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Abstract   

 
Parkinson’s  Disease  belongs  to  a  group  of  overlapping  neurodegenerative          

disorders  called  α-Synucleinopathies.  Patients  are  diagnosed  by  degeneration  of          

dopaminergic  neurons  and  the  presence  of  Lewy  bodies  within  surviving  neurons  of  the              

Substantia  Nigra  Pars  Compacta.  These  Lewy  bodies  are  proteinaceous  deposits  of            

α-Synuclein.  This  intrinsically  disordered  protein  pathologically  aggregates  into  toxic          

oligomers  or  β-sheet  fibril  species.  Currently  there  are  no  known  drugs  available  to  treat               

or  reverse  the  pathogenesis  of  this  disease.  Therefore  there  is  an  unmet  clinical  need  to                

find  small  molecules  that  can  inhibit  αS  aggregation  to  mediate  Lewy  Body  pathology.              

The  proposed  mechanism  to  stop  Lewy  Body  pathology  is  to  identify  small  molecule              

inhibitors  that  can  preferentially  bind  to  monomeric  α-Synuclein  to  inhibit  aggregation            

by  encouraging  it  to  fold  into  a  non-toxic  species.  Although  there  are  no  drugs  available                

to  stop  or  reverse  Parkinson’s  Disease,  67  small  molecule  inhibitors  were  identified             

from  literature  to  stop  the  aggregation  of  α-Synuclein.  These  inhibitors  belonged  to  ten              

structurally  diverse  classes,  phenolic  or  terpenoids  were  most  common,  and  were            

predominantly  isolated  from  plants  used  as  traditional  Chinese  medicines.  This  review            

indicated  that  traditional  Chinese  medicine  is  a  promising  avenue  to  discover  new  small              

molecule  binders  and  inhibitors  of  α-Synuclein  aggregation.  A  TCM  pure  compound            

library  was  collated  from  139  bioactive  molecules  that  had  not  been  previously             

evaluated  for  their  binding  potential  against  α-Synuclein.  Compounds  were  previously           

isolated  and  reported  from Phlegmariurus  carinatus , Asarum  sieboldii  var. Seoulense ,           

Macleaya  cordata , Gastrodia  elata Bl.  and Ligusticum  chuanxiong  Hort  as  they  are             

commonly  used  for  their  antioxidant  properties  and  ability  to  treat  symptoms  of  brain              
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related  disorders,  common  amongst  Parkinson’s  Disease  patients.  The  compounds  were           

screened  using  laboratory  synthesised  monomeric  α-Synuclein  (>95%  purity).         

α-Synuclein  was  expressed  in  house  by  selectively  synthesising  the  protein  in  pET-22b             

(+)  vector  and  grown  in Escherichia  coli BL21  (DE3)  cells.  Non-chromatographic            

purification  expelled  α-Synuclein  protein  from  the  periplasm  and  separated  it  from  other             

proteins  and  nucleic  acids.  Further  purification  was  performed  by  anion  exchange  fast             

protein  liquid  chromatography.  Mass  spectrometry  is  an  emerging  high-throughput          

technique  that  uses  small  concentrations  of  protein  and  compounds  to  sensitively  detect             

protein-ligand  complexes.  It  has  many  benefits  and  has  since  been  favoured  as  a  drug               

screening  tool  for  Parkinson’s  Disease.  α-Synuclein  samples  were  buffer  exchanged  and            

Quadrupole-time-of-flight  Mass  Spectrometry  was  used  to  assess  purity  of  protein  and            

screen  pure  compounds  at  a  7.5:1  concentration.  Three  TCM  compounds  bound  to             

monomeric  α-Synuclein  at  7.5:1  ratio.  Terpenoid  compounds  3.12,  3.15  bound           

non-covalently  whereas  glucoside  compound  3.124  bound  covalently  to  α-Synuclein          

protein.  All  other  TCM  compounds  did  not  bind  at  a  7.5:1  ratio  and  are  not  plausible                 

drug  candidates  despite  being  bioactive  against  other  neurodegenerative  disorders.  All           

TCM  compounds  and  known  inhibitors  were  evaluated  for  their  oral  bioavailability  and             

blood  brain  barrier  permeability  by  an in  silico  study.  Lipinski’s  Rule  of  5  and  Veber’s                

Rule  were  used  to  assess  the  drug-likeness  of  molecules  to  be  orally  active.  Whereas  a                

BOILED-Egg  plot  was  used  to  predict  gastrointestinal  tract  and  blood  brain  barrier             

permeation.  Drug  candidates  must  satisfy  these  criteria  in  order  to  be  a  successful  orally               

administered  Parkinson’s  Disease  drug.  All  three  TCM  binders  were  calculated  to  be             

orally  bioavailable  and  were  predicted  to  permeate  the  gastrointestinal  tract  however  not             

the  blood  brain  barrier.  TCM  compounds  were  predicted  to  permeate  the  blood  brain              
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barrier  at  a  higher  rate  than  the  known  inhibitors  and  are  a  good  source  of  drug                 

candidates.  Comparatively,  13  of  the  67  known  α-Synuclein  aggregation  inhibitors  were            

predicted  to  have  good  oral  bioavailability  and  cross  the  blood  brain  barrier.  These  13               

inhibitors  belonged  to  either  phenolic  or  terpenoid  compound  classes,  the  same            

structural  class  of  the  three  α-Synuclein  binders.  Thus,  these  phenolic  and  terpenoid             

compounds  are  promising  agents  and  should  be  prioritised  for  development  into  a             

neurotherapeutic   Parkinson’s   Disease   drug.   
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CHAPTER   1   INTRODUCTION   

 

1.1   Parkinson’s   Disease   

Parkinson’s  Disease  (PD)  is  a  prevalent,  progressive,  sporadic  neurodegenerative          

and  movement  disorder 1,  2 that  affects  1-2%  of  the  global  population  over  the  age  of  65. 3,                 

4  The  disorder  is  age  related  therefore  at  risk  populations  include  elderly  women  and               

men,  with  prevalence  increasing  with  age. 5  PD  is  a  debilitating  condition  that  results  in               

a  poorer  quality  of  life,  and  is  among  the  top  cause  of  death  in  the  elderly  population. 6                  

In  2005  there  were  4.1  million  cases  of  PD  in  people  over  50  years  of  age  and  the                   

incidence  of  the  disease  is  anticipated  to  double  by  2030 7  due  to  a  global  increase  in  the                  

aging  population. 8  This  makes  PD  the  most  common  movement  disorder  in  the  world              

and  second  most  common  neurodegenerative  disorder,  following  Alzheimer’s  Disease          

(AD). 3,  9  Nevertheless  PD  is  progressive  and  in  80%  of  patients  develops  into  dementia               

approximately   20   years   after   the   onset   of   disease. 4   

There  are  several  diagnostic  criteria  that  have  been  clinically  documented  and            

help  differentiate  PD  patients  from  those  experiencing  different  degrees  of           

Parkinsonisms.  These  symptoms  include  motor  symptoms,  which  are  the  first           

observable  indicator  of  PD, 5,  10  and  non-motor  symptoms.  Other  motor  symptoms  of  this              

condition  include  hypomimia  (reduced  facial  expressions),  micrographia  (small  and          

cramped  handwriting), 5  festinating  gait,  pain,  drooling,  dysphasia  (swallowing         

problems),  insomnia,  restless  leg  syndrome  and  Rapid  Eye  Movement  (REM)  sleep            

behaviour  disorder. 3,  5  Non-motor  symptoms  include  apathy,  fatigue,  depression,  anxiety,           

smell  dysfunction,  impaired  cognition,  autonomic  dysfunction,  and  psychosis. 5,  11  There           
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are  two  forms  of  PD,  idiopathic  and  familial,  however  both  forms  experience  the  same               

symptoms. 3  Idiopathic  or  sporadic  PD  is  most  common  among  cases. 4  Familial  PD             

comes  from  an  autosomal-dominant  pattern  of  inheritance 12,  13  and  is  experienced  in  less              

than  15%  of  cases 4  as  well  as  having  an  earlier  onset  than  sporadic  PD. 12,  14  This                 

condition  is  diagnosable  upon  two  prerequisite  symptoms  including  bradykinesia  (slow           

movement)  and  one  other  physical  symptom;  either  muscle  rigidity,  resting  tremor 4  or             

postural  instability. 5  Furthermore  cognitive  disability  is  present  in  a  large  portion  of             

people   with   advanced   stage   PD. 3   

 

1.1.1   α-Synucleinopathies   

Parkinson’s  disease  belongs  to  a  group  of  overlapping  neurodegenerative          

disorders  called  α-Synucleinopathies.  Although  the  condition  can  be  diagnosed  upon           

observation  of  key  symptoms,  the  definitive  and  neuropathological  diagnosis  of           

α-Synucleinopathies  can  only  be  confirmed  post  mortem. 15  Confirmation  of  the  disease            

is  upon  observation  of  two  key  pathological  hallmarks.  The  first  is  the  degeneration  of               

dopaminergic  (DA)  neurons,  of  which  there  is  moderate  to  severe  loss 8,  16  within  the               

Substantia  Nigra  (SN)  Pars  Compacta  ( Figure  1.1 ). 1,  17  The  most  pronounced  loss  is              

localised  to  the  caudal  and  ventrolateral  parts  of  the  SN, 3  the  part  of  the  brain                

responsible  for  motor  control.  Neurodegeneration  and  subsequent  depletion  of          

neurotransmitter  dopamine 8,  16  leads  to  debilitation  in  motor  skills  and  decline  in             

cognitive  function.  Therefore,  clinical  motor  symptoms  appear  once  degeneration  of  the            

SN  and  other  nuclei  in  the  mid-  and  forebrain  regions  begin 5,  10  and  after  approximately                

80%   loss   of   DA   cells   in   nigro-striatal   system. 5,   18  
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Figure  1.1 Substantia  Nigra  Pars  Compacta  of  non-Parskinson’s  and  Parkinson’s  Disease  patients.             

Adapted  from https://commons.wikimedia.org/wiki/File:Blausen_0704_ParkinsonsDisease.png .  Licensed     

by   CC   BY   3.0    https://creativecommons.org/licenses/by/3.0/deed.en  

 

The  second  hallmark  of  the  disease  is  the  presence  of  Lewy  Bodies  (LB),  which               

are  intracellular  aggregated  bodies  of  protein,  in  surviving  brain  neurons  ( Figure  1.2 ). 8,             

9,  19,  20  They  are  found  specifically  and  abundantly  in  the  SN, 3,  9,  21,  22  in  other  cortical  or                    

subcortical  neurons, 8,  23  and  within  the  brainstem  and  cerebral  cortex. 24  LB  is  the  name               

given  to  fibrillar  aggregates  found  within  PD  and  Dementia 3,  8,  19  and  were  first               

discovered   as   a   hallmark   of   PD   in   1997. 12,   25   
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Figure  1.2. Lewy  Body  appearing  in  the  Substantia  Nigra  of  a  Parkinson’s  Disease  patient.  Adapted  from                 

https://commons.wikimedia.org/wiki/File:Lewy_bodies_(alpha_synuclein_inclusions)_1.jpg .  Licensed  by    

CC   BY-SA   3.0    https://creativecommons.org/licenses/by-sa/3.0/deed.en .  

 

These  aggregates  are  eosinophilic,  intracytoplasmic  inclusions 3  that  consist  of  a           

dense  granular  core  surrounded  by  a  halo  of  neurofilament  and  α-Synuclein  (αS)             

aggregates. 24,  26,  27  These  aggregates  are  a  major  component  of  LB 6,  25,  28-32  and  develop                

from  protein  deposition. 8,  25  The  presence  of  αS  protein  is  believed  to  be  directly               

causative  of  the  pathogenic  process  that  underlines  PD  by  causing  Lewy  Body             

pathology,  cell  injury,  DA  cell  death,  neuroinflammation,  neurodegeneration,  dopamine          

deficiency,   neurotoxicity,   and   faster   onset   of   PD. 3,   4,   19,   24,   33  
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1.1.2   α-Synuclein   Protein  

αS  plays  an  important  role  in  neurodegeneration,  therefore  understanding  its           

native  state  is  imperative  for  understanding  and  treating  PD.  Synuclein  proteins            

(α-Synuclein,  β-Synuclein,  and  γ-Synuclein)  are  abundantly  found  in  the  brain 3  and  are             

neuron-specific  proteins. 12,  34  The  name Synuclein is  derived  from  its  locality  in  the              

pre- synaptic nerve  terminals  and  areas  of  the nucl ear  envelope. 3,  12,  34,  35  αS  is  a  small                 

(14,460  Da)  acidic,  soluble,  heat  resistant  protein 9,  12,  36-38  encoded  by  the  SNCA  gene.  It                

is  synthesised  in  the  central  nervous  system  (CNS), 3,  39  accounts  for  1%  of  the  protein                

content  available 19  within  neurons  of  a  healthy  human  brain  and  cytoplasm.  Under             

physiological  conditions  it  exists  as  a  monomer  with  no  stable  tetramer  formation,  is              

absent  of  tertiary  structure,  and  is  predominantly  unfolded  and  random  in  structure. 9,  12,              

36-38,  40-44  However  native  αS  has  a  high  degree  of  structural  diversity  and  exists  as                

dynamic  ensembles  of  different  unstructured  states  as  it  lacks  significant  intra-chain            

interactions. 45,  46  At  physiological  pH  it  is  unstructured,  with  a  highly  flexible             

C-terminus, 47  which  is  due  to  its  low  hydrophobicity  and  high  net  charge. 12,  48  Whereas               

at  a  neutral  pH  αS  remains  disordered  and  becomes  more  compact  than  a  random  coil. 12,                

38   

αS  is  an  Intrinsically  Disordered  Protein  (IDP)  and  exists  at  different            

confrontational  states, 1  by  converting  unstructured  polypeptides  into  β-sheet  rich          

secondary  structures. 12  It  belongs  to  a  sub-family  of natively  unfolded  protein s  which             

are  associated  with  dynamic,  flexible  secondary  and  tertiary  structures. 12  Unfolded           

proteins  have  a  low  overall  hydrophobicity,  low  sequence  complexity,  and  high  net             

charge. 12,  48  Unlike  ordered  proteins,  αS  undergoes  non-cooperative  conformational          
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changes  and  does  not  have  a  stable  three-dimensional  structure.  Instead  IDPs  have             

several  regions,  an  ‘extended’  random  coil-like  region  with  some  secondary  structure,            

and  a  ‘collapsed’  region  which  are  domains  of  molten  globules  domains  and  poorly              

packed  side  chains. 12,  49  Evaluation  of  the  Ramachandran  angles  demonstrate  that  the             

position  of  atoms  and  backbone  varies  over  time  as  compared  to  ordered  proteins  which               

vary  only  slightly  around  equilibrium. 12  Recombinant  full-length  αS  is  140  amino  acids             

long  in  humans 1,  40,  50  and  is  encoded  by  the  SNCA  gene  with  seven  exons  located  in                  

chromosome  4. 12,  51  It  has  an  overall  negative  charge  at  physiological  pH, 47  and  is               

sequenced  by  11  imperfect  KTKEGV  repeats  that  contains  three  mostly  acidic  residues. 3             

Residues  1-65,  the  N-terminal  domain  ( Figure  1.3 ),  contains  four  imperfect  repeats  of             

the  KTKEGV  sequence  and  codes  for  amphipathic  α-helices;  this  region  interacts  with             

phospholipid  membranes  and  vesicles. 47  Residues  66-95  is  the  Central  Non-Amyloid-β           

component  (NAC)  region  ( Figure  1.3 )  containing  3  KTKEGV  repeats,  is  hydrophobic            

and  highly  amyloidogenic.  This  region  is  referred  to  as  the  toxic  core  as  it  is  critical  for                  

fibril  aggregation  which  is  a  key  component  in  LB  pathology  and  is  therefore  involved               

in  aggregation. 1  Residues  96-140  is  the  C-terminus  tail  ( Figure  1.3 ),  is  very  acidic,              

negatively  charged,  and  proline  rich.  Acetylation  of  the  C-termini  promotes  lipid            

binding,  multimerization  and  many  ‘protein  to  protein’  or  ‘protein  to  small  molecule’             

interaction  sites. 47  Interactions  between  the  N-  and  C-terminus  have  a  stabilizing  effect             

on   the   protein   and   freezes   it   into   a   compact,   monomeric   state   that   has   little   toxicity. 1  
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Figure  1.3. Picture  of  primary  amino  acid  sequence,  three  distinct  regions  of  alpha-synuclein  and  crystal                

structure.   Crystal   structure   is   adapted   from   the   RBSB   Protein   Data   Bank.   

 

The  function  of  αS  is  not  definitively  known  however  it  has  been  hypothesised              

to  be  a  SNARE  complex  chaperone, 40,  52  an  activity-dependent  regulator  of            

neurotransmission  in  the  striatum, 3  phospholipid  binder, 40,  53  selective  phospholipase  D2           

inhibitor, 3,  54  regulator  of  vesicular  transport  processes,  role  in  biochemical  processes,            

dopamine  regulator, 1  synaptic  vesicle  release  and  trafficking,  neuronal  survival,          

transporters  and  neurotransmitter  vesicles,  fatty  acid  binder  and  physiological  regulator           

of  certain  enzymes,  neuron  protector  from  aptopic  stimuli  and  nervous  system            

operator. 12,  55  Not  so  specifically,  it  is  believed  to  have  a  role  in  cell  signalling, 12,  55-57  and                  

that  a  loss  of  αS  function  is  unlikely  to  cause  neurodegeneration. 12,  58  Misfolding  and               

subsequent  aggregation  of  proteins  are  common  causes  of  neurodegenerative          

disorders, 28  which  have  been  linked  to  PD  and  related  disorders. 8,  20,  25  Despite  the               

primarily  unstructured  state  of  monomeric  αS,  it  is  still  prone  to  aggregation  in  a               

time-dependent  manner. 40  Unfolded  proteins  are  more  susceptible  to  aggregation  than  a            
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conformationally  stable  protein. 40  Under  pathological  conditions  αS  will  undergo          

structural  and  conformational  changes  which  makes  the  monomers  aggregate  with  itself            

to  become  a  mostly  insoluble  species  of  abnormal  and  intraneuronal  aggregates.  The             

aggregated  state  of  the  protein  is  important  for  understanding  the  disease  as  the              

misfolding  plays  a  role  in  the  perceived  pathogenesis  of  PD  and  related  disorder. 20,  25               

Aggregated  αS,  also  known  as  amyloid  fibrils,  has  been  associated  with  PD             

pathogenesis. 6,  40,  59,  60  The  mechanism  of  aggregation  has  been  widely  investigated,  in              

order  to  better  understand  the  disease.  Amyloid  proteins,  under  specific in  vitro             

conditions  and  despite  amino  acid  sequence,  will  adhere  to  a  common  conserved             

pathway  into  aggregates. 12,  61,  62  This  mechanism  is  a  multi-step  process  that  involves              

nucleation-dependent  polymerization, 63  conformational  changes  and  self-assembly  of        

proteins  ( Figure  1.4 ). 45  The  process  begins  with  native  αS,  a  soluble  monomeric             

species 12,  45  that  reacts  with  low  molecular  weight  molecules  and  binds  to             

phospholipids. 40,  53,  64  This  partial  folding  creates  intermediate  structures  that  exist  in             

rapid  equilibrium  with  monomeric  αS. 12  Monomers  undergo  nucleation,  where  the           

rate-limiting  step  is  the  generation  of  spontaneous  intermediate  species  called           

oligomers,  to  become  early  stage  aggregates  with  a  wreath-like  structure; 12,  45  nucleation             

is  accelerated  by  the  presence  of  small  aggregates. 65-68 Once  oligomers  are  produced,             

fibril  growth  follows  a  ‘lock  and  dock  mechanism’,  where  monomers  will  reversibly             

bind  to  fibrils. 12  Oligomers  can  easily  transform  into  late  stage  aggregates, 12,  38  called              

protofibrils,  by  polymerization  of  fibrils  that  reaches  an  equilibrium  state  of  gradual             

conformation. 69  Further  elongation  of  these  insoluble  fibrillar  aggregates  creates  highly           

ordered β-sheet  rich  structures. 1,  12,  45  It  is  this  β-sheet  rich  structure  that  is  the  primary                 

structural   component   of   LB. 19,   39,   45   
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Figure  1.4. Schematic  depicting  α-Synuclein  aggregation  pathway  with  the  end  product  being  Lewy              

Bodies  formed  from  monomeric  α-Synuclein  (Central).  (Left)  Known  modifiers  of  α-Synuclein            

aggregation.  PLK2  activated  by  neuronal  charge  states  results  in  phosphorylation  of  α-Synuclein  at              

Ser129.  α-Synuclein  is  truncated  by  the  protease  calpain  and  nitration  occurs  during  inflammatory  states               

through  nitric  oxide  (NO).  These  processes  result  in  α-Synuclein  oligomers.  (Right)  Toxicity  of  αS  toxic                

species  resulting  in  cell  dysfunction.  Potential  therapeutic  opportunities  include  limiting  the  formation  of              

oligomers  and  α-Synuclein  aggregates  using  small  molecule  inhibitors.  Adapted  from           

https://molecularneurodegeneration.biomedcentral.com/track/pdf/10.1186/1750-1326-4-9  Licenced  by    

CC   BY   2.0    https://creativecommons.org/licenses/by/2.0/deed.en  
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In  recent  years,  extensive  studies  have  hypothesised  that  αS  aggregation  is            

linked  to  dopaminergic  cell  death,  neurodegeneration  and  eventual  PD  pathogenesis. 40,           

59,  60  The  most  convincing  evidence  has  utilised  human  genetics,  animal  models,  cell              

cultures,  biochemical  and  biophysical  studies  to  conclude  that  parkinsonism  is  in  fact  a              

consequence  of  αS  aggregation. 3,  4,  12,  15,  19,  39,  70  Studies  have  demonstrated  that  aggregates                

cause  neurodegeneration  and  trigger  PD  symptoms. 9,  71  This  occurs  by  interacting  with             

biomolecules  which  are  known  to  implicate  the  trafficking  of  vesicles,  fusion,  and  αS              

degradation  by  proteasome  inhibition  and  autophagy. 1  These  interactions  have  prompted           

mitochondrial  and  synaptic  dysfunction,  endoplasmic  reticulum  and  oxidative  stress. 1,  17,           

72,  73 More  specifically,  oligomers,  as  opposed  to  mature  amyloid  fibrils,  have  been              

linked  to  the  onset  of  disease  and  are  referred  to  as  the  ‘disease-causing  species’  by                

driving  neuroinflammation, 1  neurodegeneration  and  neuronal  cell  death. 12,  74,  75          

Oligomeric  toxicity  was  described  when  a  study  of  PD  mutation  A30P  accelerated             

initial  oligomerization  while  retarding  the  formation  of  mature  fibrils. 12,  46,  74  Toxicity  at              

a  cellular  level  was  measured  from  oligomers  despite  greatly  lacking  in  aggregated  αS              

and   where   aggregates   developed   after    in   vitro    cell   death. 12,   14    Further   evidence   includes:   

● Neurodegeneration  outside  of  the  SN  without  fibrillar  inclusions  in  transgenic           

mouse   models   expressing   A53T   and   WT   αS. 12,   76  

● Human  αS  expression  in  rat  SN  resulted  in  selective  dopaminergic  toxicity  with             

non-fibrillar   inclusions. 12,   77  

● Some  animal  models  demonstrated  that  αS  inclusions  do  not  contain  fibrils  and             

fibril-containing  inclusions  in  fly  models  can  occur  in  the  absence  of            

neurodegeneration. 78,   79  
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● DA  neuron  loss  was  higher  in  transgenic  mice  expressing  oligomer-forming           

E35K  and  E57K  αS  mutants  and  lowest  in  expressing  fibril-forming  A53T            

mutant. 75  

Oligomers  bind  to  lipid  membranes  to  disrupt  membrane  bilayers  easily  and            

penetrate  membranes  to  form  pore-like  channels. 12 Soluble  misfolded  intermediate          

species  cause  neuronal  death,  by  overwhelming  the  cells  protein  recycling  machinery            

with  misfolded  protein  and  have  a  greater  incidence  of  escaping  when  concentrated. 80             

This  demonstrates  that  neurotoxic  pathology  induced  by  protein  aggregation  may  be            

mediated  through  two  processes;  the  first  is  that  a  different  species  of  αS  using  varying                

mechanisms  to  aggregate  or  secondly,  through  various  routes  where  proteins  are            

involved  in  different  cellular  processes. 12  Each  of  these  processes  may  not  induce             

toxicity  by  themselves  and  may  work  synergistically. 12  The  mechanism  that  ultimately            

causes  αS  aggregation  is  the  altering  of  protein  conditions  to  destabilize  its  native  form.               

This  is  mostly  done  by  exposing  buried  hydrophobic  regions  of  the  protein  to  promote               

intermolecular  interactions  with  other  monomeric  or  higher  order  αS. 45  Aggregated  αS            

also  exhibits  prion-like  activity  thus  explaining  its  progressive  condition. 81  Extensive           

studies  have  found  that  aggregation  of  αS  can  be  encouraged  by  many  triggers  including               

oxidative  stress, 9,  45  metal  ions  causing  a  compact  structure  via  charge  neutralization, 9,  12,              

45,  47  elevated  temperatures, 12,  45  interactions  with  polyamine, 12  pH  changes, 45  ion            

concentration, 12  agitation, 12  toxins  and  pesticides, 12  protonation, 12  mutations, 45  addition         

of  denaturants  and  detergents, 12,  45  high  concentration  of  αS, 9,  12,  45  crowding  agents              

(polyethylene  glycols,  polysaccharides  or  other  proteins, 12  decreased  net  charge, 12  and           

increased   hydrophobicity. 12,   38   
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1.2   Small   Molecule   Inhibitors   of   αS   Aggregation   

1.2.1   Unmet   Clinical   Need   

Many  of  the  therapies  available  to  PD  can  only  provide  temporary  symptomatic             

relief  for  improvement  of  motor  control. 4  These  types  of  treatment  improve  motor             

control  by  targeting  the  dopaminergic  system. 4  The  administration  of          

ʟ-dihydroxyphenylalanine  (L-DOPA), 3,  4  is  a  dopamine  replacement  strategy,  which          

works  as  a  precursor  of  that  crosses  the  blood  brain  barrier  (BBB)  and  restores  motor                

function. 3,  4  Although  efficacious,  this  treatment  loses  efficiency  with  the  onset  of  the              

disease  and  is  ultimately  unable  to  slow  down  or  stop  neurodegeneration.  Therefore,             

there  is  an  unmet  clinical  need  for  novel  treatments  that  can  address  neuroprotection  to               

stop  the  progression  of  the  disease,  rather  than  therapy  that  provides  short  term              

symptomatic  relief.  One  of  the  best  ways  to  do  this,  is  to  utilise  the  αS  aggregation                 

mechanism  that  leads  to  LB  formation.  Therefore,  one  of  the  mechanisms  to  inhibit              

aggregation  is  by  utilising  small  molecules that  can  specifically  bind  to  αS,  to              

consequently  form  a  less  toxic  conformational  species  of  αS.  Hence,  emerging  research             

in  PD  treatment  is  in  the  development  of  disease  modifying  drugs  for             

α-synucleinopathies.  The  discovery  of  drugs  will  need  to  operate  as  specific  αS-targeted             

binders,  in  order  to  provide  on-target  treatment,  and  as  small  molecule  inhibitors  of  αS               

aggregation.    
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1.2.2   Small   Molecule   Inhibitors   

An  effective  way  to mediate  LB  pathology  and  ultimately  treat  PD  is  to  identify               

small  molecules  that  can  behave  as  inhibitors  of  αS  aggregation.  Inhibitors  work  by              

either  interfering  at  different  stages  of  the  aggregation  process 1  or  by  altering  the              

signaling  pathways  of  aggregation. 12  Both  potential  mechanisms  would  subsequently          

favour  the  formation  of  a  non-toxic  species  over  αS  aggregates  to  stop  LB  formation.               

Although  there  have  been  many  small  molecule  inhibitors  identified  none  have  become             

applicable  as  a  PD  drug.  Therefore,  the  identification  of  known  small  molecule             

inhibitors  is  pertinent  and  meaningful  for  PD  drug  discovery.  In  2019,  two  reviews              

identified  an  array  of  molecules  that  showed  inhibitory  activity  towards  αS  aggregation             

and  could  potentially  be  used  as  candidates  to  treat  PD.  The  first  review  summarised               

molecules  from  plant  extracts  or  phytochemicals  that  targeted  αS  in  PD in  vitro and in                

vivo  models. 1  The  second  review  identified  organic  and  synthetic  molecules  that            

exhibited  αS  activity  as  imaging  probes  or  αS  aggregation  inhibitors. 82  Collectively,            

over  100  compounds  reported  bioactivity  towards  αS  either in  vitro  or in  vivo .  For  the                

purpose  of  this  research,  only  molecules  that  demonstrated  neuroprotective  action  to            

directly  stop  αS  aggregation,  by  binding  to  monomers  or  disaggregate  fibrils,  are  of              

interest  for  this  study.  This  is  because  the  scope  of  the  research  is  to  develop                

anti-aggregation  agents  that  can  be  developed  into  drug  candidates  and  must  show             

specific  activity  towards  αS.  Of  those  100  plus  compounds,  67  molecules  were             

identified  from  literature  to  successfully  inhibit  αS  fibrillation  or  reverse  aggregation in             

vitro    ( Appendix   1 ).  
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1.2.3   Classification   of   Known   Small   Molecule   Inhibitors   

67  small  molecule  inhibitors  effective  against  αS  aggregation  were  identified           

from  two  reviews, 1,  82 however  none  have  been  developed  into  drugs.  In  order  to  explore                

why  this  was,  the  known  inhibitors  were  classified  to  investigate  what  makes  them              

effective.  Classifying  these  compounds  into  groups  may  aid  researchers  in  identifying            

commonalities  which  may  promote  binding  and  inhibition  in  molecules.  For  the  purpose             

of  this  review,  compounds  were  classified  by  structural  class,  source,  and            

pharmacological   or   alternative   uses.   

Structural  classification  of  inhibitors  is  invaluable  in  targeted  drug  discovery  as            

the  binding  and  subsequent  activity  of  inhibitors  could  be  due  to  a  common  moiety.  The                

67  inhibitors  belonged  to  ten  diverse  structural  classes,  including  alkaloid,           

diarylheptanoid,  flavonoid,  glucoside,  lactone,  phenol,  polyphenol,  stilbene,  terpenoid         

and  xanthone  ( Figure  1.5 ).  The  largest  structural  class  of  inhibitors  were  terpenoids,             

flavonoid  and  alkaloid  which  contained  12,  11  and  10  compounds  respectively.  Whereas             

the  remaining  structural  classes  had  less  than  nine  inhibitors  in  each;  polyphenol  (eight),              

phenol  (seven),  diarylheptanoid  (five),  stilbene  (four),  xanthone  (two)  and  lactone  (one).            

Although  it  appears  that  the  most  common  structural  class  of  inhibitors  is  terpenoids,              

five  of  the  ten  aforementioned  structural  classes  are  phenolic  sub-classes  (phenols,            

polyphenols,  flavonoids,  stilbenes  and  glucosides). 83 In  fact,  37  of  67  inhibitors            

belonged  to  sub-classes  of  phenolic  compounds.  Phenolic  molecules  contain          

hydroxylated  aromatic  rings,  the  position  of  the  hydroxyl  group  is  either  attached             

directly  to  the  phenyl,  substituted  phenyl  or  other  aryl  group. 83  It  has  been  previously               

reported  that  phenolic  compounds  are  a  potential  source  of  drug  candidates  to  treat              
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α-synucleinopathies  and  αS  inhibitors. 84  This  indicates  that  phenols  are  more  likely  to             

be  effective  inhibitors  of  αS  aggregation  than  other  structural  classes,  including            

terpenoids   (17.9%)   and   alkaloids   (14.9%).   

 

 
Figure   1.5.    Structural   classes   of   known   α-Synuclein   aggregation   inhibitors.  

 

It  is  common  to  isolate  structurally  similar  natural  products  from  plants,            

including  phenolics,  terpenoids  and  alkaloids.  Therefore,  investigating  the  plant  origin           

or  source  of  the  compounds  could  be  pertinent  in  identifying  novel  small  molecule              

inhibitors.  The  67  small  molecule  inhibitors  were  further  classified  based  upon  their             

origin  -  natural  products  or  synthetics.  55  of  the  known  small  molecule  inhibitors  were               

isolated  from  plants,  whereas  nine  were  semi-synthetic  molecules  and  three  were            

synthetically  made  molecules  ( Figure  1.6 ).  Semi-synthetic  molecules  were  mostly          

designed  as  structural  or  functional  analogs  of  natural  products  to  improve  upon  their              

pharmacokinetics.  The  semi-synthetic  compounds  were  all  tested  for  their  inhibition  in  a             
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series  of  structurally  similar  analogs.  Often  these  semi-synthetic  molecules  reported           

more  potent  inhibitory  effects  than  their  natural  product  counterparts.  The  three            

remaining  known  inhibitors  were  synthetic  dyes  and  non-specifically  inhibited  αS           

aggregation.  A  substantial  number  of  inhibitors  were  natural  products  isolated  from            

plant  material,  which  highlights  the  importance  of  phytochemicals  to  discover  new  αS             

aggregation  inhibitors  and  its  potential  to  treat  neurodegenerative  disease  and           

α-synucleinopathies. 1   

 

 

Figure   1.6.    Source   of   small   molecule   inhibitors   of   α-synuclein   aggregation.   

 

Phytochemicals  have  proven  useful  as  chaperones  for  developing         

neurotherapeutics, 1,  85  with  sources  of  alternative  and  contemporary  medicine  showing           

promise  as  a  resource  for  finding  drug  candidates.  A  literature  review  illustrated  that              

compounds  were  chosen  for  screening  based  upon  their  plant  sources  which  had  either              
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been  linked  to  traditional  medicine  usage  or  dietary  supplementation  to  aid  in  alleviating              

neurodegenerative  symptoms.  As  the  studies  were  guided  by  plant  selection  rather  than             

compound  selection,  the  well  known  use  of  each  plant  source  of  inhibitors  were              

classified.  Of  the  55  known  inhibitors  of  natural  product  origin,  74.5%  were  isolated              

from  plants  commonly  used  for  food  or  traditional  medicine  ( Figure  1.7 ).  The             

remaining  25.5%  of  inhibitors  were  isolated  from  “other”  plants  that  had  no  reported              

health  or  pharmacological  use  by  humans.  The  largest  category  of  natural  product             

inhibitors  have  been  purified  from  herbs  which  have  been  remedied  by  TCMs.  14              

inhibitors  were  isolated  from  TCM  plants  identified  in  the  Pharmacopoeia  of  the             

People’s  Republic  of  China  (PPRC).  Although  not  identified  in  the  PPRC,  an  additional              

six  small  molecule  inhibitors  were  isolated  from  plants  used  in  Chinese  folk  medicine.              

Comparatively,  eight  inhibitors  were  isolated  from  plant  sources  used  for  folk  medicine             

practices  by  other  cultures  including  Ayurvedic  Indian  medicine  and  medicine  of  First             

Peoples  of  North  America.  13  inhibitors  were  isolated  from  dietary  plants  including             

fruit,  vegetables,  tea,  herbs  and  seasonings.  These  findings  demonstrate  that  plants  with             

anecdotal  use  for  wellness  and  healing  are  an  important  source  of  αS  aggregation              

inhibitors.  Plants  that  have  documented  neuroprotection  or  maintenance  of  brain           

function  and  health,  particularly  TCM’s,  may  be  one  of  the  most  important  sources  for               

novel   neurotherapeutic   treatment.   
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Figure   1.7.    Medicinal   and   dietary   origins   of   plants   used   to   isolate   the   identified   small   molecule   inhibitors  

of   α-synuclein   aggregation.  

 

1.3   Neurotherapeutic   Potential   of   Traditional   Chinese   Medicine  

Traditional  Chinese  Medicine  can  be  used  as  a  source  of  metabolites  as  it  has  a                

long-documented  history  of  safe  use  as  a  holistic  therapy.  TCM’s  are  medicinal             

concoctions  derived  from  a  mixture  of  herb  and  plant  extracts  which  have  been              

practiced  in  the  Chinese  health  care  system  for  over  2000  years. 86  Plants  are  used  in                

combination  with  other  species  of  plants  to  promote  therapeutic  effects  specific  to  the              

condition  being  treated.  TCM  are  a  synergistic  and  holistic  treatment  that  focuses  on              

maintaining  the  body's  homeostasis  and  are  practiced  similarly  to  multi-targeted  drugs. 86            

TCM  recipes  have  been  recorded  in  ancient  literature  and  the  traditional  Chinese  and              

western  medicines  are  accessible  in  the  2015  compendium  of  the  Pharmacopoeia  of  the              
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People’s  Republic  of  China.  The  document  was  produced  by  the  Ministry  of  Health  of               

the  People’s  Republic  of  China  and  is  endorsed  by  the  Chinese  Food  and  Drug               

Administration  (CFDA).  The  details  of  these  reports  are  validated  for  safe  use  and  are               

prescribed  as  complementary  medicine  alongside  western  medicine. 86  Given  its  efficacy           

and  safe  use,  plants  with  historic  use  in  Chinese  folk  medicine  are  a  potential  source  to                 

find  compounds  that  could  be  screened.  More  specifically,  compounds  isolated  from            

TCM  biota  have  shown  clinical  potential  as  neurotherapeutics.  Emerging  research  from            

the  past  decade  has  demonstrated  that  extracts  and  pure  compounds  isolated  from             

Chinese  herbs  are  effective  neuroprotective  agents. 87  Nonetheless  TCM’s  have  a           

long-reported  history  of  treating  symptoms  associated  with  neurodegenerative         

conditions.  Neurological  symptoms  of  PD  were  first  medically  documented  in  1817  by             

James  Parkinson. 88  However  ancient  Chinese  sources  have  described  conditions  that  are            

likened  to  PD  prior  to  1817,  and  described  conditions  which  included  symptoms             

encompassing  muscle  rigidity,  resting  tremor,  forgetfulness  and  insomnia. 89-91  Known          

small  molecule  inhibitors  from  TCM  sources  are  described  below.  TCM  knowledge  of             

plants  have  exemplified  promising  candidates  to  explore  neurodegenerative  agents  and           

are   reviewed   for   their   αS   activity   and   potential   as   binders.   

 

1.3.1   Small   Molecule   Inhibitors   from   Traditional   Chinese   Medicine   

Natural  products  isolated  from  TCM  are  diverse,  belonging  to  different            

structural  classes  and  are  bioactive  against  αS.  The  majority  of  all  identified  inhibitors              

belonged  to  alkaloids,  phenolic  compounds  or  terpenoids.  Alkaloids  are  a  large  and             

diverse  class  of  nitrogen  containing  compounds  in  a  heterocyclic  ring  structure,  found  in              
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many  plants,  fungi  and  animals.  Alkaloids  are  a  compound  class  of  interest  as  many               

have  potent  pharmacological  effects  and  have  been  translated  into  drugs  for  other             

disorders.  11  alkaloids  were  identified  as  known  inhibitors  of  αS  aggregation;  however,             

zero  were  derived  from  biota  which  have  been  documented  in  the  PPRC.  Given  the               

neuroprotective  potential  of  TCMs,  the  characteristic  qualities  of  these  inhibitors  from            

these  sources  were  investigated.  Of  the  14  compounds  isolated  from  PPRC  identified             

TCM  plants,  seven  of  the  inhibitors  were  phenolic  compounds  belonging  to  the             

sub-classes  diarylheptanoids,  flavonoid  and  glucoside  with  four,  two  and  one,           

respectively  ( Figure  1.8 ).  Seven  inhibitors  from  TCM  sources  were  terpenoids  ( Figure            

1.8 ).  The  bioactivity  and  effectiveness  of  inhibitors  from  TCM  sources  are  likely  to              

result  from  structural  activity  relationships  that  coincide  with  the  phenolic  and  terpenoid             

structures.   

 

 

Figure   1.8.    Known   small   molecule   inhibitors   of   α-synuclein   of   Traditional   Chinese   Medicine   origin.    
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1.3.2   Phenolic   Small   Molecule   Inhibitors   

Seven  of  the  small  molecule  inhibitors  identified  from  TCM  plants  were            

phenolic  compounds  which  are  further  classified  as  diarylheptanoids,  flavonoids  and           

glucosides.  Phenolic  compounds  may  either  be  simple  phenols  or  polyphenols  and            

contain  hydroxylated  aromatic  rings.  Polyphenols  exhibit  antioxidant  activity  which          

produce  various  health  benefits 92  and  have  been  linked  to  anti-amyloidogenic           

properties. 82  Polyphenols  resistant  to  oxidation  could  be  developed  into  a  neurotherapy            

for  amyloid  protein  disorders. 82  The  diarylheptanoids  demonstrating  bioactivity  against          

αS  were  sourced  predominantly  from  plants  used  in  TCM.  Diarylheptanoids  are  a  class              

of  compounds  which  contain  two  aromatic  rings  linked  by  a  seven-carbon  chain.  Four              

phenolic  diarylheptanoid  compounds  (alpinin  A,  alpinin  B,  curcumin  and  curcumin           

pyrazole)  were  identified  as  inhibitors  of  fibrillation,  with  three  of  those  were  derived              

from  TCM  herbs  and  the  fourth  was  a  semi-synthetic  structural  analog.  Alpinin  A  ( 1.1 )               

and  alpinin  B  ( 1.2 )  are  diarylheptanoids  derived  from Alpinia  officinarum (Hance)            

(Zingiberaceae),  a  perennial  herb  identified  as  a  TCM  ( Figure  1.9 ). 93  The  rhizome  of A.               

officinarum  contains  many  diarylheptanoids,  flavonoids  and  volatile  oils,  traditionally          

used  for  dietary  and  medicinal  purposes.  Medically  it  has  been  prescribed  to  strengthen              

the  circulatory  system,  treat  stomach  aches,  colds  and  swelling. 93 1.1 and 1.2 have              

shown  cytotoxic,  antioxidant,  anti-inflammatory,  antiplatelet  and  antiproliferative        

activities. 93  Both  compounds  were  tested in  vitro  via  an  αS  aggregation  assay,  alongside              

18  other  known  and  novel  diarylheptanoids. 93  The  study  found  that  both 1.1  and 1.2               

significantly  inhibited  αS  aggregation  by  66  and  67%,  respectively.  Curcumin  ( 1.3 ) is  a              
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diferuloylmethane  compound  elucidated  from Curcuma  longa (Zingiberaceae)  ( Figure         

1.9 ). 1  It  is  commonly  known  as  turmeric  which  is  used  as  a  culinary  spice  or  textile  dye                  

in  South  East  Asia  and  India; 94  it  also  has  a  long  history  in  many  cultures  for  its                  

medicinal  use  including  TCM. C.  longa contains  many  constituents  including  those            

responsible  for  its  colour  called  curcuminoids  -  these  isolates  are  known  to  have              

antioxidant  properties. 94  Ancient  Chinese  texts  describe  its  use  for  treating  abdominal            

pain. 95  It  is  believed  to  be  valuable  for  PD  and  other  neurodegenerative  diseases  as  it  has                 

antioxidant,  anti-inflammatory  and  antiapoptotic  properties. 1 1.3 has  been  tested  in  a            

number  of  studies  and  indicated  its  promising  application  as  a  PD  therapeutic. 1.3              

showed  αS  bioactivity  in  a  number  of  cellular  assays 96-98  including  ameliorating  A53T             

mutant  αS-induced  PD  in  PC12  cells. 99  However  amongst  the  strongest in  vitro evidence              

used  Fluorescence  spectroscopy,  Thioflavin  T  (ThT)  assay  and  Transmission  Electron           

Microscopy  (TEM)  to  demonstrate 1.3 inhibited  αS  fibrillation  and  destabilized           

pre-formed  fibrils. 100  In  addition  to  this 1.3 inhibited  oligomerization  of  mutant  αS, 101             

induced  dissociation  of  αS  fibrils 102  and  preferentially  bound  to  oligomeric           

intermediates  over  monomeric  forms. 103  At  low  concentrations 1.3 showed  synergistic           

bioactivity  with  β-cyclodextrin  to  inhibit  aggregation  and  degrade  preformed          

aggregates. 104,  105  In  spite  of  this 1.3  is  not  optimally  stable  or  soluble  and  has  limited                 

bioavailability, 1  therefore  structural  analogs  or  nano  formulations  were  created  to           

improve  these  factors. 106,  107  Curcumin  pyrazole  ( 1.4 )  and  its  derivative           

N-(3-Nitrophenyl  pyrazole)  curcumin  ( 1.5 )  were  synthesized  from 1.3 ’s  scaffold  to           

increase  druggability  ( Figure  1.9 ). 108  Compound 1.4 ,  which contains 1.3  structure  with            

two  additional  nitrogen  atoms,  was  tested  with  other  stable  analogs  in  a  biophysical              

fluorescent  assay  and  cell  based  assay. 108 1.4 ,  curcumin  isoxazole  as  well  as  derivatives              
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were  tested  for  αS  aggregation,  fibrillation  and  toxicity.  Only 1.4 and  its  synthetic              

derivative 1.5 ,  proved  more  efficacious  than 1.3  by  potently  arresting  fibrillation  by             

62.21%  and  63.93%,  respectively,  as  well  as  preventing  A53T-αS-induced          

neurotoxicity. 108   

 

 

Figure  1.9.  Phenolic  small  molecule  inhibitors  of  α-Synuclein  aggregation  inhibitors  ( 1.1 - 1.5 ),  isolated             

from   traditional   Chinese   medicine   herbs.  

 

Flavonoids  are  abundantly  found  in  TCM  plants  and  attenuate  aggregation           

induced  neurotoxicity.  Flavonoids  are  a  subclass  of  phenolic  compounds  which  contain            

a  benzo- γ -pyrone  moiety  ( Figure  1.10 ). 109  Flavonoids  are  commonly  found  in  plants            

and  are  synthesized  in  secondary  metabolites  in  response  to  microbial  infection. 109  11             

flavonoids  compounds  were  identified  as  known  inhibitors  and  two  of  which,  baicalein             

40  



 

and  scutellarin,  were  sourced  from  TCM  herbs.  Baicalein  (5,6,7-trihydroxyflavone)          

(1.6)  is  a  natural  product  from Scutellaria  baicalensis Georgi.  (Lamiaceae)  and  is             

identified  in  the  Chinese  Pharmacopeia  as  Huang-Qin  ( Figure  1.10 ). 1,  110  Huang-Qin  is  a              

herb  in  Xia-Tasai-Hu,  a  decoction  used  for  treating  conditions  like  insomnia,  seizure             

and  delirium. 110  The  herbal  formulation SB ,  containing S.  baicalensis Georgi.,  Baikal            

skullcap,  Lamiaceae  and Bupleurum  scorzonerifolfium Willd.,  inhibited  αS  aggregation          

in  the  SN  of  a  PD  rat  model. 111  Constituent 1.6 has  been  studied  by in  vitro and in  vivo                    

assays  and  shown  activity  which  indicates  its  potential  as  a  PD  drug. 112  A              

comprehensive  study  of 1.6  specific  interactions  with  αS  as  an  inhibitor  demonstrated             

inhibition  of  fibril  formation  observed  by  ThT  fluorescence  assay. 112  This  result  has             

been  replicated  in  other  studies  and  when  compared  to  other  polyphenols, 1.6  showed              

great  potency  at  low  concentrations, 113  even  when  Cu 2+ -induced  fibril  formation 114  and            

worked  synergistically  with  β-cyclodextrin. 104 1.6 non-covalently  bound  to  αS  seen  by            

Electrospray  Ionization  Mass  Spectrometry,  which  produced  large  soluble  oligomers          

rather  than  fibrillar  aggregates. 112  This  was  confirmed  by  SDS  gel  where  control  and              

compound  treated  samples  produced  monomeric  αS  species.  Atomic  force  microscopy           

(AFM)  and  Electron  Microscopy  (EM)  imaging  confirmed  time-dependent  loss  of           

fibrils. 112 1.6 stabilises  high  molecular  weight  oligomers  as  a  function  of  concentration             

over  time  in  a  dose-dependent  manner  via  Size  Exclusion  High  Performance  Liquid             

Chromatography   (HPLC). 112   

Scutellarin  ( 1.7 )  is  a  natural  product  isolated  from Scutellaria  barbata           

(Lamiaceae), Scutellaria  lateriflora and Erigeron  breviscapus ( Figure  1.10 ). 1,  115 E.           

breviscapus  is  a  medicinal  plant  which  is  used  to  treat  cerebral  infarction,  paralysis,              

allergies,  hyper-lipidemia,  arteriosclerosis  and  inflammatory  diseases. 115,  116        
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Additionally, S.  barbata ,  also  known  as Ban  Zhi  Lian or Barbat  Skullcap ,  is  a  herbal                

medicine  and  listed  in  the  PPRC. 117  Dried  aerial  parts  of  TCM S.  barbata are  used  to                 

treat  pains  experienced  from  conditions  such  as  hepatitis,  appendicitis,  pulmonary           

abscesses,  and  ascites  due  to  cirrhosis  or  cancer. 117  Phytochemical  studies  of S.  barbata              

have  documented  a  diverse  array  of  active  metabolites  which  mediate  therapeutic            

potential  including  flavonoids,  diterpenes,  tannic  acids  and  essential  oils. 117,  118 1.7  is  the              

main  component  of S.  baicalensis 117,  118  and  has  demonstrated  activity  indicative  of             

neurotherapeutics,  including  neuroprotectivity  from  Aβ  attenuation,  protection  against         

Aβ-linked  learning  and  memory  deficits  in  rats. 115,  119,  120 1.7 inhibited  αS  fibrillation  in               

uninduced  and  metal-induced  with  Fe 3+  and  Al 3+  in  a  dose-dependent  manner  tested  by               

far-ultraviolet  (UV)  circular  dichroism  (CD)  spectroscopy. 115 1.7 is  an  inhibitor  by            

acting  at  the  nucleation  stage  and  subsequently  stabilizes  an  intermediate  partially            

folded  species  of  αS.  The  type  of  species  of  αS  that  populates  in  the  presence  of 1.7  was                   

higher-order  oligomers,  as  determined  by  Rayleight  light  scattering  and  dynamic  light            

scattering  studies. 115 1.7  fibril  exhibits  disaggregating  effects  on  preformed  fibrils  into  a             

species  similar  to  higher-order  oligomers. 115  Steady-state  fluorescence  spectroscopy         

revealed  that 1.7 binds  to  monomeric  αS. 115  AFM  imaging  morphologically           

characterised  the  species  and  identified  small,  round  oligomers  when  incubated  with            

1.7 ,  whereas  controls  devoid  of  compound  were  elongated,  unbranched,  intertwined           

fibrillar  structures. 115  The  oligomeric  species  were  SDS-resistant,  highly  stable  and           

when  bound  to 1.7  did  not  dissociate  under  destabilizing  conditions, 115  therefore  it             

shows   promise   as   a   therapeutic   agent   to   treat   PD.   
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Figure  1.10.  Flavonoid  small  molecule  inhibitors  of  α-Synuclein  aggregation  inhibitors  ( 1.6 - 1.7 ),            

isolated   from   traditional   Chinese   medicine   herbs.  

 

Glucoside  is  a  subclass  of  phenols,  which  contain  one  or  more  glucose  moieties              

in  its  structure.  Seven  glucosides  were  identified  as  known  inhibitors  of  αS  aggregation              

and  one  compound,  ginsenoside  Rb1,  is  isolated  from  TCM  herbs.  Ginsenoside  Rb1             

( 1.8 )  is  purified  from Panax  ginseng C.  A.  Meyer  (Araliaceae)  ( Figure  1.11 ). 1  The  root               

and  rhizome  of  Ginseng  or Red  Ginseng  plants  are  made  into  a  tonic  in  Far  East                 

countries. 1,  121 Red  Ginseng is  documented  in  Chinese  materia  medica  book  called Shen              

Nong  Ben  Cao  Jing  and  in  the  PPRC. 121  Ginseng’s  tonic  reported  to  have  therapeutic               

effects  as  a  prophylactic  agent,  ‘ restorative ’,  nootropic,  anti-aging  and  pathological           

conditions  (hypodynamia,  lassitude  and  anorexia). 1,  121 Ginseng has  been  used  in  herbal             

formulas  in  combination  with  other  plants  to  treat  an  array  of  symptoms. Astragalus              

mongholicus  for  shortness  of  breath  and  loss  of  voice; Cypsum  fibrosum,            

Anemarrhenae,  Snakegourd root  and Rehmannia dried  rhizome  for  fever,  hydrodipsia           

and  diabetes; Salvia  miltiorrhiza and  Jujube  seed  for  palpitation,  insomnia  and  morbid             

forgetfulness;  and  at  a  higher  dose  of Ginseng  and/or  in  combination  with Aconite  root               

to  treat  haemorrhage  and  impotence. 121  Ginseng  extracts  have  demonstrated          

neuroprotectivity,  seen  by  neuroprotection  in  a  PD  model. 122  Ginseng  contains  many            

active  saponin  constituents  called  ginsenosides  which  report  an  array  of           
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pharmacological  properties  including  antioxidant,  anti-inflammatory,  anti-apoptotic  and        

immunostimulants. 1,  121  There  are  three  types  of  ginseng  saponins, 1.8 belongs  to             

panaxadiol  group; 121  the  three  types  are  informed  by  variations  in  structures  of             

ginsenosides  (type  of  aglycone,  sugar  moieties,  their  number  and  site  of  attachment). 8             

1.8  and  other  ginseng  saponins  are  derivatives  of  triterpenoid  dammarane  containing            

four-ring  steroidal  structures  with  sugar  moieties  and  aliphatic  side  chains. 8,  123            

Ginsenosides  Rg1,  Rg3  and  Rb1  were  studied  for  their  role  as  anti-amyloidogenic             

agents  and  toxicity  towards  αS.  αS  aggregation  and  toxicity  were  measured in  vitro by               

biophysical,  biochemical  and  cell-culture  methods;  Ginsenoside  Rb1  ( 1.8 )  was  the  only            

ginsenoside  to  report  specific  activity  towards  αS. 8  Fibril  formation  was  monitored  by             

ThT  fluorescence  assay, 1.8 exhibited  significant  inhibitory  effects  on  αS  and  the             

formation  of  fibrils  were  validated  by  Congo  Red  binding  assay.  Results  were  further              

correlated  by  TEM,  where  protein  treated  with 1.8  produces  thin,  short,  rod-like  fibrils              

with  fragmented  appearance,  unlike  dense  meshes  of  long  fibrils  formed  of  αS  alone.              

Effect  of 1.8  on  oligomerization  assessed  by  western  blotting  showed  potent  inhibition             

of  oligomerization  across  all  molar  ratios. 1.8 effects  on  αS-induced  cytotoxicity  with             

human  neuroblastomas  aggregated  fibrils  accumulated  at  cell  membranes.  Cells  induced           

with  aged  αS  were  reversed  when  treated  with 1.8  with  no  aggregates  detected  on  cell                

membranes. 8  Assessment  of  Rb1  by  ThT  Assay  reserved  fibrillation  in  a            

dose-dependent  manner  and  additionally  inhibited  the  seeding  polymerization  process          

of  αS  monomers.  The  results  of  the  other  screened  ginsenosides  were  incomparable  to              

the  significant  results  produced  by 1.8 ,  the  other  ginsenoside  (Rg1  and  Rg3)  did  not               

perform  consistently  across  all  assays,  with  no  significant  effect  on  αS  found  across  any               
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of  the in  vitro  studies. 8  In  cells, 1.8  can  significantly  attenuate  the  toxicity  induced  by                

αS   aggregation   making   it   worthwhile   for   further   testing   in   animal   models. 8,   82  

 

 

Figure  1.11.  Glucoside  small  molecule  inhibitors  of  α-Synuclein  aggregation  inhibitors  ( 1.8 ),  isolated             

from   traditional   Chinese   medicine   herbs.  

 

1.3.3   Terpenoid   Small   Molecule   Inhibitors   

Seven  terpenoid  compounds  were  identified  as  small  molecule  inhibitors          

belonging  to  two  TCM  plant  sources. Crocus  sativus Linné  (Iridaceae)  is  an  identified              

TCM  which  has  medicinal  use  dated  back  to  the  Ming  Dynasty  (A.D  1514)  as  reported                

in  the  medical  book Yi-Lin-Ji-Yao . 124  The  dried  plant  stigma  of C.  sativus  is  commonly               

known  as  Saffron  and Fan-Hong-Hua . 125  It  is  used  as  a  flavour,  aroma  and  food  colour                

additive  and  also  has  medicinal  properties. 1  Its  medicinal  use  is  to  treat  the  following:               

promoting  blood  circulation, 124  menstrual  disturbances,  thrombus  formation,  and  to          

decrease  blood  viscosity. 124  Other  neurological  symptoms  for  treatment  include  allaying           

fear,  curing  trance,  central  nervous  system  disorders,  convulsions  and  activity  on  central             

processes  of  learning  and  memory. 124  There  is  also  use  as  an  aphrodisiac,  an              

antispasmodic  and  expectorant. 125  In  recent  studies  Saffron  has  also  been  used  as             
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treatment  in  AD  and  depression. 126 C.  sativus extracts  of  apical  and  lateral  bud  showed               

antinociceptive  and  anti-inflammatory  activity. 125,  127  Whereas  the  stigma  showed          

antidepressant  effects, 125,  128  anti-tumour,  antioxidant  properties,  hypolipidemia,        

anticonvulsive  effects  and  potentially  improved  memory  and  learning  in  rats. 125,  129-131            

Saffron  shows  promising  results in  α-synucleinopathies  and  has  been  used  for            

analgesics,  sedatives  and  blood  flow. 132  Saffron  contains  many  constituents  that  can  be             

purified  from C.  satvius  including  safranal  (aroma),  crocin-1  (pigment),  crocin-2           

(pigment),  and  crocetin  (pigment).  Crocin  analogs  are  red-coloured,  water  soluble           

carotenoids  and  are  the  main  active  metabolites  of  saffron.  Crocin  are  glucosides  of              

crocetin 125,  133,  134  and  contain  flavonoid  derivatives  and  safranal.  The  structural  analogs             

of  crocetin  include  hexadecanedioic  acid,  norbixin  and trans,trans -muconic  acid.  These           

compounds  were  tested  for  activity  on  αS  aggregation  and  fibril  dissociation. 132  TEM             

showed  that  αS  fibrils  were  relatively  reduced  and  shortened  in  saffron-treated            

groups. 132  More  specifically,  crocetin  ( 1.10 ),  crocin-1  ( 1.11 ) and  crocin-2  ( 1.12 ) elicited            

inhibitory  and  dissociation  effects  towards  αS  fibrils  by  ThT  fluorescence  assay  ( Figure             

1.12 ). 132  Compounds 1.10  and 1.11 also  reported  to  inhibit  Alzheimer’s  Disease  proteins             

Aβ  aggregation  and 1.11 inhibited  tau  aggregation. 132,  135-137  Saffron  extract           

dose-dependently  inhibited  αS  aggregation  and  dissociated  fibrils  by  ThT  fluorescence           

assay. 132 1.10,  1.11 and 1.12  showed  anti-aggregation  and  fibril  dissociation  effects  with             

crocetin  most  potent.  Therefore 1.10 , 1.11  and 1.12 can  be  effective  in  preventing  and               

treating  αS  aggregation. 132  When 1.11 is  administered  orally  to  mice,  the  sugar  is              

hydrolyzed  in  the  gastrointestinal  tract  ( GIT )  epithelium  and  metabolized  to 1.10  which             

is  present  in  plasma  as  free-form  glucuronide. 132 1.12  can  be  hydrolyzed  and  converted              

to 1.10 as  well. 132  When  orally  administered  to  rats, 1.10  passes  through  the  BBB, 132               
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which  is  important  as  αS  is  expressed  in  the  brain  and  must  pass  through  the  BBB  to  be                   

neurotherapeutic.  These  effects  on  αS  produce  stronger  and  potent  effects  seen  in 1.10              

oral  intake  compared  with 1.11  and 1.12 . 132  Norbixin  ( 1.13 )  and  safranal  ( 1.14 )  are              

terpenoid  structural  analogs  of  crocetin  which  were  investigated  for  their  ability  to             

dissociate  and  inhibit  fibrillation  ( Figure  1.12 ).  Only 1.13 prevented  fibril  dissociation,            

inhibited  fibrillation,  demonstrated  bioactivity  second  to  crocetin  ( 1.10 ).  An  extract  of            

saffron  and  compounds 1.10  to 1.13 all  dose-dependently  inhibited  αS  aggregation  and             

dissociated  fibrils  with  over  50%  inhibition,  to  IC 50  inhibition  at  0.0930,  4.00,  0.541  and               

0.911  µM,  respectively. 132  All  except 1.11 were  less  than  1  µM,  which  is  a  promising                

start  for  lead  optimisation.  Comparatively,  safranal,  hexadecanedioic  acid  and          

trans,trans -muconic  acid  were  assessed  and  did  not  successfully  inhibit  50%  of            

aggregation. 132  The  species  of  αS  was  monitored  by  TEM  and  the  saffron-treated  group              

contained  shortened  fibrils  compared  to  a  non-treated  group. 132  The  potency  of  these             

compounds  were  also  assessed  where  compounds 1.11 to 1.12 exhibited  the  worst             

potency  at  4.95  and  3.63  µM,  respectively.  Whereas 1.10 was  most  potent  followed  by               

1.13  at  0.0617  µM  and  0.244  µM,  respectively. 132  The  most  promising  candidates  of              

anti-aggregation  and  fibril  dissociation  were  1.10 followed  by  its  structural  analog 1.13 .             

The  strong  affinity  to  αS  is  hypothesised  to  be  due  to  the  common  isoprene  unit                

containing   C20   and   C24   carbon   chains. 132   

Tanshinone (1.15) and  tanshinone  IIA  (1.16) are  diterpene         

phenanthrenequinones  isolated  from Salvia  miltiorrhiza Bunge (Lamiaceae)  a  TCM          

herb  that  been  used  since  Qin  and  Han  dynasties  ( Figure  1.12 ). 138  They  are  the  main                

components  from  TCM  “Danshen”. 82 S.  miltiorrhiza is  a  traditional  form  of  Danshen             

and  is  a  TCM  that  is  used  as  a  cardiovascular  drug  to  promote  blood  flow. 139  The  roots                  
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of S.  miltiorrhiza are  abundant  of  lipophilic  diterpene  quinones. 139  Plant  extract  had in              

vitro activity  which  reduced  the  formation  of  oligomers  and  fibrils  by  destabilization.             

Dye  leakage  assay  demonstrated  prevention  of  membrane  damage  related  to  aggregates.            

In  vivo assay  with Caenorhabditis  elegans model  (NL5901)  expressing  αS  significantly            

prevented   aggregation   and   extended   the   life   span   of    C.   elegans . 1,   82,   140   

Figure  1.12.  Terpenoid  small  molecule  inhibitors  of  α-Synuclein  aggregation  inhibitors  ( 1.10 - 1.16 ),            

isolated   from   traditional   Chinese   medicine   herbs.  
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1.4   α-Synuclein-Targeted   Binding   Assays  

One  challenge  of  drug  discovery  is  studying  proteins  with  mechanisms  and            

functions  that  are  not  well  known,  as  the  case  with  αS-targeted  drug  discovery. In  vitro                

techniques  can  provide  pertinent  and  invaluable  information  for  identifying  inhibitors  of            

αS  fibrillation.  αS-targeted  drug  discovery  agents  are  commonly  developed  from           

experimental  models  that  can  either  identify  small  molecule  inhibitors  of  αS  aggregation             

or  target  αS  toxicity. 1  However,  the  scope  of  this  research  is  to  identify  small  molecule                

aggregation   inhibitors   using   well-established   biophysical   and   biochemical   techniques.   

In  vitro biochemical  or  biophysical assays  can  effectively  use  small  molecules  to             

probe  and  induce  changes  to  αS  species.  These  small  molecule  inhibitors  aim  to              

interrupt  the  mechanism  that  causes  protein  oligomerization  and  fibrillation  to  redirect            

αS  into  a  non-toxic  species.  Several  common in  vitro  assays  have  been  used  for  amyloid                

protein  targeted  drug  discovery,  including  native  mass  spectrometry  (MS),  ThT           

fluorescence,  TEM,  small  angle  X-ray  scattering  (SAXS),  CD  spectroscopy,  fourier           

transform  infrared  spectroscopy  (FTIR),  nuclear  magnetic  resonance  (NMR)  and          

absorption  spectroscopy  of  Congo  red  (CR)  binding  assay. 1,  45,  84,  143,  146-156  The  most               

commonly  used  assays  are  those  which  utilise  fluorescent  amyloid-binding  probes,           

Thioflavin  T  (ThT)  or  Thioflavin  S  (ThS), 45  as  they  can  measure  the  inhibitory  effects  of                

compounds  on  αS  fibrillation. 45  However,  fluorescent  assays  have  been  known  to            

provide  bias  or  ambiguous  results, 152 therefore  it  is  recommended  that  several  of  these              

aforementioned  techniques  are  used  to  screen,  validate  or  confirm  anti-aggregatory  or            

binding  properties  of  chemical  agents.  There  has  been  a  recent  emergence  in  the  use  of                

high-throughput  native  MS  to  screen  large  compound  libraries  in  order  to  observe             
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protein-ligand  binding  of  αS 47,  112,  142-144  and  subsequently  identify  potential  inhibitors. 82            

The  theory  underpinning  this  screening  tool  is  that  compounds  must  bind  preferentially             

to  the  protein  in  order  to  consequently  inhibit  targeted  conformational  change.  Although             

this  study  focuses  on  protein-ligand  binding  rather  than  inhibition  it  can  successfully             

screen  out  false  positive  inhibition  resulting  from  Pan-assay  interference  compounds           

(PAINS)   and   is   recommended   as   a   primary   screen   for   αS-targeted   drug   discovery. 145   

Alternatively, in silico assays  can  elucidate  three-dimensional  complexes         

between  protein  and  ligands  at  a  high-throughput,  in  a  technique  called  molecular             

docking.  Molecular  docking  makes  a  prediction  on  the  ligand-receptor  complex  and  is             

commonly  used  for  virtual  screening  to  identify  hits  or  lead  optimization. 141  A  pitfall  of               

this  technique  is  that  the  study  requires  a  crystal  structure  of  the  protein  of  interest,                

containing  a  pre-defined  ligand  where  compounds  can  be  ‘docked’,  which  is            

challenging  for  natively  unfolded  proteins  like  αS  that  lack  defined  binding  sites.  The              

benefits  of  computational  work  modeled  upon  biological  experiments  is  that  compared            

to  other  methods,  it  has  a  higher-throughput  and  is  more  cost-effective  than  laboratory              

based  methods.  Larger  compound  libraries  can  be  analysed  at  a  higher  throughput  that  is               

not  possible  with in  vitro or in  vivo  assays.  Common in  silico studies,  including  the                

evaluation  of  drug-likeness  and  structure  activity  relationships  (SAR)  can  be           

extrapolated  from  literature  reviews.  Drug-likeness  evaluates  a  molecule's  potential  for           

successful  development  into  an  orally  available  drug,  in  accordance  with  Lipinski’s  or             

Veber’s  rules  and  blood  brain  barrier  permeation.  Whereas,  SAR  studies  aim  to             

determine  structural  groups  responsible  for  evoking  specific  biological  activity  towards           

protein  targets.  Thus, in  silico analysis  is  often  used  to  identify,  prioritise  and  select               

compounds  of  interest  for  further in  vitro work. In  silico  assays  are  often  employed               
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before in  vitro  studies,  in  order  to  effectively  screen  compounds  against  the  protein              

target.  Although,  if  compounds  are  identified  as  candidates,  the  findings  from in  vitro              

and    in   silico    studies   can   only   strengthen   a   candidate’s   potential.   

Although  not  within  the  scope  of  this  study, in  vivo assays  (animal  or  cell-based               

models)  are  popularly  used  to  study  the  role  of  αS  in  the  etiology  and  disease                

modification  of  PD.  Commonly,  the  purpose  for in  vivo work  is  to  assess  a  molecules                

ability  to  target  αS  toxicity  or  probe  mechanisms  underlying  αS  pathogenesis.  Stem             

cells  or  primary  DA  neurons  are  commonly  used  to  give  insight  on  agents  that  target  αS                 

toxicity,  probe  mechanisms  linked  to  neurodegeneration,  or  find  disease  modulators. 1,  157            

Consequently,  these  experiments  focus  less  on  the  neuroprotective  qualities  of  small            

molecules  to  be  used  as  PD  drugs  like  the  previous  biochemical  or  biophysical  assays               

do.  Alternatively, in  vivo assays  can  be  employed  later  in  the  drug  development  pipeline               

(preclinical)  and  is  conducted  after  lead  identification.  Animal  models  will  utilise            

mutants  or  neurotoxins  to  mimic  sporadic  and  familial  forms  of  PD, 1 and  can  assess  the                

neurotherapeutic  potential  of  identified  drug  candidates.  A  challenge  of  many  animal            

models  or  cell  lines  is  that  it  is  difficult  to  satisfy  cellular  mechanisms  and  the  feasibility                 

of  drug  development  particularly  the  case  with  dose-response  toxicology  studies. 1 This            

is  not  done  in  early  stage  compound  screening  and  is  not  within  the  scope  of  this  study,                  

instead   it   is   more   valuable   at   the   end   of   drug   discovery   development.   

The  research  aim  is  to  find  αS-targeted  drug  candidates  that  can  mediate             

neurotoxicity  by  inhibiting  the  transformation  of  monomeric  αS  into  a  pathological            

species.  The  small  molecules  will  be  evaluated  for  their  potential  as  an  αS-targeted  drug               

by in  vitro (binding  study)  and in  silico (drug-likeness  study)  assays.  Firstly,  a  pool  of                

TCM  compounds  will  be  screened  as  αS  binders  as  it  increases  their  likelihood  to               
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succeed  as  aggregation  inhibitors.  The  data  generated  from  these  methods  could  be  used              

to  design  and  select  molecules  which  could  become  therapeutics  to  treat  PD.  These              

techniques,  particularly  spectrophotometric  based  techniques,  are  promising  for  their          

high-throughput   screening   capabilities   to   identify   binding   scaffolds   of   monomeric   αS.   

 

1.5   Research   Objectives   

The  current  state  of  knowledge  has  highlighted  the  importance  of  treatment  that             

can  halt  or  reverse  neurotoxicity  induced  by  αS  aggregation.  Where  natural  products             

and  phytochemicals  isolated  from  plant-based  formulations  are  a  promising  source  of            

small  molecule  inhibitors  of  αS,  this  study  explored  compounds  from  TCM.  The             

objective  of  this  study  is  to  identify  small  molecules  which  can  specifically  bind  to  αS,                

and  subsequently  inhibit  aggregation.  The  information  extrapolated  from  this  study           

could  be  used  to  deduce  structure  activity  relationships,  which  could  be  used  to              

synthetically  design  analogs  which  are  more  potent  inhibitors  of  αS  aggregation.  An in              

vitro assay  is  used  to  determine  if  TCM  compounds  can  bind  to  the  protein  target  and                 

potentially  be  active  as  small  molecule  inhibitors.  Whereas, in  silico studies  evaluate  the              

physicochemical  properties  and  suitability  as  an  orally  available  drug  by  satisfying            

Lipinski’s  Rule  of  5  and  Veber’s  rules.  Compounds  will  also  be  evaluated  for  their               

ability  to  cross  the  GIT  and  BBB.  To  date,  no  prior  studies  have  attempted  to  source                 

potential  small  molecule  inhibitors  against  alpha-synuclein  targeted  drug  discovery  for           

PD  from  a  library  of  TCM  compounds.  This  project  has  therefore  attempted  to  fill  this                

gap   within   the   knowledge   by   screening   these   pure   compounds   as   binders   of   αS.   
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1.5.1   Study   Aims  

This   thesis   attempts   to   explore   the   research   objective   by   the   following   six   aims.   

1. From  the  literature  find  small  molecules  which  are  known  to  inhibit  αS             

aggregation  and  identify  those  compounds  which  have  been  isolated  from           

traditional   Chinese   medicine   herbs.   

2. Establish  a  pure  compound  library  isolated  from  traditional  Chinese  herbs  that            

have  demonstrated  potential  against  treatment  of  neurodegenerative  disease  and          

related   symptoms.   

3. Express  and  purify  recombinant  αS  from Escherichia  coli  in  house to  be  used  in               

the   screening   assay.   

4. Screen  the  pure  compounds  from  the  TCM  library  for  protein-ligand  interactions            

with  monomeric  α-Synuclein  using  Quadrupole-time-of-flight  Mass       

Spectrometry.   

5. Evaluate  TCM  library  and  known  inhibitors  for in  silico drug-likeness,  in            

accordance  with  Lipinski’s  Rule  of  5,  Veber’s  rules  and  ability  to  permeate  the              

Blood  Brain  Barrier.  Both  qualities  will  be  able  to  assess  whether  the  small              

molecule  binders  identified  have  potential  to  be  neurotherapeutic  candidates  for           

α-Synuclein   targeted   drug   discovery.   

 

1.5.2   Thesis   Outline   

The  outline  of  the  remainder  of  the  dissertation  involves  three  subsequent  chapters             

(Chapter  2  to  Chapter  4).  Chapter  2  will  describe  the  experimental  protocols  used  to               

conduct  the in  vitro  screening  assay  and  will  include  the  protocol  used  to  express  and                
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purify  α-Synuclein  in-house.  This  chapter  will  also  include  the  methods  used  to  conduct              

in  silico  studies.  Chapter  3  will  encompass  all  laboratory  based  work,  including             

justification  for  the  traditional  Chinese  medicine  compound  library  selection,  the           

production  and  yield  of  pure  monomeric  α-Synuclein,  and  protein-ligand  screening  of            

TCM  compound  library  by  QTOF  MS.  Chapter  4  will  provide  the  findings  of  an in                

silico study  on  the  drug-likeness  properties  of  the  identified  binders  (Chapter  3)  and  of               

known  inhibitors  of  α-Synuclein  aggregation  (Chapter  1).  Each  of  the  aforementioned            

compounds  will  be  calculated  for  their  ability  to  permeate  the  GIT  and  BBB  which               

provides  recommendations  on  whether  the  molecules  are  potential  candidates  for           

α-Synuclein-targeted  drugs.  This  chapter  will  also  provide  recommendations  for  future           

work   in   identifying   small   molecule   inhibitors   of   α-Synuclein   aggregation.   
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CHAPTER   2   EXPERIMENTAL   METHODS  

This  chapter  contains  the  experimental  materials  and  methods  used  to  produce pure             

samples  of  αS  protein,  to  screen  protein-ligand  binders  with  Quadrupole-time-of-flight           

mass  spectrometry  and  to  analyse  physicochemical  properties  of  compounds.  These           

results   are   discussed   in   Chapters   3   and   4.   

 

2.1   Chemical   Reagents,   Solutions   and   Buffers   

All  common  chemical  reagents  were  purchased  from  Chem  Supply,  Oxoid  and  Sigma             

Aldrich.  All  solutions  were  made  with  Millipore  Milli-Q  PF  filtered  water  unless             

specified  otherwise.  Solutions  were  either  autoclaved  or  filter  sterilised  (0.22  µM)  prior             

to  use.  Final  concentrations  of  reagents  are  given  for  solutions,  however  most  volumes              

used   for   preparations   are   not   provided.   

 

2.2   α-Synuclein   Expression   

2.2.1   Growth   Media   

Bacteria  was  cultured  at  37°C  in  either  1L  liquid  Luria  Broth  (LB)  media  (10  g                

tryptone,  5  g  yeast  extract  and  10  g  NaCl)  or  on  LB  agar  plates  (15  g/L  bacto  agar  to  LB                     

media   with   100   mg/ml   ampicillin   when   cooled   to   50°C).   
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2.2.2   Glycerol   Stock   Revival   and   Protein   Expression  

A  pET-22b  (+)  vector  (Novagen),  inserted  into  a  gene  under  T7  promoter             

control,  expressed  αS  sequences. Escherichia  coli BL21  (DE3)  competent  cells  were            

transformed  for  expression  from  plasmids  and  preserved  as  glycerol  stocks.  Bacterial            

culture  was  recovered  from  the  glycerol  stocks  (CaCl 2  preparation,  15%  w/v,  -80°C)  by              

plate  streaking  technique  onto  LB  agar.  The  streaking  ensures  the  new  culture  contains              

bacteria  with  the  same  DNA  and  avoids  enrichment  of  contamination  present  in  glycerol              

stock.  The  streaked  agar  plates  are  incubated  (37°C)  for  14  hours  ( Figure  2.1 ).  An               

isolated  single  colony  is  selected,  at  this  point  the  revived  culture  is  pure,  and  is                

transferred  onto  a  new  plate.  This  colony  is  incubated  onto  two  fresh  plates  over  three                

days.   The   bacterial   culture   is   inoculated   into   1L   of   liquid   growth   media.   

 

 

Figure   2.1    Streaked   agar   plate   post   inoculation   and   incubation   for   14   hours.  
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The  methods  for  expressing  and  purifying  α-Synuclein  were  based  and  applied            

from  several  αS  purification  models. 1,  2  The  cells  were  grown  in  a  shaking  incubator               

(37°C,  220  rpm)  to  an  optical  density  (OD)  of  0.5  to  0.6  (A 595 ).  The  growth  of  bacterial                  

culture  was  sampled  into  5  ml  cuvettes  and  monitored  by  V-650  UV-VIS             

Spectrophotometer.  OD  measurements  were  taken  in  30  minute  increments  over  three  to             

four  hours  and  were  compared  to  a  blank  sample  containing  non-cultured  LB  media.              

The  typical  time  of E.  Coli growth  in  LB  to  reach  an  optical  density  of  0.5  to  0.6  is  3                     

hours   ( Figure   2.2 ).   

 

Figure   2.2.    Common   curve   of   E.   Coli   growth   measured   by   optical   density   changes . 3   

 

Once  at  the  appropriate  OD,  bacterial  culture  was  induced  with  1  mM  isopropyl              

β-D-1-thiogalactopyranoside  (IPTG)  (Sigma  Aldrich)  and  grown  for  an  additional  four           

hours  in  the  shaking  incubator  under  the  same  conditions  (37°C,  220  rpm).  After  four               

hours,  the  1  L  cultured  media  was  divided  into  50  ml  centrifuge  tubes  and  cells  were                 

harvested  by  centrifugation  (max  rpm,  4°C)  for  10  minutes.  The  supernatant  was             
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removed  from  the  tube,  leaving  just  the  cell  pellet  which  was  stored  at  -80°C  until                

further   use.   

 

2.3   α-Synuclein   Purification   

2.3.1   Non-chromatographic   Purification  

These  techniques  focused  on  maximising  the  production  yield  by  taking  into            

account  synuclein’s  thermal  solubility 1,  4  and  by  keeping  production  costs  down.  The             

expression  protocol  produced  20 E.  Coli pellets  that  were  stored  and  frozen  at  -80°C.               

The  cell  pellets  were  each  resuspended  in  2.5  ml  of  TEN  Buffer  (50  mM  Tris-HCl  pH                 

8.0,  10  mM  EDTA  and  15  mM  NaCl).  The  resuspended  material  was  then  transferred  to                

new  tubes.  Transferring  material  to  sterile  tubes  is  repeated  throughout  the  purification             

process  in  order  to  prevent  loss  of  protein  that  may  adsorb  to  the  surface  of  the  plastic                  

tubes.  The  tubes  were  placed  in  a  dry  bath  of  100°C  for  20  minutes.  Cells  were  pelleted                  

with  centrifugation  (maximum  rpm,  4℃)  for  30  minutes  and  the  supernatant  was             

transferred  to  sterile  tubes.  Streptomycin  sulfate  (136  uL  of  10%  solution/mL)  and             

glacial  acetic  acid  (Sigma  Aldrich)  (228  uL)  were  added  to  each  tube,  where  it  was  spun                 

(maximum  rpm  at  4°C)  for  60  minutes.  Supernatant  was  removed  to  fresh  tubes  and               

small  precipitates  were  removed  with  pipette  or  with  additional  centrifugation  if            

necessary.  The  supernatant  was  precipitated  with  1:1  (v/v)  of  saturated  ammonium            

sulfate  (Sigma  Aldrich)  and  centrifuged  (4700  rpm,  4℃)  for  10  minutes.  The             

supernatant  was  discarded  from  the  pellet  where  it  was  washed  and  resuspended  with              

1:1  (v/v)  of  50%  ammonium  sulfate.  The  resuspended  pellet  underwent  centrifugation            

(maximum  rpm,  4℃)  for  10  minutes  to  ensure  no  precipitate  remains.  The  pellet,  sans               
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supernatant,  was  resuspended  in  750  µL  of  50  mM  ammonium  acetate  (Sigma  Aldrich)              

to  form  a  cloudy  solution  and  transferred  to  sterile  microcentrifuge  Eppendorf  tubes.             

The  resuspended  material  was  then  precipitated  in  1:1  (v/v)  of  room  temperature  100%              

ethanol  (Chem  Supply)  and  spun  (max  rpm,  4℃)  for  10  minutes.  Resuspension  and              

precipitation  of  pellet  was  repeated  with  the  same  volumes  and  spun  for  an  additional  10                

minutes.  Each  of  the  20  semi-pure  pellets  were  lyophilized  of  solvent  with  a  Protein               

Concentrator   (Eppendorf)   and   stored   at   -80°C.   

  

2.3.2   Fast   Protein   Liquid   Chromatography   

Protein  pellets  were  purified  with  NGC  Fast  Protein  Liquid  Chromatography           

(FPLC)  (BioRad)  equipped  with  an  Anion  Exchange  Mono  Q  column  (Ge  Healthcare).             

Each  semi-pure  protein  pellet  was  prepared  for  injection  and  dissolved  in  500  µL  Tris               

Buffer  A  (20  mM  Tris-HCl  pH  8.0).  The  solution  was  sonicated  without  heat  to               

aid-resuspension  and  then  spun  (maximum  rpm,  4°C)  for  10  minutes.  The  supernatant             

was  drawn  up  with  a  syringe  and  0.22  µM  filter  sterilised  (Millipore)  to  separate  protein                

dimers  into  monomers.  The  protein  solution  was  manually  injected  into  the  system             

through  a  5  ml  injection  loop.  Half  of  the  pellets  produced  from  the  1L  expression  can                 

be  chromatographed  in  a  single  run,  yielding  45  times  1  ml  fractions.  FPLC  is               

performed  by  a  gradient  elution  with  Tris  Buffer  A  and  Tris  Buffer  B  (20  mM  Tris-HCl                 

pH  8.0,  1M  NaCl)  with  a  flow  rate  of  1  ml/min  for  45  minutes.  At  19.01  ml  0-20%                   

Buffer  B,  at  31.01  ml  20-35%  Buffer  B,  at  36.02  ml  35-100%  Buffer  B,  and  41.03  ml                  

100%  Buffer  B  ( Figure  2.3 ).  Pure  αS  is  eluted  between  20-35%  buffer  B,  corresponding               

with  fractions  20  to  30.  Tris  Buffer  B  contains  sodium  chloride  and  is  used  to  purify                 
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protein  based  on  changes  to  the  solubility  by  ‘salting  out’.  Five  of  the  fractions,  most                

commonly  observed  to  contain  protein  were  fractions  20  through  to  25,  and  these              

showed  UV  profiles  of  protein  (λ max  at  280  nm).  The  intensity  and  height  of  these  peaks                 

within  the  trace  indicates  the  concentration  of  protein  observed  in  each  fraction.  These              

samples   are   kept   at   4℃.   

 

 
Figure   2.3.    Gradient   graph   of   Fast   Protein   Liquid   Chromatography   run   for   α-Synuclein   purification.  

 

2.3.3   Calculating   Protein   Concentration   with   NanoDrop  

Protein  concentration  of  FPLC  UV-active  fractions  were  determined  by          

NanoDrop  Microvolume  Spectrophotometer  (ThermoFischer  Scientific)  paired  with  the         

operating  program  ND-1000. 5  The A280  method  is  appropriate  for  analysing  pure            

protein  samples  containing  tryptophan  or  tyrosine  residues.  Millipore  Milli-Q  PF           

filtered  water  is  used  to  clean  the  sensor  between  each  use  and  to  initalise  the  system.                 

Tris  Buffer  A,  used  for  FPLC  purification,  is  used  as  the  blank  for  system  calibration.  2                 

µL  of  each  of  the  1  ml  protein  fractions  are  used  for  protein  concentration  measurement                

by  NanoDrop.  The  UV-Vis  absorbance  spectra  is  used  to  identify  the  species  and              

concentration  of  each  fraction  ( Figure  2.4 ).  A  low  curve  with  a  ratio  of  260/280  nm  is                 

indicative  of  high  amounts  of  pure  protein.  Whereas  a  curve  with  a  ratio  of  260/230  nm                 
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indicates  nucleic  acids,  either  pure  DNA  or  RNA.  The  230  nm  reading  indicates  salt  or                

amino  acids  from  peptide  bonds.  Fractions  that  contained  more  than  10  µM  of  protein               

and  had  a  280  nm  wavelength,  were  retained  and  stored  at  -80°C.  Concentration  is               

given  as  mg/ml  by  NanoDrop  and  therefore  the  units  are  converted  into  µM  by  the                

following  equation  ( Equation  2.1 ).  Where  the  average  yield  of  purification  is  20  pellets              

each   containing   0.5   mg/ml   of   protein   from   a   1L   expression.   

 

 

Figure   2.4.    NanoDrop   spectra   to   guide   species   identification.   

 

X    mg/ml   x   (1   g   /   1000   mg)   x   (1   mole   /   14460   g)   x   (1000   ml   x   1   L)   x   (1000   mmole   /   1   mole)   x   (1000   mM   x   1   µM)  

=    Y    µM  

Equation   2.1.    Conversion   of   protein   concentration   from   mg/ml   to   µM.   
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2.4   Mass   Spectrometry   

2.4.1   Buffer   Exchange   

Confirmation  that  FPLC  purification  was  successful  was  further  achieved  with           

Mass  Spectrometry  (MS)  analysis. 6  The  purity  and  identity  of  the  protein  was  confirmed              

with  Quadrupole-Time-of-Flight  (QTOF)  MS.  In  order  to  do  so,  the  protein  sample  was              

exchanged  into  a  buffer  appropriate  for  use  on  the  native  MS.  The buffer  exchange               

process  de-salts  the  Tris  Buffer  from  the  FPLC  eluted  protein  samples  and  into  an               

appropriate  buffer.  The  sample  is  run  through  a  disposable  NAP-5  column  (GE             

Healthcare)  packed  with  Sephadex  G-25  DNA  Grade  (in  distilled  water  containing            

0.15%  Kathon  CG/ICP  Biocide).  A  nuclease  free  buffer  is  suitable  for  equilibrating  the              

NAP-5  column  at  room  temperature;  therefore  the  column  is  first  exchanged  into             

ammonium  acetate.  The  lid  and  cap  are  removed  from  the  column  in  order  to  allow  the                 

solution  to  drain,  which  is  used  as  a  column  preservative.  The  NAP-5  column  is  suitable                

for  a  maximum  binding  capacity  of  1  ml,  which  elutes  a  maximum  of  0.5  ml  sample  of                  

DNA  and  oligonucleotides  per  run  (GE  Healthcare).  Protein  is  commonly  diluted  in             

ammonium  acetate  solution  for  analysis  with  native  MS  and  is  therefore  used  as  the               

elution  buffer.  The  column  is  equilibrated  with  10  ml  of  10  mM  ammonium  acetate               

solution  filtered  by  gravity  sans  positive  pressure.  The  column  must  exist  in  a  liquid               

solution  to  ensure  it  does  not  dry  out.  After  equilibration,  the  Tris  buffered  sample  of                

protein  is  loaded  onto  the  column  to  a  maximum  volume  of  0.5  ml.  Once  the  solution                 

fully  enters  the  column,  the  protein  in  Tris  buffer  is  exchanged  with  additional  10  mM                

ammonium  acetate  and  a  1  ml  fraction  is  collected  into  a  sterile  Eppendorf  tube.  The                

volumes   used   for   each   step   are   in   accordance   with    Table   2.1 .   
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Table   2.1    Selection   guide   and   specifications   for   loading   samples   onto   NAP-5   column   (Reproduced   from   GE   Healthcare).   

Sample   Volume   (ml)  Equilibration   Buffer   (ml)  Elution   Buffer   (ml)  

0.1  0.4  0.5  

0.25  0.25  0.7  

0.5*  0  1.0  

*   maximum   sample   volume   (ml)   that   can   be   run   through   buffer   exchange   at   one   time.   

 

2.4.2   Protein   Preparation   

The  buffer  exchanged  protein  sample  in  10  mM  ammonium  acetate  solution  is             

again  evaluated  for  its  concentration  by  NanoDrop.  The  appropriate  concentration  of            

protein  to  be  injected  into  native  MS  is  10  µM  and  samples  may  be  diluted  or                 

concentrated  before  use.  Samples  with  a  concentration  above  10  µM  are  further  diluted              

with  an  additional  volume  of  10  mM  ammonium  acetate.  Whereas,  fractions  less             

concentrated  than  10  µM  are  lyophilized  with  other  buffer  exchange  fractions,  tested  for              

their  concentration  by  NanoDrop  and  diluted  as  stated  above.  It  is  recommended  that              

buffer  exchanged  fractions  are  immediately  used  for  screening,  however  they  can  be             

stored   at   -80°C.  

 

2.4.3   Operating   Mass   Spectrometry   

The  mass  spectra  of  αS  was  acquired  with  high-resolution  mass  spectrometry            

(HRESIMS)  by  a  Bruker  MaXis  II  QTOF-MS  (Bruker  Daltonics).  It  is  imperative  that              

pure  monomeric  αS  is  used  to  investigate  compound  binding  to  protein.  Therefore             
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QTOF-MS  was  used  to  identify  that  the  protein  was  pure  αS  as  indicated  from  previous                

literature.   QTOF-MS   acquires   fast   and   reproducible   spectra   of   proteins. 7   

 

2.4.4   QTOF-MS   Parameters   

OTOF-Analysis  program  is  used  to  analyse  the  data  using  a  pre-set  proteomics             

method.  After  flushing  the  machine  with  100%  methanol  (ChemSupply),  a  background            

check  was  conducted  on  the  machine  with  water  to  assess  leftover  small  molecules  or               

proteins  within  the  injection  loop  by  using  a  pre-set  method,  prior  to  sample  injection.  If                

the  noise  was  within  an  acceptable  range,  where  intensity  was  less  than  x10 4 (arbitrary               

units),  then  it’s  ready  for  sample  injection.  QTOF-MS  system  autonomously  calibrated            

with  injection  of  methanol  and  water  so  that  the  system  shows  a  standard  deviation  (std                

dev)  of  between  0.1  and  0.2,  which  is  within  the  acceptable  region  and  the  score                

generated  by  the  software  is  100%.  The  sample  was  injected  and  ran  using  the  following                

QTOF-MS  parameters.  End  plate  offset  500  V;  Capillary  4500  V;  Nebulizer  2.0  Bar;              

Dry  Gas  7  L/min;  Dry  Temp  150°C;  Funnel  I  RF  400  Vpp;  ISCID  0.0  Ev;  Ion  Energy                  

4.0  eV;  Collision  energy  4.0  eV;  Transfer  time  100  µs;  Multipole  RF  800  Vpp;  Collison                

RF  1200  Vpp;  Prepulse  storage  10  µs;  Spectra  Rate:  2  x  100  Hz;  Instrument  calibrated                

with   sodium   trifluoroacetate   (NaTFA)   (0.1   mg/ml);   Flow   rate   1   ml/min   for   2   minutes.   

 

2.4.5   Protein-Ligand   Mass   Spectrometry   Screening  

A  sample  of  pure  αS  (10  µM)  in  10  mM  ammonium  acetate  was  tested  and  the                 

spectra  was  deconvoluted  prior  to  compound  screening.  A  positive  control  binder  of  αS              

was  screened  for  every  20  compounds.  αS  in  ammonium  acetate  was  manually  injected              
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into  QTOF-MS  by  syringe  at  a  flow  rate  of  120  µL/hour.  Samples  of  αS  and  compounds                 

in  protein-ligand  screening  were  injected  with  an  auto-sampler  attached  to  1100  High             

Performance  Liquid  Chromatography  system  (Agilent).  The  auto-sampler  of  the  High           

Performance  Liquid  Chromatography  (HPLC)  was  connected  to  tubing  which          

connected  to  the  injection  port  of  the  QTOF-MS.  The  parameters  for  sample  injection              

were  set  up  through  the  computer  program  HyStar  (version  3.2)  software.  Binary  pump:              

flow  rate  0.1  ml/min,  solvent  100%  ammonium  acetate  (10  µM),  stop-time  1.50  min;              

HiP  sampler:  injection  volume  20  µL;  stop-time  as  pump,  draw  speed  1000  µL/min,              

eject  speed  1000  µL/min,  draw  position  0.0  mm,  well  bottom  sensing  function             

activated.  The  order  of  samples  injected  were  listed  into  the  software  with  the  sample               

details   corresponding   to   the   position   in   the   365-well   plate.   

 

2.4.6   Deconvolution   of   Spectra   

The  MS  spectra  were  reviewed  and  deconvoluted  with  CompassData  Analysis           

Software  (Bruker  Daltonics).  As  the  samples  were  in  ammonium  acetate  solution,            

acetate  adducts  of  αS  appear  and  can  therefore  be  removed  with  an  increase  in  collision                

energy  to  15  eV.  The  spectra  of  pure  αS  referenced  in  literature  (14,459.97  Da)  was                

compared  to  the  spectra  of  the  laboratory  made  sample  protein  unbound  to  compound. 7              

The  chromatogram  was  selected  for  the  same  time  for  each  compound  at  around  0.2  to                

0.3  minutes,  which  usually  exhibited  the  highest  intensity.  The  minimum  mass  is  set  at               

13,000  Da  and  the  maximum  mass  is  set  to  16,000  Da.  The  chosen  region  of  the  spectra                  

is  selected  and Deconvolute is  selected.  From MassList  the SNAP  peak is  selected  from               

parameters.  The  S/N  threshold  is  changed  to  1  and  the  maximum  charge  state  is  20.                
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From  the MassList ,  select Find and  the  masses  with  relevant  charge  states  (+0  to  +20)                

will  appear.  The  peaks  of  the  desired  charges  can  be  enhanced  and  reviewed  for  its  mass                 

to  charge  (m/z)  ratio  and  when  multiplied  by  its  charge  state  to  give  the  molecular                

weight   in   Daltons.   

 

2.5   Traditional   Chinese   Medicine   Selection   

2.5.1   Compound   Library   Selection  

The  compound  library  from  5  traditional  Chinese  medicines  were  used  for            

screening.  The  five  TCM’s,  including Phlegmariurus  carinatus , Asarum  sieboldii  var.           

Seoulense , 8 Macleaya  cordata , 9 Gastrodia  elata Bl.  and Ligusticum  chuanxiong          

Hort, unpublished  thesis had  been  traditionally  used  as  neuroprotective  herbs.  In  total  143  pure              

compounds  have  been  isolated  by  previous  students  from  these  five  herbs  and  stored  in               

Compound  Australia,  a  compound  storage  facility  at  Griffith  Institute  for  Drug            

Discovery,   in   which   139   of   them   were   different   compounds   ( Table   2.2 ).   

 

Table   2.2.    Sources   of   Traditional   Chinese   Medicine   Compounds  

TCM   Herbs  No.   Isolated   Compounds   

Phlegmariurus   carinatus    and  43   of   43   isolated   compounds   available  

Asarum   sieboldii    var.    Seoulense  

Macleaya   cordata   15   of   16   isolated   compounds   available   

Gastrodia   elata    Bl.   and   83   of   84   isolated   compounds   available   

Ligusticum   chuanxiong    Hort.  
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2.5.2   TCM   Compound   Preparation  

Pure  compounds  (5  mM)  dissolved  in  dimethyl  sulfoxide  (DMSO)  were           

supplied  by  Compounds  Australia  (Nathan,  Brisbane).  300  nl  of  compounds  were            

robotically  plated  with  a  BioCel  1200  platform  (Agilent)  into  a  96  well  plate.  DMSO               

was  removed  from  plated  compounds  by  ETA-RVC  Rotational  Vacuum  Concentrator           

(Martin  Christ);  system  pressure  was  reduced  gradually  from  1,000  to  10  mBar  at  40°C,               

and  then  kept  for  1  hour.  Each  well  of  compound  was  redissolved  in  100%  methanol  (2                 

µL/well),  then  treated  with  10  µM  αS  in  ammonium  acetate  solution  (20  µL/well).              

Mixtures  of  compounds  and  protein  were  vortexed,  then  incubated  for  30  minutes  at              

room  temperature.  Compounds  were  screened  individually  for  their  binding  ability  to  be             

used  at  a  concentration  of  7.5  times  compound  to  1  parts  αS  protein.  Epigallocatechin               

gallate  (EGCG)  was  used  as  a  positive  control  for  all  experiments  as  it  binds  to  αS  at  a                   

1:1  ratio.  EGCG  (>95%  purity)  was  ordered  from  Sigma  Aldrich  and  dissolved  in  water               

and  prepared  as  a  5  mM  stock  solution  in  Milli  Q  water  and  stored  at  4°C.  Different                  

concentrations  of  EGCG  were  incubated  from  the  stock  solution  in  ratio  to  αS  solution,               

including   100   µM   (10:1   αS),   75   µM   (7.5:1   αS),   50   µM   (5:1   αS)   and   10   uM   (1:1   αS).   

 

2.5.3   Structure   Drawing  

Compound  structures  were  drawn  in  ACS  1996  format  from  Simplified           

Molecular  Input  Line  Entry  Specification  (SMILES)  with  ChemDraw  Ultra  version           

12.0.2  (2010  CambridgeSoft).  SMILES  were  provided  through  PubChem         

(pubchem.ncbi.nlm.nih.gov).   
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2.6   Biophysical   Thioflavin   T   Fluorescence   Assay   

2.6.1   Sample   Preparation   

Monomeric  homogenous  αS  was  purified  for  this  assay  per  Rahimi  et  al.  (2009)              

and  per  previous  protocol. 10  This  assay  requires  80  µM  of  αS  protein  and  may  require                

lyophilization  of  fractions  with  a  lesser  concentration.  If  large  dimer  peaks  appeared  in              

the  sample  it  is  more  appropriately  used  for  ThT  fluorescence  assay  than  MS  screening.               

Each  aliquot  of  protein  was  treated  with  100  µL  1,1,1,3,3,3-hexafluoro-2-propanol           

(HFIP)  (Sigma  Aldrich)  and  sonicated  for  30  minutes.  Tubes  were  briefly  vortexed  and              

sat  at  room  temperature  for  30  minutes.  HFIP  treated  αS  was  placed  in  the  fume  hood                 

overnight  to  allow  evaporation.  Protein  was  prepared  in  400  µL  of  aggregation  buffer              

(20  mM  Tris-HCl  pH  7.4,  150  mM  NaCl  and  0.05%  NaN 3 ).  The  αS  mixture  was                

sonicated  for  10  minutes  and  centrifuged  (10000  rpm,  4°C)  for  10  minutes.  The              

supernatant  produced  was  sterilised  through  a  0.22  μm  filter  (Millipore)  and            

concentration  was  checked  with  NanoDrop.  Monomeric  αS  in  aggregation  buffer  (80            

µM,  75  µL),  with  and  without  compound  (400  μM),  was  incubated  in  a  thermomixer               

(37°C,  1000  rpm)  for  72  hours.  After  the  incubation  period,  ThT  solution  (5  mM               

Thioflavin  T,  50  mM  Glycine-NaOH  pH  8.0)  was  added  to  each  sample  containing  αS               

aggregation  buffer  solution.  Samples  were  distributed  into  triplicates  (100  µL  per  well)             

into   a   96   well   plate   and   shaken   gently   for   approximately   10   minutes.   

 

2.6.2   Measuring   Fluorescence   

The  intensity  of  ThT  fluorescence  was  measured  by  a  BioTek  synergy  2             

microplate  reader  (VT)  fixed  with  an  excitation  filter  at  460  nm  and  emission  filter  at                
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500  nm.  The  system  operates  through  the  Gen  5  2.09  program  and  a  preset  file  was                 

made  for  ThT  measurements.  The  placement  of  samples  on  the  plate  is  input  into  the                

computer  so  it  corresponds  with  a  fluorescent  reading.  Once  the  plate  is  run,  the               

fluorescent  intensities  will  be  given  for  each  well  and  can  be  interpreted  below  ( Table               

2.3 ).  The  data  is  interpreted  with  Microsoft  Office  Excel  2010  and  GraphPad  Prism              

8.4.2  software  packages.  The  values  of  each  biological  triplicate  is  taken  as  a  mean               

value  and  blanked  against  the  background  value  (sample  of  ThT  devoid  of  αS  and               

compound).  The  means  of  overall  inhibition  of  the  independent  treatment  groups  are             

analysed   using   a   nonparametric   unpaired   t-test   and   presented   as   a   bar   graph.   

 

Table   2.3    Thioflavin   T   Fluorescence   anticipated   readings.   

Sample  Time   Period  Fluorescence   (Arbitrary   Units)  

Free   Thioflavin   T   as   blank  0   to   72   hours  >300  

Monomeric   αS  0   hours  >200  

β-sheet   αS   72   hours  <10,000  

αS   aggregation   inhibitor  0   hour   (pre   fibrillogenesis)  >2,000  

 

2.7   Physicochemical   Property   Analysis  

SwissADME  was  used  to  calculate  physical  and  chemical  properties  including           

molecular  weight  (MW),  partition  coefficient  (cLogP),  hydrogen  bond  acceptors          

(HBA),  hydrogen  bond  donors  (HBD),  violations  of  Lipinski’s  Rule  of  Five  and             

Blood-Brain  Barrier  (BBB)  permeation. 11  Data  was  tabulated  and  interpreted  as           

histogram’s  which  were  built  using  Microsoft  Office  Excel  2010  software.  Further            

investigations  on  the  structural  activity  relationships  of  identified  binders  was           

extrapolated   from   literature   and   compared   against   the   list   of   known   inhibitors.   
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CHAPTER   3   α-SYNUCLEIN-TARGETED   COMPOUND   SCREENING   

3.1   TCM   Compound   Library   

3.1.1   Traditional   Chinese   Medicine   Herb   Selection   

Natural  products  and  phytochemicals  isolated  from  plant  based  formulations,          

including  TCM,  are  a  promising  source  of  small  molecule  inhibitors  of  αS  aggregation. 1              

To  date,  no  studies  have  attempted  to  identify  αS  aggregation  inhibitors  from  TCM              

compound  libraries.  Therefore,  this  novel  study  attempts  to  fill  the  gap  and  explore              

αS-targeted  PD  drug  discovery  by in  vitro  testing  of  TCM  small  molecules.  A  library  of                

pure  TCM  compounds  were  sourced  and  isolated  from  five  herbs  with  reports  of              

neurotherapeutic  potential.  These  TCM  plants  were  selected  from  three  predominant           

studies  for  their  antioxidant  and  anti-inflammatory  properties  which  have  been  linked  to             

their  neuroprotection  potential  ( Table  3.1 ).  The  five  TCM  herbs  are Phlegmariurus            

carinatus , Asarum  sieboldii var. Seoulense , 2 Macleaya  cordata (Willd)  R.  Br, 3           

Gastrodia   elata    Bl.   and    Ligusticum   chuanxiong    Hort. unpublished   thesis   

Extracts  of Phlegmariurus  carinatus and Asarum  sieboldii var. Seoulense ,  were           

identified  to  have  unique  PD-specific  cytological  profiles  when  screened  against  a            

comprehensive  list  of  152  TCM  herbs. 2 The  herbs  were  separated  into  three  groups              

based  on  their  traditional  use  including  neurodegenerative  disease  (Group  1),           

anti-inflammatory  and/or  anti-oxidant  (Group  2)  and  random  herbs  exhibiting  no  prior            

knowledge  of  their  relation  to  PD  (Group  3). 2 P.  carinatus  was  a  randomly  selected  herb                

that  has  no  traditional  use  for  PD  treatment  (Group  3),  however  it  has  traditionally  been                

used  for  weakness,  rheumatism  (symptoms  shared  with  PD  patients),  swelling  and            
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concussion. 2  In  addition  to  this P.  carinatus  contains  bioactive  metabolites  which  have             

reported  cytotoxic  and  chemopreventive  activity. 2 Four  isolated  metabolites  from P.           

carinatus  phlegmacaritone  B  ( 3.13 ),  phlegmanol  G  ( 3.15 ),  phlegmanol  E  ( 3.19 )  and            

lycoposerramine  U  ( 3.8 )  had  distinct  phenotypes  and  could  be  used  in  the  interrogation              

of  different  molecular  pathways  implicated  in  PD. 2  Compounds 3.13 and 3.15 both             

showed  similar  effects  on  EEA1  and  related  parameters  but  opposing  effects  on             

α-tubulin,  mitochondria  and  LC3b  marker  intensities. 2  Whereas,  compounds 3.19  and           

3.8  similarly  displayed  positive  deviations  of  α-tubulin,  mitochondria  and  LC3b  marker            

intensities   with   opposing   deviations   of   EEA1   related   parameters. 2   

Asarum  sieboldii var. Seoulense is  an  anti-inflammatory  and  antioxidant  TCM           

herb  (Group  2).  The  roots  and  rhizomes  are  commonly  concocted  into  a  TCM  medicine               

called  xixin  (Asari  Radix  et  Rhizoma)  for  asthma,  coughs,  headache,  rheumatism,            

toothache,  aphthous  stomatitis,  gingivitis  and  sinusitis  treatment. 2 Extracts  and          

metabolites  of Asarum  sieboldii var. Seoulense are  bioactive  in  regard  to            

neuroprotection,  anti-inflammatory  properties  as  well  as  antimicrobial,  insecticidal,         

anti-tussive,  antinociceptive,  anti-allergic,  anti-cancer  and  antimelanogenesis  effects. 2        

Six  isolated  metabolites  exhibited  cytological  profiles  of  PD  including  elemicin  ( 3.26 ),            

3,4-methylenedioxypropiophenone  ( 3.30 ),   

2-methoxy-4,5-methylenedioxypropiophenone  ( 3.31 ),  sesamin  ( 3.39 ),     

N- isobutyl-2( E ),4( E ),8( Z ),10( E )-dodecatetraenamide  ( 3.42 ),  and    

N -isobutyl-2( E ),4( E )8( E ),10( E )-dodecatetraenamide  ( 3.43 ). 2 Compounds 3.42  and 3.43       

exerted  moderate  perturbation  to  mitochondrial  and  LC3b  features.  Whereas  compounds           

3.26 , 3.30 , 3.31  and 3.39  had  strong  alteration  in  α-tubulin  features. 2  Compounds 3.20 ,              

3.31  and 3.42  were  identified  as  major  metabolites  of Asarum  sieboldii var. Seoulense              
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and  could  be  responsible  for  bioactive  treatment  of  PD  related  symptoms  or  could  be               

used   to   probe   molecular   mechanisms   underlying   PD.   

Macleaya  cordata (Willd)  R.  Br  is  an  anti-inflammatory  and  antioxidant  TCM            

herb  (Group  2)  and  has  not  traditionally  been  used  to  treat  symptoms  of              

neurodegenerative  conditions. 3 However,  anti-inflammatory  properties  are  reportedly  an         

indicator  of  neuroprotection  as  neuronal  inflammation  is  linked  to  neurodegenerative           

disease  pathogenesis. 3,  4  Four  isolated  metabolites  of  methanol  and  ethyl  acetate M.             

cordata  extracts,  bocconoline  ( 3.51 ),  6-(1-hydroxyethyl)-5,6-dihydrochelerythrine      

( 3.58 ),  3- O -feruloylquinic  acid  ( 3.47 )  and  ferulic  acid  4- O -glucoside  ( 3.49 )  showed           

perturbation  of  cellular  parameters  of  PD. 3 Compound 3.51  impacted  EEA1-  and            

mitochondria-associated  features, 3.58  influenced  LC3b-related  features,  and        

compounds 3.47  and 3.49  influenced  LC3b-related  features. 3  These  four  compounds           

were  hypothesised  to  have  potential  as  molecular  probes  of  biological  pathways  of  PD              

or   small   molecule   candidates   for   PD   drug   discovery.   

Gastrodia  elata Bl.  and Ligusticum  chuanxiong Hort.  are  among  the  24  herbal             

medicines  identified  to  treat  PD  (Group  1). 2  Additionally,  both  herbs  belong  amongst  a              

list  of  15  most  frequently  used  when  treating  symptoms  characteristic  of  brain-related             

disorders  in  the  Chinese  Pharmacopeia. 5,unpublished  thesis  Although  they  are  not  traditionally            

and  explicitly  prescribed  for  treatment  of  PD,  Alzhemier’s  Disease  or  Huntington’s            

Disease,  the  herbs  are  associated  with  treating  symptomatic  traits  of  brain  related             

disorders  as  well  as  age  related  degeneration  including  tremor,  muscle  rigidity,            

forgetfulness  and  insomnia. 5,unpublished  thesis Gastrodia  elata Bl.  is  a  herb  found  in  the  TCM               

mixture  called Gastrodiae  rhizoma  (Tianma  Gouteng) ,  which  has  evidenced  its  potential            

as  PD  treatment. Gastrodiae  Rhizoma ( Tianma ) was  in  the  top  eight  most  frequently              
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used  to  treat  relevant  symptoms  of  neurodegenerative  disease. 5  Additionally,  it  has            

shown  significant  restraint  of  apoptosis  of  DA  neurons  in  a  rat  PD  model,              

mechanistically  increases  B-cell  lymphoma  2  expression  and  restrains  activation  of           

BAX   through   anti-oxidative   stress. 6  

Ligusticum  chuanxiong Hort.  is  a  herb  found  in  the  TCM  prescription            

Chuanxiong  Rhizoma  (Chuanxiong) and  is  used  to  treat  symptoms  of  brain  related             

disorders. 2 Additionally, Chuanxiong  Rhizoma is  one  of  the  top  ten  most  frequently  used              

TCM  herbs  prescribed  to  treat  senile  dementia  or  Alzheimer’s  Disease  and  one  of  the               

top  eight  most  frequently  used  to  treat  symptoms  of  neurodegenerative  disease. 5  Isolated             

metabolites  from Gastrodia  elata Bl.  and Ligusticum  chuanxiong Hort.  were  tested  for             

PD-specific  cytological  profiles,  however  the  results  are  unpublished  therefore  activity           

is   not   known   for   this   series   of   compounds.   

Phlegmariurus  carinatus , Asarum  sieboldii var. Seoulense , Macleaya  cordata         

(Willd)  R.  Br, Gastrodia  elata Bl.  and Ligusticum  chuanxiong Hort.  have  been             

prescribed  for  anti-inflammatory  and  symptomatic  relief  of  brain  related  disorders,           

including  PD  ( Table  3.1 ).  Preliminary  findings  reported  that  14  or  more  bioactive             

metabolites  from  these  herbs  have  perturbed  cytological  profiles  specific  to  PD. 2,            

3,unpublished  thesis  These  14  metabolites,  as  well  others  isolated  from  these  sources,  are              

compiled   into   a   library   and   will   be   investigated   further   as   potential   PD   drug   candidates.  
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Table   3.1.    Traditional   Chinese   Medicine   herbs   containing   bioactive   metabolites   and   justification   of   their   selection.   

Plant   Species   Traditional   Chinese   Prescription  

Phlegmariurus   carinatus  Antioxidant   and   anti-inflammatory   

Asarum   sieboldii    var.    Seoulense  Antioxidant   and   anti-inflammatory   

Macleaya   cordata   Antioxidant   and   anti-inflammatory   

Gastrodia   elata    Bl.   Treatment   of   neurodegenerative   disease   

Ligusticum   chuanxiong    Hort.  Treatment   of   neurodegenerative   disease   
Chuanxiong   Rhizoma    top   10   of   132   herbs   frequently   used   for   senile   dementia   or   AD  

AND   top   8   of   157   herbs   for   treating   symptoms   of   neurodegenerative   disease.   

 
 

3.1.2   TCM   Compound   Library   

A  TCM  compound  library  was  compiled  from  the  isolated  metabolites  of  the             

five  previously  reported  herbs.  A  preliminary  investigation  of  these  plant  extracts            

demonstrated  unique  and  PD-specific  cytological  profiles  for  14  plus  compounds, 2,  3            

however  several  additional  metabolites  may  be  responsible  for  the  bioactivity. unpublished           

thesis  Therefore  the  isolated  metabolites  will  become  the  foundation  of  the  library  for              

αS-targeted  drug  discovery.  143  total  compounds  were  isolated  from  the  five  herbs             

however  two  compounds  had  insufficient  volume  and  one  was  isolated  from  more  than              

one  plant  source.  Therefore  139  compounds  made  the  basis  of  the  TCM  library  that  will                

be   evaluated   for   its   protein-ligand   binding   against   monomeric   αS   ( Table   3.2 ).   
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Table   3.2.    Traditional   Chinese   Medicine   compound   library   for   testing   against   monomeric   αS.  

Plant   Species   Cpd   ID  Cpd   Name  MW   (Da)   

Phlegmariurus   carinatus  3.1  8 β -Hydroxyfawcettimine  279.37  

Phlegmariurus   carinatus  3.2  8 α -Hydroxyfawcettimine  279.37  

Phlegmariurus   carinatus  3.3  Fawcettimine  263.38  

Phlegmariurus   carinatus  3.4  Lycodoline  263.38  

Phlegmariurus   carinatus  3.5  8 β -Acetoxyfawcettimine  321.41  

Phlegmariurus   carinatus  3.6  Acetylaposerratinine  321.41  

Phlegmariurus   carinatus  3.7  Alopecuridine  279.37  

Phlegmariurus   carinatus  3.8  Lycoposerramine   U   291.39  

Phlegmariurus   carinatus  3.9  Lycernuic   Ketone   C  472.70  

Phlegmariurus   carinatus  3.10  Serrat-14-en-3 α ,21 β ,24,29-tetraol  474.72  

Phlegmariurus   carinatus  3.11  Phlegmariurol   A  474.72  

Phlegmariurus   carinatus  3.12  Phlegmacaritone   A   518.68  

Phlegmariurus   carinatus  3.13  Phlegmacaritone   B   518.68  

Phlegmariurus   carinatus  3.14  Phlegmanol   I  504.70  

Phlegmariurus   carinatus  3.15  Phlegmanol   G   488.70  

Phlegmariurus   carinatus  3.16  Phlegmanol   H   488.70  

Phlegmariurus   carinatus  3.17  Phlegmaric   acid   472.70  

Phlegmariurus   carinatus  3.18  Lycoclavanol  458.72  

Phlegmariurus   carinatus  3.19  Phlegmanol   E  458.72  

Phlegmariurus   carinatus  3.20  3,21-Diepiserratenediol   442.72  

Phlegmariurus   carinatus  3.21  Phlegmanol   A  606.87  

Phlegmariurus   carinatus  3.22  Phlegmanol   L   622.87  

Phlegmariurus   carinatus  3.23  Phlegmanol   K   622.87  

Phlegmariurus   carinatus  3.24  Phlegmanol   J   622.87  

Asarum   sieboldii    var.    seoulense  3.25  Methoxyeugenol   194.23  

Asarum   sieboldii    var.    seoulense  3.26  Elemicin   208.25  

Asarum   sieboldii    var.    seoulense  3.27  4-Hydroxybenzoic   acid   138.03  

Asarum   sieboldii    var.    seoulense  3.28  Vanillic   acid   168.15  

Asarum   sieboldii    var.    seoulense  3.29  2,4-Dihydroxy-5-methoxypropiophenone   196.20  

Asarum   sieboldii    var.    seoulense  3.30  3,4-Methylenedioxypropiophenone   178.18  

Asarum   sieboldii    var.    seoulense  3.31  2-Methoxy-4,5-methylenedioxypropiophenone   208.21  

Asarum   sieboldii    var.    seoulense  3.32  Kakuol   194.18  

Asarum   sieboldii    var.    seoulense  3.33  ( E )- p -Coumaric   Acid   164.16  

Asarum   sieboldii    var.    seoulense  3.34  ( E )-Ferulic   acid  194.18  

Asarum   sieboldii    var.    seoulense  3.35  Asaricin   192.21  

Asarum   sieboldii    var.    seoulense  3.36  Asarinin  354.35  

Asarum   sieboldii    var.    seoulense  3.37  Piperitol  356.37  

Asarum   sieboldii    var.    seoulense  3.38  Pluviatilol  356.37  

Asarum   sieboldii    var.    seoulense  3.39  Sesamin  354.35  

Asarum   sieboldii    var.    seoulense  3.40  N- Isobutyl-2( E ),4( E ),8( Z )-decatrienamide  221.34  

Asarum   sieboldii    var.    seoulense  3.41  N- Isobutyl-2( E ),4( E ),8( Z ),10( Z )-dodecatetraenamide   247.38  

Asarum   sieboldii    var.    seoulense  3.42  N- Isobutyl-2( E ),4( E ),8( Z ),10( E )-dodecatetraenamide   247.38  

Asarum   sieboldii    var.    seoulense  3.43  N -Isobutyl-2( E ),4( E )8( E ),10( E )-dodecatetraenamide   247.38  

87  



 

Asarum   sieboldii    var.    seoulense  3.44  N -Isobutyl-3( E ),4( E ),8( Z )-dodecatrienamide   249.39  

Macleaya   cordata   3.45  Chelerythrine   348.37  

Macleaya   cordata   3.46  Chelilutine   378.40  

Macleaya   cordata   3.47  3- O -Feruloylquinic   acid  368.34  

Macleaya   cordata   3.48  Methyl   3- O -Feruloylquinate  382.36  

Macleaya   cordata   3.49  Ferulic   Acid   4- O -glucoside   356.32   

Macleaya   cordata   3.50  Chelirubine  362.35  

Macleaya   cordata   3.51  Bocconoline   379.41  

Macleaya   cordata   3.52  10-Methoxybocconoline   409.43  

Macleaya   cordata   3.53  Columbamine   338.38  

Macleaya   cordata   3.54  Berberine  336.36  

Macleaya   cordata   3.55  Tetrahydroscoulerine   322.33  

Macleaya   cordata   3.56  Coptisine  320.32  

Macleaya   cordata   3.57  Sanguinarine  332.33  

Macleaya   cordata   3.58  6-(1-Hydroxyethyl)-5,6-dihydrochelerythrine  393.43  

Macleaya   cordata   3.59  p-Coumaroyltramine  283.32  

  *  3.60  Isochlorogenic   acid  354.31  

  *  3.61  **  269.26  

  *  3.62  Thymine  258.23  

  *  3.63  3,4-Dihydroxybenzaldehyde  138.12  

  *  3.64  Caffeic   Acid  180.16  

  *  3.65  Isoferulic   acid   194.18  

  *  3.66  1,3,4-Trihydroxy-5-[(E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-e noyl]oxycyclohexane-1-carboxylic   acid  368.34  

  *  3.67  **  382.36  

  *  3.68  **  182.17  

  *  3.69  CHEMBL2048503  368.34  

  *  3.70  **  516.45  

  *  3.71  Cynarin   516.45  

  *  3.72  **  326.30  

  *  3.73  **  356.33  

  *  3.74  **  226.27  

  *  3.75  1,3-Dicaffeoylquinic   acid   530.48  

  *  3.76  **  358.38  

  *  3.77  3-N-Butyl-4,5-dihydrophthalide  192.25  

  *  3.78  (E)-Ligustilide  190.24  

  *  3.79  **  578.52  

  *  3.80  **  354.10  

  *  3.81  trans-Chlorogenic   acid  354.31  

  *  3.82  **  340.33  

  *  3.83  Cyclohexa-1,3-diene-1,2-dicarboxylic   acid  168.15  

  *  3.84  **  356.32  

  *  3.85  DL-Tryptophan  204.23  

  *  3.86  Tetrahydroharman-3-carboxylic   acid  230.26  

  *  3.87  **  196.20  

  *  3.88  **  196.20  
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  *  3.89  Ligustilide  190.24  

  *  3.90  Senkyunolide   I  224.25  

  *  3.91  Indole-3-carboxaldehyde   145.16  

  *  3.92  3,4-Dimethoxycinnamic   acid  208.21  

  *  3.93  **  224.21  

  *  3.94  **  244.71  

  *  3.95  p-Hydroxyphenethyl   trans-ferulate  314.33  

  *  3.96  3-Butyl-1(3 H )-isobenzofuranone  206.24  

  *  3.97  Senkyunolide   I  208.25  

  *  3.98  1-3-N-butylphthalide  190.24  

  *  3.99  4,5-Dihydroxy-3-butylisobenzofuran-1(3H)-one  222.24  

  *  3.100  **  380.48  

  *  3.101  Falcarindiol  260.37  

  *  3.102  1,8-Heptdecadiene-4,6-diyne-3,10-diol  260.37  

  *  3.103  **  204.22  

  *  3.104  SCHEMBL3763234  204.22  

  *  3.105  Coniferyl   Ferulate  356.37  

  *  3.106  **  220.22  

  *  3.107  **  382.49  

  *  3.108  Angelicide   380.48  

  *  3.109  **  382.49  

  *  3.110  Angeolide   380.48  

  *  3.111  4-Hydroxybenzyl   alcohol   124.14  

  *  3.112  **  286.28  

  *  3.113  **  996.91  

  *  3.114  **  728.65  

  *  3.115  **  728.65  

  *  3.116  **  460.39  

  *  3.117  **  444.39  

  *  3.118  **  742.68  

  *  3.119  Bis-(4-hydroxybenzyl)sulfide  246.32  

  *  3.120  4,4’-Dihydroxybenzyl   sulfone  278.32  

  *  3.121  Bis(4-hydroxybenzyl)   sulfoxide   262.32  

  *  3.122  Bisphenol   F   200.23  

  *  3.123  2,5-Bis[(4-hydroxyphenyl)methyl]phenol  306.36  

  *  3.124  **  362.37  

  *  3.125  **  470.42  

  *  3.126  Bis(2-ethylhexyl)   phthalate  390.56  

  *  3.127  Dibutyl   phthalate   278.34  

  *  3.128  **  413.45  

  *  3.129  2-(6-Aminopurin-9-yl)-5-(hydroxymethyl)oxolane-3,4-diol  267.24  

  *  3.130  **  389.36  

  *  3.131  4-Hydroxybenzaldehyde   122.12  

  *  3.132  Isovanillin  152.15  

  *  3.133  Citric   acid  192.12  

  *  3.134  **  300.30  
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  *  3.135  ZINC195753332  284.26  

  *  3.136  Cinnamic   acid  148.16  

  *  3.137  4’-Hydroxyacetophenone  136.15  

  *  3.138  5-Hydroxy-2-methoxyphenanthrene-1,4-dione  254.24  

  *  3.139  **  259.26  

 
*   Denotes   plant   names   from    unpublished   thesis ,   either   derived   from    Gastrodia   elata    Bl.   or    Ligusticum   chuanxiong    Hort.  
**   Denotes   compound   names   from    unpublished   thesis   -    names   not   found   in    PubChem  

 
 

The  secondary  metabolites  isolated  from  each  plant  belonged  to  several           

predominant  and  structurally  similar  compound  classes  including  phenols,  terpenoids          

and  alkaloids  ( Figure  3.1  to 3.4 ).  It  is  common  that  compounds  isolated  from  the  same                

plant  source  will  be  structurally  similar.  However,  the  metabolites  may  behave            

functionally  different  as  many  compounds  in  the  series  are  enantiomers  and  are             

anticipated  to  elicit  different  binding  towards  αS  protein.  Natural  products  isolated  from             

Phlegmariurus  carinatus contained  lycopodium  alkaloids  (compounds 3.1-3.8 )  and         

triterpenoids  ( 3.9-3.24 )  ( Figure  3.1 ). 2  Natural  products  from Asarum  sieboldii var.           

Seoulense contained  phenolics  ( 3.25-3.35 ),  lignans  ( 3.36-3.39 )  and  isobutylamides         

( 3.40-3.44 )  ( Figure  3.2 ). 2 Natural  products  from Macleaya  cordata are  abundantly           

quinic  acids  ( 3.47-3.49 )  and  benzophenanthridine  alkaloids  ( 3.45-3.46,  3.50-3.59 )         

( Figure  3.3 ). 3  Chelerythrine,  sanguinarine  and  other  alkaloids  are  major  metabolites  of            

M.  cordata and  are  responsible  for  anti-inflammatory,  antimicrobial,  anti-carcinogenic          

bioactivity. 3,  7,  8 Natural  products  isolated  from Gastrodia  elata Bl.  and Ligusticum             

chuanxiong Hort.  contain  a  wide  array  of  compound  classes,  including  carboxylic  acids,             

glucosides  and  terpenoids  ( 3.60-3.140 )  ( Figure  3.4 ). Gastrodia  elata Bl.  is  a  main  herb              

found  within Tianma ( Gastrodiae  rhizoma )  and  contains  principal  constituents          

p- Hydroxybenzyl  alcohol  derivatives,  gastrodin  and  gastrodigenin. 5  Gastrodin  has  been          

associated  with  neuroprotective  activity  from  preliminary  PD  model  research,  however           
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it  has  never  been  tested  against  αS  protein. 5 Ligusticum  chuanxiong  Hort.,  a  herb  used  in                

TCM  prescription Chuanxiong  Rhizoma  (Chuanxiong) ,  contains  volatile  oil,  lactone          

derivatives  including  butylphthalide,  Levistilide  A,  neocnidilide  and  senkyunolide. 5         

However  bioactivity  is  believed  to  result  from  the  abundance  of  major  phenolic  acids  in               

Chuanxiong  including  ferulic  acid,  caffeic  acid  and  vanillic  acid. 5  Additionally,  phenolic            

acids  are  antioxidants  and  reportedly  contain  many  therapeutic  effects  including           

neuroprotection. 5     Chuanxiong    also   contains   the   major   alkaloid   Ligustrazine. 5  
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Figure   3.1.    Compounds   isolated   from   Phlegmariurus   carinatus   (3.1-3.24).   
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Figure   3.2.    Compounds   isolated   from   Asarum   sieboldii    var.    Seoulense   (3.25-3.44).   
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Figure   3.3.    Compounds   isolated   from   Macleaya   cordata   (3.45-3.59).   
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Figure   3.4.    Compounds   isolated   from   Gastrodia   elata    Bl.   and    Ligusticum   chuanxiong    Hort.    (3.60-3.139).   
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3.2   αS   Expression   and   Purification   

3.2.1   Protein   Purification   Overview,   Optimisation   and   Limitations   

α-Synuclein  protein  was  expressed  and  purified,  then  incubated  with  the  TCM            

compound  library  to  evaluate  protein-ligand  interactions.  The  pipeline  for  producing  αS            

samples  in  the  laboratory  to  screening  compounds  from  the  TCM  library  was  completed              

in  three  phases  and  documented  ( Figure  3.5 ).  Phase  one  involves  protein  expression,             

revival  of  glycerol  stock,  single  colony  selection,  bacterial  growth  and  induction  with             

isopropyl  β-d-1-thiogalactopyranoside  (IPTG).  Phase  two  involves  protein  purification         

which  is  conducted  in  several  steps  including  a  non-chromatographic  purification,  then            

fast  protein  liquid  chromatography  (FPLC)  purification.  Evaluation  of  the  concentration           

and  species  of  FPLC  fractions  are  confirmed  by  NanoDrop.  The  third  phase  involves              

preparing  the  samples  for  MS  screening  and  exchanging  the  buffer  of  fractions  with  a               

NAP-5  column.  The  samples  are  either  concentrated  or  diluted  to  10  µM  and  validated               

by  QTOF  MS  to  assess  purity.  Once  the  sample  is  pure  -  the  final  phase  involves                 

co-incubation  with  a  known  binder  and  inhibitor  of  αS  to  validate  its  potential  to  screen                

TCM  compounds.  Screening  involves  incubating  TCM  compounds  with  protein  to           

assess  compounds'  ability  to  bind  and  form  protein-ligand  complexes,  this  is  analysed             

from  the  deconvoluted  spectra.  This  process  was  conducted  a  total  11  times  in  order  to                

optimise  the  yield  and  purity  of  protein  synthesised.  These  phases  were  successful  in              

expressing  and  purifying  monomeric  αS  used  to  evaluate  binding  of  all  compounds             

from   the   TCM   library.   
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Figure   3.5.    Workflow   of   protein   expression,   purification   and   mass   spectrometry   screening.   
 

The  expression  and  purification  of  αS  was  performed  using  well-known  and            

reproducible  protocols,  to  a  standard  comparable  to  a  commercially  available  source  to             

≥95%  purity  ( Table  3.3 ). 9-12 Several  attempts  were  made  to  optimise  the  protocol  to              

produce  different  yields  and  quality  of  protein.  These  conditions  will  be  discussed             

further  in  section 3.2.2 to 3.2.3 .  The  change  in  conditions  eventuated  in  the  purification               

and  synthesis  of  pure  monomeric  αS.  11  batches  of  αS  protein  were  produced  in-house               

with  an  objective  of  producing  the  correct  volume,  concentration  and  purity  of  αS              

required  for  protein-ligand  screening.  The  product  of  this  and  total  protein  yield  has              

been   documented   below   ( Table   3.3 ).  
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Table   3.3.    Overview   of   in-house   protein   expression   and   purification   of   monomeric   αS.   

Step  
Batch   Number  

1  2  3  4  5  6  7  8  9  10  11  

1.   Expression  Bacterial   growth  
time  

>4hrs    –   1   Really   Poor  
>2hrs    –   2   Poor  
>1hrs    –   3   good  
<1hr    –   4   really   good  

2  1  4  4  4  4  2  4  4  4  4  

2.   NCP  
Purification  Pellet   produced  No    -   2  

Yes    -   4  4  2  4  4  4  4  4  4  4  4  4  

3.   FPLC  

280   nm   peak   at  
F20-25  

No    -   1  
Yes    -   2  2  *  *  *  *  *  2  2  1  2  2  

Nucleic   acid   peak  
separate   (F30)  

No    -   1  
Yes    -   2  2  *  *  *  *  *  2  2  2  2  2  

Protein≥DNA  No    -   1  
Yes    -   2  1  *  *  *  *  *  1  1  2  2  2  

4.   NanoDrop  Was   the   species  
protein  

No    -   2  
Yes    -   4  4  2  2  4  2  4  2  4  4  4  4  

5.   Buffer  
Exchange  

Concentration  
(mg/ml)  

<0.13    -   2  
≥0.13    -   4  4  *  *  *  *  *  2  4  4  4  4  

6.   QTOF   Mass  
Spectrometry  

α-Synuclein  No    -   1  
Yes    -   2  2  *  *  *  *  *  *  2  2  2  2  

≥95%   Pure  No    -   1  
Yes    -   2  2  *  *  *  *  *  *  1  1  2  2  

No   noise  No    -   1  
Yes    -   2  2  *  *  *  *  *  *  1  1  2  2  

Batch   Final   Score  25  5  10  12  10  12  15  25  25  28  28  

Yield   before   FPLC   purification   (mg/ml)  1.28  0.00  0.78  1.09  0.69  0.32  0.59  2.41  1.47  0.39  0.74  

 

This  method  of  purification  was  successful  in  producing  pure  αS  protein,            

however  there  were  some  limitations  to  this  process.  One  limitation  of  the  technique  is               

that  the  purification  process  is  time  costly.  To  produce  1  mg/ml  of  protein  would  take                

approximately  ten  pure  batches  following  this  protocol  or  cost  $1,000  AUD.  In  total              

about  0.13  mg/ml  of  αS  protein  was  yielded  from  a  1L  expression,  a  process  that  takes                 

approximately  1  week.  Although  some  samples  were  pure,  this  technique  did  not             

guarantee  reproducibility  amongst  every  batch  made.  Despite  successful  attempts  to  be            

made  in-house,  as  evidenced  by  batches  10  to  11,  a  future  recommendation  would  be  to                

purchase   the   protein   at   >95%   purity.   
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3.2.2   Protein   Expression   

αS  protein  was  successfully  expressed  and  utilised  for  compound  screening,           

based  upon  common  protocols. 9-12  Batch  11  was  selected  for  a  more  detailed  discussion              

of  these  results  ( Table  3.3 ).  The  purpose  of  phase  1  is  to  overexpress  αS  protein  from                 

Escherichia  coli ( Figure  3.5 ).  αS  will  then  be  separated  from  nucleic  acids  and  other               

proteins  via  further  purification  techniques. 9 Escherichia  coli BL21  (DE3)  strain  was            

transformed  with  pET-22b  (+)  SNCA  for  expressing  protein. 13  pET-22b  (+)  SNCA            

vector  has  bacterial  resistance  to  ampicillin  which  is  used  to  prevent  other  bacterial              

contamination  in E.  Coli growth.  DH5α  cells  of E.  coli were  used  for  propagating  the  αS                 

vector.  An  overnight  culture  of  bacterial  cells  were  prepared  from  an  incubated  bacterial              

stock  plate  with  streaking  of  the  plate  from  the  frozen  glycerol  stock.  Plasmid  DNA  was                

purified  from  this  process,  by  selecting  a  single  isolated  colony  and  transferring  it  to  a                

new  plate  for  propagation.  This  process  can  be  cut  short  by  reviving  the  glycerol  stock                

into  liquid  media,  however  this  step  can  enrich  contamination  persisting  within  the             

stock.  For  this  purpose,  the  glycerol  stock  culture  was  revived  onto  an  agar  plate  for  3                 

days  for  each  batch. 14  The  isolated  colony  was  subsequently  inoculated  in  broth  medium              

to   promote   pure   plasmid   DNA   growth   from   revived   culture   ( Figure   3.6 ).   
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Figure   3.6    Glycerol   stock   culture   revived   on   agar   plate   and   a   single   isolated   colony   was   selected   for  
bacterial   growth.   

 
 

Escherichia  coli has  been  commonly  used  to  produce  recombinant  αS  protein  for             

26  years. 12,  15,  16  Common  techniques  involve  obtaining  the  whole  cell  extract  by              

sonication,  boiling,  ammonium  sulfate  precipitation  and  acid  precipitation,  subsequently          

followed  by  ion-exchange  or  size-exclusion  chromatography. 12,  16-18  For  a  long  time  it             

has  been  hypothesised  that  αS  is  expressed  within  the  cytoplasm,  however  Ren  et  al.               

discovered  that  it  was  instead  expressed  within  the  periplasm. 12  Therefore  in  order  to              

prepare  high  quality  yields  of  αS,  the  method  for  synthesising  αS  was  also  based  upon                

Huang  et  al.  (2005)  findings. 12  The  isolated  colony  from  transformed  BL21  (DE3)  with              

pET-22b  (+)  culture  was  inoculated  into  liquid  media  and  placed  on  a  shaking  incubator               

to  promote  the  growth  of E.  coli strain  DH5α.  Exponential  growth  of E.  Coli in  Luria                 

Broth  (LB)  medium  is  supported  to  an  optical  density  at  600  nm  (OD 600 )  between  0.6                

and  1.0. 19  The  findings  of  this  study  showed  that  the E.  coli took  approximately  3  hours                 

to  reach  an  OD 595  of  0.5  to  0.6  as  represented  in  literature  findings  ( Figure  3.7A ).  The                 

physiological  state  of E.  Coli cells  grow  exponentially  above  0.3  OD 600  in  LB  medium               

and  this  may  vary  as  a  result  of  LB  composition. 19  The  ambient  conditions  that  support                
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optimal E.  Coli  cell  growth  in  LB  media  includes  appropriate  aeration,  utilization  of              

carbon  sources  from  catabolized  amino  acids  and  a  pH  <9. 19  In  several  batches  the               

optimal  conditions  for  growth  were  provided  and E.  coli  cells  reached  the  exponential              

growth  phase  within  a  shorter  time  frame  of  30  minutes  ( Figure  3.7B ).  This  growth  was                

reproducible  when  the  bacterial  plates  were  removed  from  the  overnight  incubator  at  14              

hours  directly  prior  to  inoculation  in  liquid  LB  medium.  By  incubating  the  plate  for  less                

than  14  hours,  this  resulted  in  minimising  the  portion  of  dead  cells  while  maximising               

the  portion  of  dividing  cells.  The  storage  of  the  plate  at  4°C  prior  to  inoculation  allowed                 

the  cells  to  become  stationary  and  post-inoculation  resulted  in  a  dormant  lag-phase.  The              

growth  was  monitored  by  measuring  the  OD  via  UV-vis  spectroscopy,  however  the             

clarity  of  the  liquid  LB  medium  was  also  indicative  of  its  growth. E.  Coli cell  growth  is                  

a  clear  light  yellow  when  first  inoculated  in  LB  medium,  then  turns  into  a  cloudy  turbid                 

liquid  ( Figure  3.7C ).  After  cells  grew  to  an  OD 595  of  0.5-0.6,  they  were  induced  for  four                 

hours  with  1M  IPTG  in  LB  medium  with  100  ug/ml  ampicillin  at  37°C. 12  Cells  were                

harvested  by  centrifugation  from  a  1L  medium  scale  expression  to  produce  20  cell              

pellets.   
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A         B  

                                    C     
Figure  3.7. A. E.  coli  growth  in  LB  media  to  optical  density  (OD 595nm )  between  0.5  and  0.6  over  time. B.                     
Compared  to  optimised  E.  coli  growth  in  LB  media  to  optical  density  (OD 595nm )  between  0.5  and  0.6  over                   
time. C. E.  coli  growth  in  LB  media  to  OD 595nm of  0.5  to  0.6  (left  cuvette)  compared  to  LB  media  without  E.                       
coli   (right   cuvette).  
 

3.2.3   Protein   Purification   using   Non-Chromatographic   Purification   

Monomeric  αS  protein  was  purified  from  the  cell  pellets  from  the  expression             

process,  following  well  known  reproducible  protocols. 9-12  The  purification  steps          

separated  αS  monomers  from  other  proteins  and  nucleic  acids. 12  The  purity  of  the  αS               

sample  is  vital  for  the  easy  identification  of  protein-ligand  binders  by  QTOF-MS  and  to               

provide  confidence  that  the  small  molecules  are  binding  preferentially  to  αS.  Thus,             

purification  was  conducted  in  two  main  steps  which  involved  non-chromatographic           

purification  (NCP)  and  anion  exchange  chromatography  by  FPLC. 9 The E.  coli cell             
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pellets  produced  by  centrifugation  were  first  purified  by  NCP,  a  multi-step  treatment  to              

each  cell  pellet.  Reportedly,  recombinant  αS  purified  from E.  Coli whole  cell  extract  via               

sonication  or  boiling  is  more  convenient  and  cost-effective  than  other  in-house            

purification  methods. 12,  16  NCP,  also  called  osmotic  shock,  focuses  on  expelling  the  αS              

protein  contained  within  the  periplasm  and  simultaneously  removes  proteins  encased           

within  the  cytoplasm. 12 Other  cytoplasmic  proteins  are  removed  from  the  whole E.  Coli              

cells  homogenate  by  boiling  or  via  precipitation  with  ammonium  sulfate  or  acid. 12             

Boiling  the  cell  results  in  precipitation  of  most  cellular  proteins,  leaving  αS  as  the  major                

component  of  the  soluble  fraction. 15,  17  αS  is  a  heat  resistant  protein,  however  there  may                

be  concerns  of  denaturing  when  boiled.  Therefore,  the  cell  lysate  can  be  precipitated              

with  ammonium  sulfate  in  lieu  of  boiling. 17  Boiling  and  ammonium  sulfate  precipitation             

are  interchangeable  steps  that  have  no  chemical  or  conformational  effect  on  the             

recombinant  protein  produced. 17  The  boiling  of  cell  lysate  samples  prior  to            

chromatographic  purification  leads  to  αS  enrichment. 13  Thus,  the  protocol  used  for            

in-house  purification  of  αS  first  solubilised  bacterial  pellet  in  TEN  buffer  and  protected              

it  from  degradation  from  boiling.  This  solution  was  then  dry  bathed  for  20  minutes  at                

100°C,  which  was  also  used  to  rid  insoluble  proteins  apart  from  soluble  αS  monomers.               

Reportedly,  80%  of  total  proteins  in  the  periplasm  are  αS  and  therefore  osmotic  shock  is                

a  critical  initial  step  for  purification. 12  Streptomycin  sulfate  was  then  added  to  remove              

nucleic  acids  followed  by  glacial  acetic  acid  to  adjust  the  pH.  The  mixture  was               

centrifuged  to  separate  the  supernatant  from  the  precipitate  which  contained           

non-synuclein  insoluble  content.  Saturated  ammonium  sulfate  was  subsequently  used  to           

precipitate  and  separate  αS  from  the  other  proteins  by  altering  their  solubility  by  high               

salt  concentration.  Ammonium  acetate  was  used  twice  to  precipitate  proteins  and            
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ethanol  was  used  to  precipitate  DNA.  The  remaining  pellet  was  concentrated  to  remove              

remaining  volatile  solvent  and  a  small  grey  semi-pure  protein  pellet  of  mostly  αS  was               

leftover   ( Figure   3.8 ).   

 

 
Figure  3.8. Semi-pure  protein  pellet  remaining  from  non-chromatographic  purification  of  E.  Coli  cell              
pellet.   
 

3.2.4   Protein   Purification   using   Ion-Exchange   Chromatography  
 

The  second  stage  of  purifying  recombinant  αS,  in  consequence  of  the  removal  of              

nucleic  acids  and  cytoplasmic  proteins,  was  to  conduct  chromatographic  purification.           

Either  ion-exchange  or  size-exclusion  chromatography  is  recommended  for  the          

purification  of  αS  protein. 9,  10,  12,  17,  18  Ion-exchange  chromatography  purifies  protein  by              

separating  molecules  based  upon  their  net  charge.  FPLC  employed  ion-exchange           

chromatography  for  in-house  purification  of  αS  monomers. 10,  12,  20  Ion-exchange           

chromatography  is  capable  of  removing  polymerized  forms  of  protein  that  result  from             

boiling. 12  This  results  in  the  elution  of  high  purity  protein  samples,  however  one  pitfall               
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is  the  subsequent  decrease  in  total  yield. 12  After  the  treated  cell  lysate  was  transformed               

into  a  semi-pure  protein  pellet,  it  was  resuspended  in  Tris-HCl  (pH  8.0)  buffer  for               

Ion-exchange  chromatography. 15,  17  The  material  was  then  spun,  sonicated  and  filter            

sterilised  prior  to  injection  into  the  FPLC.  The  semi-pure  protein  sample  in  the  Tris-HCl               

buffer  was  evaluated  for  its  concentration  by  NanoDrop  prior  to  injection  ( Figure  3.9 ).              

Batch  11  contained  0.74  mg/ml  (51.18  µM)  of  protein  yielded  from  a  1L  culture,  which                

was  higher  than  the  medium  yield  of  all  other  batches  (0.69  mg/ml  or  47.71  µM)  ( Table                 

3.3 ).  The  NanoDrop  spectra  demonstrated  that  the  sample  contained  high  amounts  of             

protein  as  compared  to  nucleic  acids,  as  there  was  a  low  260/280  nm  ratio  ( Figure  3.9 ).                 

Additionally,  the  right  peak  was  central  at  280  nm,  the  wavelength  in  which  protein               

absorbs,  and  validates  that  there  was  little  RNA  or  DNA  contamination.  This  indicated              

that   the   previous   NCP   steps   were   largely   successful   in   removing   αS   from   the   periplasm.  

 

 
Figure  3.9. Concentration  of  protein  in  Tris  Buffer  A  before  FPLC  injection  (Data  generated  by                
NanoDrop).  

 
 
 

The  appearance  of  the  sample  by  NanoDrop  indicates  that  the  species  is  mostly              

protein,  which  has  been  successfully  separated  from  nucleic  acids  with  NCP.  This             

sample  was  prepared  in  Tris-HCl  buffer  and  was  sterile  filtered  through  a  0.22  µM  filter                
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to  separate  protein  dimers  into  monomers.  The  protein  solution  was  then  injected  into              

the  FPLC  for  ion-exchange  chromatography.  The  FPLC  machine  was  equipped  to            

identify  fractions  containing  samples  absorbing  at  a  280  nm  wavelength  which  were             

pure  protein.  These  fractions  were  identifiable  by  an  increase  in  the  factor  representing              

the  280  nm  wavelength  and  were  visible  by  peaks  in  the  trace  ( Figure  3.10 ).  On                

average,  the  pure  protein  would  elute  from  25-35%  Tris-NaCl  buffer  which  resulted             

from  an  increase  in  sodium  chloride  (NaCl)  concentration.  This  corresponds  with            

fractions  eluted  from  21  to  26,  and  is  where  αS  protein  typically  elutes. 13  The  trace  of                 

batch  11  indicates  that  pure  protein,  presumably  a  species  of  αS,  eluted  at  fractions  24,                

25  and  26  ( Figure  3.10 ).  Fraction  24  was  assumed  to  contain  the  highest  concentration               

of  protein,  as  it  was  visible  as  a  sharp  peak  with  higher  intensity  than  surrounding                

peaks.  Sharp  and  symmetrical  peaks  at  0.3  to  0.37  M  NaCl  were  indicative  of  αS  at  95%                  

purity. 12  A  second  peak  appeared  sharp  and  tall  at  fraction  30,  albeit  at  a  lesser  intensity                 

than   fraction   24   is   where   nucleic   acids   leftover   from   the   NCP   persists   ( Figure   3.10 ).   

 

  
Figure   3.10.    Ion-Exchange   Chromatography   chromatograph   of   monomeric   αS   protein   elution.   

 
 

The  FPLC  trace  was  used  to  guide  the  selection  of  UV  active  fractions  for               

analysis  of  species  and  concentration  by  NanoDrop;  fraction  17  to  33  showed  an              

increase  in  absorbance  at  280  nm  ( Figure  3.11 ).  The  retention  of  fractions  were  guided               

by  if  they  were  pure  and  concentrated  enough  for  MS  screening.  Firstly,  a  low  260/280                
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nm  ratio  indicates  that  the  fraction  contained  protein  and  was  sufficiently  fractionated             

from  nucleic  acid.  Secondly,  the  concentration  of  protein  sufficient  for  MS  screening  is              

≥0.13  mg/ml  (10  µM).  Fractions  24  to  26  contained  pure  protein,  indicative  by  a  low                

260/280  ratio,  and  were  more  concentrated  than  0.10  mg/ml  per  fraction  ( Figure  3.11 ).              

Fractions  17-23  and  27-34  were  assessed  for  these  parameters,  however  they  did  not              

contain  pure  concentrated  protein  ( Figure  3.11 ).  Fractions  30  to  31  did  demonstrate  a              

similarly  low  260/280  ratio,  however  the  peaks  were  not  well  defined  as  fraction  24,  nor                

were  they  sufficiently  concentrated.  This  demonstrated  that  batch  11  was  sufficiently            

purified  using  NCP  and  ion-exchange  chromatography  techniques  as  evidenced  from           

the  absence  of  nucleic  acids  eluted.  Nucleic  acids  were  observable  in  batch  6  fraction               

30,  where  a  high  260/280  nm  ratio  was  observed  in  the  NanoDrop  spectra  ( Figure               

3.12 ).  Given  this  information,  the  protein  peak  at  fraction  24  in  the  FPLC  trace  was  four                 

times  larger  than  fraction  30,  which  contained  0.09  mg/ml.  Fraction  24,  25  and  26               

contained  protein  that  contained  24.20  µM,  22.82  µM  and  10.37  µM  respectively;  all              

fractions  were  concentrated  above  10  µM  and  were  appropriate  for  MS  screening             

(Figure   3.11 ).   
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Above,   from   left   to   right:   Fraction   17,   18   and   19   
 

 
Left   to   right:   Fraction   22,   23   and   24  

 

 
Left   to   right:   Fraction   25,   26   and   27  

 

 
Left   to   right:   Fraction   29,   30   and   31  

 
   Left   to   right:   Fraction   32,   33   and   34  
Figure  3.11. Proteins  eluted  from  Batch  11  of  Ion-Exchange  Chromatography  at  fractions  24  to  26,                
demonstrated  by  a  low  260/280  nm  ratio.  All  other  fractions  did  not  contain  a  species  indicative  of                  
protein.   
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Figure  3.12. Nucleic  acids  eluted  from  Batch  6  Ion-Exchange  Chromatography  at  fraction  30              
demonstrates   a   high   260/280   nm   ratio.   
 

3.2.5   Preparation   of   Protein   Samples   for   QTOF-MS   
 

Protein  samples  are  suitable  for  assessment  via  MS  equipment  when  in  a             

compatible  buffer  system  of  water  and  ammonium  acetate. 21  Protein  samples  eluted  by             

ion-exchange  chromatography  were  in  a  Tris-NaCl  solution.  The  samples  needed  to  be             

desalted  and  exchanged  into  an  ammonium  acetate  buffer.  This  process  was  conducted             

with  a  NAP-5  column  (GE  Healthcare)  and  the  protein  solution  transformed  into  a  10               

µM  ammonium  acetate  buffer.  Fraction  24  and  25  had  the  greatest  initial  concentration              

of  protein  and  were  therefore  selected  for  buffer  exchange.  This  process  typically  results              

in  the  dilution  of  samples,  therefore  the  fractions  were  re-evaluated  for  their             

concentration  post-buffer  exchange.  Fraction  24  contained  0.35  mg/ml  (24.20  µM)  of            

protein  after  ion-exchange  chromatography  elution.  It  became  slightly  less  concentrated           

to  0.33  mg/ml  (22.8215  µM)  post-buffer  exchange  ( Figure  3.13 ).  Whereas  fraction  25             

contained  0.33  mg/ml  (22.82  µM)  after  FPLC  elution  and  became  moderately  less             

concentrated  post-buffer  exchange  to  0.19  mg/ml  (13.1396  µM).  Despite  this,  both            

samples  were  greater  than  0.13  mg/ml  (10  µM)  and  were  sufficiently  concentrated  for              

MS   injection.  
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Figure  3.13. Buffer  Exchanged  fractions  24  (left)  and  25  (right)  of  batch  11  from  Ion-Exchange                
Chromatography   into   an   ammonium   acetate   buffer.   
 

 
Both  samples  were  >0.13  mg/ml  (10  µM)  thus  they  were  diluted  with             

ammonium  acetate  to  a  concentration  of  10  µM  before  being  assessed  for  their  protein               

species  and  purity  by  QTOF-MS.  MS  is  an  emerging  technique  in  proteomic  and  ligand               

binding  studies  as  it  can  be  used  for  high-throughput  protein  characterization  of  αS              

protein 17,  22-24  to  screen  inders  or  inhibitors  from  large  compound  libraries. 9,  13,  25              

Additionally,  MS  is  a  favourable  technique  as  it  can  reveal  low  molecular  weight              

impurities  which  would  otherwise  not  be  detected  by  SDS-PAGE. 9  Therefore,  fractions            

24  and  25  were  ran  through  QTOF-MS  to  confirm  that  the  species  were  monomeric  αS                

protein.  Prior  to  this,  the  background  noise  which  is  from  persisting  small  molecules  or               

proteins,  is  encapsulated  before  samples  are  run  in  order  to  provide  a  baseline  spectra               

for  subsequent  injections.  Noise  from  background  spectra  with  an  intensity  (arbitrary            

units)   less   than   x10 1    is   acceptable   ( Figure   3.14 ).   
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Figure   3.14.    Background   noise   of   QTOF   MS   spectra   of   batch   10   before    A.     fraction   24   and    B.    25  
injection.   

 
 

QTOF-MS  has  previously  been  reported  to  sensitively  reveal  the  species  and            

purity  of  αS  protein. 9 The  appearance  of  monomeric  αS  protein  has  a  distinguishable              

pattern  when  observed  through  MS  ( Figure  3.15 ).  One  common  feature  is  the  low  to               

high  charge  states  including  +7  to  +20.  This  is  because  αS  monomers  are              

physiologically  unfolded  and  are  ionized  easily  by  MS  to  show  multiple  charge  states. 13              

The  pattern  in  which  these  peaks  arranged  themselves  is  also  a  distinguishing  feature.              

Typically,  the  intensity  from  +7  to  +14  charges  increase,  whereas  the  intensity  from  +15               

to  +20  charges  decreases.  Additionally,  fractions  24  and  25  exhibited  a  larger  portion  of               

protein  monomers  rather  than  dimers.  This  demonstrated  the  successful  separation  of            

proteins  by  ion-exchange  chromatography. 13  This  was  also  validated  by  the  separation            

of  the  UV-active  protein  peaks  of  FPLC,  which  did  not  co-elute  and  instead  eluted  in                

separate  fractions  24  to  26  ( Figure  3.11 ).  Fraction  24  and  25  contained  similar  species               
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of  αS  as  indicated  by  the  pattern  of  their  MS  spectra,  despite  the  former  fraction  being                 

slightly  more  concentrated.  Both  fractions  displayed  a  similar  pattern  where  the            

intensity  of  the  low  charge  states  (+7,  +8  and  +9)  were  relatively  low.  The  in-house                

manufactured  αS  was  compared  to  commercially  available  samples  which  had  ≥95%            

purity  and  had  been  reported  on  in  literature  ( Figure  3.16 ).  The  commercial  protein              

contained  major  portions  of  αS  monomers  as  compared  to  minor  dimer  portions  and  was               

comparable  to  the  in-house  made  protein. 9  These  fractions  were  almost  identical  in             

appearance  to  the  commercial  reported  source,  which  is  an  indication  of  similar  purity. 9              

The  protein  produced  in  the  lab  was  compared  to  reported  commercial  protein  by              

deconvolution  of  the  spectra  and  masses.  Monomeric  αS  which  has  a  MW  of  14,460  Da                

and  can  be  used  to  definitively  determine  the  species  of  the  protein.  The  MW  of  the                 

recombinant  protein  was  determined  by  QTOF-MS  and  calculated  as  [M  +  H + ]             

1033.1519  *  14  =  14,464.1266 (theoretical  difference  ±4.1)  for  Fraction  24  and             

1032.4970  *  14  =  14,454.958  Da  (theoretical  difference  ±5.0)  for  Fraction  25.  The              

reported  commercial  protein  had  a  mass  of  14,459.43  Da  (theoretical  difference  ±  0.57)              

and  an  in-house  made  reported  source  had  a  MW  of  14,463  (theoretical  difference  ±               

4.6). 9,  17  Despite  small  deviations  in  MW,  both  fractions  24  and  25  of  batch  11  contained                 

monomeric  αS  species.  This  level  of  differentiation  is  acceptable  within  the  standard             

error   of   QTOF   MS   due   to   resolution   limitations.   
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Figure  3.15. Quadrupole-time-of-flight  Mass  Spectrometry  spectra  of A fraction  24,  and B fraction  25               
from   batch   11.   Below   the   main   spectra   respectively   are   magnified   readings.  
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Although  not  observable  from  fractions  24  or  25,  some  impurities  may  be  visible              

in  less  concentrated  protein  fractions.  These  impurities  may  be  in  the  form  of  a  larger                

portion  of  dimers  than  monomers,  which  leads  to  less  sharp  peaks  and  an  increase  of                

spectral  noise.  This  also  results  in  the  intensity  of  charges  deviating  from  the  usual               

pattern  of  an  increase  from  +7  to  +14  and  decreases  from  +15  to  +20.  Fractions  which                 

display  these  characteristics  are  less  pure  and  not  suitable  for  compound  screening.             

QTOF  MS  confirmed  that  fraction’s  24  and  25  contained  αS  at  a  95%  purity  comparable                

to  commercially  available  αS  ( Figure  3.16 ).  Additionally,  the  spectra  of  αS  fractions             

were  indistinguishable  in  appearance,  which  is  preferential  when  screening  large           

libraries  of  compounds.  Standardising  the  quality  of  protein  eliminates  potential           

deviations  in  the  baseline  which  could  lead  to  mistaken  identification  of  protein-ligand             

binders.   

 

 

Figure   3.16.    Quadrupole-time-of-flight   Mass   Spectrometry   spectra   of   in   house   purified   αS   (red   spectra)  
vs.   commercial   bought   protein   (>95%   purity)(white   spectra). 9  
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3.3   Protein-Ligand   Binding   Study   with   Mass   Spectrometry   

3.3.1   Protein-Ligand   Theory  

Mass  spectrometry  is  a  multi-faceted  technique  that  can  efficiently  identify           

protein  species  and  purity.  MS  sensitively  reveals  small  molecule  impurities  of  <200             

Da,  that  would  otherwise  be  missed  with  SDS-PAGE. 9,  26  The  sensitivity  is             

advantageous  for  affinity-based  screening,  which  identifies  small  molecules  that  can           

form  protein-ligand  complexes  with  amyloid  proteins.  Affinity-based  screening  by  MS           

is  an  automated  technique  that  discovers  binding  scaffolds  which  can  be  developed  into              

αS  aggregation  inhibitors. 9,  26  This  technique  has  positively  detected  small  molecule            

binders  of  monomeric  amyloid  proteins  including  β-amyloid, 26  human  islet  amyloid           

polypeptides, 25 and  α-synuclein. 9,  27  This  screening  technique  assumes  that  ligands  bind            

to  amyloid  protein  to  prevent  folding  and  subsequent  aggregation. 26  It  forms            

protein-ligand  complexes  that  identify  individual  interactions  between  the  small          

molecules  and  protein,  meanwhile  it  importantly  screens  out  ligands  that  bind            

non-specifically 26  or  covalently. 9,  28  It  is  therefore  a  preliminary  screening  tool  as  it              

circumvents  disadvantages  of  other  cell  based  or in  vitro  screens  by  evaluating             

aggregation  inhibitors  at  a  higher-throughput  (<4  minutes  per  sample)  using  less            

volume/concentration  of  sample. 25,  26  Ion  mobility-mass  spectrometry  (IM-MS)  and          

QTOF-MS  have  successfully  identified  small  molecule  inhibitors  that  initially  formed           

protein-ligand  binding  interactions. 9,  27  Theoretically,  the  N-  and  C-termini  of  unbound            

αS  will  interact  with  a  small  molecule  to  stabilize  the  protein  into  a  compact               

confirmation  that  favours  a  non-toxic  species  of  αS  protein. 1  The  partial  compaction  of              

monomeric  αS  is  a  result  of  sequestering  the  N-  and  C-termini  that  may  interact  and                
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redirection  of  its  interactions  to  the  central  NAC  region. 29,  30  Small  molecule  binders  can               

opportunistically  form  loop-like  structures  between  the  N  and  C-terminus  to  provide            

neuroprotection,  whereas  agents  that  encourage  a  compressed  conformation  are  likely  to            

be  neurotoxic. 31  The  objective  is  to  identify  molecule  scaffolds  from  TCM  sources  that              

bind   to   monomeric   αS   and   stabilize   it   into   a   neuroprotective   conformation.   

3.3.2   Protein-Ligand   Complex   of   Known   Inhibitor  

The  best  sample  of  protein  for  affinity-based  screening  using  QTOF  MS  has             

previously  been  noted  to  be  unbound,  pure  and  binds  to  positive  control  species.  The               

sample  consisted  of  0.13  mg/ml  (10  µM)  of  unbound  αS  protein  ( Figure  3.17 ),  which               

would  be  co-incubated  with  a  well  reported  αS  binder  and  inhibitor  called             

(-)-epigallocatechin-3-gallate   (EGCG).   

A  

 
B  

 
C  

 

Figure   3.17.    Quadrupole-time-of-flight   Mass   Spectrometry   spectra   of    A    background   noise   and    B    pure  
monomeric   αS   protein   and    C    expansion   of   the   MS   spectrum   of    B .  
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A  compound  known  for  its  binding  and  inhibitory  activity  of  αS  was  selected  as               

a  positive  control  species  to  evaluate  that  the  protein  could  demonstrate  binding.  This              

known  binder  of  αS,  EGCG,  is  a  natural  tea  catechin  sourced  from Camelia  sinensis               

(Family  Theaceae).  Although  this  biota  is  used  in  TCM,  it  is  not  listed  on  the  PPRC  list                  

as  reflected  in  Chapter  1. C.  sinensis biota,  or  Lǜ  Chá  (green  tea),  is  made  into  a                  

wellness  concoction  called Xin  Xiu  Ben  Cao  that  reports  back  to  the  Tang  and  Song                

Dynasties. 32,  33  Green  Tea  contains  many  major  polyphenols  (catechin),  minor           

polyphenols  (quercetin,  kaempferol,  myricetin)  and  alkaloids  (caffeine  and         

theobromine). 34 Tea  and  its  polyphenols  have  been  linked  to  treating  symptoms  of  PD              

including  anti-inflammatory,  improving  cognitive  function,  acting  as  a  diuretic,          

moderately  reducing  the  risk  of  PD 35,  36  and  reducing  αS  oligomers  levels  in  PD  animal                

models. 9,  34  EGCG  is  the  major  compound  isolated  from C.  sinensis and  is  linked  to                

many  of  the  formerly  mentioned  beneficiaries  of  the  plant.  EGCG  demonstrates  strong             

interactions  with  αS  by  inhibiting  aggregation  dose-dependently, 37-39  decreasing  fibril          

size, 38  alleviating  toxicity, 38  and  inhibiting  aggregation  in  mouse  neuroblastoma  cell           

lines  when  co-incubated  with  β-cyclodextrin. 40  Also  the  inhibition  of  Fe +3 -induced           

fibrils  in  transduced-PC12  cells  by  chelating  Fe(III), 41  a  remodelling  agent  of  SNCA, 39             

and  reducing  necrosis  and  apoptosis  by  30  to  40%. 37  EGCG  was  bioactive  in  many in                

vitro and in  vivo  PD  assays  including  αS  aggregation  biochemical  assays,  A53T  αS              

expressing  SH-SY5Y  cells  and  transgenic  drosophila  model  expressing  human  αS. 1,  42-49            

These  studies  demonstrated  that  EGCG  can  inhibit  fibrillogenesis,  block  accumulation           

of  αS  in  the  SN,  disaggregate  mature  oligomeric  fibrils  into  smaller  non-toxic             

amorphous  aggregates  and  remodel  amyloid  fibrils  into  disordered  oligomers. 1,  42-49           

Additionally,  EGCG  reduces  oxidative  stress,  apoptosis  in  the  brain,  inhibits  preformed            
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oligomers  to  permeabilize  vesicles,  and  reduce  membrane  affinity  of  oligomers  to            

prevent  cytotoxicity. 1,  42-49  Specifically  in  drosophila  flies  dose-dependence  of  EGCG           

was  shown  to  delay  a  loss  in  climbing  ability. 1,  42-49  EGCG  binds  to  many  species  of  αS                  

including  monomers  observed  by  QTOF-MS, 43  backbone  by  Nuclear  Magnetic          

Resonance  (NMR), 43  cross-β-sheet  intermediates, 50  to  SNCA  by  unstable  hydrophobic          

interactions, 39 immobilizes  C-terminal  region  which  reduces  binding  of  oligomers  to           

membranes and  binds  ( K d  =  100  nM)  which  transforms  preformed  fibrils  into             

amorphous  less-toxic  aggregates. 20,  51 These  features  make  it  one  of  the  most             

well-known  studied  inhibitors  of  αS  which  warrants  its  common  use  as  a  positive              

control  ligand  for in  vitro assays,  including  the  following  protein-ligand  complex  study             

by   QTOF-MS.   

EGCG  ( Figure  3.18A )  has  a  MW  of  458.372  Da  and  formed  a  protein-ligand              

complex  to  monomeric  αS  when  observed  by  QTOF  MS.  A  7.5:1  ratio  of  EGCG  was                

incubated  with  monomeric  αS  for  30  minutes  at  room  temperature  (RT).  The  ratio  of               

compounds  was  selected  due  to  observations  that  higher  concentrations  of  compounds            

to  protein  (10:1  ratio)  caused  prolonged  signal  retention  and  affected  data  acquisition  of              

subsequent  samples  when  conducting  an  automated  compound  screening,  therefore  a           

lower  molar  ratio  (7.5:1)  reduces  sample  signal  retention. 13  The  lowering  of  the             

concentration,  to  lower  the  duration  of  intensity  peak,  did  not  have  a  visible  effect  on                

binding.  EGCG  was  incubated  at  a  1:1,  5:1  and  7.5:1  ratio  and  the  intensity  of  binding                 

was  not  greatly  affected  by  the  concentration.  The  protein-ligand  complex  was  equated             

by  the  sum  mass  of  αS  (14,460  Da)  and  EGCG  (458  Da).  A  1:1  stoichiometry  complex                 

was  observed  between  EGCG  and  monomeric  αS  from  +7  to  +20  m/z  ( Figure  3.18B ).               

Deconvolution  of  the  spectra  showed  a  mass  difference  of  459.10  Da  (1.10  ±  theoretical               
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mass)  between  αS  and  the  αS-EGCG  complex.  A  sample  of  unbound  pure  protein  was               

tested  by  MS  alongside  an  incubated  positive  control  sample  to  determine  that  no              

structural  changes  were  detected  in  αS;  these  samples  were  tested  for  every  20  TCM               

compounds   tested   ( Figure   3.18C) .   

 

A  

 
B  
 

 
C  

 

Figure  3.18.  A chemical  structure  of  EGCG,  and  Quadrupole-time-of-flight  Mass  Spectrometry  spectra             
from  +15  to  +13. B binding  of  EGCG  and  pure  monomeric  αS  protein  (7.5:1)  (Red  Arrows)  and C                   
unbound   monomeric   αS   protein.  
 
 

 
MS  binding  study  is  recommended  as  a  preliminary  screening  tool  to  identify             

small  molecule  inhibitors  of  αS  fibril  formation.  Biophysical  assays  that  apply            

benzothiazole  dye  Thioflavin  T  (ThT)  are  more  common  and  long-established  methods            
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for  the  detection  of  aggregated  amyloid  fibrils  and  subsequent  identification  of  small             

molecule  inhibitors. 52,  53  Several  pitfalls  of  ThT  assay  include  time  consumption  (72             

hours  vs  1  hour),  requirement  of  highly  concentration  protein  (80  µM  vs  10  µM),  and                

commonly  exhibits  false-positive  inhibition.  These  readings  are  not  indicative  of           

preferential  protein  binding  due  to  Pan-assay  interference  compounds  (PAINS)  that           

quench  the  dye  to  cause  low  fluorescence. 28  False  positive  results  are  common  with  this               

type  of  study  therefore  it  is  recommended  as  a  validation  tool  subsequent  to  a  MS                

binding  study.  The  aggregation  study  showed  that  at  0  hours  the  untreated  αS  protein               

was  natively  unfolded,  however  the  sample  aggregated  after  72  hours  of  incubation  as              

indicative  by  the  increased  fluorescence  ( Figure  3.19 ).  Whereas  the  αS  sample  treated             

with   EGCG   inhibited   over   80%   of   aggregation   after   72   hours.   

 

 
Figure  3.19. Aggregation  assay  measures  Thioflavin  T  fluorescence  of  unbound  monomeric  αS  protein  at               
0   hours,   αS   fibrils   after   72   hours,   and   EGCG   and   monomeric   αS   protein   at   72   hours.  
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3.3.3   TCM   Compound   Library   Screening   via   QTOF   MS  

The  TCM  compounds  were  stored  in  Dimethyl  Sulfoxide  (DMSO)  however  the            

solvent  was  evaporated  off  and  re-dissolved  in  methanol.  DMSO  is  a  volatile  solvent              

that  negatively  affects  molecule  ionization  by  MS  which  causes  a  significant  decrease  in              

the  intensities  of  m/z  states  above  +12,  an  increase  in  intensities  of  m/z  from  +6  to  +12,                  

and  distorts  the  sharpness  of  the  peaks. 13 The  compounds  were  re-dissolved  in  methanol,              

which  is  a  more  volatile  solvent  than  DMSO.  Each  of  the  139  TCM  compounds  were                

screened  at  a  7.5:1  ratio  to  αS  protein,  consistent  with  the  positive  control.  Three               

compounds  were  identified  as  binders,  whereas  97.84%  of  the  TCM  compounds  were             

unable  to  bind  to  αS,  including  a  compound  that  previously  reported  to  demonstrate in               

vitro  activity  towards  αS  (compound  3.34 ).  Compounds  that  failed  to  form  a             

protein-ligand  complex  at  a  7.5:1  ratio would  not  form  a  complex  at  a  lower  ratio  and                 

would  not  provide  selective  inhibition.  Two  compounds  formed  non-covalent  binding,           

whereas   one   compound   covalently   bound   to   αS.   

The  first  non-covalent  binder  of  αS  was  phlegmanol  G  ( 3.15 )  isolated  from  the              

TCM  herb Phlegmariurus  carinatus  and  had  a  molecular  weight  of  488.70  Da.  The              

formation  of  a  protein-ligand  complex  was  identifiable  by  a  peak  with  a  molecular  mass               

equaling  αS  (14,460  Da)  +  phlegmanol  G  (a  theoretical  difference  of ± 0.97  Da ).  The                

protein-ligand  complex  for 3.15 was  observable  from  low  to  high  charge  states  (+8  to               

+20)  and  demonstrated  the  same  recognisable  pattern  of  charges  as  unbound αS  ( Figure              

3.20 ).  This  indicates  that  the  compound  protein  complex  did  not  impact  on  the              

monomeric  proteins  configuration  as  it  could  be  ionised  in  the  same  way  as  untreated               

protein  samples.  The  most  intense  αS  protein  peak  at  +14  m/z  had  a  MW  of  14,516  Da                  
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and  was  the  calculated  mass  of  αS  with  the  acetate  adduct  (56  Da)  from  the  ammonium                 

acetate  solution.  The  intensity  of  the  protein-ligand  complex  peak  was  not  as  great  as               

the  positive  control  sample  at  the  same  ratio,  therefore  compound 3.15  may  not  bind  as                

strongly  to  monomeric  αS  as  EGCG  does.  An  enantiomer  of  phlegmanol  G,  called              

phlegmanol  H  ( 3.16 )  (488.7  Da)  was  also  evaluated  by  the  MS  binding  study  however  it                

did  not  form  a  protein-ligand  complex.  Compounds 3.15  and 3.16  are  serratane-type             

triterpenoids  that  exhibit  the  same  planar  structure  however  the  relative  configuration  at             

C-14  was  different.  The  attached  proton  of 3.16 was  β,  opposite  to  that  in 3.15 ,  which                 

was  identified  by  chemical  shift  variations  of  C-14  by  NMR. 2  It  can  be  deduced  that                

3.15 ’s  effect  on  αS  induced  a  complex  resulting  from  the  3D  shape  of  the  structure,                

particularly  at  the  C-14  position.  In  addition  to  this,  the  literature  reviewed  in Chapter  1                

identified  that  triterpenoids  and  phenols  were  identified  as  the  most  common  structural             

class  of  αS  aggregation  inhibitors  from  TCM  sources.  This  information  that  it  forms  a               

protein-ligand  complex,  in  addition  to  its  demonstrated  phenotypic  activity  shows  that  it             

would  potentially  be  a  good  drug  candidate.  Phenotypic  responses  of 3.15  in  PD  hONS               

cells  revealed  that  it  induced  distinct  PD-specific  phenotypes. 2 3.15  increased  intensities            

of  EEA1  related  parameters  and  markers,  but  decreased  intensities  of  α-tubulin,            

mitochondria   and   LC3b   marker   intensities. 2  
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Figure  3.20. Quadrupole-time-of-flight  Mass  Spectrometry  spectra  from  +15  to  +13  of  binding  of              
compound   3.15   and   pure   monomeric   αS   protein   (7.5:1)   (red   arrows).  

 
 
 

The  second  compound  that  formed  a  non-covalent  protein-ligand  complex  was           

phlegmacaritone  A ( 3.12 ),  isolated  from  the  TCM  herb Phlegmariurus  carinatus ,  with  a             

MW  of  518.68  Da.  This  compound  is  one  of  two  novel  serratane  related  triterpenoid               

epimers  purified  and  elucidated. 2  Compound 3.12  formed  a  non-covalent  protein-ligand           

complex  from  +8  to  +20  m/z,  which  was  identified  by  an  additional  peak  equating  the                

sum  MW  of  αS  and  compound 3.12  (theoretical  difference ±  0.84  Da )  ( Figure  3.21 ).               

The  sample  exhibited  the  same  characteristic  appearance  of αS  unbound  protein  due  to              

its  non-covalent  bonding  nature.  This  indicated  the  compound  protein  complex  did  not             

impact  on  the  shape  or  configuration  of  the  monomeric  protein  allowing  for  efficient              

ionisation  as  observable  from  consistent  charge  states.  The  +14  m/z  protein  peak  was              

observed  as  14,516  Da  and  is  consistent  with  compound 3.15 findings.  However,  the              

intensity  of  the  binding  peak  was  greater  than  the  positive  control  bound  to  αS  at  the                 

same  concentration  (7.5:1).  A  novel  enantiomer,  called  phlegmacaritone  B ( 3.13 )  with  a             

MW  of  518.68  Da,  was  also  tested  however  it  did  not  bind  to  αS.  Compound 3.12  and                  
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3.13 are  enantiomers  which  exhibit  the  same  core  structure  of  novel  serratane-type             

triterpenoids  with  an  15,30-lactone-14,15-seco  skeletons. 2 Both  compounds  contain  the          

same  A,  B,  C,  D  ring  systems  with  the  only  difference  being  in  ring  E  where  there  is  a                    

different  orientation  of  21-OH.  The  binding  ability  is  resultant  of  the  OH  facing  forward               

in  B.  Compound 3.13  exhibited  a  phenotypic  response  to  PD  hONS  cells  and  revealed               

significant  effects  on  related  cytological  parameters  with  increased  intensities  of           

α-tubulin  markers  and  decreased  mitochondria,  LC3B  and  EEA1  stains. 2 3.12  is  a             

triterpenoid  molecule  and  belongs  to  the  common  structure  class  of  αS  aggregation             

inhibitors  from  TCM  sources  in Chapter  1 ,  and  shows  promise  as  a  small  molecule               

inhibitor   candidate.  

 

 
 

 

Figure  3.21. Quadrupole-time-of-flight  Mass  Spectrometry  spectra  from  +15  to  +13  of  binding  of              
compound   3.12   and   pure   monomeric   αS   protein   (7.5:1)   (red   arrows).   
 

The  third  compound  bound  to  αS  covalently 3.124  (MW  362.37  Da)  and  is  a               

glucoside  isolated  from  a  TCM  source. unpublished  thesis  This  interaction  was  responsible  for             

changing  the  overall  shape  and  appearance  of  the  protein,  as  it  did  not  display  the  same                 
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characteristic  appearance  of  unbound  αS  ( Figure  3.22 ).  The  most  abundant  peak  was             

+14  m/z  and  had  a  molecular  weight  of  14,464.36  Da  (theoretical  difference  ±  4.36  Da).                

Compound 3.124 covalently  bound  to  αS  to  generate  a  peak  which  was  less  than  the                

MW  of  αS  plus  compound 3.124 .  The  observed  binding  peak,  which  was  apparent  at  all                

charge  states,  was  calculated  for  αS  protein  +  163  Da,  which  is  a  glucose  ring  without                 

one  oxygen  atom  (C 6 H 11 O 5 ).  It  was  hypothesised  that  the  glucose  moiety  was  forming  a               

complex  with  the  detached  glucose  ring  of  the  structure.  A  number  of  amino  acid               

building  blocks  have  functional  side  chains  that  can  be  used  for  covalent  bonding  and               

likely  attached  to  Lysine  (NH 2 )  as  αS  lacks  Tryptophan  and  Cysteine.  The  lone  pair  of                

electrons  on  Lysine  could  hypothetically  attack  the  electrophilic  carbon  on  the  epoxide             

group  to  form  a  covalent  bond.  This  complex  was  observable  from  low  to  high  charge                

states  and  more  specifically  from  +7  to  +19.  However,  the  lower  charge  states  (+11  to                

+7  m/z)  and  higher  charge  states  (+19  to  +20  m/z)  were  greatly  reduced.  Covalent               

binding  by 3.124  had  the  ability  to  change  the  appearance  of  αS  when  bound,  despite  its                 

successful  ionisation  at  all  charge  states.  The  peak  of  ligand  bound  to  protein  was  more                

intense  than  the  peak  of  unbound  protein,  this  may  indicate  that 3.124  binds  more               

strongly  than  the  positive  control  species.  This  compound  contained  a  unique  scaffold             

and  no  structurally  similar  compounds  were  evaluated,  including  enantiomers,  therefore           

structure   activity   relationships   (SAR)   cannot   be   deduced   for   this   compound.   
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Figure  3.22. Quadrupole-time-of-flight  Mass  Spectrometry  spectra  from  +15  to  +13  of  binding  of              
compound   3.124   and   pure   monomeric   αS   protein   (7.5:1)   (red   arrows).   

 
 
 

This  study  successfully  reproduced  sensitive  and  high-throughput  screening  of          

TCM  compounds  against  monomeric  αS  protein  with  QTOF-MS.  Three  of  139            

compounds  screened  from  the  TCM  library  demonstrated  preferential  binding  towards           

αS  as  observed  by  the  protein-ligand  complex  peaks.  These  findings  have  proven  that  it               

is  an  excellent  preliminary  screening  technique  for  large  and  diverse  compound            

libraries.  The  screening  technique  is  customisable  and  can  be  used  in  future  to  test  new                

compound  libraries  at  varying  concentrations.  The  compounds  were  evaluated  at  a  high             

concentration  of  7.5  times  greater  than  the  concentration  of  protein.  If  binding  is  not               

observable  at  a  7.5:1  concentration  then  it  will  not  bind  at  a  lesser  concentration,  or  be                 

comparable  to  the  gold  standard  positive  control  species,  EGCG  which  binds  at  a  1:1               

ratio.  These  compounds  were  only  assessed  at  this  ratio,  however  in  order  to  fulfil  the                

criteria  as  a  successful  binder  it  would  need  to  bind  at  a  1:1  ratio  or  less.  The  first  step                    

towards  finding  an  αS-targeted  drug  candidate  is  to  identify  a  compound  that  can  elicit               

neuroprotection  through  aggregation  immobilisation  and  specific  binding  to  αS.          

Therefore  recommendation  of  binders  require  further  physicochemical  and in  vitro           
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studies.  Compounds 3.12 , 3.15 and 3.124 contain  diverse  terpenoid  and  phenol            

structures,  therefore  the  SAR  and  three-dimensional  shape  could  be  explored  for  their             

role   to   bind   to   αS   protein.  

 

3.3.4   Non-Binders   from   TCM   Compounds   

 
97.84%  of  the  TCM  compound  library  did  not  form  protein-ligand  complexes            

however  many  had  reported  varying  degrees  of  neurotherapeutic  potential.  Information           

of  neurotherapeutic  activity  of  the  TCM  library  was  extrapolated  from  literature.  The             

neurotherapeutic  activity  included  bioactivity  against  amyloid  proteins,  including  αS          

protein  in  PD  and  Amyloid-Beta  (Aβ)  proteins  associated  with  AD.  The  majority  of  the               

TCM  compounds  had  not  been  reported  in  literature  to  exhibit  neuroprotective  ability             

against  αS  protein  although  some  may  have  been  studied  and  not  reported  due  to               

negative  results.  Some  had  reported  activity  against  other  amyloid  proteins  targets  or             

exhibited  non-αS  specific  neuroprotection.  These  compounds  were  further  investigated          

for  activity  through  a  literature  search  as  many  of  the  known  inhibitors  of  αS               

aggregation  also  demonstrated  activity  towards  other  amyloid  proteins. 9 This  is  vital  as             

accumulated  knowledge  is  more  valuable  for  identifying  bioactive  small  molecules  than            

a   random   screening. 5  

( E )- p -Coumaric  Acid  ( 3.33 )  did  not  bind  to  monomeric  αS  however  it  restored             

impaired  movement  of  PD  model Drosophilia  melanogaster exposed  to  PQ 54,  55  and             

protected  it  from  induced  neuron  injury in  vitro . 56  Similarly,  ( E )-ferulic  acid  ( 3.34 )  did              

not  demonstrate  binding  to  monomeric  αS  when  tested  by  QTOF  MS,  despite             

preventing  αS  aggregation  by  ThT  biophysical  assay. 57  It  is  hypothesised  that 3.34 does              

not  form  strong  interactions  with  monomeric  species  due  to  prion  protein  having             
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ordered  regions  whereas  monomeric  αS  was  evaluated. 57 3.34 dose-dependently  inhibits           

Aβ  fibril  formation  and  destabilizes  preformed  fibrils. 58  Sesamin  ( 3.39 )  prevents  DA            

neuronal  cell  loss  in  MPTP-induced  PD  rat  models, 59  significantly  reduced  motor            

asymmetry  and  attenuated  forced  biased  rotational  behaviour  in  a  6-OHDA-induced  PD            

models. 60  Berberine  ( 3.54 )  and  its  semi-synthetic  derivative  have  been  linked  to            

neuroprotection  of  PD  due  to  eliciting  DA  neuron  protection  in  animal  models  to              

improve  short-term  memory  and  alleviate  motor  dysfunction. 61  The  semi-synthetic          

derivative  was  hypothesised  to  bind  to  αS  monomers  when  tested  by in  silico molecular               

docking  study 62  however 3.54 did  not  bind  when  assessed  by  QTOF  MS.             

3,4-Dihydroxybenzaldehyde ( 3.63 )  is  the  oxidized  species  of  norepinephrine,  a          

neurotransmitter  that  inhibits  formation  of  αS  fibrils  and  disaggregates  existing  fibrils. 63            

Caffeic  acid  ( 3.64 )  is  a  potent  anti-fibrillating  agent,  dose-dependently  inhibits  αS            

fibrillation  and  destabilizes  αS  fibrils,  but  did  not  form  a  protein-ligand  complex. 64             

Molecular  docking  also  predicted  that 3.64 interacts  strongly  with  αS  around  residues             

Val40,  Gly36  and  Lys3. 64 Although  it  has  not  been  implicated  in  oligomer  stabilization,              

3,4-dimethoxycinnamic  acid ( 3.92 )  prevents  aggregation  of  αS  but  not  as  effective  as             

other  compounds.  It  is  not  expected  to  bind  to  monomeric  αS  as  observed  by  isothermal                

titration  calorimetry  and  circular  dichroism. 57  When  evaluated  with  monomeric  αS  on            

QTOF  MS 3.92  did  not  demonstrate  binding  at  7.5:1  concentration  of  protein.             

1-3-N-butylphthalide  ( 3.98 )  has  not  demonstrated  activity  against  αS,  however          

DL-3-n-butylphatlide,  the  synthetic  enantiomer,  is  a  known  inhibitor  of  αS 65 and            

prevented  MPP+  induced  neurotoxicity  through  stimulation  of  autophagy  mediated  αS           

degradation. 66-68  When 3.98 evaluated  by  QTOF  MS  did  not  demonstrate  protein-ligand            
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complex,  its  enantiomer  was  not  a  compound  in  the  library  and  therefore  was  not               

evaluated.   

Chelerythrine  ( 3.45 )  inhibits  aggregation  of  Aβ  and  disaggregates  preformed          

fibrils  (µM  range) 69,  70 by  activating  α-secretase  to  promote  a  non-amyloidogenic            

pathway, 71  which  consequently  increases  Aβ-induced  cytotoxicity  in  neuronal  culture          

and  cannot  be  used  to  treat  AD. 72,  73  Coptisine  ( 3.56 )  prevents  Aβ  aggregation  by               

inhibiting  the  metabolic  pathway  that  generates  Aβ  plaques  and  presented  moderate            

total  ROS  inhibitory  activities. 74  Sanguinarine  ( 3.57 )  is  a  MPK-1  inhibitor  identified  by             

p-ERK  and  c-myc  staining  in  MKP-1  overexpression  cell  model. 75,  76  A  plant  extract              

containing  main  metabolite  falcarinodiol  ( 3.101 )  protects  against  Aβ-peptide-induced         

neurotoxicity. 77  Cinnamic  acid  ( 3.136 )  reduced  cerebral  Aβ  plaque  burden  and  improved            

memory  of  familial  AD  mouse  models. 78  Despite  this  activity,  compounds 3.45 , 3.56 ,             

3.57 ,    3.101    and    3.136    did   not   bind   to   αS   monomers   by   QTOF-MS.   

These  findings  demonstrate  that  most  of  the  compounds  did  not  report  previous             

activity  as  a  neurotherapeutic,  whether  this  be  due  to  not  being  tested  and  reported               

before  is  not  known.  Additionally,  none  of  these  compounds  had  previously  been             

screened  for  binding  to  monomeric  αS  by  MS,  although  one  compound  predicted             

binding  when  docked  to  monomeric  αS in  silico .  Protein-ligand  complex  studies  is  an              

emerging  field  for  screening  protein  ligands  and  has  shown  its  potential  for  αS-targeted              

drug  discovery.  Thus,  for  the  first  time  the  TCM  compound  library  was  tested  for  their                

ability  to  bind in  vitro  to  αS  monomers.  QTOF-MS  can  validate  if  compounds  that               

previously  reported  inhibitory  activity  by in  vitro fluorescence  assays  were  a  result  of              

protein-ligand   interactions   and   if   they   are   potential   drug   candidates.   
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CHAPTER   4   COMPOUND   PHYSICOCHEMICAL   PROPERTY   ANALYSIS  

4.1   Assessment   of   Drug-likeness   

The  objective  of  finding  bioactive  small  molecule  binders  of  αS  is  to  develop  a               

drug  that  can  treat  or  halt  Parkinson’s  Disease.  Compounds  that  can  form  protein-ligand              

complexes  with  monomeric  αS  are  a  promising  start,  as  these  compounds  should  bind              

specifically  to  alleviate  neurotoxicity  induced  by  αS  aggregation.  QTOF-MS  was  used            

to  identify  three  binders  from  the  TCM  library  for  their  ability  to  form  protein-ligand               

complexes  with  monomeric  αS.  In  order  to  assess  if  these  compounds  could  be              

developed  into  a  drug,  their  drug-likeness  and  BBB  permeability  was  analysed.            

Identification  of  new  binders  and  inhibitors  are  important  at  increasing  the  chances  of              

finding  new  drug  candidates  and  may  be  used  to  deduce  SAR.  It  is  important  that  the                 

small  molecules  previously  identified  as  inhibitors  of  αS  aggregation  can  translate  into             

drug  candidates  that  have  utility  for  neuroprotection  and  PD  treatment.  This  is             

exemplified  by  the  identification  of  67  inhibitors  of  αS  aggregation  and  neuroprotective             

compounds,  however  to  date  none  have  been  successfully  developed  into  a  drug  for  PD.               

The  reasoning  for  this  could  be  due  to  the  compound’s  drug-like  properties  including              

stability,  solubility  and  bioavailability.  Where in  vitro work  identified specific binding            

to  the  protein  target,  the  druggability  of  these  compounds  can  be  assessed  via  an in                

silico analysis.  An in  silico study  will  assess  the  compounds  against  Lipinski’s  Rule  of               

Five   (RO5),   with   an   additional   rule   proposed   by   Veber   and   BBB   permeability.   

The  assessment  of  the  binders  from  the  TCM  compound  library  are  hypothesised             

to  be  a  good  source  of  potential  PD  drug  candidates.  Their  use  as  a  contemporary                

medicine  has  proved  efficacy  and  bioavailability  for  thousands  of  years  of  treatment.  It              

139  



 

is  hypothesised  that  these  binders  would  therefore  satisfy  Lipinski’s  rule  which  would             

make   them   orally   available.   

Lead  discovery  requires  multiparameter  optimization  throughout  the  process         

which  impacts  the  final  product.  The  starting  points  of  lead  optimization  usually             

determines  what  is  delivered  at  the  end,  therefore  drugs  are  designed  upon  effective              

delivery  via  physicochemical  properties. 1  Lipinski’s  RO5  describes  properties  of  a  drugs            

pharmacokinetics  in  the  human  body  including  absorption,  distribution,  metabolism  and           

excretion  (ADME). 2  Lipinski’s  RO5,  also  known  as  Pfizer’s  Rule  of  Five,  is  a  guideline               

which  evaluates  the  drug-likeness  of  compounds  upon  investigation  of  its           

pharmacological  properties  that  allow  them  to  be  orally  active  in  humans. 3  These  rules              

assess  each  of  the  pharmacological  properties  on  a  scale  including  MW ≤ 500  Da,             

partition  coefficient  (cLogP) ≤  5,  number  of  hydrogen  bond  donors  (HBD) ≤  5,  and               

number  of  hydrogen  bond  acceptors  (HBA) ≤  10. 2  Satisfaction  of  this  criteria  has              

demonstrated  druggability  based  upon  90%  of  orally  available  drugs  in  phase  II  clinical              

trials. 3  These  rules  are  a  determinant  of  drug  pharmacokinetics  in  the  human  body              

including  GIT  permeability  and  aqueous  solubility,  which  are  indicators  of  oral            

bioavailability. 3  These  parameters  are  important  for  the  body's  molecular  properties           

including  ADME  and  ingestion. 3,  4  As  reported  by  Jayaraj  et  al.  (2014)  as  compounds               

that  obeyed  Lipinski’s  RO5  and  bound  to  αS,  determined  by  a  molecular  docking  study,               

were  recommended  as  potential  drug  candidates  drugs. 5  Satisfaction  of  Lipinski’s  rules            

were  inspired  by  the  World’s  drug  index  and  evaluated  the  properties  in  orally  active               

drugs.  Compounds  that  fail  to  satisfy  Lipinski’s  RO5  are  said  to  have  trouble  being               

ingested  in  the  human  body. 4  Veber  (2002)  has  proposed  a  well  known  extension  of               

Lipinski’s  RO5  which  stipulates  that  reduced  molecular  flexibility,  determined  by  the            
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number  of  rotatable  bonds  (ROTB)  <10,  improves  the  oral  bioavailability. 1,  6  However,             

the  upper  limit  given  to  predict  ≥20%  bioavailability  by  oral  administration  is  13  ROTB               

in   humans,   as   assessed   by   over   1000   commercially   available   drugs. 6   

The  three  compounds  which  bound  to  monomeric  αS  were  assessed  for  their             

drug-likeness  using  the  online  SwissADME  tool. 7  The  compounds  which  obeyed  the            

rules,  with  one  or  less  violations,  are  predicted  to  be  orally  available.  The  significance               

of  this  assessment  is  that  the  compounds  would  be  appropriate  for  further  testing  and               

potential  development  without  synthetic  optimisation  of  structures.  Alternatively,  if          

these  binders  do  not  pass  Lipinski’s  rules,  they  can  be  compared  to  known  αS               

fibrillation  inhibitors.  Herein,  the  physicochemical  properties  could  be  used  to           

extrapolate  information  about  the  known  inhibitors  to  scope  in  on  potential  drug             

candidates.   

 

4.2   Drug-likeness   Evaluation   of   Compounds  

4.2.1   Evaluation   of   Molecular   Weight   

The  drug  likeness  of  the  three  compounds  which  demonstrated  binding  to            

monomeric  αS  ( 3.12,  3.15  and 3.124 )  were  evaluated  against  Lipinski’s  RO5.  The  first              

rule  stipulates  that  compounds  should  have  a  MW  less  than  or  equal  to  500  Da.                

Compounds 3.15  and 3.124 did  not  violate  this  rule  and  had  MW  of  488.70  Da  and                 

362.37  Da,  respectively.  Whereas  compound 3.12  violated  the  MW  threshold  at  518.68             

Da.  The  other  compounds  that  did  not  bind  to  αS,  were  assessed  for  their  drug-likeness                

to  evaluate  if  a  lesser  MW  was  common  amongst  the  other  compounds  from  TCM               

sources.   
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In  previous  studies  the  compounds  of  the  TCM  library  were  not  assessed  for              

their  drug-likeness  with  the  exception  of  the  compounds  which  demonstrated  specific            

cytological  profiles  and  were  assessed  to  be  potential  candidate  probes. 8,  9  Therefore  all              

compounds  contained  within  the  TCM  library  tested  were  then  assessed  for  their             

drug-likeness,  in  order  to  investigate  the  known  binders  more  by  evaluating  other             

compounds  of  TCM  sources  ( Appendix  2 ). Subsequently  89.13%  of  compounds  from            

the  TCM  library  did  not  violate  the  MW  rule  less  than  500  Da.  The  largest  bins  for  MW                   

belonged  to  200  to  300  and  300  to  400  Da,  both  with  29.71%  equally.  It  can  be                  

concluded  that  the  TCM  library  is  largely  made  up  of  small  molecule  inhibitors  ( Figure               

4.1 ).  Each  of  the  67  known  inhibitors  were  investigated  for  their  drug-likeness  in  order               

to  discover  commonalities  in  the  physicochemical  properties  of  compounds  linked  with            

anti-fibrillation  activity  on  the  target  protein  ( Appendix  3 ).  50.74%  of  the  inhibitors             

satisfied  the  rule  and  had  a  MW  ≤  500  Da  ( Figure  4.1 ).  The  12  compound  classes  of  the                   

inhibitors  and  their  satisfaction  of  the  rule  were  investigated  further.  All  compounds             

belonging  to  flavonoid  and  simple  phenols  violated  the  rule  as  inhibitors  belonging  to              

these  classes  were  >500  Da;  additionally  only  a  couple  of  glucosides  were  <500  Da.               

Conversely,  100%  of  all  diarylheptanoid,  lactone  and  stilbene  inhibitors  satisfied  the            

rule  with  MW’s  ≤500  Da;  interestingly  all  these  compounds  contained  phenol  moieties.             

Lastly,  60%  of  alkaloids,  62.5%  of  polyphenols,  83.33%  of  terpenoids  and  50%  of              

xanthones   satisfied   the   MW   rule.   
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Figure   4.1    Histogram   plots   of   Lipinski   Rule   of   Five   criteria   molecular   weight   for   αS   binders,   TCM  
compounds   and   known   inhibitors.   

 
 
 

4.2.2   Evaluation   of   Lipophilicity   

Lipophilicity  is  another  factor  that  needs  consideration;  more  specifically  a           

compound's  ability  to  dissolve  in  fats,  oils  and  non-polar  solvents. 10  Drug-likeness            

assessment  of  the  compounds  lipophilicity  are  paramount  for  understanding in  vivo            

qualities  of  key  molecular  desolvation  events,  where  the  compound  travels  from  an             

aqueous  phase  to  cell  membranes  and  protein  binding  sites,  which  are  mostly             

hydrophobic  in  nature. 1  These  features  are  imperative  for  the  drugs  phasing  from             

clinical  development  through  to  the  market. 1  In  addition  to  this,  lipophilicity  is  deemed              

the  most  important  physicochemical  property  in  medicinal  chemistry 11  as  it  contributes            

to  the  compounds  permeability  through  cell  walls, 12,  13  potency, 14  selectivity  and            

promiscuity, 15  metabolism, 16  and  toxicology. 1,  17  Upon  investigation  of  commercially          
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available  oral  drugs  at  early  stage  development,  lipophilicity  above  five,  results  in  rapid              

metabolic  turnover,  low  solubility  and  poor  absorption. 2,  18,  19  Low  lipophilicity  results  in              

poor  ADME  properties,  whereas  high  lipophilicity  increases  the  chances  of in  vitro             

receptor  promiscuity, in  vivo toxicity,  poor  solubility  and  metabolic  clearance. 1,  11,  13-15,  17,              

20-23 Since  1983  there  has  been  little  variance  in  the  lipophilicity  in  marketable  oral               

drugs. 24  However  compounds  progression  through  clinical  trial  phases  will  cause  them            

to  inflate  in  regards  to  lipophilicity  and  other  physicochemical  properties. 1,  15,  25,  26  In               

accordance  with  Lipinski’s  rule  a  compound  with  a  calculated  LogP≤5  is  desirable  for              

compounds  in  Phase  II  clinical  trials. 2  Gleeson  (2008)  suggested  that  compounds  with  a              

cLogP<4  in  addition  to  MW<400  Da,  have  a  higher  chance  of  success  compared  to               

ADME  parameters. 1,  16  Recent  developments  suggest  that  cLogP  between  1  and  3  is  the               

optimal   lipophilicity   range   to   ensure   downstream   success   into   drug   development. 13  

The  lipophilicity  of  the  three  binders  from  TCM  sources  were  evaluated  against             

Lipinski’s  threshold,  which  were  calculated  from  the  cLogP≤5.  Compounds 3.12,  3.15            

and 3.124  had  cLogP  of  3.82,  4.68  and  0.09  respectively.  All  three  of  these  compounds                

satisfied  this  rule  and  had  a  cLogP<5,  however 3.15 had  high  lipophilicity  approaching              

the  upper  limits  and  may  be  a  restriction  for  further  compound  optimisation.             

Compounds 3.124  had  quite  low  lipophilicity  making  it  an  excellent  candidate  for             

further  optimisation.  Compound 3.12 had  moderate  lipophilicity,  although  not  in  the            

optimal  range  as  indicated  by  previous  studies.  All  the  binders  showed  satisfactory             

lipophilicity.   

The  cLogP  of  all  other  tested  TCM  compounds  were  assessed  in  order  to              

investigate  if  their  TCM  source  is  responsible  for  their  oral  bioavailability.  The             

compounds  isolated  from  TCM  sources  are  assumed  to  be  lipophilic  due  to  their  oral               
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administration  as  prescribed  in  the  traditional  medica.  Most  of  the  TCM  compounds             

passed  Lipinski’s  rule  with  only  6.52%  having  cLogP>5.  Therefore  the  compounds            

from  TCM  sources  predominantly  had  low  lipophilicity  and  on  average  had  a  cLogP              

range  of  approximately  four  and  less.  The  cLogP  of  the  known  binders  were  of  interest                

as  none  had  been  translated  into  a  PD  drug  targeting  αS-induced  neurotoxicity.  It  is               

possible  that  the  reasoning  for  this  is  that  the  known  inhibitors  ADME  and  toxicity  are                

detrimental   and   affected   by   the   cLogP.   

The  cLogP  of  the  67  known  inhibitors  of  αS  were  calculated  and  found  that  only                

three  compounds  had  high  lipophilicity  exceeding  cLogP>5.  Therefore,  the  majority           

(98.50%)  did  not  violate  Lipsinki’s  rule  for  this  criterion.  The  three  compounds  that              

violated  the  rule  belonged  to  the  compound  class  terpenoids.  However  only  three  of  12               

terpenoids  violated  the  rule  which  indicates  that  not  all  terpenoid  inhibitors  had  poor              

lipophilicity.  Where  compounds 3.12 and 3.15 are  terpenoids,  one  did  not  violate  the              

rule  and  the  other  reached  the  upper  limits  of  such.  The  distribution  in  the  range  of                 

cLogP  of  the  known  inhibitors  were  similar  to  the  range  demonstrated  by  the  TCM               

compounds  in  that  it  was  spread  out  in  equal  portions  across  low  to  high  ranges,                

however  the  largest  portion  was  the  midrange  around  ~  1.25  to  4.25  ( Figure  4.2 ).               

Where  previous  studies  reported  that  the  optimal  lipophilicity  range  for  further            

optimisation  was  between  1  to  3, 3.15  is  the  most  promising  candidate  for  this               

parameter.  Although 3.124 had  the  lowest  lipophilicity  it  could  result  in  poor  ADME              

properties  in  humans.  The  majority  of  the  known  inhibitors  passed  Lipinski’s  rule,             

however  not  all  were  within  the  optimal  range  and  therefore  may  have  limited  potential               

to  be  developed  into  a  drug  candidate  for  PD  treatment  on  the  basis  of  promising                

solubility,   permeability   and   selectivity. 1  
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Figure   4.2    Histogram   plots   of   Lipinski   Rule   of   Five   criteria   for   Partition   coefficient   (cLogP)   for   αS  
binders,   TCM   compounds   and   known   inhibitors.  

 
 
 

4.2.3   Evaluation   of   Hydrogen   Bond   Acceptors   and   Donors   

 Lipinski’s  rule  evaluates  Hydrogen  Bond  Acceptors  (HBA)  and  Hydrogen  Bond            

Donors  (HBD)  as  expressed  as  the  sum  total  of  Nitrogen  and  Oxygen  atoms  in  the                

molecule.  A  HBA  results  from  a  Hydrogen  bond  with  strong  partial  positive  charge              

attracted  to  a  lone  pair  of  electrons  from  another  atom.  A  HBA  is  the  ion,  atom  or                  

molecule  of  a  Hydrogen  bond  which  does  not  supply  the  shared  hydrogen  atom;              

expressed  as  sum  of  Nitrogen  and  Oxygens.  Whereas  HBD  are  expressed  as  the  total               

number  of  Nitrogen-Hydrogen  (NH)  or  Oxygen-Hydrogen  (OH)  bonds.  Lipinski’s  rule           

stipulates  that  the  sum  of  HBA  should  not  exceed  10  in  order  to  not  violate  the  rule.  In                   
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accordance  with  Lipinski’s  fourth  rule,  the  sum  of  HBD,  NH  or  OH,  must  not  exceed                

five.  

Molecular  descriptors  of  polarity  including  HBA,  HBD  and  topological  polar           

surface  area  (TPSA)  are  reported  as  a  key  factor  of  CNS  exposure  and  determining               

unbound  brain  exposure. 27-29  Increase  in  the  sum  of  HBA  and  HBD  of  a  molecule               

increases  the  TPSA. 27  Increased  TPSA  has  an  effect  on  the  decrease  of  passive              

permeability  and  increasing  P-glycoprotein  (PGP)  transport  efficiency;  both  are  likely  to            

have  an  impact  on  decreasing  free  drug  exposure  in  the  brain. 27,  30  PGP  is  a  drug  efflux                  

transporter  which  has  impact  on  GIT  ADME  and  toxicity  of  its  substances. 31,  32  Non               

PGP  substrate  behaviour  was  observed  when  TPSA  was  replaced  with  HBA  <  7;  which               

is  resultant  of  TPSA  dependence  on  sum  of  Oxygen  and  Nitrogen  atoms. 27  Therefore,              

the  sum  of  HBA  and  HBD  affects  the  overall  unbound  brain  exposure  which  is  a                

consequence  of  PGP  efflux  and  passive  permeability. 30  Binding  of  lipid  membranes  to             

PGP  cavity  is  driven  exclusively  by  HBA. 27 The  HBA  and  HBD  are  facilitators  of               

stronger  protein  to  ligand  interactions,  thus  a  larger  number  may  be  positive  for  binding               

to  αS. 33-35  An  increased  amount  of  HBA  and  HBD  impacts  drug  delivery  through  the               

human  body  as  it  can  cause  the  compound  to  get  stuck  and  not  travel  further.  Rather                 

HBD  affects  permeability  across  the  lipid  membrane  bilayer,  which  makes  it  incapable             

of   travelling   further. 2   

Of  the  three  binders  that  demonstrated  activity  in  the  previous  assay,  these             

compounds  were  observed  for  their  sum  of  HBA.  Compounds 3.12 and 3.124 had  a               

total  7  HBA  whereas 3.15  had  5  HBA;  all  of  which  satisfied  Lipinski’s  rule  of  <10.                 

Where  the  number  of  HBA  is  linked  to  the  strength  of  protein-ligand  binding, 3.124 ,               

then  followed  by 3.12 demonstrated  the  strongest  intensity  of  binding  when  evaluated             
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by  QTOF-MS.  Interestingly  both  compounds 3.124 and 3.12 contained  more  HBA  and             

formed  a  protein  ligand  complex  at  a  higher  intensity  than  compound 3.15 which  had  5                

HBA.   

The  TCM  compounds  were  evaluated  for  their  number  of  HBA  to  see  if  they               

contained  similar  HBA  and  contributed  to  binding  interactions.  Only  a  small  portion  of              

TCM  compounds  violated  Lipinsiki’s  rule  with  94.20%  of  TCM  compounds  containing            

<10  HBA.  The  largest  bins  of  compounds,  at  37.68%  contained  four  to  six  HBA               

whereas  27.53%  contained  two  to  four  HBA.  The  HBA  were  predominantly  shifted  to              

the  lower  number  as  validated  by  its  large  portion  of  compounds  obeying  the  rule.  A                

low  number  of  HBA  in  compounds  sourced  from  TCM  may  support  previous             

indications   of   their   targeted   treatment.   

The  known  inhibitors  of  αS  fibrillation  were  also  assessed  for  their  satisfaction             

of  Lipinski’s  HBA  rule.  This  feature  is  also  important  as  it  correlates  to  the  structure  and                 

structural  class.  77.61%  of  known  inhibitors  contained  <10  HBA.  The  most  common             

group  (25.37%)  of  HBA  were  in  the  range  of  six  to  eight  per  molecule.  The  inhibitors                 

that  did  not  satisfy  this  rule  were  investigated  for  their  structural  class.  Glucosides  were               

the  only  compound  class  in  which  the  majority  (85.71%)  of  molecules  violated  the  rule.               

Terpenoid  inhibitors,  those  structurally  similar  to  compounds 3.12  and 3.15 ,           

demonstrated  that  only  two  compounds  violated  Lipinski’s  rule  and  contained  >10            

HBA.  Alternatively  all  inhibitors  belonging  to  simple  phenol,  lactone,  diarylheptanoid           

and   stilbene   classes   all   satisfied   Lipinski’s   rule   with   nil   violations   ( Figure   4.3 ).   
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Figure   4.3    Histogram   plots   of   Lipinski   Rule   of   Five   criteria   for   Hydrogen   Bond   Acceptors   (HBA)   for   αS  

binders,   TCM   compounds   and   known   inhibitors.  
 

 
Three  TCM  compounds  evaluated  as  binders  of  monomeric  αS  protein  all            

satisfied  Lipinski’s  rule  with  ≤5  HBD.  Compounds 3.12 , 3.15  and 3.124  had  three,  three               

and  five  HBD,  respectively.  All  other  compounds  from  the  tested  library  were  evaluated              

in  order  to  investigate  if  those  from  TCM  sources  were  favourable  for  HBD  <5.  The                

majority  (83.68%)  of  TCM  compounds  had  <5  HBD,  whereas  23  compounds  violated             

the  rule.  The  largest  bin  sizes  of  HBD  for  TCM  compounds  were  zero,  one  and  two,                 

with  16.31%,  22.69%  and  20.56%,  respectively.  Therefore,  low  sums  of  HBD  were             

apparent  in  TCM  compound  screened  and  is  reflective  upon  the  compounds  structures,             

which   contain   few   NH   and   OH   bonds.   

The  known  inhibitors  of  αS  that  did  not  satisfy  this  rule  were  investigated  for               

their  structural  class  and  were  anticipated  to  affect  those  belonging  to  the  polyphenol              

class.  The  inhibitors  predominantly  contained  compounds  with  <6  HBD,  65.67%  of            
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those  satisfied  Lipinski’s  rule  with  <5  HBD  ( Figure  4.4 ).  Whereas  50%  of  compounds              

from  glucosides,  stilbenes  and  xanthones  classes  violated  the  rule.  The  violation  by             

glucoside  compounds  are  due  to  the  four  hydroxyl  substitutions  located  on  each  glucose              

moiety.  Although  polyphenols  have  demonstrated  their  importance  as  inhibitors,  the           

more  HBD  implicates  poor  absorption  and  permeation  within  the  body.  Amongst  these             

structural   classes’   one   lactone   and   one   simple   phenols   violated   Lipinski’s   rule.   

 

 
Figure   4.4    Histogram   plots   of   Lipinski   Rule   of   Five   criteria   for   Hydrogen   Bond   Donors   (HBD)   for   αS  

binders,   TCM   compounds   and   known   inhibitors.  
 

4.2.4   Summary   of   Lipinski’s   Rule   of   5   and   Violations  

Lipinski’s  rules  were  assessed  for  each  of  the  identified  αS  monomer  binders,             

TCM  compound  library  and  known  inhibitors  of  αS  aggregation.  The  number  of             

violations  is  an  overall  measure  of  the  compounds’  potential  druggability  and            

drug-likeness.  Lipinski’s  criteria  stipulates  that  presumptively  a  drug  will  be  orally            

active  if  it  has  no  more  than  one  violation  against  any  of  the  rules. 2 Compounds  that                 
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violate  the  rules  are  predicted  to  be  poorly  absorbed  when  administered  orally.  79.71%              

of  TCM  library  compounds  had  zero  violations  and  a  further  10.14%  had  one  violation               

against  Lipinski’s  rule;  therefore,  the  89.85%  of  compounds  passed  as  candidates  with             

drug-like  potential  ( Figure  4.5 ).  Zero  compounds  from  this  library  violated  all  four             

criteria,  however  5.79%  and  5.07%  violated  two  and  three  rules,  respectively.  Overall,             

TCM  compounds  predicted  promising  druggability  in  regard  to  these  rules.  This  was             

anticipated  as  TCM  compounds  have  proven  clinical  efficacy  over  thousands  of  years  of              

prescription.  If  these  compounds  had  demonstrated  binding  activity  towards  monomeric           

αS,   they   would   have   been   recommended   as   drug   candidates   due   to   their   drug-likeness.  

In  addition  to  this  the  TCM  compounds  which  demonstrated  binding  activity            

were  reviewed  for  their  drug-like  properties.  All  three  compounds  passed  Lipinski’s            

rules  with  one  or  less  violations.  Compound 3.12 violated  one  rule  as  the  MW  exceeded                

500  Da.  Whereas,  both  compounds 3.15 and 3.124  passed  Lipinski’s  criterion  with  zero              

violations.  These  binders  were  compared  to  the  drug-likeness  of  known  inhibitors  and             

their  potential  for  development  into  an  oral  drug  was  assessed.  71.64%  of  known              

inhibitors  satisfied  Lipinski’s  rule,  with  16.41%  having  one  and  55.22%  having  zero             

violations.  Alternatively,  7.46%  and  14.92%  of  compounds  violated  two  and  three  rules,             

respectively.  With  this  reasoning  most  of  the  known  inhibitors  have  drug-like  potential             

and   could   be   further   investigated   for   development   as   an   orally   available   therapeutic.   

The  only  compound  class  that  had  zero  violations  against  Lipinski’s  four  rules             

were  lactones.  50%  of  stilbenes,  14.28%  of  simple  phenols  and  20%  of  diarylheptanoids              

violated  only  the  HBD  rule.  27.27%  of  flavonoids  violated  the  HBD  rule  and  a  smaller                

portion  of  these  compounds  violated  the  HBA  rule  simultaneously.  85.71%  of            

glucosides,  50%  of  xanthones  and  50%  of  alkaloids  violated  Lipinski’s  rules  for  either              
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MW,  HBA  or  HBD;  although  several  compounds  violated  all  three.  50%  of  polyphenols              

violated  rules  for  MW,  HBA  or  HBD,  however  25%  of  polyphenols  violated  all  three.               

41.66%  of  terpenoids  violated  a  Lipinski’s  rule  with  either  1  violation  against  cLogP  or               

three  against  (MW,  HBA  or  HBD).  Consequently,  the  classes  of  known  inhibitors  to              

exhibit  the  most  violations  were  phenolic  sub-classes.  The  trend  in  violations,  specific             

to  each  compound  class,  is  representative  of  the  lack  of  diversity  within  the  compound               

structures.  Large  compounds  (MW>500)  were  more  likely  to  exceed  the  acceptable            

number  of  HBA  and  HBD  due  to  the  mass  of  Oxygen  and  Nitrogen  atoms.  Therefore,                

these  compounds  would  exhibit  three  violations  as  exemplified  by  polyphenols.           

Alternatively,   all   violations   of   cLogP   were   from   terpenoid   compounds.  

  

 

Figure   4.5    Histogram   plots   of   Lipinski   Rule   of   Five   violations   for   αS   binders,   TCM   compounds   and  
known   inhibitors.  

 

152  



 

4.2.5   Evaluation   of   Veber’s   Rule   

An  informal  extension  of  Lipinski’s  Rules  were  conducted  to  further  assess  the             

potential  of  compounds,  particularly  the  known  inhibitors  with  molecular  weights           

exceeding  500  Da.  Veber  et  al.  (2002)  evaluated  good  oral  bioavailability  in  rats  as  a                

result  of  molecular  flexibility  in  drug  candidates,  irrespective  of  molecular  weight  and             

its  limitations. 6  This  flexibility  was  calculated  from  the  number  of  rotatable  bonds             

(ROTB),  TPSA  and  number  of  HBD  and  HBA  combined. 6  Molecular  flexibility  is             

important  in  drug  discovery  as  entropy  is  lost  when  a  molecule  changes  to  a  fixed                

confirmation  to  bind  and  pass  through  a  membrane.  The  less  rigid  a  molecule  is  the                

more  entropy  lost  for  its  conformational  change.  Veber’s  rule  predicted  that  drug             

candidates  with  <10  ROTB  had  good  oral  bioavailability  within  rat  models. 6  Therefore             

according  to  Veber  reduced  molecule  flexibility,  expressed  as  ten  or  less  ROTB,  is              

optimal. 6  This  study  also  assessed  that  the  TPSA  was  ≤140Å 2  alongside  ROTB  was  a               

predictor  of  oral  bioavailability.  This  criterion  suggested  that  oral  bioavailability  was  at             

an  acceptable  level  in  rats  if  two  of  the  following  criterions  are  met.  The  first  criterion  is                  

that  the  number  of  ROTB  was  ≤10  and  the  second  is  that  the  TPSA  was  ≤140Å 2 or  that                   

the  sum  of  HBD  and  HBA  ≤12. 6  Satisfaction  of  either  of  the  criterion  above  provides                

similar  oral  bioavailability  to  those  that  satisfied  3  of  4  Lipinski’s  Rules  of  5,  however  is                 

more  selective  against  compounds  that  have  low  oral  bioavailability. 6  As  the  HBD  and              

HBA  have  already  been  calculated,  the  number  of  ROTB  were  calculated  for  this  study.               

Molecular  flexibility  and  rigidity  is  not  as  straightforward  as  the  number  of  ROTB,  and               

many  other  factors  cannot  be  accounted  for.  Rigidity  from  ring  systems  or  ring              

substitutions  and  branching  of  acyclic  systems  are  not  accounted  for  or  quantified  by              
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this  calculation. 6  Despite  implications  of  this  rule,  the  study  by  Veber  et  al.  (2002)               

indicated  that  these  indicators  of  druggability  when  applied  to  compound  libraries,  can             

identify  orally  available  drugs  of  higher  MW  and  structural  classes  that  may  have  been               

screened   out   previously   for   poor   drug-likeness.   

The  three  compounds  that  bound  to  monomeric  αS  satisfied  Veber’s  rules  for  the              

number  of  ROTB  and  sum  of  HBA/HBD.  Compound 3.12  contained  a  sum  of  10               

HBA/HBD  and  2  ROTB.  Compound 3.15 had  8  HBA/HBD  total  and  1  ROTB.              

Compound 3.124 had  12  HBA/HBD  and  5  ROTB.  Therefore,  all  three  compounds             

indicated  that  they  had  good  oral  bioavailability,  despite 3.12  having  a  large  MW,  and               

confirmed  their  potential  as  binders  as  previously  confirmed  by  Lipinski’s  Rule  ( Table             

4.1 ).   

The  compounds  tested  from  the  TCM  library  and  the  known  inhibitors  were             

reviewed  by  Veber’s  rules  to  identify  contradictory  potential  as  an  oral  therapeutic             

( Figure  4.6 ).  Of  the  TCM  compounds,  89.86%  passed  Lipinski’s  RO5  with  no  more              

than  1  violation.  Upon  assessment  of  Veber’s  rule,  14  compounds  that  passed  Lipinski’s              

rule  failed  Veber’s,  whereas  4  that  failed  Lipinski’s  Rule  satisfied  Veber’s.  Therefore,             

TCM  compounds  were  reassessed  and  according  to  Veber’s  rules,  less  compounds  at             

82.61%  showed  promising  oral  bioavailability.  71.64%  of  the  known  inhibitors  of  αS             

fibrillation  satisfied  Lipinski’s  rule  and  demonstrated  good  druggability.  However,  upon           

inspection  of  Veber’s  rules,  the  known  inhibitors  oral  bioavailability  and  druggable            

potential  dropped  to  56.72%  of  compounds  that  satisfied  Lipinski’s  rule  violated  Vebers,             

whereas   1   compound   that   did   not   satisfy   Lipinski’s   did   satisfy   Veber’s   ( Figure   4.6 ).   
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Figure   4.6    Histogram   plots   of   Lipinski   and   Veber’s   Rule   violations   for   αS   binders,   TCM   compounds   and  

known   inhibitors.  
 
 

4.3   Blood   Brain   Barrier   Permeability   

The  investigation  of  small  molecule  binders  has  been  conducted  in  order  to  find              

a  neurotherapeutic  to  treat  or  stop  Parkinson’s  Disease,  as  mediated  by  αS  aggregation              

leading  to  neurodegeneration.  Drug  transport  into  the  brain  via  blood  is  mediated  by              

membrane  permeability  of  the  brain  capillary  endothelium,  also  known  as  the  blood             

brain  barrier  (BBB). 36  The  BBB  regulates  the  microenvironment  of  the  brain  against  the              

transference  of  harmful  chemicals  and  toxins. 37,  38  Intended  neurotherapeutic  drug           

candidates  must  cross  the  BBB  which  makes  their  delivery  to  the  brain  a  challenge.               

Only  non-polar  lipid  soluble  compounds  can  cross  the  BBB  by  diffusion  through  lipid              

membranes. 39  One  of  the  challenges  of  identifying  drugs  that  bind  and  inhibit  αS              

aggregation  is  that  although  it  is  effective  against  the  protein  target  it  is  unable  to                

permeate  the  BBB.  Dissatisfaction  of  either  of  the  formerly  mentioned  would  result  in              
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the  drug  not  being  effective  as  a  neurotherapeutic. In  vitro studies  show  that  many               

phytochemicals  are  successful  in  ameliorating  fibrils,  oligomer  formation,  and  inducing           

degradation  of  αS  leading  to  autophagy  however  many  had  difficulty  crossing  the  BBB              

due  to  their  hydrophilic  nature  which  limits  their  ability  to  exert  effects  in  the  brain. 40-42                

Therefore  the  compound  library  from  TCM  sources  and  the  known  inhibitors  of  αS              

were  assessed  for  their  ability  to  cross  the  BBB  and  be  used  to  treat  brain  related                 

disorders.   

An  Egan’s  BOILED-Egg  plot  was  generated  using  SwissADME  in  order  to            

calculate  BBB  permeation. 43  Veber’s  study  evaluated  membrane  permeation  as  well  as            

oral  bioavailability  and  determined  that  reduced  polar  surface  was  a  better  indicator  of              

permeation  than  lipophilicity  (cLogP).  Additionally,  an  increase  in  ROTB  negatively           

affected  the  rate  of  permeability. 6  Despite  this,  Egan’s  BOILED-egg  results  show  the             

possibility  of  absorption  and  penetration  of  inhibitors  in  the  GIT  and  brain  using              

lipophilicity  and  TPSA  calculated  parameters.  The  acceptable  limits  for  Egan’s           

BOILED-egg  rule  threshold  values  (WLOGP≤  5.88  and  TPSA  ≤131.6). 43  However,           

compounds  with  greater  propensity  to  achieve  higher  unbound  brain  exposure  have            

been   linked   to   cLogP   and   TPSA   values   of   ≤4   and   between   40-80Å. 27,   44  

Of  the  TCM  compounds  which  bound  to  αS,  all  three 3.12 , 3.15  and 3.124 were                

not  within  the  acceptable  range  of  the  parameters,  therefore  neither  of  the  three  could               

passively  permeate  through  the  BBB  ( Figure  4.7 ).  P-glycoprotein  is  a  transporter  in  the              

BBB  and  stops  entry  of  various  drugs, 3.12  and 3.15  were  aided  by  P-glycoprotein               

(PGP + ).  Whereas 3.124  was  predicted  to  not  permeate  the  BBB  without  the  aid  of               

P-glycoprotein   (PGP - ).   All   compounds   were   calculated   to   absorb   in   the   GI   tract.   
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 Figure  4.7  BOILED-Egg  plot  of  compound  3.12,  3.15  and  3.124.  Points  located  in  the  yolk  (yellow                  

region)  represent  the  molecules  predicted  to  passively  permeate  through  the  blood  brain  barrier.  Whereas,               
molecules  in  the  egg  white  (white  region)  are  relative  to  the  molecules  predicted  to  be  passively  absorbed                  
by  the  gastrointestinal  tract.  The  blue  dots  indicate  the  molecules  for  which  it  was  expected  to  be  effluated                   
from  the  central  nervous  system  by  P-glycoprotein.  Whereas  the  red  points  are  molecules  predicted  not  to                 
be   effluated   from   the   central   nervous   system   by   the   P-glycoprotein.   Generated   by   SwissADME.  

 

Despite  no  other  compounds  binding  to  monomeric  protein,  the  other           

compounds  contained  within  the  TCM  library  were  tested  for  their  ability  to  permeate              

the  BBB.  53.9%  of  the  compounds  within  the  TCM  library  were  calculated  to  permeate               

the  BBB  ( Figure  4.8 ).  Comparatively,  19%  of  the  known  inhibitors  of  αS  aggregation              

were  calculated  to  cross  the  BBB.  Despite  only  three  of  the  compounds  from  TCM               

sources  binding  to  αS,  their  quantity  of  compounds  satisfactory  for  BBB  permeation             

were  greater  than  known  inhibitors.  To  date,  none  of  the  known  inhibitors  of  αS               

aggregation  have  been  developed  into  a  drug.  Despite  strong  protein  binding  and             
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inhibitory  activity,  the  reason  why  it  has  not  been  translated  into  a  neurotherapy  may  be                

due  to  the  small  percentage  of  inhibitors  that  demonstrate  drug-likeness  while            

simultaneously   crossing   the   BBB.   

 

 
Figure   4.8    Histogram   plots   of   Blood   Brain   Barrier   permeation   for   αS   binders,   TCM   compounds   and  

known   inhibitors.  
 

The  three  αS  binders  passed  their  analysis  of  drug-likeness,  however  were            

predicted  to  be  unsuccessful  in  BBB  permeability.  The  same  tools  were  used  to  measure               

which  of  the  αS  aggregation  inhibitors  were  candidates  worth  further in  vivo             

investigation.  13  of  all  known  inhibitors  passed  Lipinski’s  rules,  Veber’s  rules  and             

crossed  the  BBB  ( Table  4.1 ).  They  belonged  to  two  predominant  compound  classes             

including  terpenoids  (46.15%)  and  phenols  (53.84%);  15.38%  of  those  were  Nitrogen            

containing  compounds.  These  compounds  had  common  physicochemical  properties         

which  may  have  led  to  their  satisfaction  of  rules  including  MW  ≤410  Da,  cLogP  ≤3.80,                

HBA  ≤4,  HBD  ≤5  and  ROTB  ≤4.  As  calculated  by  the  BOILED-egg  plot,  all  those                
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compounds  permeated  the  BBB  without  the  aid  of  the  P-glycoprotein,  with  the             

exception   of   Tanshinone   IIA   which   permeated   the   BBB   with   PGP + .   

 

   Table   4.1    Drug   likeness   assessment   of   αS   binders   (compounds   3.12,   3.15   and   3.124)   and   known   inhibitors   of   αS   aggregation   against   Lipinski’s   Rule,   Veber’s  
Rule   and   BOILED-egg   analysis.  

  Lipinski’s   Rule   Veber’s   Rule   BOILED-egg  

Compound  Class  MW   (Da)  cLogP  HBA  HBD  Violations  Total  
HBD/HBA  

ROTB  Permeation  

3.12  Terpenoid  518.68  3.82  7  3  1   (MW>500)  10  2  PGP +    GI   Tract  

3.15  Terpenoid  488.7  4.68  5  3  0  8  1  PGP +    GI   Tract  

3.124  Glucoside  362.37  0.09  7  5  0  12  5  PGP -    GI   Tract  

Acetylcorynoline  Terpenoid  409.43  3.02  7  0  0  7  2  PGP -    BBB  

Lacmoid  Phenol  255.23  1.87  5  0  0  5  2  PGP -    BBB  

Dehydrozingerone  Phenol  192.21  1.86  3  1  0  4  3  PGP -    BBB  

Ferulic   Acid  Phenol  194.18  1.36  4  2  0  6  3  PGP -    BBB  

O-methyldehydrozingerone  Phenol  206.24  2.30  3  0  0  3  4  PGP -    BBB  

Apocyanin   Phenol  166.17  1.28  3  1  0  4  2  PGP -    BBB  

Benzyfuranone  Phenol  134.13  1.58  2  0  0  2  0  PGP -    BBB  

Resveratrol  Stilbene  288.24  2.48  3  3  0  6  1  PGP -    BBB  

3α-Acetoxyeudesma-1,4(15),11(13-trien-12,6α-olide  Terpenoid  288.34  2.61  4  0  0  4  2  PGP -    BBB  

Cuminaldehyde  Terpenoid  148.20  2.48  1  0  0  1  2  PGP -    BBB  

Safranal  Terpenoid  150.22  2.30  1  0  0  1  1  PGP -    BBB  

Tanshinone   I  Terpenoid  276.29  3.40  3  0  0  3  0  PGP -    BBB  

Tanshinone   IIA  Terpenoid  294.34  3.80  3  0  0  3  0  PGP +    BBB  

 
 

4.4   Future   Recommendations   

In  silico analysis  of  drug-likeness  in  accordance  to  Lipinski  and  Veber’s  rules             

are  equally  as  important  as  calculating  the  potential  of  BBB  permeation.  Passing             

Lipinski’s  and  Veber’s  rules  with  zero  violations  is  not  indicative  that  the  compounds              

will  pass  the  BBB  and  can  be  used  as  a  neurotherapy.  This  was  exemplified  by  known                 

alkaloid  inhibitors  of  αS  fibrillation,  in  which  20%  crossed  the  BBB  and  had  zero               
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violations  of  Lipinski  or  Veber’s  rules.  However,  30%  of  alkaloid  inhibitors  failed  to              

cross  the  BBB  despite  having  zero  violations  of  Lipinski  or  Veber’s  rules.  Additionally,              

a  compound’s  ability  to  elicit  binding  or  inhibitory  activity  is  not  indicative  of  BBB               

permeation.  As  the  case  of  compounds 3.12 , 3.15 and 3.124 all  were  successful  binders,               

passed  Lipinski  and  Veber’s  rules  however  do  not  permeate  the  BBB.  Compounds 3.12              

and 3.15 were  terpenoids  and  41.66%  of  terpenoid  inhibitors  permeated  the  BBB  with              

zero  violations  of  Lipinski  or  Veber’s  rule.  Compound 3.124 was  a  glucoside  and  none               

of  the  glucoside  inhibitors  were  successful  in  crossing  the  BBB,  however  this  was  likely               

due  to  85.71%  violating  both  Lipinski  and  Veber’s  rule.  Despite  this  sub-classes  of              

phenols,  including  glucosides  and  polyphenols,  and  terpenoids  have  demonstrated  their           

promising   ability   as   binders   and   inhibitors   of   αS   species. 40  

Of  the  reported  inhibitors  in  chapter  1  the  most  common  structural  class  of              

inhibitors  belonged  to  alkaloids,  terpenoids  and  phenols.  The  binding  study  (Chapter  3)             

demonstrated  that  three  compounds  from  the  TCM  library  exhibited  protein-ligand           

interactions.  Two  of  these  compounds  were  identified  as  terpenoids  whereas  the  other             

was  a  glucoside  (subclass  of  phenol).  All  three  binders  passed  Lipinski  and  Veber’s              

rules  of  druggability,  however  none  successfully  permeated  the  BBB.  One  question            

asked  extensively  is  why  none  of  the  reported  inhibitors  have  become  drugs  for  PD               

treatment.  This  relationship  is  complicated  and  involves  consideration  of  the           

compounds in  vitro binding  or  inhibitory  results,  drug-likeness  and  BBB  permeability.            

For  the  first  time  in  reported  literature,  the  fibrillation  inhibitors  were  evaluated  for  their               

potential  as  drug  candidates  of  PD.  Only  13  of  these  compounds  passed  Lipinski’s  Rule,               

Veber’s  Rule  and  permeated  the  BBB.  These  compounds  were  either  alkaloids,            

terpenoids  or  phenols  -  the  same  structural  classes  identified  from  literature  as  lead              
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candidates  of  αS-targeted  PD  treatment.  Our  analysis  suggested  that  further  research            

could  be  focused  on  terpenoid  and  phenol  sub-classes  particularly  from  natural  product             

sources.  Traditional  medicines,  specifically  TCM,  have  been  efficacious  for  treating           

symptoms  of  brain  related  disorders  administered  orally  and  are  predicted  to  permeate             

the   BBB   at   a   higher   rate   than   known   inhibitors.  

Although  Lipinski  and  Veber’s  rules  provide  a  guide  for  the  best  druggable             

molecule,  there  are  implications  associated  with  ROTB  and  other  structural  based            

differentiation  rules  in  oral  bioavailability.  In  the  case  of  monomeric  αS,  this  process              

may  screen  out  or  eliminate  structural  groups  that  are  responsible  for  substrate  binding              

interactions  on  protein. 6  So  although  membrane  permeation  must  be  retained  the            

compounds  must  bind  to  the  target  protein  first  and  foremost.  Failure  of  either  criteria               

will  ensure  that  the  compounds  cannot  be  translated  into  an  orally  administered             

neurotherapeutic.  Therefore,  the  recommendation  for  future  research  into  αS-targeted          

drug  design  is  to  holistically  identify  compounds  that  can  work  against  the  protein  target               

while  simultaneously  obeying  the  rules  to  become  an  orally  available  BBB  permeating             

drug.  All  compounds  with  αS-targeted  activity  should  be  evaluated  for  their            

drug-likeness   and   BBB   permeability.   
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APPENDIX  
    

Appendix   1.   Name,   class   and   source   of   known   α-Synuclein   aggregation   inhibitors.   
Name   of   Compound  Class  Sources  

2,3,5,4’-Tetrahydroxystilbene-2-O-β-D-glucoside  Stilbene  NP   -    Polygonum   Multiflorum   

2-cyano-3(12-dioxyooleana-1,9-diel-28-oic   acid)  Terpenoid  Semi-synthetic   

3α-Acetoxyeudesma-1,4(15),11(13)-trien-12,6α-olide  Terpenoid  NP   -    Laurus   nobilis   

3- O -Demethylswertipunicoside  Xanthone  NP   -    Swertia   punicea  

3,6-bis-O-di-galloyl-1,2,4-tri-O-galloyl-β-d-glucose  Glucoside  NP   -    Rhus   typhina    flowering   plant  

10-O-trans-p-Coumaroylcatapol  Glucoside  NP   -    Premna   integrifolia    and    Premna   serratifolia    Ayurveda   medicine  

α-Hederin  Glucoside  NP   -   TCM   not   identified   PPRC  

α-Mangostin  Xanthone  NP   -    Garcinia   mangostana    folk   medicine   in   Southeast   Asia   

β-Amyrin  Terpenoid  NP   -    Protium   heptaphyllum  

Acacetin  Flavonoid  NP   -   in   multiple   plants  

Acetylcorynoline  Alkaloid  NP   -   TCM   not   identified   PPRC  

Acteoside  Glucoside  NP   -    Cistanche   tubulosa    and    Cistanche   deserticola   

Alpinin   A  Diarylheptanoids  NP   -   PPRC   identified   TCM  

Alpinin   B   Diarylheptanoids  NP   -   PPRC   identified   TCM  

Ampelopsin   A   Stilbene  NP   -    Ampelopsis   glandulosa   

Apigenin   Flavonoid  NP   -   vegetables,   herbal   spices   incl.   parsley,   celery,   basil,   chamomile,   cilantro,  oregano.  

Apocyanin  Phenol  NP   -   Ayurvedic   Indian   Medicine  

Baicalein  Flavonoid  NP   -   PPRC   identified   TCM  

Benzyfuranone  Phenol  Semi-synthetic  

Chalcantrione  Polyphenol  Semi-synthetic   

Chlorogenic   Acid  Polyphenol  NP   -   Arabica   coffee   

Congo   Red  Alkaloid  Synthetic,   dye  

Coomassie   Brilliant   Blue   R   Alkaloid  Synthetic,   dye  

Crocetin  Terpenoid  NP   -   PPRC   identified   TCM  

Crocin-1  Terpenoid  NP   -   PPRC   identified   TCM  

Crocin-2  Terpenoid  NP   -   PPRC   identified   TCM  

Cuminaldehyde  Terpenoid  NP   -    Artemisia   salsolides  

Curcumin   Diarylheptanoids  NP   -   PPRC   identified   TCM  

Curcumin   Pyrazole  Diarylheptanoids  Semi-synthetic   

Cyanidin-3-glucoside   Glucoside  NP   -   in   blackberries   and   other   foods  

Dehydrozingerone  Phenol  Semi-synthetic  

Dopamine  Alkaloid  NP   -   brain   chemical  

EGCG  Flavonoid  NP   -   TCM   not   identified   PPRC  

Ellagic   Acid  Polyphenol  NP   -   in   fruits   and   vegetables   

Ferulic   Acid  Phenol  NP   -   Cell   wall   of   plants   including   oats,   rice,   seeds   of   apples   and   oranges  

Gallic   Acid  Phenol  NP   -   fruits   and   vegetables   incl.   strawberries,   apples,   persimmons,   onions   and  cucumbers  

Ginsenoside   Rb1  Glucoside  NP   -   PPRC   identified   TCM  

Hederagenin  Terpenoid  NP   -   TCM   not   identified   PPRC  
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Hemin  Alkaloid  NP   -   fraction   derived   from   red   blood   cells   

Kaempferol  Flavonoid  NP   -   in   plants   incl.   kale,   beans,   tea,   spinach   and   broccoli   

Lacmoid  Alkaloid  Synthetic   dye   

Luteolin  Flavonoid  NP   -   Medicinal   herb  

Morin  Flavonoid  NP   -   Medicinal   plant    Maclura   pomifera   

Myricetin  Flavonoid  NP   -   Folk   medicine   in   China    Myrica   rubra   

N-2-(4-hydroxy-phenyl)-ethyl]-2-(2,5-dimethoxy-phenyl)-3-(3-meth oxy-4-hydroxy-phenyl)-acrylamide  Alkaloid  Semi-synthetic  

N-(3-Nitrophenyl   pyrazole)   Curcumin  Diarylheptanoids  NP   -   PPRC   identified   TCM  

Norbixin  Terpenoid  NP   -   PPRC   identified   TCM  

Nordihydroguaiaretic   acid  Polyphenol  NP   -    Larrea   tridentata    medicinal   Native   American   plant  

NPT200-11  Alkaloid  Semi-synthetic  

O-methyldehydrozingerone  Phenol  Semi-synthetic  

Piceatannol  Stilbene  NP   -   in   red   wine,   grapes,   passionfruit,   white   tea  

Quercetin  Flavonoid  NP   -   in   fruits,   vegetables,   seeds   and   grains   incl.   onions   and   kale   

Quercetinchinone  Flavonoid  Semi-synthetic   

Resveratrol  Stilbene  NP   -   Skin   of   grapes,   blueberries,   raspberries,   mulberries,   and   peanuts   

Rifampicin  Alkaloid  NP   -   actinobacteria   

Rosmarininc   acid  Polyphenol  NP   -   Found   in   herbs   sage   and   rosemary  

Rottlerin  Polyphenol  NP   -   from   Asian   tree    Mallotus   philippensis   

Safranal  Terpenoid  NP   -   PPRC   identified   TCM  

Salidroside  Glucoside  NP   -   TCM   not   identified   PPRC  

Scutellarin  Flavonoid  NP   -   PPRC   identified   TCM  

Scyllo-Inositol  Phenol  NP   -    in   coconut   palm   and   other   plants  

Tannic   acid   Polyphenol  NP   -   fruits   and   nuts   incl.   raspberries,   strawberries,   pomegranate,   walnuts,   grapes   

Tanshinone   I  Terpenoid  NP   -   PPRC   identified   TCM  

Tanshinone   IIA  Terpenoid  NP   -   PPRC   identified   TCM  

Tetracycline  Alkaloid   NP   -   bacteria    Streptomyces   aureofaciens   

Theaflavin   3,3’-O-digallate  Polyphenol  NP   -   TCM   not   identified   PPRC  

Withanolide   A  Lactone  NP   -   Ayurvedic   Indian   medicine  
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Appendix   2.   Drug-likeness   of   Traditional   Chinese   medicine   compound   library.  
Cpd  MW   cLogP  HBA  HBD  Total   HBA/HBD  ROTB  No.   Lipinski’s   Violations  BBB   

3.1  279.37  1.25  4  2  6  0  0   No   

3.2  279.37  1.25  4  2  6  0  0  No  

3.3  263.38  2.17  3  1  4  0  0  Yes  

3.4  263.38  1.98  3  1  4  0  0  Yes  

3.5  321.41  1.68  5  1  6  2  0  Yes  

3.6  321.41  1.70  5  1  6  2  0  Yes  

3.7  279.37  1.46  4  2  6  0  0  Yes  

3.8  291.39   1.39  4  1  5  0  0  Yes  

3.9  472.70  4.77  4  3  7  1  0  No  

3.10  474.72  4.79  4  4  8  2  0  No  

3.11  474.72  4.78  4  4  8  2  0  No  

3.12  518.68  3.82  7  3  10  2  1   (MW>500)  No  

3.13  518.68  3.83  7  3  10  2  1   (MW>500)  No  

3.14  504.70  3.97  6  4  10  2  1   (MW>500)  No  

3.15  488.70  4.68  5  3  8  1  0  No  

3.16  488.70  4.66  5  3  8  1  0   No  

3.17  472.70  5.28  4  3  7  1  1   (MGLOGP>5)  No  

3.18  458.72  5.46  3  3  6  1  1   (MGLOGP>5)  No   

3.19  458.72  5.47  3  3  6  1  1   (MLOGP>5)  No   

3.20  442.72  6.19  2  2  4  0  1   (MLOGP>5)  No  

3.21  606.87  7.22  5  3  8  5  2   (MW>500,   MLOGP>5)  No  

3.22  622.87  6.50  6  4  10  6  2   (MW>500,   MLOGP>5)  No  

3.23  622.87  6.49  6  4  10  6  2   (MW>500,   MLOGP>5)  No  

3.24  622.87  6.46  6  4  10  6  2   (MW>500,   MLOGP>5)  No  

3.25  194.23  2.29  3  1  4  4  0  Yes  

3.26  208.25  2.58  3  0  3  5  0  Yes  

3.27  138.12  1.05  3  2  5  1  0  Yes  

3.28  168.15  1.08  4  2  6  2  0  No  

3.29  196.20  1.55  4  2  6  3  0  Yes   

3.30  178.18  1.92  3  0  3  2  0  Yes  

3.31  208.21  1.91  4  0  4  3  0  Yes  

3.32  194.18  1.73  4  1  5  2  0  Yes  

3.33  164.16  1.26  3  2  5  2  0  Yes  

3.34  194.18  1.36  4  2  6  3  0  Yes  

3.35  192.21  2.48  3  0  3  3  0  Yes  

3.36  354.35  2.77  6  0  6  2  0  Yes  

3.37  356.37  2.56  6  1  7  3  0  Yes  

3.38  356.37  2.58  6  1  7  3  0  Yes  

3.39  354.35  2.79  6  0  6  2  0   Yes  

3.40  221.34  3.33  1  1  2  8  0  Yes  

3.41  247.38  3.87  1  1  2  9  0  Yes  

3.42  247.38  3.87  1  1  2  9  0  Yes  

3.43  247.38  3.87  1  1  2  9  0  Yes  
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3.44  249.34  4.08  1  1  2  10  0  Yes  

3.45  348.37  3.02  4  0  4  2  0  Yes  

3.46  378.40  3.03  5  0  5  3  0  Yes   

3.47  368.34  -0.10  9  5  14  6  0  No  

3.48  382.36  0.38  9  4  13  7  0  No  

3.49  356.32  -0.59  9  5  14  6  0  No  

3.50  362.26  2.90  5  0  5  1  0  Yes  

3.51  379.41  3.16  5  1  6  3  0  Yes  

3.52  409.43  3.15  6  1  7  4  0  Yes  

3.53  338.38  2.33  4  1  5  3  0  Yes   

3.54  336.26  2.53  4  0  4  2  0  Yes  

3.55  322.33  2.20  4  1  5  1  0  Yes   

3.56  320.32  2.40  4  0  4  0  0  Yes  

3.57  332.33  2.88  4  0  4  0  0   Yes  

3.58  393.43  3.44  5  1  6  3  0  Yes  

3.59  283.32  2.46  3  3  6  6  0  Yes  

3.60  354.31  -0.38  9  6  15  5  1   (NHorOH>5)  No  

3.61  269.26  -2.02  7  4  11  2  0  No  

3.62  258.23  -1.49  6  4  10  2  0  No  

3.63  138.12  0.80  3  2  5  1  0  Yes   

3.64  180.16  0.93  3  4  7  2  0  No  

3.65  194.18  1.39  2  4  6  3  0  Yes  

3.66  368.34  0.01  5  9  14  6  0  No  

3.67  382.36  0.48  9  4  13  7  0  No  

3.68  182.17  0.98  4  1  5  3  0  No   

3.69  368.34  -0.15  9  5  14  6  0  No  

3.70  516.45  0.89  12  7  19  9  3   (MW>500,   NorO>10,   NHorOH>5)  No  

3.71  516.45  0.75  12  7  19  9  3   (MW>500,   NorO>10,   NHorOH>5)  No  

3.72  326.30  1.87  6  3  9  3  0  No  

3.73  356.33  1.85  7  3  10  4  0  No  

3.74  226.27  1.17  4  2  6  2  0  No  

3.75  530.48  1.26  12  6  18  10  3   (MW>500,   NorO>10,   NHorOH>5)   No  

3.76  358.38  -0.13  8  4  12  6  0  No  

3.77  192.25  2.71  2  0  2  3  0  Yes  

3.78  190.24  2.74  2  0  2  2  0  Yes  

3.79  578.52  3.47  12  4  16  13  2   (MW>500,   NorO>10)  No  

3.34  194.18  1.36  4  2  6  3  0  Yes  

3.80  354.31  -0.25  9  6  15  5  1   (NorOH>5)  No  

3.81  354.31  -0.38  9  6  15  5  1   (NHorOH>5)  No  

3.82  340.33  -0.21  8  6  14  5  1   (NHorOH>5)  No  

3.83  168.15  0.57  4  2  6  2  0  No  

3.84  356.32  -0.58  9  5  14  6  0  No  

3.85  204.23  0.17  3  3  6  3  0  No  

3.86  230.26  0.51  3  3  6  1  0  Yes  

3.87  196.20  1.31  4  1  5  4  0  Yes  

3.88  196.20  1.23  4  1  5  4  0  Yes  
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3.89  190.24  2.75  2  0  2  2  0  Yes  

3.90  224.25  1.23  4  2  6  2  0  No  

3.91  145.16  1.72  1  1  2  1  0  Yes  

3.92  208.21  1.83  4  1  5  4  0  Yes  

3.93  224.21  1.32  5  2  7  4  0  No  

3.94  244.71  2.20  3  1  4  3  0  Yes   

3.95  314.33  2.97  5  2  7  7  0  Yes  

3.96  206.24  2.37  3  1  4  3  0  Yes  

3.97  224.25  1.17  4  2  6  2  0  No  

3.98  190.24  2.81  2  0  2  3  0  Yes  

3.99  222.24  2.07  4  2  6  3  0  Yes   

3.100  380.48  4.69  4  0  4  4  0  Yes  

3.101  260.37  3.81  2  2  4  8  0  Yes   

3.102  260.37  3.78  2  2  4  8  0  Yes   

3.103  204.22  2.50  3  1  4  2  0  Yes  

3.104  204.22  2.56  3  1  4  2  0  Yes  

3.105  356.37  3.25  6  2  8  8  0  No  

3.106  220.22  2.20  4  2  6  2  0  Yes  

3.107  382.49  4.66  4  0  4  5  0   Yes  

3.97  208.25  2.16  3  1  4  3  0  Yes  

3.108  380.48  4.51  4  0  4  4  0  Yes  

3.109  382.49  4.69  4  0  4  5  0  Yes  

3.110  380.48  4.47  4  0  4  4  0  Yes  

3.111  124.14  0.87  2  2  4  1  0  Yes  

3.112  286.28  -0.85  7  5  12  4  0  No  

3.113  996.91  -2.67  25  13  15  23  3   (MW>500,   NorO>10,   NHorOH>5)   No   

3.114  728.65  -2.07  19  10  29  17  3   (MW>500,   NorO>10,   NHorOH>5)   No  

3.115  728.65  -2.04  19  10  29  17  3   (MW>500,   NorO>10,   NHorOH>5)  No  

3.116  460.39  -1.68  13  7  20  11  2   (NorO>10,   NHorOH>5)  No  

3.117  444.39  -0.99  12  6  7  11  2   (NorO>10,   NHorOH>5)  No  

3.118  742.68  -1.85  19  9  28  18  3   (MW>500,   NorO>10,   NHorOH>5)  No  

3.119  246.32  2.93  2  2  4  4  0  Yes  

3.120  278.32  2.01  4  2  6  4  0  No  

3.121  262.32  2.01  3  2  5  4  0  Yes  

3.122  200.23  2.59  2  2  4  2  0  Yes  

3.123  306.36  3.79  3  3  6  4  0  Yes  

3.124  362.37  0.09  7  5  12  5  0  No  

3.125  470.42  -0.93  12  5  17  6  1   (NorO>10)  No  

3.126  390.56  6.17  4  0  4  16  1   (MLOGP>5)  No  

3.127  278.34  3.69  4  0  4  10  0  Yes  

3.128  413.45  -1.15  8  6  14  14  1   (NHorOH>5)  No  

3.129  267.24  -1.53  7  4  11  2  0  No  

3.130  389.36  -0.42  9  6  15  5  2   (NorO>10,   NHorOH>5)  No  

3.131  122.12  1.17  2  1  3  1  0  Yes  

3.132  152.15  1.12  3  1  4  2  0  Yes  
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3.133  192.12  -1.51  7  4  11  5  0  No  

3.134  300.30  -0.43  7  4  11  5  0  No  

3.135  284.26  -0.63  7  4  11  4  0  No  

3.136  148.16  1.79  2  2  4  1  0  Yes  

3.137  136.15  1.41  2  1  3  1  0  Yes  

3.138  254.24  2.00  4  1  5  1  0  Yes  

3.139  259.26  2.47  5  3  8  0  0  Yes  
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Appendix   3.   Drug-likeness   of   known   inhibitors   of   α-Synuclein   aggregation.   
  
Compound  MW  cLogP  HBA  HBD  Total  HBD/HBA  ROTB  No.   of   Lipinski’s  Violations  BBB   

Alkaloids  

Acetylcorynoline  409.43  3.02  7  0  7  2  0  Yes  

Congo   Red  696.66  -0.05  10  2  12  7  2   (MW>500,  NorO>10)  No  

Coomassie   Brilliant   Blue   R  825.97  3.26  7  1  8  15  1   (MW>500)   No  

Dopamine  153.18  0.46  3  2  5  2  0  No  

Hemin  653.96  4.17  7  3  10  8  1   (MW>500)  No  

Lacmoid  255.23  1.87  5  0  5  2  0  Yes  

N-2-(4-hydroxy-phenyl-ethyl]-2-(2,5-dimethoxy-phenyl) -3-(3-methoxy-4-hydroxy-phenyl)-acrylamide)   449.50  3.78  6  3  9  10  0  No  

NPT200-11  493.64  2.50  4  2  6  9  0  No  

Rifampicin  822.94  3.05  14  6  20  5  3   (MW>500,  NorO>10,   NHorOH>5  No  

Tetracycline   444.43  -0.30  9  6  15  2  1   (NHorOH>5)  No  

Diarylheptanoids  

Alpinin   A  376.40  2.05  7  5  12  5  0  No  

Alpinin   B  378.42  2.28  7  6  13  9  1   (NHorOH>5)  No  

Curcumin  368.38  3.03  6  2  8  8  0  No  

Curcumin   Pyrazole  364.39  3.42  5  3  8  6  0  No  

N-(3-Nitrophenylpyrazole)   Curcumin  485.49  3.92  7  2  9  8  0  No  

Flavonoids   

Acacetin  284.26  2.52  5  2  7  2  0  No  

Apigenin  270.24  2.11  5  3  8  1  0  No  

Baicalein  270.24  2.24  5  3  8  1  0  No  

EGCG  458.37  1.01  11  8  19  4  2   (NorO>10,  NHorOH>5)  No  

Kaempferol  286.24  1.58  6  4  10  1  0  No  

Luteolin  286.24  1.73  6  4  10  1  0  No  

Morin  302.24  1.20  7  5  12  1  0  No  

Myricetin  318.24  0.79  8  6  14  1  1   (NHorOH>5)  No   

Quercetin  302.24  1.23  7  5  12  1  0  No  

Quercetinchinone  300.22  0.69  7  3  10  1  0  No  

Scutellarin  462.36  -0.20  12  7  19  4  2   (NorO>10),  NHorOH>5  No  

Glucoside   

3,6-bis-O-di-O-galloyl-1,2,4-tri-O-galloyl-β-d-glucose   1244.89  0.89  34  19  53  22  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

10-O-trans-p-Coumaroylcatalpol  522.50  -0.41  12  6  18  8  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

α-Hederin  750.96  2.95  12  7  19  6  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Acteoside  624.59  -0.43  15  9  24  11  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Cyanidin-3-glucoside  484.84  -2.05  11  8  19  4  2   (NorO>10,  NHorOH>5)  No  

Ginsenonside   Rb1  1109.29  -0.96  23  15  38  16  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Salidroside  300.30  -0.57  7  5  12  5  0  No   
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Lactone  

Withanolide   A  470.60  3.39  6  2  8  2  0  No  

Phenol  

Apocyanin  166.17  1.28  3  1  3  2  0  Yes  

Benzyfuranone  134.13  1.58  2  0  2  0  0  Yes  

Dehydrozingerone  192.21  1.86  3  1  4  3  0  Yes  

Ferulic   Acid  194.18  1.36  4  2  6  3  0  Yes  

Gallic   Acid  170.12  0.21  5  4  9  1  0  No  

O-methyldehydrozingerone  206.24  2.30  3  0  3  4  0  Yes  

Scyllo-Inositol  180.16  -2.67  6  6  12  0  1   (NHorOH>5)  No  

Polyphenol  

Chalcantrione  318.24  0.48  8  5  13  4  0  No  

Chlorogenic   Acid  354.31  -0.38  9  6  15  5  1   (NHorOH>5)  No  

Ellagic   Acid  302.19  1.00  8  4  12  0  0  No  

Nordihydroguaiaretic   acid  302.36  3.29  4  4  8  5  0  No  

Rosmarininc   acid  360.31  1.52  8  5  13  7  0  No  

Rottlerin  516.54  4.41  8  5  13  6  1   (MW>500)  No  

Tannic   Acid  1701.20  1.78  46  25  71  31  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Theaflavin   3,3’-O-digallate   (TF3)  868.70  1.86  20  13  33  8  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Stilbene  

2,3,5,4’-Tetrahydroxystilbene-2-O-β-D-glucoside  406.38  0.47  9  7  16  5  1   (NHorOH>5)  No  

Ampelopsin   A  470.47  3.03  7  6  13  2  1   (NHorOH>5)  No  

Piceatannol  244.24  2.14  4  4  8  2  0  No  

Resveratrol  288.24  2.48  3  3  6  1  0  Yes  

Terpenoids   

2-cyano-3(12-dioxyooleana-1,9-dien-28-oicacid)  491.66  5.09  5  1  6  1  0  No  

3α-Acetoxyeudesma-1,4(15),11(13)-trien-12,6α-olide  288.34  2.61  4  0  4  2  0  Yes  

β-Amyrin  426.72  7.18  1  1  2  0  1   (CLOGP>5)  No  

Crocetin  328.40  4.21  4  2  6  8  0  No  

Crocin-1  976.96  -2.75  24  14  38  20  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Crocin-2  814.82  -1.09  19  11  30  17  3   (MW>500,  NorO>10,  NHorOH>5)  
No  

Cuminaldehyde  148.20  2.48  1  0  4  2  0  Yes  

Hederagenin  472.70  5.36  4  3  7  2  1   (CLOGP>5)  No  

Norbixin  380.48  5.33  4  2  6  10  1   (CLOGP>5)  No  

Safranal  150.22  2.30  1  0  1  1  0  Yes  

Tanshinone   I  276.29  3.40  3  0  3  0  0  Yes  

Tanshinone   IIA  294.34  3.80  3  0  3  0  0  Yes  
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Xanthones  

3- O- Demethylswertipunicoside  680.52  0.06  17  12  29  3   3   (MW>500,  NorO>10,  NHorOH>5)  
No  

α-Mangostin  410.46  4.64  6  3  9  5  0  No  
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