  mutation	
  

of	
   a	
   neutral	
   residue	
   to	
   its	
   ionized	
   analog	
   in	
   aqueous	
   solution	
   and	
   the	
   other	
   is	
   in	
   the	
   protein	
  

environment.	
   The	
   philosophy	
   underlying	
   the	
   applied	
   approach	
   is	
   the	
   same	
   as	
   in	
   calculation	
   of	
  

activation	
   free	
   energies,	
   where	
   catalytic	
   effect	
   always	
   refers	
   to	
   the	
   reference	
   reaction	
   in	
   aqueous	
  

solution. This	
  approach	
  calculates	
  pKa	
  shifts	
   relative	
   to	
  aqueous	
  solution	
  by	
   taking	
   into	
  account	
   the	
  

protein	
   environment	
   dependent	
   stabilization	
   effects	
   for	
   the	
   Brønsted	
   acid	
   and	
   its	
   conjugate	
  

base.Fehler! Textmarke nicht definiert.
,54
	
  This	
  method	
  has	
  previously	
  been	
  successfully	
  applied	
  to	
  a	
  

wide	
  range	
  of	
  systems	
  of	
  biological	
  relevance,	
  such	
  as	
  the	
  aquaporin	
  channel,	
  carbonic	
  anhydrase	
  and	
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the	
  bovine	
  pancreatic	
  trypsin	
  inhibitor,	
  to	
  name	
  a	
  few	
  examples.
52,58–61

	
  	
  	
  

	
  

The	
  protein	
   studied	
  here	
  was	
   first	
  explicitly	
   solvated	
  using	
   the	
   surface	
   constrained	
  all	
   atom	
  solvent	
  

(SCAAS)	
  model,
54
	
  employing	
  a	
  water	
  grid	
  with	
  a	
  radius	
  of	
  20	
  Å	
  around	
  the	
  investigated	
  residue.	
  Long	
  

range	
   interactions	
  were	
   treated	
  using	
   the	
   local	
   reaction	
   field	
   (LRF)	
  approach.
62
	
  The	
   resulting	
   system	
  

was	
  equilibrated	
  by	
  running	
  a	
  50	
  ps	
  molecular	
  dynamics	
  simulation	
  using	
  a	
  0.5	
  fs	
  time	
  step	
  at	
  300	
  K.	
  

After	
  that,	
  we	
  evaluated	
  pKa	
  values	
  using	
  the	
  PDLD/S-­‐LRA	
  approach,	
  employing	
  full	
  atomic	
  charges,	
  by	
  

averaging	
   the	
  corresponding	
  values	
  over	
   the	
   results	
  obtained	
   for	
  20	
  protein	
  configuration	
  windows,	
  

connecting	
  charged	
  and	
  uncharged	
   states,	
  each	
  averaged	
  over	
  25	
  ps	
  of	
   simulation	
  with	
  a	
  1	
   fs	
   time	
  

step,	
  giving	
  rise	
  to	
  a	
  total	
  simulation	
  time	
  of	
  500	
  ps	
  for	
  the	
  entire	
  thermodynamic	
  perturbation.	
  

	
  

	
  

Calculated	
  pKa	
  values	
  are	
  sensitive	
  to	
  the	
  applied	
  external	
  dielectric	
  constant	
  during	
  the	
  simulations.	
  	
  

The	
   choice	
   of	
   the	
   correct	
   dielectric	
   constant	
   to	
   describe	
   the	
   protein	
   interior	
   is	
   a	
   very	
   complicated	
  

issue,	
   which	
   has	
   been	
   the	
   subject	
   of	
   heated	
   debates	
   over	
   the	
   years.	
   A	
   variety	
   of	
   values	
   were	
  

suggested,	
  ranging	
  from	
  ε	
  =	
  2–80.	
  For	
  example,	
  van	
  Gunsteren	
  and	
  co-­‐workers	
  performed	
  molecular	
  

dynamics	
  simulation	
  using	
  the	
  GROMOS	
  force	
  field,	
  and	
  obtained	
  a	
  value	
  of	
  ε	
  =	
  30	
  for	
  the	
  interior	
  of	
  

lysozyme.63	
  In	
  our	
  work	
  we	
  employed	
  ε	
  =	
  8–12	
  based	
  on	
  the	
  discussion	
  in	
  reference	
  55.	
  All	
  PDLD/S-­‐

LRA	
   calculations	
   were	
   performed	
   using	
   the	
   ENZYMIX	
   force	
   field	
   and	
   the	
   MOLARIS	
   simulation	
  

package.54	
  	
  

	
  

RESULTS	
  AND	
  DISCUSSION	
  

The	
  results	
  of	
  pKa	
  calculations	
  of	
  relevant	
  residues	
   in	
  the	
  MAO	
  active	
  site	
  are	
  shown	
  in	
  Table	
  1,	
  and	
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the	
  orientation	
  of	
  the	
  relevant	
  residues	
  is	
  illustrated	
  in	
  Fig.	
  2,	
  as	
  well	
  as	
  the	
  corresponding	
  pKas	
  of	
  the	
  

tyrosine	
  sidechain	
  and	
  dopamine	
  in	
  aqueous	
  solution.	
  Before	
  we	
  start	
  analyzing	
  the	
  calculated	
  results,	
  

it	
   is	
   useful	
   to	
   bring	
   about	
   the	
   fact	
   that	
  experimental	
  aqueous	
   solution	
   pKa	
   values	
  of	
   tyrosine	
   (side	
  

chain	
  –OH	
  deprotonation)	
  and	
  dopamine	
  (aminoethyl	
  –NH3

+
	
  deprotonation)	
  assume	
  10.1

64
	
  and	
  8.9,

65
	
  

respectively.	
  As	
  a	
  consequence,	
  it	
  follows	
  that	
  under	
  physiological	
  conditions	
  tyrosine	
  is	
  a	
  rather	
  weak	
  

acid	
   and	
   is	
  mostly	
   present	
   in	
   the	
   neutral	
   Tyr–OH	
   form,	
   and	
   that	
  dopamine	
   assumes	
  monocationic	
  

form,	
  being	
  protonated	
  at	
  the	
  free	
  aminoethyl	
  group.	
  	
  

	
  

Table	
   1.	
   Calculated	
   pKa	
   values	
   at	
   different	
   dielectric	
   constants	
   ε.
a
	
   All	
   values	
   are	
   averaged	
   over	
   20	
  

starting	
  conformations,	
  with	
  the	
  corresponding	
  standard	
  deviations	
  shown	
  in	
  parentheses.	
  

	
  

	
  

MAO	
  B	
  free	
  enzyme	
   	
   MAO	
  B	
  in	
  complex	
  with	
  protonated	
  dopamine	
  
pKw	
  	
  

ε	
  =	
  8	
   ε	
  =	
  9	
   ε	
  =	
  10	
   ε	
  =	
  11	
   ε	
  =	
  12	
   	
   ε	
  =	
  8	
   ε	
  =	
  9	
   ε	
  =	
  10	
   ε	
  =	
  11	
   ε	
  =	
  12	
  

Tyr188	
  
11.2	
  

(0.019)	
  

11.1	
  

(0.018)	
  

11.0	
  

(0.020)	
  

10.4	
  

(0.022)	
  

10.4	
  

(0.020)	
  
	
  

13.6	
  

(0.030)	
  

13.3	
  

(0.022)	
  

13.1	
  

(0.018)	
  

12.5	
  

(0.024)	
  

12.3	
  

(0.019)	
  
	
  

Tyr398	
  
10.7	
  

(0.020)	
  

10.5	
  

(0.023)	
  

10.3	
  

(0.020)	
  

10.2	
  

(0.020)	
  

10.1	
  

(0.018)	
  
	
  

14.8	
  

(0.019)	
  

14.3	
  

(0.019)	
  

13.8	
  

(0.016)	
  

13.0	
  

(0.020)	
  

12.8	
  

(0.016)	
  
	
  

Tyr435	
  
10.2	
  

(0.018)	
  

10.2	
  

(0.016)	
  

10.2	
  

(0.019)	
  

9.7	
  

(0.040)	
  

9.8	
  

(0.017)	
  
	
  

15.6	
  

(0.022)	
  

15.2	
  

(0.019)	
  

14.8	
  

(0.019)	
  

14.0	
  

(0.020)	
  

13.8	
  

(0.017)	
  
	
  

tyrosine	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   10.1	
  

dopamine	
   	
   	
   	
   	
   	
   	
  
8.7	
  

(0.037)	
  

8.7	
  

(0.036)	
  

8.7	
  

(0.039)	
  

8.9	
  

(0.026)	
  

8.9	
  

(0.024)	
  
8.9	
  

a
	
  pKw	
  denotes	
  the	
  corresponding	
  experimental	
  value	
  in	
  aqueous	
  solution.	
  	
  

	
  

The	
  apparent	
  pKa	
  value	
  of	
  each	
  amino	
  acid	
   is	
   influenced	
  by	
  the	
  micro-­‐environment	
  provided	
  by	
  the	
  

protein’s	
   structure.	
   The	
   latter	
   reflects	
   inter-­‐residue,	
   residue-­‐solvent	
   and	
   long-­‐range	
   electrostatic	
  

interactions	
  with	
  other	
  charged	
  residues	
  in	
  the	
  protein	
  or	
  salt	
  ions	
  in	
  solution.	
  In	
  the	
  free	
  enzyme,	
  the	
  

pKas	
  of	
   the	
  tyrosine	
  sidechains	
  considered	
   in	
   this	
  work	
  are	
  within	
  0.8	
  pKa	
  unit	
  of	
   the	
  corresponding	
  

value	
   in	
  aqueous	
   solution	
   (Table	
  1).	
  The	
   former	
  assume	
  10.8,	
  10.4	
  and	
  10.0	
   for	
  Tyr188,	
  Tyr398	
  and	
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Tyr435,	
   respectively,	
   obtained	
   as	
   the	
   average	
   of	
   the	
   five	
   calculated	
   dielectric	
   constant	
   dependent	
  

values	
   (ε	
  =	
  8–12).	
  However,	
  placing	
  a	
  protonated	
  dopamine	
   into	
  the	
  active	
  site	
   (Figure	
  2)	
  causes	
  an	
  

upward	
  pKa	
  shift	
  of	
  up	
  to	
  4.7	
  pKa	
  units,	
  as	
  would	
  be	
  expected	
  from	
  placing	
  a	
  positively	
  charged	
  species	
  

next	
   to	
   them	
   into	
   a	
   hydrophobic	
   active	
   site,	
   and	
   in	
   line	
   with	
   the	
   suggestion	
   of	
   Edmondson	
   and	
  

coworkers.
37,38

	
  It	
  turns	
  out	
  that	
  in	
  the	
  complex,	
  the	
  hydroxy	
  groups	
  are	
  made	
  less	
  acidic,	
  which	
  further	
  

favors	
  the	
  neutral	
  form	
  relative	
  to	
  the	
  aqueous	
  solution.	
  We	
  can	
  conclude	
  that	
  it	
  is	
  very	
  unlikely	
  that	
  

these	
  tyrosines	
  could	
  serve	
  as	
  proton	
  acceptors	
  either	
  from	
  the	
  protonated	
  substrate	
  or	
  particularly	
  

during	
   the	
   initial	
   deprotonation	
   of	
   irreversible	
   acetylenic	
   inhibitors.	
   It	
   turns	
   out	
   that,	
   before	
   the	
  

protonated	
   substrate	
   enters	
   the	
   enzyme,	
   its	
   active	
   site	
   is	
   not	
  markedly	
   hydrophobic	
   resulting	
   in	
  

unchanged	
  tyrosine	
  pKa	
  values.	
  However,	
  once	
  dopamine	
  monocation	
  is	
  positioned	
  in	
  the	
  active	
  site,	
  

its	
   steric	
   requirements	
   demand	
   removal	
   of	
   nearby	
   water	
   molecules,	
   which	
   enhances	
   the	
  

hydrophobicity	
  of	
  the	
  environment.	
  As	
  a	
  consequence,	
  the	
  resulting	
  tyrosine	
  pKa	
  values	
  are	
  controlled	
  

by	
   two	
   opposing	
   effects.	
   Firstly,	
   binding	
   of	
   the	
   cation,	
  which	
   favors	
   deprotonated	
   form	
   of	
   tyrosine	
  

sidechain,	
  thus	
  lowering	
  its	
  pKa	
  values,	
  and	
  secondly	
  the	
  increased	
  hydrophobic	
  nature	
  of	
  the	
  active	
  

site,	
  which	
  works	
  towards	
  an	
  increase	
  in	
  tyrosine	
  pKa	
  values.	
  Our	
  results	
  demonstrate	
  that	
  the	
  latter	
  

effect	
  prevails	
  resulting	
  in	
  an	
  overall	
  upwards	
  shift	
  of	
  tyrosine	
  acidity	
  constants.	
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Figure	
  2.	
  Structure	
  of	
  the	
  MAO	
  B	
  active	
  site	
  in	
  complex	
  with	
  dopamine.	
  	
  

	
  

	
  

Visualization	
  of	
   the	
   relevant	
   crystal	
   structures	
  as	
  well	
   as	
   the	
   simulation	
   trajectories	
   reveals	
   that	
   all	
  

three	
   investigated	
  tyrosine	
  residues	
  are	
   found	
   in	
   front	
  of	
   the	
  re	
  side	
  of	
   flavin.	
  Two	
  of	
  those	
   (Tyr398	
  

and	
  Tyr435)	
   form	
   the	
  so-­‐called	
  “aromatic	
   cage”	
  and	
   the	
   third	
  one	
   (Tyr188)	
   is	
   found	
  between	
   them,	
  

just	
  a	
  bit	
  further	
  away	
  from	
  the	
  flavin	
  (Figure	
  2).	
  Additionally,	
  despite	
  the	
  hydrophobic	
  nature	
  of	
  the	
  

active	
   site	
   consisting	
   of	
   aromatic	
   moieties,	
   there	
   appears	
   to	
   nevertheless	
   still	
   be	
   a	
   few	
   water	
  

molecules	
  present,	
  which	
  are	
  hydrogen	
  bonded	
  to	
  the	
  aforementioned	
  tyrosines,	
  and	
  connecting	
  the	
  

tyrosine	
   sidechains	
  and	
   the	
   substrate	
  with	
   the	
  N1	
  atom	
   (Scheme	
  1)	
  of	
   the	
   flavin.	
  This	
   is	
   important,	
  

because	
   this	
   location	
   could	
   serve	
   as	
   the	
   potential	
   proton	
   accepting	
   site,	
   which	
   together	
   with	
   N5	
  

position	
  forms	
  two	
  reactive	
  centers	
  on	
  flavin.	
  These	
  are,	
  for	
  example,	
  found	
  both	
  hydrogenated	
  in	
  the	
  

reduced	
   form	
   of	
   the	
   flavin	
   FADH2.	
   This	
   is	
   in	
   agreement	
   with	
   the	
   recent	
   study	
   by	
   North	
   and	
   co-­‐

workers,
66
	
  who	
  used	
  Mulliken	
  population	
  analysis	
  on	
  several	
  substituted	
  flavins	
  and	
  showed	
  that	
  the	
  

N1	
  atom	
  bears	
  more	
  negative	
  atomic	
  charge	
  and	
   is	
  more	
  nucleophilic	
  compared	
  with	
   the	
  N5	
  atom,	
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which,	
  on	
  the	
  other	
  hand,	
  shows	
  electrophilic	
  nature.	
  Moreover,	
  a	
  large	
  number	
  of	
  flavoenzymes	
  have	
  

the	
  N1	
  atom	
  of	
  FAD	
  interacting	
  with	
  positively	
  charged	
  residues.2	
  As	
  a	
  result,	
  there	
  is	
  a	
  possibility	
  of	
  

proton	
  transfer	
  from	
  the	
  dopamine	
  to	
  the	
  bulk	
  water,	
  allowing	
  for	
  any	
  of	
  the	
  suggested	
  mechanisms	
  

of	
  catalysis	
  and	
  inhibition.	
  	
  

	
  

From	
  Table	
  1,	
   it	
  can	
  be	
  seen	
  that	
  when	
  dopamine	
   is	
  bound	
  to	
  MAO	
  B	
   it	
  assumes	
  a	
  pKa	
  value	
  of	
  8.8	
  

(Table	
  1),	
  which	
  would	
  be	
  expected	
   from	
  an	
  amine	
  bound	
   in	
  a	
  hydrophobic	
  active	
  site	
  consisting	
  of	
  

aromatic	
   moieties.	
   This	
   is	
   in	
   accordance	
   with	
   experimental	
   studies	
   on	
   MAO	
   A	
   by	
   Ramsay	
   and	
  

coworkers.
40
	
  Scrutton	
  and	
  co-­‐workers,41	
  however,	
  considered	
  several	
  MAO	
  A	
  substrates	
  and	
  showed	
  

that,	
   upon	
   binding	
   to	
   the	
   active	
   site,	
   the	
   corresponding	
   amine	
   pKa	
   values	
  were	
  downshifted	
  by	
   as	
  

much	
   as	
   two	
   pKa	
  units.	
  Therefore,	
   in	
   order	
   to	
   verify	
   our	
   calculated	
   pKa	
   shift	
   using	
   the	
   PDLD/S-­‐LRA	
  

approach,	
   we	
   also	
   calculated	
   the	
   pKa	
   shift	
   of	
   the	
   dopamine	
   using	
   the	
   free	
   energy	
   perturbation	
  

adiabatic	
   charging	
   (FEP/AC)	
   approach
67 ,68

	
  and	
   the	
   thermodynamic	
   cycle	
   outlined	
   in	
   Figure	
   3	
   of	
  

reference	
  49	
   (see	
   also	
   references	
  69	
  and	
  70).	
  That	
   is,	
   the	
   charges	
   of	
   the	
   dopamine	
  were	
   perturbed	
  

from	
  its	
  charged	
  to	
  neutral	
  form	
  (with	
  the	
  proton	
  being	
  replaced	
  by	
  a	
  dummy	
  atom	
  with	
  no	
  charge	
  in	
  

the	
  neutral	
   form)	
   in	
  51	
  mapping	
  frames	
  of	
  50	
  ps	
   length	
  each	
  (total	
  simulation	
  time	
  2.55	
  ns)	
   in	
  both	
  

aqueous	
  solution	
  and	
  the	
  MAO	
  B	
  active	
  site.	
  This	
  gave	
  solvation	
  free	
  energy	
  differences	
  of	
  –53.7	
  and	
  –

54.1	
   kcal	
  mol
–1
	
   in	
   aqueous	
   solution	
   and	
   in	
  MAO	
   B,	
   respectively,	
   which	
   corresponds	
   to	
   a	
  negligible	
  

downward	
  pKa	
  shift	
  of	
  0.3	
  kcal	
  mol
–1
,	
  using	
  the	
  relationship	
  pKa

p
	
  =	
  pKa

w
	
  +	
  ∆∆G/2.3RT	
  (see	
  for	
  example	
  

reference	
  70),	
  where	
   pKa
p
	
  and	
   pKa

w
	
  denote	
   pKa	
  values	
   of	
   dopamine	
   in	
   protein	
   and	
   in	
  water,	
   in	
   the	
  

same	
  order.	
  This	
   is	
   in	
  good	
  agreement	
  with	
  our	
  PDLD/S-­‐LRA	
  calculations	
   (Table	
  1),	
  again	
  suggesting	
  

that	
   the	
   dopamine	
   is	
   present	
   in	
   the	
   active	
   site	
   in	
   its	
   protonated	
   form.	
   From	
   this	
   value,	
   it	
   is	
   also	
  

possible	
  to	
  obtain	
  the	
  free	
  energy	
  cost	
  for	
  transferring	
  a	
  proton	
  from	
  the	
  dopamine	
  monocation	
  to	
  the	
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bulk	
   using	
   the	
   relationship:
71
	
  ∆𝐺

!"

!
= 2.303𝑅𝑇(𝑝𝐾

!

!
(𝑑𝑜𝑛𝑜𝑟)− 𝑝𝐻),	
  which	
   implies	
   that,	
   even	
   if	
   the	
  

dopamine	
  is	
  present	
  in	
  its	
  protonated	
  form,	
  it	
  would	
  be	
  fairly	
  easy	
  to	
  deprotonate	
  it	
  by	
  proton	
  transfer	
  

to	
  the	
  bulk	
  solvent,	
  with	
  a	
  free	
  energy	
  cost	
  of	
  about	
  1.9	
  kcal	
  mol
–1
	
  at	
  physiological	
  pH	
  (7.4).	
  It	
  is	
  also	
  

worth	
  noting	
  that	
  analysis	
  of	
  the	
  simulation	
  trajectory	
  reveals	
  specific	
  interactions	
  of	
  the	
  protonated	
  

amino	
  group	
  with	
   the	
  aromatic	
  cage	
   (Figure	
  3),	
  where,	
   in	
  a	
   typical	
   snapshot,	
   the	
  observed	
  distance	
  

between	
  the	
  dopamine	
  nitrogen	
  atom	
  and	
  the	
  centre	
  of	
  the	
  phenyl	
  ring	
  on	
  tyrosine	
  residues	
  assumes	
  

values	
  between	
  4–5	
  Å.	
  This,	
  in	
  conjunction	
  with	
  the	
  elevated	
  tyrosine	
  pKa	
  values,	
  suggests	
  that	
  these	
  

residues	
  might	
   play	
   an	
   important	
   role	
   in	
   stabilizing	
   the	
   protonated	
   amine,	
   either	
   directly	
   through	
  

hydrogen	
  bonding	
  interactions	
  with	
  the	
  relevant	
  sidechains,	
  or	
  through	
  cation–π	
  interactions	
  with	
  the	
  

aromatic	
   cage.	
   The	
   former	
   can	
   be	
   as	
   strong	
   as	
   hydrogen	
   bonding	
   interactions,
72
	
  	
   and	
   are	
   a	
   well-­‐

established	
   pattern	
   of	
   molecular	
   recognition	
   in	
   the	
   systems	
   of	
   biological	
   interest.
73 – 76

	
  As	
   an	
  

illustration,	
   the	
   relevant	
   experimentally	
   determined	
   gas-­‐phase	
   binding	
   energy	
   between	
   protonated	
  

methylamine	
  MeNH3

+
	
  and	
  benzene	
   is	
  as	
   high	
   as	
  –18.8	
   kcal	
  mol

–1
.
72
	
  Also,	
   it	
  was	
   demonstrated	
   that	
  

cation–π	
   interactions	
   are	
   crucial,	
   for	
   instance,	
   in	
   promoting	
   binding	
   of	
   cationic	
   agonists	
   and	
  

antagonists	
  to	
  the	
  nicotinic	
  acetylcholine	
  receptor.
73
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Figure	
   3.	
   Typical	
   snapshot	
  of	
   the	
   simulation	
   trajectory,	
  giving	
   some	
  evidence	
  of	
   stabilizing	
   cation–π	
  

interactions	
  between	
  the	
  tyrosine	
  aromatic	
  cage	
  and	
  the	
  protonated	
  dopamine	
  amino	
  group.	
  

	
  

	
  

Together	
   with	
   practically	
   unchanged	
   dopamine	
   pKa	
   values,	
   our	
   study	
  would	
   strongly	
   suggest	
   that	
  

dopamine	
   is	
  predominantly	
  present	
   in	
   the	
   active	
   site	
   as	
  monocation.	
  This	
   idea	
   is	
   in	
   full	
   agreement	
  

with	
  the	
  observed	
  tendency	
  that	
  analogous	
  benzyl	
  alcohols	
  are	
  poor	
  MAO	
  substrates,
77
	
  some	
  of	
  them	
  

even	
   being	
  MAO	
   inhibitors.
78,79

	
  A	
   possible	
   explanation	
   is	
   that	
   alcohols	
   cannot	
   easily	
   be	
   protonated	
  

under	
  physiological	
  conditions	
  (most	
  protonated	
  alkyl	
  alcohols	
  have	
  pKa	
  values	
  below	
  –2),
80
	
  which	
  is	
  in	
  

accordance	
   with	
   the	
   work	
   by	
   Ramsay	
   and	
   co-­‐workers40	
  who	
   demonstrated	
   that	
   even	
   though	
   the	
  

substrate	
   is	
  most	
   likely	
  protonated,	
  neutral	
   inhibitors	
   form	
   tighter	
  binders.	
   In	
  addition,	
   it	
   should	
  be	
  

stressed	
  that	
  the	
  precise	
  nature	
  of	
  binding	
  of	
  those	
  benzyl	
  alcohols	
  to	
  MAO	
  enzymes	
  is	
  not	
  yet	
  known.	
  

However,	
  the	
  low	
  free	
  energy	
  cost	
  associated	
  with	
  dopamine	
  deprotonation	
  to	
  the	
  bulk	
   implies	
  that	
  

dopamine	
   can	
   easily	
   be	
   deprotonated	
   prior	
   to	
   chemical	
   step.	
   This	
   is	
   in	
   harmony	
   with	
   all	
   three	
  

proposed	
  catalytic	
  mechanisms	
  that	
  all	
  require	
  neutral	
  dopamine	
  as	
  a	
  starting	
  point.	
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CONCLUDING	
  REMARKS	
  

In	
  this	
  article	
  we	
  provide	
  what	
  is,	
  to	
  the	
  best	
  of	
  our	
  knowledge,	
  the	
  first	
  systematic	
  study	
  of	
  the	
  pKa	
  

values	
   of	
   titratable	
   groups	
   present	
   in	
   the	
   active	
   site	
   of	
  Monoamine	
   oxidase	
   B	
   (MAO	
   B).	
  We	
   have	
  

considered	
  here	
  both	
  the	
  holoenzyme	
  and	
  the	
  enzyme	
  supplemented	
  with	
  the	
  dopamine	
  molecule	
  to	
  

form	
   enzyme–substrate	
   Michaelis	
   complex,	
   giving	
   rise	
   to	
   the	
   prechemical	
   step	
   of	
   dopamine	
  

degradation.	
  Specifically,	
  we	
  have	
  examined	
  the	
  pKas	
  of	
  the	
  three	
  tyrosine	
  residues	
  that	
  constitute	
  the	
  

so-­‐called	
   aromatic	
   cage,
7,39

	
   the	
  pKa	
  value	
  of	
   the	
  dopamine	
   itself,	
   as	
  well	
   as	
   the	
   free	
   energy	
   cost	
   of	
  

potential	
  deprotonation	
  of	
  the	
  dopamine	
  by	
  bulk	
  solvent.	
  The	
  calculations	
  were	
  performed	
  using	
  the	
  

full	
  dimensionality	
  of	
  the	
  protein	
  and	
  extensive	
  sampling.	
  	
  

	
  

It	
   was	
   demonstrated	
   that,	
   for	
   the	
   investigated	
   tyrosine	
   residues,	
   their	
   pKa	
   values	
   span	
   the	
   range	
  

between	
   13.0–14.7	
   pKa	
  units,	
   which	
   are	
   increased	
   from	
   the	
   corresponding	
  water	
   solution	
   value	
   of	
  

10.1	
  providing	
  strong	
  support	
  to	
  the	
  idea	
  of	
  the	
  hydrophobic	
  nature	
  of	
  the	
  active	
  site	
  put	
  forward	
  by	
  

Edmondson	
   and	
   co-­‐workers,17	
   which	
   could	
   help	
   in	
   understanding	
   the	
   precise	
   mechanism	
   of	
   the	
  

catalytic	
  step	
  and	
  the	
   inhibition	
  reaction	
  of	
  MAO	
  enzymes.	
  The	
  altered	
  tyrosine	
  pKa	
  values	
  could	
  be	
  

rationalized	
  as	
  an	
   interplay	
  of	
   two	
  opposing	
  effects:	
   insertion	
  of	
  positively	
   charged	
  bulky	
  dopamine	
  

that	
   lowers	
   the	
   tyrosine	
  pKa	
  values,	
  and	
   therewith	
  associated	
   removal	
  of	
  water	
  molecules	
   from	
  the	
  

active	
   site	
   that	
   promotes	
   hydrophobicity	
   and	
   elevates	
   the	
   tyrosine	
   pKa	
   values,	
   in	
   which	
   the	
   latter	
  

prevails.	
   Similarly,	
   calculated	
   pKa	
   values	
   for	
   the	
   dopamine	
   suggest	
   that	
   the	
   pKa	
   of	
   this	
   species	
   is	
  

relatively	
  unaffected	
  by	
  the	
  change	
  of	
  environment,	
  which	
  would	
  again	
  be	
  consistent	
  with	
  an	
  amine	
  

placed	
   in	
   a	
   hydrophobic	
   active	
   site	
   consisting	
   of	
   aromatic	
   residues,	
   and	
   implying	
   that	
   the	
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corresponding	
  deprotonation	
  of	
  the	
  dopamine	
  monocation	
  by	
  the	
  bulk	
  solvent	
  would	
  be	
  fairly	
  facile,	
  

with	
  a	
  free	
  energy	
  cost	
  of	
  1.9	
  kcal	
  mol
–1
	
  at	
  room	
  temperature	
  and	
  physiological	
  pH.	
  It	
  is	
  worth	
  noting	
  

that,	
  during	
  the	
  entire	
  simulation	
  time,	
  few	
  water	
  molecules	
  were	
  present	
  at	
  the	
  active	
  site,	
  and	
  were	
  

constantly	
  exchanging	
  with	
  the	
  bulk	
  water	
  molecules.	
  This	
  gives	
  some	
  additional	
  evidence	
  about	
  the	
  

nature	
  of	
  the	
  active	
  site,	
  which	
  is	
  not	
  conventionally	
  water-­‐free	
  hydrophobic,	
  but	
  rather	
  involves	
  the	
  

aromatic	
   cage	
   that	
   is	
   capable	
   to	
   form	
   favorable	
   quadrupolar	
   interactions	
   with	
   dipolar	
   (water)	
   and	
  

cationic	
   (protonated	
   substrate)	
   species.	
   Additional	
   proof	
   was	
   provided	
   by	
   visualization	
   of	
   the	
  

simulation	
   trajectories	
   showing	
   a	
   favorable	
   orientation	
   of	
   the	
   charged	
   dopamine	
   towards	
   tyrosine	
  

residues.	
  We	
  would	
  like	
  to	
  emphasize	
  at	
  this	
  stage	
  that	
  Edmondson	
  and	
  co-­‐workers39	
  did	
  raise	
  a	
  valid	
  

point	
  about	
  the	
  high	
  free	
  energy	
  cost	
  associated	
  with	
  transporting	
  a	
  protonated	
  dopamine	
  through	
  a	
  

membrane,	
  so	
  at	
  this	
  stage	
  it	
  is	
  unclear	
  precisely	
  how	
  the	
  protonated	
  dopamine	
  could	
  enter	
  the	
  MAO	
  

B	
  active	
  site.	
  However,	
  this	
  is	
  an	
  issue	
  that	
  is	
  out	
  of	
  the	
  scope	
  of	
  the	
  present	
  work,	
  and	
  our	
  calculated	
  

results	
  tie	
  in	
  with	
  experimental	
  studies	
  on	
  MAO	
  A,
40
	
  suggesting	
  that	
  the	
  amine	
  is	
  present	
  in	
  the	
  active	
  

site	
  in	
  its	
  protonated	
  form,	
  but	
  that	
  the	
  relatively	
  low	
  cost	
  of	
  proton	
  loss	
  to	
  the	
  bulk	
  is	
  consistent	
  with	
  

all	
  three	
  proposed	
  catalytic	
  mechanisms	
  that	
  all	
  require	
  neutral	
  dopamine	
  to	
  enter	
  the	
  chemical	
  step.	
  

	
  

Future	
   studies	
   will	
   be	
   directed	
   towards	
   elucidation	
   of	
   the	
   exact	
   catalytic	
   and	
   the	
   inhibition	
  

mechanisms	
   of	
  MAO	
   B	
   on	
   the	
   QM/MM	
   level	
  with	
   proper	
   thermal	
   averaging	
   and	
   appropriate	
   free	
  

energy	
   calculations.
67
	
   Quantization	
   of	
   the	
   nuclear	
   motion	
   should	
   yield	
   values	
   of	
   the	
   H/D	
   kinetic	
  

isotope	
  effects	
  that	
  will	
  discriminate	
  between	
  several	
  possible	
  mechanisms.	
  	
  In	
  order	
  to	
  facilitate	
  this,	
  

the	
  present	
  results	
  shed	
  new	
  light	
  on	
  features	
  of	
  MAO	
  B	
  active	
  site	
  and	
  provide	
  relevant	
  constrains	
  for	
  

upcoming	
  calculations.	
   It	
   remains	
  a	
   future	
  challenge	
   to	
  apply	
   the	
  molecular	
  dynamics	
  methodology	
  

for	
   simulations	
   at	
   the	
   constant	
   pH
81
	
  and	
   quantum	
   dynamical	
   treatment	
   of	
   proton	
   dynamics

82–84
	
  to	
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MAO	
  B	
  active	
   site,	
  which	
  we	
  plan	
   to	
  address.	
  Our	
  ultimate	
  goal	
  will	
  be	
   to	
   rationalize	
  substrate	
  and	
  

inhibitor	
  specificity	
  and	
  design	
  novel	
  reversible	
  and	
  irreversible	
  inhibitors	
  that	
  are	
  all	
  potential	
  drugs,	
  

used	
  in	
  the	
  clinical	
  treatment	
  of	
  depression	
  and	
  certain	
  neurological	
  disorders	
  like	
  Parkinson	
  disease.
85
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